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1  Introduction

On 11 March 2011, the Tohoku Earthquake off the Pacific 
coast of Japan caused strong shaking and a huge tsunami 
along the entire Pacific coast of the Tohoku region of Japan. 
After the earthquake and many aftershocks, dense nephe-
loid layers were widely observed in the sea off northeastern 
Japan (Kawagucci et  al. 2012; Noguchi et al. 2012; Oguri 
et al. 2013). Fine sediment with a high water content, pre-
sumably related to turbidity currents, widely covered the 
seafloor, in both shallow and hadal regions (Ikehara 2012; 
Ikehara et al. 2012; Oguri et al. 2013; Nomaki et al. 2015). 
Surface sediments (Arai et al. 2013) and meiobenthic habi-
tats (Toyofuku et  al. 2014) were disturbed not only by 
earthquake shaking but also by unusually intensive hydro-
dynamic currents triggered by the tsunami. Physical distur-
bances to the seafloor caused by the series of earthquakes 
and the tsunami were investigated during many cruises 
carried out just after the disaster. However, changes to the 
seafloor environments have not been fully explored because 
access to the seafloor has been limited. The northeastern 
Pacific coast and continental slope of Japan are character-
ized by high primary productivity, owing to the mixing of 
warm and cold water systems (Saino et al. 1998), and fisher-
ies are quite active. In 2010, for example, 97,857 tonnes of 
fish were caught by the fisheries of Iwate Prefecture (Iwate 
Prefecture 2011). When the area of coseismic slip is taken 
into account (Ozawa et  al. 2011; Sato et  al. 2011), physi-
cal disturbances to the seafloor resulting from the earth-
quake are likely to have influenced fisheries throughout 

Abstract  Long-term monitoring of the seafloor environ-
ment off Otsuchi Bay, northeastern Japan, was carried out 
to investigate environmental changes of the deep-sea floor 
after the 2011 off the Pacific coast of the Tohoku Earth-
quake. We deployed two deep-sea stations, one on an upper 
continental slope site (around 300 m water depth) and the 
other on a bathyal (998 m) site, to measure current inten-
sity and direction, water temperature, salinity, dissolved 
oxygen, and turbidity, and to obtain seafloor images. 
The monitoring period on the upper slope was 9  months 
(March–September 2013), and 14  months (August 2012–
October 2013) at the bathyal site. The oceanographic data 
from the upper slope site recorded the seasonal exchange 
of water masses and dense marine snowfall from April to 
May 2013. On 7 December 2012, a large aftershock of the 
2011 earthquake caused increased turbidity at the bathyal 
site, and seafloor photographs and videos recorded the dis-
turbance and recovery of benthic habitats. The data from 
these deployments show that long-term monitoring can 
provide important oceanographic, biological, and sedimen-
tological data from deep-sea sites. Together with shipboard 
and deep-tow observations and data collected by remotely 
operated vehicles, long-term monitoring can be a valuable 
tool for understanding deep-sea environments and their 
variability.
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the northeastern region. To document and understand the 
seafloor environments and changes caused by the seismic 
disturbance, we deployed two deep-sea stations for long-
term monitoring, one on the upper slope of the continental 
shelf and the other lower on the slope off Otsuchi Bay in the 
Sanriku region of northeastern Japan. Here, we report the 
results during this monitoring period and the environmental 
variability observed in the temperature, salinity, dissolved 
oxygen concentration (DO), and turbidity data. Time-lapse 
photography of the seafloor also recorded the characteristics 
of the sediments and benthic habitats at the two sites.

2 � Methods

2.1 � Seafloor monitoring and CTD sites

Two seafloor deployment sites were selected for environ-
mental monitoring, one at approximately 300 m water depth 

on the continental shelf (upper slope site), and the other at 
998  m depth on the slope (bathyal site) (Fig.  1; Table  1). 
Both sites are at about the same latitude (~39°20′N). The 
upper slope site is in an active fishery area, and trawling is 
frequently conducted around its water depth, except between 
July and August. The bathyal site is within the O2-depleted 
zone of the North Pacific (DO  <  45 μM; found at water 
depths from 700 to 1300  m; Ogura 1970; Fontanier et  al. 
2014). Although there is little fishery activity at the bathyal 
depth, some important fishery resources such as Sebastolo-
bus macrochir is distributed at that depth (e.g., Hattori et al. 
2007; Sakaguchi-Orui et al. 2014), and knowledge of ben-
thic habitats is essential information for understanding the 
ecology of such fish. It is also important to observe environ-
mental parameters at this depth to understand how interme-
diate waters change seasonally at the seafloor, because these 
variations have not been well understood.

We deployed one deep-sea station at the bathyal site on 
14 August 2012, during cruise YK12-10 of R/V Yokosuka 

Fig. 1   Long-term monitoring sites on the seafloor (stars) and CTD 
sites where measurements were obtained during the BO13-20 cruise 
(solid circles) off Otsuchi Bay, Sanriku region. The isobath interval is 

50 m. On the wide area map (inset; isobath interval, 1000 m), the rec-
tangle shows the location of the mapped area in relation to the Japa-
nese islands

Table 1   Locations and water 
depths of the two monitoring 
sites and the deployment 
periods

Site Latitude (N) Longitude (E) Initial water depth (m) Deployed periods

Upper slope 39°19.981′ 142°09.994′ 300 13 Mar 2013–2 Sep 2013

Bathyal 39°19.978′ 142°27.519′ 998 14 Aug 2012–14 Oct 2013
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(JAMSTEC), and a second station at the upper slope site 
on 12 March 2013, during the R/V Dai 18 Kaiko-Maru 
cruise (Offshore Operation). The station deployed at the 
bathyal site was recovered on 14 October 2013 during leg 
1 of the NT13-21 cruise of R/V Natsushima (JAMSTEC). 
The station deployed at the upper slope site was uninten-
tionally picked up by a fishing trawler on 3 September 
2013. After its unexpected recovery, the station was kept 
in storage in port. The measuring instruments were her-
metically sealed and all data and photos were recovered 
safely.

