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Text S1. Description and evaluation of the ocean biogeochemistry module  1 
Phytoplankton growth in the nitrogen-based biogeochemical ecosystem model component 2 
[Keller et al., 2012] is determined by first calculating temperature- and iron-dependent 3 
maximum potential growth rates for both diazotrophic and non-diazotrophic phytoplankton 4 
(see Fig. 2 a in Keller et al., 2012).  Then, the realized growth rates of each is determined by 5 
multiplying the potential rate by the most limiting factor, which could be light, phosphate, or 6 
for non-diazotrophic phytoplankton, nitrate (Fig. S2), with the minimum nutrient 7 
requirements following "Redfield" stoichiometry.  Temperature dependence is determined 8 
using an empirically-based exponential function, i.e., an updated Epply curve [Eppley, 1972; 9 
Bissinger et al., 2008], with diazotroph growth limited to be only 0.4 times that of non-10 
diazotrophic phytoplankton (diazotrophs are assumed to be mostly Trichodesmium spp.) 11 
[Schmittner et al., 2008].  Diazotroph growth is also limited to waters warmer than 15° C.  Iron 12 
limitation is accounted for in the first step because the model assumes that iron must be 13 
available before photosynthesis or the uptake of nutrients can occur.  Dissolved iron 14 
availability is determined from a 3-vertical layer (the upper 240 meters of the ocean) global 15 
mask of mean monthly dissolved iron concentrations, which were calculated by the BLING 16 
model [Galbraith et al., 2010]. Below the top three vertical layers where light is likely the most 17 
limiting factor of phytoplankton growth, iron limitation is assumed to be negligible and the 18 
maximum potential growth rate is dependent only on temperature. Light availability in each 19 
grid cell is determined by calculating the seasonally changing diurnal- and depth-averaged 20 
amounts of photosynthetically active radiation (PAR) [Schmittner et al., 2005, 2008]. The diurnal 21 
cycle is accounted for using a triangular shaped function and the shortwave radiation that 22 
reaches any depth is determined by the atmospheric component of the model, which 23 
parameterizes absorption due to water vapor, dust, clouds, ozone, and sulfate aerosols. 24 
[Weaver et al., 2001], and within the oceanic component where surface reflectance and light 25 
attenuation due seawater, sea-ice (accounting for thickness and snow cover), and 26 
phytoplankton biomass is accounted for [Schmittner et al., 2005, 2008].  PAR is assumed to be a 27 
fixed fraction (43 %) of the shortwave radiation at any depth.  Phytoplankton radiation 28 
absorption and the resulting redistribution of heat are not accounted for in the model.  29 
Nutrient limitations are determined using Michaelis-Menton (Monod) functions.  Model 30 
parameters and equations can be found in Keller et al., [2012] and also Schmittner et al., [2005, 31 
2008].  However, in the version used here several parameters have been updated (Table S1) 32 
due to the discovery and correction of an error in the code that caused the surface layer to 33 
receive too much light in previous model versions (previously published equations are correct, 34 
the error was in the Fortran code structure).  The updated parameters were set so that model 35 
results are as close as possible to those described in Keller et al., [2012] (global mean value 36 
differences in, for example NPP, are ≤ 3%; spatial patterns differ by only a few grid cells if at all, 37 
etc.). 38 
 39 
The model's skill at simulating present-day ocean biogeochemistry was assessed in Keller et al. 40 
[2012].  Even though the parameterizations used in this version are slightly different than 41 
when the model was evaluated before, the model's performance and biases are very similar.  42 
The model simulates the distribution of major biogeochemical tracers (such as nitrate, 43 
phosphate, alkalinity, and dissolved inorganic carbon) and phytoplankton reasonably well.  44 
Annual global rates of global net primary production (NPP), nitrogen fixation, denitrification, 45 
and the flux of particulate organic carbon are also mostly within estimated ranges.  In addition, 46 
the model has a pronounced seasonal cycle and is able to simulate phenomenon such as the 47 
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North Atlantic spring bloom and the accompanying drawdown of nutrients.  However, the 1 
model does have some known biases that are applicable to this study.  Phytoplankton 2 
productivity is too high in upwelling regions along the equator and too low in many 3 
oligotrophic regions.  Due to the coarse resolution, productivity in coastal regions is also 4 
poorly simulated.  Overall the simulated present-day ocean biogeochemical properties are 5 
within the range reported for simulations with more complex CMIP5 Earth system models 6 
[Bopp et al., 2013]. 7 
 8 
The response of the model to CO2 forcing, such as the RCP 8.5 scenario, has also been analyzed 9 
in Keller et al., [2014], Kvale et al., [2015], and Mengis et al., [2016].  For a high CO2 emission 10 
scenario (e.g., RCP 8.5), the model responds in a similar manner as reported for more complex 11 
Earth system models, with the increase in sea-surface temperature accompanied by declines in 12 
marine NPP, pH, and oxygen [Bopp et al., 2013]. 13 
 14 
Due to the prescribed winds, inter-annual variability of atmospheric circulation is not 15 
simulated by our model. Inter-annual variability can have a significant effect on ocean 16 
biogeochemistry [Trenberth and Dai, 2007; Tjiputra and Otterå, 2011; Chikamoto et al., 2015] 17 
and it might enhance the effects of SRM on some years. Thus, our results should be viewed as 18 
a mean response and the effects of inter-annual variability should be investigated with more 19 
complex models in the future. 20 
 21 
Text S2. Description of the SRM forcing 22 
In the SRM simulations we applied forcing from a previous 3xGEO simulation by Partanen et al. 23 
[2012]. In this simulation, SRM was applied over three marine stratocumulus regions with the 24 
strongest radiative response to sea spray geoengineering off the west coasts of North 25 
America, South America, and Southern Africa. In this study, we confined the SRM forcing 26 
strictly to these three regions by setting forcing to zero outside the regions. The annual mean 27 
forcing is shown in Figure 1a. The annual global mean forcing was −1 W m−2, though locally, 28 
the monthly forcing was between around −10 W m−2 and −100 W m−2, with the strongest 29 
forcing being −110 W m−2 in some grid-cells. The forcing followed the seasonal variation of 30 
incoming solar radiation and therefore was strongest in the North Pacific region during the 31 
Northern Hemisphere summer and strongest in the South Pacific and South Atlantic regions 32 
during the boreal winter. The magnitude of the global mean forcing was similar to what could 33 
be created for example with stratospheric sulfate injections, which would however create 34 
significantly weaker regional forcings [e.g., Niemeier et al., 2011]. 35 

