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On the dependence of ENSO simulation on the coupled modei state EECMWF

Abstract

Systematic model error has been and remains a difficult pnolibr seasonal forecasting and climate
predictions. An error in the mean state could affect thealmlity of the system. In this report, we
investigate the impact of the mean state on the propertiebl&O. A set of long coupled integrations
have been conducted, where the mean state has been modiipglying different flux correction
schemes. It is shown that correcting the mean state impttneamplitude of SST inter-annual
variability, the penetration of the ENSO signal into thepwephere and the spatial distribution of
the ENSO teleconnections. An analysis of a multivariate BDENSO shows clearly that the flux
correction affects the mean, variance, skewness and fahe distribution. The changes in the tails
of the distribution are particularly noticeable in the caégrecipitation, showing that without the
flux correction the model is unable to reproduce the frequentarge events.

These results suggest that the current practice of remdhimdorecast bias a-posteriori is by no
means optimal, since it can not deal with the strong nontimgaractions. A consequence of this re-
sults is that the predictability on annual time-rangesdde higher than currently achieved. Whether
or not the correction of the model mean state by some sortxofciurection leads to better forecasts
needs to be addressed. In anycase, flux correction may be exfpbtool for diagnosing coupled
model errors and predictability studies.

1 Introduction

Systematic model error is a difficult problem for seasonaddasting and climate predictions. Systematic
model error means that the climatology of the model is différfrom the observed climatology, in the
sense of the mean climate (the mean of a variable over a lomgdjpend/or the variability around the
mean state. In a nonlinear system, the different momentseotlimatology are linked, and errors in
the mean state could affect the variability of the systemthis report we will investigate the effect of
the mean state focusing on the simulation and forecast ofitel-Nsouthern Oscillation (ENSO) related
variability.

ENSO is the strongest known mode of the inter-annual vditigbin the climate system. Primarily
affecting the sea-surface temperature in the mid and @astgratorial Pacific, it has an impact on the
atmospheric circulation on a global scale. Therefore itrigial that a forecasting model for seasonal
time-scales can simulate the behaviour of the phenomenaclifmate predictions it is important for
models to simulate the ENSO in order to capture the interaghbbility of the climate system and a
possible change in variability due to increased greenhgaseoncentrations in the atmosphere.

The systematic error of coupled models in the tropical Rabiis been discussed extensively in the lit-
erature. Different models show different types of erroree Thost common in coupled models consist
of a warm bias off the eastern coast, attributed to the laakpwfelling and deficient representation of
stratocumulus clouds; a cold bias associated with the aolgue (either due to intensity error or geo-
graphical location error); the so-called double ITCZ, elcéerised by a too meridionally symmetric pre-
cipitation pattern, and the deficient representation ofitkr@seasonal oscillation. Several studies have
argued that both errors in the mean and intraseasonal ilyiglan affect the representation of ENSO
(Kessler and Kleemai200Q Vitart et al, 2003 Lengaigne et aj2004 Eisenman and TzipermaR005
Balmaseda and Andersp2009 Guilyardi et al, 2009. The interaction between model mean state and
variability has been discussed in dig et al.(2008, Manganello and Huan(009 and Spencer et al.
(2007). While Jin et al.(2008 discuss the issue in the context of different modélanganello and Huang
(2009 discuss it in the context of the use of flux correction.

Although flux correction was widely used when coupled GCMsenf@st run, it has been considered
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“tabo0” by the scientific community sindéeelin and Dijkstrg1995 argued that flux corrections could
lead to non-natural variability patterns by disturbing fisedbacks operating in a free dynamical system.
Indeed, flux correction should be avoided if the aim is thedwtaf coupled feedbacks, and can be
misleading for model development. In this study, we appidae problem from a very pragmatic point
of view: can flux correction improve the forecasts?

The most common practice to deal with model error in seadonatasts is the a-posteriori removal of
the model bias, which assumes that the error in the meandate not interact with the inter-annual
variability. Under this assumption, the bias is relativesy to estimate and correct a-posteriori. With
a feasible number of cases it is possible to obtain robughatbns of the bias as a function of the
starting calendar month and lead time. However, a-posterarection of the variability is more diffi-
cult, and robust estimation requires larger number of sasiprhe assumption of linearity may hold in
some systems at early forecast lead times, when the errtine imean are not large enough. However,
Balmaseda and Anders@B009 argue that errors in the mean state of the coupled model seei@us
obstacle to further improvements of seasonal forecast® aFposteriori correction is expected to be
suboptimal for decadal forecasts, where the errors in trenraee well developed, and often beyond the
threshold of nonlinear interactions.

In this study we use flux correction to exemplify the intei@ttbetween mean state errors and variability
using a version of the ECMWF coupled model. The correctioth lvé applied both to the heat and
momentum fluxes. We investigate the effect of changing thamsgate on the ENSO variability. The
flux corrected experiments will be compared to a set of refsxesimulations that do not use any flux
correction. We use the ECMWF seasonal forecast system hutheumodel with extended forecasts
lengths. The focus will be on the tropical Pacific and theighid model the ENSO variability. We will
put this discussion in the context of the different forecaisttegies. The results from this study should not
be seen as universal but dependent on the flavour of the sgtstegrror in the current model. The focus
of this report is the ability to model the variability. An upming report will discuss the predictability
and the ability to forecast specific events.

2 El Nino - Southern oscillation

ENSO is an inter-annual variability pattern in the tropiPaicific that affects the circulation in both the
oceans and the atmosphere. An El Nifio event (positive ENIi®%3¢q) appears as warming of the sea-
surface temperature in the mid and eastern basin of thea@@id®acific. The opposite is the La Nifa
that appears as anomalous cold SST in the same area.

