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Abstract. The light scattering properties of oceanic parti- matter Siegel et al. 1989 Claustre et aJ.1999. Under-

cles have been suggested as an alternative index of phytstanding how different types of oceanic particles affect the
plankton biomass than chlorophyilconcentration (ché), bulk inherent optical properties is fundamental for infer-
with the benefit of being less sensitive to physiological forc- ring particle dynamics and ecosystem rates from in-situ and
ings (e.g., light and nutrients) that alter the intracellular pig- satellite-inverted IOPs.

ment concentrations. The drawback of particulate scatter- The contribution of oceanic microorganisms to IOPs such
ing is that it is not unique to phytoplankton. Nevertheless,as the particle beam-attenuation and scattering coefficients
field studies have demonstrated that, to first order, the parc, andb,, respectively) have been investigated rather ex-
ticulate beam-attenuation coefficient,] can track phyto- tensively by means of flow cytometryp(rand and Olsgn
plankton biomass. The relationship betwegrand the par- 1996 Chung et al. 1996 1998 Claustre et a).1999 Green
ticulate backscattering coefficierti,f), a property retriev-  etal, 2003 Oubelkheir et al.2005 Grob et al, 2007). Typi-

able from space, has not been fully evaluated, largely due taally, the concentrations, sizes, and refractive indices of spe-
a lack of open-ocean field observations. Here, we presentific groups of microorganisms were estimated and then their
extensive data on inherent optical properties from the Equaeontribution toc,, calculated.

torial Pacific surface waters and demonstrate a remarkable In some of these investigations, the observed microorgan-
coherence b, andc,. Coincident measurements of par- isms (autototrophs and heterotrophs) accounted for a rather
ticle size distributions (PSDs) and optical properties of size-constant fraction ot,, while the remaining fraction of,
fractionated samples indicate that this covariance is due tavas attributed to an unmeasured particle pool referred to as
both the conserved nature of the PSD and a greater contribudetritus” (Chung et al. 1996 1998 Claustre et a).1999

tion of phytoplankton-sized particlestg, than theoretically =~ Oubelkheir et a.20035. A corollary of these findings is that
predicted. These findings suggest that satellite-derbygd it should be possible to estimate the attenuation by microor-
could provide similar information on phytoplankton biomass ganisms from bulk:, measurementsChung et al. 1998.

in the open ocean as,. By further considering that the biomass of autotrophic and
heterotrophic microbes covary in the open-ocean over large
scales Cole et al, 1988 Gasol and Duarte2000, we can
then conclude that, to first order, butk should be propor-
tional to phytoplankton beam attenuatiag X

Inherent optical properties (IOPs) have been recognized as Other studies estimated that phytoplankton accounted for

important tools to study many ecophysiological and biogeo-up ;O SGO_GO% oty é[(;gramlj ang dQ!sqr%g% (;,jhung glal'
chemical oceanic processes at sub-meter spatial scales a% g Green et al. 3. In addition, Durand an son

at high temporal resolution. For example, IOP data have 9?(?b5h°¥tv?§ :hsttmost_ (if the_die:] varizlatiol?s inTl?]Ld}s
permitted deriving proxies of phytoplankton cell sigziqtti ~ c°U!d Pe attributed fo variations in phytoplankign Thus,

et al, 2002 and growth-rate estimates of particulate organicin these investigations a first order correlation emerged di-

rectly between bulk,, and phytoplankton beam attenuation
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coefficient.
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A validation of the above estimates was only presentedtheory predicts that 50% df, is due to particles< 3.2um,
by Green et al(2003 who favorably compared the recon- while 50% ofb,,, is from particles< 0.2um, if low refractive
structed total particulate scattering signals to independentlyndex (phytoplankton-like) homogeneous spherical particles
measured bulk, (which dominates ). Indeed, most of the that follow a power-law size distribution with exponent-o4
aforementioned investigations adopted different hypotheseare consideredStramski and Kieferl991). Thus, the rela-
to which the calculated scattering cross-sections are strongliionship betweeiy,, and phytoplankton biomass may not be
dependent: for example, some studies employed forwards strong as for, and would depend on the conserved na-
scattering measurements to obtain particle sibesgnd and  ture of the particle size distribution (PSD) (i.e., that small
Olson 1996 Chung et al. 1998 Green et al.2003 Grob  particles covary with phytoplankton-sized particles).
et al, 2007, while others assumed fixed sizes for a given One of the problems with using Mie theory to simulate
particle type Chung et al. 1996 Claustre et a). 1999 backscattering coefficients is that oceanic microorganisms
Oubelkheir et al.2005. Thus, it is unclear if the differences are not homogenous spheres. Theoretical models that ac-
in the reported contributions of microorganisms to bujk  count for internal structure and non-sphericity of the particles
were real and due to variations in the geographic regionspredict backscattering coefficients significantly higher (up to
or biased because of the the assumptions regarding size arah order of magnitude) than those expected for equivalent
scattering theory used to retrievg. homogeneous spherdglé¢yer, 1979 Bohren and Singham
Regardless, we have explained why a correlation betweed991; Kitchen and Zanevel|dl992 Quirantes and Bernayd
¢, and phytoplankton biomass (the first order drivetgfis 2004 Clavano et al.2007. Moreover, direct laboratory
expected. Certainly this global correlation may break downmeasurements of the backscattering coefficient (or the vol-
at more regional scales, but it provides a way to derive phyto-ume scattering function) of phytoplankton cultures are also
plankton biomass alternative to chlorophyleoncentration in disagreement with predictions based on the homogeneous
(chl-a). Indeed, despite its historical acceptance as an indespherical model. For exampl&aillancourt et al.(2004
of phytoplankton biomass, chl-s also strongly influenced showed that observed backscattering efficiency factors could
by physiological forcing such as light availability and nutri- be reproduced by Mie theory only by using refractive indices
entstress (e.gGeider etal.1998. The chla:c, ratio should  significantly higher than those expected for phytoplankton.
thus reveal these physiological variations by removing theSimilarly, Volten et al.(1998 concluded that theoretical pre-
biomass dependence from chl- dictions could not achieve a “good agreement” with their
To test this hypothesi®ehrenfeld and Bos@003 ana- measured volume scattering functions because these pre-
lyzed existing time-series of data and found a correlation be-dictions are “too steep” in the forward direction (i.e., the
tween chla-normalizedc, and al“C-based photoacclima- backscattering ratid,,:b, predicted by Mie theory is too
tion index. These investigators later assumed thator- small). Quinby-Hunt et al.(1989 demonstrated that the
relates with the particulate backscatterimg,j in the open  elements of the scattering matrix measured d@hdorella
ocean and derived relationships between satellite-based chéulture could be satisfyingly reproduced only by a coated-
a:byp and environmental variables that closely mimic the chl- sphere model. When the volume-average of the refractive
a-to-carbon ratios measured in laboratory cultures of phy-indices fitted for the coating and for the core of the mod-
toplankton Behrenfeld et a).2005. Thus, these studies eled cell was used as input to the homogeneous spherical
support the hypothesis that phytoplankton biomass correlatesiodel, backscatter was overestimated by a factor 3. Further-
with ¢, andb,,, in the open ocean. more, Stramski and Piskozuf2003 indirectly determined
This new scattering-based approach for interrogating varithe backscattering ratios of two species of marine phyto-
ability in phytoplankton ecophysiology from space still has plankton to be between at least three and ten fold larger than
a critical knowledge gap: it is not yet clear the extent to those predicted by Mie theory. The above comparisons be-
which a direct connection exists betwegnandb,, at the  tween theory and observations were conducted by indepen-
global scale. An exception is the recent analysisHupot dent researchers and provide strong evidence that the homo-
et al. (2008 that reported strong correlations in the South geneous spherical model is insufficient to accurately model
Pacific between both,, or b, and chla and, by extension, the shape of the volume scattering function and the backscat-
betweerv,, andb,,. Note thath,, andc, are here used inter-  tering coefficient of phytoplankton cells.
changeably becausg dominates:, in the open ocean (e.qg., On the other hand, other investigators have estimated
Loisel and More|1998. the backscattering of phytoplankton and bacteria by using
Despite this recent study, the relationship betwegand Mie theory and measuring the volume scattering function
byp is not well understood in the open ocean, mostly due toover a limited range of backward angléddrel and Ahn
the lack of coincident, andb,, measurements. Theoretical 1991 Ahn et al, 1992. Results from these studies were
simulations for homogeneous spherical particles (i.e., Miein good agreement with the homogeneous spherical model
theory) predict that:, and b,, are influenced by particles and presented backscattering coefficients for phytoplankton
belongings to different size fractionsl6rel and Ahn 199%, too small to account for the bulk,, measured in the open
Stramski and Kiefer1991). As a specific example, Mie ocean. These authors thus concluded that a large fraction of
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10.0 140’ W to the Hawaiian islands (Fid). Temperature, salin-

ity and position were recorded by the ship’s underway sys-
tem. To remove bubbles, the seawater supply was plumbed
through two vortex debubblers in series (model VDB-1G, di-
10 ameter of about 5 cm, Stony Brook, NY, USA). Sample water
was then distributed to the optical instruments. To account
for the dissolved signals, instrumental drifts, and biofouling,
a custom-made automatic valve directed the bulk seawater
01 through a 0.2-pm Cole Parmer nylon cartridge filter, for ten
minutes every hour. On twelve occasions along the cruise,
the sample water arriving from the debubblers was manually
diverted through a 3.0-um Cole Parmer nylon cartridge filter
for at least 20 min to measure the contribution from particles
smaller than 3 um to the bulk inherent optical properties.

