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Abstract
Interannual El Nifio/Southern Oscillation (ENSO) and decadal ENSO-like climate variations of the Pacific
Ocean basin are important contributors to the year-to-year (and longer) variations of the climate of North
and South America. Analysis of historical observations of global sea-surface temperatures, global 500 mb
pressure surfaces, and western hemisphere hydroclimatic variations that are linearly associated with the
ENSO-like climate variations yields striking cross-equatorial symmetries as well as qualitative similarities
between the climatic expressions of the interannual and decadal processes. These similarities are
impressive because, at present, the mechanisms that are believed to drive the two time scales of ENSO-like
variability include several candidates that are quite dissimilar in terms of physical processes and
locations. Despite potentially different source mechanisms, both interannual and decadal ENSO-like
climate variations yield wetter subtropics (when the ENSO-like indices are in positive, El Nifio-like
phases) and drier midlatitudes and tropics (overall) over the Americas, in response to equatorward shifts
in westerly winds and storm tracks in both hemispheres. The similarities of their continental-surface
climate expressions may impede separation of the two ENSO-like processes in paleoclimatic
reconstructions.

Resumen
Variaciones asociadas con El Nifio/Oscilaciéon Sur (ENSO) a escala de tiempo de caracter interanual y
decadal en el Océano Pacifico, resultan contribudores importantes del clima de Norte y Sur America.
Analisis de los registros historicos de la temperatura de superficie del mar (SSTs), del campo global de
nivel de la superficie a 500 mb, y de variaciones hidroclimaticas en el Hemisferio Occidental asociadas en
forma lineal con variaciones de origen ENSO, exhiben simetrias marcadas en ambos hemisferios en la
mayoria de sus expresiones de variabilidad climatica, en ambas escalas—interanual y decadal.

Estas similaridades son notables, porque, al presente, los mecanismos que se creen responsables
por las variaciones climaticas en estas dos escalas de variacién temporal, vinculadas con fluctuaciones
generadas por el fenomeno ENSO, incluyen varios candidatos, los cuales son asociados con distintos
procesos fisicos y zonas geogréficas de accidon. No obstante estos mecanismos potentialmente distintos,
variaciones climaticas de escala interanual y decadal resultan en el desarrollo de condiciones mas
lluviosas que lo normal en las regiones subtropicales (durante la fase calida del ENSO), y condiciones mas
seca que lo normal en las latitudes medias y en los tropicos en general sobre el continente Americano.
Esto ocurre en repuesta a los cambios de vientos de superficie en la zona ecuadorial de Pacifico, y cambios
de las trajectorias de tormentas en ambos hemisferios. La similaridad de las expresiones climaticas en
superficies en ambos hemisferios y escalas temporales, si acaso hara mas dificil la separacién de las
sefales de indole paleoclimaticas de estas de variacion del sistema ENSO.



Introduction (Deser and Blackmon 1993; Hurrell 1995;
Enfield and Mestas-Nufiez, 2000, this volume),
A climatologist who specializes in modernbut is somewhat distant from the cordillera of
climate variations was immediately struck,the Americas and thus will not be addressed
upon attending a workshop of the Pole-here.
Equator-Pole (PEP 1) Paleoclimate of the In this chapter, modern interannual and
Americas Program, by the need to reconcilelecadal climate variations of the Pacific basin
the various past climate reconstructions withwill be outlined and their interhemispheric
climatic processes and conditions that we caalimatic effects on the Pacific Ocean and the
recognize  from instrumental climate Americas will be compared. Several indices
variations. Some past-climate variations arenay be used to describe the historical
recognizable; many are not. Indeed, orvariations of the ENSO and decadal ENSO-
interannual and decadal timescales, théke phenomena, but often it is difficult to be
number of “typical” patterns of historical sure that the two phenomena have been
climate variation is limited. In the presentseparated so that none of the climatic effects
climate, three climatic phenomena dominatare attributed twice. Thus, a new set of
climate variations in the Americas onuncorrelated indices for the two processes will
interannual to decadal timescales. Best knowhe developed and used, alongside a pair of
is the El Nifio/Southern Oscillation (ENSO) indices that have been used in the literature, to
phenomenon, which dominates global climateharacterize oceanic, atmospheric, and land-
variations on interannual timescales rangingurface climate variations associated with the
(mostly) from 3 to 6 years; many climate ENSO-like phenomena. The construction of
studies have described this quasi-regulaindices, and datasets that will be compared to
phenomenon of tropical air—sea interactionshose indices, will be described in the next
centered in the equatorial Pacific and itsection of this chapter. In subsequent sections,
teleconnections to many parts of the globe (seeceanic, atmospheric, and continental
reviews in Diaz and Markgraf 1992; Allan etconditions that are linearly related to the
al. 1996; Wallace et al. 1997). Less wellinterannual and decadal phenomena will be
characterized are decadal (10- to 50-yeadelineated by simple correlation and
timescales) climate processes centered in thregression analyses. In the final two sections,
Pacific and in the Atlantic Ocean basins. Orhe results will be discussed and conclusions
timescales longer than interannual, thesummarized.
dominant climate phenomenon in the Pacific
Ocean and overlying atmosphere has an Data and definitions
ENSO-like spatial distribution (Zhang et al.
1997, hereafter ZWB) of surface temperatures Interannual and decadal climate variations
and atmospheric circulations and, as will ben the Pacific Ocean basin can be traced
shown here, interhemispheric climate effectshrough any of literally dozens of physical and
on the Americas. The physical processebiological indices (e.g., Ebbesmeyer et al.
responsible for this decadal ENSO-like1991). In this chapter, two sets of indices based
variability remain uncertain but are tied toon sea-surface temperature (SST) patterns of
well-documented pan-Pacific changes in thglobal scale will be used to depict the North
atmosphere and ocean in the 1950s and midRacific climate and its effects on the Americas.
1970s (Ebbesmeyer et al. 1991). FinallyTwo indices developed by ZWB—the Cool
decadal variability in the climate of the Tongue (CT) index and the Global Residual
Atlantic basin also has a basin-wide signaturéGR) index—will be discussed for the most



part but, for completeness, a second pair dhterannual ENSO-related SST variations were
indices based on a linear combination of someharacterized by the CT index, which is the
more commonly available time series—average of SST anomalies frofiN6to 6°S,
Southern Oscillation Index (SOI), the CT18C to 9CW, an index previously used by
index, and the Pacific (inter)DecadalDeser and Wallace (1990). This region is the
Oscillation (PDO) index—also will be locus of cool SSTs in the eastern equatorial
considered. The origins and significance oPacific, where the El Nifio process has its
these various indices are discussed below. clearest surface expression. Monthly mean
Global SSTs were analyzed by ZWB usingSST anomalies on a°5x 5° grid, from an
linear regressions and principal componentipdated version of the global United Kingdom
(PC) analyses in order to separate interannudeteorological Office Historical Sea Surface
ENSO-related SST variations from otherTemperature Dataset (HSSTD; Folland and
interannual and decadal variations and tdarker 1990, 1995), were used to form this
describe those other SST variationsseries (Fig. 1a), and then the CT series was
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Figure 1. (a) Unfiltered Cool-Tongue (CT) index and rotated “tropical” PC index, of dominantly interannual El

