JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 116, CO0F03, doi:10.1029/2010JC006747, 2011

An assessment of optical properties and primary production
derived from remote sensing in the Southern Ocean (SO GasEx)

Zhongping Lee,' Veronica P. Lance,”* Shaoling Shang,* Robert Vaillancourt,’
Scott Freeman,® Bertrand Lubac,"” Bruce R. Hargreaves,8 Carlos Del Castillo,’
Richard Miller,'® Michael Twardowski,® and Guomei Wei*

Received 22 October 2010; revised 10 March 2011; accepted 20 April 2011; published 22 July 2011.

[1] Optical properties and primary production were measured during the Southern Ocean
(SO) Gas Exchange Experiment (GasEx) (March—April 2008). To assess and evaluate
these properties derived from remote sensing, absorption coefficients derived from remote
sensing reflectance (R,;) with the quasi-analytical algorithm were compared with those
from in situ measurements from both an ac-9 optical instrument deployed on a profiling
package and from discrete water samples analyzed using filter pad spectrophotometry.
Total absorption coefficients from R, retrievals were found, on average, to be ~12% less
than ac-9 measurements and ~15% less than filter pad measurements. Absorption
coefficients of gelbstoff-detritus and phytoplankton pigments (at 443 nm) derived from R,
were ~15% and ~25% less than ac-9 measurements, respectively. The difference can be
well explained based on the determination methods and these results indicate general
consistency between remote sensing retrievals and in situ measurements for these waters.
Further, incorporating measured surface radiation data, water column primary production
(PP.,) was estimated using chlorophyll concentration based models (Chl-PP) and a
phytoplankton absorption based model (Aph-PP), where remote-sensing Chl was retrieved
with an operational empirical algorithm. These estimated PP, values were then compared
with primary productivity measured using '*C incubation techniques, and coefficient of
determination (R%, N = 13) of 0.74 were found for the Aph-PP results, while the R? of the
Chl-PP results were less than 0.5. Such a contrast further highlights the importance of
analytically retrieving phytoplankton absorption from measurement of ocean color and the
advantage of using phytoplankton absorption to represent the role of phytoplankton in
photosynthesis. Spatial distribution and contrast of PP, in the greater SO GasEx region

estimated from satellite data are also presented.

Citation: Lee, Z., et al. (2011), An assessment of optical properties and primary production derived from remote sensing in the
Southern Ocean (SO GasEx), J. Geophys. Res., 116, CO0F03, doi:10.1029/2010JC006747.

1. Introduction

[2] Phytoplankton photosynthesis in the ocean (primary
production) modulates the impact of anthropogenic carbon
on the climate and environment. Sabine et al. [2004] have
shown that the oceans can take up about half of the anthro-
pogenic carbon dioxide from the atmosphere. Detailed
information about the temporal and spatial variation of pri-
mary production is thus essential for studying and under-

'Geosystems Research Institute, Mississippi State University, Stennis
Space Center, Mississippi, USA.

2Lamont—Doherty Earth Observatory, Columbia University, Palisades,
New York, USA.

3Now at Science Systems and Applications, Inc., NASA Goddard
Space Flight Center, Greenbelt, Maryland, USA.

“State Key Laboratory of Marine Environmental Science, Xiamen
University, Xiamen, China.

Copyright 2011 by the American Geophysical Union.
0148-0227/11/2010JC006747

standing air-sea CO, exchange that are influenced by the
“biological pump” [Arrigo et al., 2008; Behrenfeld et al.,
2002; Falkowski et al., 2003; Platt and Sathyendranath,
1988]. This spatial and temporal variability, however, can-
not be adequately addressed over regional and global scales
using traditional water sample methods due to extreme
undersampling in time and space. Satellite sensors, though
not ideal in characterizing the ocean water column, are the
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only option available for global scales, now and into the
foreseeable future [Platt and Sathyendranath, 1988]. For
this reason, the estimation of primary production from sat-
ellite measurements of ocean color radiometry is critical for
developing an understanding of how ocean biological pro-
cesses affect, and are affected by, changes in atmospheric
radiative budgets and global biogeochemical cycles
[Falkowski, 1998; Platt and Sathyendranath, 1988]. Because
of these critical needs and their importance in biological
oceanography and carbon cycle studies, large efforts have
been made worldwide to study oceanic primary production
(PP), with unprecedented and more realistic results obtained
regarding primary production of the global oceans [Antoine
et al., 1995, 1996; Arrigo et al., 1998; Behrenfeld et al.,
1998; Behrenfeld et al., 2006; Ishizaka, 1998; Longhurst
et al., 1995, Morel and Berthon, 1989; Platt and
Sathyendranath, 1988; Sathyendranath et al., 1991, 1995].

[3] Although a wide variety of models for the calculation
of ocean productivity from ocean color have been developed
[Balch et al., 1989; Behrenfeld and Falkowski, 1997a;
Campbell et al., 2002; Carr et al., 2006; Cullen, 1990], no
consensus has emerged among the practitioners as to which
approach(es) should be wused in global applications.
Behrenfeld and Falkowski’s [1997b] model has become a de
facto standard, although it has been found deficient in var-
ious environments [e.g., Marra et al., 2003; McClain et al.,
2002; Ondrusek et al., 2001]. In short, accurate assessment
of productivity from space is still a daunting challenge
[Balch and Byrne, 1994]. This is also true for the Southern
Ocean [Arrigo et al., 1998, 2008; Moore and Abbott, 2000].

[4] Waters in the Southern Ocean, due to an abundance of
major nutrients, contribute significantly to the global primary
production [Arrigo et al., 2008; Takahashi et al., 2002].
Under the Joint Global Ocean Flux Study (JGOFS), many
investigations were made of the physical and biogeochemical
parameters that affect the air-sea CO, fluxes in the Southern
Ocean [Treguer and Pondaven, 2002]. These studies con-
cluded that the Southern Ocean acts as a significant net sink
for atmospheric CO, [Arrigo et al., 1998, 2008; Takahashi
et al., 1999; Treguer and Pondaven, 2002]. For example,
the region south of 50°S contributes ~20% of the global CO,
sink [Takahashi et al., 2002], which clearly demonstrates the
significance of Southern Ocean on the global biogeochemical
carbon cycle.

