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Abstract
The relative influence of El Niño Southern Oscillation (ENSO) forced response versus internally generated atmospheric 
variability or noise on the upper tropospheric Pacific North American circulation is investigated. The analysis is performed 
on the boreal winter (December–January–February) 200 hPa circulation and the associated precipitation based on observa-
tional records and modeling experiments. The model experiment includes an ocean eddy-resolving coupled general circula-
tion model (CGCM) and an atmospheric noise reduced ocean eddy-resolving CGCM. The noise reduction technique is the 
interactive ensemble approach, adopted to reduce the effects of internal atmospheric dynamics noise at the air-sea interface. 
Tropical rainfall anomalies associated with ENSO forces a teleconnection pattern that is a combination of the so-called Pacific 
North American (PNA) pattern, themed here as state-dependent atmospheric noise, and a pattern distinct from the PNA, 
themed here as ENSO-signal. The ENSO signal has a meridional structure in the streamfunction associated with significant 
poleward Rossby wave flux emanating from the eastern Pacific. Conversely, the PNA teleconnection pattern is zonally ori-
ented, with most of the wave flux in the zonal direction from the Pacific towards North America. The mid-latitude ENSO 
forced response is asymmetric between warm and cold events. This asymmetry is strongly dependent on the amplitude of 
atmospheric noise. It is shown that the ENSO forced response is masked by atmospheric noise, with the latter being 3–10 
times larger in amplitude. We show that the PNA pattern was positive during the 2015–2016 boreal winter and prevented 
the large 2015–2016 El Niño event from alleviating the persistent drought in the western US.

1  Introduction

The southwestern US has recently experienced one of its 
worst drought periods (2012–present) on record (Griffin and 
Anchukaitis 2014; Diaz and Wahl 2015; Seager et al. 2015). 
This region is especially susceptible to drought induced soil 
moisture deficits, enhancing the likelihood for wildfires 
(Westerling et al. 2006), as observed by the recent wide-
spread forest fires that caused significant loss of human life 
and negative economic and ecologic impacts. Consequently, 
the climate community is making an effort to understand 
the causes for this multi-year drought (Robeson 2015; Lee 
et al. 2018).

Several studies have argued that the El Niño Southern 
Oscillation (ENSO)-related sea surface temperature anomaly 
(SSTA) and the Pacific Decadal Oscillation (PDO) are the 
main source of seasonal predictability of winter precipitation 
over the western US precipitation (McCabe and Dettinger 
1999; Kam et al. 2014). Recent studies have focused on other 
atmospheric and oceanic patterns that could influence west-
ern US droughts. For example, Wang and Schubert (2014) 
suggested that north Pacific SSTA influences California 
droughts. Piao et al. (2016) found significant negative corre-
lation between droughts and the Pacific North American pat-
tern (PNA) and East Pacific wave-train on interannual and 
decadal timescales after removing the effect of ENSO and 
the PDO. Lin et al. (2017) found that the synchronization of 
the signs of the PNA and the North Pacific Oscillation col-
lectively modulate but do not directly cause variations in the 
upper-atmosphere high-pressure (ridge) that accompanies 
western US droughts.

As summarized above, a consensus has not been reached 
regarding which climate pattern (e.g., ENSO or internal 
atmospheric variability like the PNA) modulates rainfall 
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over the western US. To add further complications, there is 
still a debate regarding the role of ENSO in forcing the sea-
sonal mean atmospheric circulation over the Pacific-North 
American sector. One school of thought argues that ENSO 
forcing simply serves to amplify internal variability and can-
not generate new patterns (Molteni et al. 1993; Lau 1997; 
Blade 1999; Palmer 1999). In contrast, Straus and Shukla 
(2002) argue that the atmospheric response to external forc-
ing (e.g., ENSO-related) can lead to patterns distinct from 
those associated with internal variability (e.g., the PNA). 
Separating the internal and externally forced pattern was dif-
ficult given the lack of sensitivity of earlier General Circula-
tion Models (GCMs) to tropical SSTA forcing. This led to 
the impression that the ENSO-forced pattern was not distinct 
from the internally generated PNA pattern, with the forcing 
simply amplifying the PNA (Lau and Nath 1994).

The effect of tropical Pacific SST variability on extra-
tropical circulation is possible via atmospheric Rossby 
wave propagation forced by anomalous precipitation and 
upper–level divergence (Trenberth et al. 1998; Sarachik and 
Cane 2010). A consensus has been reached regarding the 
spatial structure of atmospheric response to tropical heating. 
During El Niño events, the sub-tropical Pacific jet stream 
shifts over the western coast of the United States, influenc-
ing weather and climate over North America (e.g., Schubert 
et al. 2004a, b; Seager et al. 2005a, b, 2008; Herweijer et al. 
2006).

Variations in tropical Pacific SST occurs on various time 
scales (Philander 1990; Trenberth 1990; Mantua and Hare 
2002). These variations introduce complex atmospheric tele-
connection patterns that also have a broad spectrum of time-
scales (Barlow et al. 2001; Wu et al. 2003; Chen et al. 2008; 
Lee et al. 2018). For example, recent literature that focused 
on low-frequency SST variability showed that the construc-
tive interference of ENSO and the PDO (Mantua et al. 1997) 
favors enhanced teleconnection patterns over North Amer-
ica. Gershunov and Barnett (1998b) found that El Niño and 
the positive phase of the PDO favors enhanced precipitation 
over the southwestern United States and drought over the 
Ohio River Valley, with reverse conditions during La Niña 
and the negative phase of the PDO.

The teleconnection patterns over North America associ-
ated with two types of El Niño events is a recent theme in 
literature. Shift in the location of SSTA can lead to distinct 
atmospheric responses (Barsugli and Sardeshmukh 2002; 
DeWeaver and Nigam 2004; Lee et al. 2018). Weng et al. 
(2009) argued that northward shift of the Intertropical Con-
vergence Zone (ITCZ) that brings moisture to the western 
Pacific is more likely when the El Niño SSTA are located 
over the central Pacific instead of the canonical eastern 
Pacific SSTA. Zhang et al. (2012) found that warm SSTA 
over the cold tongue region has an opposite impact on mid-
latitude atmospheric circulation than SSTA over the warm 

pool region with enhanced rainfall over the southwestern 
United States during the former. Yu and Zou (2013) sug-
gested that there is a more pronounced southward shift of the 
subtropical jet stream during central Pacific El Niño events. 
Using a multi-model ensemble forecast system, Infanti and 
Kirtman (2016) found that model forecasts of 2-m tempera-
ture and precipitation over North America agree more with 
observations for eastern Pacific El Niño events as opposed 
to central Pacific events. This is consistent with Lee et al. 
(2018) which showed that sufficiently warm and persis-
tent SSTA in the far eastern equatorial Pacific is required 
to excite teleconnection patterns that influence California 
rainfall.

The preferred internal variability patterns of the mid-
latitude atmosphere are considered of high interest for the 
climate community as they potentially influence weather 
conditions over a given region on seasonal to interannual 
timescales. An example of mid-latitude internal atmospheric 
variability on planetary scale is the PNA teleconnection pat-
tern of Wallace and Gutzler (1981). The PNA includes four 
main centers of action (as observed by anomalous 200 hPa 
geopotential height) with strong negative correlation 
between adjacent centers. This pattern is a dominant mode of 
variability in GCM, even for simulations with a prescribed 
SST annual cycle and no interannual boundary forcing. This 
is further evidence that the PNA is internally generated by 
the atmosphere (Lau 1981). This large-scale teleconnection 
pattern exhibits stronger teleconnection during boreal winter 
(Gershunov and Cayan 2003), with significant influence on 
daily extremes in temperature and precipitation over North 
America (Gershunov and Cayan 2003).

Separating the internal atmospheric variability from the 
SST-forced atmospheric variability is difficult as the for-
mer could still be modulated by SST (i.e., state-dependent). 
An example of such complex interaction is the PNA and 
ENSO. While the PNA is an internal atmospheric mode, its 
frequency of occurrence could be modulated by the ENSO 
state. That is, the PNA contains a state-independent (purely 
internal) and state-dependent (atmospheric noise modulated 
by SST) component. One method to separate the internal 
atmospheric variability from the SST-forced response in 
coupled models is the Interactive Ensemble (IE) technique 
of Kirtman and Shukla (2002), this technique is further 
described in the method section. The IE technique has been 
used to diagnose the ENSO-Monsoon relationship (Wu and 
Kirtman 2003), mechanisms for low-frequency SST vari-
ability (Yeh and Kirtman 2004; Wu et al. 2004; Schneider 
and Fan 2007), and the impact of weather noise and model 
resolution (Lopez and Kirtman 2015). Lopez and Kirtman 
(2015) found that ENSO statistics, dynamics, phase locking 
to the annual cycle, and phase asymmetry are all modified by 
atmospheric noise and that weather noise is more important 
in sustaining climate variability as resolution increases.
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With regard to model resolution, several studies have 
found that resolving ocean mesoscale features (i.e., 
eddies) improve model realizations and climate variabil-
ity. For example, resolving ocean eddies improve the local 
air-sea feedback and the relationship between turbulent 
heat fluxes and SST (Bryan et al. 2010; McClean et al. 
2011; Kirtman et al. 2012; Siqueira and Kirtman 2016; 
Putrasahan et al. 2017). Bryan et al. (2010) found a more 
realistic pattern of positive correlation between high-
pass filtered surface wind speed and SST when the ocean 
component model was eddy-resolving. This suggests sig-
nificantly different air-sea feedbacks in the presence of 
realistic ocean eddies. Delworth et al. (2012) compared 
simulations of coupled climate model with eddy-resolv-
ing, eddy-permitting, and eddy-parameterized resolutions. 
They found systematic improvements in many aspects of 
the climate with increasing resolution. Moreover, the IE 
technique is more efficient in reducing the atmospheric 
noise forcing as resolution increases as found in Lopez 
and Kirtman (2015). This is because, at low resolution, 
the dominant spatial structure of the noise is similar to 
that of the signal (i.e., noise is masked by the signal). 
Lopez and Kirtman (2015) also found that weather noise 
is more important in sustaining climate variability as 
resolution increases.

