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Atmospheric wind bursts in the tropics plays a key role in the dy-
namics of the El Nifio Southern Oscillation (ENSO). A simple mod-
eling framework is proposed that summarizes this relationship and
captures major features of the observational record while remain-
ing physically consistent and amenable to detailed analysis. Within
this simple framework, wind burst activity evolves according to
a stochastic two-state Markov switching-diffusion process that de-
pends on the strength of the western Pacific warm pool, and is cou-
pled to simple ocean-atmosphere processes that are otherwise de-
terministic, stable and linear. A simple model with this parametriza-
tion and no additional nonlinearities reproduces a realistic ENSO cy-
cle with intermittent El Nifio and La Nifia events of varying intensity
and strength as well as realistic buildup and shutdown of wind burst
activity in the western Pacific. The wind burst activity has a direct
causal effect on the ENSO variability: in particular, it intermittently
triggers regular El Nifio or La Nifa events, super El Nifio events or
no events at all, which enables the model to capture observed ENSO
statistics such as the probability density function and power spec-
trum of eastern Pacific sea surface temperatures. The present frame-
work provides further theoretical and practical insight on the relation-
ship between wind burst activity and the ENSO.
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he El Nifio-Southern Oscillation (ENSO) is the most

prominent year-to-year climate variation on Earth, with
dramatic ecological and social impacts. It consists of alter-
nating periods of anomalously warm El Nifio conditions and
cold La Nifia conditions in the equatorial Pacific every 2 to 7
years, with considerable irregularity in amplitude, duration,
temporal evolution and spatial structure of these events.

The ENSO dynamics are largely associated with the ad-
justment of the equatorial Pacific ocean and atmosphere at
interannual timescale and planetary scale, as modeled by a
large hierarchy of models of increasing complexity (1, 2). De-
spite the primary importance of the ENSO and the decades of
research progress, a generally accepted theory for its initiation
and maintenance mechanisms is still under debate. Different
scenarios can be envisaged depending on the characteristics of
the equatorial Pacific system (3, 4). If the system is unstable
enough, the ENSO cycle may be triggered and maintained by
internal deterministic processes such as a limit cycle, inter-
actions with the seasonal cycle or more complex rectification
processes (5, 6). If the system is dissipated enough, the ENSO
cycle may rather be a direct response to high frequency forcing
such as random atmospheric disturbances, that would also
account for its irregularity and unpredictability at long lead
times (7, 8, 9).

A broad range of random atmospheric disturbances in the
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tropics may be considered as possible triggers to ENSO vari-
ability, such as for example westerly wind bursts (10, 11, 12),
easterly wind bursts (13), as well as the convective envelope of
the Madden-Julian Oscillation (MJO)(14, 15). For instance,
all those atmospheric disturbances are usually more promi-
nent in the equatorial Pacific prior to El Nifio events. The
convective envelope of the MJO in particular features both
westerly and easterly wind bursts that can be considered as
potential ENSO triggers or inhibitors (16, 17, 18).

In the present article, a simple model is proposed that
summarizes the relationship between wind burst activity and
the ENSO. The model captures key features of the observa-
tional record such as intermittent El Nifio and La Nifia events
of varying intensity and strength as well as the probability
density function and power spectrum of eastern Pacific sea
surface temperatures. We achieve those goals by developing a
simple stochastic parameterization for the wind burst activity
that accounts for its intermittent and unpredictable nature at
interannual timescale and its dependence on the strength of
the western Pacific warm pool.

The present model is simpler than other ENSO models
dealing with the ENSO and wind burst activity relationship in
a more detailed fashion (8, 19, 12, 20, 21). For instance, wind
burst activity is here coupled to ocean-atmosphere processes
that are otherwise deterministic, stable and linear. In addi-
tion, there is for example no prescription of wind burst phase
speed or abrupt convection threshold that is here replaced by
stochastic transitions between a quiescent and active state of
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wind burst activity. On the other hand, the present model is
more complex than the recharge oscillator of ref. 22, with here
a dependence of wind burst activity on the western instead of
the eastern Pacific conditions and additional features recov-
ered from the observational record. The present article also
introduces simplified theoretical elements relevant to ENSO
dynamics such as a non-dissipative atmosphere consistent with
the skeleton model for the MJO in the tropics (16), as well
as a systematic low-order meridional truncation in both the
atmosphere and ocean.