Nifio-Southern Oscillation (ENSO) variability in the tropical Pacific, and (b) Global Residual (GR) index and

rotated “North Pacific” PC index, of dominantly decadal ENSO-like variability in the Pacific Ocean basin. The
indices are described in the text. CT and GR indices are identical to those of Zhang et al. (1997).



high-pass filtered to remove variations withare not correlated, CT and GR are (r = -0.55).
periods longer than 6 years, forming a strictlyin this chapter, the interannual and decadal
interannual series called CT*. The entire SSTlimate variations in the Pacific basin will be
dataset then was regressed against the CTharacterized in terms of these same CT and
time series, and the best linear fits at each gri@R series; CT, rather than CT*, is used
point were subtracted from the grid-point SSTdecause it is more similar to such commonly
to arrive at time series of residuals. Byused ENSO indices as the unfiltered SST
construction, these residuals are uncorrelateddices along the equatorial Pacific in so-called
with the CT* series. A PC analysis of theseNifio-3 and Nifio-4 regions (e.g., Allan et al.
residual series yielded a leading mode of “non1996) than is the band-pass filtered CT*.
ENSQO” SST variation that was, surprisingly,  The differing timescales of the CT and GR
very ENSO-like in its spatial patterns. Thisseries can be demonstrated by spectral
leading mode is called the GR index by ZWBanalysis. Shown in Figure 2 are multitaper
and represents the decadal ENSO-likpower spectra (Percival and Walden 1993;
variations of the global and, especially, the_ees and Park 1995) of the two series. The CT
Pacific SSTs (Fig. 1b). Although CT* and GRspectrum (solid curve) indicates variance
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Figure 2. Multitaper power spectra of the Cool Tongue (CT) and Global Residual (GR) climate indices. The inset
is a plot of the corresponding power spectra of rotated PC series: “tropical” PCs (solid curve) and “North Pacific”

PCs (dashed curve). In the CT and GR spectra, at lowest frequencies, powers greater than about 80 to 200 exceed

95% confidence levels—not shown here—in comparisons to red noise (Mann and Lees 1996); at highest
frequencies, power greater than about 30 reaches 95% confidence levels.



spanning a broad range of frequencies centeredferences—has been indexed by the SOI and
near 0.2 cycles/yr, corresponding to a period o8ST anomalies in selected equatorial regions.
5 years. In contrast, GR has a spectrum thdthe SOI is usually defined as the difference
increases rather steadily from high frequenciebetween standardized monthly departures of
to low, with a local maximum near 0.16 cycles/sea-level pressure (SLP) from their normal
yr. Thus GR is dominated by low-frequencyseasonal cycles at Tahiti and Darwin,
variations with timescales between about @ustralia. When SLPs are low in the eastern
years and several decades; CT is dominated lgopical Pacific near Tahiti and high in the
interannual variations in the 3- to 7-year rangewestern tropical Pacific near Darwin (when
Recall that the CT series used here has n&Ol is negative), the tropical easterly winds
been temporally filtered; therefore, thebecome weak and the resulting slackening of
interannual dominance of CT shown reflectequatorial upwelling of cool deep water in the
the true mix of frequencies in the tropicaleastern equatorial Pacific, together with a
Pacific ENSO variations. The GR index isrelaxation of warm waters from the western
derived as a residual from an interannuallyPacific into the usually cool eastern Pacific,
filtered CT* series (and its reflection in globalleads to warmer than normal SSTs in the
SSTs) and thus, as a measurement of Noréastern equatorial Pacific. These episodes of
Pacific climate variation, is biased by designvarm equatorial SSTs in the central and
toward the more decadal parts of Pacifieastern Pacific have far-reaching -climatic
climate variability. consequences and have traditionally been
Alternative approaches and indices forcalled El Nifios. When the SLP anomalies are
characterizing the interannual and decadakeversed (high at Tahiti and low at Darwin) and
modes of Pacific climate variation have beenhe SOl has a positive value, the tropical
developed in the literature. Enfield andeasterlies strengthen and the eastern equatorial
Mestas-Nunez (2000, this volume) usedPacific cools anomalously in episodes that
complex empirical-orthogonal function (EOF)recently have been called La Nifas, to
analyses of global SSTs to arrive at similaemphasize their contrasts with El Nifios. Thus,
modes. Mantua et al. (1997) used the CT indethe SOI index is an atmospheric measure of
and a PDO index to describe essentially th&NSO processes that complements, but largely
same variability. The PDO index is defined, byreflects, the CT index, with which it is highly
Mantua et al. (1997), as the first PC of monthhanticorrelated (r = -0.73). The PDO index is, in
SSTs, from the HSSTD, poleward of°RDin  part, due to ENSO, as indicated by the
the Pacific basin, initially calculated from correlation between PDO and SOI indices (r =
anomalies for the period 1900-93. This index0.51).
has a strong decadal character much like the Although the CT and GR indices of ZWB
GR index (and is correlated with GR at r =will be the focus of much of the remaining
+0.74) but has not had any ENSO variabilitydiscussion, it was also useful to develop yet
explicitly removed; indeed, its correlation with another pair of indices for interannual and
the CT series is r = +0.38. The PDO waslecadal ENSO-like variations, a pair of indices
intended to reflect the decadal variability of thehat—by design—are entirely uncorrelated
North Pacific in a simple index but has awith each other but which are not derived from
substantial expression throughout the tropicahny explicit temporal filtering. In order to
and South Pacific (see Fig. 3d here or Fig. 2develop these new indices, three commonly
of Mantua et al. 1997). used climate indices—SOI, CT, and PDO—
Tropical ENSO variability historically— were joined in a simple trivariate PC analysis.
e.g., Troup (1965) and most more recenfThe two most influential of the resulting



Table 1: Principal component loadings for Varimax-rotated factors of October-September, 1915-

88, average indices of Pacific climate variability.

