Interactive comment on “Capturing optically important
constituents and properties in a marine biogeochemical and
ecosystem model”

by S. Dutkiewicz et al.

Interactive comment on Biogeosciences Discuss., 12, 2607-2695.

Response to Reviewer 1 (Emmanuel Boss):

Reviewer’'s comments are in black, our replies are in blue. In some of the quoted text, some
latex symbols are included (apologies as this makes them a bit more difficult to read).

This paper focus on the modification of the MIT-gcm model to explicitly include optics.
The authors show the output of global simulation showing the ability of the model to
provide qualitatively realistic results. They then do a series of sensitivity runs where
specific optically important components are varied and observe their impact on the
global fields.

The paper is well written and concise. | am in favor of publishing this paper as it
describes an important modification of the model which will open a variety of avenues
for research with this model in future studies.

We thank the reviewer for the positive comments, and we do feel that this manuscript will
provide an important foundation for future studies.

| have some significant comments that | feel, if addressed, could improve this paper.
Significant comments:

1. The global runs with the explicit model were not compared to

run when optics was not explicit? Why not? The community needs to know if adding
optics is important in general (e.g. to obtain the appropriate biogeography, nutrient
fields etc’) or not? Is it worth the increased computation costs? Does it help to better
constrain the model’s parameters by having more data to compare to (e.g. Fujii et al).?
W/o that | don’t see the use of the initial run. Until now you have published papers on
BGC and species distribution where the optical model used was even simpler. Were
their results (distribution, timing etc’) systematically wrong in ways that the optics has
now fixed?

Previous models (ours or others) are not necessarily “worse”, but are designed and used to ask
different questions. Our intent in adding the complexity was to have a tool to explore questions
on links between ecosystems and optics that required these further refinements. We also did
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not initially include analysis on this because we felt that many studies, including Fujii et al
(2007), already set out the value of adding optics to biogeochemical models (a point that we
now make in the introduction of the revised version of the text, see below). However, we
appreciate the suggestion that such analysis would be informative in the current paper, and
have consequently added a new section just after the model validation (new section 4) to the
revised version with a series of experiments, specifically asking the question of how important
this new level of complexity is to the results and compares results to an older version of the
model without the explicit spectral radiative transfer component. It is instructive to see that
non-radiative transfer, non-optical models can get many of the features similar and some not.
The results were interesting and we have made much of them in the abstract, discussion and
conclusion; and thank the reviewer for the suggestion of including this topic.

We do, however, maintain that the main purpose of the model development was not to create
a ‘better’ model per se, but to address questions of phytoplankton assemblages that required
consideration of spectral optical properties as well as a closer connection to satellite products,
such as reflectance, than was previously resolved. We make this point clear in both the
abstract, introduction and discussion.

Abstract (old pg 2609, replacing line 24-28): “This new model that captures bio-optical
feedbacks will be important for improving our understanding of the role of light and optical
constituents on ocean biogeochemistry, especially in a~changing environment. Resolving
surface upwelling irradiance will make is easier to connect to satellite derived products in the
future.”

We also add an extra sentence to the abstract specifically acknowledging what the new model
capture relative to old model:

“We find that incorporating the different optically important constituents and spectral
irradiance was crucial to capture the regionally varying depth of the subsurface Chl-a
maximum.”

Introduction (pg 2611, after lines 4): “Fujii et al. (2007) suggested that including explicit optics in
an ecosystem model allowed a more accurate subsurface light field and allowed additional
constraints on model parameters. Several additional studies have demonstrated the value of
adding optics to biogeochemical models (e.g. Babin et al, 1993; Sathyendranath and Platt, 2007;
Kettle and Merchant, 2008).”

Discussion (near old pg 2634, line 26): “The model developments presented were necessary for
capturing the regional variability in depth of the subsurface chlorophyll maximum, in particular,
by resolving the deep penetration of blue-green wavelengths in the subtropical gyres. Not
including any of the constituents leads to an unrealistically regionally uniform depth of the deep
chlorophyll maximum.”

Conclusions (old text, pg 2636, line 1):



“Capturing each of the optically important constituents explicitly, and including a spectrum of
light was important for obtaining realistic variability in depth of the subsurface chlorophyll
maximum, and in resolving the deep penetration of blue-green wavelengths in the subtropical
gyres important for phytoplankton community structure.”

New section 4 is as follows and includes an additional figure (new Fig 14):
“4. Sensitivity experiments: Value of added model complexity.

We conduct two sensitivity experiments to highlight the importance of the extra level of
complexities of this new version of the model. In the first experiment (designated EXP-V0) the
biogeochemistry and ecosystem are the same as in the default experiment described above
(designated EXPO) but there is only a single band of irradiation (400-700nm, summed over the
original 25nm, so that total PAR is conserved); attenuation (Sc_{tot}S) of PAR is a function only
of absorption by water molecules and Chl-a summed over all phytoplankton types:
Sc_{tot}=a_{wo}+a_{chlo} Chl_{tot}s, where Sa_{wo}=0.045 mS*{-1}5, and Sa_{chlo}=0.045
mS425 (mg Chl)S7{-1}S. There is no explicit account taken for optical role of CDOM or detritus
(though the value chosen for Sa_{chlo}S implicitly include their role). Similar parameterizations
have been used in previous versions of our model (e.g. Dutkiewicz et al., 2014), and are also
common in many other biogeochemical models.

The results from EXP-VO (Fig. 14a) reveals a much more latitudinally uniform penetration of
light, and in particular the deep chlorophyll maximum in the subtropical gyre is too shallow
relative to the default experiment (EXPO, Fig. 14c) and observations (Fig. 3a).

In experiment EXP-V1 we include all the optical constituents explicitly (as in EXPO), though with
only a single band of PAR (as in EXP-VO0). We assume the absorption and scattering coefficients
for 500nm in this experiment. This experiment (Fig. 14 b) reveals substantial more realistic
varying distribution of the deep chlorophyll maximum and penetration of PAR. The addition of
spectral light leads to even deeper penetration of light in the subtropical gyres (default
experiment, EXPO, Fig. 14c): deepest penetrating light is in the blue/green range and an average
absorption across one waveband will not capture these differences.

These sensitivity experiments suggest that explicitly capturing regional changes in all optical
constituents is essential for the realistic light penetration variations. Spectral light further
enhances the realism of the results. The addition of the radiative transfer code is essential for
obtaining upwelling irradiance that can link to satellite products.”
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“Figure 14: Sensitivity Experiments examining value of increased optical complexity in model.
Chl-a (\unit{mg\,C\,m*{-3}}) along the extended AMT-15 transect for (a) {{EXP-VO}} with no
radiative transfer, single waveband of PAR (400-700nm), no inclusion of optical effects of COOM
or detritus and no optical differences between phytoplankton. (b) {{EXP-V1}} with radiative
transfer, explicit optical properties for COOM and detritus, but only one waveband (400-700nm)
and no optical differences between phytoplankton. (c) {{fEXPO}}, the default experiment. Model
1% irradiance depth is shown as a black line.”

2. Qualitative comparison should be performed (e.g. mean % or absolute
deviations etc’) , and not just computation of correlation coefficient. The later is strongly
affected by dynamic range.

We now include the model bias in Figure 6 (shown below). We alter the text (pg 2622, line 18-
21):

“The model also captures many of the global features in Chl~Sa$ (derived from MODIS satellite),
primary production (derived using Behrenfeld and Falkowski, 1997) as well as macronutrients
(from the World Ocean Atlas, Garcia et~al., 2006), though with notable biases (Fig. 6).”

The subsequent text in that section sums up the biases.



Figure 6. Model and satellite derived products and climatologies of in~situ measurements for
annual mean and biases: \textbf{(a)}~satellite derived (MODIS) Chl~Sa$ (\unit{mg\,Chl\,m*{-
2}}); \textbf{(b)}*modelled Chl~5aS (mean 0--50\,\unit{m}, \unit{mg\,Chl\,m*{-2}}); \textbf{(c)}
bias of Chl~5aS (model-observations); \textbf{(d)}~satellite derived primary production
(\unit{g\,C\,m7{-2}\,yr*{-1}}) (Behrenfeld and Falkowski, 1997); \textbf{(e)}*modelled primary
production (column integrated, \unit{g\,C\,m*{-2}\,yr*{-1}}); \textbf{(f)} bias of primary
production; \textbf{(g)}~World Ocean Atlas nitrate (mean 0--50\,\unit{m}, \unit{mmol\,m*{-3}})
(Garcia et~al., 2006); \textbf{(h)}>modelled nitrate (mean 0--50\,\unit{m}, \unit{mmol\,m4{-
3}}); \textbf{(i)} bias of nitrate; \textbf{(j)}~compiled iron observations (composite 0--
50\,\unit{m}, nM) (Tagliubue et~al., 2012); \textbf{(k)}*modelled iron (mean 0--50\,\unit{m},
nM); \textbf{(l)} bias in iron.

3. The limitations of the current model need to be spelled

out in a dedicated paragraph in the method section. E.g.: neglecting PIC and minerals,
neglecting the group specific changes of absorption coefficient with light and nutrients
(you model the changes in chl/C but not the ensuing modulation of the absorption
spectrum). Fixed parameters for CDOM and NAP rather than varying them. You ignore
inelastic scattering (e.g. Raman, Chlorophyll and CDOM). Raman has been found to

be important for chl<lmg m”-3, particularly in oligotrophic environments, where it would
increase the availability of blue and green light. You assume a fixed ratio of photopro-
tective to photosynthetic pigments (which, in nature, varies with light and nutrients).
You are ignoring non-phtosynthetic bacteria as having optical properties. You neglect
effects of sea surface on light entering/leaving the ocean.



We had mentioned several of these limitations in the older version (see for instance paragraph
in the Discussion, pg 2634, lines 9-14). Given the reviewer’s suggestion we now add a sub
section in the Model description (new section 2.6) that includes those we already mention as
well as additional points that the reviewer brings up. We note however that: CDOM and NAP
vary in concentration in time and space in the model such that their effects do vary, though
agree that the spectral shape does not vary. We had already made mention that NAP spectral
gualities do not vary as they should (especially with size), but again make more of this in the
new subsection. The OASIM model does take into account of the effect of sea surface on light
entering the ocean. We make this clearer in the revised version (pg2612, line 25):

“OASIM includes the impact of clouds, water vapour and aerosols in the atmosphere and
surface roughness and reflectance at the ocean-atmosphere interface.”

Our model provides upwelling light just below the surface — thus we do not take into account
the effect of sea surface on this model output. We add this limitation (as well as others already
mentioned) in the new section as well.

New Section 2.6 reads:

“The inclusion of radiative transfer, spectral light and capturing several important optical
constituents has been a significant development of the model. However, this version of the
model is not without limitations. One major, though currently necessary simplification, is to
assume constant absorption and scattering spectra (Fig. 1) for each constituent. For instance,
absorption spectra for phytoplankton types do in reality change based on shifts in Chl:C ratios
(Maclintyre et al., 2002; Morel et al., 1993; 1995) as well as changes in ratios of photoprotective
to photosynthesis pigments as a result of light, temperature and nutrient stress (e.g. Stramski et
al., 2002). However, these changes are likely to be small compared to the differences already
captured by the representative spectra and photoacclimation component and there is not, as
yet, enough systematic observations of these alterations to constrain model parameterisations.
Additionally the CDOM absorption spectra has been observed to alter regionally (e.qg. Kitidis et
al., 2006; Twardowski et al, 2004, Bricuad et al 2010), though as yet we feel it is premature to
attempt to capture this variability in the model parameterizations.

Scattering, particularly by detrital particles, remains the least well developed aspect of the
model. In particular, we neglect variations in detrital particle size distributions which is likely to
be important (Stramski et al, 2001). Additionally the spectra for SbA{part}_{det}S that we use
(Stramksi et al., 2001, Fig. 1b) makes the assumption of homogeneous spheres. However it is
likely that differences in shapes and internal structure of the particles will be important for
altering the spectral shape (Stramski et al., 2004). We also do not take into account inelastic
scattering which may be important for blue and green light in oligotrophic regions (e.g. Ge et
al., 1993).

We additionally currently neglect other potentially important optical constituents such as
minerals (e.g. Stramski et~al., 2001), particulate inorganic carbon (e.g. Balch and Itgoff, 2009),
colloids and bubbles (e.g. Stramski et al., 2004), non-photosynthetic organism including



zooplankton, bacteria (e.g. Morel and Ahn, 1991), and viruses (e.g. Stramski et al., 2001). We
felt that these are, as yet, not well enough constrained to include explicitly in the model.

The limitations list above should however not detract from the major enhancement to the model
and are similar to those of other models (e.qg. Fujii et al., 2007; Gregg and Casey, 2007). This
new model provides a unique platform to examine global implication of optical properties to the
phytoplankton ecosystem, feedbacks to the biogeochemistry, and links to satellite data that are
not possible with limited observational data. Here we first validate the model in a standard
"default” configuration. We then provide a series of studies exploring the significance of each of
the optical constituents and our parameterization. Several studies in progress build on for these
results.”

4. The differences between

using a 3stream model compared to using a full RT model need to be quantified or
cited from other studies. The 3 stream model is an approximation and one would like
to know the likely biases associated with using it (ignoring the full RT calculations). The
full RT is the constituent equation in optics and models to solve it exist (e.g. Hydrolight).

While you will always have to assume thing (e.g. sky model), what you neglect by doing
approximations needs to and can be quantified.

The three stream model is indeed an irradiance model, not a radiance model: there is no
angular dependence. In order to compare our results to hydrolight, we would need to make
assumptions about the angular dependences of each of our optical constituents. This would
lead to additional uncertainties and we believe that we would not gain much insight. We
believe that it is more appropriate to compare to real data. We have in particular tried to
compare against a detailed optical dataset to validate this model. In particular Fig 5 shows that
we capture the spectral distribution of the depth of light penetration as found along the AMT-
15. Adding a full radiance model would be a significant computational expense. The
simplification of Mobley et al (2009) provide a justification for the simplifications we have
undertaken. But we also note that these simplifications were also used by Ackelson et al (1994)
and Gregg et al. (2007, 2009)

To provide the reader with sufficient background to understand that we have made specific
assumptions on RT component we add in the revised version at the end of section 2.1:

“We note that radiative transfer component is a simplification from a full radiance model, and
in particular does not resolve the angular distribution of light, nor angular dependence of
scattering. These assumptions have been shown to be small in terms of the needs for ecosystem
models in Mobley et al (2009). Though not a full radiative transfer model, our three-stream
treatment does provides the relevant output for our needs: the light available for photosynthesis
and an upwelling component that at the sea surface is similar to that seen by a satellite.”

5. You are missing a large historical
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body of literature that should be cited, as it specifically addresses the role and nature
of the constituents you are focusing on. E.g. the works of Jerlov, Kale, and Bricaud

and Stramski 1981 for CDOM and its parameterization. Many works comparing the
relative absorption of different constituents have been published. | can think of works
by Chang, Arnone, Barnard and Roesler among other. Arrigo has published on the
effects of CDOM on phytoplankton (again, among others). Morel, 1988, has looked at
the effect of H20 on PAR. There are many studies that have been conducted showing
that phytoplankton either photo-acclimate or are selected for the light field they experi-
ence (e.g. Moore and Chilsolm). Models capturing the chlorophyll max dynamics have
also been published (e.g. Taylor et al., Fennel, Wang). | can’t think of anything new
that | learned from your paper about the role of optical constituents in the ocean, how
they are affected by light or how they modulate the light field and reflectance.

We agree that we did not have enough references to previous studies when discussion the
sensitivity studies (though had attempted to mention several in the introduction). We now
remedy this as described below. However we disagree that there is “nothing” new in this paper.
In particular the feedback from the optics to the productivity to the gyre size is (we believe)
new and is a main conclusion of these studies. Also, though much of the different aspects of the
constituents are known (and have a large literature behind them), we believe that our approach
provides a level of synthetizing of prior knowledge (otherwise quite disparate) in a model that
can explore the global impact of feedbacks. Yes, much of the mechanistic understanding is
already known (we’re not claiming to invent anything new in that regard), but 1) some of these
issues may not be transparent to wider biogeochemical (modeling) community, 2) they haven’t
been brought together in a model such as this before, 3) many of these previous studies are
regional observations and models, here we show how mechanistic understanding plays out
globally (which in our opinion is novel). However we do now place these results in context of
many previous results:

Pg 2626, Section 4 first paragraph (in new version this is Section 5) now reads:

“Optical constituents play varying roles in their effect on irradiance attenuation (absorption and
scattering). These roles have long been a topic of interest, though many studies have had
limited observations and been of highly localized in character (e.g. Jerlov, 1953; Chang and
Dickey, 1999) though it has also been recognized that they vary regionally (e.g. Barnard et al.,
1998; Simeon et al., 2003; Zheng and Stramski, 2013). Targeted cruises have also provided
larger scale observations indicating large range of value for each constituent and altering
importance in different regions (e.g. BIOSOPE, Bricaud et al 2010) and several attempts have
been made to construct algorithms to determine the relative contributions from more easily
measured quantities, including those from satellite (e.g. Maritorena et al., 2002; Lee et al.,
2002; 2007, Ciotti and Bricaud, 2006; Werdell et al., 2013; Zheng and Stramski, 2013). Our
model provides a unique global 3-dimensional perspective. Here our results focus on an
(extended) AMT transect (Figs. 15 and 16), however, they are also consistent with observations
in other regions (e.g. Bricaud et al. 2010).



