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インドネシア多島海は世界で最も強い「潮汐混合」が発生して
いる海域の一つです。インドネシア多島海はまた、世界で最も海面
水温の高い海域であり、その上空に発達する対流を通じて全球気
候をコントロールしています。さらに、インドネシア多島海を太平
洋からインド洋へと抜けるインドネシア通過流は、インド洋の大規
模な海洋循環に大きな影響を与えています。このインドネシア多
島海の海面水温・水塊特性は、海域内の潮汐混合の影響を強く受
けていると考えられてきたものの、これまでその観測はほとんど行
われてきませんでした。
このように重要性が指摘されながらも観測が行われてこなかっ
た大きな要因が、インドネシアで（特にマイクロスケールの）海洋
学が十分に発達していないことに加えて、外国人がこの海域に
入って調査を行うために必要な種々の手続きがあまりに煩雑なた
めであろうということが、今回、観測準備をほんのわずか手伝った
だけの筆者にも強く実感できました。
今回、OMIXの協力の下、海洋研究開発機構の観測船「白鳳丸」

によるKH19-2航海（2019年の2月‒3月）で、世界初となるインド
ネシア多島海での大規模な乱流観測を実施することができまし
た。日本から研究者4名と観測スタッフ4名、インドネシアから研究
者5名が参加して行われた本観測は、それまでの準備とは打って
変わり、荒天などのために予定の半分も実施できないことも珍し
くない乱流観測にあって驚くほどの順調さで進みました。これは、
乱流計が大きなトラブルなく働き続けてくれたことに加えて、観測
海域が極めて穏やかだったことが大きな要因です。なにしろ船に
あまり強くない筆者が、三週間以上の航海で一度も船酔いするこ
とがなかったほどです。

とは言え全く苦労がな
かったわけではありませ
ん。これまでオホーツク海
や南極海など、どちらかと
言えば寒い海域での観測
が多かった筆者にとって、
暑い海域での観測は初め
てでした。まだ十分に作
業の流れを確立できてい
ない最初の観測点で、乱
流計に取り付けたロープ
にテンションをかけない
ように海中へ繰り出すた
めに、気温30度のデッキ
上で手でロープを引っ張
りながら延々と十メート
ル走を繰り返す状況に
なったときには、一体どうなることかと思いました。
しかしその後はこういった作業も必要なく、結局、計82本の乱
流プロファイルとそれと合わせた78本のCTD/LADCPのプロ
ファイルを得ることができました。今後、取得したデータの解析を
進め、ご報告できればと考えています。最後になりますが、今回の
観測にご協力いただいた白鳳丸の乗組員の方々、大気海洋研究
所、海洋研究開発機構、インドネシア技術評価応用庁の関係者の
方々、そしてサポート頂いたOMIXのメンバーに心よりお礼申し上
げます。

インドネシア観測を終えて
A04ー7班　東京大学　田中祐希さんの報告

図：数値モデルで見積もられた乱流強度に重ねた本観測の航路

写真1：乱流計（VMP-5500）の投入風景

写真2：全観測終了後の集合写真写真2：全観測終了後の集合写真



The Kuroshio Current Sassa	2019zone and especially in the zone north of 141N (Fig. 12C). The high
wind speeds induce not only intense upwelling in the western
Arabian Sea, but also cause high rates of sea–air gas exchange. The
southern temperate Indian Ocean also has higher wind speeds
than the southern Pacific and Atlantic, and hence higher Tr values
ranging between 0.05 in summer and 0.08 in winter. The mean
monthly values (area weighted) for the global ocean are nearly
constant around 0.05 g-C month!1 m!2matm!1 (Fig. 12D).

