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Abstract. We describe development of the 2006-2007 El In this article, we describe the evolution of Elfidi condi-
Nifio, which started late, ended early and was below averag#ons that developed in the tropical Pacific during 2006—2007.
strength. Emphasis is on the interplay between large scaléQur motivation is to shed light on the unusual characteristics
low frequency (i.e., seasonal-to-interannual time scale) deteref this event and potential reasons for its peculiar develop-
ministic dynamics and episodic intraseasonal wind forcing inment. This El Nilo started late, ended early and was below
the evolution of the event. Efforts to forecast the Efiblare  average strength. Its climate impacts were muted, with a few
reviewed, with discussion of factors affecting its predictabil- notable exceptions. For instance, ERNirelated drought in
ity. Perspectives on the contemporaneous development of aimdonesia contributed to a flare up of wild fires that blan-
Indian Ocean Dipole Zonal Mode event in 2006 and possi-keted the surrounding region in haze and smog. Pre-existing
ble influences of global warming on the ENSO cycle, which dry conditions were exacerbated in parts of Australia, result-
exhibited unusual behavior in the first decade of the 21st cening in significant reductions in agricultural production. Far-
tury, will also be presented. ther afield, the EI Nio was probably responsible for a reduc-
tion in the number and intensity of 2006 Atlantic hurricanes
relative to forecasts that called for a more active than nor-
mal hurricane season (Arguez et al., 2007). However, other
1 Introduction expected impacts (e.g. on North American winter tempera-
tures and precipitation, South American rainfall, Peruvian
The El Nifio—Southern Oscillation (ENSO) cycle is the most anchovy fishery, etc.) were notably absent or obscured by
prominent year-to-year climate fluctuation on Earth. It orig- other influences (e.g., Hoerling et al., 2007; Arguez et al.,
inates in the tropical Pacific with unusually warm (Efig) ~ 2007).
and cold (La Niia) events recurring approximately every 3—  Our description will focus on the interplay between large
7yr. EINiflo and La Niia events develop in association with scale, low frequency (i.e., seasonal-to-interannual time scale)
swings in atmospheric pressure between the Australien-Easteterministic dynamics and high frequency (intraseasonal)
Asian region and the eastern tropical Pacific. These pressurepisodic wind forcing in the evolution of the 2006—2007 El
swings, known as the Southern Oscillation, are intimatelyNifio. The low frequency deterministic dynamics that we in-
related to the strength of the Pacific trade winds. ENSOvoke derive from delayed oscillator (Battisti, 1988; Schopf
extends its reach beyond the tropical Pacific through atmoand Suarez, 1988) and recharge oscillator (Jin, 1997) the-
spheric teleconnections that can affect patterns of weatheories, which involve coupled ocean-atmosphere interactions
variability worldwide. ENSO’s social and economic con- and large scale ocean processes on seasonal and longer time
sequences, as well as its influence on marine and terrescales. High frequency forcing occurs in the form of westerly
trial ecosystems, have motivated systematic seasonal clwind bursts (Vecchi and Harrison, 2000), a significant per-
mate forecasting efforts in order to mitigate adverse impactsentage of which are associated with the intraseasonal (30—
and/or take advantage of opportunities created by both warn®0 period) Madden-Julian Oscillation (MJO; Zhang, 2005;

and cold events (McPhaden et al., 2006a). Seiki and Takayabu, 2007). From the perspective of ENSO,
westerly wind bursts are largely stochastic in nature be-
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Southern Oscillation Index
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Fig. 1. The Southern Oscillation index (SOI) andf®i3.4 SST index for January 1980 to July 2007. This plot illustrates the coupled
interactions between the ocean and the atmosphere that give rise to ENSO variations. Low SOI values are associated with weaker trads
winds and warm sea temperatures (Eid)i, whereas high SOl values are associated with stronger trade winds and cold sea temperatures (La
Nifia). The NINO3.4 index is computed from monthly SST anomalies in the redidlk5> S, 120-170 W. Positive anomalies-0.5°C

indicate El Nfio events and negative anomalies-0.5°C indicate La Niia events. Periods of SOI greater in magnitude than 0.5 are shaded

to emphasize the relationship with Elfddi and La Niia. In the left panel, monthly values have been smoothed with a 5-month running mean

for clarity. The right panel shows the last 2 years of the record (unsmoothed) to highlight the 2006—200@. Bldte the different scales

for NINO3.4 SST and SOl in the two panels.