The atmospheric counterpart of the El Nifio oscillatiorhis Southern Oscillatio/Nalker, 1924, and it

is related to fluctuations in the Walker circulation. The Kealcirculation is a thermal circulation with
easterly winds at surface, ascending motion over the Pagifim-pool, westerly winds at the top of the
troposphere and decending motions over the eastern Pdadikicstrength of the Walker circulation can
be measured by the sea-level pressure difference betweeastern and western part of the basin, and
this is the basis for the Southern Oscillation Index (SOhe BOI also reflects the strength of the trade
winds over the Pacific.

The building up of an El Nifio event can be explained by Bjeskpositive ocean-atmosphere feedback
process Bjerknes 1969. The feedback process consists in the following steps:a(ppsitive SST
anomaly in the eastern Pacific (2) reduces the SST gradiémt imasin. The reduced SST gradient in the
basin leads to (3) an reduced Walker circulation, which (4¢gweaker trade winds. The trade winds
drives the ocean circulation and weaker winds gives (5)aiseduced upwelling of cold water in the
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eastern part of the basin, which (1) strengthen the posst&€ anomaly in the eastern part of the basin.
To initialise the feedback loop it is believed that a suddexak in the easterly trade wind (westerly wind
burst) allows a surge of warm water to propagate as a Kelvirewawards the east, although this is also
possible by the so-called delayed Oscillator mechaniSoafez and Schop1988), without invoking
changes in the wind.

In order to break the positive feedback several mechanisws heen proposed: wave reflection at the
ocean western boundary, a discharge process due to Svérdngport Jin, 19973, a western Pacific
wind-forced Kelvin wave of opposite sign and anomalous kaadlyection [all discussed in detail in
Wang and Picauf2004)]. After the culmination of the El Nifio event the feedbaokp is reversed and
leads usually to anomalous cold SST (La Niia).

On the seasonal time-scale, predictability of ENSO is prieisethe forecasts. The El Nifio has telecon-
nections to other parts of the atmospheric system and isftirera key component in producing global
seasonal forecasts. The teleconnections of ENSO are destuis e.g.Ropelewski and Halpe(tL987)
andHalpert and RopelewsKiL992).

Not all El Nifio events have the same structure. There is iabitity on the longitudinal positioning of
the maximum temperature and also in the development of thie®vA presence of a decadal variability
of the strength and positioning of the ENSO has been disdusdbe literature [see e Balmaseda et al.
(1995 andKirtman and Schop{1998]. Decadal variability in the ocean could lead to changeth@
predictability of ENSO.

In order to evaluate the ENSO, the average SST for differsrdisaare commonly used. In this study
we will refer to Niflo3 (150W-90°W,5°N-5°S) in the eastern part of tropical Pacific; Nifio3.4 (1k0
120°W,5°N-5°S) in the central part and Nifio4 (188-150W,5°N-5°S) in the central-western part of the
basin.

3 Reference data and model and experimental setup

3.1 Model

The model used for this study is the ECMWF IFS model (versigriBcoupled with the NEMO ocean
model version 3.0Nladec 2008. The resolution for the experiments is in the atmosphe&9Ttvhich
corresponds to an horizontal resolution of 150 km) and 9ticaievels. For the ocean the ORCA1 grid
is used, which has a 1 degree horizontal resolution withdiwral refinements in the tropics. Instead
of using a dynamical sea-ice model, the sea-ice is randoampked from historical data. The sea-ice
is randomly selected from any of the 5 years before the siounla/ear, for details seilolteni et al.
(2011). The perturbations for the ensemble members are gendvgtimitial perturbation in the atmo-
sphere (singular vectors) as well as using the SPPT schemelén to simulate model uncertainties
in the atmosphereP@lmer et al.2009. The model runs include increased greenhouse gases ifiagjow
observed values. Variability of aerosols are not includethe model, leading to no effect of volcanic
eruptions (except for the impact on greenhouse gases).

3.2 Experiments

Tablel shows a summary of the experiments that have been undertakeadal (10-year) forecasts have
been initialised every fifth year with the first started in ldmber 1965 and the lastin November 2010. As
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| Name | Fc months| Members| Initialisation |  Flux correction | Initial dates|
Control 300 3 Full None 3
StrongRelax 300 3 Full None 3
WeakRelax 300 3 Full Momentum 3
NOcorr 120 7 Anomaly None 10
Ucorr 120 3 Full Momentum 10
UHcorr 120 7 Full Heat and Momentun 10

Table 1: Experiments

initial conditions for the atmosphere, the ERA-40 and af@89, ERA Interim reanalysis have been used
(Uppala et al.2005 Dee et al.2011). The ocean initial conditions are from the NEMOVAR-COMBEN
(Balmaseda et gl2010 ocean reanalysis. The ocean reanalysis uses fluxes froBERAereanalysis as
well as sub-surface observations.

To obtain an estimate of the model climate, 3-member enssnibikialised in 1965, 1975 and 1985 have
been run for 25 years (referred to as Control in what follows)ese simulations are used to calculate the
model climate for the anomaly initialisation (see belovg) weell as for diagnostics. An additional set of
25-year forecasts was conducted where the SST were stromggyrained to observations by a relaxation
technique. This methodology has been usedbgnlyside et al(2008 andBalmaseda and Anderson
(2009 among others, to initialise coupled models. The resulitrgospheric fields are equivalent to
those obtained by AMIP integrations (Atmospheric only dation forced by observed SST). Results
from this experiment will be used for the calculation of thementum flux correction. The SST data used
for the relaxation is the same as for ERA-40 up to 1981 and tfét Reynolds version Rgynolds et a).
2002.

