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A new biogeochemical model has been developed and coupled to a three-dimensional physical model in
the Pacific Ocean. With the explicitly represented dissolved organic pools, this new model is able to link
key biogeochemical processes with optical processes. Model validation against satellite and in situ data
indicates the model is robust in reproducing general biogeochemical and optical features. Colored dis-
solved organic matter (CDOM) has been suggested to play an important role in regulating underwater
light field. With the coupled model, physical and biological regulations of CDOM in the euphotic zone
are analyzed. Model results indicate seasonal variability of CDOM is mostly determined by biological pro-
cesses, while the importance of physical regulation manifests in the annual mean terms. Without CDOM
attenuating light, modeled depth-integrated primary production is about 10% higher than the control run
when averaged over the entire basin, while this discrepancy is highly variable in space with magnitudes
reaching higher than 100% in some locations. With CDOM dynamics integrated in physical-biological
interactions, a new mechanism by which physical processes affect biological processes is suggested,
namely, physical transport of CDOM changes water optical properties, which can further modify under-
water light field and subsequently affect the distribution of phytoplankton chlorophyll. This mechanism
tends to occur in the entire Pacific basin but with strong spatial variability, implying the importance of
including optical processes in the coupled physical-biogeochemical model.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Light distribution below the ocean surface has been treated as a
control mechanism for autotrophic growth. Optical and biogeo-
chemical processes are essentially connected via the interaction
of light with particulate and/or dissolved matters in the ocean. Un-
der a given oceanic environment with ample nutrients, photosyn-
thetic organism biomass generally increases with increasing light.
As the biomass grows and accumulates, light absorption and scat-
tering become stronger, leading to less light penetration in the
water, which in turn provides a negative feedback for the biological
activities (Yentsch and Phinney, 1989; Bissett et al., 2001; Roth-
stein et al., 2006). The impacts of physical processes on biogeo-
chemical processes have been primarily recognized as horizontal
and/or vertical transports of nutrients and plankton biomass.
Changes in optical properties through physical processes, which al-
ter underwater light field and further change biological activities,
however, are another linkage between physical and biogeochemi-
cal processes. Thus, it is important to relate these processes when
assessing marine ecosystem.
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Many marine ecosystem models, varying from simple nutrient,
phytoplankton, zooplankton, and detritus (NPZD) models to com-
plex models with 20 or more components (e.g., Chai et al., 2002;
Moore et al., 2002; Anderson and Pondaven, 2003; Aumont et al.,
2003; Fennel et al., 2003; Goebel et al., 2010) often use an approx-
imation of integrated photosynthetically active radiation (PAR,
400-700 nm) that only attenuates with phytoplankton biomass
(or chlorophyll) and seawater to control the assimilation of inor-
ganic nutrients. Such a simplification in relationship between light
attenuation and phytoplankton biomass is easy to implement for
numerical calculation and biological consideration. However, con-
siderable nonlinearity exists when considering phytoplankton
sizes and their photo-adaptive states (Smith and Baker, 1978; Bri-
caud et al., 1983). In addition to phytoplankton, detritus and col-
ored dissolved organic matter (CDOM) absorption and particulate
backscattering, referred to as inherent optical properties that are
often not represented in ecosystem models can affect underwater
light field as well (e.g., Babin et al., 2003a;Boss et al., 2004).

Adding optics to an ecosystem model has been suggested to be
more accurate in generating subsurface light field (Fujii et al,,
2007). Directly comparing modeled optical properties with ocean
color and in situ data also gives additional constraints on model
parameters to reduce uncertainties in model simulations, as many
satellite-derived products, such as chlorophyll concentration,
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carbon biomass, and primary production, are estimated based on
empirical or semi-analytical algorithms linking with ocean optics
(IOCCG, 2006). However, only few ecosystem models have consid-
ered the optical processes associated with underwater light field
(e.g., Bissett et al., 1999a; Fujii et al., 2007). The one-dimensional
(1-D) ecosystem model developed by Fujii et al. (2007) is able to
simulate underwater light field and the feedbacks to biological
processes. The CDOM that is not included in their model, however,
may have an important role in regulating phytoplankton dynamics
and nutrient cycling in the euphotic zone. The production and
destruction mechanisms for CDOM include phytoplankton exuda-
tion, zooplankton messy feeding, detritus breakdown, bacterial
production and consumption, and photolysis by ultraviolet (UV,
280-400 nm) light, which are fundamentally different and decou-
pled from those for phytoplankton, especially in coastal regions
where terrestrial CDOM is introduced. To incorporate CDOM in
an ecosystem model, one must consider the cycling of dissolved
matter pool and the microbial loop in the ocean in addition to
the classic NPZD processes.

The objective of this study is to develop an ecosystem model
that explicitly describes wavelength-resolved optical properties
(visible light, 400-700 nm), associated with multi-nutrient phyto-
plankton, zooplankton, and detritus. We also include the photo-
acclimation process for phytoplankton in the model to better re-
solve the dynamic link between phytoplankton chlorophyll and
carbon biomass. Carbonate system, including dynamics of total
alkalinity, ocean calcification and the air-sea gas exchange of car-
bon dioxide, is explicitly represented as well. We couple this model
to the Pacific Ocean (45°S to 65°N, 100°E to 70°W) with a three-
dimensional (3-D) general circulation model. The model perfor-
mance is examined by comparing model outputs with available sa-
tellite and in situ data. Numerical experiments are conducted to
understand the dynamic connections between physical, optical
and biogeochemical processes in the Pacific Ocean.

2. Model and data
2.1. Biogeochemical processes

The ecosystem model is primarily based on the Carbon, Silicon,
Nitrogen Ecosystem (CoSINE) model (Chai et al., 2002). We follow
previous approaches to simulate phytoplanktonic photo-acclima-
tion and the dynamic chlorophyll-to-carbon ratio under different
growth conditions (Geider et al., 1998; Moore et al., 2002; Fujii
et al., 2007). The ecosystem consists of 31 state variables describ-
ing three phytoplankton functional groups in three different bio-
mass forms, picoplankton nitrogen, carbon and chlorophyll (P1,
C1, Chl1), diatoms nitrogen, carbon and chlorophyll (P2, C2,
Chl2), and coccolithophorids nitrogen, carbon and chlorophyll
(P3, C3, Chi3); two size classes of zooplankton, microzooplankton
nitrogen (Z1), mesozooplankton nitrogen (Z2), and their carbon
terms (ZC1, ZC2); detritus in terms of particulate organic nitrogen
(PON), particulate organic carbon (POC), particulate inorganic car-
bon (PIC) and biogenic silica (bSiO,); silicate (Si(OH)4); phosphate
(POy4); dissolved oxygen (DO); total alkalinity (TALK); total CO,
(TCO,); two forms of dissolved inorganic nitrogen, nitrate (NOs)
and ammonium (NH,); bacteria nitrogen (BAC); as well as dis-
solved organic matter, labile dissolved organic nitrogen (LDON), la-
bile dissolved organic carbon (LDOC), colored labile dissolved
organic carbon (CLDOC), semi-labile dissolved organic nitrogen
(SDON), semi-labile dissolved organic carbon (SDOC), and colored
semi-labile dissolved organic carbon (CSDOC) (Fig. 1). The govern-
ing equations and formulations of biogeochemical processes are
denoted in Appendix A, and a list of parameters used in the model
is provided in Table 1.

Nutrient uptake and photosynthetic rate are modeled as func-
tions of environmental factors and cellular composition (C:Chl
and C:N). The model includes down-regulation of pigment content
at high irradiance or when growth rate is limited by nutrients and
temperature, and feedback between nitrogen and carbon metabo-
lism (Geider et al., 1998). Phytoplankton ratios (C:Chl and C:N)
vary dynamically between maximum and minimum cell quotas
according to the changes in light and nutrient levels (Xiu and Chai,
2012). The maximum and minimum cell quotas for different phy-
toplankton functional groups are chosen based on Moore et al.
(2002) and Fujii et al. (2007).

All phytoplankton take up NOs, NH4, PO, and TCO, for photo-
synthesis. Diatoms also take up Si(OH), for the silicification pro-
cess, and coccolithophorids utilize TALK and TCO, for the
calcification process (Fujii and Chai, 2007). The microzooplankton
graze on picoplankton and bacteria. The mesozooplankton feed
on diatoms, coccolithophorids, microzooplankton, and detritus.
The remineralization of organic nitrogen, silicon and carbon, both
inside and below the euphotic zone, is a critical process for nutri-
ent recycling efficiency. It depends on a number of factors, includ-
ing water temperature, nutrient condition, particle sizes and
zooplankton grazing (Ragueneau et al., 2000; Ward, 2000). The
remineralization of organic nitrogen is primarily biological with a
rapid production of NH4 and TCO, through zooplankton grazing
in the euphotic zone and bacteria decomposition of organic matter
below the euphotic zone. Below the euphotic zone, sinking partic-
ulate organic matter (POM) is converted to inorganic nutrients and
dissolved organic matter (DOM) by a regeneration process.
Through the dissolution process, a majority of the POM is con-
verted to inorganic nutrients (90%), and the rest goes into the
DOM pool.

