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A

nthropogenic emissions and land-use change
have driven atmospheric CO2 concentrations, and
consequently global temperatures, to rise. The ocean

thereby slowing the pace of global climate change
service provided by the ocean, however, does not come
without penalty. Invading anthropogenic heat and CO2
render the ocean warmer and more acidic, and reduce

capacity to continue sequestering anthropogenic CO2
from the atmosphere and to remain a hospitable habitat
for marine organisms and ecosystems.
Given the ocean’s role as a large natural sink of
anthropogenic carbon and the largest habitat on the
our changing ocean and to predict its evolution over

the global response of the ocean carbon cycle and

coverage, model complexity, and model resolution,
the global response could be understood as the sum
of heterogeneous regional responses (Maier-Reimer

continuous expansion of our climate record has revealed
substantial temporal variability in the ocean’s physical
and chemical state. This variability stems largely from
internal variability in the climate system (Kosaka and
interpretation of the climate record and predictions of
future change.

biogeochemistry in multi-model studies (e.g., through
the Coupled Model Intercomparison Project [CMIP])
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ensembles, which confounds uncertainty due to internal
variability with that of model structure (Hawkins
and Sutton 2009). This is especially relevant for key
biogeochemical variables such as net primary productivity
), which showcase large
2

Schlunegger et al., 2020).
LEs, in tandem with sensitivity studies, reveal that this
chronology of emergence is a consequence of the
invasion of anthropogenic CO2 into the ocean and long-

Initial Condition Large Ensemble experiments (LEs)
conducted with Earth system models (ESMs) represent an
important advancement in attributing historical trends
and projecting future natural and anthropogenic changes
in ocean biogeochemistry. In this article, we survey
recent applications of LEs to ocean biogeochemistry for
addressing questions about timescales of anthropogenic
change, mechanisms of variability, and ecological
vulnerabilities.

to warming and freshening, and lastly, by changes to
nutrient supply and biological activity (Schlunegger et

2

in the Community Earth System Model Large Ensemble
in certain regions to more than a century in others,

Survey of BGC Applications

modes of variability and anthropogenic forcing (Long et

Emergence
Time of emergence (ToE) represents the statistical point
in time at which an anthropogenic trend (the signal)
statistically exceeds internal climate variability (the
the timescales over which impacts of climate change
might occur, as this is when the anthropogenic trend
exceeds the natural variability to which organisms and
systems are adapted, and (2) the implementation and
interpretation of climate observations, as statistical
emergence is a necessary prerequisite for detection
of anthropogenic trends. LE experiments with ESMs, in
been used to show that biogeochemical properties
and processes in the ocean have disparate times of
emergence that range from under a decade—for
properties like surface ocean pH—to over a century—

The complex spatial composition and long emergence
timescales of many important biogeochemical properties
underscores the need for sustained, large-scale
observations of the ocean in order to monitor and adapt
to anthropogenic change.
Mechanisms of variability
The delayed emergence of anthropogenic trends in
certain variables (e.g., O2
early emergence in others (e.g., pH and pCO2) also
modulates biogeochemical cycles. This variability can
be driven by a range of processes, such as internal

external drivers, such as volcanic eruptions. In contrast
to multi-model ensembles which obfuscate uncertainty
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a. Event Timeline for Emergence of Anthropogenic Trends in the Ocean
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Figure 1.

global ocean area has an emergent anthropogenic trend for the given biogeochemical variable. The progression of emergence is a consequence
of the initial, rapid invasion of anthropogenic CO2
climate system and ocean to anthropogenic radiative forcing, and subsequent changes in ventilation, nutrient supply, and biological activity. The

2

due to internal variability and model structure, the LE
framework allows one to isolate the forced response
of ocean biogeochemistry by averaging over many
realizations of the same climate model with the same
response includes both the forced trajectory of the
system (ensemble mean in bold lines in Figure 2a-c), as
well as its internal variability (ensemble spread outlined
by the individual realizations in thin lines Figure 2a-c).

