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Abstract

The impact of stochastic physics on El Nifio Southern Oscillation (ENSO) is investigated in the EC-Earth coupled climate
model. By comparing an ensemble of three members of control historical simulations with three ensemble members that
include stochastics physics in the atmosphere, we find that in EC-Earth the implementation of stochastic physics improves
the excessively weak representation of ENSO. Specifically, the amplitude of both El Nifio and, to a lesser extent, La Nifia
increases. Stochastic physics also ameliorates the temporal variability of ENSO at interannual time scales, demonstrated
by the emergence of peaks in the power spectrum with periods of 5-7 years and 3—4 years. Based on the analogy with the
behaviour of an idealized delayed oscillator model (DO) with stochastic noise, we find that when the atmosphere—ocean
coupling is small (large) the amplitude of ENSO increases (decreases) following an amplification of the noise amplitude.
The underestimated ENSO variability in the EC-Earth control runs and the associated amplification due to stochastic physics
could be therefore consistent with an excessively weak atmosphere—ocean coupling. The activation of stochastic physics in
the atmosphere increases westerly wind burst (WWB) occurrences (i.e. amplification of noise amplitude) that could trigger
more and stronger El Nifio events (i.e. increase of ENSO oscillation) in the coupled EC-Earth model. Further analysis of
the mean state bias of EC-Earth suggests that a cold sea surface temperature (SST) and dry precipitation bias in the central
tropical Pacific together with a warm SST and wet precipitation bias in the western tropical Pacific are responsible for the
coupled feedback bias (weak coupling) in the tropical Pacific that is related to the weak ENSO simulation. The same analysis
of the ENSO behaviour is carried out in a future scenario experiment (RCP8.5 forcing), highlighting that in a coupled model
with an extreme warm SST, characterized by a strong coupling, the effect of stochastic physics on the ENSO representation
is opposite. This corroborates the hypothesis that the mean state bias of the tropical Pacific region is the main reason for the
ENSO representation deficiency in EC-Earth.

1 Introduction

The El Nifio Southern Oscillation (ENSO) is the most prom-
inent phenomenon in the tropical Pacific Ocean at interan-
nual time scales (Rasmusson and Carpenter 1982). The
effects of ENSO are not only significant at a local scale, as
for example in South America (Sarachik and Cane 2010),
but they impact also the global scale through ENSO telecon-
nections (Philander 1990), including effects on the inten-
sity of precipitation in the Indian monsoon (Ropelewski and
Halpert 1996) and in North Atlantic hurricanes (Bove et al.
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1998). Due to the crucial role of ENSO in the global climate
system, a large body of literature has been published in the
last few decades to study different aspects of ENSO.

To this day the fundamental dynamics of ENSO still
draws the attention of scientists: a number of theories
have been proposed, the most influential of which are the
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delayed oscillator model (Suarez and Schopf 1988; Bat-
tisti and Hirst 1989) and the recharge-discharge oscillator
framework (Jin 1997a, b).

The delayed oscillator model has been introduced by
Suarez and Schopf (1988). They demonstrated that a spon-
taneous oscillation could be provided by an adjustment of
the ocean subsurface (i.e. the thermocline): Rossby waves
propagate from the area of wind stress anomalies to the
western boundary of the basin, before they damp the per-
turbation on their return to the eastern boundary as they
are reflected as Kelvin waves. The occurrence of the oscil-
lation depends on the coupling strength between ocean
and atmosphere: below a critical coupling strength, no
spontaneous oscillations are observed. With a hybrid cou-
pled model, in which an ocean Global Circulation Model
(GCM) is coupled with a simple atmosphere model, Nee-
lin (1990) found that a more realistic atmosphere—ocean
system also undergoes a Hopf bifurcation from a stable
ocean state to a sustained ENSO oscillation. The ampli-
tude, period and eastward extension of the oscillation
increase along with the increasing coupling strength, and
the ENSO oscillation ultimately becomes unstable to a
higher frequency coupled mode.

On the other hand, the recharge-discharge oscillator was
independently proposed by Cane and Zebiak (1985) and
Wyrtki (1985). In this theory the equatorial heat content is
discharged (recharged) during a warm (cold) ENSO phase
due to mass exchange between equatorial and off-equatorial
regions associated with central Pacific wind anomalies and
eastern Pacific Sea Surface Temperature (SST) anomalies
(see also Jin 1997a, b).

Another key aspect of ENSO theory concerns the role
of stochastic forcing, which has been widely discussed in
several studies. For instance, Zebiak (1989) argued that sto-
chastic forcing such as Westerly Wind Bursts (WWBs) have
only modest effects in the Cane—Zebiak model (Cane and
Zebiak 1985). Penland and Sardeshmukh (1995) by using an
empirical model suggested that ENSO variability is due to
several decaying modes maintained by atmospheric stochas-
tic forcing. Chang et al. (1996), Jin et al. (1996) and Blanke
et al. (1997) all found that a stable ENSO system could be
maintained by noise from different perspectives. Several
other studies also support the theory that WWBs that occur
in the western tropical Pacific may play an important role
in ENSO dynamics (Fedorov 2002; Lengaigne et al. 2004;
Gebbie et al. 2007), and can trigger El Nifio events on some
occasions. A recent study by Fedorov et al. (2015) suggests
that stochastic processes may be responsible for the diversity
of El Nifio. Evidences show that the amplitude of ENSO
decadal variability is a result of stochastic forcing (Flugel
et al. 2004; Yeh and Kirtman 2006), while Eisenman et al.
(2005) argue that WWBs should not be treated as pure sto-
chastic forcing and might be influenced by the ENSO. More
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in general, the importance of stochastic forcing is recognized
by the ENSO community.

Numerical representation of ENSO is also essential but
still problematic. Indeed, state-of-the-art coupled global cli-
mate models show systematic errors in simulating ENSO
(Guilyardi et al. 2009). The representation of ENSO is
sensitive to details of the convection parameterization. For
example, Neale et al. (2008) found that changing the deep
convection parameterization resulted in an improvement of
the ENSO representation in the Community Climate System
Model version 3 (CCSM3). Despite model improvements
in the last few decades, the representation of ENSO is still
biased in several coupled climate models, including errors in
the amplitude, in the spatial structure and the temporal vari-
ability as well as in representation of the asymmetry of El
Nifio and La Nifa (Flato et al. 2013; Yang and Giese 2013).

