What is ENSO?

El Nifo-Southern Oscillation (ENSO) is the strongest mode of interannual variability in Earth's
climate. It primarily affects the equatorial Pacific where, every 2-7 years, the mean sea surface
temperature (SST) gradient from warm in the west to cool in the east is disrupted, and warm waters
flow across the Pacific basin. El Nifo affects climate across the American continent and beyond
[1]. The plot v shows monthly equatorial Pacific SSTs for the last 50 years, averaged between 2°S
and 2°N [2]. The Pacific mean state has a zonal sea surface and thermocline gradient, conditions
maintained by easterly winds along the equator. Imposed on the annual cycle are irregular events,
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where warm western Pacific water spills across the whole basin.
These events are complicated, depending on subtle interactions
between surface conditions and and subsurface waves in the
equatorial Pacific [3,4].

The views below show the evolution through the 1997/98 El
Nino of the SST field (horizontal surface - see scale below),
surface winds (orange arrows) and equatorial thermocline
(yellow curve, projected onto the front of the boxes) [5].

At the
end of
1996,
the
Pacific
was in its
“neutral” state:
warm waters in the
west, a cool tongue in the
eastern equatorial Pacific, and
a thermocline gradient sloping
upwards from west to east. Easterly

equatorial winds maintain this zonally asymmetric state.

In early June 1997
1997, the s
eastern
Pacific
thermo-
cline deepen-
ed and warm
waters flowed east to
give El Nino conditions.
Local forcing by anomalous
westerly winds® related to the
Madden-Julian Oscillation appeared to be as important as
Kelvin waves reflected from the western boundary.

The El December 1997
Nino

state has
weak

zonal

and merid-
ional SST grad-
ients, a nearly flat
thermocline, weak winds
in the east@, and convection
over the central Pacific. The deeper
eastern thermocline and weak meridional SST gradient prevents
the formation of the cold tongue in the eastern Pacific.
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lowed, but El 20 §

Nino conditions
persisted because of
weak winds. This led to
unstable conditions: the
eventual transition to non-El Nino
conditions was very rapid - at one

location, SST fell by 8°C in 30 days!

Western NN Y
Pacific s
winds
associat-
ed with
the Madden-
Julian Oscillation
were responsible for
triggering Kelvin waves
that led to the termination of
the event. The eastern cold tongue
re-established itself quickly, as winds in
the eastern Pacific caused strong upwelling.

By the
end of
1998,
condi-
tions
were back to
the “neutral”
state, with a strong
zonal SST gradient, a
strongly sloping thermocline
and well established trade winds.
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The PMIP2 Models and Simulations

The second phase of the Paleoclimate Modelling Intercomparison Project
(PMIP2) collected results for pre-industrial, mid-Holocene and Last
Glacial Maximum conditions from a range of fully coupled atmosphere-
ocean general circulation models [6]. The models » use different model-
ling approaches, and different spatial resolutions and parameterisation
schemes in both atmosphere and ocean. They vary widely in the fidelity
with which they simulate modern climate and in their responses to modifi-
ed boundary conditions in the paleoclimate simulations.

Results shown here are from simulations with fixed terrestrial vegetation.
Based on studies of the mid-Holocene West African monsoon, vegetation
feedbacks are likely to have an important but relatively small impact in the
Pacific [7]. It will be straightforward to determine the effects on ENSO
simulations of dynamic vegetation, and this will be done later.

Modern Results

Model results are compared with NOAA ERSST and NCEP reanalysis
datasets [2,9]. For assessing ENSO variability, the observational record
is quite short - perhaps 100 years of reliable SST data, and less atmo-
spheric data. The Pacific climate is a moving target: there is a mid-1970s
shift in ENSO behaviour and decadal variability throughout the record.
This makes it difficult to decide whether a model adequately simulates
“modern ENSO”. The 25 El Ninos since 1900 differ in intensity and
were probably initiated and terminated by different mechanisms: the sam-
ple is too small to develop a taxonomy of El Nifos or select a “typical” El

