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Abstract

The double-intertropical convergence zone (DI) systeretior, affect-
ing state-of-the-art coupled general circulation mod€lI&CM) is exam-
ined in the multi-model Intergovernmental Panel on Clin@btange (IPCC)
Fourth Assessment Report (AR4) ensemble of simulationeefwentieth-
century climate. Aim of this study is to quantify the DI erar precipitation
in the tropical Pacific, with a specific focus on the relatlipshetween the
DI error and the representation of large-scale verticalutation regimes in
climate models. The DI rainfall signal is analysed usinggame sorting ap-
proach for the vertical circulation regimes. Through the afthis composit-
ing technique, precipitation events are regime-sorteddas the large scale
vertical motions, as represented by the mid-troposphagi@ahgian pressure
tendencywsgg dynamical proxy. This methodology allows the partitiontod t
precipitation signal into deep and shallow convective congmts. Follow-
ing the regime-sorting diagnosis, the total DI bias is gplio an error af-
fecting the magnitude of precipitation associated withvieilial convective
events and an error affecting the frequency of occurrencngfie convec-
tive regimes. It is shown that, despite the existing largeaimodel differ-
ences, CGCMs can be ultimately grouped into a few homegecioaters,
each featuring a well defined rainfall-vertical circulaticelationship in the
DI region. Three major behavioural clusters are identifiethiw the AR4
models ensemble: two unimodal distributions, featuringcimam precipi-
tation under subsidence and deep convection regimes,ctesgg and one
bimodal distribution, displaying both components. Exiegahis analysis
to both coupled and uncoupled (atmosphere-only) AR4 sitiomga reveals

that the DI bias in CGCMs is mainly due to the overly frequettwsrence



of deep convection regimes, whereas the error on rainfajinibiade associ-
ated with individual convective events is overall consisteith errors already
present in the corresponding atmosphere stand-aloneationg. A critical
parameter controlling the strength of the DI systematiores identified in
the model-dependent sea surface temperature (SST) thddshding to the
onset of deep convection (THR), combined with the averageis e south-
eastern Pacific. The models featuring a THR which is systieaiit colder
(warmer) than their mean surface temperature are mor¢ femse to exhibit

a spurious southern Intertropical Convergence Zone.



1 Introduction

The intertropical convergence zone (ITCZ) is a zonally gkied narrow band of en-
hanced low-level wind convergence, cloudiness and rdjmfedrking the upward branch
of the Hadley circulation cell. Afascinating feature deypgd by the ITCZ over the Pacific
and Atlantic oceans is the off-equatorial preference looain the northern hemispheric
4-12 latitude belt. The existence of one single ITCZ straddlimgMorthern Hemisphere
has been puzzling theoreticians for quite a long time, gymunderstand the causes of
such an asymmetric response to the essentially symmetacraaliation forcing (Char-
ney,1971; Holton et al.,1971; Waliser and Somerville, 3%3dlander et al., 1996). Ideal-
ized experiments performed with aqua-planet model setfiogced by highly symmetric
SST distributions show no unequivocal responses, witleeitlho off-equatorial ITCZs
(Hayashi and Sumi 1986; Swinbank et al. 1988) or one sindiZItentered on the equa-
tor, coincident with the maximum SST location (Lau et al. 8p8ess et al. (1993) using
similar aqua-planet model configurations, identify a sirdependency of ITCZ location
on the adopted parametrization for convection and the gtineof the SST meridional
gradient. The vast majority of coupled general circulanoodels (CGCM) show the oc-
currence of an overly strong ITCZ in the south-eastern Ra@gjion, in a broad region off
Peru near 1@ (Mechoso et al., 1995). While the appearence of a soutlemnispheric
ITCZ in March-April is an observed feature of the tropicacia climate, its overesti-
mation represents a well knoveyndromeaffecting state-of-the-art climate models which
is generally referred to as double-ITCZ (here after DI; Meszhet al., 1995). This bias
affects climate models ability in correctly reproducingreoof the most prominent clima-
tological features of the tropical Pacific. In particuléwe representation of the mean state
in the Pacific sector displays an anomalous symmetric strei@bout the equator con-
trasting with the asymmetry characterising the observediammean patterns of rainfall,
sea surface temperature and wind, possibly reflecting teeni@mispheric differences for
the oceans and continents distribution (Philander et &61®la et al.,1996; Yu and Me-

choso, 1999). DIs in CGCMs are generally associated with anmmalously extended



cold tongue on the equator (a quite distinctive feature wepect to aqua-planet con-
figurations) and they typically manifest themselves withideaspectrum of behaviours
(Mechoso et al. 1995; Lin, 2007). De Szoeke and Xie (200&stathe error associated
with ITCZ representation in AR4 models according to the msaasonal evolution of
precipitation, identifying two distinct error typologiegersistent double ITCZrror (rain
persisting too long in the Southern Hemisphere) alternating ITCZerror (precipitation
maxima crossing the equator with the season). Both of theh e a spuriously high
annual mean precipitation in the south-eastern tropicefiea

