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Inherent Optical Properties of phytoplankton for the application

of red tide remote sensing

Nu-ri Lee

Department of Satellite Information Sciences, Graduate School

Pukyong National University

Abstract

Red tide occurs every year in coastal area. Itsiadfamporal scale is getting
larger and days of duration is getting longer tleser. Therefore, the economical
loss of aquaculture is increasing each year. Reeé tlgae are estimated 150
different species “all around the world, among the$@ species are appeared in
Korean coastal sea and danoflagellate is the mpétiss which causes red tide.
Remote sensing technology is —conductedto detedt tide but it is still in

sufficient.

Firstly, spatial resolution of ocean color satellis 1km, as this reason, it can
only detect large scale of red tide. Secondly, tabaarea, which occurs red tide,
is often area with high density of suspended paete. Therefore it is difficult to
recognize between red tide and suspended partiBlesently, ocean color depends
on the species of red tide and it discovers thataoccolor is different with

different types of algae.
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For the research of optical properties of red tamlgae, phytoplankton was
cultivated, measured the absorption and backstajtaroefficient properties. Based
on this, differences of optical properties betwem tide algae are researched.
Optical property differences based on the red tipecies are gained from the
shape and value of spectrum. Main absorption baad 430- 440 nm and 680
nm and accessory absorption band was shown acgotdirother red tide species.
Absorption spectrums according to species are apgediversely from 0.005 to
0.06 nf/mg. The range of specific backscattering coeffitizvas 16~10* m*/mg,
it showed 100 times differences according to. th#emint species of red tide
algae and spectrum shape was also quite diffedenis estimated that accessory
absorption band, absorption difference in the sdmad, backscattering spectrum
shape strength difference will be the main factor tlassifying the red tide

species.

For more accurate remote sensing detect for reg ftightical character gained
from red tide ‘algae species are needed to storelats base, and also inverse
model should be. developed to analyze the specigls aamount of red tide from

ocean color.
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Fig. 1. Number of observations of harmful algaeobiooutbreaks offKorear
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Table Z= 1999~200% 7|zt &< Az A 3] Welolth. 19994 ol =
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Table 1. Maximum cell density of red tide causatorganisms during 1999~2003

Year Species Max.(c(é‘,ﬁéllrr[])l;ansity
1999 Cochlodinium_polykrikoides 43,000
2000 Cochlodinium polykrikoides 15,000
2001 Cochlodinium polykrikoides 32,000
2002 Cochlodinium polykrikoides 30,000
2003 Cochlodinium polykrikoides 48,000

Table 2. Number of red-tide events depending on approximate sufferedirea
during 1999~2003

Dimension of red tide suffered area
vear 1 knf 1-100 knf >100 knf Total
1999 43 13 20 76
2000 45 16 8 69
2001 35 12 9 56
2002 30 10 15 59
2003 17 8 20 45
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Table 4. Fishery damage by red tide in the Koreasto

Year Species (miliondolion)”
1981 Karenia mikimotoi 1.7
1992 Gyrodinium sp. 5
1993 Cochlodinium polykrikoides 7
1995 Cochlodinium polykrikoides 95
1996 Cochlodinium polykrikoides 1.8
1997 Cochlodinium polykrikoides 1.2
1998 Cochlodinium-polykrikoides 0.1
1999 Cochlodinium polykrikoides 0.2
2000 Cochlodinium polykrikoides 0.2
2001 Cochlodinium pelykrikoides 7
2002 Cochlodinium polykrikoides 4
2003 Cochlodinium polykrikoides 18.6
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Fig. 2. Spectral variation of absorption in seawat@ualitative comparison of the
shapes of absorption spectra of pure water, speci#bsorption by
chlorophyll and CDOM (Prieur and Sathyendranath1981)
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Table 5. Cultured phytoplankton species, strain aahpling sites

Species Strain Sampling site Date
Dinophyceae
Alexandrium catenella AxCt_KO01 Nanpo, Jinhae 1994. 4
Cochlodinium polykrikoides CcPk _K04 Narodo, Goheung 1999. 8
Gymnodinium catenatum GnCt_ K 01 Nanpo, Jinhae 1999. 8
Gymnodinium sanguineum GnSg_K 01| Jangmok Bay, Geqgje 1998. P
Gyrodinium sp. Gnsp_KO01 | Jangmok Bay, Geoje  2000. p
Gyrodinium aureolum GrAr_KO01 Chilcheondo, Geoje 1999. 9
Gyrodinium impudicum Grlp_ K02 Haje, Kunsan 1998. 8
Heterocapsa triqutra HtTg_KO01 | Jangmok Bay, Geoje  1999. 3
Prorocentrum minimum PrMn_KO01 Haje, Kunsan 1998. 8
Prorocentrum micans PrMc_KO01 Haje, Kunsan 1998. 8
Prorocentrum dentatum PrDt KO1 | Jangmok Bay, Geoje  1999. ¥
Prorocentrum triestium PrTe K01 | Jangmok Bay, Gegje 1999. p
Serippsiella trochoidea SpTc_KO1 Haje, Kunsan 1998. §
Raphidopeaceae
Chattonella sp. Ctsp_KO1 | Jangmok Bay, Geoje 1999. b
Chlorophyceae
Chlamydomonas sp. Clsp_KO01 - 1997. 6
Chlorella ellipsoidea KMCC C_20 Japen
Chlorella schroeteri KMCC C_22 Nacdong 2000. 3
Euglenophyceae
Eutriptiella gymnastica EtGn_KO01 Nanpo, Jinhae
Haptophyceae
Isocrysis galbana KMCC H-2 DE-5 2000. 3
Bacillariophyceae
Coscinodiscus sp. Cssp_KO01 | Jangmok Bay, Gegje  2000. |6
Phaeodactyrum tricornutum | KMCC B-46 Japan
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Table 6. Specification of Dual beam spectrophotemet

