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Abstract: The physical nature of particles, such as size, shape, and
composition govern their angular light scattering, whishdescribed by
the volume scattering function (VSF). Despite the fact tthet VSF is
one of the most important inherent optical properties, & harely been
measured in aquatic environments since no commercialumstnt exists

to measure the full VSF in the field. The commonly used LISS@sfr

In Situ Scattering and Transmissometry) particle sizegy®& Scientific,
http://www.sequoiasci.com) measures near-forward amgstattering of

a laser sourceA(= 670 nm) at 32 logarithmically-spaced photodetectors
arranged between@ and 15 degrees and inverts the data to obtain particle
size distribution (PSD). In order to calibrate the LISST toyide the near-
forward VSF of unknown particle suspensions, we analyzedstiattering

of light by polystyrene bead suspensions of known size idigions and
composition, and empirically compared it with the resultdviie theory.
This (1) allowed us to obtain a set of instrument specificisgafactors
needed to retrieve the magnitude of the VSF and (2) provigdidation

that the shape of the VSF was appropriately obtained.
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1. Introduction

The fundamental properties that regulate radiative teangithin a body of water are the spec-
tral absorption coefficiena(A) [m~1] and the volume scattering function (VSBYA, Y, @)
[m~1 sr1], whereA is the wavelength of light in a vacuum, ang, @) is the polar direction
of scattering with respect to the incident beam travelinthendirection of the-axis, shown in
Fig. 1. For a collimated incident beam of spectral radiantgrod;(A) [W nm~1], a fraction
Ps(A, Y, @) of the beam is scattered at anglg, ) into a solid angleAQ. The VSF is then

defined as

®;(A)AQAZ| -
For unpolarized light with randomly oriented particlese thcattering is assumed to be az-
imuthally symmetric about the axis of the incident beamhghatS (A, ¢, @) = B(A, @) [1].

The total volume scattering functiofi((/), can be separated into a summation of individual
scattering components, usually the sum of pure water (W &), and particles (pB(y) =
Bu(Y) + Bs(Y) + Bp(y). Additionally, the scattering due to turbulence [2] and iblels [3] may
be important terms in some cases. In most natural waterg,tbalscattering of water, salts,

BA,Y,p)= lim lim

AQ—0Az—0

@)

Fig. 1. Incident flux®;(A) is scattered within a differential lengthz, into a solid angle,
AQ. In the figure shown, the scattering is assumed to be azimuthally symmistrit the
axis of the incident beam.
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and particles are considered. For the laboratory studesepted here, we are concerned only
with pure water and particulate scattering.

The angular distribution of light scattered by particlegaserned by the physical properties
of the particles themselves, such as size, shape, and citimpo$he dependence has been
demonstrated based on data obtained in situ, in the lab, angled using Mie theory and
T-matrix methods [4, 5, 6]. As useful as the VSF is for modglihe light field in radiative
transfer applications [7] or determining the propertiepaifticles in sea water, it has seldom
been measured in the field. The primary reason for the paatityeasurements has been the
lack of commercially-available instruments for measurting VSF in situ due to engineering
difficulties [8] and lack of sufficient demand. Only limitedemsurements of the VSF have been
made in the past, with custom-built instruments such as thithGeneral Angle Scattering
Meter (GASM) [9]. Lee and Lewis [8] presented a prototypetrimmient for measuring the
complete VSF and reported significant environmental vdifgin the near-forward VSF. More
recently, the use of instruments that measure the VSF at arigles in the backward direction
(such as 10Q 125, and 150 for the WETLabs ECO-VSF) [10] has become routine.

The scattering coefficient is defined as the integral of thé& \é8er all angles, assuming
azimuthal symmetry,

b(A) = [ pA.w. @0 =2r [ B y)sin(w)dy. @

In contrast to the full VSF, the scattering coefficieti ) [m—1] is routinely measured in situ. It
can be computed indirectly by instruments such as the a®%ELthe difference between total
light attenuation and absorption. The VSF can be used tmattithe scattering coefficient,
since B(y) is highly peaked in the forward direction, with the major{§9-83% based on
VSF observations of Petzold [9]) of particle scatteg(( )) contained iny < 15°. In addition,
the near-forward VSF can be combined with measurements $igsplementary sensors that
measure the VSF at other angles (such as the ECO VSF) to &stineaVSF across a wider
angle range by fitting an analytic model (e.g. Fournier-Rdr 1])to the measured VSF data
using a least squares approach.