Since the early assessment of Mechoso et al. (1995), thalbgerformance of climate
models has been gradually improving through the years (M2@06). However, the er-
roneous representation of the tropical climate remainyaredimitation for the current
generation of CGCMs, recently employed to perform climatggqetions within the In-
tergovernmental Panel on Climate Change Fourth Assesdrepmirt effort (IPCC AR4;
Lin, 2007; de Szoeke and Xie, 2008), ultimately impactinglmpredictability and sim-
ulation of tropical variability modes (El Nifo-Southerrs€illation, Madden-Julian Os-
cillation) on seasonal and interannual time scales. Thiadniity of AR4 experiments
archived by the Program for Climate Model Diagnosis andrbamparison (PCMDI)
allows the cross-comparison of an ensemble of CGCMs, cambidifferent parame-
terizations of unresolved physics as well as spatial réi®olsl and numerical schemes.
Recently, the DI issue (and, more broadly, the models syatierarrors in the tropical
eastern pacific) in AR4 simulations of the twentieth centtlimnate has been examined
under different perspectives. Lin (2007) approaches thki&d in relation with the rep-
resentation of the main ocean-atmosphere feedbacks, aghdeeSzoeke and Xie (2008)
focus on the role played by the meridional wind biases irtiatahip with the interaction
with the complex Central American orography.

The purpose of this study is to analyse the relationshipsdsst the bias on precipitation
in the south-eastern tropical Pacific and the systematareaffecting the underlying

large-scale atmospheric vertical circulation regimeshm iPCC AR4 CGCMs. Large-



scale vertical motions in the atmosphere are responsiblegfat and moisture transport,
and thus play a crucial role on determining atmospheridlgtalzloudiness and precipi-
tation.

Specifically, the following issues are addressed. Whatag#rtition of the spurious DI
rainfall signal between shallow and deep convective corapts? Unraveling the deep
from the shallow convection precipitation is a fundamestap to further disclose the na-
ture of DI in climate models. Another crucial question camgeg the DI bias is whether
the detected rainfall anomaly in the south-eastern Pasifiaiised by an overly frequent
(either deep or shallow) convective activity or by anomalgstrong precipitation asso-
ciated with individual convective events. To this aim, afukapproach is provided by a
composite methodology first proposed by Bony et al.(2004foud feedback studies,
generally referred to as regime sorting, which will be hepplie@d to study the model-
dependent relationships between precipitation and & rticculation regimes in the re-
gion affected by the DI systematic error. Exploring a gegital quantity in the space
defined by another variable as an alternative to the staratztysis in the time-space
domain allows a better identification of the physical med$ras relating the two fields
under exam. An additional advantage deriving from the ussioh methodology is the
identification of thresholds in the physical space definedhaytwo selected variables.
Specifically, this approach is here extended to the SSTeaddirculation physical space
S0 as to identify critical SSTs setting the transition topgleenvection for each member
of the AR4 ensemble. The interplay between errors on thed&®p-convection coupling
and the biases on SST will also be investigated. The presahtsas will particularly fo-
cus on the south-eastern tropical Pacific region, where theyflematic error manifests
itself.

We address these questions for both coupled and, wheralalegithe corresponding un-
coupled (i.e., AMIP-type) AR4 simulations of the twentietntury climate. The cross-
comparison between coupled and AMIP simulations will pdevsome insight on the role

played by ocean-atmosphere coupling, as compared to atmosjnternal dynamics, in



modifying the relationship between the DI spurious preaijfmn signal and the underly-
ing vertical circulation regimes.

The paper is structured as follows. In section 2, the modélabservational data used
in this analysis are described. The space-time structufeecystematic errors affecting
precipitation and vertical circulation in the tropical taga Pacific is described in section
3. Results from the regime sorting analyis applied to the ARdpled simulations of

the twentieth century are shown in section 4. In section S#ree analysis is extended
to a smaller set of AMIP simulations. The role of biases diifecthe representation of
SST and the critical SST leading to convection on the angéitand structure of DI is

investigated in section 6. Summary and conclusions arengiveection 7.

2 AR4 models and validation data.

The analyses shown in the present work are based on monttgutsidfrom a subset of
20 AR4 CGCMs (except for the mean seasonal cycle of pretipitawhere a larger 23
members ensemble is used instead). Also, a smaller set afid 3itmulations conducted
with the atmospheric-only component of the correspondmgpted models, under pre-
scribed SSTs (AMIP-type), is analysed. The models emplayghis study are listed in
Table 1.

This study focuses on the IPCC Climate of the Twentieth Qgn@0C3M) simulation,
for the 1960-2000 period. Model results are compared with bbservational datasets
and reanalyses (for simplicity, in the paper we will refertbmth types of data as “ob-
servations”). In particular, the observed global CMAP datgXie and Arkin, 1997) is
used for precipitation, while fap fields the European Centre for Medium-Range Weather
Forecasts (ECMWF) ERA-40 Re-Analysis (Uppala et al., 20Gf) been used. Finally,

the global HadISST analyses (Rayner et al.,2003) were wsexl surface temperatures.



