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S1-INBOX (DO-floats)  

Objective of this talk 
Introducing recent JAMSTEC’s studies in the Kuroshio recirculation gyre 

•  S1 biogeochemical mooring (30oN, 145oE, oligotrophic condition) with 
shipboard measurements; 4 years conducted by Dr. Honda 

•  S1-INBOX (Western North Pacific Integrated Physical-Biogeochemical 
Ocean Observation Experiment, DO floats); summer 2011   

•  SeaGlider survey in 2014 Feb-May; 4 months in winter 
•  JAMSTEC’s contribution to BGC Argo program 

February	2014	
SeaGlider 

April	2017	
BGC Argo 

Analyzing data with satellite products (large spatial and temporal coverage)	



S1 mooring: 2010 February - 2014 June    

Mesoscale eddy effects on temporal variability

1 3

Assuming that negative (positive) SSHA transferred as 
large-scale Rossby waves results in both shallower (deeper) 
nutricline and shallower (deeper) main thermocline, the 
decadal changes in Chl-a concentrations (Fig. 6a) could be 
explained simply by the heaving associated with the large-
scale Rossby waves. However, the water near the bottom 
of the euphotic zone was more (less) dense during stable 
(unstable) and positive (negative) SSHA conditions south 
of the Kuroshio Extension (Fig. 6c). Although the positive 
(negative) SSHAs were associated with low (high) Chl-a 
concentrations (Fig. 6a, c), they were not associated with 
a pushing down (lifting up) of nutrient-rich water near 
the bottom of the euphotic zone. Note that relationships 
in which negative (positive) SSHAs were associated with 
more (less) dense water around the bottom of euphotic 
zone were observed in both the winter mixed-layer (red in 
Fig. 6c) and summer seasonal thermocline (blue in Fig. 6c). 
Changes in mixed-layer densities are associated with the 
effects of the direct supply of deep nutrient-rich water, and 

can contribute to the decadal-scale changes in Chl-a con-
centrations. However, the mixed-layer densities were high 
(Fig. 6d) during the two low-Chl-a periods from 2002 to 
2005 and from 2010 to 2012 (Fig. 6a). Furthermore, the 
local heat and wind forcing were relatively strong (Fig. 6e) 
during these periods, which may have been related to the 
strong vertical mixing. As such, the changes in local verti-
cal mixing could not explain the decadal changes in Chl-a 
concentrations.

Similar decadal-scale changes in Chl-a concentrations 
were observed in the southern part of the recirculation 
gyre (Fig. 7a). Changes in subsurface nitrate concentra-
tions at σθ = 25.2 were also similar to the changes observed 
in the region south of the Kuroshio Extension (Figs. 6a, 
7a), while the area-averaged Chl-a gradually decreased 
from 2006 to 2011, during which time there was a gradual 
increase of subsurface nitrate concentrations. However, 
the impact of eddies on decadal-scale variations in Chl-a 
concentrations were different between the two regions. 

(a) Chl-a and EKE
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(b) Eddy contributions
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Fig. 7  Same as Fig. 6, but for the southern part of the recirculation gyre. The subsurface nitrate concentrations (red dots) are at σθ = 25.2 in a 
(color figure online)

and Suga 2005). This pycnostad is colder, fresher, and a

little denser than D-CMW, and was named the transition
region mode water (TRMW) by Saito et al. (2007) because

its formation region corresponds to the transition region

described in the literature of fisheries oceanography (e.g.,
Favorite et al. 1976; Yasuda 2003). TRMW is often strat-

ified in terms of temperature and salinity within its pyc-

nostad as in the case of ESTMW, probably because of
isopycnal intrusion that characterizes the transition region

(Saito et al. 2007).
The TRMW distribution region presented by Saito et al.

(2007) corresponds to the region where the deepest winter

mixed layer in the North Pacific appears in previous cli-
matologies (Huang and Qiu 1994; Ladd and Thompson

2000; Suga et al. 2004), although MLD there might be

overestimated because the smoothing process in the cli-
matologies mixes different water types across the subarctic

front, causing artificial cabbeling near the sea surface

(Ohno et al. 2004; Suga et al. 2004). This MLD maximum
is possibly generated for the following reasons. First, it lies

in the ‘‘stability gap’’ described by Roden (1970) and Yuan

and Talley (1996), a zonal band of lateral minimum in the
vertical stability located south of the subarctic front (Ladd

and Thompson 2000; Suga et al. 2004; Saito et al. 2007).

Second, the quasi-stationary jet associated with the polar
front (Isoguchi et al. 2006) brings warmer and saltier water

from the south, enhancing the oceanic heat loss and making

the surface water denser in winter (Saito et al. 2007).
Actually, recently developed high-resolution surface heat

flux data and Argo float data revealed locally enhanced

oceanic heat loss and deep mixed layer formation just

southeast of the polar front in winter (Hiroyuki Tomita,
personal communication, 2011).

