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Artificial upwelling (AU) is a novel geoengineering technology that brings seawater
from the deep ocean to the surface. Within the context of global warming, AU
techniques are proposed to reduce sea surface temperature at times of thermal
stress around coral reefs. A computationally fast but coarse 3D Earth System model
(8.6° longitude x 1.8° latitude) was used to investigate the environmental impacts
of hypothetically implemented AU strategies in the Great Barrier Reef, South China
Sea, and Hawaiian regions. While omitting the discussion on sub-grid hydrology, we
simulated in our model a water translocation from either 130 or 550 m depth to sea
surface at rates of 1 or 50 m® s~ as analogs to AU implementation. Under the
Representative Concentration Pathway 8.5 emissions scenario from year 2020 on, the
model predicted a prevention of coral bleaching until the year 2099 when AU was
implemented, except under the least intense AU scenario (water from 130 m depth
at 1 m3 s~). Yet, intense AU implementation (water from 550 m depth at 50 m3 s~ ')
will likely have adverse effects on coral reefs by overcooling the surface water, altering
salinity, decreasing calcium carbonate saturation, and considerably increasing nutrient
levels. Our result suggests that if we utilize AU for mitigating coral bleaching during
heat stress, AU implementation needs to be carefully designed with respect to AU’s
location, depth, intensity and duration so that undesirable environmental effects are
minimized. Following a proper installation and management procedure, however, AU
has the potential to decelerate destructive bleaching events and buy corals more time
to adjust to climate change.

Keywords: coral bleaching, ocean biogeochemical modeling, artificial upwelling, global warming, sea surface
temperature rise, heat waves, earth system modeling

INTRODUCTION

Shallow-water coral reefs sustain some of the most biodiverse ecosystems on the planet, providing
numerous ecosystem services and values to both humans and the environment (Deloitte Access
Economics, 2013). Thriving in the euphotic zone at tropical latitudes, corals face increasing
temperature-induced bleaching events (Aronson et al, 2002; Hughes et al., 2018). During
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bleaching events the corals expel the zooxanthellae (symbiotic
algae) living within their tissue as a response to the high
temperature stress, leaving the white coral skeletons behind.
Because zooxanthellae provide, through photosynthesis, most of
the energy required by their hosts, the loss of zooxanthellae
can lead to coral starvation and death, and ultimately to reef
degradation. According to the current tendency of economy
and population growth, Earth’s temperature is predicted to
still increase across 1.5°C warming target by the end of
21st century, even if current climate mitigation efforts are
adopted (Raftery et al, 2017). Sea surface temperature (SST)
will rise in the next decades and increase the probability of
extreme marine heat events (Frolicher and Laufkotter, 2018)
and hence, the frequency and intensity of mass coral bleaching
events contributing to reef degradation worldwide (Hughes
et al., 2017). Consequently, climate change adaptation measures
that could provide a longer time window for corals to cope
with rising temperature, are needed along with the climate
mitigation efforts.

Natural upwelling, which introduces cooler sub-thermocline
water into shallow reef areas, can effectively cool surface waters,
and thus provide temporal refugia for coral reefs when upwelling
coincides with thermal events (Jiménez et al., 2001; Bayraktarov
et al, 2013; Chollett and Mumby, 2013; Wall et al, 2015).
Upwelling can also be achieved with a geoengineering technology
called artificial upwelling (AU). Powered by either ocean waves,
solar or ocean thermal energy, AU is designed to pump seawater
adiabatically from depths below the thermocline to the sea
surface, and discharges the upwelled water via a floating platform
(Kirke, 2003). So far, AU has been considered primarily to
increase surface ocean primary productivity by pumping up
nutrient-rich deep water, to either enhance CO, sequestration
from the atmosphere and thereby mitigate global warming
(Liu and Jin, 1995; Kirke, 2003) or to increase the yield of
fisheries (Vitdez et al., 2016). AU, however, will also cool the
ocean surface by up to several degrees Celsius (Oschlies et al.,
2010) inferring that AU may be a viable tool to reduce heat
stress for corals.

In order to gain a first understanding on the effect of
AU on reef waters and the surrounding system, we simulated
the implementation of vertical tracer translocation as an
analog to AU (hereafter for descriptive convenience, we do
not distinguish between AU and water translocation unless
specifically noted), in three major coral reef systems in the
Indo-Pacific (Great Barrier Reef, South China Sea, Hawaiian
islands) from year 2020 to 2100, using the University of Victoria
Earth System Model (UVic). The model uses a spatial and
temporal resolution that allows a cost-effective representation
of the complex evolution of three-dimensional (3D) ocean
hydrology and biogeochemistry under future climate change.
Although this rather coarse model does not provide definitive
answers regarding AU implementation on small local scales,
its main advantage lays in the simultaneous exploration of
multiple parameters that may be altered by AU in the context
of global warming, which is the main goal of this study.
Therefore, we investigated the potential efficiency of AU in
mitigating coral bleaching by analyzing its effects on SST and

