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Abstract. The particulate scattering,,, and backscatter- 1 Introduction
ing, by, coefficients are determined by the concentration and

physical properties of suspended particles in the ocean. Theifhe phenomenon of light scattering within a water body is

provide a simple description of the influence of these parti-due to water molecules (plus ions) and different types of par-

cles on the scattering of light within the water column. For yjeq in suspension. Forward scattering corresponds to the
the remote observation of ocean colby, along with the L

| ab . ici h q raction of scattering occurring in the forward hemisphere
tota_g sorpt.|on coe .|C|ent govern the amount and spectrayq a4 on the direction of propagation of the incident radi-
qualities of light leaving the sea surface. However, for the

) 2 ation. Backscattering occurs in the symmetrical hemisphere
construction and validation of ocean color models measure-

; ) . centred on the reverse direction. The total scattering coef-
ments ofb,,, are still lacking, especially at low chlorophyll ficient at wavelength. (units are nm), represented byi)

a concentrations ([Chl]). Here, we examine the relationships(mfl)’ is the sum of the coefficients for forwarti; (1), and
between spectrdl,, andb, vs. [Chl] along an 8000 km tran- backwardpy, (1), scattering. ;

sect crossing the Case 1 waters of the eastern South Pacific ) ) )
Gyre. In these waters, over the entire range of [Chl] encoun- | N€ré are many reasons for studying the light scattering
tered (~0.02—2mg m?) bothby, andb, can be related to properties of natural waters. To the extent that the con-
[Chi] by power functions (i.eb, orb;,,,:a[Chl]ﬁ). Regres- tribution from water molecules is known, scattering prop-
sion analyses are carried out to provide the parametarsd erties contain both qualitative and quantitative information
p for several wavelengths throughout the visible for bigth about the particles present in the water body. Regarding
andb,. When applied to the data, these functions retrievetn€ backscattering coefficient of marine particles.(1), the

the same fraction of variability if,, andb,, (coefficients of ~ WO Main motivations for studying its magnitude and spec-
determination between 0.82 and 0.88). Thg coefficient tral properties are that: (i) they depend upon, and thus may
fall within the bounds of previous measurements at interme-Provide useful information about, the size distribution func-
diate and high [Chl] recently published. Its dependence orfion and bulk refractive index of t.he particle population (UI—_
[ChI] below~0.1 mg T3 is described for the first time with loa et al., 1994; Mprel and Maritorena, 2001; Twardowski
in situ data. The backscattering ratio (ig,/b,) with values ~ ©t al., 2001), and (i) the sum &},,() and the backscatter-
near 0.01 for all stations appears to be spectrally neutral ani'd Coefficient of pure wateby., (1), governs the reflectance
not significantly dependent on [Chi]. These results should®f the upper layer (Gordon et al., 1975; Morel and Prieur,
foster the development of improved forward models of the 1977)- The spectral reflectancg(x) (dimensionless), de-
mean optical properties for oceanic Case 1 waters as well ained s the ratio of the spectral upward to the downward ir-
inverse models based upon them. radiance just beneath the surface, is essentially related to the
ratiob, (A)/a(x), wherea(1) (m~1) is the spectral absorption
coefficient, and, (A)=bp, (1) +bpy (1) is the total backscat-

Correspondence toY. Huot tering coefficient of the water body. The changes in the spec-
BY (huot@obs-vifr.fr) tral shape ofR (1) form the basis of ocean color radiometry
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and its applications. In particular, these changes are used tihe vertical (e.g. changes in the proportions of living vs. non-
estimate from space the chlorophyll concentration, [Chl] (mgliving particles, size distribution of particles and their chem-
m~3), within the upper layer of oceanic waters (e.g. Clark ical composition via the refractive index, pigment changes
and Ewing, 1974; O'Reilly et al., 1998). resulting from photoacclimation of algae, and so on).

When building forward models oR (1) as a function of The second aim of our study is to examine the spectral
[ChI] (Gordon and Morel, 1983; Gordon et al., 1988; Morel, shape ob,,(1) and to compare it with the spectral behavior
1988), empirical relationships derived from field observa- of ,(1). In modeling approaches, it is generally postulated
tions were available to describe the mean trend(n) as  that both coefficients follow the same spectral trend, which
a function of [Chl]. By contrast, analogous relationships means that their ratio,
have not been established for the quantify(x) and its ~
variation over the full [Chl] range encountered in the open bop (0 = bup ) [bp ) @)

ocean {-0.02-30mg m?). This is particularly true of Iow  yeferred to as the particle backscattering ratio or backscatter-
[Chi] waters as only a very limited amount 6f, (%) data  ing probability, 5, (1) (unitless), is spectrally neutral. Actu-
have been published below 0.1mgn Therefore, model- ajiy, this assumption is not supported by theory (Morel and
ing studies are necessarily based on assumptions regardingricaud, 1981), at least for heavily pigmented particles such
this term (e.g., IOCCG, 2006). Only recently have coinci- 535 phytoplankton cells, nor by experiments made with pure
dent field data become available for relating [ChIbig(A)  zigae grown in culture (Ahn et al., 1992). This assumption
(Balch et al., 2001; Reynolds et al_., 2001; Twardowski et al.,cquId possibly be an acceptable approximation when deal-
2001; Stramska et al., 2003; Sullivan et al., 2005; Stramskang with natural particle assemblages because they include a
etal., 2006; Whitmire et al., 2007). A large amount of scat- considerable amount of rather colorless debris and tiny het-
ter is present in most of these datasets, which may reflect trugrotrophic organisms (mostly bacteria), viruses, and other
natural variability in oceanic waters. However, in some morén merous small-sized particles which largely contribute to
coastal datasets, terrigeneous particles or sediments probgl;p()\) (Morel and Ahn, 1991;Stramski and Kiefer, 1991). A
bly play a sizeable role in the light backscattering process getajled understanding of the contribution of various parti-
which produces larger potential variability in these data (e.9.,c|e types taby, (%) remains limited (Stramski et al., 2004).

