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0.1 Outline of document

A comprehensive description of the EMS optical and biogeochemical version B3p0 is given in Baird
et al. (2020), as published in 2020. This document provides scientific description of processes added
since this work (Sec. 2), as well as the calculation of diagnostic variables that were not described
in Baird et al. (2020), including simulated true color (Sec. 3).

1 Water column - sediment fluxes

The sediment model used in EMS is evaluated on a stretched Eulerian coordinate system for which
the equations of the change in concentration of particulate and dissolved tracers due to vertical
fluxes are given in Margvelashvili (2009). Here we give the equations in term of a fixed sediment-
water column interface. The processes affecting vertical fluxes are settling rate, sediment deposition
(entraining water column pore-water), resuspension releasing porewater into the water column) as
well as diffusive fluxes. We define δh as the change in sediment height, with δh > 0 resulting from
deposition causing entrainment of water in the sediments, while δh < 0 is the erosion of surface
sediments and release of porewaters into the sediments.

For a dissolved tracer, C, with water column, Cw and sediment, Cw, concentrations, and a sediment
porosity, ϕ, the sediment - water flux is given by:

FC = D (Cw − Cs) + δhCw + δhϕCs (1)

and D is the diffusion coefficient of the interface.

2 Processes added after GMD submission

2.1 Water column suspended macroalgae growth

Macroalgae moored in a particular layer can be represented as a non-advecting, non-diffusing three
dimensional tracer, quantified as a biomass per unit volume. The nutient uptake and light absorp-
tion are caluclated differently to the benthic macroalgae tracer processes to account for the 3D
element.

Suspended macroalgae is assumed to be evenly distributed vertically within a layer of the water
column, adding to the total absorption, aT , total scattering, bT , and total backscattering, bb,T , of
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the water column layer in which it resides. However the horizontal distribution follows the benthic
macroalgae representation, such that projected area of macroalgae initial increases linearly with the
sum of the leaf area before saturating as leaves begin to start to overlap and self-shade (Sec. 6 of
Baird et al. (2020)). Thus, horizontal coverage of the suspended macroalgae (akind to a leaf area
index) takes the form:

Aeff = 1− exp (−ΩBBH) (2)

where Aeff is the effective projected area fraction of the benthic community (m2 m−2), B is the
biomass of the suspended macroalgae (g N m−3), H is the layer thickness (m) and ΩB is the
nitrogen-specific leaf area coefficient (m2 g N−1).

2.1.1 Light absorption

The contribution of macroalgae to total absorption at wavelength λ in a water column layer H thick
is given by:

aT,λ = (1− exp (−AL,λΩBBH)) /H (3)

where AL,λ is the spectrally-resolved leaf-specific absorptance.

The contribution of macroalgae to total backscatter is given by:

bb,T,λ = (1− exp (−RL,λΩBBH)) /H (4)

where RL,λ is the spectrally-resolved leaf-specific reflectance. Scattering is assumed to be isotropic,
so bT,λ = 2bb,T,λ.

Whatever is not absorbed or reflected is transmitted to the layer below.

The rate of absorption per unit volume is given by:

kI =
(109hc)

−1

AV

∫
Es,λ (1− exp (−AL,λΩBB))λdλ (5)

where h is the Planck constant, c is the speed of light and Es is the scalar irradiance (sum of
downwelling and upwelling light).

2.1.2 Nutrient uptake

Nutrient uptake by macroalgae is a function of nutrient concentration, water motion (Hurd, 2000)
and internal physiology. The maximum flux of nutrients is specified as a mass transfer limit per
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projected area of macroalgae and is given by (Falter et al., 2004; Zhang et al., 2011):

Sx = 2850

(
2τ

ρ

)0.38

Scx
−0.6, Scx =

ν

Dx

(6)

where Sx is the mass transfer rate coefficient of element x = N, P, τ is the shear stress, ρ is the
density of water and Scx is the Schmidt number. The Schmidt number is the ratio of the diffusivity
of momentum, ν, and mass, Dx and varies with temperature, salinity and nutrient species. The
rate constant S can be thought of as the height of water cleared of mass per unit of time by the
water-macroalgae exchange.

This per unit area flux of nutrients is converted to a per m3 term using:

Uptake = AeffHSxX (7)

Preferential uptake of ammonium over nitrate, as well as the change in water column oxygen with
nitrate uptake, take a similar form as for benthic macroalgae.

2.1.3 Growth

The growth rate combines nutrient, light and maximum organic matter synthesis rates following:

µB = min

[
µmax
B ,

30

5500
14

kI
B
,
SNAeffNH

B
,
30

1

14

31

SPAeffPH

B

]
(8)

and the production of macroalgae is given by µBB. The maximum growth rate is inside the minimum
operator. This allows the growth of macroalgae to the independent of temperature at low light, but
still have an exponential dependence at maximum growth rates (Baird et al., 2003).

The exhange of C, N, P and O with the water column due to growth take a similar form as for
benthic macroalgae.

2.2 Dimethyl sulfide (DMS)

Dimethyl sulfide (DMS) is produced through the degradation of organic matter and through ex-
change (typically as a loss) to the atmosphere. We consider the first stage of organic matter
breakdown to be from a living form (such as phytoplankton / seagrass) to a suspended particulate
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matter in the water column, a process that does not release DMS. All DMS is released in the next
stage, the breakdown of labile detritus to refractory detritus:

∂D
∂t

= φRed,DMS rRedDRed + φAtk,DMS rAtkDAtk (9)

where D is the concentration of DMS is the water column; DRed is the mass of the labile detritus
at the Redfield ratio (C:N:P = 106:16:1 mol:mol:mol); rRed is the breakdown rate of labile detritus
at the Redfield ratio; φRed,DMS is stoichiometric coefficient between labile detritus at the Redfield
ratio and DMS; DAtk is the mass of the labile detritus at the Atkinson ratio (C:N:P = 550:30:1
mol:mol:mol); rAtk is the breakdown rate of labile detritus at the Atkinson ratio; and φAtk,DMS

is stoichiometric coefficient between labile detritus at the Atkinson ratio and DMS. No DMS is
released during the breakdown of refractory detritus or dissolved organic matter.

