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Western North Pacific Integrated Physical-Biogeochemical
Ocean Observation Experiment (INBOX): Part 2.

Biogeochemical responses to eddies and typhoons revealed
from the S1 mooring and shipboard measurements

by Ryuichiro Inoue1,2, Makio C. Honda3, Tetsuichi Fujiki1, Kazuhiko Matsumoto3,
Shinya Kouketsu1, Toshio Suga1,4, and Toshiro Saino5

ABSTRACT
An interdisciplinary project called S1-INBOX (Western North Pacific Integrated Physical-

Biogeochemical Ocean Observation Experiment conducted around the S1 biogeochemical mooring
site) was carried out during the summer of 2011 in the oligotrophic, subtropical North Pacific Ocean
near biogeochemical mooring S1 (30◦ N, 145◦ E). Results from the S1 mooring during S1-INBOX
revealed a large export flux at a depth of 200 m, a high chlorophyll a concentration in the deep
chlorophyll maximum layer, and a high potential photochemical efficiency of photosystem II. These
phenomena were associated with vertical uplift of isopycnal surfaces at the edge of a cyclonic eddy
and a transition from the cyclonic eddy to an anticyclonic eddy. Shipboard biogeochemical surveys
conducted during oligotrophic conditions in July 2011 revealed that the phytoplankton community in
these waters was dominated by small species that are responsive to intermittent supplies of nutrients.
Surface wind forcing because of Typhoons MA-ON and SONCA may have generated near-inertial
oscillations. Diapycnal mixing associated with near-inertial waves was also related to high export
fluxes, the indication being that propagation of near-inertial internal waves and subsequent mixing
may have been important to biogeochemical phenomena during S1-INBOX.
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1. Introduction

Oligotrophic conditions in subtropical gyres confound quantification of global net com-
munity production in terms of oxygen production and carbon fixation. Hence, there have
been efforts to quantify the mechanisms that supply nutrients to the euphotic zone (Jenk-
ins and Goldman 1985; Jenkins 1988; Spitzer and Jenkins 1989; Michaels et al. 1994;
McGillicuddy et al. 1998). The goal of the Western North Pacific Integrated Physical-
Biogeochemical Ocean Observation Experiment (INBOX) was to use an array of dis-
solved oxygen (DO) floats to observe the evolution of the temporal and spatial relationships
during the summer between biogeochemical phenomena and physical processes, such as
westward-propagating eddies and atmospheric disturbances.

S1-INBOX observations were carried out near biogeochemical mooring S1 (30◦ N,
145◦ E) beginning in July 2011. Site S1 was located near the southern edge of the Kuroshio
recirculation gyre (Fig. 1). The mixed-layer depth clearly varies seasonally at S1, and the
winter mixed layer can reach the depth of subtropical mode water. Several mesoscale eddies
and typhoons passed near the S1 mooring site every year (Inoue and Kouketsu 2016). Both
processes could modify stratification at the base of the euphotic zone in summer and there-
fore bring up nutrient-rich water into the euphotic zone (e.g., McGillicuddy et al. 2007; Lin
2012).

The recent, in situ EDDIES experiment in the oligotrophic subtropics of the North
Atlantic revealed the effects of different types of eddies on biogeochemical phenomena
(e.g., Benitez-Nelson and McGillicuddy 2008). A high concentration of diatoms (Chaeto-
ceros and Rizosolenia) was observed at the center of an anticyclonic mode water eddy
(Bibby et al. 2008), and it was proposed that this high biomass was maintained by eddy-
Ekman pumping (McGillicuddy et al. 2007; McGillicuddy, Ledwell, and Anderson 2008).
In contrast, in a decaying cyclonic eddy and at the periphery of eddies, nano- and picophyto-
plankton (Prochlorococcus, Synechococcus, pelagophytes, and prymnesiophytes) typically
dominate the phytoplankton community in the deep chlorophyll maximum (DCM) dur-
ing the summer (Bibby et al. 2008). Because differences in phytoplankton composition
between eddies could influence biogeochemical processes and food web dynamics, it was
also important to identify the dominant species during the S1-INBOX and to relate phyto-
plankton community composition to physical oceanographic conditions.

Tropical cyclones and storms are also known to enhance phytoplankton productivity (e.g.,
Lin et al. 2003; Shibano et al. 2011; Lin 2012; Zhao et al. 2015). Enhancement could occur
as a result of strong wind forcing, and it is important to note that the physical response of
the ocean can differ between the forced and relaxation stages (e.g., Price 1981, 1983; Price,
Sanford, and Forristall 1994). During the forced stage, mixed-layer deepening and Ekman
pumping are important to the processes of entrainment and upwelling, respectively. Those
processes can bring relatively deep water into the surface mixed layer. During the relaxation
stage, near-inertial oscillations can further deepen the mixed layer via shear instability at
the base of the mixed layer. Some of the oscillations in the mixed layer can propagate
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Figure 1. Horizontal map of the monthly averaged salinity and geopotential (black contour, m2 s−2)

relative to 2,000 dbar at 10 dbar in (a) July 2011 and (b) August 2011 from the grid point value
of the monthly objective analysis using Argo data (Hosoda, Ohira, and Nakamura 2008). The S1
mooring site is at 30◦ N, 145◦ E and is indicated by the X. The rectangle outlined by the dashed
line is examined in Figure 4. The color bar indicates the salinity scale.

into the thermocline as near-inertial internal waves (e.g., Gill 1984; Sanford, Price, and
Girton 2011). It has been suggested that those internal waves propagate in the seasonal
thermocline (e.g., Qiu et al. 2006) and create mixing at the base of the euphotic zone, which
could enhance vertical fluxes of nutrients (e.g., Sukigara et al. 2011).

This is the second of a series of articles, of which Inoue et al. (2016) is the first (hereafter
referred to as Part 1) and Kouketsu, Inoue, and Suga (2016) is the third (hereafter referred
to as Part 3). Part 1 provides an overview of the S1-INBOX, during which a cyclonic eddy,
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Figure 2. Design of the S1 mooring. The mooring on the left is for the sediment traps. The mooring
on the right is for the underwater profiling buoy system. ADCP, acoustic Doppler current profiler.

typhoons, and an anticyclonic eddy influenced site S1. Our main goal here was to use the
S1 biogeochemical moorings and shipboard measurements during the S1-INBOX study to
describe the biogeochemical responses of the ocean to a weak cyclonic eddy and typhoons.
The sampling methods used as a part of the S1 biogeochemical mooring study and the
shipboard survey conducted by the R/V Mirai during the deployment of floats (MR11-
05) are summarized in Section 2. In Section 3, results from the mooring are presented,
and shipboard measurements conducted around the cyclonic eddy are used to support the
mooring results. In Section 4, we discuss the effects of the cyclonic eddy and typhoons that
passed by the S1 mooring site during the S1-INBOX study.