Absorption by water molecules is most important at longer wavebands (Pope and Fry, 1997),
but still has an impact at shorter wavebands (Fig 15a,~b,~i,~j). It is relatively more important in
lower productive waters (e.g. South Atlantic gyre) because the concentrations of other
constituents are relatively low . Absorption by detrital matter plays a~role, especially near the
1% depth in highly productive regions and at shorter wavebands (Fig 15 c,~d,~i,~j). Absorption
by phytoplankton plays a~significant role where Chl~5a$ is highest (e.g. the deep Chl~SaS
maximum as suggested by observations, e.g. Chang and Dickey, 1999) at wavelengths less than
550\, \unit{nm}, and little role at longer wavelength (Fig 15 g,~h,~i,~j, see also Fig. 1).
Absorption by CDOM at short wavebands is important (as seen in observations e.g. Jerlov, 1953)
in most regions, particularly where productivity is high where it is the dominant absorber. It also
has, relative to other constituents, a~large role at depth (as seen in observations e.g. Simeon et
al., 2003; Bricaud et al., 2010). At long wavebands CDOM plays very little role. Scattering by
phytoplankton is relatively most important at shallower depths, while scattering by detrital
matter is dominant deeper at all wavelengths (Fig. 16).”

(Note Fig 15 and 16 refer to old figures 14 and 15).

We start Section 5.1. (old text pg 2627, line 14, old section 4.1) with:
“Observations have determined that detrital matter does play a role in light attenuation, though
with varying regional importance (e.g. Jerlov 1953; Bricaud et al., 2010)”

And in this same section when discussing the change in community structure (old text, pg 2628,
line 13) we add reference to Moore et al (1995):

“This favours phytoplankton, at least in the subtropics, which absorb more efficiently in the blue
part of the spectrum (i.e. \textit{Prochlorococcus}, Fig 16c) as anticipated from laboratory
studies (e.g. Moore et al., 1995)”

We start Section 5.2 (Old text, pg 2630, line 26, old section 4.2) with the following new text:
“CDOM and its contribution to light absorption is observed to vary in different regions of the
ocean (e.g. Jerlov 1953, Bricuad 1981, Nelson and Seigel, Morel et al., 2010) and many studies
have attempted to empirically link Sa_{\text{cdom}}5 to other more easily measured quantities
such as Chl-a (e.g. Morel, 2009). However these studies are still regional or include only sparse
data. We conduct a~series of sensitivity experiments that test assumption and importance of
Sa_{\text{cdom}}S globally and its feedback to the biogeochemistry.”

Also in this section we modify pg 2631, lines 15-17 to:

“In the parameterizations that either tie S\chi_{\text{cdom}}s to Chl~5aS ({{EXP-C3}}) or to DOM
(t{EXP-C4}}), Sa_{\text{cdom}}S is almost non-existent below the 1\,{\%} light level (Fig. 17), at
odds with observations (e.g. Simeon et al., 2003; Bricaud et al., 2010).”

And we also include an additional sentence (old text, pg 2631, at line 9):

“The model experiments thus reveal a potentially important role for CDOM in setting
phytoplankton community structure via alteration of the visible light spectrum, building on
previous studies (e.g. Arrigo and Brown 1996).”
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We already included (Introduction, pg 2610, lines 17-18) several references on the issue of
selection of phytoplankton by light environment (Bidigare et~al., 1990a; Huisman and Weissing,
1995; Stomp et~al., 2004; Hickman et~al., 2010). We add here the Moore et al references as
well. However, we now also include this list of papers in section 5.3 (old section 4.3, sensitivity
studies with a_phy and b_phy):

“Community structure is also altered (Fig. 19c) showing that the photosynthetetic absorption
specific to each type is important for the emergent biogeography as has been suggested by
previous studies (Bidigare et~al., 1990a; Huisman and Weissing, 1995; Moore et al, 1995; Stomp
et~al., 2004; Hickman et~al., 2010).”

We include reference to Fennel and Boss (2003), Wang et al (2009) in the Discussion (old text
pg 2634, line 26):

“The subsurface chlorophyll maximum can indeed be captured without including all constituents
and spectral light (as seen in EXP-VO, and in other models, e.g. Fennel and Boss, 2003; Wang et
al., 2009). However, the model developments presented were necessary for capturing the
regional variability in depth of the subsurface chlorophyll maximum, in particular, by resolving
the deep penetration of blue-green wavelengths in the subtropical gyres.”

We note that Taylor et al (1997), Fennel and Boss (2003), Wang et al (2009) did not resolve
spectral nature of light at the DCM. We look at this issue further in a paper in preparation
(Hickman et al).

We now cite the following additional papers on the above subjects:
Arrigo, K.R. and Brown, C.W.: Impact of chromophoric dissolved organic matter on UV inhibition
of primary productivity in the sea Mar. Ecol. Prog. Series, 140, 207-216, 1996.

Barnard, A.H., Pegua, W.S., and Zaneveld, J.R.V.: Global relationships of the inherent optical
properties of the oceans, J. Geophys. Res., 103, 24,955--24,968.

Bricaud, A., Babin, M., Claustre, H., Ras, J., and Tieche, F., Light absorption properties and
absorption budget of the Southeast Pacific waters. J. Geophys. Res., 115, C08009,
doi:10.1029/2009JC005517, 2010.

Bricaud, A., Morel, A., and Prieur, L: Absorption by dissolved organic matter of the sea (yellow
substance) in the UV and visible domains, Limnol. Oceanogr., 26, 43-53, 1981.

Chang, G.C. and Dickey, T.D.: Partitioning in situ total spectral absorption by use of moored
spectral absorption-attenuation meters, Applied Optics, 38, 3876--3887.

Ciotti, A. M., and Bricaud, A.: Retrievals of a size parameter for phytoplankton and spectral

light absorption by colored detrital matter from water-leaving radiances at SeaWiFS channels in
a continental shelf region off Brazil, Limnol. Oceanogr. Methods, 4, 237-253, 2006.
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Fennel, K. and Boss, E.: Subsurface maxima of phytoplankton and chlorophyll: Steady-state
solutions from a simple model, Limnol. Oceanogr., 48, 1521-1534, 2003.

Jerlov, N.G.: Influence of suspended and dissolved matter on the transparency of sea water,
Tellus, 5, 59--65, 1953.

Maritorena, S., Siegel, D.A., and Peterson, A.R.: Optimization of a semianalytical ocean color
model for global-scale applications, Applied Optics, 41, 2705--2714, 2002.

Moore,~L.~R., Goericke,~R., and Chisholm,~S.~W.: Comparative physiology of*M
\textit{Synechococcus} and \textit{Prochlorococcus}: influence of light and*M
temperature on growth, pigments, fluorescence and absorptive properties, Mar.*M
Ecol.-Prog. Ser., 116, 259--275, 1995

Morel,~A., and Ahn,~Y.-H.: Optics of heterotrophic nanoflagellates and ciliates:
A tentative assessment of their scattering role in oceanic waters compared to those of bacterial
and algal cells, J. Mar. Res., 49, 177--202, 1991

Simeon, J., Roesler, C., Pegau, W.S., and Dupouy, C.: Sources of spatial variability in light
absorbing components along an equatorial transect from 1655*0SE to 1505*0”W, J. Geophys.
Res., 108, doi:10.1029/2002JC001613, 2003.

Wang, X.J., Behrenfeld, M., Le Borgne., R., Murtugudde, R., and Boss, E.: Regulation of
phytoplankton carbon to chlorophyll ratio by light, nutrients and temperature in the Equatorial
Pacific Ocean: a basin-scale model. Biogeosciences, 6, 391-404, 2009.

Werdell, P.J., Franz, B.A., Bailey, S.W., Feldman, G.C., Boss, E., Brando, V.E., Dowell, M., Hirata,
T., Lavender, S.J., Lee, Z., Loisel, H., Maritorena, S., Mélin, F., Moore, T.S., Smyth, T.J., Antoine,
D., Devred, E., d’Andon, O.H.F. and Mangin, A.: Generalized ocean color inversion model for
retrieving marine inherent optical properties, Applied Optics, 52, 2019--2037.

Zheng, G., and Stramski, D.: A model based on stacked-constraints approach for partitioning the
light absorption coefficient of seawater into phytoplankton and non-phytoplankton
components. J. Geophys. Res, 118, 2155-2174, doi:10.1002/jgrc.20115, 2013

6. There exist more comprehensive optical data from AMT that has already been published (e.g.
by Dall’Olmo, Martinez-Vicente). Why not use it? If | understand correctly that you are
modeling an ‘average’ year (not a specific year), you could aggregate all the data.

The AMT-15 had a particularly diverse and relevant set of optical measurements. In particular
the light penetration data used in Fig 5 has been very useful in model development. We

11



decided to stick to just one cruise to avoid interannual variability and the differences in cruise
tracks which we believe would have distracted from the main points that we want to make. We
believe that adding additional cruise data would not have provided sufficiently in the validation
to justify sacrificing clarity of the manuscript. We acknowledge that Martinez-Vicente et al
(2013) do have additional scattering data (e.g. total backscattering), but that cruise lacked other
datasets (e.g. phytoplankton light absorption measurements). We now reference that there are
other AMT cruises but explain why we stick to just this one cruise. We add this just after old
text pg 2620 line 25

“Though there are other AMT cruises that include some similar and/or different combinations of
optical data (e.g. AMT-19, Dall'Olmo et al., 2012, Martinez-Vicente et al., 2013), we chose to
look at only a single transect for clarity. In particular, the combination of data on spectral
irradiance penetration, Sa_{CDOM}S, and light absorption by phytoplankton were of particular
use in model validation.”

7. 1t will be very interesting if you could show the species succession in the spring in key
locations (e.g NABE) and whether light and/or nutrients are the culprits (and whether
the more explicit model is needed compared to the previous one). | am not aware that
this question has been ever studied in a model framework.

We agree that this would be a very interesting study, and in fact we are working on two
manuscripts that explore the relative role of nutrients and light on controlling growth. One
focusing on the spring bloom at high latitudes, and another considering these controls both at
the surface and the DCM. However this is beyond the scope of this paper. We do provide a
figure here on the species succession for the reviewer’s benefit. We decided however that we
have too many figures in the text as it is, and so do not include it in the paper.
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Figure A: Biomass (mgC/m3) of plankton types at the JGOFS stations (locations shown in Figure
1 of the BGD paper). Colours indicate different plankton types: red(diatoms), dark blue (cocco),
yellow (diaz), dashed light blue (pico euks), solid light blue (Syn), green (Pro), dashed black
(small zooplankton), solid black (large zooplankton). Total Chl is compared to satellite and in
situ in Fig 8 of the BGD paper.

Minor comments:

1. Title: | think that ‘Modeling’ rather than ‘Capturing’ will better describe the content of the
paper.

The title already includes the word “model” — we believe that the goal of the paperis to
“capture” the optical properties in a model. As such we believe the current title is more

relevant.

2. Abstract: Qualify what you mean by ‘important’ in
your abstract. It seems it is related to domination of the absorption coefficient.

Good point. We now include this in the abstract (in place of old sentence pg 2609 lines 15
onward):
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“CDOM has proportionally more importance at attenuating light at short wavelengths and in
more productive waters, phytoplankton absorption is especially important at attenuation at the
deep chlorophyll~Sa$ (Chl~SaS) maximum, and absorption by water molecules is relatively most
important in the highly oligotrophic gyres.”

3. Abstract: Line 23: Eu/Ed is referred to as the ‘irradiance reflectance’ not the reflectance
of the irradiance.

In the abstract we used the words “sea surface reflectance”, but did find other occasions where
indeed we said “reflectance of irradiance” (e.g. pg 2611, line23). We endeavor throughout the
manuscript to now use the term “irradiance reflectance” or simply “reflectance” where this is
obvious.

4. What is the time step of the model?

3 hour. We tested this against a 1 hour timestep. We add this detail to the revised version of
the paper in the “Simulation design” subsection (old 2.6, now 2.7):

“The model timestep is 3 hours. We tested this against smaller timesteps with almost identical
results.”

5. 2.3.2.: Rather than detritus

or detrital matter, the ocean optics community now uses the term non-algal particles
which is a much better terms (does not assume anything about these particles). No-
tice that given our methods, cell wall materials and cytoplasm are counted as NAP.
Bacteria and viruses are also NAP.

This is a tricky issue. The numerical modeling community use “detritus”. We also suggest that
since we are not capturing bacteria or viruses in the model that it might be incorrect to use
NAP. We also note that Stramski used “detritus” in his 2001 paper (where we get the spectra
from for this constituent). In the revised version we elected to keep the word “detritus” as this
links directly to our POM pool (which would include cell walls and cytoplasm of dead organic
matter). However we make the distinction and the link to the optics community terminology in
the revised text. Appended below (old) pg 2615, line 22 we add:

“We note that in the optical community the term "non-algal particles" or NAP is frequently used
for any non phytoplankton particles. In this paper we specifically use the term "detritus" instead,
as we link to the non-living organic matter pool and do not include other non-algal particles
such as viruses and heterotrophic bacteria”

6. 2.3.2.: It is not clear why you have to define a
‘detrital material’ particle. You can refer to it as a pool of carbon with specific absorption
and scattering w/o having to define such ‘idealized’ particle.

14



We define a detrital material particle size spectrum (not a single particle) so as to convert from
our POM pool (in terms of concentration) to particles so as to use the spectrum from Stramski
et al 2001. We are clearer on this point in the revised version (added to pg 2615, line 12-14):
“These spectra were deduced by assuming an assemblage of particles with size distribution
described by a power function with slope of -4, and the values are given in terms of absorption
or scattering per particle. Thus we introduce the coefficient p_part to convert the model
particulate organic carbon (POC) to number of particles, making the crude assumption that the
size distribution of particles is uniform everywhere.”

7.2.3.3 ACDOM spectral slope of 0.02nm"-1 is rather high. 0.0145nm"-1 is more representative
(studies by

Babin, Roesler, Bricaud, and Carder among other). Specific values are also method

dependent, e.g. what spectral range and what fit method is used (e.g. Twardowski et

al., 2004). The specific value you use (0.02061nm"-1) contains at least 2 insignificant

digits

We specifically used this value as it was taken from measurement of Kitidis et al (2006) as an
average value over the AMT. This did seem appropriate given that we were using AMT data for
model validation. We now acknowledge that S_ ACDOM does vary regionally in the new section
2.6 referencing Bricaud et al (2010) and Kitdis et al (2006) (see above).

We remove the “insignificant digits” from the revise text and table (though note that this is the
value we actually use in the model and given by Kitidis et al 2006).

8. Equ. 20 is not clear to me (unitwise). A. Maximum quantum yield of absorption

is 0.4 (I assume unitless) — what is this representing? If units of a"chl_ps,j are m“2/mg

Chl and Eo mol quanta per nm the units ofn Lambda_E,j, integrated over wavelength, will be
guanta m”2 per mg chl.

Quantum yield has units of mmol C/mol photon (see Table 3). Thus units of Eq 2 are
mmolC/mgChl /d. This is now included in the revised text.

9. Nowhere do explain the use of mmolP (I assume
phosphate is the maine currency of your model). — e.g. Table 1. Why not keep every-
thing to mmolC (as you assumed Redfield).?

Yes, phosphorus is the main currency of the model (we do mention this in the appendix, pg
2637, line 11-12). But we agree it would be easier to keep as much as possible in carbon for the
main text and the tables and have done so in the revised version. However several things (e.g.
matrix of P:all other elements) makes more sense to keep as it is — will be much easier for
anyone using this paper as documentation for the model.
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10. Sec. 3.1/3.2 . Is the realism observed different from when you did not used a sophisticated
optical model?

See our new section 4. (quoted above in response to major comment 1)

11. 3.3 numerical domination by picoplankton is well known. Do they dominate a_ph (they
usually do not)?

It is likely that picoplankton dominate a_ph because a) the aphy* for picos is higher than for
larger cells (Ciotti et al. 2002) and b) picos dominate the chl-a along the AMT transect (Poulton
et al 2006). Consequently, since aphy = aphy™ x chla, it is very likely that picos dominate the
aphy as well. An interesting question would be where do different types dominate the
absorption, but not the biomass. But we believe this is an issue beyond the scope of the current

paper.

Ciotti A.M., Lewis M.R. & Cullen J.J. 2002. Assessment of the relationships between dominant
cell size in natural phytoplankton communities and the spectral shape of the absorption
coefficient. Limnology And Oceanography 404-417.

Poulton A.J., Holligan P.M., Hickman A., Kim Y.N., Adey T.R., Stinchcombe M.C., Holeton C., Root
S. & Woodward E.M.S. 2006. Phytoplankton carbon fixation, chlorophyll-biomass and diagnostic
pigments in the Atlantic Ocean. Deep-Sea Research Part 11 53: 1593-1610.

12.12 p.26251. 4. Could you use HPLC to estimate the larger phyto? Could
you use other AMT cruises where such data is available?

We use HPLC to compare to pigments directly in a paper we are just about to submit (Hickman
et al). Since there are many uncertainties when trying to relate HPLC pigments to specific
groups however, we decide not to include these here.

Again, we could use different AMT cruise data, but instead choose to refer to these data in the
new text (We believe using different cruise data would get messy because there are measured
along different transects).