Air-sea gas exchange for DMS is calculated using a transfer coefficient, kD, given by (Goddijn-
Murphy et al., 2012):

kD =
max[(2.1u10 − 2.8), 0.0]

360000
∗
√

600

Sc
(10)

where u10 is the short-term steady wind at 10 m above the sea surface [m s−1], the Schmidt number,
Sc, is the ratio of the diffusivity of momentum and that of the exchanging gas. Finally, a conversion
factor of 360000 m s−1 (cm hr−1)−1 is used.

The Schmidt number is calculated as Saltzman et al. (1993):

Sc = 2674 – 147.12T + 3.726T 2 – 0.038T 3 (11)

where T is the surface temperature.

The change in concentration of DMS in the surface layer due to a sea-air DMS flux (positive from
sea to air) is given by:

∂[D]

∂t
= kDD/h (12)

where kD is the transfer coefficient for DMS (Eq. 10), D is the dissolved DMS concentration in
the surface waters, and h is the thickness of the surface layer of the model into which sea-air flux
exchanges.

*Notes: No breakdown of DMS in sediments, all benthic plants are living, and first stage of break-
down does not release DMS.

2.3 Anammox

Anaerobic ammonium oxidation (anammox) is a globally important microbial process of the nitrogen
cycle that takes place in many natural environments. It is the combination of nitrite and ammonium
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Variable Symbol Units
Ammonium concentration [NH4] mg N m−3

Nitrate concentration [NO3] mg N m−3

Dissolved oxygen concentration [O2] mg O m−3

Table 1: State and derived variables for anammox.

Description Symbol Units
Maximum rate of anammox in the water column rana,wc 0.1 d−1

Maximum rate of anammox in the sediment rana,sed 0.1 d−1

Oxygen half-saturation constant for nitrification KO2,ana 500 mg O m−3

Table 2: Constants and parameter values used in the anammox process.

to make water and di-nitrogen gas. As the model does not explicitly represent nitrite, we assume
that anammox is the combination of nitrate and ammonium to make water and di-nitrogen gas:

Anammox : 2H+ +NH+
4 +NO−

3 −→ N2 + 3H2O (13)

The excess oxygen molecule in nitrate compared to nitrate results in the generation of 3 water
molecules, and the need for two hydrogen ions in the reactants. Because neither hydrogen ions nor
oxygen bound in water molecules are included in the model’s mass budget, anammox results in a
loss of DIN and oxygen from the model.

We assume that anammox proceeds at a rate proportional the minimum concentration of the two
reactants:

∂DIN

∂t
= ranamin [[NH4], [NO3]] exp (−[O2]/KO2,ana) (14)

where rana is the temperature-dependent rate coefficient for anammox. The exponential term on
the right side of Eq. 14 results in the anammox proceeding at its maximum rate when the dissolved
oxygen concentration is zero. The parameterKO2,ana is the oxygen concentration at which anammox
proceeds at 1/e, or 37 % of its maximum rate. At oxygen saturation anammox is greatly reduced.
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(15)

∂[NH4]

∂t
= −1

2
ranamin [[NH4], [NO3]] exp (−[O2]/KO2,ana) (16)

∂[NO3]

∂t
= −1

2
ranamin [[NH4], [NO3]] exp (−[O2]/KO2,ana) (17)

∂[O2]

∂t
= −3

2

16

14
ranamin [[NH4], [NO3]] exp (−[O2]/KO2,ana) (18)

Table 3: Equations for Anammox.
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3.1 Diagnostic age tracer

Tracer ’age’ is a diagnostic tracer (Monsen et al., 2002; Macdonald et al., 2009) use to quantify the
spatially-resolved residence time of water in different regions. The age tracer, τ , is advected and
diffused by the hydrodynamic model using the same numerical schemes as other tracers such as
salinity. When inside the region of interest, the age increases at the rate of 1 d d−1. When the age
tracer is outside the region of interest, its age decays (or anti-ages) at the rate of Φ d−1. Thus, the
local rate of change over the whole domain is given by:

∂τ

∂t
= 1 (19)

∂τ

∂t
= −Φτ outside ageing region (20)

(21)

In some applications the age is held to zero outside the region to represent time since water moved
within the area of interested (such as the surface mixed layer (Baird et al., 2006)). For more
information see Mongin et al. (2016).

3.2 Remote-sensing reflectance

3.2.1 Backscattering

Backscattering. In addition to the IOPs calculated above, the calculation of remote-sensing re-
flectance uses a backscattering coefficient, bb, which has a component due to pure seawater, and a
component due to algal and non-algal particulates. The backscattering ratio is a coarse resolution
representation of the volume scattering function, and is the ratio of the forward and backward
scattering.

The backscattering coefficient for clear water is 0.5, a result of isotropic scattering of the water
molecule.

For inorganic particles, backscattering can vary between particle mineralogies, size, shape, and at
different wavelengths, resulting, with spectrally-varying absorption, in the variety of colours that
we see from suspended sediments. Splitting sediment types by mineralogy only, the backscattering
ratio for carbonate and non-carbonate particles is given in Table 10.