6.3. Global distribution of the net sea–air CO2 flux

The climatological mean sea–air CO2 flux in each box area for
each month is computed by multiplying monthly mean values for
Tr (Eq. (8)) and DpCO2 (Eq. (4)) in each box. Since no significant
correlation of individual DpCO2 values with 6-h mean wind speed
data is found in a single month, the product of monthly mean
values is considered as a valid approximation for the CO2 flux.
Over the polar regions, where sea-ice fields form seasonally, the
following assumptions are made for computing the sea–air CO2

flux. When the ice cover is less than 10%, a box area is assumed to
be all water. For ice covers between 10% and 90%, the flux is
assumed to be proportional to open water area. Since ice fields
have leads and polynyas due to dynamic motions of sea ice as
evidenced by ‘‘sea smoke’’, we accept the estimates by Saunders
and Ackley (personal communication) that 10% of fields is open
water at any given time even in areas where satellite observations
indicate 100% ice cover. The ice cover values used in this study are
based on the NCEP/DOE 2 Reanalysis data (2005) (provided by the
NOAA/OAR/ESRL PSD). The original data given in a Gaussian grid
for 1970–2005 are re-gridded to our 41"51 grid, and the ice cover
values in each pixel are averaged for each month (30.5 days).

6.3.1. Mean annual distribution
Fig. 13 shows the climatological mean annual sea–air CO2 flux

(g-C m!2 y!1) for the reference year 2000, and Fig. 14 shows 41
zonal aggregates for the flux in the major ocean basins and the
global oceans. The annual fluxes in six climatic zones in each
ocean basin are summarized in Table 6. The equatorial Pacific is
the most prominent source area for atmospheric CO2 with a
seasonally persistent sea-to-air flux of 0.48 Pg-C y!1. Together
with the tropical Atlantic and Indian Oceans, the global tropical
oceans emit 0.69 Pg-C y!1 to the atmosphere. A belt of CO2 sink
zone is located in 20–501 latitudes in the both hemispheres
(Fig. 14). This is attributed primarily to strong winds between 401
and 501S, and the low pCO2 values produced along the subtropical
convergence zone, where the cooled subtropical gyre waters
with low pCO2 meet the subpolar waters with biologically-
lowered pCO2. Together, the mid-high latitude northern
(22–501N) and southern (22–501S) oceans constitute, respectively
a sink of !0.70 and !1.05 Pg-C y!1. A sink area (!0.27 Pg-C y!1) is
seen also in the North Atlantic north of 501N, including the Nordic
Seas and portion of the Arctic. This is attributed to strong
phytoplankton blooms in spring and strong cooling in winter.
The annual CO2 flux over the Southern Ocean seasonal ice
zone is small due to the ice cover that reduces sea–air gas
transfer in winter and by the cancellation of the seasonal source
and sink fluxes.

The mean annual sea–air CO2 flux values for the four major
ocean basins are compared in Table 6. While the Atlantic has only
23% of the global ocean area, it takes up 41% of the annual global
ocean flux of !1.42 Pg-C y!1. On the other hand, while the Pacific
has the largest area (47%), twice as large as the Atlantic, it takes up
only 33% of the global flux. This is due to the large CO2 source

ARTICLE IN PRESS

Fig. 13. Climatological mean annual sea–air CO2 flux (g-C m!2 yr!1) for the reference year 2000 (non-El Niño conditions). The map is based on 3.0 million surface water
pCO2 measurements obtained since 1970. Wind speed data from the 1979–2005 NCEP-DOE AMIP-II Reanalysis (R-2) and the gas transfer coefficient with a scaling factor of
0.26 (Eq. (8)) are used. This yields a net global air-to-sea flux of 1.42 Pg-C y!1.

T. Takahashi et al. / Deep-Sea Research II 56 (2009) 554–577 569

The Kuroshio Extension 
region is one of the major net 
CO2 sink in the ocean 

Many fish species including 
Lanternfish use the Kuroshio 
region for their spawning and 
nursery sites. 

Takahashi	et	al.	2009



The	Kuroshio	Current

However, surface layers of the 
Kuroshio is nutrient poor.  

On the other hand, subsurface layers 
of the Kuroshio carries a large 
amount of nutrients (Guo et al. 2012), 
with elevated concentrations on the 
density surface (Nagai et al. 2019).

