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Abstract 

The westerly jet streams are a key component of North Atlantic climate, particularly during 

winter. Projections of European surface climate change depend largely on models’ ability to 

capture jet behaviour, which requires sufficient resolution in both the atmosphere and ocean. 

We evaluated the impact of model resolution on the winter climatological zonal wind and on 

eddy-driven jet position and speed simulated under historical (1950–2014) and future (2015–

2050) climate conditions in an ensemble of fully coupled global climate models, with 

resolution spanning ~100 to ~25 km in the atmosphere and 1 to 1/12° in the ocean. We find 

that increasing resolution improves the North Atlantic climatological zonal wind field at mid-

to-high latitudes, but biases remain around the low-latitude, equatorward flank of the upper-

level subtropical jet. By 2050, low-resolution models simulate a small equatorward shift in 

the mid-latitude jet, reducing the meridional separation of the subtropical and mid-latitude 

jets, but high-resolution models project a strengthening of the jets and a small poleward shift 

of the mid-latitude jet. Analysis of the large-scale meridional temperature gradient over the 

North Atlantic suggests that tropical amplification influences the future zonal-wind response, 

and there is some sensitivity of lower-level temperature gradient trends to ocean resolution. 

At low resolution, the eddy-driven jet shows little mean meridional shift, but increasing 

resolution reduces the jet’s latitudinal variance. These results help clarify the role of model 

resolution in near-term North Atlantic climate projections and suggest further increases in 

atmosphere and ocean resolution may advance understanding of future jet behaviour and its 

downstream impacts on surface climate over Europe. 
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Significance statement 

The westerly jet streams are an important part of large-scale atmospheric circulation. Over 

the North Atlantic, the eddy-driven component of this westerly flow steers mid-latitude storm 

systems towards Europe. Projections of European surface climate therefore hinge on future 

jet behaviour. However, projected North Atlantic circulation changes are uncertain. Increased 

model resolution in both the atmosphere and ocean may help reduce uncertainty. We find that 

projections of jet variability in latitude differ between low- and high-resolution models, and 

we also detect an influence of ocean resolution on trends in the large-scale meridional 

temperature gradients that govern mid-latitude atmospheric circulation response. These 

results highlight the need for high-resolution, coupled models in exploring future North 

Atlantic climate. 
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1. Introduction

The westerly jet streams are a key part of the large-scale atmospheric circulation over the 

North Atlantic. In the mid-latitudes, the lower-level, eddy-driven component of this zonal 

flow steers synoptic, low-pressure weather systems towards Europe (Hoskins and Hodges 

2002; Woollings et al. 2018b). On the seasonal timescale, model skill in predicting jet 

position and the North Atlantic Oscillation are strongly related (Parker et al. 2019), 

highlighting the importance of the jet in modulating downstream weather. Projections of 

high-impact weather therefore depend largely on future jet behaviour (Harvey et al. 2023), 

particularly in winter, when the eddy-driven jet is most active. However, despite the 

importance of the jet for European surface climate, projected North Atlantic circulation 

changes, based on coupled climate models, remain uncertain (Blackport and Fyfe 2022; 

Woollings 2010). Key sources of uncertainty are an insufficient physical understanding 

(Shepherd 2014), significant inter-model spread (Oudar et al. 2020), and the divergence of 

historical model simulations from observational data (Blackport and Fyfe 2022; Smith et al. 

2020). 

Climate models project a strengthening and narrowing of the eddy-driven jet in response to 

amplified near-surface warming in the Arctic and upper-level warming in the tropics (Oudar 

et al. 2020; Peings et al. 2018)—two opposing influences on the jet—as well as a 

downstream extension in winter (Harvey et al. 2023). Based on data from phases 3–6 of the 

Coupled Model Intercomparison Project (CMIP), studies have described the competing 

effects of Arctic and tropical amplification, which act to weaken and strengthen, respectively, 

the westerly zonal flow. Therefore, reducing uncertainty around the magnitude of regional 

warming (Steiner et al. 2020) will, in principle, constrain the mid-latitude circulation 

response (Harvey et al. 2014; Peings et al. 2018). However, although zonal-wind biases have 

improved across CMIP phases 3–6 (Harvey et al. 2020; Oudar et al. 2020), uncertainties 

associated with the responses of individual driving mechanisms have not reduced 

significantly (Harvey et al. 2023). Substantial spread in simulated Arctic and tropical 

amplification remains evident across CMIP6 models (Oudar et al. 2020). Simulated jet 

responses to climate change therefore exhibit similar spatial patterns across CMIP phases 

(Harvey et al. 2020). Moreover, climate models fail to capture the observed jet strengthening 

trend (as well as the downstream precipitation trend over Europe), indicating that projections 

of winter atmospheric circulation (and surface climate over Europe), based on models which 

fail to capture the jet’s forced response, may be unreliable (Blackport and Fyfe 2022). 
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Models project a poleward jet shift due to tropical warming (Barnes and Polvani 2013; Oudar 

et al. 2020; Simpson et al. 2014), and similar trends in the Northern Hemisphere are 

emerging in satellite-era reanalyses (Woollings et al. 2023). Although weak, these trends are 

consistent with the predominance of tropical forcing, as opposed to Arctic warming, on the 

jet streams. However, trends in reanalyses lie only just within the spread of CMIP6 model 

trends, and reanalyses show stronger trends than models despite a somewhat weaker positive 

temperature gradient trend compared with that simulated by models (Woollings et al. 2023). 