The backscatter due to phytoplankton is approximately 0.02. To account for a greater backscatter-
ing ratio, and therefore backscatter, at low wavelengths (Fig. 4 of Vaillancourt et al. (2004)), we
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Wavelength [nm]
412.0 440.0 488.0 510.0 532.0 595.0 650.0 676.0 715.0

Carbonate 0.0209 0.0214 0.0224 0.0244 0.0216 0.0201 0.0181 0.0170 0.0164
Terrestrial 0.0028 0.0119 0.0175 0.0138 0.0128 0.0134 0.0048 0.0076 0.0113

Table 10: Particulate backscattering ratio for carbonate and non-carbonate minerals based on
samples at Lucinda Jetty Coastal Observatory, a site at the interface on carbonate and terrestrial
bottom sediment (Soja-Woźniak et al., 2019).

linearly increased the backscatter ratio from 0.02 at 555 nm to 0.04 at 470 nm. Above and below
555 nm and 470 nm respectively the backscatter ratio remained constant.

The total backscatter then becomes:

bb,λ = b̃wbw,λ+b∗bphy,λn+ b̃b,NAPnon−CaCO3
,λc1NAPnon−CaCO3+ b̃b,NAPCaCO3

,λc2NAPnon−CaCO3NAPCaCO3

(22)
where the backscatter ratio of pure seawater, b̃w, is 0.5, n is the concentration of cells, and for
particulate matter (NAP and detritus), b̃b,NAP,λ, is variable (Table 10) and the coefficients c1 and
c2 come from the total scattering equations above.

The particulate component of total scattering for phytoplankton is strongly related to cell carbon
(and therefore cell size) and the number of cells (Vaillancourt et al., 2004):

b∗bphy,λ = 5× 10−15m1.002
C (R2 = 0.97) (23)

where mC is the carbon content of the cells, here in pg cell−1.

3.2.2 Water column contribution to remote-sensing reflectance

The ratio of the backscattering coefficient to the sum of backscattering and absorption coefficients
for the water column, uλ, is:

uλ =
N∑

z′=1

wλ,z′bb,λ,z′

aλ,z′ + bb,λ,z′
(24)

where wλ,z′ is a weighting representing the component of the remote-sensing reflectance due to the
absorption and scattering in layer number z′, and N is the number of layers.
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The weighting fraction in layer z′ is given by:

wλ,z′ =
1

z1 − z0

(∫ z1

0

exp (−2Kλ,z) dz −
∫ z0

0

exp (−2Kλ,z) dz

)
(25)

=
1

z1 − z0

∫ z1

z0

exp (−2Kλ,z) dz

(26)

where Kλ is the vertical attenuation coefficient at wavelength λ described above, and the factor
of 2 accounts for the pathlength of both downwelling and upwelling light. The integral of wλ,z to
infinite depth is 1. In areas where light reaches the bottom, the integral of wλ,z to the bottom is
less than one, and bottom reflectance is important (see Sec. 3.2.3).

The below-surface remote-sensing reflectance, rrs, is given by:

rrs,λ = g0uλ + g1u
2
λ (27)

where g0 = 0.0895 sr−1 (close to 1/4π) and g1 = 0.1247 sr−1 are empirical constants for the nadir-
view in oceanic waters (Lee et al., 2002; Brando et al., 2012), and these constants result in a change
of units from the unitless u to a per unit of solid angle, sr−1, quantity rrs,λ.

The above-surface remote-sensing reflectance, through rearranging Lee et al. (2002), is given by:

Rrs,λ =
0.52rrs,λ

1− 1.7rrs,λ
(28)

At open ocean values, Rrs ∼ 0.06u sr−1. Thus if total backscattering and absorption are approxi-
mately equal, u = 0.5 and Rrs ∼ 0.03 sr−1.

3.2.3 Benthic contribution to remote-sensing reflectance

In the water column optical (Sec 3.2.2), the calculation of remote-sensing reflectance required the
contribution to water-leaving irradiance from bottom reflection. In order to calculate the importance
of bottom reflectance, the integrated weighting of the water column must be calculated (Sec. 3.2.2),
with the remaining being ascribed to the bottom. Thus, the weighting of the bottom reflectance as
a component of surface reflectance is given by:

wλ,bot = 1− 1

zbot

∫ zbot

0

exp (−2Kλ,z′) dz
′ (29)

where Kλ is the attenuation coefficient at wavelength λ described above, the factor of 2 accounts
for the pathlength of both downwelling and upwelling light.
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The bottom reflectance between 400 and 800 nm of ∼ 100 substrates (including turtles and giant
clams!) have been measured on Heron Island using an Ocean Optics 2000 (Roelfsema and Phinn,
2012; Leiper et al., 2012). The data for selected substrates are shown in Fig 3 of Baird et al. (2016).
When the bottom is composed of mixed communities, the surface reflectance is weighted by the
fraction of the end members visible from above, with the assumption that the substrates are layered
from top to bottom by macroalgae, seagrass (Zostera then Halophila), corals (zooxanthellae then
skeleton), benthic microalgae, and then sediments. Since the sediment is sorted in the simulation
by the sediment process, the sediments are assumed to be well mixed in surface sediment layer.
Implicit in this formulation is that the scattering of one substrate type (i.e. benthic microalgae)
does not contribute to the relectance of another (i.e. sand). In terms of an individual photon, it
implies that if it first intercepts substrate A, then it is only scattered and/or absorbed by A.

Calculation of bottom fraction.