The LISST [12] was designed for use in sedimentology to meathe PSD in the field
[13, 14, 15]. In the LISST, light from a laser sourde £ 670 nm) scatters towards a lens on
the receiving side of the sample volume, as in Fig. 2. On theratide of the receiving lens is
a set of logarithmically spaced concentric ring photodetsc The lens allows light scattered
at a given angle to be collected by a given ring. The 32 phatatier rings are arranged such
that their edge radii increase logarithmically, coverirtgtal scattering angle range of approxi-
mately 008 to 15 in water (note that Sequoia reports the angles in air). Tiseakso a detector
at )y = 0 (acceptance angle of@269 in water for the type-B instrument discussed here) used
to measure beam attenuation.

Recently, the LISST has been used for quantification of ahtariability in theshape of the
VSF [16]. In the current paper, we present a method to obtaih the shape and magnitude
of the near-forward VSF, using Mie theory and lab measurgésehpolystyrene bead PSD
standards to calibrate the LISST-measured angular sedfpemver to the absolute VSF at near-
forward angles.

2. Methods

2.1. LISST measurements

The scattering response of the LISST was related to theafatalculations of the VSF by
analyzing microspheres of a known size distribution andmasition. The microspheres were
polystyrene particle size standards [17], with diametarging from approximately 2 to 100
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Fig. 2. The LISST has four main optical elements: laser diode soujcediaple volume
(d), receiving lens (f), and concentric photodetector rings (g).|@ser diode and compan-
ion focusing optics (b) provides a collimated beam of incident ligh=(670 nm, in air) to
the sample volume. The sample volume is separated from the internalapdiesectronics
by two pressure windows (c and e).

um, as summarized in Table 1. The EZY-CAL standards were @wedén single-use bottles,
suspended in water (with trace amounts of dispersant) ghmoximate concentration of 2000
particles ml=1. The other standards were contained in dropper-tippetebatt concentrations
on the order of 1% solids by weight. The mean diametgss,were traceable to the National
Institute of Standards and Technology (NIST), evaluateghmton correlation spectroscopy or
microscopy using a NIST calibrated stage micrometer. Therted uncertainty in mean diam-
eter,dp, for each standard, was the sum of the calibration transiegniainty and measurement
error. The standard deviation of the size distribution fchestandardgp, is certified by Duke
Scientific through microscopy or electrical impedance ysial

We made no independent attempt to validate the manufagiuogided NIST-traceable par-
ticle size distribution. Given the agreement between thertttical Mie results (which assumes
a Gaussian PSD) and the LISST-measured VSF, we must suphyadsled single Gaussian PSD
is a reasonable assumption. However, users should usemauth such particle size stan-
dards, since the dispersant solution used may degradeimerléading to destabilization of
the suspension and aggregation of the beads. Bacteriarordtion of the suspension is also
possible.

Table 1. Particle size standards used in calibration experimgptsdp, and ap are the
mean diameter, uncertainty in mean diameter, and standard deviationro§ptiere parti-
cle size distribution, respectively [17].

Stock Number Nominal Diameter Up +dp op
4202A 2um 2.0010.025um 0.022um
6010 EZY-CAL 10um 9.964+0.058um  0.10um
4220A 20pum 20.06:0.10um  0.20um
6050 EZY-CAL 50um 50.4+1.0um 1.6um
4K100 100um 99.2+1.4um 1.7um

For the calibration experiments, the LISST (LISST-100.ety s/n 1102) was fitted with
a small volume mixing chamber available from Sequoia Siierfi2]. Particle settling was
counteracted by recirculating the sample through tubintheoted to the sample volume and
routed through a peristaltic pump. Turbulence generatedalthe recirculation did not have a
detectable effect on the optical scattering measured byl®®T, verified by comparing meas-
ured results on small beads with and without recirculatAY-CAL standards were added
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directly to the chamber in which pure water (Barnstead NAN@@Diamond) was recirculated.
Test suspensions were prepared by filling the chamber with\water and adding microsphere
solution directly to the chamber in an addition series. Befditions to the LISST chamber,
the sample bottles were agitated by hand or immersed in easatiicated bath.

