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Lecture 1: Basics
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Absorption properties

Scattering properties



ocean (water) color




light within water medium
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Sensor measures
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Inherent Optical Properties (I0OPSs)

a: absorption coefficient = a, + % a,;
b,: backscattering coefficient = b, + > by,
c. beam attenuation coefficient (a+b)




Boundary conditions

W/
Water constituents ‘IOPS - col r

IOPs (Inherent Optical Properties):
The optical capability regardless of the ambient light environment.

Absorption properties; Scattering properties



Definition of absorption and scattering coefficients

P, collimated beam

AP =P'-P
Ar IOP rocess - prOCGSS( )
20 P P Ar
1 P’ —0
q = 1 A I:)ﬁlbi*?O'fIOtiOn b . 1 A I:)scattering
P Ar, P Ar,
Units: Ar: infinitesimal (m) 3=1.2m-L

a&b: m1 b=3.5m1!



Energy transfer processes:

photons absorption

E— Transfer of energy

N scattering

Redistribution of energy

N\

backscattering
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Scattering has angular dependence



Scattering

Rayleigh scattering Mie scattering

lld” << A lld” >> A



Scattering
In-elastic scattering/absorption

Elastic scattering

(e.g., Raman scattering)
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absorption coefficient: a (m™)
Volume Scattering Function (VSF): B (m™ srl)

U

Scattering coefficient: b (m™)
2T AT _
b:jo jo Bsin(0) dod

beam attenuation coefficient:c=a+b (m)



IOPs are additive.
a:aw-l-Z:axi b:bw-l-Z:bxi

D. Stramski et al. | Progress in Oceanography 61 (2004) 27-56 31
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Fig. 1. Schematic diagram showing various seawater constituents in the broad size range from molecular size of the order of 10~'" mto
large particles and bubbles of the order of 107°-107? m in size. The arrow ends generally indicate approximate rather than sharp
boundaries for different constituent categories.



1. absorption properties

a=a, T Z dyi
Very detailed:
18
a(}\) - aw()\) 3 E apla,i(}\ L adet()\) =F amin()\) w aCDOM(}\)
i=1

18
= aw()\) i 2 Npla,io-a,pla,i(’}\) £l Ndeto-a,det(.)\)
i=1

+ anin()-a,lnin()\) + aCDOM()\)a (1)

(Stramski et al 2001)



Practical (and common) division:

a=a,+ a,+a

/ Fluted
filter paper

Filtrate

(google) (google)



a=a,+ a,+a+a,

Pure water (seawater): a,,

Particulate: a, = a;,+ay

Pigments of living phytoplankton: a,,
Detritus: ag

Gelbstoff (yellow substance; colored dissolved
organic matter):




a,, spectrum
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a,, spectrum

Water Absorption
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Table 3.1. Absorption coefficients for pure water: 280-320 nm, Quickenden

& Irvin (1980 ); 366 nm, Boivin et al. (1986 ); 380-700 nm, Morel &

Prieur (1977); 700-800 nm, Smith & Baker (1981)

A a A a
(nm) (m~1) (nm) (m~")
280 0.0239a2b 560 0.071
290 0.014082v 570 0.080
300 0.00852v 580 0.108
310 0.00822b 590 0.157
320 0.00772b 600 0.245
366 0.00552 610 0.290
380 0.023 620 0.310
390 0.020 630 0.320
400 0.018 640 0.330
410 0.017 650 0.350
420 0.016 660 0.410
430 0.015 670 0.430
440 0.015 680 0.450
450 0.015 690 0.500
460 0.016 700 0.650
470 0.016 710 0.839
480 0.018 720 1.169
490 0.020 730 1.799
500 0.026 740 2.38
510 0.036 750 2.47
520 0.048 760 2.55
530 0.051 770 2.51
540 0.056 780 2.36
550 0.064 790 2.16
800 2.07

(Mobley 1994)



