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Expected Limits on the Potential
for Carbon Dioxide Removal
From Artificial Upwelling

David A. Koweek*

Ocean Visions, Leesburg, VA, United States

Artificial upwelling, the engineered upward pumping of deep ocean water, has long been
proposed as a technique to fertilize the ocean and, more recently, remove atmospheric
carbon dioxide. This study investigated the potential of artificial upwelling to contribute to
carbon dioxide removal using a simple model with high-resolution (1° x 1°) gridded
monthly climatologies of upper ocean and deep ocean physical and chemical properties.
The potential for carbon dioxide removal was explored across a range of observationally-
informed carbon-to-nitrogen-to-phosphorus ratios for microalgae and macroalgae
communities, providing information on the sensitivity of the estimates to any assumed
carbon-to-nutrient ratios. Simulated carbon dioxide removal across the tropical-to-
subpolar ocean did not exceed 0.66 tons per square kilometer per year for microalgae,
and did not exceed 0.85 tons per square kilometer per year for macroalgae. Using current
technology, the estimated global aggregate potential for carbon dioxide removal using
microalgae was less than 50 megatons (0.05 gigatons) of carbon dioxide annually and the
estimated global aggregate potential for carbon dioxide removal using macroalgae was
approximately 100 megatons (0.1 gigatons) of carbon dioxide annually. While controlled
field trials are needed to validate or invalidate the findings of this study, this study suggests
that artificial upwelling is unlikely to support annual carbon dioxide removal at, or close to,
the rate of one gigaton of carbon dioxide annually.

Keywords: ocean-based carbon dioxide removal (CDR), ocean-based NETSs, Artificial upwelling, Negative Emission
Technologies (NETs), Carbon Dioxide Removal (CDR)

INTRODUCTION

Between 100 and 1000 gigatons of carbon dioxide removal from the atmosphere are now required to
stabilize planetary warming at 1.5°C above pre-industrial temperatures (IPCC, 2018). In the recently
released Working Group 1 contribution to the Intergovernmental Panel on Climate Change’s
(IPCC) Sixth Assessment Report, all shared socioeconomic pathways corresponding to less than 2°C
of warming above the pre-industrial also require gigaton-scale deployments of carbon dioxide
removal (IPCC, 2021). To meet the urgent and growing demand for carbon dioxide removal,
attention has been paid to terrestrial options (e.g., afforestration, soil carbon sequestration) and
technological options (e.g., direct air capture, bioenergy with carbon capture and storage) (IPCC,
2018; National Academies, 2019). Although the ocean is the largest reservoir of carbon on the planet
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and currently absorbs approximately 31% of all anthropogenic
carbon dioxide emissions (Gruber et al., 2019), ocean-based
carbon dioxide removal pathways have received far less
attention to date. Recent efforts have sought to address this
knowledge deficit by accelerating the research and evaluation of
ocean-based carbon dioxide removal pathways (Gattuso et al,
2018; GESAMP, 2019; Energy Futures Initiative, 2020; Gattuso
et al., 2021; OceanNETs, 2021; Ocean Visions, 2021; National
Academies, 2022).

Ocean-based pathways can broadly be categorized into
abiotic or biotic pathways. Abiotic pathways use chemical
processes to enhance the seawater alkalinity (ocean alkalinity
enhancement) or remove carbon dioxide from seawater (direct
ocean capture). Biotic pathways use photosynthesis to fix
dissolved inorganic carbon into plant biomass (primary
production), creating a deficit in the surface ocean aqueous
carbon dioxide concentration that can be replenished through
invasion of carbon dioxide from the atmosphere (GESAMP,
2019; Energy Futures Initiative, 2020). However, much of the
world’s surface ocean is nutrient-limited, so additional nutrients
are needed to support primary production in the ocean
(Sarmiento and Gruber, 2006). Artificial upwelling (the
engineered upward pumping of deep ocean water, typically
through a pipe) of nutrient-replete deep ocean water could be
one means to inject the additional nutrients into the surface
ocean where they can support primary production (Stommel
et al., 1956; Vershinskiy et al., 1987; Kirke, 2003; Oschlies et al.,
2010; Pan et al., 2016).

While artificial upwelling may be an important tool in
enhancing surface ocean primary productivity, its potential
role in carbon dioxide removal from the atmosphere is far less
apparent. In addition to abundant nutrient concentrations, the
deep ocean is replete in dissolved inorganic carbon and total
alkalinity. Artificial upwelling of deep ocean water to the surface
will translocate large quantities of dissolved inorganic carbon
and total alkalinity as well as nutrients. Thus the carbon dioxide
removal potential of artificial upwelling is a balance between the
enhanced primary productivity supported by the upwelled
nutrients and the additional deep ocean dissolved carbon
dioxide that may be liberated through artificial upwelling to
return to the atmosphere. If the newly-produced organic matter
has a higher carbon-to-nutrient ratio than the upwelled water
and can be rapidly exported out of the mixed layer, beyond the
depth of upwelling, and into the deep ocean for long-term
sequestration, the potential for carbon dioxide removal exists.
Otherwise, artificial upwelling may result in a net flux of carbon
dioxide from the deep ocean to the atmosphere.

Past studies of artificial upwelling using Earth system models
have projected a wide range of carbon dioxide removal potential
from less than 0 gigatons of carbon dioxide per year up to 13
gigatons of carbon dioxide per year (Dutreuil et al., 2009; Yool
et al., 2009; Oschlies et al., 2010; Keller et al., 2014). This range in
projected carbon dioxide removal is enormous: on one end, it
would worsen the buildup of atmospheric carbon dioxide, and
on the other end, would provide the multi gigaton-scale annual
carbon dioxide removal necessary to stabilize planetary warming.