2. Data

a. S1 biogeochemical moorings

The S1 mooring site contained two moorings (Fig. 2): an underwater profiling buoy moor-
ing (Fujiki et al. 2008, 2011) and a sediment trap mooring (Honda et al. 2013). The under-
water profiling buoy mooring also included an acoustic Doppler current profiler (ADCP).
The underwater profiling buoy system (Fujiki et al. 2008, 2011) was equipped with a sub-
mersible fast-repetition-rate fluorometer (FRRF; Diving Flash, Kimoto Electric, Osaka,
Japan), a scalar irradiance sensor (QSP-2200, Biospherical Instruments, San Diego, CA),
a conductivity-temperature-depth (CTD) sensor (MCTD, Falmouth Scientific, Cataumet,
MA), and a DO sensor (Compact Optode, JFE Advantech, Nishinomiya, Japan). The sensor
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DO values were adjusted to match the calibrated float DO profiles (see Appendix). To mini-
mize instrument biofouling, an underwater winch was placed below the euphotic zone. The
instruments moved between the winch depth and the surface at a rate of 0.2 m s−1 once
every 3 days during the daytime (12:00 local time) and once every 6 days during the night
(3:00 local time). The daytime samples were used in this study. The instrument package
recorded vertical profiles of phytoplankton fluorescence, irradiance, temperature, salinity,
and DO in the euphotic zone. The potential photochemical efficiency of photosystem II,
the Fv/Fm ratio (Kolber, Praíšil, and Falkowski 1998), was measured with the FRRF and
used as an index of photosynthetic activity. Here, Fv is the variable fluorescence, and Fm,
the maximum fluorescence, is used to estimate the chlorophyll a concentration (Fujiki et al.
2008). We measured the Fv/Fm ratio from the dark chamber on the FRRF and focused on
the Fv/Fm ratio near the base of the euphotic zone (∼90 m), where the light level was low
even in daytime, and nonphotochemical quenching should therefore have been minimal.
Relatively high Fv/Fm ratios indicate that photosynthetic activity is enhanced, possibly
because of an influx of nutrients (e.g., Bibby et al. 2008; Corno et al. 2008). The oxygen
production rate, PO2 , was estimated with the FRRF (Suggett, Maberly, and Geider 2006;
also see equation 1 in Fujiki et al. 2008). The underwater profiling buoy mooring was also
equipped with a CTD sensor. An upward-looking, 75 kHz ADCP (Workhorse Long Ranger,
Teledyne RD Instruments, Poway, CA) was moored at a depth of approximately 600 m on
the underwater profiling buoy mooring. The ADCP sampling interval was every 60 sec-
onds, and the signal was averaged over every hour. The moored ADCP was able to measure
current velocities with a vertical resolution of 8 m, but because of the side-lobe effect (e.g.,
Gordon 1996), only below a depth of 50 m. The ADCP data made it possible to identify
candidate mechanisms for the transport of nutrients into the euphotic zone. Time-series
sediment traps were set at 200 m (SMD26S-6000, NGK Ocean, Tokyo, Japan) and at 500
m and 4,810 m (Mark7G-21, McLane Research Laboratory Inc., East Falmouth, MA) on
the S1 mooring. The sampling cup was automatically renewed every 16 days. Details of
sampling and chemical analysis have been described in Honda et al. (2013, section 2) and
at http://ebcrpa.jamstec.go.jp/k2s1/en/mst.html.

b. Overview of MR11-05 and sampling methods

The R/V Mirai arrived at and left the S1 mooring site on YDAY 203 (23 July 2011)
and 211 (31 July 2011), respectively. The time interval is identified by the acronym YDAY,
defined as time interval in days since 1 January 2011 (i.e., YDAY = 0 on 1 January 2011
[UTC]). Local time was UTC + 10 hours. A total of 12 floats were deployed during YDAYs
203–204. During YDAYs 204–209, nine CTD casts (casts 1–9) were completed, and the
S1 biogeochemical moorings (sediment trap and underwater profiling buoy moorings) were
replaced. During YDAYs 210–211, five CTD casts (casts 10–14) were conducted during
six float deployments for calibration of the DO sensors. Floats were deployed around the
S1 mooring to observe a cyclonic eddy during YDAYS 203–211 (see Part 1 for details of
the float deployment).
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Bottle samples were collected along with the CTD casts, and the water was used to
measure nutrient concentrations, phytoplankton pigments, and primary productivity (PP).
Concentrations of nitrate plus nitrite (hereafter nitrate) were measured with a continuous-
flow analyzer (QuAAtro 2-HR, BL TEC K. K., Osaka, Japan). Chlorophyll a concentrations
were measured with a fluorometer (model 10-AU, Turner Designs Inc., Sunnyvale, CA) by
using the nonacidification fluorometric method of Welschmeyer (1994). For these assays,
0.5 L of water from each depth was filtered through a Whatman GF/F filter (Whatman Inter-
national) under gentle vacuum (<0.020 MPa). The pigments on the filter were extracted with
N, N -dimethylformamide at −20◦C in the dark for 24 hours (Suzuki and Ishimaru 1990).
We determined the abundance of different phytoplankton groups based on the concentra-
tions of diagnostic pigments by using the CHEMTAX program (e.g., Mackey et al. 1996,
1997). For this analysis, phytoplankton pigments were analyzed with a high-performance
liquid chromatography system (Agilent, Santa Clara, CA; Zapata, Rodríguez, and Garrido
2000). PP was estimated by using on-deck incubations, which were conducted for 24 hours
starting at dawn in light-adjusted incubation bottles. Water samples were transferred to
acid-cleaned polycarbonate bottles (1 L), and NaH13CO3 was added to each bottle before
the incubation to achieve a final concentration of 0.2 mmol L−1, which is sufficient to enrich
the bicarbonate concentration to approximately 10%. After the incubation, water samples
were filtered through precombusted GF/F filters, and inorganic carbon was removed by
fuming with HCl. The 13C content of the particulate fraction was measured with a mass
spectrometer (ANCA-SL, SerCon Ltd., Cheshire, UK; Hama et al. 1983). The bottom of
the euphotic zone was defined as the depth where the irradiance decreased to 1% of the
surface irradiance (wavelengths of 400–700 nm). To determine this depth, we used data
recorded by the sea-viewing wide field-of-view sensor (SeaWiFS) profiling multichannel
radiometer and the SeaWiFS multichannel surface reference sensor (Satlantic LP, Halifax,
Nova Scotia, Canada) during daylight hours on the day before seawater sampling.

