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l. Inversion algorithms for IOPs



Remote-sensing reflectance (sr?):

R, (sr'l)
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The ultimate objective of RS:
Retrieval useful/important
environmental information

How?

algorithm!



algorithm

Inputs _l_)

(IOPs or
[Chl] etc)

(L,, or R,



Empirical Bio-optical models: No need

(explicit or implicit)

Semi-analytical Bio-optical models: Yes
(algebraic, LUT, optimization)

Bottom Up Strategy (BUS)

Top Down Strategy (TDS)



band-ratio algorithms for Chl

Algorithm Type Result Equation(s) Band Ratio (R). Coefticients (a)
Global power Cyy = 10€0*21°R1) R1 = Jog(Lwnd43/Lwn3350)
processing Cpy = 10(62+83°R3) R2 = log(Lwn320/1 wn350)
(GPs) [C1 P)=Cuiif Cisand Cpy > 15 ug @ = [0.053, 1705, 0.522, 2.440]
L! then [C + P) = Cy,
Clark three- power [C + P] = 10@0*e1*R) R = log((Lwn#13 + Lwn520)/Lwn550)
band (C3b) a = [0.745, —2.252)
Aiken-C hyperbolic + €, = exp(al) + al*In(R)) R = Lwnd00/Twn555
power Cyy — (R + a2)/(a3 + ad4*R) a = [0.464, —1.989, =5.29, 0.719, —4.23]
C'=C,;if C <20 pg L™ then C = Cyy
Aiken-P hyperbolic + C,, = exp(a0 + al*In(R)) R = Lwn490/Lwn555
power C,. = (R + a2)/(a3 + a4*R) a = [0.696, ~2.085, ~5.29, 0.592, -3.48]
[C+ P]=C,,;if [C+P]<20pugL!
then [C + P] = C,,
OCTS-C power C = 0088 - R = log((IwnS20) + LwnSAS)/T.wnd00)
a = [ 055006, 3.497)
OCTS-P multiple [C 4P = 10WT el Rivesna) R1 = log(Lwn443/Lwn520)
regression R2 = log(Lwn190/Lwn520)
. " a = [0.19535, ~2.079, —3.497]
POLDER cubic G jgeitsl Bl ey &) R = log(Rrs443/Rrs565)
a = [0.438, —2.114, 0916, -0.851)
CalCOFI two-  power C =t JPERTOTH R = log(Rrs490/Rrs555)
band linear : : a = [0.444, —2.431]
CalCOFI wo- cubic = PO TOLIRESIR TORTAD R = log(Rrs490/Rrs555)
band cubic a = [0.450, —2.860, 0.996, —~0.3674]
CalCOFI three- multiple C = exp(a0 + al*R1 + a2*R2) R1 = In(Rrs490/RrsS555)
hand regression R2 = In(Rrs510/Rrs555)
a = [1.025, 1622, 1.238)
CalCOFI four-  multiple C = exp(a0 + al*R1 + a2*R2) R1 = In(Rrs443/Rrs555)
band regression R2 = In(Rrs412/Rrs510)
a = [0.753, —2.583, 1.389)
Morel-1 power C = Jpvrer’s R = log(Rrs443/Rrs555)
a = [0.2492, -1.768]
Morel-2 power C = explal) + al*R) R = In{Rrs49)/Rrs553)
. 7 a = [1.077835, —2.542605)
Morel-3 cubic 5 JOISTALA TSRS R ) R = log(Rrs443/Rrs555)
o a = [0.20766, —1.82878, 0.75885, —0.73979)
Muicl-4 cubic C = 1=t Naar R eas®a) R — lug(Ris490/R1s555)
a = [1.03117, -2.40134, 0.3219897, —0.291066]

(O’Reilly et al. 1998)
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Chl based on band difference
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CI =R _(555)- {R,,S (443) + x|R,(670)- R, (443)]}
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Chl =107 C1 <-0.0005 s’

(Hu et al. 2012)
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(Hu et al. 2012)



RPFAD) =Rps(D) +6(M) =R, (D) +yA+x

555 — 443

MBDgrsa40 = Rys(555) — | Rps(443) + = 0—

(R;s(670) — R,5(443))

MBD(R3%t) = MBDyg, .



Physics-based algorithms (mechanistic)

Remote-sensing reflectance (sr?): N‘w Ed
L (4,0")

R(D= 2 50 \

How is R related to water’s optical (biogeochemical) properties?

12



Physics-based algorithms (mechanistic)

R
s (A7) ‘lzlgi(au)wmj ’

g, =0.0949, g, = 0.0794

(Gordon et al, 1988)
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rl‘S 9RI‘S ?
L

Rrs = W+
E,(07)
E,(0) = 1,E,(0")+y E,(07)
L ="t (0)
nW
R tpt, r, . 052r,

" n’l-yR 1-17r,

Solve Rrs for IOPs or in-water constituents?



Two common strategies:

1. Bottom-up strategy (BUS):
Assume we know the spectral shapes of the optically active components

2. Top-down strategy (TDS):
Only need the spectral shape information when it is necessary
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What are we facing in RS inversion?

