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It is known that considerable part of living matter in the ocean falls out of biological cycle 
irretrievably by way of sedimentation. It means that quasi-stationary state of oceanic 
ecosystems is possible only with supply of mineral and organic matter from land. That 
supply, which includes also contaminating matter, takes place mainly in near-shore 
regions,  concentrates in bottom boundary layers, and is transferred to the open sea via 
shelves by means of horizontal and vertical mixing. Effective mixing in shelves is carried 
out by small-scale processes, which are considerably fed by energy of large-scale processes 
from out-of-shelf regions. The main objective of our paper is to identify mechanisms of 
energy transfer from large to small-scale motions and from open sea to near-shore areas. 
Our experiments and observations in the shelf zone of the Sea of Japan revealed important 
specific features in stratified bottom boundary layers: 1) Temporal intermittence of 
internal waves (IW) in near-bottom layers and their transformation into sequences of 
stratified boluses moving in non-stratified medium. 2) Extremely high horizontal and 
vertical velocities in the near-bottom layers. 3) Considerable power fluctuations caused by 
correlated fluctuations of near-bottom pressure and velocity. 4) Non-monotonic vertical 
structure of temperature and velocity leading to possibility of simultaneous existing of IW 
breaking and secondary generation of high-frequency IW by turbulence in layers with high 
curvature of velocity profiles.  
Taking into account satellite observations of high correlation between chlorophyll-a 
concentration in coastal and in out-of-shelf waters, as well as dispersion relations for 
different types of internal waves  and results of our field experiments we suggest that 
interconnection of biological parameters in coastal and in open sea waters is exercised 
substantially by gravitational and inertial internal waves generated by tides and eddies in 
the region of continental slope near the shelf boundary.  
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I. INTRODUCTION 
 Continental shelves are extremely important for humanity from many points of view. 
They are the site of the most effective interaction between land and ocean, as well as between 
human and ocean. Providing maximum ratio of food production to expenditures they are at the 
same time extremely saturated by contaminants of anthropogenic origin, leading to biochemical, 
thermal and noise pollution. Dynamic sea-shore interactions also give their considerable positive 
and negative inputs. Maximum sedimentation together with maximum resuspension and 
remineralization have important consequences for bottom morphology and for biological, 
acoustical and optical properties of shelf waters.  
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 Looking at the ocean as a limited (though unclosed) physical object, it is necessary to 
study internal processes and effects of processes at its boundaries, which by their nature are, to a 
designated degree, fuzzy. In the deep ocean the main attention is justly given to the surface, that 
is to the surface boundary layer, where exchange processes with external medium are going on. 
In the coastal ocean, on the contrary, the most important and changeable are processes at the 
lower boundary, namely, in the bottom boundary layer. As for horizontal boundaries, we have 
two regions: near the shelf break (over the continental slope) and near the shores (with depths 
less than 30-40 m). Specifics of these regions is evident for oceanographers, and dynamic 
processes in them are the main objects of our investigations. 
 

II. PROCESSES NEAR THE SHELF BREAK AND PHYTOPLANKTON DISTRIBUTION 
 The main energy containing processes in the adjacent to the continental slope region are 
currents, tides and mesoscale eddies, which have tendency to move along the shelf break. By 
virtue of many satellite and field observations it was found out that the main effects on 
phytoplankton horizontal and vertical distribution are performed by mesoscale eddies [1, 2, 3]. 
Satellite pictures of a part of the Sea of Japan including Peter the Great Bay, made during the 
period 2005-2015 with the help of MODIS Aqua system, were analyzed. As an example, the 
eddy-phytoplankton connections in August-September 2009 are shown in Fig. 1. We can see a 
big quasi-stationary anticyclonic eddy (diameter about 25 km) and smaller cyclonic eddies 
(diameters 5-7 km) which appear and disappear in the region of continental slope during the 
period observed. The role of the anticyclonic eddy is evident. It draws out the nutrients and 
chlorophyll rich near-shore waters and performs cross-shelf exchange with the open sea, so that 
high concentrations of chlorophyll in the adjacent to the shelf waters are understandable, and 
synchronous fluctuations of chlorophyll concentration in the remote regions seem to be 
explained. But we know that terrestrial flux of minerals and organic matter into near-shore 
waters, leading sometimes to their eutrophication, does not change considerably, and the natural 
question is: what can be the cause of quick and significant increase of chlorophyll concentrations 
and phytoplankton booms in the near-shore region?    
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Fig.1. Chlorophyll-a concentration in the Peter the Great bay and adjacent part of the open sea 

in August-September 2009. Data of MODIS Aqua [ ]. 
 