A Knauer-type (Knauer, Martin, and Bruland 1979), cylindrical, drifting sediment trap
array was deployed on YDAY 205 (20:10 UTC) and recovered on YDAY 210 (2:10 UTC).
The traps were deployed at depths of approximately 60, 100, 150, and 200 m. The traps were
assembled from eight transparent polycarbonate cylinders with a baffle to reduce turbulence
at each depth. The collection area was 0.0038 m2, and the aspect ratio (620 mm length/75
mm width) was 8.27. Details of the sampling and chemical analysis have been described in
Honda et al. (2015) and http://ebcrpa.jamstec.go.jp/k2s1/en/dst.html.

Further details of the MR11-05 cruise and methods can be found in the cruise report
(http://www.godac.jamstec.go.jp/darwin/cruise/mirai/MR11-05_leg1/e).

c. Environmental data

In this study, we used the 1/4◦ × 1/4◦ (latitude × longitude) daily gridded sea surface
height anomalies (SSHAs) from the Archiving, Validation, and Interpretation of Satellite
Oceanographic (AVISO) data set (Ducet, Le Traon, and Reverdin 2000). The altimeter
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Figure 3. Time series of (a) weekly averaged sea surface height anomaly (SSHA) at the S1 mooring
site, (b) zonal velocity U (m s−1), and (c) meridional velocity V (m s−1). Blue and red inverted
triangles on the top indicate dates when the cyclonic and anticyclonic eddies approached the S1
mooring site, respectively. The horizontal axis is YDAY starting on 180 (30 June) and ending
on 320 (17 November). The data gap between YDAYs 204 and 210 was because of the mooring
replacement. YDAY, time interval in days since 1 January 2011.

products were produced by Ssalto/Duacs and distributed by AVISO, with support from
the Centre National D’Etudes Spatiales Data Center (http://www.aviso.altimetry.fr/duacs/).
We used 10 m wind speeds from the Japan Meteorological Agency (JMA) forecast model
(Saito et al. 2006; Saito 2012). The temporal and spatial resolution of JMA winds obtained
from the nonhydrostatic, mesoscale model were 1 hour, 0.0625◦ for zonal directions, and
0.05◦ for meridional directions, respectively. The large-scale properties shown in Figure
1 were obtained from the grid point value of the monthly objective analysis using Argo
data, which gives temperature and salinity on a 1◦ × 1◦ horizontal grid by using a two-
dimensional optimal interpolation on pressure surfaces (Hosoda, Ohira, and Nakamura
2008). The horizontal decorrelation radii of the optimal interpolation are set approximately
10◦ in midlatitudes near the sea surface, as indicated in Hosoda, Ohira, and Nakamura
(2008, table 3).

3. Results

a. Biogeochemical responses to the cyclonic eddy observed at the S1 mooring

The features of a cyclonic eddy were apparent from examination of the ADCP data (Fig. 3)
and a horizontal map of the SSHA (Fig. 4). A weak southwestward flow was observed before
YDAY 220 (Fig. 3b and c); a relatively stronger westward flow was observed after YDAY
230 (Fig. 3b), when the northern edge of the cyclonic eddy passed the S1 mooring (Fig. 4a
and b). At about YDAY 255 (Figs. 3b and 4c), a northward flow appeared when the eddy
moved southwestward and left the S1 mooring site. There was a strong meridional flow at
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Figure 4. Sea surface height anomaly (SSHA) on (a) YDAY 207, (b) YDAY 230, (c) YDAY 255,
(d) YDAY 267, and (e) YDAY 286. The color bar indicates the SSHA scale. Dashed lines indicate
satellite paths. The S1 mooring site is shown by the X. The blue − and red + are centers of the
cyclonic and anticyclonic eddies defined by the local SSHA minimum and maximum, respectively.
The dotted rectangular box in (a) indicates the region shown in Figures 7 and 14. YDAY, time
interval in days since 1 January 2011.

about YDAY 280 (Fig. 3c) associated with an anticyclonic eddy (Fig. 4d and e), which is
described in the Appendix.

During the mooring observation, salinity values varied around 0.1 on the isopycnal sur-
faces on a time frame of about 1 week (Fig. 5a). The DCM was located at a depth of
approximately 100 m (Fig. 5b). High chlorophyll a concentrations were observed (∼0.4,
0.7, and 0.4 mg m−3 on YDAYs 216, 234, and 267, respectively) when the depth of the
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Figure 5. Time series (daytime sampling every 3 days) of (a) salinity (Sal); (b) chlorophyll a (Chl-a;
mg m−3); (c) dissolved oxygen (DO; μmol kg−1); (d) potential photosynthetic activity, Fv/Fm; and
(e) oxygen production rate, PO2 (mmol O2 m−3 h−1) from the underwater profiling buoy system.
White contours indicate σθ potential density ρθ-1000 kg m−3 with a contour interval of 0.5 kg
m−3. Thick white line indicates a σθ of 25.0 kg m−3. The data gaps after YDAY 270 are because
of the mooring tilt. The black and red inverted triangles on the top indicate the date when typhoons
(TALAS and SONCA) and an anticyclonic eddy were closest to the S1 mooring site, respectively.
YDAY, time interval in days since 1 January 2011.

DCM shoaled (a suggestion of better light conditions and possibly nutrient transport). Note
that high chlorophyll a concentrations were often associated with low-salinity water. The
SSHAs indicated that the uplifts of the sea surface on YDAYs 216 and 234 could be asso-
ciated with the edge of the cyclonic eddy (Fig. 4b) and on YDAY 267 with the transition
from the cyclonic eddy to the anticyclonic eddy (Fig. 4d). During both periods, the profiler
did not reach the shallow oxygen maximum (SOM) layer, which was shallower than the
DCM layer, as shown in Section 3b (Fig. 5c). High Fv/Fm ratios (≥0.5) below 100 m were
recorded by the FRRF between YDAYs 220 and 240 and around YDAY 252 (Fig. 5d). The
PO2 was highest (>0.05 mmol O2 m−3 h−1) on YDAYs 216 and 231 (Fig. 5e).