_ _ ) Beam-attenuation coefficients were measured at 526 and
Fig. 1. SeaWiFS chlorophylir map (units of mgm®) for  g50nm by two 25-cm WET Labs C-star transmissometers

May 2007 showing the cruise track and the locations of the 3-um . :
a7 : : ) . sampling rate 5.8 Hz). The wavelengths corresponding to
filtrations (red circles) and of the fractionation experiments (black( piing ) g b 9

) . ; : qthe emission maxima of the light sources, of each trans-
triangles with corresponding experiment number). Clouds and land” . . ; .
are represented in white and gray, respectively missometer were determined after the cruise by using a spec-

trally calibrated radiometer (OceanOptics USB2000) and
were found to be shifted from the manufacturer declared val-

the measured bulk, must be due to a group of particles U€s by—6 and—-10nm, respectively. Hyperspectral beam

in the submicron size range that has not been well characte@ttenuation and absorption coefficients were also measured
ized and that seems to be mostly composed of detritus anfetween 400 and 750 nm by a 25-cm WET Labs spectral ab-

colloids. Stramski and Kiefef1991) modeled microorgan- sorption and attenuati'on meter (AC-s, sampling rate 3.9 Hz).
isms as homogeneous spherical particles and came to similar The volume SCFiltlterlrIg function at a central angle of about
conclusions. Thus, contrasting results have been presentedl”» A(117°) (m~"sr%), was measured by a WET Labs

so far with respect to the backscattering properties of oceani&CO-BB3 Measurement Sensor at three wavelengths (470,
microorganisms$tramski et al.2004). 526 and 656 nm, sampling rate 1 Hz). The repoitefbr the

The current study focuses on the relationship betwgen backscattering meter were also determined spectroradiomet-
andby, in open-ocean surface waters. We find a close correfically and were found to differ from the stated WET Labs

lation betweerc, and by, using high temporal resolution Values by 0—6, and—4nm, respectively, after accounting
by, and ¢, data collected along a 9000 km-long transect. for the spectral responses of their detectors and interference

Backscattering from particles smaller than 0.2 pm was neglifilters (€.9.,Twardowski et al.2007). Instrument gains were
gible and, as a consequence, backscattering from particles ificreased by the manufacturer before the cruise to measure
the phytoplankton size range (0.5-20 um) contributed a sigih® lowA(117) values expected in the Equatorial Pacific wa-
nificantly greater proportion of the bubl,, than predicted by ters and in the oligotrophic North Pacific Subtropical Gyre.

Mie theory. These findings and the relatively constant shapd N€ instrument was operated in a custom-made flow-through
of the particle size distribution in open-ocean environmentschamber. Briefly, the instrument light sources illuminated the

provide supporting evidence to the usetgf, as an alter- water sample from the bottom of the chamber, thus avoiding

native to chla for quantifying phytoplankton biomass from @ccumulation of occasional bubbles on the optical surface. In
addition, a baffle in the chamber prevented unwanted photons

s & % £ 7‘"‘ \ ong -,-:;F:‘ i 001
165°W 150°W 135°wW 120°W 105°wW 90°W

space. from reaching the instrument detector. The internal surfaces
of the chamber and the baffle were made of black glossy high
2  Methods density polyethylene that minimized diffuse reflectance from
the chamber walls (and thus retro-diffusion of unwanted pho-
2.1 Flow-through measurements tons into the detector field-of-vielBreneman1981). Most

of the photons were reflected by the chamber walls in the
Flow-through measurements were conducted on the cleadirection opposite to the instrument, thus favoring their ab-
seawater supply (intake at 3m depth) of the R.V. Ka'imi sorption by multiple interactions with the chamber sides and
Moana during a Tropical Atmosphere Ocean cruise frombaffle . The chamber volume (about 8.7 ) was conservatively
8 May to 5 June 2007. The cruise track covered three sideshosen to minimize back-reflections from the chamber sides.
of a rectangle that approximately spanned from°A&5to A plug (14-cm in diameter) on one of the sides of the cham-
140° W and between 10S and 10 N. During the final leg  ber was used for installing the instrument and daily cleaning.
of the cruise, the ship journeyed over a transect fromNLO
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Laborator.y experlments Were.carrled out to qssess therable 1. Experimental uncertainties of each term of EL).{sed to
backscattering signak,wail, contributed by reflections off  compute the combined experimental uncertaintyf as a func-
the chamber walls b, wai Was determined in replicate ex- tion of wavelength. Units of absolute uncertainties are the same as
periments by measuring the particulate backscattering ofhose reported in the text for the corresponding variables.
reverse-osmosis water that was recirculated through a 0.2 pm

Cole Parmer nylon cartridge filter for about two hours. The \xgrigple Uncertainty Reference
resultingby, wai values werg0.344-0.06) x 102 and(0.304+ 470nm 526 nm
0.05) x 103m~1 for the blue and green channels, respec- 4.4% 149 5 9P 2001
tively. We note that such determination might be an over- ~ %? o o oss and Pegau ( )
. ) - S 12x10 0.31x 10 measured
estimate ofb, wa because the 0.2 um filtration may leave
lloidal ')I in th | C 1.5 2 measured
colloidal particles in the water sample. D 1 1 measured

bp,wail should theoretically decrease when natural sam- g 2.24% 2.24% Zhang et al. (2009)
ples are measured in the flow-through chamber because, aShy, wal 64x10°° 51x10°° measured
the attenuation by particles or other dissolved substances
increases, the photons traveling from the instrument light-

source to the chamber wall have a smaller probability ofrapje 2. Uncertainty budget foby,, based on the values presented
returning to the detector. This decreasebifwai however i, Taple1 and on all BB3 measurements collected during the cruise.
should be limited since the pathlength covered by these phoNumbers represent the median values of the squared percent contri-
tons is relatively short. We tested this hypothesis by comparbutions,oél (unitless), and the median absolute contributians,

ing the b, wal Mmeasured in reverse-osmosis water with that(m=1), by each input variable to the combined experimental uncer-
measured when the total absorption coefficient was raisedkinty inby,, as a function of wavelength.

to about 2.0 and 2.2, in the blue and green channels,

respectively, by adding a 0.1 um-filtered solution of cobalt ; 2 —4

chlgrine. Uyndeyr thesegrelativeﬁl high absorption values, the variable 470 m:re' 526 nm 478:;]0 526 M
measured decreaseslinwan were practically insignificant:
(0.046+0.046) x 102 and (0.030+0.030) x 10~3m~1 in Xp 11 15 0.41 0.35
the blue and green channels, respectively. It was therefore S 24 4 0.62 0.17
decided to consider the valuesigfywa measured in the lab- ¢ 24 37 0.62 0.55

oratory to be constant over the range of optical properties p 191 g 8;; g'g
: . w . .
encounte.re_d during this study. . Byl 26 32 0.64 051
Raw digital counts were converted intg, values by ’
means of the following equation:
brp =27 X [S(C — D) — Bsw] — bp wal (1) During the field study, data from all instruments were time

stamped and merged using a WET Labs Data Handler-4. To
whereS(C — D) and[S(C — D) — ;] are the total and par- minimize biofouling effects, all instruments as well as the

ticle volume scattering functiong,andg,,, respectivelyy,, backscattering flow-chamber were thoroughly cleaned with
taken equal to 1.1, is the factor used to convert gheat  a mild detergent, diluted ethanol (for glass surfaces only),
a central angle of 1F7into b, (Boss and Pegal2007); and deionized water usually every day, and on a few occa-

S is the scaling factor determined through a serial dilution sions every two days. The 0.2-um and 3-um cartridge filters

with calibrated beads¢ are the digital countsp are the  were replaced weekly.

dark counts measured when no light reaches the detector, and

Bsw 1S the volume scattering function of pure seawater at the2.2 Particle size distribution measurements

same wavelength and angle at which the BB3 meter mea-

sures. To estimatgy,,, the models byhang and H(2009 Measurements of particle size distributions were conducted

andZhang et al(2009 with a depolarization ratio of 0.039 in 1-ml triplicates with a Coulter Counter Multisizer-3 fit-

were adopted throughout this study. ted with a 70-um aperture tube (which resulted in equivalent
The combined experimental uncertainty4p, was cal-  spherical diameters, ESD, distributed in 256 size bins be-

culated by applying the standard law for the propagation oftween 1.4 and 42 um) at 71 locations along the cruise track.

uncertainty BIPM and ISQ 1995 to Eq. (1) and assuming These triplicate measurements were then averaged to reduce

uncorrelated uncertainties. The uncertainties of each ternthe statistical noise. To further reduce noise, the number of

of Eqg. (1) used in these calculations are reported in Tdble size bins was reduced to 22 by aggregating data over larger

their median percent squared contributions to the combinedin sizes. Specifically, beginning from the smallest size bin,

bpp uncertainty as well as their median absolute contributionswve aggregated counts of the first three original bins into a

are presented in Tab new bin and set the new central size to the weighted (by the