2006-07 vs. Past El Nifios Moreover, underlying SST anomalies modulate the season-
4 ally averaged statistics of intraseasonal variability, causing
o g ] NINO 3.4 | 1957-38 ENSO variations to be more energetic and, in some mod-
; — loo3-o4 els, less predictable than if the high frequency forcing were
g 2 [|— 1972-73 purely random (Eisenman et al., 2005; Jin et al., 2007).
E P 1982-83 Previous modeling and observational studies have shown
® | 199192 that intraseasonal atmospheric forcing plays a major role in
2 | 199798 development of ENSO events (Kessler et al., 1995; Kessler
g I — 2004-05 and Kleeman, 2000; McPhaden, 1999, 2004; Lengaigne et
g 1 L| = Average al., 2004; Zavala-Garay et al., 2005; Vecchi et al., 2006;
- S N N McPhaden et al., 2006b; Hendon et al., 2007). McPhaden et

al. (2006b) for instance found that between 1980-2005, the
Fig. 2. NINO3.4 Index for El Nfio events since 1957-1958 to MJO accounted for as much variance in ENSO SST anoma-
2006-2007. Time series are split into 2.5 year segments startingies as low frequency large scale dynamical processes. The
July the year before the peak warm anomaly (Jelyrand ending  nresent study extends previous analyses to examine how high
January approximately one year after the peak anomaly (Janyr+2k.o . ency intraseasonal forcing and deterministic low fre-
Dashed horizontal line indicates the XSthreshold for the defini quency dynamics contributed to development of the 2006—
tion of El Nifio warm anomalies. The thick bIacI_< line is the aver- 2007 El Nito. Efforts to forecast the event. which met with
age NINO3.4 anomaly based on the twelve previous Bbiifrom T ) . ) C ’
1957-1958 to 2004—2005. limited success, will be reviewed in light of the observed

variability. Perspectives on the contemporaneous develop-

ment of an Indian Ocean Dipole Zonal Mode event in 2006
weeks. The precise role of this high frequency forcing will also be presented. Finally, this 2006—2007 Eibliwas
depends on the stability of the coupled ocean-atmospherthe third since 2002, representing an unusually high recur-
system (Fedorov and Philander, 2000) but in general it in-rence rate of one ENSO warm event every other year. Possi-
troduces irregularity and limits the predictability of ENSO. ble reasons this unusual behavior will be discussed.
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Fig. 3. Monthly anomalies from the mean seasonal cycle in November 200@f&ST (based on Reynolds et al., 2002) and QuikSCAT
wind stresslittp://www.ifremer.fr/cersa)f (b) Jason satellite altimeter sea level anomalfescurrent velocity (vectors) and speeds (color
shading) representative of flow at 15m depth in the surface mixed layer (Bonjean and Lagerloef (@0tdrate from an analysis of
satellite and in situ raingauge data (Janowiak and Xie, 1999).

2 Temporal evolution and spatial structures El Nifio SST anomalies tend to be “phase locked” to the
seasonal cycle, with peak development around the end of the

Some basic features of the 2006-2007 HidNare shown in ~ calendar year. The 2006-2007 Efigiwas no exception, al-
the NINO3.4 and Southern Oscillation Index (SOI) time se- though peak NINO3.4 anomalies were about G.Below the
ries, which are standard indices used to characterize ENS@Verage of the previous 12 Elibs from 1957-58 to 2004-05
variability (Fig. 1). The SOI, computed as a normalized pres-(Fig- 2). The 2006-2007 El Ro was also shorter in dura-
sure difference between Tahiti, French Polynesia and Darlion compared to El Nios of the past 50 years, starting two
win, Australia, is a measure of the strength of the tragemonths Iater'than usual and finishing three months earlier
winds. NINO3.4 measures of the intensity of sea surfacethan usual (Fig. 2).

