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The importance of including directional and spectral light in simulations of ocean
radiative transfer was investigated using a coupled biogeochemical-circulation-radiative
model of the global oceans. The effort focused on phytoplankton abundances, nutrient
concentrations and vertically-integrated net primary production. The importance was
approached by sequentially removing directional (i.e., direct vs. diffuse) and spectral
irradiance and comparing results of the above variables to a fully directionally and
spectrally-resolved model. In each case the total irradiance was kept constant; it was
only the pathways and spectral nature that were changed. Assuming all irradiance was
diffuse had negligible effect on global ocean primary production. Global nitrate and total
chlorophyll concentrations declined by about 20% each. The largest changes occurred
in the tropics and sub-tropics rather than the high latitudes, where most of the irradiance
is already diffuse. Disregarding spectral irradiance had effects that depended upon the
choice of attenuation wavelength. The wavelength closest to the spectrally-resolved
model, 500 nm, produced lower nitrate (19%) and chlorophyll (8%) and higher primary
production (2%) than the spectral model. Phytoplankton relative abundances were
very sensitive to the choice of non-spectral wavelength transmittance. The combined
effects of neglecting both directional and spectral irradiance exacerbated the differences,
despite using attenuation at 500 nm. Global nitrate decreased 33% and chlorophyll
decreased 24%. Changes in phytoplankton community structure were considerable,
representing a change from chlorophytes to cyanobacteria and coccolithophores. This
suggested a shift in community function, from light-limitation to nutrient limitation: lower
demands for nutrients from cyanobacteria and coccolithophores favored them over
the more nutrient-demanding chlorophytes. Although diatoms have the highest nutrient
demands in the model, their relative abundances were generally unaffected because they
only prosper in nutrient-rich regions, such as the high latitudes and upwelling regions,
which showed the fewest effects from the changes in radiative simulations. The results
showed that including directional and spectral irradiance when simulating the ocean light
field can be important for ocean biology, but the magnitude varies with variables and
regions. The quantitative results are intended to assist ocean modelers when considering
improved irradiance representations relative to other processes or variables associated
with the issues of interest.
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INTRODUCTION

Light is a critical physical influence on ocean biology. It initiates
the process of photosynthesis, the first step supporting nearly
all life in the oceans (Dickey et al, 2011), and altering the
oxygen and carbon balances on the Earth. Light from the sun
arrives at the top of the atmosphere with different intensities at
different spectral bands. It comes entirely in a specific direction
depending on the time of day and season, in a beam that
is defined by the solar zenith angle. This beam is the direct
irradiance. The atmosphere modulates this direct irradiance via
spectral absorption by optically active gases and also introduces
a second pathway to the oceans resulting from scattering by
clouds, aerosols, and molecules. This latter process gives rise to
diffuse irradiance, where the light now enters the ocean from
a hemisphere encompassing the horizon to nadir. This “sky
light” does not have direction specified and is in contrast to
direct irradiance that arrives uninterrupted by the atmosphere.
Irradiance reaching the surface is often a combination of the
direct and diffuse components. The term directional refers to this
difference in irradiance pathways.

Once the spectral and directional light enters the ocean,
it continues its journey of absorption and scattering, now
guided by optical constituents with different spectral absorption
capabilities and sizes that determine their scattering effects. Now
it encounters much more strongly absorbing constituents than
in the atmosphere and finds its pathways blocked by a phalanx
of life forms and associated byproducts, as well as inorganic
substances, each of which with demands for light unheard of
in the atmosphere. Its passage in the oceans differs by the
constituents it encounters and the directions it is forced to take,
which alters the availability and nature of light to be taken up
by phytoplankton and initiate process of photosynthesis, further
affecting the distribution of life at the surface and at depth.

Despite the directional and spectral nature of irradiance in the
oceans, models that represent these aspects are uncommon. Most
ocean biogeochemical models simulate surface bulk irradiance,
typically as shortwave radiation (e.g., Maier-Reimer et al., 2005;
Doney et al., 2006; Henson et al., 2010) or as photosynthetically
available radiation (PAR) (Palmer and Totterdell, 2001; Zielinski
et al., 2002; Marinov et al., 2010; Laufkotter et al., 2013), and
then represent the transmission as a function of an attenuation
term (e.g., Zhao et al, 2013). This is especially true for the
global models. The attenuation term is sometimes divided into a
component for water and another for phytoplankton (Jiang et al.,
2003; Maier-Reimer et al., 2005; Manizza et al., 2005; Xiu and
Chai, 2014), but can also represent an estimated average loss of
light in the water column (e.g., Doney et al., 2006).

Recognition of the importance of directional and spectral
irradiance for phytoplankton dates to Sathyendranath and Platt
(1988, 1989) in investigations of phytoplankton in situ light
absorption and estimates of in situ primary production. Spectral
irradiance was explicitly included in a 1-dimensional regional
model of the Sargasso Sea (Bissett et al., 1999), the West Florida
Shelf (Bissett et al., 2005), and in 3-dimensional models of
the eastern US continental shelf (Mobley et al, 2009) and
North Pacific (Xiu and Chai, 2014). But spectral and especially

directional irradiance have largely been ignored in global coupled
biological-circulation models (with the exceptions of Gregg,
2000; Gregg et al., 2003; Gregg and Casey, 2007; Dutkiewicz
et al., 2015). This is likely related to the computational load
directional and spectral radiative transfer imposes on ocean
models, especially globally resolved ones. But in an era of multi-
parallel processing, perhaps the time has come to reconsider its
inclusion. Light in the natural oceans is, after all, directionally and
spectrally resolved and therefore including these characteristics
would enhance the realism of simulated ocean transmittance and
light availability.

Our purpose here is to evaluate the importance of directional
and spectral irradiance in the global oceans using an established
ocean biogeochemical model and an established radiative
transfer model that incorporates these aspects of light in the
atmosphere and through the oceans. We limit our focus here
to the effects on biological processes, specifically phytoplankton
abundance, nutrient distributions, and vertically-integrated
primary production. Nutrients are indirectly related to irradiance
via uptake by phytoplankton. Changes in heat transfer due to
ocean light absorption is important for ocean modeling as well
(e.g., Gnanadesikan and Anderson, 2009), but we will defer these
evaluations in the interest of brevity. Quantitative assessments
can assist global modelers on how to proceed with future model
improvements by quantifying the importance of these aspects
and enable rational choices.

