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Abstract
Despite the complexity of the underlying processes, coupled climate models
simulate fairly realistic El Niño–Southern Oscillation dynamics and teleconnec-
tions. However, there are many long-standing errors that remain. We use the
High Resolution Model Intercomparison Project suite of models to assess how
El Niño–Southern Oscillation and its late-winter teleconnection to the North
Pacific changes when ocean resolution is quadrupled from 1◦ to 0.25◦. We find
that increased resolution eliminates large errors in the western extent of El Niño
and La Niña sea-surface temperature anomalies, and that there is some improve-
ment in the asymmetry between El Niño and La Niña. In low-resolution models,
the teleconnections from El Niño and La Niña to the North Pacific are both
underestimated and are centred too far west. With increased resolution, the posi-
tion of the teleconnection is highly accurate during El Niño, but there is less
improvement during La Niña. We find no significant improvements in telecon-
nection strength for either phase. Tropical mean-state sea-surface temperatures
are found to be too cold by around 1◦C throughout the central/eastern Pacific
in low-resolution models, but this bias is not present in high-resolution mod-
els. Despite this, a large discrepancy between observed and modelled mean-state
tropical rainfall persists in high-resolution models, which may limit improve-
ments in the simulation of the La Niña teleconnection.

K E Y W O R D S
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1 INTRODUCTION

El Niño–Southern Oscillation (ENSO) teleconnections are
the single largest source of variability and predictabil-
ity on seasonal time-scales. Accurate modelling of ENSO
and its teleconnections is therefore crucial for long-range
forecasting. Despite continued improvement, differences
between observed and modelled ENSO events and their

teleconnections still occur due to model errors. Future
ENSO characteristics beyond an expected increase in asso-
ciated rainfall anomalies under greenhouse-gas-induced
warming are poorly understood due to a lack of model
consensus (Cai et al., 2020).

The simplest picture of ENSO describes the fluctua-
tion of sea-surface temperatures (SSTs) in the eastern and
central tropical Pacific, between a warmer (El Niño) and
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cooler (La Niña) phase. ENSO is not a symmetric phe-
nomenon, however, with El Niño events typically being
stronger and further east than La Niña events (Burgers &
Stephenson, 1999), as well as having a shorter duration
(Larkin & Harrison, 2002; Okumura & Deser, 2010). Strong
El Niño events tend to involve strong SST anomalies in
the far east of the tropical Pacific, whereas east Pacific SST
anomalies are usually small during La Niña and moderate
El Niño events (Deser & Wallace, 1987).

SST anomalies lead to changes in precipitation, and
this relationship is nonlinear with a strong dependence on
mean-state temperatures, resulting in a higher sensitivity
to SST anomalies in the warmer western tropical Pacific
than the east of the basin. Consequently, the strongest
precipitation anomalies are found west of the strongest
SST anomalies (Deser & Wallace, 1990). Precipitation
exhibits a strong correlation with divergence at the level of
convective outflow, leading to anomalous divergent wind
in the Tropics and Subtropics. Overlap with the subtrop-
ical jet results in an anomalous source of Rossby waves,
which then propagate to the extratropics (Sardeshmukh
& Hoskins, 1988).

The extratropical North Pacific response to El Niño
in winter is characterised by an equivalent barotropic
deepening of the Aleutian low, and an approximately
reversed response exists during La Niña. This leads to
an anticyclonic anomaly (cyclonic during La Niña) over
northern North America (Horel & Wallace, 1981). This
Rossby wave-train response, known as the Pacific–North
American pattern, is highly robust and affects tem-
perature and precipitation on seasonal time-scales
over North America. It is strongest during late winter
(January–March, JFM), and so we focus on that period in
this study. During El Niño, the wave train often contin-
ues to the North Atlantic and projects onto the negative
phase of the North Atlantic Oscillation during late winter
and onto the positive phase during early winter, with
an opposite response during La Niña (Ayarzagüena
et al., 2018; Moron & Gouirand, 2003). The North Atlantic
response is also modulated by the stratosphere (Cagnazzo
& Manzini, 2009; Ineson & Scaife, 2009) and, in partic-
ular during strong El Niño events, the tropical Atlantic
(Toniazzo & Scaife, 2006).

