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Abstract: The impact of the inherent optical properties (IOP) variability on
the chlorophyll, Chl, retrieval from ocean color remote sensing algorithms is
analyzed from an in situ data set covering a large dynamic range. The effect
of the variability of the specific phytoplankton absorption coefficient,
apny/Chl, specific particulate backscattering coefficient, b,,/Chl, and colored
detrital matter absorption to non-water absorption ratio, acgm/amw, on the
performance of standard operational algorithms is examined. This study
confirms that empirical algorithms are highly dependent on the specifics
I0P values (especially b,,/Chl and acgm/an,): Chl is over-estimated in waters
with specific IOP values higher than averaged values, and vice versa. These
results clearly indicate the necessity to account for the influence of the
specific IOP variability in Chl retrieval algorithms.

©2010 Optical Society of America

OCIS codes: (280.4991) Passive remote sensing; (010.4450) Ocean optics; (010.1690) Color;
(010.1030) Absorption; (010.1350) Backscattering.
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1. Introduction

Retrieval of chlorophyll-a concentration, Chl, from ocean color remote sensing is traditionally
performed using blue-to-green reflectance ratio, BGR [1]. This is mainly due to the fact that
Chl (in mg.m%), a common pigment to all phytoplankton species, absorbs strongly in the blue
and weakly in the green spectral domain. Empirical ocean color algorithms were then
developed from in situ and simultaneous measurements of Chl and remote sensing reflectance,
Ri(A) (in sr™?). Re(A) represents the ratio of the upwelling radiance to the downwelling
irradiance above the sea surface at a given visible wavelength A (in nm). These empirical
algorithms are easy to develop but are by definition highly dependent on the data set used for
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their development. While BGR exhibits a net decrease from oligotrophic (blue) to eutrophic
(green) waters, a large statistical dispersion is however noticeable around this mean trend
(Fig. 1). This pattern may considerably affect the accuracy of the Chl retrieval from space,
which can be much beyond the nominal uncertainty of 35% [2].

10?

chl [mg.m'3]
=)
[=]

1072

MAX(Rs 440,490,510 / Rrs 550

Fig. 1. Scatter plot of the chlorophyll concentration, Chl, as a function of blue to green
reflectance ratio, BGR, from the whole in situ data set (N = 862). The solid and dashed curves
represent the OC4v4 and OC3M algorithms, respectively.

While the noise in the correlation between BGR and Chl is partly related to uncertainties
in Chl and R,s(X) in situ measurements, natural variability of inherent optical properties (IOP)
undeniably affects this relationship. Among IOP, which depend on the concentration and
nature of the various optically-significant components in presence, the absorption (a) and
backscattering (by) coefficients (both in m™) are related to Ry: Ris(A) ~bp(X)/a(k). While the
first order variability of 10P is mainly driven by Chl in oceanic waters, the second order
variability observed around the I0OP vs. Chl relationships is directly related to the specific IOP
variability. For a given chlorophyll concentration, variations in the absorption and
backscattering spectra affect the spectral values of Rs(A) and hence the BGR. For example,
variations in algal community size structure modify, through the package effect, the
phytoplankton absorption spectrum therefore affecting the remote sensing of phytoplankton
pigments [3,4]. During coccolithophore blooms, coccolithes detached from the phytoplankton
cells greatly contribute to increase by [5], therefore inducing an overestimation of the Chl
derived from ocean color remote sensing [6]. Variation in the phytoplankton assemblages can
also have a relevant impact, as large as 50%, on the Chl retrieval as pointed out by Alvain et
al. [7] from ocean color remote sensing data. The respective proportion of phytoplankton,
non-algal particles and colored dissolved organic matter also influences the amplitude and
spectral behaviour of R, For instance, Stramska et al. [8] have shown from in situ
measurement performed in the north polar Atlantic that variations in the concentrations of
detrital particles and accessory pigments may drastically affect the Chl retrieval. In the same
way, absorption by colored dissolved organic matter and detrital particles may lead to large
errors in the estimation of Chl loads [9-11]. Similar conclusions were recently reached by
Brown et al. [12] who showed that the second order variability in the satellite ocean color
signal for a given chlorophyll concentration is mainly explained by the amount of colored
dissolved organic matter and particulate backscattering.