[s] However, these earlier studies also pointed out
“substantial uncertainty about the processes and factors that
regulate primary productivity, and particularly its variability,
in the Southern Ocean” [Treguer and Pondaven, 2002].
When compared to a two-layer biogeochemical model
[Schlitzer, 2002], chlorophyll based models underestimate
primary productivity by a factor of ~2—5 in the Southern
Ocean [Arrigo et al., 1998; Longhurst et al., 1995] (similar
observations were also found for other regions [Ducklow,
2003]). Recent estimates using satellite data were also
found much lower than earlier evaluations [Arrigo ef al.,
2008]. Errors from both biogeochemical model [Schlitzer,
2002] and satellite PP estimation contribute to this quite
large discrepancy. In particular, numerous studies [Clementson
et al., 2001; Dierssen and Smith, 2000; Garcia et al., 2005;
Mitchell and Holm-Hansen, 1990; Mitchell et al, 1991;
Sullivan et al., 1993] have shown that there are large dis-
crepancies between ratio-derived chlorophyll-a concentration
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(Chl) and in situ Chl in the Southern Ocean, although this
discrepancy may be reduced if in situ Chl is measured using
high-performance liquid chromatography (HPLC) rather
than the more common fluorescence/acidification method
[Marrari et al., 2006]. Nevertheless, any Chl error will
impact the estimation of primary production because Chl
is one of the most important variables in nearly all pri-
mary production models [Behrenfeld and Falkowski, 1997a,
1997b; Campbell et al., 2002; Carr et al., 2006; Platt and
Sathyendranath, 1988].

[6] To bypass the uncertainties associated with the
empirically estimated Chl, a different strategy to estimate PP
using phytoplankton absorption (a,;) has been set forth [Lee
et al., 1996; Marra et al., 2007], a strategy that requires
robust retrieval of optical properties from the measurement
of ocean color. A test [Lee ef al., 1996] with data collected
during the Marine Light-Mixed Layer (MLML) program,
although quite limited in measurements, showed promising
results when PP based on semianalytically derived a,;, was
compared with the PP based on ratio-derived Chl. These
MLML results thus inspired a possibility of significantly
reducing the uncertainty of remotely estimated PP by focus-
ing on and improving the optical properties derived from
remote sensing [International Ocean-Colour Coordinating
Group (IOCCG), 2006] and developing PP model param-
eters centered on phytoplankton absorption coefficient [Marra
et al., 2007].

[7] Following this path and general strategy, we took the
opportunity provided by the Southern Ocean (SO) Gas
Exchange Experiment (GasEx) (28 February to 8 April
2008) (D. Ho et al., Southern Ocean Gas Exchange
Experiment: Setting the stage, submitted to Journal of
Geophysical Research, 2011) to evaluate the retrieval of
optical properties, and more importantly, to test and evaluate
the competence of these two approaches in estimating PP
from remote sensing. This analysis is significant also
because this region is extremely undersampled for the nec-
essary bio-optical properties, and accurate optical properties
are key to determining the light field for photosynthesis.
Here we present results of both optical properties and pri-
mary production derived from spectral remote sensing and
their comparison with those from in situ measurements.

2. Data and Methods

[8] During the SO GasEx (D. Ho et al., submitted manu-
script, 2011), measurements of remote sensing reflectance
and primary production, along with numbers of measure-
ments of other optical properties were made at about 10 sta-
tions (see Figure 1 for sample locations). The following
describes measurement methods for each property, while
Table 1 summarizes the matchups of the location/time and
general information.

2.1.

2.1.1. Absorption From ac-9

[9] Optical profiles to 120 m were conducted on 15 days
with a package that included several scattering instruments
(ECO-BB3, ECO-VSF, MASCOT, WET Labs, Inc.) and an
ac-9 (WET Labs, Inc.) to measure beam attenuation,
absorption, and scattering at 9 wavelengths. Two profiles
were made at each site, one with whole water and one with a

Optical Properties From In Situ Measurements
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Figure 1. Locations and dates of the optical/bio-optical measurements during SO GasEx. Color image is
the euphotic zone depth of March 2008 (derived from MODIS Aqua, monthly composite, provided by

Ocean Biology Processing Group).

0.2 pum filter in serles to remove particles. Particulate
absorption (a,, m~ ") was calculated by subtracting filtered
absorption coefficient (which is the absorpt1on coefficient of
gelbstoff measured in the field: a, m ") from whole
absorption coefficient (the sum of particle and gelbstoff
absorption coefficient, apg) Since the absorption coefficient
of pure water (a,,, m ') was removed during calibration, we
added a,, to a,, for each wavelength to calculate total
absorption coefficient (¢, m™'). Wavelengths used for this
analysis are 412, 443, and 488 nm, which are sensitive to
changes of in-water constituents, and they were considered
identical to the wavelengths used for remote sensing retrievals
(410, 440, 490 nm) for simple description. Correction for
particle scattering in the unfiltered profiles was done using the
proportional method of Zaneveld et al. [1994], and the stan-
dard temperature and salinity corrections were made [Sullivan
et al., 2006]. For this analysis, the top 15 m were judged to be
the surface sample, and values were averaged within this
range.

[10] For the ac-9 data, absorption coefficient of phyto-
plankton pigments (a,y, m') was derived from the mea-
sured particle absorption coefficient (a,) by assuming an a,;,
to a,, ratio as 0.92, 0.94, and 0.96 for 412, 443, and 488 nm,
respectively. These values were the average of the a,,/a,
obtained from filter pad measurements described below
And the difference between a,, and a,,, (resulting in a;, m~ D!
were added to the ac-9 measured a, to form a,.