The goal of this study is as follows:

	 (i)	 Quantify the relative importance of internally gener-
ated versus forced response teleconnection patterns 
over the Pacific-North American sector and their 
influence on US winter precipitation.

	 (ii)	 Understand the role of atmospheric internal variabil-
ity in diversifying ENSO-like teleconnections.

	 (iii)	 Explain the physical mechanism(s) for why the 
intense 2015–2016 El Niño did not alleviate one of 
the worst droughts in southwest US history. (More 
specifically, explain why precipitation was not sub-
stantially above the climatological mean in the SW 
US/northern Mexico)

The remainder of this paper is organized as follows. A 
description of the observed datasets and model experi-
ments is given in Sect. 2. Comparison of observed mid-
latitude response to ENSO and the PNA is presented in 
Sect. 3. Section 4 expands on the previous Section by 
analyzing coupled model results under atmospheric noise 
reduction. An analysis of the ENSO response asymme-
try is presented in Sect. 5. Discussion of North America 
precipitation anomalies associated with ENSO before and 
after suppression of internal atmospheric noise is pre-
sented in Sect. 6. Summary and discussion is found in 
Sect. 7.

2 � Data analysis and model

2.1 � Observational dataset

We make use of SST data from the Extended Recon-
structed Sea Surface Temperature version 5 (ERSSTv5) 
on a 2° horizontal resolution (Huang et al. 2017). Zonal 
and meridional winds, geopotential height, temperature, 
and surface pressure are obtained from the National Center 
for Environmental Prediction-National Center for Atmos-
pheric Research (NCEP-NCAR) reanalysis (Kalnay et al. 
1996), with horizontal resolution of 2.5° (~ 270 km). We 
use the Global Precipitation Climatology Centre (GPCC, 
Becher et al. 2013) precipitation dataset on a 1° grid. All 
datasets are analyzed for the period from January 1950 to 
December 2016.

2.2 � Coupled model

The CGCM used in this work is the Community Climate 
System Model version 4 (CCSM4) from the National 
Center for Atmosphere Research (NCAR). This is an earth 
system model consisting of atmosphere, land, ocean, and 
sea ice components all linked by a flux coupler, which 
exchanges daily information among the components inter-
actively. The atmospheric component of CCSM4 has 26 
vertical levels with horizontal resolution of 0.5° (zonal 
resolution is 0.625° and meridional is 0.47°). The atmos-
phere component employs an improved deep convection 
scheme by inclusion of sub-grid convective momentum 
transport and a more realistic dilution approximation for 
the calculation of convective available potential energy 
(Neale et al. 2008). The dynamical core uses the finite 
volume formulation. The ocean model component of 
CCSM4 uses Parallel Ocean Program version 2 (POP2) 
numerics (Danabasoglu et al. 2011). The ocean component 
of the model has horizontal resolution of 0.1, which is 
eddy resolving. In common terms, eddy-resolving mod-
els have horizontal resolution of less than 1°/6°. This 
is significantly higher than the resolution of typical cli-
mate modeling experiment, where most models are run at 
eddy-permitting (resolution of 1°/6° to 1°) or even eddy-
parameterized resolution (resolution coarser than 1°). This 
updated version of POP includes a simplified version of 
the near boundary eddy flux parameterization of Ferrari 
et al. (2008), vertically-varying isopycnal diffusivity coef-
ficients (Danabasoglu and Marshall 2007), an abyssal tid-
ally driven mixing parameterization, modified anisotropic 
horizontal viscosity coefficients (Jochum et al. 2008), and 
a modified K-Profile Parameterization with horizontally 
varying background vertical diffusivity and viscosity 
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coefficients (Jochum 2009). An extended simulation of 
this ocean eddy-resolving coupled model is described in 
Kirtman et al. (2012), has been used to understand ENSO 
precursors in Larson and Kirtman (2013).

2.3 � Noise reduction experiment

We introduce a coupled modeling experiment to further 
diagnose the North American response to ENSO. A control 
run is used as a basis for comparison and is referred here 
forward as HRCTL (high resolution control). This model 
run is 155 years but the first 100 years are discarded as spin-
up (Kirtman et al. 2012, 2017). A noise-reduced CCSM4 
experiment is also introduce in that the IE technique of 
Kirtman and Shukla (2002) is employed in order to filter 
internal atmospheric variability in the surface fluxes (e.g., 
momentum, heat, and fresh water). This noise-reduced run is 
referred here as HRIE (high resolution interactive ensemble, 
see Kirtman et al. 2017) and is comprised of 50-year model 
simulation. In principle, the IE technique only affects the 
variability at the air-sea inter-face. For example, if the simu-
lated SSTA variability in HRIE is comparable to HRCTL, 
then the atmospheric variability should also be comparable. 
On the other hand, if the SSTA variability in HRIE is sig-
nificantly reduced, then in principle we expect there to be 
some reduction in the ENSO forced atmospheric variability.

The IE strategy uses multiple realizations of the atmos-
pheric model (CAM) coupled to a single realization of the 
ocean model (POP), multiple realizations of the sea-ice 
model and the land-surface model. The coupling of multiple 
realizations to single realizations of the ocean component 
model is accomplished through the CCSM4 coupler. In the 
specific application shown here, we use 10 atmospheric real-
izations coupled to a single realization of the ocean model. 
The purpose of this coupling strategy is to significantly 
reduce the stochastic or weather noise forcing of the ocean 
due to internal atmospheric dynamics. Ensemble averaging 
of fluxes of heat, momentum and fresh water produced by the 
individual CAM ensemble members before they are passed 
to the ocean effectively filters the noise in the fluxes due to 
internal atmospheric dynamics. The sea-ice and land surface 
models are also coupled to the ensemble mean fluxes. Addi-
tional details can be found in Kirtman et al. (2009, 2011, 
2017). While the HRIE simulation is only about 55 years in 
length, the atmosphere internal variability for a particular 
ensemble member is independent from the other members, 
so in essence we have 10 × 55 or 550 years of independent 
realizations of internal atmospheric variability.

2.4 � Analysis technique

We use Niño3.4 (SSTA averaged from 190E to 240E and 
5S to 5N) for tracking ENSO. The PNA index is defined as 

in Wallace and Gutzler (1981) by linearly combining four 
normalized 200 hPa geopotential height anomalies. That is, 
the PNA pattern is comprised of four centers; one is located 
near Hawaii (20N and 160W), another over the North Pacific 
Ocean (45N and 165W), a third over western Canada (55N 
and 115W), and lastly one over the Southeastern United 
States (30N and 85W). We also make use of the stationary 
Rossby wave flux defined in Plumb (1985) to assess wave 
energy propagation in mid-latitude atmosphere. The Plumb 
flux is a generalized version of the widely used Eliassen-
Palm (EP) flux (Andrews and McIntyre 1976) in that it can 
diagnose the three-dimensional propagation of stationary 
wave activity on a zonally asymmetric flow field.

As in Plumb (1985), the three-dimensional Rossby wave 
flux in spherical coordinates follows (1), where P is the pres-
sure in hPa, a is the radius of the Earth in meters, ∅ repre-
sents latitude, � is longitude, � is the streamfunction, Ω is 
the angular velocity of the Earth and N is the Brunt-Vaisalla 
or buoyancy frequency.

3 � Mid‑latitude ENSO teleconnection 
versus intrinsic atmospheric variability

To understand the differences between ENSO forced and 
internal atmosphere response pattern of boreal winter circu-
lation, we base our analysis on composites. Figure 1 shows 
the December–January–February (F) 200 hPa geopotential 
height anomaly during positive ENSO events (a), negative 
ENSO events (b), positive PNA winters (c), and negative 
PNA winters (d). The composite for positive (negative) 
ENSO events is based on Niño3.4 SSTA larger (smaller) 
than plus (minus) one standard deviation. Similarly, the 
PNA composites are defined based on PNA index stand-
ard deviation greater than unity. Figure 1 shows that the 
mid-latitude atmospheric response to ENSO is asymmet-
ric between positive and negative events, as was noted in 
Straus and Shukla (2002). The response to positive ENSO 
has larger anomalies over the Northern Pacific, and a more 
intense Canadian positive height anomaly compared to the 
negative height anomaly associated with the negative phase 
of ENSO (Fig. 1b). The asymmetry is also observed in the 
spatial structure of the height anomalies, with the positive 
ENSO response having a more meridionaly oriented pat-
tern. For example, the deepening of the Aleutian Low is 
connected to negative anomalies over the southern US. For 
the negative ENSO response, the anomalies follow more 
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of a great-circle pattern with a clear southeastern US posi-
tive pole. The spatial structure of this pattern more closely 
corresponds to the PNA patterns in Fig. 1c, d, with spatial 
correlation of − 0.98 and 0.91 respectively. This suggests 
that the dominant patterns of the mid-latitude response to 
tropical heating are related to the preferred internal vari-
ability of the atmosphere, at least for the negative phase of 
ENSO. This asymmetry in ENSO-related atmospheric tel-
econnection is well documented (Hoerling et al. 1997, 2001; 
Hannachi et al. 2003; Zhang et al. 2011, 2014). We also note 
that the asymmetry (i.e., difference in El Niño and La Niña) 
of the ENSO teleconnection is comparable in amplitude as 
that of the symmetric (i.e., combined El Niño and La Niña) 
component (Zhang et al. 2014). We will return to the issue 
of asymmetry in ENSO teleconnections later in this article.

