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circulation, as can be seen from the results of the succes-
sive Climate Model Intercomparison Projects (CMIP3-5-6) 
(e.g., Meehl et al. 2007, Ulbrich et al. 2009, Taylor et al. 
2012, Mizuta 2012, Zappa et al. 2013, Chang 2013, Shaf-
frey and Hodges 2013, Eyring et al. 2016, Harvey et al. 
2020). It is therefore of critical importance to understand 
to what extent the processes driving the variability of the 
mid-latitude atmospheric circulation are affected by model 
systematic errors.

One of the main drivers of both tropical and extratropi-
cal variability is the El Niño-Southern Oscillation (ENSO) 
(Philander 1990, Wang 2017), which generates global tele-
connections in both the atmosphere and the ocean. ENSO 
is a quasi-periodic, coupled ocean-atmosphere phenomenon 
characterized by fluctuations of the sea surface temperature 
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Understanding the natural and forced variability of the general circulation of the atmosphere and its drivers is one of the 
grand challenges in climate science. In particular, it is of paramount importance to understand to what extent the sys-
tematic error of global climate models affects the processes driving such variability. This is done by performing a set of 
simulations (ROCK experiments) with an intermediate complexity atmospheric model (SPEEDY), in which the Rocky 
Mountains orography is modified (increased or decreased) to influence the structure of the North Pacific jet stream. For 
each of these modified-orography experiments, the climatic response to idealized sea surface temperature (SST) anomalies 
of varying intensity in the El Niño Southern Oscillation (ENSO) region is studied. ROCK experiments are characterized 
by variations in the Pacific jet stream intensity whose extension encompasses the spread of the systematic error found in 
state-of-the-art climate models. When forced with ENSO-like idealised anomalies, they exhibit a non-negligible sensitiv-
ity in the response pattern over the Pacific North American region, indicating that a change/bias in the model mean state 
can affect the model response to ENSO. It is found that the classical Rossby wave train response generated by ENSO is 
more meridionally oriented when the Pacific jet stream is weaker, while it exhibits a more zonal structure when the jet 
is stronger. Rossby wave linear theory, used here to interpret the results, suggests that a stronger jet implies a stronger 
waveguide, which traps Rossby waves at a lower latitude, favouring a more zonally oriented propagation of the tropically 
induced Rossby waves. The shape of the dynamical response to ENSO, determined by changes in the intensity of the 
Pacific Jet, affects in turn the ENSO impacts on surface temperature and precipitation over Central and North America. 
Furthermore, a comparison of the SPEEDY results with CMIP6 models behaviour suggests a wider applicability of the 
results to more resources-demanding, complete climate GCMs, opening up to future works focusing on the relationship 
between Pacific jet misrepresentation and response to external forcing in fully-fledged GCMs.
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usually colder (warmer) and wetter (dryer), while the north-
western part is mostly warmer (colder) and dryer (wetter). 
A consensus has not been reached on whether ENSO or the 
natural atmospheric variability modulate the climate over 
the western coast of North America (Lopez and Kirtman 
2019). There is also an ongoing debate regarding the con-
nection between ENSO and the Pacific North American pat-
tern (PNA). PNA is a characteristic pattern of the Northern 
Hemisphere internal variability, that includes four main cen-
ters of action observed in the 200 hPa geopotential height 
(Wallace and Gutzler 1981) and has significant influence on 
temperature and precipitation over North America (Gershu-
nov and Cayan 2003). Some authors argue that ENSO can 
only amplify internal variability and cannot generate new 
patterns (Molteni et al. 1993, Lau 1997, Blade 1999, Palmer 
1999). Straus and Shukla (2002), on the other hand, suggest 
that the external forcing (i.e., ENSO) can lead to patterns 
that are different from those typical of the internal variabil-
ity. Lopez and Kirtman (2019) found that ENSO produces 
response patterns over North America which are different 
from those of PNA. Considering the limited observational 
record, the ENSO signal is difficult to disentangle from the 
internal variability patterns.

The role of global climate model biases in modulating 
the atmospheric response to ENSO is also to this day rather 
unclear, with contrasting conclusions achieved by differ-
ent authors. Dawson et al. (2011) found that an increase 
in model resolution to a more realistic mean state, and that 
a better mean state plays a key role in the propagation of 
Rossby waves from a tropical source (e.g., El Niño) to 
the extratropics. Li et al. (2020) show that different model 
responses to ENSO in the Pacific-North American region 
and in the North Atlantic region can be explained by differ-
ences in the model mean state. Model biases in the North 
Pacific jet can affect the propagation of Rossby Waves gen-
erated in the Tropics, therefore the same RWS can lead to 
different responses in the Pacific-North American region, 
depending on the model jet bias. Conversely, they show 
that the response to El Niño in the North Atlantic and Euro-
pean region is almost independent of the jet bias but can be 
explained by considering biases in the tropical RWS. Tyr-
rell and Karpechko (2021) apply a bias correction method 
to the divergence and temperature tendencies of a general 
circulation model (GCM) in order to produce several differ-
ent climatologies, then they apply the ENSO forcing, both 
positive and negative, for each model climatology. They 
conclude that there are no significant differences in the 
responses to ENSO depending on the divergence and tem-
perature tendencies in the troposphere and stratosphere. The 
climatological bias does not affect the response in the Aleu-
tian Low due to Rossby waves forcing, or the response in 
the polar vortex due to the upward planetary wave forcing.

(SST), thermocline depth, and sea level pressure (SLP) 
across the equatorial Pacific. The state of the Tropical 
Pacific climate with respect to ENSO can be synthetically 
described as being in one of three conditions: Neutral, El 
Niño, and La Niña. El Niño is the positive phase of ENSO 
(associated with a warm SST anomaly) while La Niña is its 
negative phase (with a cold SST anomaly).

One of the main atmospheric consequences of ENSO is 
the rearrangement of the atmospheric Walker Circulation 
which leads to a longitudinal shift of the associated con-
vective rainfall patterns (Dai and Wingley 2000). During 
an El Niño event, the warm SST anomaly, and the related 
anomalous convection in the eastern Tropical Pacific lead 
to an increased atmospheric low-level convergence and a 
corresponding upper-tropospheric divergence, generating 
an anomalous vorticity source in the tropics. The upper-
level component of this vorticity source acts as a Rossby 
Wave Source (RWS) (Hoskins and Karoli 1981). This RWS, 
in turn, sets off a Rossby Wave train that tends to propa-
gate upward, northward, and eastward in the North Pacific, 
modulating the intensity of the Aleutian Low and causing 
teleconnections patterns in the extratropics (Trenberth et al. 
1998). Such Rossby Wave perturbations propagating from 
the tropical regions into the midlatitudes constitute a sort 
of atmospheric bridge which can spread the signature of 
ENSO all over the globe (Trenberth et al. 1998).

