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Abstract We investigate the internal decadal variability of the ocean carbon uptake using 100 ensemble
simulations based on the Max Planck Institute Earth system model (MPI-ESM). We find that on decadal time
scales, internal variability (ensemble spread) is as large as the forced temporal variability (ensemble mean),
and the largest internal variability is found in major carbon sink regions, that is, the 50–65°S band of the
Southern Ocean, the North Pacific, and the North Atlantic. The MPI-ESM ensemble produces both positive
and negative 10 year trends in the ocean carbon uptake in agreement with observational estimates. Negative
decadal trends are projected to occur in the future under RCP4.5 scenario. Due to the large internal variability,
the Southern Ocean and the North Pacific require the most ensemble members (more than 53 and 46,
respectively) to reproduce the forced decadal trends. This number increases up to 79 in future decades as
CO2 emission trajectory changes.

1. Introduction

Signatory countries of the 2015 Paris Agreement agreed to avoid global warming exceeding 2°C above
preindustrial levels by curbing their fossil fuel CO2 emissions (United Nations Framework Convention on
Climate Change, 2015). One major requirement related to this goal will be to discern the pathways of anthro-
pogenic carbon in the Earth system in order to verify the effectiveness of fossil fuel emissions reduction mea-
sures (Marotzke et al., 2017). A major scientific challenge in this regard is to infer the interannual and decadal
variations of the ocean carbon sink, as well as its susceptibility to ongoing climate change (Ilyina, 2016; Ilyina
& Friedlingstein, 2016; Peters et al., 2017).

The oceans currently absorb about 25–30% of anthropogenic carbon emissions (Le Quéré et al., 2017) and
thereby modulate the response of the Earth system to climate change. Observations (Fay & McKinley,
2013; Landschützer et al., 2015; Schuster & Watson, 2007) have revealed pronounced decadal variations
occurring along with decreasing ocean carbon uptake for the period from 1992 to 2001. Data-based esti-
mates of oceanic carbon uptake show large uncertainties arising from the gaps in observations and different
mapping methods that are used to derive observational products (Rödenbeck et al., 2015). Earth system
models (ESMs), driven by future climate change scenarios, that is, those used in the fifth Phase of the
CoupledModel Intercomparison Project (CMIP5), project an increase in the ocean carbon uptake in the recent
decades and into the future, as long as CO2 emissions increase (Frölicher et al., 2016; Nevison et al., 2016;
Wang et al., 2016). Yet large discrepancies appear among these model simulations due to uncertainties
related to internal variability, model response, and scenarios (Deser et al., 2012; Hawkins & Sutton, 2009;
Lovenduski et al., 2016; Tebaldi & Knutti, 2007). Model simulations, based on decadal prediction systems
(Li et al., 2016), large ensemble simulations (McKinley et al., 2016, 2017), CMIP5 multimodel preindustrial
control simulations (Resplandy et al., 2015), and ocean stand-alone models (Thomas et al., 2008) indicate
large interannual to decadal variations of the ocean carbon sink in major carbon sink/source regions. This
internal variability of the Earth system interferes with the detection of the direct response of the ocean
carbon sink to increasing anthropogenic carbon emissions (Keller et al., 2014; McKinley et al., 2016;
Séférian et al., 2014). Thus, the contribution of internal variability to the ocean carbon uptake uncertainty,
and the future evolution of this internal variability remain poorly quantified. Moreover, as of now, CMIP5
historical simulations are not expected to reproduce the decreasing decadal trends in the ocean carbon
uptake during 1992–2001 (Wang et al., 2016) as found in observational estimates. Hindcast models forced
with atmospheric reanalysis may better capture decadal variations of the ocean carbon uptake driven by
climate variability.
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ESM-based perturbed initial conditions ensembles allow for a consistent evaluation of both forced signals
and internal variability within the same model. The important role of internal climate variability for projec-
tions of ocean biogeochemistry has been already confirmed, using such ensembles (containing 30 members)
(Lovenduski et al., 2016; McKinley et al., 2016; Rodgers et al., 2015). Ensuring that ESMs can reasonably simu-
late the actual variations of the present-day ocean carbon sink, along with the trend in response to anthro-
pogenic forcing, is critical for future climate change projections. Moreover, understanding of natural
variability is necessary for establishing robust prediction skill of the ocean carbon sink (Li et al., 2016). As
shown in previous studies (Deser et al., 2012; Frölicher et al., 2016; Keller et al., 2014; Lovenduski et al.,
2016; Rodgers et al., 2015), internal variability dominates forced trend on time scales of several decades.
Emergence of the forced trend on decadal time scales from the internal variability depends on the number
of ensemble members. We use a large ensemble of 100 historical and future (following the moderate emis-
sion scenario RCP4.5) simulations based on Max Planck Institute Earth systemmodel (MPI-ESM) to investigate
the ocean carbon uptake variability. This ensemble has already been documented in previous studies focus-
ing on various features of the physical climate system (Bittner et al., 2016; Hedemann et al., 2017; Stevens,
2015; Suárez-Gutiérrez et al., 2017). Here we address the following questions: (1) Can the ensemble reproduce
the occurrence of negative and positive decadal trends in the air-sea CO2 fluxes detected in observations in
major carbon sink/source regions? (2) How many ensemble members are required to capture the forced
signal over decadal timeframes?

