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Abstract

A simple dynamical stochastic model for the tropical ocean-atmosphere is proposed that
captures qualitatively major intraseasonal to interannual processes altogether including the El
Nino Southern Oscillation (ENSO), the Madden-Julian Oscillation (MJO), the associated wind
bursts and the background dynamic Walker circulation. Such a model serves as a prototype
“skeleton” for General Circulation Models (GCMs) that solve similar dynamical interactions
across several spatio-temporal scales but usually show common and systematic biases in rep-
resenting tropical variability as a whole. The most salient features of the ENSO, the wind
bursts and the MJO are captured altogether including their overall structure, evolution and
energy distribution across scales, in addition to their intermittency and diversity as well as

their fundamental interactions. Importantly, the intraseasonal wind bursts and the MJO are
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here solved dynamically which provides their upscale contribution to the interannual flow as
well as their modulation in return in a more explicit way. This includes a realistic onset of
El Nifio events with increased wind bursts and MJO activity starting in the Indian ocean to
western Pacific and expanding eastward towards the central Pacific, as well as significant in-
terannual modulation of the characteristics of intraseasonal variability. A hierarchy of cruder
model versions is also analyzed in order to highlight fundamental concepts related to the
treatment of multiple time scales, main convective nonlinearities and the associated stochas-
tic parameterizations. The model developed here also should be useful to diagnose, analyze

and help eliminate the strong tropical biases which exist in current operational models.

1 Introduction

The El Nino-Southern Oscillation (ENSO) is the dominant global climate signal on interannual
time scales, with dramatic worldwide ecological and social impacts. It consists of alternating
periods of anomalously warm El Nino conditions and cold La Nina conditions every 2 to 7 years,
with considerable irregularity in amplitude, duration, temporal evolution and spatial structure of
these events. Its dynamics in the equatorial Pacific result largely from coupled interactions between
the ocean and atmosphere at interannual timescale and planetary scale (Neelin et al., 1998; Clarke,
2008). One salient yet not fully understood feature of the ENSO is its interaction with atmospheric
processes on a vast range of spatio-temporal scales. For instance, a broad range of intraseasonal
atmospheric disturbances in the tropics may be considered as possible triggers to El Nino or La
Nina events (Kleeman, 2008). Those atmospheric disturbances are usually generally denoted as
westerly wind bursts (WWB) or easterly wind bursts (EWBs) though they may have different
origins such as tropical cyclones, mid-latitude cold surges as well as the convective envelope of the
Madden-Julian Oscillation (MJO), among others (Harrison and Vecchi, 1997; Vecchi and Harrison,
2000; Kiladis et al., 2009). In particular, westerly wind bursts reach strong intensity levels over
the western Pacific warm pool during the onset of El Nino events (Tziperman and Yu., 2007). The

MJO is the dominant component of intraseasonal variability in the tropics and plays an important
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role for the generation of wind bursts (Madden and Julian, 1971; Madden and Julian, 1994). In
the troposphere, it begins as a standing wave in the Indian Ocean and propagates eastward as
an equatorial planetary-scale wave across the western Pacific ocean at a speed of around 5ms~!
(Zhang, 2005). The MJO features both westerly and easterly wind bursts at the same time within
its convective envelope (Puy et al., 2016), and is also more prominent during the onset of El
Nino events (Kleeman and Moore, 1997; Moore and Kleeman, 1999; Zhang and Gottschalck,
2002; McPhaden et al., 2006; Hendon et al., 2007). In addition to the above features, the ENSO
dynamics are also closely linked to the destabilization of the background equilibrium circulation
in the equatorial Pacific, the so-called Walker circulation that consists of an overturning zonal-
vertical atmospheric circulation along with a zonal sea-saw gradient of sea surface temperatures
and thermocline depth in the ocean (Clarke, 2008).

The interaction between the ENSO, the wind bursts and the Walker circulation is the focus of
various observational initiatives and modeling studies. The challenges to deal with are two-fold.
First, General Circulation Models (GCMs) have common and systematic biases in representing
the ENSO, the intraseasonal atmospheric variability and the background circulation in the tropics
altogether (Lin et al., 2006; Kim et al., 2009; Wittenberg et al., 2004; 2006; 2014; Guilyardi et al.,
2016). In these models computing resources are significantly limited. For example, the spatial
resolution is only up to ~ 10 — 100 km, and therefore several important small scales are unresolved
or parameterized according to various recipes. As regards tropical convection, unresolved processes
at smaller scales such as deep convective clouds show some particular features in space and time,
such as high irregularity, high intermittency and low predictability. Recent improvements suggest
that suitable stochastic parameterizations are good candidates to account for those processes while
remaining computationally efficient (Majda et al., 2008; Palmer, 2012; Weisheimer et al., 2014;
Deng et al., 2014; Goswami et al., 2016; 2017; Christensen et al., 2017). Second, there is a general
lack of theoretical understanding of the dynamical interactions between the ENSO and the wind
bursts in GCMs. On the other hand, insight has been gained from intermediate and simple models
which have more tractable dynamics, are more computationally efficient and allow for more detailed

and systematic statistical analysis (e.g. Moore and Kleeman, 1999; Neelin and Zeng, 2000; Zeng
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et al., 2000; Jin et al., 2007; Gushchina and Dewitte, 2011; Chen et al., 2015; Thual et al., 2016).
For example, those models indicate the multiplicative noise features that can exist when wind
bursts depend on the state of the equatorial Pacific system (Eisenman et al., 2005; Tziperman and
Yu., 2007; Gebbie et al., 2007; Lopez et al., 2013). Yet, in those models wind bursts are usually
not resolved dynamically but are described by simple stochastic parameterizations that prescribe
the wind burst amplitudes, durations and/or propagation. As a result, those simple models do not
resolve some of the important wind bursts details such as their dynamical evolution and origins.
In the present article, a simplified dynamical stochastic model is developed for the intraseasonal
to interannual variability in the tropics and background circulation. The model is denoted hereafter
“Tropical Stochastic Skeleton Model GCM” (TSS-GCM). The present model serves as a prototype
“skeleton” for General Circulation Models (GCMs) that solve similar dynamical interactions across
several spatio-temporal scales. As compared to conventional GCMs the present TSS-GCM model
includes simple tractable dynamics with a minimal number of processes and parameters, and is
computationally very uncostly. Importantly, while conventional GCMs have common and sys-
tematic biases in representing tropical variability as a whole, the TSS-GCM model succeeds in
capturing major intraseasonal to interannual processes as well as their fundamental interactions
in qualitative fashion. First, at intraseasonal timescales, the TSS-GCM model captures dynamical
wind bursts with realistic intermittency, localization, lifespan, convective features, energy distribu-
tion across scales and generation from various sources including from the MJO. In particular, the
main features of the MJO are recovered including its eastward propagation, structure and orga-
nization into intermittent wavetrains with growth and demise. Second, at interannual timescales,
the TSS-GCM model captures the overall structure and period of the ENSO, in addition to its
intermittency and diversity with El Nino events of varying strength and intensity. The associated
dynamic background Walker circulation is also captured qualitatively. Third and most important,
the TSS-GCM model captures the most salient interactions between the ENSO, wind bursts and
the MJO. This includes a realistic onset of El Nino events with increased wind bursts and MJO
activity starting in the Indian to western Pacific ocean and expanding eastward towards the cen-

tral Pacific. In return, the characteristics of wind bursts and the MJO are significantly modulated
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interannually by the underlying variations of sea surface temperatures associated with the ENSO,
as in nature. The TSS-GCM model formulation provides such an upscale contribution of the wind
bursts to the interannual flow and their modulation in return in an explicit and dynamical way.
The TSS-GCM model introduced in the present article captures in simple fashion the ocean and
atmosphere dynamics in the tropics ranging from intraseasonal to interannual time scale and builds
on a range of previous work by the authors. First, for the intraseasonal variability in the atmosphere
Majda and Stechmann (2009; 2011) introduced a minimal dynamical model, the skeleton model,
that captures for the first time the main features of the MJO. This includes the MJO eastward phase
speed of 5m.s™!, peculiar dispersion relation with dw/dk ~ 0 and horizontal quadrupole structure,
among others. The model depicts the MJO as a neutrally-stable atmospheric wave that involves
a simple interaction between planetary-scale, dry dynamics, planetary-scale, lower-tropospheric
moisture and the planetary envelope of synoptic-scale convection/wave activity. In subsequent
work, such a MJO skeleton model refined with a suitable stochastic convective parameterization
has been shown to capture the intermittent generation of MJO events and their organization
into waves trains with growth and demise (i.e. series of consecutive events), as in nature (Thual
et al., 2014; Stachnik et al., 2015; Majda et al., 2018). The MJO skeleton model appears to be
an excellent candidate for capturing dynamically the variability of intraseasonal wind bursts in
simple fashion. In the present TSS-GCM model, such a skeleton atmosphere with simple self
consistent nonlinear noise (Chen and Majda, 2016a) is used with a simple multiple time approach
(Majda and Klein, 2003) that allows us to derive approximate dynamics on both the intraseasonal
and interannual timescale. Second, for the interannual variability in general a simple ocean-
atmosphere model was developed recently that emphasizes the role of state-dependent wind bursts
and realistically captures the ENSO diversity including the eastern Pacific moderate and occasional
super El Nino (Thual et al., 2016). In this coupled model stochastic wind bursts are coupled to
otherwise deterministic, linear and stable ocean-atmosphere dynamics: in fact, the wind bursts
play the role of maintaining the ENSO, which is fundamentally different from the Cane-Zebiak
(Zebiak and Cane, 1987) and other nonlinear models that rely instead on internal instability. In

subsequent work such a simple model has been refined in order to facilitate additional realistic



134 features such as the occurrence of central Pacific El Nifio events (Chen and Majda, 2016b; 2017,
135 Chen et al., 2018) as well as the synchronization of the ENSO to the seasonal cycle (Thual et al.,
136 2017). However, such a coupled model does not solve wind bursts dynamically: instead it uses a
137 simple stochastic parameterization to generate randomly both WWBs and EWBs from an identical
138 white noise source the intensity of which depends on the strength of the western Pacific warm pool.
139 In the TSS-GCM model from the present article, such coupled ocean-atmosphere dynamics from
140 Thual et al. (2016) are included with a more realistic depiction of wind bursts and their dynamical
141 features directly from the coupled atmosphere skeleton model.