3 Mean seasonal cycle

In Fig. 1 the mean seasonal cycle of precipitation over tlstega Pacific (averaged be-
tween 150W and 100W) is plotted against latitude for obsera (Xie and Arkin, 1997)
and AR4 models. This diagnostic essentially updates thie&an made by Mechoso et
al. (1995; see also de Szoeke and Xie, 2008), and portraysuthent status of CGCMs,
as far as the DI bias is concerned. Assessing the occurréim@gromodels can be quite
subjective, in that observations do show a hint of DI, mastifgy itself as a weakening
of the Northern Hemisphere ITCZ and the concomitant appearef a southern ITCZ,
from about February to April (Zhang, 2001). Following Mesbeet al. (1995), in Fig.
1 we highlight precipitation in excess of 6 mm/day which isa®an arbitrary threshold
so that models overcoming this critical value south of theator are considered to be af-
fected by the DI bias (a more objective metric of precipdatin the south-eastern Pacific
is defined below). An immediate outcome is that, except fordidjusted models and one
non-adjusted model, all of the analysed CGCMs display aigpsiprecipitation signal
south of the equator (around 10S) mostly affecting borealdanter/early spring period.
In order to quantify the DI bias for each coupled model in agraiyjective way, we intro-
duce asouthern ITCZSI) index which is simply defined as the annual mean preatipit
over the [L00W-150W; 20S-0] longitude-latitude window.eT$elected spatial domain is
chosen so as to account for the large intra-model spreae diidis structure. In particular,
the latitude extent of the box is sufficiently wide to accofortthe differing DI merid-
ional locations in the various models. While this index retethe integral behaviour of
a model over a region of the south-eastern Pacific, from Figisllegitimate to assume
that the resulting index values are mainly affected by tres@nce of the DI. In Fig. 2
the Sl index for each member of the extended (23 members) ARdneble and obser-
vations is shown. It is evident that among the models disptag smaller discrepancy
with observations are those models which make use of fluxssadgnts on both heat and
water (CCCMA-T47, CCCMA-T63, MRI, MIUB). On the oppositedsi mainly appear
models showing a persistent DI through most of the annudé¢@NRM, NCAR PCM1,



INMCM3, GISS-EH). This index provides a tool to rank the ARGCMs based on the
models’ performance in the DI region, and it will be used ie timal discussion.

The nature of the spurious precipitation signal in the ead®acific is now analysed by
looking at the mean seasonal cycle of the large scale vedicailation. We use the
lagrangian pressure tendencyat 500 hPa (in hPa/day; hereaftey,,) as a proxy of
the large-scale vertical circulation. Positive values gf, identify regions of large-scale
subsidence, while negative valueswf,, indicate regions characterised by convective
regimes.

The mean seasonal cycle oy, in the [L00W-150W; 20S-0] longitude-latitude range is
shown in Fig. 3. The persistently positive values shown bseolations (from ERA-40
reanalysis) indicate that this region of the eastern Paisifaharacterised by a predom-
inant subsidence regime (see comments in the next secfldn®).bulk of AR4 models,
on the other hand, reveals a seasonal inversion of the lage Girculation regime, with
rising (wso0 < 0) from January to May-June and sinkings§, > 0) during the rest of the
year. Some of the models reveal an almost persistent coveeeggime (NCAR PCM1
and INMCM3). A few notable exceptions are represented byGi48, HadGEM1 and
MRI models, displaying constantly positiug,, values, consistent with the observations
(although the latter is a flux corrected model). The relatiop between mean precipi-
tation andwsgg in the DI region during JFMAMJ and JASOND is illustrated irgFi4.
Models which are prone to display a pronounced DI bias, @stsutwith anomalously
high rainfall, are generally characterised by a consibtéarige ascent signal (i.e.,negative
wsoo Values). The largest model-observation discrepanciesfisaw inter-model scatter
are found in JFMAMJ, while inter-model correlations betwegeecipitation ands,, are

0.79 and 0.85 for JFMAMJ and JASOND, respectively.

4 Regime sorting analysis

In the previous section it has been shown that the occurrehadl in CGCMs is gen-

erally associated with mid-troposheric large-scale gsimtion (v5o0 < 0) . However,



spatial averages do not allow a clear inspection on the digamwauses underlying the
process under exam. In particular, it is unclear what iseladive role played by deep ver-
sus shallow convection in driving the anomalous precifiaassociated with the DI. In
order to better clarify this point we apply to each AR4 modebmpositing methodology
(illustrated in Bony et al., 2004), where precipitation etgeare regime-sorted based on
the large scale vertical circulation regime (as represkhbyethewsq, dynamical proxy).
This procedure is applied to monthly outputsgf, , split into bins of 10 hPa/day width
(see Hourdin et al., 2006 for further details) in the [L0080YV, 20S-0] region. Before
applying the regime sorted analysis, the probability dgrfsinction (PDF) of thewsy

for models and observations is computed (Fig. 5). The PD¥iges the normalised fre-
guency of occurrence for a given regime, and it must be censitias a relative weight
for the regime sorted precipitation. Observations show &kethpeak around 20 hPa/day,
with a sharp decline for larger, values, and a smoother tail of negative values. This dis-
tribution essentially reflects the dominance of subsideegines in the tropics, which is
in turn determined by the clear-sky radiative cooling cheasing this particular region
(Chéruy and Chevallier, 2000; Bony et al. 2004). All of thRAmodels largely agree
with the observed PDF. However the frequency of occurrehoederate-to-intense con-
vective events (509 < —20 hPa/day) is generally overestimated in the models, whée th
opposite tendency is exhibited in thd 0 < w5y < 10 hPa/day range and for subsidence
rates larger than 40 hPa/day. Regimes around the PDF ped@0(@Pa/day), on the other
hand, occur with a typically higher frequency compared todhservations.

The distribution of precipitation in the [LO0OW-150W, 205+¢8gion, regime sorted as a
function ofwsgg is shown in Fig. 6. The dynamical link between large scaleutation
and precipitation manifests itself with the largest rainégents occurring in concomi-
tance with deep convective regimes, contrasted by thavelatveaker precipitation sig-
nals associated with moderate and shallow convection. ddereunder mid-tropospheric
subsidence regimes precipitation appears to be weaklyndepé on the strength of sink-

ing motion.