Biogeosciences, 6, 94967, 2009 www.biogeosciences.net/6/947/2009/
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counts in each bin) average of the central sizes of three orig36 h in a freezer. The concentration of chlorophyl{ehl-
inal bins. We then repeated the same procedure to compute) was determined fluorometrically (Turner Designs) follow-
the second larger new bin, but we aggregated counts over thiag the acidification methodsgrickland and Parson$972.
following 4 original bins. Similarly, for the third new bin we  Similarly, size-fractionated chi-was measured after filter-
aggregated data over the following 5 original bins. We con-ing 250 ml of sample on 1-um and 5-pm Nuclepore poly-
tinued this aggregation procedure by incrementing by one thearbonate filters. An additional 2| of seawater were filtered
number of original bins over which data were aggregated abn Whatman GF/F filters and stored in liquid nitrogen for
each new aggregated bin. In this way, the new bins at thénigh performance liquid chromatography (HPLC) analysis
largest sizes were derived by aggregating the largest numin the laboratory looker et al. 200Q Van Heukelem and
ber of original bins. The particle numbei measured by a Thomas 2007). Total chlorophylle concentration, TChé,
Coulter counter in each size bin approximately follow a Pois-was calculated by summing the contributions of monovinyl-
son distribution and their standard deviation is equawl?c?. chl-a, divinyl-chl-a (DivChl-a), and chlorophyllide:. Chl-a
Thus, by accumulating counts over the three replicates anevas also computed by exploiting the red absorption band of
over the larger bins, we were able to significantly increasethe highly AC-sa,-spectra (see below). Specifically, chl-
the number of particles per bin and thus the precision of oure was calculated from the particulate absorption line height
measurements. The aggregated PSDs were characterized byound 676 nm as chi®®s = [a,(676) — 39/65a,(650) —
coefficients of variation at most of 10% for bin sizes smaller 26/65,,(715]/0.014 (e.g. Boss et al.2007).
than 5um and in all cases 30% and typically< 15% for An intercalibration of the three different methods for de-
bins smaller or equal than 8 um. Obviously, the aggregatermining chla was achieved by linearly regressing fluo-
tion of the original bins into new ones spanning larger sizesrometric chla and chle”“S against HPLC-derived TChi-
causes a coarsening of the size resolution. However, sinc&he results of these regressions demonstrated that the inter-
the original number of bins was rather large, the number ofcepts of the above relationships were negligible while the
new aggregated bins was 14 for sizes spanning from 1.4 tglopes were not significantly different from 1: 1.13 (99%
8 um and thus satisfactory for the purposes of our analysis. confidence interval: 0.9-2.4) and 1.13 (99% confidence in-
A power law was fitted to the differential particle size dis- terval: 0.9-1.2), for the fluorometric chl-and chla”Cs,
tributions using data points with ESD between 2 and 8 umrespectively. The medians of the relative residuals were
and a non-linear fitting routind3pss et al.2001). The lower  not significantly different from zero (at the 99% confidence
limit of 2 um was selected to avoid peaks in the PSDs thatlevel) and their precisions (computed as half the difference
at times were observed around 1.5 um. The upper limit wasetween the 84th and 16th percentile, henceforth abbreviated
chosen based on the above estimate of precision (i.e., to onlgsc,) were 10.8% and 10.9% for the fluorometric ehénd
use data with a precision better than 15%). We compareathl-2”CS, respectively. Thus, cht®®S and fluorometric chk
the PSD exponents resulting from the fits on the accumuwere in agreement with TChi-and no additional correction
lated replicates and on the accumulated replicates that hadas applied.
also been aggregated in larger bins. We found that the mean
PSD exponents in the former and latter cases were not stati2.4 Flow-through data processing
tically different, at the 95% confidence level. This is prob-
ably because the information content of the more noisy, buR.4.1 C-star and AC-s meters
more numerous data is approximately the same as that of the
less noisy, but fewer data aggregated over larger size bin€ptical measurements from all instruments were averaged
Results reported hereafter are those referring to the averagddto 1-min time intervals before further processing. To
replicates without accumulation of counts over larger bins. compute particulate beam attenuation and absorption coef-
As an additional consistency check, the efficiency factorficients ¢, anda,, respectively), the median values of the
for attenuation Q) for the average particle was computed beam attenuation and absorption coefficients measured dur-
as the ratio of concurrent bulk, values (as measured by ing each of the 0.2-um filtration times were linearly and
the C-star transmissometer at 526 nm, see below) and totaliecewise interpolated between hours and subtracted from
geometric cross-sections derived from the PSDs. The methe bulk measurements. This procedure allowed us to deter-
dian o,) Q. was 223+0.36 and thus in agreement with mine calibration-independent particulate beam-attenuation
theoretical predictionsHulst van de 1957, Fig. 32) and in- and absorption coefficients, with the uncertainties deter-

dicative of consistent PSD anrg measurements. mined mostly by the instrument precisidddss et al.2007).
AC-sc;, anda, spectra were further processed to 1) remove
2.3 Pigment concentrations a spurious spectral step that was at times observed in the

green spectral region (corresponding to the discontinuity in
Pigment concentrations were measured in several ways. Seéhe AC-s filter wheel; Zaneveld, personal communication),
water samples (500 ml) were concentrated on 25-mm What2) remove the scattering error from thg data (method #3,
man GF/F filters and extracted in 90% acetone for 24 toZaneveld et al.1994) and 3) account for variations in sample

www.biogeosciences.net/6/947/2009/ Biogeosciences, 6 98472009
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temperature between consecutive 0.2-um filtered data points.

Finally, the particle scattering coefficiet,, was computed
as the difference betweef) anda,,.

C-star measurements were processed as for the AC-s ta—

obtain independent, values. However, the correction for
variation in sample temperature was not applied because th

temperature dependence of water absorption around 650 nm<i

can be considered negligibl8llivan et al, 2006.

2.4.2 Backscattering coefficients

The BB3 meter was calibrated by the manufacturer before the
cruise and by the authors after the cruise, to obtain the scal-

ing factors required to convert the digital counts into physical
values ofg(A.,117). Both calibrations were completed us-
ing 2-um beads (Duke Scientific) following established pro-
tocols (Moore et al, 2000. The relative difference between

G. Dall’OImo et al.: Particulate backscattering in the ocean
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the pre- and post-cruise scaling factors was found to be inFi9- 2. (&) Example showing bulky,, measurements used for the
analysis (open circles) as well as data collected during the 0.2-um

filtration period (filled circles) that were fitted (dashed line) to de-
rive the 0.2-um filtered,,, (< 0.2um) value (obtained as the asymp-
totic value approached by the dashed line). Pluses indicate data that

significant for the blue and green channelsA:5% and
—1+4%, respectively), but a significant positive 2%
deviation was found for the red channel that could not be

attributed to any specific event during the cruise or the ship are excluded from the anal

ment of the meter. In additiorb,,, values in the red chan-
nel appeared to be contaminated by eHluorescence (not

uncertainties BIPM and ISQ 1995 were: (6.02+0.12) x
10 and (3.968+ 0.031) x 10 8sr1count?® for the blue

values (o ,) were found to be 5& 1 and 56t 1 counts for

tering coefficients were finally calculated from Efj) (ising

ysi&) by, data from the 50-min 0.2-

pum filtration experiment comparing the asymptotic value extrapo-
lated from the fit to the measureég, (< 0.2um).

shown). Thus, only the blue and green channels of the BB3
were used in the following analysis. The scaling factors were
computed as the mean of the pre- and post-cruise measurgnaining values were used to estimate bulg (Fig. 2a,
ments. The resulting values and their combined experimentaémpty circles). To obtain the “true” backscattering value
for the 0.2-um filtered samplé,, (< 0.2um), theb,,, values
measured during the 0.2-um filtered measuremeénfsy),
and green channels, respectively. Dark readings were dete{yere fitted to the following relatioby,, (1) = by, (< 0.2pm) +
mined every two days by covering the detectors with blackbbp (to)expl—s(t — 10)], whererg is the first point of the 0.2-
tape and submerging the instrument in water. The medianm filtered data used for the fit ands the decay constant
that is proportional to the ratio of the seawater flow rate to
the blue and green channels, respectively. Particle backscaghamber volume (FigR, dashed lines). The ratio of the ex-

trapolatedb;, (< 0.2um) to the last point of the 0.2-um fil-
the above derived scaling factors and dark counts. Combinegkyed by, had a median valueto,) of 0.85+0.09, sug-

median relative uncertaintiesp, were about 17% and 14% gesting that the 0.2-pm filtration time was generally long

for the blue and green channels, respectively, with maximunmenough to flush out most of the particles from the cham-

uncertainties, found in the most Oligotrophic waters, of abOUtber_ On one occasion7 the seawater Supp|y was manua”y

32% and 27%, respectively. diverted through the 0.2-pum filter for about 50 min and the
The turnover time of seawater in the backscattering flow-bbp(< 0.2um) value extrapolated from the first 9 min of the

through chamber was longer than the 10 min during whichfiltration period was found to be only 18m~1 larger than

the seawater supply was diverted through the 0.2-um carthe measured mediain, (< 0.2um) (Fig. 2b) supporting our

tridge filter. Thus, theb,, measured during these 10min extrapolation procedure.

never reached a constant minimum value, although it showed

the characteristic exponential decay and it decreased bg.4.3 , factor

about 75% (Fig2a, filled circles). Similarly, measuref,,

values exhibited a lag of about 10 min before reaching theThe x,(117) = 1.1 adopted in this study was assumed

bulk by, signal upon returning the seawater flow to its orig- to be independent of wavelength and obtained from the-

inal, unfiltered path (Fig2a, pluses after the filled circles). oretical simulations and experimental field measurements