METHODS

Global Ocean Physical-Biogeochemical

Model Configuration

The underlying biogeochemical constituents are simulated
by the NASA Ocean Biogeochemical Model (NOBM; Gregg
and Casey, 2007; Gregg et al., 2013) which is coupled to a
global ocean circulation model, Modular Ocean Model version
4 (MOM4; Griflies et al.,, 2004; Gnanadesikan et al., 2006).
It spans the global ocean at 1° horizontal resolution, with
50 vertical levels and the shallowest level at 10m bottom
depth. NOBM incorporates global coupled physical-biological
processes, including six phytoplankton groups (diatoms,
chlorophytes, cyanobacteria, coccolithophores, dinoflagellates,
and Phaeocystis spp.). The Phaeocystis genus only includes
the high latitude species, specifically Phaeocystis pouchetti
(northern high latitudes) and Phaeocystis antarctica (Southern
Ocean). These phytoplankton groups span much of the
functionality of the global oceans. Diatoms represent high
growth, fast sinking, silicate-dependent phytoplankton that have
high nutrient requirements. Cyanobacteria are the functional
opposite, with slow maximum growth rates, slow sinking, low
nutrient requirements, and a capability for nitrogen fixation.
Coccolithophores are moderate growers that sink relatively
quickly due to their calcium carbonate coccoliths. They are
efficient users of nitrogen, enabling them to flourish in low
nutrient regions (although not as efficient as cyanobacteria).
Phaeocystis spp., at least as represented here, are high latitude
nanoplankton that play a role in the Earth’s sulfur cycle. Unlike
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the other phytoplankton, they have a temperature optimum
in maximum growth rate around 3°C (Schoemann et al,
2005). Dinoflagellates are large, slow-growing phytoplankton
with high nutrient requirements, but sink slowly based on the
limited motility provided by flagella. Finally, chlorophytes are
intended to represent the diverse functionality associated with
nanoplankton, with growth rates, sinking rates, and nutrient
requirements between the functional extremes and the more
specialized phytoplankton. Phytoplankton-specific physiological
and physical parameters are shown in Appendix Table 1.

Diatoms and chlorophytes (Arrigo and Sullivan, 1994; Arrigo
et al., 1995; Robinson et al., 1998) and Phaeocystis spp. (Tang
etal., 2009; Arrigo et al., 2014) have the capability to grow in sea
ice. We limit irradiance in sea ice to one-tenth its value at the
surface (Gregg and Casey, 2007). Biological activities in ice are
modified by the percentage of sea ice present in a model grid cell.

The model also contains four nutrients (nitrate, ammonium,
silicate, and dissolved iron), three detrital components
(particulate organic carbon, silicate, and iron), and five
carbon components: dissolved organic and inorganic carbon
(DOC and DIC), alkalinity, and two new variables, particulate
inorganic carbon (PIC), and chromophoric dissolved organic
carbon (CDOC).

Phytoplankton growth is a function of scalar quantum
irradiance, which is a measure of the photons impacting
phytoplankton cells from all directions, expressed as units
of pwmol photons m~2 s! (Kirk, 1992). Variable carbon to
chlorophyll ratios are utilized, that depend on the light history
(Gregg and Casey, 2007).

PIC is produced by coccolithophores as detached coccoliths
and is lost via sinking and dissolution. PIC is produced as
a fraction (25%) of the coccolithophore growth rate (Gregg
and Casey, 2007) minus respiration. The PIC sinking rate is
represented here as an exponential function of concentration,
assuming that large concentrations of PIC are associated with
larger coccolith size

ws(PIC) = aoexp(a; *PIC) (1)

where w is the PIC sinking rate (m d—1), PIC is in units of ngC
"L ag=01md'anda; =1.01 ugC_l. Dissolution follows
Buitenhuis et al. (2001), except that no dissolution is allowed
for depths shallower than the calcium carbonate compensation
depth, which we define as 3500 m.

CDOC represents the biogeochemical constituent necessary
for the simulation of absorption by acpoc()), the absorption
coefficient, which is an optical quantity. It has two sources
in the model: phytoplankton excretion and river discharge.
Phytoplankton excretion assumes a DOC:CDOC production
ratio of 0.7. It is destroyed by the absorption of photons, assuming
a quantum yield for CDOC

cpoc = > mol CDOC destroyed 2)
¢ " 1w mol photons absorbed

and the quantum absorption of available spectral irradiance in
the water column by CDOC

800
Q= /2 acpoc (M) [Qa (M) + Qs (V) +Q,(W)]dh  (3)

00

where Q, is the absorbed quanta by CDOC (jmol photons
m~3 s7!). Q denotes irradiance expressed as quanta with
subscripts d, s, and u representing direct downwelling, diffuse
downwelling, and diffuse upwelling components (jLmol photons
m~2s71), respectively, and acpoc is the absorption coefficient of
CDOC (m™).

The photolysis of CDOC is then

dCDOC
dt

= CDOC — ¢cpoc * Qa (4)

There is regional information on defining ¢cpoc (e.g., Reader
and Miller, 2012, 2014), but we seek a global spectrally integrated
solution for computational reasons. In this case, we iterate model
runs with various values of ¢cpoc, using global distributions of
data from MODIS-Aqua (Maritorena et al., 2010) as a target.
After several dozen model runs, we derive ¢cpoc = 1.0E-6
(wM/pmol photons absorbed m™3) for results in reasonable
agreement with MODIS-Aqua data, which we use in this
simulation.

This approach ignores photo-bleaching of CDOC, which is
sometimes assumed to be an intermediate condition on the
path to photolysis (photo-oxidation) (Del Vecchio et al., 2009).
Photo-bleaching is a milder form of degradation, where the
slope of the CDOC absorption curve, Scpoc (see Equation
18) declines (i.e., spectral-dependence becomes weaker) with
exposure to irradiance. However, keeping track of various states
of photo-bleaching is difficult for a prognostic tracer and requires
multiple tracers with different absorption curve slopes to be
realistic. Dutkiewicz et al. (2015) approach the problem by
defining a CDOM:-like tracer that is photo-bleached as a function
of PAR. Like here, Xiu and Chai (2014) ignored variability
of Scpoc (and thus photo-bleaching). Bissett et al. (1999)
also photolyzed CDOC, bypassing photo-bleaching. However,
photolysis degradation products were reverted to the DOC pool
rather than the DIC pool. The spectral slope Scpoc may also
change by water type (Stedmon et al., 2011) but is also not
considered here.

River inputs of nutrients and some carbon components are
included in the model, but amounts are not differentiated
individually by river source. Nitrate and silicate concentrations
at river mouths are assumed to be 10 WM, while dissolved iron
is 1 nM. DOC is specified at 100 pM, while DIC and alkalinity
are assumed to be the same as the nearby ocean discharge
locations. CDOC is assumed to be 750 uM at the river mouths.
Here we make an exception for northern high latitudes (>70°N)
where concentrations are set to 300 WM because the higher
concentrations led to complete irradiance extinction, which is not
supported by data.
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OCEAN-ATMOSPHERE SPECTRAL
IRRADIANCE MODEL

NOBM is coupled to the Ocean-Atmosphere Spectral Irradiance
Model (OASIM; Gregg and Carder, 1990; Gregg, 2002; Gregg and
Casey, 2009) to simulate the propagation of downward spectral
irradiance in the atmosphere and oceans and the upwelling
irradiance/radiance in the oceans. The irradiance pathways for
OASIM are shown in Figurel. The atmosphere and ocean
portions of the irradiance are implemented at variable spectral
resolution over the range 200 nm-4 mm, depending upon the
major atmospheric and oceanic absorbing sources. There are
33 spectral bands, which account for >99% of the total solar
extraterrestrial irradiance. For the PAR spectral region (defined
here as 350-700 nm following historical precedent) the model
utilizes 25 nm spectral resolution (Figure 2), with band centers
located at the bands shown. The 350 nm band represents the
beginning of the first band and 700 nm the end of the last band,
making them approximately half the width of the other bands
(Gregg, 2002).

