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Abstract A global ¼° ocean/sea-ice 50-member ensemble simulation is analyzed to disentangle the
imprints of the atmospheric forcing and the chaotic ocean variability on regional sea level trends over the
satellite altimetry period. We find that the chaotic ocean variability maymask atmospherically forced regional
sea level trends over 38% of the global ocean area from 1993 to 2015, and over 47% of this area from 2005 to
2015. These regions are located in the western boundary currents, in the Southern Ocean and in the
subtropical gyres. While these results do not question the anthropogenic origin of global mean sea level rise,
they give new insights into the intrinsically oceanic versus atmospheric forcing of regional sea level trends
and provide new constraints on the measurement time required to attribute regional sea level trends to the
atmospheric forcing or to climate change.

Plain Language Summary As a direct consequence of anthropogenic influences, global mean sea
level rises in response to ocean warming and land ice melting. Since the early 1990s, satellite altimetry has
revealed large regional contrasts in sea level trends, controlled by temperature and salinity changes, oceanic
processes and atmospheric forcing. Using an ensemble of forced eddying ocean simulations, we show that
regional sea level trends over the altimetric period are only partly determined by the atmospheric evolution
(both natural and anthropogenic): nonlinear ocean processes produce additional sea level trends that are
inherently random, which can compete in certain regions with the externally forced trends. These results do
not question the existence of global and regional sea level trends, but suggest that sea level trends may not
be unambiguously attributed to external causes in certain regions.

1. Introduction

As a direct consequence of the ongoing global warming, global mean sea level has risen in response to land
ice melt (as melt water flows from land to the ocean) and to ocean warming (thermal expansion, Church et al.,
2013) and other lesser factors such as the impoundment of water by reservoirs.

Since the early 1990s, satellite altimetry has become the main observing system for continuously measuring
the sea level variations. Satellite altimetry has revealed large regional contrasts in sea level trends.

Altimetry-based measurements of sea level trends are affected by various uncertainties (instrumental errors,
perturbations of the radar echo traveling through the atmosphere and orbit determination). Efforts have
been made to create a homogeneous sea level record with all available satellite altimetry data, to identify
and reduce sea level trend errors. Regional satellite altimetry trend errors are on the order of 2–3 mm/year
over a long-term evolution (>10 years; Ablain et al., 2017) but would need to be lowered down to
1 mm/year in order to assess regional sea level trends on decadal time scales, and for the detection of climate
change impacts and model improvements (see GCOS, 2011).

Ocean model simulations have been used to estimate the role of the atmosphere in forcing the regional pat-
terns in sea level changes (Forget & Ponte, 2015). Wind stress, buoyancy andmass air-sea fluxes explain large-
scale fluctuations of sea level at time scales longer than 1month and spatial scales of 3° and larger, and have a
substantial imprint on sea level trends.

Oceanmodel simulations, in particular in the eddying regime, also revealed the existence of another possible
driver of regional sea level trends. A NEMO-based 1/4° global ocean/sea-ice simulation driven for 327 years by
a repeated climatological atmospheric forcing has shown that a strong low-frequency chaotic intrinsic
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variability spontaneously emerges from the ocean (Penduff et al., 2011). Hydrodynamic instabilities sponta-
neously generate mesoscale eddies, whose mutual nonlinear interactions may in turn feed chaotic fluctua-
tions at longer time and space scales through spatiotemporal inverse cascade processes (Sérazin et al.,
2018). This multidecadal “noise” emerges from the turbulent ocean without any trend or low-frequency varia-
bility in the atmospheric forcing. These chaotic fluctuations may leave random imprints on decadal regional
sea level trends, in particular in the Gulf Stream, Kuroshio, and Antarctic Circumpolar Current (ACC; Sérazin
et al., 2016). Should these chaotic trends remain substantial in an ocean driven by the full range of atmo-
spheric timescales, they may partially mask the regional sea level trends due to the atmospheric forcing
and constitute a source of uncertainty.

