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Abstract 
We conducted a drift simulation of tsunami debris flushed out from the Tohoku district, Japan into the 

North Pacific in the wake of the catastrophic tsunami on March 11, 2011, to monitor and forecast the drift path 
over the entire North Pacific. We performed a hindcast run of the drift path to identify and characterize the 
distribution of tsunami debris from March 2011 to September 2013 using ocean current and ocean surface 
wind time-series data obtained by a three-dimensional variational data assimilation system for the ocean and 
atmosphere, respectively. We further performed a forecast run from October 2013 to June 2016 in which the 
forecasted data with a coupled ocean-atmosphere four-dimensional variational data assimilation system was 
used. The results showed that the tsunami debris was first transported eastward by both the intense Kuroshio 
Extension and westerly winds, spreading northward and southward under the influence of both an energetic 
ocean eddy and a storm track over the ocean. Tsunami debris with larger windage was transported over the 
North Pacific by ocean surface winds rather than ocean currents and arrived at the west coast of North 
America in the fall of 2011. Tsunami debris located near the North American Continent migrated in associa-
tion with a basin-scale seasonal change in the atmospheric pressure pattern. Our forecast run suggested that a 
tsunami debris belt will be formed, stretching from the North American Continent in the east to the 
Philippines in the west. 
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1. Introduction 

 
The tsunami resulting from the 9.0 magnitude Tohoku 

earthquake that occurred in Japan on March 11, 2011, 
flushed out a tremendous amount of debris from the coast 
of the Tohoku district into the North Pacific. In fact, the 
Secretariat of the Headquarters for Ocean Policy, the 
Cabinet Secretariat and the Ministry of the Environment 
in Japan have shown that tsunami debris, estimated at 
roughly 1.5 million tons, was flushed out into the North 
Pacific in the wake of this disaster. Part of the tsunami 
debris is now recognized to have dispersed across the 
North Pacific owing to ocean currents and ocean surface 
winds, and will drift within the North Pacific for several 

years. The floating wreckage could damage navigating 
ships, and the fishery industries of many countries will be 
harmed if tsunami debris reaches their coastal zones. 
Countries surrounding the North Pacific are also con-
cerned about ecological preservation. Therefore, scien-
tific efforts are critical for obtaining appropriate infor-
mation on the tsunami debris path, and for improving 
forecast precision using promising state-of-the-art tech-
nology. 

We have conducted a drift simulation of tsunami 
debris in collaboration with the Japan Atomic Energy 
Agency (JAEA), Japan Agency for Marine-Earth Science 
and Technology (JAMSTEC), Meteorological Research 
Institute (MRI) of the Japan Meteorological Agency 
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(JMA), Japan Aerospace Exploration Agency (JAXA), 
and Kyoto University towards emergency response. 

Studies of the distributions and drift characteristics of 
floating marine debris, garbage and contaminant ag-
glomerations represent significant contributions towards 
successful management of the marine environment. 
Accurate forecasting of the motion of such unwelcome 
material has important societal implications and nowhere 
more so than in coastal regions, where incidences of 
beach contamination are on the increase and demands on 
emergency services to respond to oil-spill events widen. 
With these issues in mind, a number of research groups 
have been active in advancing the technique of com-
puter-based drift prediction. For example, attempts to 
determine both the ultimate destinations of marine debris 
patches generated by human activities and the original 
source regions of beached litter have been investigated 
numerically in the Japan Sea (Yoon et al., 2010), Austral-
ian coastal region (Hardesty & Wilcox, 2011), and 
Hawaii (Carson et al., 2013). Furthermore, the Centre for 
Environment, Fisheries and Aquaculture Science (Cefas) 
of the U.K. government has developed a model-based 
monitoring and short-range forecast system that has been 
an effective tool in practical oil spill response (Kirby & 
Law, 2010), marine litter drift tracking, and environ-
mental monitoring. 