36 
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 2 
Figure S1. The difference in ocean potential temperature of the uppermost layer (down to 50 3 
m) between GEO and CTRL at year 2100.  4 
 5 

Light Nitrate

Most limiting factor for realized phytoplankton growth

 6 
 7 
Figure S2. Most limiting factor (annual mean) for realized non-diazotrophic phytoplankton 8 
growth in the upper 50m.  Phosphate limitation is not shown since in this model 9 
phytoplankton do not end up being annually limited by phosphate.  Note also that the 10 
potential growth rate, which is calculated before the realized growth shown here is calculated, 11 
accounts for temperature and iron limitation. 12 
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Figure S3. Vertically integrated mean ocean net primary productivity at year 2100 in a) CTRL 3 
and difference from the CTRL in b) GEO and c) GEO-SHADING. The blue lines encircle the SRM 4 
areas. 5 
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 8 
Figure S4. The difference in vertically integrated ocean net primary productivity between 9 
GEO-COOLING and CTRL a) at year 2030, and b) at year 2100. 10 
 11 
 12 
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 1 
Figure S5. a) Global total ocean net primary productivity. b) Total carbon flux from 2 

atmosphere to ocean. c) Global total export production at 2.2 km in the simulations with 3 
temperature independent ocean biogeochemical rate coefficients. Note the truncated y-4 
scale in the graphs. 5 
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Figure S6. Annual mean carbon flux from atmosphere to ocean at year 2030 on a) CTRL, and 2 

the difference between b) GEO and CTRL and c) difference between GEO-SHADING and 3 
CTRL.4 
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Figure S7. a) Atmospheric CO2 concentration. b) The difference in CO2 concentration between 3 

atmosphere and ocean surface (atmosphere-ocean pCO2 gradient). Note the truncated y-4 
scale in the graphs. 5 
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 4 
Figure S8. Total annual mean carbon flux from atmosphere to ocean including the simulation 5 

GEO-CO2-CONC with prescribed atmospheric CO2 concentration. Note the truncated y-6 
scale in the graphs. 7 

 8 
Figure S9. Horizontally integrated annual mean ocean carbon storage a) change in CTRL since 9 
year 2006 and b) difference between GEO and CTRL.10 
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 3 
Figure S10. Annual mean difference in vertically integrated ocean carbon storage between 4 

GEO and CTRL at years a) 2030 and b) 2100.  5 
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 3 
Figure S11. Annual mean export production at 130 m in a) baseline simulations and b) 4 

simulations with temperature independent ocean biogeochemical rate coefficients. Note 5 
the truncated y-scale in the graphs. 6 
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 1 
Figure S12. Annual mean meridional overturning circulation. Note the truncated y-scale in 2 
the graph. 3 

 4 
Figure S13. Annual and zonal mean ocean potential density difference a) in CTRL between 5 
years 2030 and 2006, and b) years 2100 and 2006; and between GEO and CTRL at years a) 2030 6 
and b) 2100. 7 
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 1 
Figure S14. a) Annual mean Revelle factor in CTRL in 2030 and b) the difference in the annual 2 
mean Revelle factor between GEO and CTRL in 2030. 3 
 4 
 5 
 6 
 7 
 8 
 9 

Table S1. Parameters that differ from Keller et al. [2012].  Symbols as described in Keller et al. 10 
[2012]. 11 

Parameter Symbol Value Units 
Initial slope of the P-I curve α  0.16 Dimensionless 
Half-sat. constant for PO  Fe limitation 

€ 

KFe
P  0.12 nmol Fe m-3 

Detritus sinking speed at surface wD0 16 m d-1 
Remineralization rate at 0° C 

€ 

µD0  0.07 d-1 