The export fluxes at 200 m (Fig. 6c) were occasionally one order of magnitude larger
than the fluxes at 500 and 4,810 m (Fig. 6d and e) and were highest (∼220 mg m−2 day−1)

between YDAYs 240 and 275. These high fluxes were comparable to the annual maxi-
mum fluxes observed in the winters of 2011 and 2012 at a depth of 200 m (M. Honda,
personal communication). However, the flux of opal (SiO2·0.4H2O), which is associated
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Figure 6. Time series of (a) weekly averaged sea surface height anomaly (SSHA); (b) depth of the
shallowest sediment trap (target depth = 200 m; before the renewal of the mooring [YDAY 205],
the pressure sensor was attached 50 m above the shallowest trap); and export flux at (c) 200 m,
(d) 500 m, and (e) 4,810 m. Yellow is organic matter, blue is opal (SiO2·0.4H2O), red is CaCO3,
and black is lithogenic matter. The blue (red) inverted triangles indicate the date when the cyclonic
(anticyclonic) eddy was closest to the S1 mooring site. The data gap between YDAYs 203 and 210
is because of the mooring replacement. YDAY, time interval in days since 1 January 2011.

with diatom growth and which increased during the winter (M. Honda, unpublished data;
http://ebcrpa.jamstec.go.jp/k2s1/en/), was low, and the flux was dominated by organic mat-
ter and CaCO3 (Fig. 6c). A pressure sensor attached to the sediment trap at 200 m (Fig. 6b)
showed that between YDAYs 240 and 275 the pressure was relatively stable, the suggestion
being that the trap was not tilted down. Therefore, the collection efficiency may not have
been compromised during the high flux between YDAYs 240 and 275.

b. Shipboard measurements of the cyclonic eddy during MR11-05

During the MR11-05 cruise (July 2011), six CTD casts (1–3, 7, 8, and 10) were conducted
during 1 week (YDAYs 204–210) at the S1 mooring site (Figs. 4a and 7). CTD profiles
1, 2, and 3 revealed a different water mass (saline water) in the upper 100 m (Fig. 8). In
profiles 7 and 8, low-salinity water was recorded in the upper 100 m. Bottle samples were
also collected along with CTD casts 1, 2, 7, and 10 (Fig. 9). A DCM was apparent around
a depth of 80 m, the SOM was shallower (30–80 m) than the DCM, and the nutricline was
located at depths of 80–100 m. In profile 1, the high-nutrient, low-DO layer was observed
at a depth of approximately 75 m.

PP and the phytoplankton community were assessed in profiles 2 and 7. Within the
euphotic zone, profile 2 was relatively saline, and profile 7 was relatively fresh (Fig. 8). We
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Figure 7. Map of ship tracks colored to indicate YDAY (color scale at right) and conductivity-
temperature-depth (CTD) stations (black squares; bold numbers indicate CTD cast numbers). The
sea surface height anomaly on YDAY 207 is superimposed (black contour lines). YDAY, time
interval in days since 1 January 2011.

Figure 8. Vertical profiles of (a) sigma theta, σθ; (b) potential temperature, θ; and (c) salinity (Sal)
from conductivity-temperature-depth casts at the S1 mooring. Profile numbers and YDAY (UTC)
are color coded. Numbers after YDAY indicate hours and minutes. Local time is UTC + 10 hours.
YDAY, time interval in days since 1 January 2011.
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Figure 9. Vertical profiles of (a) Sigma theta, σθ; (b) potential temperature, θ; and (c) salinity (Sal)
from conductivity-temperature-depth (CTD) casts. (d) Dissolved oxygen (DO), (e) nitrate (NO2 +
NO3), and (f) chlorophyll a (Chl-a) from bottle samples. All of the samples were collected at the
S1 mooring location. Colored dots indicate sample depths. CTD cast numbers are color coded.

found very little difference, however, in vertically integrated PPs (222 mg C m−2 day−1

for profile 2 and 227 mg C m−2 day−1 for profile 7) and chlorophyll a concentrations
(16.5 mg m−2 for profile 2 and 19.1 mg m−2 for profile 7). The PP and chlorophyll a were
integrated over the depth of the euphotic zone (95 m for profile 2 and 86 m for profile 7).
Based on the CHEMTAX program, nano- and picophytoplankton, such as Prochlorococcus
(29.6% and 30.2% of the chlorophyll a in profiles 2 and 7, respectively), prymnesiophytes
(20.0% and 21.4%, respectively), and pelagophytes (19.4% and 22.6%, respectively), were
the dominant classes of phytoplankton (Table 1), as was the case during the EDDIES study
(e.g., Bibby et al. 2008). The species composition was similar in profiles 2 and 7 but there
was a slight increase in size of 1–3 μm for profile 7 (Table 1). Calcareous microalgae
known as coccolithophores are included among the prymnesiophytes, and their existence
was confirmed by microscopy (not shown). Typhoon MA-ON passed by the S1 mooring
site on YDAY 202 just before the cruise (fig. 14 in Part 1). It is unclear whether this typhoon
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Table 1. The composition of the phytoplankton community and the distribution of phytoplankton
cell sizes in profile 2 (YDAY 204) and profile 7 (YDAY 207) based on the chlorophyll standing
stock. All percentages were estimated from samples vertically integrated over the depth of the
euphotic zone. Chloro, chlorophytes; Crypto, cryptophytes; Cyano, cyanobacteria; Diato, diatoms;
Dino, dinoflagellates; Pelago, pelagophytes; Prasino, prasinophytes; Prochloro, Prochlorococcus;
Prymne, prymnesiophytes; YDAY, time interval in days since 1 January 2011.

Size composition (%) Group composition (%)

>10 3–10 1–3 <1
Profile μm μm μm μm Dino Diato Pelago Prymne Crypto Prasino Chloro Cyano Prochloro

2 10.3 11.3 28.8 49.6 2.5 2.4 19.4 20.0 2.7 6.7 6.3 10.4 29.6
7 11.8 10.6 34.6 42.9 2.0 1.9 22.6 21.4 1.6 4.0 4.5 11.9 30.2

Figure 10. Map of (a) ship tracks shown in Figure 7 and (b) trajectory of the drifting sediment trap
colored to indicate YDAY (color scale at right). The sea surface height anomaly on YDAY 207 is
superimposed (black contours). The black X indicates the S1 mooring site. (c) Export flux into the
drifting sediment traps. Yellow is organic matter, blue is opal (SiO2·0.4H2O), red is CaCO3, and
black is lithogenic matter. YDAY, time interval in days since 1 January 2011.

enhanced PP during MR11-05. Determination of the dominant species after Typhoon MA-
ON indicated that the typhoon did not lead to a diatom bloom.