We alter old text pg 2625. Lines 3-4 to:

“The model distribution of large phytoplankton biomass (e.g. diatoms, Coccolithophores)
compared well to observations made along other AMT cruises (Tarran et al. 2006; Cermefio et
al. 2008)”

13. Variability in Chl/CDOM has been reported in Bricaud and Morel 1981.
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We do acknowledge that there is variability between CDOM and Chl —in fact this is a significant
reason to include explicit CDOM-like tracer (mentioned several times in the text). The
experiment EXP-C3 was designed precisely to look at how important it is that CDOM and Chl
vary. We do already reference Kitidis et al 2006 and Morel et al 2010 on this issue (see old text,
pg 2630, line 15). We now also add the Bricaud et al (1981) (note, not Bricaud and Morel) paper
as well in this location.

14. Fuijji is Fujii (several instances throughout).
Apologies, these have been corrected.

15. Discussion: your treatment of light, while more comprehensive in

species, is less comprehensive in RT (e.g. compared to Hydro or Ecolight). Question

is always: are the advantages of being comprehensive important and worth the compu-
tational cost. | don’t think you answered this important question in this version of your
manuscript.

Our interest here is about interaction between ecosystem and light field. In this case
complexity in species is needed but we believe RT requires less emphasis. See our comments
and additional text mentioned above (Major Point 4). Additionally, the MITgcm is open source
code, and thus we also feel it is important to include an open source radiative transfer
component.

16. Note that while Stramski’s data base include measured optical data,

certain optical parameters are based on simulations with Mie theory (homogeneous
spheres). It is known that shape and internal structure will increase backscattering
compared to spheres (e.g. Stramski’s 2004 review on backscattering).

We include this limitation (and the Stramski et al, 2004 reference) in the new section 2.6 (see
reply to major point 3).

Dear authors, | am often wrong. If you feel | have misunderstood the paper and that
comments are off base or not clear, feel free to contact me directly. —-Best, Emmanuel

Thank you for your comments. Your suggestions have definitely improved the paper. Where
we do not include your comments, we believe that the issues are beyond the scope of the
paper — though several are directions we are currently working on.
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Interactive comment on “Capturing optically important
constituents and properties in a marine biogeochemical and
ecosystem model”

by S. Dutkiewicz et al.

Interactive comment on Biogeosciences Discuss., 12, 2607-2695.

Response to Reviewer 2:

Reviewer’'s comments are in black, our replies are in blue.

The manuscript describes an update version of the MIT biogeochemistry and ecosys-
tem model that contains explicit treatments of the main optically active constituents
(OAC) of seawater, including 9 different phytoplankton functional groups. One impor-
tant feature is the independent treatment of detritus and CDOM. The model is pre-
sented, and simulation results are compared to selected field data. By changing the
relative importance or optical characteristics of each OAC, the numerical experiments
allow to estimate feeds back to the system’s biogeochemistry, and that is the main goal
of the manuscript. The work is well written and relevant, and the model will be much im-
proved by discussions and input from the scientific community, making Biogeosciences
Discussions a good forum for the paper. | thus recommend the publication of this work.

We thank the reviewer for the positive comments and we do welcome input on this model
and the results from the scientific community. The comments below were very useful and
we have adjusted the revised version of the paper to take these into account.

Questions and Comments:
1- Introduction: It is not clear to me the choice of using a specific AMT-15 cruise, as oppose
to the others.

The AMT-15 had a particularly diverse and relevant set of optical measurements. In
particular the light penetration data used in Fig 5 has been very useful in model
development. We decided to stick to just one cruise to avoid interannual variability and the
differences in cruise tracks which we believe would have distracted from the main points
that we want to make. To retain a clear manuscript — and with just one transect on the
figures — we chose to stick with just this cruise. We discuss this choice further in the revised
text (going just after old text pg 2620 line 25)

“Though there are other AMT cruises that include some similar and/or different combinations of
optical data (e.g. AMT-19, Dall'Olmo et al., 2012, Martinez-Vicente et al., 2013), we chose to
look at only a single transect for clarity. In particular, the combination of data on spectral
irradiance penetration, Sa_{CDOM}S and light absorption by phytoplankton were of particular
use in model validation”



We already had in the introduction (pg 2611, line 14-19):

“In particular we use a comprehensive data set from an Atlantic Meridional Transect cruise
which includes detailed concurrent optical, biogeochemical, and ecosystem observations
between the UK and South Africa in September/October of 2004 (AMT-15). Some of the
observations are published here for the first time. The data set is ideal for evaluating how
our model captures the amount and nature of the light that penetrates the water column
across basin scale along with the relevant ecological properties.”

2- Model description:
a. are the 25 nm bands averages?

Yes, we make this clear in the revised text (pg 2612, line 27):
“Irradiances are provided averaged in 25nm wavebands from 400 to 700 nm.”

b. What are the spectral resolution of the absorption and scattering coefficients used?

We use the same resolution (25nm) for the absorption and scattering coefficients. We make
this clearer in the revised text (old text, pg 2615, line 5, i.e. just below the equations):

“In the model we use absorption and scattering coefficients averaged over 25nm bands to
match the irradiance input (Fig. 1) from a variety of sources, detailed below.”

And at the end of the caption of Figure 1:
“Spectra are shown here with 1nm resolution for clarity, the model uses the average over
the 26nm bands (vertical grey lines).”

c. Phytoplankton functional types — throughout the text, the term is sometimes replaced by
community or species. | would suggest to keep as PFT, to be consistent with the objectives
of the work.

We agree that using “species” is not consistent, and have changes this in the revised
version as suggested. Occasionally we do want to use the term “community” to address the
combination of PFT’s in any location.

d. How should the reader interpret the “phytoplankton establish a repeating pattern after
about 3 years”.

We make this statement to assure the reader that by year 10 (from which we show the
results) the model has already reached a quasi-steady state in the ecosystem. We make
this clearer in the revised version by adding the following (at old text pg 2620 lines18)
“The phytoplankton establish a repeating pattern after about 3 years such that we can
assume a "quasi-steady state" by year 10.”

3- Model results a. | found section 3 too long, and | am also not too sure what new
can be learned from the individual comparisons with PHYSAT results and MAREDAT
dataset



In the revised version we have shortened section 3 (from 5 % pages to 4 3/4). We have
however decide to keep the comparison to PHYSAT and MAREDAT, though now the
discussion is significantly shorter (23 lines compares to 39 previously). Though we agree
that these give little extra input, it is important to show that our results do not disagree with
other established observations (or inferred observations). We also believe that it is
important to engage with the communities that have produced these output. It is however
also noteworthy that the insitu observations are very sparse — we make this point as a call
for more observations in the revised version. Near old text pg 2626, line 12:

“These global "observations” contain many uncertainties stemming mainly from the scarcity
of insitu data, but the model does not disagree with their findings”

4- Sensitivity experiments a. | missed a discussion for probable causes for the experi-
ments dealing with bb of phytoplankton had no apparent feedback on the system

Changes to scattering had minimal result on the depth (or spectrum) of light penetration as
absorption is the main form of attenuation. Scattering does however have a major impact on
the amount and spectrum of the upwelling light. To make this clear in the revised version we
have added to the abstract (old pg2609, lines 22-24):

“Absorption is the main cause of attenuation of irradiance with depth, and as such changes
to scattering does not as strongly affect the ecosystem and biogeochemistry fields within
the water column but since scattering is important for the amount and type of upwelling
irradiance, it is important for setting sea surface reflectance.”

And by altering the paragraph (old version) pg 2629, lines15-18 to:

“The main attenuation of light with depth is through absorption, and as such alterations to
the backscattering by detrital matter (EXP-D3 and EXP-D4) have little effect on the
irradiance fields at depth (Fig. 16a) and thus little change to the dominant functional type
(Fig. 16c). However scattering has major impact on the amount and quality of the upwelling
light and as such the changes to the reflectance is large (Fig 16d).”

And similarly (old) pg 2632 lines 22-25:

“As discussed above, the main attenuation of light is through absorption, and thus when we
assume no scattering by phytoplankton (EXP-P3) there is almost no change in dominant
functional type, but because scattering does substantially affect the upwelling light there is
some (though small) change to reflectance compared to the default run (EXP0). An
experiment with four times b_phy has similar results (not shown here).”
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Abstract

We present a numerical model of the ocean that couples a three-stream radiative transfer
component with a marine biogeochemical-ecosystem in a dynamic three-dimensional
physical framework. The radiative transfer component resolves the penetration of spectral
irradiance as it is absorbed and scattered within the water column. We explicitly include the
effect of several optically important water constituents (different phytoplankton functional
typesthe—phytoplankton—community, detrital particles, and coloured dissolved organic
matter, CDOM). The model is evaluated against in situ observed and satellite derived
products. In particular we compare to concurrently measured biogeochemical, ecosystem
and optical data along a meridional —nerth—seuth—transect of the Atlantic Ocean. The
simulation captures the patterns and magnitudes of these data, and estimates surface
upwelling irradiance analogous to that observed by ocean colour satellite instruments.

We find that incorporating the different optically important constituents explicitly and
including spectral irradiance was crucial to capture the variability in the depth of the
subsurface chlorophyll ¢ (Chl a) maximum. We conduct a series of sensitivity experiments

to demonstrate, globally, the relative importance of each of the water constituents, as
well as and-the crucial feedbacks between the light field, and-the relative fitness of
phytoplankton types, and the biogeochemistry of the ocean. CDOM has proportionally
more importance at attenuating light at short wavelengths and in more productive waters,
phytoplankton absorption is relatively more especialty-important at the deep ehlorophyit-a
{Chl a )-maximum, and water molecules have the greatest contribution when concentrations
of other constituents are low, such as in the abserption-by watermolecules-is-relatively-most
important-in-the-highly-oligotrophic gyres. Scattering had less effect on attenuation, but
since it is important for the amount and type of upwelling irradiance, it is crucial for setting

sea surface reflectance. Strikingly, sensitivity Sensitivity-experiments in which absorption by
any of the optical constituents was increased led to a decrease in the size of the oligotrophic

regions of the subtropical gyres: lateral nutrient supplies were enhanced as a result of
decreasing high latitude productivity. This new model that captures Seattering-doesnotas
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Having-a-medel-capable-of-capturing-bio-optical feedbacks will be important for improving
our understanding of the role of light and optical constituents on ocean biogeochemistry,
especially in a changing environment. Further, resolving Fhepetential-benefits-of-capturing

surface upwelling irradiance will make is easier to connect be-impertantfor-making-closer
connections-to satellite derived products in the future.

1 Introduction

Light is fundamental to phytoplankton and photosynthesis. Understanding ocean
productivity production—therefore requires detailed knowledge of how light penetrates
through the-seawater. Attenuation of light within the water column is an interaction of
absorption and scattering by “optically important constituents”, including water molecules,
detrital matter, coloured dissolved organic matter (CDOM) and the phytoplankion
themselves.

Phytoplankton absorb light in the visible spectrum (400 and 700nm). The optical
constituents attenuate these wavelengths differently. For instance, water molecules absorb
very strongly in the longer wavelengths (Fig. [T), while detrital matter and CDOM absorb
more in the shorter wavelengths (Fig. [Tb, c). Thus the spectrum of light at any location
is a complex function of the combination of different optical constituents in the overlying
water. Previous studies have highlighted the importance of resolving the spectral light
field (e.g. Fuijii et al., 2007; Kettle and Merchant, 2009), especially as different species
of phytoplankton have different light absorption spectra (e.g. Stramksi et al., 2001;
Sathyendranath and Platt, 2007). This difference in efficiency of light absorption by
phytoplankton is important for their relative fithess and biogeography (Bidigare et al., 1990a;
Huisman and Weissing, 1995; Moore and Chisholm, 1999; Stomp et al., 2004; Hickman
et al., 2010).

oded uorssnosyq | Jodeg uorssnosiyq | J1edeq uwotssnosyq | Ioded UOISSNoSI(]



Much is known about the optics of water (e.g. Pope and Fry, 1997; Smith and Baker,
1981; Morel, 1974; Zhang and Hu, 2009; Kirk, 1994). Although much is known about the
distributions of coloured eelered-dissolved (Nelson and Siegel, 2013), detritus (Loisel, 2002)
and phytoplankton (IOCCG report 15, 2014) it remains unclear how their distributions feed
back to phytoplankton community structure and biogeochemistry. Numerical models provide
useful tools to explore these interactions, but to do so requires an appropriately detailed
description of the photosynthetically available radiation (PAR).

Several recent models resolve the light spectrum and some of the absorption and
scattering properties of different constituents (e.g. Mobley et al., 2009; Fuijii et al., 2007;
Gregg and Casey, 2007; Bisset et al., 1999). Such models include fully coupled radiative
transfer, but differ in the levels of simplification for computational efficiency (e.g. Fuijii
et al., 2007; Gregg and Casey, 2007) and differ in which and how they treat the different
water constituents. For instance CDOM is treated as uniform in Fujii et al. (2007), and
linked to chlorophyll a (Chl a) in Gregg and Casey (2007). Fuijii et al. (2007) suggested that

field and allowed additional constraints on model parameters. Several additional studies
have demonstrated the value of adding optics to biogeochemical models (e.g. Babin et al
1993; Sathyendranath and Platt, 2007; Kettle and Merchant, 2008).

In Sect. [2] we introduce an updated version of the MIT biogeochemistry and ecosystem
model (Follows et al., 2007; Dutkiewicz et al., 2012) with a radiative transfer component
as well as the explicit treatment of several optical constituents (water molecules, detrital
matter, CDOM, and a community of optically-distinct phytoplankton types). Specifically
each constituent is treated independently. The fully coupled radiative transfer allows us
to calculate spectral surface upwelling irradiance; a product similar to that measured by
ocean colour satellites. We show results from this new coupled model where the light field
is a dynamic function of the different optical constituents and evaluate against several data
sets (Sect. [3). In particular we use a comprehensive data set from an Atlantic Meridional
Transect cruise which includes detailed concurrent optical, biogeochemical, and ecosystem
observations between the UK and South Africa in September/October of 2004 (AMT-15).
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Some of the observations are published here for the first time. The data set is ideal for
evaluating how our model captures the amount and nature of the light that penetrates the
water column across basin scale along with the relevant ecological properties.

We perform a number of sensitivity experiments that explore the value of the additional

model complexity (Sect. [4) the role of each of the water constituents (Sect. |5) and their

relative importance. The model allows us to investigate changes to any constituent feeds
back to the system, impacting phytoplankton biogeography, biogeochemistry and surface
irradiance reflectancereflectance-ot-rradiance-.

2 Model description

The biogeochemical/ecosystem model resolves the cycling of carbon, phosphorus,
nitrogen, silica, iron, and oxygen through inorganic, living, dissolved and particulate organic
phases as discussed in Follows et al. (2007), Dutkiewicz et al. (2009, 2012), and Hickman
et al. (2010). The biogeochemical and biological tracers are transported and mixed by a the
MIT general circulation model (MITgcm) (Marshall et al., 1997). The physical framework is
flexible, but here we employ a global configuration which is constrained to be consistent with
altimetric and hydrographic observations (the ECCO-GODAE state estimates, Wunsch and
Heimbach, 2007). This three dimensional configuration has 1° x 1° horizontal resolution
and 23 24-levels ranging from 10m in the surface to 500 m at depth. These physical
fields have been used in many previous biogeochemical/ecosystem studies (e.g. Follows
et al., 2007; Dutkiewicz et al., 2009, 2012; Ward et al., 2012; Prowe et al., 2012).

Similar to several of these previous studies, we resolve several phytoplankton types,
P; as well as two simple grazers, Z;,. The biogeochemical and biological tracers interact
through the formation, transformation and remineralization of organic matter. Excretion
and mortality transfer living organic material into sinking particulate and dissolved organic
detritus which are respired back to inorganic form. Aeolian iron fluxes to the ocean surface
are provided by Luo et al. (2008).
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We provide complete model equations, description and parameter values in Appendix [Al
and Tables [{] to [6] Here we focus on the relevant new features: in particular an explicit
radiative transfer component that allows us to consider absorption and scattering of light
spectrally and with attention to each of the relevant optical constituents.

2.1 Radiative transfer model

Irradiance just below the surface of the ocean is provided by the Ocean—Atmosphere
Spectral Irradiance Model (OASIM) (Gregg and Casey, 2009) in two downward streams:
direct (E3®°") and diffuse (E2¥°Y). OASIM includes the impact of clouds, water
vapour and aerosols in the atmosphere and surface roughness and reflectance at the
ocean-atmosphere interface. Irradiances are provided averaged ocean-surface-rradiance
are—provided-in 25 nm wavebands from 400 to 700 nm. The two downward light streams
(direct and diffuse, Ey4, Es) in each waveband are followed through the water column.
Irradiance is attenuated by absorption (a), and scattering (b), which includes both forward
(bf), and backwards (b,) components. Scattering diverts irradiance from the direct and
diffuse beams and partitions it between the downward diffuse and an upwelling stream
(Eu).-

We parameterize this “three-stream” irradiance model following Aas (1987), Ackleson
et al. (1994), and Gregg (2002). The model is described by the simultaneous equations for
the light streams in each waveband (\) with depth (z):

dEs(N) _ a(h)+b(\)

| — o Eq4(N) )
Bl o)) oy + 2 g )+ M @
~GBl) AR g ) 4 B 4 2 ©
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where rs, 7, and rq are the effective scattering coefficients, normalized by backward
scattering coefficients, U4, Ts, and v, are the average cosines (definition in Appendix [B),
and the radiance is separated in the a direct beam and a diffuse component.