(O2,SAT ) integrated from 200-600 m, Apparent Oxygen Utilization (AOU),

Internal variability
The response of ocean biogeochemistry to internal
variability exhibits large spatial heterogeneity (Figure
2d-f). Some regions emerge as hot spots for internal
variability across all biogeochemical variables, such

sensitivity of these regions to internal modes of climate
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Figure 2.
2

2

(negative values denote uptake). The solid lines show the ensemble mean (forced response),

two. Here, the signal is the ensemble mean change, while the noise is the ensemble spread of the change. Similar changes to variability are found
by examining the evolution of ensemble spread over time.

at higher latitudes (e.g., SAM, Lovenduski et al. 2007;

variability of these biogeochemical variables are also
evident, such as the intense response of the western
2

An advantage of using the LE framework is its repeated
sampling of the historical climate with evolving external
forcing. This allows one to assess the robustness of a
relationship between modes of climate variability and
ocean biogeochemistry over a given time period. Brady
of climate variability that are associated with anomalous
air-sea CO2
of the response of driver variables of air-sea CO2
the given mode of variability for each ensemble member.
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They found that anomalous air-sea CO2
largely driven by the opposing response of CO2 solubility

by enhanced gyre circulation, which cools SSTs and
thus increases the ingassing pressure, while enhanced

Changes to internal variability in biogeochemistry can be
climate system and (2) by the non-linear sensitivities of
chemical and biological processes to the mean physical
and chemical state of the ocean. Physically driven changes
in biogeochemical variability are expected to arise from

of realizations from the LE places robust uncertainty
bounds on the response of the given variable to modes
of climate variability over the historical period.
the variability of the physical climate, rising ocean
While internal variability can be isolated through a
preindustrial control run with constant CO2 forcing
does not address changes to internal variability due to
external forcing. One requires many realizations of the
same climate model to isolate the evolving response of
internal variability to anthropogenic forcing. Figure 2g-i
2
2

variability due to external forcing can also be seen for
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Figure 3.
trajectory in [H+]. (b) The yearly range of departures from the forced trajectory for the data shown in a). The red dotted line is the extreme event
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Ecological applications
surface temperatures (SSTs) which control gas solubility

by modulating spatial gradients of SSTs and oceanthe volcanic signature on ocean biogeochemistry has long
been challenging in the presence of obfuscating internal
variability and the small number of ensemble members

The LE framework, which simulates the volcanic aerosol
on ocean biogeochemical dynamics across models
and volcanic forcing datasets for exploring governing
mechanisms. Figure 2a-c illustrates the biogeochemical

LE experiments can be used to study the ecological
impacts of changes in physical and biogeochemical
ocean variables. This includes the use of LE
experiments to detect changes in extreme events
(Burger et al., 2020) and the crossing of biological
force ecological models to assess changes therein
are a particularly valuable tool for analyzing extreme
events, since they provide enough data to study rare
events and to track changes in extreme event statistics
over transient simulations. Furthermore, LEs are useful
for understanding variance changes in non-linear
systems like carbonate chemistry, as the LE mean
allows for the forced, non-linear trend in the meanstate to be removed without assumptions or statistical

enhanced oceanic uptake of O2 and CO2 that penetrate
into the ocean’s interior, where they persist for several

that utilize LEs to assess the ecological impacts of
anthropogenic forcing.

mechanisms driving this oceanic uptake of oxygen and

Burger et al. (2020) analyze how the occurrence and
the characteristics of extreme events in [H+] change
with anthropogenic CO2 emissions within an ensemble

CO2 uptake occurs mainly at lower latitudes, driven by
O2 drawdown occurs primarily at higher latitudes, where
colder winters following eruptions induce vigorous
uptake of O2

that, in addition to the large increases in mean acidity,
increasing variability leads to larger departures from

The LE experiment suggests that tropical eruptions act
to temporarily slow down the progression of ocean
deoxygenation due to ocean warming (Keeling et al.