Index Tropical PC North Pacific PC
SOl -0.85 -0.38

CT +0.95 +0.10
PDO +0.21 +0.97

components were weighted heavily on (a) SOtlominance. Indeed, although no temporal
and CT, the tropical indices, and (b) the PDOfiltering was applied when deriving these PCs,
the extratropical index, respectively. Thethe North Pacific PC has narrower spectral
benefit of this PC analysis was that, bypeaks than does the GR series, concentrated
construction, it yielded statistically near the periods greater than 25 years and near
uncorrelated series that described the tropicadl years, and the tropical PC has power
and extratropical variations, without arbitraryconcentrated in a more clearly defined
filtering of either. The two components wereinterannual frequency range—0.16 to 0.3
then rotated by the Varimax methodologycycles/yr (3- to 7-years)—than does CT.
(Richman 1986), although this only served tdndeed, the tropical PC is virtually identical to
reduce the amount of mixing between PDO oZWB’s CT*, the Cool Tongue index filtered to
the tropical indices in the PCs (nudging theaemove variability longer than 6 years.
loadings toward even more one-sided The oceanic and atmospheric patterns that
weighting of one or the other sets in eacltaccompany the interannual ENSO and the
case). The two resulting, still uncorrelated ENSO-like climate variations indexed by the
rotated PC series (dotted curves, Figs. 1a ar@T and GR series, and by the tropical and
1b) will be called the tropical PC and the NorthNorth Pacific PCs, will be described in the next
Pacific PC here, respectively, although it iswo sections by regressions of various
clear from later results that the “North Pacific’atmospheric fields, and correlations of SST
PC reflects pan-Pacific climate variations thatields, with the series. In a subsequent section,
may yet have their roots in the tropics. Thethe climatic consequences of the variability at
weights of SOI, CT, and PDO in each PC ar¢he surface of the Americas will be described
given in Table 1. When the more commonlyby similar methods. Sea-surface temperature
used Nifio-3 SST average, fronfSE5°N, variations are depicted from the HSSTD set
15C°W-90°W, is substituted for CT in this used in developing the CT and GR indices.
calculation, the amount of mixing betweenAtmospheric forms of the variations are
indices that is required to arrive at uncorrelatedepicted in terms of the recently released
tropical and North Pacific climate indices isreanalyzed global-atmospheric fields of 500
even smaller. mbar height anomalies from 1958-96 on a
The power spectra of the resulting PC2.5°x2.5° grid (Kalnay et al. 1996), from the
series are shown as an inset to Figure 2, aridational Centers for Environmental Prediction
are similar in character to the spectra of CTand National Center for Atmospheric Research
and GR, with the tropical PC naturally echoing(NCAR). The reanalyzed fields provide global
CT’s interannual character and the Northcoverage but are of questionable reliability at
Pacific PC following GR’s strong decadalhigh latitudes where observations are



particularly sparse and can be problematipublic-domain international sources, and, as
along major coastlines where there arenuch as possible, are free from overwhelming
particularly steep “gradients” in the density ofhuman influences. Also included in the present
observations; overall, however, the fieldsanalyses are 13 proprietary Brazilian flow
provide the best available, global depiction okeries provided by Jose Marengo, Instituto
atmospheric conditions in the last 40 yearsNacional de Pesquisas Espacias, courtesy of
Also considered is a transformation of the 50Eletrobras and Eletronorte in Brazil.
mbar fields that represents monthly variations The results presented here are comparisons
in high-frequency storminess. As described byetween climate index, SST, atmospheric-
Bitz and Battisti (1999), daily 500 mbar heightcirculation pattern, precipitation, surface-air
anomalies at each grid point were band-pagemperature, and streamflow anomalies
fillered to isolate variability with timescales averaged over “water years” that begin
between 2 and 8 days; the monthly root mea@ctober 1 and end September 30. The decision
square of these high-frequency fluctuationso everywhere analyze the (northern water
were then used to map changes in monthlyear) October-September averages is arbitrary
mean storminess. In the Northern Hemispherdjecause seasons reverse across the Equator and
these analyses will be extended back to ththus are not strictly comparable. No single
first half of the Twentieth Century by applying definition of annual averages will be best
the same analysis of high-frequency variationsuited everywhere; however, Dettinger et al.
to 5°x5°-gridded daily Northern Hemisphere (2000) have shown that persistence of
sea-level pressure fields from NCARinterannual teleconnections across the
(Trenberth and Paolino 1980). Americas is sufficiently long to allow useful
The continental effects of the ENSO-likeinterpretation of climatic and hydrologic
climate variations are depicted in terms ofresponses within such a “water year.” Decadal
surface air temperatures, precipitation, andariations also are expected to yield slowly
streamflow in North and South America.varying teleconnections that can be studied
Temperatures from an updated version of thwithin this “water year.”
monthly, 5x5°-gridded temperature anomaly
set of Jones et al. (1986a,b; Carbon Dioxide Sea-surface temperature variations
Analysis Center [CDIAC] at Oak Ridge
National Laboratory product NDP020), from  Both pairs of climate indices used here to
1904-90, and land-precipitation anomalies orharacterize interannual and decadal ENSO-
a similar grid from Eischeid et al. (1991, like variability—CT/GR and the tropical/North
1995), for the same time period, are analyzed?acific PCs—are derived from SSTs. Thus,
Attendant streamflow variations are analyzedhitially, the global SST variations associated
in the monthly records catalogued in a Westerwith the indices will be outlined. The patterns
Hemisphere subset of the global streamflovof SST associated with the CT and GR series
set compiled by Dettinger and Diazare indicated by correlations mapped in
(submitted); this subset includes long-ternFigures 3a-b; positive correlations indicate
monthly streamflow records at 248 sites in theegions where the ocean is, on average,
Americas. The series were drawn from amongvarmer when the index is more positive and
the U.S. Geological Survey’'s Hydroclimatic cooler when the index is more negative. As
Data Network for United States streamflowexpected from the preceding descriptions of
(Slack and Landwehr, 1992; updatedthe indices, the CT index is more (positively)
subsequently to 1995 by L. Riddle, Scrippscorrelated with SSTs in the tropical Pacific
Institution of Oceanography) and from severathan is the GR index. Conversely, the GR



(a) CT versus SSTs (c) Tropical PC versus SSTs
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Figure 3. Correlation coefficients between annual-averaged sea surface temperatures (SSTs) and (a) Cool Tongue

(CT) index (1903-90), (b) Global Residual (GR) index (1903-90), (c) rotated tropical PC index (1914-90), and
(d) North Pacific PC index (1914-90). The contour interval is 0.2, dashed where negative. Correlations greater
than +0.2, or less than -0.2, pass a two-tail student-t test of being different from zero at 95% significance levels.

index is more (negatively) correlated withchapter.