Here the 100-member ensemble mean is defined as the “forced” trend, such as the trend produced by both,
natural and anthropogenic forcings including CO2 emissions. The difference between single-member out-
comes and the ensemble mean represents the internal variability or “unforced” trend (Deser et al., 2014;
Ting et al., 2009).

2. Methods
2.1. Model Description

The MPI-ESM version 1.1 in a low-resolution configuration (MPI-ESM-LR) is used for the large ensemble simu-
lations. It has an incremental improvement of the energy conservation in the atmospheric component
ECHAM6 (Popp et al., 2016) compared to the CMIP5 model (Giorgetta et al., 2013). ECHAM6 has a horizontal
resolution of T63/1.9° and 47 vertical levels (Stevens et al., 2013). The ocean component Max Planck Institute
Ocean Model (MPIOM) has a horizontal resolution of 1.5° on average and 40 vertical levels (Jungclaus et al.,
2013). The Hamburg Ocean Carbon Cycle Model (HAMOCC) (Ilyina et al., 2013) is implemented into the
MPIOM and represents the ocean biogeochemistry component of MPI-ESM. The land carbon cycle is repre-
sented by the model JSBACH (Reick et al., 2013).

An ensemble of 100 members for the historical simulations, extended by Representative Concentration
Pathways scenarios RCP4.5 has been conducted for the periods spanning the years 1850–2005 and
2006–2100, respectively. The ensemble members are generated by starting the historical simulations in
year 1850 from different years, with a random time interval, of the preindustrial control simulation.
Thereby, we subsample the full range of internal variability in the preindustrial control states of the
model. Note that there are different ensemble generation techniques (Kay et al., 2015; McKinley et al.,
2016; Rodgers et al., 2015) and the memory of initial perturbation vanishes in about a decade
(Branstator & Teng, 2010; Kirtman et al., 2013). The subsampled internal variability, which is generally
independent to the ensemble generation methods in several decades after the initialization, is inevitably
model dependent.

2.2. Observational Data

For comparison with model simulations, we use 10 data-based estimates of the global oceanic carbon flux
from the Surface Ocean pCO2 Mapping intercomparison (SOCOM, Rödenbeck et al., 2015). All these data
products are based on the surface ocean CO2 atlas version 2 (SOCATv2) (Bakker et al., 2014) or the
Lamont-Doherty Earth Observatory version 2013 (LDEOv2013) (Takahashi et al., 2014) databases. Different
methods are used to fill the spatiotemporal gaps in observations and to obtain a global coverage of the
ocean surface carbon uptake. The spatial distribution of CO2 flux was only available for three SOCOM
products, that is, SOM-FFN (Landschützer et al., 2016), Jena-MLS (Rödenbeck et al., 2013), and JMA-MLR
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(Iida et al., 2015). The uncertainty of SOM-FFN data-based estimate (Landschützer et al., 2014, 2015, 2016) is
used to further evaluate our model simulations.

