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Figure S1. Applying Gaussian smoothing on rectangular grids, using a line of circular blobs as a test case. 

 

 

 



 
 

Figure S2. Distributions of measured abruptness for large samples of time series with abrupt events. 
Each row shows a case for the time series properties mentioned on the left side, with the first column 
showing one realisation. Each of the other diagrams shows the full distributions of abruptness as box-
and-whisker plots for step sizes from 0 to 10. The parameters of the abruptness measure used are 
stated on top and apply to each column.  
 



 
Figure S3. Total lengths of edges detected in integrated water vapour from ERA5 for 1998-2007 in the 
East Pacific. Only edges connected to the main land between 32.5°N and 52.5°N are counted. Red lines 
indicate the events reported by Neiman et al. (2008) and Dettinger et al. (2011), based on the 
magnitude of the water vapour field (not the gradients) and additional geometric criteria. 

 

 



 

Figure S4. Calibration of space-to-time aspect ratio for April temperature in the piControl simulation of 
MPI-ESM-LR. Each blue dot stands for one grid cell that is part of an edge. Its position on the vertical 
axis is the time gradient, its position on the horizontal axis is the spatial gradient. For each of these two 
types of dimensions, the green lines show the 3rd quartile of the distribution of the absolute value of 
gradients, the red lines show the maximum absolute value (mirrored from the positive to the negative 
part of the axis). a) Spatial versus temporal gradients in the original data, b) recalibrated data based on 
the 3rd quartile of the gradients’ distributions. The two black circles mark the hysteresis thresholds. 

 



 

Figure S5. Selected extreme temperature events in the ERA5 record for summer (June, July, August) 
2000-2018. Left: normalised temperature Tn, right: cumulative sum of Tn. Red vertical lines mark the 
edge (here: step change over time) with the largest abruptness at each specific grid cell. The detected 
events are: 2003 heat wave in Southern France (a,b), 2003 heat wave in Southern Italy (c,d), 2004 heat 
wave in Alaska (e,f), 2010 heat wave in Western Russia (g,h; same time series as in Fig. 6), and 
2015/16 El Niño in the Eastern Pacific (i.j). 



Figure S6. Spatially smoothed LAI distribution for July 1981, including oceans due to the tapering 
approach. The figure illustrates an intermediate step between Fig 3a and 3b. 

 

 
Figure S7. Distribution of spatial and temporal gradients of edges found for the artificial test case. Each 
dot is one pixel in space and time identified to be part of an edge. The size of the dots scales with 
abruptness in all Figures, while the colour represents a) abruptness, b) year, c) latitude, d) longitude. 

The labels point out which edges in Fig. 4 the data clouds are associated with. The slope of the black 
dotted line represents the velocity of the moving edge in the Northern hemisphere on its way North. 
 
 

 



 

 

 
Figure S8. Distribution of spatial and temporal gradients of all edges in MPI-ESM-LR for April 
temperature. Each dot is one pixel in space and time identified to be part of an edge (like in Fig. S7). The 
size of the dots scales with abruptness in all Figures, while the colour represents a) abruptness, b) year, 

c) latitude, d) longitude. 
 

 
 
 
 
 

 
Figure S9. Diagnostic maps for the analysis of April temperature in MPI-ESM-LR. a) anomaly of the 

maximum absolute temporal gradient, b) maximum of abruptness c) year in which transition with largest 
abruptness occurs.  
 

 

 

 



 

Figure S10. Histograms of gradients over time for April temperature in MPI-ESM-LR (involving space and 
time components, based on 75%ile calibration). a) pre-industrial control simulation. The upper and lower 
threshold are shown as horizontal blue lines. 

 

 

 

 

 

 

 

 

 

 

 
 



Table S1. Comparison of detected atmospheric rivers according to our edge detector with the 

atmospheric rivers as defined in Dettinger et al., (2011), here D11. 