R, (1) = F(a(4),b,(4))

4

R, (A1) =F(a,(A),a,,(1),a,(A),b,,(1),b,,(1))

R (A)=F(a,(4),
R.(A,)=F(a,(4)

N
L[]

R, (4,)=F(a,(4,)

L rs

4
aph (ﬂ’l )9 adg (ﬂ’l )9 Ibbw (ﬂ’l)

Xy (4,), dyq (A4,)1b,, (4,

D aph (ﬂ’n )9 adg (ﬂ’n ) bbw (Z’n

# of unknowns > # of equations!

An ill formulated math problem!
Have to increase # of equations or decrease # of unknowns!

by, (A4))
)by, (4;)

2

\.9 bbp (ﬂ’n )I

)
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1. Bottom-up strategy (BUS):

Build-up an Rrs spectrum block-by-block:
a(l) = a, (M) + Suy() bW = byy(h) + Shy ()
a(A) = @, (A) +a,,(A) +ay(A)+a,(A)
a(A)=a,(A)+a, (1) +a,(A)
a(A)=a,(A)+M,(a,,(A)+M,(a, (1))
b,(1)=b,, () +b,, (1)

by(A) = by, (A) + M3 (b, (A))



) Bio-optical models (forward model)
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Modeling a,, spectrum

Example of one parameter hyperspectral a,,(A) model:
Lee (1994); Lee et al (1998):

Bricaud et al (1995): aph (l) — aO (i) + 31 (ﬂ) 11
—B (1) P = ph(440)

Table 2. Parameters for the Empirical a, (A) Simulation by Eq. (12)°

a,,(4)=4,,(4

Table 2. Spectral Values of the Constants Obtained When Fitting the Variations of a7,(A) Versus the (chl a + diy Wavelength an(\ a.\
a) Concentration (Chl) to Powcr Laws of thc Form u‘,‘,;,(z\i = A(A) (Chl) BN and Detcrmination Cocfficicnts on the gt 0( ) l( )

Log-Transformed Data r=

s i i o . 2 390 0.5813 0.0235
one
400 0.0263 0.282 0.702 402 0.0271 0.281 400 0.6843 0.0205
404 0.0280 0.282 0.706 406 0.0200 0.281 ¢
408 0.0301 0.282 0.710 410 0.0313 0.283 410 0'7782 00129
412 0.0323 0.286 0.718 414 0.0333 0.291 ¢
416 0.0342 0.293 0.725 418 0.0349 0.296 420 0.8637 0.006
40 00356 0 299 073 47 0.0359 0306
424 0.0362 0.313 0.746 426 0.0369 0.316 430 0.9603 0.002
428 0.0376 0317 0.749 430 0.0386 0314 440 1.0 0
432 0.0391 0.318 0.750 434 0.0398 0.324
436 0.0399 0.328 0.757 438 0.0401 0.332 450 0.9634 0.006
440 0.0403 0.332 0.762 442 0.0398 0,339
444 0.039%0 0,448 0.714 446 U.0383 0.355 460 0.9311 0.0109
148 0.0375 0,360 0.783 150 0,0371 0.359
452 U.U3635 0.362 0. /83 454 0.0358 .36 470 08697 00157
156 0,0354 0.367 0,789 158 0.0351 0.368 s
450 0.0350 0.365 0.789 462 0.0347 0,366 480 0.789 0.0152
464 0.0343 0.368 0.792 466 0.0330 0,369
468 0.0335 0.369 0,793 470 0.0332 0.368 490 0.7558 0.0256
472 0.0325 0.371 0,792 474 0.0318 0.375
476 0.0312 0378 0.793 478 0.0306 0.379 500 0.7333 0.0559
480 0o 01377 0n 791 4aR? 00296 0377
484 0.0290 0.376 0.788 486 0.0285 0.373 510 0.6911 0.0865
488 0.0279 0.369 0.783 490 0.0274 0.361 ¢ ¢
492 0.0267 0.356 0.774 494 0.0258 0.349 520 0'6327 0'0981
496 0.0249 0.341 0.763 498 0.0240 0.332
500 0.0230 0.321 0.747 502 0.0220 0.311 530 0.5681 0.0969
504 0.0209 0.300 0.722 506 0.0199 0.288
508 0.0182 0.275 0.686 510 0.0180 0.260 540 0.5046 0.09
512 0.0171 0.249 0.641 514 0.0163 0.237 550 0.4262 0.0781
516 0.0156 0.224 0.578 518 00149 0.211 3 5
520 0.0143 0.196 0.498 S22 0.0137 0.184 560 0.3433 0.0659
524 0.0131 0.173 0.417 526 0.0126 0.162
528 0.0121 0.151 0.332 530 0.0117 0.139 570 0.295 0.06
532 0.0113 0,129 0.248 534 0.0108 0.119

536 0.0104 0.109 0.176 538 0.0100 0.100 580 0.2784 0.0581

sS40 00097 0 090 0116 542 00003 0081 L LN PR



Example of two-parameters model: (Ciotti et al 2002)

a<p (A’) :@@C—kma»(k)] £ 3 [(1 - Sf) . 67<mic'r()> (A’)] }

Table 3. Basis vectors representing the normalized absorption for the smallest (a,,,(A). Prochlorococcus) and biggest [ (Amicro(A). average
microplankton) cell sizes in our data set. Wavelength (A) in nm. Basis vectors for a;,(A) can be constructed by setting a,.,,(676) to 0.023
m>mg a (674) to 0.0086 m? mg*. and scaling for the other wavelengths accordingly.

