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Abstract

In this study we use observational datasets and two atmospheric geinask-c
tion models to demonstrate that the mechanism linking the canonicafiél 8buth-
ern Oscillation (ENSO) to precipitation anomalies in La Plata Basin (LPB) during
the austral Spring is found even when Sea Surface Temperature are(8&iEa) are
largest over the central Pacific (Dateline ERN). Corresponding to both flavors, in-
creased (decreased) precipitation is observed duringiiel {ia Nifa) in LPB, while
opposite anomalies occur to the northeast of South America (SA). In sgricsitive
loads shift to the north when SSTa are uniform from the eastern to theitPatrific
in what forms the additional flavor (Spread) we document here.
Besides the dynamical features already reported in the literature for thetimmpa
ENSO in LPB, we found evidence of an additional wave train emanated tihem
tropical Pacific meridionally toward the southern hemisphere in our modelingr-exp
iments. This wave can be a standalone pattern but also interfere and amelify th
Pacific-South American Mode over the eastern Pacific and SA. Additiomadiyro-
vide evidence of a Gill type of response to the east of the heating regbwlanse
effects are appreciated on the local circulation over SA and thus préicipitaver
LPB.
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1 Introduction

A number of studies have recently suggested the existence of armillide phenomenon dif-
ferent from that previously described for the "canonical” ENSO; agriteimain characteristics is
the presence of largest Sea Surface Temperature anomalies (S8Tt)eowentral Pacific rather
than closer to the South American coast. The new BbNias been referred to as Dateline (Larkin
and Harrison 2005a), Central Pacific (Kao and Yu 2009), Warm gaa et al. 2009), Modoki
(Ashok et al. 2007), and Summer type (Xu and Chan 2001) BbNiTrenberth and Stepaniak
(2001) named the new and canonical types collectively as differenbiaof El Nifio.

A natural question is whether different impacts can be expected whematitfflavors occur.
Sensitivities have already been reported globally (Larkin and Harrie6b& Ashok et al. 2007)
as well as regionally for the USA (Larkin and Harrison 2005b, Mo 20RAjstralia (Wang and
Hendon 2007), the countries in the Pacific rim (Weng et al. 2007), aimh@Reng and Li 2011).

In the present paper, we explore the impact of different flavors dEtiNifio Southern Oscilla-
tion (ENSO) on precipitation over La Plata Basin (LPB). The region, conmgrsouthern Brazil,
Uruguay, northeastern Argentina, southern Paraguay, and so@Bbkyia, is particularly affected
by the variability associated with ENSO (e.g., Aceituno 1988, Rao and Ha@@ T&imm et
al. 1998, Montecinos et al. 2000), since it strongly relies on agricultndehgdroelectricity
production. The positive phase of ENSO (EIfN) tends to generate increased seasonal precip-
itation over LPB and drier conditions over northeast South America (S#) associated with
anomalous intensity and direction of the South American Low-Level Jet (SA(Ferreira et al.
2003, Liebmann et al. 2004, Silva et al. 2009). The sign of anomaliesses/eluring La Nia
(Grimm et al. 2000). Hill et al. (2009) compared the 1997/98 (Eastermh2802/03 (Dateline)
events searching for impacts over SA during the summer season. In théisthie 1997/98 event
presented more intense precipitation in LPB, more intense subsidenceootregrn SA, a more
intense SALLJ, and a displaced Walker circulation over the ocean (Hill 2041); these authors
further proposed the presence of a more intense Pacific South Amefiga&) pattern. We focus
on the austral Spring because in this season the teleconnection betw8énds LPB is best
established (Cazes-Boezio et al. 2003, Zamboni et al. 2011).

In developing the present analysis we found the need to develop ara#iltercriteria for iden-
tifying the different flavors of ENSO. This is described, along with our waditbns, in Section 3.
In the following we outline as a background the methods employed in the literature

Defining ENSO events is per se a challenge because every evemtpres@mewhat different char-
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acteristics regarding onset, duration, intensity. and evolution. Even Hiegiehe event, which
can largerly be considered as locked to the seasonal cycle, has insthecparred in seasons
other than the boreal winter (see e.g., Neelin et al. 2000, Xiao and Me@t®®). Indeed no
accepted definition of El Nio exists (Hanley et al. 2003), but noneless, different authoreagre
on identifying a set of years as ENSO events (see Fu et al. 1986 akith bad Harrison 2005a
for comparisons among studies). Among these, Wang (1995) noticed ¢hatary to what pre-
viously reported (Rasmusson and Carpenter 1982), SSTa of a gfdtip\ofo first developed
in the central Pacific and appeared over the eastern Pacific only afte(gee Fig.3 in Wang
1995). Larkin and Harrison (2005a) compared 11 "conventionallytified” events occurred
since 1950 with a number of "additional” events ("Dateline” EfN), resulting from the offi-
cial definition adopted by the USA National Oceanic and Atmospheric Admitictr@NOAA)

in 2003 (http://www.cpc.ncep.noaa.gov/products/analgsimitoring/ensostuff/ensoyears.shtml).
Ashok et al. (2007) named the second Emipirical Orthogonal Functiofr&@alysis of Pacific
SSTs obtained from 1979-2004 "Modoki EIfMi”. Unlike other studies, these authors included an
area over the far western Pacific (125-145 E;10S-20N) to define ax fod the Modoki events,
although the anomalies in this area are not pronunced (see their Fig. 2&)milar but more
extended analysis by Kao and Yu (2009), who also identified an "Edstech’Central” El Nifo,
shows minor anomalies over the same area, which we conclude do not eefligmificant fea-
ture of the new flavor. Further, the index Ashok et al. (2007) introduaanot be employed to
cathegorize all ENSO events; for example, it would miss the BbMNivent of 1997 (the El Kb
Modoki index was -0.53 during the austral Spring of that year). Otheznt definitions are based
on large anomalies in the Nino4 region from September through Febru&grti Pool” El Niho

of Kug et al. 2009), the onset of the events ("Spring” and "Summer”sygeu and Chan 2001),
EOF and cluster analysis of Pacific SSTs ("Eastern” and "Central” 88Kao and Yu 2009). Fu
et al. (1986) emphasized the importance of the zonal SSTa gradient idetey atmospheric
circulation changes.