14

Generd
Principal dual beam spectrophotometer
§ All reflecting system.
§ Holographic gratings with 1440 lines/mm for the WAhd
Optics: UV VIS ranges.
version § Programmed optical filters with automatic filtechange)
during monochromator slewing.
100 nm beam separation in sample compartment.
Prealigned deuterium lamp for the UV range.
Prealigned tungsten-halogen lamp for the VIS &xiR
Sources
ranges.
§ Automatic source change during monochromator slgwin
S— Side window photomultiplier for the UV and VIS ray
ector
§ Automatic detector change during monochromator isigw
_ Facilities are provided for purging the instrumewith an
Purging :
inert gas.
Abscissa
Total usable
wavelength 175-900 nm
range
UV: 185 nm to source change wavelength (selectahlé
: range 300-340 nm; default wavelength 319.2 nm)
Rl Ecele VIS: From source change wavelength to detectirange
ranges wavelength (selectable in range 819.2-9.2.4 nuaefault
wavelength 860.8 nm)
Abscissa
+0.15 nm (UV/VIS range)
accuracy
Abscissa Better than 0.02 nm (UV/VIS range);
repeatability | Standard deviation for 10 measurements.
) 0.05 nm to 5.0 nm in increments of 0.01 nm in UWwd
Resolution

VIS ranges.
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Fig. 4. Lambda 19 dual Spectrophotometer (PERKINMER co.) (left)
equipped with Integrating Sphere(right black part).

23 A= 4% F 94 A7) 2 NP 45L 55 24

452 TEE A
(ng/mh)e} 4 == (cells/ml)E
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Table 7. Specification of Multi-sizer Coulter Coent

Height 45 cm (17.75 in)
. 0 .
Linearity Linear response +1 % of pulse height
over selected range
Number of Channels Up to 300 for any selected range
Width 43 cm (17 in)

Dynamic Range of 30:1 by diameter, 27,000:1 by volume

Aperture
Interface TCE/IP tq IBM compatible PC,
running Win95, 98, 2000, NT 4.0
Resolution User Selectable
Power Consumption Less than 250 W
Metering System Mercury-free, wide range metering pump
Overadl Analysis Range 0.4 pL to 1200 pL diameter

PSS T2 28 2% to 60% of aperture size, from 20 pm to 2000 jum

Range
Regulatory Compliance Software is:21 CFR Part 11 Compliant
Metered Sample Continuously selectable from 50 pL to 2000 pL
Volume
Volumetric Pump > 99.5 %
Accuracy
Depth 63.5 cm (25 in)

100 to 120 VAC + 10 %, 220 to 240 VAC + 10 %o,

Power Requirements 50/60 Hz

Weight 34 kg (75 Ib)
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ol
o

TE5 =A3l=d olu] AL ¥ optical cell> 1 cme] Z7]E o] &R o

4 Ws 400~750 nmtA] 1 nnRtZ o g ZAEAUT. olFEA =ZE FF
T = spectrophotometel ©]3] =49 7|A A FFe= o5 (Eq. 20} 2ol &
o fl}.

1
O.D = 10g107 (Eqg. 2)

T=1/1L (Eq. 3)

4714 TE F3x(Transmittancelr 7] LAMZ = ()2 T3

rﬁ
o
o
o

F ()] Ble gk (U)ol tH(Eqg. 3). Sl MEdS Fists T w29
FA el AFdgr Hoz2 Fa3dgE Beer Lambert® Hol os) th-g3
o] AstEtHEq. 4).

B 5= (Eq. 4)

spectrophotomet& A ¥ 3=+ MZ < 34 F7(optical thickness)
of eHe AUAA Fhelmn=z, F &5 A (absorption coefficient, & #4F
A, x= Fo] T3 Agz vjEel 3% 7 (optical thickness)| t}. <
714 Eq. 45 Wt AAZD Ins FH 354,

o] 714 a& &4 74 (absorption coefficient) ¥, x= Zo] T3k A ol
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- (Ea. 5)

Eq. 34 Eq. 3 <3,

— (Eq. 6)

a:

T (Eq. 7)

o714, 23025 AdEI1E FgEIE HIHFE A
43 F5A5 (@)= e (Eqr 8 o] AT, o7 FFE
grolm ©9lE mtolth.