On the other hand, research is being carried out into 
what may be termed the “climatological perspective” of 
the marine debris issue, in which the focus now shifts to 
the larger scales of entire oceanic basins. One major 
concern here is the impact of microplastics on marine 
ecosystems as a whole. Particular unease in this regard 
has been voiced over the accumulation of debris in the 
famous “Great Pacific Garbage Patch”, to the northeast 
of the Hawaiian Islands (Mio & Takehama, 1988; 
Matsumura & Nasu, 1997). The formation process of the 
patch, or belt, has been investigated by a numerical 
particle-tracking method using climatological geo-
strophic ocean currents combined with ocean surface 
wind data (Wakata & Sugimori, 1990; Kubota, 1994; 
Kubota et al., 2005; Maximenko et al., 2012). In related 
work, Lebreton & Borrero (2013) attempted to assess the 
transport of tsunami debris using hindcast data. Overall, 
these studies have revealed the importance of ocean sur-
face winds in determining debris drift through the surface 
Ekman current, Stokes drift, and windage, in addition to 
the underlying ocean currents. 

Although such fundamental research is essential for 
the security of ship transportation, development of 
fisheries, and conservation of the marine environment, 
our understanding of the time-varying processes govern-
ing marine drift over periods of a few years within an 
entire oceanic basin remains poor. Furthermore, our at-
tempts to improve forecasting techniques by decreasing 
the uncertainty through more effective use of observa-
tional data are still in their infancy. 

In this study, we firstly performed a hindcast run in 
order to obtain debris cloud movements up to September 
30, 2013, and thus to identify and characterize the debris 

drift process throughout the entire North Pacific follow-
ing the Great East Japan Earthquake of March 2011. To 
meet these goals, we used realistic time series data for 
ocean currents and ocean surface winds that were 
obtained by a three-dimensional variational (3DVAR) 
data assimilation technique. Using the final state of the 
hindcast run as the initial condition, we attempted a 
three-year forecasting of the tsunami debris drift over the 
entire North Pacific (hereafter called “forecast run”) 
using a coupled ocean-atmosphere four-dimensional data 
assimilation system. Thus, the present study can offer a 
considerably more reliable representation of the drift 
behavior of tsunami debris, and particularly of the place 
and time of its landing. Such information is required for 
environmental monitoring and the adaptation of policies 
to meet this crisis. Moreover, in advancing our scientific 
understanding of debris movements, it is in line with the 
aims of the important collaboration with the National 
Oceanic and Atmospheric Administration (NOAA) in the 
U.S. 

 
2. Methodology 

 
We implemented the following investigation to 

understand the drift characteristics of tsunami debris. 
Currently, observation of floating tsunami debris is a 

complicated task. In particular, when floating tsunami 
debris has already diffused widely over the sea surface, 
both satellite-based detection and ship-born observations 
of tsunami debris are quite difficult. Therefore, a numer-
ical simulation of the tsunami debris path is likely to be 
positive, while satellite and ship observations might pro-
vide opportunities to assess numerical results. Therefore, 
this study is based on a numerical simulation approach, 
as illustrated in Fig. 1. 

 
Fig. 1 Numerical simulation approach to conducting the drift 

simulation of tsunami debris in this study. The abbrevia-
tions of the organizations are as follows: JAEA: Japan 
Atomic Energy Agency, JAMSTEC: Japan Agency for 
Marine-Earth Science and Technology, MRI: Meteoro-
logical Research Institute, JAXA: Japan Aerospace 
Exploration Agency. MOVE is the ocean data assimila-
tion system developed at MRI of the Japan Meteorological 
Agency (JMA) and K7 is the atmosphere-ocean coupling 
data assimilation system developed at JAMSTEC and 
Kyoto University. JCDAS is the climate data assimilation 
system developed at JMA. 
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When attempting a robust simulation of a floating 
debris path over the entire North Pacific, a realistic time 
series data on oceanic and atmospheric circulations 
(particularly ocean surface currents and ocean surface 
wind) is a key factor (Kubota, 1994). This is essential for 
the identification and characterization of temporal varia-
tions in tsunami debris movement and for better fore-
casting of the future route. Recent studies have shown 
that using a variational data assimilation technique is a 
useful approach for the optimal synthesis of observations 
and models (Stammer et al. 2002; Masuda et al., 2003; 
Sugiura et al., 2008). 

