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Chapter 6
Bottom Turbidity, Boundary Layer Dynamics, 
and Associated Transport of Suspended 
Particulate Materials off the Fukushima Coast

Hiroshi Yagi, Kouichi Sugimatsu, Shigeru Kawamata, Akiyoshi Nakayama, 
and Toru Udagawa

Abstract Long-term monitoring and intensive field experiments for the bottom 
layer off the Fukushima coast were performed from October 2012 to November 
2014 to understand the bottom processes, which are closely related to the spatial 
distribution and temporal variations of radiocesium in sea sediment. In this section, 
focusing on autumn 2012, we examine the bottom processes for a 32-m depth site 
(Sta. B) off Iwaki, Fukushima. Observational results showed that the bottom shear 
stresses from waves generally dominated over those from currents in this depth 
region, and the bottom turbidity increased in high wave conditions. Stepwise and 
significant southward cumulative transports of bottom turbidity were observed 
when high waves with long periods (LPW) coming from an E–ENE direction were 
superimposed on the southward current flow that has a periodicity of 5 days; both 
phenomena are influenced by successive passages of low pressure systems and the 
associated spatial distribution of atmospheric pressure. The combination of waves 
and currents caused by meteorological disturbance is a key process in the transport 
of suspended particulate material off the Fukushima coast.
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6.1  Introduction

More than 3 years have passed since the accident at the Fukushima Dai-ichi Nuclear 
Power Plant (FNPP) associated with the Great Earthquake east of Japan on March 
11, 2011. Concentrations of seawater radionuclides are decreasing, but the bottom 
sediment still has appreciable levels of radionuclides that could be incorporated in 
the benthic ecosystem. Therefore, it is important to understand the details of the 
spatial distribution and temporal variations of radionuclide concentrations included 
in the bottom sediment. Several studies have investigated the spatial distribution of 
radiocesium in the seabed (Otosaka and Kobayashi 2013; Kusakabe et al. 2013; 
Thornton et al. 2013; Ambe et al 2014); however, to understand the formation 
mechanism of the measured spatial distributions and temporal variations of sea bot-
tom radiocesium, the characteristics of suspended sediment transport in the 
Fukushima coastal sea area must be known. These characteristics are closely related 
to the movement of sediment and suspended particulate radiocesium. In this sec-
tion, we introduce the characteristics of bottom turbidity, boundary layer dynamics, 
and associated bottom turbidity transport off the Fukushima coast, based on the 
field measurement results reported by Yagi et al. (2013).

6.2  Outline of Field Measurements for Bottom Processes off 
the Fukushima Coast

We performed two kinds of field measurements to understand the bottom processes 
off the Fukushima coast: one was the long-term monitoring of coastal bottom envi-
ronments focusing on basic parameters (current, wave, turbidity, temperature, salin-
ity), and the other was an intensive field survey aimed at understanding the details of 
bottom boundary layer dynamics and associated sediment transport processes. For 
long-term monitoring, three monitoring sites were deployed off Iwaki, the southern 
part of the Fukushima coast (stations B, C, and D at depths of 32, 80, and 130 m, 
respectively), and one site (Sta. A at a depth of 30 m) off Ooarai on the Ibaraki coast 
(see Fig. 6.1). Bottom-mounted and bottom-moored instrument platforms were 
installed with an ADCP (acoustic Doppler current profiler, Telendy RDI), OBS 
(optical back-scatter sensor for turbidity, Infinity-CLW, JEF-advantec), and salin-
ity–temperature sensors (Infinity-CTW, JEF-advantec) (Fig. 6.2a); mooring systems 
to measure the surface and middle layer conditions (temperature, salinity, and tur-
bidity) were also deployed for stations A and B. Measurements began in mid-Octo-
ber 2012 and continued for 2 years until early November 2014. The intensive survey 
focusing on the bottom boundary layer involved the installation of a bottom tripod 
(Fig. 6.2b) equipped with a vertical array of OBSs, a 3-D acoustic Doppler velocim-
eter (ADV-Vector, Nortec), and an in-situ laser particle size analyzer (LISST-100x, 
Sequoia Sci) at Sta. B (32 m depth) (Fig. 6.1). Three field campaigns were con-
ducted: BBL-Exp. I (15 October to 20 November 2012), BBL-Exp. II (13 February 
to 25 March 2013), and BBL-Exp. III (1 November to 15 December 2013).
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Fig. 6.1 (a) Map of study area. Topography and locations of monitoring station A off Oarai of 
Ibaraki Prefecture, and stations B, C, and D off Iwaki of Fukushima Prefecture. FNPP marks the 
location of the Fukushima Dai-ichi Nuclear Power Plant. (b) On- to offshore topography changes 
around the monitoring sites off Iwaki and locations of stations B, C, and D
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Of all the data from these measurements, we focused first on the bottom boundary 
layer experiment for the 32-m depth site (Sta. B) and the corresponding long- term 
monitoring in autumn 2011. The fundamental characteristics of bottom processes off 
the Fukushima coast for this period are discussed in the following subsections.

