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Abstract Large volcanic eruptions drive significant climate perturbations through major anomalies in
radiative fluxes and the resulting widespread cooling of the surface and upper ocean. Recent studies suggest
that these eruptions also drive important variability in air-sea carbon and oxygen fluxes. By simulating the
Earth system using two initial-condition large ensembles, with and without the aerosol forcing associated

with the Mt. Pinatubo eruption in June 1991, we isolate the impact of this volcanic event on physical and
biogeochemical properties of the ocean. The Mt. Pinatubo eruption forced significant anomalies in surface
fluxes and the ocean interior inventories of heat, oxygen, and carbon. Pinatubo-driven changes persist for
multiple years in the upper ocean and permanently modify the ocean's heat, oxygen, and carbon inventories.
Positive anomalies in oxygen concentrations emerge immediately post-eruption and penetrate into the deep
ocean. In contrast, carbon anomalies intensify in the upper ocean over several years post-eruption, and are
largely confined to the upper 150 m. In the tropics and northern high latitudes, the change in oxygen is
dominated by surface cooling and subsequent ventilation to mid-depths, while the carbon anomaly is associated
with solubility changes and eruption-generated El Nifio—Southern Oscillation variability. We do not find
significant impact of Pinatubo on oxygen or carbon fluxes in the Southern Ocean; but this may be due to
Southern Hemisphere aerosol forcing being underestimated in Community Earth System Model 1 simulations.

Plain Language Summary The eruption of Pinatubo in June of 1991 produced sunlight-reflecting
aerosols in the upper atmosphere and led to a cooling of the planet for several years. While the global cooling
following the eruption is well documented, the impact of the eruption on the ocean oxygen and carbon budgets
has received comparably little attention. As the global ocean oxygen concentration is declining in response to
climate change, and as the ocean's continued storage of anthropogenic carbon is critical for the climate system,
it is of interest to quantify the effect of the eruption on both oxygen and carbon in the global ocean. Here, we
use an Earth system model to simulate the historical evolution of the climate system both with and without

the Mt. Pinatubo eruption. By comparing the simulations, we are able to quantify the effect of the eruption on
ocean properties. We find that the eruption led to cooler surface ocean temperatures, and increases in the ocean
oxygen and carbon concentrations that persisted for many years. Our simulations can also be used to study other
Earth system changes caused by the eruption.

1. Introduction

As a result of anthropogenic activities, the global ocean is losing oxygen and gaining carbon. Observations indi-
cate that the ocean's oxygen inventory has declined by about 2% in the 5 decades following 1960 as the upper
ocean warms and stratifies (Ito et al., 2017; Schmidtko et al., 2017). This oxygen loss has major consequences
for nutrient cycling, compression of marine ecosystem habitats, and global fisheries (Deutsch et al., 2015;
Gruber, 2011; Keeling et al., 2010). Since pre-industrial times, the ocean has absorbed ~170 Pg of anthropogenic
carbon from the atmosphere (Canadell et al., 2021), which is beneficial for the mitigation of anthropogenic warm-
ing, but harmful to some organisms through the related decline in pH, known as ocean acidification.

These long-term changes in ocean oxygen and carbon are superimposed on large interannual to multi-decadal
variability, challenging the attribution of reported trends (Long et al., 2016; McKinley et al., 2016; Schlunegger
et al., 2020). Due to their sensitivity to physical and biogeochemical processes, ocean oxygen concentrations and
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air-sea fluxes exhibit substantial variability across a range of timescales in observations and models (Deutsch
et al., 2011; Eddebbar et al., 2017; Ito et al., 2010; McKinley et al., 2003). Modeling and observation-based
studies suggest that both air-sea carbon dioxide flux and ocean carbon concentrations exhibit variability on inter-
annual to multi-decadal timescales (DeVries et al., 2017; Gruber et al., 2019; Resplandy et al., 2015). Many stud-
ies highlight internal climate processes and modes of variability (e.g., El Nifio—Southern Oscillation [ENSO],
North Atlantic Oscillation [NAO], Pacific Decadal Oscillation [PDO], Southern Annular Mode [SAM]) as
major drivers controlling variations in the fluxes and inventories of global ocean oxygen and carbon (Deutsch
et al., 2011; Eddebbar et al., 2017; Gruber et al., 2019; Ito & Deutsch, 2013; Landschiitzer et al., 2016, 2019;
Lovenduski et al., 2007; McKinley et al., 2003, 2004, 2017). Others suggest an important role for externally
driven climate perturbations (e.g., volcanic eruptions) in contributing to these variations (Eddebbar et al., 2019;
Frolicher et al., 2009, 2011, 2013; McKinley et al., 2020). It is critical that we develop a fundamental under-
standing of the drivers of past ocean oxygen and carbon variability so as to allow for clear interpretation of the
observational record and also we can more confidently predict future change.

Despite their well-known influence on global and regional climate (Marshall et al., 2022) and ocean heat uptake
(Gupta & Marshall, 2018), the impact of volcanic eruptions on ocean biogeochemistry is not well quantified. The
explosive eruption of the Pinatubo stratovolcano in the Philippines on 15 June 1991 was the largest in the last
100 years. The volcanic release of sulfur dioxide and subsequent aerosol interactions in the stratosphere led to a
substantial scattering of shortwave irradiance and a major reduction in solar heating at the sea surface, driving
persistent global and regional changes in climate (Dutton & Christy, 1992; Marshall et al., 2022). The subsequent
cooling effect from eruptions of this magnitude have the potential to cause a dramatic, though temporary, pause in
global warming trends (Church et al., 2005; Robock & Mao, 1995). The eruption immediately preceded a boom
in ocean observations occurring with the World Ocean Circulation Experiment (WOCE) and Joint Global Ocean
Flux Study (JGOFS) (Gould et al., 2013). Thus, it is possible the impacts from Pinatubo have been imprinted in
these observations.

Past studies suggest that volcanic-induced climate perturbations can have a profound influence on the oceanic
oxygen and carbon distributions and air-sea fluxes. Using a model ensemble, Frolicher et al. (2009) found that
volcanic eruptions lead to an increase in interior ocean oxygen concentrations, with volcanic anomalies in oxygen
gradually penetrating the top 500 m of the ocean and persisting for several years, but with considerable inter-
annual to decadal variability. However, the small number of ensemble members (three members) used in their
study made regional attribution and process understanding of volcanic effects difficult due to confounding effects
of internal (unforced) climate variability. A more recent modeling study leveraged the large number of ensem-
ble members from the Community Earth System Model (CESM) and Geophysical Fluid Dynamics Laboratory
model (GFDL) Large Ensembles (LENS) experiments to explore the volcanic effects from eruptions occurring
since 1950 (Eddebbar et al., 2019). They found that tropical eruptions generate strong and spatially decoupled
ocean oxygen and carbon uptake, suggesting different processes at play throughout the ocean regions. The simu-
lated oceanic oxygen uptake associated with the eruptions of Agung (1963), El Chichon (1982), and Pinatubo
(1991) occurred primarily at mid and high latitudes and acted to reduce the magnitude of global ocean deox-
ygenation due to anthropogenic warming. This study also showcased strong carbon uptake at lower latitudes
associated with an El Nifio-like response to tropical eruptions in the tropical Pacific that is common across Earth
system models (McGregor et al., 2020). While the large number of ensemble members substantially reduced the
confounding influence of internal variability, the combined effect of various external forcings (anthropogenic
greenhouse gases, industrial aerosols, and volcanic aerosols) in this study challenges direct attribution and isola-
tion of volcanic eruption effects on prolonged timescales.

In this study, we conduct numerical experiments that isolate the ocean's response to the volcanic forcing, so as
to more clearly assess long-term deoxygenation trends and understand variations in carbon uptake and storage
attributable to the Mt. Pinatubo eruption. We quantify the impacts of the Pinatubo eruption on ocean concentra-
tions and air-sea fluxes of oxygen and carbon, and place them into context with anthropogenic forced changes and
internally driven climate variability. While this paper is limited in scope to an introduction of the model experi-
ments and the examination of oxygen and carbon impacts in the ocean, scientists throughout the community will
find benefit from these runs for understanding the impact of Pinatubo throughout the climate system.

