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S1. Eddy-driven jet latitude analysis 

We computed probability density functions of the wintertime (DJF) latitude of the North 

Atlantic eddy-driven jet following the method of Woollings et al. (2010). In this method, the 

zonal wind over the North Atlantic basin is averaged between the 925, 850, 775 and 700 hPa 

levels. However, the 775 hPa level is not available in the output of the HadGEM3-GA3.0 

simulations used in this study. Therefore, we averaged between the three remaining levels. To 

assess the impact of this, we computed probability density functions using ERA-Interim using 

all four levels and separately the using the three available for HadGEM3-GA3.0. This analysis 

showed that computing jet latitude from three levels is insignificantly different from that 

computed using four levels, and we are therefore confident in our three-level-based analysis of 

reanalyses and model simulations (Fig. 1 and Fig. 2). 

 

 

S2. Present-climate mean and extreme Euro-Atlantic precipitation 

S2.1 Precipitation observations 

In this study, we considered mean and heavy precipitation—the latter defined as the 95th 

percentile of all days (P95)—and computed precipitation biases against two daily, gridded 

observational datasets. We used the E-OBS land precipitation product (version 12), which is 

available on a 0.25° grid for the period 1950-2015 (Haylock et al. 2008). E-OBS gauge-based 

data are used to evaluate precipitation in regional atmospheric models of similar horizontal 

resolution to the global simulations used in this study (Schiemann et al. 2018). We also used 

two daily gridded precipitation products: Global Precipitation Climatology Project (GPCP; 

version 1.2) gauge-corrected satellite estimates, available on a 1º grid for the period 1996-2013 

(Huffman et al. 2001), and Climate Prediction Centre (CPC) Unified Analysis of global land 

precipitation, available on a 0.5º grid for the period 1979-2017 (Mingyue et al. 2008). Our use 
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of various gridded datasets allows greater consideration of observational uncertainty over land 

and offers observational coverage over the North Atlantic. Although Europe is a relatively 

well-observed region, as in previous studies, our use of these data is hampered by (i) a non-

uniform distribution of gauge sites (van der Schrier et al. 2013), (ii) the limited spatial 

representativeness of gauge measurements (Frei and Schär 1998), (iii) measurement errors 

(Ciach and Krajewski 1999), and (iv) errors in merged-satellite precipitation data that arise 

from translating relatively sparse satellite precipitation measurements into higher-resolution 

gridded precipitation rate datasets (Behrangi et al. 2012). 

 

S2.2 Precipitation biases 

An analysis of the representation of present-climate mean and extreme precipitation in the 

HadGEM3-GA3.0 simulations on which this study is based was undertaken by Schiemann et 

al. (2018). Complementing Schiemann et al. (2018), we examined differences in daily mean 

Euro-Atlantic precipitation during DJF between HadGEM3-GA3.0 and GPCP observations. 

Across this domain, the wettest regions over land are Europe’s western coastlines (e.g., Ireland 

and the Iberian Peninsula), orography (e.g., Scottish mountains and the Alps), and where both 

of these physiographic features enhance precipitation (e.g., Scandinavian Mountains). Over 

ocean, high precipitation is observed within the North Atlantic wintertime storm track (Dong 

et al. 2013; Hoskins and Valdes 1990; Shaw et al. 2016). Compared with GPCP data, 

HadGEM3-GA3.0 exhibits a dry bias across the majority of this domain and a wet bias over 

the north-western European mainland and eastern Mediterranean Sea for both mean and 95th-

percentile (P95) precipitation (Fig. S7). However, comparing these simulations with E-OBS 

data (Schiemann et al. 2018) revealed more widespread wet biases over land, indicating that 

domain-mean winter HadGEM3-GA3.0 precipitation lies between these gridded observational 

estimates. The relatively coarse-resolution GPCP dataset overestimates satellite observations 
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of Euro-Atlantic precipitation rate (Adler et al. 2012). At N512, refined orography improves 

both the dry bias and upstream wet bias (both mean and P95) over the Alps and Scandinavian 

Mountains, and increased resolution improves the dry (wet) bias over western (eastern) 

Mediterranean for mean precipitation. However, small-scale P95 wet biases are introduced at 

N512 over western Croatia. 

 

Further, we evaluated the ability of HadGEM3-GA3.0 to capture the large-scale winter 

distribution of European heavy precipitation in relation to the NAO. Despite dry biases over 

northern Europe in both mean and heavy (95th percentile) precipitation (Fig. S7), the zonal-

mean heavy precipitation distribution, composited for NAO+ minus NAO-, is captured 

reasonably at across the HadGEM3-GA3.0 resolution hierarchy (Fig. S8), with wetter (drier) 

conditions over northern (southern) latitudes. Heavy precipitation between 40-50°N is 

underestimated by ~0.5 mm day-1, but otherwise well-reproduced. N512 captures the 

variability north of 60°N due to its better representation of Norwegian orography (Fig. S8). We 

disregarded data north of 68°N, where the spatial density of observational records is lower; 

these data are shown only for completeness. This demonstrates fidelity in the simulated 

historical, large-scale hydroclimate mean state over land, where observational coverage 

sufficient for model evaluation exists and where model performance is important for 

assessments and projections of hazardous weather. 

 

 

S3. Scaling of ETC track density response to RCP8.5 with historical track density across 

resolutions 

For regions where the RCP8.5 response of ETC track density and mean intensity is resolution-

dependent, we tested whether the magnitude of the area-averaged response scales with 
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historical climate mean state, focussing on three western European domains (Scandinavia, the 

UK and Iberia) and the Mediterranean. For these regions, similar responses in track density 

under RCP8.5 are simulated at N96 and N216, and this response increases at N512 (Fig. S11). 