One relevant aspect in the context of the ENSO flavors is their associaitiorihe decadal
variability. A simple examination of the events we considered do indeed sugbégher (lower)
occurrence of Dateline (Eastern) events since the 1970s (see Tallba?jges in the interannual
variability (Trenberth and Stepaniak 2001), duration, onset, intensity é&dd Yu 2009), and per-
sistence (Yu and Kao 2007) of SSTa in different areas of the tropsafi®@have been reported, as
well as associations with interdecadal changes in the northern tropaétRZhang et al. 1997),

the Pacific Decadal Oscillation (Hanley et al. 2003), and its relationship wéttigitation in SA
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(Kayano and Andreoli 2007). While research continues to add to alerstanding of this aspect,
we seek to elucidate the possible different impacts of ENSO flavors ouMgIisbRas to anticipate
considerations regarding decadal variation over the region and faittiiy.

In sorting past events, we noticed the existence of a pattern that, to thef bestknowledge, has
not previously reported. This consists of approximately uniform SSia the South American
coast to the central Pacific, and to which unexpected precipitation anormalss correspond

(see Fig. 3).

We start by discussing our method for sorting the different flavors setoorresponding pre-
cipitation and circulation characteristics are contrasted. Next, we discesdyttamics of the
different flavors using idealized and AMIP-type of experiments with therfrational Centre for
Theoretical Physics Atmospheric General Circulation Model (ICTP AG@Qdeviously named
SPEEDY) (Molteni 2003) and ECHAM4 (Roeckner et al. 1996). Theegpas organized as fol-
lows. Section 2 describes the datasets we use. In Section 3 we discdssiomion of the flavors.
Section 4 compares observations and reanalysis data. Section 5 detoeib@dels’ response to
idealized experiment in which sintetic SSTa mimic the flavors. These resultsearedmpared
in Section 6 with those obtained with AMIP types of experiments. We presaeinaditional evi-
dences of a tropical influence (Gill type of response) on precipitatiodPla in Section 7, and we

conclude in Section 8 with a summary of our findings.

2 Datasets, numerical models, and experiments

In the present study we focus on the austral Spring, chosen as tlagawd October and Novem-
ber to represent the coeherent signal throughout the season @itmstet al. 2000). The period
of interest is 1948-2002. Our analysis compares modeling results with laeaikzanalysis and
observational datasets.

The Atmospheric General Circulation Models (AGCMs) we employed are A@4#H (Roeck-
ner et al., 1996) and the International Centre for Theoretical Phykid®) AGCM (Molteni

, 2003). The ICTP AGCM is an intermediate-complexity model and includesigdilysbased
parameterizations of large-scale condensation, shallow and deegtonyshort-wave and long-
wave radiation, surface fluxes of momentum, heat and moisture, and ditfaaion (see also
Kucharski et al, 2006). The ICTP AGCM has been employed in researche South American
Monsoon (Barreiro and Tippmann 2008) and investigations on the link leettte circulation in

the Southern Hemisphere and in SA (Zamboni et al. 2011). The cortigusave used have a



135

137

138

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

spectral truncation at total wavenumber T106 and 19 sigma vertical lerdisSCHAM4, while 8
vertical sigma levels and a horizontal resolution of T30 characterize thie KGCM. We mainly
discuss results obtained with ECHAM4 since they better compare with olisers/ealthough the
ICTP AGCM provides similar dynamics (see Section 6).

The first set of experiments we present is intended to restrict the modsisimse to anomalies
in the tropical Pacific. These anomalies, both positive and negative, aoséun the October-
November SST climatology and have a Gaussian shape with a maximefi@ ¢Fig. 2) centered
in three locations so as to mimic the ENSO flavors. The experiments, consis@gyefr long
runs for ECHAM4 and 50 year runs for the ICTP AGCM, are then sgh#dhfrom a control
run performed with climatological SSTs to obtain anomalies. We refer to thesiments as
"idealized experiments”. The second set consists of an Amip type ensemilbjch observed
interannually varying SSTs have been used as boundary conditiomsre$tlts we present are
obtained by averaging over a 9-member ensemble for ECHAM4 and a 35-enem&emble for
the ICTP AGCM; these members differ by the atmospheric initial conditions.