Here, the combined analysis of oxygen and carbon changes presents a unique and complementary perspective on
how ocean biogeochemistry and circulation respond to large scale radiative perturbations. Our tool for assessment
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of the impacts of Pinatubo is a set of large initial condition ensembles of the CESM Large Ensemble (CESM-LE)
experiment Kay et al. (2015), where each ensemble member has different phasing of internal climate variability.
For our study, the first ensemble is forced with historical and projected future external forcing, while the second
ensemble is forced identically with the sole exception that it excludes the aerosols due to the Pinatubo eruption.
This experimental protocol permits a clean separation of the climate and biogeochemical impacts of the Pinatubo
eruption on the Earth system.

First we will introduce the model setup experiments for this work including some validation of the CESM model.
In Section 3, we evaluate the global mean and spatial patterns of the difference between these two ensembles for
SST, oxygen and carbon air-sea exchanges and inventories. We consider these as indicators of the impact of the
eruption on the ocean's physical and biogeochemical state. In Section 4, we discuss the mechanisms behind these
changes, relationships to climate modes, and consider comparisons to observations and previous modeling work
on the topic. Thoughts on the direction for future work are also included here. We conclude in Section 5 with a
summary of our results.

2. Methods

To generate an initial-condition large ensemble, a climate model is run multiple times under identical forcing,
but with very small perturbations in initial conditions. These perturbations evolve naturally and amplify rapidly,
such that each ensemble member follows a unique climate trajectory through the phase space. The external forc-
ing response, associated with the shared identical external forcing, is isolated when taking the mean across the
ensemble. Within the framework of NCAR's CESM-LE effort (Kay et al., 2015), we develop a new experiment
with 29 members for 1990-2025 that explicitly excludes the forcing from Pinatubo (CESM-LE-NoPin). We are
then able to isolate the externally forced response due to the volcanic eruption through a comparison between
these two ensembles. The forced effect due to Pinatubo is quantified as the difference between the mean of
29 CESM-LE-NoPin ensemble members and the mean of the 29 CESM-LE members from which these were
branched off. This forced effect is not directly observable in the real world. Instead, real world observations are
akin to a single ensemble member that includes both the forced signal and internal variability (Deser, Phillips,
Bourdette, & Teng 2012; Deser, Knutti, Solomon, & Phillips 2012). The ensemble members analyzed here are
not initiated with observed climate states and are thus not expected to simulate real-world observed climate in
their mean response. Instead, each member of the ensemble is a potential evolution of the Earth's climate that
emerges from the coupled interactions of the atmosphere-ocean-cryosphere-land system. Results from Large
Ensemble experiments such as CESM-LE show substantial influence of internal climate variability on twentieth-
to twenty-first-century climate trajectories (Kay et al., 2015).

As a coupled climate model, each ensemble member of CESM-LE develops its own phasing of internal varia-
bility that does not necessarily correspond with the phasing in the real world observations. This internal climate
variability is known to affect climate projections, however its influence is often underappreciated and confused
with model error. Scientists use CESM-LE and other large ensemble output to help interpret the observational
record, to understand projection spread, and to consider the range of possible futures influenced by both internal
climate variability and forced climate change (Deser, Phillips, Bourdette, & Teng 2012; Deser, Phillips, Tomas,
et al., 2012; Deser et al., 2020; Kay et al., 2015; McKinley et al., 2016, 2017). In this experiment, the spread
across the ensemble indicates the potential magnitude of the Earth system response to Pinatubo across multiple
realizations of internal variability. Considering both the forced response and the internal spread, we evaluate
the near-term and long-term interior ocean carbon and oxygen effects of Pinatubo, and connect these changes
to surface flux patterns. Where appropriate, we place the forced changes and ensemble spread into context with
observed changes in the ocean.

2.1. The Community Earth System Model

We use the CESM version 1 (CESM1; Hurrell et al., 2013) to conduct our large ensemble simulations. CESM 1
consists of atmosphere, ocean, land, and sea ice component models (Danabasoglu et al., 2012; Holland et al., 2012;
Hunke & Lipscomb, 2008; Lawrence et al., 2012). The coupled atmospheric model is the Community Atmos-
pheric Model version 5 (CAMYS), integrated at nominal 1° horizontal resolution with 30 vertical levels (Hurrell
et al., 2013). Volcanic radiative forcing is incorporated in the CESM-LE using the forcing data set of Ammann
et al. (2003). Stratospheric aerosol in CESM1-CAMS is treated by prescribing a single, zonally averaged species.
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The prescription consists of a monthly mean mass distributed on a predefined meridional and vertical grid (Neely
III et al., 2016). This aerosol mass is assumed to be comprised of 75% sulfuric acid and 25% water and to have a
constant log-normal size distribution.

The ocean physical model, Parallel Ocean Program, version 2 (Smith et al., 2010) has nominal 1° horizon-
tal resolution and 60 vertical levels. Mesoscale eddy transport, diapycnal mixing, and mixed layer restratifi-
cation by submesoscale eddies are parameterized with state-of-the-art approaches (Danabasoglu et al., 2020).
The biogeochemical-ecosystem ocean model, known as the Biogeochemical Elemental Cycling (BEC) model,
includes multi-nutrient co-limitation on phytoplankton growth and specific phytoplankton functional groups as
well as full-depth ocean carbonate system thermodynamics, sea-to-air O, and CO, fluxes, and a dynamic iron
cycle (Moore et al., 2013).

While direct comparisons to observations are challenging given the set-up of a Large Ensemble ESM, CESM has
a proven track record of performing well on many physical and biogeochemical variables. A comparison of the
CESM-LE mean Atlantic Meridional Overturning Circulation (AMOC) to observations from the RAPID array
are well within the uncertainty bounds; observations from the array at 26.5 N report a long term mean for years
2004-2017 of 17.0 + 3.1 Sv (20) (Smeed et al., 2018) while the model has a mean of 19.97 Sv. It is important to
note though that the years covered by the observations are mostly in the timeframe of the model that is following
the RCP8.5 pathway so differences are not unexpected. Observations of AMOC prior to 2004 are not available.

Much previous work has been published comparing the CESM model to observations, therefore providing confi-
dence in our results. While there are many factors that limit the ability of a model to accurately capture observed
variability, including coarse model resolution, model drift, and mean-state biases, previous work shows that
the CESM-LE model is a useful tool to consider changes such as those discussed here. Eddebbar et al. (2019)
consider modeled Atmospheric Potential Oxygen and CO, fluxes in the context of observed natural varia-
bility, and also evaluate fluxes from a hindcast simulation of CESM (Long et al., 2013) which simulates the
expected ocean biogeochemical response (oxygen and carbon fluxes) to observed atmospheric conditions. The
biogeochemical-ecosystem model compares favorably to observations, though there are some important known
biases, including weak Southern Ocean CO, uptake (Long et al., 2013). CESM also exhibits Oxygen Minimum
Zones that are more pronounced than observations (Long et al., 2016), particularly over the tropical Pacific where
inadequate ventilation by the equatorial undercurrent and mesoscale eddies are poorly simulated at the coarse 1°
nominal resolution (Busecke et al., 2019; Cabré et al., 2015; Eddebbar et al., 2021) (Figure S12 in Supporting
Information S1). Long et al. (2016) discuss comparisons between dissolved oxygen levels in CESM-LE and
WOA and find the observed large-scale spatial pattern of oxygen to be well represented by CESM; negatively
biased model oxygen is widespread in the tropics where oxygen minimum zones in the model are too extensive,
which could be attributable to sluggish circulation yielding weak ventilation. Additionally, they find that the
model's western North Pacific is strongly deficient in oxygen, likely due in part to a poor representation of diapy-
cnal mixing over rough topography.

While these biases exist in the model, our analysis focuses on the anomaly between two large ensemble runs from
this model, so biases in the mean state are likely to be much reduced and thus are not considered in this analysis.
It is possible that the internal variability of the model, which is the focus of this work, could be impacted by these
mean biases via nonlinear feedbacks. Biases in CESM1 associated with the depth of the climatological thermo-
cline are known to influence ENSO predictions both in magnitude and pattern (Wu et al., 2022). We thus expect
that biases in the mean distribution and variability of temperature, oxygen, and carbon may potentially lead to
different eruption responses in the model than observations. The impacts of these biases and direct comparison
to observations are left to future study. Future work running similar large ensemble set ups by other modeling
groups would be ideal in strengthening our understanding of this impact of Pinatubo and we hope this work
inspires such collaboration efforts.