One recent important breakthrough for numerical weather
prediction models was the development of stochastic param-
eterization schemes at the European Centre for Medium-
Range Weather Forecasts (ECMWF) (Palmer et al. 2009;
Buizza et al. 1999). These schemes represent the variabil-
ity of unresolved atmospheric processes. It has been dem-
onstrated that stochastic physics improves the spread and
mean state of seasonal and medium range forecasts, and so
it has been included in forecast models worldwide (Palmer
et al. 2009; Yonehara and Ujiie 2011; Bouttier et al. 2012;
Weisheimer et al. 2014; Berner et al. 2012; Sanchez et al.
2016; Jankov 2017). Previous studies also show that includ-
ing stochastic parameterizations of unresolved processes in
atmospheric models can reduce model biases by improving
both mean climate and climate variability (Sardeshmukh
et al. 2001, 2003; Williams 2012; Berner et al. 2008, 2017;
Lin and Neelin 2000, 2003).

In coupled climate models, the impact of stochastic phys-
ics, especially with the schemes originally developed for ini-
tialised forecasts, has not yet been widely explored. In Chris-
tensen et al. (2017), the Community Climate System Model
version 4 (CCSM4) was used to investigate the impact of
stochastic parameterization schemes on the representation
of ENSO in coupled climate simulations. The results show
that the use of the multiplicative stochastically perturbed
parameterization tendencies (SPPT) scheme in the Commu-
nity Atmosphere Model (CAM, the atmospheric component
of CCSM) improves significantly the ENSO power spectrum
by reducing the excessive power at periods of 3—4 years and
increasing the power with periods less than 3 years. The
overestimated ENSO magnitude, especially the amplitude of
La Nina events, found in the control simulation of CCSM is
also reduced by implementing the SPPT scheme. It is thus
hypothesized that this change is due to the model’s improved
zonal wind variability, achieved by perturbing the convec-
tive heating tendencies, resulting in an improved ENSO
variability.
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This study is following the footsteps of Christensen et al.
(2017). We will analyze the impact of stochastic physics on
the ENSO representation in the EC-Earth coupled climate
model and discuss the mechanisms behind it. The following
sections describe the datasets used in the study (Sect. 2), and
the impact of stochastic physics on ENSO in the EC-Earth
model (Sect. 3). Finally, Sect. 4 provides a discussion and
the conclusions.

2 Data and methods

The data used for this study come from simulations pro-
duced within the Climate Stochastic Physics HIgh resolu-
tioN eXperiments (SPHINX) project. The details of the
experiments are given in Davini et al. (2017). In this study,
we use three coupled control experiments (CTRL) along
with three coupled experiments (STO_PHY) with stochastic
physics, covering the period from 1850 to 2100. The EC-
Earth coupled global climate model (version 3.1) is based on
the Integrated Forecast System (IFS, cycle 36r4) (ECMWFEF,
2009) atmospheric model and on the Nucleus for European
Modelling of the Ocean (NEMO 3.3.1; Madec, 2008) ocean
model coupled, with the LIM3 sea ice model (Vancoppe-
nolle et al. 2012). The coupler between atmospheric and
ocean components is OASIS3 (Valcke 2013). The resolution
of IFS is defined by a linear triangular truncation retaining
255 harmonics (T255) with 91 vertical levels (L91) which
are represented in a hybrid coordinate system with the top
level at 0.01 hPa. The output is interpolated onto a regular
Gaussian grid with 512 %256 grid points (a resolution of
about 80 km at the Equator). The configuration of NEMO is
based on ORCA1L46, with an average horizontal resolution
of 1°(zonal) X 1° (meridional) and 46 vertical depth levels.

The forcing for the experiments is from the fifth Coupled
Model Intercomparison Project (CMIP5, Taylor et al. 2012).
From 1850 to 2005 the forcing, including greenhouse gases,
ozone concentrations and volcanic aerosols, is based on the
CMIP5 historical forcing set up, and from 2006 to 2100 the
forcing is based on the CMIP5 RCP8.5 scenario set up. Two
sets of 320 years preindustrial spin up for both the CTRL
and the STO_PHY runs were conducted, in order to reach
an equilibrated ocean state. Year 300, 310 and 320 of the
spin up experiments are used as initial conditions for each
ensemble member starting from 1840 for both the control
and the perturbed runs. From 1840 to 1850 a constant forc-
ing for year 1850 is applied, in order to allow for a further
10-years spin up in order to let the atmosphere and land sur-
face to adjust to the new oceanic state (Davini et al. 2017).
In this study, we choose the period from 1870 to 2009 as
historical runs and the period from 2010 to 2100 as future
scenario runs.

In the STO_PHY runs both the stochastically perturbed
parameterization tendencies (SPPT) scheme with multipli-
cative noise and the Stochastic Kinetic Energy Backscat-
ter (SKEB) scheme (Palmer et al. 2009) are implemented.
The schemes aim to represent the model error (uncertainty)
associated with the parameterization schemes of sub-grid
physical processes. The SPPT scheme focuses on the uncer-
tainty arising from the existing sub-grid parameterization
schemes (including radiation, clouds, convection, turbulence
and boundary layer processes, and gravity wave drag) using
a multiplicative noise approach. More specifically, the SPPT
scheme is applied to parameterized tendencies of the four
prognostic variables temperature (T), horizontal and meridi-
onal wind (u, v) and specific humidity (q) are multiplied by
the same random number, r

Xp = (1 + riXe, o)
in which X are the parameterized tendencies of perturbed
fields and X- are the unperturbed (deterministic) parameter-
ized tendencies, both of which vary as a function of time,
spatial location and model level. p € [0, 1] is a factor, con-
stant in time and horizontal position, that smoothly reduces
the perturbation amplitude to zero close to the surface and in
the stratosphere. The perturbation r follows a Gaussian dis-
tribution, is constant with height but is correlated in space,
follows a first order auto-regressive process in time, and is
generated through a spectral pattern generator as described
in Berner et al. (2008).