temperature (SST) anomalies in the central Pacific, a region The spatial structure of anomalies near the height of the
where the overlying atmosphere is particularly sensitive togyent in November 2006 illustrates features typical of El
thermal forcing from the ocean surface. These two indicesyjifig (Fig. 3; the Indian Ocean anomalies in this graphic
are almost perfectly anti-correlated with one another, withyi|| pe discussed in later sections). Unusually warm SSTs
low SOl values (weak trades) corresponding to anomalouslyyere evident along the equator from near the coast of South
warm SSTs, and vice versa. The tight relationship betweemmericato 170 E (Fig. 3a), while anomalous westerly wind
these two indices reflects the positive feedbacks between thgress within 5 of the equator west of the date line reflected
ocean and the atmosphere that give rise to ENSO variationsy re|axation of the trades in that region. Relaxation of the
According to the NINO3.4 and SOI indices, conditions trade winds resulted in higher than normal sea levels by about
in the tropical Pacific were distinctly La RNa-like at the  10cm along the equator in the eastern and central Pacific,
start of 2006 (Fig. 1). However, these conditions soon dis-roughly coincident with the area of warm SSTs (Fig. 3b). El-
sipated, yielding to low SOI values and high NINO3.4 SSTs evated sea levels in the tropical Pacific correspond to a deeper
in mid-2006. The NINO3.4 index crossed the +@3hresh-  than normal thermocline, the latter of which facilitates de-
old typically considered a minimum for El R0 in August  velopment of El Niio SST anomalies because upwelling in
2006, peaked at 1.2-F3 in November—December 2006, the equatorial cold tongue brings anomalously warm water
then rapidly declined to zero in February 2007. to the surface when the thermocline is depressed (Wang and

www.adv-geosci.net/14/219/2008/ Adv. Geosci., 14, 289-2008
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Fig. 4. Monthly anomalies ofa) rainrate andb) sea surface salinity for November 2006. Rainrate anomalies are from Janowiak and Xie

(1999) while the surface salinity anomalies are based on an objective analysis of TAO/TRITON moored time series data (McPhaden et al.,
2001). Black squares in (b) indicate the location of data used in the analysis.

McPhaden, 2000). Zonal currents in the surface mixed layetion for El Nifio to occur; that El Nio purges this excess heat
(Fig. 3c) were anomalously eastward between°E@nd  to higher latitudes, which terminates the event; and that the
120° W, with speeds in excess of 40 cmiswest of the date  time between El Nios is determined by the time it takes the
line. These anomalous wind-driven currents contributed toequatorial Pacific to recharge with excess heat. As in the de-
the development of warm SST anomalies via zonal adveciayed oscillator theory for ENSO (Battisti, 1988; Schopf and
tion, particularly near the date line where they displaced theSuarez, 1988), wind forced equatorial waves are presumed to
western Pacific warm pool (defined as surface wat@% C) be the primary oceanic mechanism by which these changes
eastward. in upper ocean heat content occur.

The pattern of anomalous convective rainfall near the As an index of upper ocean heat content, we use Warm
equator reflects an eastward migration of the ascendingVater Volume (WWYV), which is the volume of water above
branch of the Walker circulation bringing unusually heavy the 20C isotherm between®N and 5 S, 80 W and 120 E
rains near the date line and anomalously dry conditiongMeinen and McPhaden, 2000). This index illustrates the
over Indonesia and Northern Australia (Fig. 3d). Like- basic features of recharge oscillator theory, with WWV typi-
wise, an equatorward movement of the Intertropical Conver-cally leading NINO3.4 by 1-3 seasons over the period 1980—
gence Zone (ITCZ) is evident east of the date line. These2007 (Fig. 5). The lead-lag relationship of these two vari-
shifts in rainfall patterns are a response to thermal forc-ables also highlights the role of upper ocean heat content as
ing of the atmosphere by unusually warm underlying SSTsthe source of predictability for ENSO (Latif et al., 1998). It
that developed near the equator in the eastern and centrid noteworthy that elevated WWYV is by itself not sufficient
Pacific (Fig. 3a). Heavy rains in turn lead to significant to guarantee the onset of an EIffdi since in some years
surface freshening near the date line and in the vicinity of(e.g. 1989-1990) WWYV was elevated but an Eidldid not
the ITCZ (Fig. 4) as captured by a basin scale network ofoccur.
salinity sensors installed in 2006 on moorings of the Tropi- For 2005-2007, WWV led NINO3.4 by 2—-4 months
cal Atmosphere Ocean/Triangle Trans-Ocean Buoy NetworkFig. 5, right panel). The heat deficit preceding Laiali
(TAO/TRITON) array. Eastward advection of fresh water like conditions in early 2006 however was weak and there-
from the western Pacific also contributes substantially tofore insufficient to support a significant cold event. Excess
freshening near the dateline during Elfidi (e.g. Delcroix =~ WWYV subsequently accumulated near the equator, peaking
and Picaut, 1998). in boreal summer 2006 prior to the onset of warm NINO3.4

