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Abstract

Persistent fluctuations in the latitudinal position of the North Atlantic (NATL) jet stream are associated with extreme weather
anomalies, particularly over Europe. Therefore, it is crucial to understand how the jet stream persistence might change in
response to increased greenhouse gases to deliver useful regional climate projections. This study examines the persistence of the
North Atlantic jet stream latitudinal fluctuations in CMIP6 and ERA5. We found that CMIP6 models consistently overestimate
the persistence compared to ERA5 during the historical period. This discrepancy appears linked to too weak transient eddies
over the NATL in CMIP6 models.

By the end of the XXI century, CMIP6 models forced with the SSP585 scenario project a reduction of the jet fluctuations

persistence of about 10% during the summer season. The evidence suggests this reduction is linked to a slower NATL jet during

the summer months.
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Key Points: 9 

 CMIP6 models overestimate the persistence of the latitudinal fluctuations of the eddy-10 

driven jet stream over the North Atlantic. 11 

 The overestimation of the jet persistence in CMIP6 is likely due to too weak transient 12 

eddies over the North Atlantic storm track. 13 

 By the end of the XXI century, CMIP6 models forced with increasing greenhouse gases 14 

project a decrease of jet persistence in summer.   15 

  16 
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Abstract 17 

 18 

Persistent fluctuations in the latitudinal position of the North Atlantic (NATL) jet stream are associated 19 

with extreme weather anomalies, particularly over Europe. Therefore, it is crucial to understand how the 20 

jet stream persistence might change in response to increased greenhouse gases to deliver useful regional 21 

climate projections. This study examines the persistence of the North Atlantic jet stream latitudinal 22 

fluctuations in CMIP6 and ERA5. We found that CMIP6 models consistently overestimate the persistence 23 

compared to ERA5 during the historical period. This discrepancy appears linked to too weak transient 24 

eddies over the NATL in CMIP6 models. 25 

By the end of the XXI century, CMIP6 models forced with the SSP585 scenario project a reduction of the 26 

jet fluctuations persistence of about 10% during the summer season. The evidence suggests this reduction 27 

is linked to a slower NATL jet during the summer months.         28 

Plain Language Summary 29 

The NATL jet stream is key in determining the weather and climate over the NATL and European 30 

regions. The jet continuously fluctuates in latitude and strength and guides the storms along its path. A 31 

particular situation arises when these fluctuations become anomalously persistent and lock particular 32 

hydroclimate regimes in place for longer than usual. This situation can lead to extreme events such as 33 

drought or flooding. In this study, we investigate how CMIP6 models simulate the NATL jet stream 34 

latitudinal fluctuations and compare it with the ERA5 reanalysis dataset. We found that the models 35 

systematically overestimate the persistence of these fluctuations. We show that the overestimation is 36 

likely due to too weak transient eddies in the models over the NATL storm track. Overall, this study 37 

highlights the importance of understanding the origin of these biases and investigating how they might 38 

impact the projections of persistent events, especially extreme events. Improving the model representation 39 

of the atmospheric circulation persistence is crucial to reducing and constraining the uncertainty in 40 

regional climate change projections.   41 

 42 

1. Introduction 43 

Observational evidence indicates that extreme rainfall and heat events have become more frequent, 44 

intense and persistent during summer and winter since the latter half of the 20th century (e.g., Fischer and 45 

Knutti, 2015; Pfleiderer & Coumou, 2018). Some of the drivers of these changes have been linked to 46 

direct radiative forcing and thermodynamic feedback mechanisms associated with increased greenhouse 47 

gases (GHG) concentration (e.g., Coumou et al., 2012). However, the extent of these changes cannot be 48 

explained as a response to thermodynamic forcing alone, suggesting that changes in the atmospheric 49 

circulation must also play an important role. 50 
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One critical factor amplifying the potential for an atmospheric anomaly to lead to high-impact weather 51 

and climate events is their persistence. For instance, persistent shifts in the jet stream and storm tracks 52 

(e.g., 2007 UK floods; Blackburn et al., 2008), persistent blocking highs (e.g., 2003 European heatwave, 53 