SSTs of the North Pacific. Extratropical SSTs The rotated tropical and North Pacific PC
in the southern Pacific are about equallyndices are correlated to SSTs in patterns
correlated to the two indices. Both indices aréFigs. 3c-d) that are similar to CT and GR,
modestly correlated with SSTs in the tropicakespectively. However, SST correlations with
Indian Ocean. Despite the differences irthe tropical PCs emphasize the tropical Pacific
emphasis between the CT and GR correlation§STs (relative to extratropical SSTs) even
the two most remarkable aspects of the SSmore than do the CT SST correlations. Sea-
patterns associated with the two indices are (IJurface temperature correlations with the
the symmetry of each correlation pattern aboutorth Pacific PCs emphasize the North Pacific
the Equator in the Pacific basin, and (2) théemperatures even more than does GR. Once
overall similarity between the CT and GRagain, southern SSTs are about equally
patterns. This similarity led ZWB to describecorrelated with the two PC series.

the decadal variations that dominate the GR Thus the two pairs of Pacific climate
index as “decadal ENSO-like variability” and indices correspond to similar patterns of SST
motivated this study. The strong cross-ariation. The CT corresponds largely to
equatorial symmetries of the SST patterns arENSO variations by its very definition; the
reflected in strong symmetries of atmospheri¢ropical PC emphasizes those variations as an
circulations and hydroclimatic responsesoutgrowth of the parsimony provided by all PC
analyzed in subsequent sections of thignalyses. As representations of ENSO



variations in the tropical Pacific, the CT and midlatitude ocean currents (e.g.,
tropical PC series have dominantly interannual Jiang et al. 1995)
timescales (Fig. 2). The GR and, even more so,
the North Pacific PC series capture variations To this list, we would add the slow vestiges
that are not correlated with CT variations; thabf irregular interannual ocean—atmosphere
are dominantly decadal (although neither haslimate variations. Aperiodic variations on
been limited to that timescale; Fig. 2); and thainterannual scales will yield decadal
are similar to SST patterns in the world oceansomponents upon averaging to decadal
associated with ENSO. How the interannuatimescales, and those “decadal” variations will
and decadal climate indices can be related toecessarily be similar in appearance to the
such similar SST patterns, while having suchinterannual  climate  processes.  Some
different (and, in the case of the PCs, entirelgombination of these mechanisms, then,
uncorrelated) temporal variations, ispresumably generates decadal Pacific SST
something of a mystery, but these similaritiessariations that, in turn, influence and even
will be echoed in the atmospheric expressiondrive parts of the global climate system with
of the time series as well as in theirclear, if irregular, decadal timescales.
hydroclimatic expressions over the Americas. Notably, the present analysis demonstrates
Miller and Schneider (1998) recently listedremarkable interhemispheric symmetries in
six categories of mechanisms that mayexpressions of the decadal climate variations
contribute to the decadal timescales of SSassociated with the “North Pacific’ modes.
variations in the North Pacific: This interhemispheric symmetry may provide
clues as to which of the processes listed above
* Stochastic atmospheric forcing witha  is most likely to be dominant; e.g., those that

low-frequency SST response (e.g., would be expected to yield strong symmetries
Barsugli and Battisti 1998) about the equator. Resolution of the question
» Decadal tropical forcing of of which mechanisms dominate is, however,
midlatitude SSTs (e.g., Trenberth beyond the scope of the present analysis and
1990, Graham 1994) will require a careful combination of ocean—
» Decadal midlatitude ocean— atmosphere modeling with careful analyses of
atmosphere interactions of ocean the details of global atmospheric and oceanic

gyre strength and wind stress curls  observations over the last 50 years.
(e.g., Latif and Barnett 1994, and,

as a North Atlantic analog, Deser Atmospheric associations
and Blackmon 1993)

* Tropical—extratropical interactions Superposed on these SST patterns, and
through subduction of midlatitude interacting with them, are the atmospheric
(atmospherically forced) SST counterparts (and consequences) of the CT and
anomalies into the subsurface GR SST variations. Regression coefficients
ocean to provide source waters of relating 500 mb height anomalies (deviations
upwelling in the El Nifio region of of the heights of 500 mbar pressure surfaces in
the tropical Pacific (e.g., Gu and the atmosphere from their long-term seasonal
Philander 1997) averages) to the CT and GR series are shown

* Slow oceanic-wave teleconnections in Figures 4a and 4c. Note that regression
from the tropics to the extratropical coefficients are related to correlation
oceans (e.g., Jacobs et al. 1994) coefficients by

¢ Intrinsic decadal vacillation of



(a) CT versus 500-mb heights (c) GR versus 500-mb heights
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Figure 4. Regression coefficients relating (a) 500 mb height anomalies to Cool Tongue (CT) index, (b) 500 mb
storminess to CT index, (c) 500 mb height anomalies to Global Residual (GR) index, and (d) 500 mb storminess
to GR index. The contour intervals in (a) and (c) are 5 m per climate-index standard deviation, and in (b) and (d)
are 0.5 m per climate-index standard deviation. Storminess in panels (b) and (d) is measured by monthly standard

deviation of band-pass (3-10 days) filtered 500 mb height anomalies.

