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a b s t r a c t

We conducted time-series observations of optical fields near the base of the euphotic zone

(approximately 40 m) using moored automatic optical sensors at a time-series station in

the Western Pacific Subarctic Gyre from March 2005 to July 2006 (with some gaps). We

used the ratio of photosynthetically available radiation at the surface (surface PAR) to in

situ quantum irradiance (in situ QI) at about 40 m as an index of opacity (surface PAR/in

situ QI), which began to increase in the middle of April and peaked between the end of

June and the middle of July 2005. This ratio then decreased toward winter. The ratio

increased again beginning in January 2006, and large peaks were observed in June and

July 2006. As an index of chlorophyll abundance we used the ratio of spectral irradiance at

wavelengths of 555 and 443 nm (Ed555/Ed443) at about 40 m; seasonal variability of this

ratio synchronized well with the attenuation coefficient ‘‘k’’ estimated with surface PAR, in

situ QI, and BLOOMS depth. We estimated primary productivity (PP) using Ed555/Ed443

and an empirical equation based on a previous model but improved on the basis of

shipboard observations. Estimated PP agreed well with observed PP. Seasonal variability of

estimated PP was synchronized with that of organic carbon flux observed by sediment

traps from approximately 150, 540, 1000, and 5000 m. This study demonstrates that time-

series observations of in situ optical fields could contribute to the estimation of primary

productivity and the study of the biological pump in the ocean.

& 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Time-series observations of biogeochemical transforma-
tions are important for the quantitative verification of the
ocean’s role in the uptake of atmospheric CO2. Regular
biogeochemical and physical time-series observations have
been conducted using ships at a few sites in the world
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ocean over the past two decades or longer (station ALOHA
[e.g., Karl and Lukas, 1996; Karl et al., 2001], station BATS
[e.g., Steinberg et al., 2001], Ocean Station Papa [OSP; e.g.,
Harrison, 2002]). However, frequent observations, even
once per month, are insufficient for observing short-term
events (e.g., Wiggert et al., 1994; Karl et al., 2001).
Technological breakthroughs have enabled concurrent
high-frequency, long-term biogeochemical and physical
time-series observations by using moored systems with
autonomous instrumentation (e.g., reviews by Dickey, 1991,
2001; Dickey and Falkowski, 2002; Kuwahara et al., 2003;
review by Dickey et al., 2006). As part of the Joint Global
of underwater optical data to estimation of primary
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Ocean Flux Study (JGOFS) and other related experiments,
interdisciplinary moored systems were deployed off
Bermuda (e.g., Dickey et al., 1998a, 2001), off Hawaii
(e.g., Letelier et al., 2000), in the Arabian Sea (e.g., Dickey
et al., 1998b), in the North Atlantic off Iceland (e.g., Dickey
et al., 1994), in the equatorial Pacific (e.g., Foley et al., 1998;
Chavez et al., 1999), in the Southern Ocean (Abbott et al.,
2000), and in coastal environments (Taylor and Howes,
1994). These efforts have clearly demonstrated the efficacy
of simultaneous high-frequency bio-optical and physical
sampling over seasonal cycles to determine variability in
phytoplankton biomass and its relationships with physical
processes (see review by Dickey et al., 2006). Thus, new
technologies are available to investigate important biolo-
gical and biogeochemical processes at previously un-
sampled and unexplored temporal spectral ranges.

Time-series observation of primary productivity in the
sunlit layer is essential for the study of the biological
pump (Volk and Hoffert, 1985). Progress in satellite
oceanography has undoubtedly enabled us to study
large-scale spatial and temporal variation of biological
activity and primary productivity in the upper ocean
(Behrenfeld and Falkowski, 1997; Banse and English, 1999;
Campbell et al., 2002; Behrenfeld et al., 2005; Dickey
et al., 2006). However, ocean color data provide only near-
surface information, and the presence of clouds and,
sometimes, whitecaps often hampers the acquisition of
satellite color data, especially in coastal and high-latitude
regions.