Modelling group Model name AGCM resolution OGCM resolution Length of run (years)
Modern 6ka 21ka
National Center for Atmospheric Research (NCAR) CCSM T42 L18 320 x 395 1.40 50 50 50
LASG/Institute of Atmospheric Physics, China FGOALS-1.0g 128 x 60 L.26 360 x 170 L33 100 100 100
University of Wisconsin; University of Bristol, UK FOAM R15L18 128 x 128 L.24 100 100
Goddard Institute for Space Studies (GISS) GISSmodelE 72 x 46 L15 72 x46 113 50 50
University of Bristol, UK o UBRIS-Hadowame 2% ¥ 3757119 12571257120 g, 10
Institut Pierre Simon Laplace IPSL-CM4 2.5°x3.75°L19  ca.2°x2°L20 100 100 100
Center for Climate System Research (University of
Tokyo); National Institute for Environmental Studies; MIROC3.2 T42 L.20 256 x 192 144 100 100 100
Frontier Research Center for Global Change (JAMSTEC)
Meteorological Research Institute, Japan MRI-CGCM?2.3.4fa T42 1.30 25° % 2°1.23 100 100
Meteorological Agency MRI-CGCMZ2.3.4nfa 100 100
The failure to represent the coupling between ocean temp- Climatological

eratures and convective motions of the lower atmosphere is ~ mean SST (°C)
a common feature of coupled ocean-atmosphere GCMs. It ]
is related to a failure to capture the asymmetry of the ITCZ
in the Pacific - models v exhibit a double Pacific ITCZ ,
while the real ITCZ never migrates south of the equator.
The cause of this is not fully understood, but is probably
due to inadequate modelling of stratus clouds.

Linestyle  All simulations were performed under common

forcing conditions. Boundary conditions v for
the PMIP2 simulations are fairly standard for
this sort of work. The main difference between
— the modern and mid-Holocene simulations is the
— orbital parameters — perihelion now occurs in