142 The present article is organized as follows. In Section 2 we present the TSS-GCM model used
143 in this study, along with a hierarchy of cruder versions of the model used to introduce progressively
144 fundamental concepts related to the treatment of multiple time scales, main convective nonlinear-
145 ities and associated stochastic parameterizations. In Section 3 we analyze the main properties of
146 the TSS-GCM model and its versions, including their depiction of the intraseasonal wind bursts
147 and MJO variability, interannual ENSO variability as well as the dynamic Walker circulation.

148 Section 4 is a discussion with concluding remarks.

149 2 Formulation of the Tropical Stochastic Skeleton GCM Model

150 In this section we formulate the TSS-GCM model used in the present study. Such a model captures
151 in simple fashion the ocean and atmosphere processes in the tropics ranging from intraseasonal
152 to interannual scale. In order to formulate the model, first, a starting deterministic atmosphere
153 and ocean are considered (Majda and Stechmann, 2009; Thual et al., 2016; Chen and Majda,
154 2016b; 2017; Chen et al., 2018). In particular, the deterministic atmosphere is decomposed into an
155 intraseasonal and interannual flow following a simple multiple time approach (Majda and Klein,
156 2003). Next, simplified versions of the TSS-GCM model are derived: a crude interannual model and
157 crude intraseasonal model. Such cruder model versions differ from the complete TSS-GCM model
158 by their simplified representations of intraseasonal processes, and are introduced first for dynamical
159 insight. Finally, the complete TSS-GCM model is formulated as well as a more complete version

160 with a dynamic Walker circulation. At the end of the section, an overview and intercomparison of
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the features of each model version is provided, as well as their contrast with conventional GCMs.

2.1 Starting Deterministic Atmosphere

In order to derive the TSS-GCM model, we consider first the starting deterministic skeleton model
atmosphere from Majda and Stechmann (2009). Such a skeleton model captures the main features
of intraseasonal variability in general in the tropics, including importantly the MJO eastward
propagation, peculiar dispersion relation and quadrupole structure, among others (Majda and
Stechmann, 2009; 2011). Such a model reads:

Starting deterministic atmosphere

Ou — yv — 0,0 =0

yu — 8,0 = 0

80 — (B,u + O,v) = Ha — ° (1)
01q + Q(0yu + Oyv) = —Ha + s7 + E,

oia = T'qa

In the above model, x is zonal direction, y is meridional direction and ¢ is intraseasonal time.
The u, v are zonal and meridional winds, # is potential temperature, ¢ is lower lever moisture and
a is the planetary envelope of convective activity. All variables are anomalies except a > 0. The
a in particular is a collective (i.e. integrated) representation of the unresolved convection/wave
activity details occurring at synoptic-scale, always acting as a planetary source of heating and
drying (hence a > 0). A key idea in the above model is that environmental moisture (¢) influences
the growth/decay of convective activity in general as well as their planetary envelope (a). Note
that as compared to Majda and Stechmann (2009), we have added in Eq. 1 the contribution of
latent heating E, in order to allow coupling with the ocean. The s’ s? are constant external
sources of cooling and moistening, respectively, and @, I' are parameters.

Next, the above system is decomposed into an intraseasonal atmosphere and interannual back-
ground mean atmosphere. A general motivation for this is to derive approximate solutions for the

slowly varying fluctuations relevant to the ENSO. For this, we assume that such slowly varying
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fluctuations exist on the interannual time, in addition to the rapidly varying fluctuations on the
intraseasonal time scale (Majda and Klein, 2003). Details on the derivation are provided in the
appendix section A. The flow in Eq. 1 is decomposed as a = @ + @' in standard notations from
turbulence theory and similarly for u, v, 0, q. First, the resulting intraseasonal atmosphere reads:

Intraseasonal deterministic atmosphere

o’ — yv' — 0,0 =

yu' — 0,0/ =0

0,0 — (O + O') = Ha (2)
oq + Q(ou + o) = —Hd

o =T¢ (a+d).

which models intraseasonal fluctuations in general such as the MJO as well as other planetary
convectively coupled waves. Such a system is dynamically similar to the starting skeleton model
from Majda and Stechmann (2009; 2011), though the background @ here varies interannually
as modulated by the ocean conditions (with @ > 0, see hereafter). Note that the intraseasonal
contribution of latent heat release Ej is lower order and omitted here. Next, the interannual
atmosphere reads:

Interannual deterministic atmosphere

—yv — 0,0 =0

yu — 9,0 = 0

—(0,u + 0,v) = Ha — s’ (3)
—Q(0,u + 0,v) = Ha+ s* + E,

Ha = (B, + ' ~Qs)/(1-Q)

which depicts the interannual adjustment of the atmosphere to the ocean conditions. In particular,
there are no time derivatives in the system from Eq. 3 that is assumed to remain in balance with
the underlying ocean on the slow interannual time scale where the forcing E, is assumed to vary

(Gill, 1980). Such an interannual atmosphere is identical to the one from Thual et al. (2016),
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though it is derived here from a different method (multiple time scales instead of single time
scale approach, see appendix section A). Note that wind divergence in Eq. 3 can alternatively be

expressed as:

—(0:u + 0,7) = (Eq + 57 = s") /(1 - Q). (4)

For instance, unbalanced sources of heating/moistening (E, + s? — s%) # 0 force a background in-
terannual circulation similar to the Walker circulation in nature (Chen and Majda, 2016b; Ogrosky

and Stechmann, 2015), as discussed hereafter.

2.2 Starting Ocean, SST and Couplings

Next, the above deterministic atmosphere (Eq. 2 and Eq. 3) is coupled to the ocean. For this, we
consider a simple shallow water ocean and Sea Surface temperature (SST) budget that retain a
few essential processes relevant to the ENSO interannual variability. Because the ocean dynamics
are essentially interannual, no multiple time approach is considered here. The starting ocean, SST

budget, and couplings are identical to the ones of Thual et al. (2016). They read:

Ocean

8tU — 601YV + €ClaxH = €C1 Ty

YU+ 0yH =0 (5)

O H + ec1(0, U+ 0yV) =0
SST

T = —ec;CE, + ecynH (6)
Couplings
Ty = V(E =+ ul>

(7)
E, = a,T

In the above Eq. 5-7, Y is meridional direction in the ocean, U, V, are zonal and meridional

currents, H is thermocline depth, 7, is zonal wind stress and 7' is SST. Only a few processes
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deemed most important are retained in the SST budget from Eq. 6, such as dissipation by latent
heat losses and the so-called thermocline feedback (An and Jin, 2001; Thual et al., 2016). Note
that the ocean covers the equatorial Pacific domain only with boundary conditions at the western
and eastern edges (see hereafter). The above system includes a minimal number of parameters: €
(Froude number), ¢y, ¢, n, v and « (see details in the appendix section B).

A few important remarks can be made on the coupling between the above ocean and SST
model from Eq. 5-7 and the intraseasonal and interannual atmospheres from Eq. 2-3. Fig. 1(a)
shows a sketch of the couplings in the complete TSS-GCM model derived hereafter. First, the
ocean, SST and interannual atmosphere (Eq. 5-7 and Eq. 3) are coupled through latent heat
release I, = «a,T" that forces an atmosphere circulation. The resulting zonal wind stress 7, in
return forces an ocean circulation that modifies the sea surface temperatures through thermocline
depth anomalies H. In the absence of the intraseasonal atmosphere such a coupled interannual
ocean-atmosphere system is linear, deterministic and stable and simulates a dissipated ENSO
cycle with realistic period ~ 4.5 yr and overall structure (see SI of Thual et al., 2016). Second, the
intraseasonal atmosphere (Eq. 2) is the starting skeleton model from Majda and Stechmann (2009)
and intends to model the main features of the MJO. Here, such an intraseasonal atmosphere is fully
coupled to the interannual atmosphere-ocean system. The intraseasonal wind bursts «’ force the
ocean through the wind stress 7, in Eq. 7, and the ocean conditions modulate the intraseasonal
atmosphere through interannual convective activity @ in Eq. 2. Noteworthy, the intraseasonal
atmosphere plays the role of triggering the ENSO in the otherwise dissipated ocean-atmosphere
system, which is fundamentally different from the Cane-Zebiak (Zebiak and Cane, 1987) and
other nonlinear models that rely instead on internal ocean instability. Finally, as shown in Fig.
1(a) in the complete TSS-GCM model convective noise is added to the intraseasonal atmosphere
that depends on the interannual convective activity @ (i.e. is multiplicative): the details of this

convective stochastic parameterization will be introduced hereafter.