(micro)

A Pico Micro A Pico Micro A Pico Micro A Pico Micro A Pico Micro
400 1.682 1.574

402 1.734 1.584 462 2.526 1.623 522 0.544 1.013 582 0.111 0.459 642 0.191 0.528
404 1.800 1.600 464 2.455 1.616 524 0.522 0.992 584 0.072 0.452 644 0.174 0.526
406 1.890 1.617 466 2.402 1.606 526 0.486 0.977 586 0.073 0.452 646 0.197 0.528
408 1.978 1.633 468 2331 1.592 528 0.448 0.959 588 0.073 0.449 648 0.176 0.538
410 2.057 1.654 470 2.281 1.568 530 0.391 0.944 590 0.099 0.443 650 0.168 0.549
412 2.162 1.669 472 2.205 1.542 532 0.375 0.927 592 0.070 0.433 652 0.160 0.574
414 2.269 1.674 474 2.136 1.509 534 0.336 0.909 594 0.095 0.424 654 0.217 0.605
416 2.327 1.684 476 2.063 1.481 536 0.305 0.888 596 0.085 0.416 656 0.244 0.655
418 2.398 1.697 478 2.049 1.459 538 0.292 0.868 598 0.090 0.406 658 0.286 0.720
420 2.457 1.708 480 1.998 1.437 540 0.288 0.847 600 0.086 0.401 660 0.381 0.798
422 2.533 1.710 482 1.930 1.415 542 0.261 0.826 602 0.068 0.400 662 0.437 0.889
424 2614 1.716 484 1.918 1.399 544 0.245 0.806 604 0.078 0.403 664 0.520 0.979
426 2.663 1.737 486 1.897 1.387 546 0.214 0.785 606 0.069 0.408 666 0.660 1.068
428 2.749 1.763 488 1.867 1.377 548 0.194 0.764 608 0.090 0.416 668 0.716 1.147
430 2.804 1.793 490 1.812 1.367 550 0.187 0.737 610 0.096 0.429 670 0.824 1.207
432 2.840 1.812 492 1.776 1.349 552 0.138 0.711 612 0.094 0.443 672 0.846 1.243
434 20915 1.827 494 1.701 1.338 554 0.137 0.682 614 0.084 0.458 674 0.816 1.249
436 2.947 1.830 496 1.648 1.319 556 0.111 0.653 616 0.105 0.473 676 0.891 1.227
438 2.978 1.834 498 1.522 1.301 558 0.094 0.626 618 0.128 0.487 678 0.869 1.174
440 3.014 1.824 500 1.439 1.271 560 0.095 0.604 620 0.119 0.495 680 0.812 1.096
442  3.032 1.800 502 1.373 1.242 562 0.070 0.580 622 0.126 0.499 682 0.741 1.004
64

444 3.011 1.771 504 1.270 1.222 5

0.053 0.555 624 0.138 0.504 684 0.605 0.893



Multiple-parameters model:

= A)?

!
app(A) = 2 @ﬁA mj) cXp 2] (7)
i=l1

TABLE 2. mvmumommdmmmwhnwuw
Gusssias Band Number amd Axocated Pigncat Species

1 2 3 Al s L] 7 L] 9 10 1 12 4 )
Oharacterintic oMo ol e chle chle chl b carot. carot. cMe e ol ¢ chl b chla e

& 213 VA | 72 450 5.4 &9 “®.3 B0 m9 A 0.8 ns

9 3

Ceonter, nm Bl 413 °s »] @4 o m &y 823 Al 655 676 o
Outpet parametess

Half width, nm Q0.2 a2y M 23 30 45 8o @N M0 n BA Wy »0

Canter, nm 1S 4108 408 4402 866 &a7a 30 $85.6 €20.6 0.7 6529 6156 @9a
Speciic absception 0042 0.019 0.047 0.110 0ns s 09 0.044 0.008 0.044 0.3 o 0.0m

coefhicient, =’

(g phgment) ~*

on coeficents of each mmd&—hdm@w-.n)wwmlﬂw”m(-*p*

Specific absarption
meter) of that pigment. Chi, chiorophyll; , Canoienod.

§ JORDAN BASIN (Gulf of Maine, St.7) DEPTH=2m

(Hoepffner and Sathyendranath, 1993)

Absorption Coeff, {(m-')




Absorption components: a,, spectrum shapes

2.5

>
A

1

0.5

400 450 500 550

< Gy /1)> _ - S(2-440)

600 650 700

S:0.01-0.02 nm™!

(Bricaud et al 1981)
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by )=( 22

b,(4)
R, (A)=G

a(4) +b,(4)



- o o)
a,,(4) +

@amw% 2 g () + By () + M3 (B, (1)

3-variable model to describe an Rrs spectrum
(Sathyendranath et al 1989)
M, ; are wavelength independent variables.
Then they could be derived by comparing the modeled
Rrs spectrum with the measured Rrs spectrum.