 
 

 

 

 

 
Table S2 True-positive rates and false-positive rates (in brackets) of detected edges in two different 
geographical regions of the testcase dataset, and for different levels of smoothing and four types of 
background noise. The hysteresis thresholds were 1 and 0.5 of the maximum signal in the control data. 
Results with true positive rates above 95% are shown in green; results without any detected edges are 
shown in grey. 

 
 
 
 
 
 
 
 

 
 
 
 

minimum length of 

edges (km)

total number of 

days with edges

dates in D11 matching 

detected edges (%)

detected dates 

matching D11 (%)

dates in D11 matching 

detected edges (%)

detected dates 

matching D11 (%)

100 2813 (77.1%) 98.6 34.3 98.8 45.9

500 1925 (52.7%) 95.4 42.2 96.9 52.3

1000 1314 (36%) 89.0 48.0 93.0 56.5

2000 649 (17.8%) 70.6 57.2 76.6 63.6

3000 353 (9.7%) 50.7 64.3 56.3 67.7

4000 192 (5.3%) 34.4 69.3 40.4 71.4

Largest mismatch: 1 day Largest mismatch: 2 days

Moving spatial edge (edge 2) Tipping point (edge 3)

σS (km) σS (km)

σT (yr) 0 100 300 1000 σT (yr) 0 100 300 1000

stochastic white noise, 

noise level: 1

0 0.00 (1.15e-03) 0.00 (0.00e+00) 0.73 (1.22e-03) 0.45 (6.53e-03) 0 0.95 (3.73e-04) 1.00 (2.80e-05) 1.00 (0.00e+00) 1.00 (7.19e-03)

1 0.00 (6.43e-05) 0.19 (1.24e-03) 0.77 (1.14e-03) 0.47 (6.82e-03) 1 0.99 (1.90e-04) 1.00 (2.44e-05) 1.00 (0.00e+00) 1.00 (7.49e-03)

3 0.81 (1.86e-03) 0.84 (1.22e-03) 0.86 (7.55e-04) 0.51 (7.49e-03) 3 0.91 (2.04e-03) 0.98 (2.81e-04) 1.00 (6.69e-05) 0.95 (1.02e-02)

10 0.82 (4.37e-03) 0.89 (2.11e-03) 0.97 (5.14e-04) 0.70 (5.76e-03) 10 0.49 (9.22e-02) 0.75 (4.26e-02) 1.00 (6.38e-03) 0.68 (1.81e-02)

stochastic white noise, 

noise level: 0.1

0 0.20 (4.02e-03) 0.62 (3.19e-03) 0.78 (2.02e-04) 0.45 (6.47e-03) 0 1.00 (0.00e+00) 1.00 (0.00e+00) 1.00 (4.32e-04) 1.00 (1.32e-02)

1 0.65 (3.37e-03) 0.80 (5.12e-04) 0.81 (2.11e-04) 0.47 (6.76e-03) 1 1.00 (0.00e+00) 1.00 (0.00e+00) 1.00 (6.65e-04) 1.00 (1.39e-02)

3 0.89 (2.39e-04) 0.89 (2.35e-04) 0.89 (2.32e-04) 0.51 (7.60e-03) 3 1.00 (2.67e-06) 1.00 (1.60e-05) 1.00 (1.85e-03) 0.95 (1.77e-02)

10 0.99 (5.77e-04) 0.99 (1.50e-04) 1.00 (0.00e+00) 0.71 (5.59e-03) 10 1.00 (1.70e-02) 1.00 (4.90e-03) 1.00 (4.06e-03) 0.68 (1.81e-02)

modelled background

variability, noise level: 1

0 0.00 (0.00e+00) 0.00 (0.00e+00) 0.00 (0.00e+00) 0.00 (6.58e-05) 0 0.00 (0.00e+00) 0.00 (0.00e+00) 0.47 (5.27e-03) 0.73 (6.17e-03)

1 0.00 (0.00e+00) 0.00 (0.00e+00) 0.00 (0.00e+00) 0.00 (6.60e-05) 1 0.00 (0.00e+00) 0.00 (0.00e+00) 0.50 (5.45e-03) 0.73 (6.56e-03)