This set of equations can be simplified following Aas (1987) by approximating rs, 7y, 74, Us
and T, with constant values (see Appendix[B). With these assumptions, the set of equations
can be reduced to a tri-diagonal system. In contrast to Aas (1987), Ackleson et al. (1994),
and Gregg (2002) we solve E4()), Es(\) and E,(\) directly at each location and at each
depth using Gaussian elimination.

We calculate total scalar irradiance, Eo(\) in each waveband at each location and layer
(averaged, multiplicatively, between the top and bottom) by scaling the irradiance by the
inverse average cosines:

_ B | B +E@) (4)

Ud Vs Uy

Eo(N)

This is the light available to the phytoplankton.

2.2 Surface reflectance

Since the model resolves an upwelling stream of irradiance, we can calculate a surface

reflectance (unitless):

EEelow()\)‘k:O
R()‘) - [Ebelow( ) [below( )
do ( )+ So ( )

(5)
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where Eg®°¥())|,—o is upwelling irradiance just below the surface and E5®"(\)4E29°%(X)
are the downward (direct and diffuse) irradiance just below the surface as provided by
OASIM.

To compare to remotely sensed reflectance (Rrs) we convert between model subsurface
reflectance and the slant upward radiance seen by satellite by using a bidirectional function

Q:

R(A)
Rps(\) = ——= 6
(A) 0 (6)
The bidirection function @ has values 3.5 and 5 sr depending on many variables, including
inherent optical properties of the water, wavelength and solar zenith angles (Morel et al.,
2002; Voss et al., 2007). For simplicity here we assume that () = 4 sr. Model Rgg is therefore
analogous, but not exactly the same as that measured by satellite. Rgg has units of 1/sr.

2.3 Treatment of water constituents

Attenuation of irradiance results from absorption by water molecules (a.,), phytoplankton
(apny), detrital particles (aget) and coloured dissolved organic matter (acqom) and by
scattering by water molecules (b,), phytoplankton (bpny) and detrital particles (bget). The
absorption (a), total scattering (b) and backward scattering (by,) (all with units of m~!) are
represented as a function of waveband:

a(A) = aw(N) + aphy()\) + aget(A) + acdom(A) (7)
b(A) = buw () + bony(A) + baet(N) (8)
bp(A) = bpw(A) + bbphy(/\) + bodet(A) (9)

In the model we use absorption and scattering coefficients (Fig. [1) averaged over 25nm
bands to match the irradiance input from a variety of sources, detailed below.
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2.3.1 Water molecules

We assume absorption by water molecules (a., bw, bow) to follow the spectra of Pope
and Fry 1997). Scattering is taken from Smith and Baker (1981) and Morel (1974), and
backscattering from Morel (1974) and Morel et al. (2007). The spectra for these are shown

in Fig. [Tl
2.3.2 Detrital matter

The model uses the absorption and scattering spectrum for detrital matter (Fig, [Tb) from

Stramski et al. (2001). These spectra were deduced by assuming an assemblage of
articles with size distribution described by a power function with slope of -4, and the values
are given in terms of absorption or scattering per particle (Stramski et al, 2001). Thus

we introduce the coefficient ppart to convert the model particulate organic carbon (POC) to

number of particles, making the crude assumption that the size distribution of particles is
uniform everywhere. The absorption and scattering by particles is described as:

POC
adet(\) = gy (V) (10)
Ppart
POC
baer(A) = bt (A) (1)
Ppart
POC
boget(A) = bhae(A) (12)

Here we use the convention that the superscript on the a, b, and b, terms refers to the
normalization variable, here particle concentration. Units of afar(\), biar(A) and b5 ()
are m? particle 1.

We note that in the optical community the term "non-algal particles" or NAP is frequentl
used for any non phytoplankton particles. In this paper we specifically use the term "detritus”
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instead, as we link to the non-living organic matter pool and do not explicitly resolve other
non-algal particles such as viruses and heterotrophic bacteria.

2.3.3 Coloured dissolved organic matter

CDOM absorbs highly in the short wavelengths and absorption decreases exponentially
with increasing wavelength (Kitidis et al., 2006; Nelson and Siegel, 2013). CDOM is not
usually explicitly resolved in marine ecosystem models (exceptions are Xiu and Chai, {2014
}-and Bissett et al., 1999). Here we have resolved an explicit CDOM-like tracer (denoted
“CDOM”) similar to Bissett et al. (1999). The model CDOM has units of concentration
(mmol Cm~3), and is assumed have a source that is a fraction (fegom) of DOM production,
to have a long remineralization time scales (dcgom) and to be bleached under high light
conditions. The bleaching is parameterized to reach a maximum rate, ¢cgom, When PAR is
above I.4om, and linearly decrease at lower PAR. The sources and sinks of this CDOM-like
tracer are therefore parameterized as:

CDOM (13)

A=700
_ . Fo
Scoom = fedomSpoms — [’YTdcdom + Legom Min (W 1)
caom

where Spow is the sources of DOM (see Appendix [A), and vt is the temperature function
affecting biological rates.
We parameterize acgom(A) as function of “CDOM” such that:

edom() = aggom (A)CDOM (14)
and

agi ! (3) = cedom(Ao el *en (=) 19)
where aSPOM()) is the concentration specific absorption of the CDOM-like tracer (Fig. ).

The value for the spectral slope, scqgom is taken from literature (Kitidis et al., 2006), and
10
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cedom(Ao) is the CDOM specific absorption at reference waveband, A,. Although CDOM is
also strongly linked to terrestrial matter, we do not provide any land sources at present.
We discuss the sensitivity of the function and parameters, and compare to previous model
parameterizations in Sect.

2.3.4 Phytoplankton

The absorption and scattering by phytoplankton is the net effect of each phytoplankton type
resolved in our model, j:

bony (A prhy )Mc; P (17)
bophy (A Z bbphy JMc; P, (18)

The Chl a specific absorption spectra agﬂ'y ()\) has units of m? (mg Chl)~, The ;-and-the

scattering bphy
funetion—of phytoplankton biomass mwand has units
m? (mol C)~!. These spectra are specific to each of the phytoplankton types ;j (Fig. —
f) as taken from literature. See discussion in Sect. and Appendix @ Mc; is the C:P
ratio in each phytoplankton type (see Appendix [A).

2.4 Phytoplankton growth

Phytoplankton growth is modelled as a function of temperature, irradiance, and nutrients
as in Hickman et al. (2010) following Geider et al. (1998). The growth rate is equal to the

11
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carbon specific photosynthesis rate:

—Ng;0; —N\g;b;

i ="Pg; | 1—exp (19)

C C
i P

where PC . l%|s the light saturated photosynthesis rate that is a function of temperature

and nutrient Ilmltation (see Appendix E[) ¢; is the ratio of Chl a to C within each
phytoplankton j (discussed further below). Ag; the scalar irradiance absorbed by each

phytoplankton, j (units are mmolC (mg Chl)~! d~!

A=700

Ngj = dmax, Y, aSmi(A)Eo()) (20)
A=400

where ¢max; is the maximum quantum yield, and agh'j(k) is the Chl a specific photosynthetic
absorption spectra in each waveband X (Fig. [1), and Eo(\) comes from the radiative
transfer code (see Eq. [4).

Since some pigments are photo-protective, phytoplankton do not use all the light that
they absorb for photosynthesis. Similar to Hickman et al. (2010) and Bisset et al. (1999)
the total absorption spectra is therefore greater than the photosynthetic absorption spectra,

aghy; > aS (Fig. [1d, e). See discussion in Sect. We also allow for photo-inhibition, as
in Hickman et al. (201 0) such that PS . %reduces above a critical value at high light (see
Appendix [A).

2.5 Plankton types

We resolve 9 phytoplankton “functional” types: these include analogues of diatoms,

other large eukaryotes, coccolithophores, pico-eukaryotes, Synechococcus, high and low

light Prochlorococcus, nitrogen fixing Trichodesmium and unicellular diazotrophs. These

phytoplankton differ in their elemental composition (e.g. diatoms require silica), maximum
12
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growth rate, nutrient half saturation constants, sinking rates, maximum Chl a:C, and
palatibility to grazers (see Tables[3and [4).

Cell size governs many traits. Smaller phytoplankton have lower nutrient half saturation
constants and sink more slowly. The maximum growth rates are guided by observations;
diatoms having the highest rates and Prochlorococcus having the lowest (see e.g. lrwin
et al., 2006). The parameter values are within ranges found in the literature and previous
ecosystem model (Dutkiewicz et al., 2012; Ward et al., 2013; Monteiro et al., 2010).

In this model we treat the phytoplankton light absorption and scattering explicitly
(Sect. EI) The Chl a specific absorption spectra agh .(A) (units, m?mgChl™)
varies between functional group species—(Fig. [I[d). These spectra were obtained from
representative phytoplankton types speeies-in cultures grown at similar growth irradiance
(see references in Appendix [C). The spectra capture differences in pigment composition
and other taxon specific differences, including the “package effect” (Berner et al., 1989).
For instance, the larger diatom has a flatter spectrum than the smaller phytoplankton
(e.g. Prochlorococcus). Total light scattering spectra (bS Fig. ) were also obtained

hy;j’
from representative phytoplankion types species-in cuI?u?e, as were the backscatter to
total scatter for each phytoplankton (bgphyj, units m?mol C~!) (Stramski et al., 2001;
Subramaniam et al., 1999).

Spectra for absorption by photosynthetic pigments (ag';'j, Fig. ) were derived using the
pigment reconstruction technique (following Hickman et al., 2010; Babin et al., 1996). Light
absorption spectra were reconstructed by scaling the weight-specific absorption coefficients
for Chl a, Chl b and Chl ¢, photosynthetic carotenoids and non-photosynthetic carotenoids,
phycoeryththrobilin and phycourobilin-rich phycoerythrins (Bidigare et al., 1990b) to obtain
the lowest sum of residuals between reconstructed and observed spectra. agg'j was then
calculated by adjusting the measured agﬂ'yj by the spectral ratio of the reconstructed spectra
with and without non-photosynthetic pigments (Hickman et al., 2010).

We parameterize all phytoplankton to have the same maximum quantum yield (¢max;,
units mol C fixed per moles photons) and all but diatoms to have the same maximum

Chl a:C (fmax,, units mg Chl (mmol C)~ 1) (Maclintyre et al., 2002). We parameterize low
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light Prochlorococcus as being photo-inhibited, as this is a distinct feature of the difference
between high and low light strains (Moore and Chisholm, 1999; Hickman et al., 2010).

We resolve two zooplankton classes (large and small) that graze on the phytoplankton
using a Holling 1l scheme (Holling, 1959). The large class preys preferentially on the
diatoms, coccolithophores, and Trichodesmium, while the smaller class preys preferentially
on the smaller phytoplankton. We additionally parameterize diatoms and coccolithophores
(hard shells) and Trichodesmium (toxicity) as having lower palatibility. Zooplankton grazing
parameters are similar to those used in Prowe et al. (2012) which were determined from
a mechanistic model of zooplankton feeding (see Table [6).

2.6 Enhancements and Limitations of Optics ComponentSimulation-desigh

The inclusion of radiative transfer, spectral light and capturing several important optical
to assume constant absorption and scattering spectra (Fig. |1) for each constituent. For

instance, absorption spectra for phytoplankton types do in reality change based on shifts
in Chl:C ratios (e.g. Maclntyre et al., 2002; Morel et al., 1993; 1995) as well as changes

and nutrient stress (e.g. Stramski et al., 2002). However, these changes are likely to be
small compared to_the differences already captured by the representative spectra and
these alterations to constrain model parameterizations. Additionally the CDOM absorption
spectra has been observed to alter regionally (e.g. Kitidis et al., 2006; Twardowski et al
2004; Bricaud et al 2010), though as yet we feel it is premature to attempt to capture this

likely to be important (Stramski et al., 2001). Additionally the spectra for 5”%'* that we use

Stramksi et al., 2001, Fig. makes the assumption of homogeneous spheres. However
14
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for altering the spectral shape (Stramski et al., 2004). We also do not take into account
We additionally currently neglect other potentially important optical constituents such as
minerals (e.g. Stramski et al., 2001), particulate inorganic carbon (e.g. Balch and ltgoff

2009), colloids and bubbles (e.g. Stramski et al., 2004), non-photosynthetic organisms

including zooplankton, bacteria (e.g. Morel and Ahn, 1991), and viruses (e.g. Stramski et

al., 2001). We felt that these are, as yet, not well enough constrained to include explicitly in

the model..
the model and are similar to those of other models (e.g. Fuijii et al., 2007; Gregg and
Casey, 2007). This new model provides a unique platform to examine global implication

3 Default Simulation and Validation

We initialize the macronutrient fields (nitrate, phosphate and silicic acid) from World Ocean
Atlas (Garcia et al., 2006) climatologies and the iron from previous model output. We also
use previous model output to provide distribution of the ammonium, nitrite, dissolved and
particulate matter. The total phytoplankton biomass is initialized from previous model output,
divided equally between groups, except for the diazotrophs who are initialized at a much
lower value so as not to flood the system with new nitrogen in the first few timesteps.
Zooplankton are similarly initialized with equal distribution in both groups.

15
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The model timestep is 3 hours. We tested this against smaller timesteps with almost
identical results. We run the simulation forward for 10 years with a repeating generic “year”

from the physical ECCO-GODAE products (Wunsch and Heimbach, 2007). Model results
shown in this section are from the last year of the simulation. The phytoplankton establish
a repeating pattern after about 3years such that we can assume a "quasi-steady state"
by year 10. —A slow drift as deep water nutrient distributions adjust does not significantly
change the results over the remaining time period.

4 Modelresults

We evaluate the model results against a range of in situ observations and satellite derived
products. In particular we focus on the unique data set including biogeochemical, ecological
and (some previously unpublished) optical properties that were obtained as part of the AMT-
15 cruise. Though there are other AMT cruises that include some similar and/or different
combinations of optical data (e.g. AMT-19, DallOlmo et a;l., 2012, Martinez-Vicente et al.
2013), we chose to look at only a single transect for clarity. In particular, the combination

of data on spectral irradiance penetration, a and light absorption by phytoplankton
were of particular use in model validation.

3.1 Atlantic meridional transect

The model broadly reproduces the horizontal gradients at the surface, but importantly also
captures the deep Chl a maximum (Fig. [3g, b), and in particular its deepening in the

subtropical gyres, especially in the South Atlantic. -deesnetecapture-the-high-Chl-a-values

i iors—The model captures the depth of the nitricline across the
transect (Fig. , d), especially the deep section (200 m) in the South Atlantic gyres. The
16
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model does not adequately resolve the North Atlantic upwelling (a resolution issue in the
hysical model) and nitrate and Chl a are too low in this region. Additionally the physical

model has too stron upwellin Agan%e*peeteekéue#}&phy&eakmedekiswefrw&de

Just south of the equator leading to nitrate and Chla beln too h|
The model also captures observed variability of acgom along the AMT-15 transect: low

in the surface waters where CDOM is quickly bleached, and higher in deeper waters
where CDOM accumulates. Values and regional patterns compare well between model
and observations (Fig. [3, f), except just south of the equator where Chl a, and nutrient
supply are also too high (as discussed above). Absorption by phytoplankton (Fig. [8g) was
only measured at the surface and the deep Chl @ maximum. The model captures the higher
value near the deep Chl a maximum (Fig. [3h).

We have used the AMT-15 measured downwelling irradiance and upwelling zenith
radiance together with the inverse-modelling procedure of Gordon and Boynton (1997,
1998) to estimate the total absorption and total backscattering in several wavelengths
(Fig. Ma, c, e, g). We discuss this inversion further in Appendix [D] There is a large degree
of uncertainty in this inversion process, and additional noisiness provides several spurious
high/low values that are not realistic. Given this caveat, we find that the model qualitatively
captures (Fig. b, d, f, h) the magnitudes and the pattern of higher absorption/lower
scattering at the higher wavebands.

Since the model realistically captures much of the variability in optical constituents, it
also accurately resolves the penetration of light through the water column (Fig. [5) as found
in the AMT-15 data. We compare the depth of the 1% light level: the depth where the
downwelling irradiance in each waveband is 1% of the surface value (E5%°% + EP€o%). We
find the shortest wavebands (e.g. purple line and symbols in Fig. |5) reach deepest in the
South Atlantic gyre where concentrations of the optical constituents are lowest and less
deep than medium wavebands (e.g. light and dark blue lines) in more equatorial regions.
The penetration of blue wavebands leads to the the very deep Chl ¢ maximum and draw
down of nutrients at depth as observed in the AMT-15 transect and in the model. The 1%
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depths are too deep in the North Atlantic upwelling region, since we do not capture this
feature in the physics.

The model captures intricate patterns of absorption and scattering that develop from
the interplay of different optical constituents and suggests the importance of treating each
constituent separately for reproducing the in situ light field. We explore this further in Sect.

3.2 Global results

That the model captures much of the Chl a, nutrient and optical properties on basin scale
and with depth as observed during the AMT-15 is very encouraging. The model also
captures many of the global features {Fig-{}-in Chl a (derived from MODIS satellite), primary
production (derived using Behrenfeld and Falkowski, 1997) as well as macronutrients (from
the World Ocean Atlas, Garcia et al., 2006), though with notable biases (Fig.[6). The broad
scale features of high nutrient, high Chl a and high productivity in the high latitudes and
equatorial regions, and low nutrients, low Chl a in the subtropical gyres are resolved. We
do not however capture coastal features as the physical model is too coarse to resolve the
important mesoscale processes. This is also true in frontal zones (such as the Western
boundary currents) where primary production is too low.