Spectral ranges used for solutions (e.g. examples of BUS):

The blue-green domain: e.g., Hoge and Lyon (1996), Carder et al (1999)
The red-infrared domain: e.g., Binding et al (2012)

The entire spectrum (spectral optimization): e.g., Bukata et al (1995),
Lee et al (1994,1996,1999), Maritorena et al (2002), Boss and Roesler
(2006), Brando et al (2012), Werdell et al (2013)

Look-Up-Tables (LUT): e.g., Carder et al (1991); Mobley et al (2005)
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Spectral Optimization
Matching between measured and modeled R, spectra

0.006
0.005 -\'ﬂ\

0.004

0.003 \

0.002 \
0.001

0 x y \\ cosesndiriisid

400 450 500 550 600 650 700 750 800
Wavelength [nm]

——Mod. Rrs —=—Mea. Rrs

Rrs [sr]

Quantitative measure of the closure (error function):

2(R (1) — (R (A)-R.(A
5R :\/AM(Rrig/I) Rrs(/l))z :\/;\/Z,u( rz(z ) rs( ))2
" Axlers (ﬂ’) 1 Rrs (/I)
Logic (assumption) behind SOA:
A unique set of bio-optical properties for each Rrs spectrum.
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Algorithms using information in the red-infrared bands

6 1.4

)

S
Standard Deviation of Reflectance

1.0
S
S 0.8
5 3
g .
& 0.6
&
& 2.

L
S
()

600 650 700 750 800

400 4.%0 560 5.%0
Wavelength, nm (Gitelson et al 2007)
Two bands Three bands
Rrs(75x
Chl = f (75x) Chi= f Rrs(75x)  Rrs(75x)
Rrs(67x) Rrs(67x) Rrs(70x)
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600
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400 450 500 550 600 650 700 750 800




R (-G By (A) + M3 by, (1))

a, (A) + M, (@, (A)) + My (@4 (A)) + by, (A) + M3 (B, (A))

M, (b,,(2))
a,(A)+M,(a,, ()

R (A)=G

R, (Aeat) _ <bbp (Arear )> a,,(Ayeqr) + M, <aph (Areaz )>
R(Aar)  (by(Ren)) @y (Ao + M, (@, (Aa)))

Proper contrast of Rrs at A, and A, then leads to M,.



2. Top-down strategy (TDS):

R =G b,
a+b,

R . b,ka > a,
4

Clarity (Secchi depth, light depth, SPM, etc)

Remote sensing measures the total effect:
Water clarity (or turbidity) is also a measure of total effect.

Examples of TDS:
Loisel & Stramski (2000), QAA (Lee et al, 2002); Smyth et al (2006); Doran et al (2007).
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The Quasi-Analytical Algorithm (QAA)

Forward modeling:

(a,b,etc) M) Rrs
b

R_~0.05—2!
a+b,

QAA:

(a,b,) <mmmmm Rrs

31



The data flow of QAA:

(Lee et al 2002)

(M)

n

‘\

a(4) =a,(4)+Aa(4)

l

by, (A) = (1, (A)Ja(2)\ b, (4)) =

| g

b = b, [ 4]

a(2) = (1, (), (), by, (1)) =

{ a(41)=a, (411)kla,,(443) |k &a,, (443)
a(443) = a, (443) + a,,(443) + a,, (443)

a,(411)
" a,,(443)
a,(411)
a,,(443)
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Logic behind QAA (and its updated versions):

0.4 l
*. —O— pure water
.. = [C]=0.03 o8 &
Ceo, ¢ [C]1=10 .o. o
0.3 ' ° [C1=50 LAY

0.1 A1

absorption coefficient (m™)
o
N

400 450 500 550 600 650
wavelength (nm)

For a reference wavelength, A, variation of a(},) 1s limited.

Known a(},), enables calculation of b, () from R_(%,); propagate b, (2,) to b, (0),
then enables calculation of a(A) from R_(A).

No need of spectral model of a,(2) in this process!
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When 550 nm as the reference wavelength (A,)

CI(SSO) =a, (550) + 10—1.146—1.366;(—0.469;(2

( \
() + 57 S, (667)
\ r.(490) )

a,(550) = 0.0565 m!

Empirical!



0.5 1

0.05

0.5

0.2

a(550) [m]

0.1

0.05



rrs :gOL

Invert Rrs:

Rps ‘ Frg ‘ {a&b,}

ro(A) = R{(A)/(0.52 + 1.7 R,(A))

b,

a+b,

b,(4)

2
81
a+b, ) g.=0089,g,=0.125

_ — 8 +\/(g0)2 +4g,*r.(4)

u(d) =

Ca(A)+b,(A) 2
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a(SSO) =a, (550) 4+ 10—1.146—1.366;(—0.469 v°

b, (550 _ u(550) a(550)
m)  5,(550) —r b, (550)

b,,(A) =b,,(550) (52_0?
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Empirical:

r..(443
n=2.0[1-1.2 exp| —0.9 s (443)
7..(55x)
2.5
¢ X
X
2.0 R apocxx W ¢
” 2 *é ¥ v
.
1.5 - “:
’ *
TS
c 1.0 ’0
0.5 -
0.0 - L 4 & data
X v4
v5
'05 T T
0 1 4

rrs(2443)/rr52550)




) 5,(A)=b,, (D) +b, (1)

!

iy~ L) b(A)
(1)




a(A)=a,(A)+a,(1)+a,(4)

$

(a(410) = a, (410)+ a ,(410) + a,, (410),
a(440) = a,, (440) + a , (440) + a,,, (440).

!

~a,,(410)
~ a,,(440)

_a,,(410)
a,, (440)

(a(410) = a, (410) +¢ a,,(440)+ ¢ a,, (440),
a(440) = a,(440) + a,,(440) + a,,, (440).
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(a(410)=a, (410) +¢ a,,(440)+ ¢ a,, (440),
a(440) = a,(440) + a,,(440) + a,,, (440).

v

(ag (440) = (a(410)—-¢ 0(440));5— (92(410) ~¢ a,(440))
a,,(440) = a(440) - a,,(440) =7, (440).