3 0.00 (0.00e+00) 0.00 (0.00e+00) 0.00 (0.00e+00) 0.00 (4.25e-05) 3 0.00 (0.00e+00) 0.61 (4.68e-03) 0.69 (3.77e-03) 0.72 (8.02e-03)

10 0.85 (2.80e-03) 0.85 (2.79e-03) 0.82 (3.43e-03) 0.49 (9.88e-03) 10 0.46 (1.30e-02) 0.47 (1.23e-02) 0.50 (1.26e-02) 0.35 (2.28e-02)

modelled background 

variability, noise level: 0.1

0 0.20 (4.82e-03) 0.49 (2.79e-03) 0.77 (3.09e-04) 0.45 (6.47e-03) 0 1.00 (0.00e+00) 1.00 (0.00e+00) 1.00 (0.00e+00) 1.00 (7.55e-03)

1 0.67 (3.01e-03) 0.79 (6.04e-04) 0.81 (2.99e-04) 0.47 (6.77e-03) 1 1.00 (0.00e+00) 1.00 (0.00e+00) 1.00 (3.17e-05) 1.00 (7.76e-03)

3 0.89 (2.69e-04) 0.89 (2.70e-04) 0.89 (3.24e-04) 0.51 (7.52e-03) 3 1.00 (0.00e+00) 1.00 (0.00e+00) 1.00 (4.20e-04) 0.95 (1.01e-02)

10 0.99 (2.05e-04) 0.99 (1.35e-04) 1.00 (1.17e-05) 0.69 (6.05e-03) 10 1.00 (0.00e+00) 1.00 (0.00e+00) 1.00 (5.58e-03) 0.68 (1.66e-02)



Table S3. True-positive rates and false-positive rates (in brackets) of detected edges in in two different 

geographical regions of the testcase dataset for different hysteresis thresholds and four types of 
background noise. fu and fl represent the fraction of the maximum signal in the control simulation that 
was used as upper and lower threshold, respectively. The smoothing scales were_ϭt = 10 years and ϭx = 

300 km. Results with true positive rates above 95% are shown in green; results without any detected 
edges are shown in grey. 
 
 

 
 
 

f_u f_u

f_l 1 0.5 0 f_l 1 0.5 0

1 0.99 (1.19e-04) 1 1.00 (3.73e-03)

0.5 0.99 (1.19e-04) 0.99 (1.41e-04) 0.5 1.00 (6.38e-03) 1.00 (8.51e-03)

0 0.99 (5.26e-02) 0.99 (8.44e-02) 0.99 (9.02e-02) 0 1.00 (9.80e-03) 1.00 (1.43e-02) 1.00 (1.38e-02)

1 1.00 (0.00e+00) 1 1.00 (4.06e-03)

0.5 1.00 (0.00e+00) 1.00 (2.80e-04) 0.5 1.00 (4.06e-03) 1.00 (4.06e-03)

0 1.00 (4.53e-02) 1.00 (4.54e-02) 1.00 (8.00e-02) 0 1.00 (4.06e-03) 1.00 (4.06e-03) 1.00 (4.06e-03)

1 0.92 (1.57e-03) 1 0.50 (1.16e-02)

0.5 0.92 (1.57e-03) 0.92 (2.55e-03) 0.5 0.50 (1.26e-02) 0.50 (1.30e-02)

0 0.92 (3.17e-02) 0.92 (3.29e-02) 0.92 (5.96e-02) 0 0.50 (2.40e-02) 0.50 (2.61e-02) 0.50 (3.32e-02)

1 1.00 (1.17e-05) 1 1.00 (3.20e-03)

0.5 1.00 (1.17e-05) 1.00 (8.45e-04) 0.5 1.00 (5.58e-03) 1.00 (5.64e-03)

0 1.00 (1.17e-05) 1.00 (2.83e-02) 1.00 (5.27e-02) 0 1.00 (5.89e-03) 1.00 (5.89e-03) 1.00 (5.90e-03)