The entire structure of the CMW and TRMW formation

regions and the subduction mechanism of these waters were
presented by a recent study using Argo float data during

2003–2008 (Oka et al. 2011a). To the north of KE, two

zonally elongated regions of deep winter mixed layer
extend along 33!–39!N and 39!–43!N from the east coast of

Japan (*142!E) to *160!W. The southern region corre-
sponds to the formation region of L-CMW, while the

northern region to that of D-CMW and TRMW, in the

western (eastern) part of which TRMW (D-CMW) is pre-
dominantly formed (Fig. 2). Both regions extend beyond

the longitude range of the Kuroshio bifurcation front to the

west and east, suggesting that the two regions are not sep-
arated by the bifurcation front, but rather enhance it,

because these two adjacent low PV waters should accom-

pany sharply inclined isopycnals in between. From the
eastern part of both regions east of 170!E where the winter

mixed layer becomes gradually shallower, warmer, and

lighter to the east/downstream, L-CMW with h = 11–15!C,
S = 34.3–34.6, and rh = 25.7–26.2 kg m-3 and D-CMW

and TRMW (mostly the former) with h = 7–11!C,

S = 33.6–34.2, and rh = 26.1–26.4 kg m-3 are subducted
into the permanent pycnocline because of small density

advection as inferred by the previous climatological studies

(Suga et al. 2004, 2008). On the other hand, D-CMW and
TRMW (mostly the latter) with rh = 26.5–26.6 kg m-3

formed only in the western part of the formation region

Fig. 2 Schematic illustrating the relationship between the mode
waters and frontal structures in the western to central North Pacific.
PF polar front, SAF subarctic front, KBF Kuroshio bifurcation front,
KEF Kuroshio Extension front. NSTF, SSTF, and ESTF are the
northern, southern, and eastern subtropical fronts identified in

Kobashi et al. (2006), respectively. Red, green, and blue ovals denote
the formation regions of STMW, L-CMW, and TRMW/D-CMW,
respectively. Pink (light blue) shadings with arrows indicate the
spreading of STMW (L-CMW and D-CMW) after subduction
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Figure 1. Design of the S1 mooring. The mooring on the left is for the sediment traps. The 667 

mooring on the right is for the underwater profiling buoy system. The depths of the 668 

profiler’s winch and ADCP were 100 m deeper than originally planned.  669 

 670 

 671 

•  Two moorings: Sediment trap 
and underwater buoy mooring 

•  Profiler was equipped with 
FRRF, PAR, CTD and DO 

•  S1 mooring: 30oN, 145oE 
•  Southern part of the 

Kuroshio recirculation gyre 

Kouektsu et al. (2016) 

S1 

•  S1 mooring was conducted when 
the Kuroshio was relatively 
stable 

•  Mixed layer was relatively deep 
in this period (not shown) 

ADCP 
(500m) 

Winch 
(200m) 

profiler 

Oka and Qiu (2012) 



Schematic view of Kuroshio recirculation 
gyre: Mode water and carbon sink 
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Seasonal variability at S1 mooring site: shipboard 
measurements 
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and the H2
18O method for coccoid picophytoplankton than 

for larger, ovoid/cylindrical phytoplankton. The predomi-
nance of Prochlorococcus, which is the smallest coccoid 
picophytoplankton, was confirmed during cruise MR10-06 
at S1 (Fujiki et al. 2016).

2.5  Gross primary production in terms of carbon 
assimilation

Estimates of GOP by the light- and dark-bottle and 
18O-labeled oxygen techniques should give different results 
due to photorespiration and the Mehler reaction (Laws et al. 
2000). However, we have confirmed that there was no sig-
nificant difference between the two estimates (paired t test), 
probably because the surface rates, which were expected to 
represent light-saturated conditions, were excluded from 
the water-column integration in this study. We therefore 
averaged these two rates to estimate GOP rates during each 
cruise. GOP can be converted to gross carbon assimilation 
(=GPP) by dividing by the photosynthetic quotient (PQ), 
which is the molar ratio of oxygen evolved during the light 
reactions of photosynthesis to carbon assimilated. The 
value of PQ typically lies in the range of 1.1–1.4, depend-
ing on the source of nitrogen, and increases stoichiometri-
cally with the proportion of nitrogen uptake accounted for 
by nitrate when the formation of the major carbon macro-
molecules is considered (Laws 1991). Previous work has 
typically assumed a PQ of 1.4 (Marra and Barber 2004), 
and we tested PQs of 1.1 and 1.4 for converting GOP to 
carbon-based GPP in this study. Water-column-integrated 
values of GPP were computed in the same manner as NPP.