2.3. Statistical Analyses

The modeled air-sea CO2 fluxes are interpolated from the original curvilinear grid to a 1° grid for comparison
with the data-based estimates, which are likewise available on a 1° × 1° grid. In this study, the ocean regions
are defined as follows: the North Atlantic Ocean (80°W–60°E, 30°N–80°N), the North Pacific Ocean
(110°E–90°W, 30°N–80°N), the Tropical Ocean (30°S–30°N), and the Southern Ocean (to the south of 30°S).
Annual mean values are used here for further statistical analysis. Here primarily focus on the anomalous
CO2 flux time series (as shown in Figure 1) which is computed by removing the climatological mean. The
climatological mean indicates the long-term mean which spans the years 1982–2011 for the model simula-
tions, and the available time period mean for the data-based estimates.

We use the analysis of variance (ANOVA) method to quantify the relative amplitude of internal variability
(spread of the ensemble members referring to the ensemble mean time series) in comparison to the forced
temporal variability (standard deviation of the ensemble mean time series). Details of this method can be
found in the supporting information (Harzallah & Sadourny, 1995; Ting et al., 2009; Zhou & Yu, 2006).
Linear decadal (i.e., 10 year) trends are calculated using a least squares regression method. Here a negative
trend indicates a weakening of the ocean carbon sink or an enhancement of the outgassing of CO2 from
the ocean, and vice versa for the positive trend. For each 10 year period, we count how many ensemble
members produce a negative trend.

To estimate how many ensemble members are needed to capture the forced trends in the presence of the
internal variability on decadal timescales, we use the 100-member mean as a reference and calculate the
spatial correlation of the mean trend in CO2 flux for different ensemble sizes against 100-member ensemble
mean trend. For different ensemble sizes, we use a bootstrap method to calculate the correlation 1,000 times
based on different combinations of randomly chosen ensemble members (details can be found in the
supporting information).

3. Occurrence of Negative and Positive Trends in the Ocean Carbon Uptake

For the evaluation of the historical ocean carbon uptake, we focus on the recent 30 years (i.e., 1982–2011)
during which ocean surface observational data are available. Note that the climatological mean state of
air-sea CO2 fluxes from model simulations is somewhat higher than the SOCOM data products which is
common for CMIP5 models (Ilyina, 2016). Spatially, the MPI-ESM model captures the climatology structure
of the oceanic CO2 uptake (Figure S1). The discrepancy in the Southern Ocean is consistent with the CESM
large ensemble and CMIP5 multimodel simulations as shown by McKinley et al. (2016).

Although a positive trend prevails in the ensemble mean (Figure 1), the oceanic carbon uptake shows large
internal variability, represented by the spread among the 100 ensemble members. Likewise, the data-based
products also show a large spread due to the sparse spatiotemporal coverage of observations and different
data mapping methods (Rödenbeck et al., 2015). The internal variability (calculated based on the ANOVA
method; see section 2.3) of the MPI-ESM simulations (0.14 Pg C yr�1) is in the envelope of the observation-
based estimates, that is, the uncertainty of the 10 SOCOM data products (0.18 Pg C yr�1). This suggests that
the large ensemble is able to capture the range of the uncertainty suggested by observation. In general, the
internal variability is as large as the forced temporal variability in MPI-ESM large ensemble simulations, and
the internal variability (0.04 and 0.14 Pg C yr�1) is even larger than the forced temporal variability (0.02
and 0.12 Pg C yr�1) in major carbon sink regions such as the North Pacific and the Southern Ocean, respec-
tively (Table 1). The internal variability of outgassing and uptake CO2 fluxes in different regions cancels each
other and leads to a dominant signal of the forced variability in the globally integrated ocean carbon uptake.
This imposes challenges on the detection of the forced signal from a single or a few ensemble-member
simulations over the last 30 years.