These results raise new questions for model simulations, and potentially for the real ocean: Are the spatial
patterns of sea level trends a direct response of the atmospheric forcing? How can we disentangle the atmo-
spherically driven and chaotic sea level trends? How many years of satellite altimetry measurement are
needed to extract the atmospherically driven sea level trends from their random counterparts? The purpose
of this study is to answer these questions, to identify and quantify the respective contributions of atmospheri-
cally forced and chaotic ocean variability to simulated regional sea level trends and extend these results to
those observed from satellite altimetry since 1993.

The paper is organized as follows. Section 2 describes the data sets and methods considered in the analysis.
Section 3 presents and compares the imprints of the atmospheric forcing and of the chaotic ocean variability
on regional sea level trends. In the last section we summarize the results, address the broader implications of
the findings, and discuss the perspectives of this work.

2. Data and Methods
2.1. Satellite Altimetry

We use the Climate Change Initiative (CCI) sea level products to evaluate sea level trends and to assess the
model simulation. The purpose of the CCI data set is to provide an accurate and homogeneous long-term
altimetry-based sea level record with two main specificities. First, all available satellite altimeters are taken
into account, including the ESA missions (ERS-1/2-Envisat) along with the Topex/Poseidon and Jason refer-
ence missions. Second, all processing steps, including geophysical corrections are applied with coherent data
sets over the whole period of the CCI product in order to meet the Global Climate Observing Systems require-
ments (Ablain et al., 2017). The CCI data set consists of monthly sea level anomalies on a global ¼° grid
(Legeais et al., 2018) from January 1993 to December 2015.

2.2. The OCCIPUT Ensemble Simulation

We make use of the OceaniC Chaos-ImPacts, structure, predictability (OCCIPUT) ensemble of 1/4°
ocean/sea-ice simulations (Bessières et al., 2017; Penduff et al., 2014). This ensemble consists of 50 global
hindcasts at ¼° horizontal resolution performed over 1960–2015. The configuration is based on the
NEMO 3.5 model and implemented on an eddy-permitting quasi-isotropic horizontal mesh whose grid
spacing is about 27 km at the equator and decreases poleward. The 50 members are initialized on 1
January 1960 from the final state of a 21-year one-member spin-up. A small stochastic perturbation
(Brankart, 2013) is applied within each ensemble member during the first year (1960) and switched off
at the end of 1960, yielding 50 different oceanic states on 1 January 1961. Each member is then inte-
grated until the end of 2015 with the same atmospheric forcing (DSF5.2; Dussin et al., 2016) based on
the ERA-Interim atmospheric reanalysis. We therefore obtain an ensemble of 50 simulations with the
same numerical model and forcing, but different initial conditions.

We also used a one-member 327-year climatological simulation based the exact same code and setup to esti-
mate the spurious model drift. This simulation was forced each year with the same annual atmospheric cycle
derived from DFS5.2 (Penduff et al., 2011). The spurious drift of simulated sea level was estimated at every
grid point by computing sea level trends in the climatological simulation by considering the corresponding
years of the 1993–2015 OCCIPUT simulations. This spurious trend map was then removed from the 50 trend
maps derived from the ensemble simulation (Penduff et al., 2018).

As the NEMO model conserves volume rather than mass, the global steric effect is missing and the global
mean sea level evolution is not properly resolved (Greatbatch, 1994). Global mean sea levels from 1993 to
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2015 were thus removed from regional sea level trends within each member. For consistency, we have per-
formed the same correction for the satellite altimetry data. Therefore, the trend maps discussed throughout
the paper represent trend anomalies with respect to their global average.