The global monthly sea surface temperature is taken from the HadlSSSetiéiRayner et al.,
2003), which is available from 1871 to the present at a resolutidf.of
The precipitation dataset we use was compiled by the Climate Research Uhi},(GRversity
of East Anglia
(http://www.cru.uea.ac.uk/cru/data/hrg.htm), reconstructing monthly precipifatiorgauge mea-
surements. Data are availableOat® x 0.5° horizontal resolution over land for the period 1901-
2002 (Mitchell and Jones, 2005). We additionally employ the Climate Predictome€Merged
Analysis of Precipitation (CMAP) dataset (Xie and Arkin 1997) for guiaon precipitation pat-
terns over the oceans. The data are available for the period 19790128 presents a limitation
since it covers our period of analysis only partially. This aspect is péatigusevere for Eastern
La Nifia and the flavor we named "Spread” (see Section 3), in fact all thesgeourred before
1979 for the former and only 1 out of a total of 4 dates after 1979 for titerla
The atmospheric fields correspond to the global National Centers fardanvental Prediction-
National Center for Atmospheric Research (NCEP-NCAR) reanalyssgthre available at5°

X 2.5° horizontal resolution (Kalnay et al. 1996) from 1948 to the present.
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3 Definition of the events

Our intention is to base the definition of Eastern and Dateline types of SSTandites having
equal areal extension and together covering the entire eastern Plagifiche South American
coast to the dateline. This is not possible, however, with the standard EiM®®@s. Hence, we
introduce two new indices, Nino East (nE) and Nino West (nW), whicltsisbrof the average
standardized SSTa over 55-5N; 170W-130W, 5S-5N; 120W—80me[&ivel9. These indices
measure the locahtensityof SSTa, which must be a minimum &f0.5 in either nE or nW to
identify an ENSO event (Table 1). For comparison, anomalies are compittedespect to the
1971-2000 climatology and have the same persistence criteria as in the detiyitdOAA. The
value of the indices in Spring is used to discriminate among the flavors. Inafaitte seasonal
scale the quick response of the atmosphere makes the simultaneous rdlatimtaleen SSTa
and precipitation in LPB the strongest (Montecinos et al. 2000). Theitiefis of ENSO flavors
currently proposed in the literature are based on the onset of the e@fsanalysis, or indices
averaged over a season; none takes the view we propose.

The "Eastern El Nio” pattern is characterized Bgrger SSTa over the Eastern Pacific and
smaller or no anomalies over the Central Pacific; it represents the canBhiS®. The location
of larger and smaller anomalies is reversed during "Dateline BbNevents. To describe the
zonal gradient of SSTa we use a modified trans-Nino index (Trenbedtstepaniak 2001) that
consists of the standardized difference between nE and nW, whichme Tians-Nino East-West
(TNIEW). We found a TNIEW equal te-0.3 suitable to discriminate among the flavors, while nE
or nW equal to 0.5 sets the threshold for the intensity (Table 1). Similar caasimes hold for
La Nifa but with the sign of anomalies reversed.

In analyzing the historical record of SSTs we noticed the existence esgéasvhich anoma-
lies were of approximately equal intensity from the eastern to the centrataidpacific. Further
inspired by corresponding unexpected precipitation anomalies overegAHg. 3), we decided
to conduce a separate analysis for this new flavor, which we namedd®preo the best of our
knowledge, no similar patterns have been considered in the literaturebefor

We list in table 2 the events we consider, along with the composite of SSTadoflesor in
Fig. 1.

One novel aspect of the present study is the investigation of Ba Bvents in the context of

The band 120W-130W is not represented by either nE or nW; this is olvagiethe aim of reducing the sensitivity

of the stratification arising from more westward extended Eastern EN&O®sare eastward extended Dateline ENSOs.
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ENSO flavors, which previously were studied only for the austral sum@ards-Boezio, per-
sonal communication). A relevant consequence of our definition is tteeipce of "Eastern” La
Nifia in our categories, which may be surprising since negative SSTa uitstltievelop over the
central Pacific. We point out that our method disregards the evolutioB T &nd is thus not nec-
essarily suitable to describe the ENSO phenomenon itself; rather, it is ddsmexplore impacts
simulteneous to the occurrence of ENSO. On the other hand, we believeethatv, and TNIEW
may prove effective in explorations of the flavors regardless of the agiplon the simultaneous

responses.

4 QObservations

We begin our discussion by examining the effect on precipitation associdtiedhe three fla-
vors (Fig. 3). This is substantially linear in both the sign and the intensity oa3&TEastern
and Dateline, in agreement with previous analyses (e.g., Grimm et al. 200@)e remainder

of the paper we show composites of Elffdiminus La Niia for these flavors, unless otherwise
stated. Substantially different featutesally over SA distinguish the positive and negative phase
of Spread; we thus show them separately.

Eastern and Dateline feature increased loads over LPB and negativelégs to the northeast,
forming the see-saw pattern known as the canonical response to EN8SAVThe largest pre-
cipitation anomalies are found for Eastern, which may be the result of theandisg intensity of
SSTa during 1982 and 1997.

Remarkably distinct patterns appear during Spread events (Fig. 3cptlinphases a wide
region of increased precipitation is located in place of the dry conditionsreéd for the other
flavors (50W-20S). These anomalies are statistically significant at thd@&%}pas obtained by a
non-parametric test, based on a bootstrap procedure using a resamgtinigite (Wilks 1995).
Normal precipitation is found in LPB during Spread ERi while an east-west dipole character-
izes Spread La Nia.

