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Abstract it is open whether El Nifio-Southern Oscillation (ENSO) varies under climate change and

how potential changes in the marine system are detectable. Here differences in the influence of ENSO on
biogeochemical tracers, pH, productivity, and ocean temperature are analyzed in a continuous 850-2100
Common Era (C.E.) simulation with the Community Earth System Model. The modeled variance in ENSO
amplitude is significantly higher during the Maunder Minimum cold than during the 21st century warm
period. ENSO-driven anomalies in global air-sea CO, flux and marine productivity are two to three times
lower, and ocean tracer anomalies are generally weaker in the 21st century. Significant changes are
detectable in both surface and subsurface waters and are earlier verifiable and more widespread for carbon
cycle tracers than for temperature. This suggests that multitracer observations of both physical and
biogeochemical variables would enable an earlier detection of potential changes in marine ENSO responses
than temperature-only data.

1. Introduction

El Niflo-Southern Oscillation (ENSO) is the most prominent source of natural variability in the global climate
system on interannual timescales, causing anomalies in winds, rainfall, circulation, thermocline depth, and
biological productivity [Fiedler, 2002]. Further, it is the major driver of interannual variability in atmospheric
CO, [Bacastow, 1976; Siegenthaler, 1990; McKinley et al., 2004].

In the last 1000 years the global climate system underwent substantial changes [e.g., Lehner et al., 2013],
and the current anthropogenic warming is projected to continue [e.g., Stocker et al., 2013]. These climatic
changes might have the potential to substantially affect modes of natural variability such as ENSO or the
North Atlantic Oscillation [Collins et al., 2010; Li et al., 2011; Timmermann et al., 2007; Christensen et al., 2013],
which has implications for biogeochemical cycles and ecosystems [Keller et al., 2012].

For ENSO, there is some evidence from reconstructions that the (late) twentieth century ENSO variance
levels are not unprecedented, but higher than for any 30 year period within 1590-1880 [McGregor et al.,
2013] or even the past seven centuries [Li et al., 2013]. Further, ocean reanalysis data sets record a shift
of ENSO toward higher frequency since 2000 compared to 1979-1999 [Kumar and Hu, 2014]. However,
while there is agreement on strong multidecadal variability in ENSO, there is no hint for a clear systematic
trend over time in past ENSO variance and frequency [e.g., Emile-Geay et al., 2012; Phipps et al., 2013].
Model simulations even indicate that multidecadal variability of ENSO might arise entirely by chance
[Wittenberg et al., 2014].

The detection of changes in the mean state and in climate modes is a signal-to-noise (S/N) problem

[e.g., Hawkins and Sutton, 2012]. A recent study shows that for a timely detection of signals in the surface
ocean, the S/N ratio of biogeochemical variables is more favorable than, e.g., sea surface temperature [Keller
et al., 2014]. Further, there is a lack of studies addressing how ENSO affects air-sea fluxes of CO,, marine
productivity, ocean acidification, and biogeochemical tracers under different past, present, and future
climate conditions.

Here changes in ENSO variability and related changes in the marine biogeochemical systems are diagnosed
from results of the Community Earth System Model (CESM, version 1). We rely on a transient simulation
over the last millennium and the 21st century driven by solar, volcanic, and anthropogenic forcings.
Guiding questions are whether there are changes of ENSO characteristics under different periods and if and
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Figure 1. ENSO variability and climate forcings. (a) Wavelet spectrum based on the annual Nifi03.4 SST anomalies.
(b) Simulated annual and 5 year moving average of Nifno3.4 index, and global surface temperature (TS). All ENSO
events exceeding the threshold for the composites are marked with a circle. (c) Total solar insolation (TSI), volcanic
forcing (volc; total volcanic aerosol mass), and atmospheric CO, (pCO,). The grey bars indicate the four different time
periods investigated.

how such changes affect the response of physical and biogeochemical tracers, marine productivity, and
air-sea carbon fluxes to ENSO in a statistically significant and detectable way.