In addition, the first minute of 0.2-um filtered data was of- of g,(1.,117) (Boss and Pegaw2001). However, this

ten noisy. Thus, the first point of the 0.2-um filtration pe- x,(117) value was derived from field and theoreticain-

riod, as well as the 10 min of data following the filtration tinuous particle size distributions. In the current study,

were removed from the analysis (Fi, pluses). The re- B,(i.,117) was often measured on populations of particles
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14 ‘ ‘ tion has to be 1. Given that the VSF of natural populations
o—o  bulk in the back direction is rather flat, large deviation from 1 are
13 — zg.gum 7 not expected. Finally, the absolute valuesbgf obtained
..... oum i
12 ——- <1.0pm from Eq. (1) are directly dependent on the adopteg fac-
tors. Thus, caution should be exercised when compaing
@ 11 measurements from different investigators.
>§i Lor - ' 2.5 Fractionation experiments
>
09 To assess the contribution of different particle sizes to the
08 measured inherent optical properties, three size-fractionation
T Sl ks = TS M e radius experiments were conducted at three different stations (see
0.71- ‘ ‘ ‘ ‘ ‘ ‘ ‘ - = locations in Figsl and4). Measurements af, andb,, were
90 100 110 120 130 140 150 160 170 180 conducted on~20I of bulk and filtered seawater using AC-s,
scattering angle (degrees) C-star transmissometers, and BB3 meter in its flow-through

chamber. The different size-fractionated samples were ob-
tained by filtering seawater through 0.2-pm Cole Parmer ny-
Fig. 3. Mediany, values computed by re-integrating the theoreti- lon cartridge filters, Whatman GF/F filters (nominal pore size
cal results oBoss and Pega2001) using particle size distributions 0.7 um, disk diameter 25 mm), 1-um Nuclepore filters (disk
truncated at 0.2, 1, 3, and 5pm. The medjgnvalue for the con-  diameter 25 mm), 3-um Cole Parmer nylon cartridge filters
tinuous particle size distributions (indicated as “bulk” in the legend) and 5-pm filters (Cole Parmer polypropylene cartridge filters
as well as that for_ pure wateg4,) are alsq reported for reference. gnd also Nuclepore, disk diameter 25 mm). For each exper-
The red and blue lines represent the mediavalues computed for .ot insiruments were first thoroughly rinsed with filtrate
populations of coated, spherical particles with constant shell thlck-and then optical measurements collected on quiescent sam-
ness of 75nm and shell thickness equal to 5% of the core radius, . .
respectively. The vertical dashed line marks the central angle of th@!es' A maXIm,ur_n Qf 1lof Se_awate,r was f'ltered,th':OUQh each
BB3 meter (117). disk-filter to minimize clogging. Finally, the variation of the
sample water during the course of the experiment was evalu-
ated by including in the error calculation the changes in bulk
IOPs measured at the beginning and at the end of each exper-

that had beertruncatedby filtration. The applicability of  j1ent.

the abovey, values to truncated particle size distributions

was verified by re-examining the theoretical result8obs 5 g Flow-through 10P validation
and Pega200]). Specifically, the particle-specific volume

scattering functions resulting from their simulations were re-5 g Comparison with CTD data
weighted using particle size distributions truncated at 0.2, 1,

3, and Sum. Figura presents the results of these new in- Flow-throughc,, data collected by the C-star transmissome-
tegrations and shows that thg, values calculated for the o 4t 650 nm were compared to the data collected by a differ-
truncated particle size distributions d.o not differ §|gn|f!cant!y ent WetLabs C-star transmissometer with light source nomi-
frpm .the value obtained for the continuous particle size d's‘nally emitting at 660 nm installed on the CTD. The spectral
tribution around the central angle of the BB3 meter (317 gmjssion of this instrument, which failed later in 2007, was
While the x,(117) adopted in this study for continu- not characterized as that for the instrument employed on the
ous particle size distributions is in good agreement with theflow-through system. The voltages measured by the instru-
value (108+ 0.02) obtained byBerthon et al.(2007) from ment on the CTD were transformed intp values by refer-
volume scattering functions measured in the North Adri- ring them to the voltages measured at 1000 m (elgisel
atic Sea, other authors have proposed different values foand More] 1998 Stramski et al.2008 and the median val-
the x, factor. For exampleSullivan et al.(2005 derived  ues ofc,, values between 3 and 5m were used for the com-
a value of 090+ 0.01 at 125 from experimental measure- parison with the flow-through data. The range 3-5m was
ments of the volume scattering function at three angles. Orselected as a trade-off between avoiding data collected too
the other handChami et al (2009 derived ay,(117) fac- close to the surface and thus suffering from contamination
tor of 1.29+0.01 from in-situ measurements in the Black issues (e.g., bubbles, contamination from the ship) and a
Sea and showed that phytoplankton cultures can display reldepth close to the intake of the flow-through system (about
atively large interspecific differences jy),. In addition, the ~ 3m). Deeper values were avoided because the tempera-
data presented b@hami et al (2006 suggest thay,, could ture and salinity profiles indicated that at times there was
be spectrally dependent. Note, however, that by definitiona shallow mixed layer around 10 m. Importantly, no effort
the angular mean value qf;l in the backscattering direc- was spent in intercalibrating these two instruments, which
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Fig. 4. Time series of data collected along the cruise track. The black triangles and the vertical dashed(#ihexlinate the locations

of the 3-um filtrations and of the fractionation experiments, respectively. The horizontal dashed line in (a) indicates the backscattering of
pure sea water at 526 nridtfang and Hu2009 Zhang et al.2009. The dashed vertical lines {id) mark the beginning and the end of the

two equatorial stations. To remove high frequency noise, all optical data plotted in this figure were filtered as follows: first a median filter
(window size of 30 min) was applied to each time series and the relative differdmetsveen the value of the median filter and the actual

data computed; then all points for whiek 15% were excluded from the plot.

were also maintained by different operators. In addition,ing shipping or installation. Regardless, the comparison be-
the calibration coefficientVer = 4.669volts) of the instru-  tweenc, data measured on the CTD and in the flow-through
ment mounted on the CTD and supplied by the manufacturesystem showed that the two data sets were highly correlated
just before the cruise was significantly higher than the sig-(r = 0.99, N = 26), even though the regression line of the
nals measured at 1000 m which were found to be stable a€TD vs. flow-through data had a slope aft30+0.021
Vi000= 4.5690+0.0049volts . The difference betweéf; and an intercept of 00524+ 0.0022 nT1. Thus, in median
andVyggo could be an indicator that the instrument mountedthe ¢, data collected on the CTD were higher by about
on the CTD suffered some damage and/or misalignment dur.0133+0.0063 nT 1. This offset can be related to different
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causes among which differences manufacturing, in the cali- 2 12 25 37  >50
bration methodology, lack of intercalibration, potential dif-
ferences in the spectral emission of the two LEDs, and dif- - _

ferences in the deployment methodology of the two instru- 3:”‘”””””””“””‘LV: 3“
ments (open to the environment for the one on the CTD vs. ”-'g E @ . 4“,, 1k © 1 £
fed with pumped water for that on the flow-through system). ~= ¢ e 3 oF A
In conclusion, despite all the caveats mentioned above, the mg F % ] F ]
comparison between the, values measured on the flow- X F g 1 E 1
through system and on the CTD showed only a minor offset 5 1f s=00103 1r 8= +0007
(compare it for example with the bulk, values in Fig.4a) -y m:(9.83t1.':)7)><10'3 1 E# m:(&zsiol’;z)xlo,g ]
and thus support the validity of our flow-through data set. b | 0se0089x10”y T a=(0208:0022)x10°
. . . . 0.0 01 0.2 0.3 0.0 01 0.2 0.3
2.6.2 Comparison with radiometric data bp(470) (m'l) Cp(470) (m'l)
Hyperspectral remote-sensing reflectance measurements, 3 3T
R,s, were collected at four stations during the cruise by de- _~ £ (b) 9 E(@d) A
ploying a calibrated Satlantic hyperspectral tethered spec- ‘£ 2 F Lt ]
tral radiometer buoy (HTSRB). Raw below-surface upward o 2t 1 2F ‘ E
radiance and above-surface downward irradiance data were ! 1 F ]
converted intoR,, following Chang et al(2003. Process- Q 1; F 5:_0_0095 15 520014 E
ing accounted for the depth of the radiance sensor below the £ . 070107 1  “E 06,0094 ]
sea surface, instrument self-shading errors, and immersion o° [ “m=(8.88:04010° 1 | ,ﬁ m=(8.45:0.46)x10° _ ]
Ly 0=(0.119+0.032)x10"] L 0=(0.116:+0,038)x10" J
effects. o8 T N
R,s data at 470 and 526 nm were comparedrfg val- 60 01 02 0300 01 02 03
ues modeled as a function of the coincident IOP data as b (526) (m'l) c,(526) (m'l)
R,y = Sﬁé’;—b; were 9i = 0.53 (Gordon 2005 accounts for

the transfer of radiation across the water-air interfacete-

scribes the bi-directionality of the underwater light field and Fig. 5. Bivariate histograms representing the relationships between
was derived from the tables presentediarel et al.(2002); bpp, andb) (a, b) and by, andc) (c, d) (from the AC-s) at the

by anda are the total backscattering and absorption Coef_Central wavelengths of the BB3 meter. The color bar defines the
ficients, respectively. The measureg and the pure water number of data points per bit;,. Continuous red lines represent
absorption byPope and Fry(1997) were used to compute the relationships obtained, after some algebraic manipulation, from

. o L the models derived bikuot et al.(2008 from data collected in the
a, but the absorption coefficient of chromophoric dissolved South Pacific. Continuous black lines are derived from the models

organic matteracpowm, also needed to compute was not by Morel and Maritoreng2001) andLoisel and More{1999. Note
available for this cruise. Howevelcpom spectra collected o ysed for bottby, andb, the scattering model bioisel and
during TAO cruises that covered the same geographic regiofyore| (1998 that did not include North Atlantic waters (i.e., sub-
during 2005 and 2006 were collected following establishedsets 2+3 of the homogeneous layer). Binhggl andc), were fitted
protocols Nelson et al.2004. The median values{s ) of using a weighted linear regression to the funcigp=m x c,, +¢
acpom(470 andacpom(526) derived during these cruises to minimize the leverage of outliers (dashed lines). An iterative
in the surface Equatorial Pacific waters wet8.0+11.5) x technique was used to select the weights which were always integer
104 and(1.9+3.2) x 104 m~1, respectively, and were in- powers of Npin: the coefficients of the regression were first deter-
cluded in the computation of. Modeled remote-sensing re- mined as the median of 500 bootstrapped samples using as weight

_ . no b - e

flectances R71%%, were found to be in agreement with the Jn, B 2 L e e minated when fhe
obs i i i i .