Examination of reanalysis data for Eastern reveals the signature of @mstiqisTropical heat-
ing over the central Pacific and the existence of a clear wavelike pattera Boilth Hemisphere
arching from the Indian Ocean to eastern SA (Fig. 4a), which is recedrag the leading PSA
mode (Kidson 1988). This and in particular its eastern extension, the waetd®red at 20S-50W
has been linked to an increased and southeastward oriented SALLJddiaetlal. 2010, Diaz
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and Aceituno 2003), which in turn leads to increased precipitation oveutiteopicalregions and
opposite anomalies over the SACZ (Diaz and Aceituno 2003, Mo and Pa@@le Paegle and
Mo 2002). The chain of elements we have just sketched represents thamwu for the impact
of ENSO when all past events are considered together (Zamboni étdl).2

Upper level circulation anomalies for Dateline are similar to those of Easteredmiintense
(Fig. 4b). In the Southern Hemisphere a wave train is evident, but anorbeli@een 120E and
180E are much less pronunced compared with those to the east. Theaetappesult of an ad-
ditional wave that propagates meridionally from the central Pacific (Mesh €004) and merges
with the PSA at 120W-70S. A clear vortex is also evident over subtrofiaal

A circulation of smaller intensity is found for Spread, particularly over there¢ Pacific in the
Norther Hemisphere (Figs. 4c,d). In the Southern Hemisphere, anonmededsthe PSA pattern,
but opposite anomalies occur at very high latitudes and possibly interiénettve former. Of
interest to our goals, the anticyclonic circulation over eastern SA is dispaar the Atlantic it
influences SA only marginally during La A& (Fig. 4d), while it is flanked by a large-scale cy-
clone during EI Niio (Fig. 4c). At low levels an intense cyclone is found inland over nortBén
during El Nifo, while an opposite westerly flow at 20S characterizes lismNionsistently with
respectively enhanced and reduced SALLJ toward the region of enfmesipitation anomalies
along the coast.

Observed SSTa of the three flavors differ in relevant aspects bdheirdocation and hence
limit the extent to which a direct comparison can be carried out. For examie @@r the trop-
ical Pacific during Eastern are 30% larger than those of the other flafsrsnentioned earlier,
only three events represent the positive phase of this flavor, andebulsrmight depend on the
specific features of these. Additionally, the belt of opposite anomalies iruthteopical Pacific,
which is part of the ENSO dynamics, has been suggested as a key factbe foropagation of
the PSA (Vera et al. 2004) and are for Spread barely noticeable. i8S®ther basins introduce
further dissimilarities among the flavors; examples are found in the Indias@uttiern Atlantic
Oceans for Eastern and in the tropical Atlantic for Spread (see Fig. 1).

To conduct a systematic investigation and focus on the response froradtiie Pcean we per-
formed a number of idealized experiments in which SSTa mimicing the three figigrsl) have
been superimposed onto the ON climatology in two AGCMs. We analyze these folltwing
section. The results are then compared with those obtained with AMIP tymamolations in
section 6 to investigate the response of the models to realistic SSTs, as wellraketbf SSTa in

other oceans.
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5 ldealized experiments

The response of Echam to Eastern types of idealized SSTa consisterdlsH the features we
have described in section 4, namely, the PSA, and anomalous SALLJegidifation anomalies
in LPB. Clearly, the tropical Pacific accounts for much of the responsseeén the observations.
Of further interest is the presence of an intense Gill quadrupole (Gil0Yl98hose anomalous
vortices are located above the SSTa (Fig. 5) and over the tropical AtlangarQ the latter be-
ing of smaller intensity. The circulation associated with positive SSTa is indicafilow level
anomalous westerlies over the tropical Pacific and easterlies over the Atlahiih thus appear
to contribute in increasing precipitation over LPB via enhancement of thd.$4Eig.5c). Over
the eastern Pacific Ocean around 30S, the baroclinic response ovepiies is accompanied by
a barotropic wave propagating meridionally (Fig.5a,b). This is possiblyrgerteby the vortic-
ity source corresponding to the heating induced by tropical SSTa andépacipitation there
(Sardeshmukh and Hoskins 1985) and resembles the secondary isewgsdd in section 4. To
the east the interference of such a wave with the PSA is also evident.

The higher sensitivity of the atmosphere to SSTa located over the centifit Retermines
a stronger atmospheric respofiger Dateline, resulting in more intense Gill's quadrupole and
wave trains. Precipitation anomalies in SA are reproduced by the AGCM onlyokitive SSTa
and over LPB. The difficulty in reproducing precipitation anomalies with a climaidel is well
known, and we thus continue our analysis on the more reliable dynamical. fielte dynamics
of the response over SA consists of a pure PSaduth of 45S, while to the north at low levels a
broad anticyclonic circulation results from the combination of the vortex (b¢j.and of a baro-
clinic circulation over the tropical Atlantic (Figs. 5d,e). This join effect letdan intense SALLJ
and positive precipitation over LPB (Fig. 5f). The mechanism linking theoseal ENSO to
precipitation anomalies in LPB is thus found even when positive SSTa atedboeer the central
Pacific. For negative SSTa the expected cyclone over SA is lackingg asexipitation anomalies
over subtropical SA (Fig. 6, upper panels), while a wave train prapag&om the tropics is
present. The nonlinearity of the formation of the vortex over SA to the si@8dk appears to be
an artifact of this idealized experiment, as it is not present in either theab®ns or the Amip

experiments (see Section 6). The presence of a Gill response is atebftoluDateline.