The atmospheric component of OASIM tracks irradiance
through cloudy and clear skies (see Figure 1), accounting
for spectral absorption and scattering of atmospheric gases,
clouds, and aerosols. Biases and uncertainties in the atmospheric
component of OASIM have been characterized for clear sky
high spectral resolution (1 nm; Gregg and Carder, 1990) and
under mixed cloudy and clear skies for 25 nm spectral resolution
(Gregg and Casey, 2009). We elaborate here on the ocean optical
calculations.

Ocean radiative transfer uses a “three-stream” method based
on the Aas (1987) two stream approximation, modified for an
explicit direct downwelling component by Ackleson et al. (1994)

dEq(2)

______ = —Cq(M)Eq(n) (5)

dz

dEs())

o = —Cs(MEs(N) + Bu(MEL (V) + Fa(ME4(V)  (6)
VA

dEy ()

AR = —Cy(MEu(N) — Bs(MEs (W) — Ba(M)Eq(n) (7)
yA

where Eg(\) is the spectral downwelling direct irradiance at
the bottom of a model layer, Es()) is the downwelling diffuse
irradiance, and E,()) is the upwelling diffuse irradiance. The
attenuation terms Cy (where x is an indicator for the irradiance
pathway d for direct downwelling, s for diffuse downwelling, and
u for diffuse upwelling), backscattering terms By, and forward
scattering Fy differ for each of the irradiance pathways because
of different shape factors (Aas, 1987; Ackleson et al., 1994) and
mean cosines

Ca(h) = [a(h) +Db(W)]/1y (8)
Cs(h) = [a(X) + xsbp(W)] /1 9)
Cu(h) = [a(V) + rabpy(M)]/ (10)
Ba(h) = bp(M)/py (11)

By(h) = riby(W)/1, (12)
Bu(h) = rabp(r)/1t, (13)
Fg() = (1= bpb(h)/n, (14)

where a is the absorption coefficient, b is the total scattering
coefficient, by, is the backscattering coefficient, by is the ratio
of backscattering to total scattering, and p is the mean cosine
(constant for diffuse irradiance, but varies with solar zenith
angle for direct irradiance). The shape factors are indicated by
the ry terms, and are specified as in Ackleson et al. (1994).
Equation 5 can be solved a priori, which can then be used as
a boundary condition, greatly simplifying the solution of the
coupled Equations 6, 7.

OASIM is used in 5 different Ocean General Circulation
Models (OGCM): NASA Global Modeling and Assimilation
Office (GMAO) Poseidon (Gregg, 2000; Gregg and Casey, 2007;
Rousseaux and Gregg, 2015), GMAO MOM4 (present effort),
NASA Goddard Institute for Space Studies (GISS) HYCOM
(Romanou et al., 2013, 2014), NASA GISS Russell (Romanou
et al., 2014), and Massachusetts Institute of Technology (MIT)
OGCM (Dutkiewicz et al., 2015). It is used in the coupled ocean-
atmosphere models of NASA/GMAO-GEOS-5 and NASA/GISS
ModelE-H and -R.

Optical Properties of Ocean Constituents
The coupled NOBM-OASIM model includes optically active
constituents, including water, phytoplankton, detritus, PIC, and
CDOC each with unique spectral characteristics (Figure 3). All
are prognostic state variables, with individual sources and sinks.
The optical properties of each constituent are taken from various
efforts in the peer reviewed literature.

Water
The spectral absorption and scattering properties of water have
been re-evaluated several times in the past 3 decades. Originally

Water vapor

Ozone

Oxygen

Molecules, aerosols

(1 'P) Ed Eu (1 'p)Es

FIGURE 1 | Irradiance pathways (directional irradiance) in OASIM. Eg is
direct downwelling irradiance, Es is diffuse downwelling, p is surface
reflectance, Ey is diffuse upwelling irradiance, and LwN is normalized
water-leaving radiance. All irradiances and radiances are spectrally resolved at
25 nm for Eg, Es, and Ey for the range 350-700 nm, and at variable resolution
for the remainder of the 200 nm-4 um. Size of arrows approximates relative
contributions.
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OASIM Downwelling Spectral Irradiance
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coccolithophores
dinoflagellates
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y
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FIGURE 2 | OASIM spectral downwelling radiance and dependencies in the ocean. Shown are the visible bands. Inherent optical properties (spectral
absorption coefficient a[A], and spectral scattering coefficient b[\]) are derived from spectral characteristics of water, phytoplankton groups, detritus, PIC, and CDOC.
OASIM tracks spectral irradiance from the sun through the atmosphere into and through the oceans.

reported by Smith and Baker (1981) for the 200-800 nm
spectral domain, the data was revised by Pope and Fry (1997)
for the range 380-720 nm. Morel et al. (2007) derived new
data for absorption and scattering for the spectral range 300-
500 nm using information in the clearest ocean waters of the
South Pacific. Finally, Lee et al. (2015) reported new absorption
coeflicients in the range 350-550 nm.

Water absorption data used here are from Smith and Baker
(1981) for 200-300 nm and 730-800 nm, Morel et al. (2007) for
300-350 nm, Lee et al. (2015) for 350-550 nm, Pope and Fry
(1997) for 550-720 nm, Circio and Petty (1951) for 800 nm-2.5
pm, and Maul (1985) for 2.5-4 wm. Water scattering are from
Smith and Baker (1981) for the range 200-350 nm and 500-800
nm, and Morel et al. (2007) for the spectral range 350-500 nm.
We assume no scattering by water for wavelengths longer than
850 nm. The backscattering-to-total scattering ratio by,, for water
is 0.5.

Phytoplankton

Phytoplankton optical properties are obtained from various
sources. Chlorophyll-specific absorption coefficients a’(\) are
derived by taking reported spectra and normalizing to the
absorption at 440 nm [a§(440)]. Normalized specific absorption
spectra [ag (%) |N are computed for each of the five phytoplankton
groups: diatom and chlorophyte [a;()\)]N are taken from
Sathyendranath et al. (1987), cyanobacteria from Bricaud
et al. (1988), coccolithophores from Morel and Bricaud
(1981), and dinoflagellates from Ahn et al. (1992). Then
the specific spectral ag(h) values are derived using mean
values at 440 nm. Diatom ag(440) represents the mean of
5 observations containing 4 different spp., chlorophytes 6
observations from 4 spp., cyanobacteria 5 observations from 3

spp., coccolithophores 3 observations of 1 sp., and dinoflagellates
1 sp., all from the references listed above. Phaeocystis spp.
specific spectral absorption coefficients are taken from Stuart
et al. (2000) measurements for the Arctic species Phaeocystis
pouchetti.

Phytoplankton specific scattering coefficients b;()\) are
obtained from measurements at 590 nm and extended to the
entire spectrum from specific attenuation coeflicients (Bricaud
et al, 1988). Diatom and chlorophyte specific scattering
coefficients at 590 nm, b}*;(590) and b;;(590), are the mean of
5 observations and 6 observations, respectively, from Morel
(1987), Bricaud and Morel (1986) and Bricaud et al. (1988).
Cyanobacteria b;(590) is the mean of 8 observations from Morel
(1987), Bricaud and Morel (1986), Bricaud et al. (1988) and Ahn
et al. (1992). Coccolithophore b¥(590) is derived from the mean
of 3 observations from Bricaud and Morel (1986), Bricaud et al.
(1988), and Ahn et al. (1992). Dinoflagellate b;(590) is derived
from a single observation by Ahn et al. (1992). We have been
unable to locate spectral scattering properties for Phaeocystis spp.,
so we assume the specific scattering coeflicients are the same as
diatoms.