Weaker simulated trends may be due to models under-representing poleward eddy heat flux 

in the atmosphere, confining upper-tropospheric warming to the tropics, and insufficiently 

enhancing the meridional temperature gradient, inducing a weaker jet shift. 

Capturing jet responses to anthropogenic climate change relies on models’ ability to represent 

both large-scale variability and weather-scale processes. Increased horizontal resolution in 

climate models is therefore expected to improve the simulation of North Atlantic climate and 

increase confidence in climate projections (Baker et al. 2019). In fully coupled CMIP6 High-

Resolution Model Intercomparison Project (HighResMIP) simulations, increasing 

atmosphere resolution from ~100 to ~25 km reduces sea-surface temperature (SST) and, in 

turn, large-scale circulation biases (Athanasiadis et al. 2022). Increased resolution also 

improves the representation of North Atlantic weather regime clustering, although has little 

impact on models’ ability to reproduce observed regime frequency and persistence (Fabiano 

et al. 2020). Additionally, Blackport and Fyfe (2022) found little difference in simulated jet-

speed trends (or trend spread) between high- and low-resolution coupled models, and found 

only small trend differences among simulations forced by observed SST, which suggests SST 

biases are unlikely to explain this disparity between models and observations. The impact of 

increasing resolution—in both the atmosphere and ocean—on large-scale circulation and, in 

turn, surface climate is therefore insufficiently well understood. 

In this study, we assessed the impact of increased resolution on simulating the North Atlantic 

zonal wind and eddy-driven jet in historical and near-future climates. Our aims are to (i) 

identify differences in climate change responses that arise when horizontal resolution is 

increased and (ii) assess whether HighResMIP provides evidence of a response of the 

westerly zonal flow to ocean resolution increase. To this end, we analysed fully coupled 

simulations from HighResMIP over the period 1950–2050 and for boreal winter (i.e., 
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December–February), focussing first on climatological zonal wind fields and then on the 

eddy-driven jet. This paper is structured as follows: model data, observational data and 

methods are described in section 2, results are presented in section 3, with further discussion 

and our conclusions summarised in section 4. 

2. Data and methods

2.1 Model ensemble 

This study is based on CMIP6 HighResMIP (Haarsma et al. 2016) fully coupled (Tier 2) 

historical and future simulations from five global climate models (Table 1): CMCC-CM2 

(Cherchi et al. 2019), CNRM-CM6.1 (Voldoire et al. 2019), EC-Earth3P (Haarsma et al. 

2020), HadGEM3-GC3.1 (Roberts et al. 2019; Williams et al. 2018), and MPI-ESM1.2 

(Gutjahr et al. 2019). Each simulation was performed under the PRIMAVERA (PRocess-

based climate sIMulation: AdVances in high-resolution modelling and European climate Risk 

Assessments) programme. Fully coupled historical (1950–2014) and future (2015–2050) 

experiments are termed hist-1950 and highres-future, respectively (Haarsma et al. 2016). We 

analysed a single ensemble member for each model at each resolution for both hist-1950 and 

highres-future. Additionally, we performed a separate analysis of multiple ensemble 

members available for HadGEM3-GC3.1 (Table S1) to help assess the extent to which 

multimodel results are affected by internal variability. Seddon et al. (2023) described the 

curation of HighResMIP data. 

Under the HighResMIP experimental protocol, minimal changes in model-tuning parameters 

were made between low- and high-resolution integrations to ensure that analysis of resolution 

sensitivity is not confounded by substantial differences in model configurations between 

resolutions (Haarsma et al. 2016). Between low- and high-resolution configurations, no 

model-physics changes were made to the atmospheric components of CMCC-CM2, CNRM-

CM6.1 and EC-Earth3P, and only minor adjustments were made to a single parameter in 

HadGEM3-GC3.1 (related to quasi-biennial oscillation period) and MPI-ESM1.2 (related to 

numerical stability). Shorter dynamical timesteps were used in the high-resolution 

integrations of all models to ensure numerical stability. The effective resolutions of the 

models at high resolution resolve synoptic-scale dynamics in the atmosphere (Klaver et al. 

2020). For ocean models, a key difference is that the effects of mesoscale eddies are 

parameterised at low resolutions of ~1° but are partially resolved at high resolutions of 
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~0.25° or finer (Roberts et al. 2019). Since this study concerns mid-latitude phenomena, 

atmosphere resolutions are given as a model’s regular mesh spacing at a latitude of 50° 

(Table 1). For convenience, we refer to resolutions nominally (i.e., ‘low’ or ‘high’) as well as 

quantitatively. 