The SKEB scheme is designed to represent upscale trans-
fer of energy that is observed in the real atmosphere, but
absent in forecast models (Berner et al. 2008). It estimates
the kinetic energy lost in the model due to dissipation at
the smallest scales, and scatters this energy upscale through
perturbing the streamfunction at the largest scales. The
streamfunction perturbations are modulated using the same
stochastic spectral pattern as for SPPT, except that the per-
turbation varies in height as well as space. For more details,
see Berner et al. (2008). While the stochastic physics runs
presented here include both the SPPT and SKEB scheme,
previous work indicates that the impact of the SKEB scheme
is modest compared to SPPT in the IFS (Weisheimer et al.
2014). We therefore focus on the SPPT scheme in our
discussion.

Since stochastic physics is only implemented in the
atmospheric component of the EC-Earth, we make use of
another set of the Climate SPHINX runs which includes a
series of atmosphere standalone experiments (carried out
with the atmospheric component of EC-Earth, see Davini
et al. 2017 for more details), aiming at investigating the
impact of stochastic physics when the atmospheric model
is forced by a fixed SSTs (i.e. when there is no mutual
interaction between ocean and atmosphere). The bound-
ary conditions of the atmosphere-only runs come from the
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Hadley Centre Sea Ice and Sea Surface Temperature data
set (HadISST 2.1.1, Titchner and Rayner 2014). We con-
sider ten ensemble members for control and ten members
with stochastic physics with the same horizontal and vertical
resolution as the coupled runs; each experiment covers the
period 1979 to 2008. The initial condition of atmosphere-
only experiment comes from ERA-Interim for 01/01/1979
from each a first ensemble member is run. Then, initial con-
ditions for the other ensemble members are extracted from
the midnight values (00:00) of the first 10 days of the first
integration (Davini et al. 2017).

Finally, the observations and reanalyses for comparison
in this study include the HadISST1 (Rayner et al. 2003) and
Global Precipitation Climatology Project (GPCP) (Alder
et al. 2003) datasets.

3 Results
3.1 Theresponse of ENSO to stochastic physics

In order to evaluate the impact of stochastic physics on
ENSO, first we calculate the composite of El Nifio and La
Nifia events for the period of 1870-2009. The definition of
ENSO is based on the Nifio 3.4 index, which is the SST
anomaly (December, January and February months) aver-
aged in the box 170°W-120°W, 5°S-5°N. An El Nifio event
is defined when the Nifio 3.4 index is larger than 0.5 °C and
a La Nifa event when the index is lower than — 0.5 °C. In
Fig. 1 we show results for HadISST1 and for the ensem-
ble mean of the three ensemble members for both control
(CTRL) and stochastic physics (STO_PHY) runs, in the
historical experiments (1870-2009), as well as their differ-
ences. Compared with HadISST1 (Fig. 1g, h), both the El
Nifio and La Nifia composites in the control run are weaker.
In particular, even if in the central eastern tropical Pacific
Ocean the maximum of the amplitude of El Nifio and La
Nifa is comparable with that in HadISST1, in the cen-
tral western tropical Pacific Ocean the amplitude is much
weaker.

In the STO_PHY runs the amplitude of the El Nifio com-
posites increases in the tropical Pacific (Fig. 1c, e, i), even
though it is still weaker than in HadISST1. Specifically,
the maximum of El Nifio expands from the central eastern
towards to the central western tropical Pacific Ocean. For the
La Nifia composite (Fig. 1d, f, j), the increase of amplitude
slightly weaker than for El Nifio. The main improvement is
the location of maximum amplitude which extends further
south and north, and further towards the central western
tropical Pacific.

More in general, with stochastic physics, the typical SST
‘horseshoe’ pattern observed during EI Nifio and La Nifia is
closer to that found in HadISST and the warm anomaly in
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the western tropical Pacific is reduced as well (Fig. 1g, i, j).
These variations are statistically different from zero above
the 95% level (grey areas in Fig. 11, j) over the western tropi-
cal Pacific Ocean, where the biases are large and, in general,
over most of the tropical Pacific with the exception of the
southern central region.

The asymmetric improvement of El Nifio and La Nifia
with stochastic physics in climate models (see also Chris-
tensen et al. 2017) implies an improvement in the represen-
tation of asymmetry of El Nifio and La Nifia, a feature that
is generally not well simulated by climate coupled models
(Yang and Giese 2013; Zhang and Sun 2014). The compos-
ite Hovmoller diagrams of El Nifio and La Nifa (Fig. 2)
calculated for the historical period (1870-2009) shows that
the amplitude of El Nifio increases with stochastic physics,
such that the amplitude of the modelled El Nifio becomes
closer to that observed. In contrast, the maximum ampli-
tude of La Nifia does not change significantly, but rather
shifts westward towards the central Pacific. This agrees with
Fig. 1 and confirms that the improvement of El Nifio and
La Niiia due to the stochastic physics is asymmetric. The
ENSO variability, calculated as the timeseries of the stand-
ard deviation of monthly means of the Nifio 3.4 index, is
shown in Fig. 3. Here EC-Earth with (STO_PHY, red line)
and without stochastic physics (CTRL, blue line) is com-
pared against HadISST1 data (black line). The variability
of ENSO in CTRL is weaker than HadISST1, with a mini-
mum during July. With stochastic physics the amplitude of
variability of ENSO increases for all the months, though the
minimum of variability is still during July instead of late
spring as in HadISST1.

The temporal variability of ENSO is further inspected
analyzing the ENSO power spectrum (Fig. 4). The ensemble
mean power spectrum from the three control experiments is
weaker and flatter (black solid line) than HadISST1 (grey
line), especially for the pronounced peak within 2-7 year
period. Previous studies show that in general the CMIP5
coupled models have a narrow and sharp power spectrum
bias (Flato et al. 2013; Christensen et al. 2017). On the con-
trary, in EC-Earth the power spectrum of ENSO is flat and
weak.

