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REVIEW article
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Toward an integrated pantropical
ocean observing system
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Walker Circulation, Trade Winds, and the ocean thermocline
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Ekman transport out of equatorial
region, inducing upwelling

Deep thermocline — High Warm
Water Volume (recharge state)
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ENSO is a coupled air-sea phenomenon

Jacob Bjerknes (1897-1975)
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ENSO SST anomalies time series

Phase change (via,
e.g., recharge
oscillator, delayed
oscillator)
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Growth (via Bjerknes +ve feedback)
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Source of ENSO predictablllty/ | Sverdnp Transpon — The Recharge Oscillator Paradigm
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SST (°C); WWV (10'* m?)

Warm Water Volume (5°N—-5°S, 120°E—-80°W)
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Potentially a record
/ breaking EL Nino

Global Ocean Data Assimilation
System (GODAS) produces a real-
time gridded ocean temperature
dataset as the output of a
dynamical global ocean model-
based data assimilation scheme
that incorporates temperature
profiles from TAO moorings, Argo
floats, XBTs and other data sets.



Correlation coef.

Autocorrelation ENSO
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ENSO is most predictable, and is a source
of predictability for other climate modes.
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Southern Annular Mode
(Antarctic Oscillation)

Equator

Southern Annular Mode (SAM): Negative phase (summer)
© Commonwealth of Australia 2019.

Equator Equator

Southern Annular Mode (SAM): Positive phase (winter) Southern Annular Mode (SAM): Negative phase (winter)
© Commonwealth of Australia 2019.

« SAM - an internal mode of atmospheric variability
» Difference in zonal mean pressure between 40 and 65 °S



Stratosphere
Strengthened Brewer-Dobson Circulation
and Weaker Polar Vortex

El Nino Southern
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ENSO Atmospheric Teleconnections

Andréa S. Taschetto'?, Caroline C. Ummenhofer*?, Malte F. Stuecker?, Dietmar Dommenget*?,
Karumuri Ashok®, Regina R. Rodrigues’, and Sang-Wook Yeh?®

W% Dry Land " WetlLand W CoolOcean  ##® Warm Ocean

7 ) NWP Anticyclone ‘ ' Walker Circulation g?@p PNA/PSA
Figure 14.1 ENSO atmospheric teleconnections: Schematic of global circulation changes during El Nino. Top:
Upper troposphere. Centers of geopotential height representing the Pacific North American (PNA) and Pacific
South American (PSA) patterns. Red contours: positive geopotential anomaly. Blue contours: negative geopoten-
tial anomaly. Grey arching arrows represent typical PNA and PSA paths. Bottom: surface. Sea surface temperature
anomalies (shading), Walker Circulation anomalies (brown dashed arrows), Northwest Pacific Anticyclone
(orange contour), and precipitation anomalies (shading over land). Brown: dry. Green: wet. Red: warm. Blue:
cool conditions.
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Climate impacts of the El Nino—
Southern Oscillation on South America

Wenju Caii»'-2=, Michael J. McPhaden?, Alice M. Grimm?*, Regina R. Rodrigues(®?®,
Andréa S. Taschetto®®, René D. Garreaud’5, Boris Dewitte® 01112 Germdn Poveda'?,
Yoo-Geun Ham'%, Agus Santoso(»>, Benjamin Ng(?, Weston Anderson'®,

Guojian Wang®'~, Tao CGeng®'?, Hyun-Su Jo?, José A. Marengo'S, Lincoln M. Alves'?,
Marisol Osman'!®, Shujun Li'2, Lixin Wu', Christina Karamperidou®®, Ken Takahashi?'
and Carolina Vera'®1?

ENSO impact on climate is conveyed
through changes in the Walker Circulation
and atmospheric waves, involving the
ocean (e.g., marine heatwaves).
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Nina winter (photo credit: Kari Greer).
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Global warming

Temperature anomaly (°C) relative to 1961-1980
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Earth is warming up as greenhouse
gas emission continues to climb.

The increase in temperature is not
smooth (staircase like) due to
internal multi-decadal climate
variability (e.g., Interdecadal Pacific
Oscillation).

The warming is not distributed
equally at all spatial locations.
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e There are over 60 climate models from
about 30 modelling groups all over the
world.