2.3. Ensemble Statistics

The processing steps presented above yields 50 simulated sea level trend maps. We use a Lilliefors test at
each grid point to calculate the goodness of fit of the ensemble distributions of sea level trends against a
Gaussian distribution with unspecified parameters. The Gaussianity of these distributions is rejected (at the
95% significance level) over 7% and 5% of the global ocean area over 1993–2015 and 2005–2015, respec-
tively. The use of ensemble mean and the standard deviation is therefore adequate to provide a meaningful
description of the distributions in the following analysis as sea level trends follow a Gaussian distribution.

Therefore, over both periods of interest (1993–2015 and 2005–2015), the ensemble mean of the 50 sea level
trend maps provides an estimate for the atmospherically forced response (i.e., the trend common to all mem-
bers), and the standard deviation σI of these maps provide the uncertainty associated with the chaotic ocean
variability (i.e., the “noise” associated with regional trends). This uncertainty is defined as

σI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N� 1
∑50i¼1 TSLAi� < TSLA >ð Þ2

r

where N represents the total number of members (50), <TSLA> represents the ensemble mean sea level
trend and TSLAi the ith-member sea level trend. More details are given in Leroux et al. (2018).

The forced trend <TSLA> is considered as the “signal” in the following. We compare it to the “noise” via the
signal-to-noise ratio (SNR) | < TSLA > |/σI. We will consider in the following, as in Sérazin et al. (2017), that
regional sea level trends picked from a given realization (one ensemble member for instance) cannot be
unambiguously attributed to the atmospheric forcing in regions where the SNR is smaller than 2, unless
otherwise stated. This corresponds to the 95% confidence level. Note that our external forcing includes the
atmospheric part of the natural variability (internal atmospheric variability, atmospheric part of the coupled
variability, fluctuations and trends in solar radiation, volcanic eruptions, Earth’s orbital cycles, etc.) and of
anthropogenic influences (i.e., increasing greenhouse gases). The goal of the paper is to disentangle the
forced regional sea level trends that are directly driven by these external drivers altogether, from their chaotic
counterparts that spontaneously emerge from the oceanic nonlinearities.

2.4. Time of Emergence

We finally evaluate the time needed for the atmospherically forced trend to emerge from the chaotic ocean
variability: The time of emergence is the time needed for a given forced trend signal to exceed (and remain
above) the noise of the system (Lyu et al., 2014) at the same location. In other words, forced regional sea level
trends are computed over 1993–2015, and the time of emergence corresponds to the year when the absolute
forced sea level trend time series exceeds twice the 1993–2015 standard deviation (noise σI); the factor two
corresponds to the 95% confidence level.

3. Results

We focus on two time periods: over 1993–2015 and over 2005–2015. The latter period is chosen since two
other observing systems allow certain authors (Chambers et al., 2017; Llovel et al., 2014; WCRP Global Sea
Level Budget Group, 2018) to split sea level trends into mass and steric components: the Gravity Recovery
and Climate Experiment (GRACE) mission records the net oceanmass changes to sea level, and the Argo float
network records temperature and salinity changes of the oceans for the upper 2,000 m depth. The decom-
position of forced and chaotic sea level trends into mass and steric parts is left for future studies.

3.1. Model Assessment

Observed sea level trend maps exhibit marked regional contrasts over 1993–2015 (Figure 1a) and over 2005–
2015 (Figure 1b). Positive trends are found over 1993–2015 in the western tropical Pacific and its subtropical
gyres, in the Indian Ocean and the south Atlantic subtropical gyre, while negative trends are found in the
eastern tropical Pacific and in the northern subtropical Atlantic. The spatial patterns are different over
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2005–2015 from those over 1993–2015, denoting that they are not stationary (with opposite signs in certain
regions such as the tropical Pacific and Atlantic). The trend values are larger for the shorter time period. As ice
covered regions are partly sampled by satellite altimetry data (no data are available during the winter time),
we do not provide any trend estimates for polar regions.