During the positive ENSO phase, a deeper Aleutian Low 
can also generate upward propagating waves that can reach 
the stratosphere and weaken the stratospheric polar vortex. 
During events associated with a strong weakening of the 
polar vortex, anomalies can propagate back downward into 
the troposphere and project onto the North Atlantic (Cag-
nazzo and Manzini 2009, Butler et al. 2014). During La 
Niña events, the response is broadly of the opposite sign, 
but weaker (Jiménez–Esteve and Domeisen 2018). Several 
studies showed that the winter response to ENSO, on the 
North Atlantic, changes from the early winter (November-
December) to the late winter (January-March)(Moron and 
Gouirand 2003, King et al. 2021). The early winter tele-
connection resembles the East Atlantic pattern, while the 
late winter teleconnection projects onto the NAO pattern 
(King et al. 2018, Mezzina et al. 2020). This difference in 
the response patterns is due to distinct propagation path-
ways; the early winter response involves a tropospheric 
pathway, while the late winter response involves both the 
tropospheric and stratospheric pathways (Ayarzagüena et al. 
2018, Domeisen et al. 2019).

In the Pacific region, ENSO can shift the subtropical 
Pacific jet stream over the western coast of North America, 
influencing the weather and climate over Mexico, United 
States and Canada (Seager et al. 2005a,b). During El Niño 
(La Niña) events, the southern part of North America is 
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Jet stream, obtained by changing the height of the Rocky 
Mountains, and an ENSO-forced RWS superimposed on the 
background flow.

The experimental setup as well as the metrics used are 
presented in Sect. 2. Results from model simulations are 
shown in Sect. 3, while in Sect. 4 the results are discussed. 
Finally, conclusions are drawn in Sect. 5.

2 Materials and methods

2.1 The Model

In the last decades a hierarchy of GCMs has been devel-
oped to tackle a wide variety of scientific questions. Starting 
from the second half of the ’80s, the complexity of GCM 
has dramatically increased. This has been associated with 
an increase in computational costs. For academic purposes, 
however, state-of-the-art GCMs can be too expensive, and 
here Earth System Models of Intermediate Complexity 
(EMIC, Claussen, et al. 2002) come into play. These models 
are sufficiently accurate to be compared with observations, 
but less complex and computationally cheaper than fully-
fledged GCMs.

The model used in this study is an intermediate com-
plexity Atmospheric General Circulation Model developed 
at the Abdus Salam International Center for Theoretical 
Physics (ICTP), known as SPEEDY (Simplified param-
eterization PrimitivE Equation DYnamic (Molteni 2003, 
Kucharski et al. 2006). Version 41 has been used in the 
current work. It uses the Held and Suarez hydrostatic spec-
tral dynamical core (Held and Suarez 1994) expressed in 
the vorticity-divergence form derived by Bourke (1974). 
A set of parameterizations takes care of processes such as 

Another source of uncertainty related to ENSO forcing 
and its teleconnections is the impact of the SST bias in state-
of the-art models (Timmermann et al. 2018). Many coupled 
general circulation models exhibit a cold SST bias in the 
equatorial Pacific Ocean (reminiscent of a La Niña-like 
state), which leads to an overly westward displaced rising 
branch of the Walker Circulation. During an El Niño event, 
the bias in the convective region leads to a further westward 
convective response as compared with observations (Bayr 
et al., 2019a, Domeisen et al., 2015). Since this SST bias 
is mainly due to the oceanic component of coupled mod-
els, climate simulations with prescribed SSTs better repre-
sent ENSO teleconnections to the North Pacific and North 
America (Bayr et al., 2019b).

Considering that investigating the tropical-midlatitude 
interactions due to ENSO forcing under different model 
mean states has been shown to be a complex and multifac-
eted problem, both in observations and in climate GCMs 
(e.g., the CMIP set of experiments), an intermediate-
complexity experimental setup could constitute a fruitful 
approach. In this work, the attention is therefore focused 
on a single feature of the model bias: the North Pacific Jet 
Stream, which is one of the regions where the largest bias 
and root mean square error (RMSE) are observed in state-
of-the-art GCMs, as shown by Fig. 1.

This work aims at exploring how different systematic 
errors of the Pacific jet stream can affect the model response 
to ENSO in order to understand to what extent the response 
of the model to a given forcing changes when the model 
mean state is modified. This is done by performing sev-
eral simulations with the atmospheric general circulation 
model Simplified Parameterizations, primitivE - Equation 
DYnamics (SPEEDY), forced by climatological SSTs. Each 
simulation is characterized by a different bias in the Pacific 

Fig. 1 JFM zonal wind at 
850 hPa (a) RMSE (colous) 
and (b) multi model mean 
bias (colours) for the CMIP6 
atmosphere-only models 
(AMIP experiment). In both 
panels, contours are the JFM 
zonal wind at 850 hPa from 
ERA-Interim
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weakening the zonal wind, strengthening the stationary 
wave pattern and producing a southwest-northeast tilt of the 
Atlantic eddy-driven jet. These effects are due to the pecu-
liar topography of the Rocky Mountains, which generates a 
dipole with an anticyclone on the windward and poleward 
side of the mountain range (where the wind has to “go over’’ 
the mountain) and a cyclone on the leeward and equator-
ward side (where the flow is more effectively blocked so 
that is partially diverted around the mountain) (Brayshaw 
et al, 2009). By modulating the height of the Rocky Moun-
tains, it is possible to modify the jet interaction with the oro-
graphic obstacle and thus change the mean flow over both 
the Pacific and the Atlantic sector.

