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Mie Theory Simulation and Empirical Analysis of Mass-Specific
Backscattering Properties of Suspended Particles in the
Yellow and East China Seas

Cao Shuang, Han Bing', Zhu Jianhua, Li Zhifeng
National Ocean Technology Center, Tianjin 300111, China

Abstract The mass-specific backscattering coefficient (b,,) of suspended particles is mainly affected by their composition
and sizes. Studying the variation characteristics of by, is of great significance to revealing the types and temporal and spatial
distribution of such particles in waters and improving the quantitative accuracy of ocean color remote sensing. In this
paper, the Mie theory is applied to calculate the b,, of various common algae and inorganic mineral particles in seawater
with different particle size distributions, relative refractive indexes, and apparent densities by simulation. It is found that
the average by, of inorganic mineral particles is about twice that of algae particles when their particle size distribution slop &
is the same. When £is 4. 0, the b;, of inorganic mineral particles and algae particles at 532 nm are (9. 1243.18)X 10 *m*-g '
and (4.09+0.48)X 10" m*-g ' respectively. The lower b, value of algae particles can be explained by the lower real part
of their refractive index. Research results of the measured data on the Yellow and East China Seas show that the spatial
variability of by, is lower than that of the backscattering coefficient. When the mass concentration of inorganic particles is
dominant in the total particles, the average b;,(532)is 8. 46X 10 * m*+g ', which is 2. 3 times that, 3.63X 10 *m*-g 'to
be specific, when organic particles dominate. The measured b,, decreases in the form of power-law function as the mass
concentration proportion of organic particles increases. In view of the simulation results, it is concluded that the variation
range of the particle size distribution slope £ of particles in the study waters is 3. 6-4. 2. In offshore waters dominated by
organic particles, £ is about 3.9. In the vicinity of the Yangtze River Estuary, the b;, of the suspended particles varies

greatly under the influence of the change in the particle size distribution.
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Fig. 1 Diagram of observation station during the autumn cruise

carried out in 2003 over the Yellow and East China Seas
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Table 1 Statistical results of in sitzu measured data

Parameter Minimum Maximum Average Median SD CV /%
by, (442) /(10 ?m 1) 0.38 111.24 8.49 0.96 19. 00 223.0
y,(488) /(10 *m ') 0.27 89. 14 7.20 0.84 16. 00 216.0
0y,(532) /(10 *m ) 0.19 88.66 7.02 0.70 15.00 220.0
0y,(589) /(10 *m ) 0.15 87.70 6.76 0. 60 15.00 225.0
0y, (676) /(10 *m ") 0.11 75.57 5.84 0.51 13.00 225.0
b,,(852) /(10 *m ") 0.07 63.38 4.85 0.42 11. 00 226.0
Copn /(gom °) 0.40 95. 30 8.91 1.90 18.00 197.0
Cony /(grm ™) 0.10 88. 60 7.66 1.00 17.00 216.0
Coon /(grm ™) 0.20 6.70 1.26 1.00 1.08 86.3
Cron/ Cspy/ 107" 0.48 8.42 4.44 4.55 2.46 55.5
by, spectral slop 7 0.53 2.46 1.29 1.22 0.48 37.4
by, (532) /(10 *m*-g ") 2.22 17.50 5.43 4.58 2.89 53.3
by, (676) /(10 *m*-g ") 1.53 14. 11 4.12 3.21 2.55 61.8
Notes: SD, Standard deviation; CV, Coefficient of variation.
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Table 2 Setting of main parameters of Mie calculations

Parameter Value (Increments are given in parentheses) Reference

A /nm 442, 488, 532, 589, 676, 852 —

D /pum 0. 02 (Set 200 points at logarithmic intervals) 200 Babin et al. """"; Zhou et al.
n 1.01(0.02) 1.27 Mobley""; Bricaud et al. ™!
n 0, 0.001, 0.005 Bricaud et al. "*'; Ahn et al. ***)
£ 3.0(0.2)5.0 Babin et al. """’

0,/(10° g=m™) 0.3(0.3)5.1 Wozniak et al. "'"'; Aas"™”
2.3.1 L LA MAe XA A4 (Coccolithophorids) V& A HLBORL Y AQFR o [F) B, 25