The recently released consensus report of the U.S. National
Academies of Science, Engineering, and Medicine (2022)
suggests a smaller range of carbon dioxide removal potential of
between 0.1 and 1 gigaton of carbon dioxide per year, but this
range still spans an order of magnitude. More information is
needed to narrow this range of possibilities and evaluate the
efficacy of artificial upwelling to contribute to removal of
atmospheric carbon dioxide.

This study combines a simple model with high-resolution
(1° x 1°) gridded monthly climatologies of upper ocean and
deep ocean physical and chemical properties to quantify the
potential of artificial upwelling to support carbon dioxide
removal by lowering the surface ocean aqueous carbon
dioxide concentration. In this model, biogeochemical
changes in upwelled water are simulated using a range of
carbon-to-nitrogen-to-phosphorus ratios determined from
observational studies of microalgae and macroalgae
communities. This study examines carbon dioxide removal
potential of artificial upwelling in two ways: the near-term
technological potential based on feasible depth limits of the
artificial upwelling pump, and the geophysical potential of
artificial upwelling if the depth constraints on pump length
did not exist. This study highlights areas of the global tropical-
to-subpolar ocean where artificial upwelling may contribute to
carbon dioxide removal and quantifies the potential for
carbon dioxide removal if upwelling pipes were to be
uniformly deployed across the tropical-to-subpolar ocean as
a dense network of pipes.

METHODS
Theory

Air-sea exchange of carbon dioxide, J, is often expressed as:

] =k K, (pCO,, —pCO,)

Where k is the gas transfer velocity, K, is the Henry’s law
solubility constant, pCO, is the partial pressure of carbon
dioxide in the atmosphere, and pCO,_ is the partial pressure of
carbon dioxide in seawater (Wanninkhof et al., 2009).

Ocean-based carbon dioxide removal technologies lower the
partial pressure of carbon dioxide in seawater to allow additional
air-to-sea flux of atmospheric carbon dioxide beyond what
would have occurred naturally. The additional air-to-sea flux
from carbon dioxide removal, CDR, can be expressed as:

CDR = ]/ _] = k (KO pCOz - K(,) pCOIZW)

atm

- kK, (pCO,,, —pCO, )

where the ]’ represents the air-sea gas flux due to a perturbed
partial pressure of carbon dioxide in seawater, pCO5_, and K" is
the corresponding Henry’s law solubility constant in the
perturbed condition. Note that for ocean-based carbon dioxide
removal technologies that do not change the surface water
temperature nor the salinity, Ky’ = K,. The above equation

atm
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simplifies to:

CDR = k (K, pCO,,, — K; pCO;, )

Assuming a constant gas transfer velocity k, which is typically
represented as an empirical function of wind speed over the open
ocean (Wanninkhof et al., 2009), carbon dioxide removal is
proportional to the partial pressure gradient between the
background partial pressure of carbon dioxide in seawater and
the perturbed partial pressure of carbon dioxide in seawater
times the Henry’s law solubility constant.

CDR = (K, pCO, - KypCO;, )

This can also be expressed as a concentration gradient.

CDR =< ([C0,_ ] - [CO5_ ])

Introducing the Model

This study models carbon dioxide removal potential from
artificial upwelling as the capacity of artificial upwelling to
create a surface ocean aqueous carbon dioxide concentration
([CO,)) gradient at longitude x and latitude y pumping from a
depth z during month ¢ as:

CDR Potential (x,y,z,t)

Siight (1) Npipes P(X, 9, 2) Q X [CO, (x5 1) - [COZ]/(’CJ’: z,t)

maximum aqueous carbon dioxide gradient

upwelling rate per area in daylight hours

where fiig,, is the fraction of the day in the photoperiod, #ppes is
the areal density of upwelling pipes, p is the density of upwelled
water, Q is the volumetric upwelling rate, [CO,],; is the
background aqueous carbon dioxide concentration in the
mixed layer, and [CO,]" is the predicted aqueous carbon
dioxide concentration of upwelled water after biogeochemical
modification. All model variables are explained in further
detail below.

This model does not directly simulate the additional air-to-
sea flux of carbon dioxide necessary for the ocean to uptake
additional atmospheric carbon dioxide. Nor does it simulate the
fate of newly produced organic matter and its impacts on surface
ocean aqueous carbon dioxide concentration via export out of
the surface layer, remineralization, ingestion, conversion
to dissolved organic matter, or any other pathway. The
implications of these simplifications are considered in
the Discussion.

Model Variable Descriptions

The Fraction of The Day in the Photoperiod, fiignt

The fraction of the day in the photoperiod, fiigh. dictates the
potential for photosynthesis to convert high nutrient, high
carbon dioxide upwelled deep ocean water to low nutrient, low
carbon dioxide at the surface. When fiign: equals 0, there is no
photoperiod to sustain new biological production from artificial
upwelling. When fjigh: equals 1, the photoperiod is 24 hours-long.
The photoperiod at latitude y during month ¢ was calculated
following Forsythe et al. (1995).

Pipe Characteristics: Maximum Depth, Volumetric
Flow Rate (Q), and Areal Density (npipes)

There exists a gap in maximum upwelling pipe depth and
volumetric flow rates between experimental field trials and
modeling studies with the modeling studies allowing for deeper
pipes with higher flow rates (Liu and Jin, 1995; Yool et al., 2009;
Oschlies et al., 2010; Keller et al., 2014) than have been produced
in experimental field trials (Vershinskiy et al., 1987; Liu, 1999;
Kithil, 2007; White et al., 2010; Pan et al., 2019) (Figure 1). To
more closely understand how near-term engineering constraints
may or may not limit carbon dioxide removal potential, I
considered two scenarios: one scenario where pipe depth is
limited to 500 meters (slightly deeper than the maximum
depths tested during field trials) and another scenario where
there are no limits to pipe depth. This second scenario simulates
a medium-term future scenario where pipe technology is more
advanced than the present. Volumetric flow rate, Q, was held to
0.05 m> s in this study to reflect a feasible flow rate based on
historical performance of upwelling pipes in field trials. The areal
density of upwelling pipes, 7pipes, Was held fixed at one upwelling
pipe per square kilometer. This upwelling pipe areal density was
chosen for consistency with past modeling studies (Oschlies
et al,, 2010) and represents an optimistic scenario for near-
term deployment given the lack of field testing of any distributed
pipe networks to date.