The DOM pool consists of dissolved organic carbon and nitro-
gen. There are a number of processes that can produce and utilize
or remineralize DOM, and most of these processes are poorly
understood (Christian and Anderson, 2002). To the first-order
approximation, DOM processes are modeled as consumption by
bacteria and productions by phytoplankton exudation, zooplank-
ton messy feeding, and detrital breakdown, as adopted in many
studies (e.g., Anderson and Williams, 1998; Walsh et al., 1999; Tian
et al., 2000; Christian and Anderson, 2002; Anderson and Pondav-
en, 2003). Phytoplankton exudation representing an active release
by phytoplankton is modeled as a fraction of primary production.
This fraction is highly variable in different studies, with magni-
tudes ranging from 2% to 56.4% (Christian and Anderson, 2002).
Grazer-related DOM production is modeled as zooplankton messy
feeding, which is a fixed fraction of grazed materials. Among previ-
ous studies, this fraction also varies significantly with a range of
2.5-50% (Christian and Anderson, 2002). From lab experiments,
Strom et al. (1997) estimated that about 16-37% of algal carbon
was released during an ingestion event. Particle dissolution into
the DOM pool with the first-order rate process is used in our mod-
el. This approach is a simplified simulation of the underlying mech-
anism and has been widely used (e.g., Anderson and Williams,
1998; Levy et al., 1998; Vallino, 2000; Yamanaka et al., 2004),
although other environmental factors such as temperature, turbu-
lence, and bacteria can modify this process.

The primary mechanism for DOM loss is uptake by heterotro-
phic bacteria. According to different turnover rates, the DOM is fur-
ther divided into labile and semi-labile pools. Labile pool can be
consumed directly by bacteria, while semi-labile pool includes
molecules that require ectoenzyme hydrolysis to be converted to
labile matter. Bacteria utilization of the DOM is modeled by a
hyperbolic function that is similar to Michaelis—Menton kinetics
(Anderson and Williams, 1998; Anderson and Pondaven, 2003).
Bacteria production and remineralization are modeled following
Anderson and Williams (1998) and Walsh et al. (1999). Colored
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Fig. 1. The inter-compartmental flow chart of the biogeochemical model used in this study.

dissolved organic carbon (CDOC) modeled as a colored fraction of
DOM through its production process is used to represent CDOM
as in Bissett et al. (1999b). In the upper layer where light is strong,
CDOC is destroyed via photolysis to produce DOC and TCO,. In the
deep ocean, the biogeochemical control on CDOC primarily arises
from bacterial consumption and remineralization of sinking parti-
cles. Recent studies have also suggested the important role of
ocean circulation and mixing in regulating CDOC abundance in
deep waters, as observed apparent oxygen utilization (AOU) ap-
pears to explain a significant part of the CDOC variance (Swan
et al., 2009; Yamashita and Tanoue, 2009; Nelson and Siegel, 2013).

2.2. Optical processes

Spectrally-resolved inherent optical properties (400-700 nm)
including absorption and backscattering are explicitly represented
in the model. The total absorption coefficient, a(1), is calculated
from the sum of the absorption coefficients of seawater, phyto-
plankton, non-algal particles, and CDOM,

a(x) = aw(2) + ay(2) + anapr(4) + dcoom(4), (1)

where a,,(2) is the absorption coefficient from seawater that can be
obtained from Pope and Fry (1997).

Considering the phytoplankton photo-adaptive state, the chlo-
rophyll-specific absorption coefficients, a;, (4) and a;,,(2) for pico-
plankton and diatoms, are calculated as:

Chll OC Chll ()C
min * min
a(pl( ) - a(pl (high) (;) x[(1- 0(_‘ HC + a(pl(low)(i) HC BC )
max min max min
2)
Ch12 GC Ch12 HC
x (1 min * min
a(pz(ﬁ) = a(p (hxgh)( ) x (1- 9c e + asz(low)(A) GC — o
max min max min
3)

where @y, o (2 Qriiom) (A T ihigny (), and a5, (2) are chloro-
phyll-specific absorption coefficients for picoplankton and diatoms
at high- and low-light levels (Fig. 2). According to Fujii et al. (2007),

and 65,,, the minimum and maximum chlorophyll to
ratios, to be 0.036 (mgChlmmolC™!) and 1.2
(mgChl mmolC~1), respectively. We do not consider the photo-
adaptive state for coccolithophorids (Nanninga and Tyrrell, 1996).
Total phytoplankton absorption coefficient, a,(2), is then calculated

as:
ay(2) =
Non-algal particle absorption coefficient, anap(4) is calculated as:
anap(4) = ayap(440) x (POC + PIC) x exp{—0.012 x (1 — 440)},

(5)

where a;,,(440) is the specific absorption coefficient at 440 nm that
is fixed to be 0.0012 m? mmolC~' (Babin et al., 2003a,b; Fujii et al.,
2007). This specific absorption coefficient and the spectral slope
(0.012 nm™!) are the averaged values derived from a variety of envi-
ronmental conditions, including highly organic samples in the Baltic
Sea and highly mineral-dominated samples in the North Sea and
English Channel (Babin et al., 2003a).

CDOM absorption coefficient is calculated with a spectral
dependence:

ac[)om(l) = aCDoc(410) X exp{—0.0145 X (ﬂ, - 4‘10)}7
acpoc(410) = agy,. x (CSDOC + CLDOC),

we set 65,
carbon

@, () x ChIT + @, (2) x ChI2 + @3 (2) x Chi3. (4)

(6)
(7)

where a;,.. is the CDOC specific absorption coefficient at the refer-
ence wavelength of 410 nm. The absorption curve is determined by
an exponential function with a spectral slope of 0.0145 nm~! (Fujii
et al., 2007). Based on the specific absorption coefficients of humic
and fulvic acids of 2.63 and 1.40 m? gC~!, respectively, measured at
410 nm (Zepp and Schlotzhauer, 1981), semi-labile CDOC specific
absorption coefficient at 410 nm was estimated to be 0.061 m? -
mmolC~! by assuming that 30% of the humus is colored fraction,
as well as 10% of humus is humic acid and 90% of humus is fulvic
acid (Wetzel et al., 1995; Bissett et al., 1999a). This calculation with
the assumption that all CDOC comes from humic and fulvic acids is
in a reasonable range for terrestrial-origin CDOC and the deep-
ocean CDOC that are largely composed of humic and fulvic acids
(Carder et al., 1989). In the upper layer of the open ocean, the CDOC