To obtain realistic oceanic and atmospheric data, we 
conducted a 3DVAR ocean data assimilation experiment 
using a Multivariate Ocean Variational Estimation sys-
tem  (hereafter called the MOVE system) developed at 
MRI, JMA (Usui et al., 2006; Tsujino et al., 2010). The 
MOVE system adopts a nesting method: MOVE-NP is 
the entire North Pacific version covering the region north 
of 15°S with a horizontal resolution of 1/2° while the 
nested sub-model called MOVE-WNP is embedded in 
the northwestern North Pacific region from 15°N to 65°N 
and 117°E to 160°W with smaller horizontal resolutions; 
1/10° from 15°N to 50°N and 1/6° from 50°N to 65°N, 
and 1/10° from 117°E to 160°E and 1/6° from 160°E to 
160°W (Fig. 2). Thus, the output of MOVE is beneficial 
in tracking the actual movement of tsunami debris float-
ing in the energetic Kuroshio Extension region where 
meso-scale meandering and eddy-like disturbances are 
active. 

The ocean surface wind data necessary for both the 
drift calculation and the forcing of the MOVE system 
were supplied by the JMA Climate Data Assimilation 
System (JCDAS). These high-resolution reanalysis data 
have been constructed based on output from weather 
forecasts made by JMA and from observational data. 

The forecast run of the tsunami debris drift path needs 
reliable forecasted data representing the future states of 
the ocean and atmosphere. Hence, we conducted our 
coupled ocean-atmosphere four-dimensional variational 

(4DVAR) data assimilation experiment with a global 
4DVAR data assimilation system called the K7 system, 
which was developed at JAMSTEC and Kyoto Univer-
sity. Since the K7 system has adopted relatively coarse 
ocean and atmospheric general circulation models 
(horizontal resolutions of approximately 1° and 3° for  
the oceanic and atmospheric models), both models  
are unfortunately incapable of resolving meso-scale 
phenomena. 

In addition, JAXA analyzed Synthetic Aperture 
Radar (SAR) images obtained by the phased array 
L-band SAR (PALSAR) mounted on the Advanced Land 
Observing Satellite (ALOS) called “Daichi.” Fortunately, 
tsunami debris was successfully detected near the coast-
line of the Tohoku district, which enabled us to set 
reasonable initial release points and duration in conduct-
ing drift simulation. 

Using these ocean current and ocean surface wind 
data and initial conditions of tsunami debris, we per-
formed a hindcast run of tsunami debris until September 
2013 and a subsequent three-year forecast run with a 
particle advection-diffusion model developed at JAEA 
called SEA-GEARN (Kobayashi et al., 2006, 2007). We 
used drift coefficients from the Japan Coast Guard for 
floating marine debris of various shapes, since they have 
a long history of forecasting for search and rescue mis-
sions, and tracking drifting oil released in large-scale 
spillages. Because marine debris drift is influenced by 
ocean surface winds depending on the volume of the 
marine debris above the sea surface, we classified 
tsunami debris into four types according to the ratio of 
the volume above the sea surface to that below the sea 
surface. 

The time series of the tsunami debris distribution 
obtained in the hindcast run was validated by observa-
tional reports, whereas the quality of the present forecast 
approach for tsunami debris drift was assessed by 
comparison between the hindcast-sensed ensemble fore-
cast run and the hindcast run using the reanalysis data 
from the MOVE system. 

 
Fig. 2 Sea bottom topography (m) in the North Pacific. The Northwest Pacific, 

enclosed by dashed lines, is the domain of MOVE-WNP. 



84 H. KAWAMURA et al. 
 

 

3. Configuration of the Drift Simulation 
 

3.1 Determination of the initial state of tsunami 
debris 

In general, a realistic initial deployment of marine 
debris is critical for numerical simulation of marine 
debris drift paths. In this study, the initial conditions of 
the drift simulations were determined using SAR images 
analyzed by JAXA as mentioned in Section 2. As a result, 
particles were released during March 2011 at three points 
(39°N, 143°E; 38°N, 142°E; 37°N, 142°E) off the coast 
of Iwate, Miyagi and Fukushima Prefectures, where a 
large amount of tsunami debris was detected in SAR 
images. The Ministry of the Environment, Japan, has 
announced that debris in the amounts of 699,000, 
443,000, and 394,000 tons was estimated to have been 
flushed out from Iwate, Miyagi and Fukushima Prefec-
tures, respectively, into the ocean. We released the 
corresponding number of particles at offshore points near 
these prefectures during March 2011, assuming that one 
particle represented ten tons of tsunami debris. 