Olbserfvefoogss?rseillv8|tf51§|aszs (mc(iadlan of p(:r?etm res]ldu changes in both coefficients were smaller than their uncertainties.

als) of - €70 an ’ ooan ran OT l,mcer ainties,(0 Reported uncertainties represent the 99% confidence intervals. The

percent residuals) of 11.3% and 11.9% in the blue and greef,ejian ¢) and ap of the relative residuals are also presented as

channels, respectively (4 observations per channel). Percegktimates of the bias and precision of the fitted relationships.
residuals were defined a&M°%/ R%°S— 1) x 100. Modeled

and observed?,; were in good agreement even when the

more conservative mediaa# values ofacpom were used:

biases—13.7% and—19.0% and random uncertainties of

11.6% and 11.8% in the blue and green channels, respec-

tively.
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1S o §9p=0.181 2 .35. Fm.
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S 10 1S ol o ‘ ‘ ‘ ‘ P
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8 m=(3.82+0.38)x10" 7 m=0.391+0.015
O 0.l q=(0.471x0.053)x10 0 L . 9=0.033:0.021
00 01 02 03 04 05 00 01 02 03 04 05
o~ 30 e 03— 3 r000 Fig. 7. bpp (< 0.2um) data as a function of wavelength extrapolated
= [ 0=0174 — S0t g o=0178 from the hourly 0.2-um filtered,, measurements (see text for de-
m" 20 'S 02 R ' : tails). Arrows indicate the times when the 0.2-um cartridge filters
S ~ Lo were changed.
Qg 10 10 01
o S By . . . - .
= e T o1t 526 nm, theby,:c), ratio exhibited a relatively constant me-
o 0g 9=(0317+0.040)10 0g A . 003260018 dian value along the cruise track @12+ 0.0013). On the
0 010203 9'4 0.5 0 0102 03 9'4 05 other hand, théy,.chl-a ratio was more variable (0066x+
chla (mgm) chla (mgm"®) 0.0020 nf mg™1) (Fig. 4c). Both these ratios displayed diel

variations, which were absent form the bulk properties.
) o ) ) ) ) by, was positively related to chlorophydl-concentration,
Fig. 6. Bivariate histograms representing the relationships between, 4" good agreement with the model proposedvioyel
bpp and chla (obtained from the AC-s) anl, and chla at 470 o 4 \avitoreng2007) and Huot et al.(2008 (Fig. 6a and
and 526nm. Black lines ifa) and (b) are predictions from the b). On the other hand, existing models overestimated the
model byMorel and Maritoreng2001). The continuous black line ’ ’ og )
in (c) and(d) are predictions from the models hpisel and Morel Ob?ﬁ;V:%Se\;agiE:%SV?/zl:ﬁ;v?l/;S(E%savcgri).symmetrically

(1999 scaled to the corresponding wavelengths assumimg]a el .
spectral dependency. The coefficientsLimjsel and Morel(1999 distributed around a median valug-«,) of 3.49+ 0.37.
that did not include data from the North Atlantic (i.e., subsets 2+3 of Thus, the shape of particle size distributions was relatively

the homogeneous layer) were used. Red lines represent the modat®nstant in the sampled region for sizes varying between 2
derived byHuot et al.(2008. Black dashed lines are linear fits to and 8 um.

the data and the text is as in Fh.
3.2 Backscattering from 0.2-um filtered samples

Figure7a shows that the hourly, (< 0.2um) data were re-
markably constant along the cruise track and accounted for
an insignificant fraction of the bulk signal even though the
_ _ ) bpp(< 0.2um) values for the blue channel were systemat-
Surface particle beam-attenuation and backscattering coefca"y larger than the green ones. The times wibgp(<
ficients showed a remarkable correlation along the wholeo_2um) showed local maxima (9 May and 1 June) corre-
cruise track (Fig4a), and displayed up to 4-fold variations sponded to local maxima in the bub, values (compare
that were related to both the large latitudinal hydrographicyitp Fig. 4c). In those occasions the 10-min 0.2-um filtra-
features and to finer scale variability in the water massesjon time may not have been long enough and, as a conse-
sampled (Fig4d). by, andc), (or by) were tightly corre-  gyence, the,, (< 0.2um) extrapolated from the fits were in-
lated both at 470 and at 526 nm= 0.87 andr =0.90 for  accyrate. Another explanation could be that there might have
thec), vs. by, relationships at 470 and 526 nm , respectively) peen residual bubbles in the sample water. Finally, the coef-
and the fitted relationships could reproduce the observationgicients of determination for the linear relationships between
with a bias 0f—4% and 6% and a precision of 11% and 9% in byp(< 0.2um) and other variables such as ehlbulk by,
the blue and green channels, respectively (bias and precisiopp, temperature and salinity were always smaller than 0.07.
are defined as the median ang of the relative residuals.)
Our observations were also found in general agreement witl8.3  Along track size-fractionated IOPs
published bio-optical models (Fi§).
While both surface chlorophyli-and particle concentra- Particles smaller than 3 um contributed 58%6 and 51%t
tions trackedc, andby,, the former displayed larger rela- 7% of the bulkb,, measurements at 470 and 526 nm, respec-
tive variations (up to 8-fold) than the latter (Figb). At tively, and 40%t 9% and 46%t5% of the bulkc,, at 526 and

3 Results

3.1 Bulk measurements

Biogeosciences, 6, 94967, 2009 www.biogeosciences.net/6/947/2009/
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Fig. 8. Fractions ofb,, andc;, smaller than 3um(a) and(b), re-  Fig. 9. Comparison of observed vs. simulategl andby, as a

spectively; error bars represent combined experimental uncertainfunction of the real part of the refractive index) @nd maximum
ties. (c) relationship between the fraction of chldue to particles  diameter Pmax). The imaginary part of the refractive index was
smaller than 1 pm obtained from the size-fractionatedachiea- fixed at 0.0005, the minimum diameter used in the simulations was
surements, and the HPLC-derived fractional contribution of divinyl 0.2 pm. Median residuals (observation — modet;}nof cp from
chl-a to TChl-. (d) fractional contributions to chi-from particles  the C-star transmissometé) and of by, (b). Median ratios of

< 1and< 5um (derived form the fractionated chimeasurements) ¢, (< 3pm)c, (c) and bpp(< 3pm)by, (in yellow the observed
and from particles< 3um (derived from filtered,, measurements).  ranges)d). Optimal sets (in yellow) of and Dmax for ¢, (€)and
Black arrows in (d) indicate the two concurrent AC-s and fraction- by, (f).

ated chle measurements.

) ) ) o compatible particle populations characterized by different re-
650 nm, respectively (Figa, b). The fraction of chi origi-  fractive indices were needed to simulaggandb, (Fig. 9).
nating from particles smaller than 1 um was generally higherrhe population characterized by a lower real part of the re-
than the ratio DivChk:TChl-a (Fig. 8c) and accounted for  fractive index ¢ 1.055) allowed to successfully reproduce
51%<15% of the total chk. Panel (d) of Fig8 shows that,  the observed,, (Fig. 9a, c), but contributed only about 40%
when concurrent data were available (unfortunately, only ongf the bulk observed backscattering (compare Ségand b).
two occasions), the fraction of chl-originating from par-  on the other hand, the population with a higher real part of
ticles < 3um and derived from filtered AC-s measurementsipe refractive index+¢ 1.090) replicated satisfyingly the ob-
was between the chi-originating from particles< 1 and  servedp,, data (Fig.9b, d), but also generated:3 that was
<5Spm. in median 60% larger than the measured one (compar®frig.

An attempt was made to simulate the observgdand  and a).

byp, When along-track PSDs measurements were available.
Briefly, the minimum particle diameter was set at 0.2 um and3.4  Fractionation experiments
the imaginary part of the refractive index a®005, while the
real part of the refractive index and the maximum particle di- The first fractionation experiment took place at the equa-
ameter were allowed to vary (see Appendix A for detailedtor (0°, 140 W) in relatively mesotrophic conditions (TChl-
methods). Results of Mie calculations showed that two in-a=0.25mgnr3, bulk cp(526)=0.14 md; Figs. 1 and 4c).
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Fig. 10. Particle backscattering (top) and beam-attenuation (bottom) coefficients measured at 526 nm duringahé)fisstcondc, d),

and third(e, f) fractionation experiments. Bars represent measured IOPs for the indicated size fractions, the rightmost bars represent the
bulk measurements. Error bars represent combined experimental uncertainties. Lines with large symbols are results from Mie simulations
for the size fractions larger than 0.7 um and smaller than the sizes reported below each bar (see Appendix A for details). Dashed lines with
small symbols are results of the sensitivity analysis to the filtration efficiency of the 0.7 um filters. Horizontal dashed lines mgriathe

C, e) andc, (b, d, f) values recorded for the size fractier.7um. Modeled;,, andc), values for different refractive indices are presented

(from left to right: 1.020, 1.035, 1.050, 1.065, 1.080, and 1.095). The letters in parentheses below the bars indicate the type of filter used:
c=cartridge, d=disk. Thick continuous lines in (e, f) represent simulations completed using the PSDs measured on each size-fractionated
sample.

