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Abstract

The prominence of nonlinearities in the response to El Nifio as compared to La Nifia, to moderate El Nifio events as com-
pared to extreme El Ninfio events, and to different flavors of El Nifio events, are analyzed using the NASA Goddard Earth
Observing System Chemistry-Climate Model. In the Central North Pacific region where the sea level pressure response to El
Nifio-Southern Oscillation (ENSO) peaks, nonlinearities are relatively muted. In contrast, changes to the east of this region
(i.e. the far-Northeastern Pacific) and to the north of this region (over Alaska) in response to different ENSO phases are more
clearly nonlinear, and become statistically robust after more than 15 events are considered. The relative prominence of these
nonlinearities is related to the zonal wavenumber of the tropical precipitation response. Associated with these nonlineari-
ties over the far-Northeastern Pacific are nonlinearities in precipitation over Western United States and surface temperature
over Northwest North America and Midwestern United States. In all regions at least 15 events of each type are necessary
before nonlinearities can be identified as statistically significant at the 95% confidence level due to the presence of internal
atmospheric variability. As there have only been a similar number of ENSO events to the total needed for significance since
1920, it is not surprising that it has been difficult to establish statistically significant nonlinearities using observational data.

Keywords Central Pacific ENSO - ENSO Teleconnections - Nonlinearities

1 Introduction

The El Nifo—Southern Oscillation (ENSO) is the largest
source of interannual variability in the Tropics, and man-
ifests as anomalous sea surface temperatures in the East-
ern and Central Pacific Ocean. El Nifio (EN), the phase
with anomalously warm sea surface temperatures in this
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region, has been shown to impact surface climate around
the globe. While in a qualitative sense the Northern Hemi-
sphere response to EN in boreal winter and spring over
North America has been known for several decades (Bjerk-
nes 1969; Horel and Wallace 1981; Mo and Livezey 1986;
Ropelewski and Halpert 1987; Sardeshmukh and Hoskins
1988; Halpert and Ropelewski 1992; Trenberth et al. 1998)
and includes warm wintertime temperatures over Northwest-
ern North America and excess precipitation over the south-
ern United States, there are several open questions.

No two EN events have identical sea surface temperature
(SST) anomalies, and hence the teleconnections from each
event may differ due to differences in either the location of
peak convective anomalies or in the strength of the underly-
ing event. While stronger EN events should be expected to
induce a stronger tropical/subtropical Rossby wave source
(e.g. Frauen et al. 2014), identical sea surface temperature
anomalies located in different regions will not, in general,
lead to the same tropical rainfall response due to the exist-
ence of a minimum threshold for deep convection (Chiodi
and Harrison 2013; Frauen et al. 2014; Johnson and Kosaka
2016). This asymmetric tropical rainfall response, could in
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principle drive nonlinearities in the extratropical troposphere
(Hoerling and Kumar 1997; Hoerling et al. 1997, 2001).

Whether nonlinearity—i.e. a response not proportionate
with the underlying tropical SST forcing—is in fact pre-
sent in the extratropical response is not clear. While the
observational composites of Hoerling and Kumar (1997)
clearly show evidence for nonlinearity between EN and La
Nifia (LN), the observational composites of DeWeaver and
Nigam (2002) which sample a different period, and those
of Deser et al. (2017) and Deser et al. (2018) which sample
the period 1920 to 2013, exhibit weaker nonlinearity. This
difference could be due to decadal variability, though it is
not clear whether this decadal variability is forced (Gers-
hunov and Barnett 1998; Zhou et al. 2014) or reflects inter-
nal atmospheric variability. Relatedly, Deser et al. (2017)
and Deser et al. (2018) argue that many of the purported
“nonlinearities” in ENSO teleconnections may in fact be an
artifact of internal variability, and that there have not been
enough events in the observational record to fully establish
the details of the North Pacific response forced by ENSO.
Namely, if one subsamples observed sea level pressure pat-
terns from all ENSO events since 1920, the North Pacific
response to a given ENSO phase can differ by a factor of
two depending on which specific events are included in
the subsample. This difference is not due to differences in
the strength of the underlying ENSO events sampled, and
is rather likely due to internal variability. Hence, apparent
nonlinearities in the response to EN vs. LN and between
moderate vs. strong events may in fact be an artifact of the
still-short observational record (~ 20 EN and 14 LN events
are considered in the studies of Yu et al. 2012; Deser et al.
2017). Kumar and Chen (2017) also highlight the role of
internal atmospheric variability for the apparent failure of
seasonal forecasts for United States West Coast precipitation
during the very strong EN of 2015/2016. The difficulty in
isolating nonlinearity in the presence of large internal vari-
ability is consistent with early work using idealized models:
the extratropical response to ENSO is driven in large part by
a positive feedback from extratropical transients (Held et al.
1989) and extraction of energy from zonal asymmetries in
the extratropical basic state (Simmons et al. 1983; Branstator
1985), and both of these features involve internal extratropi-
cal dynamics and are inherently noisy.

Even if one considers equally strong EN events, there is
an additional source of inter-event variability: the degree to
which strong sea surface temperature anomalies extend into
the Central Pacific. Specifically, several papers have argued
that the atmospheric response to EN events that peak in the
central equatorial Pacific (CP EN events), also called date-
line or Modoki EN events (Larkin and Harrison 2005; Ashok
et al. 2007), differs from that in response to EN events that
peak in the eastern equatorial Pacific (EP EN events; see
the recent review by Capotondi et al. 2015). While all EN
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types lead to a deepened Aleutian low (Weng et al. 2009;
Yu and Kim 2011), it has been suggested that central Pacific
(CP) EN leads to a westward and southward displacement of
the deepened Aleutian low and different impacts on United
States precipitation and temperature (Larkin and Harrison
2005; Weng et al. 2009).

However, the extratropical response to CP is not robust
across the various CP definitions that have been proposed:
for example, the precipitation anomalies over the United
States in response to CP EN differ between the studies of
Weng et al. (2009) and Larkin and Harrison (2005), the tem-
perature anomalies over the United States in response to CP
EN differ between the studies of Larkin and Harrison (2005)
and Johnson and Kosaka (2016) (see also Yu et al. 2015),
and the upper tropospheric height patterns in Garfinkel et al.
(2013) for a range of CP definitions are qualitatively differ-
ent. It is unclear whether these differences actually reflect
a forced response to the slightly different sea surface tem-
perature patterns during the events composited, or are due
to unforced variability that happened to be present in the
years composited (Garfinkel et al. 2013; Deser et al. 2017).
Furthermore, many ENSO events cannot be cleanly labeled
either EP or CP (Johnson 2013; Capotondi et al. 2015), and
thus for any CP/EP definition there will be ambiguities as
to how to classify marginal events (and the specific years
deemed marginal in turn depends on the CP/EP definition
adopted, Garfinkel et al. 2013). Finally, CP EN events tend
to be weaker than EP EN events (Capotondi et al. 2015),
and it is conceivable that the relatively weak teleconnective
response to CP EN (Yu et al. 2015) may be due to the rela-
tive strength of the underlying events as opposed to differ-
ences in the spatial distribution of sea surface temperature
anomalies.

Despite all these difficulties in isolating nonlinearities
in the observed extratropical response to ENSO, nearly
all modeling experiments with a large enough sample size
have succeeded in identifying nonlinearities (e.g. Hoerling
et al. 1997, 2001; Hoerling and Kumar 2002; Garfinkel et al.
2013; Frauen et al. 2014; Johnson and Kosaka 2016), though
with the caveat that the nonlinearities tend to be weak in
comparison with internal variability and are only identifi-
able upon averaging over many events (Hoerling and Kumar
2002; Garfinkel et al. 2013). This motivates the following
two questions: (a) In what regions will nonlinearities first
begin to become identifiable above the noise as sample sizes
increase? (b) How large of a model ensemble is necessary
before these nonlinearities manifest themselves?

We answer these questions by first identifying the non-
linear responses to ENSO in an ensemble of 42 integrations
using the Goddard Earth Observing System Chemistry-
Climate Model (GEOSCCM; Rienecker et al. 2008; Oman
and Douglass 2014) in the North Pacific and North Ameri-
can sectors. We then consider how many events must be
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averaged together before these nonlinearities emerge from
noise. In all cases, we consider the following three forms
of nonlinearity or differences among ENSO flavors: (1)
antisymmetry between EN and LN; (2) a disproportionately
stronger response for a stronger event; and (3) differences in
impact between CP and EP events.

After introducing the data and methods in Sects. 2 and
3, we demonstrate that nonlinearities in the central North
Pacific response to ENSO, where the SLP response to ENSO
peaks, are only robust upon averaging over several dozens of
events (Sect. 4.1). In contrast, nonlinearities are more sali-
ent to the north and east of this region (Sect. 4.2), and also
over select populated regions of North America (Sect. 5),
after averaging only 10-20 events. These nonlinearities in
the SLP response account for nonlinearities in the surface
temperature and precipitation response over North America.
All of these nonlinearities can be traced back to the wave-
number spectrum of the tropical precipitation anomalies.
After discussing the implications for the observed response
to ENSO (Sect. 6), we summarize our results.