Various systematic model errors relevant to ENSO
and the generation and propagation of its teleconnections
exist in current models. The east Pacific “cold tongue” is
often too cold in models (Li & Xie, 2014), and models typ-
ically exhibit the “double intertropical convergence zone”
phenomenon, whereby the observed zonal band of pre-
cipitation known as the intertropical convergence zone
is too far north, a second band forms below the Equator,
and precipitation on the Equator itself is underestimated
(Lin, 2007). The observed asymmetry of the distribution

of eastern Pacific SST anomalies is also not generally cap-
tured by models (Ineson et al., 2021; Zhang & Sun, 2014).
This affects the simulation of impacts due to strong El Niño
events, as well as whether the model produces such events
at all. Underestimated ENSO asymmetry has been linked
to model disagreement on how future climate change may
affect ENSO (Hayashi et al., 2020). Positive SST anomalies
associated with El Niño (and negative anomalies associ-
ated with La Niña) tend to extend further westward in
models than in observations (Luo et al., 2005). Accurate
representation of teleconnections is potentially hindered
by an underestimated sensitivity of tropical precipitation
to local SST anomalies (Good et al., 2021). Errors in the
modelling of extratropical processes may also be relevant
to ENSO teleconnections, including underestimation of
eddy feedback (Hardiman et al., 2022; Kang et al., 2011),
or an atmospheric mean state that is unfavourable to
observed Rossby wave propagation (Dawson et al., 2011;
Li et al., 2020). Teleconnections from ENSO to the North
Pacific are underestimated in seasonal forecast mod-
els, with a primarily extratropical source of the problem
during El Niño (Williams et al., 2023). A similar error
has also been found in subseasonal forecasts (Garfinkel
et al., 2022).

The High Resolution Model Intercomparison Project
(HighResMIP; Haarsma et al., 2016) is part of phase 6 of
the Coupled Model Intercomparison Project and includes
at least two different model versions from each con-
tributing centre, with differing ocean and/or atmosphere
resolutions. Liu et al. (2022) use HighResMIP to assess the
impact of increased oceanic and atmospheric resolution
on a variety of metrics associated with ENSO. In particu-
lar, they find increasing ocean resolution reduces model
biases in the equatorial Pacific SST mean state. They also
find increased (and hence improved) skewness in the
Niño 3.4 region with increased ocean resolution, although
previous studies (e.g., Burgers & Stephenson, 1999) have
found the asymmetry to be small in this region com-
pared with other regions of the tropical Pacific. Both Liu
et al. (2022) and Moreno-Chamarro et al. (2022) find
improvement in mean-state tropical Pacific precipitation
with increased ocean resolution in HighResMIP models,
although both find that this improvement is weaker than
expected given the improvement in mean-state SSTs.

Here, we use HighResMIP simulations to understand
the effect of increasing horizontal ocean resolution from
1◦ to 0.25◦ on ENSO during winter (December–March,
DJFM), as well as the resulting impact on teleconnec-
tions to the extratropical North Pacific during late winter
(JFM). We first assess the capability of low and high
ocean-resolution models to capture the spatial pattern
and asymmetry of boreal winter tropical SST anomalies
during El Niño and La Niña. We then examine the impact
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WILLIAMS et al. 3

T A B L E 1 The models used in this study, with the developing centre, ocean grid, classification as low resolution (LR) or high
resolution (HR), and number of ensemble members.