boreal winter, but was closer to boreal summer

in the mid-Holocene, so the seasonal cycle of
——= Northern Hemisphere insolation was stronger
than today. For the LGM, atmospheric CO>»
concentrations were lower and extensive ice
sheets covered much of the Northern
Hemisphere [8].
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Nino. To make some progress, we assume that the observations do re- BT = y \'\ - KA 1
present a reasonable target against which to compare our models. The son - NCEP Reanalysis < N 7 - +0
plots »» show mean climatology and variability of Pacific SST anoma- e _
lies. Also shown is the power spectrum of NINO3 index variability (SST , Y i, 051
anomaly, 150°W-90°W, 5°S-5°N, a measure of how El Nifo-like condi- 9 - e N
tions are). The table v displays zonal mean Pacific SSTs, ENSO vari- = ’o?‘%*g;\ )8 - i o] 00-
ability measured by the NINO3 index and Walker/NINO3 index correla- Ty a’\“‘* - ) 3 i e . YV RMFY Fovanamers sy v dor et Het e ow  dow Dow 10w
tion. (The Walker index is normalised vertical pressure velocity dllgfer— : e —— ‘ \{ : Longitude Longitude
el Z‘;“a_l ‘l“lga“,f_ NINO3 standard Walker/NINO3 f{;ﬁgn tehe 305 ‘/w o ‘) (( ~{ Earlier studies showed that skill in simulating ENSO presence is essential for the establishment of the eastern
Mode equatoria’ "actlic - jeviation (°C)  index correlation west and et ————— 551 varijability is closely tied to the accuracy of the simulat- equatorial cold tongue during boreal summer.
| SST(O) central BoE sow.mew oW W e hase Pacific climatology [10]. One essential control
Observations 2716 129 0.73 Pacific.) i il g' — 7= on ENSO dynamics is the Pacific zonal SST gradient: = SST variability increases from west to east across the
pre-1976 27.08 1.17 -0.76 Observa- 30N CCSM Modern Simulation \ — - here a we show mean SST between 2°S and 2°N across  Pacific. Here a we show the standard deviation of SST
post-1976 20588 23 Ui tional | —7% = thePacific. (On all line plots here, black shows obs- anomalies averaged between 2°S and 2°N. Strong east-
CCSM 26.16 1.23 -0.29 indexes are ‘o r—_  ervations and coloured lines model results, using the ern variability is tied to thermocline fluctuations, while
FGOALS-1.0g 25.63 1.95 -0.37 negatively ' : \2 L colour code in “The PMIP2 Models and Simulations”.)  the deep warm pool in the west damps the effects of El
FOAM 21.39 1.76 -0.21 correlated, Y o e The models generally capture the zonal SST gradient Ninos. To a large extent, the models capture the vari-
GISSmodelE 28.53 0.30 reflecting AN N — \\ - well, except east of about 120°W. Eastern equatorial ability gradient, although there are problems in the east,
HadCM3M2 26.76 0.85 0.50 the associa- | - Pacific surface conditions are controlled by upwelling ~ with a consistent under-prediction of variability. This is
IPSL-CM4 26.98 1.21 -0.02 tion of S J ()Y } A of cool water from below the shallow eastern thermo-  probably a result of stratus cloud problems again - such
MIROC3.2 25.93 115 regions of e~ =~ cline and the effects of marine stratus clouds, neither of clouds are a source of variability in the eastern Pacific,
MRI-CGCM2.3.4fa  26.18 0.98 -0.45 high SST which are easy to model. Most models overpredict and under-prediction of variability tends to be associated
MRI-CGCM23.4nfa  23.36 1.54 0.28 with strong 500 mb verical L S 850 mb winds SSTs in the eastern Pacific, pointing to problems with ~ with over-prediction of mean SSTs. Examination of the
UBRIS-HadCM3M2  26.30 1.26 0.37 convection. (Pas) Upweling  Downweliing 200 mb winds stratus clouds, which act to cool the sea surface - their  modelled cloud fields would help to sort this out.
Paleoclimate Results
The Mid-Holocene (6 kyr BP) _ A Wammer SSTe (ASST ~05°0) - Simatelogical mear Model o Zonamean NiNO3 standard
Reconstruction of ENSO mid-Holocene variability from 2™ ® oter SSTs Lo5Tw 10.5°C) i °2] SST (°C) deviation (*C)
paleoproxy data is reasonably conclusive that the intensity e O Decreased variability e | CCSM 26.01 (-0.15) 0.97 (-0.26)
and frequency of El Nino were both lower than today. ) # ITCZ shift . i FGOALS-1.0g 25.51 (:0.12) 1.78 (-017)
This is inferred from coral and lake records with annual N R VR ncreased zonal 915 01920 FOAM 21.31 (-:0.08) 1.45 (-0.31)
layering [17,18,19,20], consistent with an increased zonal s SST gradient ’ GISSIodelE 2794(059)  0.30 (+0.00)
SST gradient reconstructed from ocean sediment cores - ® o BTENi 26.41 (:0.57) 1.09 (:0.12)
o : . 20°5- B 41 (-0. 09 (-0.
[13,14]. Weaker El Nifio also fits northern Australia 1 MIROC3.2 2538 (.0.55) 0.77 (:0.38)
precipitation records - with less and weaker El Nifos, the | .®.__ 0 0@ @0@O@O0O OO OO OO OO  RECCENDSZE5G ( 0'28) 0.7 ( 0'26)
centre of tropical Pacific convection and rainfall remains 120° 150°E 180° 150°W 120°W oW 60w ) B OO B
. P - . . . MRI-CGCM2.3.4nfa  22.80 (-0.56) 1.18 (-0.36)
in the western Pacific, so conditions there are wetter [15,16]. Desll)ltedthlsl simple explancailtlon, the elx%stencfe of annualclly RPN 0.84 (-0.42)
resolved paleoproxy records is critical for inferring a reduc- . —— ——
The mechanisms for the mid-Holocene weakening of ENSO are relative- tion in ENSO variability. Changes in the mean Pacific
ly straightforward: the boreal summer perihelion led to a stronger season- climate do not translate directly into changes in ENSO. pected from the paleoproxy data. All of the models

al cycle of insolation in the northern hemisphere which strengthened the
Asian monsoon system. Monsoonal wind convergence in the western
Pacific led to intensified easterly trade winds near the equator, strength-
ening the zonal thermocline gradient, stabilising "neutral” conditions and
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The models are almost unanimous in predicting a decrease Longitude

in ENSO variability at the mid-Holocene, but the defi-
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ciencies noted in the modern simulations persist and details Mid-Holocene/modern ASST a across Pacific: some