3.3 Reference Climate

As a reference climatology for the ocean, the NEMOVAR-COMBIreanalysis will be used, which is
available for the period 1958-2009. For the atmospherigriiatics, we will mainly limit the evaluation
to the ERA Interim period (1979-2010). For the precipitataimatology, data from Global Precipitation
Climatology Project GPCP version Bl¢ffman et al, 2009 will be used as well as ERA Interim.

3.4 Model climate

Figure 1 shows the bias in the 2-metre temperature from the 25-yadratsimulations. The model
climate has been computed by aggregating together yead Irbgh from each of the three control
simulations, which in total cover the period 1979-2008: 99888 from the forecast initialised in 1965,
1989-1998 for the forecast initialised in 1975 and 1999800m the forecast initialised in 1985. The
bias has been calculated with respect to the ERA Interimatgsis between 1979 and 2008. In general,
the model is too cold with a global bias of 1.8 Kelvin. The cbids is present all over the tropics
and extra-tropics, while the Southern Ocean exhibits a waa®s. The structure of the bias leads to a
weakening of the meridional temperature gradient.

Figure 2(a) shows the bias in the zonal component of the 10-metre wjeetd for the long control
simulation, calculated for the same period as the 2-metnpéeature bias. Generally, the bias is less
than 1 m/s, with a few exceptions. In the Southern Ocean tltenies are reduced over the southern
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Figure 1: Bias in 2-metre temperature for the long controhsiation, forecast year 14-24.

a) Coupled model

Figure 2: Bias in zonal 10-metre wind. Forecast year 14-24.
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edge of Antarctic Circumpolar Current. The largest biaseapp in the western tropical Pacific, with
values of up to 3 m/s. The bias is of the same order of magnisdbe wind speed in the reanalysis,
meaning that the wind speed in the model is about twice theatgsis value. As discussed in Sectian
the zonal wind in the western tropical Pacific has a large énfte on the ENSO, and it also impacts the
state of the thermocline and SST.

Figure2(b) shows the same as Figt@) but for the experiment using a strong relaxation to thee=oked
SST. By constraining the SSTs, the wind bias is reduced ik thetorial Pacific and Indian Ocean. The
impact of SST is especially large in the western part of th&rbevhere the bias is reduced by 50%.
This illustrates clearly the positive feedback between &8d wind bias in the coupled model. It also
shows that the atmospheric model has a strong wind bias,epeflse error in the wind over most of
the Antarctic circumpolar Current seems to be of oceanigimyrisince it largely disappears when the
atmosphere is forced by observed SST (except for the cycfeature south and east of Australia).

3.5 Flux correction

Model improvement is the ultimate way of reducing model éfasAs a temporary solution until the
problems in the model are detected and solved, one couldewsafe for the systematic errors by ap-
plying empirical corrections. One specific correction is fo-called flux correction, applied only in the
coupling between the atmosphere and the ocean. The use @idiftection has recently been discussed
in Spencer et al2007) andManganello and Huan(2009. In the experiments presented here, the flux
correction is applied on the fields passed from the atmo&phwerdel to the ocean model. In order to rep-
resent the seasonal cycle of the systematic errors, ciomdalds have been estimated for each calendar
month. The monthly flux correction climatology is then linganterpolated in time before applying to
the coupling interface for a given day.

One could expect that errors originate both from the heattitke ocean and the momentum flux. As
seen in the previous section [Figut@) and Figure(b)], a wind bias is present but could be reduced by
correcting the SST bias. However, the SST bias could be egblog reducing the wind bias. Therefore
a strategy for correcting both components has been appglied.flux correction has been calculated in
two steps. Firstly, the strong SST relaxation simulatioagehbeen used in order to calculate the wind
bias if the SST is unbiased [see Fig@@®)]. The momentum flux correction has been estimated from
the two 25-year simulations starting in 1965 and 1975 (3-bbemansembles), by comparing the surface
stresses in the forecasts with the reanalysis data. Thesfiysars of each simulation have not been
used in order to let the atmospheric model drift. As a secoep, & similar set of forecasts has been
run using the momentum-flux correction and a weak SST-rétax§0W/K), in order to calculate the
required heat-flux correction with the applied momentum dlosrection. This strategy yields a heat-flux
correction suitable to be used together with momentum-fauxection and that partly accounts for the
feedback effects.

In what follows, we refer to Ucorr as the forecast using motmenrflux correction only (both on u and
v components), and to UHcorr as the forecasts using both mimeand heat-flux correction.

Figure 3(a) shows the monthly dependence of the zonal component mameflux correction for the
Nifio4 area, located in the western part of the tropical fRadHere we see a minimum in April and a
maximum in July-August when the strongest upwelling takesg The correction is generally positive
(towards westerly stresses) in order to reduce the toog&asterlies.

Figure3(b) shows the heat-flux correction required when the mommeriikux correction is applied, as a
function of calendar month for the Niflo3 area, which is teddn the eastern part of the Tropical Pacific
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a) Zonal component of the momentum (u) flux

correction for the Nifio4 area
0.03

o

U-momentum flux correction (Nm=2)
o
=

_OO'I 1 1 1 1 1 1 1 1 1 1

Month
b) Heat-flux correction Nifo3 area

30

Heat flux correction (Wm-2)

_5 1 1 1 1 1 1 1 1 1 1

2 4 6 8 10 12
Month

Figure 3: Flux correction as a function of calendar month.
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were the cold tongue is present and where we have the sttdrsigesn SST. A positive correction means

that heat is added to the ocean. We see in the figure that walssasonal variation of the required heat-
flux correction. A maximum appears in September while theembion is close to O (or even negative)

in January.

