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INTRODUCTION

The paper discusses a simple empirical method for calculating spectra of the light
backscattering coefficiefth(l ) in Baltic Sea surface waters based on the rersetsing
reflectanceRs(l ). This method relies on the following two aspectdh#&)existence of a
relatively strong statistical correlation between these two optical quantities in the red light
wavelength range (e.gt 620 nm), and 2) the fact that backscattering coefficients at other
wavelengths can be approximated from their values estimated in the red part of the spectrum.
Possible applications are described. This method is applicable as one of the stagds in simp
algorithms for estimating spectra of the light absorption coefficient in seawater, without the
need for any priori assumptions regarding the spectral shape of absorption by dissolved and
suspended seawater constituents.

MATERIAL AND METHODS

Our simpk method was developed on the basis of empirical data gathered in surface
waters of the southern and central Baltic Sea, at 148 stations during 6 short cruises of r/v
"Oceania" in spring (April 2011, May 2013, 2014, 2015) and late summer (September 2011,
2012) (for the positions of the measurement stations, see Higuta situ optical
measurements included spectral values of the light backscattering coefficient in sbawater
the light absorption coefficient by all namater constituents of seawatgr and the remote
sensing reflectand&s.

The backscattering coefficiebs(l ) [m™] was measureih situin surface water layer
with HydroScat4 instrument (HOBI Labs) at 4 wavelengths: 420, 488, 550, 620mathods
described by Maffione and Dana (19@nd Dana and Maffione (2002) were usAdtandard
methodof correction for incomplete recovery of the light backscatter highly attenuating
waters wassoapplied the secalled sigma correctigrsee User's Manual (HOBI Labs,

2008). To obtain valus ofbackscattering of light by suspended particles dmiyl ),
theoretical values of backscattering coefficient for pure Waigr were subtracted according
to Morel (1974).

The light absorption coefficient by all namater (suspended and dissolved)

constituents of seawatas(l ) [m™] was measureh situin surface water layer with use of



AC-9 instrument (WET Labs) at 9 wavelengths: 412, 440, 488, 510, 532, 555, 650, 676, and
715 nm. The standard methods of corrections were applied for temperature and salinity effects
(Pegau et al. (1997)and for the incompke recovery of the scattered light in the absorption
tube (the sacalled proportional methodaneveld et al. (199%)Thean(715) assumed to be 0.
To obtain values dcd(l ) (total light absorption coefficient of seater)values of absorption
coefficient for pure wateaw(l ) were addedtaken from Pope and Fry (199Bogandares and
Fry (1997) and Smith and Backer (1981))

The remotesensing reflectance just above sean®tgl ) [sr] wascalculated from
results of radiometric measurements performesituwith use of COPS instrument
(Biospherical Instruments Inc.) at 17 waaagjths from 340 to 765 nmirBctly measred
werethedownward irradiance just above the wdEg(0",| ), andtheupward irradiance
profiles in watelLy(z| ) (the correction for the seffhading effect was applied according to
Gordon and Ding (1992) and Zibordi and Ferrari (1998)g estimated quantity wése
water leaving radiande.(0*,| ). ThereflectanceRs(l ) wascalculated agw(0,l ) / E4 (0%, ).

The originalin situ measurements, when necessary, were appropriately interpolated
(or extrapohted) toeleven spectral band$12, 440, 488, 510, 532, 555, 589, 620, 650, 676,
715, to enable fuher quantitative analysis

In general, the variability of all optical quantities in the data set subsequently analysed
was around one order of magnitude or more. Changes in the spectral shapes of the remote
sensing reflectand&s(l ) and the light absotjon coefficienta(l ) were also significant (see
Figurelb).