suppressing El Nifio. of the modern to mid-Holocene changes vary. models show an enhanced zonal SST gradient as ex-
The Last Glacial Maximum (21 kyr BP) [TE g0 Siatoogica mean
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There is no LGM ENSO paleoproxy data: no known N * CHY ]
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sediments in the equatorial Pacific. This is a disaster for ~ __ ] I TSPURE S Q% AE 5
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to look at the mean ocean state, derived from low-resolu- 2 * o K !
tion marine sediments, and to infer potential ENSO vari- 1 ¥ o & [ B 15
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ability. There are two problems with this. 2, N 8 :
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First, reconstructions of LGM Pacific SSTs are inconsis- O PO 0 PO o o |
tent. A map v of LGM-modern SST anomalies illustrates the problem. few Pacific Mg/Ca records, but as existing cores are reana- 25
(Sh)owllll< are reconstructed StST( a)n(tgmalie;s ffj[}"on} Eoramliniferalbl}/[g/Ca 1ratilos lysied usi?% hthis relatively nfvr mteilﬁoc}: (V}VIS/I will get a clearer N ;
A), alkenone measurements (0), foraminiferal faunal assemblage calcula- picture of the mean ocean state at the : 307
tions (¥7), all from [22], and reconstructions from foraminiferal 6180 (O) .

[23]. There is little consistency between the different methods beyond
broad basin-wide trends. The faunal assemblage values are particularly
bad - the data shown here is for the MARGO ANN method - and several
ad hoc bias correction approaches have been proposed to help [24,25].
This situation should be ameliorated over the next few years: there are
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show a a reduced mean SST in the equatorial Pacific at
the mid-Holocene, and there is an almost unanimous
reduction in ENSO variability. This is despite the wide
variation in biases in modern mean climatologies across
the models. The mid-Holocene NINO3 power spectra

Zonal mean
Model equatorial Pacific N(Illjv?;is(:zrzgél)‘d
SST (°C)
CCSM 24.60 (-1.56) 1.30 (+0.07)
FGOALS-1.0g 23.21 (-2.42) 1.85 (-0.10)
HadCM3M?2 24.80 (-1.96) 0.92 (+0.07)
IPSL-CM4 24.40 (-2.58) 1.13 (-0.08)
MIROC3.2 24.14 (-1.79) 1.26 (+0.11)

ability in the Pacific.

/ In the face of this, it is quite hard to interpret the some-

what inconclusive model results « a. All models show
substantial glacial cooling in the Pacific, but they dis-

The second problem is that knowing about the mean state of e E er 10 1w
the ocean tells us little about ENSO variability. In the mid- Longitude
Holocene, we have paleoproxies for both the mean state and
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agree on the magnitude. Some models show an increas-
ed zonal SST gradient at the LGM, some a weaker one
(consistent with “super ENSO”), and there is disagree-

variability, allowing us to reconstruct past ENSO behaviour. state [23] and “super ENSO” conditions have been pro-  ment about whether ENSO variability was stronger or

For the LGM, some studies find a more El Nifio-like mean  posed [26], but none of this tells us directly about vari-

weaker at the LGM than today. Modern-LGM changes

Boundary condition Modern oka 21ka
Ice sheets Modern Modern ICE-5G
Topography/coastlines Modern Modern ICE-5G
Greenhouse gases: CO, 280 ppm 280 ppm 185 ppm

CHy4 760 ppb 650 ppb 350 ppb
N,O 270 ppb 270 ppb 200 ppb
Insolation: Solar constant 1365 Wm=2 1365 Wm=2 1365 Wm2
Eccentricity 0.0167245  0.018682  0.018994
Obliquity 23.446° 24.105° 22.949°

Angular precession  1(02,04° 0.87° 114.42°

Normalised power
spectral density

102 5

101 -

100 -

10 %4

1072 E

2 years—» <«—7 years

10-3 .

Period (years)

The spectrum of interannual eastern Pacific SST varia-
tion a shows a broad peak at periods of 2-7 years; many
of the models display similar variability, but few get the
frequency quite right. There has been a definite tend-
ency to improvement in this aspect of coupled models:
fewer models show strong biannual variability than in
past comparisons [11].

Other analyses [in preparation - ask if you're interested]

reveal more problems in the representation of ENSO in

the models. Examination of El Nifio/La Nifia asymme-

try [12] indicates that, at least to some extent, the repre-
sentation of this important feature of the Pacific climate
is unrelated to the fidelity of the base climatology. This
should serve as something of a warning against trying to
infer too much from models with clear deficiencies!
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show a little change. Some models have a small reduc-
tion in ENSO frequency, but the shifts are tiny.
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in the NINO3 power spectra of the models a are even
more inconclusive than for the mid-Holocene.
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