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ABSTRACT

Two questions are addressed in this paper: whether ENSO can be adequately characterized by simple, sea-
sonally invariant indices and whether the time series of a single component—SST or OLR—provides a suffi-
ciently complete representation of ENSO for the purpose of quantifying U.S. climate impacts. Here, ENSO is
defined as the leading mode of seasonally varying canonical correlation analysis (CCA) between anomalies of
tropical Pacific SST and outgoing longwave radiation (OLR). The CCA reveals that the strongest regions of
coupling are mostly invariant as a function of season and correspond to an OLR region located in the central
Pacific Ocean (CP-OLR) and an SST region in the eastern Pacific that coincides with the Nifio-3 region. In a
linear context, the authors explore whether the use of a combined index of these SST and OLR regions explains
additional variance of North American temperature and precipitation anomalies beyond that described by
using a single index alone. Certain seasons and regions benefit from the use of a combined index. In particular, a
combined index describes more variability in winter/spring precipitation and summer temperature.

1. Background

Prior to the major El Nifio of 1997/98, Barnston et al.
(1997) published a study whose goal was to provide a
single time series, or index, that would capture the es-
sence of the El Nifio-Southern Oscillation (ENSO)
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phenomenon. The resulting Nifio-3.4 index is the de-
parture from its long-term average of sea surface tem-
peratures (SST) across the east-central equatorial
Pacific, averaged within 5°S-5°N, 170°-120°W. This
region straddled the previously defined Nifio-3 (150°—
90°W) and Nifio-4 (160°E-150°W) regions, which were
identified in the 1980s. Barnston et al. (1997) identified
the Nifio-3.4 region on the basis of the relationship
between SST and the Southern Oscillation index (SOT),
and on the basis of climate variations influenced by
ENSO, such as Atlantic hurricane activity.

Today, the Nifio-3.4 SST index and the oceanic Nifio
index (ONI), the 3-month running average of Nifio-3.4,
have become the backbone of operational monitoring
and prediction of ENSO (Trenberth 1997; Kousky and
Higgins 2007; Barnston et al. 2012; Tippett et al. 2012).
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Despite the utility of the Nifio-3.4 index, the increasing
observational record makes it clear that no single index
completely characterizes ENSO and its impacts. Other
indices complement Nifio-3.4, such as the SOI (Walker
and Bliss 1932; Van Loon and Madden 1981; Ropelewski
and Halpert 1986), the multivariate ENSO index (MEI,
Wolter and Timlin 2011), and the bivariate ENSO
(BEST) index (Smith and Sardeshmukh 2000), just to
name a few. Additionally, “ENSO flavor” indices have
been developed to distinguish between different types of
ENSO events, keying in on factors such as strength, fre-
quency, and the east—west extent of SST anomalies across
the tropical Pacific (Larkin and Harrison 2005; Ashok
et al. 2007; Kao and Yu 2009; Takahashi et al. 2011;
Furtado et al. 2012; L’Heureux et al. 2013; Johnson 2013;
Lopez and Kirtman 2013; Karnauskas 2013). All of these
indices provide additional texture to the picture of ENSO
as a multidimensional, coupled ocean—atmosphere mode
of climate variability.

One of the goals of this paper is to revisit the approach of
Barnston et al. (1997) in which ENSO was characterized
on the basis of the relationship between sea level pressure
and oceanic variables. While SST is a natural choice of
variable with which to characterize the ocean component
of ocean—atmosphere coupled variability, there are many
choices of variable for the atmospheric component. In the
tropics, the first-order thermodynamic balance is between
heating and vertical motion (Charney 1963). Ultimately,
these quantities are reflected in atmospheric convection,
which can be identified using precipitation or outgoing
longwave radiation (OLR; Stechmann and Ogrosky 2014).
Satellites provide temporally and spatially complete esti-
mates of OLR continuously since 1979, whereas rainfall
estimates based on merged satellite- and gauge-based ob-
servations are especially uncertain over the ocean (Gruber
et al. 2000; Yin et al. 2004). As such, ENSO-related con-
vection has often been identified using OLR. The use of
OLR is also attractive because atmospheric heating, in
turn, drives the global atmospheric circulation, tempera-
ture, and precipitation anomalies.

The role of tropical Pacific OLR as a driver of ENSO
impacts is highlighted in work by Chiodi and Harrison
(2010, 2013), which argues for an OLR-based classifi-
cation of ENSO. Their approach is nonlinear in the
sense that they examine the OLR pattern associated
with the warm ENSO (EI Nifo) state and do not assume
that this pattern is the opposite of the OLR pattern for
cold ENSO (La Nifia) states. For El Nifio, Chiodi and
Harrison (2013) define an eastern Pacific OLR (EP-
OLR) region (5°S-5°N, 160°-110°W) and demonstrate
that the four largest EP-OLR events in the period 1979—
2008 correspond with substantial seasonal temperature
and precipitation impacts across the United States.
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These studies, among others (e.g., Yulaeva and Wallace
1994) show that anomalies in tropical Pacific OLR
have a global-scale influence during ENSO, and there-
fore support the selection of OLR to represent the at-
mospheric component of coupled ocean—-atmospheric
variability associated with ENSO.