cdoc
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Table 1
Model parameters and their values.
Parameters Symbol Chai et al. Fujii and Fujii et al. This study Reference
(2002) Chai (2007) (2007)
For plankton and zooplankton
NH, inhibition for P1 /A 5.59 5.59 5.59 5.59 (1), (2), (10)
NH, inhibition for P2 V2 5.59 5.59 5.59 1.5 (1), (6)
NH, inhibition for P3 V3 N/A 5.59 N/A 5.59 (1), (2), (10)
Half-saturation for NO3 uptake by P1 Kp1_No3 0.5 1.0 1.0 1.0 (2), (10)
Half-saturation for NH4 uptake by P1 Kp1_NHa 0.05 0.1 0.05 0.1 (2)
Half-saturation for NO3 uptake by P2 Kpz no3 N/A N/A N/A 3.0 (6)
Half-saturation for SiO4 uptake by P2 Kp sioa 3.0 3.0 3.0 4.5 (1), (6)
Half-saturation for NO3 uptake by P3 Kp3 no3 N/A 1.0 N/A 1.0 (2), (10)
Half-saturation for NH4 uptake by P3 Kp3_NHa N/A 1.0 N/A 1.0 (2)
P1 mortality V3 N/A N/A N/A 0.02 (1), (6)
P2 mortality V4 0.05 0.05 0.05 0.05 (1), (2), (10)
P3 mortality Y10 N/A 0.05 N/A 0.05 (2)
P1, P2, P3 exudation &1, &2, &3 N/A N/A N/A 0.2,0.2,0.2 (4), (5), (6)
P1, P2, P3 excretion 4, &5, £ N/A N/A N/A 0.3,0.3,0.3 (4), (5), (6)
P2 sinking speed W, 1.0 1.0 1.0 1.0 (1), (2), (10)
P3 sinking speed W3 N/A 1.0 N/A 1.0 (2)
Z1 assimilation efficiency for N and C 71 1.0 1.0 1.0 0.9 (1), (6)
Z2 assimilation efficiency for N V2 0.75 0.75 0.75 0.7 (1), (6)
Z2 assimilation efficiency for C V22 N/A N/A N/A 0.65 (5), (6)
Z1 messy feeding fraction Dy N/A N/A N/A 0.1 (4), (5), (6)
Z2 messy feeding fraction D, N/A N/A N/A 0.2 (4), (5), (6)
Z1 excretion reg; 0.2 0.2 0.2 0.2 (1)
Z2 excretion reg, 0.1 0.1 0.1 0.1 (1)
Z2 loss rate A 0.05 0.05 0.05 0.05 (1)
Z1 maximum specific grazing rate G1max 1.35 1.25 1.35 1.55 (1), (6)
Z2 maximum specific grazing rate G2max 0.53 0.48 0.64 0.56 (1), (6)
Half-saturation for Z1 ingestion Kl 0.5 0.5 0.5 0.5 (1)
Half-saturation for Z2 ingestion K2, 0.25 0.25 0.25 0.25 (1)
Z1 grazing preference for P1 Ps 1.0 1.0 1.0 0.9 (1), (6)
Z1 grazing preference for BAC D6 N/A N/A N/A 0.1 (6)
Z2 grazing preference for P2 P1 0.7 0.35 0.7 0.6 (1), (6)
Z2 grazing preference for Z1 P2 0.2 0.2 0.2 0.2 (1)
Z2 grazing preference for PON 03 0.1 0.1 0.1 0.1 (1)
Z2 grazing preference for P3 Pa N/A 0.35 N/A 0.1 (6)
Chlorophyll-specific initial slope of P vs. I curve for phytoplankton o N/A N/A 0.25 0.25 (10)
Maximum P1 carbon-specific nitrogen-uptake rate PSf N/A N/A 2.0 1.5 (10), (6)
Maximum P2 carbon-specific nitrogen-uptake rate PSezf N/A N/A 3.0 2.5 (10), (6)
Maximum P3 carbon-specific nitrogen-uptake rate pfgf N/A N/A N/A 1.0 (2), (6)
Minimum phytoplankton N:C ratio Qmin N/A N/A 0.034 0.06 (10), (6)
Maximum phytoplankton N:C ratio Qmax N/A N/A 0.17 0.17 (10)
Maximum value of 6V ()xax N/A N/A 4.2 1.5 (10), (6)
Other parameters
bSiO, sinking speed Wy 20.0 20.0 20.0 20.0 (1)
PIC sinking speed W5 N/A 20.0 N/A 15.0 (2), (6)
PON sinking speed We 10.0 10.0 10.0 10.0 (1), (9)
POC sinking speed w5 N/A N/A N/A 15.0 (6)
Labile fraction of produced DOM B1 N/A N/A N/A 0.8 (5), (6)
Labile fraction of phyto-excreted DOC B2 N/A N/A N/A 0.6 (5), (6)
Fraction uptake of LDOC by BAC B3 N/A N/A N/A 0.96 (6)
Nitrification rate V7 N/A 0.025 0.0 0.05 (2), (6)
Cost of biosynthesis ENo3 N/A N/A 2.33 2.33 (10)
Color fraction of LDOC colorFR1 N/A N/A N/A 0.1 (11),(6)
Color fraction of SDOC colorFR2 N/A N/A N/A 0.2 (11),(6)
PON dissolution rate Dpon N/A 0.01 0.0 0.01 (2), (8)
PIC dissolution rate Dpic N/A 0.005 N/A 0.01 (2), (6)
DOM fraction P1, P2, P3 mortality 81, 02, 03 N/A N/A N/A 0.5, 0.5, 0.5 (5), (6)
BAC C:N ratio Rg N/A N/A N/A 5.1 (5)
BAC mortality Y12 N/A N/A N/A 0.05 (3), (4), (6)
Phosphorus to nitrogen ratio Rpn N/A N/A N/A 0.0625 (6)
PIC to organic carbon ratio in P3 Rcac N/A 1.0 N/A 1.0 (2)
Maximum labile DOC or NH, uptake 1B max N/A N/A N/A 0.8 (7), (6)
Maximum SDOC hydrolysis Y13 N/A N/A N/A 0.7 (5), (6)
Half-saturation for NH4 uptake Kp N/A N/A N/A 0.5 (5)
Half-saturation for LDOC uptake K N/A N/A N/A 25.0 (5)
Half-saturation for SDOC uptake Kspoc N/A N/A N/A 417.0 (5)
Half-saturation for SDON uptake Kspon N/A N/A N/A 35.3 (6)
Respired fraction of BAC growth r_b N/A N/A N/A 0.5 (7)
Oxygen to nitrate ratio Ro2no3 N/A N/A N/A 8.625 (6)
Oxygen to ammonium ratio Ro2nha N/A N/A N/A 6.625 (6)
Specific rate of conversion RtUVLDOC N/A N/A N/A 2.0 (11),(6)
Specific rate of conversion RtUVSDOC N/A N/A N/A 2.0 (11), (6)

(continued on next page)
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Table 1 (continued)

Parameters Symbol Chai et al. Fujii and Fujii et al. This study Reference
(2002) Chai (2007) (2007)

Specific rate of conversion RtUVLDIC N/A N/A N/A 4.0 (11),(6)

Specific rate of conversion RtUVSDIC N/A N/A N/A 4.0 (11), (6)

(1) Chai et al. (2002), Fujii and Chai (2007); (3) Tian et al. (2000); (4) Anderson and Williams (1998); (5) Anderson and Pondaven (2003); (6) this study; (7) Walsh et al. (1999);
(8) Levy et al. (1998); (9) Kishi et al. (2007); (10) Fujii et al. (2007); (11) Bissett et al. (1999a).
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Fig. 2. Spectrally-resolved chlorophyll-specific absorption coefficients by picoplankton, diatoms, and coccolithophorids, and the CDOM absorption normalized at 410 nm.

Both picoplankton and diatoms are modeled with photoadaption.

pool may also include amino acids and peptides, nucleic acids and
bases, and other low-molecular-weight compounds. The specific
absorption coefficients of these components are difficult to estimate
as they are usually labile and susceptible to photolysis that may
have gone through different light histories during different mea-
surements. We thus use the same specific absorption coefficients
for both labile and semi-labile CDOCs as suggested in Bissett et al.
(2004). Our model sensitivity analysis has indicated that CDOC
composition can affect upper ocean biogeochemical processes as
it changes the ability of CDOC absorbing light. Assuming 100% of
humic and 100% of fulvic acids in the CDOC composition result in
the a’y,. values of 0.1052 m*> mmolC™' and 0.056 m* mmolC™’,
which are about 72.5% higher and 8.2% lower than the value of
0.061 m? mmolC~!, respectively. These differences can lead to pri-
mary production change as high as 20% in the euphotic zone. Due
to the strong spatial variability, however, the magnitude of aver-
aged primary production change over the North Pacific largely re-
duces to less than 5%.

Total backscattering coefficient, by(4), is calculated as the com-
bined contribution from seawater and particles:

bb(ﬂ) = bbw(jv) + bbp(),), (8)

where by, (1) is the backscattering coefficient from seawater that
can be obtained from Morel (1974).

Backscattering coefficient by total particles, by,(1), is expressed
by:

bbp(),) = bbp1 (}) + bbpz(/l) + bbplc()v) + bbg7 (9)

where byp1(4) and bpyz() are the contributions from small and big
sizes of the total particulate organic matter (TPOC), respectively.
bypic(4) is the backscattering coefficient from PIC, and bbg is the
background backscattering that is fixed to 0.00017 (m~') (Fujii
et al., 2007). Note that we use TPOC to represent the total organic
carbon contained in any particles retained on a filter, including liv-
ing biomass such as bacteria, algae and zooplankton, and non-living
detritus such as decayed algae or fecal material, and that we use
POC to represent detrital particulate organic carbon only. Based
on Stramski et al. (1999), backscattering by small and large organic
particles can be formulated as:

TPOC1 \ V1277 2\ 05

Dopn () = (476935.8) x (m) ’ (10)
TPOC2 \ /0859

b (1) = <m) , (1)

where TPOC1 and TPOC2 are the small and big sizes of TPOC (unit:
mgC m~3), respectively. The spectral dependence is only set for
small particles (Fujii et al., 2007), which are generally comprised
of small phytoplankton, fine organic detritus, bacteria, and clay par-
ticles with a size of about 0.5-10 pm (Volkman and Tanoue, 2002).
Seasonal field observations ranging from oligotrophic to eutrophic
environments suggest there is a relatively consistent fraction of
phytoplankton carbon to TPOC between 25% and 40% (Eppley
et al.,, 1992; DuRand et al., 2001; Behrenfeld et al., 2005). By fixing
this value to 30%, TPOC1 and TPOC2 are calculated from small phy-
toplankton carbon (picoplankton) and large phytoplankton carbon
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(diatoms and coccolithophorids), respectively. The spectral varia-
tion of backscattering from PIC is estimated as in Gordon et al.
(2001):

) -1.35
binc(7) = bnc(546) * (556 ) (12)

where bypic(546) is the backscattering at 546 nm from PIC, which
can be related to PIC concentration (Balch et al., 1996) by:

byeic(546) = 0.0016 x PIC — 0.0036. (13)

2.3. Light attenuation

With the spectrally-resolved optical properties, the underwater
distribution of PAR is modeled as a function of water’s absorption
and backscattering coefficients. Based on numerical model simula-
tions with different combinations of various levels of chlorophyll,
CDOM, particles, and sun angles, Lee et al. (2005) developed a sim-
ple model for the vertical transmittance of visible light using
absorption and backscattering coefficients at 490 nm, which uses
a few empirical parameters and provides robust results for the
underwater light field (Shulman et al., 2013). We use this method
as our light attenuation scheme:

PAR(z) = PAR(0) x e~ ¥(@)Z (14)
K

Kpar(2) = K4 +ﬁ7 (15)

K1 = [0 + 21(a(490))* + 1,b5(490)](1 + oo sin(0a)), (16)

Kz = (Lo + (1a(490) + (b (490)] (01 + otz €OS(6s)), (17)

where 0, is the solar zenith angle above the surface. K; and K, are
model parameters with K; for asymptotic value at greater depth
and K, more important for the subsurface light attenuation.
PAR(0) is the PAR value at the sea surface. yo12, {012 and 012
are coefficients that can be obtained from Lee et al. (2005).