2 Data

The foundation of this study is an ensemble of simulations
conducted using the GEOSCCM. This model couples the
GEOS-5 (Rienecker et al. 2008; Molod et al. 2012) atmos-
pheric general circulation model to the comprehensive
stratospheric chemistry module StratChem (Pawson et al.
2008). The model has 72 vertical layers, with a model top at
0.01 hPa, and all simulations discussed here were performed
at 2° latitude X 2.5° longitude horizontal resolution. The
model spontaneously generates a QBO (Molod et al. 2012).
An enhanced stratospheric resolution has been shown to be
crucial for a correct stratospheric and Eurasian response to
ENSO (Bell et al. 2009; Cagnazzo and Manzini 2009; Hur-
witz et al. 2014), and we consider nonlinearities in these
regions in a follow-on paper. Fine stratospheric resolution is
likely less important for the North Pacific and North Ameri-
can response (e.g. Bell et al. 2009). 42 ensemble members
covering the period 1980 to 2009 are analyzed, and all
impose observed SST variations globally. Full details of the
model ensemble are included in Garfinkel et al. (2017).

By forcing the model with historical SSTs, we allow
for a more natural comparison to the observed response to
ENSO as compared to simulations with annually repeating
identical SST anomalies [as analyzed by Garfinkel et al.
(2013)] or idealized SST patterns (Frauen et al. 2014; Hegyi
et al. 2014). However we acknowledge that the imposing
of SSTs violates energetic constraints and does not allow
for the generation of self-consistent SST anomalies and

teleconnections. Hence it is worth revisiting all conclusions
we make in this paper in a different model configuration.

Model output is compared to meteorological fields from
MERRA (Modern-era retrospective analysis for research and
applications; Rienecker et al. 2011) reanalysis, precipitation
from the GPCP v2.3 (updated from Adler et al. 2003), and
surface air temperature from Berkeley Earth (updated from
Rohde et al. 2013).

3 Methods

ENSO events are identified based on the November through
February (NDJF) seasonal mean SST anomalies in the
ERSSTv5 dataset (Huang et al. 2017) with a 1981-2010
base period. EN events are identified when SST anomalies
in the Nifio3.4 region (5S-5N, 170W-120W), are larger than
0.5 K, and LN events are identified when SST anomalies
in this region are more negative than — 0.5 K. EN and LN
events are further categorized into four groups similar to
Hurwitz et al. (2014): Eastern Pacific (EP) EN, characterized
by positive SST anomalies in the Nifio-3 region (5S-5N,
210E-270E), and Central Pacific (CP) EN, characterized
by positive SST anomalies in the Nifio-4 region (5S-5N,
160E-210E), as well as EP and CP LN events, character-
ized by negative SST anomalies in the same two regions. EP
EN events are identified when the Nifio-3 anomaly is 0.1 K
larger than the corresponding Nifio-4 anomaly. Similarly, EP
LN events are identified when the Nifio3 anomaly is 0.1 K
less than the Nifio-4 anomaly. CP EN and CP LN events are
identified analogously. All remaining years, either because
they are neutral ENSO or because the Nifio-3 and Nifio-4
anomalies are within 0.1K of one another, are categorized as
“other events”. We emphasize that the “other events” com-
posite includes events that are difficult to classify unambigu-
ously as EP or CP due to relatively similar anomalies in the
Nifio-3 and Nifio-4 regions despite having strong anomalies
in the Nifio-3.4 region (e.g. 2002/2003 and 2006/2007). The
years included in each composite are listed in Table 1. As
the response to CP LN and EP LN are not robustly different
in these integrations despite the availability of hundreds of
model-seasons (as shown below in select figures), we com-
bine these two composites, as well as LN years that can-
not be unambiguously classified as either EP or CP, into a
single LN composite for most of our figures. Composited
anomalies during EP and CP events depend on the specific
definition adopted, however the two years identified herein
as CP EN (1994/1995 and 2004/2005) are so classified for
nearly all CP definitions (e.g Garfinkel et al. 2013; Johnson
and Kosaka 2016), and much of the uncertainty discussed
by Garfinkel et al. (2013) arises from the decision on how
to classify marginal events which in our study fall into the
“other events” composite.
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Table 1 Events composited for

¥ Composite
GEOSCCM and observations

Years

EP El Nifio
CP El Nifio
EP La Nina
CP La Nifia

1982/1983, 1986/1987, 1991/1992, 1997/1998

1994/1995 and 2004/2005

1984/1985, 1985/1986, 1995/1996, 1999/2000, 2005/2006, 2007/2008
1983/1984, 1988/1989, 1998/1999, 2000/2001, 2008/2009

The two EP El Nifio seasons in bold form the moderate EP EN composite

When considering the linearity of ENSO teleconnec-
tions, we stratify years by their SST anomalies in the
Nifio3.4 region during NDJF for simplicity. However, we
acknowledge that the choice of which single index is most
closely associated with the extratropical response likely
depends on the specific extratropical region examined (L
Heureux et al. 2015; Yu et al. 2015). The supplement con-
siders sensitivity to stratifying EP events by the Nifio-3
anomaly and CP events by the Nifio-4 anomaly.

As we would like to discern whether differences in the
response to EP EN and CP EN are due to differences in the
position of tropical convection and not due to differences
in event amplitude, we further divide the EP EN composite
into “extreme” events (i.e. 82/83 and 97/98) and “moder-
ate” events (i.e. 1986/1987, 1991/1992). Note that SST
anomalies in the Nifio3.4 region are still ~ 30% stronger
for the moderate EP EN events than for the CP EN events.

Most ENSO events peak in the late fall or early win-
ter, and decay by the following spring. However the peak
response in California precipitation occurs only in late
winter and early spring (Jong et al. 2016). In addition, the
peak lower-stratospheric response in observations (Man-
zini et al. 2006; Garcia-Herrera et al. 2006), in previous
modeling studies (e.g. Cagnazzo et al. 2009), and in the
model experiments described in this paper only occurs
in late winter (not shown), and hence we consider the
response separately from December through February and
in early spring (March and April).

Anomalies are computed as follows. A monthly clima-
tology over the full duration of each model experiment,
reanalysis product, and observational dataset is computed,
and is then subtracted from the raw fields to generate
monthly anomalies. All anomalies are then detrended by
removing the linear trend over the period 1980 through
2009.

Statistical significance for the anomalies in a composite
relative to climatology and for the difference between two
composites is computed using a two-tailed Student-t test
at the 95% confidence level. For figures showing maps of
anomalies, stippling indicates grid boxes that are not sig-
nificant based on a false discovery rate of 10% following
Wilks (2016). Statistical significance of the difference in
slope between regression lines computed for two different
ENSO types is computed by considering the interaction term
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when both types are included in the same regression analysis
(pp- 220-228 of McDonald 2014).

4 ENSO effect in the North Pacific

We begin with composites of sea level pressure (SLP) and
precipitation using all 42 available simulations for 4 different
categories: moderate EP EN, CP EN, extreme EP EN (97/98
and 82/83), and LN (Figs. 1, 2). All three EN composites
show the canonical wavetrain pattern in the Western Hemi-
sphere, with a low in the Northeastern Pacific, a high over
Canada, and a low near the Eastern United States (Fig. 1),
and all show enhanced precipitation in the Tropical Pacific
(Fig. 2). SLP and tropical precipitation anomalies in the LN
composite are to zeroth order opposite to those in the EN
composites. However the location of the nodes and extrema
of the wavetrain pattern in SLP differ among all four com-
posites, and we turn our attention to these deviations. We
first discuss changes in the North Central Pacific where the
response to ENSO maximizes (red box on Fig. 1), and then
discuss the response further north and further east ( blue and
green boxes on Fig. 1).

4.1 SLP in the North Central Pacific

We first focus on the longitude of the extrema in the North-
central Pacific (red box on Fig. 1). The extrema in tropical
rainfall anomalies are shifted into the Central Pacific dur-
ing CP events as compared to EP events (Fig. 2), and hence
one might expect that the peak North Pacific response is
farther to the west for CP EN as compared to EP EN. We
now test this hypothesis. For each integration and each
ENSO composite we compute the longitude of the extrema
(minimum for EN and maximum for LN) in sea level pres-
sure anomalies in the North Pacific averaged between 40N
and 56N. While the longitude of the peak response for
LN and CP EN are indistinguishable, the extrema during
both CP EN and LN is approximately 15° further westward
as compared to EP EN when averaged across the entire
ensemble (~ 185E versus ~ 200E). However, the peak
longitude in any given member of the ensemble can differ
by more than 50° from the ensemble mean location for a
given composite due to internal atmospheric variability,
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Sea level pressure composites
CP EI Nino

moderate EP El Nino

Fig. 1 Sea level pressure response to ENSO in GEOSCCM. The con-
tour interval is 1 hPa. A red box demarcates the region shown in the
left column of Fig. 4, a green box demarcates the region shown in
the middle column of Figs. 4 and 5a, while the blue box demarcates
the region shown in the right column of Figs. 4 and 5b. a, b EP El
Niflo events excluding those in 1982/1983 and 1997/1998; ¢, d CP
El Niflo events; e, f 1982/1983 and 1997/1998; g, h La Nifia. (Top)