2.2. CESM No Pinatubo Experiment (CESM-LE-NoPin)

The CESM-LE-NoPin setup is identical to the CESM-LE setup, but excludes the effect of the eruption by adjust-
ing the volcanic aerosol mass mixing ratio within the model. Specifically, the volcanic aerosol mass mixing ratio
values in CESM-LE-NoPin for January 1991 to December 1995 were replaced with values from January 1986
to December 1990 to simulate a time without impact from volcanic eruptions. Since Pinatubo was the dominant
climatically important volcano during this period, we attribute the resulting climatic and ocean biogeochemical
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changes to Pinatubo. With this single change in the model setup, we are capturing effects attributable to the
physical climate anomalies, however the methodology utilized in this model set up does not consider impacts
from volcanic dust deposition on biomass production or other secondary feedbacks on the ocean from volcanic
eruptions (Hamme et al., 2010).

Conceptually, the CESM-LE-NoPin ensemble can be thought of as multiple realizations from a “control” climate
that did not experience Pinatubo, while the original CESM-LE can be thought of as an “experiment” where each
realization, or ensemble member, includes the eruption. We ran the 29 ensemble members of CESM-LE and
CESM-LE-NoPin on the same supercomputer (NCAR Cheyenne) to avoid differences in output generated by
machine and compiler changes; the original CESM-LE was run on NCAR's Yellowstone machine.

2.3. Statistical Analysis

We present Pinatubo-driven anomalies throughout the manuscript, where anomalies represent the difference
between the CESM-LE and the CESM-LE-NoPin output. We quantify the forced impact of the eruption as the
difference between the CESM-LE and CESM-LE-NoPin ensemble means (X). The internal variability is defined
as the standard deviation (o) across the ensemble members anomalies (CESM-LE minus CESM-LE-NoPin) at
each time step. Analysis is conducted on a monthly model output.

The forced impact of the eruption is statistically significant at the 95% confidence level (Deser, Phillips, Bourdette,
& Teng 2012), if its ratio of the ensemble mean difference (X) with the internal spread (o) is greater than 2 divided
by the square root of the degrees of freedom (V — 1; here N = 29),

> ——.
N-1 M

X 2
o
When considering annual mean anomalies for the years following the eruption (Figures 4 and 5), we use July as
the first month of each year to ensure symmetry around the peak of ENSO. Consistent with previous work on the
topic (Eddebbar et al., 2019), we refer to the 12 months following the eruption as Year O (July 1991-June 1992),
and subsequent years as Year 1 (July 1992—June 1993), Year 2 (July 1993—-June 1994), etc.

3. Results

Oxygen and carbon in the ocean are sensitive to a number of different physical processes in the climate system.
In this section, we briefly describe the eruption-driven changes in ocean temperature, heat content, mixed layer
depth, and circulation that are relevant for oxygen and carbon. We then perform a detailed investigation of the
oxygen and carbon anomalies driven by Pinatubo.

3.1. Physical Response to Pinatubo

The eruption of Pinatubo in June of 1991 drives an immediate reduction in global mean sea surface tempera-
ture (SST) followed by a prolonged recovery (Figure 1a). The forced SST anomaly due to Pinatubo reaches a
maximum of 0.18°C 1 year post-eruption, with a statistically significant cooling anomaly persisting for 5 years
post eruption, despite an ensemble spread of +0.08°C (Figure 1b). Below the sea surface, Pinatubo leads to a
substantial heat loss, reaching a maximum of —3.5 X 10?? J across the entire water column by mid-1993, with
most of this heat loss occurring in the upper 250 m (Figures 2a, 2b, and 3a). A globally averaged vertical profile
Hovmobller plot of the difference of the two ensemble means (CESM-LE minus CESM-LE-NoPin) shows that
significant cooling begins in 1992 for the upper ocean, with global-mean anomalies as large as 0.2°C penetrating
down to 150 m (Figure 3a). Smaller, but still significant, anomalies persist to depths below 1,000 m. Ocean heat
content (OHC) remains significantly altered by the eruption at the 95% confidence level through the year 2000 for
the 250 m inventory and persists longer for full depth inventories (Figure 2b). Below 1,000 m, the Pinatubo effect
on heat content remains statistically significant for the duration of our experiments that end in 2025 (-2 x 10?2 J,
Figure S1 in Supporting Information S1), while the upper 250 m rebounds toward a heat content statistically
indistinguishable from CESM-LE-NoPin after 2004 (Figure 2b). While there is some recovery in the two years
following the maxima anomaly in OHC, the recovery stops quite abruptly in 1996 for all depths, and only modest
changes are seen in the anomalies after that year, specifically at depths below 250 m (Figure 2b). Our results
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Figure 1. Left column: Community Earth System Model Large Ensemble (CESM-LE) (blue) and CESM-LE-NoPin (red) individual members (thin lines) and
ensemble mean (thick line) time series for global mean sea surface temperature (top, °C), Oxygen flux (middle, Tmol yr~"), and CO, Flux (bottom, Pg yr=') for
1990-2004. Right column: CESM-LE minus CESM-LE-NoPin difference for each variable with thicker line indicating significant difference between the two
ensembles at 20 (Deser, Phillips, Bourdette, & Teng 2012). Time series are seasonally detrended and smoothed with a 12-month running mean. Gray triangles mark
timing of eruption. Full time series through 2025 available in Figure S1 in Supporting Information S1.

FAY ET AL. 6 of 22



A7t |

N\ Global Biogeochemical Cycles 10.1029/2022GB007513
AND SPACE SCIENCE
(a) Global Ocean Heat Content 1000m inventory (b) LE minus NoPin Global Mean OHC
Tvro Tyt Tyr2 Ty Tvea Tyrs T 0.04 "vro Tvrt Tvra Tvra Tyvra Tyes T
40138+
&-051
T 1]
- o
“‘? §—1.0——
$40134—— =
= 8—1.5"
: 1 :
0 g20t
© g
40130+ =
5251
g g 250m
T N /7 = CESM-LE -3.04+ 500m
\:' 7 s CESM-LE-NoPin = 1000m
=== full depth
e By 4 4 IOtT Ay 5
1990 1992 1994 1996 1998 2000 2002 2004 1990 1992 1994 1996 1998 2000 2002 2004
(c) Global [O,] 1000m inventory (d) LE minus NoPin Global Mean [O,]
1 T 1 T 1 7 010F T T T T T T 7T
== CESM-LE 250m
5214 A\, === CESM-LE-NoPin e 500mM
008+ = 1000m
3 = full depth
£
~52.0 .
g £0.061
o c
=g @©
551 91 S
= 50.04
Os5184 \ o)
\ 0.021
N
51.74
0.00
i i ! i i ! i i I i } I i } I i
1990 1992 1994 1996 1998 2000 2002 2004 1990 1992 1994 1996 1998 2000 2002 2004
(e) Global [DIC] 1000m inventory 0.8 (f) LE minus NoPin Global Mean [DIC]
SO \ T T ) Y Y \
9316
= 250m
933041 R = 500m
206+ = 1000m
E = full depth
59325__9313 %
2 1992 1993 1994 Eo 4
€ ' o
293201 g
o Q
) 0 0.2
93154
s CESM-LE
mm CESM-LE-NoPin 0.01
R e e T e e
1990 1992 1994 1996 1998 2000 2002 2004 1990 1992 1994 1996 1998 2000 2002 2004
Yr0 Yr1 Yr2 Yr3 Yrd Yr5 Yr0 Yr1 Yr2 Yr3 Yrd Y5

Figure 2.

