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Abstract. We examine the behaviour of the Elitddi— South- 1  Introduction

ern Oscillation (ENSO) in an ensemble of global climate

model simulations with perturbations to parameters in the at:Coupled numerical models (GCMs) now form the core of ef-
mosphere and ocean components respectively. The influend@rts to predict natural climate variability and forced climate
of the uncertainty in these parametrisations on ENSO are inchange on time scales of seasons, decades and centuries.
vestigated systematically. The ensemble exhibits a range ofhey also form the basis of a large number of studies which
different ENSO behaviour in terms of the amplitude and Spaseek to understand the mechanisms for those variations in cli-
tial structure of the sea surface temperature (SST) variabilitymate. The EI Nio — Southern Oscillation (ENSO) presents
The nature of the individual feedbacks that operate within the2 considerable challenge for numerical models as the differ-
ENSO system are diagnosed using an Intermediate Complexeént physical (and biogeochemical) processes that need to act
ity Model (ICM), which has been used previously to examine together to produce an oscillation are diverse; ranging from
the diverse ENSO behaviour of the CMIP3 multi-model en- large to small-scale oceanic dynamics, atmospheric dynam-
semble. Unlike in that case, the ENSO in these perturbedcs, cloud processes, surface fluxes etc.

physics experiments is not principally controlled by varia- There have been some notable advances in recent years
tions in the mean climate state. Rather the parameter pertuin the ability of models to simulate ENS@chutaRao and
bations influence the ENSO characteristics by modifying theSperbe(2006 track the ENSO-ability of models during two
coupling feedbacks within the cycle. The associated feeddevelopment cycles and note that the majority of the models
backs that contribute most to the ensemble variations are th# the most recent collection now has the ability to sponta-
response of SST to local wind variability and damping, fol- neously produce an oscillation that has characteristics that
lowed by the response of SST to thermocline anomalies andesemble those that are observed in the real-world ENSO.
the response of the zonal wind stress to those SST anomalieblumerous studies (e.gan Oldenborgh et al2005 Guil-
Atmospheric noise amplitudes and oceanic processes play ¥ardi, 2006 however note that there is still a wide range of
relatively minor role. model ability in terms of the basic characteristics of ampli-
tude, period, phase locking to the annual cycle etc. Recent
efforts have sought understanding of those basic character-
istics in terms of the physical feedbacks that are involved in
ENSO (e.gPhilip and van Oldenborgl2006 Dewitte et al,

2007 Philip and van Oldenborgt2009. Such diagnostics
and metrics Guilyardi et al, 2009 are currently being em-
ployed in efforts to reduce model “errors” with a view to cor-
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It is useful to separate model errors that affect the abil-atmospheric noise. The ICM can qualitatively reproduce the
ity to simulate ENSO into two types. The first type includes basic characteristics of the ENSO behaviour in the individual
errors or biases in the mean climate state; both ocean an@MIP3 GCMs when the parameters of the model are fitted to
atmosphere errors as well as errors that are in some way codhe GCM output. The different feedbacks are shown in Fig.
pled, including errors in the seasonal cycle, are ubiquitousand described in more detail in SeBt.

Typical biases include the simulation of a cold tongue that In a diverse multi-model ensemble, it is difficult to inves-

is too cold and too extensive and the simulation of a Southtigate the influence of each part of the ENSO feedback loop
Pacific Convergence Zone that is too zonally oriented,(  separately, as all components differ from each other. The
2007): the so-called “double-ITCZ” problem. Other errors fitted ICM is numerically stable as long as both the atmo-
have also been described (eGuilyardi, 2006§. Mean-state  sphere and the ocean are fitted to the same GCM. The ICM
errors develop quickly during model simulations and henceis not necessarily numerically stable when using atmosphere
are often subject to much directed effort to reduce them.  parameters of one GCM and ocean parameters of another

The second type of potential model error is associated withGCM. The variations in ENSO feedbacks are too large to put
inaccuracies in the physical processes involved in ENSOparts of the feedback loop from different models together.
For example, errors in the strength of the Bjerknes feed-This problem is much less acute in the case of the perturbed
back whereby anomalies in sea surface temperatures (SSTphysics ensemble examined here. Coupling of the ocean
force variations in the atmospheric winds and circulation thatof one ensemble member with the atmosphere of another
tend to reinforce those SST anomalies (a positive feedbackmember often gives more consistent ICM runs than perform-
Such feedback processes are increasingly the focus of GCNhg the same exercise with the parameters fitted from two
ENSO studies in the literature (e.Bhilip and van Olden- very different GCMs. This proves to be a useful tool in un-
borgh 2006 2009 Lloyd et al, 2009 Guilyardi et al, 2009. derstanding the behaviour of the different perturbed physics

The difficulty in separating model errors in this way is that GCMs.
they are clearly linked. Mean-state errors, for example, pro- The approach is complementaryToniazzo et al(2008
duce errors in the mean distribution of clouds, which maywho test the variation of ENSO characteristics in a very
then affect the pattern and strength of surface-flux dampingimilar model ensemble. In those experiments, the same
of ENSO SST anomalies. Likewise, errors in the surface-HadCM3 atmospheric parameters are perturbed, but with
flux feedback may lead, non-linearly, to errors in mean-stateslightly different values. Here we use combinations based on
SSTs. Our ability to understand ENSO errors in models anca subset of a much larger ensemble describatfebb et al.
ultimately improve the baseline simulation of ENSO is com- (2006 in which a simple slab ocean is used instead of a fully
plicated by such interaction$kilip and van Oldenborgh  dynamical ocean. In addition, the flux adjustment terms are
201Q Guilyardi et al, 2009. calculated in a slightly different manner to reduce N. Atlantic

Here we partly circumvent this problem by examining the and Arctic SST and sea-ice biases and, in this study, we also
simulation of ENSO in a set of model experiments with per- perturb parameters in the ocean component of the model.
turbations to key atmospheric and oceanic parameters. In In the Toniazzo et al(2008 study, ensemble members
these so-called “perturbed physics” experiments, the meamre grouped into subsets of the ensemble with low and high
climate state and annual cycle are, to a large extend, conENSO variability respectively. They find a prevalence for the
trolled by imposing flux adjustment terms, which tie the mode of ENSO which principally involves interactions with
model SSTs and salinities close to observed values. Whilghe atmosphere and upper ocean (the so-called SST mode —
the elimination of flux adjustment terms has been seen as a.g.Fedorov and Philand€2001) and trace the variations in
breakthrough in climate modelling (e @ordon et al.2000), the amplitude of ENSO in the different members to variations
non-flux-adjusted models suffer from biases in the mean staté the low-cloud cover in the east Pacific and to non-ENSO-
and seasonal cycl&gilyardi, 2006. related variability in the south-east tropical Pacific. They

In this case the flux adjustments serve to minimise theonly find a weak negative relation between ENSO strength
mean-state errors and allow us to examine the physical proand wind response to SST.
cesses involved in ENSO in some detail. As coupled models Here we quantify the influence of different coupling and
are being improved, it is expected that mean-state errors wilatmospheric noise parameters of ENSO separately. We ex-
continue to reduce, which eventually enables the improve-amine an updated version of the perturbed parameter ensem-
ment of the realism of physical feedbacks in models in able used byToniazzo et al(2008. The influence of the dif-
more straightforward way (i.e. without the complication of ferent parts of the ENSO feedback loop is tested in the con-
errors in the mean state). This study anticipates such a situaext of the ICM. This enables us to choose parts of the ENSO
tion. feedback loop, individually fit them to different model runs

We adopt the same approach as uselilip and van  and test the impact relative to a reference run. In the refer-
Oldenborgh(2009 in which an “Intermediate Complexity ence ICM we mutually exchange fit parameters from differ-
Model” (ICM) is fitted to different GCMs to examine the ent perturbed physics GCM ensemble members. In this way
role of both linear feedback loops and the non-linear role ofthe influence of each parameter can be quantified separately.
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The objective is to quantify the importance of different parts temporal—
in the linear ENSO feedback loop on variations in ENSO. spatial correlation
The HadCM3 atmospheric parameter perturbed ensemble
is presented in Sec®. The different parts of the feedback
loop are described in Se&. In Sect4 ENSO characteristics
of the HadCM3 atmospheric parameter perturbed ensemble
(see Sect?) are briefly discussed. The terms of the concep-
tual model are fitted to the data in Sest.The relations be-
tween these terms and ENSO characteristics are investigated
in Sect.6. Section7 presents conclusions.
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2 Perturbed physics GCM experiments