3  Results

3.1  Regional differences in biomass and net and gross 
primary production

Sea surface temperature (SST) was consistently less than 
10 °C at K2, but it was over 18 °C at S1. The differences 
of the average water temperature within the euphotic zone 
were 15–16 °C between K2 and S1 in each cruise, whereas 
the seasonal variations were less than 5 °C at both sta-
tions. The depth-integrated chl-a was highest during sum-
mer at K2 (Fig. 2a) and during winter at S1 (Fig. 2b). The 
seasonality of depth-integrated chl-a was less apparent at 
K2 compared with that at S1. The annual mean chl-a was 
higher at K2 than at S1, but the carbon-based biomass 
computed on the basis of taxonomic composition was not 
significantly different between the two stations (Table 1). 
The depth-integrated NPP was highest during summer at 
K2 (Fig. 2a) and during winter at S1 (Fig. 2b). The sea-
sonal variations of NPP were significant at both stations 

(Kruskal–Wallis test, p < 0.01). At S1, NPP decreased from 
winter to autumn and the seasonality was quite similar to 
that of chl-a. At K2, however, the seasonality of NPP was 
more distinct than that of chl-a, because there was a large 
decrease of NPP in winter.

The annual mean GPP was 536 mg C m−2 day−1 at K2 
and 825 mg C m−2 day−1 at S1, estimated with a PQ of 
1.4 (Table 1). Seasonal variations of both GPP and NPP 
were similar, but at S1, the GPP was about 1.5 times that at 
K2. Because the annual means of carbon biomass and NPP 
were both similar at S1 and K2 (Table 1), this difference 
of GPP implied a higher loss of photosynthetically assim-
ilated carbon that did not go into biomass as POC at S1. 
At K2, the NPP/GPP ratios were higher than 0.5, and they 
exceeded 0.6 during summer (Fig. 3a). At S1, the NPP/GPP 
ratio exceeded 0.6 during winter, but declined to less than 
0.4 during the other seasons (Fig. 3b).

To further explore the variability of the NPP/GPP ratio, 
we estimated the relationship between GPP and NPP as 

Fig. 2  Seasonal means and standard deviations of depth-integrated 
net primary production (NPP) and chl-a at a K2 and b S1. Seasonal 
data from shipboard observations between 2005 and 2013 were used 
at K2 and between 2010 and 2013 at S1. The data are available at 
http://ebcrpa.jamstec.go.jp/k2s1/en/index.html

in spring. There was a high Sv band around or above 100 m in daytime corresponding to the deep chl-a
maximum (Figure 3). However, we did not observe a marked day–night difference below 300 m, which had
the highest (smallest) values and was shallowest (deepest) in winter (summer) during both the day- and
nighttime. The lunar cycle further affects the diel migration of zooplankton. In all four seasons, the depth-
range of elevated nighttime near-surface Sv values around the full moon (Figures 6e–6h) extended deeper
than those during the new moon (Figures 6i–6l). Some zooplankton migrated down to about 100 m before
midnight during full-moon periods in winter (Figure 6e).

3.3. Monthly Composite and Zooplankton Above 50 m
To further examine the seasonal variability of zooplankton biomass, we estimated the monthly composite
of Sv from the daily daytime and nighttime-averaged Sv data between November 2010 and June 2013 (Fig-
ure 7a). We used the 60–196 m depth range for calculating the averages to exclude the seasonal variability
of the nonmigratory high Sv-layer below 300 m (Figures 4b and 4c). The daily nighttime average increases
during the full-moon period (Figure 7a). The seasonal composites (Figures 6e–6l) suggest that the increase
of zooplankton biomass above 200 m depth rather represents the fact that zooplankton migrates down to
the greater depth during the blight full-moon period because our average is limited up to 60 m depth. The

Figure 3. Vertical profiles of (a) potential density, rh, (b) nutrients (nitrate and nitrite), and (c) chlorophyll a during MR11-02 (winter, blue lines) and MR 11-05 (summer, red lines)
(see Table 1 for dates).
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•  Deep mixed layer in winter 
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•  Prochlorococcus increased in summer 
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and the H2
18O method for coccoid picophytoplankton than 

for larger, ovoid/cylindrical phytoplankton. The predomi-
nance of Prochlorococcus, which is the smallest coccoid 
picophytoplankton, was confirmed during cruise MR10-06 
at S1 (Fujiki et al. 2016).

2.5  Gross primary production in terms of carbon 
assimilation

Estimates of GOP by the light- and dark-bottle and 
18O-labeled oxygen techniques should give different results 
due to photorespiration and the Mehler reaction (Laws et al. 
2000). However, we have confirmed that there was no sig-
nificant difference between the two estimates (paired t test), 
probably because the surface rates, which were expected to 
represent light-saturated conditions, were excluded from 
the water-column integration in this study. We therefore 
averaged these two rates to estimate GOP rates during each 
cruise. GOP can be converted to gross carbon assimilation 
(=GPP) by dividing by the photosynthetic quotient (PQ), 
which is the molar ratio of oxygen evolved during the light 
reactions of photosynthesis to carbon assimilated. The 
value of PQ typically lies in the range of 1.1–1.4, depend-
ing on the source of nitrogen, and increases stoichiometri-
cally with the proportion of nitrogen uptake accounted for 
by nitrate when the formation of the major carbon macro-
molecules is considered (Laws 1991). Previous work has 
typically assumed a PQ of 1.4 (Marra and Barber 2004), 
and we tested PQs of 1.1 and 1.4 for converting GOP to 
carbon-based GPP in this study. Water-column-integrated 
values of GPP were computed in the same manner as NPP.