FAY ET AL. 7 of 22



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Global Biogeochemical Cycles 10.1029/2022GB007513

‘ \ |
100
150+
200+
250 4+ 12504 -
400+ 400+
E
- 1 1
g
36001 6001
800+ 8001
— : : —t——t : —
1992 1996 2000 2004 1992 1996 2000 2004 1992 1996 2000 2004
-02 -01 01 02 -1 -05 0 05 1 2 -1 0 1 2

Temperature (°C)

O (mmol/m3) DIC (mmol/m?)

Figure 3. Globally averaged vertical profile of difference plots (Community Earth System Model Large Ensemble [CESM-LE] minus CESM-LE-NoPin) for ensemble
mean in (a) temperature (°C) (b) (O,) (mmol m~3), and (c) (DIC) (mmol m~3). Shading indicates time/depth where differences are not significant at the 95% confidence
level (Deser, Phillips, Bourdette, & Teng 2012). Positive anomalies (warm colors) indicate greater values with the eruption of Pinatubo while negative anomalies (cool
colors) indicate lower values with the eruption. Full model time period available in Figure S3 in Supporting Information S1.

show that Pinatubo causes a net heat loss that is not recovered even 3 decades after the eruption, consistent with
previous modeling work (Frolicher et al., 2011).

Spatial features of SST anomalies show that Pinatubo-driven cooling is concentrated in the tropics in the year
immediately following the eruption (Figure 4, left, Year 0). Cooling quickly spreads over much of the surface
ocean by Year 1 (1992-1993) with significant anomalies, given the spread of internal variability indicated by
the model ensemble, throughout much of the Pacific basin (unshaded areas in Figure 4). In Year 1 there is also
warming surface temperatures in the eastern equatorial Pacific, indicating the development of an El Nifio event
(Figure S4 in Supporting Information S1). In Year 2 (1993-1994), this switches to a forced tendency to La
Nifia patterns in the equatorial Pacific, while northern hemisphere forced reductions in SST continue. In Year 3
(1994-1995), the forced tendency to La Nifia is the primary Pinatubo-driven cooling signal that persists. By Year
4 (1995-1996), the forced surface cooling has largely dissipated, with internal variability masking any significant
signal in the anomalies. Throughout the first 5 years post eruption (Year 0—4), no statistically significant cooling
is simulated in the Southern Ocean. The Pacific sector of the Southern Ocean shows the strongest forced signal
anomalies, although not emerging from the spread of internal variability, with warming during Year O and 1
followed by a cooling in subsequent years. These spatial maps (Figure 4) indicate that the global-mean evolution
of temperatures (Figure 3a) is initially dominated by the Northern extratropics and then by a multi-year tendency
to La Nifia conditions in the equatorial Pacific.

Figure 2. Left column: Community Earth System Model Large Ensemble (CESM-LE) (blue) and CESM-LE-NoPin (red) individual members (thin lines) and
ensemble mean (thick line) time series for global mean Ocean Heat Content (top, Joules 10%%), Oxygen inventory (middle, Pmol), and Dissolved Inorganic Carbon
inventory (bottom, Pg) for top 1,000 m. Inset on DIC inventory (bottom, left) shows a zoomed in ensemble mean time series for 1992—1995 to highlight the difference
post eruption. Right column: CESM-LE minus CESM-LE-NoPin inventory difference for each variable with thicker line indicating significant difference between
two ensembles at 2¢ (Deser, Phillips, Bourdette, & Teng 2012). Inventory plots include lines for depths 250, 500, 1,000 m, and full depth. Time series are seasonally
detrended, smoothed with a 12-month running mean. Gray triangle marks timing of eruption. Full time series through 2025 available in Figure S2 in Supporting
Information S1.
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Significant forced changes in maximum mixed layer depths (maxMLD) are spatially patchy, but do occur in
extratropical locations important to upper and deep ocean ventilation (Figure 4, right). In the North Atlantic
subpolar region across Years 0—4, there are some patches of significant forced maxMLD increases, particularly
in the eastern gyre and in the Labrador and Irminger Seas. In the North Pacific, mode water regions experience
significant forced increase in maxMLD in Year 0 and 1, and some forced decline in Year 4. Only weak forced
change in maxMLD anomalies occur in scattered locations throughout the Southern Ocean.

3.2. Oxygen and Carbon Response to Pinatubo

The physical changes in temperature and circulation following Pinatubo are accompanied by pronounced
changes in carbon and oxygen distributions and fluxes (Figures 1 and 2). The forced oxygen flux anomaly
peaks at —42 Tmol yr~! in 1992 (negative indicating a net flux into the ocean), with an ensemble spread (c) of
+31.5 Tmol yr~! (Figures 1c and 1d). The forced carbon flux anomaly reaches —0.29 Pg C yr~! in 1992, with
an ensemble spread +0.14 Pg C yr~! (Figures le and 1f). The ensemble mean anomaly in O, and CO, flux is
robust at the 95% confidence level with the forced response of these fluxes persisting through 1996 (Figures 1d
and 1f). The global mean fluxes are large initially after the eruption due to the cooling of the surface ocean, but
then the increased uptake weakens and rebounds to a significant forced reduction in the flux in years 1994—-1996
as temperatures rebound (Figure 1, left column).

Oxygen and carbon inventory in the top 1,000 m for both ensembles illustrate significant perturbations amid a
backdrop of decreasing and increasing long-term trends, respectively (Figures 2¢ and 2e). The oxygen inventory
time series reflects the global deoxygenation trend, with a clear divergence between the ensemble means of the
CESM-LE and CESM-LE-NoPin experiments (Figure 2¢). The anomalous oxygen uptake by the oceans imme-
diately following the eruption (Figures 1c and 1d) causes an increase in the O, content that is strong enough to
temporarily counteract the effects of ocean deoxygenation. This pause in the deoxygenation trend extends through
1995 before the decline resumes (Figure 2c). The modeled collective change in surface oxygen fluxes over years
1991-1996 is —77.5 Tmol (or —0.0775 Pmol) which is reflected in the increase in oxygen inventory in the upper
500 m during that same time frame (Figure 2d).

There are significant Pinatubo-driven oxygen inventory anomalies for both the upper and deep ocean, with posi-
tive anomalies (increased oxygen content with the eruption) in the upper ocean through 1998 (Figure 2d) and
lagged changes for the full depth inventory extending for the entire 35 years of this experiment (Figure 2d, Figure
S2 in Supporting Information S1). Post eruption, oxygen is immediately absorbed into the upper ocean and then
transits to depth quickly where it permanently increases the interior inventory by 60 Tmol (Figure 2d). Globally
averaged oxygen concentrations increase by as much as 1 mmol m~3 in the upper ocean following the eruption,
with anomalies reaching to depths of 250 m in early 1992 and subsequently spreading through the upper kilom-
eter in 1994-1996 (Figure 3b). Anomalies then become insignificant for the global-averaged upper ocean above
250 m, but anomalies at depths greater than 250 m persist for the entire length of the simulation (Figure 3b, and
Figure S3 in Supporting Information S1).

Pinatubo-driven anomalies in oxygen inventory exhibit large spatiotemporal variability across the global ocean
(Figure 3, left). The oxygen inventory of the upper 1,000 m displays +2 mol m~2 anomalies in the Northern
hemisphere and the tropics in Years 1-3; anomalies in the Southern Ocean do not emerge until Years 3—4 and
are concentrated in the Pacific sector (Figure 5, left). Positive anomalies, indicating greater depth-integrated
oxygen due to Pinatubo, emerge first in the western boundary current regions of both the North Pacific and
Atlantic basins in Year 1 post eruption, where strong ventilation occurs. These anomalies then traverse across
the basin with time within the upper 1,000 m, following the mean circulation. In the North Atlantic, subpolar
anomalies strengthen from Year 1 to Year 4, concurrent with cool SST anomalies and deeper mixed layer depths
in that region (Figure 4). In the North Pacific, increased oxygen inventory is also linked with cool SST and
deeper maxMLD anomalies (Figures 4 and 5). The positive anomalies in the North Pacific have only made it
half way across the basin by Year 4, but the positive anomalies continue in that same trajectory in Years 5-9
(not shown). In these extratropical regions, Pinatubo-driven cooling, maxMLD deepening, and increased oxygen