LISST measurements were logged using the standard LISFTs®@ware provided by Se-
quoia Scientific and further processed in the MATLAB prognaimg environment. Pure water
blanks were taken before readings on different microspstecks. Blank measurements consist
of a set of 32 pure water ring detector outputsat;, wherei is the ring detector number, plus
clean water laser transmitted powsg, and reference powerefy. The raw LISST measure-
ments (32 ring outputsscat;, laser transmitted powetr, and laser reference poweegf, for
each sample at approximately 1 Hz) were post processed ti@astitihe pure water ring outputs
and for attenuation within the sample volume,

cscatj = (T.—Z&ali) ~dcali, ®)

where 1 is the transmission calculated as= (tr/ref)(refp/tro), and dcal; is a set of
manufacturer-supplied detector responsivity correcfators. Thezscat corrected scatter,
cscatj is then corrected for the area of each ring [16], and for Ig&ever in the measure-
ment relative to the clear water measurement, giving thalibrated scattered power in each
ring, pscat;:
ref 5 2 -1

pscatj = cscat; - <ref0) (moAZ(Y, —u)) T, 4
whereg is the fraction of a circle covered by the detector @sig are the angles (in water) cor-
responding to edges of the detector rings. Since the 32tdetauys are spaced logarithmically
spanning a radius range of 200:1, the edge angles for eagleaimbe calculated by knowing
the inner scattering angle (in air) of the first ringsimincair), and correcting for the index of
refraction difference between water within the sample n@wand air within the instrument,

sin (20“i71)/32wn1 n(ajr))
My

1

Y =sin”

®)

For each calibration run, 1 Hz data were collected and psackaccording to Egs. (3)-(4. In
order to assess the uncertainty in LISST scattering measunts for a given calibration run, the
median, 16th percentile, and 84th percentiles of scatigoaer were calculated for each ring.
Median and percentile values were also calculated for tiSTimeasured beam attenuation.

The LISST ring detectors are designed to increase in areagfeically with increasing an-
gle in order to maintain an approximately equal photon fluxgrea of detector, accounting
for the high peak in the near-forward scatter typically otsd in natural particle assemblages.
For the smallest microspheres, scattering in the mostfoeaard angles is very low, and due
to the variability caused by experimental uncertainty alegteonic noise, may lead to nega-
tive values ofpscat; (Fig. 3). In order to avoid negativpescat;, for each run used for calibra-
tion, we discard rings whose scatter magnitude (medianaalération run) is not sufficiently
greater than the variability (half the difference betweéth&nd 16th percentiles) ascat;, e.g.
mediar{ pscat;) / dzscatj < 10.

2.2. Theoretical Scattering Response

Mie theory is an exact solution of Maxwell's equations foe tinteraction of an electromag-
netic plane wave with homogenous spheres. Detailed déstigpcan be found in Bohren
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Fig. 3. Plot (a) shows theoretical near-forward VSF of three midrespstandards, derived
using Mie theory. The VSF is normalized to beam attenuation. In (b), thattantuation-
corrected countscat; /T for representative 2 and 1Q0n calibrations runs are shown along
with a pure waterscat. Note that for the smaller beads, near-forward detector output is
essentially zero, leading to the possibility of negative valugsscdt;.

and Huffman [5] and Mishchenko [6]. Mie theory considers alangth of light, particle
size, and particle composition in terms of two fundamentabmeters: (1) the size param-
eter, defined ag = (2r1/A)r, wherer and A are the sphere radius and wavelength of light
(in the medium surrounding the particle) and (2) the compiadex of refraction of the
spheresr, = rrfp+ jrﬂrg), relative to the surrounding mediummy, assumed non-absorbing),
m=my/my, wherej = (—1)%2. The real index of refraction for polystyrene as a functién o
wavelengthA, was calculated based on the results of Ma et al. [18], givéigi (6). Imaginary
index of refraction for polystyreneT(g, ~ 0(10~%)) was not included (see Section 4). The index
of refraction of pure water at room temperature ang¢ 670 nm ism, = 1.3308 [1].

0.0031080 0.00034779
A2 T A4

!