T 7K (8 JORE 4 7T 43 Sy A W IR IR B ORE R $F T U K B R UL Y L A T ) ORLAE Sy T L
TP 1 IR T L SR, A AL SR B A TR R R U B ARG ER 43 5 A & A A (Opal) (A7 3% (Quartz) | =
AWy (T B A0 B T R ) RN PR U B W AR ) R Wy £ (Kaolinite) | 5¢ it A1 (Montmorillonite) | J5 f# 1
FEHEMA IS R YRR EEMAI (Calcite) . =K1 47 (Gibbsite) I A7 (Tllite) |, 2k Y&
B UKL, AR B 5 B % Aas' I BIF 9T 45 R i A (Chlorite) F1# £1 ( Aragonite ) o 76 M 3 (% K &4
W &5 (Green algae) | #iE ¥ (Diatoms) | ¥ % (Blue- 60 %0 ) LA 4 UKL (49 R XoF T S 258 SR N 2R WL 9 B 43
green algae) . W # (Dinoflagellates) T i f1 ¥ B UL 3G A4
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Table 3 by,(532) values of different algal particles, assuming n'=0 and £ value as indicated

by, (532) /(10 “m? g V)

Algae particle type n 0,/(10° g=m™*)

£=3.8 £=4.0 £=4.2

Green algae 1. 0558 0.492 1.88 3.96 8. 14
Diatoms 1. 0566 0.614 1.55 3.27 6.72
Blue-green algae 1. 0574 0. 501 1. 96 4.13 8.48
Dinoflagellates 1. 0604 0.496 2.22 4.66 9.53
Coccolithophorids 1. 0631 0. 570 2.12 4.44 9.08
Average 1. 0587 0. 535 1.95 4.09 8.39
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F4 ARE n' =0, N[ £ X5 R ) 3T 7 7K 1A UL B P ORI &4, (532)

Table 4  b6,,(532) of the typical mineral particles in coastal waters, assuming n’ =0 and £ value as indicated
_ , _ , 0, (532)/(10 " m*-g™")
Mineral particle type n 0,/(10° g=m *)

£=3.8 £=4.0 £=4.2
Opal 1.075 1.90 0.94 1.95 3.93
Quartz 1.156 2.65 3.83 7.41 14.08
Kaolinite 1.164 2.65 4.30 8.30 15.73
Montmorillonite 1.167 2.50 4.72 9.13 17.32
Calcite 1.173 2.71 4.69 9.10 17.24
Gibbsite 1.177 2.42 5.49 10. 67 20.25
Illite 1.179 2.80 4.87 9.46 17.94
Chlorite 1. 206 3.00 6.09 11.93 22.65
Aragonite 1.218 2.83 7.18 14.16 27.00
Average 1.168 2.61 4.68 9.12 17.35

Notes: The real part of relative refractive index (n) and apparent density (p,) of particles in the table are from Haynes"™.
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Table 5 Type and content ratio of main inorganic minerals in the Yellow and East China Seas
Mineral particle type Illite Chlorite Kaolinite Montmorillonite Reference
61.00 17.06 13.94 8.00 Wei et al. ="
Proportion / % 61.80 9.40 13.00 15. 80 Song et al. "
61.90 10. 00 13.10 15. 00 Zhang et al. -
Average /% 62.00 12.00 13.00 13.00 This study
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Fig. 3 Variations of backscattering efficiency Q, of spherical

homogeneous particles with particle diameter D for

various wavelengths

FREFBAE LT, Qu BRI E A2 D W AE L LA . B /e
b Rr DL &, Q, 7E R AR X TH) P9 A7 7E S BB e 1
W, 43 AT D=2. 00 pm WM, H-7E 0. 40 pm A H
—BUNOAE . B EE,Qu BE D g K 5 I e
KIG TR B, X5 T 40 7] 91 565 28 19 347 3 Bk O0% 50kE
([ 3), 24 D<C0. 20 pm B, J50RE X 9% K 9 28 4k
TR Bt 5 DA P K, Qu 2R T UL/, 106 B UK 47 %ot i D
5 T AT RE Do TR . BEE D M R K AR 1k
Xt Qu, 11452 M 326 47 1 28

ML ACa) AT 1 Bl 25 AR X7 5 238 52358 0 B 38 K,
—ARLAR TR Y Qu, B TS K, D<<2. 00 pm 7 [ N Y Qy
WA X 7 ) 7 A A7 8 AR AR K, B 4 F 0. 20 pm &t
I D>>2.00 pm 38 [ 4 B 06 (8 A7 & /R AR 5 10 8%
B, Q, H MM TRE . Bz, MR AR, LR
(14 ) o] KI5 BE 0 i A ALIORE . AR X T S 3kt
Qu, B R Wi 5 52 H R A, A 4 (b) JIE 7w, 78 45 %2 I
KAb, 2 D>1.00 pm B, B »" 0938 K, Qu Ik /N 15
PR, S ECRR AR BN Q. B s EHiE .
WY L 2 g R ] S s, DR ORE 1 W A 55 T S )
B RE 7, 100 /N JIURE 14 W A I 1o AT 14 5 i R D