2.4. Physical model

The physical circulation model used in this study is based on the
Regional Ocean Model System (ROMS), which represents an evolu-
tion in the family of terrain-following vertical coordinate models
(Shchepetkin and McWilliams, 2005). ROMS solves the hydrostatic,
primitive equations in the horizontal curvilinear coordinates. The
model is configured for the Pacific Ocean (45°S to 65°N, 100°E to
70°W) at 50-km resolution, with realistic geometry and topogra-
phy. There are 20 levels in the vertical. Near the two northern
and southern walls, a sponge layer with a width of 5° from each
wall is applied for temperature, salinity, and nutrients. In this
study, the model is integrated during the period of 1980-2009,
and we only analyze those outputs for the North and equatorial Pa-
cific domain (20°S to 65°N, 100°E to 70°W).

Model temperature, salinity, nutrients (nitrate, silicate, and
phosphate), and dissolved oxygen are initialized using data from
the World Ocean Atlas 2005 (WOAOQ5; Locarnini et al., 2006; Garcia
et al., 2006). The initial conditions for TALK and TCO, are pre-
scribed from the GLODAP dataset (Key et al., 2004). SDOC is set
to 15 mmol m~3 at surface, decreases according to a hyperbolic
tangent function to 0.01 mmol m~> at 500 m, and is kept constant
from there to the bottom. LDOC is set to 2.0 and 0.01 mmol m 3
between 0-500 m and between 500 m and the bottom, respec-
tively. We use constant C:N ratios of 9.95 and 15.38 to initialize
LDON and SDON, respectively. CLDOC and CSDOC are set to
0.0l mmolm~> and 0.4 mmolm—> over the water column,

respectively. This leads to a CDOM absorption coefficient of
~0.15m™" at 320 nm in deep oceans, which is in the range of
observations from the North Pacific (Swan et al., 2009; Yamashita
and Tanoue, 2009). After the model calculation, constant back-
ground values representing refractory pools of 40 mmol m > and
2.6 mmol m > are added to represent the total DOC and DON prod-
ucts, respectively. BAC is initialized with 0.03 mmol m~3 at surface,
decreases according to a hyperbolic tangent function to
0.01 mmol m~3 at 500 m, and is kept constant from there to the
bottom. The initial conditions for other ecosystem variables are
all set to 0.01 mmol m~3 for the model to spin up.

The model has been forced with the climatological air-sea
fluxes of momentum, heat, and fresh water as well as preindustrial
atmospheric CO, for 100 years to reach a quasi-equilibrium state.
From this state, the model is integrated over the period of 1980-
2009, forced with daily air-sea fluxes of momentum, heat, and
fresh water derived from the National Centers for Environmental
Prediction/National Center for Atmospheric Research (NCEP/NCAR)
reanalysis (Kalnay et al., 1996). The surface wind stress is calcu-
lated from the 10-m wind based on the Large and Pond (1982) drag
coefficient formulation. The heat flux is calculated from the pre-
scribed shortwave and longwave radiations, and the sensible-
and latent-heat fluxes that are calculated by the bulk formula with
prescribed air temperature and relative humidity. The freshwater
flux is derived from the prescribed precipitation from atmosphere,
and evaporation is derived from the calculated latent-heat release.

2.5. Experimental design

In order to examine the impact of incorporating the optical pro-
cesses in the model, we compare the control run (Control) with
two test cases, Casel and Case2. The control run is the one based
on aforementioned parameterizations. In Casel, light attenuation
is calculated based on phytoplankton biomass, which is routinely
used by most ecosystem models (e.g., Chai et al., 2002; Fennel
et al., 2003):

0

-Z

PAR(z) — PAR(0) x exp {—klz —k / (P1+P2 + P3)dz}, (18)
where k; is the light attenuation due to seawater (0.046 m~'), and
k, is the light attenuation due to phytoplankton (0.03 m™!). To
study the contribution of CDOM, Case2 is designed with the same
light attenuation scheme as the control run, but with a zero-CDOM
absorption coefficient. The difference between Control and Casel is
different light attenuation calculations. The difference between
Control and Case2 is CDOM attenuating light that is not accounted
for in Case2. These two cases are conducted only during 1992-2009
using the control run result at the end of 1991 as the initial condi-
tion; the forcing and other parameters remain the same. To avoid
model spin-up, we use the last 10-year outputs (2000-2009) from
the case studies for analysis.

2.6. Data

Surface chlorophyll and carbon datasets from the Sea-viewing
Wide Field-of-view Sensor (SeaWiFS) during September 1997 and
December 2007 are used to evaluate model performance. The
SeaWiFS carbon data is calculated from satellite-sensed particulate
backscattering coefficient through empirical and regionally ob-
served relationships (Behrenfeld et al., 2005). Primary production
data derived by the SeaWiFS Vertically Generalized Production
Model (VGPM; Behrenfeld and Falkowski, 1997) is used to compare
modeled primary production.

Measured annual-mean climatological fields of nitrate (NO3),
silicate (SiO4), and temperature are obtained from the WOAO5.
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In-situ measured nutrients and primary production from the Ha-
waii Ocean Time-series (HOT), and the California Cooperative Oce-
anic Fisheries Investigations (CalCOFI) are used to validate the
model in these two regions. Two optical datasets are adopted to
compare modeled optical properties, i.e., a,(440 or 443),
acpom(410 or 412), and by,(555). The first one is the Quasi-Analyt-
ical Algorithm (QAA) product derived from the SeaWiFS data (Lee
et al., 2002). The second one is the in situ data measured in the Cal-
COFI region from the SeaWiFS BIO-optical Archive and Storage Sys-
tem (SeaBASS; Werdell and Bailey, 2002).

2.7. Statistics of model-observation fit

During the model evaluation against in situ or satellite observa-
tions, four kinds of statistics are used to quantify model-observa-
tion fit: model bias (Bias), root-mean-square error (RMSE),
correlation coefficient (R), and standard deviation ratio (STDR).
The bias (M-0) measures the mean deviation of the model (M)
from the observation (O). A positive or negative bias reflects an
overall overestimation or underestimation of the observations by
the model, respectively. RMSE measures the deviation of the model
from the observations in a squared sense. Correlation coefficient
(R) measures the fit of the variations between model and observa-
tions. STDR gives the ratio of two standard deviations (M over O).

3. Results
3.1. Comparison of model outputs with data

To evaluate the ability of the model in reproducing dominant
spatial and temporal patterns, modeled outputs are compared with
observations based on monthly averages. Modeled climatological
mean of depth-integrated (0-125m) primary production (PP)
shows a similar spatial pattern with SeaWiFS-derived VGPM,
depicting high productivities (>700 mgC m~2d~!) in the eastern
equatorial Pacific and northwest Pacific, as well as low productiv-
ities (<400 mgC m~2 d~') in the western equatorial and subtropical
Pacific (Fig. 3). Due to the low spatial resolution, the model is un-
able to fully resolve coastal processes, and therefore misses those
extremely high productivities (>1600 mgC m~2 d~!) in the coastal
regions. On the other hand, SeaWiFS-derived chlorophyll and sub-
sequent primary production close to the continental margin might
not be truly reliable owing to the strong interferences from sus-
pended sediments, CDOM, and reflections from the ocean bottom
(IOCCG, 2000). Away from the coastal region, the model tends to
overestimate productions in the eastern and central equatorial Pa-
cific. This discrepancy is expected because this region has been
characterized as the high-nutrient-low-chlorophyll (HNLC) region
limited by low supplies of iron (Martin et al., 1994; Coale et al.,
1996). Without iron limitation on phytoplankton growth rates,
the model is not able to accurately reproduce the biological activ-
ities there. Over the entire domain, there is a moderate correlation
(R=0.57) between model and VGPM, and the model shows a rela-
tively lower standard deviation compared with the VGPM
(STDR = 0.86).