While other atmospheric and oceanic variables
across the tropical Pacific could be offered as a sub-
stitute or addition to SST- and OLR-based indices,
here we take a parsimonious approach with one vari-
able representing the ocean and one based on the at-
mosphere. For monthly and seasonal averages, OLR
and SST are strong candidates because they are clearly
coupled, while other tropical variables, such as winds
and atmospheric pressure, can be interpreted as mostly
the consequence of the SST-OLR relationship (e.g.,
Lindzen and Nigam 1987). Recent work by Back and
Bretherton (2009a,b) further demonstrates that low-
level convergence, and the resulting vertical motion or
diabatic heating, is primarily due to SST gradients. In
their model, the location and magnitude of SST
anomalies and gradients can largely predict where
tropical vertical motion and rainfall occurs.

A final goal of this work is to use our selected indices
for ENSO coupled variability to evaluate ENSO’s in-
fluence on North American climate. The influence of
ENSO has been established in numerous studies (e.g.,
Ropelewski and Halpert 1986), but here we examine the
question of whether an SST or OLR index by itself
provides a better description of impacts or whether the
use of a combined index represents an improvement
over each index alone. Our motivation is not to establish
the superiority of our indices, vis-a-vis other ENSO in-
dices, in explaining U.S. temperature and precipitation
variability, but to simply demonstrate how our un-
derstanding of ENSO impacts can vary depending on
whether a single constituent index is used or not.

We focus on linear techniques for capturing the re-
lationship between tropical Pacific OLR and SST, and
then for identifying connections with North American
climate. Chiodi and Harrison (2010, 2013) feature an
OLR index that represents the strongest El Nifio events
and signals over North America and is nonlinearly re-
lated to SST anomalies. There is merit in this perspec-
tive, but there are also certain advantages conferred by a
linear approach, among them is less sensitivity to sam-
pling and accommodation of all ENSO phases.

Our paper is organized as follows. After describing the
data and primarily linear methods in section 2, the lead-
ing mode of Pacific coupled ocean—atmosphere variabil-
ity is identified using a canonical correlation analysis
(CCA) between tropical Pacific SST and OLR (section
3a). The goal of the CCA is to construct an objective
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definition of ENSO as the leading mode of coupled
tropical Pacific variability. Extending the work of
Barnston et al. (1997) and others, we examine seasonal
dependencies over all 12 overlapping seasons, empha-
sizing the most robust, large-scale response in OLR and
in a relatively modern SST dataset. Regionally averaged
SST and OLR indices are identified based on their cor-
relation to the leading CCA mode. In section 3b, we show
the strength and degree of linear dependence between a
fixed, regional SST index and different regional OLR
indices. Finally, using a framework of linear hypothesis
testing and field significance identifies the relative ad-
vantage of characterizing ENSO impacts on North
American seasonal climate using either an SST or OLR
index alone or using both indices (section 3c). We con-
clude with a summary and discussion in section 4.

2. Data and methods

Monthly averaged OLR data are taken from the
NOAA interpolated OLR product available on a
global 2.5° latitude X 2.5° longitude grid (Liebmann
and Smith 1996). Monthly averaged SST is taken from
the optimal interpolation SST, version 2 (OISSTVv2;
Reynolds et al. 2002, 2007), regridded to a 2.5° X 2.5°
resolution using box averaging. Our analysis here
covers the 32-yr period from January 1982 through
November 2013. Seasonal anomalies are computed
with respect to the period 1982-2012.

For precipitation over North America (20°~70°N, 170°-
60°W), we use monthly averages of the CPC unified gauge-
based precipitation product produced on a 0.5° latitude X
0.5° longitude grid (Chen et al. 2008). Monthly averages of
near-surface temperature on the same grid are drawn from
the station-based combined Global Historical Climatology
Network and Climate Anomaly Monitoring System
(GHCN+CAMS) dataset provided by CPC (Fan and Van
den Dool 2008). For both datasets, station coverage over
much of Canada and Alaska is sparse and limited, and the
results tend to show little signal in these areas.