Figure 4. Evolution of annual mean anomalies (Community Earth System Model Large Ensemble [CESM-LE] minus CESM-LE-NoPin) sea surface temperature (SST)
and maximum mixed layer depth (maxMLD) during the first 5 years following the June 1991 eruption of Pinatubo: Year 0 (July 1991-June 1992), Year 1 (July 1992—
June 1993); Year 2 (July 1993-June 1994); Year 3 (July 1994-June 1995); and Year 4 (July 1995-June 1996). SST anomalies are calculated by removing the seasonal
cycle and annually averaging over respective months. Positive anomalies (warm colors) indicate warmer temperatures and deeper maximum mixed layer depths with the
eruption of Pinatubo. Shading indicates areas without significant difference between the two ensembles at 26 (Deser, Phillips, Bourdette, & Teng 2012).
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Figure 6. Regionally averaged vertical profile of difference (Community Earth System Model Large Ensemble [CESM-LE] minus CESM-LE-NoPin) plots for
ensemble mean O, inventory (mmol m~3). Separations are made for the Pacific, Atlantic, and Indian basins into northern (>30°N), tropical (30°N-30°S), and southern
sections (<30°S) while the global profile is shown in the top right panel. Shading indicates time/depth where differences are not significant at the 95% confidence level
(Deser, Phillips, Bourdette, & Teng 2012). Positive anomalies (warm colors) indicate greater oxygen inventory values with the eruption of Pinatubo while negative
anomalies (cool colors) indicate lower oxygen with the eruption. Similar plot with depth extending to 1,000 m is available in Figure S8 in Supporting Information S1.

inventories are consistent with enhanced ventilation. The small regions exhibiting Pinatubo-driven maxMLD
deepening correspond to critically important regions for upper ocean oxygenation (Deutsch et al., 2006; van Aken
etal., 2011) and drive significant anomalies in the global mean oxygen inventory (Figures 2d and 3b).

Anomalous oxygen due to Pinatubo enters the ocean most quickly in the tropical Indian and Pacific, and
quickly penetrates into and below the mixed layer in these basins (Figure 6, Figures S7 and S8 in Supporting

Figure 5. Evolution of annual mean anomalies (Community Earth System Model Large Ensemble [CESM-LE] minus CESM-LE-NoPin) depth integrated O, (top
1,000 m) and DIC (top 250 m) concentrations during the first 5 years following the June 1991 eruption of Pinatubo: Year O (July 1991-June 1992), Year 1 (July 1992—
June 1993); Year 2 (July 1993-June 1994); Year 3 (July 1994-June 1995); and Year 4 (July 1995-June 1996). Anomalies are calculated by removing the seasonal cycle

and annually averaging over respective months. Positive anomalies (warm colors) indicate greater depth-integrated O, or DIC with the eruption of Pinatubo. Shading
indicates areas without significant difference between the two ensembles at 26 (Deser, Phillips, Bourdette, & Teng 2012).
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Information S1). The largest averaged anomalies are found in the North Pacific basin, exceeding 2 mmol m~>

for the regional-average anomaly in the upper ocean by 2 years post eruption (Figure 6). In all basins,
Pinatubo-driven upper ocean oxygen anomalies exhibit seasonality, consistent with intermittent ventilation in
wintertime (Figure 6). Anomalies in the North Pacific persist between 100 and 250 m for over a decade. In the
North Atlantic, winter of Year 1 (1992-1993) experiences a ventilation anomaly that also causes anomalies
greater than 2 mmol m~3 between 100 and 250 m. For multiple years post eruption, wintertime ventilation in
the North Atlantic supplies anomalously high oxygen concentrations into the subsurface thermocline (Figure 6,
Figure S5 in Supporting Information S1) where oxygen eventually penetrates to depths below 500 m (Figure S8
in Supporting Information S1). This signal also emerges through a strengthening of the Atlantic MOC during the
late 1990s due to this increase in ventilation (Figure S10 in Supporting Information S1).

In contrast to the declining oxygen inventory due to ocean warming, Pinatubo-driven anomalies in air-sea CO,
flux and DIC inventory occur against a background of increasing oceanic CO, uptake (Figure le) and a stead-
ily increasing DIC inventory (Figure 2¢) due to increasing atmospheric CO, concentrations prescribed in the
modeled atmosphere. The carbon response is associated predominantly with preindustrial carbon, rather than
anthropogenic (not shown); all results presented here are for the total carbon. The —0.29 + 0.14 Pg C yr~!
increase in ocean uptake of carbon after the eruption (Figures le and 1f) leads to a modest, but statistically signif-
icant increase of the ocean DIC inventory of 0.53 Pg C in 1,000 m inventory by 1993 (Figure 2f) with anomalies
most pronounced in the upper ocean (0.77 Pg C in the upper 250 m, Figure 2f). In contrast to oxygen inventories
that increase with the depth of integration (Figure 2d), Pinatubo-driven anomalies in DIC inventory are largest in
the upper ocean integrals and decrease with depth. Therefore the anomalies in the shallow depths and full integral
become nearly consistent by 1998 (Figure 2f). This contrast between DIC and oxygen inventory spatial patterns
suggests a difference in the processes mediating the generation of anomalies in DIC versus O, inventories.

Figure 3c clearly illustrates that the positive anomalies in global-mean DIC are concentrated in the upper 150 m
of the ocean during years 1994-1997 (Figure 3c). The slower equilibration timescale for carbon helps to explain
the slower DIC response relative to oxygen. Persistent significant anomalies of DIC due to Pinatubo are not
detected at depths below 250 m in the global-mean profile, but there are short-lived forced oscillations between
significant positive and negative anomalies of smaller magnitude.

Similar to oxygen, we find that Pinatubo-driven DIC anomalies exhibit spatial heterogeneity. For dissolved inor-
ganic carbon inventory (DIC), we focus on the upper 250 m (Figure 5) where the global mean profiles indicate the
largest forced response (Figure 3c). Pinatubo's forced excitement of an El Nifio event followed by a La Nifia event
(Figure S4 in Supporting Information S1) is expressed in the upper ocean DIC inventory; the Eastern (Western)
Equatorial Pacific exhibits lower (elevated) DIC inventories 1 year post-eruption, while anomalously high DIC
inventories can be found in the Eastern Equatorial Pacific during Years 2-3 post-eruption (Figure 5). This DIC
anomaly in Year 2-3 is likely also linked to the decrease in carbon efflux occurring in this region during Year 1
(Figure S6 in Supporting Information S1), while the equatorial Pacific DIC inventory anomalies in Year 1 are a
reflection of the SST anomalies.

DIC anomalies in the extratropics, from Years 1-3, particularly in the North, also indicate forced increases in
the upper ocean DIC content. This is again consistent with increased solubility due to lower annual mean SST in
these regions, particularly in Years 1 and 2 (Figure 4, left), that supports increased CO, fluxes across the air-sea
interface (Figure S6 in Supporting Information S1).

The strongest positive forced anomalies in the upper ocean DIC inventory occur in the northern and tropical
Pacific and tropical Indian, with some significant increase in the south Pacific as well (Figure 7, Figure S7 in
Supporting Information S1). In the tropical Pacific, circulation anomalies associated with ENSO modify the depth
of the thermocline, generating opposite-signed anomalies with depth; the Pinatubo-driven El Nifio event leads
to decreased DIC in the upper 100 m, while the subsequent La Nifia event produces ~>3 mmol m~* increases in
upper ocean DIC concentrations (Figure 7). This is in line with the current understanding of how ENSO events
impact carbon in this region of the ocean (Eddebbar et al., 2019; Landschiitzer et al., 2016). A slowdown of the
easterlies during typical El Nifio events reduces the upwelling of DIC to the surface, driving a reduction in the
surface pCO,, and a reduction of the tropical Pacific carbon flux to the atmosphere.