The differential particle distribution measured on bulk sam-ulations did not introduce significant uncertainties (dashed
ples showed a peak centered around 1.5um and superinilack lines in Fig10).
posed on the power law shape and presented the largest total
number of particles of the three experiments. The second and
third experiments were completed in the more oligotrophic4
north Pacific gyre (9N, 140° W, and 15.4N, 150.4 W, re-
spectively; TChle = 0.07 and 0.04 mg m®, bulk cp(526)=
0.054 and 0.039 m", respectively; Figsl and4c) and pre- |, his study continuous measurements of bulk inherent opti-
sented smoother partlple size distributions and significantly, properties and discrete biogeochemical parameters have
lower numbers of particles between 1.4 and 40 um (1252966 presented for surface waters of the Equatorial Pacific
5202, and 2920 particles per ml for the 1st, 2nd, and 3rd €xgyring May 2007. In addition to the bulk measurements,
periments, respectively). size-fractionated data oby,, c,, a,, and chla were col-
During the first fractionation experiment, approximately |ected and analyzed. Other investigators have studied size-
68% and 80% of the bulk,, andc, signals, respectively, fractionated:, anda, in the oligotrophic Crater LakeBpss
were generated by particles greater than 0.7um (F08, et al, 2007, size-fractionatedr,, measurements in pro-
b). Approximately 58% of the bulk;, was generated by ductive coastal watersRpesler and Bos008, and size-
particles greater than 3pm. In the more oligotrophic wa-fractionated:, in the Equatorial Pacifichung et al.1996.
ters sampled during the 2nd and 3rd experiments, particlesiere, for the first time to the best of our knowledge, size-
greater than 0.7 um contributed 71% and 43% of the bulkfractionatedb;, data are presented for open-ocean waters
byp respectively (Fig10c—f). This size fraction however, and a comparison of different size-fractionated inherent op-
contributed about the same percentage of the bpilignal,  tical properties is undertaken.
i.e. 83% and 85%, respectively (FibOc—f). Two technical and methodological innovations were crit-
Simulation results (see Appendix A) indicated that, in gen-ical for the collection of the data set presented in this
eral, Mie theory required higher refractive indices to matchstudy. First, highly accurate calibration-independent flow-
byp thanc,, although uncertainties in measuigg are rather  through measurements of particulate beam-attenuation and
large in the third fractionation experiment (FIf)). A sensi-  absorption coefficients were achieved by applying a correc-
tivity analysis also showed that imperfections in the filtration tion based on temporally adjacent 0.2-um filtered measure-
efficiency of the 0.7 um filters used as baselines for the sim-ments. Second, a novel custom-made flow-through chamber

Discussion

4.1 Bulk inherent optical properties
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allowed continuous surface particle backscattering measureand should have different compositions (e §tramski et al.

ments. A total of more than 35 000 min-averaged data point008.

of concurrentb,, andc, were retrieved during the cruise ~ On the other hand, numerous laboratory studies have

with this system. shown that the phytoplankton carbon-specific scattering
The accuracy of the measured inherent optical propertie§ross-section is constrained between 2 and*g@t? for

was determined through favorable comparison betwgen cells belonging to different groups (from cyanobacteria to di-

measured on the flow-through system and on the CTD, beatoms) and grown under different conditior&tramski and

tween measured and model®&g, values (see Method sec- Morel, 199Q Stramski and Reynold4993 DuRand et al.

tion), as well as through closure af, with Mie theory ~ 2002. Thus, based on the laboratory data currently available

(Figs. 9a and b andlOb, d and f). In addition, median and on the particulate vs. phytoplankton scattering propor-

byy:b, ratios @o,) were consistent with the ranges re- tionality (see our argument in the introduction), it should be

ported for other oligotrophic waters (i.e.,0019+0.0016 less surprising that th, vs. phytoplankton-carbon relation-

and 00105+0.0013, at 470 and 526 nm, respectivélyhit-  ship exists than &, vs. POC relationship.

mire et al, 2007 Stramski et al.2008 but seeTwardowski Yet, the relationships between POC ahg observed

et al, 2007). throughout the world oceans remain and the derived POC-
Particle backscattering and beam-attenuation (or scatteSPECific scattering cross sections523.8m? gPOC ™) are

ing) coefficients were tightly correlated (F&).and in agree-  In agreement to those measured in the laboratory for phy-

ment with other studies and published bio-optical modelstoPlankton carbon, despite differences in geographic areas,

(Loisel and Morel 1998 Morel and Maritorena200% Huot protocols, and instrumentation (e.gClaustre et a).1999

etal, 2008. Despite the absence from our data of previously Stramski et al.1999 Behrenfeld and Bos2006 Gardner
observed diel cycles in, (e.g.,Siegel et al. 1989, both et al, 2006 Stramski et a].2008. Our explanation for these

the by,:c, and by,:chl-a ratios showed such cycles (com- findings is that phytoplankton may contribute a significant
pare Fig.4a and c). It may be argued that these cycles arisdraction of POC ana,, and/or that the other particles affect-
becausé, andc, are sensitive to different particle popula- N9 POC andb,, covary with phytoplankton and, possibly,
tions (e.g., small vs. large) whose temporal dynamics are oufi@ve similar carbon-specific scattering cross-sections. Un-
of phase. However, an alternative explanation may be thafortunately, the direct measurement of phytoplankton carbon
these variations resulted from differences in the sensitivitied?iomass is rare relative to POC measurements, so a similar
of by, andc, to morphological and/or compositional (e.g. analysis has not been conducted. Nevertheless, substantial

Stramski and Reynoldd993 changes in the same average indirect evidence for &, (or by) vs. phytoplankton-carbon
particle population. Alternatively, these cycles could ariserélationship does exist8ghrenfeld and Bos2003 Behren-
because of biases i), due to the finite acceptance angle of feld et al, 2005 Siegel et al. 2005 Behrenfeld and Boss
the transmissometeB@ss et al. 2009. Finally, variations 2008 Huot et al, 2007, Westberry et a.2008.

in byp:c, were limited and did not compromise the overall ~ Finally, the variability in the carbon-specific scattering
covariation betweehy, andc,,. cross-section of phytoplankton will introduce uncertainties

in the conversion ob, to phytoplankton carbon. However,
cle pool contributes, at least in part, to bath, andc,. In these uncertainties should be compared to those of phyto-

agreement with this conclusion, PSD exponents derived bsplgnktdon Cﬁrzon blomtas(,js tﬂe?\f{ﬁd f“’tm C?IOL?pWIHt"'S
fitting Coulter counter data between 2 and 8 um varied bymh e;e IWT(t ocurI:en ed tha be rla 10 tot ¢ O;Opw fo
about 10% along the cruise and a significant fraction,gf phytoplankton carbon can vary by aimost two orders ol mag-

originated from particles in the phytoplankton size range (se itude (e.g.,M.acIntyre et aI,.20_02 Behrenfeld et ) 2003
below). hus, we believe that scattering measurements represent a

reliable alternative to chi-for estimating phytoplankton car-
bon biomass in the open ocean.

Taken together our findings suggest that a common parti

4.2 Phytoplankton carbon from scattering coefficients

4.3 bpp(<0.2um)
Relatively conserved first order relationships between par-
ticulate organic carbon (POC) arg have been repeatedly An important observation recorded during this study was the
observed in field data (e.gClaustre et a].1999 Stramski  relatively constant and statistically insignificant backscatter-
etal, 1999 Behrenfeld and Bos2006 Gardner et a).2006 ing of 0.2 um-filtered seawate;,, (< 0.2um) (Fig.7). There
Stramski et a].2008. One way to interpret the observed co- were no evident changes i, (< 0.2um) when the 0.2 pm
variation of POC withr, is that the relationship between the cartridge filters were replaced during the cruise (black arrows
carbon-specific scattering cross-section of the “average partiin Fig. 7). Thus, filter clogging and retention of particles
cle” is, to first order, constant. However, this constancy is not<0.2 pm did not appear significant. This finding, if indepen-
expected a-priori, because the particles contributing to POQlently confirmed, is important because it challenges previ-
and the scattering coefficient vary over a large range of sizesus theoretical predictions that attributed about 50%;pf
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to particles smaller than 0.2 um (when the PSD exponent igractionation experiments by filtering small amounts of sam-

—4, Fig. 4b inStramski and Kiefer1997). ple through each filter.
The following considerations are presented as evidence
4.4 Size-fractionated inherent optical properties that the results obtained from the fractionation experiments

were minimally affected by filter clogging and, thus provide
The along-track 3-um filtrations, as well as the fractionation @ reasonable representation of size-fractionated IOPs. First,
experiments, demonstrated that particles larger than Suntf‘e validity of the fractionated-chi-measurements is estab-
directly contributed about 60% and 50% of the bulk par- liShed by noting that a large fraction (range 20-70%, me-
ticulate and backscattering coefficients, respectively, in thedian 51%) of the bulk chi» was retained on the 0.7 um filter,
mesotrophic regions sampled (Figa and10a). Fractional but not on the 1.0 um filter (Figc, red circles), indicating
¢, data for particles< 3um were found in agreement with the that the 1.0 um filters did not retain considerable amounts of

range of fractionat, for particles< 8um (41-89%) reported  Particles smaller than their pore size. Moreover, thepum
by Chung et al(1998. size fraction typically contained more chlthan the DivChl-

a:TChl-a values derived from the HPLC analysis of 0.7 um

The 50% contribution from particles- 3um to by, in . i ) . . )
the mesotrophic regions is significant, because it estabI”tered samples (Figic). Since DivChla is a pigment typ-

lishes a direct link between the biomass of particles in the'caI of the genusProchlorococcuswith typical average di-

phytoplankton-size range and a remotely-sensed parameté eFer 0f 0.5-0.7um (_g.@rob et al, 2007, this observ_a-
that is believed to be mostly influenced by sub-micron de-fion independently verifies that the 1-um Nuclepore filters

trital particles Gtramski and Kiefer1991 Morel and Ahn were not trapping a sig_nif_icant number of particles smaller
1993). In the most oligotrophic part of our transégj, was than their pore size. Similarly, samples processed through
dominated by sub-micron particles (0.2—1.0 um, &g and disk filters during the fractionation experiments should not

f). However, more data are needed to verify this interestinghave been significantly affected by f|Ite_r clogglng_, to the ex-
finding. tent that the larger seawater volumes filtered during the frac-

tionation experiments did not cause significant obstruction
of filter pores. This hypothesis was partially validated by
the only two fractional chk values derived from the along-
_ _ _ cruise 3-um filtered, measurements and concurrent to the
The fractionated backscattering and beam-attenuation coek;ze-fractionated chi-(Fig. 8d). Finally, effective partition-
ficients reported in this study were determined by filtration jng of the size distribution is also evidenced by the closure (in
of seawater samples. Filtration is a technique widely used irerms of refractive index range) achieved between Mie sim-
oceanographic research to partition the continuous size disg|ations and measurements of the fractionatgdFigs. %
tribution that naturally occurs in water samples. For exam-and 10p, d, f). Thus, although not perfect, measurements
ple, Ciotti et al.(2002 used data on size-fractionated chloro- of sjze-fractionated water samples can provide important in-
phyll concentration to parameterize a size-dependent moda&lights on the relative contributions of different particles to the
of phytoplankton absorption. Other investigators have usedy|k inherent optical properties. Future investigations should
size-fractionation to relate the bloom of specific phytoplank-stress collection of comprehensive ancillary measurements,
ton groups to nanomolar increases in nitrate in the Sargasspcluding particle size distributions, for each size fraction.
Sea Glover et al, 1988 or to follow the seasonal cycle of
phytoplankton bloomslarke and Leakeyl996. 4.6 Comparison of observations with theory