Model name CMCC-CM2
CNRM-

CM6.1 

EC-

Earth3P 
HadGEM3-GC3.1 

MPI-

ESM1.2 

Atmosphere 

model 
CAM4 ARPEGE6.3 

IFS 

cyc36r4 
Unified Model GA7.1 ECHAM6.3 

Atmosphere 

dynamical 

core 

Grid point 

(finite 

volume) 

Spectral 

(linear, 

reduced 

Gaussian) 

Grid point 

(SISL) 
Grid point (SISL) 

Spectral 

(triangular; 

Gaussian) 

Ocean model NEMO3.6 NEMO3.6 NEMO3.6 NEMO3.6 MPIOM1.63 

Resolution 

nomenclature 
HR4 VHR4 LR HR LR HR LL MM MH HM HH HR XR 

Atmosphere 

resolution at 

50° [km] 

100 25 142 50 71 36 135 60 60 25 25 67 34 

Ocean 

resolution [°] 
0.25 0.25 1 0.25 1 0.25 1 0.25 1/12 0.25 1/12 ~0.4 ~0.4 

Table 1. CMIP6 HighResMIP (PRIMAVERA) model ensemble. NEMO: Nucleus for 

European Modelling of the Ocean. MPIOM: Max Plank Institute Ocean Model. SISL: semi-

implicit, semi-Lagrangian. For most models, LR and HR denote low and high resolution, 

respectively, with variations for CMCC-CM2 and MPI-ESM1.2. For HadGEM3-GC3.1, LL 

denotes low-resolution atmosphere (135 km) and low-resolution (1°) ocean; MM denotes 

medium-resolution atmosphere (60 km) and medium-resolution ocean (0.25°); HM high-

resolution atmosphere (25 km) and medium-resolution ocean; MH denotes medium-

resolution atmosphere and high-resolution (1/12°) ocean; HH denotes high-resolution 

atmosphere and ocean. In this analysis, HadGEM3-GC3.1-HM is considered the high-

resolution model configuration, consistent with published analyses of HighResMIP data, and 

the HH configuration is included for completeness. Additional ensemble members available 

for HadGEM3-GC3.1 are given in Table S1. Ocean model resolution is unchanged for 

CMCC-CM2 and MPI-ESM1.2 (TP04 / ~0.4° at the Equator). Individual digital object

identifiers for each simulation are listed at primavera-h2020.eu/modelling. 
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2.2 Reanalyses 

Simulations were evaluated against four global reanalyses (Table 2): the European Centre for 

Medium-Range Weather Forecasts’ Fifth Reanalysis (ERA5; Hersbach et al. 2020); the 

Japanese 55-year Reanalysis (JRA55; Kobayashi et al. 2015); the National Aeronautics and 

Space Administration’s Modern-Era Retrospective Analysis for Research and Applications 

version 2 (MERRA2; Molod et al. 2015); and the combined National Centers for 

Environmental Prediction Climate Forecast System Reanalysis and Climate Forecast System 

version 2 dataset (NCEP; Saha et al. 2014)—the sole fully coupled (atmosphere, ocean, land 

surface, and sea ice) reanalysis used herein. Reanalyses employ differing forecast model 

formulations, resolutions (horizontal and vertical), and data-assimilation schemes, leading to 

appreciable differences in the representation of large-scale phenomena (e.g., Lee et al. 2019). 

We therefore evaluated models against multireanalysis-mean fields. 

Reanalysis ERA5 JRA55 MERRA2 NCEP 

Data assimilation 4D-Var. 4D-Var. 
3D-Var., GSI, 

IAU 
3D-Var., GSI 

Resolution (grid 

spacing at 50°) 

T639L137 

(33 km) 

TL319L60 

(55 km) 

Cubed sphere 

(50 km) 

T382L64 

(38 km) 

Analysis period 1979–2018 1959–2017 1980–2018 1979–2016 

Table 2. Reanalyses. Atmospheric mesh spacing at 50°N in units of km is given in 

parentheses. 3(4)D-Var.: 3(4)D variational data assimilation; GSI: grid-point statistical 

interpolation; IAU: incremental analysis update. 

2.3 Meridional temperature gradients 

We computed bulk meridional temperature gradients for the North Atlantic, following Lee et 

al. (2019). First, monthly mean temperature data were averaged over a subtropical domain 

(30–50°N, 10–80°W) and a subpolar domain (50–70°N, 10–80°W), both weighted by cos() 

to account for meridian convergence at high latitudes. The common latitudinal boundary at 

50°N between these domains represents the approximate climatological annual-mean jet 

latitude. Second, the zonal-mean bulk meridional temperature difference across the North 
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Atlantic was computed by subtracting the subpolar area-weighted mean temperature from the 

subtropical area-weighted mean temperature. Finally, trends in this quantity, denoted T, were 

computed at multiple isobaric levels, yielding a tropospheric vertical profile of meridional 

temperature gradient trends for 1950–2050. 

2.4 Eddy-driven jet diagnostics 

The regime behaviour of the North Atlantic eddy-driven jet was examined using metrics 

introduced by Woollings et al. (2010) and Woollings et al. (2018b). First, daily zonal wind 

data at 850 hPa were zonally averaged over a North Atlantic longitudinal sector (0-60 W) 

between 15 and 75 N to capture the jet’s meridional range. Second, a low-pass Lanczos filter 

(Duchon 1979) was applied with a 61-day window and a cut-off value of 10 days to remove 

wind features associated with synoptic systems. From the resulting zonal-mean westerly wind 

profile for each timestep, jet latitude, , was identified as the latitude at which the maximum 

zonal wind occurs. Grid cells where orography exceeds 750 m were masked to avoid 

including spurious sub-surface winds, which occur up to 850 hPa (e.g., over southern 

Greenland), in our analyses. An important caveat is that  may be a less informative index in 

synoptic situations where the jet is strongly tilted or, in less common instances, where the jet 

is split (Perez et al. 2024). 