S
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1.2

*

L 2
1.0 $
$ o 00 S0 o
"o 84,8 .
ot RN
- SEEREY o .o&fa&u oo o

*

a,,(412)/a,,(443)

X

78 36 Sl 4 (P E TR AR S )
JURL A S PRI

o’::" “
. o
0.4 - o*
0.2 -
p ¢ data
v5
0.0 ' '
0 2 4 ° °

¢ =0.74+

r,(443)/1,,(550)

0.2

0.8+7_(443)/r_(550)

Empirical!

0.030

0.025

0.020

S [nm1]

0.015 4

0.010 +

0.005

¢ data
v5

£ = oS (443-411)

S =0.015+

r(443)/r.(550)

>

0.002

0.6+7_(443)/r_(550)




Ensemble solutions:

Wang et al. 2006; Zheng et al. 2015

a(A)=a,(A)+M,(a,, () +M,(a, (1))
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-

K . 315 combined
i Library o_f d () spectra,
, representative
]
spectra ;
p (M b

-
=
~
~

7 basic d,(A) spectra a, )

P ~
~

N

\

w, v

ssassasese \

Equation 3

9 weights, w v

Determination of speculative solutions Step 1
Matrix Cy; , 3 V,
P - Step | > Equations
T 4 10 and 11
Cr’,j = (x;, yJ)

Matrix Eo¢ . 304 315

Step 2

(Mf,j,ka aph(k)i.j,k)

i {x}=1{0.75,0.76, ... 1}
: 12-14
:L_ __________________________________ Step 2
i Inequality
i Output: a,(}), ag(;\‘)’ aph(;“) Constraints E -
! Optimal Solution (Table 1) o Bk _l
! Range of Feasible Solutions /' N\ =~/ (@M %
i Step 3
:. Step 4 Matrix Eqc . 30 315
\ Z Step 3 Satisfy

N | constraints

Y. Feasible Solutions Yes H3—H5

. ?
N Determination of feasible and optimal solutions

-
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What is band-ratio derived [Chl]?

[Chl]= (R (A)/R,(A)))

Rrs(ﬂ’i)/RrS(/lj) — f2[

bbw(ﬂ‘i) +bbp(ﬂ’i) aw(ﬂ‘j) +aph(2’j) +adg(ﬂ“j)

bbw(ﬂ'j) +bbp(/1j) aw(/li) +aph(ﬁ’i) +adg(ﬂ’i)

[Chl] is actually an IOP product

J
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Key Points:

1. Various inversion algorithms for IOPs have been developed; but
more/better ones are also expected.

2. BUS derives every component first, then (simultaneously) derives
the total optical property.

Assume the spectral shapes of the optically active components
are well characterized!
BUS relies more on the accuracy of forward bio-optical model.

3. TDS derives total first, then decompose to separate components.

TDS relies more on the accuracy of Rrs measurement.
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Il. Applications of inverted IOPs

Rrs()) mmmm) I0Ps

What to do with the retrieved IOPs?
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Traditional strategy: [chl] centered system

Works for waters where IOPs co-vary with [Chl].
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Application examples of IOP products

N

Kq(A)

[SPM]
[chl]

a,

RN
b? aph {others}

‘}- auxi.

others

ZSD’ Zeu

No division of “Case-1” vs “Case-2” waters.
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1. Estimation of diffuse attenuation coefficient (K (1))

2. Estimation of Kd(PAR) and euphotic-zone depth

3. Estimation of water clarity (Secchi disk depth)
4. Estimation of primary production

5. A few other examples
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1. Estimation of diffuse attenuation coefficient (K (1))

Traditionally,

K, (490) = 4 ( Ly (Apiye) )B
Lw(Agreen)
Austin and Petzold (1981)
Or,
Ka(A. [Chl)) = Ky (A) + x(A)[ChI*™ (2)

For “Case-1" waters

(Morel and Maritorena 2001)
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4 RFS‘ )l" ue
log (K, (490)) = ay + Sa;log,, s(Abiue)
i=1 Rrs(}L

green )

Kd_490 =K, (490) +0.0166

R}":‘ ()\J'n'uc‘) !
) !

4
s :','.r'(‘(\jr."

=1

Rrs(Ay ) = Rrs(443)>Rrs(486)

0.012

©

(00)]

q

E‘H 0.004 -

—

o
RZ=0.99
N =43122

0.000

0.000 0.004 0.008 0.012 0.016

Rrs(443) [sr]



The standard K4(490) and Chl products are 100% co-vary in coastal waters; further

K, (490) = Fun Ry (490)
‘ R, (555)

/ \

AOP: sun angle dependent

Nearly independent of sun angle.

The two sides do not match in optical nature.
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In addition, ratio-derived K, has large uncertainties or errors in coastal waters.