Despite its widespread use, size-fractionation based on fil-
tration has its disadvantages. Filters can retain a significanThe notion that light in the open ocean is mostly backscat-
fraction of particles smaller than the declared pore size andered by sub-micron detrital particles is founded on theoret-
the amount of this unwanted fraction depends on the particlécal modeling of light scattering by homogeneous spheres
stickiness coefficient and on the filter typgheldon 1972 (Stramski and Kieferl991 Morel and Ahn 1991). These
Logan 1993 Logan et al. 1994 Chavez et a).1995 Kne- theoretical predictions force one to conclude that phyto-
felkamp et al. 2007. The main reason for the mismatch plankton cells have a negligible contributionitg, and have
between nominal pore sizes and actual retained sizes appedrsen verified by some authors in the laboratdvp(el and
to be filter clogging and the inability to accurately define the Ahn, 1991, Ahn et al, 1992. It is noteworthy, however, that
pore size of filters (e.gDroppq 2000. Filter clogging was these experiments were all based on the same technique and
minimized during our 0.2- and 3-um filtrations by means of hypotheses: conversion of the measured volume scattering
cartridge filters with large surface areas (0.64 and by re-  function at a narrow angular range inkg,. On the other
placing filters frequently. In addition, the filtration of sam- hand, many independent experimeniik(inski et al, 1986
ples in-situ should have minimized particle aggregation and1987 Quinby-Hunt et al. 1989 \olten et al, 1998 Stram-
precipitation. Clogging and statistical fluctuations of our re- ski and Piskozup2003 Vaillancourt et al. 2004 and theo-
sults were further decreased during our large-volume sizeretical Meyer, 1979 Kitchen and Zaneve|d 992 Quirantes

4.5 Size-fractionation by filtration
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The first of these particles accounts for most of the forward

part of the scattering intensity and is the homogeneous core
of the coated sphere. The other particle contributes most
of the backscattering and is the hollow-sphere that consti-
tutes the shell of the coated sphere. Thus, the scattering
intensity of a complex coated sphere can be approximately
predicted by employing two different and simpler particles

that separately contribute most of the forward and most of
the backward scattering, respectively. This theoretical find-
ing could likely be the reason for why two (or more) parti-
cle populations are needed when trying to reproduce volume
scattering functions measured in-situ using the homogeneous
spherical model (Fig® and10; see als@Brown and Gordon
1974 Kitchen and Zaneveldl992. Moreover, oceanic mi-
croorganisms modeled as coated spheres can contribute up
to one order of magnitude more backscattering than when
modeled as homogeneous spheig€gchen and Zaneveld
1992 Quirantes and Bernar@006 Bernard et al.2009.
Therefore, the coated spherical model could help resolving
Fig. 11. Example of how the scattered intensity (normalized at the “baCkS(_:attermg eplgmaS(ramskl et al._200£9 and, at

an angle of 0 degrees) of a coated sphere (thin black line) can b€ Same time, ex_plaln the strong correlation we found be-
approximated by the sum of the scattered intensity of its homo-tweenc, andby,, (Fig. 5).

geneous core (thick red line) that contributes most of the forward It is also noteworthy that the models proposedTwar-
scattering, and by the scattered intensity generated by its outer sheflowski et al.(2001) and Mobley et al.(2002 predict that
(dashed blue line, not to scale in the figure) that generates most athe average particle in our study should have a value of the
the backscattering.(ac=520 nm). Scattered intensities were mul- real refractive index close to.1, when using as inputs for
tiplied t_)y the correspgnding scattering cross-sections _relative to thghe model the mediahy,:b, ratio at 526 nm and the me-
scattering cross-section of the coated_—sphere. _The_ diameter _of thgian slope of the PSD derived in this studyq@0 and—3.5,
homogeneous core vyas 4.99 ym an.d its refractive index relatl\(e t‘?espectively). Thus, these models predict that a single parti-
seavyater was._(DZJ_r 0i. The shell thlckness was 0.01um and its cle population simultaneously contributedpandby,. This
relative refractive index was.15+ 0i. Only the envelopes of the o - . Lop .
maxima structures for the core and shell relative scattered intensipredlcnon disagrees W'th our results that indicate that Mie
ties are presented for clarity. The backscattering ratio of the coated€0Ty Was unable to simultaneously reproduce the measured
sphere was 5 times that of its core. Modified after Meyer (1979). ¢p @ndby, using a single population of particles (Figsand

10). The likely explanation for this disagreement is that both

the above models assume that very small and large particles

contribute significantly to the measured optical properties
e‘(_).006—73 pm, infwardowski et al.2001and 0— copum for
the Fournier-Forand phase functions usedvipbley et al,

107
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and Bernard2004 2006 Clavano et al.2007) investigations
have provided strong evidence that the homogeneous sph

ical model is inappropriate for modeling the back—scatteringzooa. Our negligibleby, (< 0.2um values are however at

coefficient of phytoplankton. odds with this assumption and the cumulative seawater sam-
Our results are in agreement with the latter studies: OUlle over which our data are binned is too small to measure
Mie simulations could not simultaneously reproduce theparticles larger than about 40—-100 um. Furthermore, the fi-
measured, and by, (Figs.9 and10). This is likely be-  pjte acceptance angles of our transmissometers also act as
cause the shape of the volume scattering function (but nofjjters for the signals generated by large particBsss et al.
the total scattering) is sensitive to the internal structure andzoog' Instead, very large particles have been shown to be
non-sphericity of natural particlebieyer, 1979 Kitchenand  jmportant in Mie theory simulations when the PSD exponent
Zaneveld1992 Quirantes and Bernayd004 Clavanoetal. s _3.5 and when the finite acceptance angle is not accounted
2007). In other words, the relative amount of light scattered for, For exampleStramski and Kiefef1991) needed to in-
in the backward direction is higher for a microorganism that cregse their maximum diameter to 1000 Um to achieve a sat-
contains internal organelles and membranes than for a homqyration in their cumulative scattering contribution when the
geneous sphere with the same average refractive index.  psp exponent was set-aB.5. In addition, the refractive in-
Particularly insightful with this respect is the study by dex of 1.1 appears to be rather large for open ocean waters
Meyer (1979, who demonstrated that the scattering intensity as the surface Equatorial Pacific notoriously deficient in at-
of a coated sphere can be approximated by the sum of thenospheric dust depositioM@howald et al.1999 and thus
scattering intensities due to two simpler particles (Hig). likely dominated by organic particles. We recognize that a
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value ofn = 1.1 is on the theoretical upper range for phyto- (0.05 to 0.4 mg m4) representative of about 80% of the open
plankton (106+0.04, Aas 1996, but it is also significantly ocean (based on satellite ahlretrievals). Accordingly, our
higher than values expected for “soft” organic patrticles typ- results are likely relevant to many open-ocean regions, as has
ical of open ocean waters (1.02-1.@aneveld and Pak already been established for the South PacHiadt et al,

1973 Carder et a].1972. Thus, then = 1.1 derived from  2008. Further verification is nevertheless desirable.

our median backscattering ratio and median PSD exponent

using the models byfwardowski et al(2001) and Mobley .

et al.(2002 could be overestimating the actual average 5 Conclusions

Finally, so far we have been implicitly assuming that mea- , .. . .
suredc, values can be accurately reproduced by using ho A field data set of bulk and size-fractionated measurements
f inherent optical properties was presented and analyzed for

mogeneous spheres as models of phytoplankton cells. Thi ) o .
assumption is based on theoretical findings showing lttle" e surface waters c.)f the Equatqnal !Dac-mc during May 2007.
These are the key findings and implications:

sensitivity of the absorption and total scattering coefficients

to particle inhomogeneities and shape (e.ileyer, 1979 — by, and c, were highly correlated, suggesting that,
Clavano et al.2007). Admittedly, a non-spherical popu- when considered with previous findings that bulk

lation of particles can produce in certain cases important may be used effectively to track phytoplankton biomass,
deviations from the optical properties of volume-equivalent either particle scattering property should be equally

spheresClavano et a.2007). However, such deviations are valued as a remote-sensing proxy for phytoplankton
expected to be constrained to about 20-30% for aspect ra-  piomass in open-ocean waters.

tios ranging from 0.5 to 2. Only at extreme aspect ratios and

for non-spherical particles with ESELO um, the deviations — by, measurements of 0.2-um filtered seawater were rel-
become very significanQlavano et al.2007). Since non- atively constant across the sampled region and con-
sphericity is an attribute typical of large cells, and since those tributed negligibly to the bull,.

large cells are usually rare in the surface waters of the Equa- _ ) ) _

torial Pacific and likely undersampled by our instrumentation — Particles larger than 3 um contributed in median 50% of
(see above), we believe that our assumption is valid. bup.

— Mie theory was unable to simultaneously reproduce the
observed:, andby, by means of a single population of
particles.