Relative to the composite of iron data (Taglibue et al., 2012), we also capture high iron
in the Atlantic Ocean and lower iron over much of the Pacific (Fig. Mﬁ) However, iron
may be too low in the tropical South Pacific and Pacific equatorial regions. Here the model
aeolian dust supply (based on Luo et al., 2008) may be too low, however the physical model
also does not adequately resolve equatorial undercurrents which are likely responsible for
supplying sedimentary iron to this region (Radic et al., 2011; Slemons et al., 2009). Since
iron limitation is too strong in this region, productivity is and-Ghl-«-are-too low, and nitrate too
high. The model also overestimates Chl a in the Southern Ocean and other high latitudes
relative to the satellite product. However, the satellite Chl a algorithm have have a factor of
2 range error (Campbell et al., 2002) and are especially problematic in the Southern Ocean
(Szeto et al., 2011).
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We find that the spatial SD (between 0.85 and 1.15) and correlation (greater than 0.9) of
the model vs. observed nutrients are encouraging (Fig. [7). Though we capture much of the
spatial variability in the Chl a the correlations to satellite derived products are not as good.
The primary production is universally too low and too uniform relative to the satellite derived
product. However, we note that the satellite products of Chl a and primary production have
large error margins associated with them that are not spatially homogeneous (Szeto et al.,
2011).

The model ecosystem has distinctive seasonal cycles (Fig. [8) that mostly match the
observed satellite derived and in situ Chl a at nine timeseries sites (locations shown in
Fig.[2) collected as part of JGOFS (Kleypas and Doney, 2001). In many locations the model
overestimates the satellite derived peak of the bloom (consistent with annual mean Chl a
being too high), but capture the non-bloom values more accurately. However, the in situ
data broadly encompass the model values. We also capture the satellite derived timing of

the sprlng bloom, though notably do not get correct blooms at Station P, Kerfix, NABErmes

A unique feature of thrs model is \rr@gramce reflectance output, WhICh we have converted
to remotely sensed reflectance (Rgg) using a fixed bidirectional function @ (see Sect. 2.2).
We compare this model output to MODIS remotely sensed reflectance, Rgs(\). Despite the
mismatch in wavelength and bandwidth and the oversimplification of a fixed (), the model
qualitatively captures the pattern of high reflectance in the subtropics relative to the higher
productivity regions in low wavebands and the opposite pattern in higher wavebands. These
initial results suggests that the model framework will be a useful laboratory for exploring
satellite-like semi-analytical inversion algorithms (e.g. IOCCG report 5, 2006).
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3.3 Phytoplankton biogeography

Eight of the 9 phytoplankton functional groups that we resolve have distinct biogeography
(Fig. [10). This biogeography encompasses both horizontal and vertical patterns of
phytoplankton biomass. The large eukaryote group does not survive in this model as it
was given no specific trade off. It was large (low nutrient affinity) and had a low growth rate
(typical of dinoflagellates).

We compare simulated biomass of the pico-phytoplankton to observations from the
AMT-15 (Fig. [T1). AMT-15 cell counts were measured by analytical flow cytometry
following methods of Heywood et al. (2006) and converted to biomass using constant
factors (Zubkov et al., 1998) for comparison purposes. The model captures the smallest
autotrophs, Prochlorococcus as having smatlest-autotroph,-Prochlorococeus-has-significant
abundances through the subtropics and tropic, Synechococcus were more abundant at
the northern poleward fringe of the subtropics, and Pico-eukaryotes were more ubiquitous
WWMWMW%W%WW

2009). In the 20 to 5O S region the model nutrient source is too hlgh L(W
and Synechococcus analogues unrealistically domlnate mstead m

%sﬂmate&of large phytoplankton blomass (eg diatoms, Coccollthophores) c&mparpg
well to observations made along other AMT cruises (Tarran et al. 2006; Germefio et al.

The MAREDAT (MARine Ecosystem DATa, Buitenhuis et al., 2013) compilation provides
a comprehensive, though still sparse, climatological distribution of several plankton
functional groups. Here we re-grid the MAREDAT compilation onto a 5° grid with all
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observations between 0 and 50 m averaged together and compare this to the model
output (Fig. [T2). For the model results we sum the Prochlorococcus, Synechococcus
and pico-eukaryote groups to compare to the observations of pico-phytoplankton. The
We-find-that-the-model captures the ubiquitous nature of the pico-phytoplankton, lack

of Coccolithophores in the {F@%ewer%ues—rrkme&ubtrepreakgyre&are%tse

i subtroplcal

oD ‘
gyres and poIar extent of the Southern Ocean 4hr%medekeaptures—th&ebserveethlgh
diatom values in the high latitudes and in the equatorial upwelling regions, low (or lack)

of diazotrophs in the southern Pacific gyres. However, model coccolithophore biomass
is in eneral too high and diazotroph biomass has a eak too far south in the North

Westernéeutrkpaemeélwersane‘eeet—at—ze% Though the MAREDAT comp|lat|on includes

micro, meso and macro zooplankton, the former and the latter data are very sparse. Since
we do not have direct analogues in the model, we show here only the meso zooplankton
biomass observations (Fig. [12]). The model captures the patterns of high and low values

of zooplankton b|omass«bukaemgheebte+mss—s+neeeﬁgu—@4nehides—a#medekgra%ere

Given the sparsity of in S|tu measurements of phytoplankton types, it is natural to
attempt to capture aspects of biogeography from space (IOCCG report 15, 2014; IOCCG
report 9, 2009). Here we compare the model output to the PHYSAT product (Alvain
et al., 2008) which empirically relates optical properties to specific (probably dominant)
phytoplankton types (Fig. [T3@, c) for January and July and compare to model dominant
types (Fig.[13). In both model and PHYSAT we find that cyanobacteria dominate the tropics
and subtropics, diatoms —Diatems—play a substantial role in the summer biomass. and
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captures-a combination of coccolithophores and pico-eukaryotes dominate as-deminantin
the mid-latitudes.
These global “observations” contain _many uncertainties stemming mainly from the

scarcity of in situ data, but the model does not disagree with their findings. The model
captures key patterns of observed optical and ecological properties. It provides a tool

to explore aspects of the ocean biogeochemistry and ecosystem that are not possible
with models that do not explicitly resolve radiative transfer, spectral irradiance, and an
explieitresolution of the different water optical properties. In the next section we explore
the role of the various water constituents on the irradiance spectrum and how they impact
biogeochemistry and ecosystem structures.

4 Sensitivity experiments: Value of added model complexity.

We conduct two sensitivity experiments to highlight the importance of the extra level of
complexities of this new version of the model. In the first experiment (designated EXP-V0O

the biogeochemistry and ecosystem are the same as in the default experiment described
above (designated EXPO0) but there is only a single band of irradiation (400-700nm, summed

over the ariginal 25nm, so that total PAR is conserved); attenuation (c;:) of PAR is a function

only of absorption by water molecules and Chl-a summed over all phytoplankton types:
=0.04 m—! and a.;, = 0.04 m2 (mg Chl)~1. There is

no explicit account taken for optical role of CDOM or detritus (though the value chosen
for a does implicitly include their role). Similar parameterizations have been used in
revious versions of our model (e.g. Dutkiewicz et al., 2014), and are also common in man

other biogeochemical models.
The results from EXP-VO (Fig. reveals a much more latitudinally uniform penetration

of light, and in particular the deep chlorophyll maximum in the subtropical gyre is too shallow
relative to the default experiment (EXPO, Fig.|14c) and observations (Fig. |
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In experiment EXP-V1 we include all the optical constituents explicitly (as in EXPO

though with only a single band of PAR (as in EXP-V0). We assume the absorption
penetration of PAR. The addition of spectral light leads to even deeper penetration of light
in the subtropical gyres (default experiment, EXPO, Fig. |14C): penetrating light is

these differences.

essential for obtaining upwelling irradiance that can link to satellite products.

5 Sensitivity experiments: role of optical constituents

Optical The-optical-constituents play varying roles in their effect on irradiance attenuation

(absorption and scattering). These roles have long been a topic of interest, however
many studies have included only limited observations and been of highly localized in
character (e.g. Jerlov, 1953; Chang and Dickey, 1999), but have however recognized that

they vary regionally (e.g. Barnard et al., 1998; Simeon et al., 2003). Targeted cruises

have also provided larger scale observations indicating a wide range of value for each
constituent and altering importance in different regions (e.g. BIOSOPE, Bricaud et al 2010).
Additionally, several attempts have been made to construct algorithms to determine the
relative contributions from more easily measured quantities, including those from satellite

.g. Maritorena et al., 2002; Lee et al., 2002; 2007; Ciotti and Bricaud, 2006; Werdell et
al., 2013; Zheng and Stramski, 2013). Our model provides a unique global 3-dimensional
perspective. Here our results focus on an (extended) AMT transect differ-between-regions
and-depth-(Figs. [T5and[f6). however, they are also consistent with observations in other
regions (e.g. Bricaud et al. 2010)..
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—Absorption by water molecules is most important at longer wavebands (Pope and Fry,
1997), but still has an impact at shorter wavebands (Fig. , b, i, j). It is relatively more
important in lower productive waters (e.g. South Atlantic gyre) because the concentrations
of other constituents are relatively low. Absorption by detrital matter plays a role, especially
near the 1% depth in highly productive regions and at shorter wavebands (Fig. [T5, d, i, j)
as_suggested by observations (e.g. Jerlov_1953). Absorption by phytoplankton plays

a significant role where Chl a is highest (e.g. the deep Chl a maximum, as found in

observations, e.g. Chang and Dickey, 1999) at wavelengths less than 550 nm, and little
role at longer wavelength (Fig. [T5g, h, i, j, see also Fig. [1). Absorption by CDOM at

short wavebands is important (as seen in observations e.g. Jerloy, 1953) in most regions,
particularly where productivity is high where it is the dominant absorber. It also has, relative
to other constituents, a large role at depth (as seen in observations e.g. Simeon et al.,
2003; Bricaud et al., 2010; Nelson and Siegel, 2013). At long wavebands CDOM plays very

little role. Scattering by phytoplankton is relatively most important at shallower depths, while
scattering by detrital matter is dominant deeper at all wavelengths (Fig. [16).

We perform a series of sensitivity experiments to explore the role of each constituent
in setting the irradiance field in the ocean and on surface reflectance, and see how
changes to these constituents feed back to the ecosystem and biogeochemistry. The range
of values for these experiments are designed to cover and go be beyond the natural
range of the absorption and scattering by the water constituents. We additionally explore
how different assumptions and parameterizations for the optical constituents affects the
simulation results.

5.1 Detrital matter

Observations have determined that detrital matter does play a role in light attenuation
though with varying regional importance (e.g. Jerlov 1953; Bricaud et al., 2010). We conduct

several sensitivity studies to explore the relative importance of aget and bget (Fig.
lobally in the model. We run each experiment from the same initial conditions as the
“default” (EXPO) discussed in Sect. [3| and present results for the final year after 10 years
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of integration. We artificially alter a5 (\) or bar () as noted below, such that aget and et

are manipulated. The experiments include the feedbacks to nutrients and productivity. In
experiment EXP-D5 we explore a different parameterization for aget(A) that was used in
Fuijii et al. (2007).

1. EXPO: this is the default run where

POC
aget(N) = afer ()

Ppart
POC
baet(A) = ther (V)
Ppart
POC
bavet(X) = bhagr(A) ——
Ppart

0

2. EXP-D1: we set a3y (A

w

()
EXP-D2: we set afy () artificially to four times the values used in EXPO
(A)

»

0

EXP-D3: we set b5a (A

TodeJ UOISSNOSI(]

TodeJ UOISSNOSI(]

5. EXP-D4

6. EXP-D5:

: we set b5 () four times the value EXPO

as in Fujii Fuijji-et al. (2007) we represent:

TodeJ uOISSNOSI(]

aget(N) = afQC (N, )POCe(~0-01(A=20))

where af9° = 0.1m? g C~1 (Fuijii et al., 2007) and A, =450 nm.

Removing the detrital absorption (EXP-D1) leads to bluer wavebands reaching to greater
depth (Fig.[T7g). This favours phytoplankton, at least in the subtropics, which absorb more
efficiently in the blue part of the spectrum (i.e. Prochlorococcus, Fig. ) ~as anticipated

from laboratory studies (e.g. Moore et al., 1995). On the other hand, having stronger
25
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detrital absorption (EXP-D2) leads to shallower 1% light levels for the blue wavebands.
The corresponding red-shifted light favours Synechococcus which absorb more efficiently
in this part of the spectrum. With less irradiance absorbed in EXP-D1, we find a higher
percentage is reflected at the shorter wavebands (Fig.[17d). Similarly as more irradiance is
absorbed (EXP-D2), there is a reduction in the reflectance.

We observe distinct biogeochemical feedbacks. With lower absorption by detritus (EXP-
D1) the depth integrated phytoplankton biomass in the high latitudes increases (Fig. [17b),
leading to higher nutrient utilization in these locations. Thus the transport of nutrients to the
lower latitudes is reduced (see e.g. Sarmiento et al., 2004; Dutkiewicz et al., 2005) reducing
biomass in those locations. This will even further increase the 1% light depth for the
blue wavebands and consequently favour Prochlorococcus more. The lower absorption by
detritus therefore leads to expansion of the oligotrophic subtropical gyres. Conversely, with
more absorption (EXP-D2), we find lower depth integrated productivity in the high latitudes,
higher nutrient supply to subtropics, reduced oligotrophic regions and stronger favouring of
Synechococcus. This feedback between the light field and the biogeochemistry can only be
captured by a fully three-dimensional coupled ecosystem-radiative transfer model.

The main attenuation of light with depth is through absorption, and as such alterations
Alterations-to the backscattering by detrital matter (EXP-D3 and EXP-D4) have little effect
on the irradiance fields at depth (Fig. [17] . ) and thus little change to the dominant functional

type eommunity-strueture-(Fig. [T7c). However scattering has major impact on the amount
and quality of the upwelling light and as such the changes to the irradiance reflectance is
large (Fig.[T7d).

In EXPO, aget is calculated relative to number of detrital particles, whereas in EXP-D5 we
parameterized it relative to particulate organic carbon (POC) concentrations (following Fujii
et al., 2007). We find very similar patterns and magnitudes of aget(450) using these two
methods. Slight difference in magnitude can be attributed the values chosen for afQ° and
DPpart in the respective parameterizations. There is consequently little difference to biomass,
phytoplankton distributions and reflectance between the two experiments.
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5.2 Coloured dissolved organic matter

CDOM and its contribution to light absorption is observed to vary in different regions of the
studies have attempted to empirically link acgom to other more easily measured guantities
only sparse data. We conduct a series of sensitivity experiments that test assumptions
and importance of abett-acsom globally and its feedback to the biogeochemistry. In two
experiments (EXP-C1) and (EXP-C2) we assume no and significantly more absorption by
CDOM respectively. In additional sensitivity experiments (EXP-C3, EXP-C4, and EXP-C6)
we explore the consequences of different parameterization of acgom as used in previous
model studies (e.g. Greg and Casey, 2009; Mouw et al., 2012; Fuijii et al., 2007; Hickman
et al., 2010).
In all experiments acgom(A) is an exponential function with wavelength:

Gcdom = Xcdom 6(_S°d°m(>\_>\o))

In the series of experiments we make different assumption on xcgom:

1. EXPO: Xcdom = Ccdom(Ao)CDOM
This is our default experiment detailed in previous sections.

2. EXPO-C1: Xcdom — 0
This experiment artificially assumes that there is no acgom-

3. EXP-C2: xcdom = 4 - Ccdom(Ao)CDOM
This experiment is the same as the default (EXPO0), but with CDOM artificially able to
absorb four times as much light in each waveband.
4. EXP-C3: Xcdom = Cohi(aw(Xo) + X ; adn,:(Xo)Chl;)
Studies (e.g. Morel, 2009) have noted an empirical relationship between mean Chl a
and acdom- But regionally there is a large variation in the ratio of Chl @ and acgom (€.9.
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Bricaud et al., 1981; Kitidis et al., 2006; Morel et al., 2010). Here, as is done in Gregg
and Casey (2007), we assume that acgom is a function of Chl a, and ¢ = 0.8 (unitless)

to match the magnitudes of EXPO.

5. EXP-C4: Xcdom = Cedom fedomDOM
Since CDOM is part of the DOM pool, a previous model-based study (Mouw et al.,
2012) has assumed that some portion of the DOM pool (fcgom) is CDOM. Here we
assume cgom = 0.00508 m> mg~! and fyom = 0.0323 following Bisset et al. (1999).

6. EXP-C5: xcdom = 0.016 (m~1)
Other studies (e.g. Fujii Fujjiet al., 2007; Hickman et al., 2010) have assumed
a uniform aCDOM at each wavelength. For specific regions of the ocean (e.g. clear
subtropical water, Hickman et al., 2010) or for regional studies this may be appropriate.
Here for comparison we use cdom = 0.016 (m~1) as in Fuijii et al. (2007).

Community structure shifts significantly in response the the amount of irradiance that
the CDOM absorbs (Fig. [18c). No CDOM absorption (EXP0-C1) favours bluer adapted
Prochlorococcus and high absorption (EXP0-C2) leads to more Synechococcus. There
is also similar impact on the biogeochemistry and shifting boundaries of the oligotrophic

subtropical gyres as in the detrital experiments (Fig. ). The model experiments thus

reveal a potentially important role for CDOM in setting phytoplankion community structure
via alteration of the visible light spectrum, building on previous studies (e.qg. Arrigo and

Brown 1996). The amount of absorption by CDOM impacts the reflectance, again similar to
the results seen with detrital absorption (Fig. [T8d).

