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Top: the semi-monthly Kuroshio/KE paths in years 1993-2015 based on satellite altimeter data, revealing the stable vs. unstable dynamical 
states of the Kuroshio/KE system. Bottom: the regional bottom topography (in color) and surface dynamical topography (in white contours) 
surrounding the Kuroshio and KE (courtesy of Bo Qiu, University of Hawaii).
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Introduction 
The Kuroshio carries tremendous volume of water and 
transports large amount of heat, organic and inorganic 
constituents, impacting climate, storm tracks, and ocean 
ecosystems. The strong current of the Kuroshio is inherently 
associated with its frontal structures, with across frontal 
variations in temperature and salinity. Mixing of these water 
properties could lead to formations of new watermasses, which 
could be subducted to ocean interior at fronts (Rudnick 1996; 
Nurser and Zhang 2000). Several studies have suggested 
that the Gulf Stream, a western boundary current in the North 
Atlantic, is a nutrient stream which transports nutrients from 
tropical ocean to subpolar regions in its subsurface layers 
(Pelegri and Csanady 1991; Pelegri et al. 1996).  Recent studies 
have shown that the subsurface current of the Kuroshio is also 
a nutrient stream in the North Pacific (Guo et al. 2012 and 2013) 
similarly to the Gulf Stream. Stirring and mixing along the path 
of the Kuroshio, from the Kuroshio origin, its main stream off 
Japan coast, and the Kuroshio Extension, could, therefore, 
play important roles not only for physical oceanography and 
air-sea interactions but also for biogeochemistry. 

Subinertial stirring due to mesoscale flows moves water 
parcels nearly along isopycnal, and, therefore, is not effective 
to stir density of the water across the front. However, when 
isopleths of temperature, salinity, and other tracers, for 
example nutrients, are not parallel to isopycnals, it is very 
efficient to stir these tracers resulting in numerous bands 
of streaks or filaments, with no density signatures, so called 
T-S compensated filaments (Rudnick and Ferrari 1999; Smith 
and Ferrari 2009). This is the case in the Kuroshio Extension 
Front, where the water parcels of same density consist of 
different temperature and salinity across the front. With strong 
baroclinicity and confluence in the Kuroshio, T-S compensated 
anomalous features can be subducted on the dense side and 
obducted on the light side of a front (Hoskins and Bretherton 
1972). These T-S compensated filaments have been frequently 
observed as tongues across the Kuroshio Extension Front in 

the high resolution surveys (Nagai et al. 2012). The subinertial 
stirring and associated filamentations increase tracer variance 
with reductions of filaments’ spatial scales, cascading tracer 
variance to smaller scales until it dissipates at the molecular 
scale.  

For the atmospheric fronts with the simultaneous deformation 
by horizontal confluence and vertical shear, Haynes and 
Anglade (1997) showed that the vertical diffusion process 
is the vital dissipater of the tracer variance, which, in turn, 
limits the horizontal scale of filaments. Using data obtained 
from the North Atlantic Tracer Release Experiment (NATRE; 
Ledwell et al. 1998), Ferrari and Polzin (2005) showed the 
average balance between thermal variance provided by 
mesoscale lateral stirring and average thermal dissipation 
below 800 m depth, where intermediate and Mediterranean 
waters convolve. Smith and Ferrari (2009) have also shown 
numerically that vertical mixing is important and sufficient 
to dissipate the tracer variance at these fine vertical scales, 
consistent with the atmospheric study of Haynes and Anglade 
(1997).

These previous atmospheric and oceanic studies suggest that 
the vertical diffusion of the vertical filaments plays a crucial 
role in determining the horizontal scale of the filaments. 
However, it has been unclear what vertical mixing mechanisms 
are responsible for dissipation of tracer variance. 

Recent in situ observations in the thermocline under the main 
stream of the Kuroshio show large turbulent kinetic energy 
dissipation rates (Nagai et al. 2009), which are accompanied 
by near-inertial internal wave shear along isopycnals (Nagai 
et al. 2015a). Because near-inertial internal waves can 
be trapped and amplified by geostrophic shears (Kunze 
1985; Mooers 1975; Whitt and Thomas 2013), enhanced 
turbulent dissipation with banded shear can be attributed 
to turbulence associated with these near-inertial waves 
under the Kuroshio. Even with no turbulence, tracers in the 
ocean can be mixed vertically by double-diffusive convection 
(Schmitt 1981; Schmitt and Georgi 1982; St. Laurent and 
Schmitt 1999; Merryfield 2005; Schmitt et al. 2005). Because 
T-S compensated filaments have no density signatures, it 
is very plausible that these filaments are in double-diffusive 
favourable conditions once they are formed vertically. 