III. PROCESSES IN BOTTOM BOUNDARY LAYERS AND THEIR RELATION TO 
LARGE-SCALE MOTIONS 

 It is frequently supposed that high productivity in shelf zones is due to wind driven 
mixing penetration deep enough to intersect with the bottom boundary layers. In such cases  
waters are saturated by necessary elements from bottom as well as from air. Though wholly 
mixed layers do not always give maximum productivity, such assertion can be true only in not 
frequent periods of very strong winds. In most cases there exist bottom boundary layers 
practically not sensitive to processes in upper mixed layers. Our experiments, conducted in the 
shelf zone of the Peter the Great bay, have shown that intense motions and corresponding mixing 
can exist in calm sea conditions. Strong currents with high horizontal and vertical gradients of 
velocity, needed to produce considerable turbulent mixing, are not typical for near-shore regions, 
and tidal currents and their vertical gradients are also small in the region. So, the question is: 
where from is energy for mixing in near-bottom layers? 
 The answer is rather evident from Fig.1, where temporal fluctuations of temperature are 
shown, registered with the help of 20-30 probes with 0.5 m vertical separation along each of 3 
strings. Internal waves with amplitudes of 10-15 m, having trapped cold cores inside them, are 
propagating past the string located at the point with 30 m bottom depth. At the points with 
bottom depth of 20 and 15 m we see the cold boluses, separated by homogeneous warm water. It 
is very important that IW, having huge kinetic and potential energy, do not break within the time 
of their periods, but carry their energy through the homogeneous medium nearer to shores. The 
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spans of time when IW and boluses can reach regions with the smallest depths can be the periods 
of maximum phytoplankton bloom and chlorophyll concentration. 
  

 
Fig.2. Internal waves and boluses measured at three strings located in three points with different 

depths. 
 

 The most regular and  generally recognized mechanism of IW generation is interaction of 
barotropic tide with continental slope near the shelf break. In Fig.3 an example of numeric 
calculations is given using our model described in [4]. Tidal fluctuations for that run were 
specified as integral flow, corresponding to harmonic fluctuations of velocity with the amplitude 
20 cm/s . Density was set constant from surface till the depth 20 m, than augmenting linearly till 
50 m with the gradient corresponding to the mean Brunt-Vaisala period about 1 min, then again 
constant till bottom. The continental slope steepness was 1/10 between the depths 1000 and 100 
m. The left boundary was placed in the open sea at 100 km from the shelf boundary, which was 
taken as a point with the depth 100 m and horizontal coordinate 100 km. The internal tide’s front 
moves to shores leaving behind a tail of sinusoidal waves with decaying amplitudes (the moment 
t=27h).  
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Fig.3. Spatial structure of isopycnals fluctuations, representing IW field at different 
moments after switching on the 12-hour barotropic tide from the state at rest. 
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After the moments of reverse from rising to low tide (t=30h in our case) the IW phase velocity 
sharply decreases and their steepness increases (the picture at t=33h). In that phase nonlinear 
effects become maximum, and in the time span between 33h and 36h very steep high amplitude 
frontal waves generate packets of shorter waves, which have lesser velocities and must fall 
behind the longer waves. Long tails of waves with decreasing amplitudes are formed in the 
beginning of the next rising tide (see the moments 36h and 38h). 
 Majority of our observations were rather well correlated with surface tides, but in Fig.1 
the period about 17 h prevails, which is close to the local inertial period f. It means that in Fig.1 
we deal with inertia-gravitational IW, which have inertial frequency f as the lower boundary for 
their existence. Paths of particles in pure inertial waves with frequency close to f  (the upper 
boundary for them) are ellipses in horizontal plane, so that in the region over the continental 
slope inertial waves can generate considerable vertical movements with periods close to 1/f in 
the same way as barotropic tides.  
 To estimate quantitatively the role of bottom boundary layers the long-run measurements 
of different parameters were performed. In Fig.4 is shown spectrum of pressure fluctuations, 
measured close to bottom at the depth of 20 m during 42 days in August-September 2008. 
Besides distinct extreme values at tidal periods near 25 and 12 h (semidiurnal mixed tide is 
typical in the region), we see the peaks, corresponding to long-term fluctuations with the periods 
2 and 8 days, which can be caused by synoptic processes in sea and atmosphere. The well 
pronounced peaks are in the range of internal gravitational waves and possible seiches, and there 
is rather weak energy attenuation in the range of prevailing IW periods from 6 hours till 10 
minutes. 
 

 
Fig. 9. Spectrum of near-bottom pressure fluctuations at the depth of 20 meters (2008, August-

September). 
 
 In Fig.5 are shown fluctuations of pressure and temperature near the bottom measured 
with the help of SBE26. Temperature fluctuations are produced by tidal IW and in general they 
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follow the pressure fluctuations, but they have much higher amplitudes in short-period range and 
their periodicity is not so strong as in tides. Intervals between characteristic phases can be in the 
range 9-15 h for semidiurnal tides. The shifts from the 12 h period are due to fluctuations of 
internal tide phase velocity, depending on the Brunt-Vaisala fluctuations on the way from the 
shelf break to the point of measurements.  

 
Fig. 5. Fluctuations of pressure and temperature close to bottom. 