The fraction of the bottom taken up by a benthic plant of biomass B is Aeff = 1−exp(−ΩBB), with
exp(−ΩBB) uncovered. Thus the fraction of the bottom covered by macroalgae, seagrass (Zostera
then shallow and deep Halophila) and corals polyps is given by:

fMA = 1− exp(−ΩMAMA) (30)

fSG = (1− fMA) (1− exp(−ΩSGSG)) (31)

fSGH = (1− fMA − fSG) (1− exp(−ΩSGHSGH)) (32)

fSGD = (1− fMA − fSG − fSGH) (1− exp(−ΩSGDSGD)) (33)

fpolyps = (1− fMA − fSG − fSGH − fSGD) (1− exp(−ΩCHCH)) (34)

Of the fraction of the bottom taken up by the polyps, fpolyps, zooxanthellae are first exposed. As-
suming the zooxanthellae are horizontally homogeneous, the fraction taken up by the zooxanthellae
is given by:

fzoo = min[fpolyps,
π

2
√
3
nπr2zoo] (35)

where πr2 is the projected area of the cell, n is the number of cells, and π/(2
√
3) ∼ 0.9069 accounts

for the maximum packaging of spheres. Thus the zooxanthellae can take up all the polyp area. The
fraction, if any, of the exposed polyp area remaining is assumed to be coral skeleton:

fskel = fpolyps −min[fpolyps,
π

2
√
3
nπr2zoo] (36)

The benthic microalgae overlay the sediments. Following the zooxanthellae calculation above, the
fraction taken up by benthic microalgae is given by:

fMPB = min[(1− fMA − fSG − fSGH − fSGD − fpolyps),
π

2
√
3
nπr2MPB] (37)
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Finally, the sediment fractions are assigned relative to their density in the surface layer, assuming
the finer fractions overlay gravel:

M = MudCaCO3 + SandCaCO3 +Mudnon−CaCO3 + Sandnon−CaCO3 + FineSed+Dust (38)

fCaCO3 = (1− fMA − fSG − fSGH − fSGD − fpolyps − fMPB)

(
MudCaCO3 + SandCaCO3

M

)
(39)

fnon−CaCO3 = (1− fMA − fSG − fSGH − fSGD − fpolyps − fMPB)

(
Mudnon−CaCO3 + Sandnon−CaCO3

M

)
(40)

fFineSed = (1− fMA − fSG − fSGH − fSGD − fpolyps − fMPB)

(
FineSed+Dust

M

)
(41)

with the porewaters not being considered optically-active. Now that the fraction of each bottom
type has been calculated, the fraction of backscattering to absorption plus backscattering for the
benthic surface as seen just below the surface, ubot,λ, is given by:

ubot,λ = wλ,bot(fMAρMA,λ (42)

+fSGρSG,λ

+fSGHρSGH,λ

+fSGDρSGD,λ

+fzoo
bzoo,λ

azoo,λ + bzoo,λ
+fskelρskel,λ

+fMPB
bMPB,λ

aMPB,λ + bMPB,λ

+fCaCO3ρCaCO3,λ + fnon−CaCO3ρnon−CaCO3,λ + fFineSedρnon−CaCO3,λ)

where the absorption and backscattering are calculated as given in Sec. ??, and ρ is the measured
bottom refectance of each end member (Dekker et al., 2011; Hamilton, 2001; Reichstetter et al.,
2015).

For the values of surface reflectance for sand and mud from Heron Island (Roelfsema and Phinn,
2012; Leiper et al., 2012), and microalgal optical properties calculated as per Sec. ??, a ternary
plot can be used to visualise the changes in true colour with sediment composition (Fig 13 of Baird
et al. (2016)).

It is important to note that while the backscattering of light from the bottom is considered in the
model for the purposes of calculating reflectance (and therefore comparing with observations), it is

18



not included in the calculation of water column scalar irradiance, which would require a radiative
transfer model (Mishchenko et al., 2002).
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3.3 Simulated radiometer band response to hyperspectral signal.

Optical sensors quantify energy fluxes over a range of wavelengths (called a waveband). For example,
the third ocean colour band on the OCLI sensor aboard Sentinel-3B has a maximum response at
443 nm, with a Gaussian shape with a full width at maximum height (FWMH) of 10 nm (Fig. 1).
To determine for a given model hyperspectral reflectance the reflectance that would be measured
by a sensor within a band b, Rsen,b we use:

Rsen,b =

∫
Rmod,λsb,λdλ∫

sb,λdλ
(43)

where sb,λ is the spectral response of band b at wavelength λ normalised to the maximum response,
and Rmod,λ is the reflectance of the model at wavelength λ.

Fig. 2 shows for Lucinda Jetty Coastal Observatory, a modelled spectrally-resolved remote-sensing
reflectance and the equivalent remote-sensing reflectance for a selection of MODIS, Sentinel-3B
and Himarawi8 bands. Approximating the band response as the remote-sensing reflectance at the
central wavelength is a good approximation for Sentinel-3B and MODIS Aqua bands. However, the
shortcomings of the broad width Himarawi8 band spectral response is overcome by providing an
integrated remote-sensing reflectance, normalised by the response of band (Eq. 43).
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Figure 1: Spectral response curves for Sentinel-3B bands 3-6 determined at sensor calibration (black)
and interpolated onto the model optical grid (pink). The error represents in difference in sensor
band reflectance and model-calculated reflectance within that band for spectrally constant IOPs
and surface light field.
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Figure 2: Spectrally-resolved (black line) and satellite, band-averaged remote-sensing reflectance
(coloured ∆, plotted at the spectral response peak). Spectral response curves of MODIS bands 2, 4,
& 6 (blue), Sentinel 3B bands 3, 4, 5, 6, 8 & 11 (pink), Himawari8 bands 1 & 2 (green) are shown,
normalised to have a maximum of 0.01. (+) signifies wave centres on the spectral grid used for the
band-averaged calculation.
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3.4 Simulated hue angle and the Forel-Ule colour comparator scale

Hue is the ’colour’ of light, and is often reported as an angle, the hue angle, around a colour wheel.
Hue angle is calculated from weighting the primary colours (red, green and blue) by the standard
human perception of colour (CIE 1931 standard colourimetric). The intensity of red and green are
both normalised to the sum of red, green and blue, to provide a two dimensional quantification of
colour. The two dimensions are then reduced to one by determining the angle generated by the
division of the normalised red and green dimensions (y and x) relative to white (yw, xw, i.e. equal
red/green/blue) (van der Woerd and Wernand, 2015), where the normalised values relative to white
vary between -1 and 1. Thus the hue angle is calculated as α = arctan(y− yw, x− xw) modulus 2π
and varies along a continuum from blue (240◦) to green (130◦) to brown (20◦).

