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Abstract

Future changes to the organic carbon and carbonate pumps are likely to affect
ocean ecosystem dynamics and the biogeochemical climate. Here, biological de-
pendencies on the Rain and Redfield ratios on pCO2 are implemented in a coupled
Biogeochemistry-Ocean Model, the CSIRO-Mk3L, to establish extreme-case carbon-5

ate saturation vulnerability to model parameterisation at year 2500 using IPCC Rep-
resentative Concentration Pathway 8.5. Surface carbonate saturation is relatively in-
sensitive to the combined effects of variable Rain and Redfield ratios (an anomaly of
less than 10 % of the corresponding change in the control configuration by year 2500),
but the global zonally-averaged ocean interior anomaly due to these feedbacks is up10

to 130 % by 2500. A non-linear interaction between organic and carbonate pumps is
found in export production, where higher rates of photosynthesis enhance calcification
by raising surface alkalinity. This non-linear effect has a negligible influence on surface
carbonate saturation but does significantly influence ocean interior carbonate satura-
tion fields (an anomaly of up to 45 % in 2500). The strongest linear and non-linear15

sensitivity to combined feedbacks occurs in low-latitude remineralisation zones below
regions of enhanced biological production, where dissolved inorganic carbon rapidly
accumulates.

1 Introduction

The marine organic carbon and carbonate pumps are affected by increasing atmo-20

spheric carbon dioxide (CO2) concentrations through marine organisms. Enhanced
CO2 in seawater has been observed to increase the rate of particulate organic carbon
(POC) production by enhancing photosynthesis (Eq. 1), termed the “POC production
feedback” (Zondervan et al., 2001).

106 CO2+16 NO−
3 +HPO2−

4 +78 H2O+18 H+ −→C106H175O42N16P+150 O2. (1)25
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Mesocosm experiments by Riebesell et al. (2007) suggest the above fixed carbon-
to-phosphate stoichiometry (the Redfield ratio) may vary by as much as a factor of
6 under high-pCO2 conditions, significantly altering the efficiency of primary produc-
ers consuming DIC and reducing the effect of nutrient limitation. There are important
biogeochemical impacts from enhanced POC production efficiency related to reminer-5

alisation, e.g. expanding suboxic zones (Oschlies et al., 2008) and adjustments in car-
bonate compensation horizon and pH (Boudreau et al., 2010).

The availability of carbonate for biological calcification (Eq. 2) is measured as calcium
carbonate saturation (Ω), where the concentrations of calcium and calcite are divided
by a solubility constant Ksp (Eq. 3).10

Ca2++2HCO−
3 −→CaCO3+CO2(aq)+H2O (2)

Ω=

[
Ca2+

][
CO2−

3

]
Ksp

(3)

The reduction of biological carbonate production (particulate inorganic carbon, PIC)
as a response to increased pCO2 means less CO2 is released to the surface mixed
layer as a by-product of calcification. The most salient effects of this “CO2-calcification15

feedback” are resulting changes to nutrient and carbonate profiles which could impact
on ecosystem dynamics (e.g., Ridgwell et al., 2007; Boudreau et al., 2010). As at-
mospheric CO2 increases, the combined effect of reduced PIC production and export
in addition to accelerated POC production presents the possibility of truncated nutri-
ent and carbon recycling, reorganising ocean basin nutrient and carbon profiles over20

the long term. Of particular interest are the low latitudes which have been shown
to be disproportionately vulnerable to the biogeochemical effects of enhanced POC
production in the studies mentioned above. The net effect of combined organic and
inorganic carbon production and export feedbacks on inorganic carbonate chemistry is
addressed from a global mean perspective in a recent study by Boudreau et al. (2010),25

who used a four box model and found a deep ocean response in global interior pH,
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carbonate compensation depth and snowline depth which increased from minimal over
a century time-scale to a substantial impact over the duration of their millennial runs.
They also demonstrate latitudinal variation in the solubility pump owing to production
feedbacks, with increasing organic production in low latitude surface waters (Boudreau
et al., 2010).5

While the Boudreau et al. (2010) box model is able to capture biogeochemical dif-
ferences between high and low latitude surface (to 100 m depth) and the global deep
ocean response to CO2 forcing, nutrient pooling as a result of changes to reminerali-
sation have been shown to concentrate between 200–800 m (Hofmann and Schellnhu-
ber, 2009). In this study, the relative importance of combined organic and carbonate10

production feedbacks in governing regional carbonate chemistry in an ocean general
circulation model is examined for a future climate scenario with high CO2 emissions.