10
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2.3 Crude Interannual Atmosphere

In the next subsections, in order to derive the complete TSS-GCM model we will first consider a
hierarchy of cruder model versions. Those crude model versions have simplified dynamics and/or
stochastics that allows us to understand the underlying processes in the more realistic complete
TSS-GCM model. We introduce here first a crude interannual model, followed by a crude intrasea-
sonal model before presenting the complete TSS-GCM model.

Fig. 1(b) shows a sketch of the couplings in the crude interannual model. In the crude interan-
nual model, the intraseasonal dynamics are omitted in favor of a simple stochastic parameterization
of intraseasonal wind bursts. This follows the prototype of many simple or intermediate depicting
the relationship between the ENSO and wind bursts, where intraseasonal dynamics are not solved
explicitly (e.g. Moore and Kleeman, 1999; Eisenman et al., 2005; Jin et al., 2007; Chen et al.,

2015; Thual et al., 2016). Such a crude interannual model reads:

Crude Interannual Atmosphere
—yv — 0,0 =0
yu — 9,0 = 0
_ (8)

—(0,u+ 9,v) = Ha — &°
~Q(0,u + 0,v) = Ha + s* + E,

along with
da = —\a— a) +ViaaW o
Ha= (E;+5"—Qs")/(1-Q)

and with no intraseasonal fluctuations, i.e. u',v,0,¢',a’ = 0. Meanwhile, the ocean and SST

are identical to the ones in the previous sections (Eq. 5-7). Here, a simple stochastic differential
equation (SDE) for intraseasonal variability is considered (Chen and Majda, 2016a): in Eq. 9
the background convective activity @ is perturbed by a white noise source W and relaxes to the
deterministic value a at a rate A = (30day)~'. Importantly, the SDE involves a multiplicative
noise which ensures that @ > 0 (as long as @ > 0) in the model consistent with the definition of

convective activity in previous sections. In particular, the equilibrium probability distribution of

11
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a relaxes to a Gamma distribution:

P(a) = a*texp(—a/p). (10)

for which @ > 0 as shown in Fig. 2(d), with here parameters k = 2 and u = a/2.

2.4 Crude Intraseasonal Atmosphere

We now formulate the crude intraseasonal model. Fig. 1(c) shows a sketch of the couplings in such
a model. As compared to the crude interannual model presented above, such a model captures the
dynamical details of intraseasonal variability. Such details are however simplified to some extent
because some fundamental convective nonlinearites and associated noise features are missing, that
will be introduced hereafter in the complete TSS-GCM model. Starting from the deterministic
intraseasonal atmosphere from Eq. 2, simple perturbations (additive white noise sources) and
dissipations are added. This reads:

Crude Intraseasonal Atmosphere

(O + d)u —yv' — 0,0/ =0
yu' — 0,0/ =0
(0 + d,)0 — (0,u' + O,0") = Ha' (11)

(O + dy)d + Q(0.u + Oyv') = —Had' + o,V
(0 + dy)a’ =T'¢a.

Meanwhile, the interannual atmosphere, ocean and SST are identical to the ones in previous
sections (Eq. 3 and Eq. 5-7). As compared to the starting deterministic intraseasonal atmosphere
from Eq. 2, moisture is perturbed in Eq. 11 by a white noise source Wq and uniform dissipations
dy, dy, d, are added consistent with the noise-dissipation energy balance (Hottovy and Stechmann,
2015; Stechmann and Hottovy, 2017). Here d,, d,, d, = (30day)™", which is a natural dissipation
time scale for intraseasonal variability. In addition, for simplicity the evolution of convective

activity is linearized around the interannual mean value @ (and remains approximately linear for

12
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@ varying on the slower interannual timescale). As a result, an important caveat of the present
crude intraseasonal model is that total convective activity @ + o’ is not always positive (though @
remains positive), which is a deficiency compared with the starting deterministic skeleton model

formulation from Eq. 1 (Majda and Stechmann, 2009; 2011).

2.5 Complete Tropical Stochastic Skeleton GCM

We formulate the complete TSS-GCM model. Fig. 1(a) shows a sketch of the couplings in such a
model. The TSS-GCM model includes all the features from the starting deterministic ocean and
atmosphere, with in addition important design elements already introduced above with the crude
interannual and crude intraseasonal models (Fig. 1b and c). As compared to those crude models
the complete TSS-GCM model retains some fundamental nonlinearities and multiplicative noise
features associated with convection in nature, which are common to conventional GCM models.
As shown hereafter, such a convective parameterization allows the complete TSS-GCM model
to capture more realistically some important features of wind bursts in nature. This includes
intermittent wind bursts of varying strength and intensity, both easterly or westerly, with short
lifespan around 10-30 days, sharp structure in both space and time and large zonal fetch. The
complete TSS-GCM model reads:

Complete TSS-GCM Intraseasonal Atmosphere

(0, + dy)u’ — yv — 3,0/ = 0

yu' — 0,0/ =0

(0 + dy)0 — (Opu' + O') = Ha' (12)
(0 + dg)q' + Q(O,u' + O') = —Hd' + o, W,

od =Tq @+ d) — \d + /\a+ a)al,.

Meanwhile, the interannual atmosphere, ocean and SST are identical to the ones in previous
sections (Eq. 3 and Eq. 5-7). The interannual convective activity @ driven by the ocean (Eq.
3, 5-7) modulates the intraseasonal variability in Eq. 12: for instance, an increased @ increases

the growth/decay rate of a’ which increases the overall amplitude of intraseasonal variability, and

13
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conversely for a decreased @. In Eq. 12 we have added white noise sources terms Wq, W, and
associated dissipations as in the crude intraseasonal atmosphere from Eq. 11, in addition to a
suitable SDE for convective activity @’ as in the crude intraseasonal atmosphere from Eq. 9.
Such a SDE involves multiplicative noise ensuring that a’ + @ > 0 in agreement with the starting
deterministic skeleton model formulation from Eq. 1 (Majda and Stechmann, 2009; 2011). In fact,
the time tendency dya’ in Eq. 12 is driven by I'¢/(a + ') as well as —\a’ + /\(@ + a/)aW,, which
both ensure that a’ + @ > 0 when considered independently (Majda and Stechmann, 2009; 2011;
Chen and Majda, 2016a), therefore @’ +a@ > 0 is ensured by splitting method. In particular, for

¢ = 0 the a’ + @ relaxes to a Gamma distribution as in Fig. 2(d).

2.6 Complete Tropical Stochastic Skeleton GCM with Dynamic Walker

Circulation

Here a dynamic Walker circulation is introduced in the TSS-GCM model. Such a dynamic Walker
circulation can be obtained for unbalanced external sources of cooling/moistening s? # s¢ in
any versions of the TSS-GCM model presented above (crude interannual, crude intraseasonal or

complete TSS-GCM). Recall that wind divergence in Eq. 3 can alternatively be expressed as:
— (0,0 + 0,0) = (B, + 57— 5")/(1 - Q) (13)

In Eq. 13, Eq+sq—59 = 0 forces a background interannual atmosphere circulation, which can arise
either from latent heat release fluctuations E, # 0 driven by the ocean (5-7) as well as unbalanced
external sources of cooling/moistening s # s?. Such unbalanced external sources allow us to
capture in a simple fashion the dynamic Walker circulation in the equatorial Pacific marked by
mean westward trade winds and an overturning circulation in the upper troposphere (Chen and
Majda, 2016b; Ogrosky and Stechmann, 2015) as well as an equilibrium zonal gradient of SST and
thermocline depth in the ocean.

In the TSS-GCM model as well as the crude interannual and intraseasonal models introduced

above, the external sources of cooling/moistening s’and s? are constant and representative of a
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simple background warm pool of cooling/moistening. This is shown in Fig. 2(a): for simplicity the

external sources are balanced, i.e. s7 = s’

are maximal at the western edge of the equatorial Pacific
(x = 0) and minimal around the eastern edge (x ~ 18000 km), as in nature (see e.g. Majda and
Stechmann, 2011; Thual et al., 2014 for a similar parameterization). This accounts qualitatively
for the increased convective activity over the Indian ocean/western Pacific and decreased convec-
tive activity in the eastern Pacific, although the profiles are unrealistic over the Atlantic Ocean.
Note that although s and s? are here constant with time, their variations with seasons could be
accounted for in a more complex setup. In the TSS-GCM model with dynamic Walker circula-
tion, the external sources are instead unbalanced as in nature (Ogrosky and Stechmann, 2015),
i.e. s¢# s’ as shown in Fig. 2(b). For this we have slightly shifted the profile of s?. Despite the
apparent similarity between s? and s’ in Fig. 2(b), note that the quantity s™ = (s9—Qs%)/(1—-Q)
that appears in the expression of Ha in Eq. 3 shows large zonal variations (yet remains positive to
ensure @ > 0). As shown hereafter, such an unbalance introduces a fundamental ocean-atmosphere

background circulation representative of the dynamic Walker circulation in nature on interannual

timescale.