One advantage of hue angle as a measure of normalised water leaving radiance is that it indepen-
dent of saturation or intensity so is more likely to be consistent across sensor types and viewing
conditions. Hue angle can be calculated directly from the remote-sensing reflectance at three or
more wavelengths. We use the coefficients determined by van der Woerd and Wernand (2018) for
Sentinel-2 MSI-60 to convert remote-sensing reflectance into the primary colours. Fig. 3 shows an
image of hue angle for the GBR.

Another approach to quantifying colour is a 21-integer colour scale, called the Forel-Ule (FU) colour
scale. Table 6 of Novoa et al. (2013) provides a conversion between the hue angle and the FU scale.
Here the continuum is from blue (1) to brown (21) (Fig. 3). The FU scale has had broad, no
expert use as an indicator of water colour and can be determined by simple colour card matching
or smartphone apps.

3.5 Simulated true colour

True color images are often used in the geophysical sciences to provide a broad spatial view of a
phenomenon such as cyclones, droughts or river plumes. Their strength lies in the human experience
of natural colors that allows three ’layers’ of information, and the interaction of these information
streams, to be contained within one image. Spectacular true color images of, for example, the
Great Barrier Reef (GBR), simultaneously depict reef, sand and mud substrates, sediment-laden
river plumes and phytoplankton blooms. Further, the advection of spatially-variable suspended
coloured constituents reveals highly-resolved flow patterns.

For these reasons and more, true color imagery has become a valued communication tool within both
the geosciences and wider community. Here we demonstrate that the power of true colour images
can be harnessed for interpreting geophysical models if the model output includes remote-sensing
reflectance, or normalised water leaving radiance, at the red, green and blue wavelengths.
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Figure 3: Simulated hue angle (left), Forel-Ule colour scale (centre) and MODIS true colour (right)
calculated from simulated remote-sensing reflectance on the Great Barrier Reef on 1 Jan 2011.
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In order to interpret simulated true colour images, a palette of true colours from the model optical
relationships has been painted (Fig. 4), for varying values of water column CDOM, NAP and chloro-
phyll concentration. The green hues produced for varying IOPs are quite similar, demonstrating
the difficulty in ocean colour analysis. The most obvious trend in the image is that Chl produces
a greener hue than NAP (top panels vs bottom panels). The difference between increasing CDOM
and chlorophyll (right panels vs left panels) is more subtle, which is a significant challenge in remote
sensing of chlorophyll in high CDOM coastal waters (Schroeder et al., 2012).

The important role of scattering can be seen in Fig. 4. At low chl and / or NAP, the colour becomes
dark at moderately low CDOM concentration. In reality CDOM is usually associated with either
chlorophyll or NAP, hence natural waters rarely appear black.

As the model calculates remote-sensing reflectance at any wavelength, it is possible to reproduce
simulated true colour images using the same algorithms as the MODIS processing (Fig. 5). The
comparison of observed and modelled true colour images is particular insightful because the impact
of multiple spectrally-distinct events (such as a sediment plume and a phytoplankton bloom) can
be viewed on one image (Fig. 6). Furthermore, the colour match-up provides an intuitive and
challenging test for parameterisation of the spectrally-resolved optical coefficients.

True colour images use intensity in the red, green and blue wavebands. We use the centre wave-
lengths of MODIS bands 1 (645 nm), 2 (555 nm ) and 4 (470 nm). Simulated true colour image
brightness is adjusted using the MODIS approach by linearly scaling the above surface remote-
sensing reflectance at each wavelength so that the brightest band has an intensity of approximately
1. This requires multiplication of between 20 to 30. The scaled intensity is intensified in the darker
bands by scaling [0 30 60 120 190 255]/255 onto [0 110 160 210 240 255]/255. The final image is
rendered in Matlab.
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Figure 4: Palette of true colours from IOP relationships. The true colours are produced from the
MODIS algorithm (Sec. 3.5), and IOP relationships in Sec. ??. The centre box is the colour produced
by clear water absorption and scattering alone. From the centre, moving right is increasing CDOM
(as quantified by salinity), down is increasing NAP, and left and up are increasing chlorophyll in
cells package by 0.35 and 0.73 respectively. The line contours in the top left panel are 0.5, 1, 1.5
and 2 mg Chl m−3. Note that packaged chlorophyll is not plotted with NAP and unpackaged is not
plotted with CDOM.
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Figure 5: Observed true colour from MODIS using reflectance at 670, 555 and 470 nm.
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Figure 6: Observed (top) and simulated (bottom) true colour from simulated remote-sensing re-
flectance at 670, 555 and 470 nm in the GBR4 model configuration in the region of the Burdekin
River. A brightening of 10 (left) and 20 (right) was applied for comparison.
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3.6 Estimates of chlorophyll using the OC3 algorithm

The ratio of above-surface remote-sensing reflectance as a combination of three wavelengths, R′, is
given by:

R′ = log10 (max [Rrs,443, Rrs,488] /Rrs,551) (44)

The ratio R′ is used in the MODIS OC3 algorithm to estimate surface chlorophyll, ChlOC3, with
coefficients from the 18 March 2010 reprocessing:

ChlOC3 = 100.283+R′(−2.753+R′(1.457+R′(0.659−1.403R′))) (45)

obtained from http://oceancolor.gsfc.nasa.gov/REPROCESSING/R2009/ocv6/.