To further investigate the water mass distributions off 
Otsuchi Bay, CTD (conductivity, temperature and depth 
sensors; SBE 9plus, Sea-Bird Electronics) observations 
were conducted between 28 October and 10 November 
2013 during cruise BO13-20 of R/V Bosei-Maru (Tokai 
University) (Fig. 1). Seawater samples were also collected 
into 10-L Niskin bottles. Then, the salinity was measured 
with a Model 8400B “Autosal” salinometer (Guildline 
Instruments; S/N 6286). The CTD data were calibrated 
against the salinity data.

2.2 � Deep‑sea stations, sensors, and cameras

The two stations were designed for long-term monitoring of 
the seafloor environment (Fig. 2). Their design was based 
on the concept of a benthic lander (Smith et  al. 1976), 
which was made to be released from a ship for analyses 
of benthic processes on the seafloor below (e.g., Tengberg 
et  al. 1995). The frames were constructed with titanium 
pipes to prevent corrosion during long-term deployments. 
For environmental monitoring, an acoustic Doppler cur-
rent profiler (ADCP) equipped with temperature, con-
ductivity, DO, turbidity, and hydrostatic pressure sensors 
(RDCP 600 with 4050, 4019B, 3830, 3612A, and 4017D 
sensors, respectively; Xyrem) was mounted on the frame. 
The monitoring interval of the RDCP 600 and the attached 
sensors was set to 1 h. A camera system was also mounted 
on the side of the frame to record time-lapse changes of 
the seafloor environment and benthic habitats. With this 
system, a photograph was taken daily, and, at the bathyal 
site only, a video was recorded weekly, during the deploy-
ments. Total time of each video sequence was 4 min 35 s. 
This camera system consisted of a HDTV camera (GZ-
V570 modified; JVC Kenwood) and a custom-made low-
power consumption timer circuit combined with a micro-
processor (PIC18F14K50; Microchip Technologies) and a 
real-time clock module (RTC-8564NB; EPSON Toyocom). 
The photographic resolution was 3800 × 2856 pixels and 
1920 ×  1080 pixels at the upper slope and bathyal sites, 
respectively. The pixel size of the video recordings at the 
bathyal site was also 1920 × 1080 pixels. The camera was 

mounted on the frame at 1  m height above the sea floor. 
A trapezoidal area of the seafloor was photographed with 
a transversal line of 115  cm and a vertical line of 50  cm 
(Yamakita, personal communication). Two LED lights plas-
ticized in epoxy resin blocks (custom-made; Oguri et  al. 
2015) were also mounted on the frame. The camera and the 
lights were automatically switched on during photography 
following the sequence as programmed in the timer circuit. 
Electronic power for the sensors and the camera systems 
was supplied by 14.4 V lithium ion battery (capacity of 40 
Ah), installed in an insulated oil-filled enclosure to com-
pensate for the pressure.

Two different acoustic transponders were also installed 
on the frame. An acoustic release transponder (TMR-
6005B; Kaiyo Denshi) transmitted to the ship the approxi-
mate deployment site when the station was deployed, and 
an ROV-Homer (Model 7382; Sonardyne) allowed the sta-
tion to be located for recovery by a remotely operated vehi-
cle (ROV).

Fig. 2   A deep-sea station used for the monitoring. The frame is con-
structed with titanium pipes. The installed instruments are 1 ARGOS 
satellite transmitter, 2 RDCP 600, ADCP-CTDDO-turbidity sensors 
with battery, 3 LED lights, 4 ROV homer, 5 glass spheres, 6 acoustic 
release transponder, 7 HDTV camera in a SUS316 stainless pressure 
cylinder, and 8 oil-filled lithium ion battery to supply power to the 
camera and lights
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2.3 � Sensor configurations

2.3.1 � Salinity calculation

Salinity data were calculated from conductivity values by 
using the RDCP studio software bundled with the RDCP 
600. Because we used the induction-based conductivity 
sensors, the metal frame can affect the sensor reading. To 
obtain precise salinity values, we compared the tempera-
ture and salinity obtained from the station data with data 
obtained during the BO13-20 cruise. The measured salin-
ity was 0.75 lower at the upper slope site, and 0.35 lower 
at bathyal site, than the reference values. The salinity data 
were corrected by adding these offsets. No correction was 
used for the temperature data.

2.3.2 � Compensation of the O2 sensor

The DO values from the 3830 optode sensor are influenced 
by temperature, salinity, and hydrostatic pressure. We used 
the following equation to obtain actual DO values from the 
raw data (Aanderaa Data Instruments 2003; Uchida et  al. 
2008):

where (O2corr) is corrected DO in μM, (O2raw) is the raw 
O2 value from the optode sensor, B0–B3 and C0 are con-
stants representing the sensor foil characteristics shown in 
the operating manual, S is salinity, t is temperature (°C), 
and d is depth (m) or hydrostatic pressure (dbar). To obtain 
(O2corr) values, corresponding salinity, temperature and 
hydrostatic pressure data from the respective sensors were 
substituted into the equation.