« Climate model data are provided under the
efforts of Climate Model Intercomparison
Project (CMIP)

« They can reasonably simulate the earth
climate and modes of variability
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Taschetto et al. 2014, J. Climate



Coupled Model Intercomparison Project (CMIP) Progress in climate modeling

There was no “CMIP4”

Models not yet
organized as CMIP
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(2020,
planned)

IPCC FAR IPCC SAR IPCCTAR IPCC AR4 IPCC AR5
L) (1995) (2001) (2007) (2013)

Fact Sheets

ipCC

INTERGOVERNMENTAL PANEL on ClimaTe change
Task Group on Data and Scenario Support for Impact and Climate Analysis (TGICA)

Mean metric values relative to CMIP5

2 * CMIP5

Model inter-compa rison A :[95% confidence interval of MMV CMIP5 (46)
(Monte Carlo sampling method) CMIP6 (42)

worsened

Planton et al. 2021, J. Climate

CMIPS outperforms CMIPS in 8 out of CM"’S;£§§§§$§§§§§§ ; “‘QQ%%%%

24 ENSO metrics (tropical Pacific time- §
mean, seasonal cycle, ENSO patterns, | [ U UURRU = - SRS ous P
diversity, and remote teleconnections). E l l l l T
v
reference

Worse in one metric (coupling between
subsurface and surface temperature).



Latitude

(c) CMIP5 SST Bias (g) CMIP6 SST Bias 4
N - : ~— 30°N 3
15°N A o 15°N 2
g 1
0° £ 0° 0
©
15°S 4. ~ 15°S 1y ﬁ;
3065 : ':.:" T T ...::: T T X - T e 1.“ T :l‘.: 30°S '; l¢> lo - : 0 ; 0 ; -] 'o 'o lo ] _3
40°E 60°E  90°E 120°E 150°E 180° 150°W 120°W 90°W70°W 40°E 60°E  90°E 120°E 150°E . 180° 150°W 120°W 90°W70°W —4
Longitude Longitude
Reduced cold tongue bias
a) DMI b) Nino34
1.2 - 1.6 -
101 Seasonal Phase Locking is important for
—— CMIP5 . . .
087 — cmipe teleconnections and prediction.
0.6 - ----- HadISST
' - NOAA ERSSTVS
0.4 4
0.2 1 . .
IOD seasonality is better than ENSO, but

] FMAM

(c) DMI peak (d) Nino3.4 peak the peak amplitude is too strong and

seems worse in CMIP6

20
12

15 A 10 A

10 A

|

(McKenna et al. 2020, Scientific Reports)

0 IIIIIIII T 0_
JFMAM]) J ASON JFMAM])] J] ASOND



(@) (b)

Difference in s.d. of SST, multi-model mean Difference in s.d. of rainfall, multi-model mean El Nifno Southern
o W S X FRE OO o Oscillationina
10°N ;i Changing Climate
5°N :' 0.4
00 : '0
oo | B
| 10°S i -4
120°E  150°E  180°W 156°W 120°W  90°W 120°E 156°E 180°W  150°W 126°W 90°W
© . o .
Pr?Ject?d cflmangles in variablhzy of
1.2 h - —_— :‘::u.wvmdm
b WILEY
S 0.8 - e
0.4 i . . pe
_ SST variability change:
(d) Projected changes in variability of |_ . del
1 L 1 L 1 L 1 L 1 1 1 1 L 1 1 1 1 1 1 1 1 1 1 L 1 1 1 1 L A OW Inte r_mo e
1.5
g 44 - — agreement
0.5 1 -
(e) Projected changes in variability olINino4 rainfall indexI
- 5
5 —
E 3
1 Rainfall variability
() Prolected changes in varlabillty olemo3 ramfall mdexl — h h h . t d [
e = I N change: high inter-mode
- 34 R
€ 24 - | agreement
® ||||..Ill|”‘].l-|||. .II'..I‘.M......“_._.JJ_IJL
D A AN D D O 0O R .-;l« \&\ Ry NS 2 Q~ ) \Xs o
& »< e \b \“ & @ Qg, Qg, W 00 \“ \!* &
{ %, q, ¥ > >
<o<<? PN ooé\s*é}*v\'\oo@@ \‘\*Q}“ \»‘3\&3’ 009\“83
O P &£ C?p \“ 00 » TP C KN O c4 Woals ‘& & N &
o °°°<>°° 0‘" o‘°°“' & T c’\:@Q‘O Y \>~°~z~° & & q‘o\’ F& Febs W 13

ENSO Response to Greenhouse Forcing

Wenju Cai'?, Agus Santoso'”, Guojian Wang'~, Lixin Wu?, Mat Collins*, Matthieu Lengaigne®*,
Scott Power’®, and Axel Timmermann®'°



orT oT oT orT orT orT 1! — —
B e Ve e e e " O(T)  [(u)y (=2yv) (w) 0 oT\ (T
ot (Lx e T, Tzl o ) 305 )+ 9 H +HO) —