We assume no spectral dependence in the backscattering-to-
total scattering ratio Bbp. Ahn et al. (1992) suggested a spectral
dependence for cyanobacteria but generally none for the other
groups. Reported values for Bbp are 0.002 for diatoms (Morel,
1988), 0.00071 for chlorophytes (Ahn et al., 1992), 0.0032 for
cyanobacteria (Ahn et al., 1992), 0.00071 for coccolithophores,
0.0029 for dinoflagellates (both from Morel, 1988), and 0.002
for Phaeocystis spp. (assumed same as diatoms). Some of these
values have been questioned based on non-sphericity of many
natural phytoplankton populations (Vaillancourt et al., 2004;
Whitmire et al., 2010). Based on these results, we increased Bbp
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FIGURE 3 | Spectral absorption and scattering coefficients of water, phytoplankton, detritus, PIC, and CDOC in OASIM.

for chlorophytes and coccolithophores by a factor of 10, but kept
them as reported for diatoms, cyanobacteria, dinoflagellates, and
Phaeocystis spp.

Detritus

Detritus both absorbs and scatters light (Figures2, 3).
Absorption is typically considered an exponential function
of wavelength (Roesler et al., 1989; Gallegos et al., 2011)

ag(h) = Dajexp[—Sq(\ — 440)] (15)

where D is the concentration of detritus pg C 171, ag(h) is
the absorption coefficient of detritus (m~!), S4 = 0.013 nm~!
(Gallegos et al., 2011) and axq is the mass-specific absorption
coefficient of detritus, which is set to 8.0E-5 m?> mg~! for small
detritus as typically found in oceanic waters (Gallegos et al.,
2011). Only organic carbon detritus in the model is used for
detrital optics.

Detritus scattering is also taken from Gallegos et al. (2011)

bg(») = Dbj(550/2)%? (16)

where by is the total scattering coefficient, b} is the mass-
specific scattering coefficient. The scattering coefficient is set as
0.00115m? mg~! and the backscattering-to-total scattering ratio
Bbd is 0.005, as in Gallegos et al. (2011).

PIC

PIC optical properties have been evaluated by Gordon et al.

(2009). We adopt this formulation for our simulation. PIC

scatters irradiance but does not absorb
bpic(h) = PIC bj;o (M) (17)

where PIC is the concentration of PIC (mgC m~3) and bpic(V)
is PIC-specific spectral scattering coefficient from Gordon et al.
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(2009) in units of m? mgC~!. The backscattering-to-total
scattering ratio bypic is from Balch et al. (1996), using their lower
bound of 0.01.

CDOC
As a dissolved component, CDOC only absorbs and does not
scatter. Its spectral absorption is similar to detritus but with a
different slope

acpoc(M) = aly,. exp[—Scpoc(h — 443)] (18)
where a%, _is the mass-specific absorption coefficient of CDOC,
Scpoc = 0.014 nm ™! (Bricaud et al., 1981, 2010). Scpoc is in the
low end range of observations in surface waters of the Equatorial
Atlantic (Andrew et al., 2013) but only slightly lower than those
observed in the Mediterranean Sea (Organelli et al., 2014). There
are few reports of the mass-specific absorption coeflicient of
CDOC af, .. We have found three observations in the literature
(Carder et al., 1989; Yacobi et al., 2003; Tzortziou et al., 2007).
The more recent two are in agreement at 2.98 x 10~* m? mg~!
in 4 rivers in Georgia, USA (Yacobi et al., 2003) and 2.78 x 10~*
m? mg~! as the mean of 4 stations in the Rhode River, Maryland,
USA (Tzortziou et al., 2007). Carder et al. (1989) reported a mean
over about nearly an order of magnitude lower in the Gulf of
Mexico (4.74 x 107> m? mg’l). We choose Yacobi et al. (2003)
for our simulation.

Model Setup

The model is integrated for 30 years from an initial state using
climatological atmospheric forcing and atmospheric absorbing
gases from Modern-Era Retrospective Analysis for Research and
Applications (MERRA; Rienecker et al., 2011). The initial state
for nitrate and silicate is taken from the National Centers for
Environmental Information World Ocean Atlas (Conkright et al.,
2002), dissolved iron is from Fung et al. (2000), and ammonium
is arbitrarily set to 0.5 wM. All phytoplankton concentrations are
initialized to 0.5 mg m ™~ and the new variables PIC and CDOC
initialized to 0 Concentrations (g 17! and wM, respectively).
Alkalinity and dissolved inorganic carbon are initialized using
Global Data Analysis Project (GLODAP; Key et al., 2004) and
dissolved organic carbon is initialized as 0 pM. Cloud and
aerosol optical properties for surface irradiance are obtained
from MODIS-Aqua. Diurnal variability is represented at the
model 30-min time step, but atmospheric optical components are
monthly climatologies.

Error Characterization of the Model

The biological and optical constituents of the NOBM-OASIM
model are compared to in situ and/or satellite (MODIS) data
where and when available, in order to quantify the bias and
uncertainty. Satellite chlorophyll data are compared with the
surface level of the model which is 10 m. Phytoplankton groups
are compared to in situ data while total chlorophyll, PIC,
and acpoc are compared to satellite estimates. The statistics
are aggregated over the 12 basins of the global oceans, mean
differences (biases) computed, and then correlations computed
over the basins. This provides an estimate of large scale

correlations and is very stringent considering the low number
of observations. The major ocean basins are divided into 3
main regions, high latitudes (poleward of 40° latitude): North
Atlantic and Pacific and Southern Ocean, mid-latitudes (between
40° and 10° latitude): North Central Atlantic and Pacific, South
Atlantic, Pacific and Indian, and North Indian, and tropical
basins (between £10° latitude): Equatorial Atlantic, Pacific, and
Indian.

Phytoplankton groups are represented as relative abundances,
and are compared to in situ data on relative abundances.
The in situ data is a compilation described by Gregg and
Casey (2007) and is available at http://gmao.gsfc.nasa.gov/
research/oceanbiology/data.php. Some changes to the error
characterization of Gregg and Casey (2007) include (1) removal
of data obtained in the sub-polar tropical Pacific basins during
El Nifio-Southern Oscillation (ENSO) events and (2) removal of
chlorophyte data poleward of 40° latitude. ENSO events change
the phytoplankton relative abundances, sometimes drastically, as
noted in in situ (Bidigare and Ondrusek, 1996; Karl et al., 2001),
satellite (Uitz et al., 2010; Masotti et al., 2011; Bricaud et al.,
2012), and satellite data assimilation studies (Rousseaux and
Gregg, 2012). Regarding the removal of high latitude chlorophyte
data, we note that little of the data in our data base have
explicitly identified chlorophyte relative abundances. Instead,
we assume that all reports of intermediate phytoplankton,
e.g., nanoplankton, nano-eukaryotes, etc. are compatible with
the role played by chlorophytes in the model. While this
assumption still holds, it is likely that such a categorization
includes Phaeocystis spp. in the high latitudes, which are
common here. Since we now explicitly represent these polar
species Phaeocystis, we do not need to use chlorophytes as a
proxy for nanoplankton and can avoid the misrepresentations
between data and model in the high latitudes that we previously
accommodated.