4.7 Final remarks

A directinfluence of particles in the phytoplankton size range
on by, and the conserved shape of the particle size distri-
bution create a close correspondence betwggnand ¢, Appendix A

variability (Fig.5). These findings add to previous studies

that have 1) demonstrated in the laboratory that the carboncomparison of observed vs. simulated,,, and by,

specific scattering cross-section of different phytoplankton

groups grown under different conditions is rather constrainedal  Along-track measurements

(Stramski and Morel199Q Stramski and Reynold4993

DuRand et a].2002); 2) suggested that, can track phyto-  Simulations were completed to assess the ability of Mie the-
plankton biomassQurand and Olson1996 Chung et al. ory to reproduce the measureg (from the C-star trans-
1996 1998 Green et al.2003 Oubelkheir et al. 2005; missometer) and,, values. The input parameters for these
3) shown that chle.c,, ratios are closely correlated to vari- simulations were the size distributions, minimum and max-
ations in phytoplankton physiological parameters in the fieldimum diameters, and complex refractive index of particles.
(Behrenfeld and Bos2003; 4) demonstrated that the ratio The fitted PSD exponents were used to extrapolate measured
of chl-a to a function ofb,, retrieved from ocean color data PSDs to a minimum diameter of 0.2 um and to a maximum
tracks physiological trends expected from laboratory exper-diameter Pmax) of 100 um. The value of the minimum di-
iments over vast oceanic regiorBehrenfeld et a).2005; ameter was based on the negligiblg (< 0.2pm) that was

and 5) shown that the seasonal cycles of satellite-based chineasured (Fig7) and on the use of 0.2 um-filtered seawa-
a:by), follow closely, in the oligotrophic ocean, those of the ter for referencing:,. The Dmax Was set as a conservative
in-situ cellular fluorescence d&rochlorococcugWestberry  estimate of the maximum size of particles influencing our
et al, 2008. Together, these different lines of evidence add measurements based on the instantaneous volume sampled
support to the hypothesis thiag, can provide an alternative by the C-star transmissometer and by the BB3, as well as on
to chla for monitoring open-ocean phytoplankton biomass the flow-rate, and on the effect of the finite acceptance angle
from space Behrenfeld et a).2005 Westberry et a).2008. of the transmissometer that acts as a filter for the large sized
It is additionally noteworthy that chlorophydl-concentra-  particles Boss et al.2009. This effect was also taken into
tions during our Equatorial Pacific study spanned a rangeaccount in the simulations.
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Simulations were then run for each PSD measured along-  1¢*
track for which coincident,, andby,, (at 526 nm) were avail-
able (45 and 30 stations, respectively)wvas varied between %éa .07
1.02 and 1.20 an®ax between 4 and 100 um. The imag- . i
inary part of the refractive index was set at a nominal value ~ °F 5.
of 0.0005 because particulate absorption is typically low at ‘
the wavelength selected for the simulations (526 nm). Then §
for each set ofi and Dmyax the median differences between
the measured bulk, andb,, and the corresponding sim-
ulated values were computed (Figp, b). To further con-
strain these results, the simulated ratigé< 3um)c, and
bpp(< 3um)b,, were also computed for each setrofind
Dmax and compared to the range measured for the corre-
sponding along-track measurements (Fg, d). Finally, ) o TIic
an optimal set of parameters for simulating was com- .
puted by identifying all sets of and Dmax for which the V%2 s 4 s 6 71 :
medianc, residuals were betweer0.001nT* and the sim- ESD (m)
ulatedc,(< 3um)c, was between 0.3 and 0.5. Similarly,
an optimal set of parameters for simulatibg, was com-
puted by identifying all sets of and Dyax for which the
medianby, residuals were betwee#0.0002nT! and the
bpp(< 3um)b,, was between 0.44 and 0.60 (Fég, f). The
core routine for the simulations was basedRBwhren and
Huffman(1983.

Results show that the optimal setond Dmaxfor ¢, Was  gractions smaller than 0.7 pm were assumed as known (from
located arouna = 1.055::0.005 and forDmax > 20um. On or measurements) and only theandb,, generated by size
the other hand, for the,,, comparison the optimal range of  f-5¢tions larger than 0.7 um were modeled. The sensitivity of
n wasn =1.080—1.095 and the optimabmax>25um and o+ results to this hypothesis was investigated by repeating
covaried ;I_|ghtly W|th1_(F|g. % an_d ). _ the simulations assuming that the 0.7 um filter had instead

A sensitivity analysis was carried out to study the impor- trapped particles- 0.3 and> 1um. n was varied between
tance of the value chosen for the imaginary part of the refracq 02 and 1.10 an®max was set to 100 pm. The imaginary

tive index @'). All the above simulations were repeateditor part of the refractive index was again set equal to 0.0005.
values of 0.0010 and 0.0000. The optimand Dyax ranges

did not vary considerably. The only difference was that when
n’ =0.0010 there was no optimal set@fand Dmax for by,
within the range of parameters studied. In conclusion, the

main result of these simulations was unaffected by the value o ] ] ) .
of n’: with the imposed constraint on the minimum diameter The Mie simulations carried out for the three fractionation

it was not possible to model simultaneously the measuged €XPeriments were based on PSDs of bulk samples that were
andby, values by using only one refractive index. setto zero above t_he diameters correspondmg to the nominal
pore sizes of the filtered samples. This approach was taken
Al.1 Fractionation experiments because PSD measurements were not collected on the size-
fractionated samples during the 1st and 2nd experiments.
Simulations were also carried out to test the ability of Mie However, a limited set of PSDs were measured on the size-

theory to reproduce thg7 (from the C-star transmissometer) fractiqnated Samples collected during the 3rd fractionation
andby, (at 526 nm) measured during the three fractionation€Xperiment.

experiments. Particle size distributions (PSDs) of bulk sam- Figure A1 presents the PSDs measured on the size-
ples were truncated in correspondence of the nominal pordractionated samples collected during the 3rd experiment and
sizes of the filters and used as input for the simulations. Meaaggregated over larger bins. As expected, the PSD measure-
sured PSDs were extrapolated from 1.4 to 0.3 um and fronment of the 0.7-um filtered sample was only slightly larger

8 to 100 um using the slope fitted between 2 and 8 um. Athan the blank (0.2-um filtered seawater) at the smallest sizes.
peak around 1.5 um was fitted using a Gaussian model an8imilarly, the PSD of the 5-um filtered sample was only
added to the power-law distribution adopted for the extrapo-slightly smaller that the bulk sample for ESD smaller than
lation to lower sizes. To reduce uncertainties due to the exb pm and, as expected, decreased with respect to the bulk at
trapolation of the PSD to lower sizas, andb,,, for the size  larger ESDs.

3.0 4
5.0

bulk

blank

O % 0 m @

—
—
1S

&
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Fig. Al. Particle size distribution measurements aggregated over
large bins for the size-fractionated samples collected during the
third fractionation experiment. Dashed lines represent standard de-
viations.

Al.2 Mie simulations with observed size-fractionated
PSDs for the 3rd fractionation experiment
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On the other hand, the 1-um and the 3-um filtered samthat the shell thickness can either have a constant value of
ples presented some problems. The PSD of the 1-um filtere@5 nm Meyer, 1979, or be a constant (i.e., 5%) fraction of
sample had, as expected, values similar to those measured ¢ime core radiusKitchen and Zaneveldl992. The refrac-
the bulk sample at bin sizes of about 1.4 um, but showed thative index of the core was varied between 1.015 and 1.025,
some particles with ESD up to 2.5 um had passed through thevhile that of the shell between 1.085 and 1.0B8¢hen and
filter (Fig. A1, compare filled red circles with black stars). Zaneveld 1992. Thus, the volume-averaged refractive in-
This phenomenon may be explained by imperfect filter poredices had median values of 1.05 (range: 1.047-1.057) and
(e.g., two pores in contact with each other), by large soft1.03 (range: 1.025-1.035), for the first and second type of
particles that squeezed through the filter pores or disaggrecoated models, respectively. Particles were considered non-
gated as they passed through the filter and re-aggregatembsorbing. This analysis revealed that the resuljipgal-
afterwards, and/or by an incorrect nominal pore size of theues around 1X7were consistent with the values obtained
filter. On the other hand, the PSD of the 3-um filtered sam-from the homogeneous spherical model (F3). On the
ple retained a significant fraction of particles smaller than theother hand, the median backscattering ratio derived from the
nominal pore size. coated-sphere model with shell thickness of 75 hm was 0.011

Mie simulations were repeated using the PSDs measure(fange: 0.0063-0.0180), while that for the coated-sphere
on the size-fractionated samples and extrapolated to 0.3 pnmodel with shell thickness equal to 5% of the core radius was
The PSD measured for the size fraction smaltetum was  0.0085 (range: 0.0064—0.0180). Thus, the backscattering ra-
much steeper than the observed bulk PSD. Thus, to avoitios were about a factor 2.2 and 1.7, respectively, larger than
biasing the simulation, this PSD was extrapolated to 0.7 unthose derived from the homogeneous spherical model (me-
by employing the slope of the bulk PSD. dian: 0.005, range: 0.0035-0.0074) using the same size dis-

Results for the 1- and 5-um size fractions were consistentributions and refractive index equal to 1.05. In conclusion, it
with those obtained using the truncated bulk PSDs (compar@ppears that thg,, value adopted in this study is consistent
thick black lines with large circles in Fid.Oe, f). However,  with non-homogeneous models of phytoplankton cells that
the newby, andc, values simulated for the 3-um size frac- produce relatively largéy, b, ratios. It should be noted,
tion were lower than those obtained from the truncated bulkthough, that different combinations of shell thickness and re-
PSD. fractive indices may produce significantly different backscat-

In conclusion, the PSD data measured on the sizelering ratios (both higher and lower). A thorough investi-
fractionated samples during the 3rd fractionation experi-gation of the optimal coated shell model for phytoplankton,
ment were in general agreement with the measured sizehowever, is beyond the scope of this work.

fractionated IOPs, exception made for the PSD collected for
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