The “perturbed physics approach” was developed in response
to the call for better quantification of uncertainties in climate Z
projections (see Chapter 14 of the IPCC Third Assessment 20
Report, e.gMoore et al, 2001). The basic approach involves
a single model structure in which perturbations are applied
to the values of a range of presumably uncertain parameters; ) )
the determination of the range of the parameters is based ofi9- 1. The main feedbacks between wind stresg),(SST and
discussions with colleagues involved in parameterisation deN€"mocline depthzzo) in the ENSO phenomenon and the external
velopment and/or surveys of the climate modelling literature."'S® terMe:
In some cases, different variants of physical schemes may be
also be switched on or off. Also parameters in those alter-
native schemes are varied. Any experiment that is routinelyln the second (hereafter OCN-ensemble, members 17-32),
performed with single models can be produced in “ensembleP€rturbations are only applied to parameters in the ocean
mode” subject to constraints on computer time. A significantcomponent of the model, the atmosphere parameters being
amount of perturbed physics experimentation has been donkeld fixed at their standard settings. The run with standard
with HadCM3 and variants, starting with the work ldiur- model parameter settings is denoted STAM. STAM, ATM
phy et al.(2004 andStainforth et al(2005 and continuing and OCN thus comprise a total of 33 members. The 16
with, for example,Piani et al.(2005; Webb et al.(2008); sets of atmosphere-parameter settings are chosen in order to
Knutti et al.(2006); Collins et al.(2006); Harris et al(2006); sample a range of atmosphere feedbacks relevant to climate
Collins (2007); Sanderson and Pia(2007; Sanderson etal. change, to span a range of parameter values and to maximise
(2008; Rougier et al(2009. Nevertheless, other modelling the chance of getting model versions that have time-mean
centres are also investigating the approach using GCMs (e.gz'limates that are as close as possible to observations for a
Annan et al. 2005 Niehorster et al.2006 and more simpli- number of observed climate fields. The algorithm for choos-
fied models (e.gSchneider von Deimling et al200§ with g the ATM-ensemble parameters is described/ebb et al.
a view to both understanding the behaviour of their models(2008. In the case of perturbations to the ocean parameters
and to quantifying uncertainties in predictions. (OCN-ensemble) a slightly different approach is taken. For
Here we make use of perturbed physics ensembles prOt_his ensem_ble, Latin_-h_ypercube sampling of parameters that
duced with the version of HadCM3 in which a fully dy- control horizontal mixing of heat and momentum, the ver-
namical ocean and atmosphere are coupled. HadCM3 hdécal diffusivity of heat, isopycnal mixing, mixed layer pro-
the advantage that the model is structurally capable of sim¢€SSes and water type is performed. Despite this difference
ulating key aspects of ENSO as has been noted in a numil sampl{ng strategy, it will be demonstrated thqt .both at-
ber of studiesCollins et al, 2001 AchutaRao and Sperher mospheric and oceanic ENSO—progesses are sufﬁmently per-
2006 2002 van Oldenborgh et al2005 Toniazzg 200§ turbed to produce awide range of different ENSQ behaviour
Guilyardi, 200§. While small-scale processes which affect that can be diagnosed using the ICM appro&2discusses
ENSO are clearly not captured by such a relatively low res-the experimental setup and aspects of global-model evalua-
olution model, the main large-scale physical feedbacks andion and feedbacks in some detail.
processes can be. In our experiments, two ensembles are It should be noted that the experiments used here are an
used of 16 members each. In one ensemble (hereafter ATMupdated version of those used @ollins et al.(200§ and
ensemble, members 1-16), perturbations are only applied tdoniazzo et al(2008 in which also ENSO characteristics
parameters in the atmosphere component of the model, thare examined. In those ensemble experiments, significant
ocean parameters being held fixed at their standard setting&ST and sea-ice biases arise in the North Atlantic and Artic

upwelling, mixing
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oceans because of the particular implementation of flux-both thermocline depth and on wind stress. External atmo-

adjustments during the spin-up phase. Monthly-mean fluxspheric noise also influences ENSO.

adjustments were employed to (i) prevent model drift that The terms shown in Fidl are represented in the ICM us-

would result from perturbations to the parameters that leadng statistical relationships derived from either observations

to top-of-atmosphere net flux imbalances, and (ii) to improveor GCM output. They can be changed independently from

the credibility of the simulations in simulating regional cli- each other or in combination in order to study the influence

mate change and feedbacks. The spin-up technique used of the different components separately on ENSO. In the next

the experiments examined here is similar to that described isubsections we describe the ICM in more detail and elaborate

Collins et al.(2006 except that a less vigorous salinity relax- on the couplings and noise terms.

ation is employed during the Haney-forced phase, in which

SSTs and surface salinities are relaxed toward a seasonally-1 Basic structure and experiments with the ICM

varying climatology — se€ollins et al.(2006. This is found . N )

to significantly alleviate the problem of SST and sea-ice bi- The equatorial Pacific ICM is based on the so-called Gmodel

ases found in th€ollins et al. (2006 ensemble. Itis unlikely ~ (Burgers et al.2002 Burgers and van OldenborgR003.

that errors in simulated North Atlantic and Arctic climate The Gmodel consists of a linear 1.5-layer shallow-water

would affect ENSO variability directly (although some au- 0¢€an model with a grqvest baroclinic mode, a Ilnear statisti-

thors have highlighted the possibility of remote interactions @l a&tmosphere and a linear SST anomaly equation. The ICM

e.g. Timmermann et al(2007), hence comparisons with the Version used in this stgdy is additionally driven by physically

findings of theToniazzo et al(2009 study are possible. cons[stent atmospherlc noise patte_rns such that the charac-
It should be noted that the flux-adjustment terms apply thdteristics of th_e noise that are most important for ENSO are

same annually varying fluxes of heat and freshwater through€@Ptured Philip and van Oldenborgl2009).

out the experiments. Hence they are invariant with respect 1h€ model domain ranges from38 to 30 N and 122 E

to interannual variations in SST, winds and other dynam-t0 72 W, on a 2x1° longitude-latitude grid with realistic

ical variables. Other components of the surface heat flux0ast lines. The ocean model solves the shallow water equa-

balance; sensible and latent heating, short wave (SW) anf{ons Gill, 1989 with an integration time-step of 1/3 day. In

long wave (LW) fluxes, can and do vary considerably in con-this study the length of each ICM run is 400 years, ensuring
cert with variations in SST, winds, clouds etc. While it has that the differences in ENSO characteristics due to signif-

been show that flux-adjustments can influence ENSO coulcantly different coupling strengths are statistically signifi-

pling processes in reduced complexity mod@gkstra and ~ €ant.
Neelin, 1995 their role in impacting the ENSO cycle infully ~ Each of the 33 ensemble members of the perturbed param-

dynamical coupled models is less well understood. Flux adter ensemble is characterised by a unique set of coupling
justments are essential here to prevent considerable mod@@rameter fields and noise characteristics. For each mem-
drift that would result in baseline climates much removed Per. these terms are implemented in the ICM resulting in
from reality and consequently of little interest. In a related 33 Unique versions. Sensitivity tests are also performed in
project, some perturbed physics versions of HadCM3 havavhich parameters are mutually exchanged betwegn different
been defined in which the net radiative balance is close t¢®NSémble members. This enables us to study the influence of

zero and hence flux adjustments are not needed. In thedb® terms separately, test if the effects add linearly.

preliminary experiments, the ENSO shows a similar range .
of behaviour to that presented here suggesting that the 1‘qu3'2 SST-equation
adjustments do not limit the validity of this study. Never-

theless, further research should be performed to address th
issue as flux-adjusted perturbed physics ensembles have b
come central in efforts to quantify uncertainty and provide

probabilistic climate predictionQollins, 2007).