2.1.2. Absorption From Filter Pad Method

[11] Discrete seawater samples were collected twice daily

with the CTD-rosette package (<2 h apart from ac-9 mea-

surements) and processed immediately. Samples were fil-
tered on GF/F for immediate analysis of spectral absorption
using the transmittance (T)-reflectance (R) filter pad method
[Tassan and Ferrari, 1995; Tassan et al., 1997]. The
instrument used for measuring %T and %R was a custom
fiber optic spectrophotometer consisting of 50 mm Reflec-
tance Integrating Sphere (Avantes, Inc), UV-VIS diode
array spectrometer (Ocean Optics USB-2000, 3.7 um
bandwidth FWHM), and UV-VIS xenon flash lamp (Ocean
Optics PX-2) using OOIBase32 software, Spectralon™ 99%
reflectance standard, and holmium oxide solution in a sealed
cuvette for wavelength calibration. Correction for filter pad
scattering (beta correction) was established postcruise
[Hargreaves and Vaidya, 2010; Vaidya, 2010] using a
center mount integrating sphere to measure spectral absor-
bance of algal cultures (whole and GF/F filtrate) for com-
parison with filter pad OD based on transmittance and
reflectance. Total particulate absorption coefficient (a,) was
measured within several hours after sample collection and
then filters were bleached (1% sodium hypochlorite in iso-
tonic sodium sulfate artificial seawater). Phytoplankton
pigment absorption coefficient (a,,) was estimated by sub-
tracting bleached spectral absorption (a;) from unbleached
spectral absorption.
2.1.3. Absorption of Gelbstoff

[12] Discrete samples were also filtered through 47 mm
0.2 pm nylon filters (Whatman Nuclepore) and CDOM
absorption (a,) measured using an Ultrapath (WPI, Inc)
system. The Ultrapath consists of a single beam optical path
that contains a high-intensity deuterium and halogen light
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Table 1. Date, Location, and Matchup of Measurements
Latitude  Longitude In Situ Sample Surface Chl PP?*
Month  Day S) W) R ac-9  Filtered ac-9  a,, and a;  Sample a, (mg m™) (mgCm2d"') MODIS
Mar 11 =50.75 —38.45 X X 0.91 566.1
Mar 12 —50.80 —38.35 X X X X X 0.91 492.8
Mar 21 -51.22 -38.4 X X X
Mar 22 =51.22 —-38.36 X X X X 1.04 473.0
Mar 23 —51.22 —38.12 X X X X X 0.72 236.3
Mar 24 =51.22 —-38.02 0.62 397.7 X
Mar 26 —51.3 -37.5 X X X X 0.43 164.8
Mar 27 —51.32 —37.33 X X X X 0.48 223.8
Mar 28 =51.32 -37.3 X 0.40 202.3
Mar 30 —51.28 —37.33 X X X 0.47 224.9
Mar 31 —51.31 —37.33 X X X 0.51 235.2
Apr 1 —51.34 —37.43 X X X X X 0.53 310.1
Apr 2 —51.37 —37.48 X X X 0.49 299.1
Apr 3 —51.41 —37.52 X X X X X 3372 X
Apr 4 —51.45 -37.44 X X X X X 0.51 362.0

“Reproduced from Lance et al. (unpublished manuscript, 2011).

source, a multiple path length (2, 10, 50, 200 cm) liquid
waveguide, and a fiber optic spectrometer (Tidas-1, WPI
Inc). Optical density spectra (250-721 nm) were acquired
using the 2 m path length cell following Miller et al. [2002].
Reference optical density spectra were made using Milli-Q
water. Sample spectra were corrected for refractive index
effects caused by salinity and temperature variations [Miller
et al., 2002]. Corrected absorption spectra a, were added to
ay described above to yield estimates of a,, for discrete
water samples.

2.2. Shipboard Remote-Sensing Reflectance

[13] Remote-sensing reflectance (R, (), defined as ratio
of water-leaving radiance to downwelling irradiance just
above the surface, sr ') was calculated from measurements
made above the sea surface as described by Carder and
Steward [1985]. Specifically, upwelling radiance (L,) and
downwelling sky radiance (Lgy) were measured with a
handheld spectroradiometer, and viewing the water and sky
at 30° from vertical and 90° from the solar plane, respec-
tively. Downwelling irradiance was derived by measuring
the radiance (Ly) reflected from a standard diffuse reflector
(Spectralon®). For each water and sky scan, total remote-
sensing reflectance (7,4(\), st ') and sky reflectance (S,(\),
st ') were derived with

TrS:&RiR
LR ™

Loy Rp
d Sr\‘ = : > 1
an, Sl (1)

with R the reflectance of the diffuse reflector (Spectralon,
~10%).

[14] Based on these measured T, and S, curves, averages
of T,, and S, for each station were obtained after rejecting
obvious outliers. 7, represents the sum of water-leaving
radiance and surface-reflected sky radiance. R,«()) is then
calculated as [Austin, 1974; Carder and Steward, 1985; Lee
et al., 2010a]

Ris(N) = Ts(N) — F Sis(N) — A, (2)

where F is surface Fresnel reflectance (around 0.023 for the
viewing geometry), and A accounts for the residual surface
contribution (glint, etc.). For SO GasEx (clear oceanic
waters), A was determined by assuming R,, around 750 nm
as 0.

2.3. On-Deck Primary Production

[15] During the SO GasEx cruise primary productivity
was measured by two different methods using *C tracer:
by 24 h incubations of '*C-spiked seawater in incubators
exposed to ambient irradiance on the aft deck of the
research vessel (“on-deck method”), and by short-duration
photosynthesis-irradiance experiments (“P-E method”). A
complete description of the on-deck method is given by
V. P. Lance et al. (Primary productivity, new productivity and
carbon export during two Southemn Ocean Gas Exchange
(SO GasEx) Lagrangian tracer experiments, unpublished
manuscript, 2011), and for the P-E method of R. C. Hamme
et al. (Dissolved O2/Ar and other methods reveal rapid
changes in productivity during a Lagrangian experiment in
the Southern Ocean, submitted to Journal of Geophysical
Research, 2011). Brief descriptions are given here. As
measurement from the 24 h incubation represents daily
production better [Halsey et al, 2010], the data from the
24 h incubation is used to evaluate remote sensing models
(section 4.2).