SST anomalies. These positive WWV anomalies, moder-
ate in magnitude by historical standards, presaged the later
3 Intraseasonal to interannual time scales dynamics development of unusually warm SSTs associated with the
2006—-2007 EI Nio.
To characterize the large-scale low frequency dynamics asso- Relaxation of the trade winds during Eli\ is generally
ciated with ENSO, we invoke the recharge oscillator theorynot a gradual process, but one punctuated by relatively short
of Jin (1997). This theory asserts that a build up of excess up1-3 week episodes of strong anomalous westerly winds.
per ocean heat content along equator is a necessary precondiime series from the TAO/TRITON mooring array illustrate
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Warm Water Volume (5°N-5°S, 120°E—80°W)
and NINO 3.4 SST Anomaly
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Fig. 5. Warm Water Volume (WWV) and NINO3.4 SST anomalies for 1980 to 2007. Monthly values in left panel have been smoothed with
a 5-month running mean. The right panel shows the last 2 years of the record (unsmoothed) to highlight develogiog&hdiions in
late 2006. Note the different scales for WWV and NINO3.4 SST in the two panels.
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Fig. 6. Five-day average anomalies(af) zonal wind,(b) SST, andc) 20°C depth (an index for the depth of the thermocline) relative to the

mean seasonal cycle from January 2006 to June 2007. The gridded analyses are based on averaged TAO/TRITON moored time series da
between 2N-2° S. Ticks on the top (bottom) axes indicate longitudes where data were available at the start (end) of record. Solid white line
in (a) is the 29C isotherm which represents the eastern edge of the western Pacific warm pool.

the influence of this high frequency atmospheric wind forc- dicated by the depth of the 20 isotherm) that sloped more
ing on the development of the 2006—2007 ERbli(Fig. 6).  steeply downward to the west. Further development of La
La Nifa-like conditions prevailed in early 2006 with cooler Nifia conditions was arrested however by the occurrence of
than normal SSTs in the eastern Pacific, stronger than normalieak westerly wind anomalies in March—May 2006. Then,
trade winds in the western Pacific, and a thermocline (as inagainst a background of elevated WWV volume, three more
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OLR Anomaly (W m—z) region of direct wind forcing nea.r.the date line, zonal cur-
o o rents advected the western Pacific warm pool eastward, as
5°S to 5°N Average indicated by the eastward migration of the°@9isotherm

(Fig. 6a), producing warm SST anomalies in the central Pa-
cific. West of the date line, the sea surface cooled, in part due
to intensified evaporative heat fluxes associated with the ele-
vated local wind speeds (Fig. 6a, b). The effect of these SST
changes was to shift the locus of warmest surface water east-
ward along the equator creating conditions favorable for an
eastward migration of deep convection and heavy rainfall as-
sociated with the ascending branch of the Walker circulation
(Fig. 3d).

The eastward shift in convection was, like the relaxation
of the trade winds, punctuated by considerable intrasea-
sonal variability, some of which originated over the Indian
Ocean in the form of the eastward propagating MJO (Fig. 7).
Month-to-month variability in the unsmoothed SOI (Fig. 1,
right panel) reflects in part these intraseasonal fluctuations.
Also, westerly wind bursts beginning in late June, August
and October (Fig. 6) can be linked to MJO convective flare
ups that developed over the Indian Ocean in early June, July
and early September, respectively.

Demise of the El Niio was rapid and sudden, with anoma-
lously cold surface water appearing along the equator in the

4 /,,‘-’ \:/ i f 0\’//, 2 Oo L
& b d

2006

0°E  90°E 180° 90°W O°E eastern Pacific in mid-February 2007 (Fig. 6b). Termination
was mediated by the eastward progression of an upwelling
-40 -20 0 20 40 Kelvin wave that lifted the thermocline close enough to the