The data of the DO sensor deployed at the upper slope 
site showed a decreasing trend. From two temperature-
compensated O2 values obtained under the close atmos-
pheric pressure measured before and after the deployment 
(343 μM at 1019.9 hPa, at 08:40 JST on 12 March 2103 
and 282 μM at 1019.8 hPa, at 04:40 JST on 7 September 
2013; Miyako Meteorological Observatory, Japan Meteoro-
logical Agency), the calculated rate was −0.0142 μM h−1. 
This rate was used to correct DO values at the upper slope 
site. There was no decreasing trend in the bathyal site data.

2.3.3 � Adjustment of the internal compass of the ADCP 
sensor

Prior to the deployment, the internal compass of the ADCP 
sensor was adjusted for the magnetic declination of −7°26′ 

[O2corr] = [O2raw]× e

{

S ·
(

B0+B1·t+B2·t
2
+B3·t

3
)

+C0·S
2
}

×

(

1+
0.032× d

1000

)

,

(Geospatial Information Authority of Japan 2010). By this 
adjustment, the current direction data were corrected to the 
accurate azimuth.

2.3.4 � Offset adjustment of the turbidity sensors

The turbidity sensor of the RDCP 600 had an initial off-
set. We determined the offset value by measuring turbidity 
in the dark on board the ship. The offset was –0.09 NTU 
at the upper slope site and 0.625 NTU at the bathyal site. 
These values were then subtracted from the observed val-
ues at the respective sites.

3 � Results

3.1 � Data overview

At the upper slope site, 4201 measurements of each param-
eter were recorded (water temperature, salinity, DO, 
hydrostatic pressure, and current direction and intensity). 
The camera captured 175 seafloor photographs. At the 
bathyal site, 10222 measurements of each parameter were 
recorded, and the camera captured 187 photographs and 61 
HDTV videos.

3.2 � Hydrostatic pressure and pitch and roll  
at the upper slope site

At the upper slope site, the recorded hydrostatic pressure 
showed clear changes during the deployment. The initial 
pressure of 3027.1  kPa increased to 3105.3  kPa at 04:38 
on 15 March, and at 9:38 on 17 March, it decreased to 
2870.9 kPa. At 06:38 on 17 March, it decreased markedly 
to 2656.1 kPa (Fig. 3a). By assuming an average seawater 
density in the water column of 1.026, the water depths on 
these dates were estimated to be 295, 303, 280, and 259 m.

These depth changes suggest that the station was 
dragged about, perhaps as a result of nearby trawling. Fur-
thermore, even though the pressure remained constant from 
17 March to 30 May, both pitch and roll angles changed 
four times (at 08:38 on 26 March, at 20:38 on March 28, 
at 10:38 on 3 March and at 00:38 on 5 May, see Fig. 3a), 
suggesting that the station frame was buffeted about by 
trawling during this period as well. After 30 May until 
recovery of the station, both pitch and roll angles fluctuated 
greatly. The cause of this instability might have been sub-
stantial damage to the station’s feet. In fact, at the time the 
station was picked up, all three feet were missing or dam-
aged. As a result, the station had become unstable and it 
only remained upright because of the buoyancy of the glass 
spheres mounted on the top of the frame.
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3.3 � Hydrostatic pressure and pitch and roll  
at the bathyal site

At the bathyal site, hydrostatic pressure and the pitch and 
roll angles were stable throughout the deployment, except 
for a small increase of the roll angle at 17:38 on 7 Decem-
ber 2012. After that time, the station was tilted eastward 
from 0.77° ±  0.09° to 0.51° ±  0.10°. At the same time, 
the pitch angle, which showed a weak increasing trend 
before this time, ceased increasing (Fig. 3b). These changes 
occurred shortly after a strong earthquake (17:18 JST on 
7 December; M =  7.3; hypocenter, 38°1.1′N, 143°52.0′E 
at 49  km depth below the seafloor; Japan Meteorological 
Agency 2015). The hypocenter location indicated that this 
event was an aftershock of the 2011 Tohoku Earthquake. 
Even though the mainshock had occurred 21  months 
before, seismic activity in this area was still high. The seis-
mic shaking at the bathyal site would have been severe, 
considering the magnitude of the earthquake, the distance 
between the bathyal site and the epicenter (190 km south-
east of the bathyal site), and the observed change in the 
tilt angle of the station. This earthquake generated a weak 
tsunami along the northeast coast (Japan Meteorologi-
cal Agency 2012), but a distinct pressure change was not 
recorded by our pressure sensor. The effect of this remark-
able event on the seafloor and its benthic habitats is dis-
cussed in Sect. 4.

3.4 � Current velocity and direction at the upper slope 
site

Although the RDCP 600 automatically compensated the cur-
rent velocity and direction when the tilt angle was smaller than 
±20° (Aanderaa Data Instruments 2006), we found notable 
tilt anomalies exceeding ±20° after 30 May. Therefore, we 
excluded current velocity and direction data accompanied by 
pitch and roll angles larger than ±20° from the analysis. The 
25-h averaged current velocity ranged from 0 to 32 cm s−1, 
and the dominant current direction was from NNE to SSW, or, 
occasionally, from S–SSW to N–NNE (Fig. 4a). These direc-
tions are parallel to the isobaths of the bottom topography.