2.7 Intercomparison of model versions

Here we provide a summary and intercomparison of all model versions of the TSS-GCM model.
The main features of all model versions are listed in Table 1, and are also contrasted with the ones
of conventional GCMs. Those features will be detailed hereafter in the next sections.

The features summarized in Table 1 are as follows: first, conventional GCMs that retain the
full complexity of the ocean-atmosphere system typically show common and systematic biases in
representing the ENSO, MJO and background circulation altogether (Lin et al., 2006; Kim et al.,
2009; Wittenberg et al., 2004; 2006; 2014; Guilyardi et al., 2016). This may include biases for the
background mean state, ENSO intermittency and diversity as well as its non-Gaussian statistics,
in addition to biases for the MJO amplitude, duration and propagation (with often a weak or even
absent MJO).

Secondly, the complete TSS-GCM model (Sec. 3.3, Fig. 1a) in comparison shows great skill at
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capturing qualitatively the above processes, and is computationally much less costly. Recovered
features include an irregular and intermittent ENSO cycle with El Nifio events of varying strength
and intensity, in addition to intermittent MJO events and wind bursts that are realistically confined
to the western Pacific/Indian ocean region of convection yet realistically expand to the central
Pacific during the onset of El Nino events. Note that the model reproduces Gaussian SST statistics
which is also a common deficiency of GCM models, though it is able to capture occasional extreme
El Nino events. As compared to previous work (Majda and Stechmann, 2009; 2011; Thual et al.,
2016), only a few additional parameters (dissipation and noise intensity) need to be specified. The
careful choice of SDE with multiplicative noise ensures that convective activity ¢’ 4+ @ remains
positive (Chen and Majda, 2016a).

Thirdly, the TSS-GCM model with Walker circulation (Sec. 3.4) is obtained from the com-
plete TSS-GCM model simply by imposing unbalanced external sources of cooling/moistening, i.e.
s’ # s9. This allows us to capture a simple dynamic Walker circulation that consists of a cold
tongue/warm pool region with associated cooling/heating in the ocean and convection /subsidence
in the atmosphere. Note that such a dynamic Walker circulation can also be obtained in the crude
interannual or crude intraseasonal models by imposing s? # s.

Next, in the crude intraseasonal model (Sec. 3.2, Fig. 1b) the atmosphere is simplified in terms
of noise source and main nonlinearities. Such a crude model captures both the ENSO and MJO in
simple fashion, but misses important convective details. In particular, the simulated intraseasonal
variability is dominated by excessive power from moist westward propagating Rossby waves and
a weaker MJO in comparison. Finally, in the crude interannual model (Sec. 3.1, Fig. 1c¢) there
are no intraseasonal atmospheric fluctuations but instead simple stochastic perturbations of the
background convective activity @, which is a prototype for most simple models with stochastic wind
bursts (Moore and Kleeman, 1999; Eisenman et al., 2005; Jin et al., 2007; Chen et al., 2015; Thual
et al., 2016). This allows the model to generate ENSO variability in simple fashion, although there
is no dynamical intraseasonal variability.

In the next section, we analyze in details the main features of the TSS-GCM model as well

as its versions as summarized in Table 1. The appendix section B provides additional technical
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details on the model formulation and numerical solving algorithm.

3 El Nino, the MJO and the dynamic Walker Circulation in

the TSS-GCM model

In this section we show results from numerical experiments with the TSS-GCM model presented in
previous section. Despite the model simplicity, the main features of interannual and intraseasonal
variability are captured qualitatively. For clarity and consistency with the previous section, we
introduce here the main features of each model version in order of increasing complexity: crude
interannual, crude intraseasonal, complete TSS-GCM model and complete TSS-GCM model with

dynamic Walker circulation.

3.1 Crude Interannual Model

We show here solutions of the crude interannual model (see Fig. 1b and Eq. 5-9 for its formula-
tion). In the crude interannual model, the intraseasonal dynamics are omitted in favor of a simple
stochastic parameterization of intraseasonal wind bursts with multiplicative features. This follows
the prototype of many simple or intermediate models that describe the relationship between the
ENSO and wind bursts, in which intraseasonal dynamics are not solved explicitly (e.g. Moore and
Kleeman, 1999; Eisenman et al., 2005; Jin et al., 2007; Thual et al., 2016).

Fig. 3 show solutions of the crude interannual model. This includes the timeserie of T the
average of SST anomalies in the eastern half of the equatorial Pacific (Fig. 3a), as well as the
timeserie of convective activity Ha at the western edge of the Pacific (Fig. 3b). The Tg is a
good indicator of El Nino variability in the model due to its possible comparison to e.g. the
observed Nino3.SST index. The model simulates an ENSO cycle that is sustained, irregular and
intermittent, as in nature (Clarke, 2008). While the evolution of T is essentially interannual, the
evolution of Ha is both intraseasonal and interannual (cf 1-yr moving average, red) consistent with
the SDE parameterization in Eq. 9. This illustrates the simple mechanisms for the generation

of interannual variability in the model that results from the integration of noise: the interannual
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ocean-atmosphere system is here linear and dissipated while the SDE for Ha acts as an external
source of perturbations. In addition to this, note that the probability density function (pdf) of
Ty is nearly Gaussian while the pdf of Ha matches the theoretical Gamma distribution from Fig.
2(d) (not shown).

Fig. 3(c-g) shows the details of an El Nifio event (around year 1623) with strong SST anomalies
representative of extreme events in the observational record (e.g. 1997/98, 2015/16). The event
starts with a realistic build-up of SST and thermocline depth anomalies in the western Pacific that
eventually propagate and intensify in the eastern Pacific. Zonal winds anomalies become positive
in the western to central Pacific consistent with the gradual weakening of the trade winds. The El
Nino event is then followed by a reversal of conditions the following year towards a weak La Nina

state.

3.2 Crude Intraseasonal Model

We now show solutions of the crude intraseasonal model (see Fig. 1c, Eq. 11 and Eq. 3, 5-7
for its formulation). As compared to the crude interannual model analyzed above, in the crude
intraseasonal model the intraseasonal atmosphere dynamics are modelled. Important nonlinear
and multiplicative noise features of convection are however not included that will be accounted for
hereafter with the complete TSS-GCM model (Majda and Stechmann, 2009; Thual et al., 2014;
Chen and Majda, 2016a). Another caveat of the crude intraseasonal model is the presence of
unrealistic excessive westward propagation in the atmosphere.

An important feature as compared to the crude interannual model from previous section is that
intraseasonal fluctuations are here dynamically resolved. Fig. 4(a,b,d,e) shows the power spectra
of the intraseasonal atmosphere variables, as a function of the zonal wavenumber & (in 27/40, 000
km) and frequency w (in cpd). The intraseasonal atmosphere reproduces a MJO-like signal that is
the dominant intraseasonal signal, consistent with observations (Wheeler and Kiladis, 1999; Thual
et al., 2014; Stechmann and Hottovy, 2017). The MJO appears here as a sharp power peak in the
intraseasonal-planetary band (1 < k <5 and 1/90 < w < 1/30 cpd), most prominent in u', ¢’ and

Ha'. This power peak roughly corresponds to the slow eastward phase speed of w/k ~ 5ms™!
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with the peculiar relation dispersion dw/dk = 0 found in observations. There is however excessive
westward power in the intraseasonal band (-3 < k < —1 and 1/90 < w < 1/30 cpd) as seen for ¢,
¢ and a’, which is a caveat of the present crude intraseasonal model. Note that power is maximal
near the dispersion curves of the linear solutions of the intraseasonal atmosphere (black dots, see
Thual et al., 2014 for a discussion).

In order to understand the timescale interaction between El Nino and the wind bursts, Fig.
4(c,f) shows the power spectrum of Tg the average of SSTs in the eastern Pacific, as well as
uyy, the average of intraseasonal winds in the western Pacific half. The indice T is here a good
indicator of the ENSO variability in the model while the indice uj; is a good indicator of the wind
bursts variability. Both power spectrum are shown in log-log scale to cover both the interannual
and intraseasonal range, and the dashed lines indicate the intraseasonal 30-90 days band from
Fig. 4(a,b,d,e). First, the spectrum of u/ is approximately white (with power evenly distributed)
except for fluctuations below 30 days that are dissipated. Associated with this, the spectrum of T
is approximately red (i.e. decreasing linearly with frequency) consistent with the time-integration
of noise by the interannual ocean and atmosphere. Second, the spectrum of Tx shows a peak
at around 0.2yr~! (= 4.5yr) that is consistent with the average period of the ENSO in nature
and the linear solutions of the interannual atmosphere and ocean (Thual et al., 2016). Note in
particular that details of intraseasonal variability in the 30-90 days are clearly separated from the
average ENSO period.