_ 23025 0.D Eq 8
el (Eq. 8)
B AFdME 3% =42 1 cm optical celt Al&3domz xge
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25 Az AE F9 4H&AS (b, scattering coefficient) 2 & A&+ A 5= (b,

backscattering coefficient)

AF&A 4= (b, scattering coefficienty v 2-& E st FEd g &9 AL

oft
[

deE F U Z7E T I

ol

el & F ASA

4
rr
|\
o

g 5 Q7] Mol B Faoh Aol F

o

22HA4=(c, attenuation coefficient)

o
]IM
o
)
3

(a, absorption coefficieng =A3le] 259 =2 A2IH(EQ.

b(r) = c(0) - a@) (Eq. 10)

ASAFE Adake (b, forward scattering) < 2+2+(bp, backscattering) g+
(Eq. 132 Hwritere 3 X8 whgke] djs] 0°~90° W 9lolA < 4AHH(Eq. 11)
olm, 4kge 90°~180° Sl ol A 9 ir&kelrt (Eq. 12).

b\ ="2r [ 2g(aySik0 09 (Eq. 11)
0

b,(\) = 27 f "5(0)sin 6 do (Eq. 12)
2

b(\) =2 [ (6)sing o (Eq. 13)
0

BO)y= @9 ®@m)el disl 0°~180° WS w  Zol

jias
>
bl
ol
-
rr

irradiance(unit, W/Mjoll i &k 2kek 3(Wisr) Z 9] Hlo]th(Eq. 14).
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B(0)=—",m 'sr (Eq. 14)

A4+ angular distribution scattered radiation(volume ttecing

2
e

function, VSFRI B(0)S m2lA n ®MAA7HA AZFoe=zHN 78 F o
ey 24 7177 A%s HA @ob w2olA 1 WAE o 1° v £

2 =gslof smr 4d4ont B don @ 4 ok

sbm 132°~174° 9 9] Yol AT SJikdr & S $ Atk ogt A Mie theory
th3t 2k g o] BAHojof ot

Baae)el dxp atse A F ik (volume scattering) = Fwto g Abeta)

= ¥ 100% 34T = e AL T2 AAMEA= B7HsEH] WE

of dAtell g3t 4k AlF(bp)=S spectrophotometsr =4 4 e SAZ
B Ao A= Maffione and Dana (199%) oA A A s+ Ao u}e}

141° g aFoll A o] Abekag ol Al 7| (Buy 7t & At Al 7HE FeAdol v
3 7kAskal Eq. 18} Zo] AlLte At

bo(\) = 2nX5ia(N) (Eq. 15)

A& Z+o] U3 BAS 3 718k8tE B A A2 GF(geometric factor of
optical cell)> by} byl HI9] oz (Eq. 168} #th. o374, bpyes A&

sgeie R oate Folt.
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GF = by / by

(Eq. 16)
2mx¢) e GFE AEBEZoaEY Zo wi 557 e vy =
AFNNE 622 dFdttn sHgatgd. mebd 38 90 AFE 9

7 o] AETHEq. 17)
b(h) = bm(A) X GF (Eq. 17)

714 bpme SAHE F
et d HAYYLR 62 et o2A ANE o
Asst MAAARL vy FEg
backscattering coefficient,ph=

ARF7 2 F2 spectrophotometdt

Aol
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Fig. 6. Inside structureof Integrating Sphere
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Table 82 A3 AgH 21F 9] HAx AE s & cell & =54 &

T3 HEZEF 3= Cochlodinium polykrikoidese} FZFoll &3t
Coscinodiscus sp7} Z+zt 1.6x10° pglcellt 1.5x10" pglcel2 FAMSHA 714 2
#s UEid

Table 9= 21F <] Az AES duZ 22 Celle] A A2, 27] 3
£ #&F Folth. Celle =5 5~200 un®] WA =2 v]AE 2= E(nanoplankton)
EE A3 Z g3 E(microplanktony] &3l= F7]oth ML S A B
< A, 54 SoF AAHeoH, gu A 7, BddE, 249, 4dE, d

¥ Soz gIPt Cel =7b AW 2 Fe FERRA &de

Z 7 &3l= Chlamydomonas sp, Chlorella élipsoidea, Chlorella schroeteri<}t

G HR 27| &3l Isocryss-galbana= 1 F717F 5 pymz 71 2Fokt.

Fig. 6&

rie

AFoA AFREH 21F9 HX AE FoA JHRZH
(Diophyceaedll %3te AEEZ2FIEY v F3AF 29E
400~700 nn& 7}A13 9

m?/mge] t}.
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Table 8. EstimatedChlorophyll-a quantities per unit cell for the 21 species

<Chl> Cell Density| <chl> / [Cell Density]
Species
(ug/ml) (cells/ml) (ug/cell)
Alexandrium catenella 92.62 4,430 2.1 x 10°
Cochlodinium polykrikoides 371.29 2,290 1.6 x 10
Gymnodinium catenatum 17.15 432 4.0 x 10
Gymnodinium sanguineum 67.09 1,450 46 x 1O
Gyrodinium sp. 83.32 28,800 2.9 x 10
Gyrodinium aureolum 11.64 830 14 x 10
Gyrodinium imputicum 63.08 1,600 39 x 1O
Heterocapsa triquetra 226.03 29,500 7.7 x 10
Prorocentrum minimum 154.76 35,970 43 x 10
Prorocentrum micans 175.64 4,540 39 x 10
Prorocentrum dentatum 4.68 31,430 15 x 10
Prorocentrum- triestium 102.80 24,470 4.2 x 10
Scrippsiella trochoidea 105.98 6,120 1.7 x 10
Chattonella sp. 121.95 2,930 42 x 10
Chlamydomonas sp. 196.04 294,927 6.6 x 10
Chlorella ellipsoidea 43.72 10,026,400 4.4 x fo
Chlorella schroeteri 46.03 1,145,400 4.0 x To
Eutreptiella gymnastica 224.23 75,400 3.0 x 10
Isocrysis galbana 276.61 1,174,173 2.4 x fo
Coscinodiscus sp. 7.51 50 1.5 x 16
Phaeodactyrum tricornutum 347.64 3,466,633 1.0 x fo
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Table 9. Algae appearance and cell size for thesg¥cies