The power spectrum is considerably different for the
STO_PHY runs: here the spectral amplitude of ENSO
increases, with the two peaks at 3—4 and 5-7 years periods
(seen in HadISST1) emerging from the background.

Based on the discussion above, it appears clear that
stochastic physics has important beneficial impacts in the
simulation of ENSO in terms of amplitude and spectrum in
the EC-Earth climate model. Two questions follow imme-
diately: what is the mechanism leading to such an impact
of stochastic physics on ENSO in EC-Earth? And why is
this completely opposite to the one observed in CCSM (as
discussed in the Sect. 1 and shown in Christensen et al.
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(a) HadISST El Nino composites

€)STO PHY El Nino Composites

"

Fig. 1 Sea surface temperature (SST) composites (1870-2009) of El
Niifio events in a HadISST1, ¢ CTRL and e STO_PHY runs and com-
posites of La Nifia events in b HadISST1, d CTRL and f STO_PHY
runs. Difference between CTRL and HadISST for El Nifio (g) and La

2017), even considering that in both models the ENSO
representation is improved?

Indeed, in the CCSM model the power spectrum of
ENSO (see Fig. 3 in Christensen et al. 2017) is narrow and
sharp with a dominant period of 3—4 years. With stochastic
physics, the power spectrum is improved by reducing the
dominant power in 3—4 years oscillation and increasing
power in high frequency oscillation. Furthermore, in the
CCSM the application of stochastic physics reduces the
strong La Nifia bias present in the CTRL experiments,
but has little impact on El Nifio amplitude contrast in EC-
Earth the stochastic physics increases the amplitude of El
Nifio but has little impact on La Nifa.

Nifia (h) composites. Difference between STO_PHY and CTRL for
El Niflo (i) and La Nifia composites (j). Grey shaded areas in i and j
show where differences are significantly different from zero above the
95% level according to the Student ¢ test

The following sections will investigate the source of these
contrasting effects of stochastic physics when implemented
in different coupled climate models.

3.2 Delayed oscillator model and stochastic
perturbation

3.2.1 Delayed oscillator
According to the ENSO theory proposed in the literature,
as outlined in the introduction, there are two main fac-

tors that affect ENSO: the ocean—atmosphere coupling
strength, and the stochastic forcing present in the system.

@ Springer
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Fig. 1 (continued)

Christensen et al. (2017) argued that CCSM shows a nar-
row and sharp ENSO spectrum because of the relatively
strong ocean—atmosphere coupling in CCSM. This strong
ocean—atmosphere coupling results in a regular, self-sustain-
ing ENSO. The input of multiplicative noise introduced by
the stochastic parameterization reduces the coupling strength
in CCSM, leading to an improvement of ENSO. On the other
hand, in the EC-Earth control simulations the ENSO power
spectrum and amplitude are weaker than in the real world.
This might be due to excessively weak ocean—atmosphere
coupling which leads to a weaker ENSO oscillation. By
(linear) analogy with the impact of stochastic physics on
CCSM, a further weakening of ENSO should be expected
when stochastic perturbations are included in EC-Earth.
However, as reported in the previous section, the impact of
stochastic physics on ENSO in EC-Earth is the opposite to
CCSM: in EC-Earth the inclusion of multiplicative noise
does amplify the ENSO oscillation (while it damps and
disturbs the too regular self-sustaining ENSO in CCSM).
In both models though, the changes induced by stochastic
physics, even if opposite, translate in a net improvement of
ENSO representation.

We attempt to explain these counterintuitive results
making use of the analogy with the behaviour of a simple
Delayed Oscillator (DO) model. The delayed oscillator (DO)
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Surface Temperature (K)
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model is based on Stone et al. (1998), which is a simpli-
fied version of that presented by Munnich et al. (1991). The
details of the DO model were introduced in Christensen
et al. (2017). This is a one dimensional model describing
the evolution of eastern Pacific thermocline depth anomaly
with time (h(t)), which represents the oscillation of ENSO
amplitude calculated as the deviation from the seasonal ther-
mocline depth value at the eastern boundary. The DO model
is based on four parts, including (1) the effect of a Kelvin
wave travelling to the eastern boundary, (2) a Rossby wave
travelling to the western boundary and (3) reflected as Kel-
vin wave travelling to the eastern boundary as well as (4)
the effect of the annual cycle. A stochastic perturbation is
included using the following equation.

kK, = [1 + cDEW)]x. )

The x parameter represents the coupling strength between
ocean and atmosphere, that summarize all the ocean pro-
cesses that affect the wind stress (Cane et al. 1990). «;
determines the instantaneous strength of ocean—atmos-
phere coupling including the impact of multiplicative noise.
This stochastic perturbation, which is represented as cDE(t)
was designed to mimic the impact of the SPPT scheme on
a climate model (Christensen et al. 2017). & is Gaussian
distributed white noise, with mean (£)=0 and Var (&)=1
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Fig.2 Hovmoller diagrams of El Nifio composites (upper panel) and La Nifia composites (lower panel) for HadISST, ensemble mean CTRL and
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Fig. 3 The monthly variability of ENSO based on Nifio 3.4 index in
HadISST (black), ensemble mean CTRL (blue) and ensemble mean
STO_PHY (red)

and uncorrelated in time, £ represents the amplitude of the
multiplicative noise injected into the system relative to the
seasonal cycle, and c is the amplitude of the seasonal cycle.
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Fig.4 The power spectrum of the Nifio 3.4 timeseries in ensemble
mean CTRL (solid black), ensemble mean STO_PHY (dashed black)
and HadISST1 (grey). The best fit AR(1) spectrum (red) and its 95%
(blue) and 99% (green) confidence bounds for HadISST. Dashed and
dotted blue lines are the 95% confidence bounds for STO_PHY and
CTRL
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The purpose of using the DO model is to investigate the
mechanisms of the impact of stochastic physics on ENSO
with a simple model. Figure 5 shows the impact of the
ocean—atmosphere coupling strength (x-axis as k,) and the
amplitude of the multiplicative noise term on the ENSO
oscillation amplitude, as represented by the thermocline
depth anomaly change (y-axis as h(t)). The coloured lines
in Fig. 5 indicate increasing values of the parameter D. The
DO model undergoes a Hopf bifurcation as D increases with
D=0 (black line with circles) representing the unperturbed
model. For weak ocean—atmosphere coupling (low k), the
DO model only has an annual cycle without the signal of
ENSO oscillation. With increasing kabove the critical value
of 1.335, the ENSO oscillation emerges in the DO model.