A linear local SST anomaly equation is used to parameterise
SsT variability. It describes the SST response to thermocline
Shomaliesz’zo, the SST response to wind variability and
damping on SST anomaliég®. These processes have been
separated by fitting the parameters in the equation:

/

o /
3 Method: the Intermediate Complexity Model = oyt = ax,y) Zypx, y,t=8)+

/ !/

The separate contributions of the main components that con- Py Ty D=y G T ey, (D)
tribute to the characteristics of ENSO are shown schematito each of the ensemble members using least squares.dHere,
cally in Fig. 1 (see alsoran Oldenborgh et al2005 Philip is the SST response to thermocline anomafeis, the direct
and van Oldenborgh2010. In this conceptual model of SST response to local wind variability apdis a damping
ENSO, the main interactions are separated. These are therm, including a latent heatflux and cloud feedbacks. As in
influence of wind stress on thermocline depth, the impact ofvan Oldenborgh et a(2005, the finite upwelling time d is
SST anomalies on wind stress and the dependence of SST qrescribed from observationZ€lle et al, 2005 and varies
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from less than one month east of 130W to 5 months at the o

date line. This equation describes 60%—-80% of the SST vari-'>N :T
ability of the ensemble members in the equatorial Pacific re- Wgz
gion. Further away from the equator, EG) €xplains less EQ-

than 40% of the SST variability in some areas. In those ar- 551 S\J\
1057 N =
eas, values are tapered off to very small valuesxfand g 155 1\ ‘ ‘ ‘
and to intermediate values fpr A more detailed description 140 160E 180  160W  140W 120w 100W
of the SST-equation parameters is givervam Oldenborgh - T T T T T
et al. (2005 andPhilip and van Oldenborg{2009. 0 05 1 15 2 25 3 5 7 10

Figure 2 shows the two-dimensional patterns for the
STAM member. All terms in the SST-equation are impor- 6
tant in the East Pacific near the coast of S. America. Away 15y -
from this coastal region, the response of SST to thermoclineWON-—_
anomalies ¢) is largest in the central to eastern Pacific, the >\
main region of SST anomalies in the model. In the West Pa- 55>~ >
cific, both the response of SST to wind stress anoma#is ( WOS-"ﬁ o

; B : 155 4\ —= ‘
and the damping on SS(i7) play an important role. While T40E  160E 180  160W  140W  120W  100W  8OW
these patterns of response are, to leading order, similar to
those found when fitting observation fields (Fig. 4R¥filip o0 03 04 05 08 07 U8 090
and van Oldenborgh2010, there are differences between
the modelled and the observed patterns of parameters. The
evaluation of ENSO in both flux-adjusted and non-flux ad- ;s 0a
justed versions of HadCM3 has been well documented (e.g.mN-T
Spencer et al.2007) and hence we do not perform exten- 5V
sive further analysis here. We simply note that HadCM3 is i‘;j o
competitive with the performance of other models. wos-“&\{m o R

For the members of both the ATM- and OCN-ensembles, '3,0c50c 180 160w 120w 1208 100w
the spatial patterns aef, 8 andy are qualitatively similar to
the STAM member but the magnitudes are different. For this
reason it is appropriate to compare the ensemble members by
averaging the values of the parameters in boxes distributed opig. 2. Response of SST to thermocline anomalies,
longitude and centred on the equator (see Fct. [0.1Km~Imonth1] (top) and to wind stress anomaliess

o _ [100 K Pa 1 month1] (middle) and the damping time on SSiT,
3.3 Statistical atmosphere model for zonal wind stress  [month~1] (bottom) for the STAM member. Only areas in which

) ] ) the SST-equation (Ed) describes more than 40% of the SST vari-
Another important term in the ENSO feedback loop is the ability are shaded. Note the nonlinear colour scale in the response

response of the zonal wind stress to SST. This sensitivity camf SST to thermocline anomalies.
be fitted with a linear statistical atmosphere model:

80w

01 02 03 04 05 06 07 08 09 1

n
T.(x, y,t):ZA,-(x, T/ () +e(x, y,1). 2 investigated separately. For the linear statistical atmosphere

i=1 model, this is mathematically equivalent to dividing the re-
In this equationt/ (x, y,) describes the domain-wide zonal 9gression coefficient of wind stress on SST-index by the co-
wind stress anomaly and(r) are SST anomalies aver- variance of the SST-index: the three wind stress patterns then
aged over separate regians 1,2, ...,n centred on the equa- correspond to an SST anomaly in one of these three boxes
tor. The patternsi; (x, y) are the domain-wide wind stress ©nly and not to anomalies in the other boxes. The patterns
patterns corresponding to these SST anomalies. The tersemble somewhat Gill-type patteril(, 1980, but differ
e(x,y,t) denotes the stochastic forcing by random wind in many details such as the relative strengths of the equatorial
stress variations (described in more detail in the next secPoles and the off-equatorial structure (see also Figs. 3 and 4
tion). of van Oldenborgh et gl2009.

Based on testing a number of different configurations, the Figure3 shows the zonal wind stress response patterns for
responses of zonal wind stress to SST anomalies is best réhe STAM member using the three highlighted SST boxes.
solved in three boxes in the Pacific Ocean. Using more and’he wind stress response is always convergent towards the
smaller boxes gives rise to excessive noise in the respongeositive SST anomalies. This is consistent with a heating
patterns and instabilities in the ICM. The effects of temper-anomaly on top of a backgound temperature gradient and
ature anomalies in the three boxes on wind stress are thusackground windClarke 1994). The wind response west of
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Fig. 3. The sensitivity of zonal wind stress anomalies to SST anomalies (term A i@)Ed.the STAM member [103Nm—2K~1]. The

response is calculated using the three SST boxes highlighted on each figure panel. Orange-red colours correspond to eastward wind stre:

response to a positive SST anomaly in the indicated box, green-blue colours correspond to negative (westward) anomalies.

of noise amplitude and with a spatial and temporal autocor-

20N
relation.
1N Figure4 shows the basin-wide amplitude of atmospheric
EQ i noise for the STAM member. The noise amplitude is lowest
10S 17 - in the eastern equatorial region where the background SST
ﬂ

is lowest. The pattern resembles that calculated from ob-

20S
120E 140E 160E 180

160W 140w 120W 100w 80OW servational data, but the amplitude is up to 40% lower near
the equator compared to observatioRki(ip and van Olden-
5 6 9 12 15 18 21 24 27 borgh 2010

In order to quantify the noise characteristics in each en-
semble member, spatial and temporal correlation coefficients
are estimated from 25 equally distributed locations between
30°S-30N, 120 E-90 W, divided in 5 locations zonally by
the anomaly is stronger than the response east of the anomaly|ocations meridionally. This number of locations is enough
and the response to an SST anomaly in the east Pacific i cover the whole basin with sufficient resolution. The dis-
weaker than that in the central West Pacific. The latter is dugance at which the spatial correlation is less than 0.36 is cal-
to the warmer background SST in the West Pacific relativecylated to be 24 degrees zonally and 4 degrees meridionally.
to the East Pacific, which provides higher evaporation, moréa good approximation of the time-correlation coefficient at
convection and consequently a stronger wind stress responsgjag of one month (x, y) is given by a function that varies
to SST anomalies. The patterns and strength of the windinearly along the equator and exponentially along the merid-
stress responses to the SST anomalies in the STAM membggnals aSal(x,y):0.5(1+x/Nx)/eXp(%|y —2_ %Ny ) with
have a similar leading-order spatial structure to the observas y ranging from 1 toN, and 1 toN, respectively and
tions van Oldenborgh et 312003. N,=84, N,=30. Minimum values are set to 0.15 and max-

As in the case of the SST-equation parametegandy,  imum values, just north of the equator in the West Pacific,
the spatial patterns of; for the perturbed members of ATM-  gre cut off at 0.4.

and OCN-ensemble are very similar to those for the STAM Again, the spatia] pat‘[erns of atmospheric noise for the

Fig. 4. Atmospheric noise standard deviation in TFONm—2] of
the STAM member.

member shown in FigB. perturbed members of the ATM- and OCN-ensemble are very
o _ similar to those for the STAM member. However, as we see
3.4 Atmospheric noise properties below, there are differences in the amplitudes of the patterns.

In the ICM used in this study ENSO is stable and driven by 3.5 Ocean component of the ICM

external atmospheric noise derived from the GCM output.

The external atmospheric noigéx, y,t) is defined as the The ocean component of the ICM uses a 1.5-layer ocean
residual of the total wind stress minus the wind stress calimodel with ocean wave dynamics described by the gravest
culated with Eq. 2): it is the component of the wind stress baroclinic mode. The Kelvin wave speed is fitted to the ocean
that is not directly correlated with SST anomalieBhilip dynamical fields in the region°%s-3 N, 150 E-110 E,

and van Oldenborg{2009 show that a physically consistent i.e. in the region where the correlation between the GCM

characterisation of this noise term is necessary. Thereforé¢hermocline amomalies and ICM thermocline anomalies is

we describe the noise term with a two-dimensional patternhighest (Note that the Kelvin wave speed is a parameter of

Ocean Sci., 6, 441459, 2010 WwWw.ocean-sci.net/6/441/2010/
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Table 1. ENSO characteristics in the perturbed parameter ensemble. The top row shows the characteristics from observations (obs) (Reynolds
v2 SST). The error margin for the period is obtained from NCDC ERSST v3b data. In bold the STAM member. The ariplitsdefined

as the mean SST-standard deviatiof°C] over 3 S—5 N, 16(° E-100 W. The mean period [years] is calculated from the timeseries of

the average over this box. For the ENSO pattern the longitude at whichstiieaches a maximuminax in this box is given, together with

a second maximum if this is approximately equally high. The term “broad” describes the describes the fact that the amplitude has no clear
maximum but is zonally rather broad. Members 1-16 are part of the ATM-ensemble, members 17—32 describe the OCN-ensemble. Sampling
errors in computing model values are of a similar order of magnitude as those computed for the observations.