 
3.2 Form types of modeled tsunami debris 

Tsunami debris may have consisted of various items 
including shattered lumber, floats, boats, and plastic 
products used by aquaculture and set-net fisheries. Since 
the influence of leeway on tsunami debris drift depends 
on the portion of the upper body above the sea surface, 
we divided tsunami debris according to the ratio of the 
volume above the sea surface to that below the sea sur-
face as follows: 
• Entire volume of tsunami debris below the sea surface 

(DEBRIS1): This type, DEBRIS1, is fully submerged, 
and it is not affected by leeway at all. Representative 
debris is wet, deteriorated lumber. 

• Standard tsunami debris (DEBRIS2): The ratio of the 
volume above the sea surface to that below the sea 
surface is 1:1. Actually, a large amount of tsunami 
debris is considered DEBRIS2, and is represented by 
lumber, sunken boats, etc. 

•  Large volume of tsunami debris above the sea surface 
(DEBRIS3): The ratio of the volume above the sea 
surface to that below the sea surface is 2:1. The drift of 
DEBRIS3 is strongly affected by ocean surface winds. 

•  Enormous volume of tsunami debris above the sea 
surface (DEBRIS4): The ratio of the volume above the 
sea surface to that below the sea surface is 4:1. The 
drift of DEBRIS4 is affected by ocean surface winds 
more strongly than DEBRIS3. Representative ex-
amples are floats, buoys used by aquaculture and 
set-net fisheries, and undamaged boats. 
 

3.3 Drift simulation system  
The domain of SEA-GEARN used for tracking 

tsunami debris covers the North Pacific, extending 
approximately from 15°S to 65°N and 100°E to 75°W 
(Fig. 2). The horizontal grid resolutions were set at 1/10° 
in the hindcast run of the tsunami debris drift path from 
March 2011 to September 2013, and 1° in the forecast 

run from October 2013 to June 2016. The time intervals 
of SEA-GEARN were set at 360 seconds in the hindcast 
run and 3600 seconds in the forecast run, respectively. 
The random walk of particles, the magnitude of which is 
expressed as                      during time interval Δt, 
corresponding to horizontal turbulent diffusion in the 
ocean was introduced, where K indicates horizontal dif-
fusion coefficients (1.0 × 106 cm2s-1 in the hindcast run 
and 1.0 × 107 cm2s-1 in the forecast run) and R indicates 
random numbers between 0 and 1. Particles reaching the 
coasts were stopped afterwards in the drift simulation. 
This boundary condition hardly had any effect on the 
overall distribution of the tsunami debris. Vertical 
movement of tsunami debris was neglected, so that the 
drift simulation in this study was conducted only in the 
latitudinal and longitudinal directions. Tables 1 and 2 
describe the SEA-GEARN configurations in the hindcast 
and forecast runs. 

The tsunami debris was driven by the ocean currents, 
wind-driven currents, and leeway in the drift simulation. 
There was no difference in the influence of the ocean 
current and wind-driven current among the four types, 
while the leeway     depended on the tsunami debris type 
and was calculated using the following equation: 

10W
B
Akvl

rr
×=  , 

where k is a wind pressure coefficient, A and B are the 
volumes of tsunami debris above and below the sea sur-
face, and         is the ocean surface wind at 10 m height. 

The wind pressure coefficient was set at 2.5 × 10-2 
based on information provided by the Japan Coast Guard. 

( )RtK −Δ 5.024

 
Table 1  SEA-GEARN configuration in the hindcast run. 
 

Simulation period  March 12, 2011 to September 
30, 2013 

Time step  360 s 
Model domain  180° × 80° in the Pacific 

Ocean 
Horizontal grid number  1800 × 800 
Horizontal grid resolution  1/10° 
Horizontal diffusion 
coefficient  

1.0 × 106 cm2s-1 

Duration of the initial release March 12 to March 31, 2011 
Ocean currents  MOVE (1-day interval) 
Ocean surface winds  JCDAS (6-hour interval) 

 
 
Table 2  SEA-GEARN configuration in the forecast run. 
 