CCA is used to determine the patterns of the coupled
response between OLR and SST. The dimensions of the
SST and OLR fields are first reduced (Barnett and
Preisendorfer 1987) through empirical orthogonal func-
tions/principal component (PC) analysis. In this applica-
tion of CCA, approximately 70% of the original variance
is retained in each dataset so that from three to eight EOFs
are used depending on season and variable. The CCA
finds linear combinations of OLR and SST (canonical
variates) that are maximally correlated. The spatial char-
acter of the canonical variates is expressed here in the form
of homogeneous correlation maps, produced by corre-
lating the canonical variates with the original input data.
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Here, we define ““linear” as a straight line, least squares
best fit through the data. A linear regression model is
constructed to judge the impact of the predictor indices—
SST and OLR—on a predictand time series of tempera-
ture or precipitation anomalies at each North America
grid point. In the two-predictor framework, both equal
weights and unequal weights are tested, with unequal
weights determined by solving the following equation:

y = axssrior T DXorrsssT T ¢
where y is the predictand, x is the SST or OLR index,
and the weights (g, b, and ¢) are the multiple linear re-
gression coefficients.

Regression models that are ‘“‘nested,” that is, the
predictors in one are a subset of the predictors in the
other, can be compared using an F test. Here we use this
procedure to determine whether a single predictor
model (e.g., an SST index) is significantly improved by
the addition of a second predictor (e.g., some OLR in-
dex). The F statistic used is

(R581 - RSSZ)

Dy~ Py

( RSS, ) ’
n—p,
where RSS represents the residual sum of squares of
model 1 and model 2, p is the number of parameters in
each model (number of predictors + the intercept), and
n is the number of data points (number of years).

Field significance is determined as in Livezey and
Chen (1983) with a Monte Carlo simulation. The null
hypothesis distribution is simulated by generating 1000
Gaussian-distributed random time series and corr-
elating them with North American temperature and
precipitation. The percentage of cosine-weighted grid
boxes with correlations that exceed the 95% significance
level (via a Student’s ¢ distribution) is recorded for each
random time series, and the 95th percentile (N) of these
areal fractions is computed. Correlation maps with sig-
nificant areas less than N are deemed to be not field
significant. This procedure does not take into account

the strength and the spatial coherence of the observed
correlations (DelSole and Yang 2011).

F=

3. Results

a. The leading mode of tropical Pacific coupled SST
and OLR variability

A seasonally dependent CCA was calculated between
fields of tropical Pacific SST and OLR anomalies. The
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FIG. 1. Homogeneous correlation maps of sea surface temperature anomalies over the tropical Pacific (20°S-20°N, 120°E-80°W) for
3-month overlapping seasons from 1982 to 2013. The thin (thick) black contour indicates a correlation coefficient of 0.9 (0.95). The
green box indicates the Nifio-3 region (5°S-5°N, 150°-90°W) and the purple box denotes the Nifio-3.4 region (5°S-5°N, 170°-120°W;

shown at a slight offset for visibility).

components of the leading CCA mode are shown in
Figs. 1 and 2 in the form of correlation maps of SST and
OLR, respectively. As expected, correlations in SST and
OLR are largest and most widespread during the
Northern Hemisphere winter, extending across most of
the equatorial Pacific Ocean. During the Northern
Hemisphere spring and early summer [April-June
(AMJ) and May-July (MJJ)], the highest correlations
become more confined to the far eastern Pacific. This
behavior is likely related to the mean state warming in
the eastern Pacific during the spring, as the cold tongue
reaches its minimum westward extension, which sup-
ports high enough total SSTs to sustain tropical con-
vection (Gadgil et al. 1984; Zhang 1993).

An important question is to what extent does the
leading mode of coupled variability explain the total

variability. The percent of explained variance (relative
to the original data) of the leading two CCA modes is
shown in Fig. 3, with the top edge of the bar describing
the percentage associated with CCA-1 and the bottom
edge indicating the percentage linked to CCA-2. The
CCA modes, by design, optimize correlation between
SST and OLR anomalies, but there is the possibility that
they may fail to explain a substantial fraction of the total
variance. Figure 3 shows that the leading CCA mode
explains approximately 20%—-45% of the total variance
(depending on season and variable) and that this frac-
tion of explained variance is greater than that of the
second mode by a large margin except during the spring.

The leading CCA-1 mode of SST reaches a peak in
explained variance during the fall (~43%) while the
peak in OLR occurs during the midwinter (~33%).

JAS ON

D
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FIG. 2. As in Fig. 1, but for outgoing longwave radiation anomalies. The green box indicates the CP-OLR region (5°S-5°N, 170°E-140°W).
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FIG. 3. The percentage of explained variance described by the
leading two CCA modes relative to the (top) original SST or
(bottom) OLR seasonally averaged data. The upper (lower)
edge of the bar represents the explained variance described by
the leading CCA-1 (second leading CCA-2) mode of SST or
OLR.