Previous studies have provided evidences that the estimation of Chl from ocean color
remote sensing may be affected by 10P variability. These studies are generally based on local
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in situ data sets or satellite remote sensing data which include many sources of errors. Indeed,
uncertainties on the Chl retrieval from ocean color remote sensing have different origins:
atmospheric correction errors, bio-optical algorithm uncertainties, mismatches in spatial
scales, as well as in situ measurement errors. The aim of the present paper is to examine the
origin of the scatter in the BGR vs. Chl relationship from an in situ data set covering a large
dynamic range. The impact of the variability of different specific IOP on the Chl retrieval is
addressed in order to identify and compare their respective influence.

2. Data and method

In this study we use the NOMAD data set [13] together with data collected during other
oceanographic cruises occurring in the French Guyana coastal waters [14] and in the English
Channel and North sea [15] which have been recently included in the NOMAD data set. Using
this data set, covering oceanic and coastal waters, we analyse the impact of three specific IOP
on the dispersion in the BGR vs. Chl relationship. The first one is the specific phytoplankton
absorption coefficient at 443 nm (a,,/Chl). A large natural variability in the a,, vs. Chl
relationship has long been pointed out. a,,/Chl may indeed vary by a factor of about 4 for a
given Chl concentration [16]. This biological noise is mostly driven by the average size of
algal populations (i.e. package effect) rather than by the proportion of accessory pigments
relative to Chl [4]. The second parameter is the specific particulate backscattering coefficient
at 532 nm (b,/Chl). Field measurements performed in various oceanic areas have shown that
byp exhibits a high variability (about a factor of 4) for a given chlorophyll concentration
[17,18]. While the by,/Chl variability is driven by particle size distribution, refractive index
and shape of the bulk particulate matter, the respective influence of each of these factors is
still poorly known. The last specific IOP is the ratio of the colored detrital matter absorption
coefficient, acm, to the non-water absorption coefficient, an,, at 443 nm (an, = aghy + 8cdm)-
The relative contribution of colored detrital matter absorption to non water absorption, which
may drastically modify the spectral shape of R, is highly variable in natural waters being
dependent on various biogeochemical and physical processes.
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Fig. 2. (a) apny(443) as a function of Chl. The solid curve represents the best fit for the 762 data
points, and the dashed curves result from the algorithms of Bricaud et al. [4,16] as indicated.
(b) byp(530) as a function of Chl. The long dashed represents the best fit for the 323 data points,
the short dashed curves represents the best fit for the 275 data points for which the very turbid
waters have been disregarded, and the solid line results from the algorithm of Huot et al. [18].
(c) acm(443) as a function of Chl. The solid curve represents the best fit for the 762 data points.

The whole data set used in this study encompasses 862 pairs of (Chl, R;) data points for
which one specific IOPs is at least available (760 are from NOMAD). Phytoplankton and
colored detrital matter absorption measurements are available for 762 (Chl, BGR) data points,
whereas particulate backscattering measurements are available for 323 (Chl, BGR) data
points. This difference does not significantly affect the conclusions of this study since the
byp/Chl, &g /Chl, and acm/an, data points are distributed over roughly similar chlorophyll
ranges. The proportion of data with relatively low chlorophyll concentration (Chl < 0.5
mg.m~3) is however lower in the byp/Chl data set (19%) than in the ag,/Chl and acgm/an, data
sets (36% for both). The median values of by,/Chl, an,/Chl, and acm/an, are 0.0024 m’mg
0.054 m’mg, and 0.61 respectively. The coefficient of variation (i.e. a ratio of standard
deviation to the mean) for by /Chl, ay,/Chl, and acgm/an, are 152%, 53%, and 23%,
respectively. ayn,(443) increases with Chl according to a power law in good agreement with
standard parameterisations [16]. A least square fit performed on the present data set provides
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the following relationship: a,(443) = 0.0543ChI®"*(N = 762, r* = 0.91), which is very
similar to the one developed by Bricaud et al. [4] on an large oceanic data set [Fig. 2(a)]. In
the same way, the by,(532)-Chl dependency exhibits a non linear character, as expressed by
the exponent 0.704:

b,,(532) = 0.00299ChI°™ (N =323r? =0.52) 1)
This relationship is slightly modified by removing data collected in very turbid waters:
b,,(532) = 0.00241ChI*** (N = 275,r = 0.70) )