The comparison with observations reveals two importanéetspregarding the general
behaviour of AR4 models. First, none of the model precitaturves falls below the

observed distribution, regardless of the specific dynalnegime, indicating a system-
atic model rainfall overestimate for a given vertical cietion regime . Secondly, model-
observation discrepancies are generally low for shallaweotion regimes, but gradually
increase withwsg, under deep convection conditions.

An aspect which is worth to examine is the relative contitiuto the precipitation bias,

deriving fromwso PDF and the regime-sorted precipitation, as measure%ﬂbynd Apff‘,
respectively, withAw (A Pr) the pointwise difference between model and obsetxggl
PDF (regime sorted precipitation). In the negativg, axis, where the largest precipita-
tion events occuf\d}—“’ reaches peaks of as much as 6, Wlﬁﬁé remains confined below
1. In other words, it is the spuriously large frequency ofusoence of deep convection
regimes to set the intensity of the bias, rather than the amafyprecipitation that falls
for a given vertical velocity.

In order to obtain a more quantitative estimate of predijitafor different vertical cir-
culation regimes, the regime sorted values of precipitatieed to be weighted by the
frequency of occurrence of each,, regime interval. After combining the regime sorted
precipitation with the corresponding,, PDF , we obtain the distributions shown in Fig.
7. Observations show that the largest contribution to pretion in the area under exam
clearly derives from shallow convective processes, themax signal occurring fotsgg
values around 10-20 hPa/day, while moderate and intengeate®ective events play a
relatively minor role. The ensemble of AR4 models, on thesptiand, displays a much
wider range of behaviours. Based on the specific shape o&tlime-weighted distribu-
tions, models can be gathered into three distinct clussdi®xn in Fig. 8). A first group,
identified as SUB, collects models displaying the abilitycapturing the dominance of
precipitation under subsidence regimes with a maximumradd@0 hPa/day, consistent
with the observed pattern. A second group, identified as gdihers models which ex-

hibit a maximum contribution to precipitation in the deemeection regimes of moderate
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intensity, with a broad intra-model peak in the (-30,-10aftRay range. Finally, a third
cluster, labelled as HYBRID, can be identified, which cademodels displaying two rel-
ative maxima, for both deep and shallow convection regirttess mixing together the
features of SUB and INT groups.

We now evaluate the error associated with the regime sortaigitation for each single
AR4 ensemble member as the model-observation root-maaareegrror (RMSE) over
the (-100,+80) hPa/days,, range, and compare the resulting estimates for each cluster
(Fig. 9). From the comparison, it turns out that models refgrto the SUB group, except
for one single outlier (the GISS-ER model; see commentsWjetbhow a RMSE which
is on average lower than the average error as estimated foatld HYBRID clusters.
This indicates that models which qualitatively capturedbserved rainfall pattern in the
regime sorted space (SUB cluster) largely minimize the@asexd error on precipitation.
On the other hand, the presence of spurious precipitatidensteep convection regimes,
particularly for intermediate strengths of convective imiag, contributes to a systemati-
cally larger model error.

While the adopted approach proves to be generally skilifidegregating models which
capture the dominant subsidence regime of the south-edaeific (low error on precip-
itation) from those showing a spuriously high occurrencdedp convection (large error
on precipitation) there is one notable exception, repiteskoy the GISS-ER model. This
model, despite qualitatively capturing the correct regsoged rainfall distribution, fea-
tures an overly strong precipitation signal under subsideronditions, which leads to a
consistently high RMSE (Fig. 9). In order to further clariiys anomalous behaviour the
regime-sorted analysis on precipitation was extendeddydmng the lower tropospheric
700 and850hPa compositing levels (not shown). In particular the weaghPr(ugs) dis-
tribution displays a primary maximum for negativebins and a secondary maximum
around 20 hPa/day. While the primary maximum confirms thagtrabthe detected pre-
cipitation occurs under shallow convection conditionsn@stent with observations), a

non-negligible contribution is associated with the se@pdnaximum, indicating in-
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tense convection under subsidence dynamical conditiotiseihow troposphere, which
is clearly a model bias. A detailed explanation of the betragkhibited by this single
model is beyond the scope of the present work. However, ibighwto mention that the
GISS-ER is an outlier within the IPCC AR4 ensemble, as docueteelsewhere. In par-
ticular, Lin (2007) reveals that this model featureseamanent El Nio-like mean SST

pattern, with almost no east-west SST gradient in the tedgacific, and exceedingly

high precipitations over the eastern Pacific.

5 AMIP simulations

The regime analysis performed on the coupled models higtadythe role of convective
events of moderate intensity on the set-up of the DI. Spadiicthe coupled systems
appear to reside in a region of the parameter space chasactdry convective regimes
for a longer time compared to what is known from observatitmsrder to single out the
effects of the ocean-atmosphere coupling on the DI bias frrcontribution deriving
from the atmospheric component of the coupled model, weyaadhe DI structure in the
available AMIP simulations of the Twentieth Century stoegdhe PCMDI. Compared
to the full set of coupled model experiments, the AMIP expents constitute a smaller
13-members ensemble. Each AMIP simulation has been peztbusing observed SSTs
as a lower boundary condition for the atmospheric model itmadsalone configuration.
The mean seasonal cycle of precipitation in the eastericabpacific for the AMIP en-
semble is shown in Fig. 10. As expected, the SST-forced empets show a reduced
inter-model spread, compared to the CGCM ensemble. All@kttamined simulations
display a reasonable agreement with the observationsgefaethe IAP model, reveal-
ing an overall weak precipitation signal, a feature shangthk corresponding coupled
simulation), with no pronounced seasonal excursion of Tit&Zl in the Southern Hemi-
sphere. The regime analysis previously applied to the eabghsemble is now extended
to the AMIP simulations. The PDF of the,,, for models and observations is shown in