Model Centre Ocean grid LR/HR Atmos. res. (km)a Members

CNRM-CM6.1 CNRM–CERFACS ORCA1 LR 156 1

EC-Earth-3P EC-Earth-Consortium ORCA1 LR 78 3

ECMWF-IFS-LR ECMWF ORCA1 LR 50 8

HadGEM3-GC3.1-LL MOHC ORCA1 LR 208 6

CNRM-CM6.1-HR CNRM–CERFACS ORCA025 HR 55 1

CMCC-CM2-HR4 CMCC ORCA025 HR 139 1

CMCC-CM2-VHR4 CMCC ORCA025 HR 35 1

EC-Earth-3P-HR EC-Earth-Consortium ORCA025 HR 39 3

ECMWF-IFS-MR ECMWF ORCA025 HR 50 3

ECMWF-IFS-HR ECMWF ORCA025 HR 25 6

HadGEM3-GC3.1-MM MOHC ORCA025 HR 93 3

HadGEM3-GC3.1-HM MOHC ORCA025 HR 39 1

HadGEM3-GC3.1-HH MOHC ORCA12 HR 39 1

Abbreviations: CMCC, Centro Euro-Mediterraneo sui Cambiamenti Climatici; CNRM-CERFACS, Centre National de Recherches Météorologiques and Centre
Européen de Recherche et Formation Avancée en Calcul Scientifique; ECMWF, European Centre for Medium-Range Weather Forecasts; MOHC, Met Office
Hadley Centre.
a Atmospheric resolution at 0◦N.

that this has on the North Pacific circulation response
to both ENSO phases. Finally, we try to understand how
the changes in teleconnections arise from the increase in
ocean resolution.

2 METHODOLOGY

We consider 13 HighResMIP models, listed in Table 1. All
13 models use NEMO (Madec et al., 2017) for the ocean
component; this allows us to reduce model-dependent
variation in ocean simulation, while still considering
almost all models within HighResMIP. Four models
(CNRM-CM6.1, EC-Earth-3P, ECMWF-IFS-LR, and
HadGEM3-GC3.1-LL) use the ORCA1 ocean grid,
with a zonal resolution of 1◦ and a meridional resolu-
tion of 1/3◦ in the Tropics (15◦S–15◦N; 1◦ elsewhere)
and are classed as low resolution (hereafter LR).
Eight models (CMCC-CM2-HR4, CMCC-CM2-VHR4,
CNRM-CM6.1-HR, EC-Earth-3P-HR, ECMWF-IFS-MR,
ECMWF-IFS-HR, HadGEM3-GC3.1-MM, and HadGEM3-
GC3.1-HM) use the ORCA025 grid with a 0.25◦ resolu-
tion and are classed as high resolution (HR). Additionally,
the HadGEM3-GC3.1-HH model uses a 1/12◦ ocean grid
(ORCA12) and is included as part of HR. We use the
“hist-1950” set of HighResMIP simulations, which are
run with observed greenhouse gas forcing over the period
1950–2014. The number of ensemble members per model

varies (see Table 1), but the HR and LR ensembles both
consist of 20 members each. All variables are linearly
detrended. Atmospheric resolutions are given in Table 1;
although the atmospheric resolution is higher on average
in the HR ensemble, there is considerable spread in both
ensembles with significant overlap.

We compare tropical SST statistics with those from
the HadISST dataset (Titchner and Rayner 2014; Kennedy
et al. 2017 for the version used in this study). Atmospheric
fields are compared with the Japanese 55-year Reanalysis
(JRA-55; Kobayashi et al., 2015) from 1979/80 to 2019/20.
For most variables, we use JFM means, as the telecon-
nection to the North Pacific is strongest in this period.
We use DJFM for SSTs, as ENSO is partially phase locked
to the early part of this period (Li, 1997; Rasmusson &
Carpenter, 1982). We classify seasons as El Niño if the
Niño 3.4 anomaly (ΔN3.4) is greater than 0.5 K, as La
Niña if ΔN3.4 is less than −0.5 K, and neutral otherwise
(|ΔN3.4| < 0.5 K). We find that using a threshold of ±1 K
instead does not qualitatively change the results. We com-
pute El Niño and La Niña responses using composites of
the relevant phase with the neutral composite subtracted.
We quantify the westward extent of positive SST anoma-
lies in the Pacific during El Niño—and negative anomalies
during La Niña—using the point where equatorial SST
anomalies are zero. To do this, we consider equatorial grid
points between 120 and 200◦E and interpolate between the
easternmost set of adjacent points with opposing signs.
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4 WILLIAMS et al.