and this internal variability is larger than the difference in
the forced response between EP EN and CP EN. Only upon
averaging many samples can the internal variability be
averaged out to uncover differences in the forced response.
We quantify the emergence of the forced signal, and spe-
cifically the number of individual winters needed before
this forced response becomes robust, as follows. We boot-
strap with replacement the longitude of the peak North
Pacific response for a subsample of the full 42-member
ensemble, with the size of the subsample increasing from
5 randomly selected events up to 75 randomly selected
events for each ENSO category. We create 2000 such boot-
strapped subsamples for each subsample-size. We then
compute the mean and the top and bottom 2.5% quantiles
without making any assumption on the nature of the dis-
tribution, and hence form 95% confidence intervals of the
response. This allows us to quantify how the uncertainty
in the location of the North Pacific response decreases as
the number of events averaged together increases (Fig. 3a),

extreme EP El Nino

hPa

December through February and (bottom) March and April. The zero
line is thick black. Statistical significance is computed using a two-
tailed Student’s t test using all 42 integrations with a 95% confidence
threshold, and stippling indicates grid boxes that are not significant
based on the use of a false discovery rate of 10% following Wilks
(2016)

and when 95% confidence intervals do not overlap then we
consider the response to be statistically significant (note
that if one assumes a normal distribution, some overlap
can occur yet the difference of the means is still statisti-
cally significant). Approximately 25 individual events are
necessary before the difference in peak longitude between
moderate EP EN (the red line) and CP EN (black line)
in Fig. 3a becomes statistically significant. A similar but
weaker nonlinearity is also present between extreme EN
and moderate EP EN events (compare red and magenta
lines in Fig. 3a), as approximately 55 events are necessary.
The implications of this result for the observed response
to ENSO are discussed in Sect. 6.

We now consider the linearity of the amplitude of the
extrema in SLP in the North Pacific. Figure 1 suggests
that the magnitude of the peak midlatitude SLP response
is weaker in the CP EN composite as compared to EP
EN, and we quantify in Fig. 3b how many events are
needed in order for the relative weakness of the North
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Precipitation, Dec—Feb
moderate EP EIl Nino

160°W  130°W 100°W  70°W

CP El Nino

160°W 130°W 100°W 7

extreme EP EIl Nino

170°E

130°W  100°W  70°W

La Nina

160°W

70°W
-4 -2 0 2 4
mm/day

170°E  160°W 130°W 100°W

Fig.2 Precipitation anomalies (mm/day) in the GEOSCCM integra-
tions in December-February. The contour interval is 0.4mm/day. Red
and blue boxes demarcate regions shown in Figs. 5 and 8. The zero
line is thick black. Statistical significance is computed using a two-
tailed Student’s t test using all 42 integrations with a 95% confidence
threshold, and stippling indicates grid boxes that are not significant
based on the use of a false discovery rate of 10% following (Wilks
2016)
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Pacific response during CP EN to become robust. For this
panel we calculate the peak response separately for each
ensemble member and ENSO composite in order to isolate
where the response peaks. At least 75 events, or essentially
the entire ensemble, need to be averaged together before
the difference between CP EN and EP EN is statistically
significant.

Can the weakness of the CP EN North Pacific response
be linked quantitatively to the relative weakness in the
underlying tropical forcing? To answer this, we present
in Fig. 4a, b the SLP response in the central North Pacific
averaged over the region indicated with a red box in Fig. 1
for each event for all 42 model integrations. Each sea-
son is stratified by its Nifio3.4 anomaly, and the range of
responses across all 42 ensemble members (each ensemble
member is a dot), the response in the MERRA reanalysis
(a diamond), and the ensemble mean (a large x), is shown.
We then compute the linear best-fit regression line for all
data points, and if the difference in slope between the
regression line for CP and EP events is statistically signifi-
cant, we list the slope separately for each. Supplemental
Figure 1 is comparable but SSTs in the Nino3 region are
used to characterize the strength of EP events and SSTs in
the Nino4 region are used to characterize the strength of
CP events. In both winter and spring, the slope of the best-
fit regression line is actually steeper for CP events than for
EP events (Fig. 4a, b). In other words, a given change in
SSTs in the tropical Pacific leads to a stronger response
for CP events than for EP events. Hence, the weakness of
the CP EN North Pacific response is linked to the relative
weakness in underlying tropical forcing, and not to pecu-
liarities in the location of the SST forcing.

Next, we consider linearity between EN and LN events:
is the central North Pacific response to an EN event equal
and opposite to that of a LN event of comparable strength?
Nonlinearity can be deduced by considering whether there
are systematic differences between the ensemble mean
response from the best-fit line for EN or LN events in
Fig. 4a, b. As there is no indication of any such systematic
differences in either Fig. 4a or Fig. 4b, there is no evidence
for nonlinearity in the Central North Pacific, in agreement
with Frauen et al. (2014, see their Figure 11). Finally, the
blue lines on Fig. 3, which correspond to LN, fully overlap
the CP EN response (shown with black lines), and hence
confirm that there is no nonlinearity between EN and LN.

In conclusion, the differences in the region of strongest
response in the North Pacific are only weakly nonlinear:
the only nonlinearity that is salient with fewer than 55
individual events are differences in the location of peak
SLP response (if more than ~ 25 events of each type are
considered, the westward displacement of the CP EN
response and the eastward displacement of the extreme
EP response becomes robust). There are no indications of
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180E to 220E (red box on Fig. 1); ¢, d 40N to 56N and 220E to 240E
(green box on Fig. 1); e, f 52N to 72N and 190E to 240E (blue box
on Fig. 1). (Top) December, January, and February; (bottom) March
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is shown in each panel, and the slope is indicated. If the slope for EP
and CP events are statistically significantly different, then we show
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Central Pacific

the slope for each composite separately in blue (for EP) and black (for
CP). The ensemble mean response is indicated with a large x, and
each integration with a dot. The response in MERRA reanalysis is
shown with a diamond. Each integration has been linearly detrended
before the anomalies associated with each event are computed (see
Sect. 3). Note that there are winters with nearly identical mean NDJF
anomalies (e.g. the La Nina events in 1999/2000 and 2007/2008),
which leads to near overlap in this figure for such winters
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any deviations from antisymmetry between LN and (CP)
EN in our GEOSCCM ensemble.

4.2 SLP in the Northeastern Pacific and Alaska

We now demonstrate that nonlinearities in the SLP response
to ENSO are more salient outside of the region of strong-
est response. A notable feature in the SLP composites in
Fig. 1 is the downstream response over North America:
the CP EN wavetrain has a higher zonal wavenumber, and
has nodal lines oriented more meridionally and less zon-
ally, as compared to the EP wavetrain. For example, the
nodal line between the North Pacific low and the Canadian
ridge (i.e. where the response changes sign) is over the far-
eastern North Pacific during CP EN but east of the Rockies
during EP EN. The nodal line between the Canadian high
and the Eastern United States low is located further to the
west, and extends further south, during CP EN. These dif-
ferences in the remote response to EN far exceed the dif-
ferences in longitude and magnitude of the North Pacific

Fig.5 Asin Fig. 3 but for a
SLP in the Northeast Pacific

response discussed in Sect. 4.1, and have implications for
surface climate over North America as discussed in Sect. 5.
These differences in SLP over the far-Northeastern Pacific
and over Canada are consistent with those found by John-
son and Kosaka (2016), and also with the association of EP
EN but not CP EN with the tropical Northern Hemisphere
pattern (Yu et al. 2015). The salience of the difference in
SLP in the far-Northeastern Pacific (the region indicated
with a green box in Fig. 1) between the EP EN and CP EN
composites is considered in Fig. 5a, where we bootstrap with
replacement 2000 times a subsample of the full 42-member
ensemble (as in Fig. 3). The responses to EP EN and CP EN
are robustly distinguishable with 15 events averaged over
in each composite. Hence nonlinearities in the Northeast
Pacific are more prominent than in the central North Pacific.
Supplemental figure 3 presents a map view of where SLP
anomalies differ robustly between CP and EP, and confirms
that differences are more robust over the far Northeastern
Pacific than further west.

