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Abstract Nuclear war would produce dire global consequences for humans and our environment. We
simulated climate impacts of US-Russia and India-Pakistan nuclear wars in an Earth System Model, here, we
report on the ocean impacts. Like volcanic eruptions and large forest fires, firestorms from nuclear war would
transport light-blocking aerosols to the stratosphere, resulting in global cooling. The ocean responds over two
timescales: a rapid cooling event and a long recovery, indicating a hysteresis response of the ocean to global
cooling. Surface cooling drives sea ice expansion, enhanced meridional overturning, and intensified ocean
vertical mixing that is expanded, deeper, and longer lasting. Phytoplankton production and community structure
are highly modified by perturbations to light, temperature, and nutrients, resulting in initial decimation of
production, especially at high latitudes. A new physical and biogeochemical ocean state results, characterized
by shallower pycnoclines, thermoclines, and nutriclines, ventilated deep water masses, and thicker Arctic sea
ice. Persistent changes in nutrient limitation drive a shift in phytoplankton community structure, resulting

in increased diatom populations, which in turn increase iron scavenging and iron limitation, especially at
high latitudes. In the largest US-Russia scenario (150 Tg), ocean recovery is likely on the order of decades

at the surface and hundreds of years at depth, while changes to Arctic sea-ice will likely last thousands of
years, effectively a “Nuclear Little Ice Age.” Marine ecosystems would be highly disrupted by both the initial
perturbation and in the new ocean state, resulting in long-term, global impacts to ecosystem services such as
fisheries.

Plain Language Summary If nuclear arsenals were used accidentally or intentionally, they would
produce dire consequences for all life on Earth. We simulated climate impacts of nuclear wars in a global Earth
system model, focusing on marine impacts. We simulated a US-Russia war and several India-Pakistan wars.

In all scenarios, firestorms from nuclear war would deliver soot to the upper atmosphere, blocking out the sun
and causing global cooling. Impacts of the nuclear cooling event include expansion of sea ice into populated
coastal areas and decimation of ocean marine life. In all scenarios, the ocean cools rapidly but does not return to
the pre-war state when the smoke clears. Instead, the ocean takes many decades to return to normal, and some
parts of the ocean would likely stay in the new state for hundreds of years or longer. When the cooling event
ends, Arctic sea ice is left in a new state, a sort of “Nuclear Little Ice Age.” Marine ecosystems would be highly
disrupted by both the initial perturbation and the resulting new ocean state, resulting in impacts to ecosystem
services worldwide, lasting for decades. This study underscores the danger of nuclear war and the long-term
impacts to humans and our environment.
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1. Introduction

There are more than 13,000 nuclear weapons in the world controlled by nine nations (SPIRI, 2020). States with
nuclear weapons, including the United States, Russia, China, India, and Pakistan, have recently embarked on
plans to modernize or expand their nuclear arsenals, while North Korea has developed, and Iran is at risk of devel-
oping new nuclear weapons capabilities (SPIRI, 2020). The presence of these weapons creates a risk that they
will be launched intentionally or by mistake, by unstable leaders, hackers, or computer failure (Ellsberg, 2017;
Perry & Collina, 2020). In addition to the devastating loss of human life (Robock et al., 2019; Toon et al., 2019),
it is important to quantify the expected collateral damage to the Earth system and all its inhabitants of such a
nuclear crisis. Here, we examine the hysteresis response of the ocean to global cooling events driven by the deto-
nation of nuclear warheads.

Hysteresis is the property of a system that has a response that “lags behind” the forcing variable, meaning that
the system depends on the history of the forcing (e.g., Visintin, 2013), either resulting in a new state when
forcing is removed (irreversible or rate-independent hysteresis), or slowly returns to the initial state (dynamic or
rate-dependent hysteresis). In Earth system science, hysteresis has been discussed in reference to the global ocean
overturning circulation (Kageyama et al., 2010; Rahmstorf, 1995) and the Antarctic ice sheet (Garbe et al., 2020;
Pollard & DeConto, 2005), which both have multiple steady states depending on the forcing history. Other stud-
ies have defined rate-dependent hysteresis as not returning to the unperturbed state within a time frame relevant
for humans or other organisms (Jeltsch-Thommes et al., 2020), as in the asymmetry of the climate response to
increasing then decreasing CO,, a temporal lag largely caused by the slow adjustment timescales of the ocean
physical and biogeochemical state (Hofmann et al., 2019; Jeltsch-Thommes et al., 2020; Steffen et al., 2018;
Yang & Zhu, 2011). Both irreversible and dynamic hysteresis occur in terrestrial (Driike et al., 2021) and marine
ecosystems under climate disturbances, where they are often termed regime shifts, sometimes due to “tipping
points” in the system response to forcing (Brierley & Kingsford, 2009; Cooper et al., 2020; Cowan et al., 2008;
deYoung et al., 2008; Driike et al., 2021). Here, we investigate the hysteresis of the ocean physical, biogeochem-
ical, and lower trophic level ecosystem response to nuclear cooling events.

In the Earth's past, abrupt global cooling driven by volcanic eruptions has triggered atmospheric perturbations
that persist for several decades to hundreds of years or longer (Otto-Bliesner et al., 2015; Sigl et al., 2015),
with recorded impacts on human civilization including massive famine and fall of empires (Oppenheimer, 2011;
White, 2011). Despite the ocean's large role in climate (Rahmstorf, 2002; Sarmiento & Gruber, 2006) and food
security (FAO, 2018; Kent, 1997), the global ocean impacts of these cooling events, and in particular the ocean
biogeochemical and ecosystem response, remain poorly understood. Like volcanic eruptions (Robock, 2000) and
large forest fires (Khaykin et al., 2020; Peterson et al., 2021; Yu et al., 2019, 2021), urban firestorms generated
during nuclear war using modern arsenals are expected to loft particles into the upper troposphere and lower strat-
osphere. However, the smoke would have at least a three times longer residence time than volcanic aerosols, lead-
ing to more extended radiation anomalies (Coupe et al., 2019; Mills et al., 2008, 2014; Otto-Bliesner et al., 2015;
Robock et al., 2007; Sigl et al., 2015; Toon et al., 2019). This long atmospheric residence time of soot is due to
its ability to self-loft to high altitude due to solar heating, as observed in recent forest fires (Khaykin et al., 2020;
Peterson et al., 2021; Yu et al., 2019).

In recent work (Toon et al., 2019), we simulated a series of nuclear conflicts between India and Pakistan of vary-
ing sizes and impacts on global climate and compared them to a larger war between the US and Russia (Coupe
et al., 2019; Robock et al., 2007). As with volcanic-driven events, the reduction of sunlight after nuclear war
would lead to global cooling, in turn driving a wide range of global changes, altering the living conditions on
Earth. Examples include decreased agricultural and fisheries productivity, with large implications for global food
security (Jagermeyr et al., 2020; Scherrer et al., 2020; Toon et al., 2019; Xia et al., 2015); increased surface ocean
pH and decreased aragonite saturation (Lovenduski et al., 2020); a 7 year EI Nifio like event (Coupe et al., 2021);
reduced ozone and increased UV radiation at the surface (Bardeen et al., 2021; Mills et al., 2008) and temporary
expansion of sea ice (Mills et al., 2014). In simulations, global ocean surface cooling penetrated to depth over
decades, indicating the potential for long-term impacts from relatively small global cooling events on the physical
ocean state (Mills et al., 2014). Further, in the largest war scenario between the US and Russia, we found that after
an initial decline in marine net primary production (NPP), NPP eventually became significantly elevated above
pre-war levels long after the solar radi returned to normal. These findings suggest that the extreme cooling caused
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19 by a nuclear war might have the ability to trigger changes in the ocean system
18] 2 that persist well beyond the initial perturbation.
17 / While it is known that extreme global cooling events can trigger a
16 rate-dependent hysteresis in the ocean physical state (Bardeen et al., 2017;
p 15 Mills et al., 2014; Slawinska & Robock, 2018), here, we explore this in detail,
= 14 and report for the first time, that the ocean also enters a new biogeochemical
o 7 and ecosystem state. Our study aims to investigate what is driving the new
/ state in global marine productivity, how long this new state is likely to persist,
e if there is something fundamentally distinct about a large war relative to the
11 smaller cooling events, and if other aspects of the ocean are also affected
10 % P 50 T 6 56 differently in the more extreme cooling case. To answer these questions, we
Solar Radiation (W/m?) focus on the ocean impacts of a US-Russia nuclear war that deposits 150 Tg
19 of sunlight absorbing black carbon into the upper atmosphere, triggering
18 b isT $g nuclear winter, simulated in the Community Earth System Model (CESM) v.
. H. g; Ig 1.3 (Coupe et al., 2019). Smaller India-Pakistan regional war scenarios from
—— 47Ty Toon et al. (2019) are also studied, where soot injection ranges from 5 to
—e— 150 T
48 : 47 Tg, accounting for varying arsenal sizes and weapons yields.
s —
o 14
- 2. Results
12 2.1. Physical Ocean and Climate Response
& Regardless of war location and magnitude, soot reaching the stratosphere
10 50 30 100 130 170 160 from nuclear war firestorms is quickly dispersed globally, absorbing sunlight
Solar Radiation (W/m?) and reducing the solar radiation to the ocean surface. Soot in the stratosphere
) dissipates slowly, such that solar radiation reaching the surface is reduced
Figure 1. Hysteresis plot of annual mean global ocean temperature through for a decade (Coupe et al., 2019; Toon et al., 2019; Figure 1, Figure S1 in

time in response to radiative forcing anomalies for all nuclear war scenarios,
ranging from 5 to 150 Tg of soot delivered to the stratosphere (colors).

Supporting Information S1). In the US-Russia (150 Tg) scenario, shortwave

Shown are (a) global sea surface temperature (SST). (b) Global potential radiation is reduced by 70% (Figure S1 in Supporting Information S1) and
temperature at 100 m depth (T,,), below the mean surface mixed layer (see the global average surface temperature (including land) declines by 7°C in the
Figure 2). Arrows represent the direction of time. Dots are plotted for each first months, reaching a peak anomaly of —10°C in the third year post-war,

model year for 15 years (2020-2034). Narrow dashed lines for the 150 Tg case
(red) indicate 15 additional years in the simulation, showing the model has
not returned to the initial point at the end of the simulation. Solar radiation

with more extreme cooling in the Northern Hemisphere (Coupe et al., 2019).
Smaller wars result in proportionally less atmospheric cooling over similar

anomalies are highest in the first year, while SST reaches its maximum timescales (Coupe et al., 2021; Toon et al., 2019).

anomaly in year 3—4, and T, reaches a maximum anomaly in year 5-6,
depending on the forcing level. See Figure S2 in Supporting Information S1

for anomalies and nitrate hysteresis.

The ocean surface responds more slowly to changes in radiation than the
atmosphere and land owing to its higher specific heat capacity. The maxi-
mum anomaly in sea surface temperature (ASST) occurs 3—4 years post war,
later for larger war magnitude, with a maximum ASST of ~6°C in the 150 Tg
case in Year 4 (Figure la, Figure S1b in Supporting Information S1). The
maximum anomaly in subsurface ocean potential temperature (~4°C at 100 m depth) does not occur until Year
6 for the 150 Tg case (Figure 1b), with later occurrence at deeper depths (Figure 2a). The recovery rate to these
temperature perturbations is even slower, such that ocean temperature is still anomalous throughout the water
column at the end of the simulations (Figure 1b, Figure S9 in Supporting Information S1). By the end of 2034,
15 years after the war, temperature anomalies are greatest at ~200 m (Figure S9b in Supporting Information S1),
almost —2°C in the US-Russia scenario and over —1°C in the 47 Tg India-Pakistan war. The asymmetry in
the initial ocean temperature response time and the long recovery period is a rate-dependent hysteresis, effec-
tively creating a new ocean state for the lifetime of many organisms, including humans, long after the nuclear
war-induced radiation anomaly ends. In the discussion we present evidence that this new temperature state is
likely to persist for decades near the surface and hundreds of years at depth or longer.