3.6 Reference simulation

Due to the difference in mean climate between the analysisf@st estimate of the truth) and the model,
a forecast initialised from an analysis will drift torwarttee model climate. A large part of the model
drift can be avoided by initialising the model on its own attor (here we define the attractor as the
phase space where the model/nature evolves). This te@hisigaferred to as anomaly initialisation and
is used in several studies e.§chneider et al(1999, Pierce et al(2004 and Smith et al.(2007). In
this study we use anomaly initialisation for the refererosugations in order to reach the model climate
more quickly, without needing to throw away a lot of data dgrihe model drift.

For the initialisation, the observed anomalies (full 3-diteional ocean field) is added to the model
climate. The model climate is estimated from the 25-yeargrobintegrations, where the first 10 years
of the simulations are not used in order to let the model thifts own climatology. The climatology
of the analysis has been calculated from the ocean reasadgsinning the same time period used in the
estimation of the model climate. This period is chosen sottiedifference between the climatologies
is calculated with the same change of greenhouse gasesfboth. The model and analysis climate is
calculated for the actual date for initialisation.

The reference forecasts using anomaly initialisation bélreferred to as NOcorr.

4 Results

Figure 4 shows examples of SST forecasts for Nifio3.4 with year 2ettgd from one initial date
(November 1995), in order to illustrate the differencesvgetn forecasts with and without flux-correction.
We see a clear difference between the UHcorr, Ucorr and NGederms of both mean state and vari-
ability. In this section we show the results from the diffarexperiments in the form of mean climate,
inter-annual variability, multi-variate ocean variatyiliand effects on the atmospheric variability. All
results here has a focus on the Nifio3.4 region, situatdteimiddle of the Tropical Pacific.

4.1 Mean climate

Figure 5 shows the mean SST [Figufga)] for the tropical Pacific and a cross-section of the mean
temperature along the equator [Figls@)]. At the surface, we find the highest temperatures in the
western part of the basin, with temperatures up toC3@-urther east the temperature is colder due to
upwelling of cold water. Studying the cross-section, wethaethe warm pool extends vertically in the
west, while the 20C isoterm almost reaches the surface in the east.

Figure6 shows the difference in SST between the NOcorr forecastrangeinalysis, yielding a measure
of the model bias. The forecast data is averaged over fdrgeass 3-10 and one initial date (1980), and
the bias is calculated in respect to the analysis climata/sho Figure5. Generally for the tropical
Pacific, we find a strong cold bias, which has its maximum atbegequator. At its maximum, the bias
reaches 2.5 Kelvin. Figuréb) shows a vertical cross section of the temperature basyahe equator
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a) NOcorr
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Figure 4: SST forecast for N03.4, year 2-4 from decadal forecasts initialised in Nolben1995 (coloured lines)
and the reanalysis (black). For NOcorr and UHcorr the memthat will serve a example forecast is highlighted
(thick lines).
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a) Mean SST

180 270

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
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Figure 5: Mean of the reanalysis for 1983 to 1990.
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CCECMWF

a) SST bias
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Figure 6: Difference between the NOcorr forecast and theadysis for forecast year 3-10 (initial date November
1980).
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in the Pacific for the same data as shown in Fidi{e9. As expected from the SST bias plot, a cold bias
is present at the surface. On other hand we find a warm biagbath00-300 metres, which is strongest
in the western part of the basin. This dipole structure iaigis that the bias is due to an overly strong
equatorial circulation (too strong upwelling in the eadd artoo strong downwelling in the west).

Figure 7 shows the same as Figuéebut for the Ucorr experiment. For the SST bias [Figi(a)],

the momentum-flux correction is able to reduce the cold hiathé tropical Pacific, which indicates
that the tropical bias is connected to the wind stress. Eig(n) show the vertical cross-section of the
ocean temperature bias for the Ucorr experiment. Comparitigthe NOcorr forecast [Figuré(b)], the
dipole bias structure is strongly reduced by using momesfturncorrections, which may be explained
by the fact that the flux correction reduces the easterly winekss and slows down the equatorial ocean
circulation. However, there is still a bias present at thdase, and a warming of the thermocline,
consistent with the too diffuse thermocline, which is a elateristic of this version of the NEMO model
and observed in ocean only runs (not shown).

When using both momentum and heat-flux correction [Fig{ed], the SST bias is strongly reduced,
which is the objective of the heat flux correction. Fig8(b) shows the vertical cross-section of the bias
for the UHcorr experiment. Comparing with the Ucorr expanm[Figure7(b)], the cold bias in the
thermocline is further reduced in the west by the use of tla-fiex correction. The warming along the
thermocline is increased, especially in the eastern pdris Behaviour is consistent with the heat flux
correction partially compensating for errors in the upperam vertical mixing.