Thus, we chose to observe and quantify biological
activity—specifically, primary productivity—using in situ
optical sensors moored in the euphotic layer. We have
previously reported the estimation of primary productiv-
ity using in situ optical data and a proposed empirical
model (Honda et al., 2006). This report improves our
model by using a dataset from a longer period of
observation (previous study, March–September 2005; this
study, March 2005–July 2006 [with hiatus]) and by
including more detailed considerations of each factor
used in the empirical equation (integrated chlorophyll-a

[Chl-a] concentration, satellite-derived photosynthetically
available radiation [PAR], and light utilization index [c]).
An important component of this study was the measure-
ment of primary productivity several times during the
period of moored optical sensor operation between
June and July 2006 using shipboard laboratory analysis
methods. The primary productivity modeled in this study
was directly compared with the observed primary
productivity; thus, the accuracy of the model could be
validated.
2. Methods

2.1. Mooring station and mooring system

Station K2 (471N, 1601E; water depth approximately
5200 m) has been a time-series station in the Western
Pacific Subarctic Gyre (WSG) since 2001, and seasonal
observations have been conducted from research vessels
(Kawakami and Honda, 2007; Kawakami et al., 2007) and
Please cite this article as: Honda, M.C., et al., Application
productivity. Deep-Sea Research I (2009), doi:10.1016/j.dsr.200
using mooring systems (Honda et al., 2006; Honda and
Watanabe, 2007). The WSG is characterized by large
seasonal variability in biogeochemical components such
as pCO2 (Takahashi et al., 2002), surface nutrients
(Louanchi and Najjar, 2000), and settling particles (Honjo,
1996; Honda et al., 2002), and by a more efficient
biological pump than in other oceans (Honda, 2003;
Buesseler et al., 2007, 2008; Special Issue of Deep-Sea
Research II, vol. 55, 14–15, 2008).

Our bottom-tethered mooring system consisted of a
water sampling system (McLane RAS-3-48-500), multiple
time-series sediment traps (McLane Mark 7G-13 or 7G-
21), and the Bio-optical Long-term Optical Ocean Measur-
ing System (BLOOMS; described in Section 2.2). Results
obtained using other instrumentation have been pub-
lished elsewhere (Honda et al., 2006; Honda and
Watanabe, 2007). The moored system with BLOOMS was
deployed three times: March–September 2005, October
2005–May 2006, and June–July 2006.

2.2. Moored underwater optical sensor

The Bio-optical Long-term Optical Ocean Measuring
System package (BLOOMS) consisted of a fluorometer
(Wet Labs, Inc.), and a spectral radiometer (OCR-504-ICWS;
Satlantic, Inc.) along with data acquisition/storage systems
and a pressure housing (photograph in Chang
et al., 2008). BLOOMS was mounted on the frame of the
automatic water sampling system (McLane RAS-3-48-500;
Honda and Watanabe, 2007), which was located at around
40 m water depth, for the measurement of Chl-a and
downwelling spectral irradiance (Ed) at four wavelengths
(412, 443, 490, and 555 nm) on the hour from 0600 to 1800
local time (12 h). A depth sensor (RIGO RMD-500) was also
mounted on the water sampling system, and BLOOMS
depths were recorded every 120 min during the mooring
deployment. The optical system was kept free of biofouling
by the use of copper shutters (Dickey et al., 2003; details in
Manov et al., 2004). Unfortunately the fluorometer mal-
functioned so we cannot present time-series data of
fluorometric Chl-a from this study. The Ed at four
wavelengths was measured every hour during local daytime
periods (0600–1800 local time) from 20 March 2005 to 15
July 2006 (with some gaps).

Following equation (1) of Siegel et al. (2001), the daily
quantum irradiance spectra over a wavelength
(412–555 nm) and time ranges (12 h from 6:00 to 18:00
local time) (in situ QI: quanta m–2 day–1) was calculated
by integrating Ed at four wavelengths and approximate
daylight hours as follows:

in situ QI ¼

Z 555

412

Z 18:00

6:00
ðlave=hcÞ Ed dt dl ð1Þ

where lave is the average of continuous wavelengths, h is
Planck’s constant and c is the velocity of light. The factor
[lave/(hc)] accounts for conversion of an energy flux to
quantum flux. Between about 20 March and 25 Septem-
ber, the local daylight period was longer than 12 h (with a
maximum of 16 h around mid-June), and our calculated in
situ QI values should be potentially underestimates
of underwater optical data to estimation of primary
9.08.009
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relative to the actual daily values. However, we believe
that the magnitude of the underestimate was at most 2%
of in situ QI values on the basis of an empirical equation of
diurnal change in PAR (e.g., Ikusima, 1967) and, thus,
negligible for the purposes of our discussion.
2.3. Primary productivity and measurement of chlorophyll-a