A drifting sediment trap was launched northeast of the S1 mooring on YDAY 205 (20:10
UTC). The trap moved northwestward and was recovered on YDAY 210 (2:10 UTC) (Fig.
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Figure 11. Vertical profiles of (a) sigma theta, σθ; (b) potential temperature, θ; and (c) salinity (Sal)
during the deployment of S1-INBOX floats. Color coding indicates conductivity-temperature-depth
cast numbers 10–14. Numbers after YDAY indicate hours and minutes. Local time is UTC + 10
hours. S1-INBOX, Western North Pacific Integrated Physical-Biogeochemical Ocean Observation
Experiment conducted around the S1 biogeochemical mooring site; YDAY, time interval in days
since 1 January 2011.

10). A comparison with the sediment trap moored at 200 m before YDAY 240 (Fig. 6c)
showed that the composition of the material in both traps was similar: organic matter and
CaCO3 were dominant.

During YDAYs 210–211, CTD casts 10–14 were taken within a 1◦ × 1◦ area centered
at the S1 mooring site (Fig. 7). These CTD profiles documented both temporal and spatial
variability (Fig. 11). Profile 12 was conducted closest to the eddy center (southeast of site
S1; Fig. 7). Above 50 m, high-salinity water was observed to the southwest of the S1
mooring in profile 13. Bottle samples showed water column characteristics similar to those
at the S1 mooring site (Fig. 12): the nutricline was at depths of 80–100 m, as deep as or
just below the DCM, and the SOM was at depths of 40–80 m. Note that at the site of CTD
profile 10 (at the S1 mooring site), the nitrate concentration at 100 m was relatively high,
and the DO concentration was relatively low. This pattern might have reflected vertical
uplift because of the cyclonic eddy. In profile 11 (northeast of site S1), there was a water
mass characterized by a low nitrate concentration at 100 m and by high concentrations of
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Figure 12. Vertical profiles of (a) sigma theta, σθ; (b) potential temperature, θ; and (c) salinity from
conductivity-temperature-depth (CTD) casts. (d) Dissolved oxygen (DO), (e) nitrate (NO2 + NO3),
and (f) chlorophyll a (Chl-a) from bottle samples. Color coding indicates CTD cast numbers 10–14.

nitrate and chlorophyll a and a low DO concentration at a depth of 80 m. This water mass
corresponded to the intrusive structure of low-salinity water apparent in the CTD profile
(Fig. 11). The oxygen and fluorometer data are not shown.

4. Discussion

a. Cyclonic eddies

The mooring and shipboard measurements recorded the same cyclonic eddy at slightly
different times and locations. It is thus useful to compare results from the two sets of mea-
surements and to identify the general features of the cyclonic eddy. Figure 13 shows that
the water masses where we recorded shipboard CTD profile numbers 2 and 7 were the
saltiest and freshest water masses, respectively. These profiles reflect conditions where we
estimated PP and the composition of the phytoplankton community. Shipboard CTD profile
11 documented the intrusion of water with relatively low salinity and DO and relatively
high chlorophyll a (Fig. 13d–f). The mooring CTD profiles documented water with inter-
mediate values of salinity, DO, and chlorophyll a (Fig. 13a–c). The profile on YDAY 228
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Figure 13. Potential temperature (θ)–salinity (S) diagrams from (a–c) the moored conductivity-
temperature-depth (CTD) on the S1 mooring and (d–f) bottle samples taken during the shipboard
CTD profiles. Colors in (a) and (d) indicate dissolved oxygen (DO); in (b) and (e), chlorophyll
a (Chl-a); and in (c) and (f), pressure. Color bars on the top show values of those variables. The
thin lines in (a–c) are the profiles taken on YDAY 234 (left), YDAY 228 (middle), and YDAY 213
(right), respectively. Those in (d–f) are profile 7 (left), profile 11 (middle), and profile 2 (right),
respectively. YDAY, time interval in days since 1 January 2011.

recorded relatively high salinity, DO, chlorophyll a, and pressure within intrusive struc-
tures. The profile on YDAY 234 recorded relatively fresh water with lower DO and higher
chlorophyll a concentrations. There might be a tendency for low-salinity water to have
higher chlorophyll a concentrations (YDAYs 213 and 234 in Fig. 13b). However, lower
pressures on the same isopycnal surfaces on YDAYs 213 and 234 of the time series (Fig. 5)
imply uplift of deeper water. The implication is that the ship and mooring data sets recorded
highly variable structures around the edges of the cyclonic eddy. Water mass variability was
also apparent in the sea surface temperature and salinity observed during the cruise (Fig.
14). Salinity changes of more than 0.1 were observed over a period of 1 week, for example,
at 29.7◦ N, 145◦ E. A salinity change of similar magnitude was also observed over a spatial
scale of 20–50 km within the same day. The large-scale salinity change apparent in Figure
1 indicates that the low-salinity water may have been advected from the north.

It is also important to note the cause of the increased export flux during the period when
the chlorophyll a concentration in the DCM was relatively high (YDAY 220–270 in Fig. 5).
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Figure 14. Map of (a) ship tracks colored to indicate sea surface temperature and (b) sea surface
salinity. Color bars on the top of each figure show values. The sea surface height anomaly on
YDAY 207 is superimposed (black contours). YDAY, time interval in days since 1 January 2011.

A sediment trap sample recorded the flux for a period of a few weeks, and the profiler
recorded conditions instantaneously every 3 days. Based on the transit time of radiocesium
from the surface to a depth of 500 m, which was derived from studies after the Fukushima
Daiichi Nuclear Power Plant accident, Honda et al. (2013) pointed out that the speed of
sinking particles between the surface and a depth of 500 m was possibly 26–71 m day−1 at the
S1 mooring site. It would therefore have taken 2–5 days for particles to sink from the DCM
(at depths of 80–100 m in Fig. 5b) to a depth of 200 m. The on-deck incubation experiment
at the S1 mooring site during MR11-05 indicated that the phytoplankton production started
to increase 2–4 days after water sampling at the DCM (T. Fujiki, unpublished data). A
time interval of 2–4 days is within the duration of the period when the highest flux was
observed. The highest flux could therefore be associated with the cyclonic eddy. Because
the core of the cyclonic eddy did not pass by the S1 mooring, this large export flux could be
related to nutrient transport by a combination of vertical movement at the edge of the eddy
and horizontal advection. Because a steady westward flow (∼0.3 m s−1) at the northern
edge of the cyclonic eddy was observed during this period (Figs. 3b and 4a and b), we
hypothesize that particles were advected from upstream by a distance equal to one-fourth
of the circumference of the eddy with a time frame of 1 week.