Though it is caused by other reasons 
as well, bands of high production in 
the Kuroshio Extension could be due 
to this nutrient transport by the 
Kuroshio.
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Color Plate 2: Maps of sea
surface nitrate (figures 4.1.2
and 7.1.1b), phosphate (fig-
ure 1.2.4), and silicic acid
(figure 7.1.1a)

Sarmient and Gruber 2006
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Color Plate 3: Maps of
sea-air pCO2 difference
(figure 8.1.1), sea surface
chlorophyll-a (figure 4.1.1),
and primary production
(figure 4.2.4a)
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Surface NPP



Gulf Stream: Nutrient Stream

Pelegri et al. (1996) found that the 
Gulf Stream transport a large 
amount of nutrients, and  nutrient 
concentration is higher along the 
stream on the density surface.

The North Atlantic Nutrient Stream 281

2.2  Estimates of nutrient irrigation
In order to discuss the location of the nutrient stream of the North Atlantic, or “Nutrient Gulf

Stream”, we have used four summer hydrographic sections from Pelegrí and Csanady (1991).
These will be identified by the latitude or longitude at which they approximately crossed the
current: 36°N (June 1981), 64°W (April 1985), 53°W (May 1983), and 35°W (August 1983);
their approximate location is shown in Fig. 1 of Pelegrí and Csanady (1991). We have also
analyzed a short hydrographic section north of Cape Hatteras, but about 100 km southwest of
section 36°N, taken between September 6 and 9, 1985.

In Fig. 2 we present the combined σt and nitrate flux distributions for all four Pelegrí and
Csanady’s (1991) hydrographic sections (the nitrate flux distributions were already shown in
their Figs. 3 and 6; in this and the following figures the small crosses indicate the location of
nutrient data). The (alongstream) nitrate flux, or nitrate transport per unit area, is simply

(d)

Fig. 1.  (continued).

fluxes ranging from 10!11 to 10!9 mmol m!3 s!1 and
epipycnal fluxes from 10!14 to 10!7 mmol m!3 s!1

(Table 2). These low estimates for diapycnal mixing mean
that even the largest of the diapycnal flux estimates would
require 1000 d to increase the Lagrangian phosphate
concentration of a parcel in the stream by approximately
10%. Given that an average parcel in the core of the Gulf
Stream transits from the Straits of Florida to the eastern-
most WOCE section in fewer than 100 d [Fratantoni,
2001], this small flux cannot explain the stream’s en-
hanced phosphate concentration, which can be twice as
large as concentrations in the recirculation gyres. In other
words, the Peclet number for vertical diffusion is far too
large (O(104) for a length scale of 1000 km, depth scale of
1000 m, velocity of 1 m s!1, and vertical diffusivity of
10!4 m2 s!1) for vertical diffusion to appreciably change
the strong signal advected into the WBC.

[33] On the other hand, the largest of the epipycnal
turbulent diffusion estimates could lead to considerable
down-gradient (out of the Gulf Stream) nutrient flux.
During a parcel’s journey in the Gulf Stream, such an eddy
flux could account for a loss of phosphate as large as
0.8 mmol m!3, assuming a timescale of 102 d and an
epipycnal diffusivity of 103 m2 s!1, the largest value from
the paper by Rajamony et al. [2001]. The slight reduction in
phosphate seen along the length of the WBC and between
Hatteras and the CLIMODE and WOCE sections in the
separated Gulf Stream (Figure 9) may be a result of such
epipycnal eddy exchange.

3.4. A Snapshot of Nutrients in the Separated Gulf
Stream: The CLIMODE Sections

[34] The temperature, salinity, and phosphate CLIMODE
data show a separated Gulf Stream with intermediate

Figure 10. Properties from hydrographic section 1 from CLIMODE January 2006 (for station locations
see Figure 4b). (a) Potential density and (b) phosphate concentration as a function of pressure and cross-
stream distance. (c) Phosphate concentration (colored contours) with isotachs of the eastward velocity in
white (0–1 m s!1 with a contour interval of 0.25 m s!1) and (d) temperature as a function of potential
density and cross-stream distance. Cross-stream distance is calculated as the distance from the location of
the highest depth-averaged velocity with negative distances to the right of the stream [Thomas and Joyce,
2006].
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This is also confirmed by more recent 
field data in CLIMODE (Palter & Lozier 
2008)



Induction

over the Gulf Stream extension and recirculation, and over
the subpolar gyre. In addition, the zero line of Sann is much
farther south than that of wek owing to the contribution from
the lateral transfer between the mixed layer and the ther-
mocline. A recent eddy-resolving model study of the
subduction process is broadly supportive of these end of
winter climatological diagnostics [Valdiviesio da Costa et
al., 2005], although they highlight how the stronger flows in
the Gulf Stream lead to enhanced subduction rates there.