3.7 Estimates of vertical attenuation using the Kd,490 algorithm

The ratio of above-surface remote-sensing reflectance as a combination of two wavelengths, R′, is
given by:

R′ = log10 (Rrs,488/Rrs,547) (46)

The ratio R′ is used in the MODIS algorithm to estimate vertical attenuation at 490 nm, Kd,490,
with coefficients from the 18 March 2010 reprocessing:

Kd,490 = 10−0.8813+R′(−2.0584+R′(2.5878+R′(−3.4885−1.5061R′))) (47)

obtained from http://oceancolor.gsfc.nasa.gov/REPROCESSING/R2009/ocv6/.

3.8 Estimates of particulate organic carbon using the POC algorithm

The ratio of above-surface remote-sensing reflectance as a combination of two wavelengths, R′, is
given by:

R′ = log10 (Rrs,488/Rrs,555) (48)

The ratio R′ is used in the MODIS algorithm to estimate concentration of particulate organic
carbon, POC, with coefficients from the 18 March 2010 reprocessing:

POC = 308.3R′−1.639 (49)

obtained from http://oceancolor.gsfc.nasa.gov/REPROCESSING/R2009/ocv6/.
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3.9 Simulated turbidity from bb,595

Turbidity is a measure of water clarity. The units of turbidity from a calibrated nephelometer are
called Nephelometric Turbidity Units (NTU). Turbidity is often directly related to total suspended
solids. However, as turbidity is measured optically (in the case of the three-wavelength Wetlabs
sensor the scattering at 700 nm at a measured angle of 124◦), it is better to produce a simulated
turbidity - a calculation of what the optical model predicts an optical turbidity sensor would mea-
sure. Simulated turbidity, like simulated remote-sensing reflectance, is an example of ”taking the
model to the observations”.

Thus, simulated turbidity (NTU) is given by:

T = 47.02 (bb,595 − 0.5bb,clear,595) + 0.13 (50)

where bb,595 is the backscattering coefficient at 595 nm, and the linear coefficient and offset were
obtained from comparison of a BB9 backscattering sensor and a Wetlabs NTU at Lucinda Jetty,
north Queensland. The coefficients are an empirical fit to the factory calibration of NTU standards.
The clear water backscatter is removed because it was also removed in the output of the BB9. In
practice

3.10 Estimates of total suspended matter using 645 nm

We use a local relationship between the remote-sensing reflectance at 645 nm, Rrs,645 [sr−1], and
total suspended matter, TSM (Petus et al., 2014):

TSM =
(
12450R2

rs,645 + 666Rrs,645 + 0.48
)
/1000 (51)
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Figure 7: Relationship between the remote-sensing reflectance at 645 nm, Rrs,645, [sr
−1], and total

suspended matter, TSM , in the samples taken during November 2012 (circles) and September 2013
(squares), compared to the empirical relationship of Petus et al. (2014) for the Bay of Biscay and
Miller and McKee (2004) for the Mississippi. The symbols are coloured by true color, showing
browner sites with higher TSM and remote-sensing reflectance. The black circle represents the site
used for the model parameterisation of TSM optical properties.
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3.11 Simulated fluorescence

The chlorophyll a molecule absorbs light at a range of wavelengths, and can, under certain cir-
cumstances, fluoresce strongly (Falkowski and Raven, 2007; Huot et al., 2005). As a result, active
fluorescence is commonly used as a measure of chlorophyll a concentration. For this measurement,
the stimulus for fluorescence comes from the sensor. For example, the Wetlabs ECOPuck emits light
at 470 nm, and detects excitation at 695 nm. The fraction of the light that is returned depends
primarily on the concentration of chlorophyll, but can also be affected by the size of the phytoplank-
ton, through the packaging of pigments, and on the physiological state of the cells (Alvarez et al.,
2017; Baird et al., 2013). As the model calculates spatially- and temporally- resolved measures of
pigment packaging and cell physiology for each phytoplankton type, it is possible to calculate a
new diagnostic, simulated fluorescence, that represents florescence that would be measured by a
fluorometer exciting at 470 nm, measuring at 695 nm, and sampling a phytoplankton community
with the properties (number, cell size, physiological state) of the phytoplankton in the model.

Simulated fluorescence uses the model predicted cell number, cell size, chlorophyll content, and the
pigment-specific absorption coefficient at the excitation wavelength (470 nm, γ = 0.03 m2 mg−1)
to calculate a simulated fluorescence. Specifically, the per unit of pigment absorption effective-
ness, a∗, of a spherical cell r, pigment-specific absorption coefficient, γ, and intracellular pigment
concentration ci is given by:

a∗ = πr2
(
1− 2(1− (1 + 2ρ)e−2ρ)

4ρ2

)
/(nγ470ciV ) (52)

where ρ = γ470cir, n is the concentration of cells and V is the cell volume (4/3πr3). Because we
are using the above equation to calculate the packaging effect, we sum the product γ470ci for all
pigments, recognising that the presence of any pigment can shade the chlorophyll a molecule.

Cell physiology also affects fluorescence. The photosystem II (PSII) fluorescences when light is
absorbed by the cell, but not used for either photosynthesis or dissipated as heat by photoprotective
pigments (called non-photochemical quenching, NPQ; see coral zooxanthellae photosystem model
in (Baird et al., 2018)). To capture reduced fluorescence due to NPQ, we use the normalised carbon
reserves of the cell, R∗

C .