From late summer [June-August (JJA)] to early winter
[December-February (DJF)] the separation between
the variance explained by the first two CCA modes is at
least 15%. The canonical correlations provide a measure
of the coupling between SST and OLR for each CCA
mode, and are shown in Fig. 4a. The canonical correla-
tions of the first CCA mode exceed 0.95 throughout the
year and those of the second mode exceed 0.85.

A key question is the extent to which the regions of
strongest coupling vary as a function of season, which helps
to diagnose whether a seasonally invariant ENSO index is
appropriate. Although the SST and OLR components
display some longitudinal variation in the location of
maximum correlations, overall they remain mostly consis-
tent through the calendar year. The OLR pattern exhibits
somewhat more seasonal variation than SST, especially
below the equator east of 120°W where the correlation
values are mostly not significant and switch from slightly
negative in spring to slightly negative in fall.

Since the spatial structure of the leading CCA mode
shows little variability through the year, there is the
potential to define seasonally invariant indices that
capture most of the variability of the CCA modes. In the
case of SST, natural candidates are the standard Nifio
region indices. Figures 4b and 4c assess the linear re-
lation of Nifio-3 and Nifio-3.4 with the CCA time series
and in doing so assess how well a seasonally invariant
index performs. The Nifio-3 index is more highly corre-
lated across all seasons with the leading CCA mode than
is the Nifio-3.4 index (cf. black lines in Figs. 4b,c). The
higher correlation of the Nifio-3 index is particularly
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FIG. 4. For all overlapping seasons, the (a) correlation between
the OLR and SST time expansion coefficients associated with the
leading CCA-1 (black line) and second leading CCA-2 (red line).
(b) The correlation between Nifio-3 SST and CCA-1 (black) and
CCA-2 (red) SST time series. (c) As in (b), but for Nifio-3.4 SST.

evident during AMJ and MJJ when the Nifio-3.4 corre-
lation coefficients drop below 0.75 (black line in Fig. 4c).
Nifo-3.4 shows a substantial correlation (red line in
Fig. 4c) during the spring with the second leading CCA-2
SST index, which by construction is uncorrelated with
the leading CCA mode. Thus, during the spring, the
Nifio-3.4 region captures a roughly equal linear combi-
nation of CCA-1 and CCA-2 SST modes, while Nifio-3
more faithfully represents the leading CCA-1 SST mode.
However, the Nifio-3 and Niflo-3.4 correlations with the
leading CCA-1 SST are not significantly distinct from
each other during the fall and winter seasons.

The correlation maps can help explain the differing
correlations of Nifio-3 and Nifio-3.4 with the leading
CCA mode. While Nifio-3.4 SST (5°S-5°N, 170°-120°W)
mostly covers a high correlation region (purple box in
Fig. 1), it is the Nifio-3 SST region (green box in Fig. 1)
that is slightly superior in representing coupled SST—
OLR variability year-round. Nifio-3 SST accomplishes
this by extending farther to the east during the spring
(from MAM through MIJ), capturing a larger area of
highest correlations. During the spring the Nifio-3.4 re-
gion excludes the strong coupling occurring closer to
South America that Nifio-3 includes.

The second leading CCA-2 pattern (not shown) is
reminiscent of ENSO Modoki, with an opposite-signed
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05

0.25

.PFM FMA MAM AMJ MJJ JJA JAS ASO SON OND NDJ_ DJF
—CCA-1
(b) Correlation of CCA OLR time series with EP-OLR |—ccA-2

0.5

0250

.PFM FMA MAM AMJ MJJ JJA JAS ASO SON OND NDJ DJF

FIG. 5. For all overlapping seasons, the (a) correlation between
CP-OLR and CCA-1 (black line) and CCA-2 (red line) time series.
(b) As in (a), but for the EP-OLR time series.

SST or OLR dipole between the western and eastern Pa-
cific. It has been argued that Modoki is an important and
physical mode of tropical Pacific variability in its own right
(e.g., Ashok et al. 2007). From Fig. 3, it is clear that CCA-2
explains a nonnegligible amount of variance (~5%-20%
of the original data), but its percentage of explained vari-
ance has a larger separation from that of the leading CCA-1
during most seasons. It is only during the spring or sum-
mer, when CCA-1 explains less variance, that CCA-2
begins to rival CCA-1 in importance. Spring and summer
also represent the time of year when ENSO is often in
transition, which has led some to question whether a mode
that resembles CCA-2 is physically meaningful or is an
artifact of the analysis procedure (e.g., Lian and Chen
2012; L’Heureux et al. 2013).

Similar to the SST CCA correlation maps, the region
of the OLR correlation maps associated with the largest
correlations is also largely unchanged across all seasons,
except during the period from MAM to MJJ when the
maximum correlations extend farther eastward into the
eastern Pacific Ocean (Fig. 2). On the basis of the CCA
analysis, we define the central Pacific OLR region (CP-
OLR) as the area of 5°S-5°N, 170°E-140°W to the west
of Niflo-3 (green box in Fig. 2). This is our candidate
for a seasonally invariant OLR index. The cold tongue
of SSTs across the eastern Pacific, over much of the year,
is likely responsible for the lack of collocated OLR and
SST correlations and the westward displacement of
OLR closer to the Pacific warm pool.