concentrations

During mooring servicing cruises for recovery and
deployment of the BLOOMS mooring, primary productiv-
ity and Chl-a were measured using ship-based laboratory
analysis methods. Instead of the 14C method (Steemann
Nielsen, 1952; Marra and Barber, 2004), primary produc-
tivity was measured by the in situ 13C method developed
by Hama et al. (1983). Water samples were collected with
CTD/Carousel Water Sampling System (CTD: Sea-Bird
9plus, and 12-litter Niskin Bottles�36) from the surface
and seven predetermined depths corresponding to nom-
inal specific optical depths, that is, approximately 50%,
25%, 10%, 5%, 2.5%, 1%, and 0.5% of surface PAR. All water
samples used for primary productivity measurements
(volume, 1 L) were spiked with NaH13CO3 solution to a
final concentration of 200mmol L–1, and then Nalgen
polycarbonate bottles were attached at the appropriate
depths on a drifting incubation system consisting of a
200-m line supported by floats at the surface and kept
vertical by weights at the bottom. After 24-h in situ
incubations, primary productivity samples were filtered
through pre-combusted Whatman GF/F filters. Before
analysis of the material on the filters, inorganic carbon
was removed by an acid treatment in an HCl vapor bath
for 4–5 h. The 13C content of samples was measured with a
mass spectrometer system on board (ANCA-SL; PDZ
Europe), and the amount of organic carbon assimilated
and the primary productivity were calculated following
Hama et al. (1983). The analytical method for 13C is more
complicated (using mass spectrometry instead of liquid
scintillation counter for 14C), and there is a possibility that
24-h incubation with 13C might lose more extracellular
metabolites (DOC) compared with a few to several hours
incubation with 14C. However, Hama et al. (1983) reported
that there is little difference between PP measured by 14C
and 13C methods. Based on duplicate incubations for
respective depths and stations during scientific cruises
MR06-03 (June–July 2006), MR07-05 (September–
October 2007), and MR08-05 (October–November 2008)
using the same incubation techniques, the mean repeat-
ability of our primary productivity measurements was
better than 5% (n=104).

Water samples for the measurement of Chl-a (0.5 L)
were collected from nine layers in the upper 200 m. Water
samples were vacuum filtered (o15 cmHg) through
25-mm diameter GF/F filters. Phytoplankton pigments
retained on the filters were immediately extracted in a
polypropylene tube with 7 mL of N,N-dimethylformamide
(Suzuki and Ishimaru, 1990). The tubes were stored at
�20 1C under dark conditions for 24 h or more to extract
Chl-a. The fluorescence of each sample was measured
using a fluorometer (model 10-AU-005; Turner Designs)
Please cite this article as: Honda, M.C., et al., Application
productivity. Deep-Sea Research I (2009), doi:10.1016/j.dsr.200
that had been previously calibrated against pure
Chl-a (Sigma Chemical Co.). We used the fluorometric
‘‘acidification method’’ described by Holm-Hansen et al.
(1965). Measurement error was approximately 3%. The
total amount of Chl-a in the upper 60 m (Chl-a(int); see
Section 4.1) was estimated with integration of Chl-a upper
60 m at six layers (0, 10, 20, 30, 50, and 60 m) by the
trapezoidal rule.

2.4. Underwater light conditions

Vertical profiles of underwater light conditions in the
upper 100–200 m were measured during cruises with a
profiling radiometer (Sea-viewing Wide Field-of-view
Sensor [SeaWiFS]) Profiling Multichannel Radiometer
[SPMR]; Satlantic, Inc.). Descending gravitationally in the
water column with sinking velocity of approximately
1 m s�1, this profiler measures upwelling radiance (Lu)
and downwelling irradiance (Ed) at 13 wavelengths from
380 to 705 nm. The relative intensity of solar irradiance in
the water column was determined by comparison with
surface PAR observed on deck by a SeaWiFS Multichannel
Surface Reference (SMSR; Satlantic, Inc.). The observed
irradiance data were used to determine the appropriate
water sampling depths for measurements of primary
productivity and for verification of the relative attenua-
tion of irradiance at various wavelengths, especially the
ratio of irradiance at a wavelength of 555 nm to that at
443 nm (Ed555/Ed443) at around 40 m (see Section 4.1).