accumulated heat stress in the three test regions. We also
assessed the potential side effects of AU practices in terms of
changes in ocean circulation and marine biogeochemistry (i.e.,
ocean temperature, salinity, nutrients and calcium carbonate
saturation states et al.). We hypothesized that AU will reduce
SST and coral bleaching effectively; however, depending on the
implementation strategy of AU, some undesirable side effects
might occur. Possible side effects include severe reduction in
temperature (overcooling), salinity changes, acidification and
nutrient-enrichment, which may affect the biogeochemistry and
hydrology of reef waters as well as of neighboring water masses.
Depending on the severity of these changes and the susceptibility
of ecosystems, this may entail substantial pressure on coral
health and ecosystem functioning (Kleypas et al., 1999; Guan
et al,, 2015). For example, excessively cooled water can have
similarly negative effects on the corals’ metabolism as thermal
stress (Saxby et al., 2003; Lirman and Manzello, 2009; Kemp
et al., 2011; Roth et al,, 2012). Seemingly, the enrichment of
dissolved inorganic carbon (DIC), and subsequent reduction of
ocean pH, can impair coral growth (e.g., calcification) (Schneider
and Erez, 2006). Increased nitrogen and phosphorus input
may promote macroalgae growth, which could outcompete
corals (McCook, 1999; Szmant, 2002) and may also affect coral
health (Wiedenmann et al, 2012). Generally speaking, any
drastic change in the physical and chemical properties of water
masses has the potential to affect exposed organisms, which
can ultimately alter ecosystem composition and functioning.
Therefore, before AU can be implemented, we need to gain a
holistic understanding of the benefits and risks of AU. The first
step towards that goal is to numerical model effect of AU on
the water properties, which will provide some initial insight into
answers for the following questions:

(i) Can AU reduce the duration and intensity of heat stress in
coral reef systems?
(7)) What are the possible adverse environmental effects of AU?
(iii) What are the optimal AU operational strategies that would
lead to successful bleaching mitigation, with minimum
harmful impacts on environment and acceptable costs?

MATERIALS AND METHODS

Model Description

Model simulations were performed with the coarse-resolution
Earth system model University of Victoria Earth System Climate
Model (UVic) version 2.9 (Weaver et al., 2001). The ocean
component of UVic is formed by a general ocean circulation
model (Pacanowski, 1996) coupled to a nutrient-phytoplankton-
zooplankton-detritus (NPZD) module and a marine carbon
cycle, so that 3D marine biogeochemical processes can be
represented. The terrestrial module of UVic is modified from
the Top-down Representation of Interactive Foliage and Flora
Including Dynamics (TRIFFID) vegetation model (Meissner
et al., 2003). Within UVic, the atmosphere is described by an
energy-moisture balance model (Fanning and Weaver, 1996),
and processes related to sea ice are characterized with a sea
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ice module (Bitz and Liscomb, 1999). The oceanic component
has a horizontal resolution of 3.6° longitude x 1.8° latitude.
A full seawater column has 19 layers, with a gradually coarser
resolution starting from 50 m thickness near the surface,
up to 500 m thickness at the deepest layer near the ocean
floor. The UVics isopycnal mixing follows Gent-McWilliams
parameterization (800 m? s~! for diffusivities) for mesoscale
eddies and Bryan-Lewis scheme for the vertical tracer diffusivity
(0.3 - 1.3 cm? s~ 1)(Weaver et al., 2001). Ocean wave states are
not considered for air-sea heat, momentum, gas, aerosol and
moisture fluxes, hence no wave excitation energy accounted.
The simulated SST and oceanic pCO, were evaluated against
data from the World Ocean Atlas (Locarnini et al., 2013),
and the Surface Ocean CO, Atlas (Landschiitzer et al., 2014;
Feng et al., 2016). This evaluation showed that UVic simulates
sea surface pCO, within the range of observations, and the
resulting SST was also well within range of date-error bands
from the Coupled Model Intercomparison Project (CMIP)
models (Wang et al., 2014; Feng et al., 2016). UVic has been
previously used to investigate the climate mitigation potential of
regionally implemented ocean alkalinization under a business-
as-usual emission scenario, in the Great Barrier Reef, Caribbean
Sea, and South China Sea (Feng et al., 2016). The robustness
of its representation of the equatorial current system in the
upper Pacific Ocean has also been demonstrated (Supplementary
Text S1 and Figure S1). Despite the relatively coarse spatial
resolution of UVic, the results of previous modeling studies
(Oschlies et al., 2010; Keller et al., 2014) indicate it is an effective
tool to simulate AU for providing a first understanding on how
AU may effect SST, biogeochemistry and hydrology of ocean
waters and presenting referential information to assist future
assessment on this topic.

In this study, the fast and inexpensive global UVic model
was chosen over slow and expensive regional models, since
it is an efficient tool to gain some initial insights into
how water translocation can affect the physical characteristics
and the biogeochemistry of surface waters and the water
column. To the best of our knowledge, even for very fine-
resolution biogeochemical models, simulating detailed ocean
dynamics and biogeochemistry near shallow coral-inhabiting
waters remains a challenge because of the complex nature of
shallow-water environments (Zhang et al., 2012; Lessin et al,
2018) and the difficulties in coupling ocean currents, waves,
and biogeochemistry within numerical models (Mongin and
Baird, 2014). Coupling AU hydrological modules with a regional
biogeochemical model imposes another technical challenge.
Such sophisticated numerical coupler has only been seen from
environmental assessments provided by dedicated enterpriser
teams (Pat Grandelli et al, 2012). The UVic model instead,
allows simulations of complex 3D physical and biogeochemical
properties on large spatial scales, from which key information
is transformable and valuable to understanding smaller scale
(localized) impacts where knowledge on 3D dynamics are limited.
Therefore, with carefully designed simulations to minimize
possible caveats, UVic can be employed as an useful tool
to studying ocean interventions at both global and regional
scales (Bonan and Doney, 2018), especially to gain a first

understanding in a timely and efficient fashion (Keller et al., 2014;
Feng et al., 2016).