The threshold value for discriminating very turbid waters is fixed from Eq. (1) and
Fig. 2(a), in a similar way as performed for the scattering coefficient [19,20]. In practice,
stations with b,,/Chl values greater than 0.009 mg'm? are classified as very turbid water. The
non-turbid water relationship describe by Eq. (2) is very close to the one found by Huot et al.
[17] from measurements performed in the upper layer of the eastern south Pacific ocean
[Fig. 2(b)]. Similarly to ay,,(443) and b,,(532) a relatively good relationship is also found
between a.4,(443) and Chl [Fig. 2(c)]:

a,,,(443)=0.0265ChI°® (N =762,r? =0.65) 3)

This result is coherent with the study of Siegel et al. [21] performed on remote sensing
ocean color data who found a significant determination coefficient (r = 0.58) between
a.gm(443) and Chl (their Fig. 3 and Table 3). Note that the exponent 0.63 is similar to the one
found by Morel [22] between the absorption by colored dissolved organic matter, acgom, and
Chl, which is expected as acy, is dominated by acm for nearly all the ocean [23]. The
different observations reported here point out that the present data set, which covers a wide
range of bio-optical conditions, is consistent with averaged relationships developed between
I0P and Chl during the last decade.

The impact of the variability of these three specific IOP on the Chl retrieval is tested
through the Chl vs BGR relationships described by the operational algorithms used for
SeaWiFS (OC4.v4) and MODIS (OC3M) [24]. Each specific I0OP sub data set is split into four
equal parts computed according to Hyndman and Fan recommendation [25]. The first quartile
cuts off the lowest 25% of the data. The corresponding sub data set is named DS1. The second
quartile, which is equal to the median, cuts data set in half (DS2 and DS3), and third quartile
cuts off highest 25% of data (DS4). The impact of the specific IOP on the Chl retrieval is
evaluated through correlation analysis, root mean square log error, RMS, and average
difference, AD. RMS is calculated as follows: RMS = (X[10g(Chlretrieved)-109(Chlin 5iw) ]7/N)°2,
and AD is defined as: AD = (2 [log(Chlietieved)-10g(Chli, sity) /N (where N is the number of
samples).

3. Results and discussion

The overall comparison between in situ Chl and OC4v4 or OC3M retrieved Chl (N = 862)
indicates a relatively good agreement for the whole data set [Fig. 3(a)]. The RMS, AD, and r?
values are 25.25%, 3.80%, and 0.88 using OC4v4 (N = 862), and 24.80%, —5.04%, and 0.88
using OC3M (N = 862). These results are consistent with the conclusions of Moore et al. [2]
which were based on a much larger in situ data set. The scatter of the data points around the
1:1 line indicates that Chl may be over- or under-estimated by a factor of 2 within the whole
chlorophyll range.
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Fig. 3. (2) Comparison of the inversed (OC4v4) and measured Chl for the whole data set (N =
862). The solid line represents the 1:1 line, and the dashed lines the 1:2 and 2:1 lines. (b), (c),
and (d) as in (a) but for the bp,/Chl (N = 323), apn,/Chl (N = 762), and acam/anw (N = 762) data
sets, respectively. The points belonging to DS1, DS2, DS3, and DS4 are represented as
indicated for each specific IOP data set.