2In fact, the actual temperature is higher.
3The wave train on the middle left panel of Fig. 5 could also be interpretéiscasave propagating directly from

the location of SSTa. However, the arching pattern and the location ofaesmemarkably correspond to those of the

PSA and PNA. The same consideration holds for Spread.
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For Spread the Gill's quadrupole is zonally elongated (as SSTa arepand the entire tropical
Pacific (Figs. 5g,h); this appears to interfere with the intensity of the PSése&vanomalies result
dumped. Neverthless, anomalies associated with the PSA and Pacific Norticdmmatterns are
approximately on the same locations as those of Dateline (Fig. 5d,g), suppbgimgerpretation
that these patterns are resonant modes of the system (Robertson emos®2003) rather than
propagating waves dependent on the precise location of their souccees@onding to positive
SSTa, precipitation anomalies in the model are the result of the Gill resplomse with the PSA
pattern being confined at high latitudes, since its eastern end is lackirgepdnslich a vortex may
be independent of the PSA (Zamboni et al. 2011). Although at high lattGgeead does not
present the PSA for negative SSTa, but a zonal belt of alternate #imemiafeatures a cyclonic
circulation at 30S that, together with the circulation associated with the Gill nsgo the north,
creates a precipitation dipole with centers over LPB and SACZ (Fig. 6, bgt#torals). The ideal-
ized experiment clearly misses the precipitation patterns characterizingd3prine observations
and produces a similar mechanism found for the other flavors.

Summarizing, in the idealized experiments, a combination of the canonical m&Th@SA
and the presence of a vortex over subtropical SA) and the Gill reepeashave documented
determine the impact on precipitation over LPB for Eastern and the positagepbf Dateline.
We highlighted the leading role of the tropical Pacific in shaping the atmosplespose and the
capability of the model in reproducing a number of dynamical featuresefisasranomalies of
smaller intensity during La Nia for all flavors. On the other hand, we cannot draw firm conclu-
sions on what determines the patterns of precipitation in LPB for Spreadaiaiine La Nia,
the origin of the PSA pattern, and the occurrence of the vortex over ®arlg, further elements,
not reproduced by the idealized experiments, determine these featuzemddiéss these aspects
in the next section, discussing in particular the sources of the PSA andeapsaducibility with
an AGCM.

The Gill response we documented motivated us to explore whether it is éeatafte of the
circulation (instead of a model’s artifact) and the extent to which it influercteslation and
precipitation over subtropical SA. We discuss this aspect in Section 6 Asiigtypes of exper-

iments; while in Section 7 we show its existence in the observations.

10
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6 Amip experiments and discussion

In this section we explore the role of SSTa other than those in the tropiciiicRawd draw con-
siderations about the capability and limitations of an AGCM in reproducing thardics of the
flavors, as well as their impact on precipitation in LPB. To this end, we coensults obtained
with the idealized and Amip experimentsa and support the novel results wenéot with both
ECHAM4 and the ICTP AGCM. In this regard results from the two AGCMsspr& only minor
differences; and although we considered them both to corroboratecogtusions, it would be
reduntant to show the results for the ICTP AGCM with additional detail.

The dynamics and response for Eastern HidNare similar between the idealized and Amip
experiments (Figs. 7a,b), confirming that the model’s response is largegndy the tropical
Pacific. The Gill response is less intense and more extended into the &&difad during El Nino
in the Amip experiment (Figs. 7a,b); a more marked PSA pattern is also p@sémompares
remarkably well with the observations (Fig. 4a). Similar to the observatiat$\di the idealized
experiments, opposite precipitation anomalies accompanied by upper-iesajehce (conver-
gence) are found over the eastern and central (western) Pacifieig his difference between
the Amip and idealized experiments suggests that even though the largesa®Sdcated over
the east during Eastern, the more extended pattern into the central Faatficed in the obser-
vations but not in the idealized experiments, plays a key role in shaping theMdéirculation.
We posit that the upper-level divergence over the central Pacificesddry conditions and upper-
level convergence at 120E, which in turn establishes the PSA, in agnewiitlethe Rossby waves
sources (RWS) we exploréd For example, during Eastern Laidi the Amip experiment does not
present either the PSA or the upper level divergence at 120E (PigAgdn the observations, the
AGCMs we employed do reproduce a smaller response during fia, lWut they require stronger
SSTa to trigger the PSA, while a clear wave emanated from the central Ra@ficent in the
Amip experiment. The asymmetry in the response for the two phases of Easgroriginate
over the western Pacific between 150W and180W, a region in which SHastern La Nia
are substantially less intense than those of Eld\iThe lack of a corresponding well-reproduced
precipitation pattern over the western Pacific and Indian Ocean is a gdr@ndback of current
AGCMs, and it is due to the lack of atmosphere-ocean feedbacks ovezglom in this type of
experiments. The lack of positive SSTa over the subtropics in the souRheific during La Niia

can also play a role (Vera et al. 2004).

“In the following we show precipitation patterns since the patterns of RWScésg. n
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For Dateline the upper-level divergence is less intense in the Amip expesitigg. 8), con-
verge to the west is minor, and the PSA is absent, different from the masieatropical tele-
connection seen in the idealized experiments (Fig. 5d). The precipitatiompatter the central
and western Pacific is similar for Eastern and Dateline in both the Amip exper{fFignt7c and
Fig. 8c) and the observations (Fig. 9), but the intensity of both SSTar@eipjiation anomalies
is double for Eastern. Comparing the SST patterns, one can see thatliesdoraEastern and
Dateline are similar over the central Pacific, while larger anomalies exist tastdar Eastern.
We conclude that the largest response during Eastern is determineddatstending intensity of
a wide, zonally extended pattern of SSTa. In the subtropics over thed?&3Ta are substantial
during Dateline, and we thus deduce that their role in determining the PSA ificgigtly minor
compared with that of thmtensityof SSTa over the tropics.