Fig. 9in Twar_dows!« etal., 2001). The varlablllt){ in thg, Both the magnitude and spectral behavioégf(x) will be
VS. [C,hl,] relathnsh|p may "?‘ISO result from experimental UN- examined here on the basis of measurements made in the Pa-
certainties, which are inevitably attached to the rather dlf'fl-ciﬁc Ocean. Comparisons with other data sources will also
cult measurement of backscattering. be presented.

Along the BIOSOPE (Blogeochemistry and Optics South
Pacific Experiment) 8000 km-long transect in the eastern
South Pacific Ocean (Claustre et al., zhp%b,,(x) mea- 2 Instrumentation and methods
surements were performed with great care and under favor-
able conditions (Twardowski et al., 2007; Stramski et al., The particle beam attenuation coefficiery(1) (m~1), and
2008). Moreover, these data were obtained unquestionabl{he sum of absorption coefficients of particulate and dis-
in a Case 1 water environment, distant from terrigenous in-Solved componentsy,,,(») (m™1), were measured at nine
fluences, which encompassed a wide [Chl] range from 0.02vavelengths with an ac-9 instrument (WET Labs ). From
to 2mg n13. Note that roughly 99% of the world’s ocean these measurements, tibg (i) coefficient is straightfor-
has a near-surface [Chl] value within this range (Antoine etwardly derived fromb,(3)=c,(1)—anw(1). The backscat-
al., 2005). Therefore, if a relationship between the magni-tering measurements were made at three wavelengths (462,
tudes ofby, and [ChI] actually exists, these contemporane- 532, and 650 nm) by deploying an ECO-BB3 (WET Labs;
ous measurements in such an environment should reveal ifiereafter referred to as the BB3) profiling instrument. The
This is the first aim of the present paper. operation and calibration of these instruments, as well as the

Our emphasis will be on th, (1) and [Chl] data from ~ Methods for processing the raw data to debiyg(1), are de-
the upper layer of the water column, which contributes to theScribed in detail by Twardowski et al. (2007). Dark offset
optical signal leaving the ocean detected by ocean color regalibration parameters for the BB3 were measured directly
mote sensors. Theg,, (1) data from deeper layers are beyond N Situ during BIOSOPE for optimal accuracy. _
the scope of the present paper. In general, such analyses of 1he backscattering coefficient was also determined at

backscattering could potentially provide information about €ight other wavelengths using a Hydroscat-6 (HOBI Labs,
the nature of scattering material and its modification alongWavebands 442, 470, 550, 589, 620 and 671 nm) and two a-

Beta instruments (HOBI Labs, wavebands 420 and 510 nm).
IClaustre, H., Sciandra, A., and Vaulot, D.: Introduction to the NOte that the Hydroscat band at 620 nm did not function dur-
special section Bio-optical and biogeochemical conditions in theind the BIOSOPE cruise and that we have removed the band
South East Pacific in late 2004: the BIOSOPE program, Biogeo-at 671 nm from the analysis to avoid the potential influence
sciences Discuss., 5, 605-640, 2008 of chlorophyll fluorescence. Because the configuration for
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backscattering measurements is identical for the HydroscattN=614). Data collected in North Atlantic waters (subset 1)
6 and ageta instruments, for brevity this dataset is here-showed enhancel,(660) values, likely due to the presence
after referred to as the Hydroscat dataset. As in Stramskof coccolithophores or detached liths. For this reason, as dis-
et al. (2008), the Hydroscat data reported here are derivedussed in Loisel and Morel (1998), two separate regression
from fitting a spectral power law model to the measured totalanalyses were performed leading to Eq. 2a and b.
backscattering spectra. The processing of these data is de- The spectral dependency bf (1) can be explored theo-
scribed in detail in Stramski et al. (2008), to which the readerretically (i.e. via Mie theory or van de Hulst's anomalous
is referred. An evaluation of the effect of using different pub- diffraction approximation) for spherical particles that are as-
lished values for pure water scattering is made in Twardowskisumed to be weakly or non-absorbing, and when their size
et al. (2007; see also Stramski et al., 2008). It was founddistribution (in principle with sizes extending from 0 4¢o0)
that this effect upon the derived,, (1) values can be very obeys a Junge power function law with an expongntn
significant, especially in oligotrophic and hyper-oligotrophic this case,b, () strictly varies as,”, where the exponent
waters. v=3-j (Morel, 1973). Bader (1970) showed that the Junge
The b,(1) and b,,(A) data selected from the quasi- law applies generally for marine particles and that a central
continuous vertical profiles are those within the upper layervalue forj is approximately 4. Given this average value for
which coincide with the sampling depths for pigment deter- j, which has been repeatedly observed, the expaneould
minations (made by high performance liquid chromatogra-be around -1 and thus the ! spectral model for scattering is
phy, Ras et al., 2007). The total chlorophyleoncentration,  often adopted. Departures frojr4 are observed and were
simply denoted [Chl], is defined as the sum of monovinyl indeed found during the BIOSOPE crudse
chlorophyll« (including epimeric and allomeric forms), di- As mentioned, the true limitation of the maximal size of
vinyl chlorophylla, and chlorophyllide:. The upper layer natural particles (Boss et al., 2001), and more importantly,
is operationally defined as the layer between the surface anthe lack of knowledge of the particle size distribution in the
2~2/K 4(490), whereK ;(490) (nT1) is the attenuation co- sub-micron range (as well as their non-zero absorption), dis-
efficient for downward irradiance at 490 nm. This atten- turbs the rigor of the above relationship betweenttand j
uation coefficient was determined from spectroradiometricexponents. In Morel and Maritorena (2001, their Eq. 14), the
measurements of downward irradiance (Morel et al., 2007)1~! dependency was kept at the lower limit of the [Chl] range
The depthz of this layer varied along the whole transect (0.02mg n3), and was then progressively reduced toward
between approximately 20 m (Chilean upwelling zone) anda® with increasing [Chl] to account for the fact that the bulk
85 m (in the central part of the hyper-oligotrophic gyre). particulate matter becomes generally more absorbing (and
less scattering) in the blue-green spectral region with increas-
ing [Chl] over its oceanic range. Based on these assumptions,