The impact of additional multiplicative noise forcing is
considered. Including even a small-amplitude multiplica-
tive noise forcing can induce spontaneous ENSO-like oscil-
lations below the bifurcation point, i.e. for k, < 1.335. An
interesting feature emerging from Fig. 5 is that the change
of the ENSO amplitude along with increasing stochastic
forcing amplitude is not a linear function of k,. Close to
the bifurcation point, the oscillation is chaotic. Away from
the bifurcation point, with weak coupling strength (small
K, values) the ENSO amplitude increases with increasing
multiplicative noise forcing, while for strong coupling (large
K, values above 1.34) the ENSO amplitude decreases with
increasing amplitude of multiplicative noise forcing.

As discussed above, by applying stochastic physics, the
ENSO oscillation amplitude increases in EC-Earth and
decreases in CCSM. Thus, by analogy with the behaviour
of the DO model, it might be possible that EC-Earth falls
into the weak-coupling category (possibly close to the
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Fig.5 The change of thermocline depth, h(t), in the DO model,
shown as a function of kg for different amplitudes of noise. Param-
eter kg sets the strength of the ocean—atmosphere coupling, D sets the
amplitude of the multiplicative noise with respect to the annual cycle
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bifurcation point). In contrast, CCSM might belong to the
strong-coupling category of coupled climate models.

Previous studies also proposed that errors in the coupled
feedback processes could be the reason for the ENSO diver-
sity in different climate coupled models (Philip et al. 2010;
Lloyd et al. 2011). In the case of weak coupling, as supposed
for EC-Earth, stochastic physics may excite the growth of
non-normal modes in the system (Penland and Sardeshmukh
1995), thus resulting in an improvement of ENSO.

3.2.2 The impact of stochastic physics on WWBs

We now consider the physical mechanisms by which sto-
chastic physics improves the representation of ENSO in
EC-Earth. The most effective of the two stochastic physics
schemes implemented, i.e. the SPPT scheme, perturbs the
parametrized tendencies of temperature, specific humidity,
and zonal and meridional wind. Therefore, the variability of
wind could be affected by the perturbation of the tendency,
which may affect the frequency and strength of westerly
wind bursts (WWB). This is known to be an important fac-
tor affecting ENSO frequency and amplitude (Fedorov 2002;
Lengaigne et al. 2004; Gebbie et al. 2007). In coupled mod-
els, due to the atmosphere and ocean coupled feedback, it is
not possible to isolate the impact of stochastic physics on the
wind. For example, even though several studies showed that
wind variability in the West Pacific is larger before El Nifio
onset, (e.g. Wieners et al. 2016), there are discussions (e.g.
Eisenmann 2005) about whether the wind variability causes
El Nifio or vice versa. Therefore, following Christensen et al.
(2017), we use atmosphere-only simulations to explore the
direct impact of stochastic physics on WWB statistics. 5-day
running mean and low frequency variability filter (a But-
terworth filter over 1 year) is applied on daily data from
CTRL and STO_PHY simulations to highlight persistent
wind anomalies. Wind speed larger than 7 m s~ is required
to define a WWB following Vecchi and Harrison (2000).

Figure 6a displays the probability density function of
U850s in CTRL run (blue line), STO_PHY (red line) and
ERA-Interim Reanalysis (black). It is evident that with
stochastic physics the frequency and strength of WWBs
increases, even though both CTRL and STO_PHY have
more WWBs than ERA-Interim. In order to see the evolution
of WWBs in time, the monthly averaged fractional area cov-
erage of WWBs as a function of time is plotted in Fig. 6b.
The fractional area coverage of WWBs is calculated only in
the tropical region (5°N-5°S, 130°E-260°E). The WWBs in
the STO_PHY simulation (red line) tend to be more preva-
lent than in the CTRL simulation. The variability of wind at
850 hPa (not shown) also increases with stochastic physics,
especially in the western tropical Pacific, which is consistent
with the increase of WWBs.
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Fig.6 a The distribution of U850 (westerly wind) anomalies (m s7h
from the ERA-Interim dataset (black), ensemble mean CTRL (blue),
and ensemble mean STO_PHY (red). The data are first smoothed
using a 5-day running mean and low frequency variability (over
1 year) is filtered out, and the PDFs are constructed using all spatial
points between 5N and 5S and between 130E and 260E. b WWBs for
the atmosphere-only integrations as a function of time for the ERA-
Interim dataset (black), CTRL (blue), and STO_PHY (red) model
runs. The time series show the monthly average (130E-260E, 5S-5N)
fraction of grid points that have a WWB (wind speed>7 m s~")

We note that the impact of stochastic physics on WWBs
in the CCSM model is quite different to that in EC-Earth.
In CCSM, stochastic physics improves the distribution
of WWBs by reducing the (too high) frequency of wind
anomalies above 7 m s~! along with the stochastic com-
ponent of their variability and decreasing the (too strong)
correlation between SST and WWBs (see Figs. 11 and 12
in Christensen et al. 2017). The improved ENSO variability

in CCSM was attributed to these observed impacts on
WWRB, and it was suggested that a systematic reduction on
the atmosphere—ocean coupling strength observed in the La
Nifia phase was the primary cause of the reduced ENSO
amplitude in CCSM (Christensen et al. 2017). In EC-Earth
the coupling between ocean and atmosphere, here repre-
sented by the coupling between SST and wind, could also
be responsible for the increase of ENSO variability.

