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Surface and middle layer enrichment of dissolved copper in the

western subarctic North Pacific

Iwao TanITAY, Shigenobu Takepa® 2, Mitsuhide Sato™ and Ken Furuya®

Abstract: Vertical distributions of dissolved copper were investigated at two stations in the
western subarctic and tropical North Pacific to elucidate the factors controlling its concentration.
There was a significant correlation (p-value <0.05) at the subarctic and tropical stations between
dissolved copper and silicic acid between 400-3000 m and 300-2000 m depths, respectively, which
implies the importance of diatoms in transporting copper. The dissolved copper concentration at
depths shallower than 1000 m was 1.3-2.7 times higher at the subarctic station than that at the
tropical station, and at depths shallower than 1500 m, it was 0.97-2.60 nM higher at the subarctic
station than the average of other reported values of the North Pacific. This can be attributed to
several processes. In the surface layer, horizontal advection of the coastal water by the East
Kamchatka Current was considered to be a source of copper because a high concentration was
observed within low-salinity surface waters. Supply of copper below the surface layer to 1500 m
was probably owing to downward transport by the biological pump and horizontal advection.
These results suggest that horizontal transport of copper from coastal or shelf area is important

for biological production and Cu distribution in this region.

Keywords : dissolved copper, North Pacific, subarctic, tropical

1. Introduction
Copper (Cu) is a trace metal that is both a
nutrient and toxin to phytoplankton. Copper is

10 Department of Aquatic Bioscience, Graduate
School of Agricultural and Life Sciences, The
University of Tokyo, 1-1-1 Yayoi, Bunkyo-ku,
Tokyo, 113-8657, Japan

20 Department of Marine Science, Graduate School of
Fisheries Science and Environmental Studies,
Nagasaki  University, Bunkyo-machi, 1-14,
Nagasaki, 852-8521, Japan

[ Corresponding author:

Tel: +813-5841-5292
Fax: +813-5841-5308
E-mail: asatom@mail.ecc.u-tokyo.ac.jp

required by phytoplankton, and works at the
active center of a variety of Cu-containing pro-
teins, such as plastocyanin, cytochrome oxidase,
ascorbate oxidase, superoxide dismutase, and
multicopper ferroxidase (TwiNING and BAINES,
2013). It has often been pointed out that its
concentration is low enough to limit phytoplank-
ton growth (e.g., MorreTT and DuroNT, 2007). On
the contrary, a surplus of Cu
phytoplankton (CoaLg, 1991). Cu toxicity may
control the composition and growth of the natural
phytoplankton community (MorFreTT et al.,, 1997,
ManN et al, 2002; PAYyTAaN et al, 2009). These
effects of Cu on phytoplankton are controlled by
the spatiotemporal variability of its concentration

is toxic to
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in the nanomolar range. Therefore, it is important
to elucidate the spatial variability of Cu concen-
tration to understand whether Cu supports or
limits phytoplankton growth in the environment.

To understand the spatial variability of Cu,
knowledge of its sources and sinks are important.
Known sources of Cu are aerosol deposition
(PAYTAN et al,, 2009), riverine input (MARTIN and
WHITFIELD, 1983), sediments in the coastal and
shelf region (WesTERLUND and OHmAN, 1991), and
hydrothermal vents (SANDER and KOSCHINSKY,
2011). Known sinks of Cu are consumption by
organisms (KiNuGAsA et al.,, 2005) and scavenging
with sinking particles (BoyLE et al.,, 1977; BRULAND,
1980). However, knowledge about spatial varia-
tion in Cu concentration in the open ocean has
been limited to the subtropical Pacific and
Atlantic Oceans (BovLE et al.,, 1981; SAAGER et al.,,
1997).

To elucidate local sources and sinks of Cu, it is
necessary to investigate its vertical profile. The
typical vertical profile of dissolved Cu (D-Cu),
which has been known since the late 1970's, is a
hybrid-type of nutrient-type and scavenged-type.
Since D-Cu has nutrient-type characteristics, its
concentration is as low as 0.24 nmol 1! in the
surface water 1980; MiLLer and
BruLAND, 1994; Ezoe et al, 2004), owing to
consumption by microorganisms, and increases in
the middle to deep layer (BovLE et al, 1977),
owing to recycling associated with organic

(BRULAND,

matter decomposition. Moreover, supply from
bottom sediments and scavenging by particles
throughout the column also affect the Cu profile
(BovLE et al, 1977). In addition, Cu supply by
aerosol deposition (PAYTAN et al, 2009) in the
surface or by horizontal advection in the surface
and middle layer (YeATs and CAmPBELL, 1983) has
also been reported.

The western North Pacific is a region with high
Fe supply and its sources are aerosol deposition

from the East Asia (Moore and BRAUCHER, 2008)
and horizontal transport from the Sea of Okhotsk
into the intermediate water of the Western
Subarctic Gyre (NisHIokA et al., 2007). Although
these processes can simultaneously supply Cu
and Fe, the spatial variability of Cu concentration
in this region is limited (FuasHiMA et al., 2001;
EzoE et al, 2004; TakaNo et al, 2014). The fact
that Cu can be used as an alternative to Fe under
Fe deficient conditions in some diatoms (PEeers
and Pricg, 2006) implies that Cu is an important
element for the phytoplankton in this Fe-limited
high-nitrate low-chlorophyll (HNLC) region.

In this study, we report differences in the D-Cu
concentration between the subarctic and tropical
regions in the western North Pacific, and discuss
the possible sources and sinks of D-Cu.

2. Materials and Methods
Sampling

Sampling was conducted during the KH-08-2
cruise of the R/V Hakuho-maru at subarctic Stn.
5 (47°00" N, 160°07" E, 5248 m depth, August
2008) and tropical Stn. 22 (11°30" N, 155°00" E,
5795 m depth, September 2008) in the western
North Pacific (Fig. 1). Seawater was collected
using acid-washed Teflon-coated Niskin-X bottles
at depths from 5000 m to 5 m. Seawater for D-Cu
samples was filtered through an acid-washed 0.22
-um pore-sized Millipak 100 filter (Merck-
Millipore) attached to a Teflon spigot of a Niskin-
X bottle. Acid-cleaned 125 ml low-density poly-
ethylene (LDPE) bottles (Nalgene) were used
for D-Cu sampling. Before sampling, the bottles
were cleaned as described in Konpo et al. (2012).
After sampling, the D-Cu samples were acidified
to a pH of 1.7 by adding hydrochloric acid (Tama-
pure-AA 100, Tama Chemicals).
Hydrography, chlorophyll a and nutrients

Vertical profiles of temperature, salinity, dis-
solved oxygen (DO), and fluorescence were



Dissolved Cu in the NW Pacific 3

40°N

30°NF
' .

20°Nt‘ |
Ui o e Stn. 22

A

10°N P
| #

120°E  130°E  140°E  150°E

Ocean Data View

160°E  170°E  180°E

Fig. 1 Sampling was conducted at Stns. 5 (47° 00’
N, 160° 07" E) and 22 (11° 30" N, 155° 00" E)
during the KH-08-2 cruise of R/V Hakuho-maru
(August-September 2008). The map was drawn
using Ocean Data View (ScHLITZER, 2012).

monitored by sensors (Sea-bird Electronics)
attached to a rosette. The mixed layer depth was
defined to be where there was a 0.125 increase in
sigma-t compared to that at the 10 m depth (Suca
et al, 2004). The Brunt-Véisdla frequency was
calculated from vertical profiles of temperature
and salinity as described by MiLLArD et al. (1990).
Apparent oxygen utilization was calculated by
subtraction of the ambient DO concentration
from the DO saturated concentration (WEIss,
1970). 113-300 ml of seawater for chlorophyll a
(Chl. a) analysis was filtered through 25-mm
glass microfiber filters (GF/F, Whatman), and
the Chl. a concentrations were measured fluoro-
metrically using a 10-AU fluorometer (Turner
Designs) after extraction with 5 ml of N’, N'-
dimethylformamide on board. Seawater for
nutrient analysis was frozen at -20 [J. Concent-
rations of nutrients were measured by an
autoanalyzer (AACS Ill, Bran + Luebbe) on land.
The salinity of the surface water pumped up from
the bottom of the ship (56 m) was also monitored

(ACT-20, Alec Electronics) during the cruise.
The surface sensor was calibrated against
discretely determined salinity of seawater col-
lected from the sea surface by bucket sampling
during the leg 1 of this cruise (stations not
shown).
Reagents for dissolved copper

Salicylaldoxime (SA) (Sigma) was dissolved
in 0.1 mol I"* hydrochloric acid (Tamapure-AA
100, Tama Chemicals) at a concentration of 10
mmol I, to be used as a stock solution, and left at
4-6 O for a few days to achieve complete dissolu-
tion. For the second measurements without UV
irradiation described later, SA was dissolved in
Milli-Q water at 100 mmol I™* and was used as a
stock solution. It was heated in a microwave oven
for complete dissolution before use. Then, it was
diluted with Milli-Q water to a final concentration
of 10 mmol I™* and used as the working solution.
Boric acid (suprapure, Merck-Millipore) was
dissolved in 0.35 mol I"* ammonia water (Tama-
pure-AA 100, Tama Chemicals) at a final
concentration of 1 mol I* to obtain the pH buffer.
For additional measurements, the borate buffer
was purified twice by the MnO, method
(GrAssHOFF et al., 1999). 3- 431 2-Hydroxyethyl)-1-
0 EPPSO
0 Sigma-Aldrichd was dissolved in 1 mol I

piperazinylC}propanesulfonic  acid
ammonia water (Tamapure-AA 100, Tama Che-
micals) at a final concentration of 1.2 mol I”* to be
used as another pH buffer. A standard Cu
solution was prepared by serial dilution from
copper standard solution (Cu: 1,000 mg I%, JCSS,
Cu(NO3). in 0.1 mol I™* HNO3, Wako Pure Chemi-
cal Industries) with 0.05-0.1 mol I"* hydrochloric
acid (Tamapure-AA 100, Tama Pure Chemical
Industries).
Measurement of dissolved copper

D-Cu concentration was measured by cathodic
stripping voltammetry (CSV) using SA (CampPOs
and VAN DEN BERG, 1994). Measurement of D-Cu
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concentration was conducted after 16 months of
preservation. Twelve milliliters of samples were
pipetted in a quartz tube and UV-irradiated for 4
hours (Campos and vAN DEN BERG, 1994) at 80-90
0 by a 705 UV digester with a 150 W lamp
(Metrohm) to decompose dissolved organics that
could interfere with the CSV measurement by
preventing Cu from forming a complexation with
SA or saturate at the surface of the mercury drop
of the working electrode. After irradiation, 10 ml
of the sample was neutralized to a pH of 8.3-8.4
with 100 pl of borate buffer and ammonia water
(Tamapure-AA 100, Tama Chemicals). SA was
added at a final concentration of 25 pmol ™. Then
the Teflon” perfluoroalkoxy (PFA) measuring
vessel (Metrohm) was set at 757 or 797 VA
Computrace (Metrohm). The voltammetric set-
ting was slightly modified from that of Campos
and VvANDEN Berc (1994). Deposition potential
was set at -1.06 V. The scan range was from -0.11
to -0.56 V. The concentration of D-Cu was deter-
mined using the standard addition method. The
detection limit was 0.05 nmol I™*
times the standard deviation of the peak height
obtained by the replicate measurement of Cu in
Milli-Q water. The measured concentration of
standard seawater (NASS-5), using the EPPS
buffer (final concentration of 6.0 mmol I™* and
final pH of 8.3=8.4) without UV irradiation, was
516 = 0.19 nmol I"* (n = 3), which is within the
range of the certified values of 467 = 0.72 nmol
IL. Although we used the EPPS buffer in the
beginning, it was later replaced by the borate
buffer to eliminate the effect of the EPPS
complexing with copper (SoArRes and BARROS,
2001). Moreover, since the conditional stability
constant of Cu-EPPS is much weaker than that of

., which is three

Cu-SA, the effect of EPPS on the measurements
was negligible. Therefore, data measured using
each buffer was treated equally in this study.