2. Model Data and Analysis Techniques

We use a continuous 850-2100 Common Era (C.E.) simulation with CESM1.0.1 [Hurrell et al., 2013]. The model
is run in fully coupled mode including an interactive carbon cycle [Moore et al., 2013]. The last millennium
simulation was branched from a 258 year long 850 C.E. control simulation, which in turn was branched
from a long 1850 C.E. control simulation with CCSM4 [Gent et al., 2011]. The transient forcing largely follows
the protocols of the Paleoclimate and Modelling Intercomparison Project 3 [Schmidt et al., 2011], applying
volcanic forcing [Gao et al., 2008], land use changes [Pongratz et al., 2008; Hurtt et al., 2011], and fossil

fuel emissions (post 1750 C.E., following Andres et al. [2012]). The total solar irradiance is taken from the
reconstruction by Vieira and Solanki [2010] but scaled to have an amplitude change from the Maunder
Minimum to present day of 0.2% rather than 0.1%. For 2005-2100 C.E., the representative concentration
pathway RCP8.5 [Moss et al., 2010] is used (see Figure 1c for an overview of the forcing).

ENSO here is represented by the Nifo3.4 index, i.e,, the spatial average of sea surface temperature (SST)
anomalies in the equatorial Pacific (5°S-5°N, 170-120°W). Anomalies in all variables are obtained by
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detrending the data via a spline approach (cutoff period: 40 years) [Enting, 1987]. The predecessor of CESM1,
CCSM4, is known to be too sensitive to volcanic forcing [Ault et al., 2013; Meehl et al., 2011]. To minimize
interference by this strong sensitivity, we focus on time periods without major volcanic eruptions.

We compare four different time periods: (1) 1030-1129 C.E., a period with negligible interference of strong
natural or anthropogenic forcing; (2) 1645-1715 C.E., the so-called Maunder Minimum, a time period
characterized by comparably low solar activity [Eddy, 1976]; (3) 1850-2005 C.E., the industrial period with
strongly increasing anthropogenic forcing; and (4) 2005-2100 C.E., a period dominated by anthropogenic
warming following RCP8.5. Compared to a preindustrial (850-1850) global mean surface temperature of
14.67°C, the four periods show a AT of +0.14°C (1030-1129), —0.16°C (1645-1715), +0.4°C (1850-2005),
and +3.12°C (2005-2100).

The response of marine physical and biogeochemical variables to ENSO is quantified by a composite analysis
based on monthly data. (Note that an analysis based on seasonal or annual averages provides comparable
results.) The composites for El Nifio and for each climatic period are computed by averaging the anomalies
over time for periods where the Nifo3.4 index exceeds one standard deviation (o). The threshold o is
taken from the Maunder Minimum and applied to all periods analyzed (composites are qualitatively similar
when ¢ is estimated for each period individually). We also calculate composites for La Nifia conditions
(see the supporting information for examples) but do not discuss these any further as response patterns
to La Nifia mirror those to El Nifio in an approximately linear manner. To account for the autocorrelation

of monthly data, the numbers of events (= the degrees of freedom for the statistical tests) was reduced.
This results in the following numbers of events: 1030-1129 C.E., 9 El Nifio/13 La Nifia; Maunder Minimum,
8/12; 1850-2005 C.E., 29/29; 2005-2100 C.E., 20/22. Tests based on arbitrary 50 year periods are consistent
with the results presented here. This indicates that the time periods used (70-155 years) are of sufficient
length and that the results are not sensitive to the different lengths or numbers of events of the

four periods.

3. Results

The model captures the observed frequency of ENSO with periodicities of 2-7 years (Figures 1a and 1b).
The amplitude, however, is too strong, as was already shown for CCSM4 [Deser et al., 2012]. In conjunction
with major volcanic eruptions (years 1258, 1452, and 1815) we find strong La Nifia events and a shift of
ENSO toward lower frequencies, both also visible in the sea level pressure-based Southern Oscillation Index
(not shown). These features, absent in observations and reconstructions, illustrate that CESM1 is indeed too
sensitive to volcanic activity.

The amplitude of ENSO changes over time. The highest ¢ of annual SST anomalies in the Nifo3.4 region

is found for the coldest period, the Maunder Minimum (0.85°C), the lowest ¢ for the warmest period,
2005-2100 C.E. (0.57°C). The periods 1020-1129 C.E. (0.68°C) and 1850-2005 C.E. (0.79°C) are in between
(see power spectra in the supporting information). A test of the variance reveals that Maunder Minimum and
both 1030-1129 C.E. and 2005-2100 C.E. are significantly different from each other (F test, 5% level). While
it is unclear whether these simulated changes are realistic, they permit us to investigate the response in
different physical and biogeochemical variables to potential changes in ENSO in the self-consistent setting
of an Earth System Model.