1301002-5



(@)

10

&

Q.\

g 10+

(]

3

- (1) n=1.01

@ 106 (2) n=1.03
(3) n=1.05

nl=0 ......
(14) n=1.27
104 - ' : '
0.1 1 10 100
D /um

$£59%5 F13H/2022 F7 A/HAESBFFHE

(b)
102
7 -3 L
S 10
Q
g 104
[\
@ 105
@ﬂ (Hn'=0
106/ / (2) n'=0.001
/ (3) n'=0.005
7 . . . .
10 0.1 1 10 100
D /um

4 AN [RIHH BT 5 256 S 0 S AT S 238 B G 0B () I 1) 1R 50 Qu, B AIURE EL AR D 1 73 Ak LA Y 5 1) o Ca) AR X 3T 2 38 5238 5
(b)) AH X T 5 2 e 3 0’

Fig. 4 Variations of backscattering efficiency Q, with particle diameter D for various real part of relative refractive index n and

imaginary part of relative refractive index n’. (a) Real part of relative refractive index »n; (b) imaginary part of relative refractive index n’
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Fig. 6 Theoretical relationship between b;,(532) and the real part of the relative refractive index n of particles for various apparent

density o, when & is 4. 0. The scattered points marked in the figure represent the b, (532) theoretical values of different algae

and inorganic mineral particles at their corresponding n and p,
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Table 6  6y,(532) value at different imaginary parts of relative

refractive index n' and its changing rate compared with

the case without absorption, taking Diatoms as

example
: by, (532) /(10 ° m*+ g ") (Changing rate/ %)
n'=0.001 n'=0.005

3.6 0.64 (—15.76) 0.55(—28.11)
3.8 1.43(—7.79) 1.31 (—15.38)
4.0 3.15(—3.63) 3.01(—7.99)
4.2 6.60 (—1.72) 6.44 (—4.18)
4.4 13.03 (—0.88) 12.84 (—2.27)

0.0055

without absorption
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_ . =40
77000451 °
o
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0002300 450 500 550 600 G0 700

A/mm

VA7 B T AR XTI 25 pf B 4L 1Y ek [ 0, O 3
Fig. 7 by, spectra of Dunaliella bioculata simulated under

different n' value
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KT STINEEAH G BT (P<0.05)

Table 7 Correlation analysis of in situ measured data (P <Z0.05)

Parameter Cepu Con Crom Crou/ Cspy by, (532) by, (532) 7
Corn 1.00
Cons 1.00 1.00
Coon 0.93 0.92 1.00
Coon/ Copn —0.62 —0.62 —0.58 1.00
by, (532) 0.96 0.96 0. 87 —0.61 1.00
/Jl*,],(532) 0.43 0.43 0.37 —0.62 0.58 1.00
Vi —0.51 —0.50 —0.61 0.75 —0.48 —0.54 1.00

IKAR by, JETERFAE ) 52 A P, A 50 TN S ol 1% A 3 o A2
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Fig. 8 Relationship between by, spectral slope 7 and characteristic parameters of particles. (a) 7 versus suspended particle concentration

Cspyi; (b) 7 versus the proportion of organic particles mass concentration Cpoy/ Capy;
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Fig. 9 Relationship between 4,,(532) and Cqy in the
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Fig. 10 Relational model between the measured 6y,(532) and
Crom/ Cspn. The dashed line and thin solid line in the

figure represent the simulation results with different

values of particle size distribution slopes &, the circular

scatter points represent in situ sampling points, and the

bold solid line represents the power-law fitting results

for in situ data
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Table 8 Coefficients of the linear fitting relationship (6, (532)=

1 Cron/ Cspu + ¢2) Crom/ Cspa

by, (532) of the mixed particles simulated by assuming

between ratio and

different &
£ ; B
3.6 —0.0017 0.0025
3.8 —0.0033 0.0049
4.0 —0.0062 0. 0096
4.2 —0.0113 0.0182
4.4 —0.0198 0.0333
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Fig. 11 Relational model between the measured 4y, (532) and Cpiy/ Cepy for the group A and group B. (a) Group A; (b) group B
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