Uncertainties of a:
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Absorption Coefficient o (m™")
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In the NIR-SWIR range ...
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S _81: Segelstein 1981
K _93: Kou et al 1993
H&Q_73: Hale and Querry 1973



a,, Is temperature and salinity dependent

a0k T, Sy = a0, .. 0) + BdT - TH+ T8 (1)

Table 2. Linear Slopes of the Temperature Dependence of the Absorption Coefficient Measured in the Laboratory”

WV, Pure Standard Deviation, P Standard Deviation,
Wavelength Water Pure Water Saltwater Saltwater
412 0.0001 0.0003 0.0003 0.0003
440 0.0000 0.0002 0.0002 0.0002
488 0.0000 0.0002 0.0001 0.0002
510 0.0002 0.0001 0.0003 0.0001
520 0.0001 0.0002 0.0002 0.0002
532 0.0001 0.0002 0.0001 0.0002
555 0.0001 0.0001 0.0002 0.0002
560 0.0000 0.0002 0.0000 0.0002
650 —0.0001 0.0001 —0.0001 0.0001
676 —0.0001 0.0001 —0.0001 0.0002
715 0.0029 0.0001 0.0027 0.0001
750 0.0107 0.0003 0.0106 0.0005
850 —0.0065 0.0001 —0.0068 0.0001
900 —0.0088 0.0001 —0.0090 0.0002
975 0.2272 0.0028 0.2273 0.0009

“For pure water the results of five tests are combined. The results of two tests were combined for the saltwater results. The absorption
and attenuation meter results have been pooled together as well as pooling the common wavelengths between instruments. The standard
deviations of the pooled values are provided.

(Pegau et al 1997; Sullivan et al 2006)
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a4 spectrum
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Separated by size

A 3.0 Picoplankton 3.0- Nanoplankton
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By species or groups

0 .10 a
10 y
[ .- 0.06 - Al
0.08- .
~ ) diatoms
£
~ 0.06+ ="
s 26 0.04 .
B T B
5 0.04-1 a E
+ » <
: 0.02 = o0
““1(Balch et al 1991) '
0 +— ' " f t t
300 400 500 600 700 o
Wavelength (nm) 400 450 500 550 600 650 700
4 |
w—PSICAM IMS101 0.06 - Prochlorococcus Bl
H h .
3 L —— Katagnymene spp. Cf_’){;: ;):P gj:::e
- Synechococcus
AN 100mgreen T. gy - Rhodophyceae
= — puffs tufts 2 0.041 1 Bacillariophyceae
] 2 - = . Dinophyceae
\Y} = \ Raphidophyceae
e *Q_; Chlorophyceae
1 F \\""‘\\ /A
(cyanobacteria) o -
0 | ! | 400 450 500 550 600 650 700
f T ! Wavelength (nm)
300 400 500 600 700
Wawelength (nm) (Dierssen et al 2006)

(Dupouy et al 2008)



Contribution of various pigments
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Package effect
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<Chl> (mg m3)

Increase of absorption is
NOT linearly proportionally
to Chl concentration!

* aph

a =—
" Chl

Specific absorption/scattering
coefficient =

Concentration normalized
absorption/scattering coefficient

O
Chl 1‘ - specific optical property l:



Simplified case:

W oc pV W pVod

S: cross section

v volume Size matters on efficiency!
: weight



Absorption spectra of yellow substance (gelbstoff)
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Absorption coefficient (gilvin) (m™1)
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Table 1

Spectral slope values for marme smples reparted in the ltersture with spectral range, CDOM aisomtion =t 412 mm, and reporied precision

(ordered acoarding to stating wavelength range)