We measure ENSO SST asymmetry using skewness,
defined for a sample as

Skewness = m3

(m2)3∕2 , (1)

where mk is the kth central moment:

mk =
N∑

i=1

(xi − x)k

N
, (2)

with xi representing each realisation, x the sample mean,
and N the sample size. This metric of ENSO asymme-
try has been used in various previous studies, starting
with Burgers and Stephenson (1999). Skewness can be
thought of as the non-normality of the sample distribution.
When calculating skewness of multimodel distributions,
we remove the mean of the individual model from each
realisation.

To calculate the position of the North Pacific geopo-
tential height response, we consider only points between
150 and 240◦E and north of 20◦N. We then restrict to grid
points with a negative response during El Niño, or a posi-
tive response during La Niña, and then further restrict to
points where the magnitude of the response is over half
of the maximum. The longitude of the response 𝜆NP is
computed as the response-weighted mean longitude of the
points considered:

𝜆NP =

∑
Ny

∑
Nx
𝜆Δz cos(𝜙)

∑
Ny

∑
Nx
Δz cos(𝜙)

, (3)

where Δz is the geopotential height response at a given
point, 𝜆 is longitude, 𝜙 is latitude, Ny the number of
latitudes considered, and Nx the number of longitudinal
grid points considered at a given latitude. Similarly, the
response latitude 𝜙NP is computed as

𝜙NP =

∑
Ny

∑
Nx
𝜙Δz cos(𝜙)

∑
Ny

∑
Nx
Δz cos(𝜙)

. (4)

3 RESULTS

3.1 ENSO position and asymmetry

Figure 1 shows Pacific SST anomalies during El Niño and
La Niña in HadISST, the HR multimodel ensemble and
LR multimodel ensemble. Consistent with previous stud-
ies, positive SST anomalies associated with El Niño extend
too far westward (around 20◦) in LR models. However,
this problem is alleviated in HR models, with the western

edge of positive SST anomalies closely matching that of
HadISST. The difference in western extent between HR
and LR models is highly significant: we find that all four
LR models are further west than all eight HR models (not
shown; see also Figure 2). Negative SSTs during La Niña
also extend too far westward (by about 15◦) in LR mod-
els. This issue is greatly reduced in HR models, and the
difference between the two sets of models is again highly
significant with no overlap.

To further investigate this improvement, Figure 2
shows equatorial SST anomalies during El Niño (a) and
La Niña (b) over a 10◦ longitude region in the Pacific cho-
sen so that the mean observed SST anomaly during the
relevant ENSO phase is as close to zero as possible; these
regions are 160–170◦E for El Niño and 147–157◦E for La
Niña, and are shown in Figure 1. As well as HadISST and
the HR and LR ensembles, we also split the HR ensem-
ble into models where the atmospheric resolution at 0◦N is
less than 50 km (HR Atmos) and those where it is greater
or equal to 50 km (LR Atmos; the atmospheric resolu-
tions of these models are comparable to those of LR ocean
models). From Figure 2a, it is clear that a strong pos-
itive SST anomaly (>0.7 K, approximately two-thirds of
the average Niño 3.4 anomaly) remains on average in LR
models in this region, whereas observed anomalies tran-
sition from negative to positive. On the other hand, only
a small positive anomaly exists in the HR models, which
is not significantly different to the observations. Figure 2b
shows that negative SST anomalies in LR models during La
Niña also extend into the region where observed anoma-
lies transition to zero, with an average anomaly of around
−0.5 K. HR models see significant improvement during
La Niña, but the magnitude of the remaining anomaly is
considerably larger than that for El Niño, and the differ-
ence between models and observations is significant above
the 5% level.