 
 Interconnection between pressure and temperature fluctuations can be presented in more 
detail with the help of their spectra, shown in Fig. 6 in logarithmic scale. The all distinctive 
peaks coincide in the spectra, and the cross-spectrum STP clearly confirms that the main inputs in 
temperature fluctuations are due to internal tides. At the same time we see considerable 
fluctuations of temperature in high-frequency range, which are not distinctly reflected in 
pressure. The part of spectrum SP  corresponding to periods less than 30-20 min is like the white 
noise. As for the general slope -2 in the temperature spectrum, it is rather frequent in our spectral 
analysis of many temperature series, though not more frequent than the slope -3.  
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Fig. 6. Spectra of temperature and pressure fluctuations and their cross-spectrum in the range of 
internal waves. 

 
Actually the problem is in the fact, that the spectral slope can reflect the character of energy 
fluxes between different spectral components, which can point to self-similarity of dynamic 
processes. So long as prevailing dynamic processes can change with depth, we can obtain 
different spectra at rather close levels. That is especially interesting and important for bottom 
boundary layers known for their complicated vertical structure. An example of such 
complications is given in Fig.7.     
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Fig. 7. Spectra of temperature fluctuations at different levels. Bottom depth is 16.5 m. The 
frequency scale is given for the 16 m level, for each next level it is shifted two orders up. 

 
 The most important feature of temperature fluctuations that can be seen in Fig. 7 is 
change of their spectral structure with depth inside the near-bottom layer from the exponential 
low f -3 at the upper level to f -5/3 at the lower level (0.5 m above the bottom). At the upper level 
12 m we see a linear section with the slope -3 (with a small peak corresponding to periods about 
2.5 h), then considerable energy elevation in the range 50-20 min and again quasi-linear section 
with the same slope -3 from 20 till 3 min. From 3 min till the end point, corresponding to 2 min, 
the spectrum smoothing  begins. Spectra for the deeper levels 13 and 14 m retain the same form, 
only slightly diminishing the bulge in the range 50-20 min. At levels 15 and 16 m the spectra 
become quasi-linear with a general slope about -5/3 except for the high frequency ending part (4-
2 min) with 3 rather notable maxima.     
 The slope -3 for internal waves in shelf zones was obtained in the result of many 
measurements analyzed in [5] and some other papers, but here we have rather different picture. 
The spectral form similar to spectra at levels 12, 13 and 14 m with a bulge between 50-20 min is 
typical for most of our measurements of temperature fluctuations in near-bottom layers. It is 
similar to results of van Haren [6], though his explanation of bulges by the stratified turbulence-
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internal wave coupling needs additional consideration.  The spectrum proportional to f -5/3 can be 
produced by horizontal turbulence with the rate of kinetic energy dissipation as determining 
parameter. 
 The transition of energy from internal waves in upper parts of the near-bottom 
thermocline into horizontal turbulence in its lower parts seems natural from the physical point of 
view. In highly nonlinear and breaking near-bottom internal waves the upper water particles 
overrun the lower ones. That leads, as a consequence of continuity, to high upward vertical 
velocities inside the wave body and to compensating horizontal velocities in its lower layers. In 
that way quasi-horizontal turbulence must be generated in close to bottom layers in addition to 
small-scale three-dimensional turbulence, characteristic for bottom friction layers. 
 The vertical structure of momentum fluxes can be represented by products of horizontal 
and vertical components of velocity. In Fig.8 we can see that during the 35 days in calm sea 
conditions, when wind-driven mixing was limited by the depth of about 4 m, horizontal 
momentum fluxes were the same order as in the upper mixed layer, and vertical momentum 
fluxes were in many cases greater than in the upper mixed layer. Taking into account, that 
horizontal velocity in the bottom layer generally was less than in the upper layer, we can 
conclude that processes in the bottom layer can be more three-dimensional than in the upper 
layer. 
 

 
Fig. 8. Products of horizontal components of velocity u and v and products of absolute values of 
horizontal velocity ׀V׀  on the vertical component w, representing horizontal and vertical fluxes 

of momentum at different levels in August-September 2009. The bottom depth is 22 m. 
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IV. CONCLUSIONS 
 It is generally acknowledged that high biological productivity in the continental slope 
regions is due to upwelling of nutrient reach waters from the depths with elevated sedimentation. 
But it is evident that such waters contain only small part of the total export of terrestrial matter 
from shelves to oceans. And the main parts of shelves, accumulating and providing the matter, 
are near-shore shallow regions. There is very small kinetic energy in these regions in comparison 
to the open ocean, and none the less there must be intense mixing to include sediments into 
exchange with remote waters. The most energy containing motions are in deep regions. We have 
shown that energy of large scale motions can reach near-shore regions via internal waves and 
that general tendency is as follows: energy from the ocean to shores, matter from shores to the 
ocean. Of course, that is not strict rule. If internal waves can bring cold water to shores (and that 
is necessary for ventilation of shallow waters and sustaining ecology), they can bring back to 
shores the waste products thrown down somewhat farther into sea just into the bottom boundary 
layer. But that important part of the problem was out of scope of the present paper. 
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