2.5. Surface PAR

Daily surface PAR data at station K2 were obtained
from SeaWiFS satellite optical data. Clouds over station K2
often hampered the daily acquisition of PAR data there, so
we compiled daily PAR data from an 11�11 pixel box on
the digital satellite data image (an area roughly
100 km�100 km) centered on station K2. As a result,
daily surface PAR data were available for approximately
95% of the 499 days between 20 March 2005 and 31 July
2006. However, it is noted that the satellite-based daily
surface PAR in any pixel was based on one or two
‘‘snapshots’’ obtained during daytime. In addition, satel-
lite-based daily PAR did not always accurately represent
that at station K2. Standard deviation of satellite PAR data
ranged from less than 5% to 85% with average of �20%.
Standard deviation tended to increase as surface PAR
decreased and sometimes exceeded 100%. Based on a
comparison of satellite-based PAR with PAR measured on
deck during cruise MR06-03, we corrected for the
differences between in situ and satellite-based PAR before
estimating PP (see Section 4.2).

3. Results

Satellite-based surface PAR varied widely from day to
day (Fig. 1a). In general, surface PAR increased from March
2005 toward June and July 2005 and then decreased
toward winter, when the minimum surface PAR was
observed, in December 2005. Surface PAR increased again
of underwater optical data to estimation of primary
9.08.009
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Fig. 1. Seasonal variability in (a) quantum irradiance at the depth of BLOOMS (in situ QI; heavy line) and surface PAR obtained from SeaWiFS data (surface

PAR; gray line), (b) the noontime ratio of surface PAR to in situ QI (surface PAR/in situ QI) and BLOOMS depth, and (c) attenuation coefficient ‘‘k’’ and the

ratio of quantum irradiance at a wavelength of 555 nm to that at 443 nm (Ed555/Ed443) at BLOOMS depths from March 2005 to July 2006. Experimental

‘‘day 0’’ is 20 March 2005. Note logarithmic scales for surface PAR/in situ QI (b), and ‘‘k’’ and Ed555/Ed443 (c). In order to understand seasonal variability

easily, error bars are not shown (error bars are explained in the text).

M.C. Honda et al. / Deep-Sea Research I ] (]]]]) ]]]–]]]4



ARTICLE IN PRESS

10

20

30

40

50

60

70

0 0.5 1 1.5 2 2.5 3 3.5 4

Honda et al. (2006)
MR06-03
MR07-05
MR08-05
Total

y = 40.511 + 41.012log (x)   R2 = 0.80053 

C
hl

-a
(in

t) 
up

pe
r 6

0 
m

 (m
g 

m
-2

)

Ed555/Ed443 at 40 m

Fig. 2. The relationship between Ed555/Ed443 at a depth of 40 m and

integrated chlorophyll-a concentrations in the upper 60 m (Chl-aint).

Ed555/Ed443 was determined by profiling radiometer (see Section 2.4),

and chlorophyll-a concentrations were determined by fluorometer (see

Section 2.3). Open circles represent data from various locations in the

northern North Pacific during cruise MR05-04 (September–October

2005) and previous cruises in various seasons (see Honda et al., 2006

for details). Closed circles, squares, and triangles represent data from

research cruises MR06-03 (June–July 2006), MR07-05 (September–

October 2007), and MR08-05 (October–November 2008), respectively.

The solid line indicates the regression curve based on all data. Error bars

are one standard deviation (1s). Broken line is relation between Ed555/

Ed444 at 40 m and Chl-a(int) upper ‘‘40 m’’ reported previously (Honda et

al., 2006).
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thereafter, and maximum surface PAR was observed in
late June 2006. In situ QI observed by BLOOMS also
fluctuated widely (Fig. 1a). Overall, the fluctuations and
seasonal variability synchronized well with surface PAR.
However in situ QI decreased relative to surface PAR in
June and July of 2005 and 2006.

As a result, the ratio of surface PAR to in situ QI
(PAR/QI)) increased in June and July 2005 and 2006
(Fig. 1b). If the depth of BLOOMS is constant, the PAR/QI
ratio can serve as an index of the degree to which
irradiance is attenuated, that is, index of opacity. During
the first mooring deployment (March–September 2005)
the depth of BLOOMS was stable and averaged approxi-
mately 35 m (Fig. 1b). However, during the second
mooring (October 2005–May 2006) the depth of BLOOMS
was fairly variable and slightly deeper, averaging approxi-
mately 40 m. The BLOOMS depth in December 2005 and
March 2006 sometimes exceeded 60 m. The increase in
the PAR/QI ratio in June and July of 2005 and 2006
without an increase in the deployment depth likely
indicates an increase of opacity in the water column
above BLOOMS.

In general, the magnitude of light attenuation in the
water (attenuation coefficient ‘‘k’’) can be expressed
following the Lambert–Beer law, which can be generally
applied to ocean water (Gordon, 1989):

k ¼ �lnðIz=I0Þ=z ð2Þ

where Iz and I0 are downwelling irradiances at z and 0 m,
respectively.