In the first measurement, we conducted UV

irradiation on the sample seawater. However, we
left out this process in the second measurement,
because measurements of SAFe reference sam-
ples S and D2 without UV irradiation (n =3; 0.50
+ 0.03 and 2.35 + 0.15 nmol I"? for S and D2,
respectively) agreed with consensus values of
052 + 0.05and 2.28 + 0.15 nmol kg™ for S and
D2, respectively, reported in May 2013 (www.
geotraces.org). The voltammetric setting was the
same as described by Campos and VAN DEN BERG
(1994). Values determined without UV irradia-
tion were at 3500 and 4500 m at Stn. 5 and at 5
and 50 m at Stn. 22, which are realistic values
compared with values just above and below the
depth measured with UV irradiation. Some
values were the average of results by both
methods with and without UV irradiation at 5, 50,
150, and 1500 m at Stn. 5 and at 10 m at Stn. 22
because no clear difference was observed be-
tween the results with and without UV irradia-
tion (data not shown).

Blanks were corrected assuming that the Cu
concentration in Milli-Q water was zero. Since the
pH buffer varied between measurements, we
measured blanks separately for these different
measurements (the final pH was the same in both
measurements). Thus, the reported values in this
study are comparable to each other despite the
different pH buffers used.

Phytoplankton Pigment Composition

To analyze phytoplankton pigment composi-
tion, 0.7-5.2 | of seawater collected from 5, 10, 20,
30, and 50 m at Stn. 5 and from 5, 10, 30, 50, 100,
140, 150, and 200 m at Stn. 22 was filtered through
glass microfiber filters (GF/F, Whatman). The
filters were flash-frozen in liquid nitrogen or
frozen at -80 O in a freezer, and were preserved
at -80 O until analysis on land. Pigments on the
filters were extracted in 3.6 ml of 95% methanol
(for liquid chromatography, Wako Pure Chemical
Industries) with sonification (Sonifier 150,
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Branson) to destroy phytoplankton cells. After >
1 h extraction at 5 0, glass microfiber filters in
the extracts were eliminated by filtration using a
0.2-pm polytetrafluoroethylene (PTFE) syringe
driven filter unit (Millex" -FG, Merck-Millipore).
Finally, 1.6 ml of the extract was mixed with 0.4
ml of Milli-Q water just prior to injection into a
high-performance liquid chromatography
(HPLC) system.

Pigments in the extracts were quantified by
HPLC according to a method of ZapAaTA et al.
(2000) slightly modified as Miki et al. (2008). The
measured pigments were identified by compar-
ing retention time and absorbance spectra with
those of standard pigments. Data of absorbance
and spectra used in this study were from FurRuYA
et al. (2003) and Miki et al. (2008). The measured
pigments were monovinyl (MV) Chl. a, MV Chl.
b, divinyl (DV) Chl. a, zeaxanthin (Zea), alloxan-
thin (Allo), diadinoxanthin (Diad), 19 -hexanoy-
loxyfucoxanthin (Hex), prasinoxanthin (Pras),
fucoxanthin  (Fuco), 19 -butanoyloxyfucoxan-
thin (But), peridinin (Peri), Chl. ¢3 Neoxanthin
(Neo), and Chlorophyllide a (Chld. a).

3. Results
Hydrography, chlorophyll
pigments and nutrients

a, phytoplankton

Salinity monotonically increased with depth at
Stn. 5 from 32.6 at the surface to 34.7 at 5000 m
depth (Fig. 2a). Potential temperature at Stn. 5
was highest (13.2 O) at the surface, sharply
decreased with depth, and was minimum (1.14 [0)
at 93 m. Then, temperature increased to about
3.67 O at 256 m, and decreased again with depth
to 1.08 O at 5009 m (Fig. 2a). At Stn. 22, salinity
was stable at 34.6 at the surface (at 43 m), and
increased with depth to its maximum (35.1) at
158 m (Fig. 2b). The salinity maximum is typical
of North Pacific Tropical Water (Suca et al,
2000). Salinity, then decreased and reached a
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Fig. 2 Salinity (solid line) and Potential tempera-
ture (dotted line) profiles at Stns. 5 (a) and 22
(b). T-S diagrams were also depicted from these

data at Stns. 5 (c) and 22 (d).

minimum (34.4) at 292 m, and increased again
with depth to 34.7 at 5702 m. Potential tempera-
ture at Stn. 22 was the highest (29.3 00) at the
surface and monotonically decreased to 1.01 [0 at
5702 m (Fig. 2b).

The hydrography at Stn. 5 was categorized
into two water masses, Subarctic Upper Water
(0-2000 m) and Pacific Deep Water (2000-
5000 m) (Fig. 2c), based on temperature and
salinity (Tomczak and Goprrey, 2005). At Stn. 22,
the Western North Pacific Central Water, North
Pacific Intermediate Water, and Pacific Deep
Water (Tomczak and Gobprrey, 2005) were
observed at depths of approximately 175-250 m,
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250-2000 m and 2000-5702 m, respectively (Fig.
2d). Water masses with low salinity at depths
shallower than 175 m were not denominated as
far as we know, but probably resulted from the
formation of high-salinity North Pacific Tropical
Water (Suca et al., 2000) observed around 175 m.
That is, high-salinity water mass was formed
around the sea surface by evaporation and was
subsided owing to its high density while being
transported laterally, which resulted in more
saline subsurface water than the surface one. The
mixed layer depth (MLD) was 12 m and 45 m at
Stns. 5 and 22, respectively. At Stn. 5, the Brunt-
Viséla frequency sharply increased around the
bottom of the mixed layer from 0.0509 at 11 m to
0.204 at 12 m, and then decreased with depth to
0.0552 at 200 m (Fig. 3a). The surface water at
depths shallower than 12 m at Stn. 5 was
characterized by low salinity (32.6-32.9) and was
distinguishable in the T-S diagram (Fig. 2c). The
low-salinity water in the sea surface (5 m) was
widely observed in the northern area during the
cruise (Fig. 4). At Stn. 22, the Brunt-Vaiséla
frequency was relatively stable (0.01-0.03) from
10 m to 43 m. Then, it sharply increased to 0.0553
at 46 m, coinciding with the mixed layer depth.
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Fig. 3 Vertical distributions of Brunt-Vaisédla fre-
quency (N) were calculated from temperature
and salinity at Stns. 5 (a) and 22 (b).

Below 46 m, it gradually increased with depth to
0.0834 at 200 m (Fig. 3b).

Chl. a concentration was highest at the surface
(0.67 pg I, and sharply decreased from the 50
to 100 m depth at Stn. 5 (Fig. 5a). Although a low
Chl. a value (0.23 pg I'") was observed at 40 m, it
is uncertain whether it was actually low or was
caused by a mishandling of samples in the
measurement because there was no drastic

—_— N _I 345
O'N'} :r | 34

45°N N
N—

40°N l

Ajulles soeung esg

35°N 325

Ocean Data View

32

140°E 150°E 160°E 170°E

Fig. 4 Salinity on the surface during the first leg of
the cruise (from 29 Jul tol 9 Aug 2008) was
plotted on the map using Ocean Data View.
Location of Stn. 5 was shown by a circle on the
map.
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Fig. 5 Chlorophyll a (cross, solid line) and dissolved
copper (white diamond, dashed line) at Stns. 5
(a) and 22 (b).
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change of in vivo fluorescence, temperature, or
salinity around this depth. At Stn. 22, Chl. a was
low (0.04-0.08 pg I™") throughout the top 75 m and
the subsurface Chl. a maximum was observed
(SCM, 0.28 pg 1Y) at 140 m depth (Fig. 5b).

At Stn. 5, among the algal pigments deter-
mined in the present study, MV Chl. a, But, Hex,
Fuco, Chl. b, Chl. ¢ and Diad were dominant
(Table 1), implying that diatoms, prymnesio-
phytes and dinoflagellates were the dominant
phytoplankton groups. At Stn. 22, the concentra-
tions of MV and DV Chl. a, and Zea were high in
the top 100 m. From SCM (140 m) to 150 m, Chl. b
in addition to the above pigments was also
abundant (Table 1). These results imply that the
dominant phytoplankton groups were cyanobac-
teria and prochlorophytes. Although Fuco was
also detected at Stn. 22, its concentration was low,
which suggests a low abundance of diatoms.

The oxygen minimum was observed at 700 m
(7.18 ml I'Y) and 1160 m (5.86 ml I'") at Stns. 5
and 22, respectively (Fig. 6a-d). The layers of the
oxygen minima corresponded to the Subarctic
Upper Water and the North Pacific Intermediate
Water at Stns. 5 and 22, respectively.

Nitrate, phosphate, and silicic acid concentra-
tions were lowest in the surface (7.52 pumol 17,
0.932 pmol It and 8.76 pmol 17, respectively), and
highest around 300-600 m for nitrate and
phosphate (45.7-46.2 umol I™* and 3.17-3.19 pmol
I, respectively), and at 1500 m for silicic acid
(163 pumol I1); all these values were observed to
occur within the Subarctic Upper Water. At Stn.
22, nitrate, phosphate and silicic acid concentra-
tions were lowest above the SCM, and had their
maxima at 1000 m (40.3 umol 1), 1500 m (2.90
pmol I™1) and 3000 m (155 pmol 1Y), respectively.
The concentration maxima occurred within the
Western North Pacific Central Water and the
North Pacific Intermediate Water for nitrogen
and phosphorus and occurred deeper in the

Pacific Deep Water for silicon.
Dissolved copper

Vertical profiles of D-Cu had nutrient-type
characteristics at both subarctic and tropical
stations (Fig. 6b and d), although the relative
variation in the D-Cu concentration between
surface and deep waters was smaller than that in
the nitrate concentration. At the subarctic Stn. 5,
a relatively high concentration was observed
near the surface (3.2 nmol I"* at 5 m), within low-
salinity water (32.6-32.9). Below the MLD (12
m), D-Cu concentration had its minimum (2.24-
2.26 nmol I™*) at 20-30 m, the region where Chl. a
was still high (Fig. 5a). The range of D-Cu
concentration was 2.2-3.2 nmol I™* at a depth of
5-1000 m. The D-Cu concentration increased
between 1000-1500 m and 3000-4000 m, and
reached 5.0 nmol 1! at a depth of 4000-5000 m
(Fig. 6b). The D-Cu continued to increase below
the layer of the AOU, nitrate, phosphate and
silicic acid (Figs. 6a and b) maxima. The
correlation between D-Cu concentration and
silicic acid concentration (Fig. 7a) was significant
between 400-3000 m (p <0.05). On the other
hand, no significant correlation was observed
between D-Cu concentration and nitrate and
phosphate concentration or AOU (not shown).

