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Abstract
Precipitation in California is modulated by variability in the tropical Pacific associated with El Niño/Southern Oscillation 
(ENSO): more rainfall is expected during El Niño episodes, and reduced rainfall during La Niña. It has been suggested 
that besides the shape and location of the sea surface temperature (SST) anomaly this remote connection depends on the 
strength and location of the atmospheric convection response in the tropical Pacific. Here we show in a perturbed physics 
ensemble of the Kiel Climate Model and CMIP5 models that due to a cold equatorial SST bias many climate models are in 
a La Niña-like mean state, resulting in a too westward position of the rising branch of the Pacific Walker Circulation. This 
in turn results in a convective response along the equator during ENSO events that is too far west in comparison to obser-
vations. This effect of the equatorial cold SST bias is not restricted to the tropics, moreover it leads to a too westward SLP 
response in the North Pacific and too westward precipitation response that does not reach California. Further we show that 
climate models with a reduced equatorial cold SST bias have a more realistic representation of the spatial asymmetry of the 
teleconnections between El Niño and La Niña.

Keywords  El Niño/Southern Oscillation · Sea surface temperature bias · North Pacific teleconnections · Rainfall over 
California · Perturbed physics ensemble · CMIP5

1  Introduction

El Niño Southern Oscillation (ENSO) accounts for the domi-
nant part of interannual variability in the tropical Pacific 
with significant and disrupting impacts on the global atmos-
pheric and oceanic circulation (e.g. Trenberth et al. 1998). 
Remote impacts of ENSO include its influence on winter 
precipitation over the North American west coast (Piechota 
and Dracup 1996; Yoon and Leung 2015; Jong et al. 2016; 
Kumar and Chen 2017; Dong et al. 2018). In particular, the 
connection between ENSO and precipitation in California 
has been studied using both observations and models (e.g. 
Schonher and Nicholson 1989; Mo and Higgins 1998), as 
the agricultural sector is strongly dependent on rainfall in 
this already drought-prone region (MacDonald et al. 2008). 

Californian rainfall tends to be above-average during El 
Niño events (e.g. Piechota et al. 1997; Cayan et al. 1999), 
and especially Southern California is strongly affected by 
this teleconnection (Jong et al. 2016; Hoell et al. 2016). The 
El Niño teleconnection is characterized by a Rossby wave 
train (e.g. Hoskins and Karoly 1981) triggered by anoma-
lous tropical heating and convection. This anomaly induces a 
positive phase of the Pacific-North American pattern (PNA) 
(Wallace and Gutzler 1981; Leathers et al. 1991; Leathers 
and Palecki 1992), characterized by a strengthened Aleutian 
low (Mo and Livezey 1986; Barnston and Livezey 1987), a 
positive pressure anomaly over western Canada, and a nega-
tive anomaly over the south-eastern United States, accom-
panied by a southward shift of the storm track (Seager et al. 
2010). These impacts on the North Pacific region tend to be 
reversed for La Niña years.

The link between ENSO and rainfall in California how-
ever exhibits asymmetries between El Niño and La Niña 
events (e.g. Zhang et al. 2014) as well as non-stationarity 
(Rasmusson and Wallace 1983), i.e., not every El Niño win-
ter tends to be wet in California, such as the dry El Niño 
winter 2015/16 (Paek et al. 2017; Wang et al. 2017; Siler 
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et al. 2017; Zhang et al. 2018a). The impact in the North 
Pacific region strongly depends on the nature of the forcing 
in the tropical Pacific (Frauen et al. 2014; Hoell et al. 2016; 
Jiménez-Esteve and Domeisen 2019), such as the strength 
and the location of the sea surface temperature (SST) anom-
aly in the equatorial Pacific: Central Pacific (CP) El Niño, 
also called Modoki El Niño (Ashok et al. 2007; Capotondi 
et al. 2015), differs in its teleconnections from East Pacific 
(EP) El Niño peaking in the eastern equatorial Pacific (Lar-
kin and Harrison 2005; Hurwitz et al. 2011; Garfinkel et al. 
2012b). For example CP El Niño events are more related 
with extreme precipitation over California by the PNA tel-
econnection, while EP El Niño events are more related with 
non-extreme precipitation by the North Pacific Oscillation 
teleconnection (Chen et al. 2018; Dong et al. 2018). Over the 
past decade CP El Niño events have become more prominent 
(McPhaden 2012; Guan and McPhaden 2016). A consider-
ably weaker distinction according to the peak location of the 
SST anomalies is found among La Niña events (Kug and 
Ham 2011; Ding et al. 2017).

The location of the SST anomaly influences the location 
of the convective response along the equator, which in turn 
affects the location of the sea level pressure (SLP) response 
in the North Pacific (Ding et al. 2017), although the strength 
of the tropical anomaly alone can also affect the location of 
the North Pacific anomaly (Jiménez-Esteve and Domeisen 
2019). During El Niño (La Niña) events the positive (nega-
tive) SST anomalies act as a heat source (sink) in the tropics 
and can trigger atmospheric Rossby waves that transport 
the signal to the extratropics (Gill 1980). Due to different 
atmospheric mean states the resulting teleconnections can 
be quite distinct even under similar SST anomalies (Ding 
et al. 2017). In fact, recent observational studies suggest that 
ENSO teleconnections depend more strongly on the location 
and strength of the anomalous convection at the equator as 
compared to the SST anomaly (Chiodi and Harrison 2013, 
2015; Ding et al. 2017). It is however important to note that 
due to the limited observational record of ENSO events the 
teleconnections contain significant uncertainty with regard 
to the origin of differences in the teleconnections, which 
might be linked to the asymmetry between El Niño and La 
Niña and the nonlinearity between different El Niño flavors, 
but also to changes in the background state that the telecon-
nections encounter (Deser et al. 2017, 2018; Garfinkel et al. 
2018; Domeisen et al. 2019).