Species Color Size Shape
Alexandrium catenella Yellowish brown 21-48m sphere
Cochlodinium polykrikoides| Yellowish brown 30-40m ellipsoid
Gymnodinium catenatum Yellowish brown 40-60m pentagon
Gymnodinium sanguineum | Yellowish brown 6@m pentagon
Gyrodinium sp. Yellowish brown 6-8m ellipsoid
Gyrodinium aureolum Yellowish. green 25-3mm sphere
Gyrodinium imputicum Brown 20-30m sphere
Heterocapsa triquetra Yellowish brown 20-30m sphere
Prorocentrum minimum Yellowish brown 15-2hm heart-shape
Prorocentrum micans Brown 40-7Qm tear-shape
Prorocentrum dentatum Yellowish brown 15-30m ellipsoid
Prorocentrum triestium Yellowish brown 20-30m tear-shape
Scrippsiella trochoidea Red 20-3%m sphere
Chattonella sp. Golden brown 25-4(n tear-shape
Chlamydomonas sp. Green Bm sphere
Chlordla €lipsoidea Green Bm sphere
Chlorella schroeteri Green B sphere
Eutreptiella gymnastica Green 20-40m rod
Isocrysis galbana Brown Sum sphere
Coscinodiscus sp. Yellowish brown 100-200n circle
Phaeodactyrum tricornutum| Yellowish brown 5-10m needle
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Gymnodinium imputicume celle] =7]7} 20 ~ 30 ung ¢|¥ge Z4S g +
o}, EAH o2 Yed= §3F = 680 nnelal 590 nnel 630 nnell A o}
F %3 A5 E ety 283 400 nmoldte] w©rubg tiel A ko] A& =
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o I
%ttt (Fig. 7h). Prorocentrum minimume A3 o] = 717} 15~25 une] i, <3 o]
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¢ 680 nmell A F FFH7F vdEu=dH 30 8 Fol W mEs)

0
4S5 BYY (Fig. 7j). Prorocentrum dentatume] | &

mmm
N

=
= 15~30 pmelw, 9@ F2AS Wi gAPolth. 400~450 nml 2
WE detle 3ol Yt B
E3d= glol gy =39 Yty (Fig. 7k). Prorocentrum triestium
BUE 7hA=H 680 nm ool F3

h
2HEY Bk Fu WA veldd. a8l 465 nm, 490 nm, 590 nm,

z
=

620 Nl A Bz FZUE Ueie =HEYD AAHoT FFo] Wo| HIY
t} (Fig. 7I). Scrippsiella trochoidea= A2 =L7]7} 20~35 unme|H, <& 3



Mg @t pHolth v FB AdEdL AANHow o] glo] WL

e o] ™, 400~440 nmil A WA FFd7F Uebum, 680 nmell A FA = gho
Yelgt 2 9 Bz EF3dE 630 nell A ZA Y (Fig. 7m).
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(D)Gymnodinium sanguineum, (E)Gyrodinium sp., (F)Gyrodinium aureolum, (G)Gyrodinium
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(K)Prorocentrum dentatum, (L)Prorocentrum triestium, (M)Scrippsiella trochoidea.

Fig. 7. Spectral values of the specific absorpttoefficients(d measure
on Diophyceae.
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w6 0.012 E
£ ; o
2 0.01 § <
s 0.008 E \ //\\
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= — \
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E S
O L 'l L L ' Il L L L L L 'l L L 'l L L 'l L L L L L 'l L L L L
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Fig. 8. Spectral values of the specific absorptimefficients(d) measure

on Chattonella sg. belongto the Raphidopeacee
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Fig. 9 =% F(Chlorophyceaed) 4l F3AF 2HEHS H
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MN

Chlamydomon

as spt AMXe =7+ 5 umz v A & & 3 E(microplanktonl] £
goh Q¥ 545 we F¥olth 430 nnek 680 nell A F FF i e
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wom 480 nm, 600 nm, 650 n#hA HZE SFdrF JElEY (Fig. 9a).
Chlorella élipsoidea= M % =717} 5 pmeld, 9g e =4S o T3 o).
2HEHIM = FFU7 FEsHA 4 oo yeElytt 430 nnel 680 nnll

; Fo7t vEsth 1
9l & =3 glo] i3 Felolt}d (Fig. 9b). Chlorella schroeteri= A% =7)
7F 5 pmelH, 93 A8 o= F3Po|th. F3u= 430 nnel 680 nnvll A
F F3d7F JEbga 630 nnelA e BRx FRUE EYorn, 490 nnet
650 nnell A ==o] YEEt (Fig. 9c).
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]I[o%

(A) 0.06 T ‘ | |
E Species: Chlamydomonas sp.
B Size(pm): 5
0.05 //_\ Color: Green o
[/ \ Shape: sphere
0.04 1
e L
Lol )
“g 0.03 1 ¥,
0.02 1 \ R4 \
0.01 §
O [ ' - ' 'l Il ' - '

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

(A)Chlamydomonas sp.,, (B)Chlorella ellipsoidea, (C)Chlorella schroeteri.