Two boxes, representing Hawaii (HW) and California coastal
(CF) regions, are chosen to compute area-averaged PP from the
model for comparison with field measurements (Fig. 3). In-situ
measured PP in HW is consistently higher than both the modeled
and satellite PP (Fig. 4). The underestimation by the model could
be related to the lack of nitrogen fixation in the biogeochemical
model. Nitrogen fixation has been commonly observed to induce
summer blooms in the subtropical gyre, where surface nitrate level
is substantially low due to the strong stratification (Dore et al.,
2008). The underestimation by the satellite is probably attributable

to the unconstrained VGPM algorithm used to calculate PP in this
region. Interestingly, the correlation between in situ and modeled
PP is much higher than that between in situ and VGPM (0.53 vs.
0.15). The model depicts a similar seasonal pattern as the in situ
PP, while the satellite VGPM seems to completely miss it. In-situ
measured PP in the CF shows a strong seasonal pattern with highs
around summer and lows in winter. Both the model and satellite
can generally reproduce this pattern with comparable correlations
to in situ PP (0.47 vs. 0.54), while the satellite VGPM tends to over-
estimate the seasonal peaks and winter magnitudes during each
year. In-situ PP that is prone to be affected by small-scale features
both in space and time, however, shows some anomalously high
productions (>1000 mgC m~2 d~') that are not captured by either
the satellite or the model that is not eddy resolving.

The model outputs optical properties with 10-nm interval in
wavelength. We thus compare modeled a,(440), acpom(410), and
byp(550) with QAA-derived a,(443), acpom(412), and bpy(555),
respectively. Modeled annual-mean a,, shows large magnitudes in
the eastern and central equatorial Pacific and North Pacific, as well
as small magnitudes in the western equatorial and subtropical Pa-
cific, in accordance with the satellite data with a robust correlation
(Fig. 5 and Table 2). The model simulates lower spatial variability
relative to the satellite data, which is likely related to the model’s
limited capability in modeling coastal processes or the satellite’s
overestimation in the coastal region. CDOM absorption coefficient,
acpowm, Shows a similar spatial pattern to a,, with large magnitudes
in the eastern and central equatorial Pacific and North Pacific, and
small magnitudes in the western equatorial and subtropical Pacific.
The correlation coefficient between model and satellite is 0.65,
while the model shows a relatively lower standard deviation due
to the underestimation of acpopm in the northern part of the Pacific.
In this region, vertical advection and diffusion have been suggested
as main mechanisms for the upper-layer nutrient flux (Sumata
et al., 2010). Thus, in addition to the biological sources, it is likely
vertical CDOM flux is also important in regulating surface acpom
variability, and our 20-layer model may not be adequate to realisti-
cally resolve this process. Another possible reason could be due to
the fact that the prescribed model initial condition for CDOM, espe-
cially below the mixed layer, is not universally representative over
the entire Pacific basin. This can be potentially improved as more
and more in situ data for CDOM become available. Modeled partic-
ulate backscattering coefficient, b,p, shows a similar spatial pattern
to modeled a,, suggesting its biological origin, which is different
from the satellite by,, especially in the equatorial Pacific where
the high scattering tongue stretching from the east is much wider
than that in the model. The discrepancy is probably caused by the
particle aggregation or other particle sources that are not included
in the biological model. The correlation between model and satel-
lite is moderate, and the bias is considerably low, due to the over-
estimation in the North Pacific and underestimation in the
subtropical gyre, which also increases the standard deviation com-
pared with that from the satellite data.

Historical optical measurements from SeaBASS, nutrients data
from CalCOFI and HOT are compiled together to compare with
modeled variables in the CF and HW regions (Fig. 6). Modeled ni-
trate and silicate concentrations fall in the observed ranges, with
low values at the surface and high values at depth. Modeled phy-
toplankton absorption shows a subsurface maximum around
50 m in both January and July, which is not clearly shown in the
SeaBASS dataset that covers both coastal and open oceans but is
consistent with the open-ocean observation in the California Cur-
rent System (Millan-Nufiez et al., 1996). Due to strong light
destruction, modeled CDOM absorption at the surface is consider-
ably lower in July than in January. Together with enhanced subsur-
face phytoplankton production, it results in a shallower and
stronger subsurface CDOM absorption maximum in July. This is
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Fig. 3. Comparison of modeled depth-integrated primary production (0-125 m) (a) with SeaWiFS-derived VGPM primary production (b) averaged over 1997-2007. (c): Data
density plot with red denoting high density and blue, low density. Two boxes in (a) mark the locations of Hawaii region (HW) and California region (CF). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

not clear from the in situ data, probably due to the influence of
coastal CDOM sources (e.g., sediments, river runoffs). In the HW re-
gion, modeled nutrients can generally capture observed vertical
distribution patterns (Fig. 6).

3.2. Optical and biological processes

Light distribution controlled by chlorophyll concentration in
Casel indicates higher values over the water column relative to

the control run that is controlled by water optical properties
(Fig. 7). It occurs along both zonal and meridional sections, where
strong PAR differences between Control and Case1 are found in the
upper 60 m and these differences could reach about 125 m, affect-
ing the biological activity over the entire euphotic zone. Further-
more, the impact of CDOM contribution to light attenuation is
mostly non-uniform at depth because of the non-uniform distribu-
tion of CDOM. Note that we use a zero CDOM absorption coefficient
in Case2. This value can be increased to a constant value
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Fig. 4. Comparison of modeled depth-integrated PP with satellite VGPM product and in situ data in the HW and CF regions.
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Fig. 5. Left panels: modeled a,(440), acpom(410), and b,,(550) averaged over 1997-2007. Middle panels: SeaWiFS QAA derived a,(443), acpom(412), and by,(555) averaged
over 1997-2007. Right panels: data density plot between model and QAA product with red denoting high density and blue, low density. (For interpretation of the references
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Table 2
Statistical results between modeled a,(440), acpom(410), byp(550) and SeaWiFS QAA
derived a,(443), acpom(412), byy(555) averaged over 1997-2007 (Fig. 5).

Model vs. QAA a, (440,443) dcpom (410,412) by (550,555)
R 0.62 0.65 0.53

RMSE (m™ 1) 0.0065 0.017 0.0011

STDR 0.69 0.54 1.7

Bias (m™') -3.1x1073 -6.3x1073 —2.7x107°

empirically as in Fujii et al. (2007), which will change the magni-
tude or the sign of the PAR difference between Case2 and Control
but still will not generate the substantial spatial variability shown
in Control. This is also true for Casel, because the tunable param-
eters (k; and k,) in Eq. (18) are spatially constant. Therefore, the re-
sults shown here mainly illustrate the importance of including a
detailed CDOM spatial structure to the underwater optical and bio-
logical fields.

After entering the water column, visible and shortwave lights
are attenuated due to the absorption and scattering mostly by phy-
toplankton, CDOM, and non-algal particles. The remaining light at
each depth will then serve as the source for phytoplankton’s pho-
tosynthetic growth. Inaccurate light attenuation treatment in the
model will likely lead to biased phytoplankton production and sub-
sequent carbon export to the deep ocean. Compared with the
empirical calculation in Casel, modeled phytoplankton chlorophyll
concentration across 30°N shows a much shallower subsurface
maximum and a relatively smaller magnitude in both western
and eastern basins, suggesting more light entering deep water be-
cause of less attenuation in Casel (Fig. 8). However, the modeled
chlorophyll difference between Control and Casel shows a non-
uniform pattern (Fig. 9). There is little difference in the surface
layer because of ample light for phytoplankton growth and low
surface chlorophyll. In the subsurface layer around 40 m, even
though light in Casel is stronger than that in Control, modeled
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Fig. 6. Historical optical measurements from SeaBASS and nutrients data from CalCOFI are compiled together to compare with modeled variables averaged during the
observation period in the CF region. Bottom panels show a comparison of modeled annual-mean nutrients with measurements in the HW region.

chlorophyll in Casel is approximately 0.1-0.3 mg m~> lower than
that in Control. This is probably caused by the nutrient reduction
due to the increased subsurface chlorophyll leading to reduced
nutrient concentration in the upper layer. Phytoplankton’s photo-
adaption to light levels could also result in decreased phytoplank-
ton chlorophyll under enhanced light condition, especially when
light is not a severely limiting factor for phytoplankton growth.
In deep waters where light is a dominant factor for phytoplankton
growth, stronger light in Casel consequently leads to higher chlo-
rophyll concentration, where the difference can reach 0.5 mg m—3
in this case. Another cross-section along 110°W shows similar fea-
tures, in which deeper and stronger subsurface chlorophyll maxi-
mum is observed in Casel relative to the control run (Fig. 8). As
the chlorophyll in Control is high in both surface and subsurface
at the equator, Casel has lower chlorophyll concentration in the
top 50 m and higher concentration below (Fig. 9). This is a little dif-
ferent from the subtropical gyre where the difference between
Casel and Control is relatively small in the top 20 m. Meridionally,
chlorophyll difference shows an asymmetric vertical structure
across the equator with shallow and strong subsurface maximum
in the Northern Hemisphere, and deep and weak subsurface max-
imum in the Southern Hemisphere, which resembles the vertical

chlorophyll pattern in Control (Fig. 9). Normally, tuning k, in Eq.
(18) can generate a better underwater light field close to Control.
By doing so, one assumes adding another light-attenuating consti-
tute in the water column that co-varies with phytoplankton bio-
mass. However, in most cases CDOM and particles do not co-vary
with phytoplankton and tend to show strong spatial and temporal
variability that is regulated not only by biological but also physical
processes.