W=e)+ Bt o =Bl [ -Tl= 5[z

o(T) oT W
— L =2, (T)+|—pL, +— ||h =—a(T
a1 1)+ - s o (0)=-a{7)
ENSO interactions @ =27y () — —
. U — - I
with Mean State 27, ~ _[ R N sz/v N ;m jj:_a B <_ Z—Z> | ﬂaﬁw<aa_§> . <Hlm>
MA D ZA EK TH
Bjerknes (BJ) stability index (Jin et al. 2006, GRL; decay rate if < 0, growth
rate if > 0) 0 .
— %, v — =)

- ’ 7. = (T)

ELNino



compensating feedbacks

[ |

~
1)
St

Feedbacks

Q e " 4 1 L L L . L 1
L9

4.0 4 -
o ) 8 27T
@ @) Vs N
- 20‘ / \
© 1 . { \\

0.0 I
D | @ | 1l
= =204 o !
o <. \ o/ [
v 1 N 2,
& —4.0 1 S = L
z L) L A L3 T Ll L L L v

AMP
@iop_fgools1_0g @mpi_echom5

@psi_cmd @mri_cgcm2 3o
@mircc3 2 med @ncor cesm3 O

@cgcm3_1_147 @csiro_mk3 5
@cgcm3_ 1163  @qfdl_cm2 0
Ocnrm cm3 Oqfdl em2 1

Despite strong consensus in mean
state change: weakened Walker

Kim and Jin (2011)

No model consensusin ENSO
amplitude change

Present state Future changes

100m

1 200m

120°E 150°E 180°E 150°W  120°W Eq

Circulation
(b) Mean Stoles
0 A L ' A ' 'S A A A ' A A . A
e 4.0 4 g
v i
3 5. §]
.6 -
v 0.0 g Q i
- | g E
s —2.01
o
g5 : K
g -4.0 1 M

dTdx dldz W Tys £ THD MLD

[ SIS
0.6 1.2 1.8 2.4 °C

5°S

10°S

Cai, Santoso, Wang, et al. (2020, ENSO book Chapter 13)




namml_ LETTERS
dmg PUBLISHED OMLINE 12 JANUARY 2014 | DOI: 100038,/ NCLIMATEZI00
c Modelled relationship, 1891-1990

Increasing frequency of extreme El Nifio events 15
due to greenhouse warming
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Perturbed Physics Ensemble (PPE): a flux correction strategy
applied directly within coupled models to reduce present-day

mean-state cold-tongue bias (Collins et al., 2011).
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GEOPHYSICAL MONOGRAPH SERIES

* Models an overly strong Cold Tongue simulate the
strongest mean state warming farther west.

e Stronger mean state warming over the eastern equatorial
Pacific facilitates a southward shift of the ITCZ, promoting
an increase of strong Easter Pacific El Nifio events and
ENSO amplitude under global warming.

e Reducing the Cold Tongue bias should further enhance
ENSO variability in the 215t century.

El Nino Southern
Oscillationina
Changing Climate
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Observations. Approx. 20% increase between pre-1960 and post-1960 in Eastern Pacific (EP)
and Central Pacific (CP) ENSO variability.

Increase in EP and CP variability after 1960 is characterised by more frequent extreme El
Nifilo and extreme La Nifa events, respectively.

a E-index and Nino3

b C-index and Nifio4

4.0 4.0 Standard deviation Standard deviation
| :
2.0 | 2.0
3 TR el T ST R AT s TR IC AT AL T 1 : ) |’

0.0 I J ‘l L .“ "n “1 My 'l m!'l L ‘] l [ l I ' |l. |I. ! i l 00_-: 3 hJ ll. .l A‘ I\ ‘ [ e i i .'.I ‘0“ , l ] Ill I ‘
T W G Y AT B L W T I
-2.0 ‘ ' %1 i ‘ain ittt i ettt ity i | iy i S e
Standard deviation Standard deviation E ‘

-4.0 0.83 0.68| 1.10 0.85] ~4.0—
Ll T T I Ll L L I 1] L] L] l L] 1 1 I 1 | L I T Ll Ll I L] ] L I 1 ] 1 I I I 1 I L T L] I L] L] L l 1 Ll T I
1920 1940 1960 1980 2000 2020 1920 1940 1960 1980 2000 2020

¢ Extreme El Niflo composite

20°N—=
10°N—
0°+ o a?“:

10°S—'-- L SR e S " ’ ,///

20°S

120°E

150°F

r< J

('I
Wl

d Extreme La Nifia composite
20°N
10°N ’
0°+
10°S
20°S

120°E

T
150°E

120°W

iGN EEEEEEEEN

-1.0 -0.5 0.0 05

1.0

1.5

Sea surface temperature anomalies (°C)

=20 =15 2.0

Caietal. (2021, Nature Rev. Earth & Environment)



nature reviews earth & environment https://doi.org/10.1038/s43017-023-00427-8

Perspective [®|Check for updates

Anthrppogenlc lmpaCtS On This study provides an argument that the observed
twent]eth'centu l‘y ENSO increase in EP and CP ENSO variability after 1960

Var]ablhty Changes could be due to greenhouse warming.
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& Michael J. McPhaden®"

€ Reanalysis E-index variability f Reanalysis C-index variability

B Pre-1960 M Post-1960

Standard deviation
Standard deviation

< 'y & .
O 529 < 00% a‘-‘*c' o
O & <
@Q '-'::'6\ §Q %_{‘\
NS Ny



Approach 1: 43 CMIP6 models
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a Multimodel ensemble b observation
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Indian Ocean warming most rapid among tropical ¢

SST (°C)
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Emergence of positive IOD-like warming pattern driven by greenhouse
gases and anthropogenic aerosols during the recent four decades
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Opposite response of strong and moderate positive
Indian Ocean Dipole to global warming

Wenju Cai &, Kai Yang, Lixin Wu & Gang Huang, Agus Santoso, Benjamin Ng, Guojian Wang & Toshio

Yamagata
Nature Climate Change 11, 27-32 (2021)
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Enhanced thermocline feedback

52% reduction in occurrences of moderate plOD events

66% increase in occurrences of strong plOD events from
one event every 13.3 years in 20% Century to one event
every eight years in 215t Century.
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Suppressed Atlantic Nifo/Nifna variability under
greenhouse warming

Yun Yang, Lixin Wu &, wenju Cai & Fan Jia, Benjamin Ng, Guojian Wang & Tao Geng

Nature Climate Change 12, 814-821 (2022)
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Declining tropical seasurface temperature
variability under post-2050s greenhouse
warming
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Published online: 25 June 2026 Tropical climate variability, including the EINino-Southern Oscillation,
Indian Ocean Dipole and Atlantic Nino/Nina variability, has long governed
globalinterannual climate fluctuations. Understanding how their influence
may change in the next few decadesis criticallyimportant for climate
prediction and adaptation. Here we show that tropical interannual sea
surface temperature variability could start to weaken in the next few
decades, evenifgreenhouse warming intensifies.
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Despite the projected decline in tropical SST variability after the 2050s, its impacts are
not necessarily expected to decline, as the impacts of weak SST anomalies can be
magnified by changes in the mean state.

A decline in tropical SST variability after the 2050s highlights the need to revisit
climate predictability frameworks, which are closely associated with the magnitude of
tropical climate modes.

The transition to a regime of weak tropical SST variability marks a critical inflection
point in anthropogenic climate change for environmental and societal risk
management.
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Possible differences between models and observations:

* Internal variability (e.g., IPO) — some models/ensemble members capture the observed
strengthening of Walker Circulation (Chung et al. 2019, NCC) and equatorial zonal SST gradients
(Watanabe et al. 2021, NCC).

- Evaporative damping differentials (Knutson et al. 1995; Liu et al. 2005; Xie et al. 2010, JCLIM)

* Ocean thermostat (Clement et al. 1996 JCLIM)

* Inter-basin interactions

Perspective  Nature 630, 315-324 (2024)
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Reduced ENSO variability due to a

collapsed Atlantic Meridional Overturning Taschetto (2022, J. Climate, 35)
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Summary

* Projecting tropical climate variability is a challenging task, as it is linked to
progress in climate modeling.

* The current standing is that there is an inter-model consensus among the latest
generation of climate models (i.e., CMIP6): increased ENSO and 10D variability,
manifesting in more frequent extreme El Nino, extreme La Nina events, stronger
positive I0Ds, but weaker moderate I0Ds and Atlantic Nino/Nina.

* Projection uncertainties are linked to the projection of the mean climate. Model
biases/deficiencies (e.g., cold tongue and associated biases, underestimated
inter-basin interactions) and relatively short observations remain important
source of these uncertainties.

* Regardless, society needs to be prepared for intensified (and possibly less
predictable) impacts of tropical climate variability which operates in a warming
ocean.
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