One exception is the UK, where the response is slightly negative at N96 and N512 and slightly 

positive at N216; the sign of these responses is an artefact of the UK straddling larger-scale 

positive and negative resolution differences. The magnitude of the ETC track density response 

at each resolution does not scale linearly with that of the historical climate mean state (Fig. 

S11a). Rather, both the area-averaged historical and RCP8.5 response of ETC track density are 

similar at N96 and N216, but the response at N512 increases sharply (Fig. S11a). However, 

this does not hold true for mean intensity (Fig. S11b). The impact of resolution on these ETC 

quantities at the sub-regional scale is therefore complex and likely requires dedicated case 

studies of the added value of 25 km resolution for these smaller domains. 
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Supplementary figures 

 

 

Fig. S1. Climatological mean OSTIA SST forcing computed from daily data for the historical 

(upper row) and RCP8.5 scenario (lower row). Plotted are the N512 resolution (left) and the 

N512-N96 difference (right). In the Gulf Stream region, difference plots show increased 

(decreased) SST on the equatorward (poleward) side of the Gulf Stream SST front, which 

indicates the increased shaprness of this front at N512. Units are ºK. 
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Fig. S2. Ensemble-mean winter zonal wind biases (versus ERA-Interim) over the North 

Atlantic at 250 hPa. Stippling indicates statistically significant bias at the 95% level (using 

Welch’s unequal variances t-test). 
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Fig. S3. Orographic boundary conditions in HadGEM3-GA3.0. The smooth orography of 

resolutions typical of CMIP5 (i.e., N96; upper row) is better represented at N216 (middle row) 

and N512 (bottom row). 
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Fig. S4. Resolution sensitivity of ensemble-mean winter zonal wind at 250 hPa (contoured at 

30 ms-1) over the North Atlantic for present (thin lines) and future (think lines) climate 

simulations compared with ERA-Interim (black). Colours are as per Fig. 1. The north-eastward 

tilt of this upper-level wind contour matches ERA-Interim data and is extended under RCP8.5. 

This extension is greater at N216 and N512 resolutions. 
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Fig. S5. Present-climate ensemble-mean ETC track density biases, computed with respect to 

ERA-Interim (top panel), for HadGEM3-GA3.0 (other panels). Stippling indicates statistically 

significant bias at the 95% level (using Welch’s unequal variances t-test). Unit is cyclone 

transits per month per unit area (equivalent to a cyclone-centred 5° spherical cap). 
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Fig. S6. Resolution sensitivity of ensemble-mean w under RCP8.5 for N96 (left), N512 (centre) 

and N512-N96 (right), averaged zonally over the eastern North Atlantic between 0° and 40°W. 

Stippling indicates statistically significant climate change response or resolution sensitivity at 

the 95% level (using Welch’s unequal variances t-test). Unit is hPa s-1. 
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Fig. S7. Ensemble-mean winter (left column) mean and (right column) 95th all-days percentile 

precipitation bias over Europe across the HadGEM3-GA3.0 resolution hierarchy: N96 (top), 

N216 (middle) and N512 (bottom). Biases were computed versus GPCP observations, with 

minor stippling indicating the bias is significant at the 99% level (using Welch’s unequal 

variances t-test) and major stippling indicating that the bias is both statistically significant and 

greater than 1 s.d. of inter-seasonal variability in GPCP data. All data were coarse-gridded to 

N96 horizontal resolution. Units are mm day-1. 
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Fig. S8. Zonally-averaged 95th percentile land precipitation (P95) for individual ensemble 

members (thin lines) and ensemble mean (thick lines), composited for NAO+ minus NAO- 

days for December-March. The daily NAO index is defined as the leading EOF of MSLP over 

90˚W-40˚E, 20-80˚N. HadGEM3-GA3.0 simulations are compared with daily E-OBS (black 

solid line) and CPC (black dashed line) land precipitation data. Unit is mm day-1. 
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Fig. S9. Present-climate ETC-associated precipitation biases, computed with respect to ERA-

Interim (top panel), for HadGEM3-GA3.0 (other panels).  
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Fig. S10. Non-parametric correlation between interannual variability in P95 averaged over 

Scandinavia (upper row), Iberia (2nd row), Mediterranean (3rd row) and the UK (bottom row) 

and ETC track density. Panels ordered left to right by increasing resolution. Stippling indicates 

that the correlation is significant at the 95% level (using Welch’s unequal variance t-test). 
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Fig. S11. Ensemble-mean, area-weighted, domain-mean change in ETC (a) track density and 

(b) mean intensity under RCP8.5 for each resolution, plotted as a function of that simulated for 

the historical climate. Note that the modulus of each quantity is plotted. 
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Fig. S12. Resolution sensitivity of the ensemble-mean air temperature response to RCP8.5 

averaged over 80-40 ºW (upper row) 0-40°W (lower row; equivalent to Fig. 5), plotted as 

latitude-pressure sections. Panel layout in each row as per Fig. S6. Grey stippling indicates 

where the response or resolution differences are not statistically significant at the 95% level 

(using Welch’s unequal variances t-test). Pressure level units are hPa and air temperature units 

are degrees Kelvin. Arctic amplification under RCP8.5 in HadGEM3-GA3.0 is ~2 ºC greater 

than the CMIP5 multi-model mean (Barnes and Polvani 2015). 

 