Figure9 shows the monthly mean SST for Niflo3.4 for the differentezipents averaged over all initial
dates and forecast year 5 to 10. The NOcorr experiment (sédbits a cold bias and a seasonal cycle
that is too strong compared to the reanalysis (black). Titomgér seasonal cycle is mainly due to the
strong cold bias in September (the same period as the flugatmom is at its strongest). Another feature
is the slight shift in the maximum of the seasonal cycle, bguatmne month for NOcorr compared to
the reanalysis. This pronounced bias is reduced by the mtoimeftux correction (green), which has
a similar amplitude on the seasonal cycle as the reanalydis. improvement using momentum flux
correction during the boreal autumn is logical because thectrrection is strongest during that period.
For the UHcorr experiment, the bias is less than 0.5 Kelvirafomonths.

4.2 Inter-annual variability

An important aspect of the ENSO simulation is the simulatetbldude of the SST anomalies. In
Guilyardi et al.(2009, the SST variability of several climate models is compared a large diversity is
found in the tropical Pacific, both regarding amplitude avwhtion of the variability.

Figure10 shows the inter-annual variability of the Nifio3.4 SST asirecfion of calendar month. The
forecast data used is for the initial dates 1965 to 2000 aret&st year 5 to 10. The reanalysis data is
from 1970 to 2010. The inter-annual variability is calcathis the standard deviation with the seasonal
cycle removed. For the reanalysis, means for 1970-1980e@oind 1990-2000 (dashed) have also been
plotted.

The general feature in the results is that the NOcorr exgarimields the lowest variability, much lower
than the reanalysis. On contrary, the UHcorr yields a mughénivariability than the NOcorr experiment
and also higher than the reanalysis. The Ucorr experimentbgtween and closest to the reanalysis,
albeit underestimating the variability during the boreahter. Our results are in line witBuilyardi
(2006), in that models with strong seasonal cycle have a weak ENSilitade.
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CCECMWF

a) SST bias
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Figure 7: Difference between the Ucorr forecast and the edgsis for forecast year 3-10 (initial date November
1980).
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Figure 8: Difference between the UHcorr forecast and thenadgsis for forecast year 3-10 (initial date November
1980).
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Figure 9: Monthly mean SST for id3.4. Reanalysis (black), NOcorr (red), Ucorr (green) asidcorr (blue).

Inter-annual variability
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Figure 10: SST standard deviation forfidi3.4 as a function of calendar month (seasonal cycle redjoviee-
analysis 1970-2010 (black, solid), 1970-1980 (black, ettand 1990-2000 (black, dashed). NOcorr (red), Ucorr
(green) and UHcorr (blue).
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a) Reanalysis b) NOcorr

Figure 11: Regression of N03.4 SST to 2-metre temperature for DJF. The forecastg dsiecast year 4-9 for
the forecast initialised 1975 to 2000 and ERA Interim year3-2009.

Another important aspect of the ENSO variability is the seas phase locking of the SST variability
(Misra et al, 2007). One of the characteristics is that the ENSO events pedieatrid of the calendar
year. Here we see that the reanalysis has the highest VigyiabDecember as expected and the lowest
in April. For the Ucorr experiment, the results are similauf the level for the variability is in better
agreement with the reanalysis. The results for the NOcgreégment shows a low level of variability
and only a tiny sign of phase locking of ENSO. This is a furtsign of its inability to simulate ENSO in
the NOcorr experiment.

For the UHcorr experiment, the phase locking maximum apgaeddecember as it does in the reanalysis,
while the minimum appears in June instead of April. One pldesxplanation lies in the seasonality of
the westerly wind burst (associated to large SST valuesh, the potential of triggering ENSO events:
inspection of Figure® and 10 would suggest an approximately 3-month lag between the tifrtbe
maximum of SST and the minimum of variability. But understiaig the reason for the shift of the
minimum is beyond the scope of this study.

Comparing the reanalysis data for 1970-1980 (dotted liags) 1990-2000 (dashed) we see a large
difference in the variability; the 90’s were a much moreaeperiod than the 70’s. There has been some
discussion in the literature about decadal differencelsarefNSO variability, e.@almaseda et a{1995
andWang and Picay004). The level of variability for the 1990-2000 is close to theeambtained for the
UHcorr experiment, while a large difference is present leetwthe observed in 1970-1980 and UHcorr.
However, one should bear in mind the uncertainties in theewiasions especially before 1980, and
therefore differences between the ENSO variability priwd after 1980 could partly be due to changes
in the observing systems.

Figurellshows the linear regression of the Niflo3.4 SST onto 2-netn@erature. This diagnostic gives
a measure of the teleconnections from an ENSO event withtaicermplitude. It does not account for
the differences in the ENSO amplitude and variability betwéhe experiments. Compared with ERA
Interim, the NOcorr experiment yields, in general, strartgéeconnections. However, we have to bear
in mind that the amplitude of the ENSO events is only a halhie NOcorr experiment. Both NOcorr
and Ucorr show a bad pattern over north-America, while UHin better agreement with the pattern
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Figure 12: Vertical cross-section of the temperature altimg equator in the Pacific for January 1998.

from the reanalysis.

4.3 Trajectories in a reduced phase-space

Figure 12 shows the vertical cross-section of the ocean temperabutthéd reanalysis along the equator
for January 1998, during the end of a strong El Nifio eventn@ared to the climatological cross-section
shown in Figureés(b), a difference in the structure of the thermocline is pntsThe westward tilt of the
thermocline is gone, as well as the horizontal gradient efS8T. The thermocline depth is shallower
than normal. For the purpose of diagnostics, we reduce thB@EMynamics to the three following
degrees of freedom: the thermocline depth in the (1) east®in(2) western basin together with (3) the
SSTin the Niflo3.4 area. While the SST anomaly is the usuakore of the ENSO phase, the difference
in the thermocline depth gives a measure of the tilt of thentloeline and the mean is a measure of the
Equatorial upper ocean heat content. The phase space ddwetbe model (or reanalysis) could be
approximated as an "ENSO attractor”, i.e. the likely conaltion of the variable values. The concept
of this diagnostic follows the ideas about recharge ogoillpresented idin (19973. The thermocline
depth for the western Pacific is defined as the mean depth @&t isoterm in (140E-170W, 5°N-
5°S) and for eastern part (17AY-120°W, 5°N-5°S). The SST in Niflo3.4 is defined as the mean over that
region (170W-120°W, 5°N-5°S). The 20C isoterm corresponds to the yellow colour in Figa2and
Figureb.