For both El Niño and La Niña, the HR and LR
atmosphere models within the HR ensemble are not
significantly different to each other, despite the highly
significant improvement seen when comparing HR and
LR ocean models. This means that it is highly likely that
the improvement in ENSO SST anomalies is due to the
increase in ocean resolution, rather than through aliasing
with increased atmospheric resolution.

The observed composite response to El Niño in Figure 1
shows a strong positive SST anomaly along the coast of
Peru. This is largely associated with strong El Niño events
and LR models fail to capture it, with SST anomalies only
moderately higher than surrounding areas. HR models
accurately capture the strength of this feature, although it
should be noted that a similar (negative) response appears
in the HR La Niña composite that is not present in obser-
vations or LR models. Overall, the spatial pattern of El
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WILLIAMS et al. 5

F I G U R E 1 Sea-surface temperature (SST) patterns during El Niño and La Niña in observations and high-resolution (HR) and
low-resolution (LR) models. SST anomaly during El Niño in (a) HadISST, (b) HR models, and (c) LR models (c), and during La Niña in (d)
HadISST, (e) HR models, and (f) LR models. Vertical black lines represent where the SST anomaly changes sign on the Equator. Horizontal
black lines on the Equator in (a) and (d) bound the regions used in Figure 2.

F I G U R E 2 El Niño–Southern Oscillation sea-surface temperature (SST) anomalies where observed anomalies change sign. (a)
Equatorial SST anomalies during El Niño, averaged over 160–170◦E. (b) Equatorial SST anomalies during La Niña, averaged over 147–157◦E.
Each pane shows (left to right) HadISST, all high-resolution (HR) models, HR models with an atmospheric resolution at 0◦N of less than
50 km, HR models with an atmospheric resolution at 0◦N of greater or equal to 50 km, and all low-reoslution (LR) models. Error bars deviate
from the mean by the standard error multiplied by 1.96, to represent the 5%–95% confidence interval, with the standard error calculated
using all individual realisations of El Niño or La Niña events.
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6 WILLIAMS et al.

F I G U R E 3 Sea-surface
temperature (SST) asymmetry in
observations and high- (HR) and
low-resolution (LR) models. Skewness
of interannual December–March SSTs
in (a) HadISST, (b) HR models, and (c)
LR models. Black contours in (a)
enclose regions significant at the 5%
level. Grey contours in (b) and (c)
enclose regions where the skewness of
the HR and LR ensembles are
significantly different at the 5% level,
computed using a two-sample t test on
the skewnesses of individual ensemble
members.

Niño and La Niña SST anomalies is greatly improved in
HR models compared with LR models.

As explained in Section 1, climate models show a per-
sistent problem with lack of ENSO asymmetry. Figure 3
shows the skewness of Pacific DJFM SSTs in HadISST, HR
models, and LR models. Negative SST anomalies during
La Niña extend further west in the tropical Pacific (see
Figure 1) than positive SST anomalies during El Niño,
leading to the negative skewness in the central-western
tropical Pacific in Figure 3a. La Niña SST anomalies are
also centred further west, resulting in positive skewness
in the eastern tropical Pacific. Additionally, the ENSO
response in the far east of the basin is highly nonlinear,
with a relatively weak response except in the case of strong
El Niño events—leading to the high positive skewness in
Figure 3a. LR models strongly underestimate the asym-
metry in the eastern Pacific, with skewness values that are
only a small fraction of those observed. The negative-skew

asymmetry in the western Pacific is more accurate,
although shifted westward as expected from Figure 1.
HR models still underestimate observed skewness in the
eastern Pacific, but it is significantly improved in some
regions, particularly away from the coast and south of the
Equator. Additionally, negative skewness in the western
tropical Pacific extends further east in HR models relative
to LR, in line with observations.