95% confidence intervals on the Northeast Pacific and North America response
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Fourier Decomposition
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Fig.6 Power spectrum of a precipitation from 5S to 5N and b sea
level pressure from 40N-56N for the five ENSO composites. Each
power spectrum is normalized so that the total power in each compos-
ite is identical. The correlation between the power spectrum for equa-
torial precipitation and extratropical SLP for each composite is indi-
cated. The correlation of the power spectrum of precipitation from
5S to 5N for each of the three EN composites with sea level pressure
from 40N-56N for each of the three EN composites in included in
supplemental table 1. Uncertainty estimates on the power spectrum
are computed using a bootstrapping with resampling technique as
described in the text, and are offset slightly from the wavenumber to
which they correspond for clarity

This shift in the downstream response is likely caused
by the tropical precipitation anomalies during each EN
type. Figure 6 shows the power associated with each zonal
wavenumber for equatorial precipitation and for SLP aver-
aged over 40N to 56N. Uncertainty in the power spectrum is
computed by bootstrapping with replacement 42 randomly
chosen ensemble members with some members necessarily
repeated and others left out, calculating the power spectrum,
and then repeating 2000 times. The top and bottom 2.5%
quantiles relative to the mean estimate the 95% confidence
intervals on the response and are indicated. Figure 6 also
indicates the correlation between the power spectrum of
40N-56N SLP and the power spectrum of tropical precipi-
tation. The power spectrum in midlatitude SLP is highly cor-
related with the power spectrum in tropical precipitation for
all five ENSO composites, which indicates that differences
in the zonal signature of the extratropical response are linked
to the zonal signature in the tropics. This correspondence

between the wavenumber of the tropical forcing and the
extratropical response is consistent with kinematic wave
theory (Hoskins and Karoly 1981). The tropical precipita-
tion response to CP EN is weighted towards higher wave-
numbers as compared to EP EN (Fig. 6a), and this tendency
is mirrored in the extratropical response (Fig. 6b). Consistent
with this, the correlation of the spectrum of midlatitude SLP
with tropical precipitation for CP EN exceeds the cross cor-
relation between CP EN and EP EN (supplemental table 1).
Hence, the more pronounced zonal structure in the CP EN
extratropical response (cf. Fig. 1) is linked to its tropical
precipitation pattern, in which precipitation is confined to
the tropical Central Pacific and does not extend into the East
Pacific (Fig. 2).

A second robust difference in the SLP response to CP and
EP lies over Alaska (the region indicated with a blue box
in Fig. 1). For example, the latitude of the subpolar nodal
line in the Pacific sector (i.e. the latitude the extratropical
wavetrain reaches) is further poleward for EP EN (~ 75N in
Fig. 1a) as compared to CP EN (~ 65N in Fig. lc, consistent
with Garfinkel et al. 2013), and this difference is consistent
with the theory of Rossby ray propagation and stationary
wavenumber developed by Hoskins and Karoly (1981) as a
wave with a lower wavenumber launched towards the pole
will reach a higher latitude as compared to a wave with a
higher wavenumber. This difference in SLP over the region
indicated with a blue box in Fig. 1 is statistically significant
with only 15 events in each composite (Fig. 5b, see also
Supplemental figure 3).

We now consider the question of linearity between EN
and LN events—is the response to LN over Alaska and the
far Northeastern Pacific symmetric to that in EN? Figure 4c,
d demonstrates that the response in the far Northeastern
Pacific (the region indicated with a green box in Fig. 1) is
linear, as there are no systematic deviations of the ensemble
mean responses from the best fit line. Namely, the blue and
black points lie along the blue and black lines respectively
for both positive and negative values of the Nino3.4 index.
A similar picture emerges for SLP over Alaska (Fig. 4e, f).
Results are similar if we use SSTs in the Nino3 region to
characterize the strength of EP events and SSTs in the Nino4
region to characterize the strength of CP events (supple-
mental figure 2). This linearity is confirmed by Fig. 5a, b,
where the LN response lies in between the EP EN and CP
EN response, with CP EN serving as the closer analog to
LN than EP EN.

5 ENSO impacts in North America

We now consider the downstream effects of ENSO in North
America.
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5.1 Precipitation

We start with the precipitation response over the Western
United States, where EN usually leads to a wetter winter
(Yu et al. 2015; Jong et al. 2016; Kumar and Chen 2017).
Such a response is evident in the moderate EP EN composite
and even more pronounced in the extreme EP EN composite
(see the red box on Fig. 2), and is also evident in the differ-
ence between the moderate EP EN and CP EN composites
(Fig. 7). However this difference in response between the
moderate EP EN and CP EN composites is only statisti-
cally significant upon considering nearly the entire ensemble
available (Fig. 5¢).

Precipitation anomalies also differ significantly in the
South-central United States (see the blue box in Fig. 2)
between EP EN and CP EN (Fig. 7), and this difference is
also evident in the composited response to observed events
(Johnson and Kosaka 2016 their figure 8). This difference
becomes statistically significant after more than ~65 events
of each type are selected (Fig. 5d). Changes in the precipita-
tion response in this region are consistent with the wavetrain
associated with each ENSO phase noted in Sect. 4.2: the

-4 -32-24-16-08 0 08 16 24 32 4
mm/day

Fig.7 Difference in precipitation between the moderate-EP EN and
CP EN composites in boreal a winter and b spring. The left column
shows the magnitude of the differences (contour interval is 0.4 mm/
day). Statistical significance is computed using a two-tailed Student’s
t test using all 42 integrations with a 95% confidence threshold, and
stippling indicates grid boxes that are not significant based on the use

@ Springer

high SLP that is confined to Canada under EP EN extends
further south and west under CP EN (Fig. 1). Associated
with this is a ridge aloft (not shown), and hence the eastward
extension of the subtropical jet typically present during EN
is less evident during CP. This leads to reduced precipita-
tion during CP EN as compared to EP EN (cf. Johnson and
Kosaka 2016, and references therein). Overall, differences
between moderate EP EN and CP EN over the United States
are generally small and require a large model ensemble to
robustly identify.

Are there nonlinearities in the response to extreme EP EN
events versus moderate EP EN events in North America?
To answer this, we present in Fig. 8a, b the precipitation
response over the Western United States (land areas only
in the red boxed region on Fig. 2) for each event for all 42
model integrations. This figure is constructed analogously to
Fig. 4: each season is stratified by its Nifio3.4 anomaly, and
the range of responses across all 42 ensemble members, the
response in the MERRA reanalysis, and the ensemble mean,
is shown. As in Fig. 4, we then compute the linear best-fit
regression line for all data points, and if the difference in
slope between the regression line for CP and EP events is

80 72 64 56 48 40 32 24 16 8
# of events

of a false discovery rate of 10% following (Wilks 2016). The right
column indicates the minimum number of events required in a sub-
sample before anomalies become significant at the 95% level, with
white indicating that differences are not statistically significant even
with 80 events, green indicating wettening, and gray/black indicating
drying. Red and blue boxes demarcate regions shown in Fig. 8
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Fig.8 As in Fig. 4 but for a, b precipitation over land areas area-
weighted from 32N to 44N and 235E to 245E. The diamonds rep-
resent anomalies in GPCP v2.3 precipitation. ¢, d 2 m temperatures
over land areas in North America area-weighted between 46N and

statistically significant, we list the slope separately for each.
Supplemental Figure 2 is constructed similarly but SSTs in
the Nino3 region are used to characterize the strength of EP
events and SSTs in the Nino4 region are used to character-
ize the strength of CP events. The ensemble mean response
to the two strongest EP EN events in 82/83 and 97/98 (the
two rightmost “x”’s in the panels) lies above the best-fit line
and hence shows evidence of a nonlinear response. Only 15
events are necessary before the difference between moderate
EP EN events and extreme EP EN events becomes statisti-
cally significant even after we weight the response in the
extreme EP EN events by its underlying Nifio3.4 SST anom-
alies (Fig. 5¢). The precipitation response over the Western
United States shown here is consistent with the observed
response documented by Jong et al. (2016), who show that
only the strongest EN events have a pronounced impact on
California precipitation, while LN and weak EN events have
relatively little impact. Supplemental figure 4 presents a map
view of where precipition anomalies differ robustly between
extreme EP EN and moderate EP EN, and confirms that dif-
ferences are robust over the Western United States.

The likely cause of this nonlinearity is the eastward exten-
sion of the North Pacific low during extreme EP events:
the North Pacific low is located 10° further east during

Nino3.4 index (NDJF)

Nino3.4 index (NDJF)

Central Pacific

70N and 195E to 250E. e, f 2 m temperatures over the Midwest of the
United States and adjoining areas in Canada (area-weighted between
40N and 52N and 255E to 280E). The diamonds represent anomalies
in Berkeley Earth surface temperature in c—f

extreme EP EN events as compared to moderate EP EN
events (Figs. 1, 3a, and Supplemental figure 5), and this
eastward shift in SLP is likely forced by a similar eastward
shift in tropical precipitation and tropical sea surface tem-
peratures. The net effect is that precipitation increases over
the far-Eastern Pacific and in the Western United States
during extreme EP EN events. Implications for the recent
2015-2016 strong EN event are discussed in Sect. 7. Finally,
there is no evidence for deviations from symmetry in the
response to LN as compared to EN in Fig. 8a, b or supple-
mental figure 2ab.

5.2 Near-surface temperature

We next consider changes in 2-m temperature in North
America in response to ENSO. Figure 9 shows composites
of 2-m temperature if all model integrations are included for
4 different categories: (a) moderate EP EN, (b) CP EN, (c)
extreme EP EN (82/83 and 97/98), and (d) LN. Figure 10
shows the difference in 2-m temperature between the mod-
erate EP EN and CP EN composites. All three EN com-
posites show warming in Northwest North America that is
particularly pronounced during observed EP events (Yu et al.
2015), while cooling prevails during LN. However there are
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Fig.9 As in Fig. 2 but for 2 m temperature. The contour interval is »

05K surface temperature, Dec-Feb

nonlinearities in the response to each ENSO phase, and we
now turn attention to these nonlinearities.