[16] Primary productivity (on-deck method) was esti-
mated from discrete water samples collected on predawn
casts using standard '*C uptake measurements in 24 h, on-deck
incubations with six simulated light depths (70, 39, 33, 22,9,
3.3, and 1%) then discrete values were integrated to the 1%
euphotic light depth (see Lance et al. (unpublished manuscript,
2011) for details). Incident PAR irradiance (;Ein m ™ s ")
was measured at 5 s intervals and averaged for 15 min records
using a pair of LI-192uw cosine response quantum sensors
and a LI-1000 data logger from LI-COR, Inc. Incident PAR
irradiance was integrated over the exposure period for each
experiment for use in calculating PAR-specific photosyn-
thesis rates.

[17] Short-term (1-2 h) incubation (P-E method) was also
carried out during the cruise, where midmorning CTD casts
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(~10:00 LT) were used to collect seawater for the P-E
experiments. Seawater samples were spiked with 10 pCi of
'4C bicarbonate and incubated in a radial photosynthetron for
1-2 h under blue-filtered artificial light. As the focus of this
study is daily primary production, results from these short-
term experiments were not included in this article.

2.4. Satellite Data

[18] To get a regional understanding, PP, of 1 March to
31 May 2008 (austral autumn) in the greater SO GasEx
region were estimated from satellite measurements using
inputs (Chl, Sea Surface Temperature (SST), and Photo-
synthetic Available Radiation (PAR)) acquired from NASA
(http://oceancolor.gsfc.nasa.gov). All of the three inputs are
recently reprocessed data products of Moderate Resolution
Imaging Spectroradiometer (MODIS) (Version r2009.1),
with Chl retrieved using the OC3M algorithm [O 'Reilly et al.,
2000], and SST from the radiance measurement at 4 pm
(SST). Remote sensing reflectance from MODIS were also
acquired from NASA and fed to the quasi-analytical algo-
rithm (QAA) scheme (see section 3.1) to derive IOPs. The
spatial resolution of these data was 4.5 x 4.5 km, and 8 day
composite data were used. All these input fields were inter-
polated to a 1/6° x 1/6° grid before they were fed to the PP
models (see section 3.2).

[19] PP, of 2 days (24 March and 3 April), when both
MODIS and in situ PP, measurements were available, was
also estimated from remote sensing measurements (see
section 3.2). Daily MODIS R,,, Chl, SST and PAR data with
1.1 x 1.1 km spatial resolution were downloaded from the
same web site and fed to the QAA and PP models.

3. Derivation of Properties From Remote Sensing

3.1.

[20] For the derivation of inherent optical properties
(IOPs, absorption and backscattering coefficients in partic-
ular), the quasi-analytical algorithm (QAA) developed by
Lee et al. [2002] was applied. Specifically, to better separate
the contributions of molecular and particle scatterings to R,
a modified analytical function for R,, was implemented

bbw()\)) b (N)
#(A) ) w(A)

+ (3@ + ot 2o ) Bl ®)

Inherent Optical Properties

Ra(A©) = (Gg’(m L GQ)

with k = a + b, and b;, = by, + by,. Here () represents the
Sun-sensor angular geometry for the remote-sensing
reflectance. The total absorption and backscattering coeffi-
cients are a and b,, respectively, while b,,, is the back-
scattering coefficient of pure seawater (all m ). Values of the
model parameters (G (Q), GY (), G5 (), and G (Q); st ')
for various Sun angles and viewing geometries have been
developed based on Hydrolight simulations [Lee et al., 2011].

[21] In the inversion process, the backscattering and
absorption coefficients of pure seawater are based on Morel
[1974] and Pope and Fry [1997], respectively. When the
total absorption coefficient was decomposed into the con-
tributions of phytoplankton and detritus-gelbstoff [Lee et al.,
2002], the ratio of a,,(412)/a,,(443) and the ratio of
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aqg(412)/a,4(443) were estimated following QAA-v5 (see
http://www.ioccg.org/groups/Software OCA/QAA_v5.pdf).

3.2. Primary Production

[22] The absorption-based production model (designated
as Aph-PP in the following) was described by Lee ef al.
[1996]. For illustration purpose, and to simplify the calcu-
lations, a spectrally integrated formulation for PP at depth z
is used here

Kyexp(—v x E(z))

[Aph x E(z)], 4)

with
E(Z) = E() exp(prAR(z) X Z). (5)

The term associated with ¢,, and K, on the right side of
equation (4) represents the vertical variation of the quantum
yield of photosynthesis. Values of the model parameters
used were ¢,,=0.12mg C - Ein ', K, = 10 Einm >d "', and
v=0.01 (Einm *>d ") ". Aph on the right side of equation
(4) is the absorption coefficient of phytoplankton at 443 nm,
which represents the blue peak of spectral a,,. E(z) in
equations (4) and (5) is the PAR value at depth z, with £, for
surface PAR. Kpar(z) is the vertical attenuation coefficient
of PAR, which is modeled as a function of absorption and
backscattering coefficients [Lee ef al., 2005]. Water column
PP (PP.,) was then calculated by integrating PP(z) between
0 and 50 m. This nominal 50 m water column is slightly
deeper than the euphotic zone depths (~35-41 m) for the
stations considered here. Primary production estimated from
this approach is represented as Aph-PP.