3.2 North Pacific teleconnection

Next, we consider the capability of HighResMIP models
to represent teleconnections from El Niño and La Niña to
the North Pacific. Figure 4 shows the response of 300 hPa
geopotential height to El Niño and La Niña in the JRA-55
and HR and LR models. For El Niño, the central longi-
tude 𝜆NP of the North Pacific response—characterised by
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WILLIAMS et al. 7

F I G U R E 4 North Pacific geopotential height responses to El Niño–Southern Oscillation in observations and models. The 300 hPa
geopotential height response divided by (absolute) Niño 3.4 anomaly during El Niño in (a) the Japanese 55-year Reanalysis (JRA-55), (b)
high-resolution (HR) models, and (c) low-resolution (LR) models, and during La Niña in (d) JRA-55, (e) HR, and (f) LR. Black contours in
(b), (c), (e), and (f) show the observed response in intervals of 20 m⋅K−1, from −90 to +90 m⋅K−1. White circles mark the central longitude 𝜆NP

and latitude 𝜙NP of the response.

a deepening of the climatological Aleutian low—behaves
as expected given the zonal extent of tropical SST anoma-
lies: the LR teleconnection is too far west, whereas the
central longitude of the HR ensemble is very accurate.
This demonstrates that the improvement in SST patterns
shown in Figure 1 has translated into a corresponding
improvement in the position of the teleconnection. The
strength of the LR teleconnection during El Niño is weak
by a factor of almost a half, which has previously been
found to be the case in seasonal (Williams et al., 2023)
and subseasonal (Garfinkel et al., 2022) forecasts. There is
no discernible change in teleconnection amplitude with
increased ocean resolution in the HR models.

Although there is significant improvement in the zonal
position of the La Niña teleconnection with resolution, the
HR teleconnection remains further west than the observed
teleconnection. As with El Niño, both the LR and HR
teleconnections are much weaker than observed. The HR
teleconnection is slightly weaker than the LR teleconnec-
tion, but this is not significant. Both teleconnections are
centred further north than observed: by around 3◦ for LR
and 5◦ for HR. This has an impact on the location of tele-
connection impacts around the North Pacific and further
along the teleconnection chain towards Europe, and it also
affects the strength of impacts, as winds in geostrophic
balance scale inversely with the Coriolis parameter: in the
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8 WILLIAMS et al.

F I G U R E 5 Changes in tropical precipitation during El Niño and La Niña. Precipitation response to El Niño per unit Niño 3.4 anomaly
in (a) the Japanese 55-year Reanalysis (JRA-55), (b) HR models, and (c) LR models. Precipitation response to La Niña per unit Niño 3.4
anomaly in (d) JRA-55, (e) HR models, and (f) LR models. Black contours enclose regions where the JRA-55 precipitation response is less
than −3 mm⋅day−1 ⋅K−1 (dashed) or greater than +3 mm⋅day−1 ⋅K−1 (solid).

case of HR, geostrophic winds will be about 7% weaker
than expected from considering the strength of the geopo-
tential height response alone. The central latitude of the El
Niño teleconnection does not vary significantly between
HR/LR models and observations. In the next section, we
assess the simulation of processes involved in the genera-
tion of the El Niño and La Niña teleconnections in order
to further understand the impact of increasing resolution
on teleconnections to the North Pacific.

3.3 Origin of teleconnection changes

Anomalous SSTs in the Tropics lead to anomalous pre-
cipitation, which is an important precursor to tropical–
extratropical teleconnections. Figure 5a–c shows precip-
itation responses to El Niño in JRA-55 and HR and LR
models. Consistent with SST anomalies, the positive pre-
cipitation response in the western-central Pacific extends
further west in LR models than in HR models and JRA-55.
Furthermore, in LR models, the precipitation response

is very weak over the region where the observed positive
response is strongest (shown by solid black contours). In
HR models, the precipitation is of comparable strength to
that observed in this region. The difference between the LR
and HR responses is consistent with the improvement in
El Niño SSTs and the teleconnection to the North Pacific.