Fig. 11 (left panel). In order to facilitate a direct comgan with the coupled systems
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the PDFs of the corresponding CGCM simulations are also st{big. 11, right panel).
AMIP runs considerably overestimate the frequency of aengae of subsidence regimes
around the 20 hPa/day peak with respect to both observaimhgsoupled models lead-
ing to a generally highekurtosisof the wsqq distributions. The most striking difference
between AMIP and coupled simulations lies in the larger desgcy of occurrence of
deep convection regimes featured by the CGCM experimeass;dlly reflecting the pre-
viously emphasized discrepancies between coupled moddi®laservations. Regime
sorted precipitations in AMIP and in the corresponding dedpuns are overall con-
sistent in both distribution and magnitude (Fig. 12). Theueed occurrence of deep
convection events displayed by AMIP experiments when coatphto coupled simula-
tions leads to a consistently reduced inter-model spreaggfweighted regime sorted
precipitations (Fig. 13). The clusters previously ideatiffor the coupled ensemble col-
lapse into one single behavioural group (essentially myecimg the SUB cluster features)

when the AMIP set of experiments is considered.

6 SST-large-scale circulation relationship.

The intercomparison between coupled and AMIP simulatiessaled that the SST con-
straint plays a crucial role in controlling the frequencyo€urrence of convective regimes
and, as a consequence, on the strength of the spuriousipagoipsignal in the eastern
Pacific. In order to establish in a more quantitative way #iation between the onset of
deep convection and the thermal conditions of the surfaesargahe regime sorting ap-
proach is here extended to the,-SST physical space, so as to obtajg, distributions
sorted by surface thermal regimes. This analysis allowketrly identify SST-thresholds
leading to the onset of deep convection events for each model

Using the same procedure outlined in section 4, the SST doimaplit into bins of 0.5
degrees width. Then, the averagg, is computed for each SST bin, over the previously

defined longitude-latitude box. The mode},, distributions sorted by thermal regimes
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display a typical elbow-like pattern which is qualitatiyebnsistent with the observed one
(Fig. 14; see also Bony et al., 1997; Lau et al., 1997). Thetnaidosphere vertical veloc-
ity is typically positive (indicating subsidence condiig) and approximately constant for
surface temperatures lower than a threshold value, beytichwhe system enters into
a different dynamical regime characterised by deep coimectA (model dependent)
critical SST leading to the regime transition is here simggntified as the surface tem-
perature corresponding to the zero-crossing of the regomedivsqo. Alternative options
are clearly possible, the most obvious one being the SSEgponding to the elbow in
the thermally-sortedso, curve. However, the latter can be potentially affected bgda
uncertainties, due to the smooth transition displayed Ioyesof the model realizations.
Moreover, the zero-crossing criterion applied to the aedptynamical proxy objectively
separates subsidence from ascending conditions.

The vast majority of AR4 models display a regime transitiontEmperatures which are
lower than the observed 28 threshold, with a relatively large spread within the 26529
°C range. The intra-model scatter displayed by the zercsorgsSSTs clearly reflects the
differing sensitivities of deep convection on ocean swfdeermal conditions displayed
by the various coupled models. In order to establish whetiethermal conditions of
the surface ocean are more likely to lie beyond or below thieesponding model SST
threshold, we need to associate to each thermal regime thesponding frequency of
occurrence. The PDF for each selected SST bin (shown in Bigreleals a wide spec-
trum of model SST distributions, symmetrically spread aobthe observed distribution.
Combining together the SST corresponding to the most litedymal state (i.e., the SST
corresponding to the PDFs peak in Fig. 15; hereafter MLThwhte SST threshold pre-
viously identified (hereafter THR), it is possible to esttm#he likelihood for a given
model to undergo a deep convection event, in the examineéaireln other words, mod-
els whose most likely thermal state is warmer (colder) thelRare more (less) likely to
be in the deep convection region of the phase space. In Fighé@lifference between

THR and MLT is shown for models and observations. Negatiesiffve) values in Fig.
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16 correspond to models whose SST is most of the time warrottgg than the deep
convection threshold, and are thus expected to feature a (fe®ms) pronounced bias on
precipitation. Almost all of the models pertaining to theyously identified INT and
HYBRID clusters lie below the zero line. Three of them (IAPSL and NCAR CCSM3)
display a positive value for this index, although they argy\@ose to the zero limit. On
the other hand, all of the models showing a THR-MLT differenc 1° fall within the
SUB model group.

In order to further corroborate the hypothesis of a striletienship between the DI sys-
tematic error and the THR-MLT index, models are displayetha2-dimensional para-
metric space definded by the Sl index, defined in section 3tr@ndHR-MLT index (Fig.
17). Here, the split between the SUB (low DI bias, positiveRFMILT) and HYBRID
and INT (strong DI bias, negative or marginally positive THWRT) model populations
appears to be more evident. The grossly linear relatiorestigrging between these two
indices (correlated at the 0.84 level) suggests causaitydren the amplitude of the sys-
tematic error on precipitation and the combined bias on thiea SST leading to deep
convection and on the surface thermal state in the soutiereaBacific. Consistent with
this interpretation, models displaying a DI persistingotigh most of the year (Fig. 1)
are those whose surface temperatures are prone to be stist@iypaarmer than the SST
threshold leading to the onset of deep convection. On ther dthnd, a large THR-MLT
difference acts as a deterrent for the start of deep comrectfhe UKMO HADCM3
model provides a particularly insightful example, as itteas an overly large THR (29.5
°C) combined with a MLT consistent with the observed one, ilgatb a fairly reduced
DI error. Different reasons (i.e., a THR close to observatjcand a cold-biased MLT)

induce a similar performance in the UKMO HADGEM1 model.