Algorithm-derived K (490) [m'1]

o
—_

—
T

A winter
[ [ spring
| Osummer, autumn

3
HE o
o2 &y O
oo AB
o O

0.1 1
Measured K4(490) [m™]

Measured K4(490) [m™]

(Darecki and Stramisk, 2004)
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IOPs-based system:

5. K,=m,a+v b,

— 11
3 1 Arabian Sea //
GOM
Baltic /,.»/
e ] —msa
,é\ 0.5 V= ml(l - m2€ ) )
& o |
< / (m, {1, are wavelength independent)
0.1 4 ]
e No division of “Case 1” vs “Case 2” waters.
08 @ (I0P-model)
0.03 T T
0.03 0.05 0.1 03 05 1 3 5 225
K d(490) measured [m™] 2.00 - o i grg:/llan Sea
= 175 1) O  Baltic
%_\ o
S~ 1.50 4
=
[ 5 6
i =~ @0 §F ©°
Oceanic = :
S Fo
I 202
5 080 o
Coastal waters 5
**1 (10P-model)
0.00 . . : : : : :
(Lee etal. 2005) 0.03 0.05 0.1 03 05 1 3 5

K ,(490) - measured [m]
55



hyperspectral

0.08 0.3
profile-Kd +  profile-Kd
—— |0Ps-Kd —— IOPs-Kd
0.06 - . \
_ é 0.2
£ 004 G
©
N
0.1 1
0.02 -
0.00 . . . 00 | | | (b)
350 400 450 500 530 350 400 450 500 550
Wavelength [nm] Wavelength [nm]

(Lee et al. 2013)

Through a semi-analytical system, a K, spectrum, not at a single band, can be derived.
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2. Estimation of K, and euphotic depth

PAR(z) = PAR(0) e “r*

Kear = K, + k. C + K,

Good for earlier days,
Not so good for the 215t century

hence of K, 5.

1. K, is a value averaged over the whole spectrum. It is
computed for a layer extending from zero to a certain depth Z
within an ideally optically pure ocean. When computing this
depth-averaged value, denoted K,(0, Z), the spectral distri-
bution of the light at the surface, E,(4), and at the depth Z,
E_(A), intervenes according to

Too |
/

K(0,Z)=—Z""log {-[ Eyd) exp [— K (A)Z] d;l;

700
J Eol4) di} (7)

(LI

In other words, K (0, Z) is no longer a constant as soon as it
is computed for "a” layer of variable thickness. When Z in-
creases, the remnant light tends to become monochromatic,
with the irradiance maximum centered on the minimum of
K,. and the averaged value K (0, Z) decreases accordingly
(see Figure 4; Ey(J) is taken from Figure 8).

2 The constant coefficient k. Js also a doubly ayeraged
_value, ‘6ver” the  spectrum and over the layer considered. The
result of such averaging depends on the spectral composition
of the underwater light and on its change with depth. Since

the phytoplankton concentration depicted by C governs both
(Morel, 1988, JGR)
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K pi= _—1 ln( PAR(z)

(700 _K(A.2)z
T (0)) PAR(z) = LOO E,(1,0)e dA

Z

Kpar is light-quality weighted.

Change of light with depth:

5000 -

(Kirk 1994)

(a) Gulf Stream

H
(=]
o
o
T

Quantum irradiance
w
3
T

(105 quantam™ s™! nm™)

g
o

0 ] | l25ml |
350 400 450 500 550 600 650 700

Wavelength (nm)

= Light at deeper depth is associated with lower attenuation coefficient



0.01

PAR(z)/PAR,

e T S
20 -
40 -
60 -
: —e— PAR(2)/PAR,
E we0eee Kppp(2)
80 | | l
0.00 0.05 0.10 T

0.20

59



_Kpar (z) z

PAR(z) = PAR(0)e

K2
K, r(z2)= K + (1+ Z)o.s
K, = 1.(a(490),b,(490) K, = £,(a(490),b,(490)

Key:
Kpag Varies with depth, especially in the upper water column!
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Euphotic depth (z_ ), based on 1% definition:

4.6

Zeu
KPAR (Zeu )

PAR(z,,)

PAR(0)

= 1% (or 0.5%)

0.01

PAR(z)/PAR,

60 -

eu

80

ane
00000
-------------
.....

—e— PAR(z)/PAR,

0.00

0.05

0.20
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-

K (a(490)&by, (490))

{Kl(a(490)&bb (490)) -

} Zoy = 4.6

(1+Zeu)0'5

(or 5.3 if defined as 0.5%)

R (A) 2 a(M)&by () 2 Kppr(2) 2z,
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(e =]
(e
1

Rrs-derived Z_, [m]

IOP approach

(=N
()
1

o~
o
1

[\
()
1

[ _J
() :.
® g ’
. .
00
o
oy [ )
7 o
0®
20 40 60 80

Measured z_,, [m]

(Lee et al 2007)
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Global distribution of Z_,

510020 30 40 50 60 70 80 90 100 110 120 130 140150 160 170 180

water clarity (m)
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3. Estimation of water clarity (Secchi disk depth)

Water clarity
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Empirical relationships for Z;, derived from measurements:

Formula _ [Zjrange(m) __|Reference

1.9-35
Z., = 1.44/K,,.

Zo=1.7/Kons

Z., = 1.54/K,n;
Z.,=1.27/Kons

Z., = 1.86/K,,;

Z

y 4 0.76 - .“
Z.,=1.8/K,.

Zeo = (1.4-1.7)/Kosp

Poole and Atkins (1929)
Holmes (1970)

Idso (1974)

Megard and Berman (1989)
Gallegos et al. (1990)
Kolengings et al. (1991)
Montes-Hugo et al. (2005)
Lugo-Fernandez (2008)
Padial and Thomaz (2008)
Bracchini et al. (2009)
Ficek and Zapadka (2010)
Gallegos et al. (2011)
Zhang et al. (2012)
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New theoretical relationship for Z:

1 (‘FT . ré}r A
Lop ® t In
ZSKdr OO 1 3 (Lee et al 2015)

\ J

Kctl,r : attenuation coefficient in the transparent window

1 1.4
Zsp ® 7 =

tr
Kd KPAR (Lee et al 2018)

Now theory and measurements are consistent.