There is an important caveat in the analysis presented for 
Fig. 1. The construction of boreal winter atmospheric pat-
tern in Fig. 1 is an unstated assumption that any signature 
of internal atmospheric variability is assumed to be greatly 
reduced by compositing multiple cases. Figure 2 shows the 
time series of Niño3.4 SSTA (color) and PNA (black) from 
January 1980 to January 2016 and associated power spectra 
and auto-correlation. The strong El Niño events of 1982/83, 
1997/98, and 2015/16 are well depicted in the time series. 
We also note that some of the warm and cold ENSO events 
have been accompanied by large amplitude PNA index. 
However, the strongest PNA on record, which occurred dur-
ing the winter of 1980/81, was accompanied by relatively 
neutral ENSO conditions. Spectral density analysis shows 
that the PNA index closely resembles a white-noise pro-
cess with nearly equal power at all frequencies. Most of the 
power for Niño3.4 SSTA occurs on interannual timescales, 

which is well documented. The lag autocorrelation has a 
rapid de-correlation (about 1 month) for the PNA index, 
much shorter than 8–9 months for ENSO.

Separating the effect of ENSO from that internally gener-
ated by the atmosphere like the PNA is not trivial. Figure 2a 
shows that these two processes can co-exist. Also, there is 
a marginal but significant correlation between the observed 
Niño3.4 and the PNA index (r = 0.33) which suggests that 
the PNA is not entirely state-independent noise and contains 
a state-dependent (i.e., ENSO-modulated) component. Here 
we make use of conditional composites by averaging those 
winter seasons with extreme ENSO events and little or no 
PNA pattern. We will refer to these as the ENSO composite 
hereafter. Similarly, we average those winter seasons with 
extreme PNA and little or no ENSO events, and referred to 
as the PNA composite. Our goal for this conditioned com-
posite is to isolate as much as possible the influence of the 
PNA on ENSO teleconnections and vice-versa. Also, by 
looking at those winters with little PNA activity, we hoped 
to have a clearer understanding of the ENSO teleconnection 
in that it is found to be significantly smaller than those from 
the PNA and thus more easily masked by the PNA.

Figure 3 shows the conditional composite of 200 hPa 
anomalous streamfunction (contour), horizontal (vec-
tor) and vertical (shaded) stationary Rossby wave flux of 
December–January–February (DJF) seasonal mean during 
a positive PNA (Fig. 3a) and neutral ENSO, and positive 
ENSO events and neutral PNA (Fig. 3b). Note that the 
mid-latitude response to ENSO-related tropical heating 
(Fig. 3b) as measured by these composites is significantly 
smaller than that generated internally by the atmosphere 
(Fig. 3a). The PNA shows a zonally oriented wave-train 

Fig. 1   Composite of 200 hPa 
geopotential height anomaly 
during DJF for warm ENSO 
events (a), cold ENSO events 
(b), warm PNA winters (c), and 
cold PNA winters (d). Contour 
interval is 10 m. The number 
in each sub-title corresponds 
to the number of events in the 
composite
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pattern in the streamfunction. Most of the horizontal wave-
flux occurs over the North Pacific towards North America. 
Vertical wave-flux is upward (downward) over the North 
America (Gulf of Alaska) region. That is, most of the ver-
tical and horizontal stationary wave flux for PNA winters 
is located in regions of the major mid-latitude storm track 
and associated jets with no tropical origin. As suggested 
in Karoly et al. (1989), jet stream instability or transient 
eddies interaction with the mean flow are major mecha-
nisms in forcing these anomalous stationary waves.

The ENSO response (Fig. 3b), however, shows a merid-
ionaly oriented structure in the streamfunction, which is 
in contrast with the zonally oriented structure associated 
with the PNA pattern. The ENSO response also shows 
an anomalous anticyclone over most of the subtropics, a 
feature that is absent for the PNA pattern. The anomalous 
cyclonic pattern extends from most of the northern Pacific 
southeastward towards the southeastern United States. 
There is clear wave flux towards North America with tropi-
cal origin, mostly over the eastern Pacific. There is also 
significant flux from the Northern Pacific, associated with 
deepening of the Aleutian Low. These two wave fluxes 
with comparable amplitude converge over the anomalous 
anticyclone over central Canada.

The analysis presented in Fig. 3 argues that the response to 
tropical Pacific heating associated with ENSO is significantly 
different and has smaller amplitude than that internally gener-
ated by the atmosphere. Note that we are not suggesting that 
ENSO and the PNA are independent, given that the PNA index 
is correlated with the ENSO index (r = 0.33), suggesting that 
ENSO variability also tends to generate a systematic response 
in the PNA pattern. Although this response is a smaller portion 
of the total variability of the PNA as the modest correlation 
suggests. The PNA also occurs as an internal mode of atmos-
pheric variability, hence our motivation in trying to separate 
the ENSO forced versus the atmospheric internal variability. 
The IE technique used here is an ideal tool for this task. Since 
each atmosphere in the IE run is forced by the same SST 
pattern, any difference among ensemble members is purely 
intrinsic to the atmosphere (i.e., state-independent). The state-
dependent component (i.e., SST dependent) of the PNA is 
comparably smaller than the state-independent as suggested by 
the low correlation with ENSO. This is supported by perform-
ing an additional model experiment in which climatological 
SST are prescribed to the atmosphere-only model and found 
that the PNA pattern in the atmosphere-only model run (not 
shown) is nearly identical in amplitude and spatial distribu-
tion as that from observation and ocean–atmosphere coupled 

Fig. 2   Time series of Niño3.4 
SSTA (color) and PNA (black) 
from January 1968 to December 
2007. Lower left panel show the 
spectral density and lower right 
panel show the autocorrelation 
for Niño3.4 (blue) and PNA 
(red) index
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simulations. Hence, highlighting the challenge in isolating the 
component of the PNA that is state-dependent.

Note that the mid-latitude response to ENSO does include 
both the traditional ENSO forced response (largely independent 
of the PNA) and a PNA component that has changed because 
the background state has change (i.e., state-dependent internal 
variability). Only the later provides a systematic teleconnec-
tion pattern, whereas the PNA part is more random and com-
plicates the teleconnection structure, and thus predictions of 
ENSO remote impacts. Therefore, it is very difficult to establish 
a well-defined teleconnection pattern because the ENSO forced 
response is influenced by the presence of weather noise. In the 
next section, we make use of the IE noise reduction technique 
in order to study the ENSO forced response versus internal 
variability of the atmosphere separately.

4 � Noise reduction

In order to understand ENSO teleconnections under the IE 
noise reduction, we first examine the importance of atmos-
pheric noise over the tropical Pacific. Figure 4 describes 

the symmetric (left-column) and asymmetric (right-column) 
ENSO components based on the composite of Decem-
ber–January–February (DJF) SSTA for observed (a and 
b), HRCTL (c and d), and HRIE (e and f). The composite 
is based on Niño3.4 SSTA larger than one standard devia-
tion. HRCTL symmetric component (Fig. 4c) has maximum 
SSTA over the central Pacific and similar meridional struc-
ture and amplitude as observed (Fig. 4a). SSTA are highly 
reduced in the HRIE case (Fig. 4e), consistent with Lopez 
and Kirtman (2015).

We show ENSO phase asymmetry because it is a possible 
source for the mid-latitude asymmetry seen in Fig. 1. Both 
HRCTL and HRIE have smaller asymmetry than observed, 
especially for the interactive ensemble run. For the observed 
(Fig. 4b), ENSO asymmetry is mostly positive (negative) 
over the eastern (western) Pacific. The negative pole over the 
western Pacific is captured in HRCTL and to a minor extent 
in HRIE. The notion of ENSO asymmetry in CGCMs was 
thoroughly investigated in Zhang et al. (2009). They found 
that the lack of asymmetry in CCSM3 (i.e, an earlier version 
of the CGCM used here) is due to a lack of asymmetry in the 
zonal wind stress over the central Pacific, caused by a biased 
representation of atmospheric deep convection associated 
with SSTA. Lopez et al. (2013) found that the absence of 
state-dependent westerly wind burst (i.e., a type of atmos-
pheric noise forcing of the tropical Pacific Ocean) in couple 
models result in a bias towards cold ENSO events.

The reduction of ENSO amplitude and asymmetry due to 
noise reduction may have repercussions on the extratropical 
atmospheric response to tropical heating and hence precipi-
tation over the US. That is, the reduced ENSO amplitude 
leads to reduced tropical heating, which should weaken the 
Rossby wave forcing hence reducing the remote teleconnec-
tion. On the other hand, the noise reduction may facilitate 
identifying the ENSO-forced pattern in that less noise in the 
SSTA would translate into a more systematic atmospheric 
response (e.g., larger signal-to-noise ratio).