Fig. 5 shows the details of intraseasonal variability during a strong El Nino event (around year
922). Consistent with the model formulation, the intraseasonal atmosphere evolves on a different
timescales than the interannual atmosphere and ocean, with the exception of some intraseasonal
disturbances on thermocline depth that correspond mainly to eastward propagating ocean Kelvin
waves. Fig. 5(a) shows a data projection ey ;0 that evaluates the MJO intensity by comparison
to the linear solutions of the crude intraseasonal atmosphere. Such a data projection is obtained
by filtering the intraseasonal atmosphere signals in the intraseasonal-planetary band (1 < k <
3, 1/90 < w < 1/30 cpd), then projecting them on the MJO linear solution eigenvector (see
Majda and Stechmann, 2011; Thual et al., 2014; Stechmann and Majda, 2015 for details). This
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representation, along with the other Hovmollers diagrams shown in Fig. 5, allows us to identify
clearly the MJO variability despite the noisy signals. On average, the simulated MJO events
propagate eastward with a phase speed ~ 5 — 15ms~! and period ~ 40 days and are furthermore
organized into wavetrains (i.e. series) of successive events, as in nature.

The El Nino event onset in Fig. 5 (around year 920 to 922) consists of a build-up of SST and
thermocline depth anomalies starting from the western Pacific. During the event onset, intrasea-
sonal wind bursts v/, convective activity Ha' and the MJO gradually intensify and expand towards
the central to eastern Pacific, as in nature (Eisenman et al., 2005; Hendon et al., 2007; Tziperman
and Yu., 2007; Gebbie et al., 2007). Some MJO wavetrains even reach the eastern Pacific dur-
ing the event peak (around year 922). Note that in the absence of El Nifio events, intraseasonal
variability remains confined overall to the Indian ocean and western Pacific consistent with the
increased sources of cooling/moistening s?, s? over that region (cf Fig. 2a, Majda and Stechmann,
2011). Finally, strong wind bursts or a prominent MJO do not necessarily trigger El Nino events
(Fedorov et al., 2015; Hu et al., 2014), as shown for example with the strong wind bursts in Fig.
5 around year 919.5. Note in addition the presence of excessive westward propagations in Fig. 5
on wind bursts «/, potential temperature 8’ and moisture ¢’, which is a caveat of the present crude

intraseasonal model.

3.3 Complete Tropical Stochastic Skeleton GCM Model

We now show the solutions of the complete TSS-GCM model (see Fig. la, Eq. 12 and Eq. 3, 5-7
for its formulation). Such a model retains all the dynamics from the starting deterministic ocean
and atmosphere, elements from the crude interannual and intraseasonal model versions presented
above, in addition to fundamental convective nonlinearities and associated suitable stochastic
parameterizations. This allows the complete TSS-GCM model to capture realistically some impor-
tant features of wind bursts in nature. Such features include intermittent wind bursts of varying
strength and intensity, both easterly or westerly, with short lifespan around 10-30 days, sharp struc-
ture in both space and time and large zonal fetch. Associated with those wind bursts are sharp

and localized peaks of convective activity as representative of deep convective events in nature.
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For completeness, several diagnostics presented above for the crude interannual and intraseasonal
model versions are repeated here for the complete TSS-GCM model.

Fig. 6 shows the details of a super El Nino event (around year 1096.8) simulated by the complete
TSS-GCM model. Importantly, there are here more realistic intraseasonal and convective features
as compared to the crude intraseasonal model (Fig. 5). This includes localized wind bursts (v’
in Fig. 6c¢) in the western Pacific, both easterly or westerly, with short lifespan around 10-30
days, sharp structure in both space and time and large zonal fetch. Those wind bursts result from
strong and localized peaks in convective activity (H (@ + @) in Fig. 6d) as representative of deep
convective events in nature, with heating reaching 1 K.day~! or more while convection is otherwise
suppressed overall (= 0.1 K.day™'). Such a realistic bursting behavior in both convection and
wind bursts result from the parameterization of convection in Eq. 12 with non-Gaussian noise
and fundamental nonlinearities. In addition to this, the complete TSS-GCM model captures the
eastward expansion of the sharp wind bursts and convective events during the onset of the El
Nino event (Eisenman et al., 2005; Hendon et al., 2007; Tziperman and Yu., 2007; Gebbie et al.,
2007). This is best seen in Fig. 6(c) on total zonal winds u+ v/, for which westerly wind bursts are
dominant in the western Pacific/Indian ocean at the event onset (1095.8 to 1096 yr) then gradually
expand towards the eastern Pacific until the event peak (around 1096.8). Those are all important
and realistic features captured in a simple fashion by the complete TSS-GCM model. Note that
the total convective activity @ + @’ remains positive in Fig. 6(d) which is in agreement with the
design principles for the model’s atmosphere (Eq. 1, 12).

Fig. 7 shows timeseries and hovmollers for the interannual variability simulated by the complete
TSS-GCM model. The model simulates a sustained and irregular ENSO cycle with intermittent
El Nino and La Nina events of varying intensity and strength, as in nature (Clarke, 2008). In
Fig. 7, there are in particular two super El Nino events with strong SST anomalies representative
of extreme events in the observational record (e.g. 1997/98, 2015/16), realistically separated by
around 20 years. Those super El Nifo events start with a build-up of SST and thermocline

depth anomalies in the western Pacific that eventually propagate and intensify in the eastern

Pacific, in addition to a gradual increase in zonal winds anomalies, as in nature. There are in
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addition many examples of moderates or failed El Nino events in Fig. 7. There are however no
central Pacific events simulated by the model, though this could be improved with the addition of
nonlinear advection of SST in the model’s SST budget (Chen and Majda, 2016b; 2017; Chen et al.,
2018). Fig. 7(c) shows a one-year running mean of |ey ;0| the magnitude of the data projection
emgo- This allows us to evaluate the interannual variations of the MJO intensity. The interannual
variations of the MJO intensity are random overall as resulting from the internal variability of the
intraseasonal atmosphere alone (see e.g. Fig. 5 of Thual et al., 2014 for comparison), though they
are here modulated to some extent by the SSTs. For instance, the MJO intensity in Fig. 7(c) is
increased from the western to eastern Pacific during some El Nino events.

The present TSS-GCM model provides the upscale contribution of intraseasonal wind bursts
and the MJO to the interannual flow as well as their modulation in return in an explicit way. For
this, Fig. 8 shows lagged regressions of several interannual and intraseasonal variables on Ty the
average of SST in the Pacific eastern half. This highlights the overall formation mechanisms and
chronology of El Nifio events in the model. In order to identify the evolution of the intraseasonal
atmosphere evolution during El Nino, we consider lagged regressions for the data projection ey ;0
(cf Fig. 6) and intraseasonal zonal winds u’ as well as their magnitude.

As shown in Fig. 8, El Nino events typically start with increased thermocline depth and SST
anomalies in the western Pacific that eventually propagate to the eastern Pacific, in addition to
gradually increasing interannual winds. Those features are overall consistent with the hovmollers
in Fig. 7. Interestingly, the magnitude of intraseasonal variability in general (|eys0| and ||
in Fig. 8b,d) is increased overall in the western Pacific during the onset of El Nifio as well as
in the central to eastern Pacific during the event peak, as in nature (Vecchi and Harrison, 2000;
Hendon et al., 1999). In the TSS-GCM model, the gradual increase and expansion of intraseasonal
variability from the western to eastern Pacific results from the increased SSTs that favor the
temporal growth/decay of convective activity a' (c¢f Eq. 12). Next, results suggest that the upscale
contributions of the wind bursts play a key role for the triggering of El Nino events, but not the
upscale contribution of the MJO. First, wind bursts v’ in Fig. 8(c¢) are predominantly westerly

in the western to central Pacific around 6 months prior to the event peak (e.g. Hu and Fedorov,
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2017). In fact, westerly wind bursts force a deepening of the equatorial thermocline in the ocean
(i.e. downwelling equatorial ocean Kelvin and Rossby waves) that further contribute to the increase
of El Nifio SSTs. Interestingly, the location and timing of those predominantly westerly wind bursts
in Fig. 8(c) does not match the one of the overall increased magnitude (|u/| in Fig. 8d), suggesting
that only some wind bursts may be key for the triggering of the El Nino events. Recall in addition
that wind bursts from the intraseasonal atmosphere trigger the El Nino by design in the TSS-GCM
model because they are coupled to an interannual atmosphere that is otherwise stable, linear and
dissipated (cf Eq. 3, 5-7; see also Thual et al., 2016 for a discussion). On the other hand, lagged
regressions with El Nino SSTs are weak for MJO variability (eyj0 in Fig. 8a), except during
the event peak for which they match overall the increased (decreased) convection in the eastern
(western) Pacific. In fact, the MJO approximately oscillates at a period ~ 40 days with opposite
and canceling effects on the ocean that are ineffective at triggering El Nino events despite an
increased magnitude |eys 0.