Although there were two types of water masses during the S1-INBOX experiment, phy-
toplankton composition was similar in the two water masses. Those water masses did not
lead to a diatom bloom. Such a bloom occurred in an anticyclonic, mode-water eddy dur-
ing the EDDIES experiment, when the wind-current interaction persistently transported
nutrients into the euphotic zone at the eddy center (e.g., McGillicuddy et al. 2007). Rather,
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during S1-INBOX, the phytoplankton composition was similar to that observed around
the edge of eddies during the EDDIES experiment (Bibby et al. 2008). It seems likely
that Prochlorococcus, which is the smallest phytoplankton, could have become dominant
during the MR11-05 cruise by using the limited supply of regenerated nitrogen when con-
ditions were oligotrophic in the summer. However, it is possible that prymnesiophytes and
pelagophytes, which are smaller than diatoms, could become dominant if nitrate is supplied
intermittently because small phytoplankton have an advantage in terms of resource acquisi-
tion when nutrient concentrations are low (Raven 1998; Marañón 2015). Prochlorococcus
generally cannot use NO3 and requires regenerated nitrogen such as NH4, although some
exceptions can be found in Martiny, Kathuria, and Berube (2009). Other phytoplankton
can use a variety of nitrogen sources. The implication is that intermittent nutrient transport,
suggested by the relatively high Fv/Fm ratios (e.g., Bibby et al. 2008; Corno et al. 2008),
enhanced the growth of phytoplankton such as prymnesiophytes, some of which have a
calcium carbonate shell (Table 1), and the possible result was an increase of the export flux
to 200 m because of the ballasting effect of the CaCO3. This supposition is supported by
the dominant components of the export flux into two independent sediment traps (Figs. 6
and 10).

We note that there was a difference between the export flux into the moored sediment
trap and the flux into the drifting sediment trap. This inconsistency could be attributable to
differences in the collection efficiencies of the different sediment traps and to contamination
by swimmers (Honda et al. 2015). It is also possible that the drifting sediment trap captured
some intermittent, high-production events because it sampled on a Lagrangian rather than
Eulerian basis.

b. Typhoons

Three typhoons (MA-ON, TALAS, and SONCA) passed near the S1 mooring just before
and during the S1-INBOX study on YDAYs 202, 241, and 260 (Fig. 15a), respectively,
when the cyclonic eddy was near the S1 mooring site (e.g., Figs. 3a and 4). It is possible
that those typhoons were associated with the high DCM values on YDAYs 216–234 and
267 (Fig. 5b). Here, we consider two processes that could have brought nutrients into the
euphotic zone: (1) Ekman pumping and the horizontal kinetic energy associated with near-
inertial oscillations in the mixed layer during the forced stage and (2) the propagation of
near-inertial waves into the seasonal thermocline and subsequent mixing just below the
euphotic zone during and after the relaxation stage in YDAYs 195–270.

The Ekman vertical velocity can be expressed as follows:

wEk = 1

ρf

(
∂τy

∂x
− ∂τx

∂y

)
. (1)

The parameter ρ is the surface density, and we assigned it a typical observed value of 1,022.5
kg m−3 (e.g., Fig. 8) for simplicity. The parameter f0 is the Coriolis frequency at 30◦ N.
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Figure 15. Time series of (a) the magnitude of the JMA wind stress, τ; (b) vertical velocity because
of Ekman pumping from equation (1); (c) horizontal kinetic energy of inertial oscillations from
equation (2); (d) band-passed (0.9–1.2 cycles per day) zonal velocity from the moored ADCP (m
s−1); (e) chlorophyll a (Chl-a; mg m−3); and (f) Thorpe scales (dbar) averaged over 10 dbar and
plotted every 10 dbar for presentation purposes. Contours in (d), (e), and (f) are σθ with a contour
interval of 0.5 kg m−3. The lowest line shows σθ= 25.0 kg m−3. Pressure was used for the vertical
axis of potential density. The data gap between YDAYs 203 and 210 in (c) is the period when the
mooring was replaced. The black and blue inverted triangles on the top indicate the date when
typhoons (MA-ON, TALAS, and SONCA) and the cyclonic eddy were closest to the S1 mooring
site, respectively. ADCP, acoustic Doppler current profiler; JMA, Japan Meteorological Agency;
YDAY, time interval in days since 1 January 2011.

The parameters τx and τy are the zonal and meridional components of the wind stress,
respectively, calculated from 1-day, low-pass-filtered JMA winds and the parameterization
by Large and Pond (1981) without considering an effect of surface currents. Eddy-Ekman
pumping was ignored in this analysis because in a cyclonic eddy this pumping suppresses
the upward delivery of nutrients, which was our main focus (e.g., McGillicuddy et al. 2007).

The maximum upward velocities of wEk (∼20 m day−1) were created by Typhoon MA-
ON (Fig. 15b). The vertical migration of profiles seen in CTD casts 1–3 (Fig. 8) could
therefore be because of Ekman upwelling and near-inertial pumping. However, the fact that
this uplift was not observed after the casts suggests that the effect of the vertical uplift
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caused by Typhoon MA-ON was brief. The other two typhoons caused only small upward
velocities, occasionally O (1 m day−1) for wEk . For the slow-moving Typhoon TALAS, the
Ekman velocity was small at the S1 mooring site. It is therefore likely that the southward
movement of the cyclonic eddy caused changes in the DCM (Fig. 15e) after passage of
Typhoon TALAS on YDAY 240, at which time the doming isopycnal surface around 80 m
and the DCM vanished.

We estimated the energy available to generate near-inertial internal waves by using wind
data and a slab mixed-layer model (e.g., Pollard and Millard 1970; D’Asaro 1985). Fol-
lowing the formulation of D’Asaro (1985), we wrote the momentum equation in complex
notation Z = u + iv, T = (τx + iτy)/ρ, and ω = r + if ,

dZI

dt
+ ωZI = −dZE

dt
= − 1

ω

d

dt

(
T

H

)
. (2)

Here, ZI is the damped inertial oscillations, ZE is the Ekman current, and Z = ZI + ZE .
Parameter T is the wind stress acting on the mixed layer; parameter H is the mixed-
layer depth approximated by a second-order polynomial fit to the average mixed-layer
depth obtained from the S1-INBOX floats as a function of time; and r is a decay rate,
which we assumed to be 1/r = 3 days. The relative vorticity (Weller 1982) was ignored
for simplicity. Equation (2) was integrated from YDAY 181, and the inferred horizontal
kinetic energy, KE = (ρH/2)|ZI |2, was used to determine when inertial motions could
be generated (Fig. 15c). Typhoons MA-ON (YDAYs 200–205) and SONCA (YDAY 260)
could have generated strong inertial oscillations. After those surface oscillations, the band-
passed ADCP velocities indicated that there were near-inertial currents above 150 m after
YDAYs 210 and 260 (Fig. 15d). Those currents gradually dissipated or propagated into the
thermocline. It is also possible that those waves were propagated horizontally and arrived
at the S1 mooring site.

