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Introduction 

Text S1 describes the method used in section 3.4 to decompose AR trends into a dynamical component and a 

thermodynamic component. Figure S1 shows the time series of the number of days per season and the number of 

hours per season with at least one extreme warming event defined at the grid-point scale occurred poleward of 80°N. 

Figure S2 shows the spatial distribution of the total number of hours with T2m >= 0℃ for all winters during 1979-

2021.  Figure S3 shows the climatology of surface sensible heat flux and latent heat flux during winter of 1979-

2021.  Figure S4 shows the temporal evolution of T2m anomalies and integrated water vapor transport (IVT) for 

extreme warming events. Figure S5 shows the trends in AR frequency and its dynamical and thermodynamic 

component. Figure S6 shows the trends in the column-integrated water vapor (IWV) and the 850 mb wind 

magnitude.  

Text S1: 

Following Ma et al. (2020), a scaling method is applied to the IVT to decompose the total AR trends into a 

dynamical component, which is driven by changes in the atmospheric circulation, and a thermodynamic component, 

which is due to changes in the moisture field. To obtain the dynamical component, the specific humidity at each grid 

point (3-dimential location) and time is scaled by a scaling factor 
𝑞𝑐

𝑞𝑚
, where 𝑞𝑐 and 𝑞𝑚 are the winter climatological 

specific humidity and the seasonal mean specific humidity at a given season, respectively, at the same grid location 

to which this scaling factor applies. The scaled specific humidity is then combined with the wind field to calculate a 

scaled IVT. The scaled IVT along with the IVT threshold based on the original IVT are then used as input for the 

AR detection algorithm. This scaling method suppresses the interannual variability in the moisture field. Trends in 

the AR statistics based on the scaled IVT can thus be treated as the trends driven by changes in circulation, namely 

the dynamical trend. The difference between the total trend and the dynamical trend is then treated as the 

thermodynamic trend.   

 

Figure S1. Time series of (a) the number of days per season and (b) the number of hours per season with at least one extreme 

warming event defined at the grid-point scale occurred poleward of 80°N. The trends in both time series are positive with 

magnitude of 6.8 days per season per decade and 114 hours per season per decade, respectively. Both trends are significant at the 

0.05 level based on the Student’s t-test. 

 



 

 

 

 

Figure S2. Spatial distribution of the total number of hours with T2m >= 0℃ for all winter during 1979-2021. The magenta 

contour outlines the regions that have ever experienced T2m >= 0℃. 

 

Figure S3. The climatology of (a) sensible heat flux and (b) latent heat flux during winter of 1979-2021. Overlaid are the 

climatological 50% sec ice concentration contour (in black) and the 50% sea ice concentration contour averaged over all extreme 

warming events (in red). Positive values indicate the flux is directed downward toward the surface. 

 



 

Figure S4. Temporal evolution of the T2m anomalies and IVT for (a) all the extreme warming events, (b) short duration events 

equatorward of 83°N, (c) short duration events poleward of 85°N, (d) and long duration events. The shading denotes the 

anomalies significant at the 0.05 level based on the Student’s t-test. 

 

 

 

 

Figure S5. Spatial distribution of trends in (a) AR frequency, (b) the dynamical component and (c) the thermodynamic 

component. Stippled areas indicate trends significant at the 0.05 level based on the Student’s t-test. The solid line contours show 

the climatology of the winter AR frequency (%). 

 



 

Figure S6. Spatial distribution of trends in (a) IWV and (b) 850 mb wind speed. Stippled areas indicate trends significant at the 

0.05 level based on the Student’s t-test. 
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