((A) = L5725+

(6)
For a givenx and m, the angular distribution of scattered polarized radigt® () and
S (), as well as the scattering, extinction, and absorptionscsestionsQsca, Cext, aNdCaps)
were calculated [5].
The size distributions of microsphere calibration staddavere assumed to be Gaussian in
each case, with the mean diameters and standard deviatiovidgd in Table 1. The general
form of the Gaussian distribution is

N(D) = No-N(D) = No- (GD\/ZT)_l-eXp[—(D;‘%D)T, )

whereNp is the particle concentration [m] andN(D) is the size distribution normalized such
that [ N(D)dD = 1. For each numerical calculation, the assumed distributias discretized
into 200 size bins spanning the range+ 30p.
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From these quantities, the inherent optical propertiedeattetermined for an assemblage of
spheres with known size distribution. For example, patigam attenuationy;e, is calculated
by integration of the extinction cross secti@y;, over size distribution,

Cvie = /Ow NoRI(D)CoqdD. ®)

Since concentration varies for each calibration run, atition measured by the LISST is used
to determine the particle number concentration by norrimaithe Mie-calculated values to

. Cmie _ [T¢
Gitie = e = |, N(D)CoedD. ©

Thus, based on the calculatef;, [m?] and the observed, sst, Np is estimated by assuming
thatcmie = Crisst, henceNp = ¢y sst/Chyie- TO cOnsider the possible bias introduced by the finite
acceptance angle of the LISST transmissomet@2@?), the difference between theoretical
and measured beam attenuation was determined asirg /%9 .. (W) sin(y)dy. Based
on this formulation, relative bias\¢/cy;;e) in cLisst was found to be approximatelyPb for
the 100um beads, and less tharD8% for 20um and smaller beads.

The phase functior3 (), was calculated by combining the distributions of scattgrewer
in each polarization,

1
Su(y) =3[y PP+ | ()%, (10)
and normalizing such that the integral over all angles isyuni
~ Su(y)
= - . 11
P s swiaw 4y

Similar to the case of beam attenuation, the VSF was themrdieted by integrating over the
particle size distribution,

Butie(W / NoRi(D) B () CacadD, (12)

and normalized to particle concentration, as in Eqg. (9),

Biro(w) = P M'e / RI(D) () CacadD. (13)

Figure 3(a) shows the Mie-derived volume scattering fuumsj normalized to beam atten-
uation. Note that the VSF for smaller microspheres tend tese highly peaked for smaller
angles. Natural volume scattering functions tend to be meaked in the forward direction
[9], given that they are essentially a superposition of nspeacific VSF including particles
often larger (and hence their VSF are more forward-peakedh) the 10Qum VSF shown here.

The power sensed by each photodetector rindepends on the integral of the VSF over
the angle range of the detectqy, to (.1, so for the purpose of matching LISST-measured
scattered powepscat; for a particular ring to theoretical VSF, we calculated timgraverage
normalized theoretical VSF as

()= 51 Blrie( W) singdy 14
Mie/l fj,’f“sinwdtll .
#9523 - $15.00 USD Received 15 November 2005; revised 30 March 2006; accepted 11 April 2006

(C) 2006 OSA 17 April 2006/ Vol. 14, No. 8/ OPTICS EXPRESS 3608



3. Results

In addition to determination of suspension concentrateingimeasured beam attenuation, two
further issues were addressed in the calibration: manufespecified uncertainty in the bead
standards and experimental uncertainty in the LISST measemts. A Monte Carlo technique
was used to address the reported uncertainty in nominaledé&andy. For each microsphere
stock in Table 1cy;. and (B;.)i were generated for a population of 200 Gaussian size dis-
tributions with diameters uniformly varied within the balswp + dp. From the population,
the median, 16th, and 84th percentiles (the difference afhvis equivalent to twice the stan-
dard deviation for normally distributed data) were detewxiforcy,;, and for(f35;¢)i calculated
for each ring.

As discussed in Section 2.1, median values and percentées galculated for the LISST
pscat; and beam attenuation. Mie-derived average (Bhie)i, was then calculated using

* o\

(Buie) = cuissr (Dltelt (15)
CMie

wherecyssr is the LISST-measured beam attenuation. The uncertainBuig(y) was ad-

dressed by propagating the uncertainties,igsr, Bj;e, @ndCy;e.