Simulation period  October 1, 2013 to June 30, 
2016 

Time step  3600 s 
Model domain  180° × 75° in the Pacific 

Ocean 
Horizontal grid number  180 × 75 
Horizontal grid resolution  1° 
Horizontal diffusion 
coefficient  

1.0 × 107 cm2s-1 

Ocean currents  K7 (approximately 10-day 
interval) 

Ocean surface winds  K7 (1-day interval) 

10W
r

lv
r
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The actual ocean current in coastal regions is affected 
by complicated shorelines, steeply-inclined seafloors, 
tide dynamics and river discharge. These physical factors 
were not considered in this study because the spatial 
resolutions of our simulation models were insufficient to 
describe oceanographic and meteorological phenomena 
in coastal regions. Thus, this should be noted when con-
sidering the present results with regard to tsunami debris 
movement in coastal regions. 

 
3.4 Oceanic and atmospheric data used for  

the hindcast and forecast runs 
For the hindcast run of the tsunami debris drift from 

March 2011 to September 2013, we employed the dataset 
obtained by MOVE for ocean currents and by JCDAS for 
the ocean surface winds. In addition to the description of 
the horizontal setting of MOVE in Section 2, both 
MOVE-NP and MOVE-WNP have 54 vertical levels 
with varying thickness, ranging from 1 m at the sea sur-
face to 600 m near the deepest sea bottom. The MOVE 
system assimilates satellite data on sea surface height 
(SSH) and sea surface temperature (SST) as well as 

in-situ temperature and salinity profiles. The vertically- 
averaged horizontal velocity from the first to the fifth 
layer of MOVE was used as the ocean current in the drift 
simulation. In addition, JCDAS’s ocean surface winds 
were used for calculation of the leeway. 

The tsunami debris distribution after September 2013 
was estimated using forecast data supplied from the K7 
system. This coupled ocean-atmosphere data assimila-
tion system can create a comprehensive forecast dataset 
of ocean currents and ocean surface winds, whose quality 
has been already assessed, for example, through the suc-
cessful prediction of the Asian Monsoon and 1.5-year 
lead time prediction of the 1997-1998 EL Nino event 
(Sugiura et al., 2008). The ten-day averaged ocean cur-
rent data were used in the forecast run, while the 
daily-mean ocean surface winds were incorporated to 
account for short-term wind fluctuations. 

Figure 3 compares daily SST maps of MOVE output 
with observed SST images on March 13 and April 30, 
2011. The observed SST on March 13, 2011, immedi-
ately following the Great East Japan Earthquake, exhibits 
a warm-core eddy off the Tohoku coast. This eddy is well 

  
Fig. 3 Sea surface temperature (SST) (°C) near the main islands of Japan on March 13 and April 30, 2011, obtained from MOVE (left

panels) and actually-observed NOAA images (Ibaraki Prefectural Fisheries Experimental Station, 2011) (right panels). The
temperature at 0.5 m depth reanalyzed using MOVE is substituted for SST, where the ocean current (ms-1) at 0.5 m depth is plotted.
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reproduced in the MOVE SST map, while the ocean 
surface current field of the MOVE output presents an 
anticyclonic circulation associated with this eddy. In 
April 2011, the anticyclonic circulation still remained, 
although this eddy structure was not as clear in either the 
MOVE output or the observed SST image. Looking at the 
Kuroshio Extension region, we find features that are 
frequently observed, such as the latitude of the Kuroshio 
Extension and position of troughs and ridges of its 
meanders. The oceanic and atmospheric forecast fields 
after September 2013 according to the K7 system are 
presented in Section 4 together with the results of the 
tsunami debris drift forecast. 

 
 
4. Results and Discussion of the Drift 

Simulation 
 

4.1 Hindcast run 
Satellite-derived SST images showed that the warm 

eddy remained off the Tohoku district in March and April 
2011 after the Great East Japan Earthquake. This sug-
gests that the warm eddy may have played an important 
role in carrying tsunami debris out to the open ocean. 
Figure 4 shows the tsunami debris distribution, ocean 
currents, ocean surface winds, and SSH on April 30, 
2011. It was discovered that the warm eddy off the 
Tohoku district captured a large amount of tsunami 
debris, and that the tsunami debris was mainly trans-
ported southeastward after the northward excursion via 
the warm eddy and under the influence of southwesterly 

winds off the Tohoku district. Subsequently, the tsunami 
debris was largely transported to the east by the Kuroshio 
Extension at about 35°N and storm track propagating 
eastward over the ocean. The ocean current and SSH 
distributions clearly show active anticyclonic and 
cyclonic meso-scale eddies around the Kuroshio Exten-
sion. These meso-scale eddies efficiently spread tsunami 
debris in the northward and southward directions in the 
Kuroshio Extension region. 