6.3  Bottom Turbidities and Boundary Layer Characteristics 
off the Fukushima Coast in Autumn 2012

Measurement results in autumn 2012 revealed that temporal variations in turbidity 
in the inner-shelf and mid-shelf bottom layers off the Fukushima coast have  
different characteristics (Fig. 6.3). The bottom turbidities at the inner-shelf site 
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Fig. 6.3 Bottom turbidities at stations B, C, and D with tidal elevations in autumn 2012. The tur-
bidity data are given in FTUs (Formazin turbidity units)
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(32-m depth; Sta. B) were generally larger than those at the mid-shelf site (130-m 
depth; Sta. D), and Sta. B saw high turbidity conditions over several days. In con-
trast, turbidity at the mid-shelf site (Sta. D) showed temporal variations with high 
frequencies. The intermediate depth site (80-m depth; Sta. C) combined the bottom 
turbidity features observed at the inner- and mid-shelf sites.

Focusing on the inner-shelf bottom layer, we examined the details of boundary 
layer characteristics (currents, waves, bottom shear stress) and the relationships 
with bottom turbidities (Fig. 6.4). The bottom currents (Fig. 6.4a) showed temporal 
variations with a period of around 5 days, which were well correlated with low pres-
sure system passages over the study area (shown by the gray hatching in this figure) 
associated with temporal variations of local atmospheric pressure. These periodic 
and subtidal current fluctuations off the Fukushima coast were also observed by 
Kubota et al. (1981) and were thought to be shelf waves in the forcing region caused 
by periodic meteorological disturbances (Kubota 1982). In contrast, waves observed 
in high wave conditions showed two distinct sets of characteristics. (1) High waves 
during low pressure passages had relatively shorter wave periods and an ESE–SSE 
wave direction (type 1: corresponding to the high wave periods HW1, HW2, HW4, 
and HW6 in Fig. 6.4c, and indicated as type 1 in Fig. 6.5a). (2) High waves occur-
ring in the intervals between low pressure passages had longer wave periods and an 
E–ENE wave direction (type 2: corresponding to the high wave periods HW3 and 
HW5 in Fig. 6.4c, and indicated as type 2 in Fig. 6.5a). These different characteris-
tics were the result of the different wave generation systems, in that type 1 was 
induced by the passage of a low pressure system over the study area (Fig. 6.5b, left 
panel) and type 2 developed off the east part of the main island of Japan (Fig. 6.5b, 
right panel) and propagated into the study region from an E–ENE direction with 
longer periods.

Bottom shear stress from currents and waves (τc and τw) can be evaluated by the 
following equations (Soulsby 1997):
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where Uc is the current velocity at z (elevation above the sea bed), κ is the von 
Karman constant, ρ is the density of seawater, z0 is the bed roughness length, Uw is 

Fig. 6.4 (continued) velocities (Uwb, gray trace) (c), and turbidities (d) at 0.25, 0.5, and 1 m above 
the seabed. Timing of low pressure passages over the study area, which were defined from local 
atmospheric pressure data and synoptic-scale information on atmospheric pressure (weather map) 
from the JMA (Japan Meteorological Agency), is shown by the gray hatching in (a) and (b). (c) 
HW 1–6 are high wave periods during the observation period. HW1, -2, -4, and -6 occurred during 
the low pressure passage; HW3 and -5 in intervals between low pressure passages are shown by 
dotted arrows
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the bottom wave orbital velocity, and fw is the bottom friction coefficient caused by 
waves (Soulsby 1997). By substituting the measured ADCP velocity at the lowest 
layer (z = 2.12 m) for Uc, and RMS wave orbital velocities by the ADV-Vector for 
Uw, we can obtain the bottom shear stresses.

The estimated bottom shear stress caused by waves (τw) generally dominated 
over that caused by currents (τc) in autumn 2012 and showed larger values in type 2 
high wave conditions (HW3 and HW5 in Fig. 6.6a). Furthermore, τw correlates well 

Fig. 6.5 (a) Relationship between wave direction, significant wave heights, and wave periods for 
autumn 2012. (b) Weather map by the JMA for two high wave periods: left, high wave period HW2 
(type 1); right, high wave period HW5 (type 2). Wave directions are illustrated based on the wave 
map by the JMA
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with the observed turbidities, meaning high turbidity conditions occurred simulta-
neously with the larger bottom shear stresses (Fig. 6.6b). These observational results 
demonstrate that the larger bottom turbidities are induced by the high wave condi-
tions in the intervals between low pressure passages (type 2), which showed longer 
wave periods and larger bottom shear stresses.