During all seasons except MJJ, the CP-OLR index is
well correlated (r > 0.8) with the leading CCA-1 OLR
index (Fig. 5a). Only during MJJ does the CP-OLR in-
dex become also moderately correlated with the CCA-2
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OLR index (r ~ 0.6); this is the same season when Nifio-3
and Nifio-3.4 show higher correlations with CCA-2 SST
index (Figs. 4b,c). The comparable correlation of CCA-1
and CCA-2 indices with multiple regional SST or OLR
indices is suggestive of a lack of clear separation between
the modes (North et al. 1982) during the late spring or
summer.

To compare with the previously defined Chiodi and
Harrison (2013) OLR index over the eastern Pacific
(160°-110°W; hereinafter EP-OLR), Fig. 5 also shows the
correlation of the EP-OLR index with the CCA-1 and
CCA-2 OLR indices. During most of the year, EP-OLR
is well correlated with the CCA-1 OLR index (black line
in Fig. 5b). Compared to CP-OLR (black line in Fig. 5a),
the EP-OLR index is slightly better correlated with the
leading CCA-1 OLR index during the spring (MAM
through MJJ). During the late summer through winter
(JAS through DJF), EP-OLR appears to be less corre-
lated with CCA-1 OLR relative to CP-OLR.

b. Degree of linearity between Niiio-3 SST and
regional OLR

While CCA may identify strongly correlated structures
in the data, it does not demonstrate how linear the re-
lationship is between SST and OLR. Advantages of
finding a linear relationship between indices are that all
phases of ENSO are simultaneously classified and are less
dependent on sampling. To uncover the fit between SST
and OLR, Fig. 6 shows scatterplots of the Nifio-3 SST
index and three OLR indices. The OLR indices are CP-
OLR, EP-OLR, and a third Indo-Pacific index (120°-
160°E). During ENSO, OLR anomalies over the Indo-
Pacific are typically anticorrelated with anomalies over
the central and eastern Pacific (Fig. 2). The scatterplots
reveal the different relation of the EP-OLR and CP-OLR
indices with Niflo-3 despite the correlations being about
the same. Because the relation does not look strictly linear
in all cases, a nonparametric fit or local linear regression is
used to approximate a nonlinear best fit between the two
variables. Color shading indicates the distance between
the individual month and the best-fit line.

Overall, the CP-OLR region is mostly linearly related
to Nifio-3 SST with positive Nifio-3 values (El Nifio)
linked to negative CP-OLR, and vice versa (Fig. 6). In
contrast, Indo-Pacific OLR anomalies are often positive
when Nifio-3 is positive. However, negative Nifio-3
values appear to be split between positive and negative
OLR values indicating that La Nifia events do not nec-
essarily favor enhanced convection in the region. Tighter
clustering about the best-fit line is indicative of a stronger
relationship between Nifo-3 and CP-OLR relative to
OLR over Indonesia. Though the EP-OLR region
overlaps with CP-OLR, the relationship between Nifio-3
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and EP-OLR is considerably more nonlinear. For neg-
ative Nifio-3 values, the best-fit line describes a clear
association with weakly positive EP-OLR values. For
positive Nifio-3 values, EP-OLR demonstrates consid-
erable variance, spanning from near zero to strongly
negative EP-OLR values. The strong nonlinearity arises
in part when total SSTs in Nifio-3 are near their peak,
which increases the potential of a stronger negative OLR
response in the eastern Pacific (e.g., Zhang 1993). Out of
the three regions, it is evident that the Nifio-3 SST and
CP-OLR relationship has the dual attributes of being
mostly linear and strongly related.

¢. North American impacts from a combined OLR
and Niiio-3 SST index

In section 3a, we showed that both Nifio-3 SST and
CP-OLR are strongly correlated with the leading mode
of coupled Pacific variability over nearly all seasons.
Now, we ask whether these ENSO-related indices have a
robust impact on North American climate. To answer
this question, we correlate the indices with contempo-
raneous seasonal temperature and precipitation. Even if
temperature and precipitation were unrelated to the
indices, we would expect correlations at roughly 5% of
the North American grid points to exceed the 95% sig-
nificance level purely by chance. Spatial correlation of
the temperature and precipitation fields increases the
fraction of grid points expected to display spurious cor-
relations. The Monte Carlo field significance procedure
described in section 2 is used to identify seasons during
which the fraction of grid points with significant corre-
lations exceeds that expected by chance.
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FIG. 6. Scatterplot between standardized, monthly
Nifio-3 SST index and standardized, monthly OLR
over (top left) Indonesia (5°S-5°N, 120°~160°E), (top
right) the central Pacific (5°S-5°N, 170°-140°W), and
(bottom left) eastern Pacific (5°S-5°N, 160°-110°W)
for the period 1982-2013. The local linear regre-
ssion is shown in black. Shading represents the
Euclidean distance between the local linear regre-
ssion and each point.