2010 Russian heatwave), or persistent stationary wave patterns (e.g., Kornhuber et al., 2017). In a recent 54 

study, Galfi and Messori (2023) analyzed a 1000-year-long pre-industrial control simulation of the MPI-55 

ESM-LR and found that long-lasting anomalies in the NATL jet latitude position, speed and zonality are 56 

associated with more frequent and persistent episodes of extreme temperatures and precipitation across 57 

Europe during winter.  58 

Over recent decades, numerous studies have suggested that weakened meridional temperature gradients in 59 

the Northern Hemisphere (hereafter, NH) due to Arctic Amplification (hereafter, AA) have led to 60 

deceleration of the westerly winds (Coumou et al., 2015; Vavrus et al., 2017), increased north-south jet 61 

meandering (Cattiaux et al., 2016; Di Capua & Coumou, 2016; Vavrus et al., 2017) and more persistent 62 

and amplified wave-like anomalies at mid-latitudes (Francis et al., 2018; 2020). However, the 63 

significance and causal relation of these trends with AA has been shown to depend on the methodologies 64 

employed (Hoskins & Woollings, 2015; Blackport & Screen, 2020), and modelling evidence remains 65 

inconclusive (Hassanzadeh et al., 2014; Smith et al., 2022).  66 

A few studies have examined projected changes in persistence.  For instance, Li and Thompson (2021) 67 

identified a robust, globally widespread change in surface temperature persistence by the end of the 21st 68 

century in four large model ensembles. They suggest that changes in persistence are driven by multiple 69 

mechanisms with strong regional variations.  Other research has focused on projected changes in 70 

atmospheric blocking, indicating an overall reduction in its frequency across the NH (Masato et al., 2013; 71 

Matsueda et al., 2009). This blocking reduction has been partly linked to the projected poleward shift of 72 

the jet stream (Hoskins & Woollings, 2015). 73 

Understanding the dynamics governing persistent weather events is an area of intensive research. It is 74 

crucial to evaluate the accuracy of climate models in capturing this persistence for reliable long-term 75 

projections, especially regarding high-impact weather phenomena (e.g., Tuel and Martius, 2023). In 76 

particular, studies have consistently highlighted the strong association between latitudinal shifts in the jet 77 

stream and extreme weather occurrences over Europe (Galfi & Messori, 2023; Mahlstein et al., 2012; 78 

Cattiaux et al., 2010; Trigo et al., 2013). Hence, it is imperative for models to capture these dynamics 79 

accurately. 80 

In this manuscript, we critically evaluate the persistence of the NATL eddy-driven jet stream latitudinal 81 

fluctuations in CMIP6 models while investigating the underlying causes of model biases. Additionally, 82 

we examine projected changes in jet stream persistence by the end of the 21st century. 83 

 84 
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2. Data and Methodology 85 

 86 

Datasets 87 

We analyze daily zonal and meridional wind at 700hPa and precipitation from 35 models from the CMIP6 88 

ensemble for the 1980-2014 period (hereafter, we will refer to this period as HIST), forced with the 89 

CMIP6 recommended historical forcing (Eyring et al., 2016). The r1i1p1f1 member of each model is 90 

used.  Additionally, we use reanalysis data from the ERA5 reanalysis data from the European Centre for 91 

Medium-Range Weather Forecasts (ECMWF) (Hersbach et al., 2020).  92 

We also use CMIP6 models forced with the projected emission of the future scenario of shared 93 

socioeconomic pathway 5 RCP8.5 (SSP585) to analyze future changes in persistence as it likely poses the 94 

highest signal against HIST (O’Neill et al., 2014). The last 35 years (2065 to 2099) from this scenario are 95 

taken as the future reference period (hereafter, we will refer to this period as FUT). Here, 22 models that 96 

intersect with HIST are analyzed.  97 

All the CMIP6 models and the observations are re-gridded to a common resolution of 2.5 ◦×2.5 ◦ using a 98 

conservative remapping for all physical variables (Jones, 1999). ERA5 and models, including their 99 

original grid size, are listed in supplementary table 1. 100 

 101 

Jet latitudinal index  102 

To determine the position of the eddy-driven jet, we use an algorithm similar to Blakport and Fyfe (2022). 103 