In Figure 13(a) the phase diagram is shown, with the SST of Nifio3.4 orythgis and the average
thermocline depth in the basin between (IBa.20°'W) on the x-axis, using daily data. The figure shows
the phase space trajectory for the reanalysis (red) betNegamber 1995 and 2005 together with one
member from the NOcorr ensemble (blue) and UHcorr (greeh @rightness of the colour represents
different time of the year where the darkest shade repredémiember and the white is around June/July.
The forecast period and the forecast members are the samghdighied in Figure4 and plotted in
Figurel4(d). The ensemble members used for this diagnostic are chesmuse they have the strongest
ENSO cycle for the November 1995 initialisation among theeemble members (in 1997 for UHcorr
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Figure 13: Phase space trajectories for reanalysis (redpddrr (blue) and UHcorr (green). Nov 1995 to Nov
2005. Black represent November and white is around June/Jul
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and in 2003 for NOcorr).

In the reanalysis, ENSO cycle appears as an anti-clockwide.dn the beginning of the cycle, the SST
rises while the thermocline is deep. In the next procesghrenocline "discharges” heat while the SST
is high. Suddenly, cold water starts to upwell and the SSTedees rapidly. Finally, the thermocline
depth increases while the SST is low during the La Nifla phd$es cycle is especially clear for the

1997-1998 event, which is the outermost loop of the reaisabisd January 1998 (as plotted in Figure
12) is almost in the upper corner with the highest SST and theedio the most shallow thermocline.

Comparing the UHcorr forecast (green) with the reanalysis,see that the phase space of the both
coincide. This indicates that the mean and the variabilftthe ENSO are similar. One should note
that the SST forecast for this particular member in the Rifiaegion is almost perfect [cf. Figure
14(d)]. However, the UHcorr forecast also shows two more Eld\&Vents with similar structure to the
1997-1998 event (three periods are present with SSTs ohdr@i# Celsius), which is a sign of the
over-activity discussed in the previous section. Regagrthie NOcorr forecast, the phase space is shifted
towards colder SST and deeper thermocline and the vatialnilihe phase space is lower for the NOcorr
forecast. One can also see a more regular behaviour of jeettdes in the phase-space, indicating that
the stronger seasonal variability dominates over the-gnt@iual variability (the coldest SST and deepest
thermocline always appear in December).

Figure13(b) shows another dimension of the phase space, with thentitine depth in the western part
of the basin on the x-axis and eastern part on the y-axis. Tdardepth is given by the average of the
both parts and isolines for the mean depth is plotted for 120, 160 and 180 metres [to be compared
to Figurel3(a)]. The 1-1 line means no tilt of the thermocline and righth® line the tilt is towards
west. During an El Nifo, the thermocline change its tilinfrevestwards to neutral or even eastwards.
[January 1998 for the reanalysis is located in the far left pFigure13(a) with a shallow thermocline,
especially shallow in the western Pacific (x-axis in FigliB&)].

In terms of the NOcorr experiment, a strong tilt towards wesilways present, which is maintained
by the strong easterly winds. We also see that the deependicéne is mostly contributed to by the
western part, where we have a strong warm sub-surface wathdé-UHcorr experiment the phase space
is similar to the reanalysis. Also here we see a good agreemittnthe 1997/1998 ENSO event, but that
two additional El Nifio events are also visible as in Figligé).

These diagnostics show that the flux correction not only ttgothe mean SST but the whole of the
ENSO dynamics. The strong easterly winds in the NOcorr éxqat yield a strong thermocline tilt,
and the simulations do not even approch obtaining a flat theline, which should appear for strong El
Nifio events.

4.4 Impact on the atmospheric variability

As described in Sectio®, the Walker circulation is the atmospheric counter-pathefequatorial oceanic
circulation in the tropical Pacific, driven by the conveatio the western Pacific and over the Maritime
Continent. It consists of easterly winds in the lower trqgee, rising motion in the western part of the
basin (connected with negative pressure anomaly at se§;leesterlies in the upper troposphere and
sinking motion in the eastern part of the basin (connectéld gh sea-level pressure).

In order to investigate the vertical structure of the ciation and its variability, Howmaoller diagrams
have been plotted of the vertical cross-section of the zauad for the Nifio3.4 area (Figurgd). In
Figure14(d) the corresponding time-series of the Niflo3.4 SST will2anonth running mean applied
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Figure 14: Vertical Hownrdller diagram of zonal wind speed averaged forfibi3.4 area (westerlies-yellow,
easterlies-blue). Contour interval 2.5 m/s.
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is plotted, in order to compare the ENSO phase with the wirtttpa The UHcorr member (blue line)
has the 1997/1998 ENSO event in phase with the reanalytisugh afterwards the forecast contains a
higher ENSO variability compared to the reanalysis (asadlyaliscussed above). Regarding the NOcorr
forecast we see one weak El Nifio event in 2001, but otherthiss&NSO variability is low, as expected
from the previous diagnostics.