[23] Numerous models [Arrigo et al., 2008; Behrenfeld
and Falkowski, 1997a; Campbell et al., 2002; Carr et al.,
2006; Friedrichs et al., 2009; Platt and Sathyendranath,
1988] have been developed to estimate PP based on the
concentration of chlorophyll (Chl-PP in the following text).
To demonstrate and compare PP results estimated from
remote sensing using both Aph-PP and Chl-PP approaches,
PP, from two Chl-PP based models were also produced.
One is the widely used VGPM [Behrenfeld and Falkowski,
1997b]

Eo

0 X Z xChl xDL. (6
M Eor A e X HAEX (©)

PP, = 0.66125 x Po

[24] Z., in equation (6) is euphotic zone depth (in m) and
was estimated using QAA-derived absorption and back-
scattering coefficients [Lee et al., 2007]. Day length (DL)
was taken as 11.5 h. For estimation of PP, from in situ R,,
P5, =28 mg C (mg Chl)™' h™' was used (higher than the
actual ~1.5 mg C mg Chl™" h™" in situ estimates of prt during
SO GasEx). This value was estimated from Behrenfeld
and Falkowski [1997b] with a water temperature of 5°C,
as the temperature was in a range of 4.7-5.3°C during the
experiment. When evaluating spatial variation of PP, from
satellite data, values of prt were estimated based on MODIS
SST information as described by Behrenfeld and Falkowski
[1997b]. Primary production estimated from this approach
is represented as Chl-PPg.
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Table 2a. Statistical Results Between R, -Derived and ac-9-
Measured Properties

Wavelength
Property (nm) N Range 5(%) R?
Total absorption 412 10 0.093-0.163 11.2 0.64
coefficient (a) (m™")
443 10 0.085-0.135 12.5 0.73
488 10 0.062-0.093 13.2 0.80
Phytoplankton absorption 412 7 0.018-0.058 355 0.55
coefficient () (m™h
443 7 0.027-0.062 245 0.74
488 7 0.026-0.052 46.9 0.83
Detritus-gelbstoff 412 7 0.058-0.100 14.0 0.78
absorption coefficient
(agg) (m™)
443 7 0.045-0.072 151 0.76
488 7 0.017-0.029 194 0.75

[25] The other model is the one developed by Arrigo et al.
[2008] that targeted specifically waters in the Southern
Ocean

PP, = Fun(Chl, E, SST). (7)

[26] The Arrigo et al. [2008] model is time, depth, and
wavelength resolved. To facilitate the calculation with ocean
color remote sensing and daily integrated irradiance data
(Eop), the model is modified to a time-, depth-, and wave-
length-integrated form (see Appendix A for details). Pri-
mary production estimated from this approach is represented
as Chl-PPy,.

[27] In the calculations of PP by equations (4), (6), and
(7), Aph, Z., and Chl were derived from R,;, which was
either measured in situ or acquired from MODIS, so did
values of E,.

4. Results and Discussion

[28] We use two statistical measures to assess and quan-
tify comparisons between remote sensing products with in
situ measurements. The first is the coefficient of determi-
nation (R?) evaluated in linear scale and the second is per-
centage difference (0) derived from the root mean square
deviation (RMSD) and calculated as follows:

Onsin \1°
RMSD = \/AVERAGE [1oglo(ﬂ)] , (8)

Qinversion

6= (10"MSP — 1) x 100%. )

Here Q represents a property evaluated, and the log trans-
form places an equal evaluation between overestimated and
underestimated results. Values of R? and 6 for each property
are summarized in Tables 2 and 3.

4.1.

4.1.1. General Description

[29] Because optical properties determine the propagation
of light from sea surface to deeper depths for photosynthe-
sis, consistent results of IOPs between in situ and remote
sensing are essential to the goal of understanding the spatial

Optical Properties
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and temporal variations from satellite measurements. As
there are two sets of in situ IOPs (one from ac-9 and one
from water samples, and note that the values from the two
determinations are not identical), remote sensing retrievals
are compared with both measurements. Statistical results are
summarized in Tables 2a and 2b and comparisons are shown
in Figures 3-5. Generally, the statistical results indicate that
it is more consistent (higher R? and lower 8 values) between
remote-sensing retrievals and ac-9 measurements (Table 2a)
whereas there are larger differences between remote-sensing
retrievals and water sample measurements (Table 2b). This
could be because both R, and ac-9 measure the total optical
signal in the upper water column, while measurements from
water samples (which provide a direct measurement of each
component) divide the total signal into separate components
first (via physical and/or chemical separations) and then sum
the individuals for total signal. Because each and every step
of the measurements will introduce uncertainties, larger
uncertainties would be expected for a product with more
steps associated with its derivation/determination.

[30] For waters included in this study (Table 1), the
variabilities of a(443), a,;(443), and a,,(443) from ac-9
measurements are rather small (Table 2a). The ~0.085 to
0.135 m' range (from ac-9 measurements) of a(443) in-
dicates that these waters are significantly less clear com-
pared to waters in the South Pacific gyre where a(443) is
around 0.015 m™! [Bricaud et al., 2010; Morel et al., 2007].
This assertion is further supported by the range of Z, (~35
to 41 m) of the waters studied. However, the ~1.6 high:low
ratio of the total absorption coefficient at 443 nm (after
removing pure water value) became ~2.3 high:low ratio for
a,,(443). This difference is because the ratio of a,,(443)/
a,,(443) is not a constant, but spanned a range of ~0.6 to
1.6 (~1.0 to 2.0 from ac-9 measurements, see Figure 2) even
for this relatively small open ocean area. This observation
echoes a generally noncovarying nature between a4, and a,,
in the oceans [Hu et al., 2006; Morel and Gentili, 2009],
which in turn will impact the retrieval of Chl via empirical
spectral ratios and then PP estimation in the oceans (see more
discussions in section 4.2).

4.1.2. Absorption Coefficient of the Total

[31] Total absorption coefficient is the most important
component that determines the color of a water body and the
attenuation from surface to depth. For the total absorption

Table 2b. Statistical Results Between R, -Derived and Properties
Measured From Water Samples

Wavelength
Property (nm) N Range 5(%) R?
Total absorption 412 10 0.106-0.148 11.2 0.50
coefficient (a) (m™")
443 10 0.094-0.122 119 0.53
488 10 0.067-0.085 169 0.57
Phytoplankton absorption 412 11 0.032-0.049 34.6 0.52
coefficient (a,) (m™)
443 11 0.035-0.059 469 0.52
488 11 0.026-0.044 57.8 0.56
Detritus-gelbstoff 412 10 0.052-0.101 24.7 0.48
absorption coefficient
(age) (m )
443 10 0.036-0.070 222 0.44
488 10 0.018-0.035 213 0.44