Despite considerable progress over the past decades in 
understanding the mean state and variability in the tropi-
cal Pacific, current climate models still exhibit shortcom-
ings in this region (e.g. Bellenger et al. 2014; Timmermann 
et al. 2018): Many state-of-the-art climate models exhibit 
a cold SST bias in the equatorial Pacific, leading to a more 
La Niña-like mean state with the rising branch of the 
Walker Circulation located too far west, causing a weaker 

and further westward convective response during El Niño 
as compared to observations (Latif and Keenlyside 2009; 
Kug and Ham 2011; Kim and Cai 2014; Bayr et al. 2014; 
Domeisen et al. 2015; Bayr et al. 2018a). Further the cold 
SST bias leads to an underestimated positive zonal wind 
feedback and the negative net surface heat flux feedback in 
most models participating in the Coupled Model Intercom-
parison Project phase 5 (CMIP5), as both are strongly linked 
to the convective response along the equator (Lloyd et al. 
2012; Bellenger et al. 2014; Bayr et al. 2018a). These prob-
lems hamper simulated ENSO dynamics in climate models 
(Dommenget et al. 2014; Bayr et al. 2018b), weakens the 
seasonal phase locking (Wengel et al. 2018), the asymmetry 
between El Niño and La Niña (Bayr et al. 2018a) and the 
asymmetry between CP and EP events (Sun et al. 2016). 
The correct simulation of the location, timing, and strength 
of ENSO in models is however crucial for predicting the 
induced teleconnections and potential asymmetries between 
events that has been suggested to lead to nonlinear behavior 
in teleconnections (Frauen et al. 2014; Garfinkel et al. 2018; 
Domeisen et al. 2019).

While the influence of the cold bias on the location of the 
convective response at the equator is quite well understood 
(Bayr et al. 2018a), it remains an open question to which 
extent SST biases impact ENSO teleconnections. We there-
fore address in this study the impact of an equatorial Pacific 
SST bias on the North Pacific atmospheric teleconnection, 
with a focus on California. We analyze a perturbed physics 
ensemble of the Kiel Climate Model (KCM) that has a simi-
lar spread in equatorial SST bias as observed in the CMIP5 
models. Section 2 introduces the model and observational 
data, Sect. 3 investigates the relation between the equatorial 
Pacific SST bias and the position of the rising branch of the 
Pacific Walker Circulation in the KCM. In Sect. 4 we show 
the influence of the equatorial cold SST bias on the equato-
rial convective response and in Sect. 5 the influence on the 
teleconnection to the North Pacific. In Sect. 6 we perform a 
similar analysis for a CMIP5 ensemble and Sect. 7 offers a 
discussion of the results.

2 � Data and methods

Model simulations are performed with a global coupled 
general circulation model, the Kiel Climate Model (KCM, 
Park et al. 2009), which consists of the ECHAM5 atmos-
pheric general circulation model (Roeckner et al. 2003) and 
the NEMO ocean general circulation model (Madec 2008). 
The atmosphere has a T42 horizontal resolution ( 2.8◦ × 2.8◦ ) 
and 19 vertical layers and the Ocean an orca2 grid with 31 
vertical levels. We use here a perturbed physics ensemble of 
28 experiments, in which we change the convection param-
eters to generate different mean states and SST biases. We 
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change the “convective cloud conversion rate from cloud 
water to rain”, “entrainment rate for shallow convection” 
and “convective mass-flux above level of non-buoyancy”, 
which are also used to tune the climate models and are 
described in detail in Mauritsen et al. (2012). We use the 
same experiments as Wengel et al. (2018) and the experi-
ments are described there more in detail. Varying the con-
vection parameters yields a spread in the equatorial Pacific 
SST bias that is comparable to the multi-model ensemble 
of CMIP5 (Wengel et al. 2018; Bayr et al. 2018a). To dem-
onstrate how the KCM performs with unbiased SSTs, we 
analyze a set of eight atmosphere-only experiments (hereaf-
ter: AMIP-type) driven by observed daily SSTs from NOAA 
OISST data (Banzon et al. 2016) for the period 1982–2016. 
The AMIP-type experiments all have standard convection 
parameters and only differ in the initial conditions.

Further we use the historical experiment (1900–1999) 
of the CMIP5 data base (Taylor et al. 2012). All models are 
used for which all required variables were available (see 
Fig. 11b for a list of the models used in this study). The 
CMIP5 data is interpolated onto a regular 2.5◦ × 2.5◦ grid.

For comparison of the model results, the following data-
sets are used for the period 1979–2016: SST observations 
from the NOAA OISST data (Banzon et al. 2016), outgo-
ing longwave radiation (OLR) from NOAA (Liebmann and 
Smith 1996), precipitation from CMAP (Xie and Arkin 
1997), SLP from ERA-Interim reanalysis (Dee et al. 2011). 
We focus here on the boreal winter season (DJFM), when the 
ENSO teleconnection to the North Pacific is strongest. The 
number of months available for the analysis for each dataset 
is indicated in the figure headers.

Due to the changed convection parameters in the perturbed 
physics ensemble of the KCM, the global mean temperature 
shows a considerable spread in the KCM experiments from 
observed global mean temperature (up to ±2K). But also the 
CMIP5 experiments show a spread of ±1 K from observed 
global mean temperature. Therefore the minimum tempera-
ture threshold for convection in the tropics, as suggested by 
e.g. Tompkins (1997), Wang et al. (2011), Chiodi and Har-
rison (2013), Chiodi and Harrison (2015) and Johnson and 
Kosaka (2016), will be shifted in the different experiments, 
as described by Bayr and Dommenget (2013). To account for 
this shift in the convection threshold, we here use the relative 
temperature in the tropics, i.e. we subtract the area mean SST 
over the tropical Pacific ( 120◦E–70◦ W, 30◦S–30◦ N) from each 
data set before computing the SST bias. Based on the SST bias 
strength in the Niño4 region, three sub-ensembles of KCM 
experiments are defined, termed SMALL ( > −0.4K), LARGE 
( < −0.9 K) and MEDIUM (between SMALL and LARGE). 
Choosing other regions for defining the relative SST bias (e.g. 
the entire tropics or the tropical Pacific from 15◦ S to 15◦ N) 
has only a very limited influence on which sub-ensemble each 
experiment is contained in. We select our sub-ensembles on 

the basis of the SST bias in the Niño4 region, as it strongly 
determines the position of the rising branch of the Pacific 
Walker Circulation (Bayr et al. 2018a).