Aeé
>l o %o of A
AC..O A
1 - A A
N%&
A S
0.3
Theory
Poole 1929
0.1 Holmes_1970
A Davies-Colley 1988
& Megard 1989
0.03 O Gallegos_1990
0.1 0.3 1 3 10 30
Zyp [m]

(Lee et al. 2018)



Verification of the new Secchi disk theory

R,, = a&b, == K, =) Z,

Estimated Z,, [m]

© oceanic (U.S.)
30 1 o coastal (US,) pes
< inland (U.S)) g( GO0
X oceanic-coastal (China) %@
—— y=1.04x+02 >>‘<><><
@
20 -
10 | -
_.4,'.':';,. : v ( b)
0 10 20 30

Measured Zy, [m]

(Lee et al 2015)
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4. Estimation of primary production

Protocol. A primary goal of ocean-colour
remote sensing is to produce synoptic fields
of chlorophyll pigment, an index of
phytoplankton biomass. It is the single most

(IOCCG Report #2, 1999)

“One of the principal applications of satellite ocean
color data is to derive net primary production
(NPP).”

--- McClain (Annu. Rev. Mar. Sci., 2009)
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Traditionally Chl is used to represent phytoplankton

I. Wavelength-resolved models (WRMs)

700 sunset Zen
> PP = f j j @A, 1, 2) X PAR(, 1, 2) X a*(A, 2)
A=400 J t=sunrise Jz=0

X Chl(z}d)l dtdz — R
II. Wavelength-integrated models (WIMs)
sunset 7

Z PP = f ) ¢(t, z) XPAR(, z) X Chl(zadt dz — R

{=sunrise Jz- 0

II. Time-integrated models (TIMs)

Zt’.‘l..1
> PP = f P*(z) X PAR(z) X DL X|Chl(z)|dz

=0

IV. Depth-integrated models (DIMs)

> PP = P, X fIPAR(0)] X DL X Chl % .Z,

opt

VGPM:
PP, = 0.66125 X P8 . X [EJ(E, + 4.1)]

opt

x Zeu X Copt X Dirr'

(Behrenfeld and Falkowski, 1997)
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Quantum vyield of photosynthesis

I. Wavelength-resolved models (WRMs)
2 J‘7()0 fsunsel jzeu /
PP = DA, 1, 2) [X PAR, ¢, 2) X|a*(A, 2)
A=400 Jt=sunrise Jz=0 \ a* — aph
X Chl(z) dA dr dz — R Chl
‘ a,,: phytoplankton absorption coefficient

sunset

ZPP=[

Zen
f o(t, 7) XPAR(t, 2) X Chl(z) dt dz — R
z- 0

=sumnrise

z PP = J J j b X PAR(A,t,2) X ap, (A, z)dt dzda —R Centered ona,

5. Conclusions and Expectations

(1) It is not necessary to know B for the calcula-
tion of P with remote-sensing methods. What is (Lee et al,, 1996, Appl Opt)



sunset Ve

S PP = f * @t, 2) X PAR(, 2) X Chl(z) d dz — R

7 —sunrise z- 0

z PP = f f ¢ X PAR(A,t,z) X app(4,z)dt dzdA — R
Contrast in mathematics and physics of the two approaches:

Pvs h:
% involves both ¢ and a*.

Chlvs a:

Chl is a biological property; could not be directly obtained from OC remote sensing.
a,;, is an optical property; ocean color measures optical property.



Absorption based on PP model

PP(z) = j j px Ey(Aot,2)xa,,(2,z)dA dt

A more direct representation of photosynthesis.

Ocean color| mmmp K, a,;, =w=p PP

/
¢

__$uK
¢(Eo) - Ktb + EG (2)

(Kiefer and Mitchell, 1983, L&O)
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(Lee et al. 2010)
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Labrador Sea

= 5000
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= e Devred ")’ o $
G O Rl @

o 1000 e
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Q 1:1,7 i
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o s il |

= 100
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(Lee et al., under revision)



Why a4, based approach is likely better?

Essence of present satellite Chl product: Chl = fun( Rrs(%)]
Rrs (12)
b
R,~G—"
a+b,

R.(440) _ a(550) b,,(440)+ b, (440)
R,(550)  a(440) b, (550) + b, (550)

R, (440) a(550) _ aW(SSO)@\pSO) a,,(550)\Chl
R (550)  a(440) a,(440)+a, (#40) g, (440)Y Chi

Change of R band ratio not necessarily represents change of [Chl].
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5. A few other examples

5a. Water mass classification

(Arnone et al. 2004)
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5b. HAB identification-1

1 F T T IIIIII| T T IIIIII| T T IIIIII| T T IIIIII|
C E . <10°
[ ® 10%10*
O 10%10°
~ %1y O 1 =
€ sruserar Case 1 * ‘s
g [ (Morel, 1988) oo * ok °* °
E :"‘. l“ :.. l:;-
,.-E DU1 3 .. @. . ..’*_. 4--""(5"" _
et i $es® g ap $ et
s te e te @ O
l-r:' ] -. ...-*‘
=Y i *
0 - a .
- Or) ©
0.001F .- . ]
0.0001 L a e
0.01 0.1 1 10 100
aph(675) =>» Chl__. (mg m-3)