Ocean cooling magnitude depends linearly on war severity, both at the surface and below the mixed layer. The
magnitude of the initial maximum globally averaged SST anomaly is linearly proportional to the maximum
nuclear war driven radiation reduction (Figure 3a), with a —0.55°C anomaly in the annual mean SST per 10 W
2

m~~ shortwave radiation reduction, where the maximum radiative anomaly is taken from the annual mean
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Figure 2. Global ocean state evolution before, during and after a US-Russia (150 Tg) nuclear war. Vertical lines in panels (a and c) indicate the end of the averaging
period for profiles (b and d): the war date in 2020 (dotted), mid-cooling event in 2023 (dashed), and 20 years post-war in 2040 (solid). (a) Monthly temperature over
the upper water column (colormap) and mixed layer depth (black line); mixed layers increase from 75 to over 200 m in depth during nuclear winter, mixing cold water
to the surface and largely eliminating surface stratification. (b) Annual mean temperature profiles; in 2023 (dashed) the upper ocean temperature and thermocline is
greatly diminished relative to the pre-war state (dotted); in 2040 stratification has been restored but ocean temperatures have decreased 1°C-2°C throughout the upper
water column (solid). Panel (c) same as in panel (a), but for the macronutrient nitrate. (c) Annual mean nitrate profiles; in 2040 (solid) nitrate is elevated throughout the
upper water column. Anomaly profiles for temperature and nitrate for all war scenarios are provided in Figure S9 in Supporting Information S1.

timeseries. This climate sensitivity is similar to volcanic forcing response in observations and models (cf., Figure
S2 in Chikamoto et al., 2016; Sigl et al., 2015). The range of nuclear war scenarios studied results in —11 to
—115 W m~2 shortwave radiation and —0.5°C to —6.4°C global SST anomalies, with the US-Russia case being
the largest. Cooling below the ocean surface mixed layer after radiation anomalies end is also linear with maxi-
mum radiation reduction (Figure 3b), with a rate of 0.011°C W~'m? potential temperature perturbation in 2034,
15 years post-war. Regionally, SST anomalies are much more extreme, colder near the coasts and in the Northern
Hemisphere due to larger land masses, which cool off faster than the ocean. In the 150 Tg case, maximum SST
anomalies exceed —10°C in the West and North Atlantic, and —25°C in the South China Sea (Figure 3c).

The depth that the surface ocean cooling signal penetrates is modulated by the ocean mixed layer response.
Deep vertical mixing at the ocean surface in winter is one of the primary mechanisms facilitating air-sea fluxes
and redistributing physical and biogeochemical properties of the upper ocean. Anomalous surface cooling after
nuclear war expands the locations and seasons that experience deep mixing (Figure S3 in Supporting Informa-
tion S1). Normally prevalent for a few months at high latitudes in winter, vertical mixing is deeper and occurs
over broader regions during the decadal cooling event, with magnitudes proportional to the forcing (Figure S1b
in Supporting Information S1). In the US-Russia case, globally averaged mixed layer depths more than double
by 2023 (Figures 2b and 2d); in the Subpolar North Atlantic, winter mixed layer depths triple, and there is no
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Figure 3. Global ocean temperature changes during and after nuclear war driven cooling. (a) Maximum annual global mean sea surface temperature anomaly (ASST)
versus maximum radiative forcing anomaly for each war simulation. ASST decreases linearly (dashed line), at a rate of 0.055°C W~'m?. (b) The global annual mean
ocean temperature anomaly at 100 m (AT,,) in 2034 (Year 15), indicating subsurface cooling in the new ocean state, also decreases linearly with radiation reduction at
arate of 0.011°C W~'m? (dashed). (c) Maximum monthly ASST in the US-Russia (150 Tg) scenario at each model grid cell; ocean temperature anomalies are greatest
in the Northern Hemisphere coastal regions and shallow seas. Anomalies are relative to the control mean.

restratification in summer for 5 years (Figures S4b and S4d in Supporting Information S1); similar anomalies
occur in the North Pacific and Southern Ocean, extending well into the subtropics in all ocean basins, with less
extreme anomalies in the tropics (Figure S3 in Supporting Information S1). The permanent thermocline and
pycnocline are eroded due to this enhanced vertical mixing, reducing stratification and thus stability of the water
column (Figures 2a and 2b, Figures S4a and S4b in Supporting Information S1).

The increased area and maximum depth of deep mixing drives an exceptional perturbation to the ocean's meridi-
onal overturning circulation (MOC). Surface cooling causes a deepened and greatly strengthened Atlantic MOC
(AMOC) the first decade after nuclear war (Figure 4, Figure S5 in Supporting Information S1). In the US-Russia
case, the AMOC strength at 26.5°N is five times stronger in 2027 than in the control case, well outside the
observed range of annual variability (Figure 4a). During the period of greatest response, the level of the maxi-
mum AMOC streamfunction is 600 m deeper than in the control: Antarctic Bottom Water (AABW) in the abyssal
North Atlantic is displaced by newly formed North Atlantic Bottom Water. The Southern Hemisphere overturn-
ing circulation is equally affected by surface cooling: there is increased AABW formation, leading to a temporar-
ily strengthened Southern Hemisphere MOC cell that almost mirrors the Northern Hemisphere's AMOC anomaly
across the equator (Figure 4b, Figure S5 in Supporting Information S1). Depending on the latitude, MOC strength
peaks 5-10 years after the nuclear war before returning to its pre-war strength. In both hemispheres this intense
MOC pulse scales linearly with the amount of soot injected into the atmosphere in each of the scenarios (Figure
S6 in Supporting Information S1). In both hemispheres, the MOC streamfunction anomaly is almost entirely due
to the resolved ocean transport with only a very minor contribution from the mesoscale and submesoscale param-
eterizations in CESM (not shown, Fox-Kemper et al., 2011; Gent & McWilliams, 1990).

Arctic sea ice grows rapidly in response to the reduced solar forcing (Figure 5). The normal range of sea ice
extent and thickness is taken from the CESM1 Large Ensemble (CESM1-LE) preindustrial control, a set of simu-
lations that allow the quantification of the Earth system's range of internal variability (Deser et al., 2020; Kay
et al., 2014). In the Northern Hemisphere, sea ice volume grows beyond the range of this internal variability in
all but the smallest war scenario, in most cases exceeding the internal variability during the first year post-war
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Figure 4. Evolution of oceanic meridional overturning circulation (MOC) post-war. (a) Atlantic MOC strength at 26.5°N
post-war (solid black line) as compared to control simulations (black dashed lines) and observed interannual range of
overturning streamfunction from the RAPID-MOCHA time series (gray shading; Smeed et al., 2019). (b) 2025-2030 global
(all ocean basins) MOC anomaly (shading, positive clockwise) from the control mean (contours, solid indicates clockwise).

(Figures 5d and 5h). In the US-Russia scenario, peak Arctic sea ice extent expands by 10 million km?, covering
over 50% more area, including normally ice-free coastal regions important for fishing, aquaculture, and shipping
across the Northern Hemisphere (Figures 5a—5d). In this scenario, ice expands most dramatically in the Sea of
Japan, South China, Caspian, and Baltic Seas, where concentrations of sea ice above 50% are present in normally
ice-free regions; sea ice thickness more than doubles Arctic-wide, in many basins deepening more than 2 m
(Figures 5e—5h). After the extreme forcing event ends, Arctic sea ice extent and thickness settle into a new steady
state in the US-Russia scenario so that the expanded ice is retained until the end of the simulation, outside the
range of internal variability (Figures 5d and 5h), indicating a rate-independent hysteresis response. It is likely that
the new Arctic state is amplified by the surface albedo feedback, which would lower the summer ice melt (Miller
et al., 2012; Perovich & Polashenski, 2012). Southern Hemisphere sea ice remains within the range of internal
variability, such that maximum sea ice extent and volume are never larger than in the CESM-LE (Figure S7 in
Supporting Information S1).

In summary, although solar radiation and mixed layer depths have returned to their pre-war levels within ~10 years
(Figures S1 and S2 in Supporting Information S1), the ocean physical state remains significantly altered at the
end of the simulations (15-30 years), with a cooler water column, altered deep stratification, and increased
Arctic sea ice (Figures 1b, 2a, and 5, Figure S4a and S4b in Supporting Information S1). The changes are the
most pronounced in the US-Russia case. For example, the 12°C global isotherm is ventilated during the extreme
cooling event, shoaling from 200 m to the surface, and has deepened to only 160 m by the end of the simulation,
30 years after the war, leaving a ~1°C cooling signal throughout the upper water column (Figures 2a and 2b). In
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Figure 5. Post-war Arctic sea ice evolution. Arctic 2020-2025 mean sea ice concentration (%) for (a) the US-Russia Nuclear War (NW) scenario, (b) the control
scenario, and (c) the difference in concentration between the two scenarios, and Arctic mean sea ice thickness (m) for (e) the US/Russia Nuclear War scenario, (f) the
control scenario, and (g) the difference in thickness between the two scenarios. The Northern Hemisphere annual mean time series of (d) sea ice extent and (h) sea ice
volume is shown for all war scenarios (colors) and control scenarios (black), where the Community Earth System Model-Large Ensemble experiment mean (solid gray
line) and standard deviation (dashed) over the preindustrial period are given to demonstrate the natural, internal variability within the model (see Section 5).

the new state, temperature anomalies below the thermocline are linear with the radiation reduction, such that the
100 m global temperature average 14 years after the war is 0.1°C cooler per 10 W/m? (Figure 3b). Changes in the
ocean biogeochemical and ecosystem state stem from these physical changes in the ocean.

2.2. Biogeochemical and Phytoplankton Impacts

Like temperature, the vertical distribution of biogeochemical tracers is strongly modified by the enhanced vertical
mixing and overturning initiated by the extreme forcing event (Figure 2, Figures S8—S9 in Supporting Informa-
tion S1). In the ocean, nitrate is a primary nutrient controlling ecosystem productivity. In the US-Russia scenario,
the global 12 mmol/m? nitrate isopleth shoals from 125 to 80 m during the first 4 years following the war, then
stabilizes at ~100 m until the end of the simulation, with a very slow recovery rate (<1 m/yr; Figure 2d). This
shoaling brings high nutrient water closer to the surface where it can be utilized by phytoplankton. After nuclear
cooling ends, nitrate anomalies are greatest below the seasonal mixed layer (Figure 2) with the magnitude propor-
tional to the radiative forcing (Figure S9 in Supporting Information S1). The nitracline in the Subpolar North
Atlantic is largely destroyed during the cooling event, and the AMOC intensification drives the transport of low
nitrate surface water into North Atlantic Bottom Water (Figure S9 in Supporting Information S1). Low oxygen
zones in the ocean have negative impacts on many marine species, and subsurface oxygen is especially limited in
the Pacific where water is poorly ventilated (e.g., Kwiatkowski et al., 2020; Schlitzer, 2000). After nuclear winter,
high latitude waters in both the North and South Pacific are ventilated past 1,000 m, eliminating a large expanse
of the oxygen minimum zone in the North Pacific (Figure S8 in Supporting Information S1).

Photosynthetically available radiation (PAR) is solar radiation to the ocean's surface used for marine photosyn-
thesis (Figure 6a), in CESM equivalent to 45% of the shortwave radiation at the top of the water column (Figure
Sla in Supporting Information S1). The global NPP in the ocean (i.e., the new growth of marine algae, which
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Figure 6. Change in marine net primary production (NPP) and its drivers, photosynthetically available radiation (PAR) and nutrient availability (nitrate), after a
US-Russia (150 Tg) nuclear war. Thin lines in panels a—c are monthly values, thick are annual means, control simulation values are dashed, and a vertical dashed line
indicates the war timing. (a) Global NPP decline (black) initially follows PAR reduction (red); after the smoke clears, NPP is elevated by ~6% due an increase in surface
nitrate availability (blue). (b) NPP in the Subpolar North Atlantic (red outline in panels (d and e)) is extinguished (>95% reduction) in the year after the war, takes a
number of years to recover, and is not elevated post-recovery. (c) NPP in the Sargasso Sea (blue outline in panels (d and e)) decreases by only 30% in the first year, then
is elevated by 20%—30% until the end of the simulation. (d) In years 1-2 post war, NPP reduction is greatest in the Northern Hemisphere and outside of the subtropical
gyres. (e) In years 19-20, after the atmospheric forcing has subsided, NPP is elevated across the tropics and subtropics.

makes up the base of the marine food web) declines quickly after the war in all scenarios, with the magnitude and
rate of NPP decline proportional to the reduction in PAR (Figure 6; Figure S1d in Supporting Information S1). In
the US-Russia scenario, global NPP is reduced by nearly 50% in the months after the war and remains depressed
by 20%-40% for over 4 years (Figure 6a), with the largest reductions in the North Atlantic and North Pacific
(Figure S10 in Supporting Information S1). This initial productivity reduction is accompanied by a global shift in
phytoplankton community abundance to favor diatoms (Figure S11 in Supporting Information S1), which gener-
ally outcompete other plankton types in low-light, high-nutrient conditions (Miller & Wheeler, 2012). By 2040,
global NPP has recovered and stabilized at an elevated state in the US-Russia scenario, ~6% higher than before
the war (Figure 1), with gains as high as 20%-30% across the tropics and subtropics (Figure S10 in Supporting
Information S1). The regional NPP response to anomalous forcing is consistent across all scenarios, with the
magnitude of the elevated NPP in this new state again proportional to the degree of anomalous radiation forcing
(see Scherrer et al., 2020). The magnitude and larger spatial extent of the positive NPP anomalies in low lati-
tudes drive the elevation of globally averaged NPP in the US-Russia scenario, while smaller war scenarios have
compensating negative NPP anomalies at higher latitudes and in the Equatorial Pacific.