ENSO events are defined based on Trenberth (1997): an 
El Niño (La Niña) event occurs if the 5-month running mean 
Niño3.4 SST is above +1 (below −1 ) standard deviation for at 
least 6 consecutive months. An EP (CP) El Niño is defined by 
a positive (negative) Trans Niño Index (TNI, Trenberth and 
Stepaniak 2001), which is the difference between Niño1.2 SST 
and Niño4 SST, after normalizing each by its standard devia-
tion. No distinction with respect to EP vs CP La Niña is made 
due to the smaller difference.

The center of heat index (CHI, Giese and Ray 2011) is used 
for the detection of the longitude and amplitude of the ENSO 
patterns. The CHI longitude is the amplitude-weighted center 
of mass of the SST pattern along the equator between 5 ◦ S and 
5 ◦ N, i.e. the average over all amplitude-weighted longitudes 
that exceed 0.5 standard deviations of the Niño3.4 index. The 
CHI amplitude is the average amplitude over all grid points 
that exceed 0.5 standard deviations of the Niño3.4 index. The 
same method is applied to detect the longitude and amplitude 
of the OLR anomaly along the equator, using the mean stand-
ard deviation of OLR in Niño4 as a threshold, SLP between 
30◦ N and 70◦ N, using the mean standard deviation of SLP 
in that area as a threshold, and precipitation between 30◦ N 
and 45◦ N, using the mean standard deviation of precipitation 
in this area as a threshold. Significance of the composites is 
tested using a bootstrapping approach. For a better compari-
son, all composite plots except for SST are normalized by the 
amplitude of the CHI index of SST.

We use the horizontal wave-activity flux to highlight the 
propagation features of quasi-stationarity Rossby waves and 
the associated teleconnection patterns according to Takaya and 
Nakamura (2001) and Ding et al. (2017):

here � ′ , u and v denote the perturbations of the geostrophic 
streamfunction, the zonal and meridonal wind, respectively. 
The overbar represents the basic state or climatological 
mean. The subscripts x and y indicate the partial derivatives 
in the zonal and meridional directions, respectively.

3 � SST biases and atmospheric mean state

State-of-the-art climate models still exhibit considerable 
SST biases (Fig. 1a), especially where the SST gradients 
are large, as e.g., at the location of the western boundary 
currents in the North Atlantic (Drews et al. 2015), or where 

(1)W =
1

2��Ū��
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the costal upwelling is not well simulated in coarse resolu-
tion climate models, as e.g. at the eastern boundaries of the 
tropical Pacific and South Atlantic (Harlaß et al. 2015). The 
largest SST biases in the KCM are in similar regions and 
a bit larger in magnitude than those in the CMIP5 ensem-
ble (Fig. 1a, b). We have to note that these two ensembles 
have a different SST bias in the North Pacific, as we have a 
warm bias in the Kuroshio region in KCM and a cold bias 
in CMIP5. However, as we show later in Sect. 6, despite 
this difference the two ensembles show a similar relation-
ship between the equatorial SST bias and ENSO teleconnec-
tion to the North Pacific, so that we think this is of minor 
importance.

In the tropical Pacific the SST bias is relatively small in 
comparison to the aforementioned SST biases, but it has 
considerable impacts on ENSO dynamics, as described 
above. Figure 1c–e shows the SST biases in the sub-ensem-
bles with SMALL, MEDIUM and LARGE SST biases in 
the equatorial Pacific, respectively. Shown is the relative 
SST bias, i.e. the area mean SST over the tropical Pacific 
( 120◦E–70◦ W, 30◦S–30◦ N) is subtracted from each data set 
before calculating the SST bias. The strength of the cold 
bias has a considerable influence on the location of the mean 
convection over the western Pacific, as in the SMALL sub-
ensemble the vertical motion shifts from descending to 
ascending at 165◦ W, while in the LARGE sub-ensemble 

it shifts at 165◦ E (Fig. 2a), indicating a shift of the rising 
branch of the Pacific Walker Circulation by 30◦ to the west. 
There is also a strong correlation (0.96) in the individual 
experiments between the SST bias in the Niño4 region and 
the location of the shift from descending to ascending at the 
equator (Fig. 2b) and the strength of convection in the Niño4 
region (Fig. 2c). The KCM AMIP-type experiments have the 
shift from ascending to descending at the same longitude 
as in observations, but the ascending in the western Pacific 
is overall too strong (Fig. 2a, c). The different mean state 
positions of the Walker Circulation also have a consider-
able impact on the two most important ENSO atmospheric 
feedbacks, i.e. the amplifying wind-SST feedback and the 
heat flux damping feedback, as shown in Fig. 3): there is a 
large spread in atmospheric feedbacks among the experi-
ments (similar to the spread shown in CMIP5 models, see 
also Fig. 12) and a strong linear relation between the wind-
SST feedback strength and heat flux-SST feedback strength 
(Fig. 3a). The strength of both feedbacks strongly depends 
on the mean state position of the rising branch of the Walker 
Circulation, which in turn is determined to a large extent 
by the equatorial SST bias (Fig. 3b), as described in Bayr 
et al. (2018a). Further, the underestimated ENSO atmos-
pheric feedbacks also hamper ENSO dynamics, as described 
in detail in Bayr et al. (2018b), as ENSO dynamics shift 
from predominantely wind-driven dynamics to a hybrid of 
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wind-driven and shortwave-driven dynamics. In the follow-
ing we focus on how the spread in the position of the rising 
branch of the Pacific Walker Circulation in the KCM affects 
the convective response during ENSO events at the equator 
and the ENSO teleconnection to the North Pacific.