The subsequent sections present the ENSO model as well
as results from numerical experiments where the key role of
wind burst activity is evidenced. The paper concludes with
a brief summary discussion. Additional details on the model
derivation and setup are provided in the SI Appendiz.

Model Formulation

ENSO Model. The ENSO model used in the present article
consists of a non-dissipative atmosphere coupled to a simple
shallow-water ocean and sea surface temperature budget. This
reads:

Interannual atmosphere model

—yv — 0,0 =0
yu — 9,0 =0 B (1]
—(Ozu+ 0yv) = E;/(1 - Q),

Interannual ocean model

00U —c1YV 4+c10.H =17z
YU+ 0yH =0 (2]
o-H + 01(6ZU + 8}/‘/) =0,

Interannual SST model
0, T/er = —CEy +nH, 3

with
E, = o T

7o =Y(u + up). ]

In the above model, x is zonal direction and 7 is interannual
time, while y and Y are meridional direction in the atmosphere
and ocean, respectively. The wu,v are zonal and meridional
winds, @ is potential temperature, U, V', are zonal and merid-
ional currents, H is thermocline depth, T is sea surface tem-
perature (SST), E, is latent heating, and 7, is zonal wind
stress. All variables are anomalies from an equilibrium state,
and are non-dimensional. The term u, in Eq. 4 is a stochastic
wind burst perturbation described in the next section. The at-
mosphere extends over the entire equatorial belt 0 < x < L4
with periodic boundary conditions w(0,y,7) = w(La,y,T),
etc, while the Pacific ocean extends over 0 < x < Lo with
reflection boundary conditions fj;o U0,Y,7)dY = 0 and
U(Lo,Y,7) =0 (2).

The above model retains a few essential processes that
model the ENSO dynamics in a simple fashion. Latent heat-
ing E, that is proportional to sea surface temperature 7" is
depleted from the ocean and forces an atmospheric circulation.
The resulting zonal wind stress 7, in return forces an ocean
circulation that can feedback on the sea surface temperatures
through thermocline depth anomalies H. This thermocline
feedback is maximal in the eastern Pacific, as shown by the
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Fig. 1. Top: Zonal profile of thermocline feedback 7 (non-dimensional) as a function
of zonal position z in 1000 km. Bottom: Zonal profile of wind burst structure s,
(non-dimensional).

profile of i in Fig. 1. In the absence of wind burst pertur-
bations u, the present ENSO model is entirely deterministic,
stable and linear.

The model introduces unique theoretical elements such
as a non-dissipative atmosphere consistent with the skeleton
model for the MJO in the tropics (16), valid here on the
interannual timescale and suitable to describe the dynamics of
the Walker circulation (23, 24, 25). In addition, the meridional
axis y and Y are different in the atmosphere and ocean as
they each scale to a suitable Rossby radius. This allows for
a systematic meridional decomposition and truncation of the
flow into the well known parabolic cylinder functions, which
keeps the system low-dimensional (26). For instance, when
computing model solutions Eq. 1 is projected and truncated
to the first parabolic cylinder function of the atmosphere (16),
while Eq. 2-3 are projected and truncated to the first parabolic
cylinder function of the ocean (2).

The SI Appendiz provides additional details on the deriva-
tion of the model from an asymptotic expansion and parameter
values (Tables S1, S2, and S3) as well as on the low-order merid-
ional truncation (Fig. S4) and linear solutions in the absence
of wind burst perturbations (Fig. S5, S6).