RESULTS AND DISCUSSION

Apart from the complex relationships that can theoretically occur between given
apparent optical properties (on the basis of which the regsotging reflectandgs is
defined) and inherent optical properties describing light scattering and absorption by various
components of seawater, here we decided to statistically analyse the dependences between
measured values b and reflectanc&s. It turned out that, in contrasst the blue light bands,
approximate relationships between the logarithms of these two quantities can be derived for
longer wavelengths, especiaitythe red in the fam of a seconarder polynomialFrom the
statistical point of view the best relatidns was found for the 620 nm bafgke Figure 2a)

log(bu(620)) =0.4369(Iog(Rs(620))f + 3.7597(log(Rs(620))) + 5.0813, &r=0.90) (1)

In addition, we analysed the changes in the spectral shape of the backscattering coefficient of
particlesbyp (see kgure 2h. Generally, we found these changes to be relatively small when
compared with the changes in the magnitude,pbetween different samples. Rather than
directly using thdx(l ) vsRs(l ) relationships in order to get a rough estimath, @it

wavelengths other than 620 nm, it is better first to estilm#620) with equation (1), and

then use it in the next step to calculbs@ ) by assuming the typical unchanging spectral
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shape of theopp spectrum (like the ongenoted as average shapé-igure 2h). However, in

order to improve the accuracy slightly, the changing slopes dkbtspectrum should also be
taken into account. When we matched the classic power function®tmalby, spectra
(functions of the following formbup(l ) = bup(l ref) (I ref/l )9, matched to pass exactly through
bp(420) andopp(620) values), we found the typical slogpé median value) to be 1.08. The

10" and 90" percentiles ofwere 0.51 and 1.8 respectively. But we noticed that in most cases
such astandard fit was not an exagectrakrepresentation of our data. Most of our spectra
exhibited features similar to those on the average spectrum, i.e. a small concavity in the blue
and a convexity in the green light wavelengths (note that the orlginalues were measured

at only four wavelengths). For that reason, we decided to apply a "hybrid" description that
combined both of the above observations, i.e. the variation of the spectral slbpgaiod

the generally observed deviations from the "stht power function shapes. Finally,

considering the contribution from pure water, the soadterr coefficientos(l ) could be
approximated using the following equation:

bo(l ) = (06(620) - bow(620)) Ca(l ) (6201 )9+ bow(] ) )

In this equationC; is an empirical factor adjusting the power function to the average shape of
bup Observed in our measurements. Its numerical values obtained for our data set are as
follows:

I 412 | 440 | 488 | 510 | 532 | 555 | 589 | 620| 650 | 676 | 715
Cy(l)]2.01/2.02/1.02/1.06/1.09/1.11/106]| 1 |0.93/0.86|0.74

As regards the slope parameagén equation (2), we found that, having tested different
approaches (e.g. correlations with estimdig(620) values or with different reflectance
ratios), it may be correlated rather roughly with $pectral ratio of the remotensing

reflectance just below the sea surfagdor the bandsit 510 and 555 nm (see Figurg:2c

g= 1.6379 (rs(510)f:s(555))- 0.3104, (# = 0.25) A3)

For this particular purpose, tihe values were calculated frothe "above water" reflectance
Rs(lI ) according to the simplified formula given by Lee et al. (2004):) = Rs(l )/(0.52 +
1.7Rs(1 ))). Our calculations also took into account backscattering by pure water according to
the formula given by Morel (1974bw(l ) [m™}] = 0.000899 |(/525)*34

The values oby(l ) retrieved using the proposed simple calculation method (combined
equations (1) (3)) were compared with the original set of measured/interpolated values (see
Figure 33. The accuracy of retrievatimation can be characterized by the practically
negligible systematic errors and the moderate statistical errors. The standard error factor, i.e.
the statistical quantity characterizing the statistical error according to logarithmic statistics,
calculaed for our retrieved values by(l ), varies from 1.23 to 1.28, depending on the light
wavelength. This means that the relative statistical error ranges at wors#imo +28%.
Such an accuracy, although far from perfect, seems reasonable when s Hee t
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variability of backscattering coefficients measurethe target waters covered more than one
order of magnitude.