. . ) o ~surface to initiate cooling. As in previous Elfs, this up-
Fig. 7. Five-day Outgoing Longwave Radiation (OLR) anomalies \ye|ling Kelvin wave resulted from a combination of trade
relative to the mean seasonal cycle averaged oVBF5° Saround g strengthening in the western Pacific (which occurred in
the globe. Negative values represent anomalously high ClOUdmeSFate December 2006) and equatorial wave reflections at the
and rainfall associated with disturbed weather conditions, while . . -
western boundary consistent with delayed oscillator theory

positive values represent clearer skies and generally drier condi . ) i i
tions. The dashed white line traces the slow eastward migration(e'g' Harrison and Vecchi, 1999; McPhaden and Yu, 1999;

deep convection in tandem with the eastward expansion of the westBoulanger et al., 2003). A preliminary assessment of the
ern Pacific warm pool (Fig. 6). White arrows indicate intraseasonalwind forced and western boundary generated Kelvin wave
eastward-propagating convective events originating over the Indiaramplitudes using the model of McPhaden and Yu (1999) sug-
Ocean in association with active phases of the Madden-Julian Oscilgests that the directly wind forced Kelvin wave was larger.
lation. These convective events are characterized by surface wesFhe dramatic drop in WWYV in late 2006 (Fig. 5) reflects
erly winds, which once they reach the western Pacific, influence thghe integrated basin scale effect of these equatorial wave
evolution of_ El _Nﬁo. The Indian and Pacific Oceans are separatedprocesses on thermocline shoaling at the end of the event
by Indonesian islands between about?1@fd 120 E. (Fig. 6¢).
It is noteworthy that the easterly wind anomalies in the
western Pacific that contributed to the sudden demise of the
energetic westerly wind bursts from June through Octoberg| Nifio were associated with the most energetic MJO event
initiated and amplified warming along the equator in the cen-during the period March 2006—February 2007 (Fig. 7). The
tral and eastern Pacific. onset of convection associated with this MJO event occurred
Warming in the eastern Pacific was modulated by the exciin mid-December over the Indian Ocean and propagated east-
tation of wind forced eastward propagating equatorial Kelvinward into the western Pacific. Both surface easterly wind
waves (evident in the intraseasonal oscillation of theC20 anomalies to the east of the convection and westerlies to
depth). These waves depressed the thermocline by 20-50 nthe west of the convection were associated with this event
which reduced the ability of equatorial upwelling to cool the (Fig. 8). Easterly anomalies are usually not as strong as
surface. Kelvin waves were also responsible for the developwesterly anomalies related to MJO convection in the western
ment of eastward current anomalies along the equator eaftacific (Zhang and McPhaden, 2000; Seiki and Takayabu,
of the region of direct wind forcing (Fig. 3c) where they 2007). However, Takayabu et al. (1999) also identified sig-
contributed to surface warming via zonal advection. In thenificant surface easterlies associated with an MJO event that

Adv. Geosci., 14, 219230, 2008 www.adv-geosci.net/14/219/2008/
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Fig. 8. Time longitude plots ofa) OLR, (b) SST andc) zonal wind anomalies relative to the mean seasonal cycle betWeémad 5 S.

Arrow in (a) indicates the propagation of the December MJO event from the Indian Ocean into the western Pacific. The arrow is repeated in
(b) and (c) to show the relationship between MJO-related convection to SST and surface winds. OLR values are 5-day averages whereas th
Reynolds SSTs and QuikSCAT winds are weekly.

triggered the abrupt end to the 1997-1998 HidNin May equatorial Indian Ocean. Anomalous easterlies prevail along

1998. the equator, sea levels are high in the west and low in the
Anomalous easterlies often appear in the western Pacifi€ast and convection is enhanced (suppressed) over the warm
(cold) SST anomalies. These conditions were evident in the

at the height of ElI Nio and contribute to its termination. gi icid th th K oh  the BN
Except in the case of Takayabu et al. (1999) though, mos{n lan Ocean coinci gnt with the peak phase o t_ N b
| November 2006 (Fig. 3). Suppressed convection associ-

interpretations of these easterlies do not invoke intraseasond!