The three alternative parameterizations of ycgom (EXP-C3, EXP-C4, and EXP-C5) lead
to very different acqom fields (Fig. [I8r). There are consequently shifts in the light fields
and penetration depths of different wavebands, and corresponding regional shifts in the

dominant functional typecemmunity-straeture. In the parameterizations that either tie xcqom
to Chl a (EXP-C3) or to DOM (EXP-C4), acqom is almost non-existent below the 1%

light level (Fig. [18), at odds with observations (e.g. Simeon et al., 2003; Bricaud et al.
2010Fig-H8). Above the 1% light level the patterns of acgom are relatively realistic in these
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experiments, with higher acgom in productive regions and lower in less productive regions.
However, there are significant differences to the default run and dominant functional types
are eommunity-structure-is-altered (Fig. [18 ‘ ). The uniform acgom Simulation (EXP-C5) has
a more uniform 1% light depth along the transect, reflecting the importance of CDOM for
spatial variability in the depth of the euphotic zone. Since alterations to acgom significantly
affect the irradiance propagation, leading to changes in the upwelling, the impact of CDOM
on the reflectance is important, and all experiments show a strong response (Fig. [18d).

These experiments illustrate that the parameterization of CDOM has very significant
impact on community structure and reflectance, and suggests that it is crucial to explicitly
include CDOM in models and that we learn more about its variability in the ocean (Morel
et al., 2010; Nelson and Siegel, 2013).

5.3 Phytoplankton

Idealized experiments were also conducted to explore the sensitivity due to phytoplankton
absorption and scattering (Fig. . We artificially manipulate agﬂ'yj()\) and bghyj affecting

1. EXPO: this is the default run with each phytoplankton type has a specific absorption
and scattering spectra (Fig. [T, e, f).

2. EXP-P1: we artificially set aSp ;(X) =0 for irradiance attenuation process, but stil
assume that phytoplankton growth depends on light as in EXPO. This is a highly

hypothetical experiment.

3. EXP-P2: we artificially set agp ;()) to four times that of EXPO for irradiance attenuation
process, but still assume that phytoplankton growth depends on light as in EXPO. This
is therefore also a highly hypothetical experiment.

C

4. EXP-P3: we set by, ; =

5. EXP-P4: we assume all phytoplankton have the same absorption properties (the
mean, black lines, in Fig.[1, €) for both ahy .(A) and adfli(\).
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6. EXP-P5: we assume all phytoplankton types have the same scattering and
backscattering properties (the mean, black line, in Fig.[Tf).

Altering the absorption by phytoplankton (EXP-P1 and EXP-P2) has a similar impact
as altering CDOM or detritus (Fig. [T9). There are similar changes to the irradiance field,

dominant functional typecommunity-structure, and reflectance with consequent feedbacks
to the biogeochemsitry.

As discussed above, the main attenuation of light is through absorption, and thus when
When-we assume no scattering by phytoplankton (EXP-P3) there is almost no change in
dominant functional type. However, since scattering does substantially affect the upwellin

light there is eommunity-structure;-but-some (though small) change to reflectance compared
to the default run (EXPO). An experiment with four times bpny has similar results (not shown
here).

In EXP-P4 and EXP-P5 we explore the importance of the phytoplankton type specific
absorption and scattering spectra in setting their biogeography and biogeochemical
consequences. Total apny, the irradiance field and light penetration depths of each
waveband are altered when we assume a mean absorption for all phytoplankton (EXP-
P4). Total apny is generally increased in the high latitudes and decreases at low latitudes
(Fig. [198). This occurs because diatoms (which dominate the high latitudes) have lower
absorption per unit Chl a than the mean spectra (see Fig.[T), and pico-phytoplankton (that
dominate the lower latitudes) have a higher absorption than the mean. Community structure
is also altered (Fig. [19] .c showing that the photosynthetic phetesynthetetic—absorption
specific to each type is important for the emergent biogeography mmqg@m
revious studies (Bidigare et al., 1990a; Huisman and Weissing, 1995; Moore et al.
Stomp et al., 2004; Hickman et al., 2010). In this study—n—particutar, coccolithophores
have a spectra that absorbs well in the blue-green light (Fig. [Ta.) —Once this advantage is
removed diatoms take over their domain. Changes to irradiance reflectance also occur as
a direct result (Fig. [T90).

When assuming a mean scattering spectra for all phytoplankton (EXP-P5) we find, similar

A AR

to EXP-P3, almost no difference to the irradiance field, dominant functional type community
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or biogeography. There are, however, small changes to the reflectance. Changes in the
reflectance are also apparent when the mean apny, Was used (EXP-P4). Differences in

reflectance caused by phytoplankton optical properties underpin many efforts to ma
hytoplankton functional groups from space (see e.q. IOCCG report 15, 2014).

6 Discussion

In this paper we have presented a version of the MIT biogeochemistry-ecosystem
model (the “Darwin Project” model) which now incorporates radiative transfer, spectrally
resolved irradiance, and explicit representation of optically important water constituents.
Our treatment of optical properties combines many features from prior studies (e.g. Gregg
et al., 2007; Fujii Fujji-et al., 2007; Mobley, 2011; Bissett et al., 1999, 2004), but is more
comprehensive than most. In particular we include a detailed absorption by several different
types of phytoplankton as in Gregg and Casey (2007), explicitly resolve a CDOM like tracer
as in Xiu and Chai (2014) and Bisset et al. (1999), and also resolve detrital particulate
matter similar to Fuijii et al. (2007).

We have evaluated our model against a range of in situ observations and satellite derived
products. The model captures the large scale biogeochemical, ecosystem and optical
characteristics as suggested by these datasets. In particular we have used a unique dataset
collected during AMT-15 which includes concurrent optical, biogeochemical and ecosystem
measurements. The model captures the observed basin scale and vertical distribution. In
many of the instances where the model does not compare well to the observations, we find
that the physics of the model is at least partly responsible.

The model captures spatial light absorption by different optical constituents, and the
relative magnitude of the scattering. However, the scattering, particularly by detrital
partlcles remains the least weII constralned aspect ﬁAHh&memeﬁ%
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Each of the optical constituents resolved in the model (water, CDOM, detrital particles
and phytoplankton) have an important role in attenuating irradiance through the water
column: but the relative importance differs between region, with depth, and with wavelength
(Fig.[15). CDOM was relatively more important to light absorption in high productive regions,
phytoplankton were important at the deep Chl ¢ maximum and absorption by water was
most important in the clear oligotrophic waters.

Our sensitivity experiments suggest that models that neglect the explicit and
independently varying absorption by detrital particulate matter and CDOM are missing
important components that have implications for the biogeochemistry and productivity of
the model. For instance we find that the magnitude of the light absorption of any of the
water constituents that we resolve is important in setting the penetration of irradiance in

different wavebands. The subsurface chlorophyll maximum can indeed be captured without
including all constituents and spectral light (as seen in EXP-VO, and in other models, e.g.
Fennel and Boss, 2003; Wang et al., 2009). However, the model developments presented
maximum, in particular, by resolving the deep penetration of blue-green wavelengths in the.

uniform depth of the deep chlorophyll maximum.
Changes to the irradiance spectrum will have important ramification for the community

structure. Lower absorption by the optical constituents leads to deeper penetration of
blue light and favours phytoplankton which absorb better in the shorter wavelengths
(e.g. Prochlorococcus). However, the penetration of light also has a large impact on the
biogeochemistry and biogeography on global scales. In the sensitivity studies with less
light absorption, there was more primary production at the higher latitudes, and reduced
nutrients transport to the lower latitudes. Thus changes in absorption could impact the size
of the oligotrophic regions, which in turn impacted the community structure.

An important product of the model is the surface irradiance reflectance that provides
a more direct comparison to satellite data than derived products such as Chl a or primary
production. These derived products rely on empirical algorithms to convert from more
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direct measurement of ocean colour (e.g. reflectance) which introduce a large degree of
uncertainty to the output (see e.g. Campbell et al., 2002; Carr et al., 2006). Thus directly
relating model output to satellite reflectance has exciting promise.

The absorption by any of the optical constituents strongly determines the amount of
upwelling irradiance and consequently the surface reflectance. In particular, we found that
the regional variations in CDOM are important in setting the patterns of reflectance (see
EXP-C5). Though alterations to scattering appears to have little effect on the in-water optical
fields, they have significant impact on the surface reflectance fields. Even slight changes
to the scattering by phytoplankton (see EXP-P5) has an effect on the reflectance. Such
changes are important when attempting to retrieve information on the community structure
from ocean colour satellite products (e.g. IOCCG report 15, 2014).

7 Conclusions

The amount and type of irradiance that penetrates through the water column is an important
issue when studying phytoplankton productivity and community structure. And yet, ocean
models routinely offer very crude parameterizations of light attenuation and neglect the
spectral quality. We have improved the MITgcm ecosystem and biogeochemistry model
by incorporating spectral light, explicit radiative transfer and representations of several
optical constituents. The model performed well when compared to observations. Capturing

W@W@@%
mmm&mmwm%&ﬂmﬂmmmwm

The sensmwty studies were mtentlonally hypothetical to prowde a W|de range of
responses. They provide evidence that capturing how each of the optical constituents
absorbs and scatters irradiance has important ramifications for biogeochemistry and
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the phytoplankton community structure. This feedback between the light field and the
biogeochemistry can only be captured by a fully three-dimensional coupled ecosystem-
radiative transfer model.

optical constituents for biogeography, biogeochemistry and optical properties such as those
measured by satellite. We believe that this model will useful in examining the role of the
irradiance spectrum and pigments in setting biogeography{Hickman—et—al-—2045), how
changes in irradiance and/or optical constituents will impact the future oceans, and in
providing a laboratory to explore the use of water leaving radiance as a marker of changes
in the ecosystem.

Appendix A: Ecosystem and biogeochemical model equations

The model equations are based on those of Follows et al. (2007), Dutkiewicz et al. (2009,
2012), and Hickman et al. (2010). We consider the cycling of phosphorus, nitrogen, silica,
iron as well as carbon, alkalinity, and dissolved oxygen (the latter three following Ullman
et al., 2009). We also resolve here explicit dynamic Chl a (following Geider et al., 1998) and
a tracer that mimics coloured dissolved organic matter (CDOM). We provide a complete set
of the equations here.

Several nutrients N; nourish many phytoplankton types P; which are grazed by several
zooplankton types Z;. Mortality of and excretion from plankton, and sloppy feeding by
zooplankton contribute to a dissolved organic matter DOM; pool and a sinking particulate
organic matter pool POM;. Subscript i refers to a nutrient/element, j for a specific
phytoplankton type, and k for a zooplankton type. Here i =PO,, inorganic fixed nitrogen
(includes NO3, NO2, NHy), Fe, Si and C. Particulate inorganic carbon (PIC), Alkalinity (A)
and dissolved oxygen (O;) are also included in this framework. All tracers, X are advected
and diffused by the three-dimensional flow fields:

%:—V-(uX)+V-(KVX)+SX (A1)
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where

u = (u,v,w), velocity in physical model,

K are the mixing coefficients used in physical model,
Sx are sources and sinks of tracer X.

The source and sinks of each tracer, Sx, are different and including biological
transformations, chemical reactions and external sources and sinks. Phytoplankton are
assumed to have fixed elemental ratios following Redfield (1934). The base currency of
the plankton equations is phosphorus.

Nutrients:
Spo, = — Y _[14;Pj] + raop7TDOP (A2)
j
Ssi=—Y _[11;PiMsi;] + roosiyTPOSI (A3)
J
SkeT = — Z[Mjpj MFeTj] + Tdote 7 TDOFe — cscavFe’ + Fatmos + Fsed (A4)
J
R
SNo; = — Z[MijMle Mo3;] + CroaNO2 — (1 — Hocrit)ﬁl)denit (AS)
- enl
J
Sno. = — ) _[1 PyMIN; Thoz, ] + Gro2NHa — GroaNO2 (AB)
j
SNH, = — Z[NijMle [nha;] + 7donyTDON (A7)
j
Sc==_[#;P;Mc,1= > [14; P Rej] + 7d0cyTDOC + dpicPIC + Fc + Dc (A8)
j j
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Plankton:

O(wy; P;
Sty = 3Py — o Py — Yl i) - 20227
k
SZM = Zki Z[C]kg]kMZ]] — mzk'yTZki - mz2k'YTZ|%i
J
Chlorophyll a:

0
Schi; = Mc; <PijPj — OjmpjyT Py —0; Z[gjkzk,izl] -
k

+tehi(0o; — Mc;0;P;)

36
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Particulate and dissolved matter:

Spom; == 7T7pom, POM; — ——"——+ Z[(l — Pmp,; ) mp; PjMij]
J

+ Z 1 — Pmz; k) (mZkZik + mZZkZizk)]

+ ZZ[ — @i ) (1 = Gik)gijMij Zi] (A12)
SDOMi = —YTTdom; DOM; + (1 - fcdom)’YTrpomiPOMi + Z[‘Pmpij mijj Mij]
J
+ Z [mza (MakZik +maonZiy) ] + Z Z[ﬁﬂgijk (1 = Gjk)gijMij Zi]
A=700
. —a00 Fo(A
+y71CDOM; | dedom + Ledom Min (MO(), 1)] (A13)
chom

Scpom; = fedom | YT7pom, POM; + Z[@mpijmpjpj M;;] + Z [omas, (MakZii + Mook Z5) ]
J k

+ Z Z[Sogijk (1 —Gjr)9ii My Zyi]
ko J

>\ 700
chom
Spic = = dpcPIC — =—22—=> [mp; Py Rej] + ij D g es Zi] (A15)
J J
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Alkalinity:

Sa = [1;PiMnos;] — Snos — 2 | D [15 Pj Rej] + dpicPIC | + Da
7 J

Dissolved oxygen:

So, = Fo, + Mo; Zujpj — HocritMo,;777dom; DOM;
J

where:
15 is the growth rate of phytoplankton j (function provided below),
M;; is the matrix of ratios of element i to phosphorus for phytoplankton j
Tdom, IS remineralization rate of DOM for element ¢, here P, Fe, N, C
Tpom, IS degradation/remineralization rate of POM for element 7, here P, Si, Fe, N, C
dcdom is degradation rate of CDOM to DOM for element 4, here P, Fe, N, C
~7 is temperature regulation of biological rates (function provided below),
Cscav 1S Scavenging rate for free iron (function provided below),
Fe' is free iron (description provided below),
Faimos is atmospheric deposition of iron dust on surface of model ocean,
Fyeq is the sedimentary source of iron (function provided below),
(ho3 is oxidation rate of NO, to NO3 (function provided below),
Cno2 is oxidation rate of NH4 to NO» (function provided below),
I'mo3; is fraction inorganic nitrogen uptake from nitrate (function provided below),
Ino2; Is fraction inorganic nitrogen uptake from nitrite (function provided below),
['nha; is fraction inorganic nitrogen uptake from ammonium (function provided below),
Hogrit = 1if O > Ogit and 0 if O =< Ogit,
Ovcrit is critical oxygen level for denitrification,
Rgenit is N : P ratio in denitrification,
Ryno3 is ratio of NOj3 relative to all N in denitrification,
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Dyenit is denitrification rate (function provided below),
R,; is ratio of inorganic carbon to organic phosphorus produced by phytoplankton j,
F¢ is air—sea flux of carbon dioxide (function provided below),
Dc is dilution/concentration of carbon by addition/loss freshwater,
Da is dilution/concentration of alkalinity by addition/loss freshwater,
Fo, is air—sea flux of oxygen (function provided below),
dpic is dissolution rate of PIC,
mp; is mortality/excretion rate for phytoplankton j,
myj. is mortality/excretion rate for zooplankton £,
myop, 1S quadratic mortality for zooplankton &,
g;k is grazing of zooplankton k£ on phytoplankton j (function provided below),
Gk is grazing efficiency of zooplankton £ on phytoplankton j (function provided below),
wp; i sinking rate for phytoplankton j,
wpom, Is sinking rate for POM 1,
wpic is sinking rate for PIC,
p; is Chl a :C of new growth (function provided below),
8 is local Chl a : C ratio,
8,5 is acclimated Chl a : C (function provided below),
tcni is acclimation timescale for Chl a,
Pmp,; is fraction of dead/respired phytoplankton organic matter that goes to DOM;,
©mz;, IS fraction of dead/respired zooplankton organic matter that goes to DOM;,
g, . Is fraction of sloppy grazing that goes to DOM;,
fedom is fraction of DOM produced that enters CDOM pool,
Ledom 1S bleaching rate for CDOM,
A=) Eo()) is local total scale irradiance,
I.4om is PAR above which CDOM bleaches.
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A1 Temperature regulation of biological rates

Biological rates (plankton growth and the parameterization of remineralization of organic
matter) are represented as a function of temperature, following the Arrenhius equation
(Kooijman, 2000), similar to Eppley (1972):

= (e (7)) (A18)
——

where

71 is coefficient to normalize the maximum value,

Ag, T, regulate the form of the temperature modification function,

T is the local model ocean temperature.

A2 Phytoplankton growth

Phytoplankton growth is a function of temperature, irradiance, and nutrients. We follow
Hickman et al. (2010), which in turn follows Geider et al. (1998), such that the growth rate
is equal to the carbon specific photosynthesis rate:

()
PS=P5,; [ 1—e\ T (A19)
where

E,%%%is light saturated photosynthesis rate (see function below),

Ngjis light absorbed by each phytoplankton (see function below),
6 is Chl a : C for each phytoplankton (see function below).