Density of Upwelled Water, p
Deep ocean water density (in units of kg m™) was calculated
from the salinity and potential temperature (6; referenced to

0.5

Liu ang Jin (1995)

0.4

0.3

Yool etal,(2009) Yool e} al. (2009) : ;:e': IF'HI& ;
odeling Study

Yool et al. (2009)
0.2

Volumetric Flow per Pipe (m®s™")

0201AO %010 02010
0.1 Kithil (2007) ozon Keller et al. (2014)A
Pan et al. (2019) Tech. Limit: This Study 02010A
Vershinsky et al. (1987)— White et al. (2010) 02010
0.0 Liu (1999) ~Vershinsky et al. (1987) 02010
0 250 500 750 1000

Maximum Pipe Length (meters)

FIGURE 1 | Upwelling pipe volumetric flow rates and maximum depths for
field tests (blue circles) and modeling studies (brown triangles). The label
‘02010’ refers to Oschlies et al. (2010). Volumetric flow rates for Yool et al.
(2009); Keller et al. (2014), and Oschlies et al. (2010) were calculated from the
reported upwelling velocities in each study and assuming an areal density of
pipes of one pipe per square kilometer as discussed in Oschlies et al. (2010).
The maximum depth and flow rate for the scenario where the depth of the
upwelling pipe is limited to 500 meters is shown as a red square.
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surface pressure) of the depth layer in the GLODAP version 2
data product (Lauvset et al., 2016).

Observed Mixed Layer Carbon Dioxide
Concentration: [CO5]y,.

The spatially and temporally varying surface layer aqueous
carbon dioxide concentration was taken from the
OceanSODA-ETHZ gridded monthly pCO, climatology data
product (Gregor and Gruber, 2021) multiplied by the Henry’s
law constant (Weiss, 1974). This concentration was applied to
mixed layer depths determined from the Holte et al. (2017)
monthly climatology of mixed layer depths, with nearest
neighbor interpolation used to fill in missing mixed layer
depth values each month. By referencing expected changes in
aqueous carbon dioxide concentration due to upwelling, [CO,]’,
against the dynamic background concentration [CO,](x,0,1),
this model implicitly accounts for the myriad physical and
biological factors that control air-sea gas fluxes in the absence
of artificial upwelling.

Potential Mixed Layer Carbon Dioxide Concentration
Due to Upwelling: [CO,]’

The potential aqueous carbon dioxide concentration of deep
ocean water upwelled to the surface from depth z and subject the
biogeochemical modification, [CO,]’, was calculated from
the potential dissolved inorganic carbon and total alkalinity
concentrations after upwelling, DIC’(z) and TA’'(z),
respectively, along with the salinity, S, at depth z and the
potential temperature referenced to surface pressure, 6, using
seacarb (Gattuso et al., 2020). DIC'(z) and TA’(z) can be
expressed as follows:

(O]~ f (e(z), ) { DIC'(z) = DIC(z) + e A DIC(2) )

TA'(z) = TA(z) + €A TA(z)

where DIC(z) and TA(z) are the dissolved inorganic carbon and
total alkalinity at depth z, respectively, from GLODAP (Lauvset
et al, 2016); ADIC and ATA are the modeled biogeochemical
modifications to DIC and TA, respectively, due to biological
production; and € expresses the effects of light limitation on
ADIC and ATA.

Biogeochemical Modification of DIC and TA: A DIC
and ATA

ADIC(z) and ATA(z) are the potential biogeochemical
modification to DIC(z) and TA(z), respectively, made possible
by the upwelling of nitrate (NO3 ) and phosphate (PO3 ) to the
surface and the subsequent primary production these nutrients
support. ADIC was modeled as a co-limitation between nitrate
and phosphate as follows:

-C:P(g) x [P0} |(2), if [[5333]]8

ADIC(2) = = N:Plg)

—-C:N(g) x [NO3](z), otherwise
where g is the microalgae or macroalgae carbon-to-nitrogen-to-
phosphorus (C:N:P) stoichiometry (see Table 1). ATA(z) was

modeled as the uptake of nitrate (Brewer et al., 1975) in this co-
limited system as follows:

. 5- o [NOs]@) .
ATA(Z) = N:P(g) x [PO | (2), if CAE > N:P(g)
[NO3](2), otherwise

The stoichiometries come from published compilations of
carbon-to-nitrogen-to-phosphorus ratios for microalgae and
macroalgae assemblages. Data sources for microalgae
stoichiometries included Galbraith and Martiny (2015)
(“Galbraith”), Table 1 in Garcia et al. (2018) (“Garcia Q1” and
“Garcia Q3”), and Redfield (1934) (“Redfield” and “Redfield P-
limited”) for microalgae. The “Redfield P-limited” model is
limited only by the availability of phosphorus to represent the
possibility that nitrogen fixation could supplement primary
production from artifical upwelling as hypothesized by Karl
and Letelier (2008). Atkinson and Smith (1983) Table 1 is the
data source for the three macroalgae stoichiometries (“Atkinson
Q17, “Atkinson Median”, and “Atkinson Q3”).

Light Limitation:

Light limitation was represented as a single coefficient, € that
ranged from 0 to 1 and expressed the relationship between
between daily average downwelling irradiance at the ocean’s
surface during the photoperiod at longitude x, latitude y, and
month t and the light saturation parameter, Ey, which also varied
spatially, temporally, and as a function of the type of algae
(microalgae or macroalgae).

TABLE 1 | Carbon-to-nitrogen-to-phosphorus (C:N:P) ratios for the macroalgae and microalgae considered in this study.