MJO dynamics. Instead, they generally emphasize IongeEted with cold waters in the eastern Indian Ocean can also
seasonal time scale processes involving ocean-atmosphe § Seen centered a_roundogmoc’ E frr:)m m|d;September_t'o
interactions in the western Pacific (Weisberg and Wang’!\lovember 2006 (Elgs. 7 and 8). These cold, dry .condlthns
1997), phase locking of zonal wind anomalies to the seasond[’ the e_astern_lndlan Ocean appear to be associated with a
cycle (Harrison and Vecchi, 1999; Lengaigne et al., 2006) weakening of intraseasonal variability in MJO-related con-
or seasonal shifts in the Walker circulation influenced byVGCt_Ion (S_hmoda and Han,_ 2005), Wh'Ch. may have affected
El Nifio-induced Indian Ocean warming (Kug et al., 2005). the intensity of westerly wind burst forcing in the western

Some or all of these processes may have been at work in lat acific at the pea!< of the EI ND S|m|IarIy,. termination of
2006 and early 2007. However, it is the abrupt appearancé € IODZM_was Im_ked p_nmarlly 1o warming off Java and
of these easterlies, and their relationship to MJO convection,sumatra’ with relatively little change in SSTs further_to the _
that stands out in our data. west. As a result, SSTs were elevated across the entire basin
in December 2006, creating conditions favorable for devel-

~ Itis also noteworthy that the December MJO developedopment of a major MJO event that contributed to the sudden
in the wake of the 2006 Indian Ocean Dipole Zonal Mode gng of the EI Nfio in February 2007.

(IODZzM) event (Figs. 3 and 8; see also Vinayachandran et
al. 2007), which is an El Niio-like phenomenon in the tropi-
cal Indian Ocean (Webster et al., 1999; Saji et al., 1999). For
a positive IODZM event, SST is unusually cold off the coast
of Java and Sumatra and warm in the central and western

www.adv-geosci.net/14/219/2008/ Adv. Geosci., 14, 289-2008
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Model Forecasts of ENSO

Dynamical Models:
= NASA GMAO
= NCEP CFS
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Nifo-3.4 SST Anomaly ( C)

Fig. 9. Statistical and dynamical model forecasts for SST in the NINO3.4 regioN<{5° S, 120-17C W). Forecasts in most cases are

from July 2006 initial conditions and are for seasonal averages from August-September-October (ASO) 2006 through April-May-June (AMJ)
2007. Most models predicted either neutral or war.6°C) anomalies, indicating the likelihood of a weak to moderate strengthitfl Ni

lasting into boreal spring 2007. The forecasts represent ensemble means or, for most statistical models, a single deterministic forecast. Are:
between the dashed lines#.5°C indicates neutral conditions. Observed initial conditions (ICS) in the NINO3.4 region for May-June-July
(MJJ) 2006 and in July 2006 alone are shown as black diamonds; solid black line shows forecast verification in terms of subsequent observec
seasonal averages. The inset shows observed SST anomalies averaged over 9 July—5 August 2006, with the NINO3.4 region outlined
Contour interval in the inset is @&, with warm anomalies in yellow to red colors and cold anomalies in blue. Institutions involved in
issuing the forecasts are indicated by different symbols and listed at right. (Figure adaptektfydfini.columbia.edu/climate/ENSO/
currentinfo/SSTtable.htm] which provides a description of the various models and the methods by which the forecasts are compiled.)