2.2.1 Changes to the Rocky Mountains

2.2.1.1 Control Simulation (ROCK-0) A 200-year long 
control climate simulation run using the SPEEDY default 
configuration is used as a baseline experiment (hereafter 
named ROCK-0). The SST and the Sea Ice Concentration 
(SIC) boundary conditions are obtained from the 1979–2008 
monthly climatology from the European Centre for Medium-
Range Weather Forecasts re-analysis (ERA-Interim; Dee 
et al. 2011). Daily SST and SIC forcing data are obtained 
by linearly interpolating monthly mean values. In order to 
reduce the model internal variability, the sea ice and the land 
modules are switched off. The radiative parameters are set 
to represent values of the last decades of the 20th century 
(King et al. 2010). Model integration starts with a standard 
atmosphere at rest in hydrostatic equilibrium.
2.2.1.2 Modified orography experiments (ROCK) Twelve 
200-year long simulations are performed with a set of 
modified orographies to obtain different mean states of the 
mid-latitude atmospheric circulation. The twelve modified 
orography simulations are characterized by an increased or 
decreased height of the Rocky Mountains in a box spanning 
170 W-90 W and 10-80 N. The North American orography 

large-scale condensation, surface fluxes of momentum, ver-
tical diffusion of heat and moisture, convection and short 
and longwave radiation (Molteni 2003). A one-layer ther-
modynamic model (Kucharski et al. 2006a, b, 2013a, b) 
calculates the temperature anomaly for land and sea ice. 
The horizontal spectral resolution is T30 (~ 450 Km at the 
Equator) with 8 vertical levels and an associated regular 
Gaussian grid of 96 × 48 points. The SPEEDY model is 
computationally advantageous, so it can be integrated over 
centuries at a minor computational cost. Despite the low 
resolution and the simplified parameterizations, SPEEDY 
represents satisfactorily several aspects of the atmospheric 
climate, like the extratropical circulation (Kucharski et al. 
2006a, b), planetary-scale variability modes (Molteni et al. 
2011), tropical/extratropical teleconnections (Kucharski et 
al. 2007), ENSO teleconnections in a global warming situ-
ation (Buli´c et al. 2012), and a minimal representation of 
troposphere-stratosphere interactions (Herceg-Bulic et al. 
2018, Ruggieri et al. 2017).

The source code and the documentation of the current 
version of the model - including information on model 
development and subsequent releases, can be found at 
http://users.ictp.it/~kucharsk/speedy-net.html.

2.2 Experimental setup

Considering that the goal of the analysis is to assess the 
sensitivity of the ENSO-related teleconnections to differ-
ent model mean states, an initial step is to produce several 
“SPEEDY worlds”, characterized by different mean cli-
mates. Considering the geographical position of the ENSO 
thermal forcing, changes in the model mean states are 
obtained by modifying the average structure of the Pacific 
jet stream. A simple but effective approach is to change the 
orography over the Rocky Mountains region. Indeed, the 
Rockies play a relevant role in shaping and modulating 
the Northern Hemisphere climate (e.g., White et al, 2021), 

Fig. 2 JFM climatology of the zonal wind at 850 hPa for the ROCK-0 simulation (colours). Black boxes are the regions where the PJS and PJL 
indices are calculated (see text for details). The black contours show the difference between the ROCK + 60 and ROCK-0 orography (units: m). 
The red contours in the equatorial Pacific show the intensity of the idealised El Niño SST anomaly (units: K)
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the idealized El Niño3.4 anomaly just described (a “stan-
dard intensity” El Niño), which has a maximum of about 
1.2 K (NINO experiments hereafter). The experiment with 
El Niño forcing and no orographic change is thus labelled 
NINO-0. The second set of experiments uses the same 
anomaly pattern, but doubled in magnitude (i.e., NINOx2 
experiments). The experiment with twice El Niño forcing 
and no orographic change is named NINOx2-0. Follow-
ing the same methodology, the La Niña and the La Niña 
with doubled idealized anomalies are obtained by revers-
ing the sign of the El Niño experiments (defined as NINA 
and NINAx2 experiments). Similarly, the experiments with 
no orographic change, are labelled NINA-0 and NINAx2-0, 
respectively.

Since the ENSO signal is stronger during the late boreal 
winter, i.e., January-March (JFM) (Brönnimann 2007, King 
et al. 2021), the analysis is limited to this season.

Similarly to the ROCK experiments, the NINO, NINOx2, 
NINA, and NINAx2 integrations are 200-year long. All the 
simulations start from an atmosphere at rest and in order to 
discard the spin-up of the model, the first year of each inte-
gration is excluded.

By comparing ENSO experiments (NINO, NINOx2, 
NINA, NINAx2) and the corresponding ROCK simulations 
it is possible to estimate the modulation of the ENSO signal 
due to the change of the model mean state.

This idealized configuration has strengths and limita-
tions; on the one hand, the idealized SST forcing helps to 
understand the mechanism behind the interaction between 
the bias of the Pacific Jet stream and the ENSO response, 
isolating the source of the signal over the Central Pacific. 
On the other hand, the observed ENSO SST signal is charac-
terized by anomalies outside the Niño3.4 region that might 
generate non-negligible signals and non-linear interactions 
with the signals coming from the Niño3.4 region.

2.2.3 Reanalysis and fully fledged general circulation 
models

To provide an estimate of the SPEEDY biases in the ROCK 
and ENSO experiments the ECMWF ERA-Interim Reanal-
ysis (1979–2018) is used. The El Niño signal is obtained 
by compositing the geopotential height field during the El 
Niño events (in the 1979–2018 period) identified with the 
Nino3.4 index. The reference for state-of-the-art general 
circulation models is the Coupled Model Intercomparison 
Project phase 6 (CMIP6, Eyring et al. 2016): considering 
the atmosphere-only setup of the SPEEDY integrations, the 
focus is on the Atmospheric Model Intercomparison Project 
experiment (AMIP, Gates et al. 1998). AMIP simulations 
are performed over the historical period 1979–2014, with 
observed sea surface temperature and sea-ice and observed 

is referred to as Rocky Mountains because, due to its resolu-
tion, the SPEEDY model is unable to resolve smaller moun-
tain chains as Sierra Nevada and the Cascades. The changes 
to the height of the Rocky Mountains ranges from − 60% 
to + 60% (-60%, -50%, -40%, -30%, -20%, -10%, + 10%, 
+ 20%, + 30%, + 40%, + 50% and + 60%). In order to avoid 
discontinuities in the orography field along the edge of the 
box, a nine grid point smoothing is applied at the borders 
of the domain. The twelve simulations with changes in the 
height of the Rocky Mountains, together with the ROCK-0 
control simulation, are hereafter named ROCK experiments. 
Figure 2 shows an example of a 60% increase of the height 
of the Rocky Mountains (ROCK + 60 experiment). The last 
three characters in the name of the experiments indicate the 
percentage change in the height of the Rocky Mountains.

By comparing ROCK experiments with modified orog-
raphy and ROCK-0, the effectiveness of the orography in 
producing changes in the mean state of the Pacific jet stream 
is assessed.