Although in situ QI(412�555) does not cover all wave-
lengths for PAR (400–700 nm), substituting in situ
QI(412�555) and surface PAR with Iz and I0, respectively,
the attenuation coefficient ‘‘k’’ was estimated (Fig. 1c). The
‘‘k’’ increased in the late June and early July in 2005, and in
June and early July in 2006. In addition, a small increase
was observed in September 2005. Thus we suspect that,
during the above period, the opacity in the water column
above BLOOMS increased.

Seasonal variability in the noontime Ed555/Ed443 ratio
was well synchronized with that in ‘‘k’’, which increased
in late June–early July 2005, in June 2006 and in July 2006
(Fig. 1c). We also observed a small the Ed555/Ed443 ratio in
late September 2005 similarly to ‘‘k’’. As described in
Section 4.1, the increases of ‘‘k’’ and the Ed555/Ed443 ratio
were attributed to increases of phytoplankton.

4. Discussion

4.1. Estimation of depth-integrated Chl-a

In clear oceanic water, the magnitude of extinction of
downwelling irradiance at approximately 550 nm (Ed550,
green light) is larger than that at approximately 440 nm
(Ed440, blue light) (e.g., Kirk, 1983), that is, ‘‘k’’ for Ed555

(k555) is larger than ‘‘k’’ for Ed444 (k444). However, k444

increases when particulate materials increases. This is
attributed mainly to the fact that Ed440 is preferentially
absorbed by Chl-a, the main photosynthetic pigment of
the principal phytoplankton groups such as diatoms and
Please cite this article as: Honda, M.C., et al., Application
productivity. Deep-Sea Research I (2009), doi:10.1016/j.dsr.200
coccolithophorids, as opposed to Ed550 (e.g., Kirk, 1983;
Vaillancourt et al., 2003). Duntley et al. (1974) and Gordon
and Morel (1983) reported a good correlation between
Chl-a concentrations and Ed441, but no correlation with
Ed520. Smith et al. (1991) and Abbott et al. (1995)
documented a good relationship between Chl-a and the
Ed441/Ed520 ratio. Loisel and Morel (1998) and Kinkade
et al. (2001) also reported a good correlation between
depth-integrated Chl-a (Chl-aint) over the upper 65 m of
the water column and the Ed443/Ed550 ratio from noon
measurements at 65 m depth. Furthermore, Abbott et al.
(2000) showed that there was a good relationship
between Chl-aint and the ratio of Ed443 to Ed555 but not
to Ed520 or Ed550.

We compared estimates of Chl-aint in the upper 60 m of
the water column, which is the approximate annual
maximum depth of the euphotic layer at station K2
(Imai et al., 2002; Honda, in preparation), to
Ed555/Ed443 at 40 m (Fig. 2). These values for Ed555/Ed443,
the reciprocal of Ed443/Ed555, were collected by an
underwater SPMR optical vertical profiler during
multiple scientific cruises in the northern North Pacific
(R/V Mirai, Natsushima, and Kairei cruise reports from
2003 to 2008). Note that we are investigating the
relationship between Ed555/Ed443 at 40 m and the Chl-
aint in the upper 60 m, not 40 m. The depth of 60 m is the
approximate annual maximum depth of the euphotic
layer in the WSG, and primary productivity is often
conducted below 40 m. Moreover, light utilization index
of underwater optical data to estimation of primary
9.08.009
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(C, see below) was estimated with primary productivity
and Chl-a below 40 m. Thus a previous study showed that
Chl-aint in the upper 40 m was likely insufficient for the
estimation of primary productivity in the water column
(Honda et al., 2006). We found a good correlation between
Ed555/Ed443 at 40 m and Chl-aint over the upper 60 m
(r240.8, Po0.001; Fig. 2), although these data were
obtained during different seasons and from different
places in the subarctic North Pacific (Honda et al., 2006
and references in caption to Fig. 2). As a result, the Chl-aint

over the upper 60 m can be estimated from the Ed555/
Ed443 ratio at 40 m as follows:

Chl� aintðmg m�2Þ ¼ 41:01 logðEd555=Ed443Þ þ 40:51 ð3Þ

As seen in Fig. 2, estimated Chl-aint in the upper 60 m is
approximately 65 mg m�2 and approximately 30% larger
than Chl-aint in the upper 40 m (50 mg m�2) when the
Ed555/Ed443 ratio at 40 m is 4.