Regions of Interest

We chose experimental areas larger than 100,000 km? for
testing AU to fully utilize the current advantage of UVic
that is capable of simulating marine biogeochemistry across
large ocean basins efficiently and robustly in three dimensions.
With this large-scaled implementation of AU and the global
coverage of UVic, mesoscale ocean dynamics, such as eddies,
are presumed insignificant in modulating AU plumes, hence
not necessarily less accurate than high-resolution models
(Petoukhov et al., 2005). Accordingly, the trajectories of upwelled
water over long distances are obtainable for investigating the
impacts of AU beyond our regions of interest. Those large-
scaled simulations could also be viewed as ambitious AU
implementation scenarios with extremely large amount of water
being manually relocated, which is scientifically meaningful
to investigate the possible environmental constraints. Those
important features usually cannot be offered by regional models
in a cost-effective manner.

The Great Barrier Reef (GBR; 140.4°E-154.8°E and 9.0°S-
27.0°S, 1.7 x 10° km?), South China Sea (SCS; 104.4°E-129.6°E
and 0°N-23.4°N, 5.2 x 10° km?), and Hawaii (HWT; 176.4°E-
151.2°W and 16.2°N-27°N, 4.0 x 10° km?) were chosen as
the test regions (Figure 1 and Supplementary Figure S2).
Corals from these regions have experienced bleaching in the past
(Marshall and Baird, 2000; Jokiel and Brown, 2004; Li et al,,
2011; Waheed et al., 2015; Hughes et al., 2017). GBR, SCS and
HWTI together contain more than 50% of the coral reef locations
in the world, while GBR and SCS have both been used as test
regions in previous modeling experiments to investigate the
implementation of other geoengineering strategies (Feng et al.,
2016). GBR and SCS represented continental marginal seas,
whereas HWI was selected as an open ocean setting. Our aim
was to investigate the possible environmental changes caused
by AU implemented in regions with distinct hydrographic and
topographic patterns.

Simulating AU and Model Run Setup

Since the UVic model can simulate large scale ocean warming
under climate change, we analyzed the environmental changes
under the long-termed future warming trajectory for cases
without and with the implementation of AU. We focused on the
variance between different AU scenarios and the control run (no
AU) instead of analyzing the absolute values calculated from the
AU simulations. By investigating the differences in the model
outputs of control versus AU runs, we were able to examine
the environmental changes caused by AU while minimizing the
model-oriented biases. The model was spun-up for 10,000 years
from the preindustrial period with a prescribed atmospheric
CO; concentration and then ran for another 200 years to year
1765 without it to avoid climatic drifts. It was run further
from year 1765 to 2005 under historical CO; emissions forcing,
followed by another period of simulation until the end of
2099 under the Representative Concentration Pathway 8.5 (RCP
8.5) high-CO;-emission scenario (Meinshausen et al., 2011) as
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FIGURE 1 | Map containing grid cells in which artificial upwelling (AU) has been implemented (marked with black boxes), overlaid onto the maximum monthly mean
(Max-MM) sea surface temperature (SST) based on 1985-1993 climatology data. Max-MM SST data was downloaded from Coral Reef Watch
(https://coralreefwatch.noaa.gov/satellite/hdf/index.php), and the coral reef locations, marked as red spots, were obtained from ReefBase
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extensive forcing. We chose the model simulation from 2020
to the end of 2099 for the control run (no AU) and for
the AU simulations.

As UVic cannot resolve the sub-grid hydrodynamics
rigorously, the simulation of AU cannot comply to
parameterizations in respect to water lifting, discharging
and remixing from in situ experiments (White et al,, 2010).
Therefore, in this study we described AU process as a special
oceanic tracer (temperature, salinity, et al.) translocation from
one depth to the surface with no detailed characterization of the
upwelling hydrology, and used flow units (Sv) to constrain the
assigned AU rates. This approach could impose uncertainties
given the simplification of crucial hydrological processes,
thus future studies are required to test the validity of such
simplification as well as suggesting improvements to overcome
such common caveat. With currently no related studies available
to validate or invalidate such a method, we hereby use this
method to investigate AU’s environmental impacts, focusing
on crucial parameters like temperature, nutrients and aragonite
saturation state while omitting the hydrodynamic component.
Currently proposed AU prototypes pump seawater at rates
ranging from 1 to 50 m3 s7! (Liu and Jin, 1995; Kirke, 2003;
Trench et al., 2004) with pipes that can extend down to several
thousand meters below the sea surface (Matsuda et al., 1999;
Kirke, 2003). Since the UVic model does not resolve the sub-grid
hydrology below its resolution, simulating AU by 1 m? s~!
at a geographic density of 1 device per km? is equivalent to

simulating it by 0.01 m® s~ ! at a density of 100 devices per km?.
We chose the upper and lower ends of potential AU upwelling
rates (1 and 50 m> s™1), and used the suffix “low” (1 m3 s™1) or
“high” (50 m? s~1) in the names of the model runs to indicate the
upwelling rate applied. It is noted that in practice, such upwelling
rates might not lead to full surface mixing as the AU plumes
can be diluted and sink rapidly (Pan et al., 2019). In the model,
we set that AU operating at rate 1 or 50 m® s~! were virtually
deployed uniformly at density of one device per square kilometer,
and such scenario also refers to more realistic implementation
strategies under which upwelling rates and density at localized
scales could be adjusted as long as the area-integrated flow rate
match the values given in Sv (1.7, 5.2 and 4.0 Sv for “low” runs,
and 85, 260, 200 Sv for “high” runs). We set the local seawater to
be upwelled vertically from a depth of 130 or 550 m below the
sea surface, therefore the suffix “shallow” for 130 m or “deep” for
550 m was added to the names of these AU runs. If the seawater
column was shallower than these two depths, the water was
upwelled from the deepest ocean layer possible. We also assumed
that the upwelled water was adiabatically transported, with no
changes in its original physical or chemical properties during
the translocation process (Oschlies et al., 2010). The four AU
scenarios, namely “shallow_low,” “shallow_high,” “deep_low,”
and “deep_high,” as analogs to AU implementations, and a
control run without AU, were simulated to examine the effect
of AU on temperature, hydrodynamics and biogeochemical
properties of ocean water. This is expected to provide some
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insight into how different AU scenarios may affect coral reefs
during thermal stress.