We identify the daily westerly zonal wind speed maxima at 700hPa at each longitude as the "jet-core" 104 

speed. The latitude at which the maximum wind speed between 15°N and 75°N is found is considered the 105 

latitude of the jet core event. The algorithm is robust to small changes in the latitudinal range. We then 106 

calculate the Jet Latitude Index (JLI) as the zonal mean over the NATL area (60 °W to 0 °W) of the 107 

latitudinal maxima. To avoid artefacts due to the tilt of the jet stream with latitude, we first identify the 108 

speed maxima and its latitude at each longitude before calculating the zonal mean since this method has 109 

been shown to remove such artefacts effectively (Blackport and Fyfe, 2022). We also tested additional 110 

methods of detecting the jet core, such as prominence detection and using a parabola fit, as in Blackport 111 

and Fyfe (2022), which led to similar results. 112 

 113 

Persistence calculation   114 

The jet persistence is calculated using the method introduced by Barnes and Hartmann (2010a). In this 115 

method, the jet persistence is estimated by calculating the average duration of the jet in a 5° latitude 116 

moving window, where the duration is defined by the number of consecutive days the JLI remains within 117 

the 5° bounds. Contrary to Barnes and Hartmann (2010a), we only consider events that last at least three 118 

consecutive days to calculate the jet average duration. This way, we limit considering false jet core 119 
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detections associated with strong synoptic systems. However, the results are similar without using a three-120 

day threshold. We analyze the continuous daily timeseries and the seasonal anomalies.  For occurrences 121 

that overlap different seasons, which roughly happen two times per year in the observational period, the 122 

season where the largest number of consecutive days takes place is assigned to the occurrence. 123 

Additionally, we also calculate an average persistence value for each model and ERA5 by averaging all 124 

the JLI persistent events across their latitudinal distributions. We will refer to this averaged persistence 125 

value as “P.AVG”. 126 

 127 

Transient eddy kinetic energy   128 

We assess the power of synoptic scale transient eddies in the NATL for ERA5 and model data following a 129 

methodology similar to Montoya et al., (2021). The method is as follows:  130 

1. The Eddy Kinetic Energy (EKE) from transient eddies is calculated from the 700hPa zonal and 131 

meridional wind anomalies: 132 

𝐸𝐾𝐸 =
1

2
(𝑢′2̅̅ ̅̅ + 𝑣′2̅̅ ̅̅ ), 133 

where the apostrophe denotes departures from the temporal mean. 134 

2.  The EKE is then spatially average over the NATL storm track area, spanning 30°N to 60°N and 60°W 135 

to 10°W.  136 

3. The power spectrum of the EKE anomalies is calculated using a multitaper spectrum analysis method 137 

(Thomson, 1982; Percival & Walden,1993). The multitaper methodology uses multiple orthogonal tapers 138 

(windows) to compute spectral estimates and has been shown to improve the frequency resolution and 139 

reduce variance compared to the classical non-parametric Fourier analysis. We chose a tape bandwidth 140 

parameter of 2 and 3 tapers since this selection has been shown to be a good compromise between the 141 

required frequency resolution and the spectral variance for daily timeseries (e.g., Mann and Park, 1993). 142 

The results are not affected by choosing slightly different values for these parameters. .  143 

4. Finally, we extract the power associated with different frequency bands by integrating the power 144 

spectrum within these bands.  145 

The results are qualitatively the same, whether using alternative wind levels or slightly adjusting the 146 

spatial averaging area.  147 

 148 

 149 

3. Results 150 

 151 

3.1 CMIP6 Persistence Evaluation 152 

In this section, we evaluate the persistence of the jet latitudinal fluctuations in the CMIP6 models and 153 

compare it with ERA5. 154 
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Fig.1 displays the climatological persistence of the JLI persistent events within 5° latitudinal bins for the 155 

HIST period. The results are shown for both the CMIP6 models and ERA5, and the number of persistent 156 

events within each bin is also indicated. The P.AVG (an integration of the persistent events across the 157 

latitudinal expansion of their distributions across models and observations is shown in the boxplots.  158 