Figure 5d–f shows precipitation responses to La Niña
in JRA-55 and HR and LR models. In the LR models,
the drying response is strongest north of New Guinea,
where the observed response transitions from negative
to positive. The peak negative response is also smaller
than observed. In the region where the observed drying
response is strongest, the precipitation response in the LR
models is very weak. The strongest drying response in the
HR models is in a similar location to observed, but it is con-
siderably weaker. Furthermore, the HR drying response
extends further west than observed, despite the strong
improvement in the western extent of SST anomalies. This
is consistent with the weaker improvement in position for
the North Pacific teleconnection during La Niña compared
with El Niño.
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F I G U R E 6 Background sea
surface temperatures (SSTs) and
precipitation in the equatorial
Pacific. (a) Neutral El Niño–Southern
Oscillation (ENSO) SSTs on the
Equator for Pacific longitudes, from
HadISST (black) and high-resolution
(HR; red) and low-resolution (LR;
blue) models. (b) Neutral ENSO
precipitation on the Equator for
Pacific longitudes, from the Japanese
55-year Reanalysis (JRA-55; black
solid) and HR (red) and LR (blue)
models. The black dashed line in (b)
shows the averaging drying response
during La Niña (LN) according to
JRA-55. Grey shading denotes where
the difference between LR and HR is
not significant at the 5% level,
computed using a two-sided t test on
the values for individual runs.

Both the anomalous and mean-state precipitation in
the Tropics depend on the mean-state SSTs. Figure 6a
shows mean-state (neutral) SSTs in the equatorial Pacific
in HadISST and in HR and LR models. Away from the
coast of South America, mean-state biases are largely elim-
inated in the central/eastern Pacific (around 170–260◦E)
in HR models, whereas the LR models are too cold by
around 1◦C. In the western Pacific (west of around 150◦E)
there is no real improvement with resolution and the two
sets of models are not significantly different. We expect
precipitation biases to reduce in line with the reduction
in SST biases. Figure 6b shows the mean-state (neutral
ENSO) precipitation in the equatorial Pacific in JRA-55
and in HR and LR models. Throughout most of the Pacific,
HR and LR models both exhibit a dry bias, but with a
smaller bias in HR models. Between 200 and 240◦E, the
mean-state precipitation in both sets of models is much
closer to zero than observed. Mean-state precipitation in
HR models starts to increase west of 200◦E; this is con-
sistent with observed mean-state precipitation, which
exhibits similar behaviour, but there remains a significant
dry bias in HR models until around 160◦E. In LR models,
precipitation remains close to zero until around 180◦E,
leading to a much larger bias than HR models between
around 150 and 200◦E.

The observed drying response during La Niña is shown
by the dashed black line in Figure 6b. In this region, where
it is strongest, both HR and LR models have a precipitation
mean state that is less than the observed drying response.
As a result, the observed response is physically impossible
to realise in the models, leading to the weak precipitation
responses to La Niña in models. Furthermore, the dis-
crepancy between LR and HR precipitation mean states is
largest in this region, leading to the very weak LR response
to La Niña shown in Figure 5f. We find that the persistence
of precipitation biases despite the removal of SST biases
is due to weak sensitivity of precipitation to local SSTs
(not shown), as has been found in previous studies (Good
et al., 2021; Liu et al., 2022; Moreno-Chamarro et al., 2022).