At the tropical Stn. 22, D-Cu concentration had
its minimum (0.84 nmol I'") at SCM (140 m),
although it was relatively constant within the
surficial 200 m (Fig. 5b). We eliminated the D-Cu
data at 5 m because heavy contamination was
suspected (10.1 nmol I™"). Increase of the D-Cu
concentration was observed below 400 m depth in
the North Pacific Intermediate Water, reaching
4.0-45 nmol I* at depths of 3000-5000m (Fig. 6d)
in the Pacific Deep Water. Below this depth, the
D-Cu further increased to 5.15 nmol I at 5587 m,
which was approximately 200 m above the sea
floor. As observed at Stn. 5, the D-Cu continued
increasing much below the AOU, nitrate, phos-
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Fig. 6 Nitrate (a, ¢), phosphate (a, ¢), Silicate (b, d), dissolved copper (b, d) and AOU (a, b, ¢, d) profiles at
Stns. 5 (a, b) and 22 (c, d).
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Fig. 7 Relationship between concentrations of
dissolved copper and silicic acid at Stns. 5 (a) and
22 (b) throughout the water column (open and
filled squares). Significant correlation was ob-
served between 300-2000 m and 400-3000 m
depth at Stns. 5 and 22, respectively (shown by
filled squares, p <0.05).

phate, and silicic acid maxima at this station.
Within a limited depth from 300-2000 m, the D-
Cu concentration showed a significant correlation
with the silicic acid concentration (p <0.05) (Fig.
7b). Below 2000 m, the silicic acid concentration
was relatively constant, while the D-Cu continued
to increase with depth, resulting in no significant
correlation (p >0.05) within this depth range. The
distribution of nitrate, phosphate, and AOU had
no relationship with that of D-Cu (p >0.05).

With respect to Stns. 5 and 22, D-Cu was higher
at Stn. 5 than at Stn. 22 at depths shallower than
1500 m, which corresponds to the Subarctic
Upper Water at Stn. 5 and the Western North
Pacific Central Water and the North Pacific
Intermediate Water at Stn. 22. In contrast, the D-
Cu was at the same level below 2000 m, which
corresponds to the Pacific Deep Water at both
stations.

4. Discussion
Characteristics of D-Cu profile

Nutrient-type characteristics of D-Cu profiles
are commonly observed in the Atlantic (MOORE,
1978; YEATs and CAMPBELL, 1983; DANIELSSON et al.,
1985), the Pacific (BovLE et al, 1977, BRULAND,
1980), and the Indian Oceans (DANIELSsON, 1980;
Saacer et al, 1992). The D-Cu concentration
minimum coincided with the Chl. a concentration
maximum at both subarctic and tropical stations,
suggesting D-Cu consumption by phytoplankton.
D-Cu concentration increased with depth below
the middle depths (1000 and 600 m at Stns. 5 and
22, respectively), which is likely due to integrated
effect of remineralization accompanied by organ-
ic matter decomposition and lateral transport of
aged water mass by deep sea circulation (FEeLy
et al., 2004).

In the present study, the correlation between
D-Cu and silicic acid was observed at both Stns. 5
and 22, though in different depth ranges (Fig. 7).
A correlation between D-Cu and silicic acid
caused by Cu consumption by diatoms and the
following downward transport through the
biological pump has previously been reported
(WEesTERLUND and OHMAN, 1991, NoLTinG et al.,
1991; LoscHER 1999; Bove et al,, 2012). The slope of
this correlation at Stn. 22 was 0.016 in this study,
which is within the range of reported values in
the subtropical and subarctic eastern North
Pacific (0.006-0.029) (NoLTInG et al.,, 1991). In the
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subtropical region, despite a generally low
abundance of diatoms, a correlation between Cu
and Si has previously been frequently observed
(NoLTinG et al., 1991; Boye et al, 2012). In addition,
at Stn. 22, which is located in the tropical region,
the abundance of diatoms was low as shown by
the low Fuco/Chl. a ratio (0.02-0.07) that is an
order of magnitude lower than that at Stn. 5
(0.22-0.32). Moreover, the opal contribution to
total sinking particle flux has also been reported
to be lower in the western subtropical North
Pacific than in the subarctic region (KAWAHATA,
2002). These observations imply that dissolved
copper between 300 and 2000 m at Stn. 22 was
mainly supplied by lateral transport from diatom-
dominated high productive areas. In contrast, at
Stn. 5, the correlation between Cu and silicic acid
was not observed around the silicocline between
5-300 m. However, then, D-Cu increased below
400 m, where increase of silicic acid was small.
This resulted in the larger slope (0.042) of the
correlation at Stn. 5 (Fig. 7a) than that at Stn. 22
(0.016, Fig. 7b). To explain the fact that D-Cu
kept increasing below the silicic acid maximum at
both stations, it is necessary to consider down-
ward transport of Cu by sinking particles other
than diatoms, such as mineral particles, or supply
of Cu from the bottom sediments (BovLE et al,
1977; BRULAND, 1980) even if Cu supply by lateral
transport is taken into account. Since D-Cu
gradient was observed from the bottom to 2000 m
at Stn. 22 despite the low value at 5000 m, D-Cu
increase between 2000-5587 m seems to have
been attributed to the bottom source. On the
other hand, discontinuity of D-Cu gradient was
observed between 3000 m and 4000 m at Stn. 5.
Therefore, supply from the bottom source at this
station seems to have been limited between 4000
and 5000 m if lateral transport of water mass was
not considered. Between 2000 and 3000 m, D-Cu
may have been supplied by sinking mineral

particles. Although mineral particles can also
supply silicic acid together with Cu, its relative
influence on silicic acid concentration seems to be
low because the concentration of autochthonous
silicic acid is high. On the contrary, D-Cu
concentration can be relatively strongly influ-
enced by supply from mineral particles because
D-Cu concentration is initially low. In addition to
the supply from mineral particles, supply by
northern horizontal transport of Cu-rich water by
deep-sea circulation is another possible reason to
explain the discontinuity of D-Cu gradient.
Therefore, it is necessary in the future study to
elucidate vertical distributions of Cu from the
high-resolution latitudinal survey.
High concentration of D-Cu near sea surface

In this study, high D-Cu concentrations were
observed at 5 and 10 m at Stn. 5 and at 5 m at Stn.
22. High concentrations of D-Cu near the sea
surface have been reported, which are attributed
to D-Cu supply by aerosol deposition or contami-
nation from ships (BovLE et al, 1977, CoaLE and
BruLAND, 1990; Ezoe et al, 2004). At the very
least, the sample collected from 5 m at Stn. 22 is
suspected to be contaminated because the
concentration here (10.1 nmol I™*, eliminated from
figures) is an order of magnitude higher than
previously reported values in the open ocean and
because aerosol was sparse at this station (data
not shown). Although the sampling side of the
ship was toward the wind during sampling to
avoid contamination from exhaust gas, com-
pletely avoiding contamination, at least for Cu, in
samples taken near surface waters by a rosette
sampler is difficult (BruLanp, 1980). On the
contrary, the high D-Cu near the surface at Stn. 5
was at a level that has been explained by aerosol
deposition or horizontal transport in previous
reports (BovLE et al, 1977, 1981). In addition,
from the surface to 12 m depth at Stn. 5, the
salinity was lower (32.6-32.9) than that of the
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Subarctic Upper Water (32.9-33.1) (Fig. 2c¢).
Since low-salinity surface water was observed in
large areas between 160° E and 180° in the north
of 44.5° N during the cruise (Fig. 4), it is more
likely to have been caused by a water mass,
influenced by coastal supply, that was probably
horizontally transported by the East Kamchatka
Current (FavoriTe et al, 1976), and not by
precipitation. However, it is also possible that Cu
was loaded by aerosol deposition onto the low-
salinity surface water during its horizontal
transport. D-Cu supply by the horizontal trans-
port of the low-salinity surface water seems
plausible because a high D-Cu concentration was
observed in the low-salinity water (<12 m).
Comparison of D-Cu profile in the North Pacific
D-Cu vertical profiles in the eastern and
western North Pacific, including both subarctic
and subtropical areas, were compiled from the
present and previous studies (BrurLanp, 1980;
Buck et al., 2012; CoaLE and BRULAND, 1990; EzoE et
al., 2004; FuJisHIMA et al., 2001; HirosE et al., 1982;
MiporiKAWA et al., 1990; MILLER and BRULAND, 1994:
MorrFeTT and DuponT, 2007; SEMENIUK et al., 2009;
TAakano et al, 2014) (Fig. 8). Here, values of
MorreTT and DuponT (2007) were read from
figures. The D-Cu concentration at depths
shallower than 1500 m at Stn. 5 vs. that of the
compiled data without the data of Stn. 5 in this
study and of MorreTT and DuroNT (2007) was
2.23-452 nM vs. 0.46-2.94 nM (0.94-2.56 nM
higher than average of the values at other
stations), and remained at almost the same level
below 2000 m (Fig. 8). MorreTT and DuroNT
(2007) also reported similarly high concentration
of D-Cu between 500-1500 m in the subarctic
North Pacific. However, these high values (2.35-
452 nM) are not unrealistic, since the complexing
capacity of organic ligand in the subarctic Pacific
(generally ~3-4 nM, CoaLeE and BRuLAND, 1990;
MiLLER and BRULAND, 1994; MorrFeT and DUPONT,

1000

2000

3000

Depth (m)

4000

5000 ~

6000

Fig. 8 Compiled data of vertical profile of D-Cu in
previous studies in the Pacific Ocean (filled circle,
BruLAnD, 1980; Buck et al, 2012, CoaLe and
BruLAND, 1990; EzoE et al., 2004; FuiisHIMA et al,
2001; Hirose et al., 1982; MiporiKAwWA et al., 1990;
MiLLer and BRULAND, 1994; SEMENIUK et al., 2009;
TAKANO et al., 2014: cross, MoFrFeTT and DuUPONT,
2007) and in this study (Stn. 5: open circle, Stn. 22:
open diamond). Unit of nmol kg™ in TAkANo et al.
(2014) was converted into nmol 1! using 1.02 kg
It as seawater density.