Stochastic Wind Burst Model. Stochastic wind bursts pertur-
bations with wind speed u, are added to the model that
represent several important ENSO triggers found in nature
such as westerly wind bursts, easterly wind bursts as well as
the convective envelope of the MJO. This reads:

up = ap(7)8p(2) o (y), [5]

with amplitude a, and a fixed spatial structure that consists of
a zonal profile s, shown in Fig. 1 and a Gaussian meridional
profile ¢o (see SI Appendiz). The wind bursts perturbations
are localized over the western equatorial Pacific, with zonal and
meridional extent around 3000 km and 1500 km, respectively
(12), and for simplicity their detailed structure and propagation
are here omitted.
The evolution of wind burst amplitude a, reads:

da i
T: = —dpap + op(Tw )W (1), [6]

where d,, is noise dissipation and W (7) is a Gaussian white
noise source term. The o, is the amplitude of the wind burst
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noise source, that depends on Ty the average of SST anomalies
in the western half of the equatorial Pacific (0 < z < Lo/2)
as described in the next section.

Two-state Markov Jump Process. The wind burst activity is
driven here by a simple stochastic process that accounts for its
intermittent and unpredictable nature at interannual timescale
and its dependence on the strength of the western Pacific warm
pool (27, 28, 29). For this, we consider a two-state Markov
switching-diffusion process, for which the wind burst activity
noise is state-dependent i.e. multiplicative.

First, we allow the equatorial Pacific system to switch back
and forth between a quiescent and active state of wind burst
activity, where:

w1

and op1 > opo. In particular, increased wind burst activity in
the active state of higher energy is a more effective trigger for
ENSO variability.

Second, we allow for intermittent transitions between the
two states depending on the strength of the equatorial Pacific
warm pool. The probabilities of transiting from one state to
the other at a time 7+ A7 are conditional on the system state
at time 7 and read:

opo for the quiescent state 0 [7]
op1 for the active state 1

P(op(T + AT) = 0p1|op(T) = 0po) = po1AT + o(AT)
P(op(1T + AT) = 0polop(T) = 0p1) = p10AT + 0(AT)
P(op(1T + AT) = 0polop(T) = 0po) = 1 — pio1 AT + o(AT)
P(op(T + AT) = 0p1|op(T) = 0p1) = 1 — p10AT + o(AT). 8l
8

The transition rates po1 and pio depend here on Ty the
average of SST anomalies in the western half of the equatorial
Pacific (0 < z < Lo/2), as shown in Fig. 2. A transition
o1 from the quiescent to active state is more likely when
Tw > 0, while a transition from the active to quiescent state
is more likely when Ty < 0. For instance, wind burst activity
is usually favored by warmer SST in the western Pacific, due
for example to the strengthening or eastward extension of the
warm pool, which is accounted for here in a simple fashion (11,
12, 14). Note that the system can switch more rapidly from
the active to the quiescent state, in agreement with the rapid
shutdown of wind burst activity observed in the aftermath of
El Nino events. The SI Appendiz provides additional details
on the two-state Markov jump process as well as parameter
values.

Model Properties

The subsequent sections present results from numerical experi-
ments with the ENSO model where the key role of wind burst
activity is evidenced. In particular, the wind burst activity can
intermittently trigger regular El Nifio or La Nifia events, super
El Nino events or no events at all, which enables the model
to capture observed ENSO statistics such as the probability
density function and power spectrum of eastern Pacific SST.

Timeseries. Fig. 3 shows timeseries for T and Tw the aver-
age of SST anomalies in the eastern and western half of the
equatorial Pacific, respectively, as well as the amplitude a,
and the quiescent or active state of wind burst activity. Here
Tr for example is a good indicator of the ENSO variability
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Switching rate dependence on Ty
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Fig. 2. Transition rates p01 (red) from the quiescent to active state and 11 (blue)
from the active to quiescent state of wind burst activity, as a function of Ty the
average of SST anomalies in the western Pacific (K).

due to its possible comparison to the observed Nino3.SST
index. The model simulates an ENSO cycle that is sustained,
irregular, intermittent and asymmetric, as in nature. Strong
El Nifio events (Tr > 0) are preceded by an intensification
of wind burst activity during which the system switches to
the active state 1 and wind bursts amplitude a, can reach
realistic values around +15ms~" (10, 12, 30). In addition, a,
can be either positive or negative showing that both westerly
or easterly wind bursts over the warm pool can act as El Nino
triggers.