Each of the 50 OCCIPUT ensemble members simulates one possible realization of the ocean evolution over
the last decades given the atmospheric evolution. In Figure 1, we compare the regional sea level trend within
onemember (member #1) with satellite observations over 1993–2015 and 2005–2015. Themodel reproduces
the observed sea level trends over the altimetry era within most regions. Interestingly, the simulation repro-
duces the observed sea level rise in the Beaufort gyre that has been speculated to be linked to the shrink of
the Arctic floating sea ice resulting in salinity-driven sea level change (Carret et al., 2017). Some discrepancies
however can be seen in the north Atlantic subpolar gyre (especially in the Labrador sea) and in the southern
ocean, possibly due to missing physics in the model, biases in the forcing, or in the observed sea level fields.

More quantitatively, the root-mean-square difference (rmsd) between observed and ensemblemean (forced)
regional sea level trends turns out to be 2.56 mm/year over the period 1993–2007 and the ice-free ocean
(1.57 mm.yr�1 over the period 1993–2015). This rmsd is actually smaller than for any forced ocean numerical
model considered in the CORE exercise (see Table 2 in Griffies et al., 2014). In other words, the OCCIPUT
ensemble provides reliable estimates of regional sea level trends, and its 50 realizations may be used to inves-
tigate the respective contributions of atmospherically driven and chaotic ocean variability on this field. As the
simulated sea level trends from the 50 members are normally distributed at each grid point, the ensemble
mean trends gives an adequate estimate of the forced trends, and the ensemble standard deviation of
chaotic trends.

3.2. Forced and Chaotic Simulated Trends

Figure 2 displays random sea level trends due to the oceanic chaos over 1993–2015 (Figure 2a) and over
2005–2015 (Figure 2b). Large values, exceeding 12 mm.yr�1 for both periods, are found in western

Figure 1. Observed sea level trend maps from satellite altimetry (CCI product) over (a) 1993–2015 and over (b) 2005–2015. Simulated sea level trend maps from
member #1 of the OCCIPUT ensemble simulation over (c) 1993–2015 and (d) 2005–2015. In the four trend maps the global mean sea level time series has been
removed. Annual and semiannual signals have also been removed.
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boundary currents and in the ACC. Overall, the sea level trend ensemble standard deviation is larger over
2005–2015 than over 1993–2015: in the subtropical gyres for instance, it reaches about 1 mm/year over
1993–2015, and 2–5 mm/year over 2005–2015.

These results are consistent with Sérazin et al. (2016), who examined the features of 20-year random sea
level trends under a purely climatological forcing. In other words, the use of a reanalyzed forcing (driving
an ensemble) instead of a climatological forcing (driving one simulation) allows the separation of forced
and chaotic signals, and shows that the latter is barely affected by atmospheric fluctuations. This substan-
tial insensitivity was also reported for the Atlantic Meridional Overturning Circulation interannual variabil-
ity (Leroux et al., 2018).

Figure 2 also presents the atmospherically forced trends over 1993–2015 (Figure 2c) and over 2005–2015
(Figure 2d). These trend maps are in good agreement with observed sea level trends from satellite altimetry
over both time periods. Black dots denote regions where forced trends are not distinguishable from their
chaotic counterpart (SNR< 2). Over both periods, these regions are not limited to the western boundary cur-
rents and the ACC. Interestingly, the chaotic variability is likely to mask the atmospherically forced sea level
trends over most of the Atlantic subtropical gyres over 1993–2015. These plots also show regions where sea
level trends are not statistically different from zero and therefore are within the ensemble standard deviation.
Over the 2005–2015 period, the chaotic variability may mask the forced signal over larger regions, in particu-
lar in the South Atlantic, the Gulf Stream, the ACC, and the north Pacific subtropical gyre. Some coastal
regions (such as the Yellow sea and gulf of Tonkin) and semienclosed seas (such as the Gulf of Mexico and
the Japan sea) also exhibit dominant imprints of chaotic ocean variability over both periods.