2007) is even higher than or at the same level as
these values. To account for the high D-Cu
concentration, it is necessary to consider supply
and removal processes.
Sources and sinks of D-Cu in the euphotic layer
Within the euphotic layer, which is reported to
be around 45-60 m in the western subarctic gyre
(MocHizuki et al., 2002; TsupA et al., 2005), aerosol
deposition is an important source of Cu (PAYTAN
et al, 2009). Pavtan et al. (2009) estimated
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atmospheric deposition of Cu to be high in the
western North Pacific, especially around 35-45°
N, which is similar to the pattern of dust
deposition estimates by other studies (UEmATSU
et al, 2003; MEeasures et al, 2005). Although
station BOO1 (39°59° N, 160°00" E; June 23-24,
2000) of EzoE et al. (2004) is located closer to the
center of the high Cu deposition region described
above than Stn. 5 in the present study, the
surface D-Cu concentration there was lower than
that at Stn. 5. Moreover, the monthly averaged
aerosol optical thickness at 550 nm as monitored
by MODIS-Terra (Jul 2000) and MODIS-Aqua
(Aug 2008) and produced with the Giovanni
online data system at a website of the Goddard
Earth Sciences Data and Information Services
Center (GES DISC), showed higher aerosol
density at station BO01 (0.157, Jul 2000) than at
Stn. 5 (0.143, Aug 2008) at each sampling time.
Additionally, in the Atlantic Ocean, the surface D-
Cu distribution (BovyLE et al., 1981) was clearly
different from that of D-Fe, which was covaried
with dust deposition on a latitudinal transect
(Moore et al., 2009). Therefore, it is unlikely that
dust deposition was the main cause of the high D-
Cu concentration at Stn. 5, and it is necessary to
consider other supply processes.

Another possible source of D-Cu into the
euphotic layer is the transport of coastal water by
horizontal advection (YEATs and CAMPBELL, 1983).
There are two lines of evidence that show D-Cu
supply by horizontal advection at Stn. 5. First,
low-salinity water was observed at the surface
around Stn. 5 as described above, which suggests
horizontal advection of coastal water. Second, a
satellite image of monthly-averaged surface Chl. a
during August 2008, monitored by SeaWiFS (9
km) and produced with the Giovanni online data
system, showed that high Chl. a water extends
from the coast to large oceanic areas, around Stn.
5 (Fig. 9). Therefore, horizontal transport of
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Fig. 9 Satellite images of surface Chl. a concentra-
tion during August 2008. Monthly averaged
SeaWiFS 9 km data were depicted with Giovanni
online data system (http://disc.sci.gsfc.nasa.gov/
giovanni). Locations of Stn. 5 of this study were
shown as dots on the map.

coastal water, rather than aerosol deposition, is
considered to have been the main cause of the
high D-Cu concentration at Stn. 5, although
aerosol deposition could have also contributed to
the Cu supply to some extent. Cu supply into the
surface layer at Stn. 5 was also implied from Cu-
Si relationship. Comparing D-Cu concentrations
at same silicic acid concentration between 15-80
umol 17! they were approximately 0.6-1.8 nmol
17 higher at Stn. 5 than that at Stn. 22 (Figs. 7a
and b). Therefore, Cu supply from atmosphere or
coastal water was considered to raise D-Cu
concentration near the sea surface.

The removal of D-Cu in the euphotic zone is
mainly driven by biological consumption as
shown by its nutrient-type profile. Primary
production in the western subarctic North Pacific
has been reported to be higher than in the
tropical region (Noriki et al., 1995; YAMADA et al,,
2012). Moreover, surface Chl. a at Stn. 5 was
relatively high in the western subarctic North
Pacific. Although Fe could have been supplied
with the transport of the coastal water, the high
nitrate concentration in the surface water at Stn.
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5 (Fig. 6) implies that the station is located in a
high-nitrate low-chlorophyll region, where pri-
mary production is limited by iron deficiency.
Under such environments, some oceanic diatoms
could replace Fe-containing enzymes with Cu-
containing enzymes (Peers and Pricg, 2006) and
utilize multicopper oxidase for uptake of organi-
cally complexed Fe (ANNETT et al, 2008;
MaLpoNnaDo et al., 2006), which could enhance the
biological utilization of Cu by phytoplankton.
Therefore, removal of D-Cu in the surface layer is
considered to have been larger in the subarctic
region than in the tropical region. Thus, supply
process is probably responsible for the high
concentration of D-Cu observed at Stn. 5.
Sources and sinks of D-Cu below the euphotic
layer

Below the euphotic layer, one of the sources of
D-Cu is regeneration accompanied by decomposi-
tion of sinking particles transported from the
euphotic layer by the biological pump. As
discussed above, the biological uptake of Cu at
Stn. 5 is expected to have been relatively high.
Thus, the supply of Cu by regeneration in the
deeper layer is estimated to have been higher in
this region than that in the other regions.
However, below 2000 m, there was no discernible
difference in D-Cu concentrations between Stn. 5
and the other stations (Fig. 8). This is probably
because the organic matter was almost fully
decomposed around this depth.

Supply of D-Cu by deep sea circulation is also
possible to be a cause of high D-Cu above 1500 m
at Stn. 5. The subarctic North Pacific is an end
region of deep sea circulation, where the deeper
water is upwelling with high D-Cu. As described
above, MorreTT and DupoNT (2007) also reported
high D-Cu concentration between 500-1500 m in
the subarctic North Pacific. Therefore, such a
supply process of D-Cu is possible. However,
values reported by Takano et al. (2014) in the

western subarctic north Pacific were not as high
as those observed at Stn. 5 in this study. Thus,
concentration of D-Cu may be spatially or
temporally variable in this region.

Another supply process of Cu in deeper layers
is transport by horizontal advection. To evaluate
Cu sources other than the biological pump of
diatoms, vertical profiles of the D-Cu:silicic acid
(Cu:Si) ratio at Stns. 5 and 22 were plotted (Fig.
10). The ratio at Stn. 5 was highest (2.1) at the
surface, had its minimum (0.019) at a 1000 m
depth, and then slightly increased toward the
bottom (0.035). The high Cu:Si ratio near the
surface was caused by biological Si consumption
and relatively high Cu at the surface. On the
contrary, the high Cu:Si ratio near the bottom can
be explained by Cu supply from bottom sources
and a decrease in silicic acid below the Si
maximum. Profiles of the Cu:Si ratio at both
stations ranged within the same level (approxi-
mately 0.02-0.03) between 400 and 2000 m, sug-
gesting that Cu and Si were mainly controlled by
the biological pump by diatoms in this depth
range along the advection pathway of water
masses in this layer. However, a slightly high
ratio was observed at 1500 m at Stn. 5, which
corresponded to a high concentration of D-Cu
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Fig. 10 Vertical profiles of Cu:Si ratio at Stns. 5 (a)
and 22 (b).
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(452 nM). To this region, Fe is supplied by
horizontal advection of water mass from the Sea
of Okhotsk, which contains high dissolved-Fe.
This water mass is characterized by oy of 26.6-
275 (NisHIoKA et al., 2007), which corresponds to
116-1110 m at Stn. 5. Therefore, the horizontal
advection of this water mass cannot explain the
D-Cu concentration anomaly at 1500 m. However,
it is possible that this process supplied D-Cu
between 116-1110 m at Stn. 5 although no
apparent signal of the supply was observed in the
D-Cu profile and the Cu:Si plot at this station.

Considering the high sinking particle flux in
the western subarctic North Pacific (Noriki et al.,
1995; KawaHATA, 2002), removal by scavenging is
likely to have also been high. Thus, the supply of
D-Cu is considered to have been high enough to
sustain the high D-Cu concentration, compensat-
ing for its high removal in the euphotic zone
(biological uptake) and below (scavenging).
Comparison with Ni

Among the trace metal elements, the distribu-
tion pattern of dissolved nickeld NilOwas similar
to that of D-Cu in the point of view that it was
higher in the subarctic North Pacific than in the
subtropical above the maximum at around 1500
m, and almost no regional variation was observed
below the maximum (Ezoe et al, 2004). Nickel
showed a nutrient-type profile that frequently
correlated with phosphate and silicic acid
(BRrRuLAND 1980; BovyLE et al., 1981), which implies
the importance of control by the biological pump,
related to diatoms, on both Cu and Ni distribu-
tions.
Future directions

In the present study, vertical profiles of D-Cu
were examined at the western North subarctic
and tropical stations, together with other hydro-
graphic and biological parameters. This study
presents high D-Cu concentrations in the western
subarctic North Pacific. Our results suggest that

Cu was supplied to the surface layer of the
western subarctic North Pacific primarily by
horizontal advection and, to a lesser extent, by
aerosol deposition. The Cu was then transported
downward through the biological pump to a
depth of 1500 m. Moreover, a direct supply of Cu
to the same depth by horizontal advection is also
implied, although the source of the water mass
and mechanism of the advection are unclear.
More detailed observation is necessary to eluci-
date them in the future. The present study also
suggests that the biological pump is the main
source of Cu in the middle layer in the western
subarctic North Pacific. Therefore, it is important
to determine the amount of Cu utilized by
microbes and the amount of Cu supporting
primary production in the Fe-depleted region as
this will enable us to further understand the Cu
transport process. Furthermore, it is important to
understand the effect of changes in aerosol
deposition accompanied by future climate change
on Cu concentration in the natural environment,
because change of Fe supply from dust affects Fe
deficiency of ocean surface and thus Cu require-
ment of phytoplankton and accordingly down-
ward flux of Cu by biological pump.
Acknowledgments

We thank the captain, crew and all the
participants of the KH-08-2 cruise of R/V
Hakuho-maru for supporting the sampling and
experiments. We are grateful to Prof. Atsushi
TsupA, Dr. Masayoshi Sano, Prof. Hiroaki Saito
and Dr. Keiichiro Ipe for PAR data. We greatly
appreciated Prof. Kenneth W. BruLanD and Mr.
Geoffrey J. SmiTH for kindly providing us SAFe
reference samples. We owe a very important debt
to Prof. Hiroshi Ocawa and his lab members for
nutrient data.

References
ANNETT, AL, S. LApPl, T.J. RuTH, and M. T. MALDONADO



16 La mer 53, 2015

(2008): The effects of Cu and Fe availability on the
growth and Cu: C ratios of marine diatoms. Limnol.
Oceanogr. 53, 2451-2461.

Bove, M., B.D. WAKE, P. LorPEz GARCIA, J. Bown, A. R.
BAKER, and E.P. AcHTERBERG (2012): Distributions
of dissolved trace metals (Cd, Cu, Mn, Pb, Ag) in
the southeastern Atlantic and the Southern
Ocean. Biogeosciences 9, 3231-3246.

BovLg, E. A, F. R. ScLATER, and J. M. Ebmonp (1977):
The distribution of dissolved copper in the Pacific.
Earth Planet. Sci. Lett. 37, 38-54.

BovLg, E. A, S. S. HuesTeD, and S. P. Jones (1981): On
the distribution of copper, nickel, and cadmium in
the surface waters of the North Atlantic and
North Pacific Ocean. J. Geophys. Res. 86,
8048-8066.

BruLAND, K.W. (1980): Oceanographic distributions of
cadmium, zinc, nickel, and copper in the North
Pacific. Earth Planet. Sci. Lett. 47, 176-198.

Buck, K.N., J. MorreTT, K.A. BARBEAU, R.M. BunDY, Y.
Konpo, and J. Wu (2012): The organic complexa-
tion of iron and copper: an intercomparison of
competitive ligand exchange-adsorptive cathodic
stripping voltammetry (CLE-ACSV) techniques.
Limnol. Oceanogr. 10, 496-515.

Campos, M.L.A.M, and C.M.G. vANDEN BERG (1994):
Determination of copper complexation in sea
water by cathodic stripping voltammetry and
ligand competition with salicylaldoxime. Anal.
Chim. Acta 284, 481-496.