3.5 � Current velocity and direction at bathyal site

At the bathyal site, the 25-h averaged current velocity 
ranged from 2 to 23 cm s−1. There were two dominant cur-
rent directions: from NNW to SSE and from SW to NE 
(Fig. 4b). As at the upper slope site, the current direction 
seemed to be parallel to the bottom topography isobaths.

3.6 � Temperature, salinity, and DO at the upper slope 
site

During the deployment, the bottom temperature varied 
considerably between 1.8 and 8.1  °C (Fig.  5a). After a 

Fig. 3   Temporal changes in pitch (red dots) and roll (blue dots) 
angles and hydrostatic pressure (green dots and line) at the a upper 
slope and b bathyal sites. Arrows a indicate times when the hydro-

static pressure and azimuth sensor data suggest movement of the sta-
tion cause by trawling. The dashed box in b shows the period of sta-
tion deployment at the upper slope site
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marked decrease between 2 and 10 May, the tempera-
ture showed a generally increasing trend until mid-
July but remained lower than temperatures recorded 
before early May. Salinity changes seemed to correlate 
with the temperature (Fig. 5b); a notable decrease from 
34.01 to 33.33 was recorded between 4 and 9 May, and 
brief spikes were observed throughout the monitoring 
period. The DO concentration was relatively high, at 
250–320  μM, throughout the observation period, and 
there was no distinct seasonal trend. Brief falls in DO 
to below 250 μM were observed throughout the deploy-
ment (Fig. 5c).

3.7 � Temperature, salinity, and DO at the bathyal site

Temperature at bathyal site was quite stable, averaging 
2.91 ± 0.12 °C throughout the observation period, without 
any distinct fluctuations (Fig. 5d). Salinity fluctuation was 
also small; the average salinity was 34.41 ± 0.11 (Fig. 5e). 
The water mass at the site was typical intermediate water, 
which is characterized as cold lower water system defined 
by Hanawa and Mitsudera (1986). From early March to 
mid-August 2013, salinity tended to decrease. This period 
coincides with the period of strong temperature and salinity 
decreases at the upper slope site. The average DO during 
the deployment of 24.7 ± 2.2 μM (Fig. 5f) is representa-
tive of depleted O2 values found in intermediate waters of 
the northwest Pacific (Ogura 1970; Nomaki et  al. 2015), 
and DO did not fluctuate seasonally.

3.8 � Turbidity at the upper slope site

Turbidity at the upper slope site was less than 0.1 NTU 
except during March to May and July 2013 (Fig. 5g). The 
turbidity increase was particularly distinct in spring. Brief 
spikes to values exceeding 10 NTU were observed on 17 
and 24 March and on 16 April. The peak on 17 March 
may have resulted from a disturbance caused by trawling, 
because the roll and pitch angles also fluctuated markedly 
on that date. However, similar artifacts did not accompany 
the other turbidity spikes. Remarkably, the high turbidity 
recorded on 16 April exceeded the maximum sensor read-
ing of 25 NTU. We discuss the relationships among turbid-
ity, marine snowfall, and the chlorophyll a concentration at 
the sea surface in Sect. 4.

3.9 � Turbidity at the bathyal site

At the bathyal site, turbidity was stable, typically 0.4 NTU, 
until mid-January 2013 (Fig. 5h), and slightly higher than 
turbidity at the upper slope site. After mid-January 2013, 
turbidity gradually increased with frequent spikes. The 
photographs did not confirm this increasing trend at the 
seafloor, though they showed sporadic turbidity increases 
and decreases. Therefore, we assumed that the data do not 
reflect the true turbidity. Because both cameras captured 
images of unidentified organisms and organic material, we 
interpret these elevated turbidities to reflect, for example, 
biofouling of the photosensor.

3.10 � Sediment characteristics and the benthos at the 
upper slope site

Fine-grained sand particles are dominant on the seafloor 
at around 300 m water depth off Otsuchi Bay (Arita and 

Fig. 4   Compass plots of current intensity and velocity observed 
at the upper slope (top) and bathyal (bottom) sites, measured 5.5 m 
above the seafloor
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Fig. 5   a Temperature, b salin-
ity, and c DO observed at the 
upper slope site. d Temperature, 
e salinity, and f DO observed at 
the bathyal site. g, h Turbidity 
observed at the upper slope and 
bathyal sites. The dashed boxes 
in the bathyal site graphs show 
the observation period at the 
upper slope site. Gray lines in 
(g, h) indicate period of high 
(>0.5 mg m−3) chlorophyll 
a concentrations at the sea 
surface, observed by satellite 
remote sensing. Small arrows 
in (g) indicate movement of the 
station inferred from the hydro-
static pressure and azimuth sen-
sor data. The large arrow in (h) 
indicates the occurrence time of 
the earthquake (see text)
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Kinoshita 1984), and the seafloor photographs that we 
obtained show sediment characteristics consistent with 
those results. The sediment surface was homogenous; no 
pebbles or other coarse particles were seen, and Ophiura 
sarsii were distributed densely on the seafloor (Fig.  6). 
Similar high ophiuroid densities have been reported previ-
ously (Fujita and Ohta 1989). No disturbance effect from 
the 2011 Tohoku Earthquake was apparent in the photo-
graphs. The ophiuroid population seemed stable through-
out the observation period, and individuals tended to stay 
in the same place for several days or move only small dis-
tances. The density, size distribution, and seasonal fluctua-
tions of the ophiuroids have been analyzed by Yamakita 
et  al. (personal communication). In addition, unidenti-
fied species of gastropods, sea anemones, and paguroidea 
appeared in the photographs. One sea anemone remained 
at the same spot in front of the station from 31 March to 30 
May, and ophiuroids tended to avoid the area around the 
anemone. Cod fish (Theragra chalcogramma and Gadus 
macrocephalus) also appeared in the photographs. All the 
photographs are combined as Supplementary video 1.