It was quite difficult to ascertain the actual location of 
tsunami debris. However, NAVAREA XI (World-Wide 
Navigational Warning Service Area XI, south of 45°N 
and west of 180°E in the Northwest Pacific) navigational 
warnings available on the website of the Headquarters for 
Ocean Policy, Cabinet Secretariat (2011) provided useful 
shipboard sighting information on tsunami debris based 
on the reports of navigating ships, fishery training ships, 
etc. Figure 5 shows a comparison between the results of 
the hindcast run and NAVAREA XI navigational 
warnings from April to November 2011. Here, DEBRIS1, 
DEBRIS2, DEBRIS3, and DEBRIS4 were merged in the 
results of the hindcast run, since the NAVAREA XI 
navigational warnings included various items. Overall, 
the hindcast results agree well with the NAVAREA XI 
navigational warnings, confirming the accuracy of the 
ocean current data used in this study. In fact, the MOVE 
output shows that the Kuroshio Extension flowed 
eastward from 30°N to 40°N and 140°E to 160°W and 
meandered in accordance with the anticyclonic and 
cyclonic meso-scale eddies throughout the year (Fig. 6). 
Tsunami debris reached the central North Pacific region,  

 
Fig. 4 Tsunami debris distribution, ocean currents (ms-1) at 0.5 m depth, ocean surface winds (ms-1), and sea 

surface height (SSH) (cm) near the main islands of Japan on April 30, 2011. Tsunami debris includes 
DEBRIS1, DEBRIS2, DEBRIS3 and DEBRIS4, where particles are plotted at 30-particle intervals. 
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Fig. 6 MOVE’s ocean currents (ms-1) at 0.5 m depth and JCDAS’s ocean surface winds (ms-1) averaged in February (2012 - 2013) and August (2011 - 2013).

 

 
Fig. 5 Tsunami debris distribution in the Northwest Pacific from April to November 2011. The black circles with the crosses indicate the positions

of tsunami debris identified by the NAVAREA XI navigational warnings. Here, tsunami debris in the drift simulation includes DEBRIS1, 
DEBRIS2, DEBRIS3 and DEBRIS4. The simulation result is the tsunami debris distribution in the middle of each month, while tsunami
debris identified by the NAVAREA XI navigational warnings was tsunami debris actually found during each month. 
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crossing the date line in July 2011. Moreover, the 
hindcast results demonstrated that a part of the tsunami 
debris reached the southeastern coast of Hokkaido in the 
summer of 2011, corresponding to the fact that tsunami 
debris was also identified on the coast of Hokkaido in the 
summer of 2011. Many countries surrounding the North 
Pacific have concerns about the issue of tsunami debris. 
Thus, information about tsunami debris, such as a fishing 
boat found off the coast of Canada in March 2012 or a 
floating pier found on a beach in Oregon, U.S., in June 
2012, have frequently been reported by the news even 
after one year had passed since the Great East Japan 
Earthquake. 

Figures 7-10 show the distribution of DEBRIS1, 
DEBRIS2, DEBRIS3, and DEBRIS4 from February  
2012 to August 2013 in the hindcast run. Here, the colors 

of tsunami debris represent the ratio of particle numbers 
existing within each model grid against the total number 
of released particles. Areas with blue indicate a low 
possibility that tsunami debris existed there, while those 
with red indicate a high possibility. Differences in the 
distribution among four types were clearly identifiable 
about one year after the Great East Japan Earthquake. 
DEBRIS3 and DEBRIS4, which were driven strongly by 
the ocean surface winds, tended to migrate in a north-
eastward direction (Figs. 9 and 10). According to 
JCDAS’s ocean surface wind data, southwesterly winds 
predominated over the Kuroshio Extension from 30°N to 
40°N and 140°E to 160°W (Fig. 6). 