13(Buiel| _ 13cussr| , 1(Biehil , 18Cine 16

(Bwie)i CLIssT (Blie)i Ciie
wheredcyisst, 8(Bjie)i> anddcy;e are the half the difference between the 84th and 16th per-
centiles ofc sst, (Bie)i» aNdCy;e, respectively. For each run used in the calibration (a sum-
mary of all runs is presented in Table 2Bvie); was calculated according to Eq. (15). The
resulting relationship between the theoreti(@hic)i and LISST measurements was assumed
linear, and a calibration coefficient [rhsr-1 count ] relating the LISST measurepbcat; to
(Bwie)i Was calculated for each detector ring,

~_ (Bwie)i
Xi= “pscat; | a7)

The parametey; for each ring was determined using a robust regression Fig] 4(a)-(e)).
In general d(Bwie)i values were small, since changes in VSF due to uncertairgyspension
mean diametenp + dp, and PSD standard deviatioop, were small. Note that accuracy in
estimation of the magnitude dBwie)i is limited by the uncertainty in measuring beam attenu-
ation (e.g. the suspension concentration). For the puspafsgetermining thei, we used only
runs where relative erra¥c ssr/cLisst < 0.1. This does not imply that the instrument is not
useful in the field when this is not the case, but only ensiwelkesive accuracy in estimatirgy
for the purpose of lab calibration. Smaller beads provideiamilatter scattering response over
a wide angle range leading to less averaging error dwBtay)/dy, compared with larger
beads with highly variable VSF at larger angles (Fig. 3(@yr calibration procedure was to
use the 2um runs, excluding the first six rings since thsiat; is not sufficiently greater than
zscat; (Fig. 3(b)). Similarly, we added data from 20n runs for intermediate rings, excluding
rings 15 to 32 since the VSF falls off and fluctuates in this@ngnge. Data from 10Q0m runs
were also used since 1Q0n beads scatter strongly in the most near-forward rings @lg)),
excluding rings 10 to 32 due to fluctuations in the VSF. Ouadatd MATLAB source code
are freely available on our website [20].

The median of calibration coefficienggwas 31-10°6 [m~* sr-! count]. Deviation in the
largest rings is likely due to increasimntf3 () /dy, even for the small Zim beads. The error
in the model-data fit for each ring (Fig. 4(e)) was calculaasdhe median relative absolute

#9523 - $15.00 USD Received 15 November 2005; revised 30 March 2006; accepted 11 April 2006
(C) 2006 OSA 17 April 2006/ Vol. 14, No. 8/ OPTICS EXPRESS 3609



error between the expected Mie-derived ring average stajtand the LISST output for the
calibration data,

median(|(Bwie)i — Xi - pscati|/ (Bwie)i) - (18)

Relative error in the; model fit for each ring averaged 6%. Similarly, we calculdtezirelative
absolute error betwee(f3 st )i estimated for the validation data (10 and/®® beads, which
were not used in deriving the calibration coefficients) amel éxpected ring averaged VSF
based on Mie theory. The validation error (Fig. 4(f)) rangpetiween approximately 10% and
80%, but was on average 30%. This error is likely an overeg#psince: (1) as in the case of
each calibration run, our knowledge of the validation saspe concentration is limited by
our ability to measure beam attenuation, (2) our knowledgheoshape of the calculated Mie
VSF is limited by our inability to independently verify it é. it is a function of the PSD and the
bead properties that we did not verify independently), &)dHe uncertainty is calculated for
rings even where our validation beads have complicatedfiticns in their VSF, which would
likely not be the case for the VSF of natural waters.

4. Discussion and Conclusion

Our results support the use of the LISST to measure the neasfd volume scattering func-
tion of suspended particles. Independent trials usingrabwdifferent sizes of microspheres
yielded a set of calibration constants for the detectorsriofthe LISST, and additional tests
on microsphere standards provided an independent camgystdeck on the calibration. We
are unsure of the applicability of the calibration constagerived for the LISST used in this
study to other LISST instruments. Variability in the ringesific x; may indicate individual
instrument characteristics. Determination of the catibracoefficients depended on knowing
the concentration of microspheres within the sample chamidech we determined using the
LISST-measured beam attenuation. Therefore, we usedtadirmét of experimental runs where
the relative error irc; sst was low. We also selected data from particular detectosriogthe
different size classes of microspheres, since for somegcauser in particular rings was very
low (e.g. Fig 3(b)), and for some bead sizes the VSF was higdnliable over particular rings
(e.g. Fig 3(a)). A remaining source of uncertainty in thelration was our assumption of the
analytical PSD for the theoretical scattering calculajamhich does not account for any desta-
bilization or contamination of the measured suspensionthd future this uncertainty may be
reduced by using PSD measured at the time of calibration.