Algae Model Name C:N C:P N:P Notes

Microalgae Galbraith see below see below C:P/C:N
Garcia Q1 6.9:1 86.4:1 12.5:1 C:P predicted from 1st quartile N:P
Garcia Q3 6.5:1 118:1 18.1:1 C:P predicted from 3rd quartile N:P
Redfield 6.6:1 106:1 16:1
Redfield P-limited 6.6:1 106:1 16:1 P-limited only (proxy for N-fixation)

Macroalgae Atkinson Q1 22:1 440:1 20:1 C:P predicted from 1st quartile N:P
Atkinson Median 18.4:1 570:1 31:1 C:P predicted from median N:P
Atkinson Q3 16.1:1 758:1 471 C:P predicted from 3rd quartile N:P

The C:N ratio for the Galbraith modelis C : N = (125%. +30%o

x [NO3]/(0.32uM + [NO3)))™" and the C:P ratio for the Galbraith modelis C : P =

(7.3 x [PO3"] + 4.8))" The data

used to develop the Atkinson stoichiometries considered Chlorophyta, Phaeophyta, and Rhodophyta only.
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€ = tanh (%)

Where E(x,y,t) is the MODIS-Aqua Level 3 monthly
climatology of photosynthetically active radiation at 9km
resolution spanning the years 2002 to 2019/2020 (NASA, 2020)
(data downloaded August 2020), regridded to 1°x1° using the
cdo package (Schulzweida, 2019), and divided by the fraction of
the day in the photoperiod, fiigh.

The light saturation parameter, E), applied to microalgae
stoichiometries (Table 1) was determined from the Marine
Primary Production: Model Parameters from Space (MAPPS)
project (Bouman et al, 2018), where individual reported Ej
measurements from the database were grouped by Longhurst
biogeochemical province (Longhurst, 2010), hemisphere, and
season, from which median values were taken for each of these
groupings. Median values ranged from 40 to 370 umol m™ s™".
This grouping created seasonally-specific polygon groupings of
E)\ values which were then overlaid onto the 1°x1° grid.

The light saturation parameter, E), applied to macroalgae
stoichiometries was held fixed at 125 pmol m™ s based on the
consistency in reported values from red, green, and brown
macroalgae (Johansson and Snoeijs, 2002; Gomez et al., 2004).

Global-Scale Estimates of Carbon Dioxide
Removal Potential

For each microalgae and macroalgae stoichiometry in Table 1,
monthly estimates of carbon dioxide removal potential were
summed to generate annual scale estimates for each longitude x,
latitude y, and depth z combination. At each longitude-latitude
pairing, maximum annual carbon dioxide removal potential was
selected among depths below the maximum annual mixed layer
depth. These maximum carbon dioxide removal potential
estimates were integrated across the area of the grid cell.
Positive values of this areally-integrated maximum carbon
dioxide removal potential estimate from each latitude-
longitude pair were summed together to generate global-scale
estimates of carbon dioxide removal potential. Negative values
were excluded from the summation.

RESULTS

Carbon Dioxide Removal Potential
Microalgae

Median areal flux rates of carbon dioxide removal potential from
microalgae stoichiometries were calculated to range from 0.03 to
0.12 tons CO, km™ yr'' under the constraint of an upwelling
pipe no longer than 500 meters. Maximum areal flux rates
ranged from 0.45 to 0.66 tons CO, km™ yr' (Figures 2, 3;
Table 2). Approximately 90% to 95% of the grid cells were
limited to less than 0.5 tons CO, km ™ yr™', with the exception of
the Galbraith model which did not exceed 0.5 tons CO, km ™ yr™!
under any conditions (Figure 3). The models showed some zonal
variation with highest estimated rates of carbon dioxide removal
poleward of 40° latitude in both hemispheres, especially in the

Southern Ocean and in the north Pacific. The eastern equatorial
Pacific also shows elevated carbon dioxide removal potential
across the range of stoichiometries considered (Figure 2). In
each of the microalgae models, between 2% and 14% of the
model grid cells projected negative carbon dioxide removal (<0
tons CO, km™ yr'l), except for the Galbraith model for which
35% of the model grid cells projected negative carbon dioxide
removal (Figure 3). Negative carbon dioxide removal potential
was projected across the microalgae stoichiometries in portions
of the eastern tropical north Pacific, the north Atlantic, and the
western Indian Ocean (Figure 2).

In scenarios where the constraint of a 500 m long upwelling
pipe was removed, carbon dioxide removal potential increased
slightly across the grid, without substantial change to the spatial
pattern (Figure S1) or distribution (Figure 3) of potential carbon
dioxide removal from the depth-limited scenario. The depth of
pumping required to generate maximum carbon dioxide removal
potential exceeded 1000 meters, and reached 4000 to 5000 meters
in much of the north Atlantic and north Pacific (Figure S2). That
the depth of pumping corresponding to maximum carbon
dioxide removal potential exceeded 500 meters indicates that
pump length may become a limiting factor on the carbon dioxide
removal potential of artificial upwelling. Relaxing the depth
constraint eliminated nearly all grid cells projecting negative
carbon dioxide removal potential. Model grids cells with
projected negative carbon dioxide removal shrunk to between
0.2% and 0.5%, except for the Galbraith model which continued
to project 34% of the model grid cells generating negative carbon
dioxide removal (Figure 3). The persistence of grid cells with
negative carbon dioxide removal potential in this scenario
suggests that there are locations in the tropical-to-temperate
ocean for which no scenario of artificial upwelling would be
beneficial for the purposes of carbon dioxide removal.