3  Results

3.1  Regional differences in biomass and net and gross 
primary production

Sea surface temperature (SST) was consistently less than 
10 °C at K2, but it was over 18 °C at S1. The differences 
of the average water temperature within the euphotic zone 
were 15–16 °C between K2 and S1 in each cruise, whereas 
the seasonal variations were less than 5 °C at both sta-
tions. The depth-integrated chl-a was highest during sum-
mer at K2 (Fig. 2a) and during winter at S1 (Fig. 2b). The 
seasonality of depth-integrated chl-a was less apparent at 
K2 compared with that at S1. The annual mean chl-a was 
higher at K2 than at S1, but the carbon-based biomass 
computed on the basis of taxonomic composition was not 
significantly different between the two stations (Table 1). 
The depth-integrated NPP was highest during summer at 
K2 (Fig. 2a) and during winter at S1 (Fig. 2b). The sea-
sonal variations of NPP were significant at both stations 

(Kruskal–Wallis test, p < 0.01). At S1, NPP decreased from 
winter to autumn and the seasonality was quite similar to 
that of chl-a. At K2, however, the seasonality of NPP was 
more distinct than that of chl-a, because there was a large 
decrease of NPP in winter.

The annual mean GPP was 536 mg C m−2 day−1 at K2 
and 825 mg C m−2 day−1 at S1, estimated with a PQ of 
1.4 (Table 1). Seasonal variations of both GPP and NPP 
were similar, but at S1, the GPP was about 1.5 times that at 
K2. Because the annual means of carbon biomass and NPP 
were both similar at S1 and K2 (Table 1), this difference 
of GPP implied a higher loss of photosynthetically assim-
ilated carbon that did not go into biomass as POC at S1. 
At K2, the NPP/GPP ratios were higher than 0.5, and they 
exceeded 0.6 during summer (Fig. 3a). At S1, the NPP/GPP 
ratio exceeded 0.6 during winter, but declined to less than 
0.4 during the other seasons (Fig. 3b).

To further explore the variability of the NPP/GPP ratio, 
we estimated the relationship between GPP and NPP as 

Fig. 2  Seasonal means and standard deviations of depth-integrated 
net primary production (NPP) and chl-a at a K2 and b S1. Seasonal 
data from shipboard observations between 2005 and 2013 were used 
at K2 and between 2010 and 2013 at S1. The data are available at 
http://ebcrpa.jamstec.go.jp/k2s1/en/index.html

Satellite data at S1 



Seasonal variability at S1 mooring 
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of archaea, a diverse group of prokaryotes, increases below
the euphotic zone, [Karner et al. 2001]), and the concom-
itantly decreasing POC flux supports spatially heteroge-
neous bacterial populations in the mesopelagic (Hewson et
al. 2006). Bacterial activity on sinking particles appears
insufficient to account for the attenuation of POC flux with
depth (Karl et al. 1988), and bacterial production (BP)
appears to be fueled by enzymatic hydrolysis of sinking
particles to dissolved organic carbon (DOC), which then
supplies the suspended, ‘‘free-living’’ bacterial pool that
completes the remineralization of organic carbon (C) to
CO2 (Cho and Azam 1988; Fig. 1). Measurements of BP in
the meso- and bathypelagic suggest that bacterial carbon
demand (BCD) accounts for 14% to .100% of the loss of
sinking POC with depth (Cho and Azam 1988; Nagata et
al. 2000; Reinthaler et al. 2006).

Zooplankton in the mesopelagic zone include both full-
time residents as well as diel (or seasonal) vertical migrators
which feed on phytoplankton and other POC in the
euphotic zone and mixed layer at night and return to
mesopelagic depths during the day (Fig. 1). Evidence of a
significant role for mesopelagic zooplankton in attenuation

of sinking POC originates from dietary studies and
calculation of zooplankton community metabolic require-
ments. Diet studies show that sinking detritus, or ‘marine
snow,’ is an important food source for both deep-sea
nonmigrating (Steinberg 1995) and migrating zooplankton
species (Lampitt et al. 1993). Furthermore, zooplankton can
fragment large sinking marine snow into smaller slower-
sinking or suspended aggregates (Goldthwait et al. 2004),
which also diminishes POC flux to depth. Zooplankton
metabolic requirements have been calculated to account for
4% to 86% of the loss of sinking POC with depth (reviewed
in Koppelmann et al. 2004, table 6). While processing of
sinking POC by bacteria and zooplankton has been
investigated, their relative roles in this critical process have
yet to be quantified simultaneously in the twilight zone.