Dateline also features a wave extending meridionally from the tropics forEadtinfio (Fig. 8)
and La Nia (not shown); a result that is also obtained with the ICTP AGCM (Fig).10a
We anticipated in Section 5 the presence of the vortex over SA only in the Amgriexent for
Dateline La Nita. As discussed, we found that the Gill response tends to be too stromgeaid-
ionally extended in the idealized experiments, while it is significantly less intengeiAmip
experiments, especially to the east for both ECHAM (Fig. 8) and the ICTEMGFig. 10).
Nevertheless, its influence on the SALLJ (Fig. 8c) and thus precipitatioRBadre recognized.

The dynamics for Spread El R is the same for the two experiments, but anomalies are smaller
in the Amip, in particular, no precipitation anomalies appear over SA (notisholihe AGCMs
produce no significant anomalies in the extratropics, a feature possiidgaiive of an excessively
strong atmospheric response to zonally extended SSTa. As alreadydntteenodels’ response
to La Nina is smaller over the tropics, and the Amip experiment produces circulationadies in
the extratropics and the secondary wave (Fig. 8). However, the maxgeges the same dynamics

as for the other flavors and anomalies substantially different from tlessein the observations.

7 Role of the Gill response in precipitation in LPB

In the previous sections we discussed the influence of a Gill type ofmespm precipitation over
LPB we saw in the modeling experiments we conducted. The latter accompamiesitd docu-
mented Gill response found to the west of SSTa and consists of uppkryelanic (anticyclonic)
vortices to theeastof positive (negative) SSTa. At low levels it strenghtens (reducesiréue

winds over the Atlantic and consequently the intensity of the SALLJ toward. iPBis section
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we show evidence of this circulation in the observations.

Exhamination of the eddy streamfunction at different vertical levels slionSastern the two
anticyclonic vortices straddling the equator over the eastern Pacific, ltgbittae Gill response,
from 400 mb (Fig. 11a) and above. Over the same range of altitudes twiatiesse cyclonic vor-
tices are present at 80W-5S and 15N, which may indeed represemtdii@tion we are seeking.
Above 400 mb, the signal strengthens (not shown). At lower levels thelation is opposite; and
although patterns are less neat, two anticyclonic circulations are pre§&WwWal0S and 10N. The
eastern component of the Gill response is found to have smaller intensityhrth@numerical
experiments and in the observations, which is expected because of thetcangignal sourced in
the Atlantic Warm Pool. The Amazon also represents an important soureatifip; and since its
role cannot be represented in an Amip experiment, a model including dynagetation would
elucidate this aspect. A dumping of the southeastern vortex of the Gill resyrthe barotropic
vortex over subtropical SA is also plausible for Eastern since the lattendsiato tropical lati-
tudes.

For Dateline two zonally extended cyclones are present at 400 mb atattgiitudes on either
side of the equator between 80W-40W (Fig. 11c), while at low levels awateresent at 10N-
80W but not to the south. Hence, for this flavor, the impact of the Gill nespon circulation over
tropical SA is minor (Figs. 11c,d).

During Spread EI Nio an intense low-level anticyclone at 15S-50W diverts the SALLJ toward
northeastern Brazil, where a region of convergence is found (Fig). 12he same rotation is
visible up to 500 mb (not shown). We interpret the remarkable intensity amshsrn of this
vortex as the result of the Gill response and local forcings. In exgadfiis aspect we suggest
investigating the role of local effects, for example, vegetation and soil mmejsithich have been
shown to impact the local circulation during ENSO (Grimm et al. 2007). Areuapgvels a cy-
clone is present at 60W-10N, consistently with a Gill response, but tootlth she other pole is
destroyed (Fig. 12c). The latter is possibly overcome by the cycloniclation associated with
the secondary wave at 30-40S; 60W (Figs. 12b,c). The reasoisdithie presence of such a
strong signal remain unclear at present.

A small vortex at 10-20N; 60W during Spread Lafidiis seen throughout the atmospheric col-
umn (Fig. 12). An opposite circulation is detected at 400 mb across SA 0&rhut at upper
levels the latter circulation is then overcome by the increased effect of theneyover subtropical
SA (Figs. 12ef).

A number of features differentiates Spread from Eastern and Datelthésaliack of linearity
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a2 between the positive and negative phases. Local effects appeara@laged a relevant role in
a3 shaping precipitation and circulation anomalies during these past evemis.pk@cesses, which
a2 could not be exploited by the experiments we conducted but likely are impattétre beginning
a5 Of the rainy season in northern SA, deserve more attention in future stu@rethe other hand,
216 anomalies associated with the secondary wave are remarkably zonallgeciaver the subtrop-
417 ics at upper levels during Spread. These appear to influence the tionuser SA directly rather

a1s  than via an extratropical connection as it is for Dateline.

29 8 Summary

420 In this paper we have explored to what extent precipitation anomalies in ta Bésin (LPB)
421 during the Spring season are sensitive to SSTa located in differerst @frélae tropical Pacific.
422 In these patterns of SST, referred to in the literature as ENSO flavorigrtfest anomalies are
423 located over the east or around the dateline during Eastern and Datedints,aespectively.

424 We introduced three indices representing the areal average of S8itheweastern (nE), the
a5 central Pacific (nW) and their difference (TNIEW) to quantify the intenaityl zonal gradient
a6 Of SSTa, respectively. These indices are more suitable for investigatideNSO flavors since
427 they cover areas of equal estension in the region where larger S88 agoal that cannot be
a2s  achieved with the standard EIl i indices (see Section 3).