We have been unable to find relative abundance data for
Phaeocystis spp., so we use absolute abundances from the
MARine Ecosytem DATa (MAREDAT) project (Vogt etal., 2012).
The data are reported as jLg C 171, which was converted to mg
chl m™3 as reported in the model using a carbon:chlorophyll
ratio of 50g g~!. Phaeocystis globosa data are removed from
the comparison because our characterization is strictly for
polar species of Phaeocystis. We also remove data reported
prior to 1975 due to suspect quality. Abundances are log-
transformed prior to statistical analysis. We have not been
able to obtain global data on dinoflagellate relative abundances
and there is not yet a database from MAREDAT, so we are
unable to quantify model error statistics on this phytoplankton
group.

There is no available satellite data for CDOC that we are aware
of, but a satellite product called acpm (absorption coefficient
of Chromophoric Dissolved and Particulate Organic Matter at
443 nm) is available (Garver and Siegel, 1997; Maritorena and
Siegel, 2005; Maritorena et al, 2010). We use the products
from MODIS-Aqua in this effort. This product represents the
absorption of both CDOM and detritus (hence the usage of
CDM to minimize confusion about its nature). Siegel et al. (2002)
estimated the detrital contribution as (12%). This difference in
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dissolved organic detrital representations contributes to the low
model estimates relative to data reported here, as well as possibly
inadequate phytoplankton production of CDOC and/or excessive
photolysis. However, the regional correlation in Table 1 is likely
more robust.

Model total chlorophyll is also substantially lower than
satellite data (Table 1). This is driven by the uneven seasonal
sampling of satellites, resulting in little or no coverage in
local winter, when chlorophyll concentrations are very low. By
observing the oceans only in seasons of higher growth, satellite
data overestimates global median chlorophyll.

Satellite primary production data is from the Vertically
Generalized Production Model (Behrenfeld and Falkowski,
1997). Data shown in Table 1 is a climatology from MODIS-Aqua
from 2003-2013.

The atmospheric portion of OASIM has been quantitatively
evaluated against in situ data (Gregg and Carder, 1990; Gregg
and Casey, 2009), so no further analysis is done here. Spectrally-
integrated surface irradiance from OASIM had root mean square
(RMS) difference = 20.1 Wm™2 (about 11%), bias = 1.6 W
m~2 (about 0.8%), regression slope = 1.01 and correlation
coefficient = 0.89, when compared to 2322 in situ observations

TABLE 1 | Bias and correlation of major model variables with data sources.

Bias Correlation (r) Notes

Nitrate 6.2% (N =12) 0.987 (P < 0.05)  Insitu

Silicate —35.4% (N = 12) 0.885 (P < 0.05) Insitu

Dissolved Iron 51.2% (N =12) 0.441 (NS) In situ

Total chlorophyll —13.4% (N =12) 0.717 (P < 0.05)  Insitu

Total chlorophyll —37.3% (N=12) 0.658 (P < 0.05)  Satellite
(MODIS-Aqua)

Diatoms 4.9% (N =11) 0.810 (P < 0.05)  In situ, relative
abundance

Chlorophytes 2.2% (N = 6) 0.814 (P < 0.05)  In situ, relative
abundance

Cyanobacteria 15.0% (N = 11) 0.951 (P < 0.05) In situ, relative
abundance

Coccolithophores 6.5% (N = 10) 0.722 (P < 0.05)  In situ, relative
abundance

Dinoflagellates - - NA

Phaeocystis

Herbivores
Detritus
PIC

acpoc

Primary Production

~5.6% (N = 1899)

0.534 (P < 0.05)

0.566 (NS)

0.919 (P < 0.05)

0.604 (P < 0.05)

In situ. Absolute
abundance, not
averaged over
basins

NA

NA

Satellite
(MODIS-Aqua)
Satellite
(MODIS-Aqua)
Satellite
(MODIS-Aqua)

NS indicates non-significant correlation, P < 0.05 indicates statistical significance at 95%
probability. Values are for basins, where data are averaged over each of the 12 basins prior
to comparison, producing N = 12. Bias is model minus in situ/satellite data. NA indicates
no data for comparison found.

under mixed cloudy and clear skies (Gregg and Casey, 2009).
Under clear skies the model has demonstrated a 6.6% RMS with
in situ surface observations at 1 nm spectral resolution (Gregg
and Carder, 1990).

The ocean component of OASIM has been shown to
improve the representation of the deep chlorophyll concentration
maximum (Dutkiewicz et al., 2015). Dutkiewicz et al. (2015) also
provided maps comparing computed upwelling radiances with
some of the MODIS-Aqua bands. Here we present a quantitative
comparison of global OASIM normalized upwelling spectral
radiances compared to MODIS-Aqua accompanied by statistical
characterization. In this evaluation we utilize a different global
ocean model (Poseidon; Schopf and Loughe, 1995) with nearly
identical NOBM configuration (i.e., not including dinoflagellates
and Phaeocystis spp.), and assimilate total chlorophyll, PIC,
and acpm(443) (Maritorena et al., 2010) from MODIS-Aqua.
This novel use of data assimilation ensures consistency in
underlying optical constituents with observations. This enables
us to isolate the OASIM calculations of spectral radiance. The
simulation/assimilation/satellite data year for the comparison
is 2007. The reason for the ocean circulation model switch is
that data assimilation has not yet been developed for GEOS-
5 MOM4-NOBM and it is essential for isolating the radiative
transfer model evaluation. The normalized upwelling radiance
calculation is described in Appendix 1. For this evaluation, we
utilize 1 nm spectral resolution data for surface irradiance and
ocean optical properties. The 1 nm bands chosen for comparison
align with the band centers for MODIS-Aqua. This enables us to
match to MODIS bands and reduce impacts of model/data band
misalignment in the error characterization.

Evaluation Scenarios for Spectral and

Directional Irradiance

The model is run an additional 10 years of simulation after the
initial spinup under different scenarios of irradiance treatment
in the water column to evaluate the effects of spectral and
directional irradiance. Ten years is sufficient to achieve stability
for most of the scenarios (defined as <1% change in global
nitrate, chlorophyll, and primary production per year), but the
more different the scenario from the control, the longer it can
take to achieve this level of stability. This extended run was
required only for the test of direct irradiance, which required 20
years to stabilize.

All scenarios are evaluated against a control run, which
is the spun-up model with full treatment of directional and
spectral irradiance. Each scenario of directional and spectral
irradiance is evaluated against this directionally and spectrally-
resolved model. We focus here strictly on the changes in ocean
biology, specifically nitrate, total chlorophyll, phytoplankton
composition, and net primary production.