If backscattering spectra can be estimated with reasonable accuracy, we might also
wish to retrieve other information contained e remotesengng reflectance spectra. Table 1
presents two examples of simple algorithms that combine the simple method for caltylating
(or itsslightly modified versionith some other empirical and analytical steps, finally
leading to the estimategpectra of the light absorption coefficient in seawater. The first
example is a less complicated algorithrA, which contains only four steps. The first two
steps, Al and A2, estimaltg at the redight wavelength, then at other wavelengtésactly
accading to formulas (1) (3)). Step A3 is also empirical: here we propose to estimate the
ratio of the backscattering coefficient to the sum of absorption and backscattering coefficients
(i.,e.u(l ) =bo(l )/(a(l ) + bo(l ))) directly fromR:s spectra. We discuss three variants of this
step. In the first two we assume that the relationship bet®eandu should be universal,
regardless of the light wavelength (see the empirical equations plo&eguine 4). The third
variant is different: here, fixed average values of the ratio of the target quantities are assigned
to individual spectral bands (see Figul®.4in practice, the latter variant proved to yield the
most accurate results. Algorithmodntains a final analytical step A4, in which the light
absorption coefficienta(l ) andan(l ) can be calculated from valuesha{l ) andu(l )
estimated earlier. Tabledlso presents the slightly more complex fstep algorithm B, in
which the order of calculations seebetterjustified fromthe point of view of the physics of
the pfenomena described. Step B1 of this algorithm calculates the rseming reflectance
"just below" the surface;s(l ), from values oRs(l ) defined as "just above" the surface
(according to the aforementioned formula by Lee et al. (2002)). Step Bae=stuh ) from
ris(l ). This step is presented in three different variants. The first two use estimated
relationships matched to all our data regardlesseolight wavelength (see Figure)4In the
third one, again the most accurate one, we assignedgavealues of the ratio of the target
guantities for the individual spectral bands. The next step, B3, estimatethe red light
wavelength, but this time as a functionu20) (see Figure d and the equation presented
there; note that all three s&egrom B1 to B3, together represent an alternative way of
estimatingo,(620), compared to the simplified relationship given by equation (1)). The last
two steps, B4 and B5, are the same as steps A2 and A4 of algorithm A. In these last two steps
the spectul values oby, are estimated, after whicfl ) andan(l ) are calculated analytically.

The precision achievable with the simple algorithmsAcharacterized by statistical
parameters given in Table 2a. Since algorithm A uses directly equations fran(%),)tte
accuracy oby, retrieval is exacthas we mentioned earlier: the practically negligible
systematic error and the moderate statistical errors, characterized by the standard error factor,
from 1.23 to 1.28 depending dmelight wavelength. Withegard taotal absorption
coefficientsa(l ) the systematic errors of its estimatianmealso quitdow (lower than +5% at



most of theexaminedight wavelengths), and the values of the standard error faat®rs
moderatgbetween 1.09 and 1.28)he situation is somewhat different in the casthef

absorption coefficient of all newater constituentan(l ). Apparently in line with general
expectations, the accuracy of estimatgstmation is poorem the spectral regions where
absorption by pure water dominates the total absorfges Figue 3b) But when the

contribution from pure water is relativegmall, the systematic errors afarelow and the

standard error factors are still reasonable (between 1.25 and 1.34) for light wavelengths equal
to or shorter than 555 nrithe precision oftte slightly more complex algorithm B is

generally similar. The accuracy of estimatebdiif ) is only slightly worse than with

algorithm A, and is similar or slightly better whath ) andan(l ) are retrieved (see Table)2b

For an additional assessment of our algorithms, we made an initial comparison with one of the
algorithms commonly used blge¢ ocearcolour community. We performed a similar accuracy
assessment when estimating the inherent optical properties of seawater using one of the latest
versions of the Quaginalytical Algorithm (QAA) (see e.g. Lee et al. (2002), IOCCG (2006);

for the dacription of QAA_V6, seéhttp://ioccg.org/resources/softwajelt turns out that the
retrieval accuracy df, andan with the latter algorithm may be much worse at some
wavelengths when compared targimple alternatives (see Table.2c