Understanding what drives these changes in NPP requires disentangling the various controlling factors of phyto-
plankton growth. Simulated phytoplankton cell division rates are regulated by light, temperature, and nutrient
limitation terms (see Methods). Each limitation term scales the maximum division rate for each of the three
simulated phytoplankton functional types, such that lower values translate to slower growth rates. Simulated
nutrient limitation is determined by the most limiting nutrient: nitrate, phosphate, or iron for all phytoplankton,
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and silica for diatoms (Moore et al., 2013). Nuclear war increases light limitation by both reducing PAR and
deepening the mixed layer, with the latter transporting phytoplankton out of the photic zone. Cooling increases
temperature limitation, both directly and through driving deeper mixing and shoaling of the thermocline. In
contrast, nutrient limitation is generally relieved by enhanced vertical mixing and shoaling of the nutricline.
Perturbations to the three limitation factors have different timescales and different levels of importance in differ-
ent ocean biomes and through time.

Globally, light is the dominant limiting factor during the cooling event, while nutrient limitation controls production
changes in the new ocean state. During the cooling event, reduced PAR and deeper mixing increase phytoplank-
ton light limitation, which along with increased temperature limitation results in decreased global phytoplankton
division rates, biomass and NPP, despite an increase in the vertical nutrient flux and thus relieved nutrient limi-
tation (Figures 2, 6 and 7). In the new ocean state, light limitation is restored to pre-war levels, however the
shoaling of the thermocline and nitracline result in elevated temperature limitation and relieved nutrient limita-
tion (Figure 7). In the new ocean state, nutrient relief dominates, resulting in an ocean where globally averaged
phytoplankton division rates, biomass stocks, and NPP are all elevated (Figures 6 and 7).

NPP anomalies during and after the cooling event exhibit strong regionality, caused by differing balances in the
relative limitation factors (Figure 6, Figures S11 and S12 in Supporting Information S1). Short-term post-war
NPP reductions driven by light limitation are most pronounced at high latitudes, where phytoplankton are already
light limited and often constrained to short, seasonal blooms (Racault et al., 2012; Sundby et al., 2016). For the
Subpolar North Atlantic in the US-Russia case (Figure 6b, Figures S4 and S12a-S12e in Supporting Informa-
tion S1), surface PAR is almost totally extinguished immediately post-war and mixed layer depths reach over
1,000 m, leading to intense light limitation and causing NPP to shut down completely for an entire year. The
spring bloom is subsequently stifled for another 2 years (by ~75% and ~33%, respectively) and occurs later for
5 years (Figure 6b).

In contrast to the Subpolar North Atlantic, NPP in the Sargasso Sea in the US-Russia scenario (Figure 6¢, Figures
S12f-S12j in Supporting Information S1) decreases much less in the first year of the cooling event (~30% reduc-
tion, ~10 mmol C m~2 d~!), with some areas showing increased NPP during the cooling event, after which there
are 5 years of summer blooms up to double the size of control levels in 2023. This region eventually settles to a
new state that is ~20% more productive than the control run. Similarly, significant long-term NPP enhancement
is evident throughout the subtropical gyres (Figure 6e, Figure S10 in Supporting Information S1). Higher NPP in
the new state is driven by partial relief of the persistent nutrient limitation (Figure 7c, Figure S12h in Supporting
Information S1; Chavez et al., 2011; Longhurst, 2006). In these biomes limiting nutrients (nitrate and phosphate;
Harrison et al., 2018) are delivered by vertical mixing (Menzel & Ryther, 1959) and this nutrient delivery is
enhanced by the shoaled nutricline in the new ocean state, stimulating faster phytoplankton division rates, larger
biomass stocks, and elevated NPP.

War-driven changes in iron limitation affect productivity differently in different ocean biomes. After light is
restored, NPP is generally elevated in the low latitudes, but not at high latitudes or in the Eastern tropical Pacific,
despite shoaling of the nitracline there (Figure 6, Figures S4, S9 and S10 in Supporting Information S1), indicat-
ing other nutrients play a role. Ocean biomes can be roughly divided into iron limited, such as the high latitude
and Eastern Pacific oceans, and nitrate or phosphate limited (Harrison et al., 2018; Misumi et al., 2014; Moore
et al., 2013). While nitrate and phosphate biogeochemical cycling and vertical distributions are similar, iron
cycling is distinct, complicated by the affinity of iron to bond with marine detritus, which sinks and removes
bioavailable iron from the water column (Misumi et al., 2011; Moore et al., 2004).

At high latitudes, and in the Eastern tropical Pacific, we find that an increase in diatom biomass, driven by the
shoaling of the nitracline, also increases detritus production and in turn iron scavenging, depleting iron and
driving enhanced iron limitation. After the war, both iron and nitrate limitation are relieved globally through a
combination of enhanced vertical nutrient delivery and the light-limited decline in production, leaving available
nutrients unutilized (Figure 7, Figures S11 and S12 in Supporting Information S1). Nitrate limitation continues to
be relieved after the cooling event, following from the shoaling of the nitracline (Figure 2, Figure S9 in Support-
ing Information S1). In contrast, iron limitation is only reduced for a few years, both regionally and globally,
then iron limitation increases to a more limiting state than before the war, remaining more limiting until the end
of the simulation (Figures S11b and S12c¢ in Supporting Information S1). The low light and high nutrient levels
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Figure 7. Globally averaged drivers, mechanisms, and response of phytoplankton anomalies. Monthly (thin) and annual means (thick) for the nuclear war case

(solid) and control climate (dashed). A vertical dashed line denotes the war date. Time series are plotted for the physical drivers (a) mixed layer depth (MLD) and (b)
surface photosynthetically available radiation (PAR). In the middle, time series are plotted for the (c) biomass-weighted limitation terms that control phytoplankton
growth: nutrient, temperature, and light limitation; limitation terms are multiplicative and lower numbers are more limiting. Below, time series are plotted for the
biological response of (d) phytoplankton division rates and (e) phytoplankton biomass. Initially, light limitation is the primary driver of production decline (Figure 6a),
with contribution from temperature limitation. Post-war, reduced nutrient limitation results in higher primary productivity (Figure 6), despite increased temperature

limitation.

during the cooling event favor the production of diatoms over small phytoplankton, such that the global diatom
biomass is elevated by 50% in 2023 (Figure S11a in Supporting Information S1). This shift to diatoms leads to an
increase in particulate organic carbon (POC) production and in turn an increase in iron scavenging, depleting the
water column of iron (Figure 8; Moore et al., 2001; Misumi et al., 2011, 2014). In the iron-limited ocean biomes
such as the North Atlantic, this increased iron limitation reduces the ability of phytoplankton to fully utilize the
enhanced nitrate. In the new ocean state spring, when iron levels are highest, higher nitrate results in larger diatom
blooms (Figure S11 in Supporting Information S1). Detritus production is in turn enhanced nonlinearly, as POC
production in CESM-biogeochemical elemental cycling (BEC) grows quadratically with plankton biomass (see
Harrison et al., 2018). POC bonds with iron, increasing the scavenging rate (Figure 8), and maintaining higher
levels of iron limitation in the new ocean state (Figures S11b and S12c in Supporting Information S1). Thus, the
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Figure 8. Dissolved iron (Fe) and dissolved iron scavenging rate anomaly vertical profiles in the US-Russia case for the
Subpolar North Atlantic (Figure 6) before, during and after nuclear cooling. (a) Iron is higher throughout the upper water
column during the cooling event in 2023 (dashed), than pre-war (2019; dotted), due to the enhanced vertical mixing and lack
of uptake by phytoplankton production. By 2034 (solid) Fe is significantly lower than the pre-war levels. Iron scavenging rate
anomaly (b) through the entire water column and (c) in the upper 500 m. In the year of the war (2020, dotted), scavenging
declines due to lack of production, then recovers (2023, dash dot), so that by 2027 (dashed) scavenging is elevated throughout
the water column. Twenty years after the war (2040, solid) scavenging remains elevated, especially in the upper water
column.

shoaled nitracline only translates to increased production in regions which are iron-replete, like the subtropical
gyres (Figure 6, Figures S10 and S12 in Supporting Information S1). This new, more iron-limited global ocean
state continues until the end of the simulation.

3. Discussion

How long would it take the ocean physical and biogeochemical state to return to what it was pre-war? We expect
the new ocean state not to be a new steady state, that is, an irreversible hysteresis, but an extremely long transient,
with a few exceptions. Vertical distributions of physical and biogeochemical tracers take hundreds to thousands
of years to achieve steady-state for a given climate state (DeVries & Primeau, 2011; Sarmiento & Gruber, 2006).
Ocean temperature and density perturbation adjustment timescales vary by depth and ocean basin, and are a func-
tion of the ocean's internal variability and key circulation components such as MOC, which are in turn affected
by climate perturbations (Hogan & Sriver, 2019). The ocean response to such perturbations is asymmetric, with
a generally faster response to cooling than to warming due to cooling-enhanced convection and overturning
(Yang & Zhu, 2011), as seen in our simulations. The precise response to a given perturbation is difficult to
predict a priori; there is no fundamental timescale that separates rapid and slow adjustments (e.g., Sherwood
et al., 2015), or separates linear transient responses from those that arise due to climate feedbacks (Knutti &
Rugenstein, 2015). Estimates for a fully equilibrated oceanic response to an increase in atmospheric CO, range
from 200 years for the upper ocean (Yang & Zhu, 2011) to thousands of years for the MOC (Jansen et al., 2018),
where the latter is essentially a diffusive adjustment timescale of the abyssal ocean. Jansen et al. (2018) note that
the adjustment of the MOC in their model occurs on three distinct timescales, where the strength of the MOC
is partially restored after only a few decades. Other adjustments, such as to the thermocline density, Southern
Ocean eddy-driven circulation (e.g., Allison et al., 2011; Jones et al., 2011), and abyssal circulation rely on longer
climate feedbacks that are beyond the scope of this paper. Based on the simulations here, and on these other stud-
ies, the complete recovery from a nuclear war will be spatially inhomogeneous and in some areas on the order of
thousands of years, if ever.

With the above caveats in mind, we estimated a recovery timescale as a function of depth for the 150 Tg case
(Figure 9). At each depth, this was calculated using the global mean temperature anomaly divided by its recovery
rate, where both are taken after the nuclear war-driven radiation anomaly has ended and the rate of temperature
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change has slowed (Figure S13 in Supporting Information S1). The tempera-

ture anomaly was averaged over the last 5 years of the long control run simu-
lation (2036-2040) to account for interannual variability in the control run.
The recovery rate (Figure 9a) was computed as the time rate of temperature
change averaged over the last 10 years of the 150 Tg simulation (2040-2049),
less the time rate of temperature change averaged across the last 10 years
of the three control runs to correct for model drift. The estimated recovery
timescale (Figure 9b) ranges from 15 to 20 years in the top 100 m, increas-
ing to 80 years between 200 and 400 m, and then approaches a singularity
as the recovery rate approaches zero at ~600 m. At this depth, the ocean in
the nuclear war simulation is still cooling, relative to a warming drift in the

control simulations (Figure 9a), indicating the nuclear war cooling signal is
still penetrating the deep ocean 30 years after the war. This decadal scale
500 cooling at depth underscores the long timescales associated with the ocean
response to this extreme cooling event.