Over Northwest North America where the response
to ENSO maximizes (land areas in the red boxed region
on Fig. 9), there is little difference between the response ‘ ‘ L e gAY vE,
to moderate EP EN and CP EN events in winter, aside ' ‘ ] & <
from a slightly stronger warming during moderate EP EN I e N e
(Fig. 10a). However this difference in the magnitude of the j K/-H C T Ny o
warming between moderate EP EN and CP EN is not sta- : — -o -0 — 1 im
tistically significant unless all simulations performed are 170°E 160°W 130°W 100°W  70°W
considered (Fig. 5e). In fact, if one accounts for the strength CP EIl Nino
of the events underlying the moderate EP EN and CP EN " I
composites, CP events have a slightly stronger impact on
this region than EP events (see the slopes of the best-fit lines
in Fig. 8c and supplemental figure 2ab). Deser et al. (2018) /
also find no significant difference in the surface tempera-
ture response to CP EN as compared to EP EN over North-
west North America. The response to LN is also statisti-
cally indistinguishable from the inverse of the response to
EN even if all ensemble members are considered (Fig. Se). . . . . :
However, the response to extreme EP EN is not proportion- 170°E  160°W 130°W 100°W  70°W
ately stronger. While this region does warm in response to :
extreme EP EN, the warming is weaker than in the moderate ex,tren,]e EPEIN |\no
EP EN composite (Fig. 9a, c), and the relative cooling dur- . . B
ing extreme EP EN is statistically significant with only 20
events upon weighting the extreme EP EN response by the
magnitude of its underlying Nifio3.4-region SST anomalies
(Fig. 5e). The temperature response in this region for each
event is shown in 8c, d, and the ensemble mean response
to the two strongest EP EN events in 82/83 and 97/98 (the
two rightmost events in the panels) lies below the best-fit
line. The likely cause of this nonlinearity is the eastward ) 170°E  160°W 130°W 100°W  70°W
extension of the North Pacific low during extreme EP events
discussed above in the context of precipitation nonlineari-
ties: the North Pacific low is located 10° further east dur-
ing extreme EP EN events as compared to moderate EP EN
events (Figs. 1, 3a, and Supplemental figure 5). Hence the
southerly winds that advect warm maritime air over North-
west North America during EN events are weaker during
the strongest EP EN events, and the peak warming during
extreme EP EN is instead simulated to occur over Central
Canada east of the Rockies (near 100W in Fig. 9c). Supple-
mental figure 6 presents a map view of where temperature
anomalies differ robustly between extreme EP EN and mod-

170°E 160°W  130°W 100°W  70°W

erate EP EN, and confirms that temperatures over Western - ] ] T

North America are warmer during moderate EP EN events . . . —

than during extreme EP EN events. ) -3 -1 1 3 S
Nonlinearity is also pronounced in the warming response K

over the Midwestern United States and adjacent areas in
Canada (indicated by a blue box in Figs. 9 and 10). Over this
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Fig. 10 As in Fig. 7 but for 2 m temperature. The contour interval is 0.5 K

well-populated region, EP EN leads to warming but CP EN
events do not (Fig. 9, 10). This difference is consistent with
that found by Johnson and Kosaka (2016 their figure 8) and
Deser et al. (2018 their figure 14) and is statistically signifi-
cant with more than 20 events (Fig. 5f). Figure 8e shows the
response across all integrations in the region indicated by a
blue box in Figs. 9 and 10, and the slope of the best fit line
for CP is significantly different to that of EP. Changes in the
temperature response in this region are due to the difference
in the wavetrain noted in Sect. 4.2: the high SLP that is con-
fined to Canada under EP EN extends further south under
CP EN (Fig. 1). Associated with this High are northerly
winds that advect cold subpolar air southward over Southern
Canada and the Midwestern United States.

6 Realism of model variance

As noted by Deser et al. (2017), a necessary prerequisite for
comparing observed and modeled ENSO teleconnections
is for the model to simulate a similar amount of variance
as compared to that observed, as otherwise the model does
not satisfactorily capture internal atmospheric variability.
We now discuss whether GEOSCCM simulates a realistic
amount of variance in the regions discussed earlier. We eval-
uate the variance by computing the variance of the monthly

# of events

anomalies in each region for each of the 42 ensemble mem-
bers, sort the variance for the 42 members, and evaluate
where the observed/reanalysis variance would lie if we were
to consider it as “ensemble member 43”. The range of model
variance is indicated with a vertical line on Fig. 11, and the
observed variance is indicated with a diamond. The realism
of model variance has also been assessed by following the
procedure used in figure 1 of McKinnon et al. (2017), and
results are presented in Supplemental Figures 7-9. All con-
clusions drawn below as to regions with biased model vari-
ance are consistent with the conclusions that can be drawn
from Supplemental Figures 7-9.

For both SLP in the Central North Pacific and over Alaska
(the red and blue boxed regions in Fig. 1), the variance in
reanalysis data lies well within the variance simulated by
GEOSCCM, and hence we expect that our conclusions with
regards to uncertainties in the effect of ENSO in this region
are relevant to nature as well.

In contrast, all 42 GEOSCCM integrations simulate less
variance over the Northeast Pacific region (the region indi-
cated with a green box in Fig. 1) than is found in obser-
vations (Supplemental Figure 7), though the difference
between the variance in the integration with the most vari-
ance and in reanalysis data in winter is only 2% (Fig. 11)
and this bias disappears in March and April (19 of 42 model
integrations simulate less variance than has been observed).
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Fig. 11 Comparison of the

comparison of GEOSCCM variance to observed variance

variance in each member of the 7 T T T T T T T 3.5
GEOSCCM ensemble (vertical
line) to the variance in observa- 6F + 3
tions/reanalysis data (diamond)
for seven key regions discussed 5l 1 o5
in the text in winter (December K
through February) al 1,
hPa mm/day
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Central Pac SLP -
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This effect is evident in Fig. 4c: the observed response in
the two most extreme EN events and in the most extreme
LN event are larger than in any GEOSCCM integration (the
observed response is shown in diamonds in Fig. 4). Recall
that in this region GEOSCCM simulated a qualitatively dif-
ferent response to CP vs EP, with only EP leading to lower
SLP in this region, and that only 15 events are necessary in
order to reach this conclusion (Fig. 5a). There are (at least)
two implications for this bias in variance in this region in
applying our findings from GEOSCCM to nature: first, the
error bars indicated on Fig. 5a are likely too small; and sec-
ond, the slopes of the best fit regression line in Fig. 4c are
also likely too small (indeed the best fit slope for observed
EP ENSO events in this region is —2.0 + 1.3 hPa/K as com-
pared to —1.3 + 0.1 hPa/K for GEOSCCM). The first of these
effects would imply that our conclusions based on GEO-
SCCM might overestimate the robustness of the nonlinear-
ity, while the second implies that our conclusions based on
GEOSCCM underestimate the degree of nonlinearity. It is
unclear how to quantify the net of these two effects, and
hence the degree to which ENSO’s response in this region
is nonlinear can only be fully quantified upon considering
additional models. That being said, a similar nonlinearity
is evident in both the observational and model composites
of Johnson and Kosaka (2016) (see their figure 6) includ-
ing in models with far fewer ensemble members than those
which are available here, and hence this nonlinearity appears
robust.

Most GEOSCCM ensemble members simulate less vari-
ance in precipitation over the Western United States than
has been observed (Fig. 11), but a few integrations do
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simulate quantitatively similar variance, and hence there
is no conclusive evidence of a model bias. In contrast,
GEOSCCM does suffer from too little variance in precipi-
tation over the Central United States (blue boxed region in
Fig. 2; Fig. 11). Note that the observational composites of
Johnson and Kosaka (2016) show a statistically significant
difference between EP and CP in this region even though
far fewer events are included in their composites than we
expect should be required. This suggests that GEOSCCM
may be underestimating the degree of nonlinearity in this
region. Ultimately, conclusions regarding the degree to
which variability in this region is nonlinear need to be
confirmed with other models.

Finally, GEOSCCM simulates realistic variability in
near-surface temperatures over the Midwest United States,
though too much variability over Northwest North Amer-
ica (Fig. 11; Supplemental Figure 9). Recall that nonlin-
earities in near-surface temperatures over Northwest North
America were most pronounced during extreme EP EN
events: the extreme EP EN events in our model ensem-
ble led to less warming than might be expected given the
strength of the underlying event. The diamonds in Fig. 8c,
d, which show the response in reanalysis data, suggest that
this nonlinearity is present in nature for the 97/98 and
82/83 events as well as the observed warming during both
events in this region was weak. However, future work with
other models should explore whether the biased variability
in GEOSCCM in this region may lead to a faulty estimate
of the degree of nonlinearity.

Overall, GEOSCCM simulates realistic variance in
most of the regions considered by this paper and therefore
satisfactorily simulates internal atmospheric variability.
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Even for regions where GEOSCCM suffers from biases in
the variance, the observed nonlinearity in the response to
ENSO appears similar to that simulated by GEOSCCM.

7 Conclusions

Pronounced nonlinearities are evident in the response to
ENSO. The most prominent nonlinearities are listed in
Table 2, and are summarized here. In the Central North
Pacific region where the SLP response to ENSO peaks (the
region indicated with a red box in Fig. 1), nonlinearities
are relatively muted (Figs. 3, 4a, b). There is no indication
of any nonlinearities between EN and LN. The response to
strong EN events peaks slightly to the east of that for moder-
ate EN events, though this effect is only evident upon averag-
ing more than 55 events. Nonlinearities between CP and EP
events in the longitude (amplitude) of the peak response are
statistically significant only upon averaging 25 (75) events.