Fig. 9. Spectral values of the Specific absorptimwefficients(a) measure

on Chlorophyceae
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[ /\ Shape: sphere
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NE 0.3 : \/\ /\
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& -
S 0.06 + \ \
N NI
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O n 'l ' - - ' Il ' - ' ' Il ' Il ' - ' 'l ' 'l ' 'l ' -
400 450 500 550 600 650 700 750
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Fig. 9. Continued
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Fig. 10= =3 4 (Euglenophyceae) 43}l Eutriptiella gymnasticad] 4l

EHS HoFo. Euriptidla gymnasticas Al Eeje] =7]7} 20-40
umel ], ¢3S 48 wi Zu Feoltt. 430 nnet 680 nnell M F F4o)
£ Holm 475 nmel 650 nnell A kg 35S Uelle A o9 EA A
B 7F dEbUA skt

El

ol
o

Fig. 11> ¥ % %7 (Haptophyceae) <3} Isocrysis galbana®] Wl &%
2~2HAEHS HoFET), Isocrysis galbanad M2 Z7]E= 5 pumelH, 9Fde 7
A wWE TPl F FFhE 430~470 nm, 680 nAjA LEFSEO B 630
nmol Al Bz E33u7F Bk 283 490 nnvlla] Z2o] k7t JElg o

0.006 T | |
E/\ Species: BEutreptiella gymnastica
Size(um): 20 - 40 ]
0.00% - Color: Green
[ Shape: rod
0.004 +
&b L
. N
“2 0.003 T ¥
0.002 + \ _,/
: — \
0.001
O B 'l 'l 'l 'l 'l 'l 'l 'l 'l 'l 'l 'l 'l 'l 'l 'l 'l 'l 'l 'l 'l 'l 'l 'l 'l 'l 'l 'l

400 450 500 550 600 6350 700 750
Wavelength (nm)

Fig. 10. Spectral values of the specific absorptimmefficients(a) measure
on Eutriptiella gymnastica belong to the Euglophyceae
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0.035 T I I I
X Species: Isocrysis galbana
0.03 + Size(um): 5
C Color: Brown
C Shape: sphere
0.025 2/ \
2 002+
+_ 0.015 A
0.01 + / \
0.005 F L
O B A - | - |

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

Fig. 11. Spectral values of the specific absorptimmefficients(a) measure
on Isocrysis galbana belongto the Haptophyceae

Fig. 12= - stz (Bacillariophyceae)] 43F=  Coscinodiscuc  sp,<}
Phaeodacturim tricrnutume). vl &34l 2" EZ S B FEth. Coscinodiscuc
spe AE9 =717} 100~200-pmeo] 2,2l Fa A4S ul= dFolg. v F
F 2HEQY Y= 400 nmolste] @u doX A& Friste FAE
et om, 530 nnell A fxbe] Fo] Qllar 680 nnellA SES B
(Fig. 12a). Phaeodacturim tricrnutum= A3 2] =7|7} 5~10 pne]a, &3 3

tomsRgelt. ~MERY Fust AR FFHo] we
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Species: Coscinodiscis sp.
Size(um): 100 - 200
Color: Yellowish brown

Shape: circle

AN

VANl
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600 650 700 750

Wawvelength (nm)

Species: Phaeodaciyrum tricornutum
Size(um): 5 - 10

Color: Yellowish brown

Shape: needle

24

/\

\
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AN

\

400
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5350

600 650 700 750
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(A)Coscinodiscuc sp., (B)Phaeodacturim tricrnutum.
Fig. 12. Spectral values of the specific absorptamefficients(3) measure

on Bacillariophyceae.
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33 A5ZFIFE HFo 2 v AXBASF () EA
Fig. 132 E AFoA Alg8d 21F° HZ AE TdA J4HEZE
(Diophyceaedl &3t A EZFAE] v Jig ~HE
~HEHY vfAAE F2ES 400~700 nnE 7FAF G wAuo)a,

AE25e v gaadss &9t mimgel o,

0.001
(A) [
0.0008
— B \’f\
on 0.0006
g 3
E B
2 0.0004
L Species: Alexandrium catenella
- Size(um): 21 - 48
0.0002 Color: Yellowish brown
B Shape: sphere
0 Ll Ll Ll Ll - Ll L. L.

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

(A)Alexandrium catenella, (B)Cochlodinium polykrikoides, (C)Gymnodinium catenatum,
(D)Gymnodinium sanguineum, (E)Gyrodinium sp, (F)Gyrodinium aureolum, (G)Gyrodinium
impudicum, (H)Heterocapsa triqutra, (I)Prorocentrum minimum, (J)Prorocentrum micans,

(K)Prorocentrum dentatum, (L)Prorocentrum triestium, (M)Scrippsiella trochoidea.