ATM (o) period  omax OCN (o) period omax
lony lony lony  lony
obs 0.93:0.13 3.40.3 255
0 0.86 4.3 180
1 1.16 4.8 195 251 17 1.18 41 224
2 1.04 4.2 191 18 0.88 5.0 194
3 0.89 4.5 188 19 0.88 5.5 232
4 0.93 3.8 180 229 20 0.99 41 194 244
5 1.14 35 240 21 0.86 4.2 198
6 0.74 3.6 180 248 22 0.92 4.3 194
7 0.57 4.2 154 23 1.13 4.9 232
8 0.67 4.1 184 248 24 0.88 4.3 202
9 0.67 4.1 169 25 1.00 4.1 232  broad
10 0.83 3.9 176 26 0.99 47 188
11 0.60 4.1 158 27 1.22 4.8 218
12 0.86 4.4 191 28 1.07 4.8 210
13 0.56 3.7 180 251 29 1.06 4.2 202 226
14 0.79 4.0 183 30 0.92 3.8 232
15 0.61 3.8 244 31 1.01 4.7 210
16 0.80 4.2 180 244 32 0.99 4.0 210

the ICM. It is not fitted directly to oceanic Kelvin waves 4 Characteristics of modelled ENSO in the ensembles
observed in the model simulations as these are affected by

the coarse spatial resolution of the model. Rather it is aFirstly we examine a set of diagnostics of ENSO behaviour
compact way of representing the behaviour of the 20 degreén the STAM and perturbed members of the ensemble. Com-
isotherm.). In this region, the thermocline is the principal monly used diagnostics in the equatorial Pacific region re-
driver of SST anomalies in comparison to the wind stress redate to the ENSO amplitude, period and pattern. We define
sponse to SST and in comparison to the damping. The SSTthe ENSO pattern by the standard deviation of SST anoma-
equation explains a large fraction of the varianc® @) (see lies o and the amplitude is quantified by the averagerof
also Fig.2). (denoted by(s)) over the region 5S-5 N, 160 E-100 W.

The value for the Kelvin wave speed that results in the(As most models, including HadCM3, tend to represent the
best-fit ocean dynamics is determined from a forced ver-cold tongue and the region with largest variability too far
sion of the ICM. In this version the SST-equation param-into the West Pacific, we choose a region that is larger than
eters in the ICM are fitted to all ensemble members sepathe common Nio3 or Nf03.4 boxes.) The mean period
rately. The forcing is represented by the two-dimensionalT is defined from the timeseries of the box-averaged SST
zonal wind stress anomaly timeseries of the respective enanomalies over the region. The power spectrum of this time-
semble members. Different Kelvin wave speeds betweerseries is bandpass filtered between 1-10 year to filter out
2.0ms? and 2.6ms? are tested for the highest average subseasonal and multi-decadal variability and then averaged
correlation between the ICM-thermocline depth and the therby T=exp(log(1/f)), where the angular brackets denote the
mocline depth of each ensemble member. For the STAMaveraging with a weight proportional to the power at fre-
member the Kelvin wave speed that corresponds to the highguencyf.
est average correlation has a value of 2.4/ sThis is a The ENSO characteristics of the perturbed parameter en-
realistic value compared to observations. semble are listed in Table These characteristics are in rea-

sonable agreement with ENSO characteristics obtained from
Reynolds SST observation®€ynolds et aJ.200). The
amplitude of the STAM member (0.8€) is only slightly
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lower than that of observations (0.93). The mean period 5 ENSO coupling strength in the ensemble
of 4.3 years is somewhat longer than that of observations o _
(3.8 years), although estimating the period of such a comples®-1  Description of the SST-equation parameters

oscillation can be significantly affected by sampling noise. ) . ,
In common with other GCMs, the maximum variability is 1€ two-dimensional responses of SST to wind stress

t0o far to the west, although the displacement in this flux-2nomalies and thermocline anomalies and the damping co-

adjusted HadCM3 is not as extreme as in, for example th(_gfﬁcients are fitted to all the ensemble members. As noted
non-flux-adjusted version of HadCM3. ENSO characteristics2?0Ve. whereas such patterns vary considerably between

of the perturbed parameter ensemble vary around the ENs@&tucturally different non-flux adjusted coupled GCMaig
characteristics of the STAM member. Oldenborgh et a].2005, the patterns are relatively similar

The mean climate in the ensemble can be described bgcross the ATM-ensemble and OCN-ensemble. Therefore it

the main actors in the ENSO phenomenon: SST, wind strests POssible to define indices for the amplitudes of the pat-
and thermocline depth. Additionally we calculate the meant€'ns that are used to quantify the differences in responses
mixed layer depth (MLD), as we need this later when we and damping terms. We can then check the dependence of

describe SST-equation parameters. To compare the medf€ fitted parameters on the mean state. ,
climate of the ensemble members with the STAM mem- 10 compare mean values of the responses and damping
ber we defined a set of indices. all betweehS55 N. terms we average two regions where these terms are mostim-

The mean SST in the eastern Pacifiggis calculated be- portant (see also Fi@). For all East Pacific terms, the east

tween 127 W-85" W (3rd box in Eq.2). An SST gradient regionis 8 S-5 N, 150 W-85" W. For the response to wind
AT is defined as the difference in SST between MYz stress anomalies and damping, the western-most region is de-

85° W and 140 E-172 W (3rd box minus 1stbox in Eg). ~ fined as SS-5'N, 140 E-150 W. For the SST response to
The mean wind stress and MLD are calculated forci@g  thermocline anomalies, the western-most region is defined as

150° W (y wes) and 150 W85 W (z; cas), and the mean 2 S—9 N, 180-150°W.

thermocline depth is defined for 182150 W (Hcentra) and _ The values are listed in Tabl_éand Fig.5 shows a selec-
130° W=85 W (Heas)- tion of the most important relations between these terms and

In general the differences in mean climate state be-Ne Méan climate. From previous studies (&gdorov and
tween each perturbed member of the ensemble and thENilander2001 Philip and van Oldenborgi200§ we might

STAM are much smaller than the differences between the 1¢XPect thai (the response of SST to thermocline anomalies)
structurally-different CMIP3 models examineddan Olden-  Will dépend on the mean thermocline depth. Figsaishows
borgh et al(2009. Some variations around the STAM mem- that there is no such relation in the ATM—ensempIe in either
ber are evident: a difference g with the STAM member the east or the west. Howeve_r, there is a rgla_non between
ranging from—0.5°C to 0.4°C, an SST gradient that is at Mean SSTTeas) ando on bth sides of the basin in the ATM
most 3.2K larger than in the STAM member and a spread in€nsémble (Figsb). Taking into account the fact that there
thermocline depth between 74 m and 98 m. The variation ofS N0 high correlation between mean thermocline depth and

the mean wind stress and of thermocline depth are correlatedeasi this refation must be explained by involving the vertical
with variations inAT, especially in the East Pacific. Thisis (€Mperature gradient. When the mean SST is higher and the

understood in terms of the well known balance between théhermocline is equally deep the vertical temperature gradient
pressure gradient force and the wind stress. The gradient iff larger. This results in a stronger influence of thermocline

SST sets up the mean wind stress and this in turn influence@nomalies on SST. In the OCN-ensemble we find a correla-
the east-west gradient in thermocline depth. tion of —0.76 betweem and the mean thermocline depth in

Despite the similarities between the mean climates of thdhe East Pacific. The difference in this corre_lauon between
ensemble members that are imposed by the use of fluxt® ATM-and OCN-ensembles can be explained by the fact
adjustments, there are some subtle differences between ifif@te depends on both the vertical gradient and the thermo-
dividual members, which may impact the ENSO variabil- cline depth. The standard deviation in mean SST is®C25

ity. The strongest correlation between the mean climate?cross the ATM-ensemble members and 0C@cross the
and ENSO characteristics is a relatively large correlation of OCN-énsemble members. The standard deviation in mean

—0.83 betweerfeasiand the ENSO amplitude for the ATM- _thermocline depth is 2.9m in th_e ATM-ensemble and 7.4 m
ensemble, potentially due to variations in cloud processed the OCN-ensemble. Pert_urbmg ocegn-model parameFers
across the ensembld@dniazzo et al. 2008 Lloyd et al, apparently leads to more differences in mean thermocline
2009. However, for the OCN-ensemble this correlation is 4€Pth than perturbing atmosphere-model parameters (poten-
only —0.39. We next examine the coupling characteristics intidlly because of the use of flux adjustments). We find the

the ensemble members and their dependence on these subflighest correlations betweenand mean SST in the ATM-
variations in the mean. ensemble and betweenand mean thermocline depth in the

OCN-ensemble.
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Table 2. Feedback parameters in % of change in the ATM-ensemble relative to the STAM member. The reference mean values of the
parameters of the STAM member are also listed, with the values for the Kelvin wave speadm/s], « in [0.1 Km~month1], g in

[100 K Pa1 month1], y in [month™1], the statistical atmosphere in [Z®Nm~2K 1] and the atmospheric noise in [IZBNm~2]. Terms

are defined in Egs. (1) and (2).