3 Theoretical aspects, existing parameterizations and g4 >3 and b can be extended to other wavelengths according

observations

to
In contrast tdy,, (1), theb, (1) coefficient has been well doc- v
umented for several decades. A statistical analysis of field’» (*) = p (660 [6_60} ®)
data provided a non-linear dependency betwggb50) and
[Chl] (Gordon and Morel, 1983, their Fig. 5a) where the exponentis allowed to vary (from —1 to 0) as
a function of [Chl]
b, (550 = 0.3[Chl]%62 2)
v ([Ch]) =0.5 (logy [ChI] —0.3) when Q02<[Chl]<2mgnT3
This initial expression was then revisited by Loisel and and 4)
Morel (1998) who proposed that particle scattering (at v=0 when[Chl]>2mg nT3,

660 nm) for the upper homogeneous layer of the ocean can
be empirically related to [Chl] alternatively through one of
two relationships. The first general relationship

In the absence of backscattering measurements, apart from
a few studies such as those of Petzold (1972), theoreti-
cal computations were necessary (Morel and Bricaud, 1981,
b, (660) = 0.347Chl)®-766 (2a) 1986). They were made again with Mie theory assuming

Junge-type size distributions and reasonable values for the
was obtained when all pairs of available data (number of ob+elative refractive index of suspended material (Ulloa et al.,
servations, N=850) were considered (data subsets 1, 2 and B94; Morel and Maritorena, 2001; Twardowski et al., 2001).
in reference above). The second relationship Such computations provided the backscattering ragigx)

b,(660) = 0.252[Ch|]0'635 (2b) 2 gciandra, A. Stramski, D., Babin, M. Twardowski, M. S.,

Grob, C. Diel and spatial variability of the particle size distribu-
was obtained when considering only subsets 2 and 3 fromions, notably of submicron particles, in the South Pacific Ocean, in
the tropical Atlantic and Pacific and the Mediterranean Segpreparation, 2007.

www.biogeosciences.net/5/495/2008/ Biogeosciences, 550952008



498

BB3

- - -B&al05 ‘
FI'/-\
E | e a--
= 0.0010}
(9]
[{e]
NS
2 .
Q [ ]
. RMSE = 0.119
0.0001 : = 0.845
7001 0.10 1.00
[ChI] (mg m ™)
- --M-2a .
— —M-2b
IE —— Best fit
=~ 0.0010}
N
o™
Lo
NG
Q & e
e RMSE = 0.139
0.0001 R A r* = 0.826
001 0.10 1.00
[ChI] (mg m™®)
TT‘\
£ 0.0010
=)
Te)
(o]
VQ
&2 RMSE =0.17
(X r?=0.79
0.0001} %
0.01 0.10 1.00

Fig. 1. Particulate backscattering coefficients measured at different wavelengths with two instruments as a function of chiocophylI-
centration: left column with BB3 (Twardowski et al., 2007) and right column with Hydroscat instruments (Stramski et al., 2008). Twar-
dowski (2007) presents a comparison of these two sensors at 470 nm. In each panel (see the common legend for all panels in panel C) th
line of best fit is represented in red; the dashed black curve results from the algorithm of Morel and Maritorena (2001), and the continuous
black curve is a modification of the former when Eq. 2b replaces Eq. 2a (seg#xEor A=462 nm, the magenta dashed line is the bilinear
relationship obtained by Behrenfeld et al. (2005) to represenighes. [Chl] relationship(B) For =470 nm, the blue line represents the

best fit to the BB3 data from panel A (at 462 nr(}) For A.=532 nm,(D) For A=550 nm.(E) For =650 nm.(F) For .=420 nm, the magenta

line is the same as in panel A. Equations for the best fit lines are provided in Table 1 along with the other wavebands measured with the
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Hydroscat. All the RMSE ang? values provided herein were obtained for{ggransformed data.

(Eq. 1). Under the adopted assumptions, the computed valpure phytoplankton cultures with their log-normal size dis-
ues ofBbp (1) were rather low, around or below 0.01 for tributions provided even lower values{0~3-10~%), which

the biogenous material (with low refractive index) typically were confirmed by experiments (Ahn et al., 1992). In addi-
present in Case 1 waters. Similar computations to simulatdion, theb,, (1) spectra for algae exhibit features within the
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www.biogeosciences.net/5/495/2008/




Y. Huot et al.: Backscattering in the open ocean 499

Table 1. Regression coefficients and statistics of the fits for the particulate backscattering (hnumber of obse¥z=8idfier the Hydroscat
and N=92 for the BB3) and particulate scattering coefficieds{7) as a function of the chlorophyll concentration.

by, = a1[Chl]FL bp = ap[ChI]#?