0 560 For Arctic sea ice, the hysteresis does not just result in a long transient but is
ta(yr) likely a new steady state for many nuclear cooling scenarios, as in historical
RY global cooling events. While only the US-Russia scenario was simulated long

enough to achieve a steady sea-ice state, it is likely that sea ice volume would

Figure 9. Estimated (a) global average recovery rate of the temperature remain elevated in the four nuclear war simulations above 5 Tg, given their
anomaly and (b) timescale of recovery as a function of depth for the 150 Tg elevated state at the end of the cooling event (Figure 5). Similar elevated
scenario. Note difference in vertical scale. (a) The recovery rate of the sea ice events are observed in the paleoclimate record after volcanic cool-

temperature anomaly (dAT/dt, solid) was estimated by subtracting the drift
rate (see Figure S13 in Supporting Information S1) averaged over 10 years of
the control mean (dotted) from the rate of temperature change over the last

ing events. For example, strong evidence supports that an expanded Arctic
sea ice state during the Little Ice Age (LIA) was triggered by volcanic forc-

10 years of the 150 Tg simulation (dashed). (b) The recovery timescale (t,) ing within the range of the scenarios here. Decadal scale cooling, driven by
was estimated using the global mean temperature anomaly divided by the tropical volcanic eruptions, has been simulated to induce an albedo feed-
recovery rate relative to the control drift, where both are taken after the nuclear back (Perovich & Polashenski, 2012) that causes centennial scale increases

war-driven radiation anomaly has ended. The recovery timescale approaches a
singularity at 600 m, as the recovery rate approaches zero.

in Arctic sea ice during the LIA (Zhong et al., 2011), a finding supported
by a range of proxy records across the Arctic (Miller et al., 2012). Climate
proxy records (Sigl et al., 2015) indicate that the reduction in solar forcing of
the largest pre-LIA volcanic eruption was 35 W/m?, a small fraction of the
120 W/m? reduction in our US-Russia nuclear winter simulation, and similar to the 16 Tg India-Pakistan case
(Coupe et al., 2021). Thus, both the short-term and persistent expanded sea ice seen in simulations of nuclear war
driven cooling is consistent with historical evidence. We conclude that a large nuclear war would likely induce
a nuclear little ice age and be more likely to induce such an event than a volcanic eruption with the same radia-
tion anomaly, due to the shorter lifetime of volcanic aerosols and thus briefer cooling duration (Robock, 2000).
Anthropogenic climate change, which was not simulated here, would mitigate some cooling and the resulting
ice expansion (Bethke et al., 2017). However, for a large nuclear war anthropogenic CO, emissions would likely
plummet, eventually slowing or even reversing global warming (Matthews & Weaver, 2010; Robock, 2015).

How would the immediate and long-term impacts of nuclear cooling affect marine ecosystems and fisheries? The
large and rapid changes in marine primary production, temperature and other physical conditions would result in
declines in marine consumers like fish, shellfish and larger bodied animals, both warm and cold blooded (Guiet
et al., 2016; Heneghan et al., 2021; Jennings et al., 2008; Schwartz, 1978). The overall abundance of consumers
(i.e., fish) and the presence of large-bodied species is directly related to the magnitude of primary production
(e.g., Guiet et al., 2016; Jennings et al., 2008), especially for non-mobile species (Watson et al., 2015), and
lower ocean temperatures slow the growth rates of fish (Brown et al., 2004). Our recent modeling using a global
fisheries model forced by these simulations found that global fish biomass would decline by ~20% over the first
10 years after the US-Russia war scenario, proportional to declines in primary production, but also depending
strongly on response of fishing pressure after the war (Scherrer et al., 2020). These estimates have high uncer-
tainty (Scherrer et al., 2020), as the fisheries model assumes immediate adaptation of marine communities to
rapid climate velocities, and does not resolve species level processes such as how changes in plankton bloom
timing would affect feeding and reproduction success of zooplankton and fish, or how light reductions affect
visual hunting (Aksnes et al., 2004; Cahill et al., 2013; Durant et al., 2007; Pinsky et al., 2020).
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Given the large uncertainties and limited modeling performed for marine consumers, it is highly uncertain what
the upper trophic level communities would look like in the new ocean state. Global marine ecosystem models
generally simulate functional groups or fish size spectra and not individual species (Heneghan et al., 2021), and
the explicit links between the changes in the composition of phytoplankton, zooplankton and fish communities
need to be investigated further. While there is evidence that some pelagic fish species rapidly shifted geographic
range and adapted to the climatic perturbation following the Tambora volcanic eruption (Alexander et al., 2017),
we underline that most of the war scenarios modeled here cause much larger and more sustained climate anoma-
lies. Temperature impacts from nuclear war are particularly extreme in coastal regions where the majority of fish
catch and marine ecosystem services are provided (Figure 3c). Benthic and sessile marine organisms in coastal
zones would be particularly vulnerable to the locally extreme temperature and NPP shifts (Figures 2 and 6). The
long-term thermal tolerance of many species and life history stages would likely be exceeded by the velocity,
magnitude and duration of the nuclear war driven climate event, leading to decreased fitness and increased
mortality (Peck et al., 2009; Rezende et al., 2011). Thus, the strong declines in temperature and primary produc-
tivity projected in many of the nuclear war scenarios could lead to collapses of marine food-chains and potentially
extinctions of some endemic marine consumers. The timescale of recovery to such disturbances is unclear.

The immediate and persistent increase in tropical and subtropical primary production after nuclear cooling would
have multiple impacts. To offset the inevitable agricultural losses and famine if fisheries collapse following a
nuclear conflict, society will need to look to alternative food sources, such as wild caught and farmed seaweed. In
this scenario, the immediate and persistent increase in tropical and subtropical primary production after nuclear
cooling will likely provide the best region for seaweed production. Building on its usage as a famine food through-
out history, using wild caught and farmed seaweed after extreme climate events (Baum et al., 2015; Mouritsen
et al., 2021) has been proposed as an alternative food source to offset inevitable agricultural losses and famine
following a nuclear conflict (Jigermeyr et al., 2020; Xia et al., 2015). The best region for seaweed production
would likely be in areas where primary production is not impacted or is higher due to increased nutrient supply,
that is, in many regions across the tropics (Figure 6), and findings here support seaweed production could be
accomplished both immediately during nuclear cooling (Figure 6d) and in the recovery phase (Figure 6¢). Addi-
tionally, a long-term increase in wild seaweed productivity in the subtropics could increase habitat for a great
diversity of marine animals (Laffoley et al., 2011; Witherington, 2002), but also act as marine debris, negatively
impacting fishing and ship traffic (Partlow & Martinez, 2015; Resiere et al., 2018). Overall, enhanced NPP
following the initial cooling is expected to increase the food available for consumers, and modeling suggests
about a 15% increase in global fish biomass by year 15 post-war relative to control simulations in the 150 Tg
case (Scherrer et al., 2020), keeping in mind the caveats outlined above. However, large blooms in the cooling
recovery period could likely include harmful algal blooms, which are toxic to marine life, including birds, fish
and corals (Abram et al., 2003; Anderson et al., 2002), as well as humans (Kirkpatrick et al., 2004). The combi-
nation of increased productivity in the tropics and increased iron limitation at high latitudes would impact large
scale biogeochemical cycling (Krumhardt et al., 2020; Moore et al., 2018; Sarmiento & Gruber, 2006) and there
is also indication that less iron availability would impact fishes directly (Galbraith et al., 2019). We can surmise
that the number and character of ecosystem disruptions in the new ocean state, driven either through nuclear war
or volcanic-driven cooling, would be extensive, persistent, diverse, location specific, and difficult to predict due
to nonlinear ecosystem interactions.

4. Conclusions

Following each of the nuclear war scenarios, a decadal solar radiation reduction and cooling event ensues. The
low light and rapid, sustained cooling cause large physical perturbations to the ocean, including an intensifi-
cation of vertical mixing, enhanced overturning and expansion of sea ice. In all nuclear war scenarios, these
perturbations drive a hysteresis, generating a new ocean state, where density stratification and biogeochemical
tracers are altered throughout the water column. The magnitude of the new state and timescale of recovery are
affected by the magnitude of the cooling anomaly and depend on the system effected. In all nuclear war scenarios,
modifications to temperature and biogeochemical profiles persist for many decades, and likely hundreds of years,
owing to the long recovery timescales of the deep ocean. Increased Arctic sea ice extent and volume are likely
permanent in US-Russia (150 Tg) war simulation, as in the case of the volcanic cooling driven initiation of the
Little Ice Age at the end of the thirteenth Century CE. Increased macronutrient availability, driven by changes
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in biogeochemical profiles, boosts marine productivity in the tropics and subtropics during nuclear cooling,
and even more once nuclear cooling ends. However, increased iron limitation at high latitudes due to an altered
phytoplankton community results in no enhancement of production there, despite the higher nitrate. Enhanced
tropical productivity in the US-Russia scenario leads to an increase in global NPP that persists for decades. These
results indicate major changes in ocean ecosystems after a global cooling event, both from the nuclear cooling
event itself, but also from long-term changes to the marine physical and biogeochemical system. These findings
expand our understanding of how both historical and potential future global cooling events impact ocean physics,
biogeochemistry, and ecosystems.

5. Methods

Simulations used the CESM version 1.3, a state-of-the-art coupled climate model consisting of atmosphere,
ocean, land, and sea ice components. Ice is simulated using the Los Alamos sea ice model, CICE, version 4
(Hunke & Lipscomb, 2008) which is used in CESM1 as described by Hurrell et al. (2013). CICE includes simu-
lation of deposition and cycling of aerosols (dust and black carbon) within the ice pack and their resultant impacts
on albedo and melting (Holland et al., 2012). CESM1 implements the Parallel Ocean Program (POP) physical
ocean model (Danabasoglu, Bates, et al., 2012), here at nominal 1° horizontal resolution and with 60 vertical
levels, and the BEC ocean ecosystem-biogeochemistry module, which represents the lower trophic levels of the
marine ecosystem, and a dynamic iron cycle (Moore et al., 2004, 2013, 2018; Harrison et al., 2018; Lindsay
et al., 2014; Long et al., 2013; Rohr et al., 2017). Similar to other Coupled Model Intercomparison Project v.5
(CMIP5) class models (Laufkotter et al., 2015, 2016), BEC simulates three phytoplankton functional types:
diatoms, small phytoplankton, and diazotrophs; the productivity (carbon fixation) of the three phytoplankton
groups are combined to generate NPP (Krumhardt et al., 2017). The CESM-BEC ecosystem and biogeochem-
istry model is well-validated in a variety of scenarios and performs favorably when compared with other CMIP
class models (e.g., Harrison et al., 2018; Rohr et al., 2020; Tagliabue et al., 2016 and references therein). AMOC
strength has been well-validated in CESM1 simulations (Danabasoglu, Yeager, et al., 2012; Maroon et al., 2018;
Yeager & Danabasoglu, 2012) and AMOC strength at 26.5N in control simulations presented here is comparable
to the observed AMOC RAPID-MOCHA array (Figure 3; Smeed et al., 2019).

Atmospheric circulation and chemistry are simulated in this version of CESM1 using the Whole Atmosphere
Community Climate Model (WACCM; Marsh et al., 2013) with nominal 2° resolution and 66 vertical levels,
a model top at ~145 km, and uses the Rapid Radiative Transfer Model for GCMs (lacono et al., 2000). The
Community Aerosol and Radiation Model for Atmospheres (CARMA; Toon et al., 1988; Bardeen et al., 2008)
is coupled with WACCM to simulate the injection, lofting, advection, and removal of soot aerosols in the trop-
osphere and stratosphere, and their subsequent impact on climate (Bardeen et al., 2017, 2021). CARMA has 21
different size bins for the aerosols with different optical properties, allowing particle growth to change the amount
of absorption and scattering. Hygroscopic growth is not included, but particles coagulate together at a rate which
is partially a function of relative humidity. This provides a realistic simulation of soot growth, transport, and
deposition.

The climate response to nuclear war is simulated by injecting black carbon (soot) into the stratosphere in a layer
between 100 and 300 hPa over a 1 week period starting on 15 May above the U.S. and Russia, or the South Asian
subcontinent (Bardeen et al., 2008; Coupe et al., 2019; Toon et al., 2019) in May in a modern simulation, which
here we assume represents the year 2020. In total, six nuclear war scenarios are simulated. Five India-Pakistan
nuclear war scenarios are considered which involve soot injections of 5, 16, 27.3, 37, and 46.8 Tg, representing
ranges in arsenal sizes. Scenario development, including uncertainties in smoke production and model implemen-
tation, are detailed in Toon et al. (2019), along with an overview of global simulation results and direct casualty
estimates. These simulations are each run for 15 years. One United States-Russia scenario is considered with
a 150 Tg soot injection, for which the simulation was extended to 30 years to assess the ocean recovery to this
larger forcing over a longer timescale. This U.S.-Russia scenario is a legacy scenario that assumes both countries
use most of their nuclear arsenals on each other's cities (Robock et al., 2007), which is still possible with modern
nuclear arsenals. We revisited this scenario in the more modern CESM model and found that the results were
very similar to previous simulations (Coupe et al., 2019). An ensemble of three control simulations were run for
19 years to simulate the impacts of interannual variability on physical and biogeochemical processes during the
nuclear war driven cooling phase, and to assess the nuclear war climate perturbation relative to any model drift.
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One of these was extended to 25 years to compare to the longer nuclear war simulation. The nuclear war simula-
tions were branched off the long control run after 4 years.