3.11 � Sediment characteristics and the benthos at the 
bathyal site

At water depths deeper than 800 m off Otsuchi Bay, sedi-
ment particles are dominantly silt-sized (Arita and Kinosh-
ita 1984), although in the photographs, it was hard to tell 
grain size, muddy sediment covers the seafloor homogene-
ously, and many holes, possibly dug by benthic organisms, 
were observed. In the time-lapse photographs, ophiuroids 
sometimes appeared to hide in these holes (Fig.  7). The 
dominant benthic organism was an unidentified ophiuroid. 
Unlike Ophiura sarsii at the upper slope site, the ophiuroids 
at the bathyal site were smaller and their density was much 
lower. However, they moved actively about the seafloor. 
Trails made by benthic organisms, perhaps gastropods or 
sea cucumbers, remained on the seafloor for up to 1 week. 
Fish appearing in the photographs were deep-sea eels (uni-
dentified species), Coryphaenoides sp., and Sebastolobus 
macrochir. All the photographs are combined as Supple-
mentary video 2.

Fig. 6   Seafloor photographs taken by the camera at the upper slope 
site. The photographs show a trapezoidal area of seafloor 115  cm 
(transversal direction) by 50 cm. a Ophiuroid communities cover the 
seafloor. b, c Marine snowfall observed following spring phytoplank-
ton blooms. c Photograph of the highest density marine snowfall dur-
ing the deployment period. The seafloor is completely hidden. d The 
seafloor after the spring phytoplankton blooms. Ophiuroids are absent 
around the sea anemone, seen in the center of the photograph

▸
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4 � Discussion

4.1 � Long‑term drift of the O2 sensor at the upper slope 
site

DO values at the upper slope site drifted downward during 
the monitoring period. Although the optical O2 (optode) 
sensor used has more long-term stability than conven-
tional electrode-based sensors (Tengberg et al. 2003, 2006), 
changes in sensor performance can be considerable. For 
example, photobleaching of the O2 sensitive dye and mem-
brane, which is enhanced at higher O2 concentrations, 

decreases the intensity and lifetime of the luminescent dye 
(Hartmann et  al. 1998). However, because these effects 
are inversely proportional to the O2 concentration (Kaut-
sky 1939), photobleaching should increase DO values. 
Therefore, photobleaching cannot account for the DO drift. 
Another possible causes are enhanced O2 consumption 
caused by fouling of organisms including microbial mats on 
the sensor foil, or ageing of the electronics. By naked eye 
observations, significant biofouling which was often seen 
after shallow water deployments (e.g., Martini et al. 2007) 
was not identified on the sensor foil after the recovery of 
the station and a biofouling effect cannot reasonably be 
inferred. Considerable ageing of the electronic components 
used in the circuit occurred, though it is difficult to find 
direct evidence of an ageing effect. We estimated the deg-
radation rate by subtracting atmospheric O2 values obtained 
before the deployment from those obtained after the deploy-
ment and assuming a constant rate of degradation.

4.2 � Cause of the increasing turbidity at the bathyal site

At the bathyal site, the sensor indicated that turbid-
ity increased after mid-January 2013 (Fig.  5h), but this 
increasing turbidity was not apparent in the time-lapse pho-
tographs (Supplementary video 2); thus, the increase did 
not seem to reflect a true change in turbidity. At both sites, 
organisms were observed near or on the camera window 
in the photographs. Therefore, biofouling of the turbid-
ity sensor surface may account for the observed increase. 
Although no prominent turbidity increase was recorded at 
the upper slope site, unidentified anthozoan organisms can 
be seen in the photographs taken on 10, 12, 16, 26, and 
27 May and between 5 and 13 June 2013 (Supplementary 
video 1). Such organisms remaining on or close to the tur-
bidity sensor for a long time would interfere with the tur-
bidity measurement. Similarly, at the bathyal site, small 
unidentified organisms often appeared in the camera win-
dow from 29 July to 23 September 2013. Even after they 
could no longer be seen in the photographs, adhesive mate-
rial remained on the camera window (Supplementary video 
2). In any case, only the DO and turbidity sensors are sensi-
tive to fouling effects, and we assumed that chance inter-
ference by organisms affected the readings of these sensors 
during the monitoring period. Organisms and organic mat-
ter are likely to be removed by wave action during recovery 
of the stations, so direct evidence of biofouling would not 
necessarily be observed after their recovery.