Reference Location o Slape (nm™ ' Wavelengh a2 (m™ ' Prec(m™’)
Tange
Hejerslev and Ass Katiegst - Shagerrsk 1305  00234+0.003, [250-450) 1.286+070 0.0@
@001) [0.0075-0.0420)
Brown (1977) Narth Sea 3 [0.0187-0.4806) 280310 [022-0.327) ?
Baltc proper 157 [00247-00305] 280310 [0136-0.284) 7
Baltic riverme 1 00173 280310 pX ?
Nebsan et al (1998) Bermuds ? 0.0235 280350 ~01-04 003
Bloughet sl (1993)  Gulf of Paria @ 00140 £0.008  [290-600+]* [125-4.59) 0092
(samples <30 ppt)
Gireen and Blough S. FlordaCGulf of 3 0.021 + 0,005 [290-(3B30-675)  [0.01-632] 0.092
(19%4) Mexico [0.015-0.034)
Amszon R. estusry 12 0.019 +0.005 (290-(370-590)* [003-133] 0.092
(0.014-0.033)
Vodscek et al (1997)  coastal Mid-Adantic
Bight: non-Nov. ~40 0018 average (290 -(40-550)  [0.14-0.71) 009
Nov. ~25 0014 average (290 -(400-550)F  [0.14-063] 0.092
offshare Mid-Atlantic ~ 150  [0.010-0.034) [290-(340-440)  [0.009-0.14) 009
Bight
Del Castillo et al Gulf of Paria and 8 0.018 + 0.002 (290 - var]* [0.09-134) 0.046
(1999) surounding waters 8 0.017 + 0.0 (290 - var* [009-134) 0.046
Zepp and Schlotzhaver  Gulf of Mexico, 1 0.0151 {300 -500) ? : 4
(1981) St. Marks, FL
‘Marine squatic humus' 3 0.0147 {300 -500) ? ?
DaviesColley (1992) coastal N. Zealand 2% 0.015 £ 0.0 {300 -460) [0.023-0.165) 0017
Douttful Sound " 0.014 + 0.0004 (300 -460) (0678-2.60) 0.017
Stedmon et al. (2000)  Danish fords and 86 00194+ 0.002°  (300-650) [0.14-3.46] ?
nearby comste] waters
Stedmon and Markager Cireenland Ses, Nov 98 20 002016 + 0052 [300-650) [0.04-0.08) 005
@oo1) Greenland Sea, Jn @9 107 0.01651 + 000352 (300650 (0.04-0.70) 0.05
Greenland Ses, Aug %9 67 00162 + 00097  [300-650) [004-031) 005
Bricsud et o, (1981) Mauritaman upwellng b | 0.015 + 0.0m3 350:10:500% [003-0.12) om
Gulf of Guines 35 0.014 +0.0041 350:25:500% [004-0.17) 0.0
Villefrmee Bay 1 0,014 + 0,024 350:25:500% (009-024) 00
Var River 1 0015 350:25:500% 021 o
Baltic Sea 1 0018 35(:25:500% 218 om
Gulf of Fossw-Mer 1“4 0013 £ 00012 350:25:500% [0.12-082) 0.0
Kowalcak et al. Baltic, open se= 754 0.019 +0.004 (350 - var] [0.18-1.46) 0.0230.046
fin press) Baltic, coastal 21 0,020 + 0.0 (350 var) (020-1.88) 00230046
Pomeranizn Hight 32 0.020 + 0.004 (350 - var] (021-1.71) 00230046
Bay of Gdamsk 1292 0019+ 0004 (350 var) (020-352) 00230046
Schwar e al (2002)  Globally representstive 877 001725+ 00084 (350 -var] [~ 0.003-10.0) 004"
Carder et al. (1989) Gulf of Mexxo 1n [0.0115-0.0172) {(370-440) [0.002-0.074) ~ 00
Kopelevich and Deep Indian and Pacific 2 0017 390: 20490 ~ .06 -
Buwrenkov (1977)
Roesler et al. (1989) San Juan Islsnds 21 0.017 £ 008 (4007507 0.32 average ?
Del Castillo et al Gulf of Pariz and 8 0.015 +0.001 [400-500) [0.09-134] 0.046
(1999) surounding walers
Maske et 2l (1998) Gulf of Califorma ? 0014 412440512 ~ 0L.09S o.0m
fonsnued on next page)