The ocean was initialized from rest using a standard set of CESM-POP-BEC initial physical and biogeochemical
conditions taken from observations and long model spin-ups where observations are not available. The nuclear
war scenarios were initiated after 4 years of ocean model spin up, long enough for the ocean physics and produc-
tivity response to equilibrate. An ensemble of three control simulations were run to simulate the impacts of
interannual variability on physical and biogeochemical processes. Because the ocean simulations were initialized
from previously spun-up and observational initial conditions, as is standard for computationally expensive simu-
lations that preclude long-spin up simulations (e.g., Harrison et al., 2018; Liu et al., 2021), model drift was small
relative to the nuclear war driven perturbations. Similarly, it was determined that internal climate variability was
much less than the nuclear war perturbation, even in the 5 Tg scenario.

In CESM-BEC, phytoplankton net population growth is governed by a photosynthetic NPP term opposed by
a loss term. NPP and loss terms are computed independently for each phytoplankton class (diatoms, small
phytoplankton, and diazotrophs) and composed of a volumetric specific rate multiplied by the biomass concen-
tration. The volumetric specific division rate is governed by temperature dependence, light availability, and
multi-nutrient (N, P, Si, and Fe) limitation (Geider et al., 1998). Multi-nutrient limitation is treated following
Liebig's Law of the Minimum (van der Ploeg et al., 1999) such that the maximum specific division rate is
only scaled by the most limiting nutrient limitation term. However, light, temperature and nutrient limitations
are co-limiting and each multiplicatively impact the maximum specific division rate (see Rohr et al., 2020).
All limitation terms vary from O to 1 and scale the maximum division rate such that lower values translate to
more limitation and reduced growth. The volumetric specific loss rate is composed of a nonlinear grazing rate,
a linear mortality rate and a quadratic mortality/aggregation rate. Ocean acidification does not affect phyto-
plankton NPP or calcification in this configuration of CESM (Lovenduski et al., 2020). NPP and biomass are
integrated across all three phytoplankton groups to a depth of 150 m. Division rates and limitation terms are
biomass-weighted and depth averaged. Spatially averaged terms are further biomass weighted latitudinally and
longitudinally.

Conflict of Interest

The authors declare no conflicts of interest relevant to this study.

Data Availability Statement

The Community Earth System Model is freely available from the NCAR but requires registration at www.
cesm.ucar.edu/models/cesm1.2. Representative ocean model output needed to reproduce the main figures are
publicly available on Open Science Framework using https://doi.org/10.17605/0OSF.I0/5ZVWE. Addition-
ally, atmospheric model output for the 150 Tg case (Coupe et al., 2019) is available at https://doi.org/10.6084/
m9.figshare.7742735.v1. The full model outputs for all simulations are very large and stored on the PetaLibrary
at the University of Colorado, which is not available to the public. However, additional data from these runs can
be provided upon request by contacting C. S. Harrison, J. Coupe or C. G. Bardeen.

References

Abram, N. J., Gagan, M. K., McCulloch, M. T., Chappell, J., & Hantoro, W. S. (2003). Coral reef death during the 1997 Indian ocean dipole linked
to Indonesian wildfires. Science, 301(5635), 952-955. https://doi.org/10.1126/science.1083841

Aksnes, D. L., Nejstgaard, J., Sedberg, E., & Sgrnes, T. (2004). Optical control of fish and zooplankton populations. Limnology & Oceanogra-
phy, 49(1), 233-238. https://doi.org/10.4319/10.2004.49.1.0233

Alexander, K. E., Leavenworth, W. B., Willis, T. V., Hall, C., Mattocks, S., Bittner, S. M., et al. (2017). Tambora and the mackerel year: Phenology
and fisheries during an extreme climate event. Science Advances, 3(1), €1601635. https://doi.org/10.1126/sciadv.1601635

Allison, L. C., Johnson, H. L., & Marshall, D. P. (2011). Spin-up and adjustment of the Antarctic Circumpolar Current and global pycnocline.
Journal of Marine Research, 69(2), 167-189. https://doi.org/10.1357/002224011798765330

Anderson, D. M., Glibert, P. M., & Burkholder, J. M. (2002). Harmful algal blooms and eutrophication: Nutrient sources, composition, and
consequences. Estuaries, 25(4), 704-726. https://doi.org/10.1007/BF02804901

Bardeen, C. G., Garcia, R. R., Toon, O. B., & Conley, A.J. (2017). On transient climate change at the Cretaceous—Paleogene boundary due to
atmospheric soot injections. Proceedings of the National Academy of Sciences, 114(36), 201708980. https://doi.org/10.1073/pnas.1708980114

Bardeen, C. G., Kinnison, D. E., Toon, O. B., Mills, M. J., Vitt, F., Xia, L., etal. (2021). Extreme ozone loss following nuclear war results in enhanced
surface ultraviolet radiation. Journal of Geophysical Research: Atmospheres, 126(18), €2021JD035079. https://doi.org/10.1029/2021JD035079

HARRISON ET AL.

15 of 19

85UB017 SUOWWOD 8ARERID) 8|deo!|dde au3 Aq pausenob a1e Sapie YO ‘88N JO S9N Joj AZeiq 1T 8UIIUO A8]IM UO (SUORIPUOD-PUR-SWUBILIOD A8 1M AReIq U UO//SHRY) SUORIPUOD PUe SWS L 8U} 885 *[£202/c0/yT] Uo AriqITaulluo A8 ‘UieeH 21idnd JO 8imiisu| UelBemIoN Ad 0T9000AVTZO0Z/620T OT/I0p/wod"A3|imArelqputjuo'sgndnbe//sdny wo.j pepeoiumoq ‘v ‘Z20e ‘Xy099.52


http://www.cesm.ucar.edu/models/cesm1.2
http://www.cesm.ucar.edu/models/cesm1.2
https://doi.org/10.17605/OSF.IO/5ZVWE
https://doi.org/10.6084/m9.figshare.7742735.v1
https://doi.org/10.6084/m9.figshare.7742735.v1
https://doi.org/10.1126/science.1083841
https://doi.org/10.4319/lo.2004.49.1.0233
https://doi.org/10.1126/sciadv.1601635
https://doi.org/10.1357/002224011798765330
https://doi.org/10.1007/BF02804901
https://doi.org/10.1073/pnas.1708980114
https://doi.org/10.1029/2021JD035079
http://www.rapid.ac.uk/rapidmoc
http://www.tacc.utexas.edu
http://www.tacc.utexas.edu
https://doi.org/10.5065/D6RX99HX

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

AGU Advances 10.1029/2021AV000610

Bardeen, C. G., Toon, O. B., Jensen, E. J., Marsh, D. R., & Harvey, V. L. (2008). Numerical simulations of the three-dimensional distribu-
tion of meteoric dust in the mesosphere and upper stratosphere. Journal of Geophysical Research, 113(D17), D17202. https://doi.
org/10.1029/2007JD009515

Baum, S. D., Denkenberger, D. C., Pearce, J. M., Robock, A., & Winkler, R. (2015). Resilience to global food supply catastrophes. Environment
Systems and Decisions, 35(2), 301-313. https://doi.org/10.1007/s10669-015-9549-2

Bethke, I, Outten, S., Ottera, O. H., Hawkins, E., Wagner, S., Sigl, M., & Thorne, P. (2017). Potential volcanic impacts on future climate varia-
bility. Nature Climate Change, 7(11), 799-805. https://doi.org/10.1038/nclimate3394

Brierley, A. S., & Kingsford, M. J. (2009). Impacts of climate change on marine organisms and ecosystems. Current Biology, 19(14), R602-R614.
https://doi.org/10.1016/j.cub.2009.05.046

Brown, J. H., Gillooly, J. F., Allen, A. P., Savage, V. M., & West, G. B. (2004). Toward a metabolic theory of ecology. Ecology, 85(7), 1771-1789.
https://doi.org/10.1890/03-9000

Cahill, A. E., Aiello-Lammens, M. E., Fisher-Reid, M. C., Hua, X., Karanewsky, C. J., Yeong Ryu, H., et al. (2013). How does climate change
cause extinction? Proceedings of the Royal Society B: Biological Sciences, 280(1750), 20121890. https://doi.org/10.1098/rspb.2012.1890

Chavez, F. P., Messié, M., & Pennington, J. T. (2011). Marine primary production in relation to climate variability and change. Annual Review of
Marine Science, 3(1), 227-260. https://doi.org/10.1146/annurev.marine.010908.163917

Chikamoto, M. O., Timmermann, A., Yoshimori, M., Lehner, F., Laurian, A., Abe-Ouchi, A., et al. (2016). Intensification of tropical Pacific
biological productivity due to volcanic eruptions. Geophysical Research Letters, 43(3), 1184—1192. https://doi.org/10.1002/2015GL067359

Cooper, G. S., Willcock, S., & Dearing, J. A. (2020). Regime shifts occur disproportionately faster in larger ecosystems. Nature Communications,
11(1), 1175. https://doi.org/10.1038/s41467-020-15029-x

Coupe, J., Bardeen, C. G., Robock, A., & Toon, O. B. (2019). Nuclear winter responses to nuclear war between the United States and Russia in
the Whole Atmosphere Community Climate Model version 4 and the Goddard Institute for Space studies ModelE. Journal of Geophysical
Research: Atmospheres, 124(15), 8522-8543. https://doi.org/10.1029/2019JD030509

Coupe, J., Stevenson, S., Lovenduski, N. S., Rohr, T., Harrison, C. S., Robock, A., et al. (2021). Nuclear Nifio response observed in simulations
of nuclear war scenarios. Communications Earth & Environment, 2, 1-11. https://doi.org/10.1038/s43247-020-00088- 1

Cowan, J. H., Jr., Grimes, C. B., & Shaw, R. F. (2008). Life history, history, hysteresis, and habitat changes in Louisiana’s coastal ecosystem.
Bulletin of Marine Science, 83, 197-215.

Danabasoglu, G., Bates, S. C., Briegleb, B. P., Jayne, S. R., Jochum, M., Large, W. G, et al. (2012). The CCSM4 ocean component. Journal of
Climate, 25(5), 1361-1389. https://doi.org/10.1175/JCLI-D-11-00091.1

Danabasoglu, G., Yeager, S. G., Kwon, Y.-O., Tribbia, J. J., Phillips, A. S., & Hurrell, J. W. (2012). Variability of the Atlantic meridional over-
turning circulation in CCSM4. Journal of Climate, 25(15), 5153-5172. https://doi.org/10.1175/JCLI-D-11-00463.1

Deser, C., Lehner, F., Rodgers, K. B., Ault, T., Delworth, T. L., DiNezio, P. N., et al. (2020). Insights from Earth system model initial-condition
large ensembles and future prospects. Nature Climate Change, 10(4), 277-286. https://doi.org/10.1038/s41558-020-0731-2

DeVries, T., & Primeau, F. (2011). Dynamically and observationally constrained estimates of water-mass distributions and ages in the Global
Ocean. Journal of Physical Oceanography, 41(12), 2381-2401. https://doi.org/10.1175/JPO-D-10-05011.1

deYoung, B., Barange, M., Beaugrand, G., Harris, R., Perry, R. 1., Scheffer, M., & Werner, F. (2008). Regime shifts in marine ecosystems: Detec-
tion, prediction and management. Trends in Ecology & Evolution, 23(7), 402-409. https://doi.org/10.1016/j.tree.2008.03.008

Driike, M., Bloh, W. V., Sakschewski, B., Wunderling, N., Petri, S., Cardoso, M., et al. (2021). Climate-induced hysteresis of the tropical forest
in the fire-enabled Earth system model CM2Mc-LPImL (No. EGU21-8908). In Presented at the EGU21, Copernicus Meetings. https://doi.
org/10.5194/egusphere-egu21-8908

Durant, J. M., Hjermann, D. @., Ottersen, G., & Stenseth, N. C. (2007). Climate and the match or mismatch between predator requirements and
resource availability. Climate Research, 33, 271-283. https://doi.org/10.3354/cr033271

Ellsberg, D. (2017). The doomsday machine: Confessions of a nuclear war planner. Bloomsbury Publishing USA.

FAO. (2018). The state of world fisheries and aquaculture 2018: Meeting the sustainable development goals, the state of world fisheries and
aquaculture (SOFIA). FAO.