2.2.2 Idealized tropical forcing (ENSO forcing)

To study the impact of the model bias on the response to 
external forcing, four sets of ENSO-like simulations are 
conducted. The SST pattern of an idealized ENSO anomaly, 
both positive (El Niño) and negative (La Niña), is defined in 
the El Niño 3.4 region (Equatorial Pacific Ocean, 5 N-5 S, 
170 W-120 W): this anomaly is then superimposed to the 
climatological SST for all the orographic configurations of 
the ROCK experiments. The shape and magnitude of the 
idealized anomaly in the El Niño case are generated as 
follows:

 ● from HadSST3 data (1979 to 2008, see Kennedy et al. 
2011b, 2011c), all El Niño events are extracted detect-
ing events for which the 5-month running mean of the 
monthly SST anomalies in the El Nino 3.4 region are 
greater than 0.5 K for six consecutive months or more 
(for the El Niño 3.4 index, see Trenberth, 1997).

 ● The SST composite of the above-defined events is com-
puted over the El Niño 3.4 region. For each event the (6) 
monthly anomalies are taken. The composite is made by 
the average of the considered monthly anomalies.

 ● A nine-grid-point smoothing is applied along the edges 
of the area.

 ● This idealized El Niño3.4 anomaly is finally superim-
posed on the climatological SST.

The red contours in Fig. 2 show the area and the intensity 
of the selected idealized El Niño3.4 anomaly. Two sets of 
experiments are then designed, for both El Niño and La 
Niña phases. The first set of experiments is conducted with 
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Jet Strength index (PJS) and a Pacific Jet Latitude index 
(PJL):

 ● the PJS index is the average of the 850 hPa zonal wind 
in a box spanning 110-170 W and 30-60 N, and it is used 
to measure the intensity of the Pacific jet stream;

 ● the PJL index is the average of the 850 hPa zonal wind 
in a box 110-170 W and 45-60 N minus the same aver-
age in a box 110-170 W and 30-45 N. The PJL index 
aims at describing the latitudinal position (and therefore 
the associated meridional wind shear) of the Pacific jet 
stream.

The jet width has been investigated as well. This is esti-
mated as the distance between the inflection points of the 
meridional profile of the zonally averaged zonal wind at 
850 hPa (between 110 and 170 W, Manola et al. 2013). Our 
results show that the jet width exhibits a large variability and 

its estimate is affected by a large uncertainty, and changes 
in the orography have a weak (if not null) effect on it (see 
supplementary material figure SM1), so this property is not 
further discussed.

The box used for the computations is shown in Fig. 2.

greenhouse gases (GHGs) and stratospheric ozone mixing 
ratios and aerosol emissions. Because models have differ-
ent resolutions, all the model outputs are interpolated to a 
2.5°x2.5° regular lat-lon grid1.

2.3 Metrics

Considering the relevance for this study of the propagation 
of the ENSO signal from the tropics to the extratropics, 
the position of the so-called “Pacific Waveguide” is of key 
importance (Dawson et al. 2011). The Rossby stationary 
waveguide is strictly related to three parameters character-
izing the jet stream: (1) the jet strength, (2) the latitudinal 
position of the jet maximum and (3) the jet width (Manola 
et al. 2013). In order to characterize the mean state of each 
ROCK simulation, two dynamical indices that define such 
properties of the Pacific jet stream are introduced. A Pacific 

1  List of CMIP6 models used: ACCESS-CM2, ACCESS-ESM1-5, 
BCC-CSM2-MR, BCC-ESM1, CAMS-CSM1-0, CanESM5, CAS-
ESM2-0, CESM2, CESM2-FV2. CESM2-WACCM, CESM2-
WACCM-FV2, CIESM, EC-Earth3, EC-Earth3-Veg, FGOALS-f3-L, 
FGOALS-g3, FIO-ESM-2-0, GFDL-ESM4, INM-CM4-8, INM-
CM5-0, IPSL-CM6A-LR, MIROC6, MPI-ESM2-0, NorESM2-LM.

Fig. 3 JFM PJL index vs. PJS index. Orange diamonds are models from CMIP6, blue dots are ROCK experiments with reduced orography, red dots 
are ROCK experiments with increased orography. Black dot is the ROCK-0 experiment and the black star is ERA-Interim
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Figure 4 shows the impact of Rocky Mountains orog-
raphy changes on the zonal wind at 850 hPa for the JFM 
season, which is mainly found over the North American 
continent and the North Pacific basin, with a secondary 
structure over the North Atlantic and Eurasia. As expected 
from Fig. 3, the ROCK-60 experiment (Fig. 4a) is character-
ized by a stronger jet. The signal in the zonal wind is maxi-
mum over the mountains, and spreads mainly upstream up 
to the center of the Pacific Ocean. The ROCK + 60 experi-
ment (Fig. 4c) shows an opposite behaviour, with the effect 
of the orography localized only on the region of the Rockies 
and downstream, over the North American continent.

The linear regression in Fig. 4b, all the average JFM 
fields from ROCK experiments are merged together into 
a single array and then the linear regression is calculated, 
shows the relation between the lower-tropospheric zonal 
wind and the PJS: a stronger Pacific jet is associated with 
an intensified zonal wind over the Rocky Mountains in a 
latitude band between 30 and 50 N. At latitudes southern 
than 30 N a stronger Pacific jet reinforces the trade winds. In 
a latitudinal band between 50 and 70 N, the response of the 
zonal wind reverts; here a stronger Pacific jet weakens the 
local zonal wind. A smaller but significant signal is found 
over the tropical Atlantic Ocean (60 W-0 W) and in the mid-
latitudes of the Euro-Asiatic sector, where the zonal wind 
strengthens with a more intense Pacific jet.

3.2 SPEEDY response to idealized ENSO

In order to show the response to an idealized ENSO in the 
Pacific-Western North American sector, the JFM 500 hPa 
geopotential height is considered (King et al. 2017, Feng 
et al. 2017, Alexander et al. 2008). Figure 5 shows the 
response to an idealized El Niño in the 500 hPa geopotential 
height for the NINO-0 (Fig. 5b) and ERA-Interim (Fig. 5a). 
In the Pacific and the North American sectors, the response 
in the geopotential height due to the idealized El Niño SST 

The PJS and PJL indices are calculated at 850 hPa 
because at this level the effect of changes in the orography 
is more evident than in the upper troposphere. However, 
indices calculated using the zonal wind at 300 hPa exhibit a 
similar behaviour (see supplementary material figure SM2).

3 Results

3.1 The mean state

To understand how the Pacific jet stream changes in the 
ROCK experiments (e.g., from ROCK-60 to ROCK + 60) 
and how these changes are related with the mean climate of 
state-of-the-art GCMs, the two indices (PJS and PJL) cal-
culated from the ROCK simulations are compared with the 
same indices computed from CMIP6.