6 of 15



CO00F03

3.0

2.5 1

2.0 A

1.5 4

1.0

11

LEE ET AL.: OPTICAL REMOTE SENSING DURING SO GASEX

ay,(443)/ay, (443) from Rrs

0.5 A

L]
o

Rrs vs ac9
Rrs vs sample

CO00F03

[33] Larger discrepancies were found for both a,,(488)
and a.,(488) between R, retrievals and measurements
(Figures 4 and 5). The 6 values are 46.9% and 19.4% for
a,,(488) and a,,(488) (see Table 2a), respectively, between
R, retrieval and ac-9 data; and they are 57.8% and 21.3%
for a,,(488) and a,,(488) (see Table 2b), respectivelyz,
between R, retrieval and water sample data, and the R
values are higher between R, retrievals and ac-9 mea-
surements than that between R, retrieval and water sample

0.0 T T : . .
0.5 1.0 1.5 2.0 25

a4,(443)/a,,,(443) from in situ measurements

0.0 3.0

Figure 2. Variation of a,4(443)/a,;(443) measured during
SO GasEx. Also shown is a comparison between a,(443)/
a,;(443) from in situ measurement and a,,(443)/a,,(443)
derived from remote sensing.

coefficients of the waters in this study, the ¢ values are
~15% when R, retrievals are compared with those from
both ac-9 and sample measurements, which indicate gen-
erally consistent results between in situ measurements and
remote sensing derivations (also see Figure 3 and Tables 2a
and 2b). This is particularly significant because error is
expected for each of the three methods of determination [Lee
et al., 2010b; Leymarie et al., 2010; Tassan and Ferrari,
1995]. Better agreement is found for a(412), while R, -
derived a(443) and a(488) are generally lower than those
from in situ measurements. The reason(s) for this spectral
bias is(are) not yet clear.
4.1.3. Absorption Coefficient of Phytoplankton
and Detritus-Gelbstoff

[32] The 6 of a,, is higher than that of the total absorption
and that of detritus-gelbstoff absorption coefficients when
R, retrieval is compared with values derived from ac-9 data
(Table 2a) or compared with values from sample measure-
ments (Table 2b). This discrepancy is due in part to errors or
uncertainties in each method. For example, additional un-
certainties are associated with the filtering of water samples
and subsequent determination of a,; (see section 2.1) and
aqq. Also, when total absorption is decomposed into the
contribution of individual components in R, retrieval, the
associated spectral shape parameters are not known and
must be determined empirically [/OCCG, 2006], thus intro-
ducing errors/uncertainties to the remotely derived a,, [Lee
et al., 2010b]. Furthermore, because a4,(443) generally con-
tributed more to a(443) than a,,(443) did for these waters, a
small error in a,44(443) could result in bigger error in a,,,(443).
More detailed analyses and discussions about the QAA
inversion, and remote sensing of IOPs in general, are given by
Lee et al. [2010b] and IOCCG [2006]. Nevertheless, a 6 value
about 20% with an R* value ~0.75 for both a,p(443) and
ag4(443) (comparison between R, retrieval and ac-9 mea-
surements) suggest consistent and satisfactory determinations
for these properties, at least for measurements during this
experiment.
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@\l o e
—
q. o
T o012 ¢ .
o]
] e o o
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& 0.10 4
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1 -
72}
Q? 0.08 -
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Figure 3. Comparison of total absorption coefficients
between measured in situ (ac-9 and water samples) and
derived (QAA) from R,.
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based on measurements of water samples. Thus the slope of
agq used in QAA is slightly less than that from measure-
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Figure 5. Same as Figure 3 but for detritus-gelbstoff

absorption coefficients.
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corresponding colors.

ocean color inversion in order to achieve accurate derivation
of spectral IOPs from R,..

4.2. Primary Production

4.2.1. Comparison With In Situ Measurements

[34] The PP, values estimated by both Chl-PP and Aph-
PP approaches were compared with those from primary
productivity measurements made by traditional shipboard
14C techniques (see Figure 6), and the coefficient of deter-
mination (R?) of each approach is presented in Table 3. As a
crude evaluation of the quantity of estimated PP.,, ¢ values
regarding PP, from the three models (which were 0.29 for
Aph_PP, 0.35 for Chl-PPg, and 0.49 for Chl-PP,) were also
included in Table 3. However, because value of ¢ directly
depends on the values used for either prt or Gpax (for Chl-
PP) or ¢,, (for Aph-PP), and the default values included in
the Chl-PP and Aph-PP models are not necessarily opti-
mized for the waters in this study (for instance, value of
prt used was higher than the value measured in situ), value
of 6 may not yet measure the robustness of models presented
here.

[35] The value of R?, however, has no dependence on
prt or Gpax O @,, and provides a measure of the power of
each model in explaining the variability of PP.,. For mea-
surements made during SO GasEx, it is found that the PP,
variation was explained much better with the Aph-PP model
(R* = 0.74, N = 13) than with the two Chl-PP models (R* =
0.29 and 0.44, N = 13, respectively) when both Aph and Chl
were derived from R, with widely used algorithms. This is
not surprising, because, when implementing the Chl-PP
model, Chl was derived from a simple spectral ratio
(OC3M) of measured R,, (and presently this is the opera-

tional algorithm for MODIS), a practice that cannot separate
the impacts of detritus-gelbstoff absorption to R, and can-
not cope with the spatial/temporal variations of chlorophyll-
specific absorption coefficient [Bricaud et al, 1995;
Sathyendranath et al., 1987; Stuart et al., 1998]. Figure 7a
compares Chl from R, ratio with Chl from water samples
(measured via HPLC technique), and shows that Chl values
from R, are nearly constant for the waters where Chl varied
in a range of ~0.4—1.0 mg m . Statistically, the R? value is
0.23 (N = 12) and 6 is 33.4% between the ratio-derived and
measured Chl of this data set. These evaluations indicate that
the R, ratio did not capture the variation of Chl for those
waters, and rather largely affected by relatively high
gelbstoff-detritus contributions (see Figure 2). If we compare
the R, ratio-derived Chl with QAA-derived a(488) (for
these waters, the actual ratio used for empirical Chl deriva-
tion is R,(488)/R,(550) as R,(488) > R,(440)), the R? value
is 0.88 (N = 12). Because the uncertainty of analytically
derived a(488) is limited for oceanic waters [Lee et al.,
2010b], the high R? value between ratio-derived Chl and
QAA-derived a(488) further stresses that a value calculated
from empirical R, ratio predominantly represents the total

Table 3. Statistical Results Between PP, Estimated From Remote
Sensing and PP., Measured From On-Deck Incubation

N Range Approach § R?