B=r 0500/ O¢lim: Nifios). The broad region of negative
coefficients over the North Pacific corresponds

where B is a regression coefficient, is the to an average 500 mb height decline of as
Corresponding correlation Coefﬁciemsoo is much as 20 m for a 1 standard deviation rise in

the local standard deviation of 500 mb heighfT- Positive CTs (El Nifios) are associated
anomalies, and, is the standard deviation With deeper than normal Aleutian Lows, and

of the climate index. Hence, these maps can I:}Qe resulting steep north-south coefficient

interpreted as the typical atmospheric anomal garl:jéin:)sn dneigr a?;gmi\?éz\é\ll Igtr;gurgogamb
that accompanies a modest excursion ( P y 9

standard deviation) of the climate index. eight gradients, and anomalously strong

Negative coefficients relate the 500 mb heigh esterly winds, when CT is positive.

snomales and CT over vast Seran snd ST8IS b smesshere creulons
North Pacific regions, whereas a northwest: P

southeast slanted dipole of positive ano}hus bring storms and precipitation to the

negative coefficients is indicated over theZ?Tl]Jé?iV(\:':St?aneags ci?aljtitgﬁasiigrﬁagzsgt:i:% réh
South Pacific (Fig. 4a). The negative ) P

coefficients correspond to lower than normam';(;aﬁgjségveblggznalsgnéestﬂés oll?veergigarllncoefd
500 mb heights when CT is positive (El 9
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storms away from northwestern Northstorminess can be inferred from regression
America. The effects of these circulationcoefficients relating monthly  standard
changes on North American climate anddeviations of high-frequency 500 mb height
hydrology will be discussed in the nextanomalies to CT, as in Figure 4b. Positive
section. values in Figure 4b correspond to regions in
The dipole of positive and negative which 500 mb heights are more variable, on 3-
coefficients over the southeast Pacific in Figuréo 10-day timescales, than normal when CT is
4b corresponds to diversions of low pressur@ositive; regions with negative values are less
systems and attendant storms toward theariable and less stormy. Positive CTs (El
subtropical belt of South America when CT isNifios) are associated with less than normal
positive (El Nifios), in a rough parallel to thestorminess across Siberia, Alaska,
changes in circulation in the northernnorthwestern Canada, and the northwestern
hemisphere. Observations of 500 mb heights iblnited States. By this measure, the
the far south are rare enough, however, so thabuthwestern United States is more stormy
the coefficients may reflect dynamicthan normal during El Nifios, but the Eastern
consistency requirements of the reanalysi®acific storm track, near 38 16CW, is
process (Kalhay et al. 1996) more than amlearly enhanced, is extended farther eastward
observed feature of atmosphere. Anomalouslgver the southern United States, and is
strong westerly winds are associated withdisplaced farther south than normal.
positive CT along a belt extending from theStorminess may also be enhanced during El
southern ocean near the international date lindifios over northeastern Canada. A similar
to the southern Archipielago de los Chonos oénalysis (not shown here) of monthly standard
Chile. These patterns have been described dsviations of high-frequency SLP variability in
the Pacific South American pattern, a primargthe Northern Hemisphere (where daily SLP
mode of Southern Hemisphere atmosphericecords span the entire twentieth century)
variability (Mo and Ghil 1987, Kidson 1988, indicates that the associations of SLP-based
Mo and Higgins 1998, Garreaud and Battististorminess with CT closely parallels those in
1999). the northern half of Figure 4b both before and
Together, the low-pressure bands (ofafter the 1950s (the period encompassing the
negative coefficients) associated with positivébulk of available 500 mb height observations).
CT in the Northern and Southern Hemispheres In the Southern Hemisphere, positive CTs
reflect the extratropical extensions of the SO(EI Nifios) are associated with greater
seesaw of pressures. The Southern Oscillatisstorminess over the central Pacific along the
pattern is not well represented at 500 mb in thband from 30 to 50S. Between South
tropics (Fig. 4a), but along 38 and 30S it America and the date line, storminess appears
appears as the equatorward increase i be diverted northward from midlatitudes
coefficients (toward positive values in the(40° to 60°S) towards about 38. Less
tropics). In the tropical eastern Pacific, thestorminess is indicated over southern
increase in height at 500 mb is mirrored as &rgentina.
decrease in pressure in the lower troposphere The atmospheric expressions of GR are
and a slackening of easterly trade winds duringroadly similar to CT'’s influences, but—as
El Nifios. with SSTs—with different spatial emphases.
The relations between CT and midlevellin Figure 4c, notice that regression coefficients
winds and low-pressure systems are inferrecklating 500 mb height anomalies to GR are
from regression coefficients mapped in Figurelominated by negative coefficients over the
4a. Corresponding relations between CT andlorth Pacific and a weaker north-south dipole
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of negative and positive coefficients over thdropical and North Pacific PC indices—not
South Pacific. The negative coefficients oveshown here) are remarkably symmetric about
the North Pacific are very similar to the Equator, especially over the Pacific Ocean:
coefficients associated with CT. However, thepositive CT and positive GR variations are
less similar circulation anomalies over Northassociated with equatorward diversions of
America indicate that the circulations westerlies, low-pressure systems, and storms
associated with CT are more zonal than thoskom the midlatitude Pacific basins toward
associated with GR. In the Southernsubtropical latitudes. These cross-equatorial
Hemisphere, the dipole of coefficients is muctsymmetries may reflect tropical roots for both
less intense, implying relatively lessCT and GR (and for the tropical and North
expression of GR than CT in SouthernPacific PCs). Thus strong interhemispheric
Hemisphere 500 mb heights and winds. symmetries of ENSO-like variations of Pacific
Storminess patterns associated with GRlimate are likely to produce strong
loosely parallel those associated with CT, buinterhemispheric climate variations along the
variations of GR (Fig. 4d) seem to yieldentire length of the North and South American
storminess anomalies that are more focusecbrdillera on both interannual and decadal
over the North Pacific and the Pacifictimescales.
Northwest, with a much weaker expression
over the southern United States than is
associated with CT. In the midlatitude Pacific Climatic effects in the Americas
of both hemispheres, the relationship between
storminess anomalies and the average 500 mb Most of the paleoclimatic records of
height anomalies during ENSO variations isclimate variability studied as parts of PEP-I are
similar to the relationship between storminesproxies for either near-surface temperature
anomalies and the average 500 mb heightgariations or  precipitation/soil-moisture
during the decadal ENSO-like variability: A variations over the Americas. The interannual
decrease (increase) in storminess is found cand decadal ENSO-like climate variations
the poleward (equatorward) flank of thedepicted in the previous sections play
negative midlatitude height anomaly in theimportant roles in determining those
central Pacific (e.g., on the flanks of thevariations, roles that will be delineated below.
Aleutian Low) when the indices are positive.  Annual-scale temperature, precipitation,
The Northern Hemisphere storminess patternand streamflow variations associated with CT
associated with GR (Fig. 4d) also are reflectednd GR are illustrated in Figure 5, which
in correlations of pre-1950s GR values withshows regression  coefficients relating
SLP-based storminess indices from that earliedeviations of October-September averages of
period (not shown). precipitation and temperatures from normal to
Taken together, the panels of Figure ACT (Figs. 5a and 5c) and GR (Figs. 5d and 5f),
suggest qualitative similarities in therespectively. Also shown are correlation
atmospheric expression of interannual ENS@oefficients between streamflow and CT (Fig.
variability (CT) and decadal ENSO-like 5b) and GR (Fig. 5e). Correlations are
variability = (GR). These  atmospheric indicated by circles with radii proportional to
similarities, and the SST similarities discussedhe coefficients. Sizing the circles with radii
previously, will be related to their similar proportional to correlation (and regression)
hydroclimatic effects in the Americas in thecoefficients makes the area of the circles
next section. Overall, the atmosphericproportional to the fraction of variance that is
expressions of both CT and GR (as well asssociated with the climate index at each site.
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Cool-Tongue index, 1904-90
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Figure 5. Regression coefficients—B—relating Cool Tongue (CT) index to October-September (a) precipitation,
1904-90, and (c) surface-air temperatures, 1904-90; and correlation coefficients—r—between CT and (b)
streamflows, periods of record ranging as long as 1904-1990 but commonly on order of 40 years. Panels (d)-(f)
are same as (a)-(c) but for Global Residual (GR) index. Radii of circles are proportional to magnitude of
regression and correlation coefficients; black for positive relations, white for negative. Circles inset®ear 30