To observe these microscale mixing processes, tethered 
vertical microstructure profilers have been utilized. However, 
it is challenging to deploy such instruments within the strong 
baroclinic currents of the Kuroshio, because quasi freefall or 
free rising deployments, required for microstructure vertical 
profiling, are easily prevented by strong currents, their vertical 
shear, and varying wind conditions during the deployments. 
Untethered instruments, such as floats and gliders are more 
suitable to profile microstructure continuously under the 
Kuroshio main    stream with their slow profiling speeds, O(0.1 
ms-1).

In this study, a Navis-MicroRider microstructure float and an 
EM-APEX float were deployed along the Kuroshio Extension 
Front. The results of the observations indicate that vertical 
shear of near-inertial internal waves as well as subinertial flow 
can create interleaving thermohaline structures along the 
main stream of the Kuroshio Front, accompanied by very large 
microscale thermal dissipation rates with weak turbulence, 
suggesting that subinertial stirring and near-inertial shear 
promote double-diffusive convection and forward cascade of 
tracer variance.



CLIVAR Exchanges No. 69, Vol. 20, No. 1, July 2016          14

Observations
In July 2013, an EM-APEX float (Teledyne Webb Research; 
Sanford et al. 2011) and a microstructure float were deployed 
at 37oN 20’ 142oE 42’, which were advected rapidly along 
the main stream of the Kuroshio Extension Front between 
36oN and 37oN 30’ (Figure 2g). A microstructure sensor 
package (MicroRider Rockland Scientific) and a battery 
pack were mounted externally on a Navis-Float (Sea-Bird 
Electronics) to integrate the microstructure float (Figure 1). 

The microstructure float carries two shear probes and two 
Fp07 thermistor sensors, to measure microscale vertical shear, 
and microscale temperature gradient at 512 Hz, respectively. 
The EM-APEX float measured absolute horizontal current 
velocity, temperature and salinity about every 2 hours for 
500 m water column, and the microstructure float measured 
microstructures, temperature and salinity every 4 hours for 
500 m water columns. Deployments of these two floats in the 
main stream of the Kuroshio Extension allowed us to obtain 
high-resolution velocity, microstructure, and hydrographic 
data along the Kuroshio Extension, while these floats traversed 
the meandering front rapidly to the downstream (Figure 2g). 
The microstructure float was recovered after about 3 days, 
while the EM-APEX float was kept profiling for over 10 days. 
Across the Kuroshio Extension Front, where two profiling floats 
were deployed, temperature, salinity, and current velocity were 
measured using a shipboard ADCP (38KHz Teledyne RDI) and 
a tow-yo CTD (Underway-CTD, Teledyne Oceanscience).

Turbulent kinetic energy dissipation rates ε are computed 
by integrating the turbulent shear spectra where the spectra 
agree with the Nasmyth model spectrum (Nasmyth 1970). 
The shear spectra are converted to wave number spectra 
using the free-rising speed of the float, 0.11-0.26 ms-1. Noises 
from the buoyancy pump of the float typically contaminate 
the turbulent shear signal for the bottom 100 m, and appear 
at frequencies higher than 30-40 Hz; moderate levels of 
turbulence, O(>10-9 Wkg-1), are not likely affected. The 
microscale thermal variance dissipation rate χ is obtained by 
integrating temperature gradient spectra for the range without 
electronic noise at higher frequency. With slow rising speeds 
of the float, the temperature gradient spectra show excellent 
agreement with Kraichnan spectrum (Kraichnan 1968).