Barnes and Polvani (2013) showed that patterns of jet variability are partly a function of jet 

position: as the jet shifts poleward, variability becomes less north-south and more akin to 

pulsing (i.e., variation in jet speed). This latitude–speed relationship is therefore a key 

descriptor of North Atlantic jet behaviour and included in our analysis. We examined the 

inverse relationship between  variance and jet speed (i.e., the standard deviation of  binned 

by jet speed). At each identified , we computed jet speed, u', as the square root of the sum of 

the squares of the low-pass-filtered zonal and meridional winds. Using both wind fields 

accounts for instances when the magnitude of jet speed is dominated by the meridional 

component. All data were regridded to the N96 grid of HadGEM3-GC3.1-LL to isolate 

resolution sensitivity from any improved sampling at higher resolution. 

2.5 Significance testing 
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Significance was computed at the 99 % level using Welch’s unequal variances t-test with 

respect to each individual model’s internal year-to-year variability, as the HighResMIP 

ensemble size is insufficient to compute significance with respect to the ensemble. 

3. Results

3.1 North Atlantic westerly zonal flow 

We first focus on the climatological North Atlantic westerly zonal wind, quantifying 

multimodel-mean biases in, and the climate change response of, the vertical profile of the 

zonal flow during winter. The simulated zonal wind field is sensitive to model resolution. In 

all models except CMCC-CM2, weaker zonal winds are seen at high resolution at ~50°N, 

with increased winds on the equatorward and poleward flanks of the jet (Fig. S1). This 

indicates a larger latitudinal range of the mid-latitude jet (i.e., a broader jet) when resolution 

is increased, consistent with Athanasiadis et al. (2022). At low resolution, several 

multimodel-mean zonal wind biases (versus the multireanalysis-mean wind field) are evident 

(Fig. 1a). For the subtropical jet, winds are too strong on the equatorward flank. For the mid-

latitude jet, winds are too strong on the equatorward flank and too weak on the poleward 

flank. At high resolution, mid- and high-latitude biases are significantly reduced, particularly 

around the jet-core latitude at low levels and the subpolar winds throughout the depth of the 

troposphere, but winds at high resolution remain too strong on the equatorward flank of the 

mid-latitude jet (Fig. 1b). Additionally, subtropical jet biases worsen somewhat, as noted by 

Moreno-Chamarro et al. (2022) for the annually averaged Northern Hemisphere subtropical 

jet. Overall, however, the climatological westerly zonal wind field across the North Atlantic 

is significantly better represented at high resolution. Additionally, a separate analysis of 

multiple ensemble members available for HadGEM3-GC3.1 (Table S1) yields similar results 

at high resolution (Fig. S2), supporting the multimodel results. 
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Fig. 1. Multimodel-mean climatological biases in the vertical profile of the North Atlantic 

westerly zonal wind averaged for December–February in (a) low- (LR) and (b) high-

resolution (HR) simulations. Biases (i.e., hist-1950 minus reanalyses; shaded contours) were 

computed against the multireanalysis-mean climatology (black contours). Unit is m s–1 and 

teal stippling indicates where the bias is significant at the 99 % level and where all models 

agree on the sign of the bias. All monthly data were regridded to the lowest-resolution model 

grid (HadGEM3-GC3.1-LL) to facilitate an inter-model comparison. For clarity, only 

selected isobaric levels are labelled on each panel’s ordinate. An equivalent analysis of 

multiple HadGEM3-GC3.1 ensemble members (Fig. S2) yielded a similar overall pattern of 

biases at high resolution and at low resolution (excepting a negative bias at the equatorward 

flank of the subtropical jet) compared with the multimodel-mean results shown here. 
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Under climate change (to 2050), low-resolution models simulate a zonal wind decrease on 

the equatorward flank of the subtropical jet and poleward flank of the mid-latitude jet, with 

an increase in the winds between the jets (~30°N)—both at upper levels. This indicates a 

future reduction and shallowing of the inter-jet separation (Fig. 2). The most favourable 

region for baroclinic wave development lies along the subtropical jet only when the 

subtropical jet is sufficiently strong; a moderate-strength subtropical jet is typically 

associated with greater meridional separation between the subtropical and eddy-driven jets 

(Lee and Kim 2003). At high resolution, the weakening of mid- and upper-level westerlies at 

higher latitudes (poleward of ~60°N) in future is more significant (Fig. 2b). This indicates a 

shift towards reduced jet separation in future when resolution is increased, although this 

response varies across models and is clearest in CNRM-CM6.1, EC-Earth3P and HadGEM3-

GC3.1 (Fig. S3). Additionally, a separate analysis of multiple HadGEM3-GC3.1 ensemble 

members reveals a similar ensemble-mean response for this model (Fig. S4), supporting the 

multimodel results. Overall, the climate change responses at low and high resolution are 

similar, except for the enhanced decrease in mid- and upper-level subpolar winds at high 

resolution, the region where a negative wind bias is significantly reduced at high resolution 