135°W, indicate scale of influences: B is regression coefficient and r is correlation coefficient (r=0.3 is
significantly different from zero at 95% confidence level for average length of streamflow records).

Precipitation and streamflow precipitation variations. Both CT and GR are

positively correlated with precipitation and
Strong spatial similarities between CT- andstreamflow in the southwestern United States,

GR-forced patterns of precipitation areCentral America, and in Paraguay, Uruguay,
immediately obvious from a comparison ofand northern Argentina. Both CT and GR are
Figures 5a and 5d. Streamflow variations witmegatively correlated with precipitation and
CT and GR also are similar (Figs. 5b and 5e3treamflow in much of northwestern North
and mostly reflect, and even amplify America, in the tropical parts of South
(Dettinger et al. 2000), basin-scaleAmerica, east of the Andes, and possibly—
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although data are particularly sparse there—inesponses to GR are larger in northwestern
southernmost South America. CompositeNorth America, Mexico, and Central America
averages (not shown here) of precipitation anthan are the corresponding CT responses.
streamflow during negative and positive phase8gain, we are struck by the remarkable
of CT and GR indicate that drier than normainterhemispheric symmetries of ENSO-like
conditions in tropical South America and in theclimate variations in the western Americas.
northwestern United States are more extreme As expected from their close ties to CT and
during positive phases of both CT and GR, an&R, regression coefficients relating the rotated
contribute more to the regression relationd’C series (tropical PC and North Pacific PC) to
shown in Figure 5 than do wet conditionsprecipitation and streamflow (Figs. 6a-b and
during negative CTs and GRs. Positive value§d-e) are similar to the corresponding patterns
of both CT and GR also contribute morefor CT and GR. The precipitation and
(wetness) to the regression relations for thetreamflow patterns associated with the two
southwestern United States and Paraguay?rC series are also remarkably similar to each
Uruguay-Argentina than do negative phasesther, even though the two PCs are
Negative phases may be more importantincorrelated time series; the pattern
contributors to the regression relations in theorrelation  between the  precipitation
northeastern United States. Dettinger et akoefficients in Figures 6a and 6d is +0.41 and
(1998) and Cayan et al. (1998) also found cleahe pattern correlation between streamflow
similarities between ENSO and decadakorrelations in Figures 6b and 6e is +0.42.
precipitation patterns over western NorthFurthermore, three-fourths of the correlations
America. have the same signs in Figure 6b and 6e. As
In the midlatitudes of the Northern with CT and GR, positive tropical PC and
Hemisphere, the precipitation and streamfloWNorth Pacific PC excursions are associated
patterns shown in Figure 5 reflect thewith wetter than normal southwestern United
equatorward shifts in midlatitude westerliesStates and Paraguay-Uruguay-Patagonia, and
and storm track associated with positive valuedrier than normal tropical South America,
of CT and GR that were indicated in Figure 4northwestern North America, and
and discussed in the preceding section. Whesouthernmost South America. As with CT and
CT is positive, more storms, precipitation, andGR, the decadal North Pacific PC is more
streamflow occur in the southern United Statestrongly expressed in northwestern North
and, across the equator, in Paraguay-Uruguayymerican  precipitation and streamflow
the northwestern United States and much ofariations (and perhaps in southernmost South
western Canada States experiences leggnerica) than is the tropical PC, whereas
stormy, drier and warmer conditions. precipitation and streamflow in most other
The patterns of precipitation, streamflow,regions more strongly express the tropical PC
SST, and circulation anomalies over theseries. These parallels and connections can
Americas associated with CT and GR aralso be identified by computing the leading
remarkably similar. However, there are notabld®Cs of streamflow and precipitation in the
differences in spatial emphasis. PrecipitatiorAmericas and then correlating the variations of
and streamflow anomalies in the tropical partthose leading modes with global SSTs
of South America and in the subtropical band¢Dettinger et al. 2000) to obtain SST
across North and South America are larger ancorrelation patterns that closely resemble the
more consistent (spatially) in the CT responsesombined ENSO and decadal ENSO-like SST
than in the GR responses (Figs. 5a-b and Figpatterns studied here.
5d-e). Precipitation and, especially, streamflow
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Tropical PC index, 1915-88
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Figure 6. Same as Figure 5, but for the tropical PC index (a-c)
and North Pacific PC index (d-f), 1915-88, respectively.
Surface air temperature Patagonia, and southeasternmost Brazil (see