In contrast, changes in SLP to the east of this region
(far-Northeastern Pacific) and to the north of this region
(over Alaska) in response to different ENSO phases are
more clearly nonlinear. The anomalous low over the cen-
tral Pacific extends beyond the far-Northeastern Pacific into
North America during EP EN, but does not during CP EN.
This difference in the downstream response is statistically
significant upon considering more than 15 events in GEO-
SCCM (Figs. 4c, d, 5a), and is consistent with the response
in observations and in other models as well (Johnson and
Kosaka 2016). This nonlinearity can be related back to the
zonal wavenumber of the tropical precipitation response: the
precipitation response to EP EN is weighted towards lower
wavenumbers than that of CP EN, and the wavenumber com-
position of the precipitation dictates the wavenumber com-
position of the extratropical response (Fig. 6). There is no
evidence for nonlinearities between EN and LN or between
extreme EN and moderate EN events in this region (Fig. 4c,
d). However GEOSCCM simulates slightly too-weak inter-
nal atmospheric variability in this region (Fig. 11), and our

conclusions as to the degree of nonlinearity in this region
should be considered preliminary.

Robust nonlinearity is also evident over Alaska: the
anomalous low over the central Pacific extends northward
into Alaska during EP EN, but does not during CP EN
(Figs. 5b, 4e, ). This difference in the downstream response
is statistically significant with 15 events in GEOSCCM. This
difference can also be related back to the zonal wavenumber
spectrum of the tropical precipitation (Fig. 6). In contrast,
there is no evidence for nonlinearities between EN and LN
or between extreme EN and moderate EN events in this
region (Fig. 4e, f).

Nonlinearities in precipitation over the Western United
States (see the red box on Fig. 2) between EP EN and CP
EN, or between LN and EN, are statistically significant
only upon considering nearly the entire ensemble available
(Figs. 5c, 8a, b). In contrast, extreme EP EN events lead to
disproportionately increased precipitation in this region, and
this increase is detectable with more than 15 events. This
nonlinearity can be related back to the eastward extension
of the North Pacific low (Figs. 1, 3a).

Precipitation anomalies also differ significantly in the
South-central United States (see the blue box on Fig. 2)
between EP EN and CP EN if more than 65 events of each
type are selected (Fig. 5d). However our model suffers from
biased variance in this region (Fig. 11), and the observed dif-
ference in precipitation in this region is statistically signifi-
cant despite far fewer observed events (Johnson and Kosaka
2016).

Over Northwest North America where the surface warm-
ing response to EN maximizes (land areas in the red boxed
region on Fig. 9), there is no significant difference between
the response to moderate EP EN and CP EN events or
between EN and LN unless all available integrations are con-
sidered (Figs. Se, 8c, d). However, the response to extreme
EP EN is not proportionately stronger, and only 15 events
are needed to detect such a nonlinearity. This nonlinearity
can be related back to the eastward extension of the North

Table2 Summary of

N - Region Events  Notes
nonlinearities
Central N Pacific SLP > 25 CP EN peak response westward shifted
NE Pacific SLP > 15 CP EN teleconnection does not reach as far eastward
Alaska SLP > 15 CP EN teleconnection does not extend as far poleward

West United States precip > 10
Central United States precip > 65
NW N. American T > 20
Midwest T > 20

extreme EP EN lead to disproportionately wet winter

EP EN wet while CP EN dry

extreme EP EN does not lead to proportionally stronger warming
CP EN, but not EP EN, leads to cooling

A summary of nonlinearities in the

extratropical North Pacific and North American response to ENSO,

including the number of events that must be averaged in order for the nonlinearity to become statistically
significant. All of the nonlinearities can be traced back to the zonal wavenumber or zonal location of the

tropical precipitation response
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Pacific low for extreme EP EN events discussed above, as the
peak warming is further east over Central Canada (Fig. 9).

The Midwestern United States and adjacent areas in Can-
ada cool during CP EN events but not during EP EN events
(Figs. 51, 8e, f), and this difference is statistically significant
with more than 20 events. This nonlinearity is also due to the
difference in the zonal wavenumber of the wavetrain (Fig. 6).

In all regions at least 10 events of each type are neces-
sary before nonlinearities can be identified as statistically
significant at the 95% confidence level, and the nonlineari-
ties that emerge fastest from the noise are between different
classes of EN events rather than between EN and LN. Given
that only approximately 20 EN events and 14 LN events are
considered in the observational studies of Yu et al. (2012);
Deser et al. (2017, 2018), it is not surprising that it has been
difficult to establish conclusively the nature of nonlineari-
ties using observational data. Similarly, it is not surprising
that different studies that evaluate different eras or select
different sets of events should reach different conclusions
as to the degree of nonlinearity (Hoerling and Kumar 1997,
Hoerling et al. 1997, 2001; DeWeaver and Nigam 2002; Yu
et al. 2015; Deser et al. 2017), as randomly chosen sub-
samples of the response differ qualitatively in all regions
examined (Figs. 3, 5). Indeed, the simplest explanation for
the differences in the extratropical teleconnnections across
these studies is that internal variability still clouds our abil-
ity to discern nonlinearities using the observational record
between EN and LN, between moderate EN and extreme
EN, and between CP and EP, in agreement with Deser et al.
(2017, 2018).

Our simulations do not include the recent strong EN event
in 2015/2016, and hence we cannot quantify the cause(s)
of the failure of seasonal forecasts for Western United
States precipitation in that season (Kumar and Chen 2017).
However, it is evident from Fig. 8a, b that a few individual
ensemble members simulate a drier Western United States
during the 97/98 and 82/83 events, even though the ensem-
ble mean and most individual integrations clearly indicate
a wetter winter as indeed occurred. Hence variability in
precipitation in this region has both a forced and unforced
component (Zhang et al. 2018; Lim et al. 2018; Jong et al.
2018), and it is premature to conclude anything about the
forced response to the SST anomalies present in 2015/2016
from the observed lack of increased precipitation in Califor-
nia. As discussed above, the increase in precipitation over
the Western United States during extreme EN events is only
expected to become statistically significant if more than 10
extreme EN events are compared to the composited response
for moderate EP EN events. That being said, other studies
have provided evidence that the dryness in Southern Califor-
nia during the 2015/2016 event specifically arose partially
from SST variability in the Pacific Ocean (Siler et al. 2017;
Jong et al. 2018; Lim et al. 2018).

@ Springer

The results presented in this work are based on atmos-
pheric GCM experiments with imposed observed SST
anomalies. It is conceivable that the extratropical response
in the ensemble mean is due not only to the large-scale
tropical Pacific SST anomalies, but also to the small-scale
structure of tropical SST anomalies (or SST anomalies in
other basins). It is also reasonable to ask whether the extra-
tropical response in our composites is the result of a single
outlier included in a given composite, and is not truly rep-
resentative of the other members in that composite. Figs. 4
and 8 indicate these potential complications are not a major
concern: these figure consider each ENSO event separately,
and for all 6 metrics shown on these figures and for both
boreal winter and spring, the ensemble-mean response to
events with closely-spaced Nino3.4 indices is similar. Fur-
thermore, we have computed the ensemble-mean longitude
of the North Pacific low for the two years in each of the three
EN composites separately (e.g. Fig. 3), and the mean loca-
tion for the two CP EN years is similar (186.5°E and 185.1°
E), the mean location for the two EP EN years is similar
(201.4°E and 204.5°E), and likewise the mean location for
the two extreme-EP EN years is similar (208.9°E and 213.5°
E). Hence there is no indication that our results are aliased
by the peculiarities of the SST anomalies in a specific event
rather than representing the response to the large-scale tropi-
cal SST anomalies.

The results presented in this work are based on a single
GCM, and hence must be confirmed with other models and
modeling configurations. However model biases in variance
were not present over most of the key regions we identified,
and even for regions with biases we find similar results to
previous studies using other models or observations. Hence
we would be surprised if additional models with realistic
variance disagreed strongly with our results.

ENSO affects variability in the NH polar stratosphere and
over Eurasia as well (Manzini et al. 2006; Garfinkel and
Hartmann 2007; Ineson and Scaife 2009; Bell et al. 2009;
Cagnazzo and Manzini 2009), and we are currently prepar-
ing a follow-up to this paper that addresses the degree to
which the response to ENSO is nonlinear in these regions.