SUMMARY

The sinple method of calculating the backscatterwogfficient presented in this short
paper is strictly empirical. We believe that, at least for the Baltic Sea or similar conditions, it
may be a practical alternative to other, often more complex methodsiefirgrinherent
optical properties. Obviously, this method should only be used in situations wiabierel
information on the remotsensingreflectance in the red light range of wavelengths is
available. The two examples of algorithms that use our erapimiethod as one of their
stages can be treated as alternatives to other existingagsaigtical inversion approaches
used in the analysis of oceaalour data. The two examples shown can generally be assigned
to the "spectral deconvolution” class (focwarent overview of approaches for retrieving
marine inherent optical properties, see e.g. Werdell et al. (2018)). This particular class of
semtanalytical algorithms enables one to determine the total absorption coefficients first,
withouta priori assumfpions about spectral shapes of absorption by certain seawater
constituents. For that reason, spectral deconvolution methods can be used to explore multiple
approaches for further decomposing light absorption spectra. We believe that in the case of
the Balic Sea, where significant seasonal changes in phytoplankton absorption properties take
place (see e.g. the extended abstract by Meler et al. (2018) in the same volume), different
spectral deconvolution methods should be further developed.



REFERENCES

Dang D.R, and R.A. Maffione, 2002. Determining the Backward Scattering Coefficient with-Bixgle
Backscattering SensorsRevisited. Presentation from Ocean Optics XVI conference, Santa Fe, New
Mexico, November 122, 2002.

Gordon, H.R.and K. Ding 1992.Selfshading of inwater instruments. Limnology and Oceanography 37(3),
491-500, doi:10.4319/10.1992.37.3.0491.

Gordon, H.R.0.B. Brown,R.H. Evans, J.WBrown, R.C. Smith K.S. Bakerand D.K. Clark1988. A
semianalytic radiance model of ocean coloGdophys. Res. 93, 109090924.

HOBI Labs (Hydreoptics, Biology & Instrumentation Laboratories, Inc.), 2008. Hydro8cstectral
backscattering sensor, User6s manual, Rev. 4, June

IOCCG, 2006 Remote Sensing of Inherent Optical PromartiFundamentals, Tests of Algorithms, and
Applications, in Reports of the International Oc&2olour Coordinating Group, No. 5, edited byRZ.Lee,

p. 126, IOCCG, Dartmouth, Canada.

Lee, Z.P.K.L. Carder C.D. Mobley R.G. Steward, and J.S. Patd999.Hyperspectral remote sensing for
shallow waters: 2. Deriving bottom depths and water properties by optimization. Appl. Opt. 3B 8&R1

Lee, Z.P.K.L. Carderand R.A. Arnong2002. Deriving inherent optical properties from water color: a
multiband gastanalytical algorithm for optically deep waters. Appl. Opt. 41, 5B552.

Maffione, R.A., and D.R. Dana, 1997. Instruments and methods for measuring the bastatsrdng
coefficient of ocean waters. Appl. Opt., 36(24), 6@BRH7.

Meler, J..S. B. WJd T niEgidt &En d B . ,Ad8Paranaeterization of phytoplankton spectral
absorption coefficients in the Baltic Sea: general, monthly anecomgponent variants of approximation
formulas(Ocean Optics XXIV, electronic version of extendabstract).

Morel, A., 1974 Optical properties of pure water and pure sea water. In: Jerlov, N.G., Nielsen, E.S. (Eds.),
Optical Aspects of Oceanography, Academic Press, New Yorkjgg. 1

Pegau, W.S., D. Gray, and J.R.V. Zaneveld, 1997. Absorptidatenuation of visible and negfrared light
in water: Dependence on temperature and salinity. Appl. Opt., 36} 603%.

PopeR. M.,and E.S. Fry1997, Absorption spectrum (38@0 nm) of pure water. Il. Integrating cavity
measurements, Appl. Op86, 87168723.

Smith, R.C., and K.S. Baker, 1981. Optical properties of the clearest natural wat&é&0@a), Appl. Optics,
20 (2), 177184, http://dx.doi.org/10.1364/A0.20.000177.

Sogandared-. M.,and E.S. Fry1997, Absorption spectrum (34310 nn) of pure water. |. Photothermal
measurements, Appl. Opt., 36, 868209.

Werdell, P.J.L.I.W. McKinna, E. BossS.G. AcklesonS.E. CraigW.W. GreggZ. Lee, S. Maritorena;.S.
Roesler, C.S. Rousseaux, D. Stramski, J.M. Sulliva®. TwardowskiM. Tzortzioy, and X. Zhang2018.

An overview of approaches and challenges for retrieving marine inherent optical properties from ocean color
remote sensing, Progress in Oceanography,1662186https://doi.org/10.1016/j.pocean.2018.01.001.