also Diaz and Kiladis 1992). El Nifios bring
Positive CT and GR indices are associatedool temperatures in the southeastern United
with warmer than normal surface conditions inStates and in the eastern Amazon basin.
much of the Americas. The patterns indicatedPositive GRs are associated with warmer than
for CT temperatures (Fig. 5c¢) and GRnormal conditions in northwestern North
temperatures (Fig. 5f), however, are not a&merica and cooler than normal conditions
similar as are the precipitation patternsacross southeastern and eastern North
discussed previously. Positive CTs (El Nifios)America. Temperature conditions elsewhere
are associated with warm temperatures imare not as closely related to the GR index as
Canada, the western United States, Centrahey are to CT. These temperature relations are
America, much of tropical South America (onlargely echoed in regression coefficients for
both sides of the Andes), Paraguay-Uruguaythe tropical and North Pacific PCs (Figs. 6c, f).
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As was the case with CT and GR, the spatial Discussion
patterns of temperature relations with the two
PC series are not as similar as are the relations The interannual and decadal ENSO-like
for precipitation and streamflow; the patternvariations of the Pacific climate system
correlation between Figures 6¢ and 6f is onlydescribed here make important contributions
+0.16. to modern climatic and hydrologic variations
These temperature responses to CT anof the Americas. For example, the numbers of
GR are as expected from the atmospheritemperature, precipitation, and streamflow
circulation changes associated with the tweeries in which various amounts of variance
indices. When positive, both CT and GR tendare attributable to a combination of the tropical
to route anomalously southerly winds overand North Pacific PCs are summarized in Table
western North America as circulations become. Because the PC series are uncorrelated, the
more zonal over much of the North Pacific.percentage of a series variance attributable to
The winds then tend to be anomaloushthem is simply the sum of the square of their
northward near the west coast of Northrespective correlations with the series. More
America from northern Mexico to Alaska (Fig. than 30% of the variance is explained by
4a). Warmer than normal American tropicsvarious combinations of the two PC series in
derive from warmer SSTs and drier condition®ver a quarter of all the weather series
in tropical South America (Diaz and Kiladis considered here; almost a third of the
1992). In subtropical South America, polewardemperature series and a fifth of the streamflow
deviations of the westerlies also result inseries owe half or more of their year-to-year
warmer  temperatures  overall.  Coolervariance to the interannual and decadal ENSO-
temperatures in the southeastern United Statdike climate variations.
with positive CTs and along the entire eastern Perhaps the most important implication of
United States are consistent with morehese strong dependences upon the interannual
storminess and anomalously northerly windsand decadal ENSO-like climate variations is
there, respectively, as indicated by the detailthat strong interhemispheric symmetries are to
of the 500 mb height regression coefficientbe expected in, at least, temperature, preci-
shown in Figures 4a and 4b. pitation, and streamflow variations. Other
forms of climate variation (e.g., North Atlantic

Table 2: Percentages of temperature, precipitation, and streamflow series, from sites indicated in
Figure 5, with more than threshold fractions of variance explained by the combination of the
tropical and North Pacific PC series.

Fractions of variance
variance > 0.2 >0.3 >0.4 >0.5
threshold fraction
Temperature 58 42 38 30
Precipitation 35 27 25 14
Streamflow 39 35 30 21
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climate oscillations) may be distinguishableNorth Atlantic climate variability could be.
from the ENSO-like variations simply by their Perhaps, whether ENSO related or decadal in
equatorially asymmetric influences on thenature, the similar SST patterns associated
Americas. with the ENSO-like variations cause such
Given the important role of these ENSO-rapid and similar responses from the
like climate variations, a capacity to recognizeatmosphere that the particular processes that
their variations in paleoclimatic proxies isdetermine those SST variations matter little to
desirable; reconstructions of these ENSO-likeheir atmospheric and continental outcomes
climate variations could form a groundwork (e.g., Deser and Blackmon 1993). In that case,
for assessing the stability and long-termit may be exceedingly difficult to be certain
contributions of the Pacific climate system towhich of the ENSO-like climate forces are
the modern climate of the Americas. Given theroviding the interannual or decadal
possibly quite different mechanisms thatfluctuations in North and South American
underlie the interannual and decadal ENSOproxies. We have limited this analysis to
like variations, it also would be desirable toinstrumental records, which span roughly 100
reconstruct their separate contributions iryears; careful scrutiny of multiple-series,
paleoclimatic  proxies. Separate reconspatial networks of paleoclimate proxies to
structions would help us to understand howletermine how commonly the
stable and reliable these important contributorsiterhemispheric ENSO-like pattern recurs and
are to modern climate within their differing over what timescales it is present clearly is
timescales, in the face of natural and humarwarranted.
induced climate changes. The changes in atmospheric circulations
The interannual and decadal ENSO-likeand continental climate associated with the
climate variations are influential over largeENSO-like climate variations represent
areas of the PEP 1 region, and both affedemporary reorganizations of distributions of
temperatures, precipitation, streamflow, andeat and water on global scales. Because of
(presumably) soil moisture—all of which may this large scale and because of the strong
be amenable to a variety of paleoclimaticsimilarities between the influences of ENSO
reconstructions. At the same time, howeverand decadal ENSO-like climate variations on
the interannual and decadal ENSO-likethe Americas, these climate variations also
variations may vyield spatial patterns ofhave important effects on the geochemical
variation of proxies that are difficult to makeup of the atmosphere. Overall, the
separate from each other. If the analyses gfositive (El Nifio-like) CT and GR forcings are
instrumental records presented in previousissociated with drier tropical conditions in the
sections are any indication, it will be difficult Americas and mostly wetter extratropical
to use paleoclimate proxies to distinguishconditions (Figs. 5a-b and 5d-e), along with
between the two forms of Pacific climatemostly warmer temperatures (Figs. 5¢ and 5f);
variability from patterns of temperature andthese responses are part of a global pattern of
especially, precipitation proxies alone. Indeeddrier tropical lands during El Nifio-like periods
PC analyses of precipitation and streamflow irfDettinger et al. 2000). On interannual
the Americas (Dettinger et al. 2000) similarlytimescales, these influences affect vegetation
found that interannual and decadaland surface fluxes of COn ways that are
hydroclimatic variations associated Wwithobservable on global scales (Siegenthaler
ENSO-like atmospheric forcings could not be1990; Keeling et al. 1995; Dettinger and Ghil
separated orthogonally, whereas other, lesp9g). The strong similarities of effects of
influential combinations of ENSO-like and interannual ENSO and decadal ENSO-like
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climate influences in the Americas (andliterature, including the SOI, Nifio-3

elsewhere) suggest that similar ENSO-likeemperatures, and the CT index for the tropical
variations of global C® concentrations may ENSO variations, and the PDO index and so-
occur on decadal timescales. called GR index for decadal ENSO-like