We first diagnose the tropical upper atmosphere response 
to warm SSTA via composite analysis. For this, we look at 
atmospheric Rossby wave source or forcing function (2), 
which is comprised of advection of planetary vorticity (i.e., 
sum of relative vorticity � and the Coriolis parameter f  ) by 
the divergent wind V� (first term in Eq. 2) and vortex tube 
stretching (second term in Eq. 2).

Note from Fig. 5 that the symmetric (i.e., El Niño minus 
La Niña) component of the wave source is dominated by 
anticyclonic wave source straddling the equator at about 
the dateline. Anticyclonic (cyclonic) wave source is nega-
tive (positive) in the Northern Hemisphere and the oppo-
site in the Southern Hemisphere. This meridional structure 

(2)
Rossby wave source = −V� ⋅ ∇(� + f ) − (� + f )∇ ⋅ V�

Fig. 3   Conditional composite of 200  hPa anomalous streamfunction 
(contour), horizontal (vector) and vertical (shaded) stationary Rossby 
wave flux of December–January–February (DJF) seasonal mean dur-
ing a positive PNA and neutral ENSO, and b positive ENSO events 
and neutral PNA. Streamfunction contour interval is 3 × 106  s−1 for 
(a) and 106 s−1 for (b)
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centered at about the equator is caused by meridional plan-
etary vorticity advection due to upper level divergence and 
driven by warm SSTA. Also note that, both HRCTL and 
HRIE simulations, accurately depict the spatial pattern of 
the observed Rossby wave source. Recall that the HRIE 
simulation produces reduced amplitude ENSO events due 
to weather noise filtering, hence the smaller amplitude in 
the wave source.

The asymmetric (i.e., El Niño plus La Niña) compo-
nent of the wave source is also dominated by anticyclonic 
wave sources east of the dateline. This is expected as the 
asymmetric SSTA shown in Fig. 4 looks like the symmetric 
component east of the dateline. Also, worth noting is that 
the asymmetry is significantly reduced in the HRIE case 
(Fig. 5f), as with the SSTA (Fig. 4f), producing a more sys-
tematic ENSO teleconnection patter.

For example, Fig. 6 depicts the tropical Pacific com-
posite 200 hPa streamfunction (contour) and relative vor-
ticity (shaded) for the 10 warmest ENSO events. Panels E1 
through E10 correspond to each of atmospheric members of 
HRIE model. The Emean panel indicates ensemble mean of 

the 10 atmospheric ensemble members in the HRIE simula-
tion, whereas CTL panel corresponds to the single atmos-
pheric realization in the HRCTL simulation. Therefore, the 
ensemble average for the HRCTL is just the average of all El 
Niño events (10 in this case). So, we should call it composite 
mean of El Niño events as there is just a single ensemble 
member in the HRCTL case. In contrast, the HRIE ensemble 
mean contains the average for 10 El Niño events for each 
atmospheric ensemble simulation for a total of 100 events. 
Recall that each atmospheric member is subject to the same 
boundary forcing from the ocean. Overall, all atmospheres 
of the HRIE respond similar as HRCTL to tropical heating, 
with anticyclonic circulation north and south of the equator 
and associated upper level easterlies about the equator. Dif-
ferences among ensemble members highlight the fact that 
each atmosphere member produces its own internal dynam-
ics, although at 200 hPa in the tropics this effect appears to 
be qualitatively small.

In the same format as Figs. 6 and 7 shows the Pacific 
North American sector composite of 200 hPa streamfunc-
tion (contour) and relative vorticity (shaded) for the same 

Fig. 4   Composite of December-January-February SSTA for sym-
metric (left-column) and asymmetric (right-column) component of 
ENSO for observed (a, b), HRCTL (c, d), and HRIE model (e, f) 
respectively. The symmetric component is defined by warm minus 

cold events divided by 2, where the asymmetric is warm plus cold 
events SSTA. Dotted contours indicate statistical significance to 95% 
based on student-T test
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10 warm ENSO events. By simple inspection, it is easy to 
observe that all ensemble members have distinct structure 
in the streamfunction and vorticity fields. There is arguably 
only one member (i.e., E2) that has a similar structure as the 
HRCTL, and most importantly, the ensemble mean of HRIE 
run is markedly different from HRCTL. Overall, the HRCTL 
is similar to the observed pattern shown in Fig. 1a, whereas 
the ensemble mean HRIE here is similar to the observed 
pattern in Fig. 3b. This indicates that the HRCTL pattern is 
not a clean depiction of midlatitude ENSO response due to 
the presence of significant internal atmosphere variability as 
suggested from the large spread among ensemble members. 
In contrast, HRIE ensemble mean presents a clear ENSO-
forced response due to noise reduction from IE and ensem-
ble averaging technique despite a reduction in the amplitude 
of the tropical SSTA due to atmospheric noise reduction. 
What remains unclear is whether the spatial structure differ-
ence in HRIE ensemble mean is due to some fundamental 
change in the tropical forcing and response or simply due to 
a factor of 10 larger ensemble averaging.

Thus far we showed that internal atmospheric dynam-
ics is dominating mid-latitude upper atmosphere, which 

consequently muddles the true response to ENSO and tropi-
cal Pacific heating. The HRIE simulation has the advantage 
that it is possible to quantify the noise via the individual 
ensemble members within the context of the coupled system 
(see Kirtman et al. 2011). Here, we estimate the atmospheric 
internal variability for each ensemble members following 
(Eq. 3), where Field is any variable, N is the ensemble size. 
Note that a noise variable is obtained for each ensemble 
member i.

Now that we have defined the noise for each atmospheric 
realization, it is natural to ask what is the basic structure of 
the noise? In order to answer this question, we make use of 
empirical orthogonal function (EOF) analysis of the noise 
defined in Eq.  (3). Here, the EOF is applied to the DJF 
(boreal winter) structure of Eq. (3) during 10 El Niño events 
for the HRIE case. These events are defined as before based 
on Niño3.4 standard deviation. Since we have 10 ensemble 
members and 10 El Niño events, we can apply the EOF to 

(3)

Noisei = Fieldi −
1

N

N∑
i=1

Fieldi N = 10 ensemble members

Fig. 5   Same as in Fig. 4 but for the Rossby wave source. Contour interval is 0.5 × 10−11 s−2 . Anticyclonic (cyclonic) wave source is negative 
(positive) in the Northern Hemisphere and the opposite in the Southern Hemisphere
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those 100 maps (i.e., 10 ensemble members for each El Niño 
event) since each ensemble member is synoptically inde-
pendent. Essentially, the atmospheric states are noise inde-
pendent but signal dependent through the coupling to the 
same ocean state. Figure 8 depicts the composite of 200 hPa 
geopotential height anomaly during DJF for warm ENSO 
events for the HRCTL simulation (Fig. 8a) and the HRIE 
simulation (Fig. 8b). Figure 8c shows the spatial structure 
of EOF 1 of internal atmospheric dynamics 200 hPa geo-
potential height for HRIE simulation. The spatial structure 
of geopotential height anomaly for HRCTL is very similar to 
that of observed pattern (Fig. 1a). Here, positive anomalies 
dominate the tropical upper atmosphere with two negative 
height anomalies over the Aleutian Low and the southeast-
ern United States. It also shows a positive height anomaly 
over the Hudson Bay, this is also consistent with observa-
tions. For the HRIE case (Fig. 8b), a positive height anomaly 

is still present over the tropics, but weaker than those from 
HRCTL due to reduced tropical forcing (Figs. 4, 5).

The spatial structure of midlatitude atmospheric response 
is significantly different in the ensemble mean atmospheric 
composite from the HRIE simulation compared to HRCTL. 
Among others, there are two possible scenarios for this 
difference explored here: (i) the differences are rooted in 
the tropics—something is different in the tropical forcing, 
or (ii) the differences are rooted in the mid-latitudes—the 
true ENSO-forced response is that of HRIE (Fig. 8b) and 
HRCTL (Fig. 8a) is contaminated by mid-latitude atmos-
pheric internal dynamics noise. We know that the amplitude 
of the SSTA in HRIE is smaller but that the deep tropi-
cal circulation response associated with ENSO depicted in 
Figs. 5 and 6 is similar between HRCTL and HRIE. So, 
it remains an open question which of the above two pos-
sibilities explain the differences in the ENSO response. 

Fig. 6   Composite of 200 hPa 
streamfunction (106 s−1, 
contour) and relative vorticity 
(10−5 s−1, shaded) for warm 
ENSO events. Panels E1 
through E10 correspond to 
atmospheric members of IE 
model. Emean panel indicates 
ensemble mean of IE model, 
whereas CTL panel corresponds 
to CTL model. The composite 
is based on the top 10 El Niño 
events centered on December-
January-February
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Ultimately, we argue here that difference is rooted in the 
tropical forcing. It is, however, instructive to eliminate the 
possibility that the differences are rooted in the mid-latitudes 
and are simply just sampling issues. We address this sam-
pling question first below.