CDOM, often ignored in biological models, attenuates light
mostly by absorption. To examine its influence on biological fields,
CDOM absorption coefficient is set to zero in Case2 (Fig. 8). The
resultant vertical chlorophyll in both cross-sections shows stron-
ger and deeper subsurface maximum compared with that in the
control run. Along 30°N, the chlorophyll difference between Case2
and Control is relatively small in the surface layer (Fig. 9). Case2
shows reduced chlorophyll concentration around 40 m in the west,
and generally elevated values below 80 m across the basin. In the
meridional cross-section, the asymmetric structure still exists.
Compared with the control run, Case2 shows much lower chloro-
phyll concentrations between 30 and 60 m and higher values be-
low 60 m in the Northern Hemisphere, while it only shows a
conspicuous enhancement below 60m in the Southern
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Fig. 7. Modeled PAR differences (w m~2) between Control and Casel (top), and between Control and Case2 (bottom), along 30°N (left panels) and 110°W (right panels).
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Fig. 11. Time series of depth-integrated mean of silicate concentrations and PAR values over the top 125 m in the HW region.

Hemisphere, which implies the importance of the spatial variabil-
ity in CDOM distribution to underwater light field that controls
biological production.

The spatial distribution of the depth-integrated PP difference
between Control and Casel indicates that the light treatment in
Casel could lead to primary production 50% higher in the eastern
equatorial Pacific and North Pacific than in the control run
(Fig. 10a). In the subtropical gyre, the PP difference is relatively
small, about 10% lower in Casel. While in the western equatorial
Pacific, Case1 appears to have about 25% lower PP than the control
run. Over the entire basin, the mean PP difference between Casel
and Control is about 14%, comparable with the 10% between Case2
and Control. Without considering CDOM absorption in Case2,
about 33% of the domain area is covered with less than 10% PP dif-
ference (Fig. 10b). Relative to Control, higher values of PP (relative
difference >10%) in Case2 possessing about 39% of the total domain
area, occur in the eastern North Pacific, a latitudinal band between
15° and 25°N stretching from the Luzon Strait to the Hawaii Is-
lands, as well as a patch between 160° and 210°E in the South-
ern-Hemisphere subtropical gyre, with the largest difference
reaching over 100%. In comparison, about 29% of the domain area
is covered with significantly lower PP in Case2 compared with Con-
trol (relative difference <—10%), and most of it is located in the
western basin.

PP differences generated in the two cases could be related to
both nutrients and light differences. Because of different light
attenuation schemes used in Casel and Control, averaged light le-
vel in the euphotic zone is higher in the subtropical gyre in Casel
than in Control (Fig. 11). As shown here, this elevated light level
leads to enhanced phytoplankton biomass in the lower euphotic
zone, which further drives nutrients level down. Given that the
general source for surface nutrients is from subsurface via vertical
mixing or upwelling, reduced nutrient concentrations in the lower
euphotic zone can also lead to reduced nutrient levels in the upper
layer. Low PP in Casel in this region is thus primarily attributed to
the reduced nutrient concentrations instead of enhanced light lev-
els. Without CDOM absorption, Case2 also produces higher light
levels relative to the control run, especially during summer
(Fig. 11). Similarly, lower nutrients are found in Case2 in the
euphotic zone compared with those in the control run. The higher
PP in Case2 is therefore more related to enhanced light levels. In
other regions such as the northwest Pacific, CDOM-induced light
difference cannot offset nutrient difference, leading to PP differ-
ence attributable to different nutrient conditions. This suggests

that CDOM absorption as well as its spatial variability can regulate
local biological productivity by changing both underwater light
and nutrient conditions.

Different light treatments in the model generate different
underwater light field that subsequent changes phytoplankton
productivity. Changes in phytoplankton biomass, and correspond-
ing CDOM and detritus concentrations, will then modify total
absorption and backscattering coefficients in the water column
that can further feedback to the underwater light field. With
modified chlorophyll concentrations in Casel and Case2, phyto-
plankton absorption differences between Control and Casel and
between Control and Case2 show similar patterns in response
to the chlorophyll differences, where Casel shows lower and
higher absorption coefficients in the upper and lower layers,
respectively, while Case2 generally shows lower values in the
mid-layer between 20 and 60 m than those in the control run
(Fig. 12).

3.3. CDOM analysis

As indicated in Fujii et al. (2007), their modeled biogeochemical
properties are most sensitive to changes in CDOM absorption.
Without CDOM in the biogeochemical model, light would be other-
wise absorbed by phytoplankton alone. This impact can be more
pronounced for picoplankton and coccolithophorids than for dia-
toms due to different absorbing capabilities in the blue wavelength
where CDOM absorbs (Fig. 2), which results in changes in phyto-
plankton community structure and other biogeochemical proper-
ties. Modeled CDOM concentration has indicated substantial
spatial variability across the Pacific basin (Fig. 13). Although
resembling the spatial pattern of phytoplankton chlorophyll, mod-
ulations of CDOM in the upper ocean are subject to complex inter-
actions of physical and biogeochemical processes. The dynamic
detail of CDOM regulation mechanisms is therefore further ana-
lyzed through term-by-term diagnosis of its governing equation
in the model:

oCDOM u oCDOM B yBCDOM B WaCDOM
ot ox ay 0z
0 oCDOM
+5 <1<V = ) + Ky44CDOM + BIO. (19)

To identify the key dynamic processes for CDOM, we examine the
relative importance of these terms: local rate of change (LRC:
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Fig. 12. Modeled phytoplankton absorption coefficient differences (m~!) between Control and Case1 (top), and between Control and Case2 (bottom) along 30°N (left panels)

and 110°W (right panels).
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Fig. 13. Modeled sea surface CDOC concentrations (mmolC m~3) averaged over 1997-2007.

9DOM) - zonal advection (UADV: —u2DOM) meridional advection
(VADV: —v%), vertical advection (WADV: —w2DOM), vertical
mixing (VMIX: £ (K, 2D9M))  horizontal mixing (HMIX: Kydp-
CDOM), and the biological contribution (BIO).

To understand the CDOM dynamics in the entire euphotic zone,
we integrate these terms from surface to 125-m depth. Two-year
time series of these terms in the HW and CF regions are shown
in Fig. 14. In these two regions, biological processes dominate
the seasonal cycle of modeled LRC, which peaks in spring and
reaches the minimum in winter. Mixing terms, including horizon-
tal and vertical mixing, have much lower amplitudes that are about
two orders of magnitude smaller than the BIO. The seasonal vari-
ability of horizontal and vertical advections is about one order of

magnitude smaller than the BIO. Unlike BIO with seasonality
changing sign over one year, however, horizontal advections (LAD-
V =UADV + VADV) in these two regions are generally positive, and
vertical advection (WADV) is negative during much of the year.
Therefore, the annual-mean flux is different from the seasonal var-
iability, where vertical advection is the dominant term that tends
to reduce CDOM concentration in the euphotic zone in the HW re-
gion (Fig. 16). Both UADV and VADV are positive in the HW region,
resulting in an increase of CDOM concentration. Mixing terms,
including a positive HMIX and a negative VMIX, are still small com-
pared to the other terms. The combined physical processes are
approximately balanced by the positive BIO, leading to a relatively
small annual LRC term in this region.
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Fig. 14. Modeled CDOM regulation terms in the HW and CF regions for 2006 and 2007. The temporal resolution is three days. LRC: local rate of change, UADV: zonal
advection, VADV: meridional advection, WADV: vertical advection, VMIX: vertical mixing, HMIX: horizontal mixing, and BIO: biological contribution.
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Fig. 15. Decomposition of the BIO term into contributions from phytoplankton, zooplankton, bacteria, and UV light in the HW region for 2006 and 2007.
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Fig. 16. Top: annual-mean regulation terms for CDOM in the HW region. Bottom: decomposition of the annual-mean BIO into contributions from phytoplankton,
zooplankton, bacteria, and UV light calculated from the biogeochemical model.
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Fig. 17. Sections along 30°N depicting the vertical structures of annual-mean advection and biology terms contributing to CDOM dynamics.

In the biogeochemical model, the BIO is determined by source
and sink terms. The source terms include phytoplankton excretion
and zooplankton feeding loss, and the sink terms are composed of
bacteria uptake and photolysis by UV light. For the entire euphotic
zone in the HW region, seasonal variation of the BIO follows closely
with change in phytoplankton excretion, and in bacteria uptake
with seasonal peaks between spring and summer (Fig. 15). Zoo-
plankton feeding loss and photolysis stay relatively constant over
the two-year period. When averaged over time, two dominant
terms in the annual-mean BIO are phytoplankton excretion and
bacteria uptake that are significantly higher than the contributions
from zooplankton feeding loss and photolysis, as UV light is intense
mostly in the upper layer, while bacteria uptake generally takes
place throughout the euphotic zone (Fig. 16).