Figure 3 shows a scatterplot with the PJS index against 
the PJL index for the CMIP6 (orange diamonds) and 
SPEEDY (blue and red dots) experiments, all compared to 
ERA-Interim (the black star). All models show a relevant 
bias in the PJL index with respect to reanalysis, having a 
Pacific jet always displaced too poleward. On the other 
hand, PJS indices from CMIP6 models and ROCK experi-
ments are scattered around the value from the reanalysis; the 
PJS values range from 4 to 6. The ROCK experiments cover 
approximately a fair amount of the CMIP6 model spread 
in terms of the PJS index. As expected, the more the Rock-
ies are lowered, the stronger the Pacific jet becomes. Con-
versely, the changes in the height of the Rocky Mountains 
have a moderate and non-linear impact on the values of the 
PJL index. While the latitude of the jet is slightly affected 
by the increase of the orography, the PJL index decreases 
linearly for lower orography: indeed, a larger negative value 
of the PJL index implies an equatorward displacement of 
the Pacific jet.

Fig. 4 JFM 850 hPa zonal 
wind (m/s). (a,c) Differences 
between the modified orogra-
phy experiments (ROCK-60 
and ROCK + 60) and ROCK-0 
(shading). (b) linear regres-
sion of the zonal wind from all 
ROCK experiments on the PJS 
index. Contours are the full field 
from the ROCK-0. Stippling 
shows regions where the values 
are statistically significant (two 
tailed t-test, α = 0.05)
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experiment show similar patterns; both show a positive 
anomaly of about 10 m. Conversely, Eastern Asia and 
Japan are regions where the NINO-0 experiment and ERA-
Interim are more in contrast: in the NINO-0 experiment, the 
negative anomaly in the Pacific Ocean elongates westward 
till reaching Japan and the coasts of Asia, while in ERA-
Interim a positive anomaly over Asia and Japan is observed. 
Considering the idealized framework of the NINO experi-
ments, a discrepancy between SPEEDY and ERA-Interim 
is expected. Nonetheless, the overall response is in satisfac-
tory agreement with respect to the reanalysis.

The NINA-0 experiment, compared with ERA-Interim, 
shows an overall weaker signal with respect to ERA-Interim 
(See Supplementary Material Fig.SM7). In SPEEDY, the 
Rossby wave train, starting from the Pacific Ocean and 
crossing the North American continent is roughly the half 
of the signal observed in the reanalysis. The only exception 
is the positive pole over Mexico, which is comparable with 
ERA-Interim. The positive centre of action on the Pacific 
Ocean is shifted to the west with respect to the reanalysis 
and covers all the ocean up to Japan.

The asymmetry of the signals between El Niño and La 
Niña are caused by the different impact that imposing a 
warm or cold SST anomaly on the climatological SST might 
have. Indeed, small warm SST anomalies over the tropical 

is in good agreement with observations (e.g., Horel and 
Wallace 1981, Bracco et al. 2007, Kucharski et al. 2007, 
Rodriguez-Fonseca et al. 2009, Kröger and Kucharski 2011, 
Bulić et al. 2012, Wang 2017, Dogar et al. 2017, Mezzina 
et al. 2019). The NINO-0 response shows a strong negative 
anomaly in the Pacific Ocean (120E-120 W, 30-50 N) and a 
positive anomaly over the North American continent (180-
110 W, 50-80 N). These two anomalies, combined with the 
(weaker) negative anomaly over Mexico, constitute the 
typical Rossby wave train associated with ENSO. Another 
negative anomaly is found over Greenland.

The response to an idealized La Niña (NINA-0 experi-
ment, see supplementary material) shows a signal char-
acterized by a positive anomaly over the Pacific Ocean, a 
negative anomaly over the North American continent and 
positive anomaly over Mexico, consistent with the Rossby 
wave train for La Niña. The NINA-0 experiment also shows 
a significant positive signal over the Atlantic Ocean.

Overall, the NINO-0 run shows a westward displaced 
Rossby wave train and weaker positive pole when com-
pared to ERA-Interim. It is worth noting that the observed 
North Atlantic pole of the Rossby wave train is missing in 
the NINO-0 experiment, suggesting a weaker atmospheric 
bridge between the two basins in SPEEDY. However, over 
Europe and the Middle East, the reanalysis and the NINO-0 

Fig. 5 JFM response to El Niño in geopotential height at 500 hPa for ERA-Interim (a) and SPEEDY (NINO-0 minus ROCK-0,b). Contours are the 
respective climatological geopotential height and colours are the responses to El Niño. Stippling shows regions where the signals are statistically 
significant (two tailed t-test, α = 0.05)
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over the tropical eastern Pacific, strong SST anomalies are western Pacific can enhance convection and induce large 
rainfall anomalies. Conversely, for cold SST anomalies 

Fig. 7 JFM 500 hPa geopoten-
tial height response to NINO, 
NINA, NINOx2, and NINAx2 
for all ROCK experiments. (a) 
NINO and NINOx2 latitude of 
the maximum of the response. 
(b) NINO and NINOx2 
longitude of the maximum of 
the response. (c) NINO and 
NINOx2 geopotential height 
intensity of the maximum of the 
response. (d,e,f) are the same 
as (a,b,c) but for the minimum 
of the response in NINA and 
NINAx2 experiments. In all the 
panels the mean is represented 
by a dot and the standard devia-
tion by the vertical bars

 

Fig. 6 JFM dipole response to ENSO in the geopotential height at 500 hPa for (a) for NINO-ROCK experiments (b) for NINOx2-ROCK experi-
ments, (c) for NINA-ROCK experiments, and (d) for NINAx2-ROCK experiments. Only one contour for the North Pacific anomaly and only one 
for North America anomaly are drawn. Contours are chosen arbitrarily in order to highlight displacement of the anomaly. Dots show the positions 
of the maximum positive response and crosses the position of the minimum negative response. The value for the anomaly over the North American 
continent for the NINA experiments is about − 9 m, while the same for NINO reaches 15 m. Similarly, NINAx2 shows a maximum signal of about 
− 17 m, while NINOx2 gets up to 30 m
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In order to provide an estimate of the uncertainty in the 
position of the maxima/minima over the North America 
region due to internal variability, a bootstrap method is 
used. From the 200-year simulation, 130 JFM seasons (63% 
of the data, as suggested by Efron and Tibshirani 1993) are 
randomly chosen and averaged. Then the position of the 
maxima/minima of the geopotential height at 500 hPa in the 
box [45-70 N, 150 W-90 W] is computed. The sampling is 
repeated 3000 times. In this way, it is possible to estimate 
the uncertainty of the position of the maximum/minimum, 
denoted in the figure by the extension of the bars, which 
shows the standard deviation of the bootstrap sample. By 
increasing the intensity of the Pacific jet (i.e. by reducing the 
height of the Rockies) the center of action of the response 
over North America moves from north-west to south-east 
(Fig. 7a,b,d,e). On the other hand, the intensity of the North 
American response does not change as the intensity of the 
Pacific jet increases (Fig. 7c,f). Results are consistent for all 
sets of NINO, NINOx2, NINA and NINAx2 experiments. 
However, a minor difference can be noted: the standard 
deviation of the position (for both the longitude and lati-
tude) of the positive PNA pole decreases when the intensity 
of the idealised El Niño anomaly is doubled. This suggests 
that, not surprisingly, a stronger forcing provides a larger 
signal-to-noise ratio.