The simulated fluorescence from all phytoplankton is given:

FL = CF
3

4

P∑
p=1

a∗pcp
(
1− 0.5R∗

C,p

)
(53)

where the sum is applied across all P cell types (small and large phytoplankton, Trichodesmium,
microphytobenthos and dinoflagellates), cp is the water column concentration of chlorophyll-a from
each cell type, and CF is a calibration factor and depends on the initial factory calibration, which is
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usually undertaken using a monoculture of a large diatom. The factor of 3/4 has been pulled out of
CF to compare absorption cross-sections and volume specific attenuation (see Baird et al. (2013)).
The term (1− 0.5R∗

C), accounts for the heat dissipation by the xanthophyll cycle, and takes a value
of 1 when the carbon reserves are deplete (i.e. at depth in low light), and a value of 0.5 when the
cells are carbon replete. The factor 0.5 accounts for the absorption of photosynthetic pigments even
when the cell is energy replete, and can be thought of as the ratio of photoabsorbing pigments to
xanthophyll pigments.

3.12 Simulated normalised fluorescence line height (nFLH)

In complex coastal waters, absorption in the blue is often dominated by CDOM, so band ratio
algorithms like OC3M do not correlate well with in situ chlorophyll (Schroeder et al., 2012). An
alternate, remotely-sensed, indirect measure of chlorophyll concentration is normalised fluorescence
line height (nFLH, Behrenfeld et al. (2009)). nFLH is a measure of the light emitted by fluorescence
at a red wavelength (678 nm for MODIS), as a result of solar radiation absorbed by photosynthetic
pigments throughout the spectrum. Thus while simulated fluorescence described above (Sec. 3.11)
is a measure of active fluorescence, nFLH is due to passive fluorescence. The passive fluorescence,
PF (photon m−3), at 678 nm due to absorption by P phytoplankton types is given by:

PF =
P∑

p=1

np

(
1− 0.5R∗

C,p

)
R∗

C

(109hc)−1

AV

∫
αEo,λλdλ (54)

where the term
(
1− 0.5R∗

C,p

)
is discussed in Sec. 3.11, the multiplication by R∗

C removes the com-
ponent of absorption that is used for photosynthesis (that was not applied in Sec. 3.11 for simulated
fluorescence due to the saturating pulse of the active fluorometer), and Eo,λ is the scalar irradiance
at wavelength λ [W m−2], np is the concentration of cell type p [cell m−3], and h, c and Av are the
Planck constant, speed of light in a vacuum and Avagadro number respectively.

The passive fluorescence is assumed to be emitted isotropically (equal in all directions) and is quan-
tified per unit of volume. For the purposes of calculating the impact on remote-sensing reflectance,
we need to consider only the upwelling component. The upwelling irradiance from a 1 m3 spherical

volume occurs through the area of a circle within the 1 m3 volume, π
(

3
√

3/(4π)
)2

∼ 1.21 m2,

with only half of the volumetric radiance upwelled. Thus, the upwelling irradiance due to passive
fluorescence is given by PF

2π
(

3
√

3/(4π)
)2 .

To obtain remote-sensing reflectance we need to compare the upwelling component to downwelling
irradance at 678 nm. This is already undertaken for the absorption and scattering of light in the
balance of backscatter over absorption plus backscatter, u. Passive fluorescence at 678 nm adds to
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this balance, with the component due at 678 nm:

uPF =
1

2π
(

3
√

3/(4π)
)2PF/

(
(109hc)−1

AV

678Eo,678

)
(55)

This ratio of upwelling PF to downwelling solar radiation can then be added to u, the ratio of
backscattering to absorption plus backscattering, at 678 nm (Eq. 24). The revised u then results in
an updated Rrs,678, with the depth weighting based on the vertical attenuation coefficient.

Finally, nFLH is determined from the normalised water leaving irradiance (nLw) at the fluorescing
band, and the bands either side of it. The term nLw is normalised to the sun zenith, Fo = 148.097
mW cm−2 µm−1,

nFLH =
Fo

π

(
Rrs,678 −

70

81
Rrs,667 −

11

81
Rrs,748

)
(56)

where π has units of sr−1 to convert between planar flux of nLw to a solid angle of remote-sensing
reflectance (Rrs).

Note that passive fluorescence will contributes to the underwater light field in all directions, but
because it is at 678 nm where there is strong absorption by clear water we have assumed that it
does not lead to photosynthesis. Thus we have only considered the effect of passive fluorescence on
Rrs,678 and therefore nFLH.

3.13 Secchi depth

Secchi depth is often calculated using:

ZSD = 1.7/Kd (57)

where Kd is a vertical attenuation of light, typically energy-weighted PAR. At a particular wave-
length the constant varies from 1.7. In a recent study (Lee et al., 2015), it was shown that the
constant has a value of approximately 1.0 when the colour of human perception of the disk surface
is used as the wavelength. This varies in different waters, from 486 to 475 nm, as the water clarity
improves. Even though this value is slightly bluer than 490 nm, we found a good match with
observations for:

ZSD,490 = 1/Kd,490 (58)

The light level at the Secchi depth is ESD,490 = E0,490 exp(−ZSD,490Kd,490). Substituting Eq. 58,
ESD,490/E0,490 = exp(−1).

Depth-varying vertical attenuation. If Kd,490 varies with depth (as it does in the simulations), then
the Secchi depth is found by looking for the layer in which ESD,490/E0,490 drops below exp(−1).
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The top of this layer has a depth Ztop. Given a light level at the top of this layer of Etop, and an
attenuation within the layer of Kd,490, the Secchi depth is given by:

ZSD,490 = Ztop + log

(
exp(−1)/Etop

−Kd,490

)
(59)

Over 5000 measurements of Secchi depth have been undertaken in the GBR and used to develop
a satellite algorithm for Secchi depth (Weeks et al., 2012). We adopt this approach to define a
simulated remotely-sensed Secchi depth, ZSD:

ZSD,sim,rs = 10(log10(2.303/Kd,490)−0.529)/0.816 (60)

where 2.303/Kd,490 gives the 10 percent light depth and the empirical constants come from Weeks
et al. (2012).