In the field, the VSF obtained using the derived calibratioafficients includes scattering
due to all substances in the sample volume besides that efvpater. This will likely include
particles of a variety of different shapes, both single aggregated, compact and fluffy. The
scattering may also include that of colloidal materialtssaiurbulence, and bubbles. For a
LISST instrument that has been calibrated using pure vestat, in order to determine the total
VSF, scatter due to pure water must be added back onto theedeviSF. Volume scattering
function due to water can be calculated according to Morg], [But must be integrated over
the ring angle ranges.

The effects of absorption on the Mie-derived VSF in largeglas for larger beads was not
negligible, as can be seen in Fig. 6. We avoid these problemegions of the VSF for the
larger, e.g. 20 and 100m beads entirely, since (1) errors in calculating the VSFafsorbing
spheres may bias calibration data, (2) the VSF is highlyatdei in these regions leading to
possible errors in averaging over ring angles, such as deedoin knowing the absolute ring
edges or due to slight misalignment of optical componemd,(8) these regions are possibly
affected by the polarization of the LISST laser source (dised below). Coefficients for rings
derived using data selected based on these three critdrjgoagess less uncertainty due to our
inability to independently verify the VSF and suspensioDPS
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Fig. 4. Plots (a)-(c) show Mie-derived VSF plotted against LISSTsuesd scatter for
three example detector rings. Each data point corresponds to a singlenu Table 2;
data are marked blue, green, and red, for 2, 20, and.d00uns, respectively. Error bars
are+3d0(Bwvie)i and+dpscat. Data are plotted along with the robust fit regression line. In
(d) the derived regression coefficiengsare shown for each ring, along with error bats
the standard error for the coefficient estimates. Plot (e) shows the reksive absolute
error in thex; model-data fit for each ring. Plot (f) shows the mean relative uncéytain
VSF estimated for all validation data (10 and 56 beads) compared to Mie theory.
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Fig. 5. Three example calibration results for bead runs listed in Table tBelteft plots,
Mie-derived ring-averaged VSF is plotted against calibrated LISST-airegaged VSF.
Vertical error bars are-35(fwie);. Horizontal bars express the LISST-derived ring aver-
aged VSF as 16th and 84th percenpkeat; values multiplied byx; — 3d; andx; + 3dxi,
respectively, wher@ x; are the standard errors for the coefficient estimates. The solid line
is 1:1. In the right plots, calibrated LISST ring-averaged VSF (red fikatiangles) is plot-
ted vs. angle, along with the Mie-derived ring-averaged VSF (emptamgtes) and the

continuous VSF (solid line). Dashed vertical lines denote the ring eddegs Rith low
signal compared witlascat are not shown.
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Fig. 6. The effects of including absorption in Mie simulations for 2 and @® micro-
sphere standards. Note that absorbing and non-absorbing cades bum beads are
indistinguishable in the plot.