4.3 � Short‑term fluctuations of current velocity 
and temperature at the upper slope site

At the upper slope site, many brief temperature spikes with 
amplitudes of from 2 to 6–8 °C were recorded. Fast Fourier 

Fig. 7   Seafloor photographs taken by the camera at the bathyal site. 
The photographs show a trapezoidal area of seafloor 115 cm (trans-
versal direction) by 50  cm. a Typical view of the seafloor showing 
small ophiuroids. b A frame with a Sebastolobus macrochir indi-
vidual. c Marine snowfall observed in late winter. The dense marine 
snow obscures the seafloor
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Transform (FFT) analysis of the NS and EW components 
of current velocity and of temperature indicated the exist-
ence of current velocity cycles with periods of 12.2, 23.8 
(both NS and EW components), and 48.8  h (NS compo-
nent) hours (Fig.  8a). The 12.2  h cycle relates to the M2 
(principal lunar) harmonic, and the 23.8  h cycle corre-
sponds to the K1 (luni-solar diurnal) harmonic. Therefore, 
the current velocity fluctuations apparently reflect tidal 
cycles. Temperature fluctuated with cycles of 11.8, 20.5, 
23.3, 36.6, 53.9, 73.1, and 170.7  h (Fig.  8b). Although 
most of these cycles are longer than the tidal cycles, the 
11.8 and 23.3 h cycles are close to the K2 (luni-solar dec-
linational) and K1 harmonics, respectively. Therefore, the 
causes of the temperature variation are unknown, though 
K2 and K1 harmonics might have influenced the tempera-
ture fluctuations.

4.4 � Water mass changes at the upper slope site

Water temperature and salinity at the upper slope site 
decreased significantly in May 2013 (Figs.  5a, b), appar-
ently as a result of a seasonal water mass change. The tem-
perature–salinity diagram, in which data from the stations as 
well as the CTD data obtained during the BO13-20 cruise 
were compared with water masses in the region (Fig.  9a), 
indicates that water masses of three origins (Hanawa and 

Mitsudera 1986): Tsugaru warm current water, character-
ized by relatively higher temperatures (>5  °C) and salinity 
between 33.7 and 34.2; Oyashio water, characterized by 
lower temperatures (0–7 °C) and salinity between 33.0 and 
33.7 at densities of σt ≤ 26.7; and a cold, lower level water 
mass, characterized by lower temperatures and salinity larger 
than 33.3 at densities σt ≥ 26.7. The Tsugaru warm current, 
which flows from the Japan Sea out to the Pacific through 
the Tsugaru Strait, originates from the Tsushima warm cur-
rent, which branches off from the Kuroshio current in the 
East China Sea (e.g., Yasuda 2003). In contrast, the Oyashio 
water system is derived from the Oyashio cold current in the 
North Pacific and Okhotsk Sea, which flows along the Kuril 
Islands and off southeastern Hokkaido (e.g., Yasuda 2003). 
The characteristics of the cold lower level water are typi-
cal of North Pacific Intermediate Water, which forms by the 
mixing of Kuroshio and Oyashio waters (Talley et al. 1995; 
Shimizu et al. 2004). Thus, in early May, Tsugaru warm cur-
rent water was exchanged for Oyashio water system water 
(Fig. 9a). This water mass exchange is also supported simu-
lation results obtained by the Japan Meteorological Agency 
(JMA) by using a global circulation model with data assimi-
lation (http://www.data.jma.go.jp/kaiyou/data/db/kaikyo/jun/
t100_HQ.html?areano=1; accessed on 7 September 2015). 
In addition, Oguma et al. (2002) analyzed the seasonal dis-
tributions of water masses off Sanriku using data obtained 

Fig. 8   Results of FFT analyses 
of a the NS and EW compo-
nents of current velocity and b 
water temperature at the upper 
slope site

http://www.data.jma.go.jp/kaiyou/data/db/kaikyo/jun/t100_HQ.html%3fareano%3d1
http://www.data.jma.go.jp/kaiyou/data/db/kaikyo/jun/t100_HQ.html%3fareano%3d1
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from 1971 to 1995 and concluded that Tsugaru warm water 
was dominant in the region from January to April, whereas 
in late May the front between Tsugaru warm water and 

Oyashio water formed in the area. Our inference regarding 
a seasonal water mass exchange at the upper slope site is 
therefore consistent with both the JMA modeling results and 
the observational evidence reported by Oguma et al. (2002).

At the upper slope site, frequent, sporadic DO decreases 
were observed (Fig. 5c). Remarkably, from 24 to 26 June 
2013 and from 18 to 21 August 2013, DO decreased to 
less than 250  μM for relatively long periods. Minima 
were recorded on 24 June (178  μM) and on 19 August 
(152 μM). Because the DO shows a decreasing trend from 
the sea surface to 1000  m depth in the area off Sanriku 
(Ogura 1970; Fontanier et  al. 2014; Nomaki et  al. 2015), 
we inferred that the DO decreases that we observed were 
caused by intermittent upwelling of deeper water. During 
the periods when DO was low, σt was increased. A scatter 
plot of DO against σt showed a good correlation between σt 
and DO when the water temperature was ≤3.0 °C (Fig. 9b). 
This result is consistent with the occurrence of upwelling 
at the upper slope site, but the mechanism of the upwelling 
cannot be determined from our data. If such upwelling is 
occurred, increase of chlorophyll a concentration can be 
confirmed by satellite remote sensing, because deeper 
seawater contains higher nutrients and it stimulates phy-
toplankton growth (e.g., Saitoh et al. 1998). We could not 
confirm that increase in the chlorophyll a concentration 
in the surface seawater coincided with these DO fluctua-
tions because remote sensing data for these periods are not 
available. The relationships between these events and the 
migration of organisms, from phytoplankton to fish, should 
be investigated by further multidisciplinary monitoring and 
observations.