Such drift behaviors, particularly in the case of 
DEBRIS4, reveal the important role of ocean surface 
winds in moving tsunami debris across the ocean  

 

Fig. 7 DEBRIS1 distribution in the North Pacific from February 2012 to August 2013 in the hindcast run.  
The colors of DEBRIS1 indicate the percentage of particle numbers within the computational cell  
(1/10° × 1/10°) to the total number of released particles. 
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(Fig. 11). The basin-scale distribution of tsunami debris 
with larger windage was influenced strongly by seasonal 
changes in the atmospheric sea surface level pressure 
(SLP). DEBRIS4 located in the eastern North Pacific 
moved northward in the early fall due to the strengthen-
ing of the Aleutian Low (AL) but then subsequently 
changed its course to the south owing to the strengthen-
ing of the North Pacific High (NPH) from the late spring. 

It is notable that a part of DEBRIS4 representing 
floats, buoys, boats and so on approached the Canadian 
coast in February 2012. This corresponds to reports of a 
Japanese fishing boat, washed out by the Great East 
Japan Earthquake, being identified off the Canadian 
coast approximately 1,500 km north of Vancouver in 
March 2012. Moreover, DEBRIS2, DEBRIS3 and 
DEBRIS4 approached the western coast of the U.S. in 
May 2012, corresponding to observations of a floating 

pier that actually landed on a beach in Oregon in June 
2012. In the hindcast run, DEBRIS2, DEBRIS3 and 
DEBRIS4 washed ashore on the western coast of the 
North American Continent until September 2013, 
although DEBRIS1, without the effect of leeway, had not 
beached yet. 

DEBRIS2, DEBRIS3 and DEBRIS4 were largely 
transported in a southwestward direction after separating 
from the vicinity of the North American Continent. They 
approached the Hawaiian Islands in August 2012, while 
an actual floating pier and large plastic container were 
identified off Maui and Oahu Islands, respectively, in 
September 2012. The clockwise wind circulation 
centered at 35°N and 140°W off the North American 
Continent may have been responsible for the southwest-
ward transportation of tsunami debris (Fig. 6). 

The representative trajectories of DEBRIS1, 

 
Fig. 8  Same as Fig. 7, but the DEBRIS2 distribution. 
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DEBRIS2, DEBRIS3, and DEBRIS4 clearly show the 
differences in their excursions, depending on the influ-
ence of the ocean surface winds (Fig. 12). DEBRIS1 
migrated slowly in an eastward direction, while 
DEBRIS2, DEBRIS3 and DEBRIS4 were widely spread 
at higher speeds in the North Pacific. It is noteworthy that 
some of them re-entered the Kuroshio Extension region 
after circulating in a clockwise direction between 10°N 
and 40°N. 

Accordingly, our examination of the different drift 
patterns among these four types in conjunction with the 
time series of ocean currents and ocean surface winds 
indicates that some of the tsunami debris arriving in the 
region near the North American Continent moved in 
northward and southward directions due to seasonal 
changes in the basin-scale SLP pattern, and then was 
subsequently directed into the well-known debris belt at 

approximately 20°N in the North Pacific. 
 

4.2 Forecast run 
Figure 13 shows the tsunami debris distribution from 

November 2013 to May 2016 in the forecast run. 
DEBRIS4, which was driven primarily by the ocean 
surface winds, is predicted to spread widely, so that a 
large portion of it will disappear in the North Pacific by 
November 2013. Furthermore, most DEBRIS4 will have 
already landed on a coast or traveled out of the North 
Pacific. It is suggested that DEBRIS1 will eventually 
wash ashore on the western coast of the North American 
Continent in 2014. DEBRIS1 near the North American 
Continent will be transported in the southwestward 
direction, in an identical manner to DEBRIS2, DEBRIS3 
and DEBRIS4. Consequently, tsunami debris will be 
chiefly distributed in the debris belt at approximately 

 
Fig. 9  Same as Fig. 7, but the DEBRIS3 distribution. 
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20°N from the North American Continent in the east to 
the Philippines in the west. The North Equatorial Current 
and northeasterly trade wind between 10°N and 20°N 
forecasted using K7 are probably important factors in 
forming the debris belt (Fig. 14). It is especially re-
markable that a relatively large amount of tsunami debris 
will be concentrated around the Hawaiian Islands. 