Finally, other features of the intraseasonal atmosphere such as its power spectra and statistics
are overall consistent with nature. First, Fig. 9(a,b,e,f) shows the power spectra for variables of
the intraseasonal atmosphere in the complete TSS-GCM model. While the features are overall
similar to the ones of the crude intraseasonal model version (Fig. 4), there are here less westward
propagations in the intraseasonal 30-90 days band as seen for u’ as well as ¢’ and ', which is more
realistic. Second, in order to understand the timescale interaction between El Nino and the wind
bursts, Fig. 9(c,g) shows the power spectrum of T the average of SSTs in the eastern Pacific, as
well as the power spectrum of uj, the average of intraseasonal wind bursts in the western Pacific
half. As compared to the crude interannual atmosphere model version (Fig. 4), the spectrum
of u!, is here not entirely white: for instance, it shows a slight peak around 0.2yr~! (=~ 4.5yr)
similar to the one on the power spectrum of T, which corresponds to the average ENSO period
in the model. This shows that wind bursts variability is modulated interannualy to some extent
by ENSO SSTs, consistent with the lagged regressions in Fig. 8 (d). Finally, Fig. 9(d,h) shows
the probability density functions (pdfs) for T as well as total convective activity H(a' + @) at

the Pacific western edge. The pdf of T is nearly Gaussian, in slight discrepancy with the skewed
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distribution of eastern Pacific SSTs in observations (e.g. Nifio 3 SST). Such a discrepancy is
also common in GCMs, and could likely be improved by rendering the stochastic noise in the
intraseasonal atmosphere more multiplicative (Jin et al., 2007; Thual et al., 2016). Meanwhile the
pdf of H(a' + @) matches to some extent the theoretical Gamma distribution from Eq. 10 and Fig.
2(d) (which ensures notably that o’ + @ remains positive, Chen and Majda, 2016a), though it is
significantly more skewed towards extreme convective events due to the addition of deterministic

convective nonlinearities in the complete TSS-GCM model (I'¢’(a + a') in Eq. 12).

3.4 Complete TSS-GCM model with Dynamic Walker Circulation

We now show solutions of the TSS-GCM model with Dynamic Walker Circulation. Such a model
version is identical to the TSS-GCM model presented above except for the introduction of unbal-
anced external sources of cooling/moistening s’ # s? (Fig. 2b). This allows to capture in simple
fashion the dynamic Walker circulation in the equatorial Pacific marked by mean westward trade
winds and an overturning circulation in the upper troposphere, (Chen and Majda, 2016b; Ogrosky
and Stechmann, 2015) as well as an equilibrium zonal gradient of SST and thermocline depth in
the ocean. Note that a dynamic Walker circulation can be obtained for s # s? in any versions of
the TSS-GCM model (crude interannual, crude intraseasonal or complete TSS-GCM).

Fig. 10 shows the background mean (i.e. climatological) circulation, obtained from a time-
average of the model solutions. The equilibrium atmosphere consists of a region of ascent, con-
vergence and increased convection in the western Pacific as well as subsidence and divergence in
the eastern Pacific. Those are all realistic features representative of the Walker circulation in na-
ture. Note that the present atmosphere has a first baroclinic mode structure, with reconstruction
u = u(x)cos(z) as well as w = —0,usin(z) (see e.g. Chen and Majda, 2016b). Meanwhile, the
equilibrium atmospheric circulation maintains realistic zonal gradients of SST (~ 8K) and ther-
mocline depth (= 200m) in the ocean, which intensities compare reasonably with the ones found
in nature (Clarke, 2008). Finally, the intraseasonal and interannual features of the present model
version are similar to the ones of the complete TSS-GCM model (Fig. 9-7), and are not shown for

brevity.
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4 Discussion

In the present article, a simple dynamical stochastic model for the ENSO, MJO and intraseasonal
variability in general as well as the dynamic Walker circulation has been introduced and developed
in details. The present model, the so-called "Tropical Stochastic Skeleton GCM’ model (TSS-GCM
model) serves as a prototype for General Circulation Models (GCMs) that solve similar dynamical
interactions across several spatio-temporal scales but usually show common and systematic biases
in representing tropical variability as a whole. The present model formulation builds on previous
work by the authors, namely a simple deterministic ocean-atmosphere for the ENSO (Thual et al.,
2014; 2016; 2017; Chen and Majda, 2016b; 2017; Chen et al., 2018) in addition to a skeleton model
for the MJO and intraseasonal variability in general (Majda and Stechmann, 2009; 2011; Thual
et al., 2014). In particular, a simple decomposition of the atmospheric flow in the present TSS-GCM
model allows us to represent in simple fashion both the interannual and intraseasonal dynamics
as well as their interactions. The most salient features of the ENSO, wind bursts and the MJO
are captured altogether including their overall structure, evolution and energy distribution across
scales, in addition to their intermittency and diversity as well as their fundamental interactions.
The model developed here also should be useful to diagnose, analyze and help eliminate the strong
tropical biases which exist in current operational models.

Generally speaking, GCMs typically show common and systematic biases in representing the
ENSO, MJO and background circulation altogether (Lin et al., 2006; Kim et al., 2009). This is
because they solve a vast range of strongly interacting processes on many spatial and temporal
scales. The present TSS-GCM model in comparison shows great skill at capturing qualitatively
both intraseasonal and interannual processes. This provides theoretical insight on the essential
dynamics and interactions of such processes, which is a main goal of the present work. As com-
pared to former studies dealing with the ENSO and wind burst activity (Moore and Kleeman,
1999; Eisenman et al., 2005; Tziperman and Yu., 2007; Lopez et al., 2013), the present model
features wind bursts that are dynamically solved. For instance, there is no arbitrary prescription
of wind bursts amplitudes, propagations or abrupt convection thresholds. In addition, for sim-

plicity intraseasonal wind bursts are coupled to ocean-atmosphere processes that are otherwise
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deterministic, linear and dissipated. Wind bursts that trigger El Nino events in the model are
preferentially westerly, with however many examples of mixed westerly and easterly wind bursts, a
situation commonly encountered for example within the convective envelope of the MJO (Hendon
et al., 2007; Majda and Stechmann, 2011; Puy et al., 2016). In addition to this, wind bursts in the
model are a necessary but non-sufficient condition to El Nino development, as many wind bursts
are not followed by El Nifio events, as in nature (Fedorov et al., 2015; Hu et al., 2014). These are
attractive features of the present dynamical stochastic model.

A more complete model should account for more details of the ocean-atmosphere dynamics
relevant to ENSO. For example, the SST budget could include additional processes such as zonal
advection that is deemed essential for the dynamics of central Pacific El Nino events (Ashok
et al., 2007; Chen and Majda, 2016b; 2017 Chen et al., 2018). In addition to this, the models
SST statistics may be rendered more non-Gaussian (i.e. skewed towards rare extreme El Nifio
events) by modifying the stochastic noise associated with intraseasonal convection to be more
multiplicative (Jin et al., 2007; Thual et al., 2016). Meanwhile, a more detailed representation
of the intraseasonal wind burst activity should be included in the model. For instance, while the
skeleton model atmosphere used in the present appears to be a plausible representation of the MJO
essential mechanisms (Majda and Stechmann, 2009; 2011; Thual et al., 2014), due to its minimal
design it does not account for some processes that generate wind bursts including tropical cyclones
or extratropical cold surges (Harrison and Vecchi, 1997; Vecchi and Harrison, 2000; Kiladis et al.,
2009; Chen et al., 2016). A more complete model should also account for more detailed sub-
planetary processes within the MJO’s envelope, including for example synoptic-scale convectively
coupled waves and/or mesoscale convective systems (Thual and Majda, 2015). This may achieved
for example by building suitable stochastic parameterizations, such as the one proposed in the
present article, that account for more details of the synoptic and/or mesoscale variability (e.g.,
Khouider et al., 2010; Frenkel et al., 2012; Deng et al., 2014).
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Appendix A: Derivation of the Starting Deterministic Atmo-
sphere

This section details the derivation of the starting deterministic atmosphere used in the TSS-GCM
model from a multiple time approach (Majda and Klein, 2003). A general motivation for this is
to derive approximate solutions for slowly varying fluctuations in the atmosphere. For this, we
assume the Reynolds hypothesis that such slowly varying fluctuations exists on the interannual
time 7, in addition to fastly varying fluctuations on the intraseasonal time ¢ with zero mean on the

slow time. Assuming the Reynolds hypothesis, the starting atmosphere from Eq. 1 is decomposed

as:
a(x,y,t) =a(x,y,et) +ad(x,y, et t), ie.
(@.9,0) = ale.y.et) + (o et 1) "
a(x,y,7,t) =a(x,y,7)+d(z,y,7,1)
and similarly for u,v,6, g, with the relation between time variables 7 = et where € (the Froude

number) is an asymptotically small parameter. SSTs however show weak intraseasonal variability
in nature, therefore associated latent heat release decomposes as E, = E, + €E,. The Reynolds

operator is defined here as:

1 TH+AT/2
E(l‘,y,T) = AT/ Ar/ CL([E,y,T, t)dt (15)
T+AT/2

where A7 is a characteristic averaging interannual timescale. Note that for A7 = At/e, ¢ — 0
with At constant the above Reynolds operator is asymptotically akin to a Reynolds time-mean
average as in standard turbulence theory. Such an operator has the well-known properties 0,a = 0,
a =0 as well as 0;a = €d,a+ (€0, + d;)a’. Next, we further decompose the variables in Eq. 14 into

powers of € small, i.e. a = ag + ea; + O(e?). Combined with the above Reynolds decomposition,
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this reads:
a(z,y,7,t) = ao(z,y,7) + ap(z, y, 7, t) + €ar (z,y, 7, t) + eay (z,y, 7, t) + O(c*) (16)

The crucial requirements needed to formally guarantee that the terms ay = @y + a;, describes
the leading-order behavior in Eq. 16 are the sublinear growth conditions for the next order terms

ap :61+a’1:

lim, o <‘m”/€)> — 0. (17)

|7/€e| +1
In order to obtain the interannual atmosphere, we decompose the starting atmosphere from 1

according to Eq. 16 and retain the leading order dynamics (of order O(1)). This reads:

—yUy — 0,00 = 0

Yl — 8y§0 =0

—(0,(u + 0,v,,) = Hay — s° (18)
QU + OyV,,) = —Hag + s14 Fyp

0

= qo @o + qoay

where a simple closure ¢ja(, x g is considered for the upscale contribution, leading to gg = 0. With
this simple closure, we retrieve the interannual atmosphere from Eq. 3 in the main text. Finally,
the intraseasonal atmosphere from Eq. 2 is obtained by subtracting Eq. 3 from Eq. 1, and the

subscript notation aq is dropped for brevity.

Appendix B: Technical Details

We provide here some additional technical details on the TSS-GCM model formulation and numeri-
cal solving algorithm. As regards the atmosphere and ocean domains, the atmosphere extends over
the entire equatorial belt 0 < x < Ly with periodic boundary conditions w(0,y,t) = w(La,y,t),
etc, while the Pacific ocean extends from 0 < x < Lo with reflection boundary conditions

fj;o U(0,y,t)dy = 0 and U(Lp,y,t) = 0. The meridional axis y and Y are different in the
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atmosphere and ocean as they each scale to a suitable Rossby radius, which allows for a sys-
tematic meridional decomposition of the system into the well-known parabolic cylinder functions
(Majda, 2003). In practice, we retain and solve only the components of the first atmosphere and
ocean parabolic cylinder functions, which keeps the system low-dimensional (see Supplementary
Information of Thual et al., 2016). The dimensional reference scales are x: 15000 km, y : 1500km,
Y : 330km, t: 3.3 days, u: 5m.s7!, 0, ¢: 1.5 K (see Thual et al., 2016). Table 2 defines all
parameter used in the model and provides their non-dimensional values. All parameter values
are identical to the ones of Thual et al. (2016), except for additional parameters of the intrasea-
sonal atmosphere: s? and s/ (see Fig. 2), T' = 1.66 (~ 0.3 K 'day~! as in Thual et al., 2014),
du,dg,dy,dg, A = (30day)~" as well as o, = 0.4. In addition, the zonal profile of the thermocline
feedback parameter n(z) is shown in Fig. 2(c).

As regards the numerical solving algorithm, we use a simple split method to update the TSS-
GCM model. The spatial resolution is 625 km and the temporal resolution is 0.8 hr. The interan-
nual atmosphere and ocean are solved in fashion identical to Thual et al. (2016) using the method
of lines in space and Euler in time, while the intraseasonal atmosphere is solved in Fourier space
in fashion similar to Thual et al. (2014). Numerical solutions span around 2000 years for each
experiment presented in the present article, with a statistical equilibrium quickly reached after
around ten years starting from arbitrary initial conditions. It takes around 3 hours to compute

2000 years of simulation on a personal desktop, which is computationally very uncostly.
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Table Captions:

Table 1: Summary of model versions, their main features and comparison to GCMs.

Table 2: Model parameter definitions and nondimensional values.
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867

nondimensional value

Parameter \

¢ ratio of ocean/atmosphere phase speed 0.05
€ Froude number 0.1

g =cfe 0.5

L 4 equatorial belt length 8/3

Lo equatorial Pacific length 1.2

H convective heating rate factor 22
() mean vertical moisture gradient 0.9
I convective growth/decay rate 1.66
o, latent heating factor 0.2
~v wind stress coefficient 6.53

¢ latent heating exchange coefficient 8.7

n profile of thermocline feedback n(x) = 1.5+ (0.5tanh(7.5(x — Lo /2))

dg, dg, dg, A\ atmosphere dissipations 0.11
0.4

04 moisture noise amplitude

s? external moistening source

57 =2.2(1+ 0.6cos(2mz/LA))

s? external cooling source

s? = s7 except Walker circulation:
s =2.2(1 4 0.6cos(2mx/L4 — 0.1))

Table 2: Model parameter definitions and nondimensional values.

39




868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

883

884

885

886

887

888

889

890

891

892

893

894

895

Figure Captions:

Figure 1: (a) Sketch of the couplings between the intraseasonal atmosphere, interannual
atmosphere, ocean and SST as well as convective noise in the TSS-GCM model. (b-c) Sketch of

the couplings in the (b) crude interannual and (c¢) crude intraseasonal model versions.

Figure 2: Zonal profiles of external moisture source s? (black, K.day™') and cooling source
s%(red, K.day™") for (a) the TSS-GCM model, and (b) the TSS-GCM model with dynamic Walker
circulation (in addition to s™ = (s¢ — Qs?)/(1 — Q) in blue), around the equatorial belt as a
function of zonal position z (1000 km). (c) Zonal profile of the thermocline feedback parameter
n(x) in the equatorial Pacific (nondimensional). (d) Equilibrium Gamma probability distribution

for convective activity (nondimensional).

Figure 3: Solutions of the crude interannual model. Timeseries of (a) T the average of SSTs
in the eastern half of Pacific (K) and of (b) interannual convective activity Ha (K.day™') at the
western edge of the Pacific (x = 0). The red line in (b) is a 1-year moving average. (c-d) repeats
the timeseries over a shorter period. (e-f): Hovmollers of interannual (e) zonal winds u (m.s™1),
(f) thermocline depth H (m) and (g) SST 7" (K) at the equator, as a function of zonal position

and time (years).

Figure 4: Solutions of the crude intraseasonal model. Zonal wavenumber-frequency power
spectra: for intraseasonal (a) zonal winds «' (m.s™1), (b) convective activity Ha' (K.day™!), (d)
potential temperature ¢ (K) and (e) moisture ¢’ (K) and taken at the equator, as a function of
wavenumber (27/40000km) and frequency (cpd). The contour levels are in the base-10 logarithm
for the dimensional variables taken at the equator. The dots indicate the dispersion relations of
the linearized intraseasonal atmosphere. (c¢) Power spectrum of uj;, the average of v’ in the western
half of the equatorial Pacific (blue, m.s™!) and of (f) T the average of T in the eastern half (blue,
K), in addition to their smoothed versions (red). The dashed line indicate the periods 30 and 90

days in all subplots.

Figure 5: Solutions of the crude intraseasonal model. Hovmollers of (a) the MJO data pro-

jection eyrj0, intraseasonal (b) zonal winds «’ (m.s™!), (¢) potential temperature 6 (K) and (d)
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moisture ¢’ (K), as well as (e) interannual zonal winds @ (m.s™'), (f) thermocline depth H (m)
and (g) SST T (K) at the equator, as a function of zonal position x (1000 km) and time (years).
Red line indicates the western Pacific edge at x = 0. The hovmollers in (a-e) extend from -10 000
to 18 000 km (Indian and Pacific oceans) while the hovmollers in (f-h) extend from 0 to 18 000

km (Pacific ocean only).

Figure 6: Solutions of the complete TSS-GCM model. Hovmollers of (a) the MJO data
projection e ;0 (nondimensional), (b) intraseasonal zonal winds v/ (m.s™ '), (¢) total zonal winds
u+ v (m.s7t), (d) total convective activity H(a + a’) (K.day™' with values above 1 K.day™*
not contoured), as well as (e) interannual convective activity Ha (K.day™!), (f) interannual zonal
winds @ (m.s™!), (f) thermocline depth H (m) and (g) SST T (K), at the equator, as a function of
zonal position x (1000 km) and time (years). Red line indicates the western Pacific edge at = = 0.
The hovmollers in (a-e) extend from -10 000 to 18 000 km (Indian and Pacific oceans) while the

hovmollers in (f-h) extend from 0 to 18 000 km (Pacific ocean only).

Figure 7: Solutions of the complete TSS-GCM model. Timeseries of (a) T the average of SSTs
in the eastern half of Pacific (K). (b) repeats the timeserie over a shorter period. (c-g): Hovmollers
of (¢) a l-year running mean of |ey ;0| the magnitude of the MJO data projection ey 0, (d)
interannual convective activity Ha (K.day™'), (e) zonal winds u (m.s™!), (f) thermocline depth

H (m) and (g) SST T (K) at the equator, as a function of zonal position and time (years).