In the tropical Indian, thermocline oscillations also play a role in the inventory anomalies (Figure 7). In the North-
ern extratropics, upper ocean DIC anomalies occur several years after the eruption (Figure 7). Unlike oxygen,
the additional Pinatubo DIC is concentrated in the upper 100 m and generally does not penetrate to depth (Figure
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Figure 7. Regionally averaged vertical profile of difference (Community Earth System Model Large Ensemble [CESM-LE] minus CESM-LE-NoPin) plots for
ensemble mean DIC inventory (mmol m~3). Separations are made for the Pacific, Atlantic, and Indian basins into northern (>30°N), tropical (30°N-30°S), and
southern sections (<30°S) while the global profile is shown in the top right panel. Shading indicates time/depth where differences are not significant at the 95%
confidence level (Deser, Phillips, Bourdette, & Teng 2012). Positive anomalies (warm colors) indicate greater DIC inventory values with the eruption of Pinatubo
while negative anomalies (cool colors) indicate lower DIC levels with the eruption. Similar plot with depth extending to 1,000 m is available in Figure S9 in Supporting

Information S1.

S9 in Supporting Information S1). The exception to this is in the tropical Atlantic which shows a positive DIC
anomaly reaching down to below 250 m by 1998 (Figure S9 in Supporting Information S1). Since our division of
the regions is made at 30°N, this feature is most likely mode waters that are circulating in the upper subtropical
gyre across the 30°N boundary. The positive anomaly persists throughout the length of the simulation at depths
between 200 and 400 m (Figure S9 in Supporting Information S1). In the South Pacific south of 30°S, there
are modest positive forced anomalies in DIC above 200 m in 1993-1996 (Year 2—4) but the other sectors of the
Southern Ocean do not show a similar signal (Figure 7).

Despite clear forced signals in the upper ocean inventories of oxygen and carbon, forced signals in air-sea fluxes
are difficult to discern with our model ensemble size (Figures S5 and S6 in Supporting Information S1). Even
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with large signals in some regions, forced signals cannot be identified because of the large magnitude of internal
variability in surface fluxes (Equation 1). Focusing on DJF-only fluxes (Figures S5 and S6, right in Supporting
Information S1) to avoid seasonal cancellation of the signal, does allow for a forced signal to emerge in a few
spots (eastern North Atlantic in Year 1 and 3), but on the whole, does not allow a forced signal to be identified
throughout much of the surface ocean. Inventories are integrated quantities that damp local internal variability,
and allow forced signals to more clearly emerge (Figures 1-3).

Though the flux signals are not statistically identifiable as a forced response at the grid-scale, they do indicate a
tendency for increased air-sea exchange of oxygen in North Pacific mode waters in Year 0 and 1 and in the North
Atlantic subpolar gyre in Year 2—4 (Figure S5 in Supporting Information S1). DJF anomalies are stronger than
annual means in the north, consistent with ventilation being dominantly a wintertime phenomenon. For carbon,
the strongest annual mean anomalies occur in Year 1 (negative, increased uptake/less efflux with eruption) and
in Year 3 and 4 (positive, reduced uptake/increase efflux with eruption) in the equatorial Pacific, consistent with
ENSO variability (Figure S6 in Supporting Information S1). In DJF, there are some patches of significant flux
anomalies at subtropical and subpolar latitudes that are mostly negative in Years 01 (indicating increased carbon
uptake) and then are increasingly positive. These maps support the result that the ocean initially took up more
carbon, but then the forced response involved a transition to a state with a reduced sink.

4. Discussion
4.1. Physical Changes With Pinatubo

Our experiments with the CESM-LE allow precise separation of the physical impacts of Pinatubo and their
spatio-temporal evolution in the presence of internal variability. Consistent with long-standing knowledge
(Church et al., 2005; Eddebbar et al., 2019; Gleckler, AchutaRao, et al., 2006; Gleckler, Wigley, et al., 2006;
Marshall et al., 2022; Stenchikov et al., 2009), we find that Pinatubo's eruption caused widespread global cool-
ing, including spatially distinct reductions in SST, localized increases in maxMLD and negative anomalies in
upper OHC. The forced surface cooling response, reaching a maximum of 0.18°C, is comparable to observations.
NOAA's Optimum Interpolation Sea Surface Temperature (OISST) climate data record shows a global mean
SST cooling of 0.12°C with a 4 year recovery time to return to pre-eruption global mean temperatures (Reynolds
et al., 2007).

The eruption of Pinatubo generates ENSO variability in CESM (Figure S4 in Supporting Information S1). A
forced tendency to El Nifio-like conditions emerges about 1 year after the eruption and is followed by La Nifia-
like conditions in subsequent years (Figure S4 in Supporting Information S1). Over half, or 15 members, of the
CESM-LE members develop an El Nifio event post-eruption 1992/1993 (DJF), and all of those members develop
a strong La Nifia event in 1994/1995 (DJF). In contrast, only 7 of the CESM-LE-NoPin ensemble members
develop El Nifios in 1992/1993, with 6 of them developing a La Nifia event in 1994/1995. The significant ENSO
response to the Pinatubo eruption in CESM-LE is consistent with other model experiments and paleoproxies
that report the emergence of El Nifio event in the year following a tropical eruption (Brad Adams et al., 2003;
Eddebbar et al., 2019; Khodri et al., 2017; Maher et al., 2015; Ohba et al., 2013; Predybaylo et al., 2017; Stevenson
et al., 2017). In the real world, the Pinatubo eruption occurred during a developing El Nifio (NOAA, 2019). The
limitation of the real world is that it is not possible to directly separate the eruption-driven climatic signal from
the phasing of internal climate variability and the background warming trend (Liu et al., 2018). The impacts of
ENSO preconditioning prior to a large eruption remain an outstanding challenge for the community studying
impacts of volcanic eruptions on the climate system (Marshall et al., 2022; McGregor et al., 2020; Predybaylo
et al., 2020; Stevenson et al., 2017; Swingedouw et al., 2017). Though the extent and mechanisms driving this El
Nifo-like response in models are still debated (McGregor et al., 2020), the subsequent La Nifia-like response to
Pinatubo identified with these experiments has not been explored.

In contrast to the Pinatubo-driven ENSO response in CESM, the winter (DJF) NAO index has a significant forced
response to the eruption for only 1 year during Year 3—4 (1994-1995), while the SAM index does not show a
significant forced response to the eruption at any time during the model run (Figure S4 in Supporting Informa-
tion S1). These results are consistent with previous modeling studies considering strong volcanic eruptions impact
on climate signals which found the tendency for NAO to persist in a positive phase over the first post-eruption
decade, beginning in Year 3 post-eruption (Zanchettin et al., 2012). For the SAM, McGraw et al. (2016) find that
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Figure 8. Zonally averaged schematic view of the changes attributable to the eruption of Mount Pinatubo. Ocean cooling
is largest in surface layers and low latitudes, but penetrates to depth. Carbon uptake (red arrows) dominates at low latitudes
while Oxygen uptake (blue arrows) is predominantly in the mid-latitudes. Oxygen is transported to depth through both
ventilation and solubility mechanisms while changes to carbon are dominated by solubility and in response to the ENSO
cycle. This model shows an uptake anomaly between the two ensembles of 60 Tmol of Oxygen within 5 years post eruption
and a maximum carbon flux increase of —0.29 Pg C yr~! (negative indicating flux into the ocean) 1 year post eruption.

in years following major volcanic eruptions there is a tendency to a more positive median SAM index, however
internal variability is large and ENSO state can impact this connection.

Additionally, our results show that Pinatubo forces an increase in the AMOC by 1 Sv (4% of the mean), with
individual ensemble members increasing by as much as 5 Sv (20% of the mean) (Figure S10 in Supporting Infor-
mation S1). This is consistent with previous studies indicating that external forcing from volcanoes has an impact
on the overturning circulation (Fang et al., 2021; Swingedouw et al., 2017). The AMOC strengthening found in
these CESM anomalies is larger and occurs earlier than that reported by Zanchettin et al. (2012). In their last
millennium ensemble results they find an AMOC intensification which culminates roughly one decade after the
eruption with anomalies on the order of +0.5 Sv.

4.2. Comparing Pinatubo Impacts on Carbon and Oxygen

Forced carbon and oxygen responses to Pinatubo have quite different spatial patterns (Figures 3 and 5; Figures
S5 and S6 in Supporting Information S1), but the globally-averaged temporal evolution is reasonably similar.
Oxygen is taken up at higher latitudes and deeper horizons than carbon which is primarily taken up at lower
latitudes and further up the water column (Figure 8), in agreement with the findings of Eddebbar et al. (2019).
Several aspects of the oxygen and carbon systems help to explain these features.