Zaneveld, J. R. VJ. C. Kitchen, and C. Moore, 1994. The scattering error correction of refléchiag
absorption meters. Proc. SPIE Int. Soc. Opt. Eng., 2258544

Zibordi, G., and G. M. Ferrari, 1995. Instrument s#lfiding in underwater optical measurements: experimental
data. Appl. Opt. 34 (2), 27802754, http://dx.doi.org/10.1364/A0.34.002750.

Acknowledgements

Financial support for this research was provide&tatutory Research Programme at the Institute of

Oceanology, Polish Academy of Sciences (themes No. 1.1 and I1.5). Partialtswag also provided by the
"SatBagtyk" project funded by the European Union thro
No. POIG.01.01.022-011/09, project entitled "The Satellite Monitoring of the Baltic Sea Environment"), and

by the projet awarded to S.B.W. by National Science Centre, Poland, entitled "Advanced research into the
relationships between optical, biogeochemical and physical properties of suspended particulate matter in the

southern Baltic Sea" (contract No. 2016/21/B/ST108133The athors would like to thank their colleagues

from IOPAN forhelp during cruises at sea.



Q

ol ol
© ©o

latitude N
a

o
o

o
o

o
&

15

17 18

longitude E

0.14

0.014

b, [

0.0014

—— seawater samples
—— pure water

3.0

25

2.0

15

by(l )/<b,>

1.0

0.5

/ [nm]

a[m?

0.1

pure water

0.01
400

550 600 650 700

/ [nm]

450 500

—— seawater samples

0.0
400

450 500 550

/ [nm]

600 650 700

a(l )/<a>

0 T T T T T T
400 450 500 550 600 650 700

/ [nm]

102

10°

R(1) [sr]

104

R )I<R.>

400 450 500 550 600 650 700

/ [nm]

/ [nm]

Figure 1. @) Location of sampling stationb) spectraand normalized spectra thfe light
backscattering coefficieft,(l ), light absorption coefficierd(l ) and remotesensing reflectand&s(l )

analysed in this work.



byl )by, (620)

0.1
—
E
o o001
I
S
o]
o)
0.001 .
0.001 0.01
-1
R (620) [sr]
b c
25 T T T LA L AL A B AL AL R B 2.5
) individual samples
N = = examples of "hybrid" shapes 2.0
207 . Na O average shape for all data ]
SN +--+- examples of power function 1.5
; ! X - spectra with slope parameter o
151 T""T\r.,i S{S << 9=051,1.08and 1.8 o 10
10l . ! h.&%“ 1 »n 05
#’E £ 0.0
0.5 1 .
] -0.5 .
00 +—+—T——7+——"r 77— 7T 7T -1.0 T T T T T
400 450 500 550 600 650 700 05 06 07 08 09 10 11
/ [nm] r(510)f (555)

Figure 2. a)The relationship betwedrackscattering coefficie,(620) and remotesensing
reflectanceRs(620) and itgpolynomial approximation (see eq. (D) backscattering coefficient
spectra normalized at 620 rand examples of different approximatgakctrakhapes (see eq. J2¢)
the relatonship betweeslope parametarandreflectance ratio afs(510)fs(555)and its liner

approximation (see eq. (3)).



©
[
B
©
[
.
o©
[

0.01

o
o
=
o

0.01 K ek

retrivedb,(440) [m"]
retrivedb,(555) [m']
retrivedb, (620) [m']

0.01 0.1 0.01 0.1 0.01 0.1

measuredb, (440) [m'] measured, (555) [mi'] measuredy, (620) [mi']

10 T 1 T 1

R Y S 3@ —
reference value. ..
for pure water , /e

s
0.1 . oa.‘o.' ..l *
.

0.1 & o

%
reference value
for pure water

retriveda, (440) [m']

retriveda, (555) [mi']
s

retriveda, (620) [m']

0.1 " 0.01 " 0.01 "
0.1 1 10 0.01 0.1 1 0.01 0.1 1

measurea (440) [m'] measurea (555) [m'] measured (620) [m']

Figure 3. Comparison of retrieved and measured values of optical coefficients for three light

wavelengths: a) for the backscattering coefficidm{k); b) for theabsorption coefficient by newater
constituents of seawatag(l ).



