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Deep learning for multi-year ENSO forecasts

Yoo-Geun Ham!*, Jeong- Hwan Kim' & Jing-Jia Luo®?

Variations in the El Nifio/Southern Oscillation (ENSO) are
associated with a wide array of regional climate extremes and
ecosystem impacts’, Robust, long-lead forecasts would therefore
be valuable for managing policy responses. But despite decades
of effort, forecasting ENSO events at lead times of more than one
year remains problematic®. Here we show that a statistical forecast
model employing a deep-learning approach produces skilful ENSO
forecasts for lead times of up to one and a half years. To circumvent
the limited ambunl of observation data, we use transfer learning
to train a convolutional neural network (CNN) first on historical
simulations® and subsequently on reanalysis from 1871 to 1973,
During the validation period from 1984 to 2017, the all-season
correlation skill of the Nino3.4 index of the CNN model is much
higher than those of current state-of-the-art dynamical forecast
systems. The CNN model is also better at predicting the detailed
zonal distribution of sea surface temperatures, overcoming a
weakness of dynamical forecast models. A heat map analysis
indicates that the CNN model predicts ENSO events using physically
reasonable precursors. The CNN model is thus a powerful tool for
both the prediction of ENSO events and for the analysis of their
associated complex mechanisms.

The ability to forecast large-scale climate variability, with its effects
on global social and environmental systems, is highly dependent on
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Fig. 1| Architecture of the CNIN model used for the ENSO forecasts. The
NN model conststs of one Input layer (the predictor), three convolutional
layers, two max-pooling (MP) layers, one fully connected (FC) layer,

and one output layer (the predictand}. The variables of the Input layer
correspond to the S5T (In units of °C) and the oceanic heat content (HC, 1n
units of °C) anomaly maps from Ume — 2 months (o tme 7 (1o months),
Detween 0°-360° E and 557 5-60° N. The three-month-averaged Nino3.4
Index from Ume T + | month to v+ 23 months 1s used as a variable for the

the quality of ENSO predictions®. Although ENSO forecasts using
atmosphere-ocean coupled models™® generally outperform those of
current statistical models’, state-of-the-art dynamical forecast sys-
tems nevertheless do not provide a skilful prediction of ENSO for lead
times longer than one year. The multi-vear prediction of ENSO events
therefore remains a major challenge’.

However, the presence of an oscillating element in ENSO, linked
to slowly varying oceanic variations and their coupling to the atmos-
phere, suggests that multi-year forecasts are possible™”. Interestingly,
equatorial Pacific anomalies during several La Nifna events lingered
for several years®. The high-frequency equatorial winds are less
predictable®, but the slowly varying component of the equatorial
winds coupled with underlying sea surface temperatures (SST)" is
predictable to some extent. 55T anomalies outside the equatorial Pacific
can lead to an ENSO event with a time-lag longer than a year' 2,
These studies imply that there is still room for improvement in ENSO
prediction, although current methodologies might not be appropriate
for this.

With the advent of the big data era, deep learning has had a dramatic
impact on many domains by discovering iniricate structures within
large datasets'*. In particular, CNNs have produced outstanding results
in the processing of data with multiple-dimensional arrays with spa-
tial structure {{or example, used in the identification of objects within

FC layer
Comvolutional MP layer 2  Convelutional .
layer 2 layer 3 w
o Output layar
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]

output layer. The red boxes and lines highlight the convolutional Mter and
convolutional process, respectively; and the blue box and lines Indicate the
max-pooling window and the max-pooling process, respectively. M denotes
the number of feature maps, while N denotes the number of neurons in the
FC Iayer, which are set to be elther 30 or 50 1n this study. The global map 15
generated 1n Matplotlib®’, The x and y dimensions of the map in each layer
are denoted {6, 12, I8, 24, 36, 72) next to the map.

'Dapartnant of Ooeancgraphy, Chonnam National University, Gaangjy, South Korea. 2instituie for Cimate and Application Ressarch (ICARYCICFEMYKLMETLEES, Nanjing Uintvarsity of
Infermation Science and Technology, Nanfing, China. *SKLLOE, Instiiue of Earth Ervironment. Chinese Academy of Sclences, X7'an, China. »s-mall: yghamigjnuackr

568 NATURE | YOL 573 6 SEPTEMBER 2019

< Nature#| =+ Al#(2019. 9) >



3

A
o

7

F

e

OlfFtisS ¢l

|I-I
a3

-]

@1 =7t HHEX| 5 A}
-

e gok

A
=

37| 871

3

o

e
o

O Q72 A=

G
B/

»AO

;L

lo

2} 7]

O AFAH3):

AR A

4=
==

7] &871€ /i A7(16~4)

t

A7 1=7Ni-7]

==

# IA: 717dAEA

‘_II.”

0

p—

o

H

2

i A
AR A A = 7H

[

}

O 7he, AtE 59 7

O 7]

gl
(e e}
al7l
HJ

:10~15%)

ST
e

Hre:5~10%, 7

o
(3, 7]

A

e Bhg O

3L

[¢)

]

o
u

1

k<]
i

TR K
It

_(H

1

°
yal

O
=

=7

1

F5of 9
R4
7] = ™ (08~'17) 38%/ 423 — £ = ("18~19) 70%/ 13.53]

AL

(9

=2

=

(¢}

Ay

058 W&
O A

O 7= ¥



EEEAvAPS-TI)
TEEHEM(CCNC)

LIS % , i e
&% ° Lt e ' Alg

LA = (Nephdometer)

YAHSE|(RSX-3)

¥ BT ; A7
o 8 0 mﬁ 1 ?o? 2BIGVR)
: SAB(SFMR)
2 UXIRSHPIP) FAHCamena)
IFEURII|RYWCR)  JIAET AHERAG-EFR)
FE NS LRHWOM2000)

<71V8%s7] ‘ussr AR D




100

A7) 92,

o

=

¥ A AAAE 714918 A= APE('14~19/

] 72 AR
O AFAHA S

ﬂl

0

—1

o

SRR

Ak

o 7187718 AR & Al 2 AA 7L

I3

z4

P AA A Ee AT A" s)Es
A

]

ARE A, A, B, B, AHAT 5 JEE 7P
=

Ad= AzElS T Evlez 75 2 93

O 20199 HAAE 7]
2~
=419
G F6E 54 AL

Z

O 71& dEA4d 15 A= il oF 1,00001 2] &

O 2018 12¢ 5Y AR HEH9A 2AT = HE 7]

O
O] 71t &3}

i

dF =7kl gk

Ry

O obAlotH



O 713982 A 2" d =

J

7|2 T e s E 7| H72771d 24 8 EiE S 7IdEd EY

Q-:
— o1 ‘P —y
==

L\ bl

Q o
‘h
SUH0| A A= R =x AR

o e HE

BT o 22|, S Via, $/d & 9IE{4

s

<N AG= A =6l TE =D

W Hziel

| SRR
P
18] 4%]
ey ¥
O
HEAH OlEHAIS e

I EeRiely
W eleisly s

ZEARE x| Ho| kL

VA TA 28 S5