X a1(C1*) B1(CI®)  r>*  RMSE* (MAPE®) a(CI*) B (CI*) r>* RMSE*(MAPE®)
412 - - - - 0.38(0.06) 0.63(0.06) 0.87 0.11(22)
42013 0.0029(0.0003) 0.47(0.05) 0.82 0.11(23) 0.36(0.05) 0.61(0.05) 0.87 0.11(21)
440 - - - -~ 0.33(0.04) 0.57(0.05) 0.88 0.10 (19)
4423 0.0029(0.0003) 0.47(0.04) 0.85 0.10 (21) 0.33(0.04) 0.57(0.05) 0.88 0.10 (19)
4623  0.0027(0.0003) 0.56(0.05) 0.85 0.12(23) 0.33(0.04) 0.58(0.05) 0.88 0.10 (19)
4703 0.0028(0.0002) 0.49(0.04) 0.87 0.10 (19) 0.33(0.04) 0.59(0.05) 0.88 0.10 (19)
488 - - - - 0.33(0.04) 0.60(0.05) 0.88 0.11(20)
51043  0.0026(0.0002) 0.50(0.04) 0.89 0.09 (19) 0.33(0.04) 0.60(0.05) 0.88 0.11(20)
53223  0.0019(0.0003) 0.61(0.06) 0.83 0.14(29) 0.32(0.04) 0.61(0.05) 0.88 0.11(20)
55053 0.0024(0.0002) 0.52(0.04) 0.89 0.10(18) 0.32(0.04) 0.62(0.05) 0.88 0.11(21)
555 - - - - 0.32(0.04) 0.62(0.05) 0.88 0.11(21)
58953  0.0022(0.0002) 0.54(0.04) 0.89 0.10(19) 0.29(0.04) 0.61(0.05) 0.88 0.11(21)
650>  0.0017(0.0003) 0.66(0.07) 0.79 0.17 (31) 0.26(0.04) 0.58(0.05) 0.87 0.11(21)
676 - - - - 0.24(0.03) 0.59(0.05) 0.87 0.11(21)
715 - - - - 0.27(0.04) 0.60(0.05) 0.88 0.11(20)

1 Hydroscat backscattering data.

2 BB3 backscattering data.

3 Scattering data interpolated to the BB3 and Hydroscat wavebands.

* 959% confidence interval on the parameters.

* On the decimal log transformed data (unitless).

® Mean absolute percent error%?,gz |(9,- — y,-)/y,-| whereN is the number of samples; is the estimated value andg is the measured
1

value of the ith sample.

pigment absorption bands. Such a spectral dependency, howes utilized here are those computed as a function of [Chl]
ever, is not expected for most natural particle assemblagedy using Eq. 2a, or Eq. 2b thus providing two expressions
In the open ocean, except in bloom conditions, phytoplank-for b,, (1) referred to respectively as M-2a, and M-2b. Equa-
ton cells are postulated to contribute only a small amount tations 3 and 4 are then applied to obtain thgi) values at
byp (1) while other smaller particles have a dominant influ- appropriate wavelengths.
ence. In particular, these other particles include small-sized Recent field measurements have provided the first empir-
non-living particles with perhaps sizable contributions of het-ical expressions of the backscattering ratio as a function of
erotrophic microbes (Morel and Ahn, 1991; Stramski and[Chl]. For all their data from Case 1 waters, Twardowski et
Kiefer, 1991) and of coccoliths if present in sufficient con- al. (2001) arrived at
centrations (Balch et al., 2001). The quasi-neutral character
of by, () within the visible spectrum has been recently ob- b;,(532) = 0.009gChl]~%2%3 (6)
served in field experiments (Whitmire et al., 2007).

In Morel and Maritorena (2001, see their Eq. 131}31, whereas Whitmire et al. (2007), considering only the data
is spectrally flat. Under this assumption the spectral dependetermined within the upper layer, obtained the following re-
dency ofby, (1) follows that ofb, (1) as expressed by Egs. 3 lationship

and 4. Theb,, is also posited to depend on [Chl] according .
to ” P P (en J bi,y (555=0.0074Chl] =042 @)

Ehp = 0.002+ 0.01(0.50 — 0.25log, o[ Chl]) (5) Although these relationships are statistically significant,
there is a large amount of scatter around the fits and both
A model representing the spectral backscattering coeffistudies covered only restricted [Chl] ranges. From these two
cient is thus obtained as follows. Upon rearranging Eq. 1,datasets and according to Egs. 6 andéyp thus appears
bip (1) is expressed aly,, (L)=by,bp (1) andby, (1) is 0b-  to have a weak or no dependency on [Chl]. The study of
tained from Eq. 5 so tha}h,, decreases from 0.012 to 0.007 Stramska et al. (2006) in the north polar Atlantic observed
when [Chl] increases from 0.01 to 1 gt Theb,(660) val- a slightly increasingu?bp with decreasing [ChI] and showed

www.biogeosciences.net/5/495/2008/ Biogeosciences, 550952008
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thatBb,, varied roughly by a factor of two to three for a given
[Chl] depending on season for the same oceanic region. They
. BIOSOPE did not, however, provide a functional fit to their data, which
102 o Bering Sea showed significant scatter. The relationship obtained by Sul-
° Benguela livan et al. (2005), shows even more scatter and deals exclu-
This study HSCAT . . .
— sively with coastal waters around the United States, where
3 the influence of mineral particles is likely frequent and im-
g portant. Again in US coastal waters, Snyder et al. (2008)
9% 10° found highly variable backscattering ratios (between 0.005
= to 0.06) but did not relate their results to [Chl].
w0l . 2 4 Results
10 10 10
[chi] (mg m™®) In what follows we will first examine the dependence of the
spectral backscattering coefficient on [Chl]. Then, we will
107 carry out a similar analysis for the spectral scattering coeffi-
——R&al01 Ross cient. Finally, we will focus on the backscattering ratio.
TR AP The particle backscattering coefficients as obtained with
- = = This study BB3 the BB3 and Hydroscat instruments are displayed for sev-
2 T Sy HSCAT eral wavelengths as a function of [Chl] for all stations of
€ 73 —M-2b the BIOSOPE cruise in Fig. 1. Note that Twardowski et
8 10 | == -B&alos al. (2007) also present a comparison of BIOSOPE data be-
& tween these two sensors at 470 nm (see also Stramski et
al., 2008 for an analysis of Hydroscat data). Regardless of
the wavelength, thé,,(1) values increase rather regularly
. with increasing [Chl] for both instruments. Such increases of

10° ‘ ‘
10° 10" 10° 10
[ChI] (mg m™%)

; byp (1) are not unexpected becaugg) is known to show a
steadily increasing trend with increasing [Chl] (e.g. Gordon
and Morel, 1983) and, to the extent g} (1) is expected to