To clarify the roles of near-inertial waves and subsequent mixing on nutrient transport,
we calculated the Thorpe scale (Thorpe 1977), LT , from CTD upcast data as an indicator of
mixing (see Appendix). The high DCM patches recorded by the underwater profiling buoy
system (Fig. 15e) also corresponded to the near-inertial waves (Fig. 15d) and relatively
large overturns (YDAYs 220–230 and 260–270) in Figure 15f, the indication being that,
in addition to the cyclonic eddy, near-inertial waves and subsequent mixing generated by
Typhoons MA-ON and SONCA might have played a role in the intermittent supply of
nutrients. Around those mixing patches, averaged LT scales varied from 0.1 m to 0.4
m. The square of the buoyancy frequency, N2, calculated from reordered density, varied
from 2 × 10−5 to 1 × 10−4 s−2 and was smaller below a depth of 120 m. The vertical
diffusivity, Kρ, at the base of the euphotic zone was very roughly estimated from the
turbulent kinetic energy dissipation rate, ε = 0.64L2

T N3, and Kρ = εΓN−2 = 0.64ΓL2
T N

by assuming mixing efficiency of Γ = 0.2 (e.g., Dillon 1982). It was estimated to be
0.64 ×0.2 × (0.2 ×0.2)×10−2 ∼ 5×10−5 m2 s−1 in those patches with LT and N values
of 0.2 m and 10−2 s−1, respectively. Although this estimate is very rough, it could be used
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to provide an average diffusivity and to quantitatively infer effects of diapycnal mixing on
biogeochemical phenomena such as the temporally averaged new production recorded by
the moored sediment trap.

If we assume that nutrient was transported into the euphotic zone by vertical mixing,
there was no nutrient flux at the sea surface, all nutrient flux at the base of the euphotic
zone was immediately used for new production, and the export flux at 200 m equaled the
vertically integrated changes in the biomass in the euphotic zone, then the nutrient budget
in the euphotic zone can be written as

Cex = ∂

∂t

∫
C dz =

∫
γC:N

∂

∂z

(
Kv

∂Ni

∂z

)
dz = γC:NKv

∂Ni

∂z
, (3)

where Cex is the export flux of organic carbon from the moored sediment trap between
YDAYs 242 and 258 (Fig. 6c), ∼62.5/86,400 = 7.2 × 10−4 mg m−2 s−1; γC:N is the molar
Redfield ratio between carbon and nitrate, 106:16 (Redfield, Ketchum, and Richards 1963);
Kv is the average vertical diffusivity of 5 × 10−5 m2 s−1 estimated above; and ∂Ni

∂z
is the

vertical gradient of nitrate concentration approximately estimated from the bottle samples
shown in Figs. 9 and 12, ∼2.5 μmol kg−1/60 m = 0.042 μmol kg−1 m−1. Dimensional
adjustments were then made by using a seawater density of 1,025 kg m−3 and a molar mass
of 12 × 103 mg mol−1 for carbon. With these adjustments, the right-hand side of equation (3)
becomes γC:NKv

∂Ni
∂z

= (106/16)×(5×10−5)×(0.042×10−6)×(1,025×12×103) ≈ 1.7×
10−4 mg C m−2 s−1 ≈ 14.8 mg C m−2 day−1. This result suggests that diapycnal mixing
could have accounted for roughly about one-fifth of the export flux between YDAYs 242
and 258.

In the absence of a change in the vertically integrated biomass within the euphotic zone
from YDAYs 242 to 258, the export flux at 200 m would equal new production over that
time interval, and the average diffusivity could have accounted for about one-fifth of that
export flux. However, it was unclear if diapycnal mixing or vertical heaving because of the
cyclonic eddy caused shorter-term temporal variability of the DCM layer (Fig. 15e). On
the one hand, there appeared to be a tendency for the chlorophyll a concentrations to be
higher when the depths of isopycnal surfaces were shallower (Fig. 16a–d). On the other
hand, relatively high vertical diffusivities were intermittent (Fig. 16c and e). It is possible
that the relatively short-term temporal variability of the high-chlorophyll DCM layer was
associated with uplifting of isopycnal surfaces. Diapycnal mixing could further modify the
DCM layer. Because this speculation is based on one event, observation of many events and
application of tests for statistical significance would be necessary to test this hypothesis.

5. Summary

In this article, we reported results from the S1 moorings during S1-INBOX and from
the shipboard biogeochemical surveys conducted by the R/V Mirai during the deployment
of floats. The focus of this article was on the effects of a weak cyclonic eddy that was
influenced by the passage of three typhoons. Results can be summarized as follows.
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Figure 16. Time series of the (a) maximum chlorophylla (Chl-a) concentration at the deep chlorophyll
maximum layer, (b) pressure on the isopycnal surface σθ = 25 kg m−3, and (c) diapycnal diffusivities
averaged over 80–100 dbar. The scatter plots of (d) the maximum chlorophyll a concentration and
the pressure on the isopycnal surface, and (e) the maximum chlorophyll a concentration and the
average diapycnal diffusivities.

The underwater profiling buoy system and ADCP suggested that high chlorophyll a

concentrations occurred when the DCM was uplifted at the edge of the cyclonic eddy.
High DCM values and Fv/Fm ratios were consistent with the supposition that upward or
horizontal transport of nutrients was related to the highest export fluxes observed in the
moored sediment trap. Shipboard measurements were conducted around the cyclonic eddy.
Bottle samples showed that a DCM was present at approximately 80 m, the SOM (30–80 m)
was shallower than the DCM, and the nutricline was located between 80 and 100 m. The fact
that the dominant groups of phytoplankton were Prochlorococcus, prymnesiophytes, and
pelagophytes suggests that during oligotrophic conditions in the summer, prymnesiophytes
and pelagophytes can respond to intermittent nutrient supplies, a conclusion consistent with
results of the EDDIES study (Bibby et al. 2008). The components of the export fluxes were
similar in both the drifting and moored traps: organic matter and CaCO3 were dominant, a
result consistent with phytoplankton surveys during MR11-05.
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Surface wind forcing could have generated near-inertial oscillations in the mixed layer
during passages of Typhoons MA-ON and SONCA. Band-passed velocities indicated that
near-inertial internal waves propagated vertically and horizontally into the seasonal thermo-
cline. These internal waves and observed overturns were also related to high-chlorophyll
DCM patches as well as to high export fluxes around the cyclonic eddy. A comparison
between the export flux and nitrate flux during this period indicated that diapycnal mixing
could have accounted for about one-fifth of the new production.