Macroalgae

Median areal flux rates of carbon dioxide removal potential from
macroalgae stoichiometries were calculated to range from 0.3 to
0.35 tons CO, km™ yr'' under the constraint of an upwelling
pipe no longer than 500 meters. Maximum areal flux rates
ranged from 0.8 to 0.85 tons CO, km™ yr' and minimum
areal flux rates ranged from -0.33 to -0.23 tons CO, km™ yr' in
this scenario (Figures 2, 3; Table 2). However, unlike in the
microalgae models, the percentage of grid cells in the macroalgae
models exhibiting negative carbon dioxide removal potential was
negligible (<0.05%). Similar to the microalgae models, greatest
carbon dioxide removal potential was projected in the high
latitudes of both hemispheres. Eastern boundaries of the south
Atlantic and of the Pacific Oceans also showed elevated carbon
dioxide removal potential. Elevated carbon dioxide removal
potential was projected across much of the eastern equatorial
Pacific (Figure 2).

In scenarios where the constraint on the depth of the
upwelling pipe was removed, projected carbon dioxide removal
potential increased across the grid and became more spatially
homogeneous across the mid-latitudes (Figure S1). In particular,
increases in carbon dioxide removal potential were projected for
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FIGURE 2 | Maps of maximum potential carbon dioxide removal for all microalgae (left column) and macroalgae (right column) stoichiometries under the constraint
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the western margin of the major ocean basins. Maximum carbon
dioxide removal was projected when pumping from depths of
between 1000 and 2000 meters across most of the major ocean
basins (Figure S2). The exception to this rule came from the
north Atlantic where maximum carbon dioxide removal
potential was forecast to come from pumping up from depths
of 4000 to 5000 meters. The increased projected carbon dioxide
removal serves as evidence that current technological limits on
the feasibility of deploying pipes into the deep ocean for artificial

upwelling limit carbon dioxide removal potential from
macroalgae, although this limitation is typically not more than
0.04 tons CO, km™ yr'1 (Table 2).

Global-Scale Potential

Microalgae

Global aggregated carbon dioxide removal potential from
microalgae was calculated to be less than 50 megatons, or 0.05
gigatons, of carbon dioxide per year under the technological
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FIGURE 3 | Empirical cumulative distribution functions of the maximum potential carbon dioxide removal for all microalgae (left column) and macroalgae (right
column) stoichiometries with the constraint of an upwelling pipe no longer than 500 meters (dark purple) and without limits to the depth of the upwelling pipe (yellow).

constraint of a 500 m length upwelling pipe (Figure 4).When this
technological constraint was removed, potential carbon dioxide
removal increased by between 10 and 15 megatons (0.01-0.015
gigatons) of carbon dioxide per year across all microalgae
stoichiometries, except the Galbraith model for which there
was a negligible difference (less than one megaton of carbon
dixoide per year) (Figure 4). In contrast to the other microalgae
models, the Galbraith model predicted that the pumping depth

for maximum carbon dioxide removal potential would be less
than 500 m across much of the tropical-to-subpolar ocean
(Figure S2). Therefore, removing the technological constraint
of a 500 m long upwelling pipe had less impact on the estimates
of carbon dioxide removal potential than on other
stoichiometries, all of which showed that the depth of
pumping for maximal carbon dioxide removal often exceeds
500 meters depth.
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Macroalgae

Global aggregated carbon dioxide removal potential for
macroalgae stoichiometries was calculated to be between 98
and 113 megatons (0.098 to 0.113 gigatons) of carbon dioxide
per year under the technological constraint of a 500 m length
upwelling pipe (Figure 4). Removing the depth limit on
the pipe resulted in an increase of approximately 10 to 15
megatons of carbon dioxide per year across all macroalgae
stoichiometries (Figure 4).

Controls on Carbon Dioxide

Removal Potential

Biogeochemical modification of deep ocean water by microalgae
was co-limited by nitrate and phosphate availability. Distributions
of nitrate-to-phosphate from locations and depths corresponding

to maximum carbon dioxide removal potential without
constraints on maximum pump depth (Figures S1, S2)
demonstrated phosphate-limitation for the Garcia Q1 model,
nitrate-limitation for the Garcia Q3 and Redfield models, and
co-limitation by nitrate and phosphate in the Galbraith model
(Figure 5). The Redfield P-limited model was phosphate-limited
by design (see Table 1). In contrast, all three macroalgae models
were nitrate-limited (Figure 5).

Carbon dioxide removal potential in this study can be
explained as linear functions of the ratio of carbon to the
limiting nutrient(s) (Figure 6). As carbon-to-nutrient ratios in
microalgae and macroalgae increase, more carbon is removed
per unit nutrients consumed. Microalgae carbon-to-nutrient
ratios were represented as the product of carbon-to-nitrogen
and carbon-to-phosphorus ratios to reflect the limitation of both

TABLE 2 | Summary statistics of carbon dioxide removal potential from microalgae and macroalgae models across the global grid (tons CO, km2 yr).

Algae Model Min Q1 Med Q3 Max

Microalgae Galbraith -0.53 (-0.53) -0.01 (-0.01) 0.03 (0.03) 0.15 (0.15) 0. 45 (0. 45)
Garcia Q1 -0.52 (-0.52) 0.02 (0.07) 0.06 (0.12) 0.2 (0.23) 6 (0.6
Garcia Q3 -0.53 (-0.53) 0.03 (0.09) 0.09 (0.14) 0.22 (0.26) 0. 62 (0. 62)
Redfield -0.53 (-0.53) 0.04 (0.1) 0.09 (0.15) 0.22 (0.26) 0.63 (0.63)
Redfield P-limited -0.16 (-0.16) 0.07 (0.13) 0.12 (0.18) 0.25 (0.29) 0.66 (0.66)

Macroalgae Atkinson Q1 -0.23 (-0.23) 0.3 (0.33) 0.35 (0.38) 0.47 (0.5) 0.85 (0.85)
Atkinson Median -0.29 (-0.29) 0.27 (0.31) 0.32 (0.36) 0.44 (0.48) 0.82 (0.83)
Atkinson Q3 -0.33 (-0.33) 0.25 (0.29) 0.3 (0.34) 0.42 (0.46) 0.8 (0.81)

The table shows minimum (Min), first quartile (Q1), median (Med), third quartile (Q3), and maximum (Max) values for scenarios with a pump depth limit of 500 meters, and those for which

pump depth was not limited (values shown in parentheses).