6.4  Near-Bottom Turbidity Transport off Fukushima Coast 
Under the Condition of Successive Low Pressure 
Passages

To understand the characteristics of near-bottom turbidity transport off the 
Fukushima coast, which are closely related to the movement of suspended sediment 
and particulate radiocesium, we evaluated the turbidity transport rates from the esti-
mated vertical distributions of turbidity and velocity in the bottom layer. Measured 
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bottom turbidities at three different depths (0.25, 0.5, and 1 m above the seabed) 
were approximated with the exponential function

 
C z C z( ) = ⋅ − ⋅[ ]be exp α

 
(6.3)

where C(z) is estimated turbidity and z is the distance above the seabed. Cbe (refer-
ence bottom turbidity) and α (shape factor) are time-varying parameters decided by 
regression analysis of the measured bottom turbidities. Additionally, the vertical 
profile of bottom current velocities can be approximated using a well-known loga-
rithmic law of the wall for a sea bottom boundary layer (Soulsby 1997) as follows:
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where u(z) is estimated bottom velocity (north–south or east–west component), 
uADCP is the velocity of the lowest layer of ADCP (north–south or east–west compo-
nent), and zADCP is the distance above the seabed for the lowest layer of ADCP 
(2.12 m above the seabed). Horizontal turbidity flux is calculated as the product of 
Eqs. (6.3) and (6.4) and integrated over the bottom layer to evaluate the bottom 
turbidity transport rate qb as follows:

 

q C z u z dzb

zb

= ( )⋅ ( )⋅∫
0  

(6.5)

where zb is the thickness of the bottom layer. defined here as 2 m.
The estimated temporal and vertical distribution of bottom turbidity (Fig. 6.7a) 

shows that significant turbidity variation occurred predominantly below 2 m above 
the seabed in autumn 2012. The cumulative transport rate qb (Fig. 6.7b) demon-
strates that southward transport dominated and occurred stepwise during type 2 
high wave periods (HW3 and HW5 in Fig. 6.7b), which have longer wave periods 
and larger bottom shear stresses, as shown in Figs. 6.5a and 6.6a. In contrast, as 
discussed, the bottom currents represent temporal variations with a periodicity 
around 5 days, and southward currents occurred in the intervals between low pres-
sure atmospheric events. As a result, significant southward bottom turbidity trans-
port was induced during high wave periods HW3 and HW5 (Fig. 6.7b), in the 
interval between low pressure events when higher bottom turbidities and southward 
bottom currents co-occurred. From these observational results, it is revealed that 
successive low pressure passages and the associated spatial distributions of atmo-
spheric pressure influenced both the current and wave fields, and that significant 
southward bottom turbidity transports were induced by the co-occurrence of high 
waves coming from E–ENE with longer periods (favorable for high bottom turbid-
ity) and southward bottom currents in the interval between low pressure passages 
(Fig. 6.8). The relationship between waves and currents through atmospheric condi-
tions is an important influence on bottom processes off the Fukushima coast.
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Fig. 6.7 (a) Temporal and vertical distribution of turbidity estimated by Eq. (6.3). (b) Temporal 
variation of the cumulative value of the bottom turbidity transport rate found by Eq. (6.5) (north–
south direction). HW1–6 in b as defined for Fig. 6.4c

In the bottom boundary layer experiment in autumn 2012, a sediment trap was 
also installed at the inner-shelf site (32-m depth, Sta. B) to measure the sinking flux 
and radiocesium concentration of suspended particulate material in the bottom layer 
(Kaeriyama et al. 2013). The measurement results showed a significant correlation 
between bottom turbidities and the sinking fluxes of particulate radiocesium (Yagi 
et al. 2014), which fact suggests that sediment or particulate radiocesium movements 
are closely related to the transport processes of the bottom turbidity examined here.

6.5  Conclusions

In this section, fundamental characteristics of bottom turbidity, bottom boundary 
layer dynamics, and associated bottom turbidity transport off the Fukushima coast 
were examined based on field measurement results in autumn 2012, focusing on the 
inner-shelf bottom layer (32-m depth, Sta. B). Observational results showed that the 
bottom shear stresses from waves generally dominated those caused by currents, 
and the bottom turbidity increased in high wave conditions. In particular, significant 
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and stepwise southward cumulative transport of bottom turbidity was observed 
when southward currents and high waves coming from an E–ENE direction with 
longer periods co-occurred. This combination of bottom current variations with a 
periodicity of several days and high wave conditions with longer wave periods 
(LPW), both of which are influenced by the successive passage of periodic low 
pressure systems and the associated spatial distribution of atmospheric pressure, 
affects the transport of suspended particulate material in the bottom layer. The 
results of this study highlight the importance of the relationship between atmo-
spheric conditions and trends in waves and currents in understanding the bottom 
processes off the Fukushima coast.
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