The same bootstrap approach is applied to the signal over 
the Pacific Ocean (see supplementary material Fig. SM6). 
When looking at the position of the pole over the ocean of 
the ENSO Rossby wave train, it is found that there is no sig-
nificant shift in its latitudinal and longitudinal position and 
the intensity of the anomaly doesn’t change.

required to induce the convective anomalies (Timmermann 
et al. 2018).

3.3 NIN*-ROCK experiments

To study the relationship between the model bias and the 
ENSO response in the different NINO (NINA) and NINOx2 
(NINAx2) experiments, the properties of the geopotential 
height dipole over the Pacific Ocean and North America 
(i.e., the ENSO Rossby wave train) are investigated.

This is done, for each experiment, by looking at the 
geographical position of the maximum (minimum) over 
the North America and the North Pacific poles (i.e., in the 
case of an El Niño response anomaly, this corresponds to a 
positive pole over North America and a negative pole over 
the North Pacific). Results are shown in Fig. 6: while the 
position of the signal over the ocean is weakly affected by 
orographic changes, the position of the signal over North 
America (see dots for El Niño and crosses for La Niña) 
migrates along a south-east/north-west axis as long as the 
height of the Rockies is increased.

Although a significant change is seen for the position, the 
intensity of the ENSO Rossby wave train is not affected by 
the height of orography. The magnitude of the signal dou-
bles when the intensity of the forcing is doubled (e.g., NINO 
vs. NINOx2). On the other hand, a strong nonlinearity in the 
ENSO teleconnection is observed when NINO and NINA 
experiments are compared. The El Niño signal is almost 
twice the intensity than its La Niña counterpart.

A graphical summary of these results is provided by 
Fig. 7, where the latitude, longitude, and intensity of the 
maximum (minimum) of the geopotential height at 500 hPa 
over North America for all the idealized ENSO NINO 
(NINA) and NINOx2 (NINAx2) experiments are shown.

Fig. 8 JFM near surface air 
temperature response in NINO 
experiments (NINO - ROCK). 
(b) Linear regression between 
the near surface air tempera-
ture and the PJS index. (a,c) 
Two examples of the changes 
in the response to El Niño 
(NINO-60 and NINO + 60). 
Stipplings show regions where 
the values are significant (FDR, 
αglobal = 0.20, Wilks, 2006). 
Contours show the near surface 
air temperature of the rela-
tive baseline experiments: (a) 
ROCK-60, (b) ROCK-0 and (c) 
ROCK + 60
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Mexico the cold signal of the response decreases as the PJS 
index increases, but the sign changes when the PJS index 
exceeds a threshold value.

On the contrary, the positive signal over Canada is 
enhanced by a stronger Pacific jet. The response over Asia 
resembles the one over Mexico, but only the responses over 
Japan and the Middle East seem to be significantly affected 
by the mean state, and both become colder when the inten-
sity of the jet stream over the Pacific Ocean decreases. To 
summarize, larger PJS indices (i.e., for stronger jet speeds) 
strengthen the zonal flow. This leads to a more zonal config-
uration of the Rossby wave train to the idealized ENSO-like 
SST anomaly and a reduction of the meridional advection. 
As a consequence, a reduction in the intensity of the tem-
perature anomaly is observed. The temperature anomaly 
reduces over most of the Northern Hemisphere. Two minor 
exceptions, where the temperature anomaly is enhanced, are 
Canada and the region east of the Caspian Sea.

Figure 9 shows the total precipitation response for NINO 
experiments. As expected, the pattern of precipitation 
anomaly produced by NINO experiments shows a marked 
signal over tropical regions. The total precipitation shows 
the typical equatorial El Niño signal, with an increase in the 
eastern and central Equatorial Pacific (not shown), while it 
decreases in tropical and subtropical regions approximately 
corresponding to the downward branch of the Hadley cell.

A positive rainfall response is also located near the 
California coast and the Aleutian region, extending further 
upstream in the Pacific Ocean. A second positive rainfall 
response is in the Gulf of Mexico, Florida, and Caribbean 
region, whose signal also extends over Mexico and reaches 
the eastern tropical Pacific. On the other hand, El Niño 
favours a decrease in precipitation over India, Southeast 
Asia, and Japan.

3.4 Implications for modelled impacts of ENSO

To better assess the sensitivity of the ENSO-induced tele-
connection patterns to the model mean state, the responses 
of near surface air temperature and total precipitation are 
analyzed. Almost the same patterns - but with doubled 
amplitude - are obtained from NINOx2 experiments (not 
shown). Conversely, NINA and NINAx2 experiments show 
approximately opposite impacts (not shown).

The Northern Hemisphere near surface air temperature 
response (Fig. 8a,c) shows that El Niño has wide but mod-
erate impacts all over the Northern Hemisphere, with near 
surface air temperature changes not larger than +/- 0.5 K. 
The only region where El Niño has a stronger signal is 
Western North America. A clear warm signal is present 
over Alaska and Canada, where the near surface air tem-
perature increases by 1.25 K. The same anomaly, reduced in 
intensity, also extends southward over the West coast of the 
United States. While experiments with the increased orog-
raphy (Fig. 8c) show a negative temperature anomaly over 
Mexico, those with reduced orography (Fig. 8a) are charac-
terized by a neutral or positive response.

Another clear signal is located over Japan: a cold anomaly 
spreads downstream, from the Asian East coast to the Pacific 
Ocean. On the other hand, the signal over Europe, North 
Africa, and the Arabian Peninsula (a warm anomaly unaf-
fected by changes of the mean state) is weak and becomes 
statistically significant only in the NINOx2 experiments.