3.2.3 Assessing atmosphere—ocean coupling strength
using a statistical model

The relationship between SST and wind in different simula-
tions is further investigated by considering a simple statisti-
cal model for the dependency of zonal wind on SST anom-
aly. Following Levine et al. (2016), the wind speed in each
simulation and in observations is represented as the sum of
a deterministic (Up) and stochastic (Ug) component so that:

U=Up, + Us, 3
Up = 1 T+ p,HDT + ppcTeos(@act = tac)s 4)
Ug = pg[1 + BH(DT]. 5)

The deterministic wind response has both a linear and
threshold-nonlinear dependency on SST through the
and p, parameters respectively, where H(T) is the Heavi-
side function, and a further deterministic dependency on
the annual cycle (u,.), where t,¢ is the number of months
that the annual cycle is offset from the ENSO peak in ERA-
interim. The stochastic component, Uy, is state dependent,
with the parameter B determining the increased likelihood of
stochastic WWBs with enhanced SSTs. The five parameters
His Has Mg» Hac and B are fitted to timeseries of monthly SST
and U850 anomalies averaged over 3°S-3°N, 160°E-200°E,
and their values shown in Fig. 7 for ERA-Interim (black),
CTRL (blue) and STO_PHY (red).

In the CTRL simulation, the parameters describing the
strength of the deterministic feedback (p, and p,) are lower
than those fitted to ERA-interim (Fig. 7). The atmospheric
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Fig.7 The relationship between WWBs and SST in terms of parameters following Levine et al. (2016), for ERA-Interim(ERAI, black), CTRL
(blue) and STO_PHY (red). The circles represent each ensemble member and the triangle represents the ensemble mean
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wind response to a SST anomaly is weaker in EC-Earth than
in observations, indicating a weaker atmosphere—ocean cou-
pling. Note that this is in contrast to CCSM, which shows
stronger deterministic feedback parameters than observa-
tions, indicating a stronger atmosphere—ocean coupling than
in the observed ENSO, as previously discussed (Christensen
et al. 2017; their Table 4).

Compared to the EC-Earth CTRL simulation, the param-
eters describing the strength of the deterministic feedback
(p,and p,) increase in STO_PHY, indicating an enhancement
in coupling strength between atmosphere and ocean. In par-
ticular, the p, parameter shows a marked improvement in
STO_PHY compared to CTRL. This parameter describes the
degree of deterministic, nonlinear amplification of the wind
response above a particular SST threshold, and indicates
an improved low-frequency wind response to the oceanic
forcing. This strengthening of the coupling between SST
and winds contributes to the increase in ENSO amplitude.

Interestingly, the parameters describing the stochastic
component of the wind, pgand B, show no significant differ-
ence between the CTRL and STO_PHY simulation. On the
timescale of the monthly mean fields used for this analysis, it
appears that the stochastic parameterisations primarily affect
the systematic response of the zonal wind to the ocean state,
as opposed to fluctuations in the monthly mean wind. We
note that the STO_PHY run shows a poorer representation
of ENSO-annual cycle combination tones [i.e. the enhanced
spectral energy generated by the nonlinear modulation of
ENSO by the seasonal cycle or vice versa (Timmermann
et al. 2018)], with a weaker dependency of ENSO amplitude
on these tones in the STO_PHY simulation than in either
CTRL or ERA-Interim. While this reduction in the phase-
locking of ENSO will likely contribute to enhanced vari-
ability, compensating for the too low pg and B parameters,
this weakened dependency is undesirable. However, under-
standing the interaction of stochastic physics with the annual
cycle, and thereby the reason for this impact, is beyond the
scope of this study.

These results indicate an improved low-frequency wind
response to the oceanic forcing, on top of which the high-fre-
quency stochastic WWB forcing will act. The combination
of strengthening of the coupling between SST and winds and
the increase of WWBs (shown in Fig. 6) likely contributes to
the increases of ENSO variability and amplitude.

3.3 The mean state of the tropical Pacific Ocean

The other question raised in this study is why the atmos-
phere and ocean in EC-Earth are weakly coupled, with an
associated weak ENSO, but CCSM shows a strong atmos-
phere—ocean coupling and a correspondingly strong ENSO.
Several studies have demonstrated that the mean state
biases have a considerable impact on the atmosphere—ocean
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coupling strength (An et al. 2010; Watanabe and Wittenberg
2012; Watanabe et al. 2012) as well as on the ENSO vari-
ability (Ham and Kug 2014; Sriver et al. 2014). Therefore, in
EC-Earth, the mean state bias in the tropical Pacific could be
a possible reason for the weak atmosphere—ocean coupling
and the weak ENSO variability.

Figure 8 displays the SST (Fig. 8a) and precipitation
(Fig. 8c) biases for EC-Earth. The SST bias is calculated as
the difference between one ensemble member (with the other
two ensemble members having similar biases) of the CTRL
historical experiment and HadISST1, while the precipitation
bias is the difference between one ensemble member of the
CTRL historical experiment and GPCP. A band character-
ized by a cold SST bias in the Equatorial Pacific as well as
a warm bias in the western warm pool region and along the
west coast of Central and South America are evident. Pacific
SST displays a warm SST anomaly to the north and to the
south of the equatorial belt.

Concerning precipitation, there is a negative bias in the
equatorial tropical Pacific opposite to a positive bias in the
western tropical Pacific warm pool region and in the areas
to the north and to the south of the tropical Pacific. The
pattern of precipitation bias matches with the SST bias due
to the atmosphere and ocean feedback. Indeed, cold SST
biases are associated with negative precipitation anomalies
and vice versa.

With stochastic physics, the mean state of EC-Earth is
improved, principally in the warm pool and along the coastal
regions of the South America in the eastern tropical Pacific
where the SST warm biases are reduced. In the eastern tropi-
cal Pacific Ocean, the cool biases have slightly increased, but
not as much as to offset the reduction of the warming biases
in the western Pacific. Therefore, the inclusion of stochastic
physics results in an eastern-western SST gradient decrease
in the tropical Pacific. The improvement of the mean state
of precipitation is even more prominent compared with
the SST. The wet bias in the western tropical Pacific warm
pool area and the northern and southern tropical Pacific are
much reduced and the dry bias in the central western tropical
Pacific is also improved. Overall the bias of the mean state
of the tropical Pacific is reduced almost everywhere (with
the exception of the East Pacific), when stochastic physics
is included.