250 0.25
2 200 0208
? Py
9 J
8 s
< 150 0.15 &
= )
& 100 0.10 5
& 9
x 5
8 s0 - 0052
o - | /= 1 -
Gal Gar Garg, Re Rede
bra/zh Cia Q1 Cia Q3 ety d P"f’"ited
250 0.25
£ 200 020 Q
s, 2
g g
z 150 0158 Pumping Depth
E % _ <500 meters
§ 100 0.10 5 All Depths
& o
x <
8 s0 005>
0 0.00
Atki Atkin, Atk
"son q; Son Medizy, "son 3
FIGURE 4 | Projected global-scale carbon dioxide removal potential after areally integrating positive potential carbon dioxide removal values from Figure 2 (purple)
and Figures S1 (yellow) for microalgae stoichiometries (top row) and macroalgae stoichiometries (bottom row).
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nitrate and phosphate on biogeochemical uptake across the suite
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DISCUSSION

of microalgae stoichiometries considered. Macroalgae models,

being limited by nitrate alone, were explained as a linear
function of macroalgae carbon-to-nitrogen ratios across the

stoichiometries considered.

FIGURE 5 | Density histograms of the nitrate-to-phosphate ratio corresponding to maximum carbon dioxide removal potential shown in Figure S$1 for microlage (left
column) and macroalgae (right column) stoichiometries. Dashed lines show the nitrogen-to-phosphorus stoichiometry of the microalgae or macroalgae (Table 1).
Values to the left of the dashed line are nitrogen-limited and values to the right of the dashed line are phosphate-limited. The nitrogen-to-phosphorus stoichiometry of
the Galbraith model are shown as the grey overlaying histogram. The nitrogen-to-phosphorus stoichiometry of the Redfield P-limited model is not shown because
biogeochemical uptake is limited by phosphate availability only. Axis limits are adjusted between plots to facilitate visualization of the density histograms and their
relationship to the nitrogen-to-phosphorus stoichiometry.

This study presents estimates of the potential for carbon dioxide
removal from artificial upwelling by using a simple model to

project the capacity of artificial upwelling to decrease surface
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in Figure 82 and selecting the median values of carbon-to-nitrogen and carbon-to-phosphorus from the distributions.

ocean aqueous carbon dioxide concentration. By incorporating a
range of observationally-informed carbon-to-nitrogen-to-
phosphorus ratios for microalgae communities and for
macroalgae (Table 1), the simple model can investigate the
potential for carbon dioxide removal across a realistic range of
possible carbon-to-nutrients ratios. Comparison of the results
across the different nutrient stoichiometries serves as a means to
analyze the sensitivity of the model results to any assumed
carbon-to-nitrogen-to-phosphorus ratio.

This study projects that carbon dioxide removal potential
across the tropical-to-subpolar ocean is always less than 1 ton
CO, km™ yr' and that global-scale deployment of pipes
uniformly deployed at a spacing of one pipe per square
kilometer across the tropical-to-subpolar ocean would yield
carbon dioxide removal of substantially less than one gigaton
of carbon dioxide removal annually. Simulations across a range
of assumed microalgae growth stoichiometries without limits on
upwelling pipe depth resulted in estimates between 20 and 62
megatons (0.02 to 0.062 gigatons) of potential carbon dioxide
removal annually, while simulations across a range of
macroalgae growth stoichiometries without limits on upwelling
pipe depth resulted in estimates between 98 and 124 megatons
(0.098 to 0.124 gigatons) of potential carbon dioxide removal
annually. Technological limitations, taken in this study as a
maximum pipe depth of 500 meters, are responsible for a
reduction of 10 to 15 megatons of potential carbon dioxide
removal per year from the theoretical maximum if pipe depth
was not a limiting factor (except for the Galbraith model)
(Figure 4). Under a wide array of microalgae and macroalgae
stoichiometries, this study projects that the expected decrease of
surface ocean carbon dioxide concentration due to increased
primary production from artificial upwelling is largely offset by
the effects of upwelling deep ocean water with high
concentrations of carbon dioxide.

Study Assumptions

There are a number of assumptions in this study worthy of
further consideration. First, this study considers carbon dioxide
removal potential from the point of carbon dioxide fixation via
photosynthesis. It does not consider losses due to
remineralization of organic matter in the surface ocean. If
organic matter is not rapidly harvested or exported to the deep
ocean, remineralization during export will reduce the efficiency
and permanence of carbon dioxide removal from artificial
upwelling by returning a large portion of carbon embedded in
the biomass back to dissolved carbon dioxide (Baumann et al.,
2021; Siegel et al., 2021). By not considering remineralization,
this study likely overestimates the quantity and permanence of
carbon dioxide removal from artificial upwelling.

There are a number of ideas being considered to reduce
surface ocean remineralization of newly produced macroalgae.
There is growing interest and exploration in the idea of
intentionally sinking macroalgae biomass (GESAMP, 2019;
Energy Futures Initiative, 2020; Ocean Visions, 2021) in the
deep ocean to sequester the embedded carbon from return to the
atmosphere. Recent research suggest that the deep ocean may
offer sequestration permanence on timescales of decades-to-
millenia depending upon the location where the biomass is
sunk and the depth to which it is sunk (Siegel et al., 2021). A
second option for macroalgae would involve harvesting the
macroalgae for later use as a source of energy coupled with
carbon capture and storage (Moreira and Pires, 2016), or for use
as a source of energy where the carbon remains in an inert form
such as biochar (Roberts et al., 2015).

Microalgae presents unique challenges for ensuring
sequestration due to their diffuse concentration and neutral
buoyancy in seawater. Coupling artificial upwelling pipes to
adjacent artificial downwelling pipes may provide one route for
rapid export of additional microalgae biomass into the deep
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ocean. Downwelling pipes would need to be a different length
than the coupled upwelling pipe to avoid running a closed loop
by which the same water parcel is repeatedly upwelled and
downwelled without a chance to drawdown atmospheric
carbon dioxide in the surface ocean and export newly
produced organic matter to the deep ocean.