The linear regression shown in Fig. 8b, which shows the 
relationship between the ENSO near surface air tempera-
ture response and the PJS Index, highlights the role of the 
changes in the mean state in modifying the ENSO tempera-
ture fingerprint. The response over Western Alaska is weak-
ened when the PJS index increases, implying that a stronger 
jet tends to suppress the warm signal there. Similarly, in 

Fig. 9 As Fig. 8, but for 
precipitation
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ENSO. The way Rossby waves propagate in a slowly vary-
ing flow is well understood; Rossby stationary waves tend 
to be refracted towards regions with larger stationary wave-
number (Ks), usually equatorward (Hoskins and Ambrizzi 
1993). Rossby stationary waves and the stationary wave-
number can be compared, respectively, to a light beam and 
the refractive index in optics.

Ks is defined as follows:

 Ks =
√

k2 + l2 = (βM/uM )1/2

where k is the zonal wavenumber, l is the meridional wave-
number, β is cos(Φ) times the meridional gradient of the 
absolute vorticity, and u is the zonal velocity. The subscript 
M indicates the Mercator projection on the sphere. From 
the kinematic wave theory, given a Rossby stationary wave 
characterized by a fixed Ks, the zonal wavenumber k is con-
stant along the Rossby wave path, so the meridional wave-
number l has to vary, and this change in l is the reason for 
the variation in the propagation direction. The propagation 
of the Rossby wave in the meridional direction is stopped 
when the wave reaches a latitude characterized by a meridi-
onal wavenumber equal to zero (l = 0); the group velocity 
becomes purely zonal, so the wave is refracted back to 
lower latitudes. Latitudes characterized by l = 0 are usually 
called “turning latitudes’’.

The presence of a zonal jet affects the propagation of 
Rossby waves. The intensity and the width of the midlati-
tude jet are two key properties to create an effective wave-
guide that can propagate the Rossby wave along the zonal 
direction (Manola et al. 2013).

The turning latitude can be computed from the meridi-
onal profile of Ks. Given a meridional profile of Ks(ϕ) and 
a stationary Rossby wave characterized by a zonal wave-
number n, the turning latitude is the latitude where the func-
tion Ks(ϕ) crosses the vertical line n = const. In our case, the 
meridional profile of the stationary wavenumber is calcu-
lated by zonally averaging the zonal wind over the Pacific 
sector (170 W-110 W) and considering only the Northern 
Hemisphere (10-70 N). The longitudinal size of the Pacific 
sector is comparable with the typical scale of quasi-station-
ary Rossby waves (Scaife et al. 2017).

Figure 10 shows the meridional profile for each ROCK 
experiment and for the ERA-Interim: Red curves refer 
to ROCK experiments with increased Rocky Mountains 
height, blue curves refer to ROCK experiments with 
reduced height, the solid black line corresponds to the 
ROCK-0 experiment, while the dashed black line to the 
ERA-Interim reanalysis. For wavenumbers greater than 4 it 
can be noticed that the ERA-Interim reanalysis shows a con-
stantly lower turning latitude than ROCK experiments. For 
values between 3 and 4, the range of values computed from 

The regression of the total precipitation on the PJS 
index (Fig. 9b) shows modulation of the signal following 
a change in the mean state over multiple regions: the most 
relevant signal is a dipolar anomaly that involves Caribbe-
ans and Mexico. Over the Caribbean, the total precipitation 
decreases when the PJS index increases, with NINO experi-
ments showing a stronger relationship between the signal 
and the PJS index. Conversely, the total precipitation over 
Mexico increases with the PJS index.

Similarly, the tropical Pacific is strongly affected by 
the Pacific Jet stream intensity, and the total precipitation 
regression shows an increase in the precipitation greater 
than 0.30 mm/day/m/s. The response on the west coast of 
Canada on the border with Alaska shows an increase of 
the precipitation associated with an increase of the Pacific 
Jet intensity, while an opposite signal is observed over the 
Aleutian low.

3.5 Rossby waves propagation and the Rossby 
stationary wavenumber

The above-described sensitivity of the ENSO response 
(Fig. 6) can be investigated in terms of the linear theory 
of Rossby wave propagation (Hoskins and Karoli 1981). 
Rossby waves are planetary-scale waves that propagate 
westward with respect to the time-averaged background 
flow so that they can become stationary if the mean westerly 
flow presents the opportune conditions; they are capable of 
transferring energy and momentum across large distances 
and giving rise to teleconnection patterns (Hoskins and 
Karoli 1981). Rossby waves can be generated by diabatic 
heating, a condition which typically occurs in areas of deep 
convection at tropical latitudes: consequently, anomalous 
Rossby waves can be produced following the onset of 

Fig. 10 JFM meridional profile of Rossby stationary wavenumber at 
300 hPa. Ks is calculated by averaging the zonal wind at 300 hPa over 
a region between 170-110 W. The black dashed line represents ERA-
Interim, the black line is the ROCK-0 simulation, reds are ROCK 
experiments with increased orography, and blues ROCK experiments 
with reduced orography
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of Rossby waves reducing the values of the turning latitude 
and thus inducing a southward shift of the signal in geo-
potential height. On the other hand, a weaker jet leads to a 
poleward turning latitude and a consequent poleward shift 
of the Rossby wave train.

4 Discussion

Not many authors have explored the impact of changes in 
models’ orography. Generally, the most used approach is 
either the complete removal of the orography or the removal 
of a specific mountain chain (White et al. 2017,2018, Bald-
win et al. 2021). For example, several papers studied the 
role of the Tibetan plateau and the Mongolian mountains 
(Boos & Kuang 2010, Chiang et al. 2015, Shi et al. 2016, 
White et al. 2017, Kong & Chiang 2020) in shaping the 
large-scale Northern Hemisphere atmospheric circulation. 
White et al. 2021 compared simulations with standard orog-
raphy and simulations carried out removing completely all 
the orography. They found out that the orography reduces 
the mean zonal wind by 50–80% and, without the orogra-
phy, the wintertime zonal wind of the Northern Hemisphere 
is comparable with the Southern Hemisphere winter jet. 
The resolved orography accounts for about 1/3 of the total 
slowdown of zonal wind. The ROCK experiments, which 
showed (Figs. 3 and 4) that the height of the Rocky Moun-
tains affects linearly the zonal wind, are consistent with 
these results.

the ROCK experiments is comparable with the reanalysis 
values. Nonetheless, the meridional profile is different and 
none of the SPEEDY experiments is able to represent the 
reanalysis profile well. For values lower than 3, the spread 
of the ROCK experiment is reduced and all the simulations 
satisfactorily follow the profile of ERA-Interim. The experi-
ments with the larger Rocky Mountains, however, are more 
similar to the reanalysis than those with the Rocky Moun-
tains decreased, possibly because the higher orographic bar-
rier reduces the jet speed reducing the zonal wind model 
bias. Moreover, Fig. 3 showed that ERA-Interim has a lower 
value of the PJL index with respect to the ROCK experi-
ments. The bias in the latitudinal position of the jet stream 
is related to the bias in the meridional profile of the Rossby 
stationary wavenumber. Indeed, a jet at lower latitudes 
implies lower turning latitudes.