CoaLg, K. H. (1991). Effects of iron, manganese,
copper, and zinc enrichments on productivity and
biomass in the subarctic Pacific. Limnol. Oceanogr.
36, 1851-1864.

CoaLE, K.H.,, and K.W. BruLanD (1990): Spatial and
temporal variability in copper complexation in the
North Pacific. Deep-Sea Res. 37, 317-336.

DaNIELssON, L. G. (1980): Cadmium, cobalt, copper,
iron, lead, nickel and zinc in Indian Ocean water.
Mar. Chem. 8, 199-215.

DaNIELSSON, L.G., B. Macnusson, and S. WESTERLUND
(1985): Cadmium, copper, iron, nickel and zinc in
the north-east Atlantic Ocean. Mar. Chem. 17,
23-41.

Ezog, M., T. IsHITA, M. KINUGASA, X. LAI, K. NORISUYE,

and Y. SoHrRIN (2004): Distributions of dissolved
and acid-dissolvable bioactive trace metals in the
North Pacific Ocean. Geochem. J. 38, 535-550.

FavoriTE, F., A. J. DobiMeAaD, and K. Nasu (1976):
Oceanography of the subarctic pacific region,
1960-71. Bulletin of the International North Pacific
Fishery Commission. 33, 1-187.

FeeLy, RA, C.L. SABINE, R. SCHLITZER, J.L. BULLISTER, S.
MEeckiING, and D. GreeLey (2004): Oxygen utiliza-
tion and organic carbon remineralization in the
upper water column of the Pacific Ocean. J.
Oceanogr. 60, 45-52.

FuasHivA, Y., K. UebA, M. Maruo, E. Nakavama, C.
Tokutomg, H. Hasecawa, M. MA and Y. SOHRIN
(2001): Distribution of trace bioelements in the
subarctic North Pacific Ocean and the Bering Sea
(the R/V Hakuho Maru Cruise KH-97-2). J.
Oceanogr. 57, 261-273.

FURUYA, K., M. HAYASHI, Y. YABUSHITA, and A. ISHIKAWA
(2003): Phytoplankton dynamics in the East China
Sea in spring and summer as revealed by HPLC-
derived pigment signatures. Deep-Sea Res. Pt. 11 50,
367-387.

GrAssHOFF, K., K. KrReMING, and M. EHRHARDT (1999):
Methods of Seawater Analysis, Willey-VCH, 3™
edition, 632pp.

Hirose, K, Y. Dokiva, and Y. SuciMura (1982):
Determination of conditional stability constants of
organic copper and zinc complexes dissolved in
seawater using ligand exchange method with
EDTA. Mar. Chem. 11, 343-354.

KawaHATA, H. (2002): Suspended and settling par-
ticles in the Pacific. Deep-Sea Res. Pt. Il 49,
5647-5664.

Kinugasa, M., T. IsHITA, Y. SoHRIN, K. OKAMURA, S.
TAKEDA, J. NisHIokA, and A. TsupA (2005):
Dynamics of trace metals during the subarctic
Pacific iron experiment for ecosystem dynamics
study (SEEDS2001). Prog. Oceanogr. 64, 129-147.

KonDpo, Y., S. TAKEDA, and K. FuruyA (2012): Distinct
trends in dissolved Fe speciation between shallow
and deep waters in the Pacific Ocean. Mar. Chem.
134-135, 18-28.

LoscHER, B.M. (1999): Relationships among Ni, Cu, Zn,
and major nutrients in the Southern Ocean. Mar.



Dissolved Cu in the NW Pacific 17

Chem. 67, 67-102.

MaLbonapo, M. T., A.E. ALLEN, J.S. CHoNG, K. LIN, D.
Leus, N. KARPENKO, and S.L. HARRIS (2006): Copper-
dependent iron transport in coastal and oceanic
diatoms. Limnol. Oceanogr. 51, 1729-1743.

MaNN, E. L., N. AHLGREN, J. W. MoFFeTT, and S. W.
CHisHoLm (2002): Copper toxicity and cyanobacte-
ria ecology in the Sargasso Sea. Limnol. Oceanogr.
47, 976-988.

Martin, J. M., and M. Whitfield (1983): The signifi-
cance of the river input of chemical elements to
the ocean. In Trace Metals in Sea Water. Wong, C.
S., E. BoyLE, K. W. BRuLAND, J. D. BurTon and E. D.
GoLpBerG (eds.), Plenum Press, New York and
London, p. 265-296

MEASURES, C.I., M.T. Brown, and S. VINK (2005): Dust
deposition to the surface waters of the western
and central North Pacific inferred from surface
water dissolved aluminum concentrations. Geo-
chemistry, Geophys. Geosystems 6.

MiporikawA, T., E. TANoUE, and Y. SuciIMURA (1990):
Determination of complexing ability of natural
ligands in seawater for various metal ions using
ion selective electrodes. Anal. Chem. 62, 1737-
1746.

Miki, M., N. RAamAIAH, S. TAkeDA, and K. FurRuyAa
(2008): Phytoplankton dynamics associated with
the monsoon in the Sulu Sea as revealed by
pigment signature. J. Oceanogr. 64, 663-673.

MiLLArD, R, W. Owens, and N. ForonorF (1990): On
the calculation of the Brunt-Vaisdla frequency.
Deep-Sea Res. 37, 167-181.

MiLLER, L. A, and KW. BRULAND (1994): Determination
of copper speciation in marine waters by compet-
itive ligand equilibration/liquid-liquid extraction:
an evaluation of the technique. Anal. Chim. Acta
284, 573-586.

MocHizuki, M., N. SHIGA, M. SAITO, K. IMAI, and Y. NouIrl
(2002): Seasonal changes in nutrients, chlorophyll
a and the phytoplankton assemblage of the
western subarctic gyre in the Pacific Ocean. Deep-
Sea Res. Pt. 11 49, 5421-5439

MorreTT, J. W, L.E. BrAND, P.L. CrooT, and K. A.
BARBEAU (1997): Cu speciation and cyanobacterial
distribution in harbors subject to anthropogenic

Cu inputs. Limnol. Oceanogr. 42, 789-799.

MorreTT, JW.,, and C. DuponT (2007): Cu complexa-
tion by organic ligands in the sub-arctic NW
Pacific and Bering Sea. Deep-Sea Res. Pt. | 54,
586-595.

Moorg, R. M. (1978): The distribution of dissolved
copper in the eastern Atlantic Ocean. Earth
Planet. Sci. Lett. 41, 461-468.

Moorg, J. K, and O. BrRAucHer (2008). Sedimentary
and mineral dust sources of dissolved iron to the
world ocean. Biogeosciences 5, 631-656.

MooRg, C.M., M.M. MiLLS, E.P. ACHTERBERG, R.J. GEIDER,
J. LARocHE, MLI. Lucas, E.L. McDoNAGH, X. PAN, AJ.
PouLton, M. J. A. RUKENBERG, D.J. SuGGeTT, S.J.
UssHER, and E.M.S. WoobwARD (2009): Large-scale
distribution of Atlantic nitrogen fixation con-
trolled by iron availability. Nat. Geosci. 2, 867-871.

NisHIOKA, J., T. ONO, H. SAITO, T. NAKATSUKA, S. TAKEDA,
T. YosHIMURA, K. Suzukl, K. KumA, S. NAKABAYASHI,
D. Tsumung, H. MiTsubera, W.K. JoHnson, and A.
TsubA (2007): lron supply to the western
subarctic Pacific: Importance of iron export from
the Sea of Okhotsk. J. Geophys. Res. 112, C10012

NoLTinG, R.F.,, HJW. DE BAAR, A.J. VAN BENNEKOM, and
A. MassoN (1991): Cadmium, copper and iron in
the Scotia Sea, Weddell Sea and Weddell/Scotia
Confluence 0 Antarcticall Mar. Chem. 35, 219-
243.

Noriki, S, T. lwal, A. SHIMAMOTO, S. TSunoGAI, and K.
HARADA (1995): Spatial variation of Al flux in the
North Pacific observed with sediment trap. In
Biogeochemical Processes and Ocean Flux in the
Western Pacific. Sakal H. and Y. Nozaki (eds.),
Terra Scientific Publishing Company, Tokyo, p.
345-354.

PayTtan, A, K.R.M. MAckEY, Y. CHeN, |.D. Liva, S.C.
Doney, N. MAaHOWALD, R. LaBiosA, and A.F. PosT
(2009): Toxicity of atmospheric aerosols on
marine phytoplankton. Proc. Natl. Acad. Sci. U. S.
A. 106, 4601-4605.

Peers, G., and N.M. Price (2006): Copper-containing
plastocyanin used for electron transport by an
oceanic diatom. Nature 441, 341-344.

SAAGER, P. M., H. J. W. bE BAAR, and R. J. HOWLAND.
(1992). Cd, Zn, Ni and Cu in the Indian Ocean.



18 La mer 53, 2015

Deep-Sea Res. 39, 9-35.

SAAGER, P.M., H.J.W. DE BAAR, J. T.M. DE JoNG, R.F.
NoLTING, and J. ScHiF (1997): Hydrography and
local sources of dissolved trace metals Mn, Ni, Cu,
and Cd in the northeast Atlantic Ocean. Mar.
Chem. 57, 195-216.

SANDER, S.G, and A. KoscHinsky (2011): Metal flux
from hydrothermal vents increased by organic
complexation. Nat. Geosci. 4, 145-150.

ScHLITZER, R, Ocean Data View, http://odv.awi.de,
2012.

SEMENIUK, D.M., J.T. CuLLEN, W.K. JOHNSON, K. GAGNON,
T.J. RuTtH, and M.T. MaLbonaDpo (2009): Plankton
copper requirements and uptake in the subarctic
Northeast Pacific Ocean. Deep Sea Res. Pt. | 56,
1130-1142.

SoAREs, H.M.V.M, and M.G. R. T. Barros (2001):
Electrochemical Processes of cadmium, copper,
lead, and zinc in the presence of N-(2-hydro-
xyethyl) piperazine-N -3-propanesulfonic acid
(HEPPS). Possible implications in speciation
studies. Electroanalysis 13, 325-331.

Suea, T, A. KaTo, and K. HANAawaA (2000): North
Pacific Tropical Water: its climatology and tempo-
ral changes associated with the climate regime
shift in the 1970s. Prog. Oceanogr. 47, 223-256.

Suea, T., K. MoToki, Y. Aoki, and A. M. MACDONALD
(2004): The North Pacific climatology of winter
mixed layer and mode waters. J. Phys. Oceanogr.
34, 3-22.

TAKANO, S, M. TaNniMmizu, T. HIRATA, and Y. SOHRIN
(2014): Isotopic constraints on biogeochemical
cycling of copper in the ocean. Nat. Commun. 5,
5663.

Tomczak, M., and J. S. Goprrey (2005): Regional
Oceanography: an Introduction, pdf version 1.1,
Butler and Tanner Ltd, London, 391pp.