Fox-Kemper, B., Danabasoglu, G., Ferrari, R., Griffies, S. M., Hallberg, R., Holland, M. M., et al. (2011). Parameterization of mixed layer
eddies. Part III: Implementation and impact in global ocean climate simulations. Ocean Modelling, 39(1-2), 61-78. https://doi.org/10.1016/j.
ocemod.2010.09.002

Galbraith, E. D., Le Mézo, P., Solanes Hernandez, G., Bianchi, D., & Kroodsma, D. (2019). Growth limitation of marine fish by low iron availa-
bility in the open ocean. Frontiers in Marine Science, 6. https://doi.org/10.3389/fmars.2019.00509

Garbe, J., Albrecht, T., Levermann, A., Donges, J. F., & Winkelmann, R. (2020). The hysteresis of the Antarctic ice sheet. Nature, 585(7826),
538-544. https://doi.org/10.1038/s41586-020-2727-5

Geider, R. J., MacIntyre, H. L., & Kana, T. M. (1998). A dynamic regulatory model of phytoplanktonic acclimation to light, nutrients, and temper-
ature. Limnology & Oceanography, 43(4), 679-694. https://doi.org/10.4319/10.1998.43.4.0679

Gent, P. R., & McWilliams, J. C. (1990). Isopycnal mixing in ocean circulation models. Journal of Physical Oceanography, 20(1), 150-155.
https://doi.org/10.1175/1520-0485(2003)033<2341:RSFTAC>2.0.CO;2

Guiet, J., Aumont, O., Poggiale, J.-C., & Maury, O. (2016). Effects of lower trophic level biomass and water temperature on fish communities: A
modelling study. Progress in Oceanography, 146, 22-37. https://doi.org/10.1016/j.pocean.2016.04.003

Harrison, C. S., Long, M. C., Lovenduski, N. S., & Moore, J. K. (2018). Mesoscale effects on carbon export: A global perspective. Global Bioge-
ochemical Cycles, 32(4), 680-703. https://doi.org/10.1002/2017GB005751

Heneghan, R. F., Galbraith, E., Blanchard, J. L., Harrison, C., Barrier, N., Bulman, C., et al. (2021). Disentangling diverse responses to climate
change among global marine ecosystem models. Progress in Oceanography, 198, 102659. https://doi.org/10.1016/j.pocean.2021.102659

Hofmann, M., Mathesius, S., Kriegler, E., Van Vuuren, D. P., & Schellnhuber, H. J. (2019). Strong time dependence of ocean acidification miti-
gation by atmospheric carbon dioxide removal. Nature Communications, 10(1), 5592. https://doi.org/10.1038/s41467-019-13586-4

Hogan, E., & Sriver, R. L. (2019). The effect of internal variability on ocean temperature adjustment in a low-resolution CESM initial condition
ensemble. Journal of Geophysical Research: Oceans, 124(2), 1063—-1073. https://doi.org/10.1029/2018JC014535

Holland, M. M., Bailey, D. A., Briegleb, B. P., Light, B., & Hunke, E. (2012). Improved sea ice shortwave radiation physics in CCSM4: The
impact of melt ponds and aerosols on Arctic Sea ice. Journal of Climate, 25(5), 1413-1430. https://doi.org/10.1175/JCLI-D-11-00078.1

Hunke, E., & Lipscomb, W. (2008). CICE: The Los Alamos sea ice model, documentation and software user’s manual, version 4.0 (No. LA-CC-
06-012). Los Alamos National Laboratory.

Hurrell, J. W., Holland, M. M., Gent, P. R., Ghan, S., Kay, J. E., Kushner, P. J., et al. (2013). The Community Earth System Model: A Framework
for collaborative research. Bulletin of the American Meteorological Society, 94(9), 1339-1360. https://doi.org/10.1175/BAMS-D-12-00121.1

HARRISON ET AL.

16 of 19

85UB917 SUOLILLIOD dAIIE.ID) 3|dedl|dde au Ag peusenob afe SapIe YO ‘8sN JO Sa|Nn 10y Afeig 1T aUIIUQ AB]1A UO (SUONIPUOI-PUR-SLLLIBYW0D" A8 |1 AReIq 1 pUIIUD//SANY) SUONIPUOD PUe SWie | 3U) 885 *[£202/c0/T] Uo AigiTauliuo AB)IM ‘YiEsH d1jand JO ainnsu| ueiBemioN Aq 0T9000AYTZ0Z/620T OT/I0p/uiod™Aa|im Afeiq1uljuo'sgndnBey/sdny woiy pepeojumoq ‘v ‘220g ‘Xy099.5¢


https://doi.org/10.1029/2007JD009515
https://doi.org/10.1029/2007JD009515
https://doi.org/10.1007/s10669-015-9549-2
https://doi.org/10.1038/nclimate3394
https://doi.org/10.1016/j.cub.2009.05.046
https://doi.org/10.1890/03-9000
https://doi.org/10.1098/rspb.2012.1890
https://doi.org/10.1146/annurev.marine.010908.163917
https://doi.org/10.1002/2015GL067359
https://doi.org/10.1038/s41467-020-15029-x
https://doi.org/10.1029/2019JD030509
https://doi.org/10.1038/s43247-020-00088-1
https://doi.org/10.1175/JCLI-D-11-00091.1
https://doi.org/10.1175/JCLI-D-11-00463.1
https://doi.org/10.1038/s41558-020-0731-2
https://doi.org/10.1175/JPO-D-10-05011.1
https://doi.org/10.1016/j.tree.2008.03.008
https://doi.org/10.5194/egusphere-egu21-8908
https://doi.org/10.5194/egusphere-egu21-8908
https://doi.org/10.3354/cr033271
https://doi.org/10.1016/j.ocemod.2010.09.002
https://doi.org/10.1016/j.ocemod.2010.09.002
https://doi.org/10.3389/fmars.2019.00509
https://doi.org/10.1038/s41586-020-2727-5
https://doi.org/10.4319/lo.1998.43.4.0679
https://doi.org/10.1175/1520-0485(2003)033%3C2341:RSFTAC%3E2.0.CO;2
https://doi.org/10.1016/j.pocean.2016.04.003
https://doi.org/10.1002/2017GB005751
https://doi.org/10.1016/j.pocean.2021.102659
https://doi.org/10.1038/s41467-019-13586-4
https://doi.org/10.1029/2018JC014535
https://doi.org/10.1175/JCLI-D-11-00078.1
https://doi.org/10.1175/BAMS-D-12-00121.1

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

AGU Advances 10.1029/2021AV000610

Tacono, M. J., Mlawer, E. J., Clough, S. A., & Morcrette, J.-J. (2000). Impact of an improved longwave radiation model, RRTM, on the energy
budget and thermodynamic properties of the NCAR community climate model, CCM3. Journal of Geophysical Research, 105(D11), 14873—
14890. https://doi.org/10.1029/2000JD90009 1

Jagermeyr, J., Robock, A., Elliott, J., Miiller, C., Xia, L., Khabarov, N., et al. (2020). A regional nuclear conflict would compromise global food
security. Proceedings of the National Academy of Sciences, 117(13), 7071-7081. https://doi.org/10.1073/pnas.1919049117

Jansen, M. F., Nadeau, L.-P., & Merlis, T. M. (2018). Transient versus equilibrium response of the ocean’s overturning circulation to warming.
Journal of Climate, 31(13), 5147-5163. https://doi.org/10.1175/JCLI-D-17-0797.1

Jeltsch-Thommes, A., Stocker, T. F., & Joos, F. (2020). Hysteresis of the Earth system under positive and negative CO, emissions. Environmental
Research Letters, 15(12), 124026. https://doi.org/10.1088/1748-9326/abc4af

Jennings, S., Mélin, F., Blanchard, J. L., Forster, R. M., Dulvy, N. K., & Wilson, R. W. (2008). Global-scale predictions of community and
ecosystem properties from simple ecological theory. Proceedings of the Royal Society B: Biological Sciences, 275(1641), 1375-1383. https://
doi.org/10.1098/rspb.2008.0192

Jones, D. C., Ito, T., & Lovenduski, N. S. (2011). The transient response of the Southern Ocean pycnocline to changing atmospheric winds.
Geophysical Research Letters, 38(15). https://doi.org/10.1029/2011GL048145

Kageyama, M., Paul, A., Roche, D. M., & Van Meerbeeck, C.J. (2010). Modelling glacial climatic millennial-scale variability related to changes
in the Atlantic meridional overturning circulation: A review. Quaternary Science Reviews, 29(21-22), 2931-2956. https://doi.org/10.1016/j.
quascirev.2010.05.029

Kay, J. E., Deser, C., Phillips, A., Mai, A., Hannay, C., Strand, G., et al. (2014). The Community Earth System Model (CESM) large ensemble
project: A community resource for studying climate change in the presence of internal climate variability. Bulletin of the American Meteoro-
logical Society, 96(8), 1333—1349. https://doi.org/10.1175/BAMS-D-13-00255.1

Kent, G. (1997). Fisheries, food security, and the poor. Food Policy, 22(5), 393—404. https://doi.org/10.1016/S0306-9192(97)00030-4

Khaykin, S., Legras, B., Bucci, S., Sellitto, P., Isaksen, L., Tencé, F., et al. (2020). The 2019/20 Australian wildfires generated a persistent
smoke-charged vortex rising up to 35 km altitude. Communications Earth & Environment, 1, 1-12. https://doi.org/10.1038/s43247-020-00022-5

Kirkpatrick, B., Fleming, L. E., Squicciarini, D., Backer, L. C., Clark, R., Abraham, W., et al. (2004). Literature review of Florida red tide: Impli-
cations for human health effects. Harmful Algae, 3(2), 99-115. https://doi.org/10.1016/j.hal.2003.08.005

Knutti, R., & Rugenstein, M. A. A. (2015). Feedbacks, climate sensitivity and the limits of linear models. Philosophical Transactions of the Royal
Society A: Mathematical, Physical and Engineering Sciences, 373(2054), 20150146. https://doi.org/10.1098/rsta.2015.0146

Krumhardt, K. M., Long, M. C., Lindsay, K., & Levy, M. N. (2020). Southern Ocean calcification controls the global distribution of Alkalinity.
Global Biogeochemical Cycles, 34(12), €2020GB006727. https://doi.org/10.1029/2020GB006727

Krumhardt, K. M., Lovenduski, N. S., Long, M. C., & Lindsay, K. (2017). Avoidable impacts of ocean warming on marine primary production:
Insights from the CESM ensembles. Global Biogeochemical Cycles, 31(1), 114-133. https://doi.org/10.1002/2016GB005528

Kwiatkowski, L., Torres, O., Bopp, L., Aumont, O., Chamberlain, M., Christian, J. R., et al. (2020). Twenty-first century ocean warming, acid-
ification, deoxygenation, and upper-ocean nutrient and primary production decline from CMIP6 model projections. Biogeosciences, 17(13),
3439-3470. https://doi.org/10.5194/bg-17-3439-2020

Laffoley, D., Roe, H., Angel, M. V., Ardon, J., Bates, N. R., Boyd, L. L., et al. (2011). The protection and management of the Sargasso Sea: The
golden floating rainforest of the Atlantic Ocean. Summary Science and Supporting Evidence Case (p. 44). Sargasso Sea Alliance. http://www.
sargassoseacommission.org/storage/documents/Sargasso.Report.9.12.pdf

Laufkétter, C., Vogt, M., Gruber, N., Aita-Noguchi, M., Aumont, O., Bopp, L., et al. (2015). Drivers and uncertainties of future global marine
primary production in marine ecosystem models. Biogeosciences, 12(23), 6955-6984. https://doi.org/10.5194/bg-12-6955-2015

Laufkétter, C., Vogt, M., Gruber, N., Aumont, O., Bopp, L., Doney, S. C., et al. (2016). Projected decreases in future marine export production:
The role of the carbon flux through the upper ocean ecosystem. Biogeosciences, 13, 19941-19998. https://doi.org/10.5194/bg-13-4023-2016

Lindsay, K., Bonan, G., Doney, S. C., Hoffman, F., Lawrence, D. M., Long, M. C,, et al. (2014). Preindustrial control and 20th century experi-
ments with the Earth system model CESM1(BGC). Journal of Climate, 27(24), 8981-9005. https://doi.org/10.1175/JCLI-D-12-00565.1

Liu, X., Stock, C. A., Dunne, J. P., Lee, M., Shevliakova, E., Malyshev, S., & Milly, P. C. D. (2021). Simulated global coastal ecosystem responses to
ahalf-century increase in river nitrogen loads. Geophysical Research Letters, 48(17), e2021GL094367. https://doi.org/10.1029/2021GL094367

Long, M. C., Lindsay, K., Peacock, S., Moore, J. K., & Doney, S. C. (2013). Twentieth-century oceanic carbon uptake and storage in CESM1(BGC).
Journal of Climate, 26(18), 6775-6800. https://doi.org/10.1175/JCLI-D-12-00184.1

Longhurst, A. (2006). Ecological geography of the sea (2nd ed.). Oxford.