Despite growing CO2 emissions, the uptake of carbon by the ocean decreased in many ocean regions in the
1990s and increased again in the 2000s (Landschützer et al., 2015; McKinley et al., 2017; Schuster & Watson,
2007). This feature is captured in most SOCOM products and is related to natural variability of the climate sys-
tem. In the SOM-FFN data set, 50% of the increase in the ocean carbon sink after 2000 occurs in the Southern
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Figure 1. Anomalous air-sea CO2 flux in the global ocean and different ocean basins. (a–e) Historical and near-future (under
RCP4.5 scenario) evolution of anomalous air-sea CO2 flux from data-based estimates and MPI-ESM 100-member ensemble
simulations. Positive values indicate carbon flux into the ocean. The gray curves in Figures 1a–1e show individual
ensemble members and black thick curves show the ensemble mean. Color lines in Figure 1a shows 10 data-based
estimates from different observational products (SOCOM, Rödenbeck et al., 2015). The blue curves and light blue shading in
Figures 1b and 1c show the SOM-FFN data and its uncertainty (Landschützer et al., 2016). The red curves in Figures 1b–1e
show members with the smallest trends in the respective decades. The red numbers show the number of ensemble
members producing negative trends in these decades. (f–j) PDF of decadal trends in the global and regional ocean CO2
uptake from the MPI-ESM large ensemble simulations during the period from 1982 to 2011 (solid line) and from SOCOM
available data products (dashed line). The available three SOCOM products, that is, SOM-FFN, Jena-MLS, and JMA-MLR, are
used for the PDF statistics of the regional oceans (Figures 1g–1j). Here we use all the available 10-year trends during the
period from 1982 to 2011 from these three data products. The gray vertical line on PDF plots shows the zero trend.
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Ocean (Landschützer et al., 2015, 2016). Even in the presence of large
uncertainty due to sparse data, the SOCOM data sets show agreement
in decadal variations of the Southern Ocean carbon uptake (Ritter et al.,
2017). The ensemble spread values of the air-sea CO2 flux in MPI-ESM
are of the same magnitude as the uncertainty of the SOM-FFN data.
However, the ensemble mean does not capture the decrease in the
ocean carbon sink in the 1990s as implied by observational products.
This is not surprising, as variations of the climate system in such free
ESM simulations started in 1850 and running without data assimi-
lation do not evolve synchronously with the observed climate varia-
bility. However, can individual ensemble members capture decadal
decreasing trends in the ocean carbon uptake that are implied
by observations?

Our analysis shows that a large number of ensemble members produce
negative trends in the air-sea CO2 flux for each 10 year time window

(shown with the red numbers in Figure 1). For instance, 25, 42, and 60 members show negative trends during
the years 1992–2001 in the Southern Ocean, the North Pacific, and the Tropical Ocean, respectively (Figure 1).
The Probability Density Function (PDF) of the decadal trends in the period from 1982 to 2011 (Figures 1f–1j)
indicates that the simulated trends are skewed toward positive values due to the increase of anthropogenic
carbon emissions; nevertheless, a number of ensemble members show negative trends which are found in
observations. The PDF of global ocean carbon uptake from MPI-ESM large ensemble has a smaller range of
trends than the SOCOM products. In the regional oceans, PDF distribution of SOCOM products shows more
scattered structure, likely due to a small sample size. In the North Pacific, several ensemble members produce
negative decadal trends that are comparable to the negative trends calculated from SOCOM data-based
estimates. The air-sea CO2 flux peaks in the 1983 and 1992 in most of the ocean areas, which is related to
the effects of volcanic eruptions (Ding et al., 2014; Frolicher et al., 2011, 2013; Segschneider et al., 2013).

The internal variability of 10 year trends in the MPI-ESM ensemble is still large in the future projections in all
analyzed ocean regions (Figure 1). Interestingly, despite the growing atmospheric CO2 concentration pre-
scribed in the RCP4.5 scenario, a large number of ensemble members still project decadal negative trends
in the future. The number of ensemble members reproducing decadal negative trends varies from decade
to decade (Table S1). Moreover, beyond the year 2040, the number of ensembles with negative trends tends
to increase. This is related to the temporal evolution of fossil fuel CO2 emissions in the RCP4.5 scenario, which
stabilized around 2040 and start decreasing thereafter (van Vuuren et al., 2011). This implies that internal
climate variations will continue modulating the ocean carbon sink and that decadal decreasing trends will
occur in the background of increasing CO2 emissions that drive the long-term growth of the ocean
carbon sink.

4. Spatial Distributions of Trends in the Ocean Carbon Uptake

Variations in the air-sea CO2 flux show pronounced regional features during the years 1992–2001 (Figure 2).
The forced trends (in response to both the natural and anthropogenic forcings), represented by the 100
ensemble member mean (Figure 2c), show large-scale spatial structures with positive trends (i.e., increasing
carbon uptake) in major carbon sink areas such as the Southern Ocean, the North Atlantic, and the North
Pacific. The ensemble shows large internal variability (Figure 2f). The spread of air-sea CO2 flux trend in the
Southern Ocean and the North Pacific is larger than 1.0 g C m�2 yr�2, which is about twice as large as the
forced trends shown in Figure 2c. This implies that the trends induced by natural climate variability can be
as large as the trends due to external forcing including atmospheric CO2 concentration over a given decade.