4.5 � Temporal and spatial fluctuations in marine snow

The high turbidity spikes exceeding 1 NTU recorded by the 
turbidity sensors at both sites lasted only from 1 to several 
hours. Satellite observations showed chlorophyll a concen-
trations exceeding 0.5 mg m−3 in the surface seawater from 
4 to 5, 14 to 15, and 23 to 25 April 2013 (NASA AQUA 
satellite and analyses by Earth Observation Research 
Center, Japan Aerospace Exploration Agency, and Tokai 
University). The processed images are available at the 
MODIS near real time data site: http://kuroshio.eorc.jaxa.
jp/ADEOS/mod_nrt_new/index.html (accessed on 7 Sep-
tember 2015). Another prominent chlorophyll a increase 
was observed around 2 and 8–10 May 2013. The camera 
at the upper slope site also recorded high levels of marine 
snow on 5 May (Fig. 6). Therefore, we attributed the spo-
radic turbidity increases to dense marine snowfall related 
to phytoplankton blooms at the sea surface. Saino et  al. 
(1998) reported short-term spikes in the organic carbon flux 
in sediment traps deployed off Sanriku. Our turbidity sen-
sor data and photographic evidence support their finding, 

Fig. 9   a Temperature–salinity data from the upper slope (red dia-
monds) and bathyal sites (green circles) and from the CTD profiles 
obtained during the BO13-20 cruise (gray dots). Typical water mass 
end-member distribution patterns are defined by Hanawa and Mitsu-
zawa (1986). b Plot of DO versus density (σt) at the upper slope site. 
The solid line was fitted by the least-squares method to DO (y-axis) 
and σt (x-axis) data for temperatures ≤3.0 °C

http://kuroshio.eorc.jaxa.jp/ADEOS/mod_nrt_new/index.html
http://kuroshio.eorc.jaxa.jp/ADEOS/mod_nrt_new/index.html
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namely, that heavy short-term marine snowfalls transport 
substantial amounts of organic carbon to the seafloor in this 
area.

Before the beginning of the marked turbidity drift at 
the bathyal site, two turbidity spikes were observed, on 2 
and 30 October 2012. These peaks may correspond to the 
broad phytoplankton blooms observed from mid- to late 
October (MODIS near-real-time data), when the sinking 
speed of biogenic organic materials of 90–200  m  day−1 
is taken into account (Buesseler et al. 1990; Deuser et al. 
1990; Honda et  al. 2012, 2013). A photograph taken on 
2 February 2013 (Fig. 7) also shows considerable marine 
snow. Prior to this snowfall event, from 20 to 23 January 
2013, high chlorophyll a concentrations were observed in 
the surface seawater (MODIS near-real-time data). Using 
these observation results, we estimated the sinking speed 
of the marine snow to be 77–100 m day−1, which is sim-
ilar to the previously reported values. In addition to the 
turbidity peaks by marine snowfall, another prominent 
turbidity increase was observed on 7 December 2012. 
This increase was not preceded by a distinct chlorophyll 
a increase at the sea surface, and no artificial disturbance 
was recorded from the hydrostatic pressure and the tilt 
angle. A possible cause is the earthquake that occurred on 
this date.

4.6 � Effect of the earthquake on the seafloor 
environment

An unusual sedimentation event was recorded at the bathyal 
site during the observation period. An earthquake occurred 
at 17:18 JST on 7 December 2012, and shortly thereafter, at 
22:59 on 7 December, the turbidity increased to 1.29 NTU. 
By 12:59 on 8 December, however, the turbidity decreased 
to the level before the earthquake (Fig.  10b). Before and 
during this event, the horizontal and vertical current veloci-
ties showed small increases (Fig. 10a, b). In a photograph 
taken before the event, many ophiuroids and some holes 
could be seen on the seafloor (Fig. 10c), whereas in pho-
tographs taken after the earthquake, a thin accumulation of 
sediment particles could be seen on the surface of the sea-
floor (Figs. 10d, e). In particular, in the photograph taken 
6 h 40 min after the earthquake, at 23:58 on 7 December, 
the bottom water was turbid and the ophiuroids were buried 
in sediment (Fig. 10d). By 23:58 on 8 December, however, 
turbidity was no longer increasing and ophiuroids were 
again visible on the seafloor (Fig. 10e). Although it is hard 
to estimate the thickness of the sediment layer deposited 
on the seafloor during this event from the photograph, sev-
eral holes visible on the surface before the earthquake were 
filled with sediment. It is remarkable that the ophiuroids 
were able to survive and recover from the disturbance 

caused by this unusual sediment deposition. The photo-
graphic evidence suggests that the holes are maintained by 
ophiuroid activity (supplementary video 2), and by around 
10 days after the sediment deposition, the accumulated sed-
iment had been removed from the holes (Fig. 10f).