Second, this study assumes that the change in surface ocean
concentration of aqueous carbon dioxide is a reliable indicator of
carbon dioxide removal potential because any deficits in surface
ocean concentration of aqueous carbon dioxide would be
replenished by invasion of atmospheric carbon dioxide.
However, changes in aqueous carbon dioxide concentration
may only result in uptake of atmospheric carbon dioxide if the
carbon dioxide-depleted water remains at the surface long
enough for the atmosphere to equilibrate with the surface
water. As Bach et al. (2021) showed, carbon dioxide-depleted
surface water in the vicinity of the Great Atlantic Sargassum Belt
is not exposed to the atmosphere long enough for atmospheric
carbon dioxide to invade the surface ocean and re-equilibrate the
air-sea equilibrium. In these instances of insufficient
equilibration, carbon dioxide removal potential is reduced
from the upper bound created by the air-sea concentration
gradient. This study does not resolve area(s) of the tropical-to-
subpolar ocean over which incomplete equilibration is expected,
but one can safely assume that inclusion of this process would
reduce the global total estimates of carbon dioxide removal
provided here (Figure 4).

Third, this study does not consider changes in the vertical
structure of the upper water column due to artificial upwelling.
The upwelling of deep ocean water from below the winter mixed
layer depth into the surface mixed layer will tend to reduce the
thermal and haline gradients between the surface ocean and the
deep ocean, resulting in reduced stratification between the two
layers (Fennel, 2008). This breakdown in stratification accelerates
with higher rates of deep water upwelling, but can be inhibited by
absorption of solar radiation on the ocean’s surface, which heats
the surface layer and strengthens stratification (Letelier et al.,
2008). Reduced stratification may allow for greater diffusion of
high carbon dioxide deep ocean water into the surface mixed layer.
These diffusive fluxes of carbon dioxide from within the
pycnocline into the mixed layer could offset any drawdown in
surface ocean aqueous carbon dioxide caused by upwelling-
induced primary production, resulting in diminished estimates
of the carbon dioxide removal potential of artificial upwelling.

Fourth, this study relies on monthly climatologies alone to
predict annual estimates of carbon dioxide removal potential. It
does not resolve sub-monthly variability, nor does it resolve
carbon dioxide removal potential on interannual timescales. As
such, the carbon dioxide removal potential estimated in this
study should serve as an average estimate for a given location, as
well as on a global-scale, subject to modification as upper ocean
conditions change due to changes in temperature, salinity,
surface ocean chemistry, mixed layer depth, and incoming
solar radiation.

Fifth, this study focuses on macronutrient fertilization alone.
It does not consider the role of micronutrients, such as iron, in

supporting enhanced biological productivity. This is a
simplification of the model because it is well-established that
many regions of the ocean are micronutrient-limited, such as the
well-known high-nutrient low-chlorophyll regions (Moore et al.,
2013). Excluding micronutrients may bias the carbon dioxide
removal potentials presented here to be higher than actually
expected. However, this bias may be fully or partially negated
because artificial upwelling would translocate micronutrients
from depth to the surface alongside macronutrients. For
instance, dissolved iron concentration increases with depth
consistently across much of the world’s major ocean basins
(Moore and Braucher, 2008). Regardless, nutrient fertilization
is modeled in this study as co-limitation (the least abundant
nutrient dictates the extent of new biological production).
Incorporating one or more additional co-limiters (e.g.,
dissolved iron) would result in decreased estimates of the
carbon dioxide removal potential of artificial upwelling.

Comparisons With Earth System
Modeling Studies
This study estimates carbon dioxide removal potential in each grid
cell independent of both past levels of artificial upwelling and other
parts of the Earth system. In contrast, past artificial upwelling
studies estimated the carbon dioxide removal potential within an
Earth system model (Dutreuil et al., 2009; Yool et al., 2009; Oschlies
et al., 2010; Keller et al., 2014). While the approach in this study is
simpler, and allows for incorporation of recent high resolution
(1°x1°) observationally-informed climatologies, it has two main
drawbacks relative to Earth system modeling studies. First, Earth
system models evolve processes forward in time, such that the past
state of a process affects future values. This is a more realistic
representation of any intervention as its effects accumulate through
space and time (although not all of these models simulate the
changes in upper ocean mixing described above due to the required
additional complexity of the simulations). By projecting forward in
time, Earth system models can address questions that this model is
ill-suited to address, such as how using deep ocean nutrients
through artificial upwelling may affect nutrient availability to
support primary production in downstream ecosystems (the
“opportunity cost” of artificial upwelling on biological productivity).
The second drawback of this model relative to Earth system
models is that Earth system models allow for exchange of carbon
between the ocean, atmosphere, and land, and thus are able to
simulate Earth system feedback from artificial upwelling. All
carbon dioxide removal pathways are expected to induce Earth
system feedbacks that counteract the drawdown of atmospheric
carbon dioxide as the various reservoirs of the global carbon
cycle re-equilibrate. These feedbacks dictate the ultimate efficacy
of any carbon dioxide removal pathway in drawing down
atmospheric carbon dioxide concentrations (Cao and Caldeira,
2010; Jones et al., 2016; Keller et al., 2018). For instance, Jones
etal. (2016) showed in an Earth system model that the fraction of
a given quantity of carbon dioxide removal which remained out
of the atmosphere ranged from 55% to 89% (depending upon the
RCP scenario) as the global carbon cycle re-equilibrated to a
quantity of atmospheric removal.
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The spatially-resolved (Figure 2) and global summed (Figure 4)
carbon dioxide removal potential are linearly dependent on the
areal mean upwelling rate, which is the product of the areal density
of pipes, #,ipe» and the volumetric flow rate per pipe, Q. At pipes =
1km™ and Q = 0.05 m® s, the areal mean upwelling rate in this
study was approximately 0.4 centimeters per day. For comparison,
areal mean upwelling rates in Oschlies et al. (2010) and Keller et al.
(2014) were one centimeter per day, and the areal mean upwelling
rate in Yool et al. (2009) was two centimeters per day. If the areal
mean upwelling rates from the Earth system modeling studies were
used in this study, it would increase the carbon dioxide removal
potential by a factor of 2.5 (one centimeter per day) or 5 (two
centimeters per day). This would increase the estimates of carbon
dioxide removal potential for microalgae to between 50 and 310
megatons (0.05 to 0.31 gigatons) annually, and would increase the
carbon dioxide removal potential for macroalgae to between ~250
and 625 megatons (0.250 to 0.625 gigatons) annually. These scaled
estimates would fall within the range of -0.13 to 0.38 gigatons of
microalgae carbon dioxide removal per year projected by Yool et al.
(2009). But the scaled estimates would still fall well short of the
projected ~3.3 gigatons of carbon dioxide removal per year
reported by Oschlies et al. (2010) and of the 6.1 to 13.2 gigatons
of carbon dioxide removal per year projected by Keller et al. (2014).
However, these discrepancies may not be as large as they may first
appear. Oschlies et al. (2010) found that cooling of surface waters
due to artificial upwelling depressed land-based respiration, which
represented ~80% of the additional carbon storage in their model
simulations. This leaves ~0.66 of the 3.3 total gigatons of carbon
dioxide removal per year reported by Oschlies et al. (2010) as
sequestered in the ocean sink. This study can only estimate uptake
potential by the ocean, so a direct comparison between the two
studies would find that the estimates of ocean uptake from artificial
upwelling in this study are approximately one-sixth that of Oschlies
etal. (2010). While this discrepancy clearly leaves room for further
investigation, it does not represent a difference of orders of
magnitude as it might have initially appeared.