It is evident how the turning latitude associated with 
wavenumbers between 3 and 5, which correspond to the 
typical Rossby signal generated by ENSO (Li et al. 2020) 
changes with the height of the Rocky Mountains and con-
sequently with the speed and the position of the Pacific jet. 
Experiments characterized by a more intense jet stream 
over the Pacific Ocean (blue lines) show equatorward turn-
ing latitudes; experiments with a weaker jet stream show 
poleward turning latitudes. The changes of the turning lati-
tude values across ROCK experiments are consistent with 
the observed changes of the position of the ENSO-induced 
Rossby wave train over North America in NINO/NINA 
experiments (Fig. 7); a stronger jet modifies the propagation 

Fig. 11 Schematic representation of the impact of the orography on the ENSO response
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ENSO. As in this study, they found that a weaker jet leads to 
a more poleward ENSO wave train.

Similarly, it has been shown that the position and intensity 
of the ENSO centre of action in the geopotential height at 
500 hPa over the Pacific do not change with different mean 
states: this confirms the work of Tyrrell and Karpechko 
(2021), who found that changes in the model zonal wind 
bias do not affect the ENSO signal in the Aleutian Low.

5 Summary and conclusions

This work aims at investigating the role of the mean atmo-
spheric state, and in particular by the North Pacific zonal 
flow mean state, in modulating the atmospheric response to 
ENSO and its impacts on temperature and total precipita-
tion. A set of experiments is developed in order to modify 
the mean state of the SPEEDY intermediate complexity 
general circulation model via progressively increasing or 
decreasing the height of the Rocky Mountains. Each experi-
ment is forced with the same idealized ENSO SST anomaly. 
Finally, linear Rossby waves propagation theory is used to 
interpret the results.

SPEEDY experiments show that, by changing the height 
of the Rocky Mountains, it is possible to modify the mean 
state of the model over the North Pacific sector. Indeed, it 
is shown that the speed of the Pacific jet changes compara-
bly to the zonal wind-speed bias of state-of-the-art global 
climate models. Comparison with the values of the same 
Pacific Jet indices computed for the CMIP6 models indi-
cates that the SPEEDY experiments are able to mimic the 
bias in the Pacific jet strength of CMIP6 models (Fig. 3).

The midlatitude leading response to El Niño is a geo-
potential height anomaly over the North Pacific and North 
America, stronger during the late winter and reminiscent 
of the PNA pattern (King et al. 2018). In the SPEEDY 
experiments, the Rossby wave train in response to a tropical 
El-Niño-like forcing is clearly affected by changes in the 
mean state. When the Pacific jet is stronger (i.e., when the 
Rocky Mountains height is reduced), the positive geopoten-
tial height response center over Canada and Alaska migrates 
from north-west to south-east. The position of the center of 
action of the 500 hPa geopotential height response of the 
idealized El Niño experiments moves about 4° southward 
and about 10° longitude eastward following an increase of 
the jet speed of about 1 m/s. For idealized La Niña experi-
ments, the position of the center of action moves about 2° 
southward and 14° longitude eastward with an increase of 
the jet speed of about 1 m/s. Responses to the double inten-
sity idealized El Niño and La Niña experiments are roughly 
the same as the regular intensity experiments.

The idealized ENSO experiments are similar to experi-
ments carried out in previous works. In particular, Dogar et 
al. 2017 (here on D17) performed four ENSO experiments 
using the SPEEDY model: two El Niño and two La Niña 
experiments with regular and doubled intensity respec-
tively. They used a SST anomaly imposed on the clima-
tology, only in the tropical region (50 S-50 N). Given the 
very similar structure of this and D17 experiments, a direct 
comparison is possible. Despite the differences in the ENSO 
forcing (full Tropical Pacific in D17 and Niño3.4 region in 
this work), the near-surface temperature in D17 four ENSO 
experiments is similar. The west coast of the North Ameri-
can continent shows the typical positive (negative) signal 
related to an El Niño (La Niña) event. The intensities of 
the near-surface temperature anomalies are comparable to 
our NINO-0(NINA-0) and NINOx2-0(NINAx2-0) experi-
ments. In D17 the responses in near-surface temperature 
extend over the Hudson Bay, while in our experiments the 
anomalies are confined in the west of Hudson Bay. These 
differences highlight the importance of the SST in the Tropi-
cal Pacific outside of the Niño3.4 region. The Extratropical 
North Pacific Ocean shows a very consistent response in 
the two works. The spatial pattern and intensity of the total 
precipitation response found in our experiments match well 
D17 results.

The schematic shown in Fig. 11 summarises the mecha-
nism behind the modulation of the ENSO signal by orog-
raphy over North America. An increased orography (panel 
on the left) reduces the intensity of the Pacific jet in the exit 
region over the continent. The reduction of the zonal com-
ponent of the wind is associated with an increased meridi-
onal component of the wind and more advection of warm 
air from the tropics to mid-latitudes. This can be interpreted 
as the air having not enough kinetic energy to go over the 
orographic barrier and being deviated poleward. Lastly, the 
high-pressure anomaly (due to El Niño) is displaced to the 
North-West. On the other hand, a reduced orography (panel 
on the right) increases the jet strength in the exit region and 
reduces the meridional component of the wind, resulting in 
a more zonal jet. Consequently, the meridional advection is 
reduced so that less warm air reaches the higher latitudes. 
The positive center of action over the continent migrates to 
the South-East.

The results and the interpretation of the link between 
the ENSO response over the North American continent and 
the atmospheric mean state (i.e., the zonal wind) proposed 
in this work are supported by Benassi et al. (2021). They 
explore the impact of low-frequency SST variability over 
the extratropical Pacific on the El Niño teleconnection, con-
cluding that different values of the zonal wind in the jet exit 
region over North America can modulate the response to 
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This confirms the great importance of reducing the bias in 
the zonal wind of state-of-the-art models in order to increase 
their ability to describe the essential dynamical processes 
of general circulation. SPEEDY results pave the way for 
several future works focusing on the relationship between 
Pacific jet misrepresentation and response to external forc-
ing in state-of-the-art GCM models.

Supplementary Information The online version contains 
supplementary material available at https://doi.org/10.1007/s00382-
022-06261-w.
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