2 Model and experimental design

The coupled climate-carbon model, CSIRO-Mk3L (Phipps, 2010), is employed in
ocean-only mode, as the focus of the study is ocean biogeochemistry. The Mk3L15

ocean has a resolution of 2.8◦ longitude by 1.6◦ latitude with 21 vertical levels, with
a similar structure to the higher-resolution CSIRO Mk3 and CSIRO Mk2 models (Gor-
don et al., 2002; Hirst et al., 1996). The background mean ocean circulation simulation
has been described previously by Najjar et al. (2007); Dutay et al. (2002). The ocean
biogeochemistry component of Mk3L follows Matear and Hirst (2003), using OCMIP20

protocol (Dutay et al., 2002) for CO2 air/sea gas exchange and carbonate chemistry.
In order to explore the interaction between biological carbon pump feedbacks, de-

pendencies on pCO2 are added to the fixed Redfield carbon-to-phosphate (POC : POP)
and carbonate-to-phosphate (PIC : POP, the Rain ratio) parameterisations. POC ex-
port (F POC) and POP export (F POP) are varied with a linear response scaled against25
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pre-industrial ocean pCO2 (Riebesell et al., 2007):

F POC =106 F POPFscale (4)

Fscale =1+
2

700
16
106

(pCO2−280). (5)

Remineralisation of POC follows this same scaling, so not only is a greater proportion
of POC exported from the surface with respect to POP, a greater proportion is also5

remineralised.
Biological calcification in the model contains an additional scaling factor from Ridg-

well et al. (2007) to vary carbonate production (γ) with local calcite saturation, where η
is a power parameter (with a value of 0.81) controlling the non-linearity of the calcifica-
tion response.10

γ = (Ω−1)η For Ω>1.0 (6)

γ =0.0 For Ω≤1.0 (7)

Carbonate export (F PIC) is linked to POP export by a calculated Rain ratio modified
by γ:

F PIC =γ×rPIC:POC
0 ×F POP×rPOC:POP

0 (8)15

where rPIC:POC
0 is a globally fixed ratio (Ridgwell et al., 2007) and rPOC:POP

0 is fixed
following Eq. (4) without the Redfield scaling factor Fscale. Note that carbonate ex-
port is used as a proxy for calcite production- other parameterisations exist; Ridgwell
et al. (2009) and Gangsto et al. (2010) provide two recent reviews. The Ridgwell et al.
(2007) parameterisation is one of the more sensitive parameterisations (Ridgwell et al.,20

2009), and is therefore applied to this study for examining high-end vulnerability. This
Rain ratio parameterisation does not account for particle aggregation, nor does it dif-
ferentiate between particle classes, but it does demonstrate a latitudinal dependency
which roughly aligns with observations, owing to the calcite saturation scaling factor γ.
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Following OCMIP protocol (Dutay et al., 2002), model PIC dissolution below the sur-
face layer utilises a rigid exponential depth dependency so changes to surface PIC
production mostly affect the depth of complete PIC dissolution; i.e. increasing PIC pro-
duction yields a more penetrating PIC inorganic chemical signal in the water column.
The current arrangement maintains independence between inorganic and organic car-5

bon pump feedbacks while allowing for interactions with carbonate chemistry from both.
Note this independence is only true below the surface; the scaling factors applied at the
surface for PIC and POC with respect to POP (Eqs. 4 and 8) allow for direct interaction
between organic and inorganic export feedbacks via alteration of surface pCO2 and
calcite saturation.10