Lovenduski, N. S., Harrison, C. S., Olivarez, H., Bardeen, C. G., Toon, O. B., Coupe, J., et al. (2020). The potential impact of nuclear conflict on
ocean acidification. Geophysical Research Letters, 47(3), €2019GL086246. https://doi.org/10.1029/2019GL086246

Maroon, E. A., Kay, J. E., & Karnauskas, K. B. (2018). Influence of the Atlantic meridional overturning circulation on the Northern Hemisphere
surface temperature response to radiative forcing. Journal of Climate, 31(22), 9207-9224. https://doi.org/10.1175/JCLI-D-17-0900.1

Marsh, D. R., Mills, M. J., Kinnison, D. E., Lamarque, J.-F., Calvo, N., & Polvani, L. M. (2013). Climate change from 1850 to 2005 simulated in
CESM1(WACCM). Journal of Climate, 26(19), 7372-7391. https://doi.org/10.1175/JCLI-D-12-00558.1

Matthews, H. D., & Weaver, A. J. (2010). Committed climate warming. Nature Geoscience, 3, 142—143. https://doi.org/10.1038/ngeo813

Menzel, D. W., & Ryther, J. H. (1959). The annual cycle of primary production in the Sargasso Sea off Bermuda. Deep Sea Research, 6,351-367.
https://doi.org/10.1016/0146-6313(59)90095-4

Miller, C. B., & Wheeler, P. A. (2012). Biological oceanography. John Wiley & Sons.

Miller, G. H., Geirsdottir, A., Zhong, Y., Larsen, D. J., Otto-Bliesner, B. L., Holland, M. M., et al. (2012). Abrupt onset of the Little Ice Age trig-
gered by volcanism and sustained by sea-ice/ocean feedbacks. Geophysical Research Letters, 39(2). https://doi.org/10.1029/201 1GL050168

Mills, M. J., Toon, O. B., Lee-Taylor, J., & Robock, A. (2014). Multidecadal global cooling and unprecedented ozone loss following a regional
nuclear conflict. Earth's Future, 2(4), 161-176. https://doi.org/10.1002/2013EF000205

Mills, M. J., Toon, O. B., Turco, R. P., Kinnison, D. E., & Garcia, R. R. (2008). Massive global ozone loss predicted following regional nuclear
conflict. Proceedings of the National Academy of Sciences, 105(14), 5307-5312. https://doi.org/10.1073/pnas.0710058105

Misumi, K., Lindsay, K., Moore, J. K., Doney, S. C., Bryan, F. O., Tsumune, D., & Yoshida, Y. (2014). The iron budget in ocean surface waters in
the 20th and 21st centuries: Projections by the Community Earth System Model version 1. Biogeosciences, 11, 33-55. https://doi.org/10.5194/
bg-11-33-2014

Misumi, K., Tsumune, D., Yoshida, Y., Uchimoto, K., Nakamura, T., Nishioka, J., et al. (2011). Mechanisms controlling dissolved iron distribu-
tion in the North Pacific: A model study. Journal of Geophysical Research, 116(G3), G03005. https://doi.org/10.1029/2010JG001541

Moore, J. K., Doney, S. C., Glover, D. M., & Fung, I. Y. (2001). Iron cycling and nutrient-limitation patterns in surface waters of the World
Ocean. Deep Sea Research Part II: Topical Studies in Oceanography, 1 49(1-3), 463-507. https://doi.org/10.1016/S0967-0645(01)00109-6

HARRISON ET AL.

17 of 19

85UB917 SUOLILLIOD dAIIE.ID) 3|dedl|dde au Ag peusenob afe SapIe YO ‘8sN JO Sa|Nn 10y Afeig 1T aUIIUQ AB]1A UO (SUONIPUOI-PUR-SLLLIBYW0D" A8 |1 AReIq 1 pUIIUD//SANY) SUONIPUOD PUe SWie | 3U) 885 *[£202/c0/T] Uo AigiTauliuo AB)IM ‘YiEsH d1jand JO ainnsu| ueiBemioN Aq 0T9000AYTZ0Z/620T OT/I0p/uiod™Aa|im Afeiq1uljuo'sgndnBey/sdny woiy pepeojumoq ‘v ‘220g ‘Xy099.5¢


https://doi.org/10.1029/2000JD900091
https://doi.org/10.1073/pnas.1919049117
https://doi.org/10.1175/JCLI-D-17-0797.1
https://doi.org/10.1088/1748-9326/abc4af
https://doi.org/10.1098/rspb.2008.0192
https://doi.org/10.1098/rspb.2008.0192
https://doi.org/10.1029/2011GL048145
https://doi.org/10.1016/j.quascirev.2010.05.029
https://doi.org/10.1016/j.quascirev.2010.05.029
https://doi.org/10.1175/BAMS-D-13-00255.1
https://doi.org/10.1016/S0306-9192(97)00030-4
https://doi.org/10.1038/s43247-020-00022-5
https://doi.org/10.1016/j.hal.2003.08.005
https://doi.org/10.1098/rsta.2015.0146
https://doi.org/10.1029/2020GB006727
https://doi.org/10.1002/2016GB005528
https://doi.org/10.5194/bg-17-3439-2020
http://www.sargassoseacommission.org/storage/documents/Sargasso.Report.9.12.pdf
http://www.sargassoseacommission.org/storage/documents/Sargasso.Report.9.12.pdf
https://doi.org/10.5194/bg-12-6955-2015
https://doi.org/10.5194/bg-13-4023-2016
https://doi.org/10.1175/JCLI-D-12-00565.1
https://doi.org/10.1029/2021GL094367
https://doi.org/10.1175/JCLI-D-12-00184.1
https://doi.org/10.1029/2019GL086246
https://doi.org/10.1175/JCLI-D-17-0900.1
https://doi.org/10.1175/JCLI-D-12-00558.1
https://doi.org/10.1038/ngeo813
https://doi.org/10.1016/0146-6313(59)90095-4
https://doi.org/10.1029/2011GL050168
https://doi.org/10.1002/2013EF000205
https://doi.org/10.1073/pnas.0710058105
https://doi.org/10.5194/bg-11-33-2014
https://doi.org/10.5194/bg-11-33-2014
https://doi.org/10.1029/2010JG001541
https://doi.org/10.1016/S0967-0645(01)00109-6

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

AGU Advances 10.1029/2021AV000610

Moore, J. K., Doney, S. C., & Lindsay, K. (2004). Upper ocean ecosystem dynamics and iron cycling in a global three-dimensional model. Global
Biogeochemical Cycles, 18(4), GB4028. https://doi.org/10.1029/2004GB002220

Moore, J. K., Fu, W., Primeau, F., Britten, G. L., Lindsay, K., Long, M., et al. (2018). Sustained climate warming drives declining marine biolog-
ical productivity. Science, 359(6380), 1139-1143. https://doi.org/10.1126/science.aa06379

Moore, J. K., Lindsay, K., Doney, S. C., Long, M. C., & Misumi, K. (2013). Marine ecosystem dynamics and biogeochemical cycling in the
Community Earth System Model CESM1(BGC): Comparison of the 1990s with the 2090s under the RCP4.5 and RCP8.5 scenarios. Journal
of Climate, 26(23), 9291-9312. https://doi.org/10.1175/JCLI-D-12-00566.1

Mouritsen, O. G., Rhatigan, P., Cornish, M. L., Critchley, A. T., & Pérez-Lloréns, J. L. (2021). Saved by seaweeds: Phyconomic contributions in
times of crises. Journal of Applied Phycology, 33(1), 443—458. https://doi.org/10.1007/s10811-020-02256-4

Oppenheimer, C. (2011). Eruptions that shook the world. Cambridge University Press.

Otto-Bliesner, B. L., Brady, E. C., Fasullo, J., Jahn, A., Landrum, L., Stevenson, S., et al. (2015). Climate variability and change since 850 CE:
An ensemble approach with the Community Earth System Model. Bulletin of the American Meteorological Society, 97(5), 735-754. https://
doi.org/10.1175/BAMS-D-14-00233.1

Partlow, J., & Martinez, G. (2015). Mexico deploys its navy to face its latest threat: Monster seaweed — The Washington Post. Washington Post,
October 28, 2015.

Peck, L. S., Clark, M. S., Morley, S. A., Massey, A., & Rossetti, H. (2009). Animal temperature limits and ecological relevance: Effects of size,
activity and rates of change. Functional Ecology, 23(2), 248-256. https://doi.org/10.1111/j.1365-2435.2008.01537.x

Perovich, D. K., & Polashenski, C. (2012). Albedo evolution of seasonal Arctic sea ice. Geophysical Research Letters, 39, L08501. https://doi.
0rg/10.1029/2012GL051432

Perry, W. J., & Collina, T. Z. (2020). The button: The new nuclear arms race and presidential power from Truman to trump. BenBella Books.

Peterson, D. A., Fromm, M. D., McRae, R. H. D., Campbell, J. R., Hyer, E. J., Taha, G., et al. (2021). Australia’s Black Summer pyrocumulo-
nimbus super outbreak reveals potential for increasingly extreme stratospheric smoke events. Npj Climate and Atmospheric Science, 4, 1-16.
https://doi.org/10.1038/s41612-021-00192-9

Pinsky, M. L., Selden, R. L., & Kitchel, Z. J. (2020). Climate-driven shifts in marine species ranges: Scaling from organisms to communities.
Annual Review of Marine Science, 12(1), 153-179. https://doi.org/10.1146/annurev-marine-010419-010916

Pollard, D., & DeConto, R. M. (2005). Hysteresis in Cenozoic Antarctic ice-sheet variations. Global and Planetary Change, 45(1-3), 9-21.
https://doi.org/10.1016/j.gloplacha.2004.09.011

Racault, M.-F., Le Quéré, C., Buitenhuis, E., Sathyendranath, S., & Platt, T. (2012). Phytoplankton phenology in the global ocean. Ecological
Indicators, 14(1), 152-163. https://doi.org/10.1016/j.ecolind.2011.07.010

Rahmstorf, S. (1995). Bifurcations of the Atlantic thermohaline circulation in response to changes in the hydrological cycle. Nature, 378(6553),
145-149. https://doi.org/10.1038/378145a0

Rahmstorf, S. (2002). Ocean circulation and climate during the past 120,000 years. Nature, 419(6903), 207-214. https://doi.org/10.1038/
nature01090

Resiere, D., Valentino, R., Neviere, R., Banydeen, R., Gueye, P., Florentin, J., et al. (2018). Sargassum seaweed on caribbean islands: An interna-
tional public health concern. The Lancet, 392(10165), 2691. https://doi.org/10.1016/S0140-6736(18)32777-6

Rezende, E. L., Tejedo, M., & Santos, M. (2011). Estimating the adaptive potential of critical thermal limits: Methodological problems and
evolutionary implications. Functional Ecology, 25(1), 111-121. https://doi.org/10.1111/j.1365-2435.2010.01778.x

Robock, A. (2000). Volcanic eruptions and climate. Reviews of Geophysics, 38(2), 191-219. https://doi.org/10.1029/1998RG000054

Robock, A. (2015). A modest proposal. Huffington Post. Retrieved from https://www.huffpost.com/entry/a-modest-proposal_15_b_8059256

Robock, A., Oman, L., & Stenchikov, G. L. (2007). Nuclear winter revisited with a modern climate model and current nuclear arsenals: Still
catastrophic consequences. Journal of Geophysical Research, 112(D13), 2006JD008235. https://doi.org/10.1029/2006JD008235

Robock, A., Toon, O. B., Bardeen, C. G., Xia, L., Kristensen, H. M., McKinzie, M., et al. (2019). How an India-Pakistan nuclear war could
start—And have global consequences. Bulletin of the Atomic Scientists, 75(6), 273-279. https://doi.org/10.1080/00963402.2019.1680049

Rohr, T., Harrison, C., Long, M. C., Gaube, P., & Doney, S. C. (2020). Eddy-modified iron, light, and phytoplankton cell division rates in the
simulated Southern Ocean. Global Biogeochemical Cycles, 34(6), €2019GB006380. https://doi.org/10.1029/2019GB006380

Rohr, T., Long, M. C., Kavanaugh, M. T., Lindsay, K., & Doney, S. C. (2017). Variability in the mechanisms controlling Southern Ocean
phytoplankton bloom phenology in an ocean model and satellite observations. Global Biogeochemical Cycles, 31(5), 922-940. https://doi.
org/10.1002/2016GB005615

Sarmiento, J. L., & Gruber, N. (2006). Ocean biogeochemical dynamics. Princenton University Press. https://www.jstor.org/stable/j.ctt3fgxqgx

Scherrer, K. J. N, Harrison, C. S., Heneghan, R. F., Galbraith, E., Bardeen, C. G., Coupe, J., et al. (2020). Marine wild-capture fisheries after
nuclear war. Proceedings of the National Academy of Sciences, 117(47), 29748-29758. https://doi.org/10.1073/pnas.2008256117

Schlitzer, R. (2000). Electronic atlas of WOCE hydrographic and tracer data now available. Eos Transactions American Geophysical Union,
81(5), 45. https://doi.org/10.1029/00EO00028

Schwartz, F. J. (1978). Behavioral and tolerance responses to cold water temperatures by three species of sea turtles (Reptilia, Cheloniidae) in
North Carolina. Florida Marine Research Publications, 33, 16-18.