Fig. 4 shows the probability density function (PDF) and
power spectrum of T, as well as the PDF of a, and the
observed Nino3.SST index. The PDF of Tr and Nifno3.SST
compare well in terms of the mean and variance, the skewness
towards more frequent La Nifia conditions and the presence of a
fat tail for extreme El Niflo events (31). Those realistic features
would not be recovered in the absence of state-dependent noise,
as the PDF of Tr would be Gaussian. Meanwhile, the PDF
of a, is non-Gaussian and symmetric, showing that it does
not favor westerly nor easterly wind bursts in particular. The
power spectrum of Tg in Fig. 4 is distributed rather evenly
in the interannual band (2-7 years), as in nature (9), with
however a maxima around 0.22yr~' corresponding to the
frequency of linear solutions that would be obtained in the
absence of wind burst activity (see SI Appendiz).

Hovmoller space-time diagrams. Fig. 5 shows the details of a
super El Nifio event (around year 153) that is representative
of extreme events in the observational record (e.g. 1997/98,
2015/16). This El Nifio event starts with a realistic build-up
of SST and thermocline depth anomalies in the western Pacific
the preceding year, which switches the system to the active
state 1 and increases wind burst activity over the warm pool
region. At the start of year 153, a strong series of westerly wind
bursts triggers strong thermocline depth and SST anomalies
in the western Pacific that eventually propagate and intensify
in the eastern Pacific at the peak of the El Nifio event. The
El Nino event is then followed by a reversal of conditions the
following year towards a weak La Nina state.

Fig. 6 shows examples of quasi regular moderate El Nifo
events that are also realistically preceded by a build-up of
SST, thermocline depth and wind burst activity in the western
Pacific. There are however many examples in Fig. 3, 5 and
6 where wind burst activity builds up without triggering an
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Fig. 3. Top: Timeseries of T'r the average of SST anomalies in the eastern Pacific (black, K) and T the average in the western Pacific (red, K). Middle: Timeserie of wind
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El Nino event (e.g. at years 55, 58, 113, 119, 157, 159),
showing that wind burst activity in the model is a necessary
but non-sufficient condition to El Nifio development (32, 33).

Discussion

We have proposed a simplified model that summarizes the
relationship between wind burst activity and the ENSO. The
model captures key features of the observational record while
remaining amenable to detailed analysis. We achieve those
goals by developing a simple stochastic parameterization for
the wind burst activity that accounts for its dependence on the
strength of the western Pacific warm pool through a two-state
Markov jump process. The present article also introduces
unique theoretical elements relevant to ENSO dynamics such
as a non-dissipative atmosphere consistent with the skeleton
model for the MJO in the tropics (16) as well as a systematic
low-order meridional truncation in both the atmosphere and
ocean. Without the stochastic wind bursts, the basic model is
deterministic, stable and linear.

The present ENSO model captures key features of the ob-
servational record such as intermittent El Nifio and La Nifia
events of varying intensity and strength, including extreme El
Nino events, as well as the probability density function and
power spectrum of eastern Pacific sea surface temperatures.
Wind bursts that trigger El Nifio events in the model are
preferentially westerly, with however many examples of mixed
westerly and easterly wind bursts, a situation commonly en-
countered for example within the convective envelope of the
MJO (14, 17, 15). In addition to this, wind bursts in the
model are a necessary but non-sufficient condition to El Nino

ACKNOWLEDGMENTS. The research of A.J.M. is partially sup-
ported by the Office of Naval Research Grant ONR MURI N00014-
16-1-2161. The research of S.N.S. is partially supported by the
Office of Naval Research Grants ONR YIP N00014-12-1-0744 and
ONR MURI N00014-16-1-2161. S.T. is supported as a postdoctoral
fellow through A.J.M’s ONR MURI Grant. N. C. is supported as a
PHD fellow through A.J.M’s ONR MURI Grant.

1. Neelin JD et al. (1998) ENSO theory. J. Geophys. Res.: Oceans 103(C7):14261-14290.

2. Clarke AJ (2008) An Introduction to the Dynamics of El Nino & the Southern Oscillation.
(Academic Press).

3. Kessler WS (2002) Is enso a cycle or a series of events? Geophys.Res.Lett. 29(23):1—4.

4. Philander S, Fedorov A (2003) Is El Nino Sporadic or Cyclic ? Ann. Rev. Earth Planet. Sci.
31:579-594.

5. Jin FF (1997) An equatorial ocean recharge paradigm for ENSO. part i: Conceptual model. J.
Atmos. Sci. 54(7):811-829.

6. Timmerman A, Jin F (2003) A nonlinear theory for El Nino bursting. J. Atmos. Sci. 60:152—
165.

7. Kleeman R, Moore A (1997) A theory for the limitation of ENSO predictability due to stochastic
atmospheric transients. J. Atmos Sci 54:753-767.