(Fig. 1b). Low-level responses in the mid-latitudes are uncertain. Stronger winds at high 

resolution are seen at ~50°N, but this response is not significant in the multimodel mean, 

indicating that a forced response will not emerge by 2050. 
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Fig. 2. Multimodel-mean climatological vertical profile of the North Atlantic westerly zonal 

wind averaged for December–February in (a) low- (LR) and (b) high-resolution (HR) 

simulations. Shown are (black contours) the multimodel-mean historical climatology (i.e., 

hist-1950) and (shaded contours) the climate change response (i.e., highres-future minus hist-

1950). Differences were computed using monthly data for the 30-year periods 1950–1979 

and 2020–2049. Unit is m s–1 and teal stippling indicates where the response is significant at 

the 99 % level and where all models agree on the sign of the response. All data were 

regridded to the lowest-resolution model grid (HadGEM3-GC3.1-LL) to facilitate an inter-

model comparison. For clarity, only selected isobaric levels are labelled on each panel’s 

ordinate. An equivalent analysis of multiple HadGEM3-GC3.1 ensemble members (Fig. S4) 
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yielded a similar overall pattern of responses compared with the multimodel-mean results 

shown here. 

3.2 Trends in North Atlantic meridional temperature gradients 

The response of the North Atlantic westerlies is sensitive to the local equator-to-pole 

temperature difference, dT/dy (Harvey et al. 2014). Therefore, to explain the zonal-wind 

responses to future forcing, we analysed trends in bulk meridional temperature gradients, 

computed throughout the troposphere over the simulated period (1950–2050). Negative 

trends exist at low levels due to Arctic amplification of warming in the lower troposphere and 

positive trends are seen aloft due to amplification of warming in the tropical upper 

troposphere (Fig. 3). 

Fig. 3. Tropospheric vertical profiles of trends (1950–2050) in the winter-mean (December–

February) meridional temperature difference over the North Atlantic, denoted T, in hist-1950 

and highres-future simulations. Multimodel-mean trends are shown (leftmost panel column) 

at low (LR) and high resolution (HR), with error bars denoting the standard deviation among 
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model trends. Individual model trends are separated by panel columns and available 

resolutions ordered low to high from top panel to bottom, with error bars denoting the 95 % 

confidence intervals for the linear trends. Red and blue colours denote positive and negative 

trends, respectively. 

At low resolution, the vertical profile of multimodel-mean trends in HighResMIP is generally 

consistent with those derived from reanalysis datasets (Lee et al. 2019), albeit computed over 

a longer time frame here (Fig. 3). Several differences between low- and high-resolution 

simulations are apparent. At low resolution, the transition from negative to positive trends 

occurs between 400 and 500 hPa, consistent with reanalyses. However, this transition occurs 

at a lower level (between 850 and 700 hPa) at high resolution (Fig. 3). Additionally, 

individual high-resolution models exhibit their strongest positive trends at different levels in 

the mid and upper troposphere (Fig. 3). The magnitudes of negative and positive trends in the 

lower and upper troposphere, respectively, are weaker in the high-resolution multimodel 

mean, and this is also generally true of individual models, particularly EC-Earth3P and 

HadGEM3-GC3.1. These results may to some extent be influenced by the lack of model 

retuning of the global energy balance at high resolution, an aspect of the HighResMIP 

protocol (Haarsma et al. 2016). 

There is an indication that ocean resolution influences bulk meridional temperature gradients. 

CMCC-CM2 and MPI-ESM1.2 show little change in low-level negative trends between

atmosphere resolutions (Fig. 3), and these are models where ocean resolution is unchanged. 

For HadGEM3-GC3.1, simulations performed with different ocean resolutions (ranging from 

1 to 1/12°) allow insight into the impact of partially resolving ocean eddies. HadGEM3-

GC3.1 shows a clear decrease in the magnitudes of low-level negative trends with increasing 

ocean resolution (Fig. 3). Comparing simulations with ocean resolutions of 0.25° (MM) and 

1/12° (MH) for the same atmosphere resolution (60 km) shows less pronounced low-level 

negative trends with the higher-resolution ocean. Conversely, simulations with atmosphere 

resolutions of 60 (MH) and 25 km (HH) for the same ocean resolution (1/12°) exhibit highly 

similar vertical profiles. These results highlight the possible influence of ocean resolution on 

the bulk meridional temperature gradients which modulate mid-latitude circulation. 

Potentially, this reflects higher poleward eddy heat transport at high ocean resolution 

(Roberts et al. 2019) acting to reduce the low-level gradients via air–sea interactions (Gulev 

et al. 2013). However, an initial analysis of surface turbulent heat fluxes (not shown) did not 
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reveal similar sensitivity to ocean resolution. An important caveat here is that a larger 

multimodel ensemble, including multiple ocean resolutions, is required to investigate this. 

In these coupled simulations, future zonal-wind changes at each isobaric level with respect to 

changes at the surface (i.e., the vertical wind shear) are in near-exact thermal wind balance 

with the changes in meridional temperature gradient (Fig. S5). Blackport and Fyfe (2022) and 

Woollings et al. (2023) reported that dT/dy in the upper troposphere is stronger in models 

than observational data, yet concurrent changes in the upper-tropospheric zonal wind are 

smaller than expected from this temperature gradient. This implies that simulated zonal wind 

trends are not in accordance with thermal wind balance. However, we find that thermal wind 

balance holds when the integral of dT/dy (over 1000 hPa to a given isobaric level) is taken 

instead of a single level. 