Depth-integrated primary production 13 ~165-566 Chl-PPg 0.35 0.29
(mgCm2d™"

13 ~165-566 Chl-PP, 0.49 0.44

13 ~165-566 Aph-PP 0.29 0.74
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Figure 7. (a) Comparison of Chl between in situ measure-
ments and OC3M estimates. (b) Scatterplot between QAA-
derived a(488) and OC3M-derived Chl.

absorption coefficient [Lee et al., 1998; Shang et al.,
2011; Smyth et al, 2002]. Consequently, if the total
absorption information is not decomposed (like the simple
R, ratio algorithm) into the contributions of phytoplankton
and detritus-gelbstoff, optical signal of detritus-gelbstoff
will be inferred as Chl, and errors will be propagated to PP
that uses such Chl values as an input. As a simple test, we
replaced the empirically derived Chl in equation (6) with the
QAA-derived Aph, and an R? value of 0.69 was obtained.
Separately, when in situ Chl value was used as input in the
Chl-PP models, the R? value also improved significantly
(R? = 0.82 (0.71), N = 12, between measured PP, and
Chl-PPg (Chl-PP,)). These results clearly indicate the impor-
tance and significance in removing detritus-gelbstoff in
ocean color remote sensing for biogeochemical studies even
for oceanic waters [Carder et al., 1989; Siegel et al., 2005].

[36] Although better R*> values were found for Chl-PP
estimates when measured Chl were used as inputs, estima-
tion of primary production based on Chl faces more chal-
lenges when available information is remotely measured
ocean color radiance. This is because that quantitative PP
estimation using a Chl-PP model depends on the accuracy
of both Chl and the physiological parameters (e.g.,

prta
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Gmax), if we assume the light information could be well
determined. The prt value, however, is far from a constant
and depends on many factors [Balch et al., 1992; Behrenfeld
and Falkowski, 1997b; Cleveland et al., 1989; Sosik, 1996;
Uitz et al., 2008]. One of those is the chlorophyll-specific
absorption coefficient, which varies both temporally and
spatially, or with phytoplankton sizes or functional types
[Bricaud et al., 1995; Ciotti et al., 2002; Sathyendranath
et al., 1987]. This variation, at present, could not be accu-
rately derived from remote sensing. At the same time, when
Chl is derived from R, chlorophyll-specific absorption is
also associated explicitly [Carder et al., 1999] or implicitly
(like the OC3M algorithm for processing MODIS data).
Because the model for prt or Gn.x and the empirical
algorithm for Chl were developed independently, two sep-
arate values representing the chlorophyll-specific absorption
could be embedded in the algorithms that do not necessarily
match each other. Consequently a larger compound error
could be introduced in the final estimated PP, from remote
sensing [Lee et al., 1996]. The Aph-PP approach, on the
other hand, is centered on IOPs which avoids the association
with the chlorophyll-specific absorption coefficient, and
thus eliminates one of the large error sources when esti-
mating the quantity of primary production from remote
sensing. Therefore, from the remote sensing point of view,
estimating PP with an Aph-PP approach is superior to a
Chl-PP approach, as demonstrated by Lee et al. [1996] and
Marra et al. [2007] as well as the larger R? and lower &
values in this study. Implementing an Aph-PP approach for
global PP estimation, however, demands dedicated efforts to
develop accurate models for phytoplankton physiological
parameters (e.g., K, and ¢,,) of global waters, as they are
critical in determining primary production in a natural
environment [Behrenfeld and Falkowski, 1997a].
4.2.2. PP in the Southern Ocean From MODIS
Measurements

[37] Because the PP, values estimated from the Aph-PP
scheme agreed well with sample measurements in both
quantity and variability, we applied this scheme to satellite
measurements to assess and explore spatial variation of PP,
for the greater SO GasEx region during austral autumn 2008
despite the lack of a model for K, and ¢,, for global waters
(the ¢,, value used approximates the lower limit shown by
Hiscock et al. [2008] for the Southern Ocean). Aph-PP
(equation (4)) was applied to MODIS measurements using
E, (see section 3.2 for details) and optical properties derived
from MODIS R,,. Figure 8a shows the mean PP, for the
period 1 March to 31 May 2008. For a visual comparison
and contrast, PP, of this time window was also derived
with Chl-PPg and Chl-PP, (Chl is derived with the OC3M
algorithm) and presented in Figures 8b and 8c, respectively.

[38] Generally, with the current default values for the
physiological parameters, the PP, range from Aph-PP is
~100-1000 mg C m 2 d!, with maximum PP,, observed
near the coastal region off Argentina. These values and
variability are consistent with those on-deck measurements
made during the cruise. However, PP, values from Aph-PP
show quite a different spatial pattern (in general less spatial
gradient) compared with that generated by the Chl-PP
models. For instance, much higher PP, values (close to
~2000 mg C m 2 d') in the coastal waters off Argentina
(Figures 8b and 8c) are found from the Chl-PP scheme. On
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Figure 8. Spatial distribution of PP, in the Southern Ocean (austral autumn 2008): from (a) Aph-PP
model, (b) Chl-PPg model, and (c) Chl-PP, model. The red box (illustration only) covers the SO GasEx
region. Grey-colored pixels for land and white-colored pixels for ice or no data.

the other hand, PP, values from Aph-PP are much higher
(~2 times) than those from Chl-PP for waters in the Drake
Passage (yellow box in Figure 8). In addition, PP, from
Chl-PP are generally higher than PP, from Aph-PP for
waters measured during the SO GasEx (red box in Figure 8),
which is consistent with the comparison shown in Figure 6.
These results indicate potentially quite different PP,
temporal and spatial variations in the Southern Ocean [4rrigo
et al., 1998, 2008] if PP, is calculated using an Aph-PP
model.