(Twardowski et al 2004)



Slope changes with wavelength range
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Power-law model for a, spectrum:

A generic, representative CDOM
absorption model from this study which requires one
absorption estimate at 412 nm as mput 1s:

(1) = ag(412) (ﬁ) o (4)

(Twardowski et al 2004)



Values of a, and = of natural waters

8aa0 Paso
Water body (m~1) \ (m-1) ) Reference
Adelaide L., Wisc., USA 1.85 S 408
Otisco L., N.Y., USA 0.27 0.27 981
Irondequoit Bay, L. Ontario, USA 0.90 0.65 980
Bluff L., N.S., Canada 0.94 — 328
Punch Bowl, N.S., Canada 6.22 — 328
South America
Guri Reservoir, Venezuela 4.84 — 558
Carrao R., Venezuela 12.44 — 558
Australia
(a) Southern tablelands
Cotter Dam 1.28-1.46 0.77 483, 495a
Corin Dam 1.19-1.61 0.11 483, 495a
L. Ginninderra 1.5440.78 0.16-0.58 478, 479, 483, 4954
(3-year range) 0.67-2.81
L. George 1.80+1.06 3.734.21 478, 479, 483, 495a
(5-year range) 0.69-3.04
Burrinjuck Dam 221+1.13 0.63-1.44 478, 479, 483, 495a
(5-year range) 0.81-3.87
L. Burley Griffin 295+1.70 2.91-2.96 478, 479, 483, 495a
(5-year range) 0.99-7.00
Googong Dam 3.42 0.83 483
Queanbeyan R. 242 — 495a
Molonglo R. 0.44 — 495a
Molonglo R. below confluence
with Queanbeyan R. 1.84 —- 495a
= 9
Creek draining boggy ground 11.61 495a
(b) Murray—Darling system )
Murrumbidgee R., Gogeldrie Weir 0.4-3.2 = 677
(10 months) 4954
L. Wyangan _ };i g;g 4954
Griffith Reservoir : 2‘ 55 4954
Barren Box Swamp lf? 5'3 5 4954
Main canal, M.I.A. 1. 10'34 4954
Main drain, M.I.A. i 2.12 .
Murray R., upstream of Darling 677
confluence 0.81-0.85 o
Darling R., above confluence -
with Murray 0.7-2.5 =
(c) Northern Territory (Magela Creek billabongs) i P75 498
Mudginberri : ’ 498
Gulungul 2.28 1.8

Georgetown 1.99 18.00 498 (K| rk 199 4)



Contrast of absorption spectra
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2. Scattering properties

D. Stramski et al. | Progress in Oceanography 61 (2004) 27-56 31
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Fig. 1. Schematic diagram showing various seawater constituents in the broad size range from molecular size of the order of 10~
large particles and bubbles of the order of 107°-107" m in size. The arrow ends generally indicate approximate rather than sharp

boundaries for different constituent categories.



Size distribution
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b:bW+Zin bb:bw+ZDbxi
Very detailed:
18
b()\) . bw(}\) i E bpla._i.()\) Ls bdet()\) T bmin()\) + bbub()\)
i=1

18
- bw()\) + Z Npla,io-b,pla,i()\) T Ndeto—b,det()\)
i=1

- Nmin(rb,min( }\) i Nbubo-b,bub( }\ ) ’ (2)

(Stramski et al 2001)



Commonly separated groups for scattering:

Molecules
Suspended ‘particles’

Bubbles

Turbulence

b=b, +b,
Or,

b =D, +Dp +Dpon



Volume Scattering Function (VSF): B (m™ srl)
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Volume Scattering Function (VSF): B (m™ srl)

{

Scattering coefficient: b (m™)