Figure 8: Solutions of the complete TSS-GCM model. Lagged regressions on Tg the average
of SST in the eastern half of Pacific of (a) the MJO data projection eprj0 and (b) its magnitude
learso| (K1), (c) intraseasonal winds u' and (d) their magnitude |u/| (m.s™'/K), (e) interannual
winds u (m.s7!/K), (f) thermocline depth H (m/K) and (g) SST T (K/K), as a function of
zonal position x (1000 km) and lag (years, positive for T leading). Red line indicates the western

Pacific edge at x = 0.

Figure 9: Solutions of the complete TSS-GCM model. Zonal wavenumber-frequency power
spectra: for intraseasonal (a) zonal winds u' (m.s™!), (b) convective activity o’ (K.day™'), (e)
potential temperature 6’ (K) and (f) moisture ¢’ (K) at the equator, as a function of wavenumber

(27 /40000km) and frequency (cpd). The contour levels are in the base-10 logarithm for the dimen-
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sional variables taken at the equator. The dots indicate the dispersion relations of the linearized
intraseasonal atmosphere. (c,g) Power spectrum of (¢) uj;, the average of v’ in the western half of
the equatorial Pacific (m.s™!) and (g) of Tx the average of T in the eastern half (K). The dashed
black lines indicate the periods 30 and 90 days in all subplots. (d) Probability density function of
total convective activity H(a@+ a’) at the warm pool center /western Pacific edge z = 0 (K.day™!).
Red dashed line in (d) indicates the corresponding equilibrium Gamma distribution from Eq. 10

for E, = 0. (h) Probability density function of T (K). Red dashed line in (h) is a Gaussian fit.

Figure 10: Solutions of the TSS-GCM model with dynamic Walker circulation. (a) Contours
of time-averaged interannual convective activity Ha (K.day ')e, as a function of zonal position
(1000km) and height (km) in the equatorial Pacific. Arrows indicate time-averaged interannual

zonal and vertical wind speed. (b-d). Zonal profiles of time-averaged (b) interannual zonal windsu

(m.s™1), (¢) thermocline depth H (m) and (d) SST T (K) at the equator.
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(a) Complete TSS-GCM Model (b) Crude Interannual Model

f Convective noise ! < (Z Convective noise

(Multiplicative)

/7 Interannual Atmosphere
Intraseasonal Atmosphere: =971

Ocean and SST
U/, UI? 0/7 qla CL/ % e y

Modulation by a

(c) Crude Intraseasonal Model

Convective noise
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Interannual Atmosphere:

SNANS

u,v,0,a
Intraseasonal Atmosphere
(Linearized) R&
Wind Stress 7, = v(u + «') Latent Heat Release E, = a,T 0@
Interannual Atmosphere
Ocean and SST: [\?

X

T =y(@+ ) E,=a,T

U, V7 H7 T % Ocean and SST y

Figure 1: (a) Sketch of the couplings between the intraseasonal atmosphere, interannual atmo-
sphere, ocean and SST as well as convective noise in the TSS-GCM model. (b-c) Sketch of the
couplings in the (b) crude interannual and (c¢) crude intraseasonal model versions.

43



) (a) Warm Pool Setup: s?, s?(K.day™") (bg Walker Circulation Setup: s?, s(K.day™")
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Figure 2: Zonal profiles of external moisture source s? (black, K.day~') and cooling source s (red,
K.day™') for (a) the TSS-GCM model, and (b) the TSS-GCM model with dynamic Walker circu-
lation (in addition to s™ = (s? — @s?)/(1 — @) in blue), around the equatorial belt as a function
of zonal position x (1000 km). (c) Zonal profile of the thermocline feedback parameter n(z) in the
equatorial Pacific (nondimensional). (d) Equilibrium Gamma probability distribution for convec-
tive activity (nondimensional).
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Figure 3: Solutions of the crude interannual model. Timeseries of (a) Tp the average of SSTs
in the eastern half of Pacific (K) and of (b) interannual convective activity Ha (K.day™') at the
western edge of the Pacific (z = 0). The red line in (b) is a 1-year moving average. (c-d) repeats
the timeseries over a shorter period. (e-f): Hovmollers of interannual (e) zonal winds u (m.s™!),
(f) thermocline depth H (m) and (g) SST T (K) at the equator, as a function of zonal position
and time (years).
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Figure 4: Solutions of the crude intraseasonal model. Zonal wavenumber-frequency power spectra:
for intraseasonal (a) zonal winds v/ (m.s™1), (b) convective activity Ha' (K.day™'), (d) potential
temperature 6’ (K) and (e) moisture ¢’ (K) and taken at the equator, as a function of wavenumber
(27 /40000km) and frequency (cpd). The contour levels are in the base-10 logarithm for the dimen-
sional variables taken at the equator. The dots indicate the dispersion relations of the linearized
intraseasonal atmosphere. (c¢) Power spectrum of uj;, the average of v’ in the western half of the
equatorial Pacific (blue, m.s™!) and of (f) T the average of T in the eastern half (blue, K), in
addition to their smoothed versions (red). The dashed line indicate the periods 30 and 90 days in
all subplots.
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Figure 5: Solutions of the crude intraseasonal model. Hovmollers of (a) the MJO data projection
enJo, intraseasonal (b) zonal winds u' (m.s™1), (c) potential temperature ¢’ (K) and (d) moisture
¢ (K), as well as (e) interannual zonal winds @ (m.s™!), (f) thermocline depth H (m) and (g)
SST T (K) at the equator, as a function of zonal position x (1000 km) and time (years). Red line
indicates the western Pacific edge at = 0. The hovmollers in (a-e) extend from -10 000 to 18 000

km (Indian and Pacific oceans) while the hovmollers in (f-h) extend from 0 to 18 000 km (Pacific
ocean only).
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Figure 6: Solutions of the complete TSS-GCM model. Hovmollers of (a) the MJO data projection
emgo (nondimensional), (b) intraseasonal zonal winds v/ (m.s™!), (c¢) total zonal winds u + o’
(m.s71), (d) total convective activity H(a + a') (K.day™* Wlth values above 1 K.day! not con-
toured), as well as (e) interannual convective activity Ha (K.day™!), (f) interannual zonal winds
u (m.s™1), (f) thermocline depth H (m) and (g) SST T (K), at the equator, as a function of zonal
position x (1000 km) and time (years). Red line indicates the western Pacific edge at = = 0.
The hovmollers in (a-e) extend from -10 000 to 18 000 km (Indian and Pacific oceans) while the
hovmollers in (f-h) extend from 0 to 18 000 km (Pacific ocean only).
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Figure 7: Solutions of the complete TSS-GCM model. Timeseries of (a) T the average of SSTs in
the eastern half of Pacific (K). (b) repeats the timeserie over a shorter period. (c-g): Hovmollers
of (¢) a l-year running mean of |ey ;0| the magnitude of the MJO data projection ey 0, (d)
interannual convective activity Ha (K.day™!), (e) zonal winds @ (m.s™!), (f) thermocline depth
H (m) and (g) SST T (K) at the equator, as a function of zonal position and time (years).
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Figure 8: Solutions of the complete TSS-GCM model. Lagged regressions on T the average of
SST in the eastern half of Pacific of (a) the MJO data projection epr;0 and (b) its magnitude
learso| (K1), (c) intraseasonal winds «' and (d) their magnitude |u/| (m.s™'/K), (e) interannual
winds w (m.s7!/K), (f) thermocline depth H (m/K) and (g) SST T (K/K), as a function of
zonal position x (1000 km) and lag (years, positive for T leading). Red line indicates the western
Pacific edge at x = 0.
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Figure 9: Solutions of the complete TSS-GCM model. Zonal wavenumber-frequency power spectra:
for intraseasonal (a) zonal winds u' (m.s™!), (b) convective activity a’ (K.day™'), (e) potential tem-
perature ¢’ (K) and (f) moisture ¢’ (K') at the equator, as a function of wavenumber (27 /40000km)
and frequency (cpd). The contour levels are in the base-10 logarithm for the dimensional variables
taken at the equator. The dots indicate the dispersion relations of the linearized intraseasonal
atmosphere. (c,g) Power spectrum of (c¢) uy, the average of v/ in the western half of the equa-
torial Pacific (m.s™!) and (g) of T the average of T in the eastern half (K). The dashed black
lines indicate the periods 30 and 90 days in all subplots. (d) Probability density function of total
convective activity H(@+ a’) at the warm pool center /western Pacific edge x = 0 (K.day™'). Red
dashed line in (d) indicates the corresponding equilibrium Gamma distribution from Eq. 10 for
E, = 0. (h) Probability density function of Tp (K). Red dashed line in (h) is a Gaussian fit.
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Figure 10: Solutions of the TSS-GCM model with dynamic Walker circulation. (a) Contours
of time-averaged interannual convective activity Ha (K.day™')e, as a function of zonal position
(1000km) and height (km) in the equatorial Pacific. Arrows indicate time-averaged interannual
zonal and vertical wind speed. (b-d). Zonal profiles of time-averaged (b) interannual zonal windsu
(m.s™1), (¢) thermocline depth H (m) and (d) SST T (K) at the equator.
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