TsubA, A, H. Kivosawa, A. KuwATA, M. MocHIzuki, N.
SHIGA, H. SAITO, S. CHIBA, K. IMAL, J. NISHIOKA, and T.
ONno  (2005): Responses of diatoms to iron-
enrichment (SEEDS) in the western subarctic
Pacific, temporal and spatial comparisons. Prog.
Oceanogr. 64, 189-205.

Twining, B, and S. BaNEs (2013): The trace metal
composition of marine phytoplankton. Ann. Rev.

Mar. Sci. 5, 191-215.

UEMATsU, M., Z.F. Wang, and |. Uno (2003): Atmo-
spheric input of mineral dust to the western North
Pacific region based on direct measurements and
a regional chemical transport model. Geophys. Res.
Lett. 30, 1342

WEiss, R.F. (1970): The solubility of nitrogen, oxygen
and argon in water and seawater. Deep-Sea Res.
17, 721-735.

WESTERLUND, S, and P. Ouman (1991): Cadmium,
copper, cobalt, nickel, lead, and zinc in the water
column of the Weddell Sea, Antarctica. Geochim.
Cosmochim. Acta 55, 2127-2146.

YAMADA, N, H. FUKuDA, H. Ocawa, H. SaiTo, and M.
SuzuMuRA (2012): Heterotrophic bacterial produc-
tion and extracellular enzymatic activity in
sinking particulate matter in the western North
Pacific Ocean. Front. Microbiol. 3, 379.

YEeATs, P.A, and JA. CamvpseLL (1983): Nickel, copper,
cadmium and zinc in the northwest Atlantic
Ocean. Mar. Chem. 12, 43-58.

ZAPATA, M. F. RopricUEz, and J. GARrIDO (2000):
Separation of chlorophylls and carotenoids from
marine phytoplankton:a new HPLC method using
a reversed phase C8 column and pyridine-
containing mobile phases. Mar. Ecol. Prog. Ser.
195, 29-45.

Received: October 24, 2014
Accepted : January 23, 2015



La mer 53 :19-27, 2015

Société franco-japonaise d'océanographie, Tokyo

oot uooougon

ooooP"ooooo®Pooooo?

Salp bloom and vertical fluxes of organic matter in coastal water

Tsuyoshi Fukao, Toshimasa AsaHI and Kuninao TADA

Abstract: The changes of salp abundance and environmental factors such as water temperature
and salinity were investigated in surface water of Shitaba Bay, Uwa Sea, Japan, in spring, 2011.
Furthermore, sediment trap samples were collected at the bottom ocean layer of Shitaba Bay
during salp bloom phase or non-bloom phase. Maximum salp abundance were recorded at 26
April, but no salp were observed at water temperatures of more than 2000 (from 12 May
onwards). Particulate organic carbon and nitrogen fluxes during salp bloom phase were higher
than those during non-bloom phase. Therefore, these results showed that salp bloom in spring
contributed to rapid supply of particulate organic matter from surface to bottom layer in coastal

environments.

Keywords: salp bloom, water temperature, sediment trap, organic matter flux
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Fig. 4 Photographs of solitary zooid (a) and aggregate zooid (b) of salp Salpa fusiformis, salps collected in a
sieve (c), salp bloom (d) and Nuta aggregates formed by salp cadaver (e)
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Table 1 Organic carbon and nitrogen of settling matter, and fecal pellets and body of salp (Salpa fusiformis)

Trap experiment period Settling matter C/N

and salp-derived matter (mgC g) (mgN gb) (mol mol™)
Salp bloom (6-8 May) 428 8.58 5.82
Noctiluca red tide (11-13 May) 484 8.10 6.97
Non-bloom (17-19 May) 12.1 164 8.63
Non-bloom (24-26 May) 5.50 0.82 7.86
Fecal pellets of salps 115 244 549
Salp body 355 8.67 478

Oo0ooOoooooooooooooooooo
goooboooboooooooooooooon
cooobobooobooooooooooooon
cooobobooobooooboooooooOooon
coobobooobooobooooboooOoooo
coooboboooboooobooooooooooon
coooboooboooobooooboooOoooon
cooooooboooobooooOoooOooon
oooood

g 0
gogboobboobooboboobboobo
gobooboobbooboobbooboo
gobooboobbooboobbooboo
goo

oooo

ALLDREDGE, A. L. and L. P. Mabin [ 198200 Pelagic
tunicates: unique herbivores in the marine
plankton. Bioscience, 32, 655-663.

BAaTHMmANN, U.V. 019880 Mass occurrence of Salpa
fusiformis in the spring of 1984 off Ireland:
implications for sedimentation processes. Mar.
Biol., 97, 127-135.

Bong, Q. C. Carre and K. P. Ryan 0200000 The
endostyle and feeding filter in salps U Tunicatall
J. Mar. Biol. Ass. U. K, 80, 523-534.

BraconnoT, J. C. 019710 Contribution & I' étude
biologique et écologique des Tuniciers pélagi-
ques Salpides et Doliolides | . Hydrologie et

écologie des Salpides. Vie Milieu, 22, 257-286.

CHAE, J, H. W. CHol, W. J. Leg, D. Kim and J. H. LEe

[0 200801 Distribution of a pelagic tunicate, Salpa

fusiformis in warm surface current of the eastern
Korean waters and its impingement on cooling
water intakes of Uljin nuclear power plant. J.
Environ. Biol.,, 29, 585-590.

FrANCO, P, H. CHEN and G. Liu [J 20140 Distribution
and abundance of pelagic tunicates in the North
Yellow Sea. J. Ocean Univ. China, 13, 782-790.

gopobDOoz2e07o0o0bo0o00oboboooonoo
oooooooooooono, 9, 11,

Giesecke, R, A. CLEMENT, J. GARCES -VARGAS, J. .
MarDONES, H. E. GonzALEz, L. Caputo and L.
CasTro [0 20140 Massive salp outbreaks in the
inner sea of Chiloé Island [ Southern Chiled
possible causes and ecological consequences. Lat.
Am. J. Aguat. Res,, 42, 604-621.

HunTLEY, M. E, P. F. Sykes and V. MaRriN [ 19890
Biometry and trophodynamics of Salpa thompso-
ni Foxton [ Tunicata, Thaliacead near the
Antarctic Peninsula in austral
1983-1984. Polar Biol., 10, 59-70.

leucH, N. and T. Ikepal 20040
elemental composition of aggregate and solitary
forms of Salpa thompsoni O Tunicata: Thaliaceall
in waters off the Antarctic Peninsula during
austral summer 1999. J. Plankton Res., 26,
1025-1037.

O0ogoMooooo0ooooooooon
gooooooboooooo, 2, 10-11.

Iseki, K. [0 198101 Particulate organic matter transport

summer,

Metabolism and



26 La mer 53, 2015

to the deep sea by salp fecal pellets. Mar. Ecol.
Prog. Ser., 5, 55-60.
gooodbobobboooobobbooogobooboog
0000 020102007 00000000O0OO
000000 Karenia mikimotoi O 0 0000
O000ooooooobooooag, 74, 167-175.

0000 oz O000C000Oooooooog
goooOoooUoooooUoocoooooog
gooooooogod, 1o, 1-91.

000000 O0DO0O0OoDbOO b2o000012000000
oooooooooobooDboobooobod
O0o0oood, 64, 311-315.

Licanbro, P., F. IBaREZ and M. ETieNnnE [0 200603 Long-
term fluctuations [J1974-199900 of the salps
Thalia democratica and Salpa fusiformis in the
northwestern Mediterranean Sea: Relationships
with hydroclimatic variability. Limnol. Oceanogr.,
51, 1832-1848

Liy, Y., S. Sun and G. ZHANG [0 2012[1 Seasonal variation
in abundance, diel vertical migration and body
size of pelagic tunicate Salpa fusiformis in the
Southern Yellow Sea. Chin. J. Oceanol. Limnol,
30, 92-104.

Mabin, L. P. 019820 Production, composition and
sedimentation of salp fecal pellets in oceanic
waters. Mar. Biol,, 67, 39-45.

0o0ooooooooooooeemooooood
OooooONUTAMOOOOOOOOOOOOO
000000004 La mer, 28, 123-130.

MonTANI, S., K. TADA and T. OkAlcHI [0 19880 Purine
and pyrimidine base in marine particles in the
Seto Inland Sea, Japan. Mar. Chem,, 25, 359-371.

OOooooesMmooodnoooooooooon
goooooo,o 12-14

Morris, R. J., Q. BoNE, R. HEAD, J. C. BRACONNOT and P.
NivAL [0 198801 Role of salps in the flux of organic
matter to the bottom of the Ligurian Sea. Mar.
Biol., 97, 237-241.

NisHIkAwA, J., M. NacanoBu, T. lIcHu, H. IsHiI, M.
Terazaki and K. KawacucH! [J 199501 Distribution
of salps near the South Shetland Islands during
austral summer, 1990-1991 with special refer-
ence to krill distribution. Polar Biol.,15, 31-39.

goodozo0l@oOoooOoobOoOoooobobOon
ooo /00,27, 207-215.

NisHIkawA, J. and A. TsubAa 0020010 Diel vertical
migration of the tunicate Salpa thompsoni in the
Southern Ocean during summer. Polar Biol., 24,
299-302.

gooozes@mibooooOooooooobOoonaon
0do00oooooooooooooooooa
O, 50, 98-103.

oopooOoe8moooooooooooooog
oooo—000bOU0oOooooooo—0Oo
gooo, 4, 105-112.

Ono, A, T. IsiimarRu and Y. TANAKA 020100
Distribution and population structure of salps off
Adelie Land in the Southern Ocean during
austral summer, 2003 and 2005. La mer, 48,
55-70.

PacEs, F., H. E. GONzALEZ, M. RAMON, M. SoBARzO and J.-
M. Giul [0 20010 Gelatinous zooplankton assemb-
lages associated with water masses in the
Humboldt Current System, and potential preda-
tory impact by Bassia bassensis [J Siphonophora:
Calycophorael] Mar. Ecol. Prog. Ser., 210, 13-24.

PerissINOTTO, R. and E. A. PakHomov [0 199800 The
trophic role of the tunicate Salpa thompsoni in the
Antarctic marine ecosystem. J. Mar. Sys., 17,
361-374.

SILver, M. W, [ 197500 The habitat of Salpa fusiformis
in the California Current as defined by indicator
assemblages. Limnol. Oceanogr., 20, 230-237.

000000000 WVeeraporN Suksomat 0 O O 00O
0000 020090000 Seriola quinqueradiata
00o00ooooboDoooooono, 75, 383-389.

00000DOoooooboooo1e2moooodn
goooooooooad, 30, 16-26.

VARGAs, C. A. and L. P. Mabin [0 20040 Zooplankton
feeding ecology: clearance and ingestion rates of
the salps Thalia democratica, Cyclosalpa affinis
and Salpa cylindrical on naturally occurring
particles in the Mid-Atlantic Bight. J. Plankton
Res., 26, 827-833.

oooooooooooooooboooOgoD2oimg
oo0o0oO0OoCocoOoOoOoOooooboOoOooooo
oooooo, 7s,9-18.