Oxygen has a much faster air-sea equilibration timescale than carbon, supporting larger and more immediate
O, fluxes following the eruption. In addition, DIC concentrations increase downward while oxygen decreases
with depth in the ocean; when cooling drives deeper mixing it brings up water low in O,, but high in CO,. Thus,
ventilation promotes greater O, fluxes, but dampens CO, fluxes, hence the larger O, uptake than carbon at higher
latitudes.

Both carbon and oxygen fluxes experience an immediate forced global increase in ocean uptake and then a few
years later, a rebound to a positive anomaly, or less uptake (Figures 1c—1f). For both gases, the air-sea gradient,
ApX = pX*™ — pX°e (with X representing either O, or CO,), sets the magnitude of the flux. Any anomalous
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increase in uptake into the surface ocean raises pX°*®* and thus reduces the ApX such that future fluxes will be
damped (Koch et al., 2009; McKinley et al., 2020).

Together, these factors help to explain the larger amplitude anomalies in oxygen fluxes and the deeper penetration
of oxygen inventory anomalies. When the surface ocean cools and low oxygen waters are delivered to the surface,
oxygen can rapidly be exchanged across the air-sea interface and injected into the deep ocean (Atamanchuk
et al., 2020; Kortzinger et al., 2004) (Figures 3 and 6). The window to the surface then closes and the oxygen
anomalies are transported at depth (Figure 3).

In contrast, the immediate cooling with Pinatubo primarily increases the carbon carrying capacity by increasing
carbon solubility at the surface. Air-sea carbon exchange slowly adds DIC to the ocean and seasonal mixing and
mode water formation spreads this anomaly in the upper 150 m. In the tropics, fluxes are modulated by the ENSO
cycle, leading to reduced outgassing with the initial post-eruption El Nifio, and then additional outgassing with
the subsequent La Niiia event (Figures S6 and S7 in Supporting Information S1). In the year following Pinatubo,
the El Nifio response would lead to a slowdown of the easterly winds, which contributes, though only weakly, to
reducing the outgassing of carbon, as much of the carbon flux response is driven by changes in surface pCO,.
Outside the tropics, the cooling effects tends to dominate the signal, particularly over the northern mid and high
latitudes, where CO, is taken up, and thus solubility plays a more dominant role there. The dominance of the El
Nifio response, which is constricted to the upper ocean, further explains the difference between the O, and DIC
inventory changes following Pinatubo, whereby O, is taken by changes in ventilation and circulation at high
latitudes, whereas El Nifio effects dominates the CO, response. The accumulation of DIC in the upper ocean in
the first years after the eruption is concentrated in the North Pacific, Indian, and Southern Ocean (Figure S7 in
Supporting Information S1) and this accumulation acts to create a back pressure on fluxes in Years 2-3 after the
eruption (Figures le, 1f and 5; Figure S6 in Supporting Information S1).

4.3. Pinatubo Impact on Oxygen Fluxes and Inventories

Previous model experiments (Eddebbar et al., 2019; Frolicher et al., 2009) suggest a potentially important role for
volcanic eruptions in interrupting ocean deoxygenation and modulating the pronounced interannual-to-decadal
variability of the observed ocean oxygen content. The global mean oxygen anomalies forced by Pinatubo, which
are isolated in our study, are considerable given current trends measured in the world's ocean. Models predict
a decline in the global ocean dissolved oxygen inventory of 1%—7% by the year 2100 (Keeling et al., 2010) and
estimate that 55 Tmol per year was lost in the 1990s (Schmidtko et al., 2017). Our model results indicate that the
eruption of Pinatubo led to a maximum increase in interior oxygen of about 100 Tmol in the top 1,000 m over
the 4 years following the eruption (Figures 2 and 3), more than offsetting the expected deoxygenation for the first
half of 1990s and leading to a net increase in the oxygen inventory of about 60 Tmol by the end of the simulation.

Another interesting feature of our results is that oxygen anomalies are decoupled in depth from temperature
changes in CESM, suggesting processes such as changes in transport or biogeochemical rates as drivers of oxygen
uptake in addition to the solubility effects, as previously suggested by Eddebbar et al. (2019). For example,
temperature anomalies are pronounced in upper 0-100 m, while O, anomalies are intensified in the 50-200 m
depth range (Figure 3). Oxygen changes are also generally more pronounced at depth below 250 m (Figure 2d,
Figure S8 in Supporting Information S1), which may offer new insights on the response of ocean circulation
to volcanic eruptions. The intensification of the AMOC (Figure S10 in Supporting Information S1) suggests
an increase in the advective supply of oxygen to depth as a result of volcanic eruption in the Atlantic basin.
Pronounced cooling and a deepened mixed layer at mid and high latitudes likely lead to intensified oxygen uptake
and subduction of newly ventilated waters to depth.

4.4. Mechanisms of Air-Sea CO, Flux Anomalies With Pinatubo

McKinley et al. (2020) used a simple box model forced with atmospheric pCO, and global-mean upper OHC
anomalies associated with tropical volcanos to propose a mechanistic explanation for globally integrated air-sea
CO, flux anomalies since the 1980s. The box model closely replicates (r > 0.9) the signals found in ensembles
of ocean hindcast models and observation-based pCO, products. Based on this evidence, McKinley et al. (2020)
proposed a significant role for external forcing from Pinatubo in the variability of the ocean carbon sink in the
1990s.

FAY ET AL.

17 of 22



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Global Biogeochemical Cycles 10.1029/2022GB007513

Here, with CESM-LE, we find a significant forced anomaly of 0.29 Pg C yr~! in the 1992 globally-integrated
air-sea CO, flux forced by Pinatubo in CESM-LE; and individual members of the ensemble have flux anomalies
greater than 0.5 Pg C yr~! (Figures le and 1f). CESM-LE also reveals significant spatial structure in the carbon
flux and DIC inventory response to the eruption of Pinatubo—the ocean's carbon response to Pinatubo is far from
globally uniform (Figures 5 and 7, Figure S6 in Supporting Information S1). In the subtropics and the northern
high latitudes, the upper ocean absorbs more carbon, particularly in the subtropics, while ENSO dominates the
tropical response (Figures 5 and 7). This heterogeneous spatial response is not at all captured in the box model,
yet the box model's CO, flux anomaly of 0.5 Pg C yr~" is within a factor of two of the CESM-LE forced response.
CESM-LE also indicates a similar forced reduction in the ocean carbon sink in 1994-1995 as in the box model.
This feature is consistent with more DIC being held in the upper ocean (Figure 5) where it can raise surface ocean
pCO, and damp the flux (McKinley et al., 2020) (Figure S6 in Supporting Information S1).

The evolution of the global-mean OHC and global-mean DIC profile (Figure 3) demonstrates the global-mean
relationship between upper ocean cooling and DIC content that the box model successfully mimics. The forced
change in OHC due to Pinatubo (—3.5 x 10?2 J) is within the range estimated from observations and other
modeling studies (Church et al., 2005; DeVries, 2022; Eddebbar et al., 2019; Gleckler, AchutaRao, et al., 2006;
Gleckler et al., 2016; Stenchikov et al., 2009). The OHC anomaly in the 200 m deep box model of McKinley
et al. (2020) is within a factor of two (—5.5 x 10?? J). As in the box model, the globally averaged behavior of
CESM-LE is for the negative OHC anomalies to enhance solubility and allow for enhanced air-sea fluxes to
persist for long enough (several years) such that additional carbon can be absorbed in the upper ocean (Figure 3).
These CESM-LE experiments demonstrate both this global-mean forced response and allow for deeper under-
standing of the spatially variable mechanisms forced by Pinatubo.

Another study looking at the external forcing of the Pinatubo eruption on the climate system found a cooling of
upper ocean (0-300 m) OHC and a subsequent recovery to near zero OHC anomaly by 1996 (DeVries, 2022).
However, the models used by DeVries (2022) utilize only historical SST to represent Pinatubo's external forc-
ing in a steady circulation ocean model. Since these SST anomalies impacted only the top model layer of 10 m
depth, the resulting globally-integrated OHC anomaly with Pinatubo (=1 X 10?2 J) was substantially smaller
than most observational studies (Church et al., 2005; DeVries, 2022) and more than three times smaller than the
forced response estimated here with CESM-LE. Therefore their resulting small externally forced air-sea CO, flux
response is consistent with the underestimation of globally-integrated upper ocean cooling and the lack of ENSO
response or ventilation changes in a model with steady circulation.