Characterization of the Occurrence and

Severity of Coral Bleaching

Coral bleaching is predominantly induced by accumulated heat
stress over a given period of time. Corals are reported to be
stressed under abnormally elevated sea temperatures (defined
as the bleaching threshold), which is commonly found to be
1°C higher than the maximum mean temperature during
the climatological summer months (Max-MM) (Ncrw, 2000).
To quantify heat stress, the metric “degree heating weeks”
(DHW; unit:°C-week) is used, which is calculated by adding
the positive weekly mean temperature anomaly referenced to
bleaching threshold over a period of 84 days (12 weeks). Coral
bleaching events are most likely to appear when DHW starts
to exceed 4°C-weeks, while areas with DHW higher than 8°C-
weeks have a high probability of bleaching and consequent
coral mortality (Liu et al.,, 2006). Hence, bleaching threat level
1 (BL-LV1) is defined by DHW of 4°C-weeks to 8°C-weeks,
and bleaching threat level 2 (BL-LV2) by DHW > 8°C-weeks.
In this study, we used a modified version of DHW, namely
“degree heating 5 days” (DH-5d; unit:°C-5 days), to characterize
the occurrence, duration, and intensity of coral bleaching threat.
DH-5d instead of DHW was used, because the UVic model
worked with a 5-day mean temperature anomaly instead of a
weekly mean. Accordingly, the corresponding bleaching alert
levels were 5.7°C-5 days and 11.33°C-5 days for BL-LV1 and
BL-LV2, respectively.

Max-MM SST of each study regions was derived from satellite-
based datasets from year 1985 to 1993 (excluding 1991 and
1992. Liu et al., 2006) downloaded from CoralWatch (Ncrw,
2000), and the following bleaching thresholds were calculated for
each region: 29.57°C for GBR, 30.50°C for SCS, and 28.30°C
for HWI. The model results were presented as time series of
area-averaged 5-day SST (5 day-SST) values for each region
from 2020 to 2099. In the next step, SST positive anomalies
were calculated by subtracting the bleaching threshold of each
region from the respective 5 day-SST values. Time points with
no positive anomaly were assigned to the value zero. Finally, the
sum of the calculated SST anomalies over a period of 85 days
were calculated (i.e., 85 days adjusting for the temporal interval
of UVic, approximately 12 weeks) from the beginning of 2020 to
the end of 2099, providing a time series of DH-5d for each region.
These procedures were applied to each of the five model runs (one
control and four AU runs).

Coral bleaching and subsequent coral death do not only
occur during high temperature anomalies, but can also during
abnormally cold periods (Hoegh-Guldberg and Fine, 2004;
Lirman et al., 2011). Cold water stress event are, however, much
less studied than heat stress events, therefore no comparable
bleaching thresholds exist for cold stress events. To estimate
potential stressful conditions due to overcooling, we simply
compared the area-averaged SST time series for the three
test regions (GBR, SCS, and HWI) with the coldest monthly
mean SST among all 12 months for the UVic climatological

period 2000-2020 (referred as Min-MM SST; area-mean values:
24.74°C for GBR, 26.2°C for SCS, and 23.01°C for HWI).
We assumed that corals experiencing temperatures below Min-
MM SST could be stressed and calculated the number of
days that would undergo < Min-MM SST conditions for all
model runs. This provides an estimate of potential AU-induced
cold water stress.

Characterization of the Environmental
Changes Driven by AU

Besides SST, we also examined the AU-induced changes in sea
water salinity, aragonite saturation state (Q2-Arag), and nutrient
concentration (e.g., nitrate), at the implementation sites and in
surrounding areas. These properties are known as important
environmental drivers for the functioning of various coral reef
organisms as well as for ocean dynamics (e.g., currents). As
for temperature, thresholds of these parameters are strongly
dependent on the history of local conditions to which organisms
and communities are adjusted. However, since these thresholds
are much less well defined than temperature thresholds, we used
conditions that have been describe as the boundaries of shallow
water coral reef habitat distribution worldwide (Kleypas, 1997).
This includes a lower and upper salinity threshold of 28.7 and
40.4 PSU, a lower Q-Arag threshold of 2.82, and an upper nitrate
concentration threshold of 4.51 pmol L™! (Guan et al., 2015).
Those thresholds roughly frame the conditions in which tropical
shallow water corals exist, and we therefore used them as a
reference to discuss AU-induced environmental perturbations
and their potential effect on corals and coral reefs.

RESULTS AND DISCUSSION

The model results provide insights on the effects of simulated
AU on a very large spatial scale (10° km?2-scale). While, in
practice AU would be implemented on much smaller scales
(likely < km?-scale), the model results can still provide a much
required baseline of understanding about how AU may change
temperature regimes as well as other parameters that may or may
not cause unwanted side effects. Therefore, in the following, we
will discuss the knowledge gained from the large-scale model in
the context of small-scale/localized AU in coral reefs, assuming
that similar dynamics of flow patterns and water mixing occur on
large and small spatial scales, while keeping in mind the existing
uncertainties from other high-resolution models in simulating
coral reef ecosystems.