As part of the VERTIGO (VERtical Transport In the
Global Ocean) study we characterized the mesopelagic
planktonic community at two contrasting oceanic sites: The
Hawaii Ocean Time-series (HOT) station ALOHA in the
oligotrophic subtropical Pacific gyre, and the Japanese
times-series site (K2), located in a high-nutrient, seasonally
variable chlorophyll region of the northwest subarctic

Fig. 1. Models of mesopelagic microbial (bacteria and archaea) and zooplankton metabolism.
Mesopelagic microbes and zooplankton have fundamentally distinct nutritional modes, and thus
affect attenuation of sinking POC with depth (shrinking brown arrows) differently. Particle-
associated bacteria solubilize sinking POC into DOC, which is either taken up directly and respired,
or respired by suspended, ‘‘free-living’’ bacteria. Physical mixing (red arrow) is another source of
DOC to bacteria. Full-time resident zooplankton consume sinking or suspended particles and
convert POC to CO2 through their respiration, excrete DOC which could fuel microbial
metabolism, and egest fecal pellets which augment sinking POC flux (brown arrows). Vertical
migrators, however, can fuel their C requirement by ingesting POC in the surface mixed layer, and
then subsequently metabolizing it at depth (active transport, green arrow), or by directly consuming
sinking POC. A proportion of the resident and migrant zooplankton in the mesopelagic are
carnivorous and feed on each other (purple arrows). Both bacteria and zooplankton also fragment
sinking particles into smaller, non-sinking POC, diminishing POC flux.

1328 Steinberg et al.
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Seasonal composite 
in new and full moon  
(LT=0 is midnight) 

Less BS in an 
anticyclonic eddy 

High BS in winter 
mixed layer 

sunrise 
sunset  

Inoue et al. (2016), Kitamura et al. (2016) 

80m 

200m 

300m 

400m 



Carbon budget at S1 

M. C. Honda et al.

1 3

(a)

(b)

Honda et al. (2017) 

•  Honda et al. (2017) estimated the annual-average carbon budget at S1 
mooring site from the seasonal shipboard measurements and sediment trap 
mooring  

•  CO2 influx at surface is large, productivity in euphotic zone is large, but export 
ratio at 5000m is small 

•  The budget is not closed because of horizontal advection etc. (1D view) 
•  Effects of intermittent physical events such as eddies and typhoons are not 

clear 



Eddies around S1 
mooring 

Mesoscale eddy effects on temporal variability
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using Argo profiling float data from 2001 to 2012 (Hosoda 
et al. 2008).

3  Correlation of SSHA and Chl-a

Before focusing on the Kuroshio Extension region, we 
examined correlations between SSHAs and Chl-a concen-
trations in other areas (Fig. 1) in order to gain perspective 
on the impact of eddies on surface Chl-a concentrations. 
High (low) Chl-a concentrations were frequently observed 
in the core of cyclonic (anticyclonic) eddies, where high-
nutrient (low-nutrient) water transported from deeper (shal-
lower) water was generally observed near the surface due 
to shallow (deep) isopycnal surfaces in the core. A nega-
tive correlation between SSHA and Chl-a was therefore 
expected.

Indeed, a negative correlation was broadly observed in 
the North Pacific between the anomalies of the logarithms 
of weekly Chl-a concentrations from the long-term mean 
(1992–2012) weekly climatology and high-pass (time scale 
<300 days) SSHA (Fig. 1), with an especially high correla-
tion (<−0.3) near the Kuroshio Extension (from 140°E to 
180° along 35°N) and along the coast of California (25°N 
to 40°N), where strong eddies are frequently observed 
(e.g., Itoh and Yasuda 2010a; Gruber et al. 2011). In con-
trast, positive correlations (~0.2) were observed along the 
Alaskan Stream (180° to 150°W around 55°N), which may 
reflect conditions favorable for phytoplankton growth as 
a result of the  entrainment of coastal waters into anticy-
clonic eddies (Ueno et al. 2010).

In this study, we focused on the upstream regions south and 
north of the Kuroshio Extension (Fig. 1), where the cyclonic 
(anticyclonic) environment was expected to be favorable 
(unfavorable) for phytoplankton growth. However, a weak 
correlation was found between SSHA and Chl-a in the south-
ern part of the recirculation gyre, around 30°N, where the role 
of the eddies was expected to differ from their role near the 
Kuroshio Extension. After 2010, relatively frequent subsurface 
nutrient observations were available from the S1 site.