Lee et al. (2019) showed that the compensating influences of the lower- and upper-level 

meridional temperature gradient trends result in no discernible historical trend in upper-level 

mid-latitude zonal wind speed. Here, given thermal wind balance holds, we attempt to relate 

differences between the low- and high-resolution tropospheric trend profiles with differences 

between the low- and high-resolution zonal-wind responses (Fig. 2). These trends in 

meridional temperature gradients are generally consistent with the simulated future responses 

of the North Atlantic zonal wind field. Stronger winds aloft at both low and high resolution 

(Fig. 2) may be explained by the positive trends in meridional temperature gradients at upper 

levels. At low resolution, strengthened future westerly winds occur above ~500 hPa, but 

strengthened mid-latitude winds are present at lower levels (above ~850 hPa) at high 

resolution—both consistent with the approximate levels at which the transitions between 

negative and positive temperature trends occur. HighResMIP models therefore provide 

further evidence that tropical amplification is potentially a stronger actor in determining the 

future zonal-wind response. A caveat to this interpretation, however, is the relatively small 

ensemble size of HighResMIP. 

3.3 North Atlantic eddy-driven jet 

In this section, we analyse the eddy-driven jet using a jet-latitude index, which describes 

three regimes: northern (~53–60°N), central (~45–50°N), and southern (~35–40°N). This 

apparent trimodality of the eddy-driven jet is captured by HighResMIP models (Fig. 4a), an 

aspect not adequately simulated by a majority of CMIP5 models (Iqbal et al. 2018) nor by 
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several CMIP6 models over the central and eastern North Atlantic (Dorrington et al. 2022; 

Oudar et al. 2020). The most frequent central jet-latitude regime is better simulated at high 

resolution (Fig. 4a), confirming a complementary analysis of HighResMIP simulations 

(Athanasiadis et al. 2022) and atmosphere-only, single-model results (Baker et al. 2019). The 

northern regime is less prominent in the HighResMIP multimodel mean compared with 

reanalyses (Fig. 4a), which is also seen in CMIP6 models (Oudar et al. 2020). Furthermore, 

the distribution of jet latitude variance as a function of jet speed (percentile), described by a 

characteristic negative curve, is also better captured at high resolution (Fig. 4c). At low 

resolution, simulated variance is too low compared with reanalyses, although greater inter-

reanalysis and inter-model spread are evident at lower speed percentiles. 

Fig. 4. (a) Frequency distribution of December–February eddy-driven jet latitude, , 

computed using low-pass-filtered daily data following Woollings et al. (2010) for reanalyses 

and hist-1950 simulations (highres-future distributions are shown in Fig. S6). (b) Response of 

 in highres-future simulations. Unit in (a) and (b) is normalised frequency density. (c)

Standard deviation of  as a function of jet speed, u', (given as percentiles, with a bin width 

of 10 %), computed from low-pass-filtered daily zonal and meridional wind fields following 

Woollings et al. (2018b). (d) Response of  variance in highres-future simulations. Unit in (c) 

and (d) is degrees. Grey shading in (a) and (c) indicates the standard deviation of reanalyses. 

Shown in all panels are multimodel-mean (bold lines) and individual model (thin lines) 
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curves for low- (LR; solid) and high-resolution (HR; dashed) simulations. An equivalent 

analysis of multiple HadGEM3-GC3.1 ensemble members is shown in Fig. S7. 

Under climate change, the multimodel-mean response of jet latitude at low resolution is a 

frequency decrease in the central and northern regimes and an increase in the southern 

regime—in other words, an equatorward shift (Fig. 4b). At high resolution, however, 

responses differ: a frequency increase in the central and northern regimes and a decrease in 

the southern regime—in other words, a poleward shift (Fig. 4b). Strictly, these are shifts in 

the frequencies of each jet regime, rather than in the absolute latitudes at which regimes 

occur (Fig. S6). Additionally, reduced meridional variability is projected at high resolution 

(Fig. 4c), indicating a narrowing of the jet that is consistent with the mean westerly flow (Fig. 

2). A separate analysis of the available HadGEM3-GC3.1 ensemble members (Table S1) 

reveals a poleward shift across resolutions for this model, and this shift is stronger at high 

resolution (Fig. S7a), consistent with Baker et al. (2019) and broadly corroborating 

multimodel results. The climate change response of variance in jet latitude is also sensitive to 

resolution. At low resolution, the response of jet latitude variance is close to zero at all speed 

percentiles (Fig. 4d). At high resolution, however, a decrease in variance is simulated at 

nearly all speed percentiles (Fig. 4d), indicating a more persistent jet. For this diagnostic, 

high-resolution simulations are potentially more trustworthy because the historical latitude–

speed relationship is ostensibly closer to reanalyses at ~25 km resolution. A separate analysis 

of the HadGEM3-GC3.1 ensemble also shows little change of jet latitude variance at low 

resolution but reduced variance across speed percentiles at high resolution (Fig. S7b), 

substantiating the multimodel result. This is consistent with a meridional narrowing of the 

westerly flow (Peings et al. 2018) and reduced winter blocking (Gao et al. 2025; Woollings et 

al. 2018a), although differs from a recent analysis of lower-resolution CMIP6 models 

(Dorrington et al. 2022). These results are somewhat inconsistent with an analysis of large-

scale waviness in HighResMIP (Yamamoto and Martineau 2024), which showed a significant 

reduction in atmospheric waviness at low resolution but a less clear response at high 

resolution, although their model ensemble differs from that of this study (Table 1). 