ATM Coc Qwest Qeast Pwest Peast Ywest Veast A1 Az A3 €west €east

0 24 0091 017 030 032 043 0.29 13 15 10 11 6.7
1 -4 =32 -13 -14 4 -18 -10 -17 10 3 14 16
2 -4 -28 -9 -8 9 -4 2 5 7 12 17 14
3 -4 -19 -10 -11 -15 -3 -5 103 9 25 20 2
4 —4 —4 6 -3 0 -8 6 17 -5 15 3 0
5 -4 -9 37 1 24 1 31 -8 -4 25 23 22
6 —4 —4 5 -12 4 2 18 101 -5 11 17 8
7 —13 12 21 23 23 -9 21 22 -5 -8 27 -18
8 -8 -5 5 =27 -8 -3 11 60 20 10 20 10
9 -8 —7 3 8 18 —4 17 -17 2 -8 -16 -7
10 —4 -6 -3 -9 28 -10 1 -6 -2 7 5 1
11 -13 11 4 30 18 -9 17 0 5 -10 -29 -18
12 4 49 4 -5 34 0 0 -2 1 1 11 4
13 —13 12 9 -20 19 -1 39 58 7 26 2 -5
14 -4 16 12 -12 12 -1 25 39 15 20 18 12
15 -13 28 -2 13 -1 0 11 23 22 3 -5 -8
16 -4 11 0 -16 -15 -1 3 98 43 10 27 10

From Fig.5c we find a correlation 0£0.72 between the Differences between the models are described on the basis
response of SST to wind stress anomaljgsand the mixed  of four diagnostics. The first three are the amplitudes of the
layer depth (MLD) in the OCN-ensemble. This is similar to wind stress responses west of the three boxes to SST anoma-
what was found in the climate change scenario experimentties within the three boxes. The last one is the meridional
(Philip and van Oldenborgl2006 where a shallower mixed width of the wind stress response west of the central box to
layer depth results in a stronger response of SST to windan SST anomaly within this central box. The amplitudes
stress anomalies. A thinner mixed layer reacts more stronglyf the wind stress responses are defined as averages over
to a wind anomaly than a thicker mixed layer. In the ATM- (5°S-10 N, 130 E-170 E), (5’ S-5 N, 160 E-150 W)
ensemble we see no significant correlation between the reand (3 S—3 N, 150 W-100 W) for the three boxes respec-
sponse of SST to wind stress anomalies and the mixed layetively (A; parameters fitted from Eq. 2). These values are
depth (recall that each member of the ATM ensemble usedisted in Table2. The meridional width of the wind stress re-
the same ocean parameters). However, in the ATM-ensemblsponse to an SST anomaly in the central box is defined by the
other parameters that influengee.g. processes which affect meridional locations at which the domain-wide, zonally aver-
surface heat fluxes, are perturbed. aged wind stress response is zero (or, in some cases, reaches

Finally, for higher mean SST we expected that clouds ex-a minimum).
tend more to the east, resulting in stronger damping on SST.
However, we do not find a relation between damping on SST
and Teast (See Fig.5d), indicating that other terms influence P
the damping term. It should be noted that for the HadCM3
model, clouds and latent heat flux are equally important for
the damping termRhilip and van Oldenborgl2006).

We might expect a warmer background temperature to
rovide higher evaporation and consequently a stronger wind
stress response to SST anomaligsiq Eq. 2). The results
of the ATM and OCN perturbed parameter ensemble show
that there is no significant relation between background SST
and wind stress response to SST anomalies at all, se6&ig.
Nevertheless, by perturbing parameters in the atmosphere-
component of the model it is possible to induce different lev-
els of wind-stress response; a wider spread is evidentin ATM
From Eq. @), the wind stress response to SST anomalieswhen compared to the standard-atmosphere OCN ensemble.
in three boxes along the equator is fitted for all the ensem-T he perturbed parameters influence convective processes, for
ble members. Again, the agreement between the spatial pa@x@mple, which may affect the sensitivity of evaporation to
terns is much higher than in the CMIP3 ensemble shown inSST anomalies.
van Oldenborgh et a(2009 but the strength and meridional  Kirtman (1997, Zelle et al.(2005 and Capotondi et al.
width do vary. (2006 showed that the period of ENSO depends on the

5.2 Description of the statistical atmosphere model
parameters
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characteristic that varies most between the ensemble mem-

bers. The spatial- and temporal-autocorrelation coefficients
appeared to be relatively similar in each case. For the imple-
Fig. 5. Fitted SST-equation parameters as in Ef.4nd Fig.2  mentation of the noise field in the ICM (see later) it is thus
for all members, indicated by the numbers. Red are the valueg,gssiple to use one single set of autocorrelation coefficients
for the West Pacific, blue for thr_e East Pacific. The left column to describe all ensemble members (&dlip and van Old-
shows the ATM ensemble, the right column shows t_he OCN en'enborgh 2009. We therefore focus on the analysis of the
fne_”ltﬁ]!%rff‘g_ﬁz]eig‘r’gjf g:eiﬁtrfgrmsm?: “(;]:p?r?_ onﬁ:ﬁgéﬁ for Standard deviation of the noise. These values are listed in
Heentra1are plotted on top of the figuregb) « versus mean East 1able2.
Pacific temperature(c) SST response to wind stress anomaljs, It can be seen from Tab®and Fig.7 that members 7 and
[100 K Pa1 month1] versus mean mixed layer deptfd) damp- 11 (ATM-ensemble) have very low noise levels. In both the
ing time on SSTy [month~1] versus mean East Pacific tempera- West and East modest negative correlations-06f48 and
ture. —0.68, are found between mean SST and noise amplitude
in the ATM-ensemble respectively. In contrast, these cor-
relations are positive in the OCN-ensemble, with values of
0.55 and 0.45 respectively, although the spread in the noise is
much smaller in OCN than in ATM. Perturbing atmosphere-
model parameters results in a much wider variation of noise
amplitudes, as might be expected, although the change of the
sign of the correlation between noise amplitude and mean
SST was not expected.

We expect that for higher noise levels the ENSO ampli-

The wind stress noise, as defined in S&#4 has an am- tude, (o), becomes larger. Figuré confirms this positive

plitude and a spatial- and temporal-autocorrelation structureSOrrelation between noise and ENSO amplitude. For the
The noise standard deviation pattern is similar for all the ATM-ensemble in the East Pacific the correlation is 0.78. For

members of the ATM and OCN ensembles, with higher am-the OCN-ensemble there is no strong correlation, as the vari-
plitudes in the East Pacific relative to the West Pacific (see?lion in noise is relatively low.

meridional width of the wind stress response to SST. Fig-
ure 6b shows that there indeed exists a weak relation within
the perturbed parameter ensemble (correlation 0.45), al
though such a weak correlation can only partially explain the
variations in ENSO period.