Four different configurations of the model (CONTROL, RAIN, REDFIELD, RAINRED)
are spun up for six thousand years under a constant atmospheric concentration of
278 ppm to reach pre-industrial equilibrium, and are then forced by an atmospheric car-
bon concentration pathway following RCP8.5 (Riahi et al., 2007) to 2500. This scenario
exhibits growth in atmospheric CO2 concentrations to 936 ppm by 2100 and 1962 ppm15

by 2250, whereupon the concentration remains constant until 2500. The CONTROL
configuration utilises globally uniform fixed Redfield (Eq. 1) and Rain ratios (PIC : POP
value of 8.48). The RAIN configuration parameterises the Rain ratio following Ridgwell
et al. (2007, Eqs. 2 to 3 and 6 to 8), where rPIC:POC

0 is set to 0.02 (the negative one
standard deviate given in Ridgwell et al., 2007) and the Rain ratio is solved prognosti-20

cally. The REDFIELD configuration fixes the Rain ratio using the CONTROL value but
varies Redfield stoichiometry according to Eqs. (4) and (5). Finally, RAINRED varies
both Rain and Redfield ratios. Note only PIC and POC vary between runs; POP does
not change across configurations. Also, as this is an ocean-only model, increasing
CO2 concentrations in the experiments impact neither the global radiative balance nor25

ocean circulation, and no physical feedback to atmospheric CO2 is simulated.
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3 Transient simulations

3.1 PIC and POC surface export

Rain and Redfield feedbacks alter PIC and POC export from the surface layer. Figure 1
summarises globally integrated annual surface carbon export from year 1900 to year
2500 for each configuration. PIC and POC export remain constant over the CONTROL5

simulation (red lines) because both Rain and Redfield feedbacks are fixed constants.
RAIN (blue stars) PIC export decreases relative to CONTROL because as surface cal-
cite saturation decreases with increasing pCO2, less calcification occurs in the surface
layer and less PIC is exported. RAIN PIC also has a lower inital value from CONTROL
owing to this export dependence on surface calcite saturation. POC export is unaf-10

fected by changes to the Rain ratio and hence RAIN POC mirrors CONTROL POC.
PIC export in the REDFIELD experiment (green diamonds) is unaffected by changes
in Redfield stoichiometry and hence REDFIELD PIC mirrors CONTROL PIC. The POC
field in RAINRED (black lines) mirrors that of REDFIELD POC, which like REDFIELD
sees increases in POC export as pCO2 increases the efficiency of the organic carbon15

pump. Initial POC values for REDFIELD and RAINRED are slightly higher than those
of RAIN and CONTROL owing to the dependence of export on pCO2 anomaly from
278 ppm, which has increased by year 1900. Note that RAINRED PIC does not exactly
mirror RAIN PIC, even though in the REDFIELD configuration PIC export is shown to
be unaffected. This incongruence reveals a “non-linear” exchange between Rain and20

Redfield feedbacks in the combined RAINRED simulation, where reduced PIC export
(calcification) due to the decreasing carbonate saturation in the inorganic carbon pump
is slightly tempered by the additional release of carbonate owing to an enhanced or-
ganic carbon pump. This chemical exchange is summarised in Fig. 2 and revolves
about the enhanced consumption of free hydrogen in Eq. (1) as part of enhanced POC25

formation. Inorganic carbon chemistry dictates a reduction in free hydrogen resulting
in an addition of carbonate ions, according to HCO−

3 
H++CO2−
3 . This small increase

in carbonate ion buffers the carbonate saturation which controls PIC export production
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in the model (shown as a blue pathway). In the RAINRED configuration, PIC formation
is still reduced by the decreased saturation (yellow pathway), but not as much as it is
in the RAIN configuration where no additional carbonate input from altered photosyn-
thesis occurs.