The comparison is now performed for the three specific IOP data sets to analyse the
impact of the natural variability of IOP on the Chl retrieval accuracy [Figs. 3 (b), 3(c), 3(d)].
The RMS, AD, and r? values calculated for the data sets associated with each specific IOP are
equivalent to those calculated for the whole data set (Table 1). For the three specific IOP data
sets the relative error on the Chl retrieval may reach 100% over the whole Chl range (i.e. the
data points on the 1:2 and 2:1 lines). While DS2 and DS3 are generally close to the 1:1 line of
the in situ Chl vs satellite Chl relationships, this is not the case for DS1 and DS4. The points
belonging to DS1 and DS4 are those for which the corresponding specific IOP values are
respectively the lowest and greatest. The median and variation coefficient (in %) values of
bp/Chl, agny/Chl, and agym/an, are 0.0009 m’mg(37%), 0.0294 m’mg™ (25%), and 0.443
(18%) for DS1. The median values respectively jump to 0.0066 m’mg™ (94%), 0.098 m?mg™*
(27%), and 0.757 (8%) for DS4. Therefore, the median by,/Chl, an,/Chl, and acgm/any values
vary respectively by a factor of 7.3, 3.3, and 1.7 between DS1 and DS4. When the very turbid
data points are discarded from the by, /Chl data set, the median value of by,/Chl increases from
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0.0008 m?mg™" (34%) to 0.0045 (24%) m’mg " between DS1 and DS4 (a factor of 5.6). The
average difference, which estimates the overall bias, clearly indicates that both OC4v4 and
OC3M underestimate Chl (negative AD values) in DS1 and overestimate Chl (positive AD
values) in DS4, whatever the specific IOP data set (Table 1). For instance, Chl is
underestimated by 17.18% in DS1 and overestimated by 20.75% in DS4 for the by, /Chl data
set and using OC4v4. Note that the AD values for the by,/Chl data set are similar for the non-
very turbid data set (—17.2% for DS1 and 18.4% for DS4). Histograms showing the frequency
distribution of the relative difference between the measured and estimated Chl also emphasize
a significant shift from negative (under-estimation) to positive (over-estimation) values when
the data set moves from DS1 to DS4 (Fig. 4). For instance, the median value of the relative
difference between in situ and inversed OC4v4 Chl increases from —33% to 60% when
byp/Chl increases between DS1 and DS4, respectively (same trend for OC3M). In contrast, this
increase is lower for the two other specific IOP, as the median value of the relative Chl
difference increases from —22% (-18.7) to 9.6% (27.4) when &y, /Chl (acm/an) increases
between DS1 and DS4. These results clearly indicate that Chl is underestimated by empirical
algorithms in waters with specific IOP values “lower” than averaged values, and vice versa.
Averaged values are calculated from the empirical relationships developed from in situ
measurements of IOP and Chl.
Table 1. Root mean square log error, average difference, and regression coefficient values
calculated between measured and predicted (with OC4v4 and OC3M) Chl for the whole

data set (W), and the three specific IOP data set (for DS1 and DS4). The values for the
non-very turbid data set are in bold

Whole  Whole bye/Chl any/Chl acgm/anw bee/Chl any/Chl acgm/anw

0OC4v4  OC3M 0C4v4 OC4v4  OC4v4 OC3M OC3M  OC3M
RMS-W  25.25 24.80 23.29/21.8 25.48 25.48 24.76/24.47 24.62 24.62
RMS-1 24.30/23.2 24.80 21.70 31.48/32.28 30.22 25.74
RMS-4 30.42/27.0 24.37 28.61 27.07/23.93 21.89 25.73
AD-W 3.80 -5.04 —0.59/-3.02 4.25 4.25 —8.26/-10.2 —4.06 —4.06
AD-1 -17.18/-17.2 -9.85 -9.14 -27.48/-289 -21.05 -15.73
AD-4 20.75/18.4 10.50 13.74 12.87/13.4 5.11 4.09
rA-w 0.88 0.88 0.81/0.84 0.88 0.88 0.81/0.83 0.88 0.88
r2-1 0.87/0.89 0.83 0.89 0.87/0.88 0.83 0.90
r>-4 0.85/0.72 0.85 0.87 0.85/0.72 0.85 0.88

#132749 - $15.00 USD Received 3 Aug 2010; revised 9 Sep 2010; accepted 9 Sep 2010; published 12 Oct 2010
(C) 2010 OSA 27 September 2010 / Vol. 18, No. 20 / OPTICS EXPRESS 20956