4 � Equatorial SST and convection response 
during ENSO events

The SST anomalies (SSTa) in boreal winter (DJFM) for 
different flavors of ENSO events (composites in Fig. 4a, b) 
show that the EP El Niño pattern in observations is nearly 
twice as strong and the center of heat lies 20◦ further east 
than for CP El Niño events (the amplitude and longitudinal 

location of the center—characterized by the CHI—are 
indicated in the respective panel titles). La Niña is com-
parable in terms of shape, amplitude and center location 
to CP El Niño, but with a reversed sign (Fig. 4b, c). The 
AMIP-type simulations are forced by exactly the same 
data set as shown here for observations (Fig. 4a–c). In the 
KCM sub-ensembles with different SST biases, the differ-
ence between EP and CP El Niño is generally too weak, 
as the asymmetry in the pattern and amplitude is strongly 
underestimated (Fig. 4g–n). However, the asymmetry in 
amplitude is slightly better simulated in the SMALL sub-
ensemble than in the LARGE sub-ensemble, as well as 
the number of EP and CP El Niño months. This would 
be expected, as the cold SST bias weakens the wind and 
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thermocline feedback, thereby weakening the difference 
between EP and CP El Niño events (Sun et al. 2016).

As a proxy for convection and cloudiness we consider 
outgoing longwave radiation (OLR, Fig. 5), where negative 
OLR anomalies indicate anomalously strong convection. For 
observations, CP El Niño and La Niña again yield compa-
rable results in terms of the longitude of the center, but the 

OLR amplitude is weaker for La Niña (Fig. 5b, c). The OLR 
amplitude for EP El Niño is similar to CP El Niño (Fig. 5a, 
b), but the center is shifted eastward by 32◦ in comparison 
to CP El Niño. As the minimum temperature threshold for 
convection can be reached in the eastern equatorial Pacific 
during EP El Niño events (Johnson and Kosaka 2016), the 
inter-tropical convergence zone can shift southward during 
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Fig. 4   SST composites for EP El Niño events, CP El Niño events and 
La Niña events in DJFM in a–c for Observations, in d–f for a KCM 
sub-ensemble with SMALL cold SST bias, in g–i for a KCM sub-
ensemble with MEDIUM cold SST bias and in j–l for a KCM sub-
ensemble with LARGE cold SST bias. The number in the header of 

each figure is the number of months, the center of heat amplitude and 
center of heat longitude, respectively. Shading indicates the areas that 
are statistically different from zero on a 95% confidence level. See 
Sect. 2 for the details how the center and amplitude of the center of 
heat index (CHI) is calculated
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strong EP El Niño events (Kao and Yu 2009), explaining 
the more eastward center of convection. The AMIP-type 
experiments are in general able to reproduce the observed 
OLR behavior, but with overall stronger amplitudes and too 
weak convective response in the equatorial eastern Pacific 
in the EP El Niño (Fig. 5d–f). In the coupled experiments, 
the OLR magnitude decreases and the center of convection 
experiences a considerable shift to the west from SMALL 
to LARGE for all three types of ENSO events (Fig. 5g–o). 
This can be explained by the too western position of the 
rising branch of the Walker Circulation in the presence of a 
large equatorial cold bias, as shown in Fig. 2b. Further, the 
spatial asymmetry between CP and EP El Niño is strongly 
underestimated in the coupled model, more in LARGE than 
in SMALL, as the difference at the center of convection 
is +7◦ , +1◦ and −3◦ in LARGE, MEDIUM and SMALL, 
respectively, in comparison to +32◦ in observations.

5 � ENSO teleconnection to the North Pacific

A representation of the North Pacific teleconnections for dif-
ferent ENSO flavors is given by the boreal winter SLP anom-
alies in the North Pacific for observations (Fig. 6a–c) and for 
the different KCM ensembles (Fig. 6d–o). Additionally we 
show the wave-activity flux as vectors in Fig. 6 as an indica-
tion of the propagation features of quasi-stationary Rossby 
waves. The SLP response shows clear asymmetries, as it has 
a much stronger amplitude during EP El Niño than during 
CP El Niño, and the weakest amplitude during La Niña. 
The overall structure is best captured in the AMIP-type runs 
(Fig. 6d–f), especially for EP and CP El Niño. From SMALL 
to LARGE the SLP anomaly pattern in the North Pacific is 
located further westward, consistent with the westward shift 
of the convection in the tropical Pacific (Fig. 5). The elon-
gated structure of the SLP anomaly in the CP El Niño and La 
Niña cases is not well captured in all three sub-ensembles. 
The quasi-stationary Rossby waves as shown by the wave-
activity flux are consistent with the different positions of 
the SLP response. Further, the spatial asymmetry between 
the three event types decreases from SMALL to LARGE. 
Overall, La Niña anomalies seem to be on first view too 
strong in the model, underlining the stronger symmetry 
between El Niño and La Niña in the model as compared to 
observations. But as we show later, there are large uncertain-
ties in the amplitudes, due to short observational records. 
But part of the underestimated asymmetry may be due to a 
biased representation of the differing seasonality between 
El Niño and La Niña in the North Pacific, where La Niña 
anomalies tend to weaken earlier, i.e., in February, than El 
Niño anomalies, which persist into March (Jiménez-Esteve 
and Domeisen 2018). This seasonality tends to be poorly 

represented in models, as e.g., shown for CMIP5 models 
(Ayarzagüena et al. 2018).