4 Forecasting the 2006—-2007 El Kb Below we illustrate some of the challenges in ENSO
prediction highlighting advisories issued by NOAAs Na-
Except for the regular progression of the seasons, ENSO igonal Centers for Environmental Prediction (NCEP) for the
the most predictable climate fluctuation on the planet. Ef-2006-2007 El Nio. We focus on NOAA/NCEP because
forts to forecast ENSO SST variations in the tropical Pa-their forecast advisories are representative of others, are
cific and the their impacts on climate date back to the mid-based on both statistical models and dynamical coupled
1980s (Cane et al., 1986; Barnett et al., 1988). The efocean-atmosphere models, are regularly published on the
forts have been motivated by the realization that ENSO’sWorld Wide Web bittp://www.cpc.ncep.noaa.gov/products/
widespread socio-economic impacts create a demand for a@nalysismonitoring/ensoadvisory/index.shtn)) and are
curate, timely, and detailed forecast guidance for practicawidely cited. Our emphasis is likewise on forecasting
applications in many parts of the globe. At present, there ardropical Pacific SSTs associated with Efirather than the
about 20 institutions worldwide that routinely issue ENSO more complicated problem of forecasting Efdiimpacts.
forecasts using numerical methods that range from statistical On 9 March 2006, following several months of below nor-
to fully coupled ocean-atmosphere general circulation modemal WWV anomalies and NINO3.4 SSTs (Figs. 1, 5, and
(http:/firi.columbia.edy/ Model predictability studies sug- 6b), NCEP issued an advisory that read, “Lei&licondi-
gest that ENSO forecast skill should extend to lead times oftions are expected to continue during the next 3-6 months.”
about one year, but progress has been slow in predicting th&his advisory was followed almost immediately by an unex-
onset, ultimate magnitude, and demise of ENSO events witpected weakening of the trade winds. By June 2006, three
uniform reliability (e.g. Barnston et al., 1999; McPhaden et months after the March advisory was issued, near normal
al., 2006a). Intraseasonal atmospheric variability is one ofSSTs rather than the predicted below normal temperatures
several factors, along with numerical model biases and errorgrevailed across the Pacific.
in initial conditions, which limit the skill of ENSO forecasts.
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NCEP advisories in early June and July stated that(Lengaigne et al., 2004; Eisenman et al., 2005; Vecchi et
“ENSO-neutral conditions are expected to prevail during theal., 2006; Jin et al., 2007; Seiki and Takayabu, 2007). The
next 3 months.” However, a westerly wind burst occurred in most energetic westerly wind bursts coincided with the ap-
late June and early July, followed in mid-July by a sharp risepearance of warm SST anomalies during August to Octo-
in SST anomalies along the equator in the central and eastermer 2006, which helped to boost the amplitude of warming
Pacific (Figs. 6). It was after the appearance of this wind-once it was underway (Fig. 6). Forecast models in general do
induced basin scale anomalous warming, which exceededot adequately represent intraseasonal atmospheric variabil-
1°C east of 120W, that NCEP issued its first advisory of ity and thus these potential feedbacks, which may account
the year (on 10 August 2006) indicating the possible devel-for some of the differences between the predictions and the
opment of El Niio: “ENSO-neutral conditions are expected observations.
to continue for the next one to three months, with a 50% The limited success in forecasting the 2006—2007 BN
chance that weak El Rb conditions will develop by the end is typical of that for most recent ENSO events (McPhaden
of 2006.” This advisory also highlighted elevated heat con-et al., 2006a). Community-wide efforts are underway to
tent along the equator (Fig. 5) as a potential precursor of conimprove ENSO forecast skill through development of bet-
tinued warming. Models from several other institutions alsoter forecast models, improved data assimilation techniques,
predicted the development of warm anomalies over the nextoupled ocean-atmosphere model initialization procedures,
1-3 seasons, though some of the predicted anomalies weind sophisticated ensemble forecasting methods. The results
below the 0.8C threshold necessary to qualify as “EIffe’ of this analysis suggest that improvements in the represen-
(Fig. 9). The tentative wording of the NCEP advisory was tation of high frequency atmospheric variability, especially
thus echoed in other advisories issued at the time. Howevethat related to the MJO, in statistical and dynamical atmo-
unexpected energetic westerly wind bursts later in Augustspheric models may lead to improvements in ENSO fore-
and October accelerated the SST warming to levels that wereasting. Proper accounting of this high frequency variabil-
in most cases higher than expected based on predictions froity, including SST feedbacks on it, would increase the real-
July initial conditions (Fig. 9). ism of individual model predictions as well as the realism

On 7 December 2007 at the height of the EfidliNCEP's  of the ensemble spread of those predictions (e.g. Jin et al.,
advisory read, “El Nio conditions are likely to continue 2007), which provides a measure of forecast uncertainty in
through May 2007.” Prevailing conditions at the time seemedprobabilistic terms. Accurate representation oceanic and at-
favorable for this happen: SSTs were at their peak, WWVmospheric variability in the Indian Ocean region, which is
was high, and the trade winds were still anomalously weakithe spawning ground for the MJO, may also lead to improve-
However, the sudden development of easterly anomalies iments in forecast skill (e.g., Clarke and van Gorder, 2003).
late December and a rapidly shoaling thermocline in the east
brought the event to an abrupt end by mid-February, three
months earlier than predicted. 5 Discussion and conclusions