ZELDIS, J. R, C. S. DAvIs, M. R. JAMES, S. L. BALLARA, W.
E. BooTH and F. H. CHanG [ 199500 Salp grazing:
effects on phytoplankton abundance, vertical



Salp bloom and vertical fluxes of organic matter 27

distribution and taxonomic composition in a

coastal habitat. Mar. Ecol. Prog. Ser, 126,

267-283.

0o0oDb20140 100 270
oO0o0D20150 30110






La mer 53 : 29-38, 2015
Société franco-japonaise d'océanographie, Tokyo

A new simplified method for the measurement of water-leaving

Introduction

radiance

Motoaki KisHinoP?™ and Ken Furuya®

Abstract: A new simplified method to measure water-leaving radiance was developed by
combined use of a miniature spectrophotometer, a collimator, and a narrow pipe to block reflected
sunlight from the sea surface. The instrument was handy, light-weighted and least expensive
compared with those available for commercial use. The water-leaving radiance was determined
by using the above-mentioned setup in the East China Sea, the Seto Inland Sea, and Shonai-ko of
Lake Hamana. These areas covered a wide range of water mass types from clear to turbid water,
and the new method was successfully implemented in all the areas. Signal to noise ratios of remote
sensing reflectance R, measured by the instrument were satisfactorily small by taking running
mean of 7 data readings over about 1.3 nm and by sampling of 1 nm interval. However, noises
were not negligible in a low Ry range below 0.001 sr™* which occurred in the longer wavelength
range than 650 nm. The estimated errors due to self-shading were satisfactorily small (<5%) in
the wavelength range from 400 to 590 nm.

Keywords: water-leaving radiance, ocean-color remote sensing, spectrophotometer, USB4000

the obtained water-leaving radiance is dependent

Water-leaving radiance, which is the upwelling
radiance emitted from the sea to the air, is one of
the most important parameters for ocean-color
remote sensing. Water-leaving radiance is deter-
mined from the total radiance measured by
satellite ocean-color sensors with the implementa-
tion of atmospheric correction (GoroonN and
CLARK, 1980; FukusHIMA et al, 1998). However,
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on both solar altitude and the conditions of the air
parameters used for the correction. Therefore, it
is essential to validate the atmospheric correc-
tions and in-water algorithms in order to deter-
mine the water-leaving radiance in situ. In ocean-
color remote sensing, remote sensing reflectance,
which is the water-leaving radiance divided by
the incident solar irradiance just above the sea
surface, is used to retrieve properties of seawater,
including chlorophyll a concentration, suspended
mater, and dissolved organic matter (GorooN and
MoreL, 1983; KisHino et al., 1998, O'REILLY et al.,
1998). Thus, water-leaving radiance is a key
parameter in ocean-color remote sensing and is
used not only for validations, but also for the
development of new in-water algorithms. Water-
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leaving radiance also allows for the vicarious
calibration of the satellite ocean-color sensors
(McCLAN et al., 2000).

Water-leaving radiance is usually measured by
a spectrophotometer mounted on a tower top or
on the upper deck of a research vessel. The
present communication describes a new simpli-
fied method for the in situ measurement of the
water-leaving radiance by using convenient and
less expensive instrumentation when compared
with commercially available instruments.

2. Issues associated with conventional methods

Water-leaving radiance is measured from the
upwelling radiance at, or near, the sea surface by
the use of an in-water spectrophotometer (e.g.,
PRR-800, SUBOPS) (KisHINO et al., 1997; MorrOW
et al,, 2010), from the calculations on a handheld
instrument (e.g, SIMBAD), or from a photo-
meter system (e. g, RAMSES, SeaPRISM)
mounted on the upper deck or tower top of a
research vessel (Hokker et al., 2000; IsHizAKA et al.
personal communications). The direct measure-
ment of water-leaving radiance needs to avoid the
sea surface reflectance (TANAKA et al, 2006; LEe
et al., 2013).

An underwater spectrophotometer used for
the estimation of water-leaving radiance consists
of an onboard spectral irradiance meter, an
underwater unit fitted with a downwelling
irradiance meter and an upwelling radiance
meter, and an interface unit that has a battery
power source. The attenuation coefficient of the
upwelling radiance, K,, is calculated from an
upwelling radiance profile near the sea surface,
L, (z, A):

1 In LM(Z()y /1)
2.'1_20> Lu(Zl, /i)

Then, the upwelling radiance just below the sea
surface, L, (07, 1), is extrapolated:

L.(0~, 1)=L,(z0, Mexplzo, Alexplzo,K.(1)].

The water-leaving radiance, L,, (1), is calculated
from L, (07, A), which, according to AUSTIN
(1974), is:

1—p(1)

L.07, Q).
where p(4) is the Fresnel surface reflectance and
n (4) is the refractive index of seawater. The
remote sensing reflectance, R,s (1), is obtained
from L, (1) and the spectral irradiance of the
incident sea surface, Eg4 (1):

R D= = 0 f Bl

The normalized water-leaving radiance, L, (1),
can be obtained from the remote sensing
reflectance and extraterrestrial solar irradiance,
F, (A):

an(/l) :Fo(/l) X Rrs(/w

Errors in the estimation of water-leaving radiance
are considered to originate from the self-shading
caused by the size of the photometer (AAas, 1969;
TanakA et al, 2006) and the variations in
measured radiance and the depth caused by sea
surface wave motion. However, the data meas-
ured by an underwater photometer are used not
only to estimate water-leaving radiance, but also
to determine the spectral distribution of under-
water light in optical studies of light field and
phytoplankton photosynthesis.

In general practice, a photometer system
mounted on the upper deck or a tower top of a
research vessel is composed of an irradiance
meter and two radiance meters (Fig. 1). The
irradiance meter measures the incident irradi-
ance at the sea surface. The radiance meter is
directed at the sea surface with a tangential angle
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Fig. 1 A schematic of the instruments on the top of

the tower. For details, see text.

10 Irradiance meter for incident irradiance at the
sea surface

200 Sea-viewing radiance meter for total radiance
(above the surface)

30 Sky-viewing radiance meter for indirect radi-
ance

(0) of 30° to 45° from the vertical axis and
measures the total radiance, including the water-
leaving radiance and the refracted sky radiance
from the sea surface. The other radiance meter is
directed towards the sky with an angle of 30° to
45° from the zenith axis (1 —0) and measures the
sky radiance.

The two radiances and the irradiance are
calculated by using remote sensing reflectance
(HookeR et al., 2003):

Rrs(/w = [Lsea(/l) - rLsky(/l )]/Eds(/D, )

where Ls., (1) is the total radiance (including
water-leaving radiance and refracted sky radi-
ance on the sea surface), r is the sea surface
reflectance, L., (1) is the sky radiance, and Eg;
() is the incident irradiance of the sea surface.

Ishizaka and his group attempted to use a
photometer system mounted on the upper deck
of the express liners between Fukuoka and Pusan

(IsHizaka, personal communication) to calculate
the chlorophyll concentration along the cruise
tracks. Their attempt resulted in limited success,
mainly because the reflected sky radiance
fluctuated in accordance with the roughness of
the sea surface, the ship’s shadow, and white
bubbles. Thus, it is difficult to obtain a stable
measurement of the radiance.
radiance has a bi-directional function, the normal-
large

If water-leaving

ized water-leaving radiance can have
errors.

A method for the direct measurement of water-
leaving radiance was proposed by TANAKA et al.
(2006), who used the RAMSES-ARC (TriOS
GmbH) as a radiance sensor. They measured the
water-leaving radiance with an underwater
spectral upwelling radiometer, PRR-800, in
Katagami Bay, Nagasaki, on the west side of
Kyusyu, Japan. However, a dome cover used by
TaNAKA et al. (2006) resulted in large errors due
to self-shading because the dome was too large,
measuring 15 cm in diameter (GorboN and DING,
1992).

3. Direct measurement of water-leaving radi-
ance

For the direct measurement of the water-
leaving radiance, we present a new simplified
instrument that is composed of a miniature
spectrophotometer (USB-4000, Ocean Optics)
connected with a collimator placed at the top end
of an opaque vinyl chloride pipe (Fig. 2). A major
advantage of the USB-4000 is its portability with
a reasonable price, and wavelength resolution. A
total cost of the proposed system including a PC
is less than one third of that of RAMSES (TriOS)
of a similar sensing configuration to the proposed
one. RAMSES is installed in a pressure-resistant
container which enables its use down to 300 m
depth. But, we do not need such consideration to
hydro-pressure in our purpose to measure at the
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Fig. 2 Configuration of a new simplified instrument

surface. Furthermore, the USB-4000 provides the
output of a finer wavelength resolution than that
of RAMSES, as exemplified by an observation
that the former can detect sharp emission lines of
fluorescence tubes, but the latter gives only their
broad peaks.

The detector of the USB-4000 has a CCD array,
which has 3648 elements. The wavelength range
is between 400 nm and 750 nm. The overall
wavelength resolution is approximately 1.33 nm
with 25 p m of the entrance aperture of spectro-
meter. The pipe is 5 cm in diameter and 50 cm
long, whose inside is painted black to prevent
reflection. The field of view of the radiance meter

is limited to 5° 45" by the diameter of the pipe.
The signals from the spectrophotometer are sent
to a PC via a USB cable. The other end of the pipe
is fitted with a 2-kg weight to keep the pipe in a
vertical position and soaked in seawater in order
to measure the water-leaving radiance without
interference from the reflected sky radiance. In
the actual measurements, the instrument was
hanged by a thin rope to keep the instrument
stably at the vertical direction with the other end
of a pipe dipped into the water within 10 cm.

In general practice, the incident irradiance
(E4s) of the sea surface is obtained from radiance
measured by a standard white diffuser, and the
radiance reflected from the standard diffuser
tends to be higher than the water-leaving
radiance. However, since the remote sensing
reflectance is generally in the range of 0.002 sr™*
or 0.003 sr™*, occasionally exceeding 0.01 sr™*
between 500 nm and 555 nm, the instrumental
sensitivity has to be raised for measurement of
the water-leaving radiance. Here, we propose the
use of a gray reflectance plate as a substandard.
This enables to maintain the same instrumental
sensitivity for measurement of both incident and
water-leaving radiance. This procedure facilitates
measurements by easy comparison of both
measurements, and by eliminating switching the
instrumental sensitivity. The gray plate was
made of a homogeneous mixture of plaster and
black India ink. The reflectance of the plate
followed the cosine law and approximately 10% of
reflectance intensity compared with a commonly
used white standard was most convenient. In the
following measurements, we used a gray plate of
11% reflectance. The incident irradiance at the
sea surface, F4s (1), is obtained as follows:

E4s(2)=rLe()/GAA).

Then, the remote sensing reflectance, R,s (1), is
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L) L)
Rrs(;{)_ ELG(A)/GV(/{) o Eds(/l)’ ’

where L (A1) and G, (1) are the radiance and
reflectance of the gray plate, respectively.

While the proposed instrument does not have
an optical shutter, the dark current can be
monitored by covering with a cap at the end of
measuring pipe. Next, after removing the cap,
water-leaving radiance, L,,(4), is measured. Then
the dark value is re-confirmed with the cap again.
The influence of temperature dependence on
dark current is eliminated in this way. In a similar
manner, the incident irradiance at the sea surface,
E4 (1), is measured using the gray diffuser. The
time required is within 5 minute.