For precipitation, EP El Niño exhibits the strongest 
observed precipitation anomaly over California (0.7 mm/day, 
Fig. 7a). CP El Niño events have the strongest precipitation 
response over the ocean and only lead to a small increase 
in precipitation in Southern California and dryness further 
north, while La Niña exhibits drying in Southern California. 
The precipitation response during ENSO events is overall 
well represented in the AMIP-type run, but a bit stronger 
over California (1.1 mm/day). The strongest difference to 
observations during La Niña is the too strong dry response 
off the coast and a north– south dipole along the west coast. 
Thus in AMIP-type experiments La Niña again exhibits a 
pattern that is almost exactly opposite to CP El Niño, unlike 
in observations. The coupled models first of all show only 
small differences in the shape and amplitude between the 
three event types. For EP El Niño the precipitation response 
is best represented in the SMALL SST bias sub-ensemble, 
both in terms of the magnitude and location of the precipita-
tion (0.6 mm/day over California). With larger SST biases 
the model fails to reproduce the increased precipitation 
over California during EP El Niños, as the rainfall anomaly 
extends westward and therefore weakens considerably over 
California (0.3 mm/day in MEDIUM and 0.0 mm/day in 
LARGE), while a strong opposite-signed anomaly develops 
along the northern part of the coast. But due to a too linear 
precipitation response the model overestimates the increased 
precipitation over California during CP El Niño events in the 
SMALL sub-ensemble. In summary, the AMIP-type experi-
ments best reproduce the teleconnection to California, while 
the sub-ensemble with the LARGE cold SST bias has con-
siderable problems to simulate the observed location and 
asymmetry between the different types of ENSO.

To visualize the asymmetries in pattern and amplitude 
between EP El Niño, CP El Niño and La Niña and how they 
relate in the different KCM sub-ensembles, we show the 
center and amplitude of the patterns from Figs. 4, 5, 6 and 
7 in Fig. 8. In order to obtain a measure to estimate if the 
modeled results are different from the observations we show 
an estimate of the uncertainties in the model experiments 
in Fig. 8. These uncertainties are estimated by a bootstrap-
ping approach, where we subsample the model data into 
subsamples of the size of observations, similar to Garfin-
kel et al. (2018). This gives us an estimate if the observed 
values lie within the spread of our model results. Between 
the center of SST and the center of OLR there seems to be 
no clear linear or nonlinear relationship (Fig. 8a), as the 
center of OLR is quite different in the sub-ensembles, even 
though they have the same center of SST. This suggests that 
the different mean state positions of the rising branch of 
the Walker Circulation have a considerable influence on 
the location of the OLR response during ENSO events, 
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as described in Bayr et al. (2018a). In Fig. 8b, c there is a 
nonlinear relationship between the center of OLR and the 
center of SLP and precipitation, i.e. the center of SLP and 
precipitation is determined by the center of OLR, as sug-
gested by Ding et al. (2017). Further these figures visualize 
the spatial asymmetries between EP El Niño, CP El Niño 
and La Niña, which are quite substantial in observations, but 
underestimated in the KCM experiments. This asymmetry is 
most strongly underestimated in the LARGE SST bias sub-
ensemble, which has nearly the same center of OLR, SLP 
and precipitation for all three ENSO flavors. The asymmetry 
increases with reduced SST bias, so that it is the largest 
in the AMIP-type experiments. For the amplitude of SST, 
OLR, SLP and precipitation the observations again show a 
large difference between ENSO flavors (Fig. 8d–f), which is 
to a good extent reproduced by the AMIP-type experiments. 
The coupled model fails to reproduce this difference, and 
especially the EP El Niño event is much too similar to the 
other two, which may be related to the strong underestima-
tion of the SST warming close to the South American coast. 
A recent study of Lee et al. (2018) found that this far eastern 
warming is important for the asymmetrical teleconnection to 
the North Pacific during EP El Niño events. Finally we note 
that the uncertainty in the location and amplitude is quite 
large, in particular for the SLP and precipitation response, 
as indicated by the error bars in Fig. 8. This implies that 
the uncertainty in the observations is also large due to the 
limited sample size. Nevertheless, the observed location and 
amplitude are in most cases clearly distinct from the results 
of the coupled model, while the AMIP-type experiments 
agree well in most aspects with the observations.

To underline that the equatorial SST bias influences the 
location and strength of the ENSO teleconnection to the 
North Pacific, we now compare the individual experiments. 
As shown above the coupled KCM experiments exhibit a 
relationship of ENSO dynamics and ENSO teleconnec-
tions that is too linear. We therefore here consider all ENSO 
events together and do not separate them into EP El Niños, 
CP El Niños and La Niñas for a better overview. Figure 9a–c 
shows a very strong correlation between the SST bias in 
Niño4 and the location of the OLR, SLP and precipitation 
response of 0.96, 0.81 and 0.83, respectively. Thus KCM 
experiments with a larger SST bias tend to have a convec-
tive response in the tropics that is located too far to the west, 
which is related to a SLP and precipitation response that is 
shifted westward. There is also a very strong correlation 

of −0.91 between the SST bias and the OLR amplitude 
(Fig. 9d), which can be explained by the stronger descend-
ing motion in the Niño4 region in models with a large SST 
bias (Fig. 2b), which weakens the ENSO feedbacks (Bayr 
et al. 2018a). The amplitude of SLP and precipitation also 
show a significant correlation of −0.51 and 0.44 with the 
SST bias, respectively (Fig. 9e, f), which can be related to 
the different strengths of the tropical convection forcing as 
shown in Fig. 9d.