5.3 Description of the atmospheric noise properties
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5.4 Description of the gravest baroclinic mode ATM ocN

B o ]
A gravest mode equatorial Kelvin wave speed of 2.4m/sre- [ T, ot 1 i . q}é%ﬁefg ]
sults in the best agreement between the ocean dynamics in § %[ . 1 &4 ]
the reference ICM and corresponding GCM STAM mem- o 21 de, il T v §Besl ]
ber (Sect3.5). For the other ensemble members most fit- i b, " 7] 4 I
ted ValueS are Somewhat |0W€r (Ta)e A minimum Value 246 248 25 Ti:j["é]“ 256 258 26 246 248 25 Tez:.‘z[ni?xt 256 258 26
of 2.1 m/s is fitted for members 7, 11, 13 and 15. As we ATM ocN
see below, this ICM parameter has little influence onthe be- ® =~ ", F o s 1  of ]
haviour of ENSO amplitude and pattern and can be held con- [ . PR I 5 gzs ]
stant when using the ICM to reproduce the variability in SST £°f ] gur 1
amplitude and pattern of the GCM experiments. z: 1;1152 e © : z?ﬁﬁw 7, :
55 Summary of fitted ICM model parameters ° 0‘.5 (;.e 0‘7 0‘.8 0‘9 ‘1 1‘.1 1‘.2 13 ® 0‘5 o‘.a o‘.7 (;.s o‘.g ‘1 1‘.1 1‘.2 13

<o>[°C] <0>[°C]

Parameter perturbations lead to variations in SST, wind and o ) i 118 Nm=2
thermocline couplings, noise amplitude and damping on"19- 7- (@)Atmospheric noise amplitude in [I6 Nm™“] vs. SST,
SST. In general, the variations in fitted ocean—parametersTeaStand(b) vs. SST standard deviation (ENSO amplitude), for

are iarger in the’ OCN-ensemble and the variations in ﬁ,[_all members. Red are the western mean values, blue the eastern
ted atmosphere-parameters are larger in the ATM-ensemble.

This is what we expect from the design of the perturbed pa-

rameter ensemble. In some cases these variations enhanggrdly, we study the influence of the atmospheric noise. Fi-
each other in the influence on ENSO characteristics, e.9. &ally, the influence of the Kelvin wave speed is investigated.
stronger noise amplitude and weaker damping tend to resultor clarity and readability we will mainly show results of the

in higher SST variability. In some specific members, both AT\M-ensemble. However, we use both the ATM- and OCN-
atmospheric noise and wind stress response to SST anomgpsembles to draw conclusions.

lies are weaker while SST responses to thermocline anoma-
lies and wind stress anomalies are stronger and damping i§ 1  vserification of the ICM runs
weaker. This means that in these members the influence of

the atmosphere is much smaller. Finally, we do not find Sim-gjrst the ICM runs in which the whole feedback loop is fit-
ple correlations between the fitted components in the feedieq to one single ensemble member are investigated. For
back loop and some of the main ENSO characteristics liste¢.q . enience we call this type of ICM experiment a “full-

in Table1. However, this might be the effect of compensat- 1" Most ICM versions corresponding to ATM-ensemble
ing ENSO feedbgcks, which masks the ultimate effect on th,,empers run well, except for the members 7, 9 and 11, in
ENSO characteristics. which the integration is numerically unstable. These are
the models with very low SST standard deviation, a low
noise amplitude and SST variability that is located too far
in the West Pacific. It is possible to achieve numerical sta-
To investigate the effect of the variations of parameters acros8ility in these runs by adding an extra coupling teu=0.82

the ensembles on ENSO features and feedbacks, we run tHgrembers 7, 11) or=0.95 (member 9) between the ocean
ICM versions. Since the patterns of the components that ar&nd atmosphere, such that in EB) 4; (x, y) is replaced by
fitted in Sect5 are relatively similar, we can substitute the A;(x,y)=wA;(x,y). This allows us to show some qualita-
coupling strengths from one model version with those fromtive results. However, as the coupling parameter changes the
another. This results in ICM versions that are fitted to a com-ICM runs and there is very little ENSO variability in both
bination of, for example, the STAM member and one otherthe HadCM3 and ICM runs we will not use these runs for a
perturbed physics member. This allows the isolation of spe-Juantitative comparison. In the OCN-ensemble, the full-runs
cific features emerging from the simulations. We first inves-0f members 17 and 26 need an extra coupling parameter of
tigate the most important ENSO characteristics of the ICM©=0.90 andw.=0.95 respectively for the same reason.

runs and compare them to the original GCM runs. Further- Figure 8a shows the SST standard deviation patterns of
more, we separate the contribution of each of the compothe ICM full-runs and the original GCM ensemble members.
nents to the ENSO properties into four categories. The firsiWe note that, as found in previous studies, the ICM does not
group includes the parameters of the SST-equation {Eq. Simulate off-equatorial SST variability well as it is only a
which include the responses of SST to wind and thermoclineconceptual model of equatorial ENSO processes.

depth variability and damping. The second group describes Close to the equator, the SST variability simulated with the
the statistical atmosphere, with three boxes along the equatolCM is slightly lower than the original GCM SST variability.

6 Influence of feedback strengths on ENSO properties
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Fig. 8a. Pattern of SST standard deviation for GCM ensemble members (left) and corresponding full ICM runs (right): STAM-member and
ATM-members 1-9. Note the factor of 2/3 difference in scale.

Although not all SST standard deviation patterns of the ICMthe east and the west. For other members, the agreement be-
runs resemble the patterns calculated from GCM outputtween the GCM and ICM variability is not as good.

there are some similarities. For instance, in members STAM, In order to quantify the resemblance we consider the max-
10, 12 and 16 the maximum is located in the central to Wes§mum of SST standard deviation and the corresponding lo-
Pacific, in member 5 the maximum is further to the East Paation (Fig.9). With the exception of members 7, 9 and 11
cific, and in member 6 there are two clear maxima in both(noted above), there is a clear relation between the locations
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Fig. 8b. STAM-member and ATM-members 9-16.
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of the maximum SST standard deviation of the ATM-full- and the data are not distributed along a 1:1 line. For mem-
runs. For the ATM- and OCN-full-runs together the correla- ber 13 the problem is similar to that of members 7, 9 and 11:
tion is 0.88. Except for members 13, which has an unrealistiche ICM is not able to capture the unrealistically low ENSO
low SST variability, and 14, which is a clear outlier, the cor- variability. The exceptionally high ENSO amplitude for the
relation between the maximum SST variability of the GCM ICM run of member 14 is due to the statistical atmosphere
runs and ICM runs is also positive, although the ICM en- (see next section).

semble displays systematically lower values than the GCMs
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pling of i is used in all runs.) With this method we disen-
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Toaof w2 | . s1 1 1 tangle the influence of the different components of the feed-
= 23 30 <, 14 8 1 — .
£ o gy | 50 25u§§§19 w0 2 | back loop on ENSO amplitude and pattern. The fourth panel
5 a0 | % 24 R N 1 J shows again the of the ICM full-run in which all compo-
z B2 2 ol t ,
Qo  esfy, ™ J Bosp fs . nents are fitted to one GCM ensemble member. The three

160 S ] intermediate panels are compared to the reference ICM and

160 180 200 220 240 260 06 08 1 12 14 16
ICM max at lon [°E] ICM max sd [°C] the full-run ICM.

Runs in which only the Kelvin wave speed is changed are
Fig. 9. (a)Location of maximum SST standard deviation in degrees not shown, as the changednis mainly seen in small varia-
E. If two locations existin both GCM and ICM run, both are plotted. tions in the amplitude and period and not in the pattern, and
(b) Amplitude at the location of maximum SST standard deviation the differences between the ICM versions are not |arge_ Us-
of GCM ensemble_mer_nbers vs. corresponding ICM runs. Inred thgng 5 Kelvin wave speed of 2.3m/s instead of the standard
ATM-full-runs and in pink the OCN-full-runs. value of 2.4 m/s results in an amplitude that is only 0.03 K
higher than the reference amplitude of 0.50 K.
) _ Figure 10 shows that the different SST variability results
We note here that there is no correlation between GCMgrom a combination of changes. In most cases the different
ENSO period and the corresponding fitted ICM ENSO pe-components of the feedback loop add almost linearly. The
riod in these experiments (figure not shown). This reveals aggT variability, (), of GCM ensemble member 2 is larger
weakness in the ICM approach which needs to be addresseflan in the STAM member, while the pattern is relatively
in future research. The ICM ENSO period is principally de- simijlar. In the ICM this is reproduced correctly. A lower
termined by the phase speed of the gravest baroclinic Kelvin;y would be expected based on the values of the statistical-
wave, which, as we note above, has little spread when comyymosphere parameters, but this is counteracted by the higher
puted from the GCM experiments. Another factor influenc- (o) resulting from higher atmospheric noise.
ing the period is the meridional width of the wind stress |, member 5 the GCM SST variability is located further
response to SST variability. Nevertheless, there is a modyg the east than in the standard member (which is more like
est spread in ENSO period from the GCM ensemble experip, reality). From the ICM runs we learn that this is caused
iments. The ENSO period has also been hard to reproducpnaimy by the SST-equation parameters. The two distinct
in many other studies. We omit discussion of the period of axima seen in SST variability in member 6 are mainly
ENSO in what follows. caused by the values of the statistical-atmosphere parame-
Overall, the ICM runs capture the amplitude and spatialters.
ENSO characteristics. This is sufficient to use them as a ba- Considering the pattern of variability in GCM member 11,
sis to better understand the influence of the parameter pertuiyve see that the responses described by the SST-equation are
bations on ENSO by investigating the relative contribution of responsible for the SST variability being located much too