Figure 2 presents El Niflo composites spanning the equatorial Pacific for anomalies of dissolved inorganic
carbon (DIC), O,, pH, and potential ocean temperature (TEMP). All variables exhibit a seesaw pattern
between east and west. We find a significant response mainly in the upper kilometer but exceptionally
also down to 2000 m and below. During El Nifio, the reduced upwelling in the eastern equatorial Pacific
brings less carbon- and nutrient-rich waters to the surface. The resulting negative anomalies in DIC and
nutrients are spreading westward along the equator. The reduction in DIC in surface waters leads to a
reduction in the partial pressure of CO, and, consequently, in the outgassing of CO, to the atmosphere.
This results in a positive anomaly in the net air-sea flux of CO, in this region (Figure 3). Similarly, the reduced
input of nutrients into the euphotic zone causes a reduction in biological productivity (Figure 3) along

the equator.

Statistically significant differences between the El Nifio composites emerge for the different climatic periods
in the equatorial Pacific (Figure 2, stippled areas). Locally significant and widespread changes are detected
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Figure 2. El Nifio anomalies of potential temperature (TEMP; °C), dissolved inorganic carbon (DIC; mmol/m3), total
pH , and dissolved oxygen (O,; mmol/m3). Column 1 shows the period 1645-1715 (Maunder Minimum); columns

2 and 3 show the deviation of the periods 1850-2005 and 2005-2100 compared to this reference period (e.g.,
2005-2100—Maunder Minimum). The sections span the entire equatorial Pacific and represent meridional averages
(10°S-10°N). Only statistically significant values compared to the background variability are shaded (t test, 5% level).
Stippling (1850-2005 and 2005-2100) indicates where the composites are significantly different compared to the
composite 1645-1715 (t test, 5% level). Anomalies of 1030-1129 (not shown; see supporting information) are also
weaker compared to the Maunder Minimum, however, not significantly.

in the upper kilometer between the 21st century and the Maunder Minimum period in all tracers, though
significant changes are less widespread for temperature than for DIC, O,, and pH. Locally significant changes
are also detected between the industrial and the Maunder Minimum period for DIC, O,, and pH, but not for
temperature. In other words, ENSO-driven changes in biogeochemical tracers are detected earlier and in
larger areas than those in temperature.
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Figure 3. El Nifio anomalies of air-sea CO, flux (mmol/m3 cm/s) and vertically (top 150 m) integrated net primary
production (NPP; mgC/mZ/d). Row 1 shows the period 1645-1715 (Maunder Minimum); rows 2 and 3 show the
deviation of the periods 1850-2005 and 2005-2100 compared to this reference period (e.g., 2005-2100—Maunder
Minimum). Only statistically significant values compared to the background variability are shaded (t test, 5% level).
Stippling (1850-2005 and 2005-2100) indicates where the composites are significantly different compared to the
composite 1645-1715 (t test, 5% level). The numbers represent globally integrated values (per year). Anomalies of
1030-1129 (not shown; integrated values are given in the text) are also weaker compared to the Maunder Minimum,
however, not significantly.

The simulated El Nifio-driven tracer anomalies are weaker during the warmer climate periods. In a warmer
climate, the equatorial Pacific is subject to increasing thermal stratification and a weakening of the Walker
circulation and the associated trade winds [Collins et al., 2010]. Both features are present in our simulation
and result in a shallower and less tilted thermocline (see supporting information for the associated decrease
in mixed layer depth). Consequently, the El Nifilo-driven anomalies in the west do not penetrate as deep into
the ocean during warm than during cold periods. The larger density gradient between surface and deeper
ocean tends to hinder the penetration of the ENSO anomalies to deeper layers. In the east this behavior is
less distinct. Here the Pacific-wide trend toward a shallow thermocline and the decrease in the west-east tilt
of the thermocline have opposite effects on the thermocline, and changes in stratification are smaller in the
East than West Pacific (Figure 4).