It is noted that Ed555/Ed443 ratios were not always
observed by BLOOMS at 40 m, but at variable depth
(Fig. 1b). The relation between Ed555/Ed443 at 40 m and
that at variable depths (35–60 m) was investigated with
SPMR data, and it was recognized that Ed555/Ed443 ratios
vary with depth (Fig. 3). As a whole, Ed555/Ed443 decreased
with depth. This is likely attributable to the fact that k555

is generally larger than k443 as described above. However
Ed555/Ed443 sometimes increased with depth, or increased
and decreased between 35 and 60 m. In addition, the
magnitude of change with depth was variable. Gordon
(1989) reported that the ‘‘k’’ value is not constant in the
water column and varies with depth. However, based on
average and standard deviation of relative Ed555/Ed443 at
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respective depths (Fig. 3), the following trend can be
found.
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Between 35 and 60 m, Ed555/Ed443 decreases with
depth linearly, but this slope is different above 40 m
than it is 40 m.
(ii)
 Standard deviation (that is, error) of Ed555/Ed443 at
respective depth increases with distance from 40 m.
We propose empirical equations for relative Ed555/Ed443

and standard deviation (error) at respective depth (z m) to
that at 40 m (Relative Ed555/Ed443 (z) and SD(z)) as follows:

ðo40 mÞ

Relative Ed555=Ed443ðzÞ ¼ �0:002zþ 1:097 ð4Þ

SDðzÞ ¼ �0:012zþ 0:471

ð40� 60 mÞ ð5Þ

Relative Ed555=Ed443ðzÞ ¼ �0:012zþ 1:487 ð6Þ

SDðzÞ ¼ 0:007z� 0:255 ð7Þ

For example, Ed555/Ed443 at 50 m (60 m) is estimated to

be 0.9070.07 (0.7870.14) of Ed555/Ed443 at 40 m. Thus,
using these empirical equations, we corrected (or normal-
ized) Ed555/Ed443 observed at variable depths to that at
40 m. After that, by using Eq. (3), we estimated the
seasonal variability in Chl-aint. The total error of Chl-aint

from error of estimation of Ed555/Ed443 at 40 m (�4% on
average) and Eq. (3) (�20% on average) was approximately
22% on average. It is noted that the attenuation coefficient
‘‘k’’ (Fig. 1c) correlated well with Chl-aint (r2=0.82).

4.2. Estimation of primary productivity

The optical information obtained by BLOOMS provides
a means for the estimation of primary productivity. Using
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the following empirical Eq. (8), depth-integrated primary
productivity in the euphotic layer (PP) can be determined
from the Chl-aint, estimated as described in Section 4.1,
and the daily surface PAR obtained by SeaWiFS:

PP ¼ Chl-aint � surface PAR �C ð8Þ

where C is the water column light utilization index (or

efficiency) (mg-C m2 mg-chl-a–1 mol quanta–1). Falkowski
(1981) defined C as the ratio of Chl-aint specific
productivity to surface PAR. Platt (1986) and Platt et al.
(1988) reported a relatively constant C (approximately
0.4 mg-C m2 mg-chl-a–1 mol quanta–1) on regional and
global scales, whereas Falkowski and Raven (1997)
reported that C increases with decreasing light intensity
(PAR). In contrast, Shiomoto (2000) reported an increase
of C with increasing PAR, attributing this to the effects of
the spring bloom. Hashimoto and Shiomoto (2002) found
that C ranged from 0.3 to 1.2 mg-C m2 mg-chl-a–1 mol
quanta–1, and large-sized phytoplankton (diatoms) tended
to have a higher C based on spring and summer
observations in the western and eastern North Pacific. In
JJMAMFJD
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contrast, Imai et al. (2002) reported that C was constant
throughout the year at time-series station KNOT in the
WSG (0.370.1 mg-C m2 mg-chl-a–1 mol quanta–1).

Using data from our recent cruises in the northern
North Pacific (MR05-04 [September–October 2005],
MR06-03, MR07-05, and MR08-05), we calculated C
values on the basis of primary productivity, Chl-a and
surface PAR values measured on board in the northern
North Pacific, including stations in the Bering Sea and in
the eastern North Pacific (at OSP). The C values ranged
from 0.2 to 1.5 with error of approximately 8% (Fig. 4). We
analyzed the relationship between C values and surface
seawater temperature (SST), Chl-aint, surface nutrient
(NO3) and surface PAR, and found that the C values
were significantly correlated with surface PAR (r240.86,
Po0.0001) and tended to decrease with increasing surface
PAR (Fig. 4). The power function proposed here coincided
well with the relation between C and surface PAR
reported by Falkowski and Raven (1997). As their
relation was obtained from a large amount of data in the
world ocean while our data were from only the northern
North Pacific, this relation can be applied to the world
ocean. Though we cannot explain whether it is due to
physiological adaptations to low light or to some other
factor, C was determined using the following power
function in this study:

C ¼ 3:41ðsurface PARÞ�0:68
ð9Þ

Before we estimated primary productivity, we first
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determined the validity of the daily surface PAR from
satellite observations (satellite-based PAR), although in our
previous study (Honda et al., 2006) satellite-based PAR was
used without any validation. During the MR06-03 cruise,
satellite-based PAR was compared with the daily surface
PAR measured onboard with a hyperspectral UV–VIS
irradiance sensor (RAMSES-ACC, TriOS Optical Sensors;
observed wavelengths: each 1 nm wavelength between 400
and 700 nm, sampling time: each 5 min, official accuracy:
better than 6–10%). As a result, we found that satellite-
based PAR tended to be higher than the onboard PAR
(Fig. 5). As mentioned previously (Section 2.5), satellite-
based PAR is an average daily PAR over a 100 km�100 km
area (11�11 pixels centered on station K2) and daily PAR
for each pixel is based on only a few data points. When the
surface PAR at station K2 was too low to be detected, the
detectable surface PAR from the surrounding area was used
to represent surface PAR at station K2. This arithmetic
processing might tend to make values of satellite-based
PAR higher than the onboard or actual surface PAR.
Although the correlation between measured and satellite
PAR was low (but significant; see Fig. 5), satellite-based
surface PAR values were corrected in this study as follows:

Surface PAR ¼ 1:075 satellite-based PAR � 11:957

ðn ¼ 26; r2 ¼ 0:53; po0:0001Þ ð10Þ

Thus, primary productivity during MR06-03 (June and
July 2006) was estimated using Ed555/Ed443 data obtained
by BLOOMS, corrected satellite-based surface PAR, and
Eqs. (3)–(9) (Fig. 6a). The total uncertainty in PP estimated
with onboard PAR was approximately 40% on average
Please cite this article as: Honda, M.C., et al., Application
productivity. Deep-Sea Research I (2009), doi:10.1016/j.dsr.200
(Fig. 6a). On the other hand, the total uncertainty in PP
estimated with satellite-based and corrected PAR was
larger than 100% on average because the error (standard
deviation) of C estimated with surface PAR, whose error
was �52% on average, exceeds 100%. Accurate
measurement of surface PAR is a high-priority issue in
the future. Estimated PP (hereafter: ‘‘modeled PP’’) during
June and July 2006 ranged from approximately 180 to
730 mg-C m�2 day–1 (Fig. 6a). Although there were only
four sets of modeled and observed PP data that were
obtained on the same day, the modeled PP agreed well
with observed PP (Fig. 6a). The period at station K2 under
discussion—June and July—is usually very productive
(e.g., Kawakami and Honda, 2007). However, onboard
salinity and nutrient observations during cruise MR06-03
indicated that non-productive water invaded station K2
around early July 2006 (around experimental day 460).
This low-production phenomenon is clearly represented
in the modeled PP (Fig. 6a).

We used our model to estimate primary productivity
for approximately a year and a half (March 2005–July
2006; Fig. 6b). Modeled PP in March 2005 and in late
September 2005 also coincided well with observed PP.
Although modeled PP tended to be slightly lower than
observed PP in summer (late July and August 2005;
reported by Boyd et al., 2008), the modeled PP reproduced
an observed decrease of PP with time. The annual average
of PP (20 March 2005–19 March 2006) was estimated
at approximately 350 mg-C m�2 day�1. This estimate is
within the range of previous annual estimates in the WSG:
at station KNOT (270 mg-C m�2 day�1; Imai et al., 2002)
and station K2 (350 mg-C m�2 day�1; MR08-05 prelimin-
ary cruise report, 2008).