In all cases the surface irradiance enters the ocean as fully
differentiated directionally and spectrally using the atmospheric
component of OASIM, which accounts for absorption and
scattering by atmospheric constituents (clouds, aerosols, gases)
and penetration through the atmosphere-ocean boundary as
a function of surface roughness (Figure1). We evaluate the
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importance of the irradiance nature in the oceans using the
ocean component of OASIM (the three-stream model described
above, Equations 5-14) by simulating irradiance transmittance
involving one of the aspects of the irradiance at a time.

First, directional irradiance is evaluated. All of the surface
irradiance, and its spectral quality is conserved. In this case,
the light is transmitted through the oceans as purely direct
irradiance. The surface diffuse irradiance is added into the direct
path as

Eq(h,07) = Eq(h,07) + E(%,07) (19)

and is then zeroed out
Es(0,07) =0 (20)

The irradiance is tracked in the three-stream model as strictly
direct irradiance (Equation 5). This enables us to understand the
importance of the nature of the light and its effects if treated in
the oceans strictly as direct irradiance, without changing the total
irradiance entering.

The test of diffuse irradiance is similar, with the roles reversed,
i.e., surface direct irradiance is added to the diffuse, and is then
zeroed out

Es(,,07) = Eq(%,07) + Es(,07) (21)
Eq(0,07) =0 (22)

Now the radiative transfer is computed using Equations 6 and 7,
where the terms containing Eq4 are zero.

The scenarios thus treat the pathways of light in the oceans
differently and are attenuated differently, despite containing the
same total irradiance at the surface. The spectral nature of the
irradiance is preserved in these scenarios so that we are strictly
observing the effects of light direction.

The spectral irradiance scenarios preserve the directional
nature of the surface irradiance, with direct and diffuse
components explicitly computed in the water column by the
OASIM three-stream model. This time, however, we compute
only the attenuation (absorption and scattering) of a single
spectral band. This is somewhat complex because it is difficult
to decide which individual band to select a priori. Thus we
test several wavelengths spanning the range of PAR individually.
Specifically, we sum all of the irradiance in all the PAR bands
into the 400 nm band, then use the attenuation characteristics
of 400 nm, i.e., spectral absorption and scattering of water,
phytoplankton, detritus, PIC, and CDOC at 400 nm

700

E4(400) = / Ed () di (23)
350
700

E(400) = / Es(n) dn (24)
350

Then we repeat the process at 450 nm, 500 nm, 550 nm, 600
nm, and finally 650 nm, again moving all the surface spectral
irradiance into the band of interest and tracking attenuation in
that band. We evaluate changes in ocean biology based on the

individual band attenuation compared to the full spectral nature
of natural irradiance. In this and the other spectral scenarios,
directionality is treated as in the control, i.e., fully resolved
from surface inputs including monthly climatological clouds and
aerosols.

Finally we evaluate the combined effect of directional and
spectral irradiance by choosing the band that most agrees with
the control and assuming only diffuse irradiance. The total
irradiance entering the ocean is conserved as in all the preceding
scenarios.

RESULTS

Model Error Characterization

Comparisons of major constituents in NOBM with various
in situ and satellite data sets are summarized in Table 1. In
situ and satellite data sets were available for most of the
model tracers, but some, like detritus and dinoflagellates, were
not. Bias was represented by the global difference (model
minus data, usually expressed as percent) and uncertainty
was represented by correlation with significance testing. The
model variables were taken from year 30 of the 30-year
spinup.

OASIM normalized upwelling radiances were compared with
the radiances available from MODIS-Aqua. This was a different
circulation model coupled to NOBM in a configuration that has
the capability to assimilate satellite data, but was otherwise nearly
identical to NOBM used here with MOM4 (i.e., not including
dinoflagellates and Phaeocystis spp.). The assimilation ensures
that we have evaluated the radiative transfer model, rather
than convolving differences in underlying optical constituents.
We are characterizing the error of the radiative model here,
and it is essential to utilize optical constituent distributions
that more closely resemble nature than a free-run model does.
We achieve this through a novel use of data assimilation.
The global mean bias for the band composite was —0.6 mW
cm™2 pm~! sr! (—8.0%) and the correlation was 0.68 (P <
0.05). Bias and correlation for normalized upwelling radiances
compared to the 6 MODIS visible bands are provided in
Table 2.

TABLE 2 | Statistics on the comparison of global normalized water-leaving
radiances Ly N(\) from the NOBM-OASIM model and radiances from
MODIS-Aqua for 2007.

Wavelength Median Difference SIQR Correlation (r) N
412 nm —0.163 (—11.9%) 0.160 0.948 (P <0.05) 418169
443 nm —0.052 (—3.8%) 0.106  0.934 (P <0.05) 418287
488 nm —0.065 (—0.6%) 0.076  0.841 (P < 0.05) 418317
531 nm —0.040 (-9.7%) 0.054  0.449 (P <0.05) 418317
547 nm —0.031 (—10.1%) 0.048  0.460 (P <0.05) 418317
667 nm —0.008 (—44.4%) 0.005 0.445 (P <0.05) 418272
Global Mean —0.060 (—8.0%) 0.075 0.680 (P <0.05) 418280
all bands

SIQR is the semi-interquartile range.
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Directional Irradiance

When all surface irradiance was assumed to be direct, and light
transmittance followed Equation 5, global nitrate concentrations
increased >200% (Table 3). This was accompanied by a large
decline in global net primary production of more than —80%
compared to the directionally and spectrally resolved simulation
(Table 3). Global annual median chlorophyll, however, was only
modestly affected by the change in light stream, falling only
by —8.3% (Table 3).

When all surface irradiance was assumed to be diffuse,
and irradiance was computed using Equations 6, 7, global
surface nitrate concentrations decreased by nearly 19% and
global median chlorophyll concentrations decreased similarly,
by 21% (Table3). Regional distributions showed that the

TABLE 3 | Global annual mean nitrate concentrations, global annual
median chlorophyll concentrations and global net primary production as a
function of directional irradiance.

Directional Direct Only Diffuse Only
+ Spectral
Nitrate (M) 5.59 20.02 (258.1%) 4.54 (—18.8%)
Total Chlorophyll (mg m—3) 0.154 0.141 (-8.3%) 0.121 (—21.2%)
Primary Production (Pg C y=1) 49.2 7.8 (—83.7%) 50.1 (3.9%)

Shown are the fully directional (and spectral) model, transmittance in the oceans using
only direct irradiance, and transmittance using only diffuse irradiance.

changes were largest in the sub-tropical and tropical regions,
defined here as equator-ward of 40° Ilatitude (Figure 4).
Global net primary production increased slightly in a diffuse-
only representation of irradiance (Table3). Phytoplankton
relative abundances changed considerably more than PP
and nitrate for some groups (Figure 5). Chlorophyte relative
abundance declined while cyanobacteria, coccolithophores, and
dinoflagellates increased. Diatoms and Phaeocystis spp. remained
nearly constant regardless of whether the irradiance was treated
as directional or as diffuse only.