Figure 14(a) shows a vertical Howmoller diagram of the zonal windespéor the reanalysis (ERA
Interim). In general, the easterlies (negative u-wind) ohatte the lower troposphere and the westerlies
dominate the upper part. For 1997-1998 [the years with agtEd Niflo as seen in Figurke4(d)], we see
that the circulation has broken down. From spring 1997 tesprerg 1998 the easterlies are dominating
the upper troposphere and for the some part of the lower $pipre the winds are westerly.

In Figure 14(b) we see the same Howmoller diagram for the same time ghéoiothe NOcorr forecast.
Here we cannot see the inter-annual variability in the wrmgrospheric winds as for the El Nifio event
forecast in 2001 only a weak signal in the upper-tropospheinds is visible.

Figure14(c) shows the data from the the UHcorr forecast. This mendyecasted strong El Nifio events
in 1998, 2002 and 2005 as seen in Figlidéd). Studying the Howmoller diagram, we can clearly see
these events in the wind pattern, in the same way as seenneahalysis. These results clearly show that
the amplitude of the variability in the ocean and lower trgiwere has an influence on the large-scale
upper tropospheric wind pattern.

Figure 15(a) shows a histogram of the Southern Oscillation Index JSksed on monthly means for
forecast years 3-10. The index is defined as the pressueedtiffe between Easter Islands°@,209W)
and Darwin (12S,13TE). A weak (strong) pressure gradient is the signature of iBbNLa Nifa).
The results show that the NOcorr forecast is biased towatds high pressure gradient, looking like a
constant La Nifla. The distribution is too narrow comparetthé reanalysis, indicating that the variability
is too weak. For the Ucorr (green) experiment the distridsuts shifted towards a weaker gradient and is
closer to the reanalysis, although the mean of the gradiestillitoo strong. For the UHcorr experiment
(blue), the distribution agrees well with the reanalysisthbin mean and in width. The over-activity
seen in the SST is not so obvious here. However, the tail ondbative side (El Nifio) is longer for the
UHcorr experiment (although the tail is difficult to see i figure).

For the development of El Nifio events, the wind stress inwthsetern part of the equatorial Pacific is
important [discussed in e¥gtart et al.(2003)]. The zonal wind stress affects the tilt of the thermocline
strong easterlies give a strong tilt to the thermoclidig, (L9973, while the westerly wind bursts (WWB)
tend to reduce the tilt by deepening the thermocline in thetdfa Pacific, reducing the upwelling and
producing a warming in the Eastern Pacific. This remote gffegether with a more local effect on the
eastern displacement of the warm pool by zonal advectianirigger the occurrence of ENSO events.

In order to investigate the appearance of such westeltiesiistogram of daily data for the zonal momen-
tum flux has been plotted for the Nifio4 area [Figlisb)]. This diagnostic includes the flux-correction
on the wind stress. For the NOcorr experiment we see that #rer no days in the 16 (last 8 years in
the forecasts from 1985 and 1995) year period where the mézh iw the area is westerly. By ap-
plying the momentum-flux correction, the distribution isftef towards more westerly wind. The shift
is about 0.01 N/rhithat corresponds well with the applied flux-correction [@amed with Figure3(a)].
The momentum-flux correction does not only induce a shifhéndistribution of zonal wind stress, but it
also broadens it, producing longer tails. The differendsvben Ucorr and UHcorr is small although the
additional heat-flux correction broaden the distributitighgly (as an effect of the higher ENSO vari-
ability). For the UHcorr, the tail for westerlies is even ¢mm than that of the reanalysis (more frequent
westerlies in UHcorr than the reanalysis).
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Figure 16: Regression of N03.4 SST to total precipitation for DJF. The forecasts ggorecast year 4-9 for the
forecast initialised 1975 to 2000 and ERA Interim year 12099.

Figure 15(c) shows the histogram of the monthly precipitation ratastlie Nifio3.4 area for forecast
years 3-10 with a logarithmic scale on the y-axis. During Eid\ the convection in the western Pacific
moves eastward and affect this area. The y-axis has a logucitscale so that the rare events with high
precipitation are highlighted. Due to the uncertaintieshi@ precipitation in the ERA Interim (black,
solid), the precipitation from GPCP (black, dash-dotted} hlso been plotted. The main difference
between the reanalysis and GPCP is that the latter has manthsnwith very low precipitation (less
than 1 mm/day), while ERA Interim has more months with pritatjipn between 3-5 mm/day. The tails
of the distributions agree well. Regarding the forecastdrpents, the NOcorr has the worst results. For
this experiment, the rain periods are clearly under-repriesi, due to the cold SST bias that suppress the
convection and the fact that the forecasts have too few &b Ei/ents.

The precipitation is much better represented in both fluxemted experiments and the distributions
agree well with both GPCP and ERA Interim. However, in the Oiexperiment, the strong precipita-
tion are too frequent. This is connected to the over-reptatien of strong El Nifio in the forecasts.

Figure 16 shows the regression of the Niflo3.4 SST on the total pitatipn. Here we see the strongest
connection, not supringingly, in the western tropical RaciAs expected, in ERA Interim the centre
of gravity for the precipitation moves eastwards during EidNevents (positive regression coefficient),
with a maximum to the east of the date line. The pattern for &Hg=igure 16(d)] agrees well with the
pattern for ERA Interim [Figurd6(a)]. For the NOcorr experiment [Figules(b)], the centre of gravity
is far to the west of the date line, explaining why there is tnorgy precipitation events even during El
Nifio for the Nifio3.4 area. The results for the Ucorr expent [Figurel6(c)] are in between the other
two experiments.