Impact of AU on SST and Coral

Bleaching Threat

Opverall, the model results showed that AU reduced SST markedly
and hence the number of days of thermal stress. Furthermore,
on the 80-year scale, AU caused significant reduction in
the occurrence of bleaching events, assuming that bleaching
thresholds are not changing over time. More specifically, under
control conditions, the model predicted an increase in the area-
averaged annual mean SST (aa-SST) over the next 80 years of
1.9-2.4°C for the three test regions. Under simulated year-round
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upwelling, the model predicted the following reductions in
aa-SST compared with that in the control run by the end of this
century (year 2099): shallow_low by 0.06 - 0.2°C, shallow_high
by 0.2 - 1.0°C, deep_low by 1.5 - 2.3°C, and deep_high by
4.6 — 8.9°C (Supplementary Figure S3). AU induced reductions
in SST resulted in a reduction of number of days under BL-
LV1 and BL-LV2 conditions (Figures 2A-C). Under control
conditions and across the entire 80-year period from 2020 to
2099, predicted climate change resulted in approximately 12,145
(GBR), 10,440 (SCS), and 430 (HWI) days (Supplementary
Figure S4) under bleaching threatening (BL-LV1&2, including
BL-LV1 and BL-LV2) conditions, implying that bleaching was
likely to occur. AU from “shallow_low” reduced the duration
of BL-LV1&2 conditions to 11,750 (GBR), 7,115 (SCS), and
1,25 (HWI) days. The period of BL-LV1&2 conditions for the
“shallow_high” model run were 290 (GBR), 775 (SCS), and 0
(HWI) days. The values of DH-5d with “deep_low” remained
zero in SCS and HWI once AU was firstly started after year
2020 hence no BL-LV1&2 days at all for those two regions,
whereas duration of BL-LV1&2 for GBR was 1,325 days. Intense
AU implementation within “deep_high” produced very strong
cooling effects and values of DH-5d remained zero for all regions
after 2021, therefore no coral bleaching events due to heat stress
were expected. The model showed, that depending on the AU
settings, bleaching threat is reduced as well as delayed. While
the “shallow_low” scenario delayed the occurrence of BL-LV1
condition by < 1 (GBR), 12 (SCI), and 4 years (HWI) after the
year 2020, the “shallow_high” scenario delayed it by 74 years
(GBR), 52 years (SCS), and 4 years (HWI) (Supplementary
Figure S4). Both, “deep” scenarios completely eliminated BL-LV1
condition over the modeled 80-year period, with the exception
of “deep_low” at GBR (delay of 62 years) (Supplementary
Figure S4). These results imply that increasing upwelling rate
and depth increase the effectiveness of AU in mitigating coral
bleaching caused by heat stress.

Although AU reduced SST in all tested areas, the distinct
features of these three regions, especially in their local
topographies and thermoclines, led to noticeable differences in
the AU-induced temperature perturbations and the changes in
vertical stratification over time (Supplementary Text S2). In
the three regions from 2020 to 2021, aa-SST dropped by (i)
0.13 (GBR), 0.17 (SCS), and 0.11°C (HWI) for “shallow_low”
(i) 1.07, 1.15, and 0.74°C, respectively, for “shallow_high”, (iii)
1.04, 1.59, and 1.13°C, respectively, for “deep_low”, (iv) and 9.52,
10.09, and 7.97°C, respectively, for “deep_high” (Figure 2D).
SCS experienced the strongest reduction in temperature under
all four AU scenarios. This is because within the UVic model,
SCS was treated as a semi-enclosed region, where the water
exchange with other ocean basins was lower compared to GBR
and HWI (Supplementary Figure S2; Feng et al, 2016). The
comparatively strong temperature gradient between the sea
surface and the deep water (A temperature between surface and
550 m depth: 20.02°C in SCS, 17.29°C in GBR, and 15.49°C
in HWI) also contributed to the strong cooling effect of AU
at SCS. Furthermore, we observed that due to AU, the original
warm sea surface water downwelling at and near the sites of
AU implementation. Subsequently, the water temperature near

the AU water source warmed leading to a gradually weakening
of the vertical temperature stratification and hence reduced AU
efficiency (Figures 2E-G).

The AU-induced reductions in SST within the three test
regions were remarkable, and periods with 5 day-SST lower
than Min-MM were seen in the model runs “deep_low” and
“deep_high” (Figure 3). A particularly strong reduction in SST
occurred in the “deep_high” scenario, where within the first
2 weeks after AU initiation 5 day-SST decreased to levels as
low as 18°C or slightly lower (Figures 3A-C), while similar
decline was much less severe (< 0.5°C) in the “shallow_low” and
“shallow_high” scenarios (Figures 3A-C). The extent to which
such overcooling will harm corals cannot be provided by our
model. However, it has been shown that corals are susceptible to
cold-water stress (Saxby et al., 2003; Hoegh-Guldberg and Fine,
2004; Howells et al., 2013), and tropical shallow water corals do
not typically exist in waters below 18°C (Kleypas et al., 1999). For
example in the GBR, corals which were transplanted to a region
whose temperature minimum was 1.1°C cooler than the original
region experienced a mortality rate of 40% (Howells et al., 2013).
Therefore, we conclude that pronounced water cooling, with
reduction of up to 7.97°C (Figures 3A-C) in “deep_high”, is very
likely stressful for corals that are not used to such temperature
drops. Therefore, such extreme AU scenarios need to be avoided.
This result demonstrates that choosing an appropriate upwelling
rate and depth of water source with respect to temperature,
are critical for AU implementations in order to minimize the
impact of overcooling.