8. Moore AM, Kleeman R (1999) Stochastic Forcing of ENSO by the Intraseasonal Oscillation.
J. Climate 12:1199-1220.

9. Kleeman R (2008) Stochastic theories for the irregularity of ENSO. Phil. Trans. R. Soc
366:2509-2524.

Thual etal.

development as many wind bursts are not followed by El Nifio
events (32, 33). These are attractive features of the present

theoretical model.

A more complete model should account for more details
of the ocean-atmosphere dynamics relevant to ENSO. For
example, the sea surface temperature budget could include
additional processes such as zonal advection that is deemed
essential for the dynamics of central Pacific El Nifio events (34).
Meanwhile, a more detailed representation of the intraseasonal
wind burst activity could be included in the model (16, 17,
18).

10. Harrison D, Vecchi G (1997) Westerly wind events in the tropical Pacific. J. Climate 10:3131—
3156.

11. Vecchi G, Harrison D (2000) Tropical Pacific Sea Surface Temperature Anomalies, El Nino,
and Equatorial Westerly Wind Events. J. Climate 13:1814—1830.

12. Tziperman E, Yu. L (2007) Quantifying the Dependence of Westerly Wind Bursts on the
Large-Scale Tropical Pacific SST. J. Climate 20:2760—-2768.

13. Hu S, Fedorov A (2015) Exceptionally strong easterly wind burst stalling EI Nino of 2014.
Proc. Natl. Acad. Sci. 113:2005-2010.

14. Hendon H, Wheeler M, Zhang C (2007) Seasonal Dependence of the MJO-ENSO Relation-
ship. J. Climate 20:543.

15. Puy M, Vialard J, Lengaigne M, Guilyardi E (2016) Modulation of equatorial Pacific west-
erly/easterly wind events by the Madden-Julian oscillation and convectively-coupled Rossby
waves. Clim. Dyn. 46:2155-2178.

16. Majda AJ, Stechmann SN (2009) The skeleton of tropical intraseasonal oscillations. Proc.
Natl. Acad. Sci. 106:8417-8422.

17. Majda AJ, Stechmann SN (2011) Nonlinear Dynamics and Regional Variations in the MJO
Skeleton. J. Atmos. Sci. 68:3053-3071.

18. Thual S, Majda AJ, Stechmann SN (2014) A stochastic skeleton model for the MJO. J. Atmos.
Sci. 71:697-715.

19. Eisenman |, Yu L, Tziperman E (2005) Westerly Wind Bursts: ENSO’s Tail Rather than the
Dog? J. Climate 18:5224-5238.

20. Lopez H, Kirtman B, Tziperman E, Gebbie G (2013) Impact of interactive westerly wind bursts
on CCSM3. Dyn. Atm. Oceans 59:24-51.

21. Chen D et al. (2015) Strong Influence of Westerly Wind Bursts on El Nino Diversity. Nat.
GeoScience 8:339-345.

22. Jin F, Lin L, Timmermann A, Zhao J (2007) Ensemble-mean dynamics of the ENSO
recharge oscillator under state-dependent stochastic forcing. Geophys. Res. Lett.
34:doi:10.1029/2006GL027372.

23. Majda A, Klein R (2003) Systematic multiscale models for the Tropics. J. Atmos. Sci. 60:393—
408.

24. Stechmann S, Ogrosky H (2014) The walker circulation, diabatic heating, and outgoing long-
wave radiation. Geophys. Res. Lett. 41:9097-9105.

25. Stechmann SN, Majda AJ (2015) Identifying the skeleton of the madden-julian oscillation in
observational data. Mon. Wea. Rev. 143:395-416.