[39] For the 2 days where both MODIS and in situ
PP., measurements were available, PP., measured from
deck incubation were ~398 mg C m > d' (day 84) and
~337 mg C m > d' (day 94). PP., from Aph-PP were
~473 mg Cm > d ' (day 84) and ~206 mg C m > d "' (day 94),
which matched the decreasing pattern over sampling loca-
tions but not the values. PP, based on Chl-PP, however,
increased for the 2 days (~368 to ~476 mg C m > d "' from
Chl-PPg; ~546 to ~670 mg C m 2d"! from Chl-PP A). These
comparisons, along with the comparisons of PP, from in situ

measurement of R, although quite limited in scale, point to
a promising potential of improving the determination of
primary production from remotely sensed products via the
Aph-PP strategy [Lee et al., 1996; Marra et al., 2007].

5. Summary

[40] For measurements of both optical properties and
primary production made during the Southern Ocean Gas
Experiment in the austral autumn 2008, although quite
limited in scale, we found that optical properties (a, a,;, and
a4g) derived from remote-sensing reflectance with the QAA
scheme match well with those from in situ measurements.
Discrepancies of ~10-20% (at 443 nm, R* > 0.74) between
remote-sensing retrievals and ac-9 measurements (the dis-
crepancy is larger between remote-sensing retrievals and
that from water sample measurements) can be well explained
by the technique used and by the natural variations of optical
properties in the oceans. In sharp contrast, Chl derived
empirically from R,, with the OC3M algorithm did not
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capture the variation of chlorophyll concentration measured
from water samples (R> = 0.23, N = 12). These results
provide assurance of analytically retrieved optical properties
from remote sensing reflectance for waters in the Southern
Ocean. The low correlation between remote-sensing Chl and
in situ HPLC Chl casts high uncertainties in estimated pri-
mary production (PP.,) when this empirically derived Chl is
used as an input in Chl-PP models to estimate PP, (R*> < 0.5
for the two Chl-PP models used, N = 13). But, when the
primary production (PP.,) was estimated using analytically
derived phytoplankton absorption coefficient, the R* value
became 0.74 (N = 13) between estimated and measured
PP.,. In addition, lower percentage difference (6) was found
between PP, estimated by Aph-PP and PP, measured in
situ. These results suggest significant consequences in the
estimation of the contribution of the biological pump to
global carbon cycles if primary production of the global
oceans is estimated with an Aph-PP approach.

[41] The results presented here further highlight the
importance of correcting the optical impacts of detritus-
gelbstoff in ocean color remote sensing even for oceanic
waters and demonstrate promising potentials of using ana-
lytically derived phytoplankton absorption coefficient as
an input to improve the estimation of basin-scale primary
production from remote sensing. To reach this ultimate goal,
in addition to obtain accurate retrieval of optical prop-
erties from ocean color measurements, it demands dedicated
efforts to reliably estimate the physiological parameters
(e.g., quantum yield of photosynthesis) from remote sens-
ing also.

Appendix A: Time-, Wavelength-, and Depth-
Integrated Arrigo et al. [2008] PP Model

[42] Based on equation (7) of Arrigo et al [2008],
assuming vertically homogeneous water and that both
chlorophyll concentration and water temperature do not
change in a day, daily water column primary production can
be expressed as

Zm

C
pPeu = Chl meax / L(Z) dz.
z=0

(A1)

Here z, is taken as 50 m for the study. C/Chl is the phy-
toplankton carbon to Chl ratio and is 88.5 (g:g).

[43] Gmax is the daily maximum growth rate, and is
expressed as

Gmax = Go exp(—r SST), (A2)
with Gy = 0.59 day ', and r = 0.0633°C"". Gnax approx-
imates 0.81 day ' for the in situ measurements (calculated
for SST = 5°C).

[44] L(z) is the “light limitation term,” and its vertical
distribution is

PUR(z)) | (A3)

L(z) =1- exp(— i)

with PUR the “photosynthetically usable radiation” and Ej,
the “photoacclimation parameter.”
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[45] PUR is calculated as
700

PUR(z) = /

400

Eq(\,2) ay,(N) dA, (A4)

with E,4(], z) the spectral downwelling irradiance at depth z,
and a;h (M) the 440 nm normalized a,,,(A). Since Chl derived
from R, is generally around 0.5 mg m ° in this study, apn (V)
is modeled with Chl = 0.5 mg m > using the formula of
Bricaud et al. [1998].

[46] Ej is calculated from

_ Eman
1 +2exp(—B PUR(z))’

E{(2) (A5)
with E} .x = 80 pEin m?2 s ! and B is 0.052 corre-
sponding to this Ej pax-

[47] The vertical distribution of E;(, z) is calculated from

Eq(\,z) = Eq(\,0) exp (— C’j:é;)) z> , (A6)

with @, the daily average solar zenith | angle just below the
surface (taken as 45° for this study). K, (\) is the average
diffuse attenuation coefficient corresponding to Sun at noon
and modeled as [Morel and Maritorena, 2001]

Ka(A) = Ku(N) +x () (ChI)™. (A7)
E (), z) at surface (E, (), 0)) is calculated by scaling mea-
sured E,

E;(\,0) =EyEF (), (A8)
with E; (\) the normalized spectral shape of E (), 0) and
calculated with Radtran [Gregg and Carder, 1990]. The
units of PUR used in equation (A5) is uEin m * s ' in order
to match the units of Ej ax.

[48] To facilitate calculation using data products from
MODIS, the integration term on the right side of equation
(Al), which is associated with equations (A3)-(A8), is
reduced to

50
5.86 Eo
L(z)dz =~ .
/ (2)dz ~ =5 217029 B + 5.04 Chl
z=0

(A9)

The error is about £10% between the integration obtained from
equation (A9) and that obtained through equations (A3)—
(A8). Note that the coefficients in equation (A9) are corre-
sponding to 6,, = 45°, and the range of Chl is 0.3-2.0 mg m >
and the range of E, is 5 to 30 Ein m > d', values cover that
reported in this study.
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