Acknowledgements CIG was supported by the Israel Science Foun-
dation (Grant number 1558/14) and by a European Research Council
starting Grant under the European Unions Horizon 2020 research and
innovation programme (Grant agreement no. 677756). We thank Isla
Simpson and one anonymous reviewer for their helpful comments,
those involved in model development at GSFC-GMAO, and support
by the NASA MAP program. High-performance computing resources
were provided by the NASA Center for Climate Simulation (NCCS).
GPCP Precipitation data provided by the NOAA/OAR/ESRL PSD,
Boulder, Colorado, USA, from their Web site at http://www.esrl.noaa.
gov/psd/. Correspondence and requests for data should be addressed to
C.I.G. (email: chaim.garfinkel @mail.huji.ac.il). El Nifio indices based
on the ERSSTvS data were downloaded from http://www.cpc.ncep.
noaa.gov/data/indices/ersst5.nino.mth.81-10.ascii.


http://www.esrl.noaa.gov/psd/
http://www.esrl.noaa.gov/psd/
http://www.cpc.ncep.noaa.gov/data/indices/ersst5.nino.mth.81-10.ascii
http://www.cpc.ncep.noaa.gov/data/indices/ersst5.nino.mth.81-10.ascii

The salience of nonlinearities in the boreal winter response to ENSO: North Pacific and North... 4445

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

Adler RF, Huffman GJ, Chang A, Ferraro R, Xie PP, Janowiak J,
Rudolf B, Schneider U, Curtis S, Bolvin D, Gruber A, Suss-
kind J, Arkin P, Nelkin E (2003) The version-2 Global Pre-
cipitation Climatology Project (GPCP) monthly precipita-
tion analysis (1979 present). J Hydrometeorol 4:1147. https
://doi.org/10.1175/1525-7541(2003)004%3c1147:TVGPC
P%3e2.0.CO;2

Ashok K, Behera SK, Rao SA, Weng H, Yamagata T (2007) El Nifio
Modoki and its possible teleconnection. J Geophys Res (Oceans)
112(C11):007. https://doi.org/10.1029/2006JC003798

Bell CJ, Gray LJ, Charlton-Perez AJ, Joshi MM, Scaife AA (2009)
Stratospheric communication of El Nifio Teleconnections to
European Winter. J Clim 2:4083. https://doi.org/10.1175/2009J)
CLI2717.1

Bjerknes J (1969) Atmospheric teleconnections from the equatorial
pacific. Mon Weather Rev 97(3):163-172

Branstator G (1985) Analysis of general circulation model sea-sur-
face temperature anomaly simulations using a linear model.
Part I: forced solutions. J Atmos Sci 42:2242-2254. https://doi.
org/10.1175/1520-0469(1985)042

Cagnazzo C, Manzini E (2009) Impact of the stratosphere on the win-
ter tropospheric teleconnections between ENSO and the North
Atlantic and European region. J Cim 22(5):1223-1238. https://
doi.org/10.1175/2008JCLI2549.1

Cagnazzo C, Manzini E, Calvo N, Douglass A, Akiyoshi H, Bekki
S, Chipperfield M, Dameris M, Deushi M, Fischer A, Garny H,
Gettelman A, Giorgetta MA, Plummer D, Rozanov E, Shepherd
TG, Shibata K, Stenke A, Struthers H, Tian W (2009) Northern
winter stratospheric temperature and ozone responses to ENSO
inferred from an ensemble of Chemistry climate models. Atmos
Chem Phys 9:8935-8948

Capotondi A, Wittenberg AT, Newman M, Di Lorenzo E, YuJY, Bra-
connot P, Cole J, Dewitte B, Giese B, Guilyardi E et al (2015)
Understanding enso diversity. Bull Am Meteorol Soc 96(6):921—
938. https://doi.org/10.1175/BAMS-D-13-00117.1

Chiodi AM, Harrison DE (2013) El Nifio impacts on seasonal us
atmospheric circulation, temperature, and precipitation anomalies:
the OLR-event perspective. J Clim 26(3):822-837

Deser C, Simpson IR, McKinnon KA, Phillips AS (2017) The north-
ern hemisphere extratropical atmospheric circulation response to
ENSO: how well do we know it and how do we evaluate models
accordingly? J Clim 30(13):5059-5082

Deser C, Simpson IR, Phillips AS, McKinnon KA (2018) How well do
we know ENSOs climate impacts over north america, and how do
we evaluate models accordingly? J Clim. https://doi.org/10.1175/
JCLI-D-17-0783.1

DeWeaver E, Nigam S (2002) Linearity in ENSO’s atmospheric
response. J Clim 15:2446-2461

Frauen C, Dommenget D, Tyrrell N, Rezny M, Wales S (2014) Analy-
sis of the nonlinearity of El Niflo—Southern Oscillation telecon-
nections. J Clim 27(16):6225-6244

Garcia-Herrera R, Calvo N, Garcia RR, Giorgetta MA (2006) Propa-
gation of ENSO temperature signals into the middle atmosphere:
a comparison of two general circulation models and ERA-40

reanalysis data. J Geophys Res. https://doi.org/10.1029/2005]
D006061

Garfinkel CI, Hartmann DL (2007) Effects of the EI-Nino Southern
Oscillation and the Quasi-Biennial Oscillation on polar tempera-
tures in the stratosphere. J] Geophys Res- Atmos 112:D19112.
https://doi.org/10.1029/2007JD00848 1

Garfinkel CI, Hurwitz MM, Waugh DW, Butler AH (2013) Are the
Teleconnections of Central Pacific and Eastern Pacific El Nifio
Distinct in Boreal Wintertime? Clim Dyn. https://doi.org/10.1007/
s00382-012-1570-2

Garfinkel CI, Gordon A, Oman LD, Li F, Davis S, Pawson S (2017)
Nonlinear response of tropical lower stratospheric temperature
and water vapor to ENSO. Atmos Chem Phys Discuss 2017:1-35.
https://doi.org/10.5194/acp-2017-520. https://www.atmos-chem-
phys-discuss.net/acp-2017-520/

Gershunov A, Barnett TP (1998) Interdecadal modulation of ENSO
teleconnections. Bull Am Meteorol Soc 79:2715-2725

Halpert MS, Ropelewski CF (1992) Surface temperature patterns
associated with the Southern Oscillation. J Clim 5:577-593.
https://doi.org/10.1175/1520-0442(1992)005%3c0577:STPAW
T%3e2.0.CO;2

Hegyi BM, Deng Y, Black RX, Zhou R (2014) Initial transient response
of the winter polar stratospheric vortex to idealized equatorial
Pacific Sea surface temperature anomalies in the NCAR WACCM.
J Clim 27(7):2699-2713

Held IM, Lyons SW, Nigam S (1989) Transients and the extratropical
response to El Nino. J Atmos Sci 46(1):163-174

Hoerling M, Kumar A, Xu T (2001) Robustness of the nonlinear cli-
mate response to ENSO’s extreme phasess. J Clim 14:1277-1293

Hoerling MP, Kumar A (1997) Why do North American climate anom-
alies differ from one El Nifio event to another? Geophys Res Lett
24:1059-1062

Hoerling MP, Kumar A (2002) Atmospheric response patterns associ-
ated with tropical forcing. J Clim 15:2184-2203

Hoerling MP, Kumar A, Zhong M (1997) El Nifio, La Nina, and the
nonlinearity of their teleconnections. J Clim 10:1769-1786

Horel JD, Wallace JM (1981) Planetary scale atmospheric phenom-
ena associated with the Southern Oscillation. Mon Weather Rev
109:813-829

Hoskins BJ, Karoly D (1981) The steady linear response of a spheri-
cal atmosphere to thermal and orographic forcing. J Atmos Sci
38:1179-1196

Huang B, Thorne PW, Banzon VF, Boyer T, Chepurin G, Lawri-
more JH, Menne MJ, Smith TM, Vose RS, Zhang HM (2017)
Extended reconstructed sea surface temperature, version 5
(ersstv5): Upgrades, validations, and intercomparisons. J Clim
30(20):8179-8205

Hurwitz MM, Calvo N, Garfinkel CI, Butler AH, Ineson S, Cag-
nazzo C, Manzini E, Pefa-Ortiz C (2014) Extra-tropical
atmospheric response to enso in the cmip5 models. Clim Dyn
43(12):3367-3376

Ineson S, Scaife AA (2009) The role of the stratosphere in the Euro-
pean climate response to El Nino. Nat Geo 2:32-36. https://doi.
org/10.1038/ngeo381

Johnson NC (2013) How many ENSO flavors can we distinguish? J
Clim 26(13):4816-4827

Johnson NC, Kosaka Y (2016) The impact of eastern equatorial pacific
convection on the diversity of boreal winter El Nifio teleconnec-
tion patterns. Clim Dyn 47(12):3737-3765

Jong BT, Ting M, Seager R (2016) El Nifio’s impact on California pre-
cipitation: seasonality, regionality, and El Nifio intensity. Environ
Res Lett 11(5):054,021

Jong BT, Ting M, Seager R, Henderson N, Lee DE (2018) Role of
equatorial Pacific SST forecast error in the late winter Cali-
fornia precipitation forecast for the 2015/16 EI Nifo. J Clim
31(2):839-852

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1175/1525-7541(2003)004%3c1147:TVGPCP%3e2.0.CO;2
https://doi.org/10.1175/1525-7541(2003)004%3c1147:TVGPCP%3e2.0.CO;2
https://doi.org/10.1175/1525-7541(2003)004%3c1147:TVGPCP%3e2.0.CO;2
https://doi.org/10.1029/2006JC003798
https://doi.org/10.1175/2009JCLI2717.1
https://doi.org/10.1175/2009JCLI2717.1
https://doi.org/10.1175/1520-0469(1985)042
https://doi.org/10.1175/1520-0469(1985)042
https://doi.org/10.1175/2008JCLI2549.1
https://doi.org/10.1175/2008JCLI2549.1
https://doi.org/10.1175/BAMS-D-13-00117.1
https://doi.org/10.1175/JCLI-D-17-0783.1
https://doi.org/10.1175/JCLI-D-17-0783.1
https://doi.org/10.1029/2005JD006061
https://doi.org/10.1029/2005JD006061
https://doi.org/10.1029/2007JD008481
https://doi.org/10.1007/s00382-012-1570-2
https://doi.org/10.1007/s00382-012-1570-2
https://doi.org/10.5194/acp-2017-520
https://www.atmos-chem-phys-discuss.net/acp-2017-520/
https://www.atmos-chem-phys-discuss.net/acp-2017-520/
https://doi.org/10.1175/1520-0442(1992)005%3c0577:STPAWT%3e2.0.CO;2
https://doi.org/10.1175/1520-0442(1992)005%3c0577:STPAWT%3e2.0.CO;2
https://doi.org/10.1038/ngeo381
https://doi.org/10.1038/ngeo381

4446

C.l. Garfinkel et al.