DS 1 DS 4

o _ o _
< ) <
JO0C3M 1 OC3M
o4 mean : -0.4352 mean : 0.5526
Q med. : -0.4946 S med. : 0.3364
o OC4v4 > OC4v4
N mean : -0.2717 2 mean : 0.8345
e g med. : -0.3306 S g med. : 0.5997
Y 7 3 al
= v by = 1/ bpp
o | 7 o | _ 7
- chl - chl
. s
=
(=) % o Q A7V A m
l T T T T 1 l T T T T 1
-1 0 1 2 3 4 -1 0 1 2 3 4
(Ch I'model—Chlin situ) (ch Imodet—Chlin situ)
ch Iln situ chlinsitu
R R
M [C1OC3Mm M [1OC3M
- mean : -0.2976 _ mean : 0.2894
med. : -0.3794 % med. : -0.0156
e 4v4 Q 4v4
> ° g ggm: -0.07373 > ° 4 ng: 0.4766
N n % med. : -0.2177 I n med. : 0.0956
S 7 3
s ®1 s ®1 [/
= 1 @phy = 1 8phy
o | 7 chl ol WA chl
o QQCWJW A7 . o - mﬁz —
l T T T T 1 l T T T T 1
-1 E) 1 2 3 4 -1 E) 1 2 3 4
chlmmdel_ChIIn situ chlmodeI_ChIIn situ
chlin sity chlin sity
R R
Joc3Mm JOC3M
_ mean : -0.2364 _ mean : 0.3325
med. : -0.2808 med. : 0.0824
Q 1 0OC4ava Q 1OC4ava
> ° 7 mean : -0.1040 > ° mean : 0.6362
S I med. : -0.1870 IS _ med. : 0.2744
() [0
S =)
o O | o Q]
e "l e
= - 4 @cdm = b
o | 7y anw o |
o LA °
l N T T T T T 1 l N T T T T T 1
-1 1 2 3 4 5 6 -1 1 2 3 4 5 6
(Ch Imodel - chlln S|tu) (Ch Imodel - chlln snu)
chli sity chlin sity

Fig. 4. Histograms of the Chl relative error calculated for each specific IOP data set and for
DS1 (left panel) and DS4 (right panel) using OC4v4 and OC3M. The mean and median values
are indicated.
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Fig. 5. aw(550)/a(440), a.m(550)/a(440), and apn,(550)/a(440) as a function of Chl for (a) the
present in situ data set (see text), and the synthetic data set [28].

Moreover, the latter features confirm that waters with higher b,y/Chl, ap,/Chl, or acgm/anw
ratios will be seen greener by standard empirical algorithms. This is consistent with previous
works performed on in situ or satellite measurements [11,26,27]. Due to differences in the
spectral domains influenced by by, aghy, and acm the three specific I0Ps considered affect
BGR in different ways. While ay,, and acm mainly affect the blue spectral domain, by,
influences the green region. Based on the present data set, one may additionally stress that the
impact of by,/Chl on the BGR vs. Chl variability is much higher than that of a,/Chl and
acam/anw. This difference is mainly explained by the greater range of variability for by,/Chl
when compared to that for ay,/Chl and acm/an. Note however that for the same range of
variability absorption by colored dissolved organic matter is expected to have a greater impact
on the BGR vs. Chl relationship than the particulate backscattering coefficient [11]. The
byp/Chl variability as well as the relative proportion between molecular and particular
scattering directly affects the blue-to-green backscattering ratio, and consequently the BGR.
Importantly, while the median value of agn/Chl varies twice as much as that of acam/@nw
between DS1 and DS4, the respective impact of these two specifics IOP on the Chl retrieval is
similar. This pattern may be explained by decomposing the green-to-blue absorption ratio
(proportional to BGR) as: (aw(550) + apny(550) + acm(550))/a(440). The evolution of
aw(550)/a(440), acum(550)/a(440), and agh,(550)/a(440) is examined in function of changes in
the Chl load using the present in situ data set [Fig. 5(a)] as well as a synthetic data set
[Fig. 5(b)] generated in the frame of a working group on ocean-colour algorithm [28]. Based
on these two different data sets a.m(550)/a(440) is roughly constant over the whole
chlorophyll range (a.m(550)/a(440)~0.13 + 0.05 for the in situ data set), whereas
apny(550)/a(440) slightly increases with Chl according to: Log(apn(550)/a(440)) =
0.27Log(Chl)-1.30 (r* = 0.38) for the in situ data set. a,m(550)/a(440) is therefore generally
much higher than a,n(550)/a(440). For instance, a.um(550)/a(440) is greater than
apny(550)/a(440) by a factor of 3.6 and 1.9 for Chl of 0.3 and 3.0 mg.m~3, respectively. Hence,
a given variation in a.m(550)/a(440) has a greater effect on BGR than a variation of similar
amplitude in ayn,(550)/a(440).

Improvement of bio-optical algorithms dedicated to the Chl retrieval from ocean color
remote sensing should account for specific IOP variability. Simultaneous retrieval of I0OP and
Chl, as already performed from semi-analytical algorithms (e.g. [29]), allows to partly take
into account such variability (even though some specific IOP values have to be fixed in these
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algorithms). Classification of R, spectra, prior to application of specific bio-optical
algorithms, may also represent a valuable way to improve the Chl retrieval (e.g. [2,15]).
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