There are some key limitations to the model, which need
to be considered when interpreting the results of the model
runs. The UVic model, like many CMIP models, is biased in
representing ocean temperature. In the GBR and SCS regions,
the model generated an SST offset of up to + 0.8°C in reference
to in situ observations, while the offset was up to -0.5°C
in HWI (Supplementary Figure S4 from Feng et al., 2016).
Such representation was similar to most CMIP models and
hence it was used in this study (Wang et al., 2014). However,
because we used observed temperature datasets to calculate
Max-MM SST as thermal thresholds, our test regions were
warm (GBR and SCS) and cool-biased (HWI). Consequently,
the DH-5ds heat stress levels generated by the model were
slightly overestimated (GBR and SCS) or underestimated (HWT).
Furthermore, in reality, massive bleaching events are often
connected to large scale climate phenomena such as ENSO
(El Nifio-Southern Oscillation) events (Aronson et al.,, 2002;
McGowan and Theobald, 2017). The atmospheric component
of the UVic model, however, is modulated by an energy-
moisture equation, and therefore it is not able to simulate
dynamic wind feedbacks as well as large-scaled air-sea coupling.
Consequently, we cannot capture climate phenomena such as
ENSO, which can trigger marine heat waves in some regions.
While the development of ENSO under future climate changes
is still uncertain (Guilyardi, 2006; Wang et al., 2019), the
majority of research tends to suggest an increase of its intensity
and frequency in the future (Cai et al., 2015; Wang, 2018).
Moreover, simulating the detailed impacts of ENSO is also
challenging for the climate modeling community, especially in
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our selected regions (Collins et al., 2010; Cai et al, 2015).
In this study, we prepared model simulations for more than
50 years to generate SST deviations that resemble marine heat
waves thus capable of triggering mass bleaching. By this we
can provide meaningful results that help to identify the overall
potential utility of AU in mitigating coral bleaching as well
as knowledge gaps and side effects that need to be addressed
by future studies.

Impact of AU on Salinity, 2-Arag, and

Nitrate Concentration

The model control run predicted a change of less than 0.1 PSU
in area-averaged annual mean sea surface salinity (aa-SSS) by
the year 2099 (Figure 4), resulting in 34.65 (GBR), 33.55 (SCS)
and 35.17 (HWI) PSU. The effect of AU on aa-SSS varied greatly
among the three test regions and four model runs in response to
the different halocline structures and AU settings. For all three
regions in year 2020, aa-SSS at the sea surface, 130 and 550 m
depth, were (i) 34.80, 35.13, and 35.04 PSU respectively for GBR,

(ii) 33.75, 34.16, and 34.61 PSU for SCS, and (iii) 35.16, 35.14 and
34.43 PSU for HWI (Supplementary Figure S5). Consequently,
AU implementation increased aa-SSS in GBR and SCS by up
to 0.78 PSU, and decreased aa-SSS in HWI by up to 0.52 PSU
over the 80-year period (Figure 4). Furthermore, in consequence
of such halocline features, salinity changes were stronger under
AU simulations with water from 130 m than with water from
550 m depth in GBR and HWI, while the case turned opposite
in SCS (Figure 4).

The model control run for area-averaged annual mean sea
surface Q-Arag (aa-Q) predicted a decrease by more than 1.3
units for 80 years’ course, reaching 2.15 (GBR), 2.17 (SCS),
and 2 (HWI) in 2099. The implementation of AU decreased
aa-Q by < 0.2 units in the “shallow_low”, “shallow_high”
and “deep_low” runs, and by > 0.5 units in the “deep_high”
run relative to the control in all three regions in 2099
(Figure 4). Namely, the aa-(s in year 2099 for runs “shallow_low”,
“shallow_high”, “deep_low”, and “deep_high” were: 2.15, 2.10,
2.10, and 1.48, respectively, in GBR; 2.17, 2.13, 2.15, and 1.52,
respectively, in SCS; and 2.00, 1.97, 1.93, and 1.56, respectively, in
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HWI. Water from the deeper ocean layer in our test regions had
lower (-Arag than the surface water (Supplementary Figure S5),
which explains why the surface (-Arag decreased near AU sites.
The model control run for area-averaged annual mean sea
surface nitrate concentration (aa-N) decreased by < 0.1 pmol/l
in 80 years, reaching 0.157 (GBR), 0.218 (SCS), and 0.058 pmol/l
(HWI) in 2099. Due to a higher nitrate concentration in the
deep compared to the shallow, the AU model runs “shallow_low”,
“shallow_high”, “deep_low”, and “deep_high” increased aa-N to
0.182, 0.315, 0.563, and 18.4 pmol/l, respectively, in GBR;
0.122, 0.127, 0.892, and 19.9 pmol/l, respectively, in SCS; and
0.058, 0.059, 0.398, and 11.2 pmol/l, respectively, in HWI
(Figure 4). The magnitudes of the perturbations in those three
variables from “shallow_low,” “shallow_high,” and “deep_low”

»

were well within the seasonal variability for local inorganic
nitrate. The “deep_high” run, however, increased surface nutrient
concentration by two orders of magnitude, which was far beyond
natural nutrient fluctuations (Supplementary Figures S6-S8).
Corals, along with other marine biota, can be sensitive to
changes in oceanic salinity, Q-Arag and nutrient levels, and
AU could impose harmful impacts on ecosystems if changes of
these parameters are too strong. With respect to concomitant
occurrences of salinity changes and temperature increase as
shown by our result e.g., from “deep_high,” the threat of thermal
stress likely surpasses the stress imposed by salinity anomalies
in corals (Buddemeier and Fautin, 1993; Reynaud et al., 2004;
Chavanich et al, 2009). AU-induced changes in salinity are
relatively small (<1PSU) and may therefore pose a minimal risk
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for corals (Hoegh-Guldberg and Smith, 1989; Humphrey et al.,
2008). However, these changes in salinity may have a stronger
effect on water density distribution and hence flow patterns.
Along with thermal stress, ocean acidification (i.e., reductions in
Q-Arag), driven by progressing climate change, is considered a
major global challenge to coral reefs and other marine ecosystems
(Orretal., 2005). This is because reductions in Q-Arag suppresses
calcification in corals and other marine calcifiers and thereby