While it was shown that ENSO response is systemati-
cally different in the HRIE model, we have not yet clari-
fied if this is due to larger sampling in the HRIE (e.g., 10 
events times 10 ensemble atmospheres for DJF) compared 
to HRCTL (e.g., 10 events times 1 atmosphere for DJF). 
That is, what if we had 90 more ENSO events in HRCTL, 
would it reproduce the ENSO forced response in HRIE? 
If that were the case, then simply having more HRCTL 
events would produce the HRIE pattern. To answer this, a 
Monte Carlo sampling technique is used in that compos-
ites are built by randomly selecting ensemble members 

from the HRIE case. The composites are built similar to 
that of HRCTL, but here a random ensemble member is 
chosen for each of the 10 ENSO events and each of the 
December–January–February (DJF) months. In total, 30 
random maps are composite. There is a total of 300 maps 
to choose from and those are drawn with replacement. The 
composite is repeated 5000 times and are named MCE 
(Monte Carlo ensemble) herein. The goal is to compare 
whether a randomly chosen ensemble average reproduce 
the HRCTL pattern (Fig. 8a) or that of the HRIE (Fig. 8b). 
We will base the comparison in term of spatial correlation 
of those MCE with that of HRCTL and HRIE patterns.

Figure 9a depicts the probability density function (PDF) 
for the spatial correlation between MCE and HRCTL com-
posite (red) and the spatial correlation of MCE and HRIE 
composite (blue) of midlatitude 200 hPa geopotential height 

Fig. 7   Same as Fig. 6 but for the 
Pacific-North American sector
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anomaly during El Niño events. Note that the PDF of MCE 
correlated with HRIE is shifted toward unity (e.g., 0.65 
mean correlation) compared to that of MCE correlated 
HRCTL (e.g., 0.31 mean correlation). This argues that the 
systematic differences between HRCTL and HRIE shown in 
Fig. 8a, b are not due to subsampling of HRCTL, but some-
thing more fundamental is occurring in the HRIE run. We 
will return to this issue at the end of this section.

Another implication from Fig. 7 is the fact that all indi-
vidual ensemble members from HRIE look quite distinct 
from each other. In other words, there is substantial atmos-
pheric noise present in the composite. This raises the ques-
tion whether the noise level in each individual ensemble 
member is comparable to the HRCTL composite. As noted 

early, in principle it is possible for HRIE to have smaller sig-
nal-to-noise ratio since the tropical forcing could be smaller, 
but the mid-latitude noise amplitude should be unchanged. 
To check this, the MCE technique presented earlier is used to 
calculate signal-to-noise ratio (SNR) of 200 hPa geopoten-
tial height. SNR is defined by the ratio of the magnitude of 
composite 200 hPa geopotential height divided by the stand-
ard deviation among events (i.e., event spread) and averaged 
over the PNA region. Figure 9b shows the PDF of SNR for 
MCE (black) compared to that of the HRCTL (red arrow). 
It is obvious that individual ensemble members from HRIE 
have lower SNR than that of HRCTL in the 200 hPa height 
over the PNA region. This is due to reduced tropical SST in 
HRIE while the noise amplitude is similar for both models.

It is important to underscore the results in Fig. 9a, b. First, 
Fig. 9a indicates that the ENSO response in the HRIE spa-
tial structure is indeed different from the HRCTL. Second, 
and perhaps as expected, the mid-latitude ENSO response 
SNR in HRIE is considerably smaller than HRCTL. The 
apparent contradiction comes from the fact that we suggest 

Fig. 8   Composite of 200 hPa geopotential height anomaly during DJF 
for warm ENSO events for HRCTL model (a) and HRIE model (b). 
Also showing the spatial structure of EOF 1 of internal atmospheric 
dynamics 200 hPa geopotential height for HRIE model (c). Contour 
interval is 10 m for all panels

(a)

(b)

Fig. 9   Probability density function (PDF) for the spatial correlation 
between MCE and HRCTL composite (red) and the spatial correla-
tion of MCE and HRIE composite (blue) of midlatitude 200 hPa geo-
potential height anomaly during El Niño events (a). b PDF of signal-
to-noise ratio (SNR) of MCE composite (black) compared to HRCTL 
SNR (red arrow). The MCE are built by 5000 realizations using a 
Monte Carlo sampling technique
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here (Fig. 8 in particular) that the HRIE composite response 
(Fig. 8b) is a “cleaner” depiction of the ENSO response 
and that noise is still contaminating the HRCTL response. 
Resolving this apparent contradiction is discussed further 
below.

The leading noise EOF (Fig. 8c) is very similar to the 
observed PNA pattern (Fig. 1c, d) with four poles. We note 
that the PNA pattern in the CCSM simulations are geograph-
ically identical to the PNA pattern identified in observations 
(not shown). This noise pattern explains 36% of the total 
noise variance over the Pacific-North America region. The 
fact that we were able to obtain the PNA pattern from HRIE 
case via noise EOF and that this pattern is the leading mode 
suggests that there is still noise variance left in the individual 
ensemble members after applying the IE noise filtering. This 
is to be expected because the IE approach does not explic-
itly attempt to reduce the amplitude of the variability due 
to internal atmospheric dynamics. Also note that the noise 
amplitude in Fig. 8c is still twice as large as the ENSO-
forced pattern shown in Fig. 8b, consistent with low SNR in 
Fig. 9b. This explains the large differences among ensemble 
members in Fig. 7. It is also worth noting that the pattern in 
Fig. 8a (i.e., the ENSO composite from HRCTL) appears to 
be a combination of the patterns from Fig. 8b (i.e., ENSO 
forced) and Fig. 8c. (i.e., internal atmospheric variability). 
This suggests that ENSO teleconnection is a combination 
of a PNA-like (i.e., state-dependent noise of the form of 
the PNA) due to changes in the background atmospheric 
state and a non-PNA (i.e., ENSO signal) or ENSO forced 
component.

We also addressed here whether there is any relation-
ship between PNA-related noise amplitude and ENSO? For 
this, we compute the noise EOF as in Fig. 8c but for the El 
Niño, La Niña, and Neutral years separately using the HRIE 
noise-reduced simulation. From Fig. 10, we can observe that 
the spatial distribution and amplitude of the dominant noise 
pattern is very similar and independent of the state of ENSO, 
which suggest that mid-latitude noise is, at least that associ-
ate with the PNA, mostly state independent with respect to 
tropical SST forcing. Also, and as was shown in Fig. 8c, the 
dominant noise pattern is that of the PNA with about 36% 
of total noise variance explained. Note that the analysis of 
Fig. 10 does not address the state-dependent component of 
the PNA with respect to ENSO. We will discuss this issue 
later in the manuscript.

To further demonstrate how midlatitude internal vari-
ability masks the ENSO-forced response, we calculate the 
three-dimensional Rossby wave flux for HRCTL and HRIE 
models during El Niño events. This is shown in Fig. 11a for 
HRCTL and Fig. 11b for HRIE. The 200 hPa streamfunction 
is depicted by black contour; horizontal (vertical) wave flux 
is shown as vectors (shaded) contour. We assume that wave 
flux associated with ENSO-forced response is considerably 

smaller than that associated with internal atmospheric vari-
ability since the forced ENSO response is so much smaller. 
Most of the horizontal wave flux is zonally oriented for the 
HRCTL (Fig. 11a), and dominated by internal atmospheric 
variability. There is significant wave flux towards the south-
ern and eastern United States associated with ENSO-forc-
ing in HRIE case (Fig. 11b). This is consistent with that of 
observed ENSO response (Fig. 3) in that significant meridi-
onal wave flux from the tropical eastern Pacific that extends 
towards southwestern United States is observed, which is 
associated with a cyclonic pattern extends from the eastern 
North Pacific towards the southern United States.

Recall that Fig. 9 suggests that the systematic differ-
ences between HRCTL and HRIE shown in Fig. 8a, b and 
now Fig. 11a, b are not due to the reduced sample size of 

Fig. 10   The spatial structure of EOF 1 of internal atmospheric 
dynamics of 200  hPa geopotential height for HRIE model for; a El 
Niño, b La Niña, and c Neutral boreal winters. Contour interval is 
10  m for all panels. The percentage values indicate the variance 
explained by this EOF 1
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HRCTL, but something more fundamental in the HRIE run. 
It is hypothesized that even though smaller, the SSTA in 
HRIE is steadier (less noisy) compared to HRCTL. This 
would lead to a steadier wave flux, which leads to a more 
systematic remote response. In order to show this, Fig. 12 
depicts composite evolution of SSTA (°C) during the 10 El 
Niño events for HRCTL (a), HRIE (b), and cross-equatorial 
SSTA structure at zero-lag (c). Similarly, standard devia-
tion among events (°C) is shown for HRCTL (d), HRIE (e), 
and (f). Signal-to-noise ratio is described for HRCTL (g), 
HRIE (h), and (i), where this is defined by the ratio of the 
magnitude of composite SSTA over the standard deviation 
among events (i.e., event spread). Both models show similar 
spatiotemporal SSTA evolution with HRCTL having signifi-
cantly larger amplitude (Fig. 10a compared to b) mostly over 
the eastern Pacific (Fig. 12c). This is due to more atmos-
pheric noise in the HRCTL simulation compared to the noise 
reduced HRIE simulation. Internal ocean SST variations 
should be similar between these model runs as they share 
the same ocean dynamics. The spread, as measure by the 
standard deviation among events, is also significantly larger 
in HRCTL compared to HRIE (Fig. 12d, e respectively). As 
expected, the signal-to-noise ratio is largest during boreal 

winter and over the central Pacific for both models. One 
important distinction is the considerably higher SNR over 
the eastern Pacific (e.g., east of 160W, Fig. 12i) for the HRIE 
case. This implies that SSTA there is steadier, producing 
a more systematic wave flux and teleconnection as shown 
earlier compared to HRCTL.