Fig. 13. Spectral values of the specific backsdatie coefficients(p)

measuredon Diophyceae.
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E ;
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O B - - | 'l ' - | 'l -l Il 'l - 'l 'l - i
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g i \/\‘\’
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O Al e i -l -] i i
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Fig. 13. Continuel
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0.001 \
0.0008 +
“2 0.0006 + —
S i \
0.0004 4 Species: Gymnodinium sanguineum
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O e e - -l -] L i i i il i -]
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(E) ;
0.0005
0.0004 \
eb R
E IS N
“g 0.0003 T —
= [ \
0.0002 L Species: Gyrodinium sp. p
[ Size(um): 6 - 8 \
B Color: Yellowish brown
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O i i il e i il -l -] I -] i il e

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

Fig. 13. Continuel
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Fig. 13. Continuel
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Species: Gyrodinium aureolum
Size(um): 25 - 35
Color: Yellowish green
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Fig. 13. Continuel
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Color: Yellowish brown
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Species: Prorocentrum mininum
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Color: Yellowish brown
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Species: Prorocentrum micans
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Color: Brown

Shape: tear-shape

O i1 i I i1 i i i i i i 1 I | i i1
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0.006 5\\\g/
0.005 + //\\\\ /f\\\\
E? 0.004 : \\\ —
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S - N

0.002 Species: Prorocentrum detatum
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Fig. 13. Continuel
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0.0006 +
o : T
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S -
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Fig. 13. Continuel
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-~

Alexandrium catendla®] v GAlgk ~HEZHS AFHoz Aoz &

TH #ol Faste FAE Elom, 480 nnel 670 nnell A ol FH o=

Ul

=< Bt (Fig. 13a). Cochlodinium polykrikoidess H] ab&kA| 4 ghol
400~530 nm7t A A 3] F7kske FAS Holtrt 530~700 nm7tA F 7 3]
Aastg Y. 2e8lar 480 nmel 680 nnell A ol Rido g o}

2 AN
4
r

velyttl (Fig. 13b). Gymnodinium catenatums ~HE S A A
=50l B ZARFoR ZAFE o] dadte FAE UEHY. 54 3R
o= 430~460nn?t 590 nnelAfelZzoz =4S ettt (Fig. 13c).
Gymnodinium sanguineume] ~#lEH S R gl woke FxEo] glon, A
Aoz Aoy How ZAFE foste FHE B ol 9% &

_‘_T:
2EdAE IS 990U 550 m o} 690 nrl A YZom ZFIo] o7t B

Y

At} (Fig. 13d). Gyrodinium sp+= 400~750 nm} A #ulzo & d=2 n] il
AT Aacste FHE Holy FEHAE 3F 542 gley 470 nm
oA f1Fo=r okst =33 670 nmlA| ofgixow F=o] yeEHT (Fig.
13e). Gymnodinium aureolum 23 EJ EQFo| k7t AAA 2L =509
slov] AAHoE Fgow B4 ghol Fade AFS mch 3ue
ZFZo] =LA JeEH 460 nm, 580 nm, 720 n#hA}l ofejZ o 2 F ko] ut
Elytt} (Fig. 13f). Gymnodinium-imputicume ~ZlE o] Y7} Aupa oz 2z
G+ gaste FAolm, 460 el A ol Eoz ke Hole A Sld 3
& 5ol YelyA gkt (Fig. 139). Heterocapsa triquetra= 400~700 nm7}
A 570 nmE& F4AoE FH97F tiAHe 2HEd FHE YEHUY. 28n
450 nmel 660 nnelA ofEtEFo R Sgke]l #F uEHT  (Fig. 12h).
WY S3s Uele

Prorocentrum minimum< 450 nne} 670 nnell A of )
o, 570 nne} 710 nnvlA $Fo g2 S YElth. 400~710 nmiA| 670

=]

ms TH°Z 7 AT+ ZE BAY (Fig. 13i). Prorocentrum micans= 2=

Hege AAH FEsk HEYD 534 23 Uy, 400-570 nmh
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A &gk Uz EElE ®olal 680 nnel A ol oe =z S-S e A
(Fig. 13j). Prorocentrum dentatum2 ~HE™ M7} AuFozg 4= Fho
Faste FAE Holw 7HaE ZF5o] W FEHE EAth 440 nm, 550 nm,
650 nnell A ofz wWrake]l =zkS yElW A, 470 nm, 570 nm, 680 nrhA SI

kol =3k yeEl Y (Fig. 13k). Prorocentrum triestium2 450~680 nmil 4 550
nms FASE ke Z55 YEh I 460 nel 680 nmel A of 2 Sk

A

i

< ®B4th (Fig. 13l). Srippsiela trochoideas ~HEH o] AA Ao =2 7+A
£ Ho|w, 470 nne} 670 nnell A ofeitdF, 680 nmll A ST S-S
Ao+ (Fig. 13m).
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Fig. 14> x ¥ © % 5 (Raphidopeaceadl) < 3}+= Chattonella spe] H]

s
(o
A

2~HEHS ®olZFr. Chattondla spEe 400~600 nmitA] 2 ¢ = 3o]
600~700 nmtA] =3 glo] okt AW FE o ~HELDS Yt WA H
1, off o2 430

fru
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Ju
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12
>
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X
ny
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o
P~
ol
rr
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=
o

nme} 500 nnell A S kol AL, YjFo & 470 nni} 550 nnel A kol UE
pra=

Fig. 15= =25 (Chlorophyceaed] H| 4tgt 23 E o]}, Chlamydomonas
spe 530 nmo]sto A WAL &eje] F3e] Qlil, 550 nmo]¥ Ay £o 7
ottt 680 nnell A FEAA- oY S-S Buwld (Fig. 15a).
Chlorella ellipsoidea= 400~700 nm7}x] 550 nm& THoZ ¢ U3 JHE
Btk 430 nne} 490 nm 28] 680 nmell Al FE= & A A o} =
S el ot (Fig. 15b). Chlorela schroeterie] 23 E 2 400~680 nrtA|
530 & FAo s #$ oy = veldth. 430 nnet 660 nnvlA o}z