As already indicated in Fig. 8, the asymmetry is in gen-
eral underestimated in the coupled KCM experiments, but 
less in the SMALL sub-ensemble than in the LARGE sub-
ensemble. To further analyze this, we have a look at the 
asymmetry between El Niño and La Niña at the centers of 
OLR, SLP and precipitation in the individual KCM experi-
ments. For simplification we do not separate into EP and 
CP El Niños, as it can be seen in Fig. 8 that KCM strongly 
underestimates this asymmetry. Figure 10a shows that the 
asymmetry of the center of OLR between El Niño and 
La Niña is larger in the experiments with a smaller SST 
bias, with a quite strong correlation of 0.78. This can be 
explained by the stronger nonlinearity in ENSO dynamics 
in models with a weaker SST bias (Kim and Cai 2014; Bayr 
et al. 2018a). The stronger asymmetry in OLR results in a 
stronger asymmetry in the SLP and precipitation response 
in experiments with a weaker SST bias (Fig. 10b, c), with a 
significant correlation of 0.58 and 0.40, respectively. Inter-
estingly, the sign of the asymmetry in SLP in observations is 
here different from most KCM experiments: In observations 
the center of SLP during La Niña tends to be located further 
eastward than during El Niño, while this is opposite in most 
KCM simulations (see also Fig. 6). The AMIP-type model 
also exhibits the opposite asymmetry than observations, 
indicating a problem of the atmospheric model to simulate 
a realistic SLP asymmetry or an uncertainty in the asym-
metry of the observations.

6 � CMIP5

Next it is investigated if a similar relationship can be found 
between the equatorial SST bias and the location of ENSO 
teleconnections in the CMIP5 models. First of all we have to 
note that the CMIP5 models have an overall weaker equato-
rial SST bias (Fig. 11a), but a similar spread (Fig. 11b) in 
comparison to the KCM (Fig. 2b). The CMIP5 models also 
show a significant correlation of 0.68 and -0.67 between 
the equatorial SST bias and the location of the shift from 
ascending to descending or convection strength in Niño4, 
respectively, but with a weaker correlation than in the 
KCM (0.96 and −0.97 ). As described in detail in Bayr et al. 
(2018a), the equatorial SST bias also hampers the atmos-
pheric feedbacks in the CMIP5 models (Fig. 12b), as both 

Fig. 5   Same as Fig. 4, but here for OLR and additionally the KCM 
AMIP-type experiments are shown. The number in the header of each 
figure is the number of months, the amplitude of OLR and center of 
OLR along the equator between 5◦ S and 5◦ N, respectively and all fig-
ures are normalized by the corresponding center of heat amplitude of 
SST

◂
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Fig. 6   Same as Fig. 5, but here for SLP. Additionally the composite 
of wave-activity flux anomalies is shown as vectors. The number in 
the header of each figure is the number of months, the amplitude and 

the center of the SLP response between 30◦ N and 70◦ N, respectively 
and all figures are normalized by the corresponding center of heat 
amplitude of SST
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are also strongly linearly related to each other and underes-
timated in the models (Fig. 12a).

Looking at all types of ENSO events together in the 
individual CMIP5 models, a significant correlation of 0.47, 

0.51 and 0.48 between the SST bias and the center of the 
OLR, SLP and precipitation, respectively can be found 
(Fig. 13a–c), i.e., the models with a larger SST bias also 
tend to simulate the equatorial convection, the North Pacific 
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Fig. 7   Same as Fig. 5, but here for precipitation. The number in the 
header of each figure is the number of months, the amplitude and 
center of precipitation between 30◦ N and 45◦ N and the precipitation 
response over the region 114◦W–124◦ W, 32◦N–42◦ N as marked with 

the black box (which is roughly California), respectively and all fig-
ures are normalized by the corresponding center of heat amplitude of 
SST



3782	 T. Bayr et al.

1 3

SLP response and the subtropical precipitation response fur-
ther westward. For the amplitude the CMIP5 models show a 
significant correlation of −0.55 between the OLR amplitude 
and the SST bias, but an insignificant correlation for SLP 
and precipitation (Fig. 13d–f).

For the asymmetry between El Niño and La Niña, CMIP5 
models show a weak but significant correlation of 0.34 
between the SST bias and the asymmetry in OLR (Fig. 14a). 
Further, the CMIP5 models show a strong correlation of 0.68 
and 0.50 between the asymmetry of OLR and the asym-
metry of SLP and precipitation, respectively (Fig. 14b, c), 
underlining that the asymmetry of OLR is important for the 
asymmetry in SLP and precipitation. However, similar to the 
KCM most of the CMIP5 models simulate the SLP center 
further west for El Niño as compared to La Niña, while in 
observations it is the other way around. Therefore these 
models have a different sign in asymmetry in SLP as com-
pared to the observations, indicating a more general problem 

in the models in simulating the correct SLP asymmetry or an 
uncertainty in the asymmetry in the observations.

Finally we have to note that in CMIP5 most of the cor-
relations shown here are weaker than in the KCM. This is 
not surprising, as the CMIP5 models differ in many more 
aspects than the KCM ensemble. This results in more diverse 
relationship of the equatorial SST bias and the rising branch 
of the Pacific Walker Circulation as shown in Fig. 11b, or 
more diverse response pattern than in the KCM (e.g. pattern 
correlation of OLR composite pattern between the individual 
models and ensemble mean pattern is 0.82 ± 0.23 in CMIP5 
and 0.95 ± 0.04 in KCM). Therefore the CHI longitude may 
not be as comparable and representative in the CMIP5 mod-
els as in KCM. Nevertheless the results underline that the 
equatorial SST bias hampers the simulation of ENSO tel-
econnections to the North Pacific and California in CMIP5 
simulations.