26. Thual S, Thual O, Dewitte B (2012) Absolute or convective instability in the equatorial pacific
and implications for ENSO. Q. J. Meteorol. Soc. 138.

27. Gardiner CW (1994) Handbook of stochastic methods for physics, chemistry, and the natural
sciences. (Springer). 442pp.

28. Lawler GF (2006) Introduction to Stochastic Processes. (Chapman and Hall/CRC). 192pp.

29. Majda AJ, Harlim J (2012) Filtering Complex Turbulent Systems. (Cambridge University
Press).

30. Zhang C, Gottschalck J (2002) Sst anomalies of enso and the madden-julian oscillation in the
equatorial pacific*. Journal of Climate 15(17):2429-2445.

31. Burgers G, Stephenson D (1999) The Normality of EI Nino. Geophys. Res. Lett. 26(8):1027—
1030.

32. Fedorov A, Hu S, Lengaigne M, Guilyardi E (2015) The impact of westerly wind bursts and
ocean initial state on the development, and diversity of EI Nino events. Clim. Dyn. 44:1381—
1401.

33. Hu S, Fedorov A, Lengaigne M, Guilyardi E (2014) The impact of westerly wind bursts on
the diversity and predictability of El Nino events: An ocean energetics perspective. Geophys.
Res. Lett. 41:4654—4663.

34. Ashok K, Behera SK, Rao SA, Weng H, Yamagata T (2007) El Nino Modoki and its possible
teleconnections. J. Geophys. Res 112.

PNAS | July22,2016 | vol. XXX | no.XX | 5



u
160 :
158}
156
-
154]
152f =
= ——
§ 150f §
S
148 =
146} 146F— g
144 144 1
142} 142f 1
140 ‘ 140 ‘
0 o 10
x (1000 km) X (1000 km)
-5 0 5 -1 0
m.st m.st

Year

160

158

156

154

152

150

148

146

144

142

140

Year

160

158

156

154

152

150

148

146

144

142

10
X (1000 km)

-50 0 50

m

140

E' W States
160F 160 T ™
158 158 1
156 156 B
154+ 154 B
152 152 1
150} § 150 :
148 148 1
146 146 B
144 144 B

[ ——1
142¢ 142 ,
140+~ 140 . L
-5 0 05 1

Fig. 5. Hovmollers with an example of super El Nifio event. Variables at equator as a function of zonal position z: (1000km) and time (years): winds « (ms~?!), currents U
(ms™1), thermocline depth H (m), and sea surface temperature T' (K). Timeseries of wind burst activity a,, (ms’l), including a 120 days running-mean (red). Timeseries
of Tr the average of SST anomalies in the eastern Pacific (black, K) and Ty the average in the western Pacific (red, K). Timeseries of wind burst activity state, either
quiescent state 0 or active state 1.

6

u U
120 —— 120 —
118F 88 1 118} :
" | — —
1161 1 11ef 1
WA e | W
112f {1 112f 1
= 4 —
§ 110} — 1
108F 1 1
106F i 106 ==
_—

— —

1041 1 10af— -
102} 1 02— 1

100 ‘ 100 ‘

0 10 1
X (1000 km) X (1000 km)

-5 0 5 -10

m.st ms?t

120

118

116

114

112

110

108

106

104

102

100

H T
F T 3 120
F 1 118
& 1 116
— ] 114
r 1 112
_— S
F 1 110
F 1 108
L _—— 106
o |
r == 104
F b 102

L 100 == f

10 0 10

X (1000 km) X (1000 km)
-5 5

-50 0 50
m

0
K

Fig. 6. Hovmollers with examples of quasi regular moderate El Nifio events. See Fig. 5 for definitions (plot range for T'g, Tw is different).

www.pnas.org/cgi/doi/10.1073/pnas. XXXXXXXXXX

E W States
120F T 120 ! 3
118} 118 q
116} 116} p—
—
114+ 114 ° q
112 112 B
110f 110 q
108 108 1
106 106 1
104+ 104 1
102+ 102 1
100—1 100 -
-4-2 0 2 0 05 1
K
—_— TW
— TE
Thual etal.


www.pnas.org/cgi/doi/10.1073/pnas.XXXXXXXXXX

	ACKNOWLEDGMENTS