Figure 2. Imprint on sea level trends of the chaotic ocean variability in the ensemble simulation. Ensemble standard deviation of sea level trends from the 50 mem-
bers over (a) 1993–2015 and (b) 2005–2015. Atmospherically forced sea level trend maps over (c) 1993–2015 and (d) 2005–2015. Black dots represent SNR < 2
denoting atmospherically forced trends not statistically different from the oceanic chaotic variability (at the 95% confidence interval).
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Forced sea level trends display large-scale spatially coherent patterns in the tropical Pacific and Indian
oceans, in line with the literature. The wind stress was indeed shown to drive a substantial sea level rise seen
here in the western tropical Pacific ocean (England et al., 2014; Merrifield, 2011), the equatorial and north
Indian ocean (Thompson et al., 2016) over 1993–2015, and in the south subtropical gyres of the Pacific and
Indian oceans (Llovel & Terray, 2016; Volkov et al., 2017) over 2005–2015.

In contrast, the simulated 1993–2015 sea level trends cannot be unambiguously attributed to the atmo-
spheric forcing over 38% of the global ocean area because of the intrinsic variability. Over 2005–2015,
almost half (47%) of the global ocean area is concerned by this uncertainty. If we exclude the regions
where forced sea level trends are not statistically different from zero, the fraction of the global ocean area
where trends cannot be attributed to the forcing amount to 19% over 1993–2015, and to 22% over 2005–
2015. These model results therefore suggest that altimetry-derived regional sea level trends are not mostly
due to the external forcing over a large part of the global ocean but may have a random nature because
of the chaotic ocean variability.

The chaotic variability may remain substantial in regions where the atmosphere forces most of the sea level
trends. We therefore use the inverse SNR sea level trends (Figure 3) for both periods to quantify the sea level
imprints of the chaotic variability with respect to its atmospherically forced counterpart. Note that the inverse
SNR threshold is now 0.5. The tropical Pacific is the main region where the ensemble standard deviation
remains smaller than 20% of the forced trend (western basin over 1993–2015, central and eastern basins over
2005–2015). In contrast, this fraction exceeds 50% in the Indian ocean and reaches about 50–60% within
most mid latitude basins over 1993–2015. In these regions, sea level trends can be mostly attributed to the
atmospheric forcing, with a substantial fraction due to the chaotic variability. Over 2005–2015, midlatitude
regions do not present large surface fraction of atmospherically forced sea level trends.

3.3. Time of Emergence

We finally estimate the time it takes for forced sea level trends to emerge from the chaotic ocean variability
over the entire altimetry period (i.e., over 1993–2015). These times of emergence exhibit marked contrasts
from one basin to another (Figure 4). In the western and eastern tropical Pacific and in the tropical Atlantic
oceans, the forced sea level trends become distinguishable from the chaotic variability after only a few years.
In general, in the Indian Ocean, periods of at least 8–10 years are needed for the atmospherically forced
trends to emerge from the chaotic component. A few years are needed in the subtropical south Pacific
Ocean, but significantly more at the edges of the gyre where the forced trends are weaker. In the subtropical
gyres of the north Pacific, north Atlantic, and south Atlantic oceans, our results suggest that more than
23 years of observation are needed to disentangle the (relatively small) forced sea level trends from the chao-
tic variability. Finally, the western boundary currents and the ACC present the longest time of emergence,
consistently with the strong eddy fields found in these.

Figure 3. Inverse of the SNR of sea level trends over (a) 1993–2015 and over (b) 2005–2015. Black dots represent inverse SNR > 0.5 denoting forced trends not sta-
tistically different from the oceanic chaotic variability (at the 95% confidence interval). For clarity, we express the ratio in percentage.
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4. Conclusions and Discussion

Satellite altimetry has revolutionized our understanding of ocean circulation, large-scale and mesoscale
dynamics and revealed the large regional variability in sea level trends (Cazenave & Llovel, 2010). Recent
investigations have been focused on determining observational budget errors for sea level trends and less
attention has been put on the ocean dynamics’ contribution. Based on the OCCIPUT ensemble simulation,
we show that the ensemble standard deviation in sea level trends may reach 12 mm/year in western bound-
ary currents and in the ACC over 1993–2015. The standard deviation tends to be larger over 2005–2015.