We have shown that noise reduction decreases the ampli-
tude of SSTA and variances, which is supported by results 
from Lopez and Kirtman (2015) at coarser resolution. This 
suggests that ENSO is noise-driven and the importance of 
the noise increases with increasing horizontal model resolu-
tion. But we also showed that the PNA is still present in the 
noise-reduced simulation and this is because it is partially 
independent of the SST forcing. ENSO forcing of the PNA 
and teleconnection in general may be different because the 
SST patterns are different (e.g., smaller amplitude and more 
coherent or less inter-event differences) in the reduced noise 
experiment.

The amplitude of the SSTA, to a first order approxima-
tion, is what determines the strength of anomalous convec-
tion in the tropics, which ultimately affects the amplitude 
of Rossby wave source term (i.e., planetary vorticity advec-
tion by upper level divergent winds). However, this raises 
an interesting question: how is it possible that the weaker 
SSTA variance in the HRIE experiment provides a more 
robust ENSO teleconnection when compared to observations 
or the HRCTL? The answer is simply that the noise in HRIE 
is reduced more than the signal, and thus the SNR increases 
in the ensemble mean response.

5 � Asymmetry: teleconnection

ENSO asymmetry, both in term of its tropical and mid-lat-
itude imprint has been extensively studied (Hoeriling et al. 
2001; Monahan and Dai 2004; An and Jin 2004; Wu et al. 
2005; Zhang et al. 2011, 2014). The amplitude of the mid-
latitude asymmetry in ENSO response is as large as the sym-
metric response (Zhang et al. 2014) and a key element in 
the asymmetry is in the surface temperature response. The 
main scope of this section is to further investigate the asym-
metric response to tropical heating associated with ENSO 
and the potential role of atmospheric internal variability. 
Here, we analyze the upper troposphere anomalous diver-
gence and geopotential height anomaly during El Niño and 
La Niña events from observational estimates and the model 
experiments described earlier. Recall that ENSO asymme-
try in term of SSTA and atmospheric Rossby wave forcing 
(Figs. 4, 5) goes from highest to lowest for the observed, 
HRCTL, and HRIE experiment in that order.

Divergence in the tropical upper troposphere is an impor-
tant parameter to analyze as is one of the main contribu-
tors of planetary Rossby wave forcing and teleconnections. 

Fig. 11   Composite of December–January–February (DJF) seasonal 
mean 200 hPa anomalous streamfunction (106 s−1, contour), horizon-
tal (vector) and vertical (shaded) stationary Rossby wave flux during 
El Niño events for HRCTL (a) and HRIE (b). Composite is defined 
based on the top 10 strongest El Niño events
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Figure 13 shows the observed, HRCTL, and HRIE symmet-
ric and asymmetric components of the 200 hPa anomalous 
divergence meridionaly averaged (5S–5N) across the Pacific 
Ocean, which is a main forcing of Rossby wave response 
through planetary vorticity advection. The analysis of HRIE 
simulation is performed on the ensemble mean from the 
10 atmospheric realizations. The symmetric component is 
mostly positive with maximum amplitude over the central 
Pacific associated with anomalous deep convection for the 
observed and the two simulations. The HRCTL (Fig. 13b) 
simulation has a stronger symmetric anomaly over the west-
ern Pacific than that of observed or HRIE. This is consistent 
with the westward-extended SSTA (Fig. 4c). The amplitude 
of the symmetric component of upper level divergence for 
HRIE is similar to that of observed and HRCTL despite a 
reduction in SSTA in HRIE (Fig. 4e). This has important 
implications and supports the argument from the previous 

section that the HRIE is able to separate ENSO forced 
response from internal atmospheric noise.

The zonal structure of the asymmetric component is 
similar for all three cases, with negative (positive) anomaly 
over the western (central-eastern) Pacific. Comparing asym-
metries among the three cases is important, but more so, is 
to compare the amplitude of the asymmetry with respect 
to the symmetric component. We point out that for the 
observed (Fig. 13a), the asymmetric component is positive 
and significantly larger than the symmetric over the eastern 
Pacific. For the simulations, the symmetry and asymmetry 
are comparable for HRCTL over the central Pacific, whereas 
for HRIE the symmetric component is significantly larger 
than the asymmetric component. As suggested in Lopez 
and Kirtman (2015), atmospheric internal variability is 
an important source for ENSO asymmetry, which leads to 
asymmetric response shown in Fig. 13.

Fig. 12   Composite evolution of SSTA (°C) along the equatorial 
Pacific during the 10 El Niño events for HRCTL (a) and HRIE (b) 
and cross-equatorial SSTA structure at zero-lag (c). Similarly, stand-
ard deviation among events (°C) is shown for HRCTL (d), HRIE (e), 
and f). Signal-to-noise ratio is described for HRCTL (g), HRIE (h), 

and (i) where this is defined by the ratio of the magnitude of com-
posite SSTA over the standard deviation among events. Composite is 
based on DJF Niño3.4 SSTA and centered (zero-lag) on the dashed 
horizontal line with time increasing up the page
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What is the consequence of asymmetric tropical heating 
and upper level response in term of mid-latitude circula-
tion over the Pacific-North American sector? To answer 
this question, Fig. 14 shows the composite of the 200 hPa 
streamfunction anomaly for boreal winters (DJF) during El 
Niño and La Niña events. Note that the asymmetry in ENSO 
response is largest (smallest) for observed (HRIE) case, con-
sistent with asymmetry in SSTA, Rossby wave source, and 
tropical upper level divergence (Figs. 4, 5, 11). The ENSO 
forced response, with reduced atmospheric noise, is mostly 
meridionaly oriented and highly symmetric (Fig. 14e, f). 
In contrast, the presence of atmospheric internal variability 

(e.g., observed and HRCTL), introduce asymmetry and more 
zonal structure.

To analyze ENSO asymmetry and its influence on the 
state-dependence of the PNA on ENSO, we have calculated 
the PDF of the PNA index for years during positive, nega-
tive, and neutral ENSO conditions as defined by the Niño3.4 
index terciles. This was done for the HRIE case as it pro-
vides multiple PNA indices for a given ENSO state (one for 
each ensemble member). The results are shown in Fig. 15 
for the ensemble mean, ensemble spread, and signal-to-noise 
ratio (SNR) of the PNA index. In order to quantify a robust 
PDF, we subsampled the HRIE experiment by selecting only 
6 out 10 ensemble members for each ENSO and non-ENSO 
year and computed their PDF by repeating the sampling 
randomly 1000 times with replacement (i.e., an ensemble 
member can be selected more than once).

The ensemble mean PNA index (i.e., noise dependent 
component) is rarely positive (negative) during La Niña (El 
Niño) years (Fig. 15a). Thus, the ensemble mean PDF can be 
viewed as the state-dependent component of the PNA (i.e., 
dependent on the state of ENSO). If we look at the ensemble 
spread (Fig. 15b), El Niño years have more uncertainty in 
the amplitude of the PNA index when compared to neutral 
and La Niña years. This is probably caused by the non-linear 
response of the atmospheric circulation to SST anomalies as 
well as the smaller SNR of SST anomalies during El Niño 
years (Fig. 16). Also note that the ensemble spread is signifi-
cantly larger than the ensemble mean anomalies (Fig. 15a, 
b) regardless of the state of ENSO. This is easily seen by the 
small SNR (on the order of 0.55–0.7 Fig. 15c). Interestingly, 
La Niña years have a higher SNR of the PNA index, owing 
to the large ensemble mean anomaly (Fig. 15a) and relatively 
smaller ensemble spread when compared to El Niño years 
(Fig. 15b). In all, there is substantial change in the SNR of 
the PNA index associated with the state of ENSO, but more 
so for La Niña case where the SNR increases significantly.

We also look at inter-event asymmetry (i.e., how differ-
ent are El Niño event from other El Niño events and simi-
larly how different are La Niña events) to investigate why 
the smaller SNR of the PNA during El Niño compared to 
La Niña years. Figure 16 shows the signal, noise, and SNR 
for El Niño and La Niña separately in terms of their SST 
anomalies. Note that both the El Niño signal and noise are 
larger in amplitude compared to La Niña signal and noise 
respectively. However, the SNR is considerably smaller for 
El Niño compared to La Niña. The SNR looks like the sig-
nal itself for La Niña, whereas the SNR for El Niño cases is 
relatively small in the Eastern Pacific east of 140W. Recall 
that most of the atmospheric wave activity flux associated 
with ENSO teleconnection is originated east of 140W (see 
Fig. 11). Therefore, a small SNR due to large SST inter-
event spread in the Eastern Pacific will lead to large spread 
in teleconnection patterns, thus producing larger SNR in the 

(a)

(b)

(c)

Fig. 13   Composite of observed (a), HRCTL (b), and HRIE (c) 
symmetric (i.e., El Niño minus La Niña divided by 2, shaded grey) 
and asymmetric (El Niño plus La Niña, black line) components of 
200 hPa anomalous divergence meridionally averaged (5S–5N) across 
the Pacific Ocean. Dotted shade indicates where the asymmetry is 
distinct from zero at 95% confidence level from a student-T test. The 
analysis of HRIE model is performed on the ensemble mean from the 
10 atmospheres realization
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PNA index during El Niño years as oppose to the La Niña 
years (Fig. 15c). This inter-event asymmetry in SST anoma-
lies over the Easter Pacific is especially large for the decay 
phase of El Niño in boreal spring, leading to uncertainties in 
ENSO impacts over North America (Lee et al. 2014).