We also estimated PP using satellite-based Chl-a,
surface PAR, and SST data, and with the proposed
algorithm (Vertical Generalized Production Model, VGPM,
of underwater optical data to estimation of primary
9.08.009
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Behrenfeld and Falkowski [1997]) (Fig. 6a and b). During
June and July 2006, we were able to calculate satellite-
based PP (PPsatellite) for only four days (Fig. 6a). PPsatellite

for the first 2 days agreed with modeled PP (PPBLOOMS) and
observed PP. However, the other two PPsatellite were much
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(or 300 m), (d) 1000 m, and (e) 4810 m (Honda, in preparation). Note that verti

respective depths are periods when large PP or organic carbon flux appeared (

Please cite this article as: Honda, M.C., et al., Application
productivity. Deep-Sea Research I (2009), doi:10.1016/j.dsr.200
higher than PPBLOOMS. From an annual perspective,
PPsatellite and its seasonal variability coincided well with
PPBLOOMS between late May and mid-July 2005 (Fig. 6b).
In contrast, PPsatellite between August 2005 and January
2006 tended to be higher than PPBLOOMS and observed PP.
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of underwater optical data to estimation of primary
9.08.009
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In addition, increases in PPsatellite were not obvious until
after May 2006, whereas PPBLOOMS began to increase in
February 2006. There was a tendency for PPsatellite to be
lower (higher) than PPBLOOMS during January and May
(during June and December) when SST is lower (higher)
than 5 1C (Fig. 7). In VGPM, the maximum chlorophyll-
specific PP in the water column (PB

opt) is one of the
key parameters, and PB

opt is defined as a ‘‘seventh
degree function of SST’’. However, this PB

opt has large
uncertainty (Behrenfeld and Falkowski, 1997). Thus PB

opt

under temperature lower (higher) than 5 1C might
be underestimated (overestimated), resulting in an
underestimate (overestimate) of PPsatellite for the
Western North Pacific Subarctic Gyre. Although both
methods for estimating PP have a lot of uncertainty or
variability, the data acquisition rate for PPBLOOMS

estimates between March 2005 and July 2006 was
approximately 75%, about four times higher than that
for PPsatellite estimates (approximately 20%).

Finally, we compared the seasonal variability in our PP
estimates (PPBLOOMS) with that in organic carbon flux as
observed by time-series sediment traps at 150, 540 (or 300),
1000, and 4810 m (Fig. 8; organic carbon flux data: Honda,
in preparation). The increases in PP estimated in this study
(June and July in 2005 and 2006) were evident in increases
in organic carbon flux in the mesopelagic and deep layers,
although trapping efficiency for organic carbon flux is
problematic. When maximum PP of �1000 mg-C m�2 day�1

appeared on the experimental day of 106 (ExD106) (Fig. 8a),
organic carbon flux at 150 m also increased without any
time-lag (Fig. 8b). This indicates that CO2 assimilated in the
surface sunlit layer was quickly transported to the ocean
interior at station K2, as reported previously (Honda et al.,
2006; Honda and Watanabe, 2007). On the other hand, if it
can be said that the peak of carbon flux derived from
maximum PP on ExD106 in the upper 60 m (Fig. 8a)
appeared on ExD119 at 1000 m (Fig. 8d) and on ExD147 at
4810 m (Fig. 8e), sinking velocity between 60 and 1000 m
and between 1000 and 4810 m can be estimated to be
approximately 72 ([1000�60]/[119�106]) and 136 m day�1,
respectively. Estimates of sinking velocity of �150 m day�1

in the deep sea and increase of sinking velocity with
depth coincided well with previous reports (e.g., Berelson,
2002).
5. Concluding remarks

Our results verify that the Ed555/Ed443 ratio observed at
the approximate base of the euphotic layer can be used to
estimate Chl-aint and primary productivity if appropriate
surface PAR and C values are available. This new method
for estimation of primary productivity, modified from that
of Honda et al. (2006), should be useful, especially for
high-latitude zones where satellite-based Chl-a data
acquisition is often hampered by clouds or whitecaps.
However, it is not clear whether this method can be
applied to coastal areas that have high levels of suspended
lithogenic particles and colored dissolved organic matter
(CDOM). In coastal waters, the Ed555/Ed443 ratio might be
affected not only by phytoplankton biomass (Chl-aint) but
Please cite this article as: Honda, M.C., et al., Application
productivity. Deep-Sea Research I (2009), doi:10.1016/j.dsr.200
also by these other substances, although they preferen-
tially absorb QI at shorter wavelengths (o400 nm;
e.g., Oliver et al., 2004). It is noteworthy that moored
optical measurements can be successfully deployed using
specialized devices for approximately 1 year without
significant degradation due to biofouling or instrument
malfunctions. Continuing investigations should include
concurrent time-series measurements of optical signals
that indicate levels of lithogenic suspended particles,
CDOM, and carbonate—measurements such as opacity,
backscattering, ultraviolet light, and polarization (e.g.,
Guay and Bishop, 2002)—which will enable us to conduct
comprehensive studies of the biological pump.
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