In the short term, two cross-checks between this model and
Earth system models could help validate or invalidate the results
of this study. First, by incorporating the realistic technical
feasibility of pipe performance featured in this study
(maximum depth of 500 meters, Q=0.05m?>s! ) into Earth
system model simulations. Second, by applying this simple
diagnostic model to Earth system model output. Regardless of
future modeling work, the inconsistencies in reported values
between Earth system modeling studies underscore the need for
complementary approaches (mesocosms, field tests) to evaluate
the efficacy of artificial upwelling for carbon dioxide removal.

Final Thoughts on Study Limitations

Despite its limitations, the simple modeling framework introduced
in this study facilitates rapid testing of the upper bound on the
potential for carbon dioxide removal from artificial upwelling
across a wide range of carbon-to-nitrogen-to-phosphorus ratios
for microalgae and macroalgae communities. By considering the
near-term technological limits on operational capacities of
upwelling pumps, this study helps ground the near-term
potential of artificial upwelling to contribute to the removal of

atmospheric carbon dioxide. As higher-resolution oceanographic
data products and climatologies become available, they can replace
the data products used in this study for higher spatial and
temporal resolution estimates of the carbon dioxide removal
potential from artificial upwelling. Multiple modeling
approaches, alongside experimental and observational studies,
are likely to provide the most holistic perspective about the
range of possible outcomes from artificial upwelling.

Futher Considerations

At the flow rate considered within each pipe here (0.05 m® s™), pipe
areal density would need to increase by approximately an order of
magnitude to 71 ~ 10 km™ across the study area to reach
gigaton-scale carbon dioxide removal. Substantial technological
developments would be needed to reach this areal density
because current field trials have been restricted to single pipe
studies over short timescales (days-to-weeks) (Pan et al., 2016).

This study may aid in the site selection of experimental
programs by identifying sites with large ranges in carbon
dioxide removal potential from artificial upwelling, such as in
the eastern equatorial Pacific or along the northern boundary of
the Southern Ocean among others (Figure 2). These sites, which
feature large variations in carbon dioxide removal potential over
small spatial distances, may prove valuable for experimental
programs because they may provide an opportunity to ground
truth both upper end and lower end carbon dioxide removal
estimates from artificial upwelling.

Environmental impacts from artificial upwelling need to be
carefully studied in addition to carbon dioxide removal potential.
Possible impacts include whether, and how, artificial upwelling
may change phytoplankton community competition via changes
in temperature, salinity, nutrients, carbon dioxide, and/or light;
and the effects of these changes on marine food webs and carbon
export efficiency (Pan et al., 2016; Taucher et al., 2021). Large-scale
implementation of artificial upwelling may impact sea surface
temperatures with consequences for local circulation, weather, and
climate (Kwiatkowski et al., 2015). The Ocean artUp program
(https://ocean-artup.eu/) is conducting mesocosm and field
experiments, as well as modeling studies to better characterize
the environmental impacts (both positive and negative) of artificial
upwelling. Observational studies of natural upwelling systems for
their carbon sequestration potential may also offer valuable
insights into the efficacy of artificial upwelling and its impacts
on marine ecosystems (Bach and Boyd, 2021).

CONCLUSION

Gigaton-scale carbon dioxide removal is now required under the
shared socioeconomic pathways that limit warming to <2°C
above the pre-industrial (IPCC, 2021). Ocean-based pathways
may play a valuable role in supplying the needed carbon dioxide
removal because of their size, potential for fewer conflicting use
needs, and potential advantages with respect to permanence
(Siegel et al., 2021). This study suggests artificial upwelling is
unlikely to provide gigaton-scale carbon dioxide removal because
enhanced biological production supported by deep water
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nutrients are largely offset by the correlated release of carbon
dioxide from deep ocean water, even before considering
inefficiencies from remineralization of newly produced organic
matter. Controlled field trials are needed to validate or invalidate
the findings of this study and other artificial upwelling
modeling studies.
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