6 � North American precipitation response: 
ENSO versus PNA

It was highly anticipated that the extremely warm SSTA 
during the 2015–2016 El Niño event could end the most 
severe multi-year (2012–2015) drought ever recorded in the 
state of California (Griffin and Anchukaitis 2014; Diaz and 
Wahl 2015; Seager et al. 2015). However, California only 
experienced moderate above-normal rainfall mostly in the 
northern region during the 2015–2016 (Lee et al. 2018). 

This is contrary to the conventional wisdom that the El Niño 
phase is associated with enhanced winter precipitation over 
the southwestern US (Mo 2010; Lee et al. 2014b; Hoell et al. 
2016), where these precipitation changes are associated with 
southward and eastward displacement of the jet stream and 
storm track (Hoeling and Ting 1994; Tremberth and Hurrel 
1994; Orlanski 2005; Eicheler and; Higgins 2006). Simi-
larly, it is generally accepted that the La Niña phase tends 
to increase the likelihood for extreme droughts affecting the 
southwestern United States (Herweijer et al. 2006; Cook 
et al. 2007).

The previous sections showed that the upper level atmos-
pheric circulation response to tropical Pacific heating con-
tains a component that is quite distinct and much smaller in 
amplitude than those from internally generated PNA-like 
pattern. This was demonstrated by applying statistical analy-
sis to observational data and further validated by numerical 

Fig. 14   Composite of 200 hPa streamfunction anomaly (106 s−1) for boreal winters (DJF) during El Niño events: observed (a), HRCTL (c), and 
HRIE (e). Similarly, for La Niña events: observed (b), HRCTL (d), and HRIE (f)
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modeling experiments where the atmosphere internal vari-
ability is suppressed. Now that this distinction was estab-
lished, we can extend our analysis to precipitation over the 
US and its influence by ENSO-forced versus internal atmos-
pheric dynamics associated with the PNA. This will help 
clarify, to some extent, the lack of precipitation signal over 
the southwestern US during major El Niño events, such as 
the 2015–2016 case.

Figure 17a depicts a scatter diagram of the normalized 
Niño3.4 and PNA observed indices for DJF, the color coding 
indicates the observed standardized precipitation anomaly 
for California during DJF. The three strongest El Niño events 
of 1982–1983, 1997–1998, and 2015–2016 are also shown. 
The standardized precipitation anomaly for California was 
created based on National Weather Service forecasting 

regions for the state. These regions are delimited so that 
locations within a given region share a common climate. We 
quantified a precipitation index for each region, then we nor-
malize these indices by their regional precipitation standard 
deviation. Finally, we average all normalized regional indi-
ces to obtain a state-level index. This methodology ensures 
that all of the regions in California are weighted equally, 
although for hydrological planning, it is best to include the 
physical dimensions in these results rather than the stand-
ardize fields.

We note that different ENSO types have distinct telecon-
nection patterns and thus they produce different precipita-
tion patterns over California as was shown in recent stud-
ies (Infanti and Kirtman 2016; Lee et al. 2018), where only 
events with large SST anomalies in the far eastern Pacific 
that persists throughout the boreal winter and spring have 
large influence on rainfall throughout the state of California. 
Consistent with previous studies, above normal precipita-
tion (e.g., P > 0.5) is present only when Niño3.4 index is 
positive. But perhaps more interesting is that, during posi-
tive Niño3.4, precipitation anomalies generally decrease 
when the PNA index is large. For example, both the PNA 
and Niño3.4 were the largest on record during 2015–2016 
but California experienced near-normal rainfall. The PNA, 
or some other teleconnection pattern with an influence on 
the eastern Pacific storm track, can mask the ENSO-forced 
response. Also, most of these mid-latitude patterns are of 
very high amplitude in term of geopotential anomaly, thus 
serving as the main control of circulation anomalies over 
the US. This brings a very difficult task in term of subsea-
sonal-to-seasonal predictions as these patterns are highly 
unpredictable and too strongly reliant on initial conditions, 
an information that is quickly lost in the atmosphere and 
makes it difficult to link the weather and climate timescales.

Figure 17 also shows the partial correlation of observed 
precipitation over North America with Niño3.4 SSTA 
(Fig. 17b) and PNAindex during boreal winter (Fig. 17c). 
Partial correlation is an alternative technique to ordinary 
correlation in that it is of most use when variables (e.g., 
Niño3.4 and PNA index) are highly correlated, as is the 
case here. This technique is used to separate the effect of 
each index on the dependent variable with the influence of 
the remaining or other indices held constant. The depend-
ent variable in this case is precipitation over North Amer-
ica. Significant positive correlation for precipitation is 
depicted over the southern United States for ENSO winters 
(Fig. 17b). This is in agreement with 200 hPa circulation 
pattern presented in Fig. 3b in that the anomalous southward 
shift in the westerlies bring moist air from the eastern Pacific 
towards the southwestern United States. The observed pre-
cipitation pattern associated with the PNA (Fig. 17c) is sig-
nificantly distinct from that of ENSO. There is significant 
anti-correlation (i.e., r > 0.24 at 95% confidence level) over 

Fig. 15   Probability density function (PDF) of the PNA index con-
ditioned by the state of Niño3.4 SSTA for El Niño (red), La Niña 
(blue), and neutral conditions (gray) in the HRIE experiment. a The 
ensemble mean PNA index, b the ensemble spread of the PNA index, 
and c the signal-to-noise ratio (SNR). The PDF were constructed by 
randomly selecting 6 out of 10 ensemble members from the HRIE 
experiment and computing the ensemble mean, spread, and SNR for 
each realization, this was repeated 1000 times. The mean plus the 
95th percentile is shown at the top of each panel
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the southeastern and western United States, which is oppo-
site of that associated with ENSO. Drier conditions over 
the southern United States associated with positive PNA are 
related to the northerly wind anomalies due to the presence 
of cyclonic (anticyclonic) circulation over the eastern (west-
ern) North America. The correlation values in Fig. 17 are 
borderline significant but we have to keep in mind that these 
are partial correlation and not Pearson correlation where 
the later tends to be higher by definition if the supposedly 
independent indices are correlated (i.e., ENSO and PNA), 
which they are. We also want to note that the magnitude of 
the correlation between precipitation and the PNA index is 
not significantly different than the correlation between pre-
cipitation and ENSO for the western US, especially if one 
excludes the larger El Niño events (not shown).

As previously mentioned, interpreting the remote ENSO 
forced response is difficult due to the presence of internal 
atmospheric variability. From Fig. 17b, c, we observe that 
precipitation associated with ENSO forced response is for 
the most part out-of-phase with that associated with inter-
nal variability of the form of the PNA pattern. We further 

validate this by analyzing precipitation over North America 
from the two couple model runs described in the previous 
sections. Figure 17d, e show the partial correlation of pre-
cipitation anomaly with Niño3.4 for the HRCTL (control) 
and HRIE (noise reduced) simulations respectively. Corre-
lation pattern for the HRIE closely match those shown in 
Fig. 17b. Precipitation pattern for HRCTL (Fig. 17d) case 
is considerably weaker, with positive correlation near the 
Atlantic and Pacific coast only. The interior southeastern and 
southwestern USA present negative correlation, this is due to 
interference of internal atmospheric variability in this case. 
These precipitation patterns are in agreement with upper 
atmosphere circulation structure presented in Fig. 8. Overall, 
HRIE has a better representation of the observed relationship 
between precipitation over North America in association 
with ENSO than that of HRCTL model. This is due to the 
presence of atmospheric internal variability in the HRCTL, 
the amplitude of which proved to be almost an order of mag-
nitude larger than the mid-latitude ENSO-forced response. 
This result suggests that the PNA has significant state-inde-
pendent (i.e., internal atmosphere variability) component. 

Fig. 16   a Ensemble mean (i.e., signal), c ensemble spread (i.e., 
noise), and e signal-to-noise ratio of observed SST anomaly during 
El Niño events for the period of 1950–2017. b, d, and f are similar to 
a, c, e but for La Niña SST anomalies. The ensemble mean is taken as 

the root mean square of SST anomalies for all events. The ensemble 
spread is the root mean square difference of SST anomalies among all 
ENSO events (i.e., inter-event variance or diversity). The calculations 
were performed for December–January–February SST anomaly
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We are not arguing that ENSO is not a potential driver of the 
PNA (e.g., state-dependent component), but this is consider-
ably a smaller fraction. This can be further addressed by the 
composite analysis shown in Fig. 7. There, each ensemble 
member has the same SST anomaly forcing but produces 
completely distinct mid-latitude 200 hPa streamfunction 
anomalies compared to other ensembles, even while hav-
ing very similar tropical 200 hPa streamfunction anomalies.

Note that the very strong ENSO events (Niño3.4 > 1 
standard deviation) is predominantly accompanied by PNA 
of the same sign. But the correlation between the Niño3.4 
index and the PNA index is relatively weak (0.33 for obser-
vations, 0.48 for HRCTL, and 0.35 for HRIE), so there is sig-
nificant PNA variability that cannot be explained by ENSO. 