429 In investigating the events occurred during 1948-2002, we noticed ibterge of SST patterns
430 in which anomalies have a uniform intensity from the eastern to the centifitPae named this
41 new flavor Spread (Fig. 1). An additional novel aspect of the ptestedy is the analysis of La
42 Nifla, since investigations in the context of the flavors have so far foars&tINifio only.

433 To conduct this research, we employed observational and reanadyaisislwell as numerical
41 experiments performed with two AGCMs. We realized a set of idealized empsts in which
435 SSTa mimicing of the flavors have been superimposed to the climatology for &Ntfien we
a6 performed a set of Amip type of experiments aimed to determine the relativefi®&Ta over the
437 Pacific and other basins.

438 Contrary to our expectations, we found a similar precipitation pattern fordlseeEn and Date-
439 line flavors. This consists of increased precipitation over LPB and dsedeprecipitation to the
a0 north over the SACZ; the pattern reverses during LaaNiThese results are comparable to those
41 Obtained by Hill et al. (2011) for the summer season. Particularly rel@raotpitation anomalies

42 during Spread consist of positive loads in place of dry conditions oocufor the other flavors at
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20S along the Atlantic coast of SA (Fig. 3).

Precipitation anomalies in LPB are linked to the circulation upstream, namely, ¢ifeef&outh
American Mode (PSA; Mo and Paegle 2001, Casez-Boezio et al. 2@@gjle°Pand Mo 2002),
whose establishment occurs via reduced precipitation and upper-ewairgence over the west-
ern Pacific, which is in turn driven by convection over the central PacKieys in driving the
anomalous Walker circulation are SSTa between 150W and 180W but alssérdromalies over
the eastern Pacific when anomalies are present over the central Paaiticer, the intensity of
SSTa, rather than their location or the presence of opposite anomalies ubthapscs (Vera et al.
2004) is the leading factor in determining the response.

Corresponding to intense SSTa extended into the central Pacific, amfopke during the event
of 1982 and 1997, we found the AGCMs we employed were able to repediihe PSA and the
pattern of precipitation over the ocean partially. However, this is not thewhsn smaller SSTa
occur and reveal the importance of the atmosphere-ocean interactiomiongcthere.

We documented the existence of an additional wave train emanated frongitie oéthe main
heating. This is noticed in the observed past events and is reproducedmotelling experiments
we performed. Such a wave train, first documented by Vera et al.(2084 )a strong meridional
propagation, is present during Dateline, and is prominent during Spieadng Spread, it ap-
pears so intense that is modifies the extratropical connection by shifting i taottth at 120W,
while during Dateline a clear interference with the PSA occurs east of 1V 4). Further
explorations would benefit our understanding of its interation with the P®Afattmation of the
vortex over subtropical SA, and thus precipitation anomalies over LPB.

Locally over SA circulation anomalies are driven by the presence of éneoral-scale vortex,
which is often, but not always, the eastern end of the PSA (Zambohi 2041). This vortex is
present for all flavors, but relevant variations in its position are nod@ated for by SSTa. Rather,
local effects may play an important role and deserve more investigatioexéonple by using of
a model with dynamic vegetation. Further, the vortex over SA and an intehiseJSare found
even when the PSA is not, for example during Dateline events (see Figugbesting that the
secondary wave can also trigger their occurrence.

The idealized experiments suggest the existence of a Gill type of restuahgeeast of the heat-
ing region, with effects impacting the circulation locally over SA and thus pitatipn over LPB.
To our knowledge, this mechanism has never been reported in the literatetbus searched for
this signal in the observed past events and indeed found proof of iteesés(see Section 7). The

intensity of the vortices to the east of the heating region is significantly smalleg imliervations
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than in the model, especially at low levels, but it still appears to influenceépitaton via modu-
lation of the intensity of the SALLJ for Eastern. No significant anomalies@uwad at low levels
for Dateline, whereas the circulation for Spread is particularly strongtamsipossibly amplified
by local effects. Indeed, our modeling experiments provide an ovedpgtresponse to El R,
while the same response seen for the other flavors corresponds td Syatead La Nia. We
emphasize the need for exploring these local impacts to fully identify the interishgse versus

remote forcing; investigations with a model with dynamic vegetation would befioeie
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so6 Tables

El Nifio La Nifa
Eastern TNIEW>0.3 nE>0.5 TNIEW<-0.3 nE<-0.5
Dateline TNIEW<-0.3 nW>0.5 TNEW<0.3 nW<-0.5
Spread | -0.3<TNIEW<0.3 nE>0.5 nW>0.5 | -0.3<TNIEW<0.3 nE<-0.5 nW<-0.5

Table 1. Definition of ENSO flavors.

Eastern Dateline Spread

El Nifio 1951, 1982, 1997 | 1963, 1965, 1968 1977, 1986, 1957, 1969, 1972, 1976
1987, 1991, 1994, 2002
La Nifia | 1949, 1950, 1954, 1955 1964, 1973, 1975, 1988, 1995,1956, 1974, 1984, 1999, 200
1970, 1971 1998

Table 2. ENSO flavors events for 1948-2002.
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so7  Figure Captions

Fig. 1. Composite of observed SST&{) for Eastern (upper panel), Dateline (middle panel), anc:&gph
(bottom panel) events.

Fig. 2. Idealized SSTa°(C) for Eastern (upper panel), Dateline (middle panel), ane:&gph (bottom panel)

events.

Fig. 3. Composite of precipitation anomalies (mm/day) of Efibliminus La Nfia for a) Eastern, b) Date-
line, and of Spread c) El Kb and d) La Nia events.