Additionally, historical HighResMIP simulations show limited improvement with increased 

resolution in capturing persistent episodes of European blocking (Schiemann et al. 2020), 

indicating that some sensitivity to the metric used to characterise large-scale variability 

exists. 
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To examine eddy-driven jet behaviour in more detail, we analysed bivariate distributions of 

jet latitude and speed. The multireanalysis-mean bivariate distribution shows that the central 

jet regime is associated with higher jet speeds compared with the northern and southern 

regimes (Fig. 5a), and the southern regime is associated particularly with low speeds. 

Reanalyses show little variation (Fig. S8, upper row). To evaluate simulated bivariate 

distributions, multimodel-mean biases (Fig. 5b–c) and individual model biases (Fig. S8, 

middle and lower rows) were computed. At low resolution, there is a clear positive bias for 

the central jet regime at ~45°N, and negative biases are seen for both the southern and 

northern jet regimes (Fig. 5b). At high resolution, the central jet regime bias is reduced (Fig. 

5c), which is important because this is both the most frequent regime and the regime 

associated with the strongest steering flow for low-pressure weather systems impacting 

Europe (Baker et al. 2019; Harvey et al. 2023; Woollings et al. 2018b). However, at high 

resolution, the negative northern regime bias persists, and a positive bias emerges between 

30–40°N, where high-resolution models simulate high-speed southern jet instances that are 

not present in reanalyses. This low-latitude bias in the multimodel mean is predominantly due 

to CNRM-CM6.1 and MPI-ESM1.2 (Fig. S8). Additionally, simulated historical distributions 

show an equatorward shift in jet latitude when resolution is increased (Fig. 5d), with less 

frequent central and northern jet occurrences, particularly at higher speed percentiles, and 

more frequent southern jet occurrences (Fig. 5d), consistent with both the resolution 

sensitivity of the mean zonal wind (Fig. 1) and with a recent complementary analysis of the 

North Atlantic mid-latitude storm track (Lockwood et al. 2025). Although the multimodel-

mean climatological variance in jet latitude as a function of jet speed is better represented at 

high resolution (Fig. 4c), diverse individual model biases are found in HighResMIP (Fig. S8). 

The occurrence of each jet-latitude regime at a particular range in jet speed, as apparent in 

reanalyses, is not better captured when resolution is increased from ~100 to ~25 km in the 

mid-latitudes. 
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Fig. 5. Bivariate distributions of December–February eddy-driven jet latitude, , and jet 

speed, u', (percentiles) in (a) reanalyses, and multimodel-mean biases in these quantities in 

(b) low- (LR) and (c) high-resolution (HR) hist-1950 simulations; (c) sensitivity to resolution

(i.e., HR minus LR); and the multimodel-mean climate change response (i.e., highres-future 

minus hist-1950) at (d) LR and (e) HR. Zonal and meridional wind fields were low-pass-

filtered as in Fig. 4 and the unit is normalised frequency density (10–3). Overlain black 

contour (at 0.410-3) indicates the multireanalysis-mean field in (b) and (c) and the historical 

multimodel-mean field in (e) and (f). Reanalyses are shown individually in Fig. S8. 

Under climate change, changes in latitude–speed distributions are small. At low resolution, a 

small equatorward shift is projected, but the overall pattern is equivocal (Fig. 5e). At high-

resolution, projected increases in frequency across northern and central jet regimes are 

clearest, with decreases across the southern regime and smaller decreases in the lowest and 

highest latitudes (Fig. 5f), again resulting in a narrowed jet (and a relative poleward shift), 

consistent with Fig. 4d. Additionally, at high resolution, the eddy-driven jet’s response to 

climate change may be influenced by the equatorward-shifted historical mean state (Fig. 5d). 

The two models for which ocean resolution is unchanged (CMCC-CM2 and MPI-ESM1.2) 

exhibit little difference between low- and high-resolution responses (Fig. S9), again 

indicating that dynamical coupling with a higher-resolution ocean may influence the 

circulation response. 
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4. Summary and discussion

4.1 Main results 

In this study, we assessed the impact of model resolution on the winter climatological zonal 

wind and eddy-driven jet position and speed, simulated under historical (1950–2014) and 

future (2015–2050) climate conditions in an ensemble of fully coupled global climate models 

at resolutions ranging from ~100 to ~25 km in the atmosphere and 1 to 1/12° in the ocean. 

Increasing resolution significantly improves the representation of the mid-latitude jet and its 

eddy-driven component, and responses to climate change differ between low- and high-

resolution simulations. The main findings of our work are: 

 Increasing resolution significantly improves (versus reanalyses) the North Atlantic

climatological zonal wind field at mid and high latitudes, but biases remain around

the low-latitude, equatorward flank of the upper-level subtropical jet (Fig. 1).

 By 2050, low-resolution models simulate an equatorward shift in the mid-latitude jet,

reducing the upper-level meridional separation of the subtropical and mid-latitude

jets, but high-resolution models project a strengthening of the jets and a small

poleward shift of the mid-latitude jet (Fig. 2).