The bias shown in EC-Earth model is consistent with
the discussion of the bias of coupled models in previous
studies (Luo et al. 2005; An et al. 2010; Xiang et al. 2012).
Namely, this bias in the tropical Pacific influences the sim-
ulation of ENSO by affecting the atmosphere and ocean
coupling strength. The warmer western tropical Pacific
warm pool may also be responsible to the symmetric El
Nifio and La Nifia in EC-Earth (Sun et al. 2013). On the
other hand, for the case of CCSM discussed in Christensen
et al. (2017), the CTRL simulation is too cool and too
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dry in the eastern tropical Pacific, and this is ameliorated
by the inclusion of stochastic physics (H. Christensen,
pers. comm.). These biases are opposite in sign to those
in EC-Earth, impacting the atmosphere—ocean coupling
strength in CCSM in a consistent manner. The diversity
of ENSO simulation in different coupled climate models
due to the biases of the coupled feedbacks simulation in
the coupled climate models has also been pointed out by
previous studies (Collins et al. 2010; Philip et al. 2010;
Lloyd et al. 2011).
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GPCP, f the precipitation difference between STO_PHY and CTRL
and shaded areas are over 95% significant level with student t-test.
Unit is mm/day

In order to strengthen the argument that the mean state
is one of the possible reasons for the deficiency of ENSO
simulation in climate coupled models, we performed the
same analysis considering the impacts of stochastic phys-
ics on ENSO with the Climate SPHINX future scenario
coupled runs. The future scenario runs (CTRL_RCPS.5)
are forced following the RCP8.5 scenario thus simulat-
ing a global warming world. Therefore, these EC-Earth
simulations can be treated as if they were performed
using a coupled model with much warmer SST anomalies
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compared to historical experiments as in the CCSM. In
CTRL_RCP8.5 the amplitude of both El Nifio (Fig. 9¢c)
and La Nifa (Fig. 9d) is stronger than the CTRL historical
experiments. Even if there is still a large uncertainty on
the impacts of global warming on ENSO (e.g. Stevenson
2012), in the EC-Earth under a global warming scenario
more extreme ENSO events are expected (Fig. 9). With
stochastic physics, the amplitude of El Nifio decreases
significantly but the amplitude of La Nifia is less affected,
as seen in historical experiments. The change of the tem-
poral variability of ENSO is shown in Fig. 10 for CTRL_
RCP8.5, STO_PHY_RCPS8.5 and HadISST1. Overall the
impact of stochastic physics on ENSO behaviour in the
EC-Earth RCP8.5 scenario is very different compared
to that seen in historical experiments. In the EC-Earth
RCP8.5 scenario, very warm SST anomalies are associ-
ated with large El Nifio events. This results in a very
strong and sharp spectrum, which, far from becoming
sharper with the inclusion of stochastic physics (as in
the historical integrations), shows a slightly less promi-
nent power spectrum at 3—4.5 years period. Furthermore,
the standard deviation of Nifio 3.4 in winter is slightly
reduced in STO_PHY (not shown). In these “climate
change” simulations, the impact of stochastic physics on
ENSO is more in agreement with that found in the CCSM
model, where warm SST biases (warm SST anomalies in
case of RCP8.5 scenario) were associated with strong El
Nifio events and a sharp narrow ENSO power spectrum.
In CCSM stochastic physics led to a reduced amplitude of
El Nifio events and to a wider and flatter power spectrum
(Christensen et al. 2017). However, in EC-Earth RCP8.5,
the impact of stochastic physics on the power spectrum
and standard deviation of Nifio 3.4 is subtler than in
CCSM such that longer simulations or more ensemble
members would be needed to test the significance of such
changes. Nevertheless, the effect of stochastic physics on
ENSO in the warm EC-Earth RCP8.5 simulations is more
consistent, though weaker, with that observed in CCSM
than with that shown by EC-Earth historical simulations.

In general, our findings for CCSM and EC-Earth
agree with the results of the delayed oscillator, namely
that by applying stochastic noise in the weakly coupled
model (e.g. EC-Earth) ENSO is strengthened and in the
strongly coupled model (e.g. CCSM) ENSO is weakened.
The ENSO amplitude change in both cases may be due to
the stochastic forcing itself, however the above-described
change in the mean state could also play a relevant role.
This latter possibility suggests that differences in the
mean states of climate models might partially affect the
way a system responds to stochastic noise (and more gen-
erally to a given external forcing).
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4 Discussions and conclusions

This study explores the impact of stochastic physics on
ENSO in the EC-Earth coupled global climate model. Three
ensemble members of a control (CTRL) historical experi-
ment and three members with stochastic physics (STO_
PHY) in the atmosphere are analysed. The results show that
with the inclusion of stochastic physics, both the amplitude
and the temporal variability of ENSO are improved. The
amplitude of both El Nifio and La Nifia increases (Figs. 1,
2), with more evident improvements for El Nifio events
when compared to HadISST1. The asymmetric response of
El Nifio and La Nina is possibly related to the reduction of
warm biases in the western tropical Pacific.