We find in particular that the regional trends of sea level over the period 1993–2015 cannot be unambigu-
ously attributed to atmospheric influences over 38% of the global ocean area; this fraction reaches 47% for
the period 2005–2015. These fractions are large: The uncertainty of regional sea level trends due to chaotic
variability is 3–5 times larger than the quoted observed sea level trend errors (Ablain et al., 2017) in eddy-
active western boundary currents and in the ACC. These results suggest that the chaotic ocean variability
must be considered along with instrumental uncertainties to realistically assess error budgets for regional
sea level trends over the altimetry period.

The inverse SNR level trend ratio is not uniform: it remains smaller than 10% in the tropical Pacific (western
basin over 1993–2015, central and eastern basins over 2005–2015) but exceeds 50% in the tropical Indian
ocean and reaches about 50–60% within most mid latitude basins. Substantial ratios are found in certain
coastal regions as well.

The large contribution of chaotic ocean variability to regional sea level trends is likely relevant for the
assessment and design of current and future sea level observing systems and the interpretation of sea
level time series. It raises new concerns about the duration of satellite altimetry measurement that is
requested to capture signals that are driven by the atmospheric evolution and anthropic influences.
The ensemble simulation suggests that a few years of altimeter data are sufficient to capture these forced
signals in the tropical Pacific, but 10–14 years are required in the eastern Indian ocean, 20 years in the
north Pacific and Atlantic oceans (except in the subpolar gyre). While the chaotic variability distribution
and intensity are rather stationary over time, the atmospherically forced trend map depends on the time
period considered. Therefore, the time of emergence map is valid for 1993–2015 and would not neces-
sarily apply over different (past or future) 23-year time periods.

Figure 4. Time of emergence. Time length needed for the atmospherically driven sea level trend over 1993–2015 to exceed
and remain above 2 standard deviations of the ensemble of the 1993–2015 sea level trends (at each grid point). White areas
represent time length longer than over 1993–2015.
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It is important to note that our results absolutely do not question the attribution of the observed global mean
sea level trends to global warming. They suggest that the regional patterns of sea level trends derived from
existing altimeter data are not only due to the atmospheric evolution (variability or global warming). Longer
altimetry-based sea level records will likely help isolate the forced part of sea level trends in regions where the
imprint of chaotic variability is large.

Regional sea level trends have been largely attributed to steric effects (Cazenave & Llovel, 2010), with a large
contribution of temperature changes (Levitus et al., 2012; Llovel & Terray, 2016) compared to salinity changes
(Llovel & Lee, 2015). The net ocean mass change linked to fresh water exchange between oceans and conti-
nents also contributes to regional sea level trends. Based on the same ensemble simulation, Sérazin et al.
(2017) showed that ocean heat content trends are also impacted by chaotic intrinsic variability over 1980–
2010, at all depths. It is thus likely that chaotic intrinsic variability has an imprint on thermosteric regional
sea level trends, but we leave these open questions for future investigations.

As in any model-based study, our results might be partly biased and must be interpreted with care: The
robustness of our results needs to be assessed from other ensemble simulations, with different ocean mod-
els, forcing functions, and resolutions. However, Figures 1 and 2 and the small rmsd found between observed
and simulated fields show that our model simulates realistic sea level trends over most of the global ocean. It
is moreover unlikely that the sea level intrinsic variability is overestimated in our 1/4° simulation, since it
further increases when resolution reaches 1/12° (Sérazin et al., 2015). In summary, the exact amplitude and
distribution of chaos-related uncertainties on regional sea level trends might well be model sensitive; our
results nevertheless suggest that this uncertainty may be large in observed data sets as well. This should
be kept in mind when attributing regional altimeter trends to atmospheric causes.
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