4. Measurement

The new method was verified by in situ tests in
the East China Sea, the Seto Inland Sea, and
Shonai-ko of Lake Hamana. The test in the East
China Sea was conducted on September 5-13,
2007 during the RV Tansei Maru cruise
(KT-07-22) within Kuroshio, where the water
was very clear and blue in color. The Seto Inland
Sea was surveyed on board the RV Nauplius on
July 19 and August 24, 2007, when dense blooms
of diatoms occurred off Harimanada with yellow-

01
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Fig. 3 Remote sensing reflectance R, in the East
China Sea measured between 10:00 and 15:00 on
September 5-13, 2007 during the RV Tansei Maru
cruise (KT-07-22).

ish green color at the surface. Shonai-ko of Lake
Hamana was visited on July 9 and 17, 2008, when
mixed red tides of diatoms and dinoflagellates
occurred, which caused the water to take on the
color of soy sauce. R,; was obtained by running
mean of 7 consecutive data readings over about
1.3 nm, and by sampling of 1 nm interval based on
preliminary examinations to reduce influences of
noise.

Concentrations of chlorophyll a were very low,
ranging between 0.03 and 0.15 mg m™3, in the East
China Sea, and typical reflectance in blue water
was observed. Remote sensing reflectance in the
East China Sea was high at short wavelengths and
decreased toward longer wavelengths to reach
almost zero at a wavelength of 600 nm (Fig. 3).

The concentrations of chlorophyll a varied
considerably, ranging from 0.35 to 14.24 mg m™3,
in the Seto Inland Sea. Remote sensing reflec-
tance showed peaks at wavelengths around 580
nm and at 685 nm (Fig. 4). The latter maximum
was the result of chlorophyll
(KisHINO et al., 1984).

The remote sensing reflectance at Shonai-ko of
Lake Hamana was high, ranging between 500 and
650 nm, and exhibited a maximum at a wave-
length of 700 nm (Fig. 5). These high values
resulted from a combination of scattering and

fluorescence

fluorescence and appeared to shift towards
longer wavelengths (KisHiNo et al, 1986). Small

0.1

0.001

Ry (sr)

Seto Inland Sea

0.0001

400 450 500 550 600 650 700 750
Wavelength (nm)

Fig. 4 Remote sensing reflectance R, in the Seto
Inland Sea measured on July 19, 2007.
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maximums were found at wavelengths of 560 to
600 nm and 645 nm. These maximums corre-
sponded to the minimum of dinoflagellates
absorption. The concentration of chlorophyll a
ranged from 13.75 at the mouth of the lake to 77.
98 mg m™ at its innermost part.

R,; measured by the new instrument and
PRR-800 was compared by simultaneous meas-
urements of both instruments at 6 stations during
the KTO07-22 cruise. R, were calculated using
USB-4000 fitted with band-pass filters with band
width of + 10 nm, and from E4 and L, obtained
by using PRR-800. No significant variation in
observation was noted among stations, and an
example at a station was shown in Fig. 6. Both
instrument yielded similar R, values in the range
of 380 -- 595 nm with a considerable discrepancy
of USB 4000 from PRR-800 beyond 625 nm,
probably due to electrical noise of USB-4000.
Correlation coefficients at 6 stations varied
between 0.949 and 0.999 with a mean of 0987 + 0.
0018. between values obtained by both instru-
ments. Thus, R,s obtained by both instruments
can be regarded as identical below 595 nm.

Signal to noise ratio of the new instrument was
examined. Signal-to-noise ratio of USB-4000 was
300: 1 at full signal according to instrumental
specifications. The integration time was set at 100
msec at the high solar altitude. During a

0.1

0.01

Re (st)

0.001

Shonai-ko of Lake Hamana

0.0001
400 450 500 550 600 650 700 750
Wavelength (nm)

Fig. 5 Remote sensing reflectance R, at Shonai-ko
of Lake Hamana measured on July 15, 2008.

measurement conducted in clear ocean off
Okinawa Islands in the East China Sea at 10:36
local time on 7 September, 2007, the solar
radiance reflected by gray plate, L was 5000 at
the wavelength of 400 nm, increased to 42000 at
535 nm, and decreased to 15800 at 750 nm. This
spectral distribution was almost identical to the
spectral sensitivity of USB-4000. Noises fluctu-
ated between 200 and 400 in the wavelength
range from 400 to 750 nm. Then, signal to noise
ratio was calculated to range between 12.5:1 and
107.5:1. The radiance from the sea surface, L,, was
2550 at 400 nm, increasing to 5700 at 490 nm,
decreasing to 400 at 600 nm, and 150 at 750 nm
with noises ranging from 100 to 200 in the whole
wavelength. Then, signal to noise ratio in the
range from 400 to 600 nm varied from 2:1 to 28.5:1,
and 0.75:1 to 2:1 in the range between 600 and 700
nm.

A similar analysis was made for turbid water at
Shonai-ko of Lake Hamana at local time of 13:50
15 July, 2008, the solar radiance reflected by gray
plate, L, was 3000 at the wavelength of 400 nm,
was increasing to 32000 at 535 nm, and decreas-
ing to 11000 at 750 nm. The noises were between
200 and 400 at wavelength from 400 to 750nm.

0.1

—USB-4000
~— © PRR-800

0.01
A

0.001
[
4

\M
0.0001 L 4

0.00001

400 450 500 550 600 650 700 750
Wavelength (nm)

Fig.6 Comparison of remote sensing reflectance R,
measured by PRR-800 and USB-4000 in the East
China Sea. Circles and a solid line denote values
obtained by PRR-800 and USB-4000, respectively.
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Then, signal to noise ratio ranged between 7.5:1
and 80:1. The radiance from the sea surface, L,,
was 200 at 400 nm, increased to 1200 at 500 nm,
reached its maximum of 6500 at 580 nm, and
decreased to 400 at 750 nm. Another secondary
maximum of 2450 due to chlorophyll a fluores-
cence appeared at around 700 nm. The noises
ranged between 100 and 200 at whole wave-
length. Then, signal to noise ratio varied from 1:1
to 3251 in the wavelength range from 400 to 600
nm, and from 2:1 to 15.1:1 between 600 and 750 nm
except the wavelength range between 675 and
710 nm, where signal to noise ratio was large due
to the chlorophyll a fluorescence.

These noise levels were reduced much to one
third or fourth by taking a running mean of 7 data
readings and by sampling at interval 1 nm.
However, noises were not negligible even with
this treatment in low R, range below 0.001 sr,
which occurred in the longer wavelength range
than 650 nm (Figs. 3, 4 and 5).

5. Discussion

The advantages of the new method are as
follows: (1) it allows direct measurement of
water-leaving radiance without the interference
of reflected radiance at the sea surface; (2) it is
handy for use on small boats; (3) there is no need
for absolute calibration; and (4) it is inexpensive
to make. A possible disadvantage is errors caused
by the uncertainty of the depth of the bottom end
of the pipe. The error becomes large with
increasing depth of the bottom end and turbidity
of seawater. The lack of need for absolute
calibration means that the calibration errors
would be less than 5% (MueLLER and AUSTIN,
1992). Other errors are caused by the ship’'s
effects and self-shading. As is common in optical
measurements, the new method is under the
influence of the ship’s shade (Gorpon, 1985;
SARuYA et al, 1997, Leathers et al., 2004).

According to the results of a Monte Carlo
simulation and its field validation by SAruva et al.
(1997), the error in upward irradiance is much
smaller than that for downward irradiance, but it
is not negligibly small. Therefore, the use of a
boom in order to avoid the shade is recom-
mended.

Let us consider errors associated with self-
shading. Goroon and DinG (1992) estimated the
diameter (D,..r) of an optical instrument that
produced an error of 5% of R by the Monte-Carlo
technique, and they showed an error associated
with self-shading, € of an instrument whose
diameter is D as:

e = 1- (0.95) D/Dya,

Using this relationship and Figure 11 of GorDON
and DinG (1992), errors due to self-shading of the
new instrument was estimated to be 1% or 2%
between 350 nm and 590 nm, and lower than 5%
from 600 nm to 650 nm when chlorophyll a
concentration was 1 mg m™> In the longer
wavelength range, the error increased to about
9% at 700 nm and sharply to about 30% at 740 nm.
With high chlorophyll a concentration of 10 mg
m™3 the error increased to 2% or 3% between 350
nm and 580 nm, and below 5% between 590 and
640 nm. In the case of the PRR-800, the diameter
of the photometer is 10.2 cm, and the error for
water with chlorophyll a concentration of 1 mg
m™3 would be below 5% between 350 nm and 570
nm. In case of 10 mg m™2 chlorophyll a, the errors
would be lower than 5% at around 540 nm and
below 7% at wavelength shorter than 590 nm. At
longer wavelength the error increased sharply,
for example, 17% at 700 nm, and over 50% at 740
nm. Based on these consideration, errors due to
self-shading of the new instrument is half as that
of PRR-800.

Let us consider a case where the water-leaving
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radiance is estimated by the upward spectral
radiance measured at 1 m depth by using an
underwater spectral irradiance meter. If the
depth has an error of £ 0.1 m, then the error
would be under 1% when %, is 0.05 m™ for very
clear ocean water, + 5% when %, is 0.5 m™?, and
about = 10% when %, is 1 m™ in turbid coastal
It is believed that the water-leaving
radiance can be estimated from 2 m depth. The
error would be + 1%, + 10%, and + 20% for k%,
values of 0.05 m™, 05 m™ and 1 m™ respectively.

areas.

The error would become larger for larger values
of %, and greater measured depths. The spectral
attenuation coefficient of upward radiance, %,
(1), changes with wavelength, especially at large
wavelengths. Thus, the error varies considerably
with both depth and wavelength.

The reflected sky radiance by the sea surface is
added to the water-leaving radiance in the case of
or shipboard measurements. Water-
leaving radiance can be obtained by the revision
of the total sea radiance using the reflectance of
the sea surface. The reflectance of the sea surface
depends on the incident angle and surface
conditions. The reflectance of a mirror-like sea
surface follows Fresnel's law. The reflectance
under an incident angle of 40° is about 2%,

tower

whereas reflectance values at incident angles
greater than 40° can be up to 100% at 90°. In
contrast, while the reflectance from wavy sea
surface is a little larger than that of a flat surface
at small incident angles, the reflectance at large
incident angles is smaller than that of a flat
surface (BurT, 1954; Cox and Munk, 1956; HisHIDA
and KisHINo, 1965). Thus, the reflected radiance
varies considerably in response to wave action.
However, the reflectance is often regarded as a
constant in the measurement of the water-
leaving radiance in the case of the tower or
shipboard is often used as a constant. For
example, Hokker et al. (2003) used 2.8% for the

reflectance of the sky radiance at tower measure-
In addition, other factors than sea
in the
measurement of reflectance. The new simplified

ments.
conditions must also be considered

instrumentation is expected to facilitate in situ
measurement of water-leaving radiance.

In conclusion, the new proposed pipe method
for the direct measurement of water-leaving
radiance is convenient and applicable in the field
from the clear open ocean to turbid coastal or lake
water environments. Moreover, the errors ob-
tained are smaller than those obtained with
previous methods.
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