2.3. Induction Flux of Nutrients Into the Winter
Mixed Layer

[13] The induction flux of nutrients into the winter mixed
layer is given by the product of the volume flux per unit
area into the end of winter mixed layer, !Sann, and the
nutrient concentration at the top of the main thermocline (or
equivalently at the base of the mixed layer at the end of
winter), NH,

!SannNH : ð3Þ

This induction flux of nutrients has the same units as used for
the nutrient stream, the product of a velocity and a nutrient
concentration. Choosing NH to be nitrate now, there is a high

induction flux of nitrate into the mixed layer reaching more
than 1000m yr!1mMover theGulf Stream extension and over
the subpolar gyre (Figure 4d), which is to be expected given
the patterns of NH and !Sann (Figures 3c and 4b). Again this
induction flux is much larger than the corresponding Ekman
upwelling, wek NH, which only reaches 500 m yr!1mM over
the northern flank of the subpolar gyre (Figure 4c).
[14] While the Ekman upwelling induced by the winds

ultimately controls the deformation of the thermocline and
gyre circulation, this upwelling does not directly provide the
dominant supply of nitrate to the mixed layer or euphotic
zone. Instead the nutrient concentrations in the end of
winter mixed layer on the basin scale are sustained by the
induction of nutrients from the gyre circulation.
[15] The induction flux of volume and nutrients can be

further separated into the contributions from the vertical and
horizontal transfer into the end of winter mixed layer
(Figure 5). The vertical transfer at the base of the winter
mixed layer only makes a significant contribution to the
induction flux in the tropics and on the northern flank of the
subpolar gyre for both volume and nitrate (Figures 5a and
5c). In comparison, the horizontal contribution leads to
large contributions to the induction fluxes of volume and
nitrate along the Gulf Stream and over much of the subpolar

Figure 4. Climatological diagnostics of annual mean volume and nitrate fluxes in the upper ocean per
unit horizontal area: (a) Ekman upwelling, wek, and (b) volume flux from the thermocline into the base of
the winter mixed layer, !Sann (m yr!1), referred to here as an induction flux; (c) Ekman upwelling of
nitrate, wekNH, and (d) induction nitrate flux, !SannNH (m yr!1mM). Positive represents a flux directed
from the thermocline into the mixed layer.

GB1016 WILLIAMS ET AL.: NUTRIENT STREAMS AND INDUCTION

5 of 18

GB1016

Williams et al. 2006

Induction m mol m-2yr-1Ekman m mol m-2yr-1

with diagnostics of observed nutrient and tracer distribu-
tions (section 4). Finally, there is a discussion of how the
nutrient pathways and induction process regulate the gyre
and basin-scale patterns of productivity over the Atlantic
(section 5).

2. Nutrient Streams and the Induction Process

[5] The nutrient stream only influences the export pro-
duction when its flux of nutrients is transferred to the
euphotic zone. Given that the nutrient stream is a sub-
surface feature at 36!N, this downstream supply of nutrients
involves a two stage process (Figure 2a). First, the nutrients
have to be transferred from the nutrient stream into the
winter mixed layer, through the reverse of the subduction
process (referred here to as ‘‘induction’’), and second, the
nutrients have to be transferred within the seasonal bound-
ary layer via convection to the euphotic zone. In our view,
the rate limiting process determining the annual supply of
nutrients to the euphotic zone is the induction process, the
transfer of nutrients into the winter mixed layer and sea-

sonal boundary layer, while the subsequent seasonal cycle
of the mixed layer and convection dictates the timing of any
peaks in productivity, such as the spring or autumn blooms.