 
4.3 Assessment of the quality of the forecast 

approach 
In general, there is uncertainty in any forecast data 

arising from model parameters, model resolutions, initial 
and boundary conditions, and so on. Therefore, we per-
formed a hindcast-sensed ensemble prediction from 
April to November 2012 with eleven members of the K7 
forecasting system and compared it with the correspond-

ing results obtained using MOVE and JCDAS data. We 
adopted the lagged average forecast approach; each run 
was performed in a fashion similar to the time series run, 
aside from slight unevenness due to day-by-day shifting 
of the atmospheric field in the initial condition. 

Figure 15 shows the results of the ensemble predic-
tion and hindcast run in November 2012. The results are 
for the distribution of DEBRIS2. Although differences in 
tsunami debris distribution were found among the eleven 
members in the hindcast-sensed ensemble prediction, the 
averaged distribution of tsunami debris fundamentally 
agreed with that obtained in the hindcast run using 
MOVE and JCDAS data. The results suggest that the 
ensemble prediction of tsunami debris distribution is 
likely to provide reliable future patterns. 

 
Fig. 10  Same as Fig. 7, but the DEBRIS4 distribution. 
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Fig. 11 DEBRIS4 distribution in the North Pacific in the hindcast run (left panels) and JCDAS’s ocean surface winds 

(ms-1) in March and September 2012 (right panels). The colors of DEBRIS4 indicate the percentage of particle 
numbers within the computational cell (1/10° × 1/10°) to the total number of released particles. AL and NPH are 
the abbreviations for the Aleutian Low and North Pacific High, respectively. 

 

 

 
Fig. 12 Representative trajectories of DEBRIS1, DEBRIS2, DEBRIS3 and DEBRIS4 in the North 

Pacific from April 2011 to September 2013 in the hindcast run. 
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Fig. 13 Tsunami debris distribution in the North Pacific from November 2013 to May 2016 in the forecast run. 

Tsunami debris includes DEBRIS1, DEBRIS2, DEBRIS3 and DEBRIS4. 
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5. Summary 
 
The drift simulation suggests that tsunami debris was 

largely transported eastward by the Kuroshio Extension 
and westerly, with northward and southward spreading, 
by oceanic meso-scale eddies and storm tracks over the 
ocean, although there were differences in the movement 
of tsunami debris depending on the type. The results 
showed that the portion of the tsunami debris that arrived 
near the North American Continent first migrated in 

northward and southward directions, due in part to the 
seasonal changes in the basin-scale SLP pattern, and was 
then transported in a southwestward direction. The fore-
cast run suggests that a debris belt will be formed from 
the North American Continent in the east to the Philip-
pines in the west in the North Pacific. In addition, it is 
suggested that a relatively large amount of tsunami debris 
will be concentrated around the Hawaiian Islands in the 
future. 

The tsunami debris distribution in the drift simulation 

 

Fig. 14 The K7 ocean currents (ms-1) at 5 m depth and K7 ocean surface winds (ms-1) averaged in 
February (2014 - 2016) and August (2014 - 2015). 

 

 

 

Fig. 15  DEBRIS2 distribution in November 2012 in the ensemble prediction (left panel) and hindcast run (right panel). The result of 
the ensemble prediction is the percentage of particle numbers to the total number of released particles, which was averaged 
from the results of each of the 11 members. The result of the hindcast run is that within the computational cell (1/10° × 1/10°).
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is probably overestimated, because deterioration and 
sinking of tsunami debris were not considered in this 
study. Furthermore, the horizontal grid resolutions of the 
drift simulation in this study were insufficient for closely 
examining the behavior of tsunami debris in coastal areas, 
because tsunami debris is affected by tidal currents, 
coastal winds, wind waves and complicated sea bottom  
topography. Therefore, intensive research with finer 
numerical models will be necessary in the future. The 
accuracy of the forecast run in this study remains 
controversial. Ensemble forecast runs will be indis-
pensable in order to reduce the uncertainty of forecast 
accuracy with respect to the movement of tsunami debris, 
as exhibited by the hindcast-sensed ensemble prediction. 

The countries surrounding the North Pacific have 
been concerned about the issue of tsunami debris, so 
numerous kinds of drift simulation have been conducted 
so far. We used sophisticated drift simulation in col-
laboration with NOAA in the U.S. We expect that this 
study will provide the countries surrounding the North 
Pacific with useful information on tsunami debris. 
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