CESM-LE demonstrates a clear CO, flux anomaly due to Pinatubo in the global integral (Figures le and 1f).
But at the local scale, air-sea flux anomalies rarely have a statistically significant forced response (Figure S6 in
Supporting Information S1). This is because the large internal variability in surface fluxes obscures the forced
signal. This finding is directly comparable to the finding that the air-sea CO, flux response to COVID-19 emis-
sions reductions is not detectable at the local scale (Lovenduski et al., 2021). Large internal variability presents
a particular challenge to the potential for local flux observations to directly identify climatic signals and argues
for continued integration of data into observation-based products from which large-scale signals can be identified
(Fay et al., 2021; Fay & McKinley, 2021).

This CESM-LE experiment indicates that the regional centers for CO, flux anomalies due to Pinatubo are primar-
ily in the Northern Hemisphere and the tropics, but not in the Southern Ocean (Figure S6 in Supporting Infor-
mation S1). This contrasts to observation-based products which suggest large amplitude decadal variability in
Southern Ocean CO, fluxes (Bennington et al., 2012; Hauck et al., 2020; Landschiitzer et al., 2015) which previ-
ous work had linked to the eruption of Pinatubo (McKinley et al., 2020). In-situ sampling (Bakker et al., 2016)
in the Southern Ocean may have been too sparse to allow for accurate reconstructions (Gloege et al., 2021) by
these products or other mechanisms may be responsible for the observed large amplitude Southern Ocean decadal
variability in observation-based products (Gruber et al., 2019). One caveat to this finding comes from the aerosol
forcing files used in CESM1 which appear to underestimate aerosol loading in the southern hemisphere (Mills
et al., 2016; Neely Il et al., 2016; Quaglia et al., 2022). Newer estimates for the aerosol forcing files would likely
lead to substantially more cooling and ventilation enhancement in the Southern Ocean, and may lead to more
pronounced impacts on carbon fluxes.

With respect to global mechanisms, CESM-LE indicates that the more vigorous overturning of the 1990s, identi-
fied by DeVries et al. (2017) as a potential mechanism for ocean carbon sink variability, may have been externally
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forced by Pinatubo. Better quantifying the magnitude and mechanisms of CO, flux decadal variability globally
and in the Southern Ocean is an important focal point for current ocean carbon research.

4.5. Future Work

With this analysis, we have only just begun to explore the impact of the Pinatubo eruption on the ocean and its
biogeochemistry. There is much more to be done in terms of understanding the full extent of Pinatubo's impact
on ocean physics and biogeochemistry at global, regional, and local scales.

Integrated column inventories and globally integrated fluxes clearly demonstrate the impact of Pinatubo on ocean
oxygen and carbon, but locally, significant forced changes in air-sea fluxes are difficult to identify (Figure S6 in
Supporting Information S1). Because of the magnitude of internal variability at the surface, future work could
expand the number of ensemble members to pinpoint forced changes in surface fluxes.

We highlight here that the Pinatubo effects on ocean biogeochemistry explored in this modeling experiment
include the climate impacts of volcanic aerosols on ocean biogeochemistry but do not simulate direct biogeo-
chemical changes associated with increased micronutrient deposition from volcanic ash. Observational studies of
smaller eruptions suggest volcanic ash deposition may significantly influence carbon cycling through fertilizing
plankton growth at regional scales (Hamme et al., 2010; Langman et al., 2010). The direct biogeochemical contri-
bution of atmospheric deposition of micronutrients by volcanic ash may have additional and complex effects on
carbon and oxygen distributions and inventories. These effects are outside the scope of this work, but are worth
examining in follow on experiments.

CESM is just one of many Earth system models that have previously generated LENS (Deser et al., 2020). All
models are imperfect representations of the real Earth—for example, this version of CESM underestimates
Southern Ocean CO, uptake (Long et al., 2013) and we do not know if this bias has a role in the small Southern
Ocean impacts from Pinatubo that we find here. It would be of great value to have other modeling centers conduct
LENS without Pinatubo so that different estimates of forced responses and representation of volcanic aerosol
forcings could be compared.

Additionally, work is ongoing to improve the aerosol forcing included by these Earth system models to better
capture the observations. Motivated by discrepancies in initial cooling patterns after Pinatubo in CMIP5 models,
Neely III et al. (2016) created an improved aerosol forcing file based on updated data sets. For these experiments,
CESM-LE had zero aerosol forcing in the Southern Ocean from mid-1991 to mid-1992, and then a forcing that is
roughly a 30% underestimated at the peak forcing in late 1992. Newer data sets presented in Quaglia et al. (2022)
suggest an approximately symmetric aerosol distribution is more consistent with observations. Such a symmetric
aerosol forcing would likely drive a greater carbon and oxygen flux response in the Southern Ocean.

We are currently using the CESM ensembles to investigate the impact of the Pinatubo eruption on hydrographic
observations of ocean biogeochemistry (Olivarez, H.C., Lovenduski, N.S., Eddebbar, Y.A., Fay, A.R., Levy, M.,
Long, M.C., and McKinley, G.A., The Impact of the Pinatubo Climate Perturbation on Global Ocean Carbon and
Biogeochemistry, in preparation for Global Biogeochemical Cycles) given that the bulk of ocean biogeochemical
observations that anchor long-term trends were collected in the years following the Pinatubo eruption through the
WOCE/JGOFS (Boyer et al., 2018).

Comprehensive model output is available for scientists to investigate other components of the Earth system, such
as the atmosphere, sea ice, and cryosphere.

5. Conclusions

With two initial-condition LENS, we have isolated the impacts of the 1991 eruption of Mt. Pinatubo on the
physical and biogeochemical properties of the ocean. Pinatubo forced the ocean to cool to a peak of 0.18°C at the
surface and to lose 3.5 X 102 J of heat. Pinatubo forced an El Nind event 1 year after the eruption, and then La
Nina for the two subsequent years. Upper ocean ventilation increased in key regions, allowing for the penetration
of oxygen anomalies to depth. These simulations indicate that the long-term effect of Pinatubo on the ocean heat
budget was a loss of 2 X 10?2 J that persists for multiple decades.

Associated with these physical changes, the ocean absorbed oxygen and carbon, with peak globally integrated
forced flux anomalies in 1992 of —42 Tmol O, yr~—! and —0.29 Pg C yr~!, respectively. In the tropics and northern

FAY ET AL.

19 of 22



A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Global Biogeochemical Cycles 10.1029/2022GB007513

Acknowledgments

The authors acknowledge high-perfor-
mance computing support from Cheyenne
(https://doi.org/10.5065/D6RX99HX)
provided by NCAR's Computational and
Information Systems Laboratory, spon-
sored by the National Science Foundation
(NSF). This material is based upon work
supported by the National Center for
Atmospheric Research, which is a major
facility sponsored by the National Science
Foundation under Cooperative Agreement
No. 1852977. We are grateful for support
from the National Science Founda-

tion (OCE-1948624, OCE-1948664,
OCE-1948728, AGS-2019625, OCE
1948599). We acknowledge the previous
work done by the CESM Large Ensemble
Community Project.

high latitudes, the eruption's impact on oxygen is dominated by surface cooling and subsequent ventilation to
mid-depths, while the carbon anomaly is associated with solubility changes and eruption-generated ENSO varia-
bility (Figure 8). Increased inventories of both gases are found mostly in the tropics and Northern hemisphere, but
are very limited in the Southern Ocean. Oxygen anomalies penetrate to the deep ocean, while carbon anomalies
remain concentrated in the upper 150 m. For both, full-depth inventories are permanently altered.

Data Availability Statement

The CESM source code is freely available at http://www?2.cesm.ucar.edu. The model outputs described in this
paper can be accessed at www.earthsystemgrid.org.
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