2.1. Climatological View of the End of Winter
Conditions

[6] The instantaneous mixed layer distribution is highly
variable in time through the diurnal and seasonal cycles in
surface forcing, and the passage of synoptic-scale weather
systems, as well as highly variable in space through
stratification changes linked with ocean mesoscale eddy
and frontal features. In order to provide a large-scale context
for the nutrient transfer process, it is useful to define an
interface marking the maximum extent of the convection
process, or the seasonal boundary layer, given by the
thickness of the mixed layer at the end of winter, H. This
interface is diagnosed over the North Atlantic from clima-
tological density profiles, defined by the depth where the
potential density has increased by 0.125 kg m!3 from the
surface density. The end of winter mixed layer is charac-
terized by a thickness of 50 m over the tropics, increasing
poleward to 200 m over the northern flank of the subtropical
gyre, then increasing to more than 300 m following a
cyclonic circuit of the subpolar gyre (Figures 3a and 3d).
Concomitant with the poleward thickening of the mixed
layer, there is an increase in the mixed-layer density from
less than sq = 24.0 in the tropics, reaching between sq =
26.75 and 27.0 over the subtropical/subpolar boundary and
increasing further to sq = 27.5 in the northwest corner of the
subpolar gyre (Figure 3b). This poleward thickening of the
mixed layer is also associated with an increase in the nitrate
concentration for the end of winter mixed layer, NH, which
ranges from less than 1 to 5 mM over the subtropical gyre
and increases from 5 to 15 mM (M " mol L!1) over the
subpolar gyre (Figure 3c); NH is taken from the nitrate value
at the depth H interpolating from the climatological nitrate
profile [Conkright et al., 1994; Glover and Brewer, 1988].
[7] Convection is important in vertically redistributing

nutrients within the mixed layer and seasonal thermocline
on seasonal and interannual timescales and thus provides a
nutrient flux into the euphotic zone [Williams et al., 2000].
However, if there is an export flux through the base of the
winter mixed layer, then convection cannot sustain the
nutrient concentrations within the seasonal boundary layer
over several annual cycles, as the convective flux by
definition goes to zero at the base of the winter mixed layer
[Williams and Follows, 1998]. There has to be another
mechanism to resupply the nutrients within the seasonal
boundary layer. While traditionally, this resupply has been
invoked in terms of a vertical diffusion or vertical advec-
tion, instead we advocate the isopycnic transport of
nutrients [Williams and Follows, 2003].

2.2. Annual Rate of Subduction and Induction Over
the North Atlantic

[8] The most important process in sustaining the end of
winter nutrient concentrations in the mixed layer over a
basin is the background gyre circulation, which involves
both a vertical and horizontal transfer between the main
thermocline and the end of winter mixed layer. The

Figure 2. A schematic figure depicting the induction
process where fluid and nutrients are transferred from the
thermocline into the mixed layer: (a) a meridional section
where a particle moves with a vertical velocity, w, and a
horizontal velocity, u, leading to a vertical and lateral
transfer into a poleward thickening mixed layer; (b) a three-
dimensional view where a nutrient stream associated with
the western boundary current transfers nutrients into the
downstream mixed layer, which are then vertically redis-
tributed through convection. The shading denotes an
isopycnal layer and the dashed line the base of the mixed
layer.
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The nutrient ultimate supply in the 
subpolar regions is achieved by 
induction

Ekman upwelling < Induction

The subsurface nutrients are transported by adiabatic flows along isopycnal.
They encounters deeper mixed layer while they travel northward in the winter season.
The nutrients can be obducted through inclined mixed layer base by along isopycnal flows



Scientific questions

• Is the induction important in the Kuroshio nutrient 
stream? 

• Any interannual modulations in the subsurface 
nutrients in the Kuroshio? If so, how? 

• Whether and how the subsurface nutrients in the 
Kuroshio are supplied to the southern coast of Japan?

• Is the induction important in the Kuroshio nutrient 
stream? 



ROMS N2PZD2 and PN-Line and 137oE nitrate data
ROMS N2PZD2 Model [Gruber et al. 