The amplitude of internal variability in trends of the air-sea CO2 flux can be illustrated using extreme cases, in
particular, using the ensemble members with the smallest and largest trends during the years 1992–2001
(Figures 2a and 2d). In the ensemble member with the smallest trend in the global ocean carbon uptake,
negative trends are found along the 50–65°S latitude of the Southern Ocean, and positive trends are found
in the North Pacific. This is reversed in the ensemble member with the largest trend in the global ocean car-
bon uptake. The opposing signs of the regional trends in the simulations with the largest and the smallest

Table 1
Variability of Global and Regional Integrated CO2 Flux Based on the Time Series
From MPI-ESM Large Ensemble Simulation for the Period From 1982 to 2011
(Time Series See Figure 1)

Variability (in Pg C yr�1)

Internal Forced

Global Ocean 0.14 0.24
North Atlantic 0.02 0.02
North Pacific 0.04 0.02
Tropical Ocean 0.07 0.08
Southern Ocean 0.14 0.12

Note. The variabilities are calculated based on the ANOVA analysis (see
section 2).
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trends remain prominent even in the 10-member mean (see Figures 2b and 2e). Moreover, variations in the
global ocean carbon uptake are dominated by its variations in the Southern Ocean. Variations of the ocean
carbon uptake are related to the background thermal and dynamical changes, predominantly by changes
in the atmospheric forcing, as indicated in previous studies (Landschützer et al., 2015; Le Quéré et al.,
2009). In our analysis, this is manifested by the reversal of trends in the 10 m wind and sea level pressure
in the ensemble members with smallest/largest trends (Figure S2).

5. The Necessary Ensemble Size to Infer Decadal Variations of the Ocean
Carbon Uptake

How many ensemble members are enough to reproduce the forced trend and the internal variability in
different ocean regions over a variety of 10 year periods? To address this question, we take the 100-member
ensemblemean as a reference and calculate the spatial correlation of the ensemblemean trends for a varying
number of members in relation to the reference field (Figures 3a and S3). The correlation increases with an
increasing number of ensemble members. To reproduce the forced trend at the correlation level of 0.9 with
the reference ensemble mean field in the decade 1992–2001, the North Atlantic Ocean and the Tropical
Ocean requires less members, that is, 40 and 43, respectively, and the Southern Ocean and the North
Pacific Ocean require more, that is, 56 ensemble members (see Table S2). The larger required ensemble size
is consistent with the larger internal variability found in the Southern Ocean and the North Pacific Ocean in
our simulations (Figure 2 and Table 1). For the global ocean, 45 ensemble members are required to produce
the forced decadal trend of ocean carbon uptake in the presence of large internal variability during
1992–2001. We also calculate correlations based on references of single member trends (Figure S4). The
correlation is quite low, indicating that with regard to decadal trends, the ensemble members are relatively
independent of each other.

The temporal evolution of the required ensemble members to represent the forced trends varies largely from
decade to decade, which indicates a nonsteady internal variability (Figure 3b). For all analyzed ocean regions
and global integration, more ensemble members are necessary at the end of the simulation in 2080s relative
to 1980s. This implies a tendency of increase in internal variability with time under RCP4.5 scenario. For
instance, globally the number varies from 45 currently to 71 in the future. Regionally, the North Pacific and
the Southern Ocean requires more ensemble members (being 46 and 53 in current decades up to 79 and
76 in the future, respectively) than other regions due to the large internal variability prone to these regions.
The increase in internal variability is related to changes in the temporal evolution of CO2 emissions which
level off in the RCP4.5 scenario in the 2040s. This feature has not been addressed in previous studies focusing
mainly on the high CO2 scenario RCP8.5 (Deser et al., 2016; McKinley et al., 2016; Rodgers et al., 2015).