Although the mooring and shipboard measurements captured physical and biogeochem-
ical processes around the edge of the cyclonic eddy, the spatial and temporal scales of these
processes were approximately less than 50 km and 1 week, respectively. It was therefore
difficult to distinguish three-dimensional processes with the discrete shipboard samplings
and single-point mooring survey. This issue and nutrient transport by the eddy are further
addressed in Part 3.
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APPENDIX

a. Oxygen correction for the underwater profiling buoy system

Without sufficient calibration, the oxygen concentrations determined by the underwater
profiling buoy system (OUPBS; thin curves in Fig. A1) were different from the concentrations
determined with the floats (OFLT; thick curves in Fig. A1). The latter were calibrated with
in situ shipboard conductivity-temperature-depth-dissolved oxygen (CTDO) observations
conducted during the floats deployment (Part 1). Assuming that the differences depended on
the oxygen absolute values and offsets, we obtained the corrected oxygen concentrations
determined by the underwater profiling buoy system by fitting a straight line (OCORR ∼
OFLT = aOUPBS + b) to the float profiles close to the mooring. These float profiles were
profiles determined within 2 days and 0.05◦ of latitude and longitude from the profiles
obtained with the underwater profiling buoy system. The corrected profiles (a = 0.54 and
b = 91) were similar to the float profiles, and the shallow oxygen maximum (SOM) values
were reasonable (Fig. A1). However, the temporal drifts of the oxygen sensor on the under-
water profiling buoy system and the quality of the corrected data could not be sufficiently
evaluated because there were only two float profiles near the mooring in this study.

b. Anticyclonic eddy

Strong flows tilted down the sediment trap and underwater profiling buoy moorings (e.g.,
YDAY [time interval in days since 1 January 2011] 255 in Fig. 5 and YDAYs 275–300
in Figs. 5 and 6). Therefore, only one profile was recorded near the center of the anticy-
clonic eddy (YDAY 285 in Fig. A2). The σθ data indicated that isopycnal surfaces in the
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Figure A1. Oxygen profiles measured by the underwater profiling buoy system. Dashed and solid
lines are before and after the calibration correction, respectively. To obtain the fitting coefficients,
we used two pairs of oxygen profiles for comparison. (a) One was taken on YDAY 220 by float
SN170, which was compared with that taken on YDAY 219 by the underwater profiling buoy
system. (b) The other pair was taken on YDAY 222 by SN197 and the underwater profiling buoy
system. The oxygen profile measured by the float is shown by the thick solid line. DO, dissolved
oxygen; YDAY, time interval in days since 1 January 2011.

observed depth range were shallower than in the surrounding water. The dissolved oxygen
concentration below the SOM was also higher near the eddy center than in the surrounding
water. This information together with the low stratification below 100 m suggests that this
anticyclonic eddy could have been a mode water eddy. The deep chlorophyll maximum
layer was above 100 m, but it was slightly lower than during other periods. The fact that
during the passage of the anticyclonic eddy the export flux into the moored sediment trap at
200 m was lower than during other periods (Fig. 6) possibly suggests a reduction of primary
production (PP) because of lower transport of nutrients into the euphotic zone. However,
it is also possible that the trapping efficiency was low in the anticyclonic eddy because of
tilting of the sediment trap or that calcifying prymnesiophytes, which have a high sinking
rate, were not stimulated by the anticyclonic eddy. We have only one profile because of the
tilt caused by the strong flows, which also affected the collection efficiency of the sediment
trap, and we have no shipboard measurements during the passage of the anticyclonic eddy.
It was therefore impossible for us to identify the causes of the lower export flux. Further
study is needed to understand PP in anticyclonic eddies.
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Figure A2. Vertical profiles of (a) sigma theta (σθ), (b) salinity (Sal), (c) dissolved oxygen (DO), and
(d) chlorophyll a (Chl-a) from the S1 mooring. The blue line is the profile taken on YDAY 216
at the edge of the cyclonic eddy, black is on YDAY 264 at the transition between two eddies, and
the red is on YDAY 285 at the center of the anticyclonic eddy. YDAY, time interval in days since
1 January 2011.

c. Thorpe scale calculation

We calculated the Thorpe scale (Thorpe 1977), LT , from CTD upcast data because a
comparison of the upcast data with the CTD downcast data from the mooring revealed
that small eddies induced by the profiler contaminated the calculations during the down-
cast. We used potential temperature to calculate overturning scales (Alford 2010). To
avoid gravitationally stable temperature inversions such as fine-scale intrusions, we also
estimated LT from the potential density and used the smaller of the two LT values.
We defined LT to be the root mean square of overturning scales over a mixing patch.
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Figure A3. An example of Thorpe scale calculations (YDAY 246): (a) potential temperature (θ),
(b) sigma theta (σθ), (c) vertical displacements of potential temperature (blue line) and potential
density (red line), and (d) Thorpe scales calculated from potential temperature (blue dotted line)
and potential density (red dotted line). The thick black line in (d) is the Thorpe scale after removing
the possible noise effects. Pressure is used for Thorpe scale calculations. YDAY, time interval in
days since 1 January 2011.

The estimation of overturning scales can be affected by noise and the vertical resolu-
tion of the CTD (e.g., Alford, Gregg, and Merrifield 2006; Thompson et al. 2007). The
error attributable to CTD noise in density (potential temperature), Δρ = 0.002 kg m−3

(Δθ = 0.002◦C), which is determined from the accuracy of the sensor, can be determined
from LTN = gρ−1(2Δρ)N−2[LTN = (2Δθ)(∂θ/∂z)−1 is used when LT is determined from
θ]. Here, g is gravitational acceleration. This LTN was compared with the estimated LT ,
and LT was set to 0 if LTN exceeded LT . We estimated the buoyancy frequency, N , from
reordered potential density data inside mixing patches. Because the CTD resolution was
relatively coarse (typically 0.2 m), we could only capture large overturns. We assumed
LT = 0 when the mooring did not detect overturns. Figure A3 shows an example of Thorpe
scale calculations of overturns on YDAY 246, when, according to the mooring ADCP data
(Fig. 15), there was a near-inertial current. This near-inertial current possibly generated
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small-scale overturns above 100 dbar. One large overturn of approximately 100 dbar, where
stratification was weak, was rejected as instrument noise (LTN > LT ) and was not used in
further analyses. Finally, it should be noted that, although Thorpe scale distributions seemed
to correspond to near-inertial currents (Fig. 15), a further verification has to be made by in
situ microstructure measurements to quantify turbulent mixing.
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