Spectral Irradiance

Treatment of irradiance attenuation as non-spectral produced
differences with the full spectral model that depended upon
the choice of attenuation band (Figure 6). Using 400 nm, mean
global nitrate concentrations were much lower than the full
spectral calculation, a pattern that persisted for the shorter
wavelengths through 500 nm. For wavelengths >500 nm, nitrate
concentrations were much higher, ranging from 104% at 550 nm
to >200% for 600 nm and 650 nm. Global median chlorophyll
concentrations tracked nitrate through 550 nm, with lower
concentrations than the full spectral model for 400-500 nm, then
higher at 550 nm (Figure 6). At longer attenuation wavelengths
than 550 nm, global median chlorophyll and global mean nitrate
diverged, with nitrate higher than control and chlorophyll lower
than the control. Attenuation at 500 nm produced the closest

-90.0% -80.0% -70.0% -60.0% -50.0% -40.0% -30.0% -20.0% -10.0% 0.0% 10.0%
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M chlorophyll
itrat
S Pacific s
SIndian
Southern Ocean

FIGURE 4 | Changes in regional nitrate and chlorophyll as a function of radiative transfer in the oceans tracking only the diffuse component. Changes
are relative to the directionally-spectrally resolved model. The high latitudes are poleward of 40° latitude (i.e., the North Atlantic, North Pacific, and Southern Ocean).
The tropical and sub-tropical basins are in the middle, with the tropical/sub-tropical delineation at 10°.
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FIGURE 5 | Phytoplankton group relative abundances in the directional and spectrally-resolved model and the diffuse-only simulation. The direct-only
simulation is not shown because it attenuates so much irradiance the results are clearly unrealistic.

approximation to full spectral treatment for both global nitrate
and chlorophyll.

Phytoplankton relative abundances were also sensitive to non-
spectral irradiance transmittance in the oceans (Figure 7). As
with nitrate, chlorophyll and primary production, transmittance
at 500 nm was closest to the spectral calculation. But even
here there were departures from the spectrally-resolved model:
chlorophytes were almost half their relative abundance in the
full spectral solution, while coccolithophores and cyanobacteria
increased their relative abundances by about 3% each. Diatoms
were relatively steady in their proportion of the phytoplankton
community regardless of the choice of attenuation. Other
than diatoms there were major changes in phytoplankton for
attenuation choices greater than 500 nm.

Global net primary production as a function of spectral
transmittance exhibited inverse patterns to global annual
median chlorophyll (Figure8). Transmittance at 500 nm
compared the most favorably to the spectral primary production.
Transmittances at wavelengths shorter than 500 nm showed
increased primary production, while those longer showed smaller
production, with declines well over 50% for 600 nm and above.

Combined Effect of Directional and
Spectral Irradiance

The combined effect of utilizing only diffuse and non-spectral
irradiance for estimation of the underwater light field was
larger than the individual representations of diffuse only

and transmittance at 500 nm (the best case for non-spectral
attenuation). Global surface nitrate concentrations were lower
(—33.6% compared to the directionally and spectrally-resolved
model) as was global surface median chlorophyll (—16.4%)
(data not shown). Comparisons with in situ and satellite data
(Figures 9, 10) reinforced these results as well. In contrast, total
primary production was quite similar to the directionally and
spectrally-resolved simulations. Global net primary production
was within 2.4 Pg C y~! or about 5%, with the non-resolved
model higher (data not shown).

DISCUSSION

Here we have attempted to clarify the effects of neglecting
directional and spectral irradiance in simulations of global
ocean biological variables, specifically nitrate, total chlorophyll,
phytoplankton relative abundances, and net primary production.
Beginning with an ocean radiative transfer model that resolves
both directional and spectral irradiances, and a companion
atmospheric radiative transfer model that represents directional
and spectral irradiance deriving from the sun and local
atmospheric conditions, including absorbing gases, clouds, and
aerosols, we sequentially remove the directional and spectral
components, all the while ensuring that the exact same total
irradiance begins at the surface, and then report the changes in
the above described biological constituents in the oceans.
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FIGURE 6 | Global nitrate and chlorophyll concentrations using non-spectral transmittance of irradiance. The non-spectral attenuation is shown for six
different bands, each beginning with the same total surface irradiance as the spectrally resolved model. The percent change is relative to the spectrally-resolved
model. Nitrate is shown in red and follows the left vertical axis.

The results show consequential, but not drastic changes in
global ocean biology from not resolving directional irradiance
and treating all irradiance as diffuse: approximately 20%
reductions in global annual mean nitrate and global annual
median chlorophyll. Global net primary production changes
are essentially negligible at 4%. However, there are important
changes in the phytoplankton relative abundances, with
cyanobacteria and coccolithophores increasing their relative
abundances from 31 to 40% of the total combined while
chlorophytes fall from 16% of the community (second highest
behind diatoms) to 4% (second lowest next to Phaeocystis spp.)
(Figure 5).

The changes in nitrate and chlorophyll due to simulation
of exclusively diffuse irradiance are much larger in the tropics
(between —10° and 10° latitude) and sub-tropics than in the high
latitudes (poleward of 40° latitude). For example, the changes in
nitrate and total chlorophyll in the Equatorial Pacific are —80
and —43%, respectively, compared to the Southern Ocean, where
changes of —10 and —3%, respectively, are found (Figure 4).
This is because in the high latitudes surface irradiances is already
dominated by diffuse irradiance due to the presence of persistent
clouds. Treating all the irradiance as diffuse here has less effect
than in the lower latitudes, since there is already less direct
irradiance to begin with.

We note that nitrate and total chlorophyll decline
(approximately —20% each) while primary production increases
by 4% in the diffuse-only scenario (Table 3). Diffuse-only
transmittance produces more total irradiance in the water

column, which increases primary production and diminishes
surface nitrate through uptake. These relationships have
been noted by Kim et al. (2015) in a study on the effects
on CDOM on biology in the global oceans. Higher total
irradiance results in higher community metabolic activity
in the surface, especially grazing, which has the net effect of
reducing both nitrate (through increased uptake) and surface
chlorophyll (through grazing). Higher irradiance also produces
higher carbon:chlorophyll ratio, further depressing surface
chlorophyll.

In this diffuse-only scenario the increase in primary
production is partially due to the fact that in the merger
of direct and diffuse solar irradiance (Equations 25, 26) the
spectral quality of the direct irradiance is retained. This means
the full solar spectrum, most relevantly the shorter (blue)
wavelengths from the formerly direct irradiance are added to
the diffuse stream in the interest of conserving total irradiance
at the surface. These blue spectra (both from the diffuse and
the additional direct converted to diffuse) photolyze CDOC,
reducing its concentration, and consequently stimulate primary
production by enhancing the availability of blue irradiance for
photosynthesis. This also suggests that diffuse pathways in the
oceans provide more ambient light than the multiple angles
of the direct irradiance each day. Although this may seem
counter-intuitive because clouds are the most important cause
of diffuse irradiance, it is important to remember that clouds
also cause a reduction in total irradiance, whereas here the full
direct+diffuse irradiance is conserved in the simulation, with the
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FIGURE 7 | Phytoplankton group relative abundances using non-spectral transmittance of irradiance. The non-spectral attenuation is shown for 6 different
bands, each beginning with the same total surface irradiance as the spectrally-resolved model.
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FIGURE 8 | Global net primary production using non-spectral transmittance of irradiance compared to the spectrally-resolved model. Included is the
contribution of each phytoplankton component to the total.
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FIGURE 9 | Global distribution of nitrate from the directionally and spectrally-resolved model, in situ data and the diffuse-only, 500 nm non-spectral
simulation and the difference. Statistics on global distributions compared to in situ data are shown in the plots. The correlation for both models is statistically
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clear-sky direct added to the cloudy and clear diffuse. This is
clearly unreasonable in nature but here we are testing modeling
approaches for representing the ocean light field. A model that