Finally these can be compared to the observed in situ Secchi depth, ZSD,obs, and the remotely-sensed
Secchi depth, ZSD,rs.

3.14 Optical plume classification

Optical properties have been used to classify the extend of plumes (Devlin et al., 2013; Alvarez-
Romero et al., 2013). Here we use a similar approach on simulated plumes. First we determine
from observations the spectra of 6 standard plume classes (Fig. 8), as adopted by Alvarez-Romero
et al. (2013). Using these standard plume classifications, we determine the dissimilarity between
an observed or simulated spectra and the spectra of each standard class. The cosine dissimilarity
between standard class c and the observed or simulated spectra, S(c), is determined by:

S(c) = cos−1

 ∑W
λ=1Rrs,c,λRrs,sim,λ√∑W

λ=1R
2
rs,c,λ

√∑W
λ=1 R

2
rs,sim,λ

 (61)

where Rrs,c,λ is the remote-sensing reflectance of class c at wavelength λ, Rrs,sim,λ is the remote-
sensing reflectance of the simulation at wavelength λ andW is the number of wavelengths considered.
The observed or simulated spectra is then assigned to the standard class c with the minimum
dissimilarity, S, between the standard class and the observed or simulated spectra.

A simpler spectra matching scheme using the rms difference between the spectra is also employed.

Using this classification technique we can compare the extent of plumes in an observed scene (Fig. 9
left), and a simulated scene (Fig. 9 right) of the same day. The areal extent of the observed and
simulated plume classes can also be calculated, noting that the observed area is less due to clouds.
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As a metric of the recent history of plume exposure, we propose a metric the plume exposure, P ,
which is given by:

P =

∫ t

t−tc<6

(1/c) dt (62)

where c is the plume class determined from Eq. 61. The plume exposure is calculated for each
model grid cell. The metric is calculated from the most recent time that c for a grid cell was less
than 6 (i.e. impacted by a plume class 1, 2, 3, 4 or 5). The metric is a weighted-running mean,
such that exposure to plume class 1 for 10 days would give a value of 10, plume class 2 for 10 days
5, plume class 3 for 10 days would give 10/3 etc.

An additional concept is the annual plume extent, or the mean plume area over the year.
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Figure 8: Spectra of each of the optical plume classifications (1-6) and the open ocean. The area
in km2 for each plume class within the region plotted is given on the left for both the observed and
simulated classes.

Figure 9: Observed and simulated optical plume classification on the 25 Jan 2011 in the Burdekin
River region. See Fig. 8 for spectra of individual classes.
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3.15 Diagnostic variables calculates by tracerstat.

The EMS software provides a library call tracerstat that calculates a diagnostic variable from a
combination of prognostics and diagnostic variables, and can be the result of an integration in space
or time. The EMS manual describes some of these. Here we concentration on options used in the
BGC model.

3.15.1 Running mean

For model output, the calculation of a mean over time is problematic if not all values from which
the mean is to be calculated are archived. A good example of this light, where a midday output
is useless as a daily mean. To overcome this, we introduce a running mean calculated from the
weighted sum of the running mean at the previous time step, and the present value of the variable.
Thus, for a 24 hour running mean, with outputs every hour, the running mean for downwelling
irradiance, Ed, is given by:

Ed,t =
23

24
Ed,t−1 +

1

24
Ed,t (63)

As this procedure is applied at each timestep, the running mean can be written as a time-integral
with an exponential decay of the importance of earlier values:

Ed,t =
1

τ

∫ t

0

Ed,t exp(−(t− t′)/τ)dt′ (64)

where the running mean coefficient, τ represents an exponential decay time. Thus for a weekly
running average, the impact of the value 1 week earlier on the running average is 100 × exp(−1),
or 37 % of the impact of the present value. Or 63.2 % of the value is based on the last week, 86.5
% on the last two weeks.
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A Additions to B3p0

The following changes in the model equations were made between versions B2p0 and B3p0:

� Optical properties of carbonate particles (absorption, scattering and backscattering coeffi-
cients) are introduced using observations from the Lucinda Jetty Coastal Observatory.

� Spectrally-resolved phytoplankton backscattering replaces a wavelength-independent value.

� Coral bleaching processes added using new variables (Coral N, P, C reserves, xanthophyll pho-
tosynthetic and heat dissipating pigments, oxidised, reduced and inhibited reaction centres,
reactive oxygen species), parameter values (ROS threshold) and diagnostics (Rubisco activity,
bleaching rate) following (Baird et al., 2018).

� Coral heterotrophic feeding fixed: reserves from grazed phytoplankton now returned to water
column.
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� New diagnostic variables included in optical model: simulated fluorescence, simulated turbid-
ity, simulated normalised fluorescence line height, simulated Secchi depth, downwelling light
on z-level interfaces, SWR bot abs (the PAR weighted bottom absorption calculated by the
model), OC4Me - chlorophyll algorithm for MERIS and Sentinel satellites.

� Optical code now has options of spectral absorption coefficients calculated from mass-specific
absorption laboratory experiments.

� Apply a relationship between aragonite saturation and sediment carbonate dissolution (Eyre
et al., 2018).

� Spectrally-resolved light absorption by microphytobenthos in the sediment porewaters.

� Mass balance for oxygen includes oxygen atoms in nitrate, with stoichiometry changed for
photosynthesis / respiration.

� In the model description, energy reserves are more correctly referred to as carbon reserves.

� Quadratic term for seagrass mortality.

� Remineralisation rate of phosphorus has a separate rate to that of C and N, requiring 2 new
parameters (ΦRDP

, ΦDOMP
).

� Introduced new sediment-water exchange rate diagnostic variables for C, N, P, and O.

B Additions to B3p1

C Additions to B3p2
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