3.2 Carbonate saturation5

The impact of variable PIC and POC export production on ocean carbonate saturation
in the RAINRED configuration can be quantified using snapshot and anomaly plots,
shown in Fig. 3. Pre-industrial calcite saturation is shown as a global zonal mean (top
left panel), and map cross-sections at 1000 m (top middle panel) and 3000 m (top right
panel). RAINRED calcite saturation at year 2500 is shown for the same spatial con-10

figuration in the second row. By 2500 only a shallow region between 40◦ North and
South latitude meets the PIC production criteria (Eq. 6). In the third row, RCP8.5 forc-
ing over the simulation is removed by subtracting the pre-industrial equilibrium state
from 2500, and then subtracting that difference for the CONTROL run from the remain-
der (e.g., ∆RAINRED−∆CONTROL where ∆ is year of simulation minus pre-industrial15

state). The non-linear component of these anomalies are shown in the bottom row.
Positive non-linear anomaly values indicate a mitigation response for carbonate satu-
ration. Negative non-linear anomaly values indicate an amplification of the carbonate
saturation anomaly.

A striking pattern emerges in the additional total and non-linear effects of the com-20

bined feedbacks (Fig. 3). By 2500 the global zonally averaged RAINRED anomaly is
up to 0.25 units larger than that of CONTROL in the tropical abyssal ocean (third row,
leftmost panel), an anomaly more than twice as large as the change in ∆CONTROL
over this time (not shown). The RAINRED anomaly contributes up to 45 % of the global
zonally averaged background RAINRED carbonate saturation in this same region, even25

though the additional impact on carbonate saturation at the surface is less than 10 %
(seen when comparing leftmost panels in the second and third rows). This increasing
impact on carbonate saturation in the ocean interior away from the surface is due to the
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decoupling of PIC and POC remineralisation owing to differing remineralisation length
scales, where POC remineralisation is accelerated by the variable Redfield ratio but
PIC dissolution varies in depth of complete dissolution only.

A positive (mitigative) non-linear response is present in the ocean interior (bottom
left panel), and is valued at roughly 10 % of the global zonally averaged RAINRED5

anomaly (seen when comparing leftmost panels in the third and fourth rows). A weak
negative non-linear response is found in the upper 500 m (up to 1.5 % of ∆CONTROL,
not shown). This non-linear RAINRED amplification at the surface and mitigation at
depth is due to the non-linear effect of POC enhancement on PIC production described
earlier and shown in Fig. 2. Reduction of PIC export production in RAINRED is tem-10

pered by the additional availability of carbonate owing to enhanced POC production,
which allows for slightly reduced carbonate saturation at the surface and enhanced
saturation at depth, relative to what would be seen in purely independent carbon and
inorganic carbon pump feedbacks.

Tropical regions show greater variability in Ω than what the global mean profile plots15

suggest. Figure 3 middle and right columns show the strongest impacts on carbon-
ate saturation are confined to regions with strong POC enhancement, such as up-
welling zones in eastern ocean basins. Linear and non-linear RAINRED anomalies
in these regions are the largest below depths of complete PIC dissolution, hence are
more apparent in the 3000 m depth plots (right column) than the 1000 m plots (middle20

column). The Eastern Pacific in particular shows the strongest response, where the
∆RAINRED anomaly is over 0.3 units at 3000 m depth (third row, right panel), a sat-
uration change eight times that of ∆CONTROL in this same region (not shown). The
non-linear anomaly (bottom right panel) in this region is also significant, with a mit-
igating effect of about 20 % the RAINRED anomaly value in this region (seen when25

comparing rightmost panels in the third and fourth row). As POC production is most
enhanced in this region, the impact on PIC export production extends the deepest
within this region by the fixed PIC dissolution gradient. In contrast to the eastern Pa-
cific, the Indian Ocean has generally less POC and PIC production and hence has
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a weaker non-linear signal. While enhanced carbonate undersaturation and a small
non-linear positive anomaly are seen by year 2500 in the Indian Ocean, the signal
does not extend as deep as in the Pacific and the maximum non-linear anomaly values
peak around 1000 m depth (bottom middle panel).