In summary, state-of-the-art climate forecast models met
with only limited success in forecasting the onset, ultimate The focus of this article has been on the interplay between
amplitude, and demise of the 2006—-2007 ERdliat lead large scale low frequency seasonal-to-interannual time scale
times of 1-3 seasons. Calendar year 2006 started with foredynamics and intraseasonal atmospheric forcing in the evo-
casts calling for La Nia rather than EI Nio, followed by lution of the 2006—2007 El Kio. However, it is interesting to
forecasts for ENSO neutral conditions. A moderate buildnote that this warm event was the third since 2002 with very
up of heat content in boreal spring and summer 2006 profew intervening periods of unusually cold conditions (Fig. 1).
vided some predictability for warming later in the year. How- In addition, there has been a subtle change in the relation-
ever, advisories predicting El Ro were issued only after ini-  ship between WWYV and NINO3.4 SST since the beginning
tial basin scale warming appeared in mid-year and then thef the 21st century. Specifically, during the 1980s and 1990s,
event developed more rapidly than expected. Finally, fore-WWYV lead NINO3.4 by typically 2—3 seasons whereas since
cast models did not foresee the early and rapid demise of th000 the lead time appears to have shortened to only about
El Nifio from peak conditions in late 2006. one season (Fig. 5). Do these conditions indicate a signifi-

Episodic wind forcing was one confounding factor that cant change in the ENSO cycle and, if so, is that change the
affected the predictions consistent with previous empirical,result of natural variability or greenhouse gas forcing?
modeling, and theoretical studies on the role of intraseasonal The unusually high recurrence rate of one Efitlievery
variability in the ENSO cycle (Moore and Kleeman, 1999; other year is similar to that observed in the early to mid-
Kessler and Kleeman, 2000; Takyabu et al., 2001; McPhadei990s (Fig. 1). Trenberth and Hoar (1996) argued that the
et al., 2006b). Observations during 2006—2007 were alsaluster of 1990s warm events, and the tendency for more El
consistent with recent studies that emphasize the importanclifios than La Nias since the mid-1970s, was a response
of “state dependent stochastic forcing,” i.e. feedbacks fromof the ENSO cycle to greenhouse gas forcing. However,
developing ENSO SSTs to intraseasonal wind fluctuationsother studies based on the instrumental record, paleoclimate
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analyses, and climate change models, suggest that while thelt little or no impact (with a few notable exceptions as
ENSO cycle may undergo natural variations in strength andmentioned in the Introduction) probably because of the rel-
frequency on decadal and longer time scales, there is no coratively short duration and below average amplitude of the
clusive evidence that it has changed significantly becausevent. For example, the El Rlb was essentially over by the
of global warming (Wunsch, 1999; Tudhope et al., 2001, start of the January to March 2007 rainy season in Peru and
van Oldenborgh et al., 2005). Global change models, evercuador when El Nio normally has its most significant im-
though they have known flaws that compromise the relia-pacts on the regional climate of tropical western South Amer-
bility of detailed regional scale projections, further suggestica. Thus, a definition of ENSO in terms of impacts vs. cen-
that ENSO may not change much in response to increasetsal Pacific SSTs would lead to very different perspective on
in atmospheric greenhouse gas concentrations over the negte significance of the 2006—2007 Eliidi.
100 years (van Oldenborgh et al., 2005). Thus, although we There are also indications that EIfi’s climatic impacts
cannot rule out the possibility that there has been an anthromay depend sensitively on whether anomalous SSTs in the
pogenic influence on ENSO, the evidence to date suggestsquatorial Pacific are largest near the date line or in the cold
that the behavior of the ENSO cycle in the first decade of thetongue (e.g. Larkin and Harrison, 2005; Krishna-Kumar,
21st century is probably not outside the range expected foR006; Ashok et al., 2007). SSTs were relatively large near
nature climate variability. Possible alternative interpretationsthe date line during the peak of the event in November—
of the observed variability include fluctuations in the ENSO December 2006 and whether anomaly structure was impor-
cycle due to the chaotic internal dynamics of the ocean-tant in affecting El Niio’s climate impacts is a matter of de-
atmosphere system and/or interaction with decadal time scalbate. Nonetheless, these distinctions are important because
phenomena such as the Pacific Decadal Oscillation (Mantughey illustrate the challenge of communicating knowledge
etal., 1997). about the ENSO cycle, both in terms of scientific advances
An Indian Ocean Dipole/Zonal Mode event developed co-and uncertainties, to decision makers and the general public.
incident with the El Nito in 2006. The co-occurrence of an
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