7 Summary and conclusions

In this study the double-ITCZ systematic error affecting ¢hmate of the tropical eastern

Pacific in the current generation of coupled models is exathin relation with the rep-
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resentation of atmospheric vertical circulation regimesng a regime sorting approach.
The analysis, applied to both coupled and uncoupled (athessgonly) IPCC AR4 sim-
ulations of the twentieth century, reveals that the excégsearipitation detected in the
south-eastern Pacific (the DI region) in CGCMs is mainly duthe overly frequent on-
set of deep convection, whereas the error on rainfall madaeiassociated with individual
convective events is overall consistent with errors alygagsent in the corresponding
AMIP-type simulations. Through the present analysis we @entified three distinct
model behavioural groups within the AR4 ensemble, thusaatiog to each model a DI
rainfall fingerprint: two unimodal distributions, SUB andT, featuring maximum pre-
cipitation under subsidence and deep convection reginsgectvely, and one bimodal
distribution, HYBRID, displaying both components. A siraphetric for precipitation,
based on the model-observation root-mean-square eritadefined in the vertical circu-
lation regime space, reveals that models which correctiyuca (at least, qualitatively)
the observed regime-sorted rainfall pattern in the ead®axific (SUB cluster) do also
minimize the RMSE. Thus, the most intense DI occurrenceasseciated with the spu-
rious deep convective precipitatidiulgein the wsyy-space displayed by models in the
INT and HYBRID clusters. The relative homogeneity displdysy CGCMs in the DI
precipitation signature sharply contrasts with the ridglsnef deep convection schemes
(and corresponding closure/triggers) adopted by indaidlimate models in the AR4
ensemble (see Table 1 in Lin 2007 for a synoptic view). Eaollsiidentified clus-
ter displays a wide variety of deep convection parameteoiza (not shown), thus there
is no obvious relationship between a given model group angkaific deep convection
scheme. Clearly, the AR4 experimental set is not optimahat different realizations of
the twentieth century climate are produced with model caméions differing by several
aspects (parameterisations of unresolved processegmlgpablution, dynamical cores,
etc.) so that intra-model differences can be hardly asdribeone single element, but
may rather result from the additional effect of changing yndiiferent model features

(Schneider 2002). However, the apperent lack of sensitiwitonvective schemes shown
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by models within each single cluster seems to indicate theretis a more fundamen-
tal factor overcoming the differences between the adopéeg donvection schemes, and
thus forcing very different systems to behave in a similay.was pointed out in previ-
ous studies, SST is a primary candidate to explain the Dltimeand strength in both
observations (Zhang, 2001) and models (Mechoso et al. 9&nd Mechoso, 1999).
Relative maxima in SST control the regions where the largpstard vertical motions
occur (Schneider, 1977), which are in turn responsibletfernertical advection of mois-
ture, an important pre-requisite for the onset of deep attime. The comparison between
coupled and AMIP experiments further confirms that it is th& df surface thermal con-
ditions from a realistic pattern to determine the intra-lapread in the manifestation of
Dls, as GCMs behavioural clusters collapse into one singlegunder prescribed SSTSs.
This suggests that the existence of homogeneous CGCM®slaan be traced back to
the different ways the coupled models represent the SS-clm®vection relationship.
The composite analysis af in the space defined by surface thermal states shows that
the critical SST setting the transition to deep convectnstable conditions in the AR4
models population can vary within a wide range of valuegljikeflecting the afore-
mentioned variety of deep convection schemes featuredithatd models. Similarly,
the SST biases in tropical Pacific do also exhibit a largeatmodel scatter. However, a
model displaying anomalously warm surface temperatures e eastern Pacific does
not necessarily favour the onset of deep convection (thadyming overly strong pre-
cipitations) unless the corresponding convective SSTstiukl lies, on average, below
the surface temperature in that region. Thus, the distaeiveden the critical convective
SST and the average SSTs over the DI region largely congohtidel clustering process.
This result is consistent with the finding that model SSTé&@ttopical eastern Pacific are
symmetrically distributed around the observations (withibelt abou2°C wide), while
precipitation is systematically higher than the obseorsl estimates (Fig. 6 and 15; see
also Fig. 2 in de Szoeke and Xie, 2008). The symmetric modé&ldsSribution indicates

that cold-biased models can in principle result in anomsliplarge rainfall and spuri-
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ous southern ITCZ, if the convective SST-threshold is cgiesily lower than the average
SST. Specularly, a warm-biased model may display unfawe@nditions to the set-up
of anomalous deep convection if the SST threshold for deepemtion is sufficiently
larger than the mean SSTs in the eastern Pacific (see the Hadg@3é).

Summarizing, an important outcome of this study is that,giteg the total DI bias on
precipitation into 1) an error on the frequency of occureentdeep convection, and 2)
an error on the magnitude of precipitation for an individe@hvective event, it is possible
to state that the first is caused by ocean-atmosphere itimracwhereas the second can
be attributed to the atmospheric GCM component only, withfdrmer playing a major
role on the total amplitude of the DI bias.