4 Summary and conclusions5

This study has demonstrated the sensitivity of the interior ocean carbonate saturation
to the combined effects of varying Redfield and Rain ratios. This builds upon previous
work, most notably Boudreau et al. (2010), who calculated a strong combined Rain and
Redfield feedback on ocean interior pH and carbonate compensation depth in a box
model. These results show that biogeochemical feedbacks have the potential to signif-10

icantly alter carbonate saturation without coincident changes in the mean circulation,
and may explain at least part of a mechanism operating around high carbon perturba-
tion events in the past, when calcification shows evidence of both lasting and preferen-
tial depression with respect to other forms of production (as reviewed by Veron, 2008),
even in the absence of a stagnant circulation (e.g., Winguth and Maier-Reimer, 2005).15

It must, however, be stressed that this study is a sensitivity study of biogeochemical pa-
rameterisations. Results are not projections of future ocean chemical climate because
the model includes neither sediments nor radiative feedback. Likewise, the parame-
terisations reflect observed responses of an incomplete sampling of the biodiversity
found in the global ocean, with the REDFIELD parameterisation in particular tested20

beyond its calibration limit of 1050 ppm. Additional experimental limitations might in-
clude nutrient trapping as a side-effect of model resolution (e.g., Aumont et al., 1999),
which would contribute to an overestimate of the magnitude of the combined effect,
though this is likely a small influence as only anomalies are discussed and circulation
remains unchanged in the experiments. The insensitivity of PIC export to Ω might, on25

the other hand, be contributing to an underestimate of the combined effect by artificially
lowering the depth of PIC dissolution below the zone of POC remineralisation. While
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the physical justification of widespread Ω-dependent PIC export is debatable (as sum-
marised by Sarmiento and Gruber, 2006, pages 371–374), severely undersaturated
water such as what is calculated in this hypothetical parameter test does approach
a calcite dissolution e-folding timescale of a similar order to that of carbonate particle
sinking. Should subsurface pooling of DIC owing to enhanced POC export and rem-5

ineralisation accelerate PIC dissolution, the non-linear carbonate anomaly would be
enhanced following the deep ocean schematic in Fig. 2.

CO2 calcification and POC production feedbacks operate in the same region of the
ocean interior and may both mitigate and enhance each other. As such, caution is
warranted when assessing ocean carbonate chemistry using only one feedback at10

a time. This is particularly true in the low-latitude sub-surface and abyssal ocean re-
gions, which show particular sensitivity to the non-linear contribution of the dual feed-
backs of varying Redfield and Rain ratios. As carbonate saturation is a commonly
accepted proxy for calcification, such a sensitivity has relevance for predicting changes
in ecosystem dynamics in an increasingly acidic marine environment.15
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Fig. 1. Timeseries of integrated global PIC (left plot) and POC (right plot) surface export pro-
duction in Pg C per year. Color key is as follows: CONTROL (red), RAIN (blue), REDFIELD
(green), RAINRED (black).
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1
2

3

Increasing CO2 with REDFIELD Increasing CO2 with RAIN

PHOTOSYNTHESIS H+ CO2−
3 CALCIFICATION

SURFACE

POC PIC

REMINERALISATION H+ CO2−
3 DISSOLUTION

Ω
DEEP OCEAN

Fig. 2. Schematic of feedback processes operating between organic and inorganic carbon
pumps and carbonate saturation. Positive feedbacks are presented in thin blue and negative
feedbacks in thin red. An even number of negative feedbacks (red arrows) sum to a positive
feedback, while an odd number of negative feedbacks remain negative. The impact of the
variable Rain and Redfield ratio parameterisations on deep ocean carbonate saturation are
shown as fat arrows: Rain (yellow), Redfield (green), Rain and Redfield (blue).
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Fig. 3. Pre-industrial (first row) and year 2500 (second row) RAINRED calcite saturation, and
year 2500 RAINRED calcite saturation linear (∆RAINRED−∆CONTROL, third row) and non-
linear (∆RAINRED− (∆RAIN+∆REDFIELD), fourth row) anomalies. Left column shows the
global zonal mean. Middle column is a map view at 1000 m depth. Right column is a map view
at 3000 m depth.
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