The light saturated photosynthesis rate is a function of nutrients and temperatures:

PS,; =Ps JITING (A20)

~~ Mmax
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where:
PE P—ls maximum photosynthesis rate of phytoplankton j,

wmms(x/w Mmax,
T is mod|f|cat|on of growth rate by temperature (see above)
N; is modification of growth rate by nutrients for phytoplankton j (see function below).

The light absorbed by each phytoplankton, j is

A=700

Ngj = dmax, D aSmi(A)Eo()) (A21)
A=400

where:

®max; Is the maximum quantum yield
agg'j(A) is the Chl a specific photosynthetic absorption spectra in each waveband .

The local Chl a :C ratio 0; is:

Chl;

0, =
7 PjMc;

(A22)

The increase of Chl a due to growth term (Mc;p;u;P;) in Eq. (A11) follows Geider
et al. (1998), with:

C C
PRSP S (n23)
Apjfoj Nejbos
and the acclimated Chl « : C follows Geider et al. (1997):
Qmax‘ Qmaxj
005 = e T (A24)
1+ g;)gaw 1+ g;(max;

mJj mj

where may; is maximum Chl a : C ratio each phytoplankton can reach.
41

TodeJ UOISSNOSI(]

TodeJ UOISSNOSI(]

TodeJ uOISSNOSI(]

TodeJ UOISSNOSI(]



Phytoplankton can be photo-inhibited (following Hickman et al., 2010), such that 7343

reduces to Py, Preduces to-Piys—above Ey;:

Ek;
Pinio, = P ’i'nh'b# (A25)
‘400 Eo(A)
where kinnip is the inhibition coefficient and Ey; is the light saturation parameter.
PC ) PC )
Ekj _ mj myj (A26)

0y 00 gy O

where aCh' (A) is the mean light absorption by photosynthetic pigments between 400 and
700 nm.
Nutrient limitation is determined by the most limiting nutrient:

;= min(Nimj,) (A27)
Limitation by PO., Si, Fe are all parameterized following the Michaelis—Menton
formulation:
N;

-Nlimji = 7]\]' T RN
(2 ij

(A28)

where ry,; is the half saturation constant of nutrient i = PO, Si, Fe, for phytoplankton j.
N|trogen is available in three forms of which ammonia is the preferred type:
NOs3+ NO NH
3+ 2 e_¢|\||-|4 + 4
NO3 +NO2 + Kin, NHg4 + Fnha,

NNiimj = (A29)
where:
Kin; is the half saturation constant of IN=NO3 + NO,,
knh4, IS the half saturation constant of NHa,
1 reflects the fixed nitrogen uptake inhibition by ammonia.
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A3 Zooplankton parameterization

Zooplankton grazing is parameterized as:

gik =9 wnjkpj G
i max;g Gk GZ—I_I{‘;L]{

(A30)

where

gmax;,, 1S maximum grazing rate of zooplankton & on phytoplankton j,

;% is palatibility of plankton j to zooplankton £,

G, is palatibility (for zooplankton k) weighted total phytoplankton concentration, equal to
Zj [TIjkPj]

kpk IS half-saturation constant for grazing of zooplankton k,

n is exponent for Holling Type Il or Il (n =1 or 2), in this study n = 2.

The maximum grazing gmax;, depends of the relative size of the phytoplankton j and
zooplankton &, with a faster rate if they are both small or both big (gmax, ), and slower if they
are in different size classes (gmax;)-

Zooplankton are assumed to have both a linear and quadratic loss term. The linear term
represents mortality, the quadratic loss terms represents grazing by higher trophic levels
(Steele and Henderson, 1992) that are not explicitly resolved in this model.
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A4 Nitrogen cycle

Phytoplankton take up DIN in three forms (NH4, NO> and NO3s). To separate out how much
comes from each source we have the functions I' in Egs. (A5)—(A7):

NO3 o—¥NHq
NO3+NOs+rin;

(A31)

3, =
1% NNiimj

NO, ¢~ ¥NH,
N03+N02+I€inj

I_no2j = (A32)

NNiimj
NH4
NHa+Fnhs ;
Mhg, = ———L A33
nh4; NNIimj ( )

The oxidation of NH4 to NO, and NO to NO3 are parameterized as a function of the total
scalar irradiance:

A=700

oo = Conod <1 - MM) (A34)
Iy
A=700

Cno2 = Cono2 <1 - W) (A35)
0

where (ono3 and (ono2 are maximum rates, and Iy is critical light level below which oxidation
occurs.

Denitrification occurs when O < Ogit in which case O, is not used during
remineralization, but instead NOs is used such that:

Dyenit = RdenitrdopyTDOP (A36)
We assume the denitrification formula suggested by Anderson (1995) for determining Rgenit:

C117N1gP + 120NO3 = 117CO5 + PO4 + 68N>
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A5 Iron parameterization

The iron model we use is based on that of Parekh et al. (2004, 2005). We explicitly model
the complexation of iron with an organic ligand:

Fe/ + L' < Fr Fel
Fer = Fe’ + Fel
Lt=L"+Fel

where:

Fe/, L’ are free iron and ligand respectively

FelL is ligand bound iron

L+ is total organic ligand (assumed to be a constant)

Bfe = l% is ligand binding strength

ks is the forward rate constant and k4 is the reverse rate constant.

We assume that only the free iron (Fe’) can be scavenged, cscavFe’, and parametrize this
as a function of the particulate organic carbon (POC) present (empirical values based on
those found for Thorium, Honeyman et al., 1988), a similar approach was used in Parekh
et al. (2005):

¢scav = Co( Rc.pPOP)* (A37)

where:
¢, determines maximum scavenging rate for iron
& empirically determined constant
Rc.p is the carbon to phosphorus ratio of the POM.
The sedimentary source (Fgseq) is parameterized as a function of the sinking organic
matter reaching the ocean bottom as suggested by Elrod et al. (2004):

(A38)
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where Rgeq ratio of sediment iron to sinking organic matter.
A6 Air-sea exchange

Air—sea exchange of CO, and O, are given by:

Fc= kwc([co2] - [CO2]sat) (A39)
FO = kwo([OZ] - [02]sat) (A40)
where:

kwi is the gas transfer velocity for i = CO,, O,
[CO,] is sea surface concentration of carbon dioxide,
[CO2]sat is the partial CO» in the water if it were fully saturated,
[O-] is sea surface concentration of oxygen,
[O2]sat is the partial pressure of O, in the water if it were fully saturated.
Dissolved inorganic carbon (DIC) carried in the model is made up of carbon dioxide and
carbonic acid and other carbonate species:

DIC = [CO2*] 4 [HCO3] +[CO3].

[CO,] is calculated from DIC and Alkalinity concentrations following Follows et al. (2006),
which included deducing the pH at all surface locations. The gas transfer coefficient is
parametrized following Wannikkof (1992) and is a function of the wind speed, and Schmidt
number (a function of surface sea temperature). [CO;]sat is determined as a function of
partial pressures of CO, in the air, atmospheric pressure, sea surface temperature, and
salinity. [O2]sat is provided by Garcia and Gordon (1992). All coefficients of the air—sea
flux calculations are determined using the algorithms used in the ocean carbon modeling
inter-comparison project (OCMIP) (e.g. Matsumoto et al., 2004).
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Appendix B: Ocean radiative transfer model: three-stream parameterization

The radiance in the ocean in its most general form, L(x,0,¢,)\), depends on location

and orientation in addition to wavelength (units W m~=2sr~! nm~!). Neglecting horizontal

gradients, the z dependence of L is described by the classical radiative transfer equation,

dL(0,¢)

T cosf) = _CL(Oa('P) + /5(9aS070/790/)L(9,a80,)d9/3 (B1)

where 3(0,¢,6',¢') is the rate of scattering of light from 6',¢’ into 6,. We assume the
ocean is optically isotropic, so ( is invariant under simultaneous rotation of original and
scattered angles (in fact it depends only on the relative angle). The integral over one set of
angles therefore yields an angle-independent value,

/ B8(0,0.8,')dQ = / B(0,0,0', ) dQ = b.
47 4

Here, b is then the total scattering coefficient and the total scattered light is

/ / B(0,0.0,)L(0', ')A dQ = b / L(0', o) dY = bE

and may be decomposed into forward and backward scattering coefficients, b = bs + by,
where

by = / 5(0,,0,0)dQ. (B2)

0>m/2

The attenuation coefficient c represents loss due to absorption and scattering, c = a + b.
At the sea surface, the downward part of L(6,) for < 7/2 is required to equal the
output of the atmospheric radiative transfer model (OASIM). The ocean is assumed to be
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infinitely deep, with vanishing light at infinite depth.

Three-stream equations
Following Aas (1987) and Ackelson et al. (1994), we first separate out the direct (collimated)
beam from the radiance,

L(0,) = 6(cos — cosby) (i — pd) Foa(2) + L' (6, ).

where the downward scalar irradiance is Foqy = Fq/cosf4. The scattering term in Eq.
does not have a collimated part, so the equation for E4 separates,
dEy Ey
- _ B3
dz Ccos 04 (B3)

The downward diffuse and upward irradiance are defined as,
Es= / L'(0,p)cos0dQ,
0<m/2

E, = / L(0,p)cosHdQ.
0>m/2

and Eq. is integrated over the downward hemisphere,
dEs / dL(0,¢)
= —

dz z

cos6dQ2 — d& cos by
dz

0<m/2

- / (0, 0) + / 50,00, )L(O, ') dD | 4.
O<m/2 4
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The outer integral is split into contributions from E4 and down- and upwelling irradiance,
using Eq. to rewrite the inner integral,

//: - / B(0,0,04,04)d2 | Foa

0>m/2

+ / - / B(0.0.0.0)da | L'(0',')de
0'<m/2 0>7/2

+ / / B(0.0.0 ) dQL(E ) deY
0'>m/20<m/2

The effective backward scattering coefficients are defined as corrections to by,

rsbszlo / /6(9,%9’,w’)dQL’(H’,sO’)dQ’,
S

0'<mw/20>7/2

1
=g [ [ 80080l ).

0'>mw/20<7/2

Tdbb - / 5(97@76d790d)d97
0>m/2

where

Eps = / L'(0,0)dQ,
O<m/2

Eo= [ L0040
0>m/2
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In terms of the effective backscattering coefficients,

dE.
d; = —cEps + (b — rsbp) Eos + rubp Eou + (b — 74bb ) Eod
Likewise,
dE,
P —cEoy + (b —rubp) Eou + rsbb Eos + r4bb Eod-

Eys is related to the downwelling irradiance E by the average cosine of the zenith angle,

. B fkﬂ/zL’cosGdQ
= -
Bos  Jyen/p /40

and similar for Ey,. The radiative transfer equations become

dEs B _a—I—rsbb 7ubp b—rqbp

= ——FE+—FE, + Ey, (B4)
dz Us Uy cosfy
dE b b b
_ “:_a—i__r“ bEqu@ESjL&Ed_ (B5)
dz Uy Us cosfy

In general, ©s and ©, depend on the angular profile radiation field, and rs and r,, which
describe the scattering of downward into upward and upward into downward radiation,
depend on both the scattering function and the radiation field.

We close the system of equations by by making the following assumptions (following Aas,
1987):
rq ~ 1.0,
rs~ 1.5,
ry ~ 3.0,

Us ~ 0.83,
Uy ~ 0.4.
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Equations (B3)—(B5) are the 3-stream equations (given in main text as Egs. [TH3] though

note that here we dispense with function of A for simplicity).
The equation for Ey4 (Egs.[B3|or[f) is readily integrated,

E4(z) = E4(0) exp/ ;C(Z/)dz’

0s 6y
0

In contrast to Aas (1987), Ackelson et al. (1994) and Gregg (2002) we do not make further
approximations, but instead solve the remaining equations explicitly. We can write the

remaining two equations (Eqgs.[B4]andB5] also Egs.[2and[3) as

iE = ME+I
dz
where
N —CS Bu . Es o Fd
M_(Bs C'u>’ E_<Eu 1= —By Ed
and
C, = a—l—_rsbb’ B, — Tlibb, = b—?"dbb7
Us Uy cosfy
o, = trbe g by Taby
Uy Us cos Oy

M, Fy and By are assumed to be piece-wise constant as a function of z.

Following Kylling (1995) we write the inhomogeneous solution as

()~
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where z, y satisfy the equation

—Cs + ¢y By T Fy
— B8
(% &) )+ (5) -0 @
with solution
(x) B 1 . (cd +C, —B. ) <—Fd) (B9)
) B (Cd - Cs)(cd + Cu) + Bs By, By ca —Cs By )’

The eigenvalues of M are

k= =D —Cs
BsB,

—Kkt=Ci=D=-Cit+ =

where

1
_ = 2 _
D= <CS+CU + \/(CS+CU) 4BSBU>

Within a computational layer, the general solution can be written as

ES z 1 —k} (2—2 — (T K (2—% €z
R e

where r* = Ry, = Bs/D, v~ =1/Ry = B,/D. The offsets in the exponents have been
introduced so that both exponentials are smaller than 1. The coefficients ¢ and ¢~ have to
be determined from boundary conditions. At the sea surface, we require Es and Ey4 coincide
with the output of OASIM,

+ — _—ky 21,,— _ pobelow below
Cl +T1 e 1 Cl — ESD .T]_Edo .
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In the bottom layer, knot, we require zero light at infinite depth, i.e., Chpor =0. At layer
boundaries, zx11, we require continuity,

. _
- —2) ot _ .t 1 - -
e~k (2h41 Zk)ck +ry ¢, +rREd(2k1) = ¢+ err (i Z’“”)T,chkﬂ +Zpr1Bd(211),
. _
- —z) gt ot I - -
€ Pl (2k+1 zk)?"k Ck + Ck’ + ykEd(Zk+1) - Tk+lck+1 + enk+1(Zk+1 Zk+2)ck+1 + yk+1Ed(Zk+1)’

In order to solve this coupled system of equations, we follow Kylling et al. (1995) and Toon
et al. (1989) who observed that it can be transformed to tri-diagonal form by eliminating

Crt1

e L=rprea)ey + (e =) — (L=mam)ein =

[Trr1 — 2k — (Yrr1 — Y)Tpy1] Bd(2r11) (B10)
resp. c;,

(L= m)er = (i =700 — G (L= T e =

[ks1 — Yk — (Tt — 2e)7) | Ba(2h41) (B11)

+ — T _ . ..
where e = e " (3+17%) and e, = =" (*++17%)_ The reduced system is solved explicitly
using Gaussian elimination.

Appendix C: Phytoplankton functional type specific absorption and scattering
spectra

Phytoplankton total light absorption spectra show in Fig.[1|d were obtained for representative

phytoplankton types species—in culture: Syn, Synechococcus WH7803 (Suggett

et al., 2004); HLPro, Prochlorococcus MED4 (Moore et al., 1995); LLPro, Prochlorococcus

S§5120 (Moore et al., 1995); Cocco, Emiliania huxleyi (Suggett et al., 2007); SmEuk,

Isochrysis galbana (Ahn et al., 1992); Diat, Thalassiosira weissflogii (Suggett et al., 2004);
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LgEuk, Prorocentrum micans (Ahn et al., 1992); Tricho, Trichodesmium sp. (Dupouy
et al., 2008), Diaz, unicellular diazotroph absorption properties were assumed the same
as Syn.

Total phytoplankton light scattering was also taken for representative phytoplankion types
speeies-in culture, with every attempt to match types species-used for absorption: Syn,
generic Synechococcus (Stramski et al., 2001, derived from Morel et al., 1993 and Stramksi
et al., 1995); HLPro and LLPro, Prochlorococcus (Stramski et al., 2001, derived from Morel
et al.,, 1993 and Stramski et al., 1995); Cocco, Emiliania huxleyi (Stramski et al., 2001,
where original data are from Ahn et al., 1992); SmEuk, Isochrysis galbana (Stramski et al.,
2001, where original data are from Ahn et al., 1992); Diat, Chaetoceros curvisetus (Stramski
et al., 2001, derived from Bricaud et al., 1988); LgEuk, Prorocentrum micans (Stramski
et al., 2001, where original data are from Ahn et al., 1992); Trichodesmium sp. (Dupouy
et al., 2008), Diaz, unicellular diazotroph scattering properties were assumed the same as
Syn. Backscattering to forward scattering ratios were obtained from Stramski et al. (2001),
except for Tricho which was derived from Subramaniam Subramanian-et al. (1999).

The absorption and scattering properties of the other optical constituents were also
obtained from the literature, as outlined in the main text.

Appendix D: Inversion of AMT-15 light field

In order to estimate backscattering b, from the observations made during AMT-15 we utilize
the measured downwelling irradiance, Eq4n, and upwelling, zenithward radiance, L,. We
use the procedure of Gordon and Boynton (1997, 1998) with the radiative transfer package
DISORT, version 2.05. We use the Gordon and Boynton (1997, 1998) parameterization
rather than the the Quasi-Analytical Algorithm (Lee et al., 2002, 2007) since we are dealing
with profiles not surface water leaving radiance.
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Gordon and Boynton (1998) propose that R = E,,/Eqn and X = by, /a are related as
f X(2)q(z,2")dz’

3R(z) = ( )dz

where

4(2,2') = (Ean(2')/Ean(2))*.