2006] forced 10 years with 
climatological forcing and 35 year 
NCEP(1980-2015) forcing twice.

Eddy permitting-
resolving simulation can 
reproduce elevated 
nitrate along the 
Kuroshio with right 
magnitude.



Nitrate flux through mixed layer base in 35 years
MLD

NO3u ⋅ ∇MLD

−Kz
∂NO3

∂z
z=MLD

MLD

NO3u ⋅ ∇MLD

Total

Model mixed layer 
depth show good 

agreement with the 
climatological  mean. 

Daily induction is 
strongest in late winter, 
affected by mesoscale 
mixed layer variations 

36 year mean 
suggests more than 

30% of total nitrate is 
provided by induction 

in this region. 



Scientific questions

• Any interannual modulations in the subsurface 
nutrients in the Kuroshio? If so, how?

Long et al. 2018, and Hu et al. 2018 both suggested 
influence from PDO related Kuroshio modulations on 
nutrient transport in the nutrient stream, but it is not clear 
how. 

PDO related  Kuroshio Extension path modulations occurs 
mostly in the downstream.



Scientific questions

• Is the induction important in the Kuroshio nutrient 
stream? 

• Any interannual modulations in the subsurface 
nutrients in the Kuroshio? If so, how? 

• Whether and how the subsurface nutrients in the 
Kuroshio are supplied to the southern coast of Japan?

• Whether and how the subsurface nutrients in the 
Kuroshio are supplied to the southern coast of Japan? 



Tow-yo Turbulence observations in November 2017

Leg1
Leg2 Leg3

Le
g4

Le
g5

R.T.V. Kagoshima-maru Underway VMP

We tow-yo UVMP along the 
Kuroshio axis across the Tokara 
Strait

Underway-CTD winch

VMP250 (Rockland Scientific 
International, Victoria BC, 

Canada)Five transects



ADCP Shear November 2018 southeast of Kyushu: Hyuganada sea
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Ray tracing

The 1.1f near-inertial ray-path in 
quiescent condition agrees well 
with the angle of the shear away 
from the front.  
M2 ray-path agrees better for the 
steep shear at the Kuroshio axis 
than the near-inertial ray-path.

Wi th the group ve loc i t ies 
considering a 2-D front, the 
near-inertial ray-path becomes 
steeper at the front, and agrees 
better with the observed shear 
angle.

The near-inertial ray-paths reflect back and 
forth in the regions of lower          and            .feff ωmin

feff

ωmin

Nagai et al. 2019 



Turbulence and nitrate flux in southeast of Kyushu: Hyuganada sea

TKE Dissipation Rate
30km

Strong turbulence is 
found over 20-30 km 
lateral and 200 m 
vertical scales.

Using water samples and SUNA data, 
estimated nitrate diffusive flux is 1-10 m 
mol m-2day-1, which is 10-100 times 
larger than Kaneko et al. (2012).

Nagai et al. 2019 
 When the Kuroshio approaches to the coast, the large amount of 
nutrients can be injected between the Kuroshio and the continental slope



Conclusions
Induction: 

~5 m mol N m-2day-1

• Is the induction important in the Kuroshio nutrient stream? 

• Yes it is. The induction supplies ~5 m mol m-2day-1of nitrate on 
average, which is about 30% of the total nitrate supply in the 
Kuroshio Extension and the Kuroshio-Oyashio confluence 
region. The maximum induction occurs late winter, and they are 
strongly affected by the mesoscale mixed layer structures.

• Any inter annual modulations in the subsurface nutrients in the 
Kuroshio? If so, how? 

• Whether and how the subsurface nutrients in the Kuroshio 
supplied to the southern coast of Japan?

• A large amount of subsurface nutrients in the Kuroshio is 
injected to the region between continental slope and the 
Kuroshio when the Kuroshio approaches to the continental 
slopes at 1-10 m mol m-2day-1 caused by the turbulence 
probably due to trapped near-inertial internal waves.

O(1m mol N m-2day-1)
O(1-
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N m
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)
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Geophysical Monograph Vol 243