weaken their skeleton or other stabilizing structures (Gattuso
et al., 1998; Ricke et al., 2013; Wittmann and Poertner, 2013).
The decline in Q-Arag of up to 1.3 units over the next 80 years
(as demonstrated in the model control run) could transgress the
Q-Arag safe level of 2.82 for corals (Guan et al., 2015) and is
therefore a major concern for the persistence of coral reefs (Orr
et al., 2005; Hoegh-Guldberg et al., 2007). The further declines
of Q-Arag caused in particular by rather extreme AU scenarios
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(e.g., “deep_high” scenario) will intensify ocean acidification
thus likely making environments inhabitable to corals (Kleypas
et al., 1999). Moderate increases in inorganic nutrient supply
(e.g., nitrate) may potentially lower the negative effects of ocean
acidification, by increasing phytoplankton growth and hence the
availability of energy (through feeding) for increased investment
into calcification (Koop et al, 2001; Bongiorni et al., 2003).
Increased heterotrophy in corals through increased food supply
has previously been hypothesized to be the reason for increasing
coral calcification despite decreasing Q-Arag in Bermuda over
the past two decades (Bates, 2017). Increased inorganic nutrient
supply in general is known to either be neutral or beneficial for
corals, since they can promote zooxanthellae growth and hence
primary production and energy supply to corals (Fabricius, 2005).
Negative effects, however, may still occur under extreme nutrient
enrichment (e.g., “deep_high” AU scenario), where nitrate
concentrations are well above the suggested upper threshold for
coral reefs of 4.51 pmol/l (Guan et al., 2015). Negative effects on
organism (coral) level can include (i) a loss of control of the coral
host over the zooxanthellae population (Falkowski et al., 1993),
and (ii) increased susceptibility to coral diseases and bleaching
(Vega Thurber et al., 2013) in particular, if nutrient supply
is unbalanced (N:P ratio; Wiedenmann et al.,, 2012). Negative
effects on ecosystem level include, for example, (i) hypoxic
conditions during mass die-off of algal biomass (Gray et al.,
2002; Keller et al., 2014), and (i) shifts in benthic community
structures toward algae dominated ecosystems in cases of low
herbivore abundance (e.g., due to overfishing,; McCook, 1999;
Szmant, 2002). Therefore, we conclude that AU implementation
causing a moderate inorganic nutrient enrichment of surface
waters, represented by cases of “shallow_low,” “shallow_high,”
and “deep_low” (below 4.51 pmol/l) might be tolerable or
even beneficial for coral reefs, while AU implementations
causing strong enrichment in coral reefs and beyond shown by
“deep_high” is likely damaging and should therefore be avoided.

Implications for Real AU Practices

Our modeling results provide valuable information on the
potential benefits and risks of AU on coral reefs and beyond.
It shows that SST and thermal stress can be effectively reduced
by AU, which, based on the reduction of DHW, either fully
prevented heat-induced coral bleaching until the year 2099
(“shallow_high,” “deep_low,” and “deep_high” modes), or delayed
the occurrence of bleaching and reduced its severity at a low
upwelling intensity (“shallow_low”). In the “deep_high” run, AU
induced perturbations that profoundly reshaped the hydrology
and biogeochemistry, and triggered changes that were not seen in
the preceding decades. Therefore, the AU settings in this model
run are not practical. In terms of lowering coral bleaching threat,
the “shallow_high” and “deep_low” runs produced similar results
as the “deep_high” run, but with reduced adverse environmental
impacts caused by temperature drops, salinity changes, Q-Arag
reductions and nutrient enrichment. These results imply that low
to moderate upwelling rates and rather shallow upwelling depths
are more practical to reduce undesirable effects while maintaining
the efficiency of bleaching mitigation. Although “shallow_low”
did not completely prevent bleaching for the entire duration

of 80 years, it could effectively prevent BL_LV1 conditions
before the year 2045 in SCS (Supplementary Figure S4). The
delay in bleaching conditions caused by “shallow_low” run
would thereby at least provide temporal refugia in which corals
may adjust to increasing SST or in which other adaption
technologies are developed. With respect to the temporal scale,
the modeling results suggest that AU intensity should be adjusted
over time following the predicted increase in SST (Meinshausen
et al, 2011) and a predicted increase in the frequency of
ENSO events entailing heat waves (Cai et al., 2014). Thus,
AU intensity would need to be increased over time either
by increasing the depth or the volume of upwelled water. At
the same time, coral bleaching events usually occur in only
abnormally warm summers, for several days to weeks. Therefore,
AU may only be necessary for a given period of time when
thermal threats occur. The continuous operation of AU runs as
applied in our study, provides unnecessary upwelling throughout
a large portion of the year, which most likely substantially
exacerbating the overall negative side effects. Concerning the
complexities in temporal patterns of the SST and heat stress
under climate change, the ideal AU operation needs to be firmly
guided by timely monitored and forecasted temperature profiles
at targeted areas.