Table 1. Two exanples ofsimplealgorithms for retrievingnherent optical properties of seawater
from remotesensingeflectance spectrin dgorithm A the backscattering coefficief,(620) is
retrieved directly from reflectand®s(620), while in dgorithm Bit is retrieved indirectly through the
ratiou(620). Both algorithms in their final steps allow to estimateathsorption coefficient spectra
(a(l ) anday(l )) based on retrieved spectrabpfl ) andu(l ).

ALGORITHM A (4 steps)

STEPAZ1: estimatindy, at the red light wavelengtis a function oRs
bb(620) = 1({P-4369(0g(Rry620)))'2 +3.7597(log(Rrs(620))) + 5.0813)

STEPA2: estimatingdy, spectal values
bo(l') = (by(620)- brw(620)) C1(1 ) (6201 )9+ bpull )

where values o€ are as follows
I 412 | 440 | 488 | 510 | 532 | 555 | 589 | 620 | 650 | 676 | 715
Cy(l) | 1.01|1.02|1.02|106|1.09|1.11|106| 1 | 093|086 0.74

g=1.6379 (s(510)ks(555))- 0.3104
wherers(l ) = Ris(l )/(0.52 + 1.7R(1 )) (simplified formula acc. to Lee et al. (2002))

STEPAS: variants forestimatingu(l ) as a function oR(l ) (seealsoFigure 6a and b)

1stvariant:u(l ) = (Rs(l )/0.034)1/0-8275)

2" variant:u(l ) = (-go - [(9o)? + 4a R«(l )]°%)/2a1, where g= 0.0686, g=-0.1384
3dvariant:u(l ) = Rs(l )/C(I)

wherevalues ofC; are as follows

| 412 440 488 510 532 555 589 620 650 676 715
CZ(I) 0.0607 | 0.0647 | 0.0701| 0.0715| 0.0702 | 0.0616| 0.0681 | 0.0634 | 0.0563 | 0.0848 | 0.0970

STEPAA4: analytically calculating(l ) andan(l )

a(l) = by(l )[(2/u(l ))-1]
an(l)=a(l)-aul)

ALGORITHM B (5 stes)

STEPBL1.: estimatings(l ) from Rs(l )
rs(l ) = Rs(l )/(0.52 + 1.7R(l )) (simplified formula acc. to Lee et al. (2002))

STEPBZ2: variantsfor estimatingu(l ) as a function ofs(I ) (seealsoFigure 6¢

1tvariant:u(l ) = (rs(l )/0.0641§0-8238)

2" variant:u(l ) = (-go - [(go)? + 44 sl )]°9/2¢h, where g= 0.1316, g=-0.2832
3 variant:u(l ) = rws(l )/Cs(l)

wherevalues ofCs are as dllows:

| 412 | 440 | 488 | 510 | 532 | 555 | 589 | 620 | 650 | 676 | 715
Cs(l ) | 0.116| 0.124| 0.134 | 0.136 | 0.134 | 0.117| 0.130| 0.121 | 0.108 | 0.163 | 0.186
STEPB3: estimatindo, at the red light wavelength as a functiorugéeealsoFigure 64
bb(620) = 1(ip-5606(l0g(u(620)))"2+ 3.0844(log(u(620))) + 1.463
STEPBA4: estimatindy, spectral values

(same as STEP A1 ALG. A
STEPBS: analytically calculating(l ) andan(l )

(same as STEP Af ALG. A
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Figure 4. lllustration ofthevarious statistical reteonships used isimple algorithmgresented here:
a) relationship betweeR:s (above surface reflectancandu (all data regadless of light wavelength
combined togethg(approximation equations are given in the par®ljelationship betweetheratio
of Rs/u andthelight wavelengtH ; ¢) relationship betweens (below surface reflectancapdu (all
data regardless of Iy wavelength combined togethéapproximation equations and literature
formulas acc. to Gordon et al, 1988, Lee et al. 1999 and 2002 are given in thed)aektlonship
betweerb,(620) andu(620) (approximation equation is given in the panel)
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