A dominant paradigm among the theories trying to explainRhén climate models in-
vokes the well know deficit of low level stratocumulus clou$he south-eastern Pacific
(Philander et al., 1996; Yu and Mechoso, 1999). The lack @iteatumuls clouds and
the implied enhancement of solar radiation income do in tetermine a warm bias at
the ocean surface which ultimately triggers deep convediad precipitation, in a re-
gion where the observed dominant regime is subsidence witkistently low rainfall.
However, a closer look at the zonally averaged mean medi®8T profile in the region
under exam reveals that not all of the models display a waams thierein, but there is a
rather symmetric scatter of warm and cold SST biases ardwendliservations (see Fig.
2 in deSzoeke and Xie, 2008). Precipitation, on the othedhare mostly skewed to-
wards positive anomalies with almost all of the models ostmeating precipitation in the
tropical south-eastern Pacific. Assuming a thermallyatrimature for the DI bias, with
the present analysis we suggest a possible explanatiohd@itove mentioned apparent
inconsistency between SST and precipitation biases, Wehtissing link identified in
the model-dependent critical SST setting the transiticamdeep convective regime. This
parameter partly decouples the SST bias from the bias ofpfiegion, as models with a
cold bias may still be featuring overly strong rainfall, piced that their convective SST-

threshold is consistently low.
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While the local impact of SSTs is in our view a major driver b&tDI sytematic error,
the analysis of the AMIP simulations (section 5) suggesisttie constraint of SSTs over
regions which are far from the eastern Pacific may exert alailpiimportant control
on the rainfall bias over the examined region. The non-lé@etior which most likely
influences the tropical rainfall pattern in an atmospheaadg-alone simulation with pre-
scribed observed SSTsis related to the presence of a c68degradient across the equa-
tor. Numerical experiments performed using AGCMs with difigal water-covered Earth
configurations forced by idealized zonally symmetric SSafifgs (Aqua-Planet Experi-
ment Project; http://www.pcmdi.linl.gov/projects/anfape) suggest that transitions from
a single to a double-ITCZ equilibrium may arise (at leastame models) after gradually
reducing the SST meridional gradient (frggeakedo flat) around the equator. However,
the large inter-model spread in AGCMs’ response to idedli@8T-gradients cast large
uncertainties as to the precise mechanisms governing ldtgorebetween the non-local
SST forcing and the latitudinal ITCZ location.

DlIs have been found to be largely controlled by the combirffedeof SST-deep convec-
tion coupling, and the amplitude of the SST bias in the ea®acific. The SST threshold
setting the transition to deep convection, even if not diyedisposable may be partly
controlled through an appropriate modeling of the triggdraracterizing a given deep
convection scheme. The criteria used to determine theimti of convection consid-
erably vary from one scheme to another, including cloucedasyancy (Gregory and
Rowntree, 1990), moisture convergence (Tiedtke, 1989)andective available poten-
tial energy (Zhang and McFarlane, 1995), to mention a fewhksd these quantities is
ultimately controlled by SST via processes occurring intibandary layer. Revisiting
the deep convection schemes used by AR4 models in view oftibreeaconsiderations
may represent a possible pathway to alleviate the DI syndionl€GCMs. This will re-
quire additional efforts, including numerical experimetd be performed by individual
modeling groups, specifically designed to address errdreirepresentation of SST-deep

convection coupling and their impact on the double-ITCAbia
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The construction of a set of standard metrics aimed to etalklanate models perfor-
mance is a most urgent need, as the multi-model intercosgafiamework is becoming
a standard procedure in climate science. A wide consensmesging on the fact that
application-dependent metrics are more valuable and ghilf)sjjustifiable compared to
single indices of the overall model performance, as therdate tipically based on a
somewhat arbitrary set of non-homogeneous metrics (&edetlal., 2007). The onset
of a split ITCZ is a bias affecting the vast majority of stafethe-art CGCMs in a re-
gion which is crucial to the development of EI Nifio. Thusjltimg a specific metric
to rank models with respect to this particular systematioras a relevant step towards
the definition of a set of process-oriented metrics. Themegsorting methodology has
been found to be a particularly insightful instrument in th&gnosis of double-ITCZs in
CGCMs. Metrics based on this approach may represent a usmhyplement to existing
diagnostics in the assessment of models ability to repmdioe climate of the tropics,

within the framework of upcoming multi-model intercomsm efforts.
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Tables

Modeling Group Model Label Flux Adjustment
Bjerknes Centre for Climate Research (Norway) BCCR No
Canadian Centre for Climate Modelling and Analysis CCCMA T47 Heat,Water
Canadian Centre for Climate Modelling and Analysis CCCMA T63 Heat,Water
Centre National de Recherches Meteorologiques (France) CNRM No
CSIRO Atmospheric Research (Australia) CSIRO No
NOAA/Geophysical Fluid Dynamics Laboratory (United S&te GFDL CM2-0 No
NOAA/Geophysical Fluid Dynamics Laboratory GFDL CM2-1 No
NASA Goddard Institute for Space Studies (United States) GISS AOM No
NASA Goddard Institute for Space Studies GISS EH No
NASA Goddard Institute for Space Studies GISS ER No
LASG/Institute of Atmospheric Physics (China) IAP No
Istituto Nazionale di Geofisica e Vulcanologia (ltaly) INGV No
Institute for Numerical Mathematics (Russia) INMCM3 Water
Institute Pierre Simon Laplace (France) IPSL CM4 No
Centre for Climate System Research (Japan) MIROC HIRES No
Centre for Climate System Research MIROC MEDRES No
Meteorological Institute of the University of Bonn (Gernyan MIUB Heat,Water
Max Planck Institute for Meteorology (Germany) MPI No
Meteorological Research Institute (Japan) MRI Heat, Water
Hadley Centre for Climate Prediction and Research, Met ©ffinited Kingdom), UKMO HADGEM1 No
Hadley Centre for Climate Prediction and Research, Met &ffic UKMO HADCM3 No
National Centre for Atmospheric Research (United States) NCAR PCM1 No
National Centre for Atmospheric Research NCAR CCSM3 No