The zonal transection along 30°N further depicts the vertical
structures of the annual-mean terms contributing to the CDOM
dynamics (Fig. 17). Both horizontal and vertical advections, as well
as the BIO term, are considerably stronger in the coastal regions
relative to the central basin. Horizontal advections are shown to
be highly variable in both horizontal and vertical directions, while
vertical advection shows a relatively coherent feature with nega-
tive values above 70 m and positive values below, except for the
region around 140°W where negative values exist in the entire

euphotic zone. Due to the photolysis by UV light, the BIO term
illustrates large negative values in the upper layer and varies in
depth across the transection. Away from the surface layer, negative
BIO values, especially those generally found at the bottom of the
euphotic zone, are primarily attributable to bacteria uptake. On
the other hand, the BIO source terms, including phytoplankton
and zooplankton contributions, are more distinct in the middle of
the euphotic zone with clear spatial variability across this transec-
tion. This suggests CDOM dynamics are highly variable in space,
which is induced by the variability in both physical and biological
processes.

Physical process affecting biological properties such as phyto-
plankton chlorophyll via (horizontal and vertical) transports of
nutrients, and sometimes the chlorophyll itself, has been widely ac-
cepted as the concept of how physics changes biology in the ocean.
However, when considering ocean optics, another mechanism be-
comes possible: physical transport of CDOM changes water optical
properties, which can further modify underwater light field and
subsequently affect phytoplankton chlorophyll. Positive transport
of CDOM can increase water optical properties, increase light atten-
uation, decrease underwater PAR values, and eventually decrease
local chlorophyll concentration. This mechanism is different from
the one where positive transport of nutrients or chlorophyll usually
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Fig. 18. Correlation coefficients between horizontal advection term (LADV) and BIO term for CDOM dynamics using two-year time series (2006 and 2007) for Control and
Casel. A two-week high-frequency-pass filter was applied prior to the correlation calculation.

leads to an increase of local biomass. To illustrate this mechanism,
correlation coefficients between horizontal advection term (LADV)
and BIO term for CDOM are calculated (Fig. 18). As the BIO tends to
dominate the seasonal cycle of the local CDOM concentration, a
two-week high-frequency-pass filter is applied for the horizontal
advection and BIO before the correlation is calculated. In Casel
where light is only controlled by phytoplankton, advection of
CDOM does not change underwater PAR and subsequent BIO
CDOM. However, there is still significant negative correlation be-
tween LADV and BIO in the equatorial Pacific and most of the North
Pacific. This is likely related to the photolysis by UV light in the BIO
calculation, in which positive LADV CDOM increases local CDOM
concentration that can increase photolysis and consequently de-
crease BIO CDOM. In the control run where light attenuation by
CDOM is considered, the correlation coefficient between LADV
and BIO systematically increases compared to that in Casel, espe-
cially in the subtropics where the correlation is not significant in
Casel. This high negative correlation generally presents over the
entire basin, implying optical modulation of physical-biological
interactions. Without explicitly representing CDOM dynamics in
the biogeochemical model, this effect is often ignored by many
studies. Here, we only show the influence of physical transport of
CDOM on biological process, as we do not include its biological

feedback to physical properties in the model. If we considered this
feedback, we could expect the modification of water temperature
by physical transport of CDOM, because LADV of CDOM can change
both underwater PAR (400-700 nm) and shortwave radiation (usu-
ally in 400-1000 nm) that heats the upper ocean.

4. Discussion and conclusions

Satellite-observed CDOM generally shows different spatial dis-
tribution patterns from chlorophyll, attributable to distinct source
and sink processes (Nelson and Siegel, 2013). This creates estima-
tion errors for empirical chlorophyll retrieval algorithms, say
0C4V4, which assumes a fixed relationship between chlorophyll
and CDOM concentrations. These errors, without proper con-
straints, could manifest in the assessment of ocean carbon cycling.
For example, Siegel et al. (2005) calculated a global net primary
production of 53.5 Gt Cy~! based on 0C4V4-derived chlorophyll
concentration; this number is reduced to 37.1 Gt Cy~! when using
the chlorophyll concentration from a semi-analytical algorithm
based on independent CDOM calculations. With different chloro-
phyll retrieval algorithms, the discrepancy between these calcula-
tions is uncertain, but it suggests that the potential impact of
CDOM on ecosystem processes and functions may not be trivial.
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As indicated by Siegel et al. (2005), without accurately separating
in-water constituents, interpretations of ocean color data (e.g., sea-
sonal analysis, trend detection) could be easily confounded by
uncertainties, especially due to the nonlinear relationship between
CDOM and chlorophyll. Our study confirms that CDOM dynamics
should be explicitly considered in biogeochemical models, as it
can feed back to the whole marine system including physics, op-
tics, and biogeochemistry.

Currently, coupled ecosystem models typically use sophisti-
cated thermodynamics, fairly sophisticated biology, but grossly
simplified underwater light attenuation. Models used for global-
scale predictions of climate change as well as for understanding
the global ocean-atmosphere system are often driven by simple
analytical formulations of light penetration through the water col-
umn. A lot of efforts have been made to improve model resolution
and the dynamics of physical and biological model components. In
contrast, the uncertainty induced by the oversimplified treatment
of light has rarely been discussed. The difference between Control
and Casel suggests that this uncertainty cannot be ignored. It not
only changes underwater light condition but also alters distribu-
tions of phytoplankton chlorophyll and nutrient levels, and tends
to be more significant in the subsurface, which could potentially
affect the efficiency and structure of the biological pump and car-
bon cycling.

To summarize, a new biogeochemical model consisting of 31
state variables has been developed and coupled to a 3-D physical
model in the Pacific Ocean. With the explicitly represented DOM
pool, this new model is able to link key biogeochemical processes
with optical processes. Moreover, the inclusion of optical processes
allows direct comparison between model and satellite-derived
optical data, which gives additional constraints on model parame-
ters to reduce uncertainties in model simulations. The develop-
ment of this new model and parameter tuning rely on various
modeling approaches, such as phytoplankton photoacclimation,
CDOM dynamics, microbial loop, optics conversion, among others,
based on previous studies (e.g., Anderson and Williams, 1998;
Geider et al., 1998; Bissett et al., 1999a; Chai et al., 2002; Moore
et al.,, 2002;Fujii et al., 2007). In practice, it is difficult to model
an entire ocean basin with a wide range of biological provinces
and diverse phytoplankton communities using only one set of
model parameters. Nevertheless, model validation against satellite
and in situ data appears to show that the model is flexible enough
to reproduce general biogeochemical and optical features
observed.

The main advantage of the coupled model is that it combines
physical, biogeochemical, and optical processes. Our results dem-
onstrate the importance of CDOM in regulating underwater light
field and subsequent biological activities. Our analysis suggests
that the inclusion of CDOM in the ecosystem model could substan-
tially affect biological processes. Without CDOM attenuating light,
modeled depth-integrated PP is about 10% higher than that in the
control run over the entire Pacific basin. Moreover, this discrep-
ancy is highly variable in space with magnitudes reaching higher
than 100% in some locations. The coupled model demonstrates that
the physical transport of CDOM can change water optical proper-
ties, which can further modify underwater light field and subse-
quently affect the distribution of phytoplankton chlorophyll. This
mechanism is different from the one where transport of nutrients
and/or chlorophyll usually leads to an increase of local biomass.
One potential for this coupled model is to assimilate satellite-
sensed or in situ optical data directly in addition to chlorophyll
concentration. This will increase the realism of ecosystem simula-
tions for better prediction and monitoring of biological conditions
(e.g., harmful algal blooms) in open oceans and coastal regions.
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Appendix A
A.1. Governing equations

The model equations describing individual compartments all
take the form:

38_1?' = PHY(B;) + BIO(B;). (A1)
The model state variables, B; represent picoplankton (P1

(mmoIN m~3), C1 (mmolC m~3), and Chl1 (mgChl m~3)), diatoms
(P2 (mmoIN m~3), C2 (mmolC m~3), and ChI2 (mgChl m~3)), cocco-
lithophorids (P3 (mmoINm™), C3 (mmolCm™3), and ChiI3
(mgChl m~3)), microzooplankton (Z1 (mmoIlNm™3), ZC1
(mmolCm~—3)), mesozooplankton (Z2 (mmoINm~3), ZC2
(mmolC m~3)), bacteria nitrogen (BAC (mmolN m~3)), detritus
(PON (mmoIN m~3), POC (mmolC m~3)), biogenic silicate (bSiO,
(mmolSi m~3)), calcium carbonate (PIC (mmolC m~3)), labile DON
(LDON (mmoIN m~3)), labile DOC (LDOC (mmolC m3)), semi-labile
DON (SDON (mmoIN m~3)), semi-labile DOC (SDOC (mmolC m~3)),
colored labile DOC (CLDOC (mmolC m3)), colored semi-labile
DOC (CSDOC (mmolC m~3)), dissolved oxygen (DO (mmolO m3)),
dissolved inorganic nutrients (NO; (mmolNm™3), NH,4
(mmoIN m~3), PO, (mmolP m3), SiO4 (mmolSi m—3)), total alkalin-
ity (TALK (mmol m—3)), and total CO, (TCO, (mmolC m~3)).