The weakening of the ENSO response is also visible at the surface. Figure 3 shows El Nifio patterns of
air-sea CO, flux and vertically integrated (top 150 m) net primary production (NPP). Both variables show
locally significant differences in parts of the equatorial Pacific in 2005-2100 C.E., but rarely in 1850-2005 C.E.,
compared to 1645-1715 C.E. (Maunder Minimum). This is also the case for SST and surface DIC (see
supporting information). Globally integrated NPP anomalies are much smaller in the 21st century than
during the other three periods, e.g., —0.1058 pg C/yr (1030-1129 C.E.) versus —0.0541 pg C/yr (2005-2100).
These values are affected by anticorrelated anomalies in the equatorial Pacific and Indian Oceans, which can
be attributed to the frequent co-occurrence of ENSO and Indian Ocean Dipole (IOD) events [e.g., Currie et al.,
2013]. CESM1 features a correlation between ENSO and 10D of approximately 0.6, which is in agreement
with the observational evidence for an occasional, however, not mandatory concurrency of the two modes
[Cai et al., 2014]. For the equatorial Pacific (20°S-20°N, 140°E-70°W), NPP anomalies are —0.1746 pg C/yr
(1030-1129), —0.1415 pg C/yr (1645-1715), —0.1413 pg C/yr (1850-2005), and —0.1157 pg C/yr (2005-2100).
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of the other three periods relative to 1645-1715. 850-2100 C.E. simulation with the Earth

System Model CESM1.

The investigated periods differ in global mean surface air temperature. Yet we stress that ENSO dynamics
result from the complex interplay of different background states (e.g., thermocline depth, mean zonal winds,
and the east-west gradient of SST) and feedback processes (e.g., thermocline and zonal advective feedbacks)
[see, e.g., Collins et al., 2010; Capotondi, 2013], which confound any simple relationship between ENSO and
global surface temperature. Further variability in ENSO dynamics on shorter timescales arises from westerly
wind bursts [Eisenman et al., 2005].

ENSO is a robust feature across all periods. The simulated amplitude of ENSO changes over time with the
lowest variance in the warmest period. While it is unclear whether these simulated changes are realistic,
they are in agreement with a recent modeling study (using CESM1), which identifies a connection between
a decrease of the east-west gradient of SST in the equatorial Pacific, as it is projected under climate change,
and a reduction of ENSO amplitude [Manucharyan and Fedorov, 2014]. The authors attributed the response
of ENSO to a weakening of the Walker circulation.

In response to ENSO, significant anomalies are present in both physical and biogeochemical tracers. These
anomalies constitute a seesaw pattern between east and west and range from the surface ocean down
to 2000 m and below. The tracer anomaly patterns in response to El Nifio and La Nifia are approximately
symmetric, although a recent study found nonsymmetric and nonlinear behavior in CCSM4 thermocline
depth anomalies leading to an unequal duration of El Nifio and La Nifa events [DiNezio and Deser, 2014].

Between the different periods, we detect statistically significant differences in the ENSO response of

tracers, marine productivity, and net air-sea carbon fluxes. The simulated ENSO-driven anomalies are
generally weaker and do, by tendency, not penetrate as deep into the equatorial Pacific during warm
compared to cold periods.

The weakening of the ENSO response is evident in globally integrated NPP and air-sea CO, flux, with values
that diminish by a factor of between 2 and 3. The decrease in air-sea CO, flux anomalies toward the end of
the simulation coincides with the anthropogenic increase of the mean air-sea CO, flux, which amplifies the
impact loss of ENSO-driven variability on interannual timescales. Further, the model indicates differences
in the carbon fluxes during “Eastern Pacific” (EP) and “Central Pacific” (CP) El Nifio events. During the EP
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type, there might be less outgassing of carbon in the equatorial Pacific than during CP El Nifios, which were
frequently observed in the last decade.

While ENSO itself is robust over time, significant changes in ocean physics, carbon cycle, and pH responses
are found for the different periods. If applicable to reality, this has important implications for the ecosystem
and might affect socioeconomic factors such as Pacific fishery [e.g., Fiedler, 2002; Chavez et al., 2011].

In the model, significant changes in response to ENSO are traceable in both surface and subsurface waters
and earlier detectable and more widespread for carbon cycle variables than for physical variables such as
ocean temperature. These results suggest that multitracers comprising both physical and biogeochemical
variables might allow an earlier detection of changes in marine ENSO responses than physics-only
approaches, which in turn might permit a more timely and cost-efficient implementation of adaptation and
mitigation measures.

The additionally required measurements of carbon cycle variables could be gathered by equipping the
observation systems in operation (e.g., Argo and Tropical Atmosphere-Ocean/Triangle Trans-Ocean Buoy
Network) with the respective instruments. Such data would be highly valuable since observations of the
ocean carbon cycle are scarce and limited in either time or space. Currently, Pacific-wide or global data
sets describing the space-time variability of biogeochemical, ocean acidification, and ecosystem-relevant
variables on adequate timescales are largely missing.
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