Thermohaline structures and Microstructures
The measured along front flow of the Kuroshio Extension 
show a strong eastward current exceeding 1.5 ms-1 near the 
surface (Figure 2a). The across front flow is computed as 
the normal velocity component with respect to the Kuroshio 
axis, which is defined as the 500-m mean 30 hour lowpass 
filtered velocity obtained by the EM-APEX float. The computed 
across front velocity shows alternating positive and negative 
bands modulating with near-inertial frequencies (Figure 2b), 
indicating the strong influences from the near-inertial internal 
waves Thermohaline interleaving structures are observed in 
the across front Underway-CTD survey, with a characteristic 
cold low salinity tongue extending from north along isopycnal 
at σθ=26.25 (Figure 2c). These interleaving structures are also 
found below 150 m depth, over 900 km along the Kuroshio 
Extension Front (Figure 2d and f). Spectral analyses show that 
along isopycnal rate of change in spiciness and vertical shear 
are correlated at subinertial and near-inertial frequencies, 
suggesting that the observed interleaving structures are 
modulated by subinertial and near-inertial shear (Nagai et 
al. 2015). Measured microscale thermal variance dissipation 
rates χ are very large O(10-7-10-6 K2s-1) between 150-400 m 
(Figure 2i) where the thermohaline interleaving structures are 
observed, while turbulent kinetic energy dissipation rates ε 
are relatively small O(10-10-10-9 W kg-1) (Figure 2h). The trend 
that large χ and small ε is the indication of the possibility of 
the double-diffusive convection. Using Osborn model (Osborn 
1980) and Osborn-Cox model (Osborn and Cox 1972), the 
turbulent eddy diffusivity for density and effective thermal 
diffusivity are computed by Kρ=γε/N2, and Kθ=χ/2(Tz)2, 
respectively, where γ is efficiency factor, 0.2, N buoyancy 
frequency, Tz background vertical temperature gradient.

Figure 1: The microstructure float. A MicroRider (RSI Victoria Canada) 
is mounted on a Navis-Float (SBE).
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Figure 2: Across-frontal depth-latitude plots for (a) ADCP along-
front flow (ms-1), (c) potential temperature (oC), and (e) salinity (PSU) 
measured by Underway-CTD along the observation line shown as solid 
black line in (g). Along-frontal depth-time plots  of (b) across-frontal 
flow (ms-1), (d) potential temperature (oC), (f) salinity (PSU) measured 
by EM-APEX float along the Kuroshio Extension Front for 10 days. 
White boxes in (d and f) are time-depth ranges for (h) the turbulent 
kinetic energy dissipation rates ε and (i) microscale thermal variance 
dissipation rates χ measured by microstructure float.
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Average effective thermal diffusivity Kθ between 150 and 400 
m depth is 1.7 x 10-3 m2s-1, which is 100 times larger than that 
for turbulent eddy diffusivity for density,  Kρ of O(10-5 m2s-

1). Computed Turner angles (Ruddick 1983) suggest that 
these large effective thermal diffusivity and χ with relatively 
small eddy diffusivity for density Kρ and ε are found with 
double-diffusive favourable conditions (Nagai et al. 2015b). 
The derived effective thermal diffusivity is found to be 
consistent with the previous parameterizations for double-
diffusive convection (Radko and Smith 2012; Fedorov 1988; 
Nagai et al. 2015b), suggesting further that the observed 
large thermal diffusivity is caused by double-diffusion. 

In this study we observed thermohaline interleaving structures 
below 150 m depth along the Kuroshio Extension Front over 
900 km with double-diffusive favourable conditions. Because 
the high correlations between vertical shear of subinertial and 
near-inertial frequencies and rate of change in spiciness are 
found, double-diffusive favourable thermohaline interleaving 
structures are likely to be formed both by subinertial and 
near-inertial shear.  Within these thermohaline interleaving 
layers, larger microscale thermal variance dissipation rates 
χ~O(10-7-10-6 K2s-1) and effective thermal diffusivity Kθ of 
O(10-4 -10-3 m2s-1) are observed with small turbulent kinetic 
energy dissipation rates ε~ O(10-10-10-9 W kg-1) and turbulent 
eddy diffusivity for density Kρ of O(10-5 m2s-1). The observed 
effective thermal diffusivity Kθ  is found to be consistent with 
the previous double-diffusion parameterization, suggesting 
that the large microscale thermal variance dissipation rate χ 
is caused by double-diffusive convection. Accordingly, our 
results suggest that mesoscale subduction, obduction and 
near-inertial waves near oceanic fronts have catalytic effects 
to enhance subsurface double-diffusive convection. The 
enhanced thermal dissipation below the Kuroshio Extension 
with interleaving thermohaline structures suggests that 
double-diffusive convection is an important agent to dissipate 
tracer variance at microscales in subsurface layers of the 
Kuroshio Extension Front.
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