/2
forward-scattering coefficient: b, (m?) > b]c — 272-,[: ,BSIH(@) dé

27

b= | jo” Bsin(6) dedgo:zyzjo” Bsin(0) dg

0
72- -
backward-scattering coefficient: b, (m?) 2> bb — Zﬂj ) ﬂSln(Q) do
T



Volume Scattering Function with particles
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MASCOT measurements
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(Sullivan and Twardowski, 2009)



Normalized Volume Scattering Function (sr-)
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Scattering phase function [sr ]
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bbp and refractive index
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Mathematical models of VSF
Henyey-Greenstein (1941)
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Mathematical models of VSF
Beardsley and Zaneveld (1969)

ﬂ ~ 41 7 Very good for large angles

(1-¢, cosy) (1+¢,cosy)

Wells (1973) - ,7-3/2
IB ~| 14+ (lj Very good for small angles

Yo
Fournier and Forand (1994)
Grr (V) = 1 —15135” |:1f (1-8)—(1—8")+ [6(1—6)—v(l—46)] sin~? (%)]
1 - St |

: 3cos” ey — 1),
t 16 (5130 — 1057,

B_P -l . .2(?,'
v o= > and 5—3(?1_1,}3 sin k3>




Mathematical models of VSF

Kopelevich (1983): combination of large and small particles

B 1) =V p. (w)(‘%Oj y (w)(%oj



Scattering of water molecules

VSF of pure water (B, )

~__~—

0.8

Bw(Q)/B,,(90°)

0.4

0

0 50 100 150 200

Scattering angle (°)

b, = 2 by,



Spectral dependence

Morel 1974:
450\
Dy = '80(7)
Shifrin: 1988
450 -
P = ﬁo(Tj

Bw is also found salinity dependent; its value could be
~30% higher for marine waters.



Value and spectrum of seawater b, ,:

4.32
b, (1) = 0.0023(475())

(Morel 1974)

4.3
b, (1) = 0.0020(4750)

(Zhang et al 2009)



Spectrum of scattering coefficient
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weakly wavelength dependent
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(Gould et al 1999)



b, spectrum contrast

Wavelength [nm]
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Particulate scattering coefficient (n'l]]l
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(Zhang et al 2002)

Not known the spectral characteristics of bubble scattering,
considered spectrally flat



Organic Scattering Cross Sections:

Organic vs inorganic separation
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Mineral Scattering Cross Sections:
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Boundary conditions

.
Water constituents ‘IOPS - COI I

How marine constituents determine IOPs?
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Contrast between IOPs and AOPs

1. I0OPs has no relation/dependence on light distribution;
but AOPs do!

2. IOPs are additive; but not AOPs.

a=a, ap + ag
Rrs 7 Rrs—w + Rrs—p T Rrs-g

Ke F Kgw T Kyp T Kyg
Koo # Kogroaw + Koo + K

par-w par- par-g



Key points:

1. In addition to boundary conditions, I0Ps play the key role in
forming ocean/water color.

2. Primary IOPs include absorption and scattering coefficients;
the latter is direction dependent.

3. Bulk IOPs are lump sum contributions of the many
individual, dissolved and suspended, molecules and particles.

4. Absorption and scattering coefficients of pure (sea)water
are considered constant (change with temperature/salinity),
but uncertainties still exist, especially for absorption in the UV
range.



5. In addition to water molecules, practically and generally,

for absorption: there are three major optically active components:
phytoplankton pigments, detritus and gelbstoff (CDOM);

for scattering: there are organic and inorganic particulates, bubbles,
and many times lumped into one term.

6. Spectrally,

water molecules are strong absorber in the longer wavelengths;
phytoplankton absorption generally has two distinct peaks with a
stronger peak centered around 440 nm and weaker peak centered
around 675 nm; have varying spectral shapes

detritus and gelbstoff are strong absorbers in the shorter
wavelengths, and gelbstoff has steeper spectral slope;

Water molecules are strong scatter in the shorter wavelengths;
‘particle’ scattering is weakly wavelength dependent. It is strongly
dependent on size, composition, and abundance.