150W 140W 130W 120W

150E

160E

170E

180

170W

160W

150W

140W

longitude of center of SST

lo
ng

itu
de

 o
f c

en
te

r 
of

 O
LR

Center of Heat and Convection(a)

Observations
KCM AMIP−type .....
KCM SMALL
KCM MEDIUM
KCM LARGE

180 170W 160W 150W

150E

160E

170E

180

170W

160W

150W

140W

lo
ng

itu
de

 o
f c

en
te

r 
of

 O
LR

longitude of center of SLP

Center of SLP and Convection(b)

EP El Nino ...
CP El Nino
La Nina

170W 160W 150W 140W 130W 120W

150E

160E

170E

180

170W

160W

150W

140W

longitude of center of Precip

lo
ng

itu
de

 o
f c

en
te

r 
of

 O
LR

Center of Precip and Convection(c)

0.8 1 1.2 1.4 1.6
−45

−40

−35

−30

−25

−20

−15

−10

−5

amplitude of SST [K]

am
pl

itu
de

 o
f O

LR
 [W

/m
2 ]

Amplitude of Heat and Convection(d)

−5 −4 −3 −2 −1
−45

−40

−35

−30

−25

−20

−15

−10

−5
am

pl
itu

de
 o

f O
LR

 [W
/m

2 ]

amplitude of SLP [hPa]

Amplitude of SLP and Convection(e)

0.2 0.4 0.6 0.8 1 1.2
−45

−40

−35

−30

−25

−20

−15

−10

−5

amplitude of precip [K]

am
pl

itu
de

 o
f O

LR
 [W

/m
2 ]

Amplitude of Precip and Convection(f)

Fig. 8   For EP El Niño, CP El Niño and La Niña events in Observa-
tions/Reanalysis data, KCM AMIP-type experiments and KCM with 
SMALL, MEDIUM and LARGE cold SST bias in a longitude of 
the amplitude weighted center of SSTa along the equator ( 5◦S–5◦ N) 
on the x-axis vs. the longitude of the amplitude weighted center of 
OLR along the equator on y-axis; b same as a but here on the x-axis 
the longitude of the amplitude weighted center of SLP anomalies 
between 30◦ N and 70◦ N; c same as a) but here on x-axis the center 
of precipitation in the region 30◦N–45◦ N; d the SSTa amplitude aver-

aged along the equator ( 5◦S–5◦ N) on the x-axis vs. the OLR ampli-
tude averaged along the equator on the y-axis; e same as d but here 
on the x-axis the amplitude of SLP pattern in the region 30◦ N and 
70◦ N; f same as d but here on x-axis the amplitude of precipitation 
in the region 30◦N–45◦ N. The errorbars mark the spread (with a 90% 
confidence level tested with a bootstrapping approach) that the mod-
eled values would have, if the sample size would be as small as in 
observations. The amplitude of La Niña events is multiplied by −1 for 
a better comparison
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7 � Summary and discussion

We investigated the influence of the equatorial Pacific SST 
bias on ENSO teleconnections to the North Pacific, with 
a focus on California. We have shown that the effects of 
the equatorial Pacific cold SST bias are not restricted to the 
tropics: The bias has a substantial influence on how ENSO 
teleconnections to the North Pacific are simulated. While 
AMIP-type simulations are able to reproduce most aspects 
of the observed teleconnection to the North Pacific and 
California, coupled climate models with an equatorial cold 
SST bias tend to exhibit a westward shift in the equatorial 
convective response that in turn leads to a westward shift in 
the SLP response in the North Pacific and the precipitation 
response in the subtropics. The bias in the tropical Pacific 

thereby leads to a significant underestimation of the pre-
cipitation anomaly associated with ENSO over California. 
This relationship has here been shown in a perturbed physics 
ensemble of the KCM as well as in a CMIP5 multi-model 
ensemble.

The teleconnections arising from La Niña are shown to 
be similar but opposite in sign to the ones arising from CP 
El Niño. Furthermore, this study also confirms the results 
of Frauen et al. (2014) that teleconnections between EP and 
CP El Niño may need to be considered separately, although 
they may occur on a continuum. In particular, EP El Niño 
exhibits hints of nonlinearity for the longitudinal response 
of SLP in the North Pacific and precipitation over California 
to the longitude of the OLR anomalies along the equator, 
as well as for the amplitude of the precipitation response to 
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Fig. 9   For Reanalysis data (yellow circle), KCM AMIP-type experi-
ments (margenta circle) and the individual KCM experiments, in a 
the SST bias in Niño4 on the x-axis vs. the longitude of the amplitude 
weighted center of OLR anomalies along the equator for all El Niño 
and La Niña events on y-axis; b same as a but here on the y-axis for 
the longitude of amplitude weighted center of SLP between 30◦ N and 
70◦ N; c same as a but here on the y-axis for the center of precipita-
tion between 30◦ N and 45◦ N; d same as a but here on the y-axis the 
OLR amplitude of all ENSO events averaged along the equator, i.e. 

the average over all El Niño and La Niña events, after multiplying La 
Niña events by −1 ; e same as d but here on the y-axis the amplitude 
of SLP between 30◦ N and 70◦ N; f same as d but here on the y-axis 
the amplitude of precipitation between 30◦ N and 45◦ N; the colors of 
the numbers indicate the three sub-ensembles with LARGE (green), 
MEDIUM (blue) and SMALL (red) cold SST bias. One, two or three 
stars behind the correlation value indicates that the correlation is sig-
nificant on a 90%, 95% or 99% confidence level, respectively
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Fig. 10   For reanalysis data (yellow circle), KCM AMIP-type experi-
ments (margenta circle) and the individual KCM experiments, in a 
the SST bias in Niño4 on the x-axis vs. asymmetry between El Niño 
and La Niña in the longitude of center of OLR anomalies along the 
equator on y-axis; positive values indicate a more eastern center dur-
ing El Niño than during La Niña; b same as a but here on the y-axis 
the asymmetry between El Niño and La Niña in the center of SLP 

between 30◦ N and 70◦ N; c same as a but here on the y-axis the asym-
metry between El Niño and La Niña in the center of precipitation 
between 30◦ N and 45◦ N; the colors of the numbers indicate the three 
sub-ensembles with LARGE (green), MEDIUM (blue) and SMALL 
(red) cold SST bias. One, two or three stars behind the correlation 
value indicates that the correlation is significant on a 90%, 95% or 
99% confidence level, respectively
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Fig. 11   a Tropical Pacific SST bias of the CMIP5 ensemble (area mean SST subtracted from each data set before calculating the SST bias); b, c 
same as Fig. 2b, c, but here for the CMIP5 models