Fig. 4. Composite of 200mb eddy streamfunction anoma(ig@$m?/s) for a) Eastern El Nio minus La
Nifia b) Dateline EI Nio minus La Niia, ¢) Spread El Nio and d) Spread La Na events.

Fig. 5. Idealized experiments with ECHAM4 imposing positive SSTaper panels are for Eastern, middle
panels Dateline, and bottom panels Spread. Left colummesepis the eddy streamfunctior)®m?/s) at
200mb, middle column the eddy streamfunctidn®m?/s) at 850mb, while the right column represents
precipitation anomalies (mm/day) and 850 mb winds (m/s).

Fig. 6. Idealized experiments with ECHAM4 using negative SSTa fateline (upper panels) and Spread
(bottom panels). Left column is 200mb eddy streamfunctid¥m?/s) and right column presents precip-

itation (mm/day) and 850m wind anomalies (m/s)

Fig. 7. Amip experiments with ECHAM4: Eddy streamfunctigtn®m? /s) at a) 200mb, b) 850mb, and c)
precipitation anomalies and 850 mb anomalous winds (mfdEéstern El Nio. d) is the same as a) but
for La Nifa.

Fig. 8. Amip experiments with ECHAM4: Eddy streamfuncti6ri®m?/s) at a) 200mb, b) 850mb, and c)
precipitation anomalies for Dateline EIf\d. d), €) and f) are the same as the upper panels but for Spread
La Nifa.

Fig. 9. Global observed precipitation anomalies (mm/day) for egt&a and b) Dateline).
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Fig. 10. Composite of eddy streamfunctigh0®m? /s) anomalies of EI Nio minus La Niia at a) 200mb
and b) 850mb, as obtained with the ICTP AGCM

Fig. 11. Composites of observed eddy streamfunctithfm?/s) for Eastern El Niio minus La Nina at a)
400 mb and b) 850 mb. c) and d) are the same as a) and b) regbebtit for Dateline.

Fig. 12. Composites of observed eddy streamfunctivdfm?/s) for Spread El Nio at a) 850 mb, b) 400
mb, and c) 200 mb. Left panels are the same except for Sprehifiza
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Fig. 1. Composite of observed SST&) for Eastern (upper panel), Dateline (middle panel), anc:&g
(bottom panel) events.
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Fig. 2. Idealized SSTa°(C) for Eastern (upper panel), Dateline (middle panel), ane:&gph (bottom panel)

events.
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Fig. 3. Composite of precipitation anomalies (mm/day) of Efibliminus La Nfia for a) Eastern, b) Date-
line, and of Spread c) El Rb and d) La Nia events.
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a) Eastern EI Niflo minus La Nifa ¢) Spread El Nifo
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Fig. 4. Composite of 200mb eddy streamfunction anomali€$m?/s) for a) Eastern El Nio minus La
Nifia b) Dateline EI Nio minus La Niia, c) Spread EIl Nio and d) Spread La Ra events.
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a) 200 mb eddy PSI b) 850 mb eddy PSI <) 850 mb WIND
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Dateline
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Fig. 5. Idealized experiments with ECHAM4 imposing positive SSTaper panels are for Eastern, middle
panels Dateline, and bottom panels Spread. Left columresepts the eddy streamfunctioi®m?/s) at
200mb, middle column the eddy streamfunctidn®m?/s) at 850mb, while the right column represents
precipitation anomalies (mm/day) and 850 mb winds (m/s).
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Fig. 6. Idealized experiments with ECHAM4 using negative SSTa fatdline (upper panels) and Spread
(bottom panels). Left column is 200mb eddy streamfunctid¥m?/s) and right column presents precip-

itation (mm/day) and 850m wind anomalies (m/s)
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a) 200 mb eddy PSI b) 850 mb eddy PSI
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d) 200 mb eddy PSI c) PRECIP & 850 mb WIND
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Fig. 7. Amip experiments with ECHAM4: Eddy streamfuncti6ri®m?/s) at a) 200mb, b) 850mb, and c)
precipitation anomalies and 850 mb anomalous winds (mfdEéstern El Nio. d) is the same as a) but
for La Nina.

a) 200 mb eddy PSI b) 850 mb eddy PSI c¢) PRECIP & 850 mb WIND
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e) 850 mb eddy PSI

Fig. 8. Amip experiments with ECHAM4: Eddy streamfuncti6rf®m?/s) at a) 200mb, b) 850mb, and c)
precipitation anomalies for Dateline EI M. d), €) and f) are the same as the upper panels but for Spread
La Nifia.
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Fig. 9. Global observed precipitation anomalies (mm/day) for &t&a and b) Dateline).

a) 200mb eddy psi
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Fig. 10. Composite of eddy streamfunctigih0°m?/s) anomalies of El Nio minus La Nia at a) 200mb
and b) 850mb, as obtained with the ICTP AGCM
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a) 400 mb eddy PS| Eastern b) 850 mb eddy PSI
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Fig. 11. Composites of observed eddy streamfunctivhfm?/s) for Eastern El Nlo minus La Nina at a)
400 mb and b) 850 mb. c¢) and d) are the same as a) and b) reshebtit for Dateline.
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Spread El Nifio Spread La Nina
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Fig. 12. Composites of observed eddy streamfunctivdfm?/s) for Spread El Nio at a) 850 mb, b) 400
mb, and c) 200 mb. Left panels are the same except for Sprehiifiza
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