Fig. 2. Extension beyond 2 mg chiT# of the relationship between  Pe sufficiently stable, the variations &, (1) must roughly
particulate backscattering coefficient at 555 nm and the concentrafollow those ofb,, (1).

tion of chlorophylla and comparison with previously published re- A high correlation betweefy, (1) and [Chl] is observed
lationships. &) Superimposed onto the BIOSOPE data from Fig. 1d on log-transformed data in Fig. 1 (se%in each panel and

are two datasets with higher chlorophyll concentration. The firstin Table 1;r2 and RMSE are provided for the decimal log-
was obtained in the Bering Sea with a Hydroscat-6 instrument angrgnsformed data). The straight red line representing the best
the second obtained in the Benguela upwelling system by simulg; i bintted in Fig. 1, and it can be compared to the two mod-
taneous inversion of the diffuse attenuation coefficient and the ir-,, . (M-2a and M-2b) foby, (). While the fit and models do

radiance reflectance (Morel et al., 2006). The red line is the best t coincide. th del id bl te d
fit obtained in Fig. 1d for the range of [Chl] encountered during not coincide, the Models provides a reasonably accurate de-

BIOSOPE, the dashed part is the extension of this fit up to [Chi] of SCTiPtion of the slope and amplitude within their respective
30mg chl nT3. (B) The top five curves (see legend) were obtained Uncertainties. For M-2a, which is apparently the best model
using in situ data from the studies of Reynolds et al. (R&al01, 2001)for this dataset, the largest differences occur at 650 nm where
in (i) the Ross Sea and (i) the Antarctic Polar Front Zone, (APFZ), the model overestimates the data by a factor@f Osten-

(iii) Stramska and Stramski (S&S03, 2003) in the North Polar At- sibly, the regular linear increase in log space extends beyond
lantic and from our studies using (iv) the BB3 at 532 nm (this study the [Chl] domain encountered during the BIOSOPE cruise as
BB3), and ¢) the Hydroscat at 550 nm (this study HSCAT). The demonstrated by Fig. 2a. In this figure, in addition to the re-
following two curves, M-2a and M-2b, were obtained from Eg. 2a sults from the BIOSOSPE cruise, are displayg,;{BSO) val-

and b respectively, and Egs. 3, 4 and 5 (see text for details). Th%es measured in the Bering Sea (with [Chl] near 5 rTT(j’)n

last curve was obtained by Behrenfeld et al. (BgfaIOS’ 2005) from and data obtained by the simultaneous inversion of the dif-
remote sensing data (MODIS AQUA sensor) using the model de fuse attenuation coefficient and irradiance reflectance in the

scribed in Maritorena et al. (2002). We have applied a spectral ; 3
dependence ot 193 to transfer the curve reported at 440 nm to €utrophic waters ([Chl] between 0.2 and 30 mg chi*mof

555 nm consistent with the slope used by the GSM model (Mari-the Benguela upwelling system (Morel et al., 2006).
torena et al., 2002). The measurements made during the BIOSOPE cruise in

low [Chl] waters agree with to those obtained during other
cruise in case 1 waters with moderate to high [Chl]. Indeed,
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apart from measurements in the Ross Sea, a comparison ¢~ <107
the regression lines obtained in this study with previously

described relationships &, (1) vs. [Chl] for Case 1 waters
measuredh situ show a good consistency (Fig. 2b).

Prior to the present analysis, only the study of Behren-
feld et al. (2005) provided a functional relationship for [Chl]
below 0.10mg m3(shown in Fig. 1 panels A and F and 1 ‘ ‘ ‘ ‘
Fig. 2b), but it was derived from remote sensing data not 400 450 5°°Wave|65n5&h (nm)GOO 650 700
from in situ data. That relationship shows a levelling off of
bbpg440) near a value of 0.0012thfor [Chl] below 0.14 mg
m-
ments ofb, (1) combined with hypotheses on the depen- . ¢l
dence ofEb,, (1) on [ChI] (Egs. 2a, 2b, 3, 4, and 5) suggest
a continuous decrease b, (1) with decreasing [Chl] at all
wavelengths. The present measurements agree better witl 045 250 500 50 500 pes 700
these models compared to the proposition of Behrenfeld et Wavelength (nm)
al. (2005) especially at low [Chl].

For describing the dependencefgf,(1) on [Chl] using  Fig. 3. Spectral dependencies of the parameters for the equa-
the direct measurements bf, (1), a model such as the one tion by, () =a1 (A) [ChIIPL®) that describes the relationship be-
provided by the set of equations 2 through 5 can be simplifiedween the particulate backscattering coefficidnts(i) and [Chl].
to a single equation, as there is no need for the parameterizd®) @1(*) vs. & The black line is the best fit represented by
tion of the intermediate terrﬂbp (1). A spectrally resolved a linear model. Note that this departs from the power law of-

empirical model ob,, (1) (between 420 and 650 nm) can be ten adopted; given Fhe uncertainty in the. da.‘ta we adopted the
simplest representation. A power law fit gives a value of —

IN

w
T
I

N
——
I

o (m? mgchl™)

© Hydroscat

. In contrast, the models @f,, (1) based on measure- 0.7F = BB3
= = =Proposed

written as: 1.14 for the “spectral slope” (i.ev in Eq. 3 assuming a spec-
_ ALY trally flat b,,(2)). (B) 1 (1) vs. A. The continuous red and
byp (1) = a1 (M) [ChI] (8) blues lines are best fits of linear models to the data points

o . from the BB3, 8553 (1) =0.608+0.000538% — 55 d Hy-
whereas (1) andgs (1) are the multiplicative coefficient and rom the Hydr(’)s’ilat ) 8 & 0. and Hy

an exponent obtained from fitting a power function to the droscat, f; (1) =0.522+0.000434(2. - 550), instruments
data, respectively (Table 1 and Fig. 3). It is also found th‘,ﬂrespectlvely. The dashed black line is the proposed model (see