Although not tested in this study due to limitations of the
Earth system model, another possible pathway to reduce the
strong environmental impact seen in the “deep_high” run would
be to reduce the geographical density of AU or to limit AU to
locations close to the reef only. Indeed, the uniformly deployed
arrays of AU water translocation pathways in the model covered
large areas that were not inhabited by corals (Supplementary
Figure S2). Such an approach will be difficult and undesirable
to apply in practice, because of space constraints over the ocean
and the enormous engineering costs (Matsuda et al., 1999; Kirke,
2003). At GBR, for example, coral reefs occurred only in less
than 10% of the deployment area, while the excess of AU
devices certainly contributed to the unintended environmental
perturbations locally and elsewhere. It is more likely that the
availability of the AU hardware, technology, and funds will allow
very localized AU implementations, which will protect only a
small fraction of reefs. Thus, if the AU pipes are deployed only
at and near the reef sites, we might expect much lower overall
environmental changes over the whole area even under intense
upwelling scenario (“deep_high”).

The choice of the AU settings is not only a question of
ecological benefits and risks, but also what is feasible from an
engineering point of view in installation and operation. Advanced
AU devices with stronger turbine, higher working efficiency and
adiabatic pipelines could pump enough cold water to successfully
prevent coral bleaching over larger areas, but they are very
costly (Matsuda et al., 1999). Upwelling seawater from a depth
beyond our proposed AU devices (from 130 m or 550 m Liu
and Jin, 1995; Kirke, 2003;, see Supplementary Text S3 for
technical details) is theoretically possible, however extending
the upwelling pipe to deeper levels, will make the construction
and maintenance of the devices more difficult (Kirke, 2003).
In addition, many reef flats can extend to hundred kilometers
horizontally without evidently stratified vertical sea temperature.
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In this situation, the installation of pipelines that connects an
outlying deep water source, with coral living habitat might be
the most expensive investment. When it comes to pumping
rates we also need to consider energy demands and balance AU
settings with its bleaching mitigation potential. In our rough
estimation (Figure 5), increasing the AU vertical depth increases
the energy demand to pump 1 m> bottom water to sea surface
almost linearly. However, increasing AU rates can increase the
energy demand to upwell the same amount of water to the surface
at a much lower rate (Figure 5). Therefore, for AU settings

Upwelling (m®s) >
(D.) ®bueyo 1SS

W

200 300 400

Depth (m)

100

500

FIGURE 5 | The quantitative analysis for required AU input by investigating the
surface cooling effects after the first-year’s AU implementation. Area-mean
SST differences between AU runs and control run are plotted against AU
upwelling rate and AU depth for regions GBR (A), SCS (B), and HWI (C). To
pump 1 m® bottom water to sea surface adiabatically, required energy (unit:
kJ) is plotted as isoclines over the SST fields.

with similar cooling effects as demonstrated for “shallow_high”
and “deep_low” runs, the “shallow_high” should be preferred for
energy-saving causes (see Supplementary Text S4 for detailed
calculations). Overall, the bleaching mitigation effectiveness
and the costs of AU devices are both strongly determined
by local circumstances and need careful balancing of benefits,
risks and trade-offs.

CONCLUSION

Monitored heat stress and predicted future global warming have
prompted the search for ways to protect coral reefs from severe
bleaching. In this context, we have assessed the environmental
impacts of virtually implemented water translocation, as an
analogous process to AU, over large areas that included coral
reefs with an Earth System modeling approach. We used constant
upwelling rates over 80 years for 500 km? regions. Although these
scenarios are beyond of what would be temporally and spatially
feasible and desirable in situ, the model results provide valuable
information about the effect of AU on the perturbations of ocean
heat and biogeochemistry. The results clearly show that AU has
the potential to effectively reduce SST and DHW, and delay
the occurrence of future coral bleaching events. However, the
potential side effects of AU, such as surface overcooling, salinity
fluctuations, surface acidification, and nutrient enrichment, can
cause severe risks to corals, in particular, if water is upwelled from
deep layer (e.g., 550 m) at high rates. Though it was not discussed
in detail, model simulations also revealed changes of ocean
circulation under the deployment of more severe AU scenarios,
which can cause unexpected perturbations in ocean heat budget
and biogeochemistry (Supplementary Text S5). In summary,
our model evaluation indicates that even rather low upwelling
rates of water derived from rather shallow depth (here 130 m)
can be an effective measure to prevent coral bleaching during
thermal stress, while at the same time minimizing undesirable
environmental side effects.

In order to explore this topic further and to validate and refine
our model results, future studies require regional models with a
higher spatial and temporal resolution as well as experimental
work. Although the development of regional models that allow
simulations of AU scenarios is challenging, they are necessary
to provide region-specific details about the biogeochemical and
hydrographic consequences of AU, which may be strongly
influenced by the local bathymetry and hydrographic conditions.
In addition, experimental studies that investigate the effectiveness
of different AU scenarios on different coral species in different
regions to guide the selection of AU sites and operating strategies,
are necessary. In this regard, performing a medium to long-
term experiment with focus on analyzing heat-stressed corals’
physiological response to cool subthermocline water analogous
to AU, can be a meaningful attempt. This can provide important
insights for how AU can be operated to provide stress relief while
reducing side effects (Sawall et al., 2020), and suggest further
refined set-ups for modeling studies. Current technology would
theoretically allow successful installation and operation of AU
devices locally in shallow coral reef environment. The biggest
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technological challenge, however, is likely the accessibility of cool
water. With oceanic deep water being distant to many shallow
water corals, a possible solution to such natural constraint
could be exploiting underground cool brine water from aquifer
layers. Its effectiveness and potential risks, however, remain to
be investigated. If climate change follows a business-as-usual
scenario in the future and AU technology proves to be useful to
mitigate heating stress, AU can probably buy corals some time,
required that adequate funds, human power, infrastructure, and
space are available. Although in the future the obstacles to the
implementation of AU and its environmental side effects may be
overcome with the development of new AU hardware and wisely
planned preparations, it is still necessary to limit climate change
to well below the 1.5°C warming, since human interventions will
not be able to save coral reefs on a global scale.
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