Fig. 12   Same as Fig. 3, but here 
for the CMIP5 models

0 0.5 1 1.5
−20

−15

−10

−5

0

5

1

2

3

4

5

9

10

11

12

13 15

17
18

19
20

21

2223

24 25

26

27

U10 feedback in Nino4 [m/s/K]

Q
ne

t f
ee

db
ac

k 
in

 N
in

o3
 a

nd
 N

in
o4

 [W
/m

2 /K
]

r = −0.78***

Wind vs. Heat flux feedback(a)

0 0.2 0.4 0.6 0.8 1
−1.5

−1

−0.5

0

0.5

1

2

3

4

5

9

10
11

12

13

15

17

18

19 20

21

2223

24

25

2627

U10 and Qnet Feedbacks (normalised)

S
S

T
 b

ia
s 

in
 N

in
o4

 [K
]

r = 0.69***

Atm. feedbacks vs. SST bias(b)



3785The effect of the equatorial Pacific cold SST bias on simulated ENSO teleconnections to the North…

1 3

the amplitude of OLR anomalies. The nonlinearity in ENSO 
teleconnection can partly be explained by a nonlinear atmos-
pheric response to the difference in amplitude of weak and 
strong El Niño events (Jiménez-Esteve and Domeisen 2019). 

Further, the deviations from linear behavior for EP El Niño 
is consistent with Frauen et al. (2014), while CP El Niño 
exhibits more linear behavior, consistent with Zhang et al. 
(2018b).
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Fig. 13   Same as Fig. 9, but here for CMIP5 models
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Fig. 14   Same as Fig. 10, but here for CMIP5 models
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Due to the limited number of ENSO events in the obser-
vational record and due to large internal atmospheric vari-
ability caused by e.g. the phase of the Pacific Decadal Oscil-
lation, much longer observations are needed to gain more 
confidence about the true nature of ENSO teleconnections 
to the North Pacific and its asymmetries (Deser et al. 2017, 
2018; Garfinkel et al. 2018; Domeisen et al. 2019). There-
fore it is difficult to determine if the asymmetries of ENSO 
teleconnections to the North Pacific are well captured in cli-
mate models in comparison to observations. But our results 
clearly show that the SST biases hamper the simulated 
ENSO teleconnection to the North Pacific, as the AMIP-type 
experiments are closest to the observed ENSO teleconnec-
tion. Especially the asymmetry between EP and CP El Niño 
is well represented by the AMIP-type experiments, while all 
coupled KCM experiments fail to reproduce this asymmetry. 
The asymmetry between El Niño and La Niña is in general 
poorly represented in current climate models, but tends to 
be better represented in climate models with weak equato-
rial SST bias. This can be explained by the stronger ENSO 
atmospheric and oceanic feedbacks in climate models with 
a smaller SST bias, as stronger atmospheric and oceanic 
feedbacks improve the simulated ENSO diversity (Kim and 
Cai 2014; Bayr et al. 2018a, b).

The equatorial cold SST bias is a common problem in 
current climate models and its causes are still under debate 
(Davey et al. 2002; Guilyardi et al. 2009; Vannière et al. 
2013; Bayr et al. 2018a). Due to the equatorial cold SST 
bias the atmosphere is in a La Niña-like mean state, with a 
westward shifted position of the rising branch of the Walker 
Circulation that leads to a westward shift in the equatorial 
convective response during ENSO events. In the CMIP5 
models the sensitivity of the atmosphere to the SST bias 
differs more considerably among the models (Fig. 11b) as 
compared to the KCM model ensemble (Fig. 2b). This may 
explain the higher robustness of the results in the perturbed 
physics ensemble of the KCM in comparison to the CMIP5 
ensemble.

A difference between the KCM and the CMIP5 ensem-
ble is the sign of the SST bias in the North Pacific, which 
may have an influence on the ENSO teleconnection to the 
North Pacific. Further it is important to note that the changed 
convection parameters in the perturbed physics ensemble 
of KCM may also have an influence on the mean circula-
tion in the North Pacific, which may itself have an effect on 
ENSO teleconnections, as described e.g. in Lu et al. (2008). 
But as we stay with the parameters in the range of physical 
uncertainties, as suggested by Mauritsen et al. (2012), this 
effect should not be large. Indeed, the mean midlatitude cir-
culation, such as the storm tracks, does not significantly dif-
fer in the individual experiments. Finally, a similar relation 
between ENSO teleconnection and the equatorial SST bias 
in both the KCM and CMIP5 simulations indicates that the 

equatorial Pacific SST bias seems to play an important role 
for the location of the ENSO teleconnection to the North 
Pacific.

The findings from this study may have major conse-
quences on how ENSO teleconnections are simulated and 
forecasted. ENSO is used for the seasonal prediction of a 
variety of global remote impacts. As has been shown, a bias 
in the simulation of the tropical Pacific may crucially impact 
the ENSO teleconnection to California. This finding will 
have consequences for regions at a longer distance from the 
tropical Pacific that are affected by ENSO and that rely on 
ENSO for sub-seasonal to seasonal prediction, such as Aus-
tralia (Chiew et al. 1998) and the North Atlantic and Europe 
(Brönnimann 2007; Domeisen et al. 2015; Butler et al. 2016; 
Dunstone et al. 2016). Further studies will have to show if 
the limitations arising from the equatorial SST bias are a 
reason for the opposing results between observational stud-
ies and model simulations for teleconnections to the North-
ern Hemisphere stratosphere, as e.g., shown in Butler and 
Polvani (2011), Garfinkel et al. (2012a) and Domeisen et al. 
(2019).
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