Figure 2. Spatial distribution of trends in the air-sea CO2 flux during the period 1992–2001 based on varying ensemble size. (a and d) The single-member results with
the smallest and the largest trend of the global integrated carbon sink. (b and e) The 10-member ensemble mean results with the smallest and the largest trends. The
100-member (c) ensemble mean and (f) standard deviation of the decadal trend. Note a negative trend indicates that the ocean carbon uptake is weakening.
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6. Summary and Conclusions

The internal variability of the air-sea CO2 flux simulated by the 100-member MPI-ESM ensemble is as large as
the forced temporal variability on decadal timescales. We find that various ensemble members produce both
positive and negative decadal (i.e., 10 year) trends during the past decades. This feature of the MPI-ESM large
ensemble is of particular interest because negative trends in the global ocean carbon uptake have been
detected in observational estimates over the years 1992–2001, but it is especially challenging for free simula-
tions with ESMs to capture them. Furthermore, both positive and negative decadal trends in global ocean
carbon uptake occur in the future. While positive decadal trends are expected due to rising CO2 emissions
as suggested by model projections (Lovenduski et al., 2016; McKinley et al., 2016), the occurrence of negative
trends implies that climate variability will also play a prominent role in determining the near-future ocean
carbon sink. Moreover, the number of ensemble members which produce negative trends remains relatively
constant as atmospheric CO2 concentrations grow. This implies that the monitoring systems designed to
verify the fate of anthropogenic emissions and the mitigation measures put in place in the aftermath of
the 2015 Paris Agreement will have to account for the strong variability in the ocean carbon sink.
Continuous efforts such as SOCAT (Bakker et al., 2016) are crucial to provide an observational basis for deter-
mining the internal variability in oceanic carbon uptake.

Regionally, the largest variability of decadal trends in the air-sea CO2 flux is found in the 50–65°S band of the
Southern Ocean, the North Atlantic, and the North Pacific. Our analysis suggests that a different number of
ensemble members are required to reproduce variability in different ocean regions. Due to large internal
variability, more than 45 ensemble members are necessary during current decades and in the future for
the global ocean carbon sink to reproduce the spatial pattern of the decadal forced trend with the correla-
tion of 0.9. Regionally, the Southern Ocean and the North Pacific require the largest ensemble size (more
than 53 and 46, respectively). The required number of ensemble members varies from decade to decade
and is up to 79 in the future. Hence, large ensembles are required for the forced signal to emerge from
the internal variability on decadal timescale in model projections. As the trajectories of oceanic carbon
uptake vary in different emission scenario, the forced trend may emerge faster in high emission RCP8.5
scenarios (Lovenduski et al., 2016; McKinley et al., 2016; Rodgers et al., 2015) than in moderate emission
RCP4.5 scenario.

Figure 3. (a) Spatial correlation of the mean trend in the CO2 flux for different ensemble size against 100-member ensem-
ble mean trend in the global (black line) and different ocean regions (color lines) during the decade from 1992 to 2001. For
each ensemble size, the correlation coefficient is calculated 1,000 times using a bootstrap resample method. The solid lines
show the mean results. Here we only show the 90% confidence interval (i.e., 5–95% of the ranked correlations from the
1,000 resampled results) for the global ocean. (b) Temporal evolution of the ensemble members required to produce high
spatial correlation of 0.9 with the 100-member mean trend pattern in different ocean regions. The x axis shows the
consecutive decades, and the y axis shows the necessary ensemble members for respective decade.
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We note that our estimates of internal variability of air-sea CO2 fluxes may be affected by the given model
configuration. For instance, as shown in previous studies (Li & von Storch, 2013; Penduff et al., 2011), internal
variability of buoyancy fluxes and sea level induced by stochastic processes may be suppressed in low reso-
lution model configurations. Furthermore, a simulation with interactive carbon cycle, driven by CO2 emis-
sions projected a 25% higher variability than the one driven by atmospheric CO2 concentrations (Ilyina
et al., 2013).

As shown in a previous study (Resplandy et al., 2015), the internal variability of the air-sea CO2 flux is not
necessarily consistently captured in ESM simulations. The diversity in modeled variability is needed to repro-
duce the evolution of reality, as observed changes could be just one realization or a superposition of several
realizations of the ensemble simulation. Multimodel intercomparison studies based on large ensemble simu-
lations are essential for further understanding of the origins of the differences among the models in produ-
cing the internal variability.
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