Turbidity currents induced by earthquakes have been 
observed previously by cabled observatories. Mikada et al. 
(2006) reported that a turbidity current occurred just after 
the 2003 Tokachi-oki earthquake (M =  8.0). A deep-sea 
observatory at 2540  m water depth 25.5  km southeast of 
the epicenter recorded a hydrodynamic current veloc-
ity exceeding 100  cm  s−1. At the same time, temperature 
increased by 0.5 °C and salinity decreased by 0.2 (Mikada 
et  al. 2006). Unfortunately, no cameras were installed in 
the station and no information on benthic disturbances is 
available. Kasaya et al. (2009) reported on a turbidity cur-
rent observed by the Hatsushima deep-sea observatory 
(Momma et  al. 1998) in Sagami Bay. Just 5 min after an 
earthquake, which occurred at 11:50:39 on 21 April 2006 
(M =  5.4; epicenter, 34°56.4′N, 139°11.7′E; hypocentral 
depth, 7 km), an observatory very close to the epicenter (at 
35°0.31′N, 139°22.5′E; 1175  m water depth) recorded a 
dense turbidity current by videocamera. The turbidity cur-
rent dimmed the illumination for the video recording, and 
the transmission did not return to the level before earth-
quake for over 3 h. An increase in the water temperature of 
0.6  °C was also recorded. Both these events were associ-
ated with a strong downslope current that lasted for a few 
hours. In contrast, the disturbance we recorded was not 
associated with any increase in either vertical or horizon-
tal current velocities (Fig. 10a, b). In our record, a 0.2 °C 
decrease of temperature was observed between the 7 and 9 
December 2012 (Fig. 10b). The cause of the fluctuations is, 
however, difficult to relate to the disturbance triggered by 
the earthquake, because such temperature fluctuations were 
often observed throughout the deployment (Fig. 5b). From 
these results, we estimated that turbidity current accompa-
nied with strong light attenuation and prominent tempera-
ture increases was not induced by the 7 December 2012 
event affected our site, even though turbidity increased and 
the holes in the seafloor were filled with sediment.

Fig. 10   Temporal changes in a vertical current velocity and b hori-
zontal current intensity, direction, turbidity (blue dots) and tempera-
ture (red dots) at the bathyal site around the time of the earthquake. 
Photographs of the seafloor: c before the earthquake; d 6  h and 
20  min after the earthquake, showing a distinct turbidity increase 
in the latter with ophiuroids buried in the sediment; e 1 day 6 h and 
20 min after the earthquake—turbidity has decreased, and ophiuroids 
have returned to the sediment surface, but the holes seen before earth-
quake are still filled with sediment; and f 11  days 6  h and 20  min 
after the earthquake. The seafloor area shown in (c–f) is 115  cm 
(transversally) by 50 cm

▸
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4.7 � Toward wide area observations for investigating the 
effect of sedimentation events

We performed long-term monitoring at the two sites and 
they provided basic oceanographic data. However, we expe-
rienced capture of the station by trawling at the upper slope 
site. To minimize the risk for such accidents and in order 
not to bother fishery activities, monitoring sites should be 
carefully determined based on information from fishery 
communities. If possible, target sites should be shifted from 
trawling areas. Designing of an anti-trawling frame is also 
an important point. Anti-trawling ADCP frames shaped as a 
polygonal pyramid are commercially available from several 
ADCP manufacturers, and should be considered for use as 
a monitoring station frame for the installation of additional 
equipment such as batteroesy or cameraa, as well as for the 
recovery procedure.

The data we obtained showed the seasonal water mass 
exchange, occasional dense marine snowfall events asso-
ciated with phytoplankton blooms, and, using the images 
taken by the cameras, the characteristics of the benthic hab-
itats in the different environments. Notably, this study doc-
umented the resuspension of sediment particles and burial 
of benthic habitats caused by the earthquake with its mag-
nitude of 7.3, and their subsequent recovery. Long-term 
monitoring has provided important knowledge of surface 
sediments on the seafloor since the first deep-sea observa-
tion (Lampitt 1985). Camera observations at a monitoring 
station can be effectively investigate an area of only sev-
eral square meters. Because environmental changes at the 
seafloor associated with seasonal phytoplankton blooms 
and disturbances by earthquakes can affect wide areas with 
high spatial and temporal variations, monitoring should be 
combined with observations obtained by conventional or 
new technologies to better understand how seafloor envi-
ronments respond to various events. Conventional surface 
sediment sampling, ROV, and deep-tow observations in 
different seasons and years are important for observing 
spatial seafloor variations. The use of stereo cameras with 
these observation methods would allow the distribution, 
size and mass of the benthos to be estimated (e.g., Shortis 
et  al. 2009) and sediment surface structures to be deter-
mined. Development of a compact deep-sea HDTV video 
camera system that could be installed on a multiple core 
sampler would improve descriptions of the seafloor and 
benthic habitat characteristics when the sediment sampling 
was carried out (Toyofuku et  al. 2014). Recent advances 
in technologies will expand our opportunities for observ-
ing the seafloor, as instruments become more compact and 
versatile, and less expensive. High-quality seafloor obser-
vations have the potential to make important contributions 
to sedimentological and oceanographic studies.

5 � Conclusions

Through long-term monitoring of physical, chemical 
parameters and sedimentological features at different water 
depths off Otsuchi Bay, we were able to infer the seasonal 
water mass exchange and sporadic upwelling events from 
DO and σt data. The effect of tides on fluctuations of cur-
rent velocity components and temperature was also inves-
tigated. Time-lapse photographs allowed us to observe ben-
thic habitats on the seafloor and intensified marine snowfall 
related to increased chlorophyll a concentrations at the sea 
surface. A sedimentation event triggered by an aftershock 
of the 2011 Tohoku Earthquake was also documented by 
the turbidity sensor data and photographic evidence. The 
use of deep-sea stations to explore deep-sea environments 
is still limited. However, long-term monitoring by stations 
can provide valuable data of a sort that is hard to obtain 
from only shipboard observations. We expect that deep-sea 
stations that are more compact and easier to handle will 
be developed in the near future, and long-term monitor-
ing, together with wide-area data obtained by conventional 
ships, ROVs, and deep-tow observations will shed light on 
many oceanographic, biological, and sedimentological phe-
nomena on the seafloor.
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