4  Chl-a distribution around eddies in the 
Kuroshio Extension region

Siegel et al. (2011) showed that the dominant effect of 
eddies on Chl-a concentrations could be deduced from 
the distribution of Chl-a around the eddies. In the region 
south of the Kuroshio Extension (142°E–152°E and 
31.5°N–34.5°N in Fig. 1), local Chl-a maxima were often 
clearly apparent in the cores of cyclonic eddies (Fig. 2a, 
c, e, g), whereas weak local minima were observed in the 
cores of anticyclonic eddies (Fig. 2b, d, f, h), correspond-
ing to “eddy pumping”, with the resulting clear negative 
correlation in Fig. 1. Because the local Chl-a maxima were 
separated from the high Chl-a concentrations around the 
northernmost pixels in the composite images (e.g., Fig. 2a), 
many of the cyclonic eddies were not meanders of the 
Kuroshio Extension. Thus the composites largely com-
prised eddies detached from the main stream and moving 
in the recirculation gyre, along with water containing high 
concentrations of Chl-a and nutrients that had originated 
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Fig. 1  Correlation between SSHA and Chl-a anomaly correspond-
ing to eddies from 1998 to 2012. SSHA are high-pass-filtered  
(< 300 days) to remove long-term changes. Chl-a anomalies are loga-
rithmic deviations from weekly climatology from 1998 to 2012. Gray 
areas denote insignificant correlations at a 90 % confidence level. White 

boxes are focus areas in this study: the southern part of the recirculation 
gyre (142°E–152°E and 28.5°N–31.5°N), the region south of the main 
stream (142°E–152°E and 31.5°N–34.5°N), and the region north of the 
main stream (143°E–152°E and 36.5°N–39.5°N). The green diagonal 
cross denotes the location of S1 (145°E, 30°N) (color figure online)
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Fig. 3  Same as Fig. 2, but for 
the southern part of the recircu-
lation gyre (142°E–152°E and 
28.5°N–31.5°N)
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future investigations of the biogeochemical impact of
mesoscale eddies.

2. Data and Methods

2.1. Sea Level Data Processing
[7] Weekly merged altimetry fields of merged sea level

anomaly (SLA) at 1/4° resolution from SSALT/DUACS
[Pascual et al., 2006] were analyzed to identify and track
eddies for a domain bounded by 20° to 42°N (with the Gulf
Stream masked out; Figure S1 of the auxiliary material).1

For each weekly map from June 2002 to July 2007, a second
order polynomial surface was subtracted from the weekly
SLA to remove the effects of steric heating and large scale
gradients from the identification of eddies. The resulting
spatial anomalies were normalized by the long‐term stan-
dard deviation spatial distribution and mesoscale features
were identified where the absolute value of the normalized
SLA was ≥1.5. Negative anomalies were characterized as
cyclones and positive anomalies as anticyclones. The center
location and size of each eddy were recorded and eddy
trajectories were constructed automatically and each trajec-
tory was evaluated manually. Figure S1 provides more
information on the procedure and Figure S2 shows the eddy
trajectories used in this analysis.

2.2. Ocean Color Data Processing
[8] Merged satellite ocean color observations from both

the SeaWiFS and MODIS‐Aqua missions were used to
maximize available coverage [Maritorena et al., 2010]
(http://wiki.icess.ucsb.edu/measures). Although the focus is
on chlorophyll concentrations (Chl), identical analyses were
conducted for the absorption coefficient of colored dis-

solved and detrital materials (CDM) and are included as a
test of statistical robustness (see the auxiliary material).
CDM is likely a good index for mesoscale eddy activity
because its subsurface maximum is shallower than the
subsurface Chl maximum [Nelson et al., 2007].
[9] Daily, multisatellite merged, 9 km fields were log‐

transformed and interpolated onto a 1/4° spatial ‐ weekly
(7 day) resolution grid for the period July 2002 to June
2007. Spatial anomalies, DChl, were determined by first
calculating a moving 15 × 15 pixel (375 km by ∼318 km)
spatial average of the ln(Chl) fields and subtracting these
low‐passed fields from the original ln(Chl) fields [Siegel
et al., 2008].

2.3. Eddy Footprints
[10] Weekly ocean color fields were sampled in a 500 km

by 500 km box centered on each eddy. Ocean color pixels
within the eddy were designated using the results from the

Figure 1. Illustration of four hypothesized mechanisms through which mesoscale eddies alter spatial patterns of bio‐optical
properties; (left) vertical eddy pumping, (middle‐left) eddy–Ekman pumping, (middle‐right) eddy advection, and (right) sub-
mesoscale pumping. (top) What is postulated for a cyclone (low sea level anomaly); (bottom) what should happen for an
anticyclone (high sea level anomaly). The shading provides a depiction of the relative change in bio‐optical properties
hypothesized for each mechanism. The case for a mode‐water eddy is anomalous as their upper‐ocean isopycnal surfaces
trend toward the sea surface within these features while the overall thermocline structure results in a high sea level anomaly
and an anticyclonic circulation. See the text for further details.

1Auxiliary materials are available in the HTML. doi:10.1029/
2011GL047660.