We drop Egn(z) from numerator and denominator and discretize as

k; = In
z .
zit1— 2z Ejn

In order to solve for X, we write

3R ~ Xiqi +3Rit1> 720105
’ q; + Z;')iiJrl '
and get
X;~3R; —3(Riz1— R Z gj-

] =i+1
For noisy data, this estimate of X may become negative. We drop the derivative term where
this happens, i.e., X is approximated by 3R.
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Table 1. Fixed biogeochemical/ecosystem model parameters (1).

Parameter Symbol Fixed value Units
temperature coefficients Ag —4000 K

T, 293.15 K
temperature normalization 1/m 0.5882 unitless
DOM remineralization T'dop 0.0333 d-!
rate at 30°C Tdon 0.0333 d-!

Tdofe 0.0333 d-!

Tdoc 0.0333 d-1!
POM remineralization T'pop 0.05 d-!
rate at 30°C T'pon 0.0333 d-?!

Fpofe 0.0333 d-1

Tpos 0.0067 d-1

Tooo 0.0333 d-1
PIC dissolution rate dpic 0.0033 d-1!
POM sinking rate Wpom 10 md~!
PIC sinking rate Wpic 15 md!
fraction DOM to CDOM fedom 0.02 unitless
bleaching rate for CDOM Ledom 0.167 d-t
degradation rate for CDOM dedom 0.003 d-!
light level for bleaching CDOM Tedom 60 MEinm—2s71
CDOM absorption at A, Codom(No) 0,18 205 m?2 (mmol C)~?
reference waveband Ao 450 nm
CDOM absorption spectral slope  scgom 0.021 662061 (nm)~t
POP to particle conversion Ppart 1x10°1% =1 mmol C (particle) !
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Table 2. Fixed biogeochemical/ecosystem model parameters (2).
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Parameter Symbol Fixed value  Units

NH, to NO, oxidation rate Cno2 0.1 d—!

NO, to NO3 oxidation rate Coha 0.1 d-1

critical PAR for oxidation Tox 10 MEinm~—2s71
critical oxygen for denitrification Ocrit 6 UM O,

ratio N : P in denitrification Rgenit 120 unitless

ratio NOs to all N in denitrification  Rgno3 104 unitless
ligand binding strength Bre 2 x10° (UM Fe)~1
total ligand Lt 1x1073 uM Fe
scavenging rate coefficient Co 12x1073 d7!
scavenging power coefficient ¢ 0. 58 unitless
sedimentation rate ratio Rsed 6.8 x107* UM Fe(uM POC)~!
Chl a acclimation timescale teni 0.5 d-1
ammonia inhibition ) 4.6 (UM N)~L
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Table 3. Phytoplankton specific parameters description.

Parameter Symbol  Units
max photosyn rate at 30 °C fnmx, d-1
max-growth-rate-at-30tmax—elemental ratios MSi;Ffj mol Si (mol P)~
Mn:.p, mol N (mol P)~!
MFre.p, mmol Fe (mol P)~!
Mc.p, mol C (mol P)~1
ratio IC to OP R, mol C (mol P)~1
growth half saturation Kpos, uM P
Kin; p.M N
’inl.14j HM N
Kfe, nM Fe
Fsi, UM Si
max quantum yield Prmax; mmol C (mol photons) !
max Chla:C Omax; mg Chl (mmol C)~1
Chl a specific absorption agﬂ'yj (A)  m?mgChl?
photosyn absorption aC*s"j'(/\) m2 mg Chl~?
carbon specific scattering bghyj (A) m2ZmolC1
backscattering bgphyj (\) m2molC?!
sinking rate Wpj md?
light inhibition Kinhb; unitless
mortality rate at 30 °C M d—1
DOM/POM partitioning Pmp,; unitless
grazing palatibility Njk unitless
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Table 4. Phytoplankton specific parameter values.

Parameter  Diatom LgEuk Tricho Coccol UniDiaz SmEuk Syn HL/LL Pro
pS 3.45 1.67 0.31 1.03 0.61 1.82 1.22 1.09
Msi.p, 16 0 0 0 0 0 0

My .p, 16 16 40 16 40 16 16 16
Mre.p, 1 1 4 1 4 1 1 1
Mc.p, 120 120 120 120 120 120 120 120
R.j 0 0 0 0.8 0 0 0 0

Fpot, 0.0187 0.0069 0.0034 0.0046 0.0011  0.0018  0.0011 0.0004
Kin, 0300 0110 0 0074 0 0.029  0.018 0.007
Kha, 0.150 0.055 0 0037 0 0.015  0.090 0.035
Kfe, 0.0187 0.0069 0.0136 0.0046 0.0052  0.0018  0.0081 0.0004
Ksi, 0.300 0 0 0 0 0 0 0
Bmax, 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
Omax, 0.3 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Wp; 0.36 0.23 0.45 0.23 0.10 0.07 0.06 0.03
Kinhb, 0 0 0 0 0 0 0 0/0.9
Mpj 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Pmp,, 0.5 0.5 0.5 0.5 0.2 0.2 0.2 0.2
nik, k=lg  0.86 0.90 0.5 0.85 0.2 0.2 0.2 0.2
Nk, k=sm 0.17 0.18 0.1 0.17 1.0 1.0 1.0 1.0
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Table 5. Zooplankton/grazing specific parameter description. ;

2

Parameter Symbol  Units e
max grazing rate gmax;,  d71

DOM/POM partitioning g, . unitless o

Pz unitless o)

mortality at 30°C Mk d-1 z

Mok d-! (HM P)il ‘;

grazing efficiency Cik unitless <)

grazing half saturation  ~p uM P %

=

I;

2
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Table 6. Zooplankton/grazing specific parameter values.

Parameter k=Ilarge k=small

Gmax;y, j=large, 1; j=large, 0.1;
7=small, 0.1 j=small, 1.

Pgiin 0.7 0.2

Pmzip 0.5 0.2

My 0.067 0.067

Mok 22.4 22.4

Gk j=large, 0.85; j=large, 0.5;

j=small, 0.95 j=small, 0.85

Fopk 0.027

0.027
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Figure 1. Spectra for (a) absorption and scattering by water molecules (a.,, b,,, m™1); (b) particle
specific absorption and scattering by detritus (aly, by, m? particle=1); and (¢) CDOM-specific
absorption by CDOM (aSROM, ' m2 mmol P~1); (d) Chl a specific total absorption by phytoplankton
(agh,;» m* mg ChI~1); (e) Chl a specific absorption by photosynthetic pigments (a3, m? (mg Chl)~1);
and (f) biomass specific scattering by phytoplankton (bg Vi m? (mg C)~1). Details on data sources

are included in the main text and Appendix [C| The black line in (d-f) is the mean of the coloured

lines (i.e. the mean spectrum). Spectra are shown here with 1nm resolution for clarity, the model
uses the average over the 25nm bands (vertical grey lines).
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Figure 2. Satellite (MODIS) derived Chl a (mg m~—3) overlain with the cruise track of the 15th Atlantic
Meridional Transect (AMT-15) solid black line and 9 JGOFS timeseries site (black circles). We also
show with dashed line the extension to the AMT-15 which is used in some transect figures to include
model subpolar results.
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Figure 3. Comparison of model output (right column, October mean) with data collected
during AMT-15 (left column, collected from late September to late October): (a,b) Chl «
(mg ChIm~3); (c,d) nitrate (mmolNm~3); (e,f) absorption by colored dissolved matter (acgom)
(m~1); (g, h) absorption by phytoplankton (apny) (m~1). The AMT-15 data is plotted as dots for each
observation taken. Model data is presented across the whole transect. The black crosses indicate
the depth where the total PAR is 1% of the surface value in the AMT-15. Model 1% irradiance
depth is shown as a black line. Transect location is shown in Fig. |2l (AMT-15 optical data G. Moore,
unpublished; CDOM, Stubbins et al., 2006).
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Figure 4. Comparison of model output (right column, October mean) with data collected during AMT-
15 (left column): (a) derived total absorption at 443 nm (m~1); (b) model total absorption at 450 nm
(m™1); (c) derived total absorption at 555 nm (m™1!); (d) model total absorption at 550 nm (m~—!);
(e) derived total backscattering at 443 nm (m~1); (f) model total backscattering at 450 nm (m™1).
(9) derived total backscattering at 555 nm (m~1); (h) model total backscattering at 550 nm (m™1).
The derived properties were calculated with an inverse model of the downwelling and upwelling
irradiance measured during AMT-15 (see text, and Appendix D). 1 % light level indicated with black
lines/symbols. (AMT-15 optical data G. Moore, unpublished).
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Figure 5. Comparison of data collected along AMT-15 (a) and model (October mean) (b); black
symbols in (a), and black line in (b) indicate the depth of where the total irradiance is 1% of the
surface value. Colored lines/symbols indicate where the irradiance in each of several wavelengths
are 1% of the surface values. Model results are interpolated to same wavelength as the AMT-15
data. (AMT-15 optical data G. Moore, unpublished.)
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Figure 6. Model Gomparisen—of—model—and satellite derived products and climatologies of
in situ measurements for annual mean and biases: (a) satellite derived (MODIS) Chl a
(mg Chim=2); (b) modelled Chl a (mean 0-50m, mgChim~2); (c) model bias of Chl a
(model-observations); (d) satellite derived primary production (gCm~2yr—!) (Behrenfeld and
Falkowski, 1997); (e){d} modelled primary production (column integrated, g Cm~=2yr~1); (f) model
bias of primary production; (g){e} World Ocean Atlas nitrate (mean 0-50 m, mmol m~3) (Garcia et al.,
2006); (h)¢f) modelled nitrate (mean 0-50 m, mmol m~3); (i) model bias of nitrate; (j)}¢g) compiled
iron observations (composite 0-50 m, nM) (Tagliubue et al., 2012); (k)th) modelled iron (mean 0-

50 m, nM); (I) model bias in iron.

79

1ode uorssnosyq | 1odeq uwotssnosyq | Jodeq uotssnosiq | Iode g uorssnosi(q



Figure 7. Taylor diagram showing correlation and normalized SD between annual mean modelled
Chl a, primary production (PP), macro nutrient (NO3, PO, and silicic acid (SIL)). Satellite derived
products (Chl a from MODIS and primary production following Behrenfeld and Falkowski, 1997) and
World Ocean Atlas (Garcia et al., 2006) nutrients. A perfect match would be a correlation of 1 (i.e.
on the x axis) and normalized SD of 1: this point is shown as “REF”.

80

TodeJ UOISSNOSI(]

TodeJ UOISSNOSI(]

oded uorssnosyq | Jodeg uorssmosI(]



Figure 8. Comparison of monthly model Chl a (mgm™3) (dark blue) at nine sites (JGOFS data,
Kleypas and Doney, 2001) with satellite (MODIS) derived Chl a (mgm~3) (black) and in situ (light
blue). In situ show monthly mean of 0—15 m with symbol and line indicates range of values. Locations
of sites are shown in Fig. [i]
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Figure 9. Comparison of model with satellite (MODIS) derived remotely sensed reflectance, Rgs
(sr~!): (@) MODIS at 443 nm; (b) model at 450 nm; (¢) MODIS at 547 nm; (d) model at 550 nm;
(e) MODIS at 678 nm; (f) model at 675 nm. Note that the wavebands do not exactly match between
model and MODIS output.
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Figure 10. Model annual mean biomass (mg Cm~—3) of the plankton types for AMT-15 transect
extended north and south to show the subpolar regions (left) and 0-50 m average (right). Shown
are the 8 surviving phytoplankton types and the two zooplankton types.
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Figure 11. Comparison of model output (October mean) with data collected along AMT-
15: (a,b) Prochlorococcus; (c,d) Synechococcus; (e,f) pico-eukaryotes. Results are shown in
mg C m~3; AMT-15 observations were converted from cell count to biomass (Zubkov et al., 1998).
AMT-15 data from Heywood et al. (2006).
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Figure 12. Comparison of model plankton type biomass (mg C m—3) with compilation of biomass
from MAREDAT (pico-phytoplankton; Buitenhuis et al., 2012; coccolithophores, O’Brien et al., 2013;
diatoms, Leblanc et al., 2012; diazotrophs, Luo et al., 2012; meso-zooplankton, Moriarty and
O’Brien, 2013). Note that model output is annual average from 0 to 50 m; right column is compilation
of all MAREDAT data in 5° bins between 0 and 50 m and does not represent an annual average.

85

TodeJ UOISSNOSI(]

TodeJ UOISSNOSI(]

=

Tode uorss

TodeJ UOISSNOSI(]



Figure 13. Comparison of model phytoplankton type dominate type with dominant type found from
PHYSAT (Alvain et al., 2008) satellite derived product for (a,b) January and (c,d) July. Note that
Haptophytes and Phaeocystis are not specifically resolved in the model, so are only shown in the
PHYSAT plots. Coccolithophores (a subset of Haptophytes) and pico-eukaryotes are not resolved
by the PHYSAT algorithm, so are only shown in the model results.
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Figure 14. Sensitivity Experiments examining value of increased optical complexity in model. Chl-a
(mg Cm~3) along the extended AMT-15 transect (see Fig.[2) for (a) EXP-V0 with no radiative transfer.

single waveband of PAR (400-700nm), no inclusion of optical effects of CDOM or detritus and
no optical differences between phytoplankton. (b) EXP-V1 with radiative transfer, explicit optical

roperties for CDOM and detritus, but only one waveband (400-700nm) and no optical differences
between phytoplankton. (c) EXPO, the default experiment. Model 1 % irradiance depth is shown as
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Figure 15. Model output along extended AMT-15 transect (annual mean) of (a—h) ratio of optical
constituents contribution to total absorption: (a) water molecules, a,,/a at 450 nm; (b) a,/a at
550 nm; (c) detrital matter, aget/a at 450 nm; (d) aget/a at 550 nm; (e) CDOM, acgom/a at 450 nm;
(f) acdom/a at 550 nm; (g) total phytoplankton, apny/a at 450 nm; (h) apny/a at 550 nm. Dominant
absorption constituent is shown in (i) for 450 nm and (j) for 550 nm: blue = aget; green = apny;
orange = acgom; red =ay,. In (i and j) the opacity is scaled by the log of the total PAR.
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Figure 16. Model output along extended AMT-15 transect (annual mean) of (a—f) ratio of optical
constituents contribution to total scattering: (a) water molecules, b,, /b at 450 nm; (b) b, /b at 550 nm;
(c) detrital matter, bget/b at 450 nm; (d) bget/b at 550 nm; (e) total phytoplankton, byny /b at 450 nm;
(f) bpny /b at 550 nm. Dominant scattering constituent is shown in (g) for 450 nm and (h) for 550 nm:
blue = bget; green = byny- In (g and h) opacity is scaled by the log of the total PAR.
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Figure 17. Detritus sensitivity experiments. (a) Absorption by detritus (aget, units m—1) at 450 nm with
1 % total light contour (black line) and for 400, 450, 500, 550, 600 nm wavebands (purple, dark blue,
light blue, green, red). (b) Total phytoplankton biomass (mgCm™3). (¢) Dominant phytoplankton
type (red =diatom, orange = coccolithophores, blue = pico-eukaryotes, yellow = Synechococcus,
green = Prochlorococcus; opacity represents the total biomass). (d) 450 nm remotely sensed
reflectance (sr—!). Black line in (b and ¢) indicated the 1% total irradiance contour. Each row
represents a different experiment. EXPO is the default experiment showcased in the earlier
text. EXP-D1=n0 aget; EXP-D3=4"-aget; EXP-D3=n0 bget; EXP-D4 =4 bge; EXP-D5 = aget
parameterized as function of POC concentration.
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Figure 18. CDOM sensitivity experiments. (a) Absorption by CDOM (acgom, units 1m~1!)
at 450nm with 1% total irradiance contour (black line) and for 400, 450, 500, 550,
600nm wavebands (purple, dark blue, light blue, green, red). (b) Total Ftetal-phytoplankton
biomass (mg Cm™3). (c) Dominant phytoplankton type (red = diatom, orange = coccolithophores,
blue = pico-eukaryotes, yellow = Synechococcus, green = Prochlorococcus; opacity represents the
total biomass). (d) 450 nm remotely sensed reflectance (sr—!). Black line in (b and ¢) indicated
the 1% total irradiance contour. Each row represents a different experiment. EXPO is the default
experiment showcased in the earlier text. EXP-C1 =no0 acgom; EXP-C2 =14 - acgom; EXP-C3 = acgom
a function of Chl a; EXP-C4 = acg4om a function of DOM; EXP-C5 = acgom uniform.
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Figure 19. Phytoplankton sensitivity experiments. (a) Absorption by phytoplankton (apny, units
m~!) at 450nm with 1% total irradiance contour (black line) and for 400, 450, 500,
550, 600nm wavebands (purple, dark blue, light blue, green, red). (b) Total phytoplankton
biomass (mg Cm~3). (¢) Dominant phytoplankton type (red =diatom, orange = coccolithophores,
blue = pico-eukaryotes, yellow = Synechococcus, green = Prochlorococcus; opacity represents the
total biomass). (d) 450 nm remotely sensed reflectance (sr—!). Black line (b and ¢) indicated the 1%
total irradiance contour. Each row represents a different experiment. EXPO is the default experiment
showcased in the earlier text. EXP-P1 =0 apny; EXP-P2 = 4-appy; EXP-P3 =0 bypy; EXP-P4 = oSl

phy
spectrum mean for all phytoplankton; EXP-P5 :bghy spectrum mean for all phytoplankton.
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