Most importantly, the power spectrum of ENSO (Fig. 4),
that in CTRL is weak and flat, shows an increase of the
amplitude for interannual timescales when stochastic physics
is included. The improvement of the ENSO power spectrum
with the inclusion of stochastic physics in the atmospheric
component is consistent with a previous study by Chris-
tensen et al. (2017) with the CCSM model. However, in that
case the inclusion of stochastic physics in the atmospheric
components of CCSM led to a reduction of the excessive
power at 3—4 years. Overall, with stochastic physics, the
simulation of ENSO in terms of the amplitude and fre-
quency is improved in EC-EARTH. To explain these coun-
terintuitive results a simple Delayed Oscillator (DO) model
is used. When multiplicative noise (designed to mimic the
SPPT scheme) is applied to the DO, the effect on the DO
ENSO-like oscillations depends dramatically on the (por-
tion of) parameter space which the model is visiting. In the
DO model the parameter, k, represents the degree of cou-
pling between atmosphere and ocean. We find that stochastic
perturbations increase the DO ENSO amplitude when the
atmosphere—ocean coupling is weak, while they decrease
the ENSO amplitude when the atmosphere—ocean coupling
is strong. The potential for opposite impacts of stochastic
physics on ENSO in climate models is consistent with the
DO model, depending on whether the climate model exhib-
its strong or weak atmosphere—ocean coupling. The weak
ENSO power spectrum in EC-Earth suggests that this model
fits in the weak coupling “category”. To test this hypothesis,
we consider a statistical model of the zonal wind response to
a SST anomaly, fitted to both observations and model data.
The feedback parameters fitted to EC-Earth data indicate a
substantially weaker response of atmospheric winds to SST
anomalies, supporting the hypothesis that EC-Earth has too-
weak ocean—atmosphere coupling. Consistent with the DO
model, stochastic physics leads to an enhancement of ENSO
in EC-Earth.

The analysis of westerly wind bursts (WWBs) in atmos-
phere-only runs shows that there are more frequent and
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differences are significantly different from zero above the 95% level
according to the Student t-test
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Fig. 10 As Fig. 4 but for CTRL_RCP8.5 (black solid), STO_PHY_
RCP8.5 (black dashed) and HadISST1 (grey solid). The best fit
AR(1) spectrum (red) and its 95% (blue) and 99% (green) confidence
bounds for HadISST. Dashed and dotted blue lines are 95% confi-
dence bounds for STO_PHY and CTRL

stronger WWBs in the STO_PHY simulations that have
the potential to trigger more frequent and stronger El Nifio
events. The coupling between SST and winds strength-
ens with stochastic physics which, when combined with
changes of WWBs, it is likely responsible for the improve-
ment of ENSO representation in EC-Earth climate coupled
model. Previous studies showed that with stochastic phys-
ics the representation of Madden-Julian Oscillation (MJO)
is improved in terms of amplitude and frequency, and the
improvement of MJO may also favour the improvement of
ENSO due to the interaction of ENSO and MJO (Kessler
and Kleeman 2000; Vitart and Molteni 2010; Vitart et al.
2003). In this study we propose that the increase of WWB
with implementation of stochastic physics triggers more
ENSO events. However, we need to bear in mind that the
interaction between MJO and ENSO could also contribute
to the improvement of ENSO with stochastic physics.
The implementation of stochastic physics not only
improves the representation of ENSO in EC-Earth but also
the model mean state. This has been highlighted by Berner
et al. (2017) as a potential benefit of stochastic parameteri-
zation schemes. EC-Earth has a warm SST bias in the west-
ern and northern tropical Pacific, as well as off the west
coast of South America, but cold biases in the central tropi-
cal Pacific Ocean across a wide range of longitudes. With
stochastic physics, the warm biases in the western tropical
Pacific Ocean are reduced. Similar improvement is found
also for precipitation. Previous studies already showed the
interaction between the mean state and ENSO (Kim et al.
2014; Watanabe and Wittenberg 2012) suggesting that the
SST biases in the tropical Pacific could be a possible rea-
son for the weak ENSO in EC-Earth. One possibility is that
the improvement of the mean ocean and atmospheric state
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induced by the stochastic physics schemes is reducing the
biases in coupled feedbacks in the tropical Pacific, conse-
quently leading to an improvement in the ENSO represen-
tation. However, we should be aware that there might be
other reasons for such improvement not connected with the
mean state. In particular, the response of the zonal winds
to SST perturbations has improved, as well as the distribu-
tion of westerly wind events. However, we also note that
due the nonlinearity of the coupled feedback in the tropical
Pacific, the improvement of ENSO could also lead to further
improvements of the mean state.

The same set of analysis on the impact of the stochas-
tic physics on ENSO is also applied to the future scenario
experiments (RCP8.5 forcing), again looking at runs with
and without stochastic physics. Compared to the historical
experiments, the control RCP8.5 has larger warm SST anom-
alies as in the CCSM historical run that has large warm SST
biases. The results show that in the EC-Earth RCP8.5 con-
trol experiments, the ENSO amplitude is much stronger and
the power spectrum is sharp and narrow, i.e. is opposite to
the ENSO behaviour in historical control experiments. With
stochastic physics, the amplitude of ENSO is reduced. The
prominent power spectrum around the period of 3—4.5 years
is slightly reduced too. However, longer simulations or more
ensemble members are needed to test its significance. The
impact of the stochastic physics on the simulation of ENSO
in EC-Earth future scenario experiments supports the argu-
ment that the mean state bias, associated with the coupled
feedbacks bias in the tropics, could be responsible for the
deficiency of the ENSO simulation in the climate coupled
models.

Previous studies show that the biased representation of
ENSO in climate coupled models is related to deficiencies
in the simulation of the mean climate in the tropical Pacific
(Lloyd et al. 2011; Watanabe and Wittenberg 2012). In this
study both the representation of the mean state and that of
ENSO are improved with the implementation of stochastic
physics. However, the non-linear coupled system and the
limited number and type of available experiments makes it
difficult to determine which is the cause or the driver of the
other (i.e. the improvement of ENSO causes the improve-
ment of the mean state or vice versa) or both of them amelio-
rate in response to the implementation of stochastic physics.

The improvement of ENSO in both EC-Earth and
CCSM (Christensen et al. 2017) gives us confidence that
the improvement of ENSO with stochastic physics can be
expected across models. It appears that the implementation
of stochastic physics into the climate coupled model has the
potential to improve simulations of the ENSO variability
and amplitude whether the control model has an excessively
strong or weak ENSO. The details of the mechanisms that
explain how the stochastic physics affect ENSO are clearly
dependent on the biases of the coupled climate models,
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especially on the coupled feedback in the tropical Pacific.
Nevertheless, it appears that the representation of unre-
solved sub-grid scale variability through stochastic physics
schemes can interact with the resolved scales improving low
frequency aspects of the simulated climate.
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