Figure 7 shows that for precipitation the required
fraction is 8%-10%, while for temperature it is 14%—
17%, depending on season. The greater threshold for
temperature reflects the larger spatial scale of temper-
ature variations. The top row of Fig. 7 compares the
percentage of North American grid boxes that exceed
the 5% level of local significance based on a randomly
generated white noise time series (black line), the Nifio-
3 SST index alone (red line), the CP-OLR index alone
(blue line), and an equally weighted combined CP-OLR
and Nifio-3 SST index (green line). The equally weighted
combined CP-OLR and Nifio-3 SST index is the sum of
the standardized Nifio-3 index and the negative of the
standardized CP-OLR index (or “inverted” index). One
of the more striking features shown in Fig. 7 is that the
CP-OLR index, on its own (blue line), describes slightly
more overall temperature and precipitation variability
than the Nifio-3 SST index alone (red line). While each
index is only field significant during the Northern
Hemisphere winter and spring, it suggests that the CP-
OLR index is an equally, if not slightly more, capable
descriptor of North American climate variability relative
to the Nifio-3 or Nifio-3.4 SST indices (see Fig. S1 in the
supplemental material).

This result then leads to the question of whether the
combination of two indices would provide a better de-
scription of North American climate impacts than either
the OLR or SST index alone. In the middle and bottom
rows of Fig. 7 an ‘“‘unequally weighted” combination
(the weights vary in space and by season) of CP-OLR
and Nifio-3 is shown (green line). The F test is used to
evaluate whether the addition of the second index leads
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FIG. 7. Percent area across North America for (left) precipitation and (right) temperature for each 3-month overlapping season for
1982-2013. The black line represents the percentage of boxes based on the 95th percentile of results from 1000 random time series. The
green line in the top row shows the equal weight of CP-OLR and Nifio-3. The green lines in the middle and bottom rows show the unequal
weighting of Nifio-3 or CP-OLR. Thicker green lines show when the addition of Nifio-3 or CP-OLR is field significant.

to a significant reduction in sum-squared error over the
model with just one index (see section 2). As will be
shown, the order in which the predictors are added can
lead to differences in significance. Applying the same
significance thresholds (black line), the solid, thick
portion of the line shows when the inclusion of a second
index is field significant, while the thin, dashed portion
shows when it is not.
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Our analysis suggests that, yes, the unequally weighted
combination of the two most coupled tropical Pacific
OLR-SST regions provides a better description for cer-
tain regions and seasons. In particular, we show that the
addition of Nifio-3 SST to the CP-OLR index alone is
better suited to describing precipitation variability during
JFM through AMJ than the CP-OLR index alone (Fig. 7;
bottom-left panel). The converse is also true, meaning
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that addition of CP-OLR to the Nifio-3 SST index alone
provides an improvement in those same seasons (Fig. 7;
middle-left panel). For temperature, the combination
index provides significant explanatory power during JJA
through ASO, no matter whether the Nifio-3 SST or CP-
OLR index is added second (Fig. 7; middle- and bottom-
right panels).

Notably, there are several more field significant sea-
sons when CP-OLR is added as a second predictor to
Nifo-3 SST (cf. thick green lines in Fig. 7; middle and
bottom rows). Therefore, a combined SST-OLR index
offers more improvement over using the Nifio-3 SST
index by itself, than when it is stacked up against just the
CP-OLR index. This further substantiates the finding
that, on its own, the CP-OLR index is a relatively more
capable descriptor of overall seasonal North American
climate variability than Nifio-3 SST index alone.

So, which regions in North America are better explained
by the addition of the CP-OLR or Nifio-3 SST index to the
single index? Figures 8 and 9 show the influence of these
unequal weighted indices on precipitation and tempera-
ture, respectively. Here, we focus on those seasons that are
field significant irrespective of the ordering of the pre-
dictors: JFM—-AM]J precipitation and JJA-ASO tempera-
ture. The shaded regions depict locally significant
explained variance (r* X 100) based on the correlation
using CP-OLR only (left column) or Nifio-3 SST only (right
column) with warm and cool colors expressing the sign of
the correlation coefficient between the index and the field.
Superimposed on the color shading are contours that show
the additional explained variance using the combined in-
dex, or inclusion of Nifio-3 SST as a second predictor to CP-
OLR (left column) and vice versa (right column). Thicker
(thinner) contours indicate positive (negative) correlation
coefficients between the second predictor and the field.
Here the OLR index has been multiplied by —1 (inverted)
so that positive OLR anomalies represent greater convec-
tion, allowing its anomaly sign to be consistent with, rather
than opposite from, that of SST.