Sherwood, S. C., Bony, S., Boucher, O., Bretherton, C., Forster, P. M., Gregory, J. M., & Stevens, B. (2015). Adjustments in the forcing-feedback
Framework for understanding climate change. Bulletin of the American Meteorological Society, 96(2), 217-228. https://doi.org/10.1175/
BAMS-D-13-00167.1

Sigl, M., Winstrup, M., McConnell, J. R., Welten, K. C., Plunkett, G., Ludlow, F., et al. (2015). Timing and climate forcing of volcanic eruptions
for the past 2,500 years. Nature, 523(7562), 543-549. https://doi.org/10.1038/nature 14565

Slawinska, J., & Robock, A. (2018). Impact of volcanic eruptions on decadal to centennial fluctuations of Arctic sea ice extent during the last
millennium and on initiation of the little ice age. Journal of Climate, 31(6), 2145-2167. https://doi.org/10.1175/JCLI-D-16-0498.1

Smeed, D., Moat, B. I., Rayner, D., Johns, W. E., Baringer, M. O., Volkov, D., & Frajka-Williams, E. (2019). Atlantic meridional overturning
circulation observed by the RAPID-MOCHA-WBTS array at 26N from 2004 to 2018 [Data Set]. British Oceanographic Data Centre, Natural
Environment Research Council. https://doi.org/10.5285/8cd7e7bb-9a20-05d8-e053-6c86abc012c2

SPIRI. (2020). SIPRI yearbook 2020, summary. Stockholm International Peace Research Institute.

Steffen, W., Rockstrom, J., Richardson, K., Lenton, T. M., Folke, C., Liverman, D., et al. (2018). Trajectories of the Earth system in the Anthro-
pocene. Proceedings of the National Academy of Sciences, 115(33), 8252-8259. https://doi.org/10.1073/pnas.1810141115

Sundby, S., Drinkwater, K. F., & Kjesbu, O. S. (2016). the North Atlantic spring-bloom system—Where the changing climate meets the winter
dark. Frontiers in Marine Science, 3. https://doi.org/10.3389/fmars.2016.00028

Tagliabue, A., Aumont, O., DeAth, R., Dunne, J. P., Dutkiewicz, S., Galbraith, E., et al. (2016). How well do global ocean biogeochemistry
models simulate dissolved iron distributions? Global Biogeochemical Cycles, 30(2), 2015GB005289. https://doi.org/10.1002/2015GB005289

HARRISON ET AL.

18 of 19

85UB917 SUOLILLIOD dAIIE.ID) 3|dedl|dde au Ag peusenob afe SapIe YO ‘8sN JO Sa|Nn 10y Afeig 1T aUIIUQ AB]1A UO (SUONIPUOI-PUR-SLLLIBYW0D" A8 |1 AReIq 1 pUIIUD//SANY) SUONIPUOD PUe SWie | 3U) 885 *[£202/c0/T] Uo AigiTauliuo AB)IM ‘YiEsH d1jand JO ainnsu| ueiBemioN Aq 0T9000AYTZ0Z/620T OT/I0p/uiod™Aa|im Afeiq1uljuo'sgndnBey/sdny woiy pepeojumoq ‘v ‘220g ‘Xy099.5¢


https://doi.org/10.1029/2004GB002220
https://doi.org/10.1126/science.aao6379
https://doi.org/10.1175/JCLI-D-12-00566.1
https://doi.org/10.1007/s10811-020-02256-4
https://doi.org/10.1175/BAMS-D-14-00233.1
https://doi.org/10.1175/BAMS-D-14-00233.1
https://doi.org/10.1111/j.1365-2435.2008.01537.x
https://doi.org/10.1029/2012GL051432
https://doi.org/10.1029/2012GL051432
https://doi.org/10.1038/s41612-021-00192-9
https://doi.org/10.1146/annurev-marine-010419-010916
https://doi.org/10.1016/j.gloplacha.2004.09.011
https://doi.org/10.1016/j.ecolind.2011.07.010
https://doi.org/10.1038/378145a0
https://doi.org/10.1038/nature01090
https://doi.org/10.1038/nature01090
https://doi.org/10.1016/S0140-6736(18)32777-6
https://doi.org/10.1111/j.1365-2435.2010.01778.x
https://doi.org/10.1029/1998RG000054
https://www.huffpost.com/entry/a-modest-proposal_15_b_8059256
https://doi.org/10.1029/2006JD008235
https://doi.org/10.1080/00963402.2019.1680049
https://doi.org/10.1029/2019GB006380
https://doi.org/10.1002/2016GB005615
https://doi.org/10.1002/2016GB005615
https://www.jstor.org/stable/j.ctt3fgxqx
https://doi.org/10.1073/pnas.2008256117
https://doi.org/10.1029/00EO00028
https://doi.org/10.1175/BAMS-D-13-00167.1
https://doi.org/10.1175/BAMS-D-13-00167.1
https://doi.org/10.1038/nature14565
https://doi.org/10.1175/JCLI-D-16-0498.1
https://doi.org/10.5285/8cd7e7bb-9a20-05d8-e053-6c86abc012c2
https://doi.org/10.1073/pnas.1810141115
https://doi.org/10.3389/fmars.2016.00028
https://doi.org/10.1002/2015GB005289

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

AGU Advances 10.1029/2021AV000610

Toon, O. B., Bardeen, C. G., Robock, A., Xia, L., Kristensen, H., McKinzie, M., et al. (2019). Rapidly expanding nuclear arsenals in Pakistan and
India portend regional and global catastrophe. Science Advances, 5(10), eaay5478. https://doi.org/10.1126/sciadv.aay5478

Toon, O. B., Turco, R. P.,, Westphal, D., Malone, R., & Liu, M. (1988). A multidimensional model for aerosols: Description of computational
Analogs. Journal of the Atmospheric Sciences, 45(15), 2123-2144. https://doi.org/10.1175/1520-0469(1988)045<2123: AMMFAD>2.0.CO;2

van der Ploeg, R. R., Bohm, W., & Kirkham, M. B. (1999). On the origin of the theory of mineral nutrition of plants and the law of the minimum.
Soil Science Society of America Journal, 63(5), 1055-1062. https://doi.org/10.2136/ss52j1999.6351055x

Visintin, A. (2013). Differential models of hysteresis. Springer Science & Business Media.

Watson, J. R., Stock, C. A., & Sarmiento, J. L. (2015). Exploring the role of movement in determining the global distribution of marine
biomass using a coupled hydrodynamic — Size-based ecosystem model. Progress in Oceanography, 138, 521-532. https://doi.org/10.1016/j.
pocean.2014.09.001

White, S. (2011). The climate of rebellion in the early modern Ottoman Empire. Cambridge University Press.

Witherington, B. (2002). Ecology of neonate loggerhead turtles inhabiting lines of downwelling near a Gulf Stream front. Marine Biology, 140(4),
843-853. https://doi.org/10.1007/s00227-001-0737-x

Xia, L., Robock, A., Mills, M., Stenke, A., & Helfand, I. (2015). Decadal reduction of Chinese agriculture after a regional nuclear war. Earth's
Future, 3(2), 37-48. https://doi.org/10.1002/2014EF000283

Yang, H., & Zhu, J. (2011). Equilibrium thermal response timescale of global oceans. Geophysical Research Letters, 38(14). https://doi.
org/10.1029/2011GL048076

Yeager, S., & Danabasoglu, G. (2012). Sensitivity of Atlantic meridional overturning circulation variability to parameterized nordic sea overflows
in CCSMA4. Journal of Climate, 25(6), 2077-2103. https://doi.org/10.1175/JCLI-D-11-00149.1

Yu, P, Davis, S. M., Toon, O. B., Portmann, R. W., Bardeen, C. G., Barnes, J. E., et al. (2021). Persistent stratospheric warming due to 2019-2020
Australian wildfire smoke. Geophysical Research Letters, 48(7), €2021GL092609. https://doi.org/10.1029/2021GL092609

Yu, P, Toon, O. B., Bardeen, C. G., Zhu, Y., Rosenlof, K. H., Portmann, R. W., et al. (2019). Black carbon lofts wildfire smoke high into the
stratosphere to form a persistent plume. Science, 365(6453), 587-590. https://doi.org/10.1126/science.aax 1748

Zhong, Y., Miller, G. H., Otto-Bliesner, B. L., Holland, M. M., Bailey, D. A., Schneider, D. P., & Geirsdottir, A. (2011). Centennial-scale climate
change from decadally-paced explosive volcanism: A coupled sea ice-ocean mechanism. Climate Dynamics, 37(11-12), 2373-2387. https://
doi.org/10.1007/s00382-010-0967-z

References From the Supporting Information

Schlitzer, R. (2000). Electronic atlas of WOCE hydrographic and tracer data now available. Eos Transactions American Geophysical Union,
81(5), 45. https://doi.org/10.1029/00EO00028

Smeed, D., Moat, B. 1., Rayner, D., Johns, W. E., Baringer, M. O., Volkov, D., & Frajka-Williams, E. (2019). Atlantic meridional overturning
circulation observed by the RAPID-MOCHA-WBTS array at 26N from 2004 to 2018 [Data Set]. British Oceanographic Data Centre, Natural
Environment Research Council. https://doi.org/10.5285/8cd7e7bb-9a20-05d8-e053-6c86abc012¢2

HARRISON ET AL.

19 of 19

3519017 SUOWWOD SAIIER1D) 3{ed!(dde au Aq peusenoB a1e Sappile YO ‘8sn Jo S9N 0} AZeiq18UIIUQ A8|IM UO (SUONIPUOD-PUE-SWLIBIALIOD™AS |1 ARe.q1 Ul UO//SANY) SUORIPUOD pue Swie | 8y} 88S " [202/0/vT] Uo Akeiqiauliuo A3 ‘Ui iesH 21idnd JO aimiisu| UeiBemioN Aq 0T9000AVTZ0Z/620T OT/I0p/wod" A |im Arelq i putjuo'sqndnBe//sdny woJj papeoiumoq v ‘220e ‘Xv099.52


https://doi.org/10.1126/sciadv.aay5478
https://doi.org/10.1175/1520-0469(1988)045%3C2123:AMMFAD%3E2.0.CO;2
https://doi.org/10.2136/sssaj1999.6351055x
https://doi.org/10.1016/j.pocean.2014.09.001
https://doi.org/10.1016/j.pocean.2014.09.001
https://doi.org/10.1007/s00227-001-0737-x
https://doi.org/10.1002/2014EF000283
https://doi.org/10.1029/2011GL048076
https://doi.org/10.1029/2011GL048076
https://doi.org/10.1175/JCLI-D-11-00149.1
https://doi.org/10.1029/2021GL092609
https://doi.org/10.1126/science.aax1748
https://doi.org/10.1007/s00382-010-0967-z
https://doi.org/10.1007/s00382-010-0967-z
https://doi.org/10.1029/00EO00028
https://doi.org/10.5285/8cd7e7bb-9a20-05d8-e053-6c86abc012c2

	A New Ocean State After Nuclear War
	Abstract
	Plain Language Summary
	1. Introduction
	2. Results
	2.1. Physical Ocean and Climate Response
	2.2. Biogeochemical and Phytoplankton Impacts

	3. Discussion
	4. Conclusions
	5. Methods
	Conflict of Interest
	[DummyTitle]
	Data Availability Statement
	References
	References From the Supporting Information