Altogether, the results in this section show that the impécorrecting the mean state in the ocean also
feedbacks onto the inter-annual variability of the atmesph
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5 Conclusions and discussion

In this study we have investigated the impact of the modelnretate on the simulation of El Nifio
events. In the presence of systematic model error, the matmand the variability of the model could
differ from the observed mean state and variability. In gtigly we investigate the relationship between
the mean state and the variability by comparing coupledehsinulations using the standard model
configuration with simulations where we have attempted o the mean error in the sea-surface
temperature by applying flux-correction.

The forecasting system used is the ECMWF IFS model couplétetdlEMO ocean model. The current
model setup develops a cold bias on the seasonal time-gdaileh is pronounced in the tropical Pacific
due to a strong upwelling of cold water in the eastern parhefdquatorial Pacific. The cold bias in the
tropical Pacific is connected to a bias in the zonal wind (gfreasterly winds). The wind bias leads to
a strong tilt in the thermocline and produces a very stabl@lifa like state with cold SST, with weak

inter-annual variability. It is shown that a part of the wihis is present in model runs with strong
constrain to observed SST, suggesting that the originseoivind bias in is in the atmospheric model,
and that the bias is enhanced in the coupled system by aveosiidback mechanism.

We have used flux-correction in order to change the modebtértowards the observed mean state. A set
of decadal coupled integrations have been conducted usiag tifferent strategies. One strategy only
uses momentum-flux correction and another uses both momeantd heat-flux correction. In the third
strategy model mean state is left uncorrected, and therattegs have been initialised using anomaly
initialisation. An alternative approach could have beengde full initialisation strategy, as is currently
used in seasonal forecasting, with a model drift in the firshths into the integrations. However, the
results for full initialisation and anomaly initialisatioregarding the variability should be similar after
the model has drifted to its climatology.

Results show that by applying momentum-flux correction fiassible to remove a part of the cold bias
in the tropical Pacific. This result shows the importanceasfiing the correct winds in order to obtain the
correct SST mean state. With the combination of heat and mtvmmeflux correction most of the bias is

removed, and this is the first test for a successful flux-ctios.

Results also show that the mean state has a strong influettoe afplitude of the inter-annual variabil-
ity. For the simulations with the cold bias present, hardily atrong El Nifio events are simulated. By
using momentum-flux correction, the inter-annual varigbih the Nifio3.4 SST is increased, and using
both heat and momentum-flux correction strong El Nifios aad\ifias appear. However, for the heat
and momentum flux corrected experiment, the inter-annu@hidity seems to be too large compared to
observed variability and for some ensemble members théat&r seems to be regular, with an ENSO
period length of 3 years. This is not the case for all forexdsit is seems like several ENSO cycles with
high amplitude appear after each other. The issue with peapENSO is not new and is discussed e.g.
in Misra et al.(2007). The reason for these multiple ENSO-cycles may lay in a toang subsurface
wave dynamics, as discussedlJin (19970. This could also explain the different phase locking to the
seasonal cycle as shown in Figur@

The increased variability in SST has also a strong influendd® atmospheric variability, for example in
the impact on the Walker Circulation variability. The usdlak-correction also has a large affect on the
precipitation amounts in the tropical Pacific. By corregtfor the cold SST, the precipitation increases
and the variability pattern shows more similarities witlsetved precipitation. Also teleconnections to
other regions around the Pacific are better simulated wéiltthrected mean state.

The variability is not only important for the simulations tife ENSO events but also create a suffi-
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cient ensemble spread. If the model variability is too low #nsemble spread will be low as well
(Bengtsson et gl2008 and the ensemble becomes over-confident.

These results are important for the choice of forecastegfies for seasonal and decadal forecasts. This
study shows that the biased mean state severely affectsNB®Bariability and teleconnections. By
applying anomaly initialisation, the systematic errors already present in the initial conditions of the
forecast, and the errors in the variability will deteri@raiesults already in the early forecast ranges. If
using full initialisation (initialised with the observedase), the model will eventually drift to its own
climate. In this case there is the added difficulty that erioithe variability will change as a function of
lead time, and in the case of strong nonlinearities, everstieation of the bias (for a-posteriori bias
correction) can be difficult. For the choice of forecasttstyg, practical considerations in calculating
the climatologies (applicable for anomaly initialisatfijpthe correction required (flux correction) and
time-dependent bias correction (full initialisation) afeimportance. A companion paper discusses the
forecast strategies in more detail, with focus on the faseskill.

It may be possible that there is no such as thing as the besisfostrategy: different CGCMs have
different biases, and a forecast strategy that works welbfe model may be detrimental for another.
In Spencer et al(2007) the model had a cold SST bias in the equatorial Pacific and attong inter-
annual variability, while the model in this study had a coidsband too low inter-annual variability. In
our study we have traced a large part of the bias in the eqabRacific to a wind bias, which makes the
momentum-flux correction relevant, while the momentum-flarrection inSpencer et al2007) had a
minor impact on the inter-annual variability.

The results in this study show that it is difficult to interpresults regarding a change in ENSO variability
for future climate if the model itself is biased. A changehi ENSO activity could then either be due
to climate change or a nonlinear effect of the systematir énrthe model. However, in order to predict
strong ENSO events, it is needed that the model could simalath a amplitude of the variability. This
study concludes that a correct mean state is needed to alldwesvariability.
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