the different couplings on ENSO characteristics. far in the West Pacific in the GCM (see also F&). In
this ensemble member the damping of SST anomaliés
6.2 Contribution of feedback strengths to ENSO extraordinarily low. Further investigation shows that this is

mainly due to a very low latent heat flux sensitivity to SST
Having established that ENSO properties are only weaklyvariations.
correlated with the mean state in this ensemble, we proceed The SST variability in member 12 suggests that this mem-
to investigate the direct effects on ENSO of the various cou-ber is almost similar to the STAM member. However, this
plings defined in Figl. Note again that in the CMIP3 en- is a combination of much higher SST variability from the
semble, these two effects were inextricably intertwined. Dueresponses described by the SST-equation, compensated by
to the flux-corrected mean state of the perturbed physics enmuch lower SST variability caused by a weaker atmospheric
semble there is the potential for greater separation of meanesponse to SST anomalies. Finally, the lower SST variabil-
state errors and coupling processes. For instance, we can ity in member 16 is the result of both changes in the ocean
vestigate the influence of the set of SST-equation parameterand the atmosphere, which is not entirely repaired by the
of the ATM-ensemble on ENSO by running the ICM with higher noise level. It seems that there is some compensa-
parameters fitted to the STAM member and then varying thetion between the different feedback loops such that the range
parameters in one of the components in the feedback loopof possible ENSO behaviour is reduced.
In Fig. 10 we show SST standard deviation pattesnsf a The behaviour of members 7, 9 and 11 is rather excep-
selection of six ensemble members that illustrates this investional. Compared to the STAM member, these members have
tigation. For each member the upper three panels show thboth weaker noise and weaker or similar wind stress response
o of the ICM runs in which either the set of SST-equation to SST anomalies. Moreover, the ocean parametensd 3
parameters or the statistical atmosphere parameters or the are larger and the damping is weaker in the West Pacific and
mospheric noise are changed. (For member 11 the extra cowstronger in the East Pacific. This results in much lower SST
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Fig. 10. SST standard deviation [K] for a selection of ICM fits to the GCM ensemble members but isolating the influence of different
components of the ICM. Topr for the STAM member 0 and colorbar. In each of the panels for members 2, 5, 6, 11, 12 and 16, from top
to bottom we showe in an ICM run with only the SST-equation parameters from the perturbed member, but with the other ICM parameters
held fixed at the standard valuesjn an ICM run with statistical-atmosphere parameters from that member and all other ICM parameters
held fixed at the standard valuesjn an ICM run with atmospheric noise parameters from that member and all other ICM parameters held
fixed at the standard values aadrom the full-runs (reproducing the fields in Fig. 9). Note that 11 uses an extra coypt#g82. The
influence of the Kelvin wave speed is not shown as it only results in a change in amplitude. See also text.

variability, with maximum SST variability far in the West Pa- ~ The ICM full-runs of the GCM OCN-ensemble member
cific. This SST variability is no longer directly related to EI 17 and 26 are numerically unstable. For member 17, we
Nifio. As our conceptual model is based on ENSO dynam-an attribute this to the SST-equation parameters. Com-
ics, we suspect that our approach is not valid for these threbining SST-equation parameters of the STAM member with
members. all other parameters of member 17 results in a stable ICM-
version. We could potentially add a nonlinear damping term
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that counterbalances the high responses of SST to thermor'able 3. Influence of different components in the feedback loop on

cline and wind stress variz_albility in the East Pacific in this gngo amplitude and pattern in the ICM when varying the parame-
member. In member 2easis very low compared to the rest - ters in different ICM components based on the values fitted from the
of the OCN-ensemble. We do not think that this is caused byGCM experiments. Values are calculated as the spread in the ampli-

the numerical instability of the ICM. Replacing an arbitrary tude, expressed as a percentage change from the STAM-member ac-
part of the feedback loop of the full-run with member 26 by complished by varying one of the components in the feedback loop
the parameters of the STAM-member results in a stable ICM separately. Absolute values for the amplituge for the STAM
Overall, we conclude that the SST-equation parameter@ember are given in the top row. For the pattern, we qualitatively
and atmosphere response to SST anomalies affect both tHfsSess the influence of the components as ranged from very little
ENSO amplitude and the pattern of variability. The noiselnfluence (0) to largest influence (++). Absolute values for the am-

amplitude (without significantly modifying the noise pattern) plitude (o) in the east Pacific (Table 1) for the STAM member are
P . 9 y g_ P given in the top row. For the SST-equation parameters a the total
has a small influence on the ENSO amplitude.

. s ) contribution is listed as well as the influence of the three parameters
We can quantify the influence of the different componentsgeparately.

in the feedback cycle on ENSO by studying different groups;
in each group of ICM-runs only one set of coupling param-
eters is varied. Tabl8 shows the influence of each group

of coupling strengths in the ENSO feedback loop; the SST-
equation parameters, the statistical atmosphere parameters, ATM  SST-equation 20+

parameter (o)  pattern
reference 0.50

the atmospheric noise ampitude and the Kelvin wave speed. statistical atmosphere 28 *
Besides the total influence of the whole SST equation, we « ;i ;
a!so qugntify the i_nﬂuence of the ther_mcline couplinghe 5 a4 -+
direct wind c_ouplmgﬂ a_nd thg dampl_ng/ in Eq. 1) sep- atmospheric noise 10 0
arately. We ignore nonlinear interactions between the com- Kelvin wave speed 8 0
ponents of the feedback loop, but Fid and other analyses OCN  SST-equation 19 +
presented indicate that this is a reasonable assumption. statistical atmosphere 19 +
To determine the influence of the set of SST-equations on o 23 +
ENSO, we substitute the set of SST-equation parameters with B 36 ++
the sets of parameters for all ICM boxes derived from the 16 14 o 36 +++
ATM-ensemble members. We calculate the average ampli- atmospheric noise 4 0
tude of the SST variability(o) of these 16 ICM runs and Kelvin wave speed 4 0

subtract(o }stam, Which gives us 16 numbers giving a distri-
bution around théo) of the STAM-ICM. The width (stan-
dard deviation) of this distribution is a measure of the varia-
tion in ENSO amplitude accomplished by changing only oneVvariations in SST-equation parameters counteract each other
component in the feedback loop. This measure is given as dn agreement witiL.loyd et al, 2009. The largest variabil-
percentage of the width of the equivalent distribution(@f ity in ENSO amplitude(o) is obtained by the variations in
that is obtained when the full perturbations are used in thehe damping/. In the OCN ensemble this is equal to the in-
ICM ensemble. We perform a similar analysis in the OCN- fluence of variations in the direct wind couplig In both
ensemble. In principle the results depend strongly on theensembles the variability in the response of SST to thermo-
(subjective) choice of perturbed parameters in the ensembleline anomaliesd) has a smaller influence.
In practice, however, the results for the ATM and OCN en- Comparing the influence of parameter perturbations on
sembles are very well comparable, which implies that theENSO amplitude between the ATM and OCN ensemble we
results are quite insensitive to parameter choices. Results agonclude that the influence of the variability in SST response
summarised in Tabld. The influence of the components on to thermocline variationg is largest in the OCN ensemble.
the SST variability pattern is given qualitatively. This is what we expect from perturbing ocean parameters.
In the perturbed physics ensembles studied here, th&econdly, the zonal wind feedbagkdepends strongly on
changes in Kelvin wave speed do not influence ENSO amthe ocean mixed layer depth, resulting in a larger influence
plitude and pattern very much. Surprisingly, neither does thethis parametep on ENSO in the OCN ensemble. Thirdly,
noise amplitude, in spite of the good correlations found inatmospheric parameter perturbations lead to a larger influ-
the CMIP3 ensemble between noise amplitude and ENS@nce of variations in the statistical atmosphere on SST in the
amplitude Philip and van Oldenborgt2010. The spread ATM ensemble than in the OCN ensemble.
of properties of the atmospheric response and SST equation To investigate the processes behind the large variability of
explain most of the spread of the ensembles. the damping termy we separated out the latent and short-
The influence of the three SST-equation parameters sepavave (cloud) feedback components. ATM ensembles mem-
rately is larger than the combined variation, which means thabers with strong SW radiation feedback have reduced SST
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variability in the West Pacific. The strength of this feedback An Intermediate Complexity Model (ICM) in which the
varies by more than a factor of two in the ATM ensemble main ENSO feedbacks are fitted to one GCM ensemble
and seems an important factor in determining the westwardnember or to a combination of ensemble members is em-
extend of SST variability. As expected, the OCN ensembleployed to illuminate the GCM behaviour. Based on a hum-
has a much smaller spread of feedback strengths. The modelser of diagnostics we can say that the ICM successfully re-
with high SST variability in the West Pacific have a stronger produces the behaviour of 28 out of 33 ensemble members.
contribution from latent heat flux damping. Further investi- The influence of four different components of ENSO is stud-
gation of the relative roles of SW, LW and other surface flux ied one by one. These components include SST-equation
feedbacks in different geographical areas and their possiblparameters, covering the response of SST on thermocline
cancellation would be an interesting area of future research.anomalies, wind stress anomalies and damping on SST, the