The VSF, by definition, describes the scattering distrdnf unpolarized light (unpolar-
ized source and detector), namely $ie element of the scattering matrix. However, the LISST
source is a collimated laser diode (linear polarized), alile photodetector rings are non-
polarized receivers (neglecting any polarization imghtg the optical window and lens). Ir-
radiances measured by such a configuration will incorpdteé,» and S;3 elements of the
Mueller scattering matrix [5]. In the case of spherical satrs,S;3 — 0. Figure 7 shows the
magnitude of polarization factoR(y) = —Si2(¢)/S11(Y), calculated using Mie theory for
the polydispersions of calibration beads over the anglgearf the type-B LISST. This ratio is
indicative of the degree of linear polarization of the sead light, wheréP(y)| = 1 for totally
linear polarized light an&(y) = 0 for unpolarized light. Regardless of the composition pe si
of spherical scatterer®(0°) = P(180°) = 0. For the suspensions used in this calibration, over
the angle range of the type-B LISSP(y)| is in general less than D, with maximum values
in the larger-angle rings. Disagreement between the @ledilunpolarizedfvie); and the po-
larized LISST-measured scatter could explain some of thten in the(Buie)i vs. (BLissr)i
(or pscat;) relationship for large-angle rings observed in Figs. 4 Burieor oceanic suspensions
the effect of polarization is expected to be even smallejSaéy)/Si1(¢)| < 0.06+ 0.02 and
|S13(¢)/S11(@)| = 0+ 0.01 for the first 20 degrees based on the observation of Vos&ignd
[22]. Thus it appears that the errors introduced to the VS#tduhe use of a polarized source
are small.

This is an exciting time in the field of ocean optics, as for fingt time a commercial in-
strument is available to measure in situ and understandamaental variability in the VSF in
near-forward angles. Combining the LISST measurements otiter commercially-available
sensors measuring the VSF at angles in the backwards dinegzin provide a means to infer
the full VSF, using theoretical VSF models (e.g. Fournierghd [11]) to fit measured data, and
directly estimatéo,. Knowledge of the full VSF will improve radiative transfeailculation and
the associated understanding (through measurementd-gmdparison) of how ocean color
varies in response to changes in the inherent optical ptiepge.g. [7]). Comparison with
available in-water and bench-top instrumentation willide the necessary optical closure test
for this approach.
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Fig. 7. Magnitude of polarization factolP(y)| = |Si2(¢)/S11(@)| for the microsphere
standards, derived from Mie theory.
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Table 2. Microsphere runs considered in the present anafysigy is the number of scans
recorded (at 1 Hz) from the LISST for each rep.ssr (670) anddcy ssr(670) are the me-
dian and relative error of beam attenuation at 670 nm obtained from 8®TLturing the
run. The number concentration of particla,[m—3], is derived from the LISST attenua-
tion measurementdNg = ¢y sst/Cy;0)- The calibration coefficients for the detector rings
are determined based on a selection of 2, 20, andub@éuns wherec, | ssr /cpisst < 0.1,
marked ¢). Runs marked«') were used to validate the calibration coefficients.

Size Stock  Run Nusst Cussr(670)  Ocyssr/cusst  DerivedNg
4202A 2a e 147 4.91 0.02 4.520"
4202A 2b e 287 1.78 0.04 1.640M

2 um 4202A 2c e 126 0.99 0.05 9.090'0
4202A 2d 107 0.38 0.13 3.5010
4202A 2e e 101 8.19 0.01 7.560
4202A 2f o 103 11.56 0.01 1.0702

10 um 6010 10a « 40 0.27 0.07 1.490°
6010 10b v 30 0.27 0.07 1.5a00°
4220A 20a 110 0.08 1.02 1.2%°
4220A 20b 131 0.39 0.23 5.89°
4220A 20c 170 0.91 0.12 1.36°
4220A 20d e 132 1.49 0.08 2.220°
4220A 20e o 113 1.97 0.05 2.950°

20um  4220A 20f e 172 2.55 0.05 3.800°
4220A 20g e 122 3.15 0.04 4.700°
4220A 20h e 153 3.61 0.04 5.390°
4220A 20i e 116 451 0.03 6.730°
4220A 20] e 134 5.53 0.03 8.280°
4220A 20k e 116 6.49 0.02 9.690°
6050 50a v« 303 3.61 0.05 8.910°

50 um 6050 50b v 203 2.39 0.06 5.930°
6050 50c « 54 4.44 0.01 1.100°
6050 50d v 40 1.39 0.02 3.440°
4K100 100a 86 0.38 0.40 2.46)
4K100 100b 105 0.67 0.22 4.20°
4K100 100c 117 0.81 0.24 5.20"
4K100 100d 145 1.48 0.15 9.40"

100um 4K100 100e 166 1.89 0.12 1.21°
4K100 100f 128 2.42 0.12 1.588°
4K100 100g e 182 3.45 0.09 2.2108
4K100 100h e 153 4.20 0.09 2.690°
4K100 100i e 110 6.70 0.06 4.3008
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