This suggests that the PNA can be viewed as a combination 
of state-independent (internal atmosphere) component and 
state-dependent (ENSO or other SST-type of forcing) com-
ponent, with the earlier being dominant. To complicate mat-
ters more, ENSO teleconnections to North America appears 
to have a component distinct from the PNA (as shown in 
Figs. 8b, 11b). Therefore, the ENSO-PNA teleconnections 
towards North America comprises of a deterministic (i.e., 
ENSO-driven signal as in Fig. 8b which is smaller but a 
source of seasonal predictability), a state-dependent PNA 
(i.e., ENSO driven PNA component as in the E-panels in 
Fig. 7), and a state-independent (i.e., internal atmospheric 
driven PNA as in Fig. 8c, which is large but highly unpre-
dictable) component.

Fig. 17   a Scatter diagram 
showing the observed Niño3.4 
SSTA index versus PNA index. 
The color-coding is with respect 
to boreal winter standardize 
precipitation anomaly over 
California. The three strongest 
El Niño events of 1982–1983, 
1997–1998, and 2015–2016 are 
highlighted. Also showing the 
partial correlation of observed 
precipitation over North 
America with b Niño3.4 SSTA 
and c PNA index during boreal 
winter (DJF). Partial correlation 
of precipitation anomaly with 
Niño3.4 for d HRCTL and e 
HRIE experiments. Here, the 
influence of the PNA index is 
held constant. Partial correla-
tion separates the effect of each 
index on the dependent vari-
able with the influence of the 
remaining or other indices held 
constant

(a)

(b) (c)

(d) (e)
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7 � Summary and discussion

This study analyzes the distinction between ENSO forced 
and internally generated upper atmospheric circulation 
pattern and associated precipitation over the Pacific North 
American sector. This problem has experienced significant 
debate for the past two decades. The main question we were 
trying to answer is whether ENSO forces an independent 
teleconnection pattern, distinct from that associated with 
the so-called PNA pattern. Or, does it just help amplify the 
internally generated pattern. Or, does ENSO force two basic 
teleconnection patterns, such that the resulting ENSO-forced 
pattern is a blend of a PNA and a non-PNA teleconnec-
tion pattern? The answer is the later, the mid-latitude ENSO 
forced response is a combination of a PNA-like and a non-
PNA-like teleconnection pattern. We based our analysis on 
seasonal mean (i.e., boreal winter) anomalous circulation 
separated by forced and internally generated components. 
One main difficulty is that both, ENSO and the PNA pre-
sent similar seasonal evolution, but are due to different pro-
cesses. ENSO and associated circulation peaks during early 
boreal winter. Its mid-latitude response follows quickly (e.g., 
1-month lag), or more precisely during DJF. On the other 
hand, the PNA also peaks during DJF and is associated with 
non-linear wave-mean flow interaction near the jet stream.

We showed that ENSO forced response is masked by 
atmospheric internal variability, with the latter being 3–10 
times larger in amplitude. Using statistical analysis of obser-
vation and couple model experiments, it was showed that the 
non-PNA ENSO response presents a meridional structure in 
streamfunction associated with significant poleward Rossby 
wave flux emanating mostly from the eastern Pacific. In con-
trast, the PNA teleconnection pattern is zonally oriented, 
with most of the wave flux in the zonal direction from the 
subtropical Pacific towards North America.

We also found that the mid-latitude ENSO forced 
response is asymmetric between warm and cold events. The 
response associated with La Niña phase is more similar to 
that of the negative PNA pattern. The El Niño response, 
however, is more meridionally oriented, with cyclonic 
circulation over the eastern Pacific southern USA. This 
asymmetry is caused by asymmetric ENSO forcing over 
the tropical Pacific. Upper level divergence and circulation 
over the tropics during warm events is significantly differ-
ent to that during cold ENSO seasons. This asymmetry in 
ENSO response is strongly dependent on the presence of 
atmospheric internal variability or noise. A noise-reduced 
coupled model experiment suggested that upper troposphere 
teleconnection pattern associated with ENSO forcing is sym-
metric and mostly meridionally oriented in the absence of 
atmospheric noise. That is, the El Niño forced response is 
characterized by anomalous high-low-high geopotential 

height pattern extending from the tropical Pacific towards 
northern Canada. Similar structure but with reverse sign is 
associated with La Niña phase.

Over the tropics, SSTA associated with El Niño in the 
eastern Pacific is significantly more regular (e.g., less noise) 
when atmospheric noise is reduced. Lopez and Kirtman 
(2015) found that noise in the zonal wind stress over the 
eastern Pacific is mostly state independent. The IE technique 
is more efficient in reducing this type of noise compared 
to a state-dependent noise. As a result, the ENSO signal is 
also damped. On the other hand, reduction in SSTA noise 
over the eastern Pacific produces a more systematic heat-
ing, hence steadier wave flux. This leads to more systematic 
teleconnection pattern.

Over midlatitude PNA region, 200  hPa geopotential 
height anomalies associated with ENSO have smaller signal-
to-noise ratio in the noise-reduced experiment compared to 
the control case. This is a consequence of reduced tropical 
SSTA forcing due to noise filtering, while internal atmos-
pheric noise at 200 hPa is comparable in both cases. The 
HRIE run allows for distinguishing between forced ver-
sus internally generated patterns via multiple atmosphere 
ensemble realization. We found that longer control simula-
tions will not be enough to separate these patterns given 
the presence of inter-event ENSO asymmetry due to state 
independent noise (i.e., the type of noise that is independent 
of SST forcing and thus filtered by the IE technique) forcing 
over the eastern Pacific. This is consistent with Lopez and 
Kirtman (2015), which found that state-independent noise 
is responsible for most of the ENSO phase asymmetry (i.e., 
differences between El Niño and La Niña) and for most of 
the ENSO diversity (i.e., different among El Niño events).

This study also looked at precipitation patterns over 
North America and the influence of internal atmospheric 
variability. There is significant correlation of the Niño3.4 
SST anomaly and precipitation over the southern USA 
and northern Mexico extending from the Pacific to the 
Atlantic coast. But the ENSO-US precipitation relation-
ship is strongly influenced by the presence of large internal 
atmospheric variability, dominated by the PNA pattern. 
The enhanced precipitation over the southern and western 
US during El Niño events can be explained as in Seager 
et al. (2005a) due to eddy-forced ascent and tropospheric 
cooling in midlatitudes. This eddy-forced ascent is caused 
by southward shift of the mean flow in the subtropics due 
to thermal wind balance in response to enhanced meridi-
onal temperature gradient over the subtropics. The south-
ward shift of the mean flow causes eddy momentum flux 
divergence, this must be balanced by equatorward flow at 
upper levels producing anomalous ascent and precipitation 
over midlatitudes. We suggest that the presence of internal 
variability such as the PNA, may weaken or amplify the 
ENSO signal depending on the phase or form of internal 
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atmospheric noise. For example, during positive PNA, 
anticyclonic circulation over western North America can 
shift the subtropical jet stream north, competing with 
the southward shift in the jet associated with ENSO-like 
warming. This could be the reason why the precipitation 
pattern associated with ENSO over the southern US is 
more systematically represented by the noise-reduced 
model compare to the control model.

While the PNA is largely viewed as an internal atmos-
pheric mode of variability, it contains a significant state-
dependent component which is dependent on the state of 
ENSO, where a positive (negative) PNA is more likely dur-
ing El Niño (La Niña) winters. Although, this state-depend-
ent component is found to be considerably smaller than the 
state-independent component, leading to low SNR of the 
PNA. We also found a state-dependence in the SNR of the 
PNA with smaller SNR during El Niño winters compared to 
La Niña winters, which could have repercussions on ENSO 
teleconnections, suggesting that La Niña mid-latitude tel-
econnections could be more predictable than El Niño tel-
econnections. But this is beyond the scope of this study and 
subject to future investigation.

To conclude, the importance of atmospheric internal vari-
ability cannot be underestimated. From the perspective of 
the general circulation, this noise appears to play a funda-
mental role in diversifying both, ENSO forcing and response 
with significant social and economic footprint. For example, 
the large 2015–2016 El Niño was anticipated to alleviate the 
persistent drought that affected the western US. This did not 
occur, as this study suggests, due to the presence of a strong 
positive PNA pattern. The reason is that the ENSO com-
posite using historical records includes a substantial PNA 
component, so the winter forecast for North America basi-
cally always has a substantial PNA component in it when 
influenced by the historical composite. The forecast bust 
comes when the actual circulation response does not look 
like the composite (e.g., the case for 2015–2016, and again 
for 2016–2017). However, We are not suggesting here that 
a better forecast of wintertime climate anomalies should 
exclude the influence of internal variability like the PNA. 
What we are trying to convey is that the ENSO teleconnec-
tion pattern is masked by the larger amplitude weather noise, 
such as the PNA. With that said, a better forecast should 
make note of such distinction between ENSO and PNA and 
not just assume that because there is an El Niño event devel-
oping, the southwestern US should get a wet winter. This can 
lead to a forecast “bust” as it occurred with the 2015–2016 
El Niño event. Further studies on this are needed to fully 
understand the relative role of forced coupled response and 
internal atmospheric variability on the climate system.
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