The boxplots in Fig. 1 indicate that most models overestimate the P.AVG throughout all seasons. During 159 

winter, models show a mere 5% overestimation compared to observations, but this overestimation 160 

increases to about 10% in summer. In spring and autumn, the overestimation reaches approximately 18%. 161 

Notably, in the transition seasons, all models consistently overestimate persistence.   162 

 163 

Figure 1:  Average duration of the JLI in a moving 5° latitude window for ERA5 (black solid), CMIP6 164 

models (thin dashed blue lines) and the CMIP6 multimodel mean (blue solid line) for the indicated 165 

seasons. The number of persistent events is shown above each point. The boxplots illustrate the P.AVG in 166 

CMIP6 models. P.AVG is obtained by averaging the durations of all persistent events (lasting >= 3 days) 167 

across all latitudinal bins of the left distributions. The blue horizontal dashed line shows the multimodel 168 

mean,  the orange line within the box shows the median and the solid black line corresponds to ERA5 169 

values.   170 

 171 

The persistence distributions suggest that during winter, the model’s overestimation of P.AVG is linked 172 

to  173 

more persistent events in the central jet locations than observations. However, the average duration of 174 

these events across different latitudinal bands within the distribution remains very similar.  175 

During summer, the larger P.AVG can primarily be attributed to more persistent events at the northern 176 

parts of the distribution between 50° and 60° (49 events in ERA5 versus 75 events in the multimodel 177 

mean). Additionally, the events tend to last slightly longer. In the transition seasons, models exhibit a 178 

higher frequency of persistent events and significantly longer durations (approximately 15% longer).  179 
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The shape of the persistence distributions does not display the three maxima found in Barnes and 180 

Hartmann (2010) for CMIP3 models. We found that this is partially due to the differences in the JLI 181 

calculation, which differ from Barnes and Hartmann (2010). We calculate the speed and latitude at each 182 

longitude before calculating the zonal mean. 183 

The JLI and, by extension, P.AVG are calculated by zonally averaging the latitudes of the detected jet 184 

cores across the NATL. However, the variability of the NATL jet is not limited to latitudinal fluctuations 185 

but also includes changes in speed, tilt and meandering (e.g., Eichelberger & Hartmann (2007)). Although 186 

the methodology we use to calculate JLI has been shown to reduce the effects of jet tilt variations, we 187 

cannot discard that the JLI variability and persistence conflate different phenomena.  To assess the impact 188 

of these other forms of variability, we recalculated the P.AVG at 2.5 longitude intervals across the NATL 189 

and found that the JLI persistence increases slightly towards the center of the NATL (~ 0.5 days) 190 

(Fig.S1). This suggests that other types of variability may influence P.AVG, likely changes in the jet tilt.  191 

However, the change in persistence across longitudes is small, and the models overestimate persistence 192 

across all the longitudinal extent, notably at the eastern side of the NATL, which is the area that is more 193 

relevant from an impact point of view. Therefore, we conclude that although other types of variability 194 

may affect the persistence calculation, the impact is likely small and does not qualitatively change our 195 

conclusions. Additionally, we tested the longitudinal coherence of the jet core latitudinal anomalies by 196 

calculating a Hovmöller plot that displays the jet core latitudinal anomalies as a function of time and 197 

longitude (Fig.S2) for ERA5. The anomalies show a notable longitudinal coherence, suggesting that 198 

longitudinal coherent fluctuations represent an important fraction of the total variability affecting the local 199 

latitudinal jet position.    200 

 201 

3.2 Persistence relation with the mean state of the jet 202 

Previous studies have shown that the variability and persistence of the jet depend on its latitudinal 203 

position during winter (Barnes et al., 2010; Barnes and Hartmann, 2010a; Barnes and Hartmann, 2010b;  204 

Kidston & Gerber, 2010). Specifically, these studies show that when the jet is closer to the equator, it 205 

tends to have more persistent latitudinal fluctuations than when positioned near the poles. Other research 206 

indicates that a strong jet exhibits a more zonal structure and decreased latitudinal fluctuations (Woollings 207 

et al., 2018). 208 

Motivated by these findings, we analyze scatterplots between the P.AVG and the mean jet position (Fig. 209 