Frölicher (2020) detect marine heatwaves in a large

anthropogenic carbon and induce interannual to decadal
variability in the global ocean carbon sink (McKinley et al.
2020). This complex sensitivity of ocean biogeochemistry
to radiative energy perturbations should be taken into
account in attribution studies of the observed variability

model. They show that the impact of marine heatwaves
on biomass decreases for some species could be
several times higher than the decrease per decade due
to global warming.

events of the aragonite saturation horizon in the
Southern Ocean within the CESM-LE. The aragonite
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saturation horizon is the depth below which seawater
is corrosive with respect to the calcium carbonate
mineral aragonite. They show that although ensemble
members generally agree on whether the saturation
years between ensemble members on the projected
timing of local, abrupt shoaling of the aragonite
saturation horizon.

biogeochemical

projections

of

the

CESM-LE

to

assessing

decadal

predictability

through

repeated

et al. 2020; Spring and Ilyina 2020), and in development of
LE methodologies for partitioning sources of uncertainty
for projections of marine biogeochemistry (Frölicher
2020). LEs also provide a robust framework to isolate the
biogeochemical signature of anthropogenic phenomena
beyond greenhouse gas forcing and present a potentially

ecosystems and biogeochemistry (Lovenduski et al. 2020).
pCO2 and
decreasing nutrient availability lead to an overall

of these changes.

Large potential remains for new insights into ocean
biogeochemistry using the LE framework. While much
of the initial LE work has focused on emergence and
assessments of the long-term forced response, more work
is needed on isolating the internal and external variability
during the observed period, which showcases substantial
variability on seasonal to multidecadal timescales.
The forced component that emerges in the LE mean

Ecosystem Model Intercomparison Project (Fish-MIP;
volcanic aerosols, land-use change, and anthropogenic
limited by coarse model resolution of approximately
experiments may be especially useful to isolate more
of external forcing and internal variability on key
coastal ecosystems, dynamical downscaling or higher
resolution LE runs are required.
Outlook

drivers. Additionally, future LE experimental design
should consider the addition of external biogeochemical
forcing by volcanoes through simulating atmospheric
the use of prognostic (emissions-based), rather than

The diverse applications of LEs in ocean biogeochemistry
described herein underscore the multifaceted utility
and transformative nature of this modeling tool. These
applications have recently expanded beyond the
initial scope of ToE studies, to the isolation of forced
and unforced variability, and to ecosystem impacts
and extreme events. Recent studies have used LEs for
Observing System Simulation Experiments (e.g., Majkut et
LEs for biogeochemistry (Elsworth et al. 2020), in

Finally, much of the LE work has focused on individual
biogeochemical responses across models through the
US CLIVAR Working Group on Large Ensemble’s MultiModel Large Ensemble Archive

across models. This perspective allows one to robustly
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and internal variability on ocean biogeochemistry—an
opportunity that has long been sought after and is the
result of many years of collaboration and hundreds
of millions of hours of computational expense.
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forced response in Large Ensembles

Laura Suarez-Gutierrez, Nicola Maher, and Sebastian Milinski
Max-Planck-Institut für Meteorologie, Germany

S

urface temperatures and all variables in the climate

from the forced response to external drivers. In contrast,
initial-condition large ensembles (LEs) consist of up to
hundreds of simulations of a single climate model under
the same time-evolving external forcing conditions,
variability. This means that when large enough LEs allow
response, represented by the ensemble mean, and the
internal variability, represented by the spread of possible

climate model evaluation. We can use LEs to determine
whether observations fall within the ensemble spread
simulated by each model. We exploit this potential of LEs
to evaluate how well climate models capture the internal
variability and forced response in observations, without
the need to separate both quantities in the observations,
by applying a methodological evaluation framework

evaluation framework allows us to determine model
performance more robustly than before, by assessing
whether current climate models capture the long-term
trajectory of the climate system as well as the possible
internal variability in any given region and time period.
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