It is clear from Fig. 8 that, during the winter and spring,
the combination SST-OLR index provides more expan-
sive coverage of precipitation variability over the western
and eastern United States than the CP-OLR index alone
(left column) or over Mexico, New Mexico, and Texas
relative to the Nifio-3 SST index alone (right column).
Thus, if the CP-OLR index were used by itself, it would
not capture as much precipitation variability over the
eastern and western United States as a combined index
would. Likewise, if the Nino-3 SST index were used in
isolation, it would miss potential precipitation impacts
over Mexico, New Mexico, and Texas that a combined
index captures. In general, El Nifio (La Nifia) contributes
to an increase (decrease) in precipitation over the
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southern tier of the United States as documented in nu-
merous studies (e.g., Ropelewski and Halpert 1986;
Schonher and Nicholson 1989).

From Fig. 9, it is apparent that during the summer, the
combined index describes more temperature variability
over portions of central Canada, Newfoundland, and the
western United States than the CP-OLR index alone
(left column) and compared to the Nifio-3 SST alone
(right column). Again, the CP-OLR index on its own is
linked to more widespread temperature variability than
Nifio-3 alone (cf. shading between left and right col-
umns). Unlike precipitation though, many of the same
regions are better described by the addition of a second
index (contoured area), regardless of whether it is Nifio-3
SST (left column) or CP-OLR (right column). During
JJA and JAS, a combined index explains more vari-
ance over the western United States, with El Nifio (La
Nifa) related to below-average (above average) tem-
peratures. During JAS and ASO, temperature over
central Canada and Newfoundland is better captured
by a combined index as well; also generally related
to below-average (above average) temperatures
during El Nifio (La Nifia). However, over central
Canada during JAS, the sign of the correlation co-
efficient depends on whether the CP-OLR or Nifio-3
SST index is used.

Given that the EP-OLR index is slightly better cor-
related with the leading CCA-1 OLR index during cer-
tain seasons, we also examine field significance using
EP-OLR instead of CP-OLR in Fig. 10. Comparing it
with Fig. 7, it is apparent that CP-OLR alone overall
describes more seasonal North American climate vari-
ability than EP-OLR alone (blue line in Fig. 10). In
addition, during most seasons, the Niflo-3 SST index
alone appears to exceed the number of correlated areas
associated with EP-OLR alone. Together, the combined
index of EP-OLR and Nifio-3 SST does not significantly
explain additional temperature or precipitation vari-
ability relative to either index alone. The lone exception
is during the summer seasons when it appears that the
addition of EP-OLR to Nifio-3 SST describes more
precipitation variability (Fig. 10, middle-left panel).
However, the converse situation reveals no such benefit
using a combined index (Fig. 10, bottom-left panel) and
either index alone is insignificant during the summer
seasons. Therefore, using the CP-OLR index is more
effective to describe linear impacts. On the other hand,
Chiodi and Harrison (2013) show that the EP-OLR is
able to identify strong El Nifilo events when eastern
Pacific SSTs warm up enough to trigger convection. It is
during these strong El Nifios when impacts over the
United States become more significant (e.g., Larkin and
Harrison 2005; Goddard and Dilley 2005).
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Addition of Nifio-3 (contour) to CP-OLR only (shading) Addition of CP-OLR (contour) to Nifio-3 only (shading)
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FI1G. 8. Correlation coefficients squared (X 100) show the percentage of explained variance between the linear
regression model predicted and observed precipitation over North America for JEM-AMJ. Shaded regions show
the one-predictor model based on (left) the CP-OLR-only index or (right) the Nifio-3-only index. Black/green
contours show where the unequal weighted two-predictor model (Nifio-3 SST or CP-OLR) explains additional
variance beyond the one-predictor model. Black (green) contours show 10% (20%) additional explained vari-
ance. Thicker (thin) contours indicate positive (negative) correlations between the anomalies and second pre-
dictor. Reddish (bluish) color shading also indicates where the Nifio-3 SST (at right) or CP-OLR (at left)
correlation coefficient is positive (negative). Only areas that are statistically significant are displayed.
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Addition of CP-OLR (contour) to Nifio-3 only (shading)
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F1G. 9. As in Fig. 8, but for temperature over North America for JJA-ASO.