(Carnizzaro et al. 2008)



5b. HAB identification-2

QAA
Rs(A) 2 a,,(A) =a(A) —ay(A) —a,(A)

0.005

- 0.004

- 0.003

R M) (sr7)

"o 10.002

- 0.001

. . . . . 0.000
400 450 500 550 600 650 700

wavelength (nm)

(Lee and Carder 2004)
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K. brevis

Similarity Index

-
o

o
o0
F

o
m
1

=
B

&
N
]

X =0.743
N =23

0.0
0.1

10 100

log cells ml”’

1000

10000

(Craig et al 2006)
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5¢. Bloom dynamics

Distribution of a , (440) at Luzon Street

-0.001

(Shang et al, 2012)
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Monthly distribution of a , (440) at Luzon Street

Apr May

——
s 88

QL@

oo 90
=
i

-0.001

(Shang et al, 2012)
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5d. Global physiology of ocean phytoplankton IOP

M/ @)

F sat

¢: quantum yield of fluorescence (Behrenfeld et al 2009)

Spring

Autumn

[] High 0., - model iron-limited

Iron limited N.P. ].iﬁt limited

0% 0.7% 14%  21%  28% -1.0 0.5 0 05 1.0 M High 0., - model other-limited
Q. (%) GCI (relative)

(Behrenfeld et al 2009)
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5e. Salinity estimation

»_ Delaware Bay

~ Middle Atlantic

—t

Fig. 1.
Middle Atlantic Bight.

(Vodacek et al 1997)
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5f. pCO2 estimation

800 . . .
Trasning Data (T.S and chi)
600} ;
g. 400t ° o
8 200 ®° Efg o g saieiy]|
o~ g | © high sakiniy|
o) : 8 ” e % Sty
g. 808 . . .
Test Data
o 600}
= .
§ 400} o i ‘
= 200 ,gg oo :
oL—— . .
0 200 400 600 800
Predicted pCO2 (ppm)

Lohrenz and Cai (2006) pCOZ = f(T, S, Ch')
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Key Points:

1. Many applications traditionally built around [Chl] can be built
around IOPs.

2. Remote sensing and applications centered around IOPs avoided,
when necessary, concentration-normalized optical properties.

3. With IOPs as inputs, many products, e.g. Kd, Zeu, Zsd, PP, could be
estimated easily and more accurately.

4. When I0Ps are known, many other applications could be carried out.
Be creative.
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[Chl] (empirical) approach:
Rrs(A) = [Chl] = z,,

10 <,

10 ']
i Z, = 38.0C 0428

1091

mean pigment concentration (mg.m™d)

1071 |

1072 .
10 °

103 (Morel 1988)
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Global Z,

A much more straightforward product for water clarity!
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Components for PP estimation:

1. Phytoplankton

[ Irradiance Outside Atmosphere ]

] 2. Light penetration

3. Photosynthesis [

Atmospheric
Transmission
Model
Surface Irradiance]|
Biomass Light Penetration
Profile Model
<
ﬂlrradiance at Depth
Photosynthesis Photosynthesis-Light
Parameters Model

—————/

parameters

~

/

|

at Depth

Primary Production

]

(Platt and Sathyendranath, 2007)
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Empirical:
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Fig.3.Relationship between a(440) and MBDy,.440- The red vertical line indicates the

location of MBDg, .44 = 0.0005 sr™%,

MBDpg,s440 = Ry5(555) — |R,5(443) +

555 — 443

670 — 443

(R,5(670) — R,5(443))

(Lee et al., 2023)
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    𝑴 𝑩 𝑫  𝑹 𝒓 𝒔 𝟒 𝟒 𝟎 =  𝑹  𝒓 𝒔  (  𝟓 𝟓 𝟓 ) −  [   𝑹  𝒓 𝒔  (  𝟒 𝟒 𝟑 ) +   𝟓 𝟓 𝟓 − 𝟒 𝟒 𝟑  𝟔 𝟕 𝟎 − 𝟒 𝟒 𝟑  (   𝑹  𝒓 𝒔  (  𝟔 𝟕 𝟎 ) −  𝑹  𝒓 𝒔  (  𝟒 𝟒 𝟑 ) ) ]


    P A R (  z  e u )  P A R ( 0 ) = 1 %   ( or   0 . 5 % )


   Z  S D ≈  1   K d  t r


  ≈   1 . 4  K P A R


   a ∗ =    a  p h  C h l


  ∑  P P = ∫  ∬  ϕ × P A R  (  𝜆 , t , z ) ×  a  p h  (  𝜆 , z ) d t   d z   d 𝜆   − R


  ∑  P P = ∫  ∬  ϕ × P A R  (  𝜆 , t , z ) ×  a  p h  (  𝜆 , z ) d t   d z   d 𝜆   − R


    𝑴 𝑩 𝑫  𝑹 𝒓 𝒔 𝟒 𝟒 𝟎 =  𝑹  𝒓 𝒔  (  𝟓 𝟓 𝟓 ) −  [   𝑹  𝒓 𝒔  (  𝟒 𝟒 𝟑 ) +   𝟓 𝟓 𝟓 − 𝟒 𝟒 𝟑  𝟔 𝟕 𝟎 − 𝟒 𝟒 𝟑  (   𝑹  𝒓 𝒔  (  𝟔 𝟕 𝟎 ) −  𝑹  𝒓 𝒔  (  𝟒 𝟒 𝟑 ) ) ]