Table 1. Statistics Over All Eddies With Ages ≥ 3 Weeks

Mean (s.d.) Statistics Over All
Eddy Tracks Cyclones Anticyclones

Number Eddies 8093 6105
Number Eddy Trajectories 620 477
Diameter (km) 134 (43) 131 (45)
Age (weeks) 12 (17) 12 (16)
Distance traveled (km) 384 (627) 355 (580)
Translation speed (km/d) 4.8 (5.5) 4.6 (5.3)
Sea level anomaly (cm) −13.7 (12.9) 11.4 (7.9)
Wind Speed (m/s) 7.4 (1.6) 7.2 (1.3)
∂Chl/∂y (log(mg m−3)/°Latitude) 0.048 (0.094) 0.041 (0.095)
Latitude (°N) 31.1 (4.5) 30.9 (4.7)

Mean (95% c.i.) Differences
in Mean Spatial Patterns in DChl

Cyclones
(N = 8093)

Anticyclones
(N = 6105)

DChlIn ‐ DChlOut 0.0131 (0.0059) −0.0209 (0.0072)
DChlEast ‐ DChlWest −0.0269 (0.0073) 0.0237 (0.0045)

SIEGEL ET AL.: EDDY FOOTPRINTS IN THE SARGASSO SEA L13608L13608
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Schematic of eddy effects:          
Black=high chl-a (Siegel et al. 2011) 

cyclonic anticyclonic 

Eddy composite of surface chl-a around S1: 
•  Eddy advection might be important on surface 
•  There is a seasonality possibly due to ML 

deepening and seasonal thermocline 

Kouketsu et al. (2016) 

•  Correlation between 300 days high-passed SSHA and 
surface chl-a anomaly (seasonal variability was removed) 

•  Higher negative correlation near Kuroshio 
•  Low correlation around S1 mooring site 
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S1-INBOX in summer 2011:eddy effects in subsurface 
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•  CE and ACE passed by S1 
•  Patchy high S, chl-a, DO distribution 

along with isopycnal heaving during CE 
•  Mooring was tilted during ACE 
•  Total mass flux increased in CE 

Organic 
matter 

CaCO3 



The cyclonic eddy observed by floats 

•  During this period, floats mainly existed in the northwestern corner of CE 
•  There was narrow bands (∼20–40 km) structures of high and low oxygen 
•  Salinity had a large scatter below the SOM, indicating different origins of water 
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Figure 4. Oxygen distribution on temperature and salinity relationships for 2 weeks.
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Figure 7. Weekly averaged vertical velocity at 80m (×10−5 m s−1). Counters and arrows show

SSHA and ageostrophic velosity, respectively. Black cross denotes the S1 mooring station.
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•  Upwelling and downwelling were alternatively occurred around the northwestern 
side of the eddy with horizontal scales of 20-40 km  

•  Small scale wiggling of density front created this spatial pattern, consistent with the 
large scatter in θ-S diagram (advection of different water mass) 

•  Tendency term of DO was similar pattern and magnitude as the advection term 
•  Production term due to nutrient transports explained a part of DO increase  

Vertical and ageostrophic flows below the SOM estimated 
from ω-equation in QG framework from interpolated fields  

: X - 7

Q = (Qx, Qy) =
g

ρ0
(
∂vg

∂x
·∇ρ,

∂vg

∂y
·∇ρ),

where g is a gravity acceleration, ρ is the potential density and vg is geostrophic velocity.94

From the estimated vertical velocity, we also can obtain ageostrophic velocities (ua, va)95

with the following equations.96

∂

∂x
(N2w)− f 2∂ua

∂z
= 2Qx (2)

∂

∂y
(N2w)− f 2∂va

∂z
= 2Qy (3)

To diagnose vertical motions with the ω equation from instantaneous three dimensional97

stratification structures, we used the gridded stratification for every 2 days. Note that98

the estimated vertical motions were consistent with the instantaneous vertical stratifica-99

tion and geostrophic velocity, while temporal density changes from observations were not100

always consistent with the vertical motions. To solve Eq. (1) we assumed the vertical ve-101

locity was zero at the surface and horizontal and vertical gradients of the vertical velocity102

were zero at the lateral and bottom (at 2000 m depth) boundary of the gridded data.103

Using 3 dimensional velocity field, we calculate oxygen (O) budget with following equa-104

tion.105

∂O

∂t
= −vg ·∇O − w

∂O
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+Kv

∂2O

∂z2
+ γO:Nw
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+ γO:NKv

∂2Ni

∂z2
(4)

where Kv is a vertical diffusivity, γO:N is Red Field ratio between oxygen and nitrate Ni106

is nitrate. The temporal changes in oxygen of the left side hand Eq. (4) and the oxygen107

advection effects of the first and second terms in the right hand side were evaluated from108
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where Kv is a vertical diffusivity, γO:N is Red Field ratio between oxygen and nitrate Ni106

is nitrate. The temporal changes in oxygen of the left side hand Eq. (4) and the oxygen107

advection effects of the first and second terms in the right hand side were evaluated from108
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Figure 11. Oxygen budget (µmol kg−1 d−1) in the subsurface surface oxygen maximum layer.