4. Summary and discussion

Our approach defines ENSO as the leading coupled
pattern of tropical Pacific variability using OLR and
SST. After creating combined indices based on the sig-
nificantly coupled, seasonally invariant regions of OLR
and SST, we correlate these indices with North Ameri-
can climate. Historically, the Nifio-3.4 SST index has
been used as the primary index to assess the status and
prediction of ENSO. Our goal was to assess whether
important ENSO impacts over North America are
missed when an SST or OLR index is used in isolation
and whether a combined index is required to represent
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these impacts. Our main results are briefly summarized
as follows:

1) After coupled tropical Pacific SST-OLR regions are
established using the leading CCA, it is the Nifio-3
SST region that emerges as better coupled with
OLR overall. However, the benefit of using this
region arises only during the spring seasons (AMJ
and MJJ) when coupling shifts farther east, as the
other seasons are equally well correlated with Niflo-
3.4 SST.

2) The central Pacific (CP) OLR region is well
correlated with the leading CCA mode. The
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FIG. 10. As in Fig. 7, but for EP-OLR.

relationship between the CCA index and the On its own, CP-OLR appears to slightly edge the

eastern Pacific (EP) OLR region is weaker during Nifio-3 SST index in describing North American
most seasons, and the EP region is not as linearly climate.

related to SSTs as the CP OLR region, especially

during La Nifia. Given these results, should the operational Nifio-3.4

3) The unequally weighted combined index of Nifio-3 SST index be abandoned and replaced with the Nifio-3
SST and CP-OLR explains more North American SST or CP-OLR indices? From the perspective of ob-
precipitation variability from JFM through AMJ and taining the most significantly coupled regions in the
more temperature variability during JJA and ASO. tropical Pacific, Nifio-3.4 SST easily rivals Nifio-3 SST in
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nearly all seasons except for the spring. From the
standpoint of using an ENSO index that best describes
North American climate, the impacts associated with
Nifio-3.4 SST, or its combination with CP-OLR, do not
describe significantly more variance in North American
climate than its Nifio-3 counterpart, with the exception
of precipitation variability during JJA and JAS (cf.
Fig. S1 and Fig. 7). On the whole, the currently opera-
tional Nifo-3.4 SST index is related well enough to
tropical Pacific OLR and North American impacts to be
an effective index in monitoring and prediction. How-
ever, the results here suggest that CP-OLR should be
added to the suite of operational ENSO indices, along
with a possible combined index. While not investigated
in this paper, the implication is that CP-OLR provides a
more direct link between heating in the tropical Pacific
and the teleconnections that eventually impact North
America. More work is clearly needed to better
understand the seasonal-to-interannual predictability
and prediction of OLR, which has historically been
focused primarily on SSTs.

One downside to the unequal weights combined index
presented here is that the weights vary spatially making
the practical application of such a combined index
challenging. In operations, a single combined index of
SST and OLR would be a more ideal way to ascertain
North American climate. As part of future work, pre-
cipitation and temperature could be reduced to principal
components (PCs) that explain some fixed percentage of
total variability. Then a CCA of the PCs and the tropical
Pacific indices of OLR and SST could be calculated in
order to obtain a set of weights. The stability of these
weights and degree to which the combined index re-
produces the scale of the impacts identified in this study
would need to be evaluated.

The primary advantages of providing the linear per-
spective offered within this paper are that such linear
relationships are versatile, easily adopted to many ap-
plications, and withstands greater sampling uncertainty.
For example, in the nonlinear example shown in Fig. 6,
the best fit between EP-OLR and Nifio-3 SST can
change with the removal of less than a dozen months
with positive Nifio-3 index values. Add the significant
internal noise of the middle-to-high latitudes (e.g., Deser
etal. 2012) to this uncertainty, and then one can envision
how subsetting the historical record into much smaller
sample sizes can lead to significant sampling error.
Within a 30-yr record, there are often less than 10 El
Nifio or La Nifia events and changes in the interannual
variability of ENSO from decade to decade can be
considerable (Wittenberg 2009; Newman et al. 2011; Hu
etal. 2013). However, the classification of a separate EP-
OLR index, as Chiodi and Harrison (2010, 2013)
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demonstrate, can capture significant nonlinear impacts
that arise from strong El Nifios.

While limited sampling does not preclude investigation
of nonlinear impacts on the United States, it does argue
for additional methodologies to bolster confidence, such
as extending the length of the historical OLR record or
supplementing observational-based analysis with model
simulations, which can provide many more realizations.
However, the fidelity of the models to capture the phys-
ical linkages between tropical Pacific OLR and SSTs and
North American climate might be hampered by common
cold tongue and double ITCZ biases (Mechoso et al.
1995; Lin 2007). To reduce these errors, large ensembles
(e.g., Deser et al. 2014) along with flux corrections (Dai
2006; Magnusson et al. 2013) may increase the reliability
and confidence in the model representation of tropical
Pacific convection and more robustly confirm nonlinear
teleconnections with North America.
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