Z7re YElg o, 530 nnet 680 nnel A $Zoz 23S HYUh

a8 3 470 nmel 630 nmll A= kAl =8 YERI Y (Fig. 15¢).
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Ly L
- Species: Chattonella sp.
0.0002 r Size{pum): 25 - 40
- Color: Golden brown
0.0001 N Shape: tear-shape
o [

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

Fig. 14. Spectral values of the specific backsdate coefficients(p)

measuredon Chattonella sg. belong to the Raphidopeacee

0.002
(A) [
0.0016 /\
= 0.0012 /\/
g L
£ I
= 0.0008
B Species: Chlamydomonas sp.
- Size(um): 5
0.0004 Color: Green
B Shape: sphere
0

400 450 500 550 600 650 700 750
Wavelength (nm)
Fig. 15. Spectral values of the specific backsdate coefficients(p)
measured on Chlorophyceae. Ch)amydomonas sp., (B)Chlorella
ellipsoidea, (C)Chlorella schroeteri.
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Fig. 15. Continuel
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Fig. 162 fr=# 4y (Euglophyceae)l 43t Eutreptiela gymnastica®] Hl 9
A% 2 E ot Eutreptiella gymnasticas Bl 3@ A% gtel 400-610 nm
E

AA A i FAE RGO 400-650 nmtx 2HEY wFo] AP

o =@ 680 nnPlA olelZow FEF FHS UEhiom 470 nne} 530

0.00018
0.00015 i \\ﬁ/\
- \—/_\
0.00012
G\D =
& - A\
“g  0.00009
_&Q L
0.00006 Species: Eutreptiella gymnastica
: Size(um): 20 - 40
Color: Green
0.00003 | Shape: rod.
0 -] Ll Ll Ll Ll Ll Ll L Ll 'l 'l 'l Il -] -] Ll

400 450 300 550 600 650 700 750
Wavelength (nm)

Fig. 16. Spectral values of the specific backsdatie coefficients(p)
measuredon Eutriptiella gymnastica belongto the Euglophycea

Fig. 172 2z 2 % 7 (Haptophyceae) Isocrysis galbanae] H] SAkgk 23

EGS HAFEY. AAFoZ =Fx9 HAY F3FaL, 400-680 nmtA] 570 nm
g TAoZ 9 tHoly WA FHE YeRd Aok oFeiidd F 42 430 nm

¢} 660 Nnm KAWL =S 570 nnel 680 nme. 2 e
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Fig. 17. Spectral values of the specific backsdatie coefficients(p)
measuredon Isocrysis:galbana belong to the Haptophycea

Fig. 18> JF % (Bacillariophyceagd] ©»l Iatdt 2HEH S HAFU,
Costinodiscuc sp= ZA iAoz 42 7H4aste FAES Holw 480 nnmel 600
nmoll A ¢wksl ZF o] vEwth (Fig. 18a). Phaeodacturim tricrnutumi= 400-700
nm7tA] 550 nme A4S Z 9% d3d FEE yedl ey, 430 nnel 680 nm
ANA ofetFo R Fgho] UEtRTH (Fig. 18b).
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Fig. 18.
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N \w
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g T
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0.001 - Species: Coscinodiscus sp.
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0.0003 Color: Yellowish brown
[ Shape: needle
0 | i i i I | I ] | I ] I ]
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Spectral values of the specific backsdate coefficients(p)
measured on Bacillariophyceae. OBkcinadiscuc sp,

(B)Phaeodacturim tricrnutum.
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Table 10. Spectral characteristics of absorptiod drackscattering of the2l

species
Optical Properties
Species Absorption Backscattering
spectrum properties spectrum properties
Diophyceae

Algg(%nncgligm cell is damaged at below 400 nm in absorption spect
Cochlodinium "
polykrikoides

Gymnodinium
catenatum

Gymnodinium
sanguineum

Gyrodinium sp.

Gyrodinium aureolum

420 nm, 575 nm, 635 nn
680 nm

two towering hump, rough

ine, decrease forward to lorjg

wavelength

Gyrodinium
impudicum

cell is damaged at below 400 nm in absorption spect

Heterocapsa triqutra

435 nm, 460 nm, 490 nn
590 -nm,-630 nm, 675 nn

=

wide hump at 520 nm

Prorocentrum
minimum

435 nm, 460-470 nm, 49
nm, 590 nm, 620 nm, 68
nm

o O =2

hump at 570 nm, 710 nm,

very weak hump at 520 nnp

Prorocentrum micans

590 nm, 630 nm, 680 nm

downward hump at 680 nm
Amplitude is low and flat

decrease forward to long

=)

Prorocentrum
dentatum 520-530 nm, 680 nm |wavelength, hump at 465 nr
570 nm, 680 nm
440 nm, 460 nm, 490 nmdownward hump at 460 nm
Pr(t)rric();s:teir&trrnum 530 nm, 590 nm, 625 nm, 680 nm, symmetric with

680 nm

respect to the 550 nm
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Table 10. Continued.

Species

Optical Properties

Absorption Backscattering
spectrum  properties spectrum properties
Serippsiella | 430 nm, 470 nm, 540 nm, decrease forward to long
trochoidea 630 nm. 675 nm wavelength, flat hump at

560 nm, 700 nm

Raphi dopeaceae

Chattonella sp.