. . Eq. 8b), which is intermediate between the data from the two in-
the parametag; (1) decreases linearly with wavelength struments. For both panels, the vertical lines represent the 95%

a1 () = 2.267 % 103 — 5058 x 10-8 (1 — 550) (8a) confidence interval on the parameters.

for both the Hydroscat and BB3 datasets, although theyeertheless, the differences between the Hydroscat and the

Hydroscat dataset ShOWS_ concave residuals while the BBEg3 ithin the present dataset remain small, especially when
dataset shows.convex residuals. The slope paralmtér), compared with the natural variability observed in tg(1)
also depends linearly on wavelength for both instruments, bu;,s_ [ChI] in the ocean (see Fig. 2).

the relationships differ slightly (see caption Fig. 3). Because Figure 4 shows thé (%) data as a function of [Chl] for
there is no clear reason to assume that the data from one ‘?F]e same stations an r

the instruments are better compared to those of the other ingjny coefficient. The best fit to the data and the modelled
strumenE, a mean “relat|on-sh|;-) 0L (1) can be adopted as  .,ryes are derived similarly to those in Fig. 1 (except that
follows (“proposed” curve in Fig. 3) Eq. 5 is not used) and are also displayed in Fig. 4. The dis-
tribution of the data and the fits{ and RMSE in Table 1)

demonstrate that scattering by particulate material is highly

This relationship when applied to the whole dataseg&g)  correlated with [Chl], (an already established fact in case 1
provides an mean absolute percent error (see Table 1 fopaters) and that the previous formulations of these relation-
definition) of 25.2%, an RMSE on the decimal log trans- ships (i.e. Eq. 2a and b) remain generally applicable to the
formed data of 0.134 and a coefficient of determination of€astern South Pacific waters. The empirical relationship of
r2=0.87. The slight deviation from the general trend of the 2»(*) vs. [Chl], analogous to the one developed above for
BB3 data at 532 nm shown in Fig. 3a and the relatively smallPsp (1), is thus expressed as

dlscrepgncy in the measurgd (o) between 'Fhe two m;tru— by () = a2 () [Chjf2) 9)

ments likely originate, at least partly, from differences in cal-

ibration and processing methods between them (described ifihe spectral dependencies of the regression parameters (see
details in Twardowski et al., 2007; Stramski et al., 2008). Table 1 for a2 (1) and B2(1) values) shows a linearly

B1(%) = 0.565+ 0.0004861 — 550) (8b)

www.biogeosciences.net/5/495/2008/ Biogeosciences, 550952008
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Fig. 4. Asin Fig. 1, but for the particle scattering coefficient derived from measurements with the ac-9 instrument. For the two lower panels,

[ChI] (mg m™3)

the data have been interpolated between the wavelengths available on the ac-9 to match the wavelengths of the BB3 instrument.

decreasing trend fax, (1) and a rather constant value for 2= 0.88. Given the spectral shapeaf (1) (Fig. 5a) it is

p2(1) (Fig. 5)

tempting to interpret the faint spectral features in terms of
phytoplankton absorption effects. However, the magnitude

a2 (2) = 0.309— 0.000384(2 — 550 (9a) of the confidence interval for the estimatesoof(d) hardly

and allow such an interpretation. These results are very similar
and certainly not significantly different from those presented

B2 (A) = 0.60. (9b) by Gordon and Morel (1983) at 550 nm (Eq. 2) and Loisel

This relationship when applied to the whole datase6(16)

and Morel (1998) at 660 nm (though closer to Eq. 2b at this
waveband).

provides an mean absolute percent error (see Table 1 for

Additional useful information can be obtained from Figs. 1

definition) of 25.2%, an RMSE on the decimal log trans-
Firstly and

formed data of 0.125 and a coefficient of determination ofand 4, and associated statistical analyses.
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05 ‘ ‘ ‘ ‘ ‘ ‘ Table 2. Parameters describing the relationship between the
o backscattering ratio and chlorophyll=A[Chl]?).
Af 1
S -
oal | Wavelength A (M mg Cchrl) B (unitless)
420 0.0078 -0.14
02 ‘ ‘ ‘ ‘ ‘ A 442 0.0085 -0.10
400 450 500 550 600 650 700 750 : :
Wavelength (nm) 462 0.0081 -0.03
07 : : ‘ ‘ ‘ ‘ 470t 0.0084 -0.10
510" 0.0080 -0.10
0.65¢ | | ‘# l | l ] 532 0.0060 -0.01
< 08| | | | ] 550" 0.0076 -0.10
T T | T T | 589" 0.0075 -0.07
0.55¢ 1 (6507 0.0067 0.08
05 ‘ ‘ ‘ ‘ s s B Average BB3 0.0069 -0.02
400 450 500 550 600 650 700 750 Average Hydroscat 0.0080 ~0.10
Wavelength (nm) : )
Average Hydroscat and BB3  0.0077 0.081

Fig. 5. Spectral dependencies of the parameters in the equation

by (M) = ap (1) [ChI1P2®) that describe the relationship between ! Hydroscat backscattering data.

b, (1) and [Chl]. (A) The black line represents a linear model fitted ~ BB3 backscattering data.

to the data. A power law fit tap give a value of -0.70 for the  * Without 650 nm, which shows a higher RMSE fgy,.