We conclude that the ocean and atmosphere parameters aksponse of wind stress on SST anomalies, a gravest baro-
fect both the ENSO amplitude and the pattern of variability in clinic Kelvin wave speed in the ocean and the amplitude of
this GCM ensemble. For the amplitude, the influence of theatmospheric noise. The SST-equation parameters influence
SST-equation parameters is approximately equivalent to théhe pattern and amplitude of SST variability most, followed
influence of the parameters that control the statistical atmoby the response of wind stress to SST anomalies. The in-
sphere. However, the influence of damping of SST anomafluence of the SST-equation parameters separately is larger
lies y and the response of SST to wind stress variabflity than the influence of the combination of parameters, which
on SST are larger than the combined parameter settings. Faneans that they counteract each other. The influence of the
the spatial pattern, the influence of the SST-equation paramamplitude of atmospheric noise and the Kelvin wave speed
eters is greater. The role of the atmospheric noise amplituden the ENSO pattern is much smaller. However, both factors
and ocean dynamics on the spread of ENSO amplitude ando contribute to the ENSO amplitude. We observe that cou-
spatial structure is relatively smaller. pling strengths between the ocean and atmosphere tend to
counteract each other, thereby reducing the potential range
of variability in ENSO characteristics that might have been
realised without this compensating feedback.

We have quantified the role of various components in the We can speculate on the mechanisms leading to the differ-

ENSO feedback loop on the amplitude and pattern of ENSO- e In coupling parameter§ in the GCM ensemble. Atmo-
T . : : spheric parameter perturbations influence the ocean as well.
variability. In most multi-model studies these couplings af-

fect both the mean state and the ENSO couplings, making i;l'he variations inw, the SST response to thermocline vari-

o i ations, are due to changes in the the shallow ocean strat-

difficult to separate the influences. Here, we used two flux-. o ;
. ification that is influenced by atmospheric model parame-

corrected perturbed physics ensembles to negate the effecfs .

: . ers. These also affect the SST response to zonal wind stress

of mean state changes to first order. This allows us to study . . .

:anomalies, the mean wind stre8ghrough the mean wind

the effects of the parameter changes on the ENSO cycle di- . .

rectly stress and the mixed layer depth. Finally, cloud and atmo-

The two ensembles are variants of the HadCM3 cIimateSpher!C boundary layer parametrisations strongly affect the
: . . damping of SST anomalies through latent heat flux and cloud
model with perturbations to either the parameters of the at-

. formation, especially in the western Pacific but also in the
mosphere model (ATM-ensemble) or perturbations to ocea .
ast (although the effects are harder to disentangle because
parameters (OCN-ensemble). Both ocean-atmosphere cous S .
of the large SST variability in this region).

plings and atmospheric noise terms are directly impacted by The oceanic parameter perturbations influence the atmo-

the parameter perturbations, the noise terms more so in the . o :
case of the ATM-ensemble. The spread in ENSO character§phere via the SST, which is affected by changes in ocean

i . . . surface currents, ocean mixed layer depth and temperature.
istics does not show one-to-one relations with the spread iy, : : ) .
. X : - Via this pathway oceanic parameter settings impact atmo-
the mean climate variables, as might be expected from im- . . .
. . . : spheric coupling parameters in the ENSO feedback cycle,
posing flux adjustments in the ensemble runs, which tend tg : .
. . . . © such as the response of wind stress to SST anomalies, at-
produce mean climates which are, to leading order, similar . . .
; . . mospheric noise characteristics and cloud feedbacks. Due to
in each member. Rather the leading-order impact of the P& he indirect pathway, the variation in this response is smaller
rameter perturbations is to affect ENSO coupling strengths P Y, P

: . . in the OCN ensemble than in the ATM ensemble.
directly, independently from the mean climate. (However, : : . . o
. . : An incredibly useful potential for studies such as this is
for non-linear processes such as the threshold triggering of . . L .
. . . 0 improve climate models by linking the attributes of the
convection, there may be more subtle interactions between

) odel climate, in this case the attributes of ENSO, to the in-
the mean state and the physical processes that are perturbeg.. .
. - o Ividual parameters and parameterisation schemes. Unfortu-
Such non-linearities are not invistgated here.)

nately, the relatively small number of ensemble members in
comparison to the relatively large number of parameters sam-
pled here means that it is not possible to separate the impact

7 Conclusions
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of the individual parameters in this way. With several hun- Capotondi, A., Wittenberg, A., and Masina, S.. Spatial and tem-
dred ensemble members, it is possible to “emulate” aspects poral structure of tropical Pacific interannual variability in 20th
of the mean climate of versions of HadCM3 that are coupled century coupled simulations, Ocean Model., 15, 274-298, 2006.
to a simple slab oceaRpugier et al.2009. This will be the Clarke, A. J.: Why Are Surface Equatorial ENSO Winds Apoma—
subject of future research. lously Westerly under Anomalous Large-Scale Convection?, J.

. . . . Climate, 7, 1623-1627, 1994.
In this study perturbations to atmospheric and oceanic. . . I . _

. . o Collins, M.: Ensembles and probabilities: a new era in the predic-
physics cause a sprgad in ENSO charactensﬂc; that can be tion of climate change, Philosophical Transactions of the Royal
relgte_d tothe spread_ln ocean-atmosphere coupling strengths. Society A, 365(1857), 19571970, 2007.

This is somewhat different from previous work on multi- cgjiins, M., Tett, S. F. B., and Cooper, C.: The internal climate
model studies and climate change scenarios. In multi-model variability of HadCM3, a version of the Hadley Centre coupled
studies both mean climates and ocean-atmosphere coupling model without flux adjustments, Clim. Dynam., 17, 61-81, 2001.
strengths differ Guilyardi, 2006 van Oldenborgh et al.  Collins, M., Booth, B., Harris, G., Murphy, J., Sexton, D., and
2005 Merryfield, 2006, which makes it difficult to discuss Webb, M.: Towards Quantifying Uncertainty in Transient Cli-
the effect of physical parameters separately (although re- mate Change, Clim. Dynam., 27(2-3), 127-147, 2006.

cently Lloyd et al. (2009 have made some progress). In DeW|tte,_B., Cibot, C., Brigaud, C., An, S. I, and Terra_y, L.: In-
climate change scenario studies model parameters other than t€"action between Near-Annual and ENSO Modes in a CGCM

those related to climate change are not variiiljp and van Slmulatlon: Role of the Equatorial Background Mean State, J.
Climate, 20, 1035-1052, 2007.
Oldenborgh2006.

) o . . Neelin, J. D. and Dijkstra, H. A.: Ocean—atmosphere interation and
The main conclusion is that, in the ensemble studied here, the tropical climatology. Part 1: The dangers of flux correction,

independent of the mean state, the largest uncertainties in the 3, Climate, 8, 1325-1342, 1995.

modelled amplitude and pattern of ENSO are in the sensitivFedorov, A. V. and Philander, S. G.: A stability analysis of tropi-
ity of SST to local wind in the central Pacific and damping of  cal ocean-atmosphere interactions: bridging measurements and
SST anomalies. The wind stress response to SST anomalies theory for EI Nfio, J. Climate, 14, 3086-3101, 2001.

also plays a major role. The influence of the sensitivity of Gill, A. E.: Some simple solutions for heat induced tropical circu-
SST to thermocline depth in the eastern Pacific on ENSO is_ ation, Q. J. Roy. Meteor. Soc., 106, 447-462, 1980.

slightly smaller. Variations in modelled weather noise prop- Glll- A- E.: Atmosphere-Ocean Dynamics, Academic Press, Or-

. . : lando, 662 pp., 1982.
erties and Kel\(ln wave speed do nqt contribute much to theGordon’ C.. Cooper, C., Senior, C. A., Banks, H.. Gregory, J. M.,
model uncertainty of ENSO properties.
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