420-440 nm, 490 nm, 63(

hump at 400-570 nm
) decrease forward to long

nm, 675 nm
/

Chlorophyceae

wavelength

Chlamydomonas' sp.

440 nm, 480 nm, 590 nm
650 nm, 680 nm

hump-at 460 nm, 52@Gm,
700 nm, very weak humpat
660 nm

Chlorella
ellipsoidea

440 nm, 485 nm, 630 nm
680 nm

symmetric with respect tq
the 550nm in 400-700 nn

Chlorella schroeteri

435 nm, 480-490 nm, 620
nm, 655 nm, 670 nm

\

symmetric with respect tq
the 530nm in 400-680 nn

\Euglen’

/

Eutriptiella
gymnastica

430 nm, 480 nm, 650 nm
680 nm

T Heplophyesre

Isocrysis galbana

decrease forward to long
wavelength

430-470 nm, 490 nm, 635
nm, 680 nm

symmetric with respect tq
the 460 nm, weak humpt

480 nm

Bacillariophyceae

Coscinodiscus sp.

cell is damaged at below 400 nm in absorption spect

Phaeodactyrum
tricornutum

440 nm, 460 nm, 490 nm
585 nm 630 nm, 675 nm

flat shape all over, weak
and flat hump at 550nm,
weak hump at 670 nmG90
nm
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Table 1= AEZZFIE] H F3 2HEGY HANA 2HEH 3
ol e 2dEY Fule} g 542 AT otk 400 nmolsE HIF
F(non-absorptiorl] Joll= &3t v 3 AT 2HEH A 400 nne]s)2]

=

bl A Bl F3A ST

F FHUYE BE FAN FEHOZE AW 430~440 nm, 670~680 rwh
A YJebgre, o w490 nm, 560 nm, 630 nngol A 231 Fe Fgu
7b et Bl gatd 2AEY e 2HERY] YL ARG HoF It

LPCM 240 med 9sd J5448% B4L 509 744 F77} glow

(Fig. 19) (H. Claustre et al.,, 198HFH & *] & EZA71A 1¥3H 1 F=

00 FF/7F =t 2 dFodAe HAx A=A B F23de B4
4

¥4 &5 7S E. Rabinowitch.(1969)2 Morel et al. (1993} <+

[EEN

ol

A 2] 3t Fh(Table 11).

Fig. 19= 9}H 2 2/ £3}= Gyrodinium aureolum, Heterocapsa triquetra,
Prorocentrum  minimum, Prorocentrum dentatum, Prorocentrum  micans,
Prorocentrum triestium, Scrippsiella trochoidea (a)} = =9 <3+ Chlorela
ellipsoidea, Chlamydomonas sp, Chlorella schroeteri (b)S 1% 550 nnvil A

Fol &3t Wi
o] £E-& Gyrodinium aureolum THg A9kl = F 400~450 nmil A k3
e

FEel Fdh, 600 nm FZel A 7HE w2 FFS Wer 590 nnvll A

nomalization sl vl w3t v &3F ~HEHo|t}, JHRZE
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o2 FHS Y, tAEZ W JeH=Z F W ZF3o] 1o 400~7
HAo A 570 nm F2& F4ASZ gAY FEE UElY. X3 SR/

&3l TEL 440 nm, 490 nm, 680 mehrl ok WEFe] Sk 460~470

o
S
S
3

nm, 540 nm, 700 nmE-ZolA Siwrske] F3ks UEHWY. SXF< AR
=

Table 11. Light absorption bands and related pkiotbstic pigments of phytoplankton

No. in-vivo ‘apsbﬁ'pn _band (nm) - ;S Pigments
1 410-412 chlorophyll-a
2 438-440 chlorophyll-a like
3 442-445 chlorophyll-a
4 468-472 Carotenoids
5 492 phycoerythrins
6 548-550 phycoerythrins
7 585 -
8 625-630 phycoerythrins
9 650-655 chlorophyll-b
10 675-680 chlorophyll-a
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(A) [ — Scrippsieila trochoidea
— Prorocenirum friestinm

— Prorocenlrum micans

4 — Prorocentrum dentatum | |
[ —— Prorocenivint minimmm
351 ' — Heterocapsa trigutra ||
3 I e Gymnodiniim anureolum

]
%%

400 450 500 550 600
Wavelength (nm)

9 T
( B) — Chilorella schroeteri

— Clilamiydomnonas sp.

i A\ — Clilorella ellipsoidea
RN N\
NN\ [

2 \ /A

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

>

|

" (m*/mg)

Fig. 20. Spectral values of the specific absorptawefficients(a) measured on

Diophyceae(a)and Chlorophycea(b).
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Wavelength (nm)
(B) 1.2 I [ [
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. PN » »
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B N O 4 >N )
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[ | Color: Green

| | Shape: sphere
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Fig. 21. Spectral values of the specific backstatie coefficients(p) measure

on Diophyceae(a)and Chlorophycea(b
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1 | |
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8 r J— -,

— Prorocentrum micans

P
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\ Prorocentrum minimum — Ph s wum tricor
1.6 F — Isocrysis galbana — Helerocapsa triguira ]
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/ \ — Chlorella ellipsoidea — Cahtfonetia sp.

12

M\:’*\\t\\(\‘w
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02+

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

22. Spectral values of the specific absorptionefficients(d (a) anc

backscatterinccoefficients(l, ) (b) on measuredall species
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