The term PHY(B;) represents the contribution to concentration
change due to physical processes. The term BIO(B;) represents bio-
logical sources and sinks of a particular compartment. The BIO(B;)
terms in the model are:

BIO(P1) = (1 — & )PP1 — Gy — 75P1, (A2)
N —— N~~~
growth grazing by Z1  mortality
C1
BIO(C1) = (1 — &)NPC1 — Gy x PT 75C1, (A3)
growth S nortality

grazing by Z1

BIO(Chl1) = poyy (1 — &)PP1— Gy x Chit _ 75Chl1, (A4)
growth grazing by Z1 mortality
0
BIO(P2) = (1 —&)PP2— G — 34P2 — = (W:P2), (A5)
growth grazing by 72 mortality sinking

BIO(C2) = (1 — &)NPC2 — G; x % 2~ 2w, (46
| S ~——

z
growth grazing by 72 mortality sin king
BIO(ChI2) = peyp (1 - €2)PP2 — G, (2) x Cll;f —7,Chi2 —%(M Chl2),
N——’ N——
growth grazing by 72 mortality sinking

(A7)

BIO(P3) = (1-&)PP3— G5 — 730P3 —%(W3P3), (A8)
growth grazing by 22 mortality

sin king
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+090nPON - p;NHy + By . (A3D) PEL  fiity, x Tfunc

re min eralization nitrification BAC remin eralization
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NP1
¢p1 = Eno3 X Max (m,0.5>,

NPC1 = P! — &, x PP1.

Chlorophyll uptake by picoplankton:
Oﬁax X Pf;f x fnitp,

o x 0! x PAR
Nutrients uptake by diatoms:

1 — fnity,
1.015 — fnity,

_ C2
<1 exp (520 xPAR \ U .
Pro % frity, x Tfunc

C C2
VNrefPZ = Pref X Qmam

Pchn =

NP2 = V§refp, x x Tfunc x UNO3S2

UNO;S2 = min (KPZ_NI:Oi NOs 71<p2,5:)ioi SiO4>
x e P2NHa

24

102 = 2. Qun < UQ2 < Quay

g2

RP2 = Virefp, x % x Tfunc x UNH,4S2

—o x 0% x PAR
xql—exp|—5 - x C2,
Pro < fity, x Tfunc

NO3 Si04 ) « (1
KPLNQ3 + NO; 71(132751()4 + Si0y4
~¥aNHy)

UNH4S2 = min (
—e
PP2 = NP2 + RP2,

Si04/(Kra.sio, + SiOa)

Si2N = ,
NO3/(Kpz2_no, + NO3)

1.0 < Si2N < 4.0,

1 — fnitp,
1.015 — fnity,

Si04

USi0, = Virefp x x Tfunc x

—a x 0 x PAR
xql—exp|— - x C2
Py x frity, x Tfunc

x Si2N.
Carbon uptake by diatoms:

P = P x fity, x Tfunc
_ C2
x <1 —exp CZOCX(? x PAR x C2,
Py x frity, x Tfunc

; . NP2
Cp2 = GNo3 X MaX (m70~5>7

NPC2 = P® — &, x PP2.

Kp3 sio, + SiO4

(A42)

(A43)

(A44)

(A45)

(A46)

(A47)

(A48)

(A49)

(A50)

(A51)

(A52)

(A53)

(A54)

(A55)

(A56)

(A57)

(A58)

Chlorophyll uptake by diatoms:

N C2 :
gmax X Pref ><fnltl’z

= A59
Penie == 0% X PAR (A39)
Nutrients uptake by coccolithophorids:
1 — fnity, NO;

NP3 = V§refps x x Tfunc x

1.015 — fnitp, Kp3_no, + NOs

C3
x e N s 11 _exp (28 07 xPAR \ U 3. (A60)
Pror x fnitpy x Tfunc

Vﬁ"efm = PE:} X Qmaxs (A61)
. UQ3 - Qmin
Nitpg = ————— A62
f P Qmax - Qmin ( )
P3
UQ3 = 6’ Qmin < UQ3 < Qmax7 (A63)
Chi3
3
0~ = Nl (A64)
e 1 — fnitp, NH4
RP3 = Vyrefps x 1,015 - it x Tfunc x Koo s, = NH;
C3
A1 exp 20X PAR V1 ¢, (A65)
Pro x fitys x Tfunc
PP3 = NP3 + RP3. (A66)
Carbon uptake by coccolithophorids:
P® = P x fnity; x Tfunc
. c3
x 41— exp [~ 07 xPAR 1 3 (A67)
Pror x fnitps x Tfunc
NP3
¢p3 = Eno3 X Max (m,0~5>a (A63)
NPC3 = P© — &5 x PP3. (AB9)
Chlorophyll uptake by coccolithophorids:
glr\nliax X P$e3f anitPS
=o' 97 = A70
Pents = % 0% x PAR (A70)
Grazing on picoplankton and bacteria by microzooplankton:
_ {sP1
G1 = Clmax K1g + (sP1 + (6BAC 21, (A71)
B {sBAC
Ge = Clmax Klg +(sP1+ (BAC™ (A72)
. psP1
*5 = p.P1 + pgBAC’ (A73)
___PeBAC (A74)

*6 = p.P1+ pgBAC’

Grazing on diatoms, microzooplankton, detritus and coccolitho-
phorids by mesozooplankton:

G1P2 72 (A75)

G2 = GZmax K2g + (1P2 + (71 + (3PON + (4P3 7
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LZ1

Cs = C2max K24 + (P2 + Z1 + (3PON + (,P3 22, (A76)
Ga = C2max K2g + P2 + 25?1 GPON + (P32 (A77)
Gs = G2max K24 + (P2 + g%i ;;PON + (,P3 22, (A78)
b= p.P2 + pZleJ:lZPON +p,P3’ (A79)
Q= p.P2 + pZle—inZPON + p,P3’ (A80)
b= p.P2 ¢ pzszgi\IPON + paP3’ (A81)
b= p.P2 ¢ pZle:l:ZPON T pP3° (A82)
Bacteria uptake of LDOM (Anderson and Williams, 1998):
Uc = [iBrmax X RBKLT%BAC, (A83)
Un = Uc%~ (A84)

Bacteria uptake of ammonia, DOM, respiration, and ammonia
remineralization:

NH,4

Uj = MBax  BAC 1N

(A85)

(1) If ammonium uptake is sufficient to permit utilization of
DOM, that is, Uy = —Uc (%27%) then bacteria uptake
of DOM has the form of

Fp=(1- r_b)&, (A86)
Rp
bacteria respiration,
SB =rbx Uc7 (A87)
remineralization by bacteria,
. Uy (] — r_b)
EB == UC <U7€7T> (A88)

If Eg > 0, then Ug = 0; otherwise, Ug = —Ep.

(2) If there is insufficient ammonium, that s,
Up < —Uc g—g - “%”)) then bacteria uptake of ammonia is
obtained by,

Up = Uy, (A89)
bacteria uptake of DOM,

Fg = Uy + Us, (A90)
bacteria respiration,

S5 = RBFB%, (A91)

remineralization by bacteria,

Ey — —Up. (A92)
CDOM photolysis (Bissett et al., 1999a):
UVLDOC = acpoc(410) x RtUVLDOC x (P’jﬁg)))
X eXp [ / ’ Kd(300)dz], (A93)
.
UVSDOC = dcspoc(410) x REtUVSDOC x <P2%0)>
x exp / ’ Kd(300)dz], (A94)
.
UVLDIC = dcrpoc(410) x REUVLDIC x (Piﬁéo))
« exp /0 Kd(300)dz], (A95)
/.
UVSDIC = acspoc(410) x REUVSDIC x (P‘:'}g)))
« exp [ / ’ Kd(300)dz], (A96)
.
dctpoc(410) = d’y. x CLDOC, (A97)
despoc(410) = @y, x CSDOC, (A98)
Kd(300) = [acpoc(410) + acspoc(410)] x exp[0.0145
« (410 — 300)] + 0.154, (A99)

The dissolution rate for biogenic silica (Jiang et al., 2003):
Dsi = (0.19T/25 + 0.01) x exp(0.069(T — 25)). (A100)

The air-sea flux of CO, is calculated using the transfer velocity-
wind speed relationships from Wanninkhof (1992):

air — sea CO, flux = 0.31U%(660/5¢)**S{(pC0O3),,, — (PCO2)yir}
(A101)

where U is the wind speed at sea surface and Sc is the Schmidt num-
ber for CO, that can be calculated as:

Sc =2073.1 — 125.62T + 3.6276T> — 0.043219T°, (A102)

S is the solubility of CO, and (pCO,)g; is the partial pressure of CO, in
the air. In the model, we set a spatially uniform distribution of (pCO3 ) ;-
observed at the Mauna Loa Observatory (Keeling et al., 1976).

Dissolved oxygen (DO) is modeled using constant oxygen-to-ni-
trate and oxygen-to-ammonium ratios. At the surface, air-sea ex-
change of O, is calculated as:

h Jiux = 0. 0 ' sat — 5
0, fl 0.31U%(660/502)%°(DOsec — DO A103

where DOy, is the saturation concentration of DO calculated from
temperature and salinity. So2 is the Schmidt number for O, that
can be calculated as follows:

So2 = 1638.0 — 81.83T + 1.483T* — 0.008004T°. (A104)
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