S3a) and velocity and velocity (Fig. S3b) across models and ERA5. A strong relationship between 210 

P.AVG and latitude or velocity would imply a potential dependency. However, Fig.S3 reveals no 211 

discernible intermodel relationships between latitude or velocity with P.AVG during spring and winter 212 

and a statistically significant yet weak positive correlation between summer and autumn. These results 213 
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apparently differ from Barnes and Hartman (2010) findings. However, it is important to note that this is 214 

an intermodel relationship and that for individual model realizations, an equatorward‐shifted jet state 215 

tends to be more persistent than a poleward-shifted one, as evidenced by the downward slope in Fig. 1a.    216 

Additionally, Fig. S3b shows that the models consistently underestimate the jet velocity and models with 217 

faster jets tend to be more persistent. However, the correlation coefficients show that this relationship is 218 

very weak.  219 

  220 

3.3 Synoptic scale waves strength  221 

The results in section 3.1 raise the question of the reasons behind the CMIP6 model JLI overestimation. 222 

The EDJ is driven by the convergence of eddy momentum fluxes and the poleward transport of eddy heat, 223 

and the largest contribution to this transport comes from the transient eddies associated with baroclinic 224 

waves (e.g., Blackmon et al., 1977).  Moreover, the latitudinal shifts of the jet are closely linked to 225 

Rossby wave breaking on both sides of the jet. Locally, wave breaking induces a deceleration of the 226 

eastward flow, thereby shifting the jet poleward when wave breaking occurs on the equatorward side and 227 

shifting the jet equatorward when wave breaking occurs on the poleward side (e.g., Barnes and Hartmann, 228 

2012; Kunz et al., 2009; Woollings et al., 2018). 229 

Since synoptic-scale eddies are crucial for the formation and variability of the EDJ (e.g., Barnes and 230 

Hartmann, 2011), accurately representing their strength and variability in models is crucial for simulating 231 

the EDJ variability.  We hypothesize that the overestimation of persistence in models could be associated 232 

with too weak synoptic-scale eddies over the NATL.  233 

To investigate this hypothesis, we compare the transient EKE across the NATL in both the models and 234 

ERA5. For this analysis, we use the continuous daily time series of HIST. Figure 2a illustrates the 235 

transient EKE bias between ERA5 and the CMIP6 multimodel mean, while Figure 2b depicts the EKE 236 

bias derived from a 2-6 day bandpass filtered velocity field, representing the contribution of synoptic-237 

scale eddies to EKE. Notably, the CMIP6 ensemble mean exhibits EKE levels between 5% and 15% 238 

lower than those in ERA5 (Fig. 2a), while the bandpass filtered EKE is 10% to 20% weaker compared to 239 

ERA5 (Fig. 2b). A detailed breakdown of individual model EKE bias is shown in Fig.S4 and 2-6 band 240 

pass filtered EKE biases in Fig.S5. Seventeen out of thirty-five models underestimate EKE across the 241 

Atlantic, and the rest exhibit an EKE bias pattern, indicating an equatorward mean jet bias. However, the 242 

2-6 day band pass filtered EKE underestimation occurs in all but 4 CMIP6 models, and the bias spatial 243 

pattern is spatially homogenous over the NATL. This suggests that the synoptic EKE underestimation is a 244 

fundamental model issue and not a product, for example, of mean biases in the jet stream.  245 
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 246 

Figure 2: Total EKE bias (a) and synoptic (2-6 day bandpass filtered) EKE bias (b) for the CMIP6 247 

ensemble mean expressed as a percentage. 248 

 249 

To better understand the model's EKE representation, we calculate the distribution of EKE power across 250 

different frequency ranges (see section 2 for details). Figure 3 shows a box plot illustrating the EKE 251 

power for CMIP6 models within “high” frequency bands, with ERA5 power denoted by a red solid dot. 252 