The box for the calculation is set 144.2–144.8◦E, 28.9–29.3◦N, and 50–100m. Red, dashed red,

and dashed pink are oxygen tendency, total advection, and horizontal advection effect. Blue and

dashed blue lines denote vertical diffusion effects with the coefficient assuming 1.0 × 10−5 and

1.0 × 10−4. Orange line denotes oxygen increase assuming vertical advection of nitrate is quickly

converted to oxygen by phytoplanktons. Green and dashed green lines denote oxygen increase

due to nitrate increase by vertical diffusion effects with the coefficient assuming 1.0 × 10−5 and

1.0 × 10−4. Black line is oxygen increase estimated from carbon in the sediment trap.
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where g is a gravity acceleration, ρ is the potential density and vg is geostrophic velocity.94

From the estimated vertical velocity, we also can obtain ageostrophic velocities (ua, va)95
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To diagnose vertical motions with the ω equation from instantaneous three dimensional97

stratification structures, we used the gridded stratification for every 2 days. Note that98

the estimated vertical motions were consistent with the instantaneous vertical stratifica-99

tion and geostrophic velocity, while temporal density changes from observations were not100

always consistent with the vertical motions. To solve Eq. (1) we assumed the vertical ve-101
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where Kv is a vertical diffusivity, γO:N is Red Field ratio between oxygen and nitrate Ni106

is nitrate. The temporal changes in oxygen of the left side hand Eq. (4) and the oxygen107

advection effects of the first and second terms in the right hand side were evaluated from108
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Eddies in 
winter 

Winter mixed layer formation 
and restratification in 2010 Satellite Chl-a + SSHA 

30N 

145E 144E 146E 
29N 

31N •  Restratification due to CE before March 3  
•  Less total mass flux during ACE 
•  High chl-a in transient ACE to CE in early April  
•  Higher mass flux in end of April when CE passed  
•  Submeso(?) eddy was observed at the edge of the 

cyclonic eddy on 2010/4/26 MODIS Chl-a (high 
resolution) 

•  Mixed layer eddies? 

To
ta

l m
as

s 
flu

x 

200m 

Chl-a 



SeaGlider deployments in winter 2014 

KEO 

S1 

Feb. 27, 2014 
Launch 

Jun. 21, 2014 
Recovered  

Daily SST on May 01 
(AMSR2&Windsat)  

Time series of σθ Time series of DO 

SSHA (2014/May/1-7) SeaGlider trajectory 

•  SeaGlider was at the edge of the ACE around May 1st when the surface mixed 
layer started to be restratified and many high and low oxygen patches were 
observed  



Summary (BGC around S1 mooring site) 

Seasonality 
•  Higher production in late winter and early spring 
•  Summer and fall: Seasonal thermocline and oligotrophic 

condition in euphotic zone 

Eddies and mixing 
•  Eddies are important in both summer and winter 
•  ADCP observed near-inertial motions after storms and typhoons 

(not shown) 
•  There was no direct turbulence measurement during S1 project  
 
Not well studied in this observational program: Fate of carbon 
•  Relation to the large scale circulation (subduction, advection, 

and obduction) 
•  Temporal changes of BGC properties in the mode water 

(mixing, respiration, nutrient recycling…) 

Connecting process studies to a big picture 
=> BGC Argo project  



JAMSTEC’s contributions to BGC Argo 
project (deployments between 
2017April-2018March)	

BGC-Navis（x2） 
2018.Jan near KEO 

 
BGC-Apex 
RINKO-DeepNINJA 
2017.Jul 

 
RINKO-DeepNINJA 
2018.Jan 

 
DO-DeepApex 
2017.Dec (x2) 

 
DO-DeepApex 
2017.Dec 
2018. Mar 

TWR 
BGC APEX 
SBE41 CTD, 
Aanderaa 
Optode4330, Wetlab 
Chl-a, bb, CDOM 
・2000dbar 

SBE  
BGC Navis 
SBE41 CTD,　
SBE63 
Oxygen, 
Wetlab Chl-
a,bb,CDOM, 
Satlantic Deep 
SUNA 
・2000dbar 

TWR 
DO-Deep 
APEX 
・ SBE61 
CTD, 
Aanderaa 
Optode4831 
or JFE 
RINKO 
AROD-FT 
・6000dbar 

Tsurumi 
Rinko-
Deep 
NINJA 
・SBE41 
CTD, JFE 
RINKO 
AROD-FT 
・
4000dbar 

BGC Argo floats 

BGC Apex (T,S,P,DO,Chl-a,bb=back 
scatter)   

  North Pacific  1 
BGC Navis (T,S,P,DO,NO3-,Chl-a,bb)  

 North Pacific (near KEO)  2 
DO-Deep Apex (T,S,P,DO)  

  North Pacific  2 
  South Indian  2 

Rinko-Deep NINJA (T,S,P, DO)   1 
  North Pacific  2 
  Southern Ocean  1 