Table 1: List of the models analysed in this study.
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Figure Captions

Fig. 1. Mean seasonal cycle of precipitation over the eastern B¢aiferaged between 150W and
100W) plotted against latitude. Contour interval is 2 mry/deith values greater than 6 mm/day

stippled.

Fig. 2. Sl index (mm/day; see text for details) for each member ofetktended (23 members)
AR4 ensemble and observations sorted in ascending ordedex imagnitude. Squares (crosses)
indicate persistent DI (alternating ITCZ) error, while Xdekin data are indicated with a circle.

Flux corrected models are further labelled with stars.

Fig. 3. Mean seasonal cycle of the lagrangian pressure tenden®pd&tPa ¢5q0;in hPa/day) for
the IPCC AR4 models, in [150W-100W,20S-0].

Fig. 4. Mean precipitation (in mm/day) versus mean lagrangiangoirestendency at 500 hPa
(ws00;in hPa/day) for the IPCC AR4 models in [150W-100W,20S-ohet-averaged over JFMAMJ
(white circles) and JASOND (black circles). Stars indicateresponding ERA40/Xie-Arkin val-

ues.

Fig. 5. Probability density function ofs5q in the [150W-100W,20S-0] longitude-latitude range
for AR4 models and observations (ERA40). Model PDFs are etdetpbfrom monthly outputs

from the 1960-2000 period of IPCC 20C3M simulations.
Fig. 6. Composite of precipitation (mm/day) for different verticarculation regimes identified

by w500, in the [150W-100W,20S-0] longitude-latitude range forARodels and Xie-Arkin data

set.
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Fig. 7. Regime sorted precipitation (mm/day) weighted by the PDEsgf, for AR4 models and

observations.

Fig. 8. Regime sorted precipitation (mm/day) weighted by the PDE}f, for model cluster
SUB (left), INT (middle) and HYBRID (right). Legend as in figu5.

Fig. 9. RMSE of regime sorted precipitation (mm/day) for differembdel clusters (see text for

details).

Fig. 10. Mean seasonal cycle of precipitation over the eastern BPdeiferaged between 150W
and 100W) plotted against latitude for AMIP simulations adervations. Contour interval is 2

mm/day, with values greater than 6 mm/day stippled.

Fig. 11. Probability density function afsq in the [150W-100W,20S-0] longitude-latitude range

for AMIP (left) and corresponding coupled (right) simutats.

Fig. 12. Composite of precipitation (mm/day) for different vertic&culation regimes identified
by w500, in the [150W-100W,20S-0] longitude-latitude range for AMleft) and corresponding

coupled (right) simulations.

Fig. 13. Regime sorted precipitation (mm/day) weighted by the PD&-gf, for AMIP (left) and

corresponding coupled (right) simulations.

Fig. 14. Composite ofusy (hPa/day) sorted by surface temperature regirfi€s (

Fig. 15. Probability density function of sea surface temperaturehm [150W-100W,20S-0]
longitude-latitude range for AR4 models and observatibfed{(SST). Model PDFs are computed
from monthly outputs from the 1960-2000 period of IPCC 20CdMulations.
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Fig. 16. Difference between THR and MLT temperature for models arsgnlations (see text for
details). Colors indicate whether the model falls withie ®UB (blue), INT (red) or HYBRID

(green) cluster. Black is used for observations.

Fig. 17. Scatterplot of THR-MLT {C) and Sl index (mm/day) for models and observations (see

text for details). Colors indicate whether the model fall$he SUB (blue), INT (red) or HYBRID

(green) cluster. Black is used for observations.
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Fig. 10: Mean seasonal cycle of precipitation over the eaftacific (averaged between
150W and 100W) plotted against latitude for AMIP simulas@nd observations. Con-

tour interval is 2 mm/day, with values grggter than 6 mm/dgppted.
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Fig. 11: Probability density function afsq, in the [L50W-100W,20S-0] longitude-latitude

range for AMIP (left) and corresponding coupled (right) slations.
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Fig. 12: Composite of precipitation (mm/day) for differamrtical circulation regimes
identified bywsq, in the [150W-100W,20S-0] longitude-latitude range for AMleft)

and corresponding coupled (right) simulations.
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(left) and corresponding coupled (right) simulations.
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Fig. 15: Probability density function of sea surface terap@e in the [150W-100W,20S-
0] longitude-latitude range for AR4 models and observatiptadISST). Model PDFs are

computed from monthly outputs from the 1960-2000 periodPa@¥C 20C3M simulations.
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Fig. 16: Difference between THR and MLT temperature for medad observations (see
text for details). Colors indicate whether the model faligwn the SUB (blue), INT (red)

or HYBRID (green) cluster. Black is used for observations.
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