Finally, the similarities between the variability. In this chapter, another pair of
influences of ENSO and decadal ENSO-likéndices is developed on the basis of a PC
climate variations on the Americas, togethe@nalysis of SOI, CT, and PDO; the resulting
with their differing timescales, ensures that”C series are closely related to CT and GR, but
sometimes CT and GR—and their respectivéhey were not formed by application of explicit
precipitation, StreamﬂOW’ and temperaturéemporai filters to separate ENSO and decadal
patterns—share the same signs and sometinfilNSO-like variations (as was GR). By
they are in opposition. When the signs of th&onstruction, the PC series are completely
indices agree, the precipitation’ StreamfiowiJﬂCOffElated with each other, to prevent double
and temperature patterns in Figures 5 and eounting of climate variations when their
can be expected to reinforce each other; wheligspective contributions to regional climate
the indices disagree, the patterns may interfeféariations are compared. The CT and tropical
and reduce the overall precipitation,PC indices are two expressions of the
streamflow, and temperature responsedropically based, dominantly interannual
Constructive and destructive influences such agdimate variations associated with ENSO.
these have been documented by Gershundwompared to the interannual ENSO signal, the
and Barnett (1998) and Gershunov et alGR and North Pacific PC indices are
(1999) over the United States and resultslominantly decadal and are expressed most
presented here indicate that similar influencefllly in the subtropics and midlatitudes of both
can be expected in many other regions ofeémispheres in the Pacific basin. A number of

North and South America. different mechanisms have been described in
the literature to explain the decadal character
Conclusions of the extratropical Pacific SST variations—

some directly related to ENSO and others
During the twentieth century, three not—and no single one of these explanations is

phenomena have dominated climate variationgreferred by the scientific community at this
in the Americas on interannual and decaddime; see the section on Sea-Surface
timescales. The ENSO phenomenon dominateemperatures earlier in this chapter for some
global climate variations on interannual€xamples of the alternatives under
timescales, and ENSO-like variations over th&onsideration.

Pacific Ocean basin and North Atlantic climate At the 500 mbar level in the atmosphere
variations dominate climate variations on(about 5 km above sea level), positive phases
decadal timescales. In this chapter, historica®f the CT and GR, and their counterpart PC
oceanic and atmospheric patterns of climatéeries, are associated with anomalously low
variability associated with ENSO and ENSO-heights (pressures) over the North Pacific at
like variations of the Pacific basin are analyzedhe climatological position of the Aleutian
and their influences on the temperatured;Ow, stronger westerly winds, and southward

precipitation, and hydrology of the Americasdiversion of westerlies and storminess across
are compared. the North Pacific basin. In the tropics, CT is

Several climate indices that reflect theassociated with the entire suite of ENSO
ENSO interannual and ENSO-like decadateleconnections and atmospheric changes; GR
climate variations have been developed in this not expressed so clearly in the tropics (as
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gauged by SSTs there). In the Southerphases, except in the same midlatitude belts of
Hemisphere, positive CT and GR, and PCs, athe two continents. Temperatures in the
associated with a dipole of 500 mb heightAmericas have tended to be warmer overall
anomalies that also shifts westerlies andluring positive phases of both CT and GR,
storminess equatorward. The spatial patternsxcept across the southeastern United States,
of 500 mb height anomalies associated witleastern United States (for GR), and parts of the
CT and GR are remarkably similar, reflectingAmazon basin.
the qualitative similarities in SST patterns Together the interannual and decadal
associated with the indices, despite theiENSO-like climate variations are related to
differing time series. The patterns ofmore than half the year-to-year variance in
atmospheric circulation changes associatedne-third to one-fifth of the temperature and
with the indices also are remarkablystreamflow series analyzed here. Present
symmetric about the Equator in the Pacificunderstanding of the processes leaves open the
sector. possibility that the interannual and decadal
Over North and South America, the SST variations derive from very different
similarities of the spatial distributions of physical processes with different timescales
climatic forcings associated with theand different vulnerabilities to long-term
interannual and decadal ENSO-like variationsxatural and human-induced changes. The
of the Pacific basin result in similar atmospheric variations and climatic con-
precipitation and streamflow patterns that arsequences for the Americas that are associated
basically symmetric about the Equator in thewith the interannual and decadal SST
western Americas, on both interannual andariations may derive from quick physical
decadal timescales. The interannual andesponses to overall SST variation that depend
decadal ENSO-like patterns of precipitationrelatively little upon which SST process is
and streamflow also are similar to each othedominant. Even if the atmosphere and
overall, although more differences arise wherontinents prove to be slavish in their
the precipitation associations with the tropicakesponses to SST variations, regardless of the
PC and North Pacific PC (which are by desigrsource of those variations, the climatic
completely uncorrelated) rather than with CTconsequences still would reflect the different
and GR (which are share some variability) areulnerabilities to change of the various SST
considered. Surface air temperature patternocesses. Thus, improved understanding of
associated with the ENSO-like climatethe processes represented by CT and GR
forcings may be somewhat less spatiallyshould be a high priority for present-climate,
similar from timescale to timescale. Wetterpaleoclimate, and climate-change researchers.
than normal conditions accompany positivet is unfortunate, then, that the strong spatial
phases of CT (El Nifos) and GR in thesimilarites between the hydroclimatic
subtropical belts of both continents; drier tharoutcomes of historical ENSO-like climate
normal conditions accompany them in much ofariations will probably impede most efforts to
tropical South America (east of the Andes) andeconstruct, separately, these two dominant
in the midlatitudes of the northwestern Unitedmodes of climate variation in the Pacific basin
States and perhaps in southernmost Southy paleoclimatic proxies from the Americas.
America. At the hemispheric scale, positiveThe results presented here, however, compare
phases of the CT (El Nifios) and GR indice€ENSO-like SST and climate variations; other
historically have resulted in more consistenmodes of SST and climate variation may be
and stronger precipitation and streamflonimportant in many locales and may be easier to
responses in the Americas than have negatiwdistinguish from ENSO and ENSO-like
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