does not consider irradiance directionality but is given the correct
total surface irradiance would be susceptible to the scenario
described here.
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Ocean biological concentrations and primary production are
sensitive to the nature of spectral irradiance. The magnitude of
the behavior of ocean biology to simulations using non-spectral
radiative transfer is dependent upon which wavelength is
selected. The shorter (bluer) wavelengths are associated with
higher primary production and consequently lower nitrate and
chlorophyll (Figure 6). The changes to nitrate and chlorophyll
track one another for non-spectral transmittance in these
bands. The best comparison with the fully spectrally-resolved
model occurs at 500 nm, but even here there are substantial
changes in phytoplankton composition, with reductions in the
relative abundance of chlorophytes compensated by increases
in cyanobacteria and coccolithophores (Figure 7). This suggests,
however, that there is potentially an optimal choice for non-
spectral transmittance, at least for global representations, and it
likely lies near 500 nm. This in turn suggests support for use of
diffuse attenuation coefficient for PAR, which is derived from the
attenuation coefficient at 490 nm (K3490) (Morel et al., 2007) or
using K4490 itself (e.g., Lee et al., 2005).

Non-spectral radiative transfer using bands higher than 550
nm show much larger impacts on primary production, nitrate,
and chlorophyll. Here the association between nitrate and
chlorophyll diverges, with nitrate increasing with increasing
wavelength and chlorophyll decreasing.

Relative abundances of phytoplankton are highly sensitive
to non-spectral choices of transmittance wavelength (Figure 7).
To understand why, we refer to Figure 3, which shows the
spectral dependences of the ocean optical constituents. The
shorter (blue) wavelengths are where CDOC absorption is
strongest, and using these bands for non-spectral attenuation
maximizes the absorption by this constituent. It also maximizes
the photolysis of CDOC (Equations 3, 4, and Figure 3), which
in turn leads to more blue light available for phytoplankton
absorption and growth. CDOC global concentrations for the 400
nm transmittance scenario are 46% lower than the spectrally-
resolved case (data not shown). This explains the elevated
primary production observed in this spectral region (Figure 8).
The remaining blue to green light available after absorption by
CDOC favors cyanobacteria and coccolithophores, which have
strong specific spectral absorption in this region (Figure 3),
facilitating their growth and increased relative abundances
compared to chlorophytes. This explains the changes observed
in relative abundances (Figure7). As we approach longer
wavelengths, water absorption dominates, extinguishing available
light for all phytoplankton and leading to high nutrient
availability due to reduced primary production. Additionally,
CDOC increases because it is a poor absorber in red light and
consequently its photolysis is reduced, further exacerbating the
irradiance deficit. In this case, the phytoplankton groups with the
fastest growing capabilities in nutrient-replenished conditions
are advantaged over the other types such as cyanobacteria and
coccolithophores, which are better suited for utilizing nutrients
at low concentrations.

The combined diffuse-only/non-spectral simulation with 500
nm as the attenuation wavelength does not show compensation,
but rather exacerbation of the differences observed in the
individual diffuse and spectral scenarios. Nitrate differences

exceed —30% (non-directional/spectral low) and chlorophyll is
lower by —16%. Global chlorophyll even loses significance in the
correlation with satellite data, in contrast to the directionally-
spectrally-resolved model (Figure 10). Primary production is
only modestly higher at 5.1%. Chlorophytes are the most
impacted, dropping their relative abundances from 15.6%
in the resolved model to only 2.3%, while cyanobacteria
and coccolithophores increase. This suggests that changes in
irradiance simulation excluding diffuse/direct differentiation and
full spectral behavior spur a community functional switch from
light-limitation to nutrient limitation, shifting phytoplankton
groups from the high nitrate users like chlorophytes to the
efficient users like cyanobacteria and coccolithophores. Although
diatoms are the most demanding for nitrate, they are relatively
unaffected by changes in the light fields by omitting directional
and spectral light, because they are most abundant in the
nutrient-rich regions to begin with (e.g., high latitudes and
upwelling regions).

We emphasize that the differences using non-directional
and non-spectral simulations compared to the three-stream
model and optical characterizations used here does not imply
that the resolved model is correct. The OASIM model and
characterizations have been evaluated in several contexts, as
explained in the Methods, but we have not and most likely
cannot evaluate the model in all scenarios. We do assert that
it is more comprehensive in its representations of directional
and spectral irradiance and therefore technically more realistic
than models that do not incorporate these characteristics. Natural
irradiance is directional and spectral. A model that accounts
for these characteristics of light is therefore at least nominally
representative. However, this does not necessarily mean the
model here is accurate or even complete. There are several
optical constituents in the real oceans that are not considered
here, such as suspended sediments/minerals, viruses and bacteria
(Balch et al., 2002; Stramski et al., 2004), suspended desert dust
(Wozniak and Stramski, 2004), and mycosporine-like amino
acids (Moisan and Mitchell, 2001), as well as unaccounted effects
such as polarization, bi-directionality among others.

We are unable to directly compare the model described here
with more typical PAR/shortwave-diffuse attenuation coefficient
models because of our inclusion of CDOC. The majority
of models using diffuse attenuation coefficient only represent
attenuation by water and phytoplankton, which are sometimes
taken as climatologies from satellite ocean color. There is growing
recognition of the importance of CDOC for ocean biological
modeling (e.g., Xiu and Chai, 2014; Dutkiewicz et al., 2015;
Kim et al, 2015), building on the pioneering work of Bissett
et al. (1999). In our representation, CDOC not only affects
the irradiance availability but is also photolyzed by spectral
irradiance. Any comparison with other types of models requires
us to make significant assumptions about how to handle CDOC
photolysis and production. The assumptions themselves would
likely be a more important consideration than the presence or
absence of directionally and spectrally-resolved radiative transfer.

Our purpose here is to assist modelers in understanding
and quantifying the advantages and disadvantages of explicitly
incorporating directional and spectral effects of radiative transfer
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in models of ocean biology. Many models use a representation
of PAR or shortwave radiation at the surface, and propagate
irradiance as a function of an empirical or analytical diffuse
attenuation coeflicient using Beer-Lambert’s law or another non-
spectral, non-directional approach. This is especially true of
the global models. It is true that many of these models also
obtain very good representations of ocean biology and primary
production (e.g., Moore et al., 2004; Dunne et al., 2013). It may
be that the parameterization of the models and the radiative
transfer implicitly incorporate the dominant effects required
for simulation of ocean biology. However, it is also possible
that missing explicit directional and spectral aspects of oceanic
radiative transfer may impact our ability to simulate climate
change scenarios where, for example, changes in clouds may
lead to changes in direct and diffuse composition of surface
irradiance, thereby affecting evaluations of future phytoplankton
and carbon representations and feedbacks. This effort is intended
to help modelers quantitatively evaluate the importance of the
complexity of ocean radiative transfer and help inform decisions
on future model developments.
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