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S1. Methodological considerations 

Two important methodological considerations in ET studies are discussed in this section: (i) 

the cyclone-tracking algorithm and (ii) the sensitivity of ET location to how ET is identified. 

 

S1.1 Cyclone-tracking algorithm 

Recent studies of tropical cyclones in reanalyses and simulated by climate models (e.g., 

Roberts et al., 2020a; Vannière et al., 2020) compared results obtained using TRACK with 

TempestExtremes, a sea-level-pressure-based tracking algorithm (Ullrich and Zarzycki, 2017), 

to show that, broadly, their results are robust to algorithm choice. However, tracks output by 

TempestExtremes represent only cyclones’ warm-core stages, and as such few identified 

systems undergo ET (Fig. S1). Therefore, supplementary algorithms are required to extend 

cyclone tracks generated using TempestExtremes into the midlatitudes (e.g., Michaelis and 

Lackmann, 2019; Zarzycki et al., 2017), but the extent to which results are sensitive to the 

additional methodological choices necessary in this approach is unclear. In this study, use of 

TRACK, a vorticity-based algorithm that satisfactorily yields complete cyclone lifecycles 

based on a single set of identification criteria, is clearly advantageous in our analysis of ET 

statistics. Once comparable whole-lifecycle tracks, including post-tropical evolution, from 

multiple, independent algorithms are available, sensitivity analysis should be a research 

priority. 
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Fig. S1. Multi-reanalysis-mean track density in TCs undergoing ET identified by two feature-

tracking algorithms: (top) TRACK (‘track148b”) and (middle) TempestExtremes 

(“TempExt”). We also show (bottom) the inter-algorithm difference (i.e., TRACK minus 

TempestExtremes). 

  



 5 

S1.2 Sensitivity of ET location to identification method 

Recent analysis of ERA5 shows that phase-space-based identification of post-tropical 

structures compares well with other methods in terms of the number of ET events identified 

(Sainsbury et al., 2020) and phase-space methodologies are the most common across studies 

of ET. However, no consensus approach to identifying ET onset and completion based on 

phase-space parameters exists. Previous studies have applied differing absolute thresholds to 

identify changes in cyclone thermal symmetry and employed additional criteria, such as 

intensity thresholds and temporal smoothing of phase-space series. These modifications have 

little impact on the number of identified events, but the location of ET may be sensitive to how 

phase-space parameters are treated. We conducted an overview assessment of this in reanalyses 

by mapping the mean ET-completion locations for various identification approaches (Fig. S2). 

In the North Atlantic and Western North Pacific, a definition of ET where both ET onset and 

completion are identified by single-timestep B or TL changes (‘conventional’) yields the lowest-

latitude ET completion (Fig. S2). In contrast, applying a prior warm-core test, as in the previous 

section (4.2), yields ET completion in the range of 30–40 ° latitude, coinciding with the known 

centres of baroclinicity associated with western boundary currents. Other proposed 

modifications of ET identification—imposing a vmax threshold, applying a temporal smoothing, 

and requiring B and TL criteria are met for consecutive timesteps—yield locations in between 

these two approaches, with greater overlap seen in the Western North Pacific (Fig. S2). These 

results help quantify the sensitivity of ET location to various methodological choices, and the 

results presented in Fig. 16 are necessarily sensitive to such choices, as are other published 

analyses. The method should fit the research question. When ET completion is identified post-

warm core, it is broadly co-located with climatological, basin-high values of Eady growth rate 

(Fig. S2), indicating that this approach may be preferable for analyses of ET location, 

particularly in the North Atlantic. 

 

In addition, application to climate models presents additional concerns. Bieli et al. (2020) 

identified grid-scale convective updrafts in 50-km-resolution simulations with the Forecast-

oriented Low Ocean Resolution (FLOR) version of the GFDL CM2.5 that triggered erroneous 

diagnoses of warm- and cold-core cyclone structures. These were rectified by computing 

storm-centric 95th-percentile geopotential (rather than local maxima) and by applying a 

temporal smoothing to phase-space trajectories. Although these issues are not pertinent to all 

models, understanding the effect of convection-parameterisation schemes on geopotential 

maxima and phase-space results, particularly TU, requires a systematic investigation across 
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multiple high-resolution models, contrasting simulations run using parameterised versus 

explicitly resolved convection. 

 

 

 

Fig. S2. Sensitivity of ET-completion location in reanalyses to published methodological 

approaches. Results are shown for (a) the North Atlantic (‘NAtl’) and (b) the Western North 

Pacific (‘WNPac’). ‘Conventional’ (square markers) refers to the commonly used definition of 

ET completion: the first timestep at which both B and TL indicate an extratropical structure. 

The other markers indicate a single modification of this definition. ‘S’: a 24-hour temporal 

smoothing of B and TL trajectories was applied. ‘M’: ET completion is only identified where B 

and TL criteria are satisfied for four consecutive timesteps. ‘V’: ET completion is only 
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identified for storms whose lifetime-maximum intensity exceeds 17 ms-1. ‘WC’: a warm core 

lasting for at least two days is first identified for each storm and ET completion is identified 

thereafter. Overlain are contours of climatological-mean Eady growth rate maxima for August–

November in units of day-1, computed using ERA5 wind and geopotential data using Eq. 4. 
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Fig. S3. Historical ensemble-mean track density simulated in low- and high-resolution (a–b) 

highresSST-present and (c–d) hist-1950 experiments. Unit is cyclone transits per year per unit 

area (within a 5º geodesic radius of storm centres). Colour scale is the same as in Fig. 1a. 
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Fig. S4. Historical ensemble-mean track density biases (compared with multireanalysis-mean 

track density) simulated in low- and high-resolution (a–b) highresSST-present and (c–d) hist-

1950 experiments. Unit is cyclone transits per year per unit area (within a 5º geodesic radius 

of storm centres). Colour scale is the same as in Fig. 1c, e. 
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Fig. S5. Historical ensemble-mean August-November SST difference between low- and 

high-resolution hist-1950 simulations. The low- and high-resolution sub-ensembles 

correspond to those of Fig. 1. Note the non-linear colour scale. 
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Fig. S6. Historical seasonal cycle of ET % in the (a) North Atlantic and (b) Western North 

Pacific basins. Shown are the multireanalysis mean (black with shading indicating standard 

error) and low- (solid) and high-resolution (dashed) highresSST-present simulations. (c–d) The 

difference between the future and historical seasonal cycles in ET % (i.e., highresSST-future 

minus highresSST-present). HadGEM3-GC3.1-MM is indicated by the dot-dashed line. 
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Fig. S7. Same as Fig. S6 but for fully coupled simulations. HadGEM3-GC3.1-MM and -HH 

are indicated by the dot-dashed and dotted lines, respectively. 
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Fig. S8. Secular change in the ensemble-mean proportion of ET events occurring during 

August–November in reanalyses (red) and in low- (pale blue) and high-resolution (dark blue) 

fully coupled simulations for (a) the North Atlantic and (b) the Western North Pacific basins. 

Shading shows the 95 % confidence interval for the linear fit. ECMWF-IFS is not included in 

this analysis because no future simulations were performed in HighResMIP for this model. 