“spectral slope” (i.ev in Eqg. 3). B) The black line represents the

average of all data. See Fig. 3 for other relevant details and Eq. 9a

and 9b for values of the fitted parameters. For the whole BB3 dataset, including 650 nm, the expression
has a mean absolute percent error of 28.4%, and a coefficient
of determination 0f2=0.05, the latter reflecting the absence

somewhat surprinsingly, the fits fof, (1) vs. [Chl] are as  of variability with [Chl]. This expression is close to that of

good as those fab, (1) (see Table 1) and secondly, the best whitmire et al. (2007) (see Eq. 7 above) and means that the

fit regression formulas fob,, (1) andb, (1) vs. [Chl] are  j, tends to be independent from [Chi] (the exponent is not

both of the same form, i.ehy, (1) or by(2). Under the  gignificantly different from 0), at least for the range of con-

condition that phytoplankton are not the particles responsicentrations observed in the investigated region. Using the

ble for most of the particulate backscattering but ContributeHydroscat data and averaging over the SiX WavebandS, we
more efficiently to particulate scattering, these results implyfing

a conspicuously tight link between phytoplankton biomass
and other, mostly biogeneous, tiny particles. [;bp — 0.008qChl]—%10 (11b)
Therefore, the ratios of spectrally matchég,(1) and

bp(3) from power function fits result in the particulate As the exponent is significantly different from zero, this
backscattering ratio would suggest a weak dependence of on [Chl], numerically
similar to that expressed by Eq. (5). For the whole Hydroscat
(10) dataset, the expression has a mean absolute percent error of
16.5%, and a coefficient of determination/8£0.28.
~ The backscattering ratio can also be analyzed on a
For any given wavelength, the average valuépia) when  measurement-by-measurement basis, i.e. by considering the
[Chil=1mg nT3 is provided by the ratiav (A)/e2(h) while  j,, values produced by the pairs of particle backscattering
its variation with [Chl] is expressed through an exponentand particle scattering values obtained directly from mea-
which amounts to the differeng& (1) — B2(%). surements for each wavelength. These data are shown in
The results of these computations are presented in Table Zig. 6a for the BB3 and Fig. 6b for the Hydroscat. Also
They differ slightly depending on whether the BB3 or the are displayed on this figure several proposed relationships
Hydroscat datasets are used. Using the BB3 data,}weal- namely () Eq. 6, and if) Eq. 7, {ii) the relationship pro-
ues at the three wavelengths are similar and the mean value jsosed by Sullivan et al. (2005) for coastal waters) the
0.0069. The mean value of the exponent is —0.02, when wétheoretical” expression corresponding to Eq. &), & simi-
disregard the wavelength 650 nm where the RMSEZigr  lar relationship proposed by Ulloa et al. (1994), ani the
is higher. On average within the spectrufmp can thus be curves from Eq. 11a (for Fig 6a) and Eqg. 11b (for Fig. 6b).

bpp () ez (M) [Ch]Fr®)

bhp ()») = bp (k) = - (A) [ChI]/SZ()‘) .

expressed as The actual BB3 data are generally below the various curves
3 for low chlorophyll concentrations, except for the relation-
by, =0.0069Chl]~%02 (11a)  ship of Whitmire et al. (2007). There is also a considerable

www.biogeosciences.net/5/495/2008/ Biogeosciences, 550952008
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Fig. 7. Box and whiskers plot 057;,1, (») for each wavelength, which
illustrates the relative distribution of data around the median. The
height of the boxes represents the two central quartiles (25% to 50%
and 50% to 75%). The horizontal bars (whiskers) show the extreme
deviations (1.5 times the interquartile range), and the points outside
these values are considered outliers and are individually displayed
as black “+”. Boxes for which the width of the notch areas (waist)
overlap have median values that are not statistically different at the
5% significance level. The boxes with green and blue lines represent
data from the BB3 and Hydroscat instruments, respectively. The
red circles represent the average values of alﬁmk) (i.e. Case

1 and Case 2-Y waters, see figure 15 in Morel et al., 2006) obtained
Ifig. 6. Data points represent the particulate backscattering ratiopy inversion ofK; and reflectance for the BENCAL cruise, the

colored area represent plus and minus one standard deviation from
the BB3 (panel A), Hydroscat (panel B), and ac-9 measurementsthese values.

included are several curves as follows. The empirical curves are

those proposed by Twardowski et al. (2006) (i.e. Eqg. 6); Whitmire

empirical model is that proposed by Ulloa et al. (1994), namely
by,,=0.0078-0.0042 log [Chl]. The curve denoted as “MMO01” is

obtained according to Morel and Maritorena (2001) (see Eq. 5 in
this study). Finally, the curve “This study” represents the spectrally

Eq. 11b for panel B).

amount of scatter in the data points regardless of the wave€9arding the results very speculative.

Both approaches, namely the indirect one based on the use
etal. (2007) (i.e. Eq. 7); and Sullivan et al. (2005) for coastal watersof the best fits tdbyp(A) vs. [Chi] andb, (1) vs. [ChI], and

(i-e. bpp=0.013 [ChI]" 218, The empirical curves are limited to  the direct one based on the use of paired measured data of
the range of [Chl] in the respective datasets. The curve from a semibbp (1) andb, (1), are consistent within the limits of confi-
dence and support the parameterization provided by Eq. 11a
and b. Equations 11a and b do not account for the spectral ef-
fects. We could derive the spectral behavioﬁgj(x) as well
averaged curve obtained in this work (see Eq. 11a for panel A andS itS change with [Chl] using Eq. 10 by replacing its numer-
ator by the results of Eq. 8 and its denominator by those of
Eqg. 9. However, the scatter of the points (seen in Fig. 6)
underlying these relationships would make any conclusions

length. For the Hydroscat, the data points are rather well

represented by the Morel-Maritorena (2001) model. A con-
densed representation of the data points from Fig. 6 in terms

5 Discussion and Conclusion

of a box-and-whiskers plot is provided in Fig. 7. The median 14 first aim of the present study was to examine the po-

value ofl?hz7 for each wavelength is shown with the range
of variation (outliers excluded) as well as the correspondin
quartiles. Pairs oby, (1) andb,(1) were also determined

within the Benguela upwelling system characterized by mod

erate to very high [Chl]. From these pairs, the spectral

by (1) values have been derived. In Fig. 7 are plotted measurements have been made. The important result pre-
the average of alb,, (1) values (1sd, pink area) so ob- sented here is that such empirical relationships exist in Case
1 waters over the full [Chl] range investigated (0.02—2mg
ratios superimpose onto, and nicely coincide with those ofm=3) and can be represented using simple power function of

tained(see also Fig. 15c in Morel et al., 2006). Thiasg.)

the South Pacific.