 Trends in the large-scale meridional temperature gradient over the North Atlantic

suggests that tropical amplification influences the future zonal-wind response, and

there is an indication of sensitivity of lower-level temperature gradient trends to ocean

resolution (Fig. 3).

 At low resolution, the eddy-driven jet shows little mean meridional shift under

climate change. At high resolution, however, climate change reduces the jet’s

latitudinal variance (Fig. 4 and Fig. 5).

4.2. Discussion and outlook 

In HighResMIP simulations, future zonal-wind changes at a given isobaric level with respect 

to changes at the surface (i.e., the vertical wind shear) are in thermal wind balance with the 

changes in meridional temperature gradient. To explain models’ zonal-wind responses to 

future forcing, we analysed trends in meridional temperature gradients. These trends were 

found to be generally consistent with the simulated future responses of the North Atlantic 

zonal wind field. Strengthened future westerly winds aloft (Fig. 2) may be explained by 
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positive trends in meridional temperature gradients at upper levels. Stronger westerlies occur 

above ~500 hPa at low resolution above ~850 hPa at high resolution, consistent with the 

approximate levels at which the transitions between negative and positive temperature 

gradient trends occur (Fig. 3). In HighResMIP, tropical amplification appears a stronger actor 

in determining the future zonal-wind response, consistent with recent analyses (Oudar et al. 

2020; Woollings et al. 2023). CMIP6 models overestimate warming of the tropical middle 

(Mitchell et al. 2020) and upper (Blackport and Fyfe 2022) troposphere. These biases are 

potentially due to the representation of convection in low-resolution CMIP6 models, which 

tend to overestimate the amount of upper-tropospheric warming for a given level of lower-

tropospheric warming (Keil et al. 2021; Mitchell et al. 2020). This is due to low entrainment 

rates warming the upper troposphere by allowing convection and latent heating further aloft. 

Further increases in atmosphere resolution to reduce reliance on parameterised convection 

may resolve this (Blackport and Fyfe 2022). 

We also analysed the eddy-driven component of the westerly flow, focussing on jet position 

and on variance in jet position as a function of jet speed. HighResMIP models capture the 

trimodality of the jet-latitude index, which CMIP5 and several CMIP6 models do not, and 

both the overall distribution of jet latitude and the variance of jet latitude as a function of jet 

speed are better simulated at high resolution (Fig. 4). This indicates that resolution is a key 

component of capturing eddy-driven jet behaviour in models. However, the occurrence of 

each jet-latitude regime at a typical range in jet speed, which is seen in reanalyses, is not well 

captured when resolution is increased from ~100 to 25 km in the mid-latitudes. Under climate 

change, the eddy-driven jet shifts equatorward at low resolution but narrows and shifts 

poleward at high resolution. Increased ocean resolution may influence the high-resolution 

near-future response, but a key caveat to these results is that the ensemble size considered 

here is relatively small. 

To help increase confidence in atmospheric circulation projections, future work should focus 

on expanding the ensemble size, by conducting ensemble simulations for multiple models, 

and further increasing model resolution in both the atmosphere and ocean. In HighResMIP, 

the use of an eddy-permitting ocean model in a fully coupled framework increases blocking 

frequency (Athanasiadis et al. 2022), and SST biases are improved significantly in models 

where ocean resolution is increased (or physics improved) alongside increased atmosphere 

resolution (Moreno-Chamarro et al. 2022). Finer resolution may improve model biases 
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further, as eddy forcing is too weak in HighResMIP models (Dorrington et al. 2022), leading 

to under-persistent regime behaviour (Fabiano et al. 2020). This study provides evidence that 

jet latitude regime-persistence increases at ~25 km, but, together with existing studies of the 

same simulations (Blackport and Fyfe 2022; Dorrington et al. 2022; Fabiano et al. 2020; 

Moreno-Chamarro et al. 2022; Schiemann et al. 2020), indicates that the contribution of eddy 

forcing to North Atlantic climate variability remains insufficiently captured. Here, we see 

evidence of influence of ocean resolution on trends in low-level meridional temperature 

gradients, which do not change in coupled models where ocean resolution is constant. With 

an eddy-permitting ocean resolution, low-level temperature gradients are reduced, an effect 

that may be enhanced by the higher eddy activity in response to warming seen in recent eddy-

rich ocean modelling (Beech et al. 2022; Li et al. 2024). 

Models may also underestimate the magnitude of multidecadal and centennial internal 

variability (Marcheggiani et al. 2023; Smith et al. 2020). Centennial-length simulations 

extending beyond 2050 are needed to address two outstanding concerns. First, this study 

indicates that climate change signals in eddy-driven jet latitude and speed may not emerge by 

2050. The projected atmospheric circulation response to Arctic sea-ice loss is also weak 

(Smith et al. 2022) and much uncertainty remains around the impact of Arctic amplification 

on mid-latitude weather (Cohen et al. 2014). Second, proxy evidence points to high internal 

variability, enveloping recent observed jet shifts, which makes extracting anthropogenically 

forced changes challenging (Osman et al. 2021). Longer, higher-resolution simulations with 

fully coupled models, such as those proposed by Roberts et al. (2025), may help address the 

uncertainty around changes in North Atlantic atmospheric circulation and surface climate 

over the twenty-first century. 
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