The boxplots indicate that most models exhibit inadequate power at high frequencies, including those 253 

corresponding to synoptic timescales. Conversely, at "lower" frequencies (>90 days), the models align 254 

closely with observations (Fig. S6). These findings suggest that the deficiency in power at high 255 

frequencies, particularly at the synoptic scale, within CMIP6 could contribute to the over-persistence of 256 

the EDJ over the NATL. A similar underestimation of cyclone intensity has been noted in CMIP5 models 257 

(Zappa et al., 2013). 258 
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 259 

 260 

 261 

Figure 3: Power spectral density of the EKE spatially average over the NATL (60°W – 10°W, 30°N-262 

60°N) and integrated over the indicated frequency bands for CMIP6 and ERA5 (red solid dot). 263 

 264 

 265 

3.4 Projected persistence changes 266 

CMIP models project a shift in the zonal mean westerlies towards the poles in response to increasing 267 

GHG. However, this shift varies significantly by region and season (e.g., Grise & Polvani, 2014; Simpson 268 

et al., 2014; Vallis et al.,2015 for CMIP5 and Harvey et al.,2020 and Oudar et al., 2020 for CMIP6). In 269 

the NATL, the jet shifts poleward during summer and autumn but narrows, intensifies, and extends 270 

eastward towards Europe in winter (Harvey et al., 2020; Oudar et al., 2020). Jet variability changes are 271 

also expected (e.g., Peings et al., 2018), yet projections lack robustness, and the underlying mechanisms 272 

driving these alterations remain uncertain (e.g., Hoskins and Woollings, 2015). 273 

Here, we investigate potential changes in persistence using a subset of CMIP6 models under the SSP585 274 

scenario (see methodology). Fig.4 displays the FUT period persistence of JLI persistent events within 5° 275 

latitudinal bins. The numbers within each bin represent the count of persistent events in the HIST and 276 

FUT periods and their difference. The P.AVG across models for the FUT period is depicted using 277 
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boxplots, where the red dashed line signifies the FUT multimodel mean, and the blue dashed line 278 

represents the HIST multimodel mean. 279 

The box plots highlight significant changes in JJA, indicating an approximate 8% reduction in P.AVG in 280 

the future. An individual examination of the models shows that all models, except one, concur on the 281 

direction of this change. 282 

The JJA distribution shows a notable decrease in the number of persistent events in the central sections of 283 

the distribution, where occurrences are more frequent. Additionally, there is a roughly 10% reduction in 284 

the average duration of these events (Fig. S7). This reduction coincides with increased persistent events 285 

towards the poleward end of the distribution. However, this increase is insufficient to compensate for the 286 

decreased persistence in the central locations. 287 

 288 

 289 
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 290 

Figure 4: Left column: Average duration of the JLI in a moving 5° latitude window for CMIP6 models 291 

forced with the SSP585 scenario (thin dashed red lines) for the indicated seasons. A solid red line shows 292 

the multimodel mean. Above each point, the first, second and third numbers indicate the number of 293 

persistent events in the HIST and FUT periods and their differences, respectively. Right column: 294 

Boxplots illustrating the P.AVG in CMIP6 models. The multimodel mean is shown by a horizontal 295 

dashed line for the FUT period (red) and HIST period (blue). 296 
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One possible hypothesis accounting for the reduction in persistence at central locations relates to 297 

alterations in jet velocity. Previous studies (e.g., Woollings et al., 2018) have linked decreased velocity 298 

with heightened jet variability. To scrutinize this hypothesis, we investigated the correlation between 299 

model velocity and persistent changes (Fig.S8). Our analysis reveals that 16 out of 20 models project a 300 

deceleration of the jet during summer. Furthermore, a robust relationship emerges between velocity and 301 

persistence alterations: models predicting larger speed reductions also indicate more substantial decreases 302 

in persistence. 303 

The observed increase in persistence towards the poleward side of the distributions could be attributed to 304 

the poleward shift of the jet during summer.  Various studies have shown evidence that as the jet migrates 305 

poleward, its variability transitions from shifting to a more pulsing mode, consequently leading to a 306 

decrease in the persistence of anomalous meridional shifts (Kidston & Gerber, 2010; Barnes et al., 2010; 307 