Kumar A, Chen M (2017) What is the variability in us west coast
winter precipitation during strong El Nifio events? Clim Dyn
49(7-8):2789-2802

L’Heureux ML, Tippett MK, Barnston AG (2015) Characterizing
ENSO coupled variability and its impact on North American
seasonal precipitation and temperature. J Clim 28(10):4231-4245

Larkin NK, Harrison DE (2005) Global seasonal temperature and pre-
cipitation anomalies during El Nifio autumn and winter. Geophys
Res Lett 32:L16705. https://doi.org/10.1029/2005GL022860

Lim YK, Schubert SD, Chang Y, Molod AM, Pawson S (2018) The
impact of sst-forced and unforced teleconnections on 2015/16 El
Nifio winter precipitation over the western United States. J Clim.
https://doi.org/10.1175/JCLI-D-17-0218.1 (accepted)

Manzini E, Giorgetta MA, Kornbluth L, Roeckner E (2006) The influ-
ence of sea surface temperatures on the northern winter strato-
sphere: ensemble simulations with the MAECHAMS model. J
Clim 19:3863-3881

McDonald JH (2014) Handbook of biological statistics, vol 3. Sparky
House Publishing, Baltimore

McKinnon KA, Poppick A, Dunn-Sigouin E, Deser C (2017) An
observational large ensemble to compare observed and modeled
temperature trend uncertainty due to internal variability. J Clim
30(19):7585-7598

Mo KC, Livezey RE (1986) Tropical-extratropical geopoten-
tial height teleconnections during the Northern Hemisphere
Winter. Mon Weather Rev 114(12):2488-2515. https://doi.
org/10.1175/1520-0493(1986)114<2488: TEGHTD>2.0.CO;2

Molod A, Takacs L, Suarez M, Bacmeister J, Song IS, Eichmann A
(2012) The GEOS-5 atmospheric general circulation model:
mean climate and development from MERRA to fortuna. Tech-
nical report series on global modeling and data assimilation 28.
https://gmao.gsfc.nasa.gov/pubs/docs/Molod484.pdf. Accessed
14 Aug 2018

Oman LD, Douglass AR (2014) Improvements in total column ozone
in GEOSCCM and comparisons with a new ozone-deplet-
ing substances scenario. J] Geophys Res Atmos. https://doi.
org/10.1002/2014JD021590

Pawson S, Stolarski RS, Douglass AR, Newman PA, Nielsen JE, Frith
SM, Gupta ML (2008) Goddard Earth Observing System chem-
istry-climate model simulations of stratospheric ozone-temper-
ature coupling between 1950 and 2005. J Geophys Res (Atmos)
113:D12103. https://doi.org/10.1029/2007JD00951 1

Rienecker MM et al (2008) The GEOS-5 data assimilation system—
documentation of versions 5.0.1, 5.1.0, and 5.2.0. Technical report
series on global modeling and data assimilation 27. http://gmao.
gsfc.nasa.gov/pubs/docs/Rienecker369.pdf. Accessed 14 Aug
2018

Rienecker MM, Suarez MJ, Gelaro R, Todling R, Bacmeister J, Liu E,
Bosilovich MG, Schubert SD, Takacs L, Kim GK, Bloom S, Chen
J, Collins D, Conaty A, da Silva A, Gu W, Joiner J, Koster RD,
Lucchesi R, Molod A, Owens T, Pawson S, Pegion P, Redder CR,

@ Springer

Reichle R, Robertson FR, Ruddick AG, Sienkiewicz M, Wool-
lenJ (2011) MERRA: NASA’s modern-era retrospective analysis
for research and applications. J Clim 24:3624-3648. https://doi.
org/10.1175/JCLI-D-11-00015.1

Rohde R, Muller R, Jacobsen R, Muller E, Perlmutter S, Rosenfeld
A, Wurtele J, Groom D, Wickham C (2013) A new estimate of
the average earth surface land temperature spanning 1753 to
2011. Geoinfor Geostat Overv 1:1. https://doi.org/10.4172/2327-
4581.1000101

Ropelewski CF, Halpert MS (1987) Global and regional scale
precipitation patterns associated with the El Nifio/South-
ern Oscillation. Mon Weather Rev 115:1606. https://doi.
org/10.1175/1520-0493(1987)115%3¢c1606: GARSPP%3e2.0
.CO;2

Sardeshmukh PD, Hoskins BJ (1988) The generation of global rota-
tional flow by steady idealized tropical divergence. J Atmos Sci
45:1228-1251

Siler N, Kosaka Y, Xie SP (2017) Li X (2017) Tropical ocean contribu-
tions to californias surprisingly dry el nifio of 2015-16. J Clim.
https://doi.org/10.1175/JCLI-D-17-0177.1

Simmons A, Wallace JM, Branstator G (1983) Barotropic wave propa-
gation and instability, and atmospheric teleconnection patterns. J
Atmos Sci 40:1363-1392

Trenberth KE, Branstator GW, Karoly D, Kumar A, Lau NC,
Ropelewski C (1998) Progress during TOGA in understanding
and modeling global teleconnections associated with tropical
sea surface temperatures. J] Geophys Res 103(special TOGA
issue):14291-14324

Weng H, Behera SK, Yamagata T (2009) Anomalous winter climate
conditions in the Pacific rim during recent El Nifio Modoki and
El Nifio events. Clim Dyn 32:663-674. https://doi.org/10.1007/
500382-008-0394-6

Wilks DS (2016) The stippling shows statistically significant grid
points: how research results are routinely overstated and over-
interpreted, and what to do about it. Bull Am Meteorol Soc
97(12):2263-2273

Yu B, Zhang X, Lin H, YuJY (2015) Comparison of wintertime North
American climate impacts associated with multiple ENSO indi-
ces. Atmosphere-ocean 53(4):426-445

YuJY, Kim ST (2011) Relationships between extratropical sea level
pressure variations and the central Pacific and eastern Pacific
types of ENSO. J Clim 24(3):708-720

YulJY, Zou Y, Kim ST, Lee T (2012) The changing impact of El Nifio
on us winter temperatures. Geophysi Res Lett 39(15):1

Zhang T, Hoerling MP, Wolter K, Eischeid J, Cheng L, Hoell A, Perl-
witz J, Quan XW, Barsugli J (2018) Predictability and prediction
of Southern California rains during strong El Nifio events: a focus
on the failed 2016 winter rains. J Clim 31(2):555-574

Zhou ZQ, Xie SP, Zheng XT, Liu Q, Wang H (2014) Global warming-
induced changes in El Nifio teleconnections over the North Pacific
and North America. J Clim 27(24):9050-9064


https://doi.org/10.1029/2005GL022860
https://doi.org/10.1175/JCLI-D-17-0218.1
https://gmao.gsfc.nasa.gov/pubs/docs/Molod484.pdf
https://doi.org/10.1002/2014JD021590
https://doi.org/10.1002/2014JD021590
https://doi.org/10.1029/2007JD009511
http://gmao.gsfc.nasa.gov/pubs/docs/Rienecker369.pdf
http://gmao.gsfc.nasa.gov/pubs/docs/Rienecker369.pdf
https://doi.org/10.1175/JCLI-D-11-00015.1
https://doi.org/10.1175/JCLI-D-11-00015.1
https://doi.org/10.4172/2327-4581.1000101
https://doi.org/10.4172/2327-4581.1000101
https://doi.org/10.1175/JCLI-D-17-0177.1
https://doi.org/10.1007/s00382-008-0394-6
https://doi.org/10.1007/s00382-008-0394-6

	The salience of nonlinearities in the boreal winter response to ENSO: North Pacific and North America
	Abstract
	1 Introduction
	2 Data
	3 Methods
	4 ENSO effect in the North Pacific
	4.1 SLP in the North Central Pacific
	4.2 SLP in the Northeastern Pacific and Alaska

	5 ENSO impacts in North America
	5.1 Precipitation
	5.2 Near-surface temperature

	6 Realism of model variance
	7 Conclusions
	Acknowledgements 
	References