Biogeosciences, 5, 49587, 2008

tential existence and the functional dependence of the rela-
gtionship betweerb,, (1) and [ChI]. In particular, we were

interested in the low [ChI] waters below0.15mg nT3,

‘which are encountered in approximately 90% of the ocean
surface (Antoine et al., 2005) and where relatively few in situ

[ChI]. These relationships were also found to be applicable
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to regions with much higher [Chl] (Bering Sea and Benguelathe world’s ocean (Gao et al., 2003) and hence extrapolation
upwelling). Furthermore, these relationships are as signif-of these results to other oceanic regions must be made with
icant (similar RMSE) as those already established for thecare. In particular, the relationship for regions in which a
particle scattering coefficient,,, and they are wavelength greater abundance of mineral particles could play an impor-
dependent. These results should be helpful in further develtant role might depart from the relationships derived here.
opment and refinement of forward models of ocean color and It is clear that within this paper we present field obser-
in the construction of synthetic datasets for inverse modelingvations but we do not provide an explanation for the origin
purposes (e.g. IOCCG, 2006), particularly at low chlorophyll of the backscattering in the ocean. Indeed, the backscatter-
concentrations. ing process is associated with tiny particles (Morel and Ahn,
From a remote sensing perspective, such a description991;Stramski and Kiefer, 1991), while the scattering pro-
of by, (1) is particularly important when developing for- cess results from the presence of particles of much larger size
ward models. Indeed, bio-optical and reflectance models re¢by a factor of~10) such as that of most algal cells. There-
quire detailed knowledge and parameterization of the averfore, the fact thab,, is related to [Chl] is naturally expected
age trends in the inherent optical properties, at least withinn case 1 waters, and actually observed. More intriguing is
Case 1 waters where these trends can be related to [Chl]. Ughe fact thatb,, is also tightly linked to [Chl], which im-
until now and in the absence of data, models have relied ormlies that the abundance of tiny, a priori non-algal, particles
assumptions about,,(1). A common belief was that the is, nonetheless, proportional to the abundance of algae. Het-
light backscattering process is perhaps less predictable thagrotrophic bacteria and viruses concentration are very likely
other processes such as total scattering and absorption, anightly linked to algal concentration. Their contribution to to-
would thus form the weak link in the modelling approaches. tal backscattering, however, remains limited (Morel and Ahn,
According to the present analysis, it seems that this is not the 991;Stramski and Kiefer, 1991). Therefore, the unidentified
case, since the prediction bf, (1) from [Chl] would notbe  “missing backscattering term” (probably debris of all kinds?)
worse (nor better, i.e., roughly within a factor of 2 or 3) than would also be proportional to the algal concentration, which
those for other inherent optical properties. remains to be explained on a biogeochemical basis.
Prior to this study, two main propositions existed that in-
cluded [ChI] below 0.1 mg m?, one formulated by Morel
and Maritorena (2001) and the other by Behrenfeld etAppendix
al. (2005). The latter is based on simultaneous retrievals of
[Chl] andby, (1) from remotely sensed ocean color radiomet- Examination of the remotely sensed backscattering
ric data. Our present experimental findings, which are basedoefficient in the BIOSOPE zone
on coincident in situ measurements igf(1), b;, (1), and
[Chl] are more consistent with the formulation of Morel and Due to the generally cloudy conditions, a very limited num-
Maritorena (2001) that accounts for a continuously decreasber of satellite and in situ match-up observations were ob-
ing by, (2) with decreasing [Chl]. These concomitant de- tained during the BIOSOPE cruise. This unfavorable sit-
creases contrast with the flat relationship adopted by Behrendation does not provide a sufficient number of data points
feld et al. (2005) for the low chlorophyll concentrations over a wide [Chl] range to test directly the performance of
that predicts an invariari, (440) value (near 0.0012m) remote sensing models for backscattering such as those pre-
when [Chl] is below 0.14mg m?. Actually, Behrenfeld sented by IOCCG (2006). Instead, here we use an indirect
et al. (2005) used the Garver-Siegel-Maritorena inversionapproach based on the comparison of satellite-derived [Chl]
model (Maritorena et al., 2002), and a bias in the satellite-with satellite-derived backscattering coefficients.
derived backscattering coefficient probably occurs when this For all scenes acquired by the MODIS AQUA sensor in
model is used at low [Chl] (see Appendix). This bias may the BIOSOPE zone during the month of November 2004, we
explain the bilinear relationship adopted by Behrenfeld etapplied two semi-analytical inverse models of ocean color to
al. (2005). obtainb,,(443) and extracted the results along the transect
Our second aim was to examine if any difference in the (independently of the date). The two models used are the
spectral behavior of the backscattering and scattering coSEADAS 5.1.3 implementations of 1) the Quasi-Analytical
efficient existed. To this end, we analyzed the particulateAlgorithm (QAA, Lee et al., 2002) and 2) the Garver-Siegel-
backscattering ratio. This analysis shows t[iyg,t(k) is es-  Maritorena model (GSM, Maritorena et al., 2002). The
sentially spectrally neutral and its value (around 0.01) doedackscattering coefficient retrieved from these models is then
not depend on the trophic state of case 1 waters. plotted against [Chl] retrieved with the OC3M algorithm
The unquestionably case 1 nature of the environment sam(Fig. Al).
pled allowed us to obtain the clear trends described herein This analysis shows that within the South Pacific Gyre,
with limited variability due to external influences. It must, the GSM model returns nearly constan, values below
however, be kept in mind that in this region, the influence of [Chl]=0.1 mg nT 3. The magnitude of this constant value cor-
aerosol deposition onto the ocean is amongst the lowest imesponds roughly to the horizontal portion of the relationship
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