4 DISCUSSION AND
CONCLUSIONS

Increasing ocean resolution from 1◦ to 0.25◦ in
state-of-the-art climate models leads to meaningful reduc-
tion in several persistent and widespread errors relevant
to ENSO simulation. The large error of the westward
extension of El Niño and La Niña SST anomalies is largely
eliminated. This improvement was previously reported

 1477870x, 0, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/qj.4655 by U
niversity O

f E
xeter, W

iley O
nline L

ibrary on [20/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



10 WILLIAMS et al.

when comparing the standard and HR EC-Earth models
in HighResMIP (Haarsma et al. 2020; using the standard
deviation of tropical Pacific SSTs), and when comparing
the LR and middle-resolution version of HadGEM3-GC3.1
(Menary et al. 2018; for El Niño only). By considering a
larger set of models, we confirm the robustness of this
result. In addition, the asymmetry between El Niño and
La Niña is greatly improved. Improvements in the position
and asymmetry of ENSO SST anomalies with increased
resolution may be due to improved capability in resolv-
ing tropical instability waves (Graham, 2014). Nonlinear
heat advection is important for ENSO asymmetry (Ineson
et al., 2021) and may also improve with increased res-
olution. The position of the El Niño teleconnection to
the North Pacific also improves. However, long-standing
errors in tropical mean-state precipitation persist, lead-
ing to a teleconnection that only partly improves during
La Niña. The improvement in teleconnection position is
consistent with Dawson et al. (2013), who found similar
results in an earlier version of the HadGEM model; their
study varied ocean and atmospheric resolution indepen-
dently and found that the improvement in teleconnection
simulation was a result of increased ocean resolution.

State-of-the-art climate models have a high com-
putational cost that scales quadratically with increased
horizontal resolution; in practice, an increase in spatial
resolution requires an increase in temporal resolution,
leading to an even higher computational cost. By demon-
strating that long-standing model errors (which may
prove difficult to address by another method) are reduced
or even eliminated by doing so, we show that increasing
resolution is desirable. Nonetheless, the issue of under-
estimated North Pacific teleconnection strength remains,
and persistent precipitation biases mean that the improve-
ments in La Niña simulation do not lead to equivalent
improvements in the teleconnection position.

Although this study focuses on late winter (JFM),
we found that the errors in ENSO–North Pacific tele-
connections, and how they change with resolution,
are consistent when using December–February means
instead (not shown). We include the 1/12◦ ocean
HadGEM3-GC3.1-HH model with the 0.25◦ ocean models
throughout this study; it was found to perform compa-
rably to the other HR models in all areas we consider. It
should be noted that ocean resolution is not the only way
that the models differ—the tuning of the ocean model, the
atmospheric model used, and the resolution of the atmo-
spheric model are different in each model. Our focus on
the means of all HR and all LR models helps to account
for this. Atmospheric resolution is higher on average in
HR models, but we show that there are no significant dif-
ferences in ENSO SST anomalies from HR models with
atmospheric resolutions similar to LR models and those

with a higher atmospheric resolution. We note that a dif-
ferent model set is used in the LR and HR composites.
However, when we weight model centres equally (e.g.,
the five Met Office Hadley Centre model runs combined
in HR are weighted equally to the single Centre National
de Recherches Météorologiques run) and removing the
Centro Euro-Mediterraneo sui Cambiamenti Climatici
models, the results are qualitatively unchanged (not
shown); this is also true if the Centro Euro-Mediterraneo
sui Cambiamenti Climatici models are included. There-
fore, we are confident that ocean resolution is the main
driver of differences between the HR and LR ensembles.

This investigation demonstrates that increased ocean
resolution in models has a major impact on the simu-
lation of ENSO and associated teleconnections. We find
major improvements in SST anomalies due to ENSO in
the tropical western Pacific. This has a significant impact
on simulated climate variability over the Maritime Con-
tinent. We show that this improvement leads to a more
accurate teleconnection pattern in the North Pacific during
El Niño and La Niña, which is important for modelling the
climate of North America and further along the telecon-
nection pathway in Europe (e.g., Honda et al., 2001). The
amplitude of the El Niño–North Pacific teleconnection is
found to be weak in both the LR and HR models; this is rel-
evant to the unresolved signal-to-noise paradox (Scaife &
Smith, 2018), which arises due to models underestimat-
ing the predictable component of atmospheric variability.
Finally, improved ENSO asymmetry in HR models may be
helpful in simulating the nature and impact of strong El
Niño events.
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