Barnes and Hartmann, 2010; Barnes and Hartmann, 2011). 308 

 309 

4. Conclusions and discussion 310 

 311 

This study focused on analyzing the persistence of North Atlantic jet latitudinal fluctuations across a set 312 

of CMIP6 models and ERA5 data. The key findings are summarized below: 313 

 CMIP6 models consistently overestimate the persistence of the jet latitudinal fluctuations during the 314 

historical period.  315 

 The evidence suggests that scale model over-persistence is associated with too weak EKE power at 316 

high frequencies, particularly at the synoptic scales. 317 

 By the end of the XXI century, CMIP6 models project a decrease in jet persistence of about 10% 318 

during summer and no significant change in the other seasons.  319 

 The projected decrease in summer persistence is correlated with a decrease in jet velocity.  320 

 321 

Finally, the representation of jet persistence in models strongly correlates with their depiction of the 322 

persistence of impact-related variables like precipitation (see Fig.S9). Understanding how the biases 323 

reported in this study impact the projections of persistent events, especially extreme events, is crucial to 324 

improving and constraining the uncertainty in regional climate change projections.  Additionally, 325 

understanding the reasons behind these model biases and exploring avenues to reduce them should be 326 

considered by model developers. Furthermore, future research should investigate the relationship between 327 

these findings and the so-called “signal-to-noise paradox” (e.g., Scaife and Smith, 2018).  328 

 329 

 330 

 331 
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Figure S1: Boxplots illustrating the P.AVG for 2.5 longitudinal intervals across the NATL 

for CMIP6 models and ERA5. The orange line within the box shows the CMIP6 median 

and the solid black crosses show ERA5 values.   

 

 

 

 
 

Figure S2: Jet core latitudinal anomalies as a function of time and longitude for ERA5.  
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Figure S3: Left column: Scatter plot between P.AVG and the jet mean latitudinal position 

during the HIST period. CMIP6 models are shown by coloured symbols. Models from the 

same institution are indicated by the similarity of colours. The black cross shows ERA5. 

The solid black line is the regressed linear fit, with a hatched 95th percentile confidence 

interval estimated with a 10000 bootstrap resampling test. Additionally, the correlation 

value r and the p-value are shown. Right column: As left but for the jet mean velocity. 
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Figure S4: EKE bias for the CMIP6 models expressed as a percentage. 
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Figure S5: 2-6 day bandpass filtered EKE bias for the CMIP6 models expressed as a 

percentage. 

 



 

 

6 

 

 
 
Figure S6: Power spectral density of the EKE spatially average over the NATL (60°W – 

10°W, 30°N-60°N) and integrated over the indicated frequency bands for CMIP6 and 

ERA5 (red solid dot). 
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Figure S7.  ∆persistence is the CMIP6 multimodel mean difference between the average duration 

of the JLI for the FUT and HIST periods in a moving 5° latitude window for the indicated seasons. 

The difference is normalized with the JLI duration in the HIST period and expressed as a 

percentage. The difference in the number of persistent events between the FUT and HIST periods 

at each bin is shown above each point and expressed as a percentage. The extremes of the 

distribution containing less than one event in the HIST or FUT period have been removed.   
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Figure S8: Scatter plots between P.AVG (FUT) - P.AVG(HIST) and Vel(FUT) - 

Vel(HIST). Colored symbols show CMIP6 models. The similarity of colors indicates 

models from the same institution. The solid black line is the regressed linear fit, with a 

hatched 95th percentile confidence interval estimated with a 10000 bootstrap resampling 

test. Additionally, the correlation value r and the p-value are shown. 
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Figure S9. Each grid point displays the correlation (r) between the average precipitation 

duration CMIP6 intermodel spread and the jet P.AVG intermodel spread during the HIST 

period. Note that the square of r would indicate the fraction of the intermodel precipitation 

duration spread explained by the jet P.AVG model spread.  The precipitation duration is 

calculated for each model and grid point as the number of consecutive days with at least 

1mm of precipitation. Stippling indicates correlation values statistically significant at the 

90% level.      
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Table S1. A list of CMIP6 models and observations considered in this study. The models 

used for both the HIST and FUT periods are in bold italics.   
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