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This supporting information provides details on the process of choosing proper cluster numbers, 

the sensitivity of clustering to the domain size, and composite circulations of separately 

clustering circulations at 200 hPa and 850 hPa. 

Choosing proper cluster numbers 

Both objective and subjective approaches were used to decide proper cluster numbers. 

Objectively, two methods were used. First, we checked the change of the total within-

cluster variance (TWV) with the number of clusters, where one should choose a cluster number 

so that adding another cluster does not much decrease the TWV. As shown in Fig. S1a (black 

line), TWV decreases significantly when the number of clusters increases from 2 to 3, and 

decreases slowly afterwards, making 3 a compelling choice. Second, we calculated the Caliński-

Harabasz index (CHI; Caliński and Harabasz 1974) as a function of the cluster number. The CHI 

is defined as 
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where N is the number of samples, Cq the set of samples in cluster q, cq the center of cluster q, c 

the center of all samples, and nq the number of samples in cluster q. It measures the ratio of 

between-clusters dispersion mean to the TWV, and a higher CHI is related to a model with better 

defined clusters. Although CHI at k = 2 is the largest, CHI at k = 3 is quite close to it (red line in 

Fig. S1a). Therefore, the two methods together conclude that 3 is the optimal choice for the 

number of clusters that represent circulations at 200 hPa and 850 hPa. 

 Subjectively, we checked composite circulations from two and four clusters. Compared 

with results of three clusters, results of two clusters could not resolve the difference in the 



strength of the jet stream at 200 hPa, whereas results of four clusters generally subdivided results 

of three clusters and could not reveal more unique characteristics in the circulation. 

Sensitivity to the domain size 

 The sensitivity of circulation clustering to the domain size was tested by extending the 

domain westward and northward to include more upstream circulation. As shown in Figs. S4–S5, 

extending the domain by 2 degree and 4 degree in both directions yield little change to composite 

circulations at both levels as compared with Fig. 4 in the main manuscript. Thus, it is concluded 

that the chosen domain (30°N–54°N; 94°W–55°W) is sufficiently large to represent circulations 

associated with extreme snow storms affecting the northeast United States. 

Composite circulations of separately clustering circulations at 200 hPa and 850 hPa 

As shown in Fig. S1, TWV at 200 hPa decreases significantly when the number of 

clusters increases from 2 to 3 and decreases slowly afterwards, while CHI presents a clear peak 

at k = 3 (Fig. S1b); and TWV and CHI at 850 hPa both show the peak at k = 2 (Fig. 1c) and 

decrease slowly with the increasing k. Therefore, it is concluded that three and two clusters are 

needed to represent circulation at 200 hPa and 850 hPa, respectively. 

 Composite circulations at two levels are given in Fig. S6. The upper-level circulations 

are almost the same as those from the multivariate clustering shown in the main manuscript, 

while the lower-level circulations present an inland trough and a closed cyclone over the ocean. 

Aa, Ba and Cb are dominating in both the observation and the simulation, having the occurrence 

frequency of 39, 35 and 19 in the observation, respectively, and 17, 54 and 13 in the simulation, 

and they are comparable to the three circulation types from multivariate clustering. The rest 

types, Ca, Ab and Bb, are much scarce in the observation or the simulation or both, with the 

occurrence frequency of 9, 2 and 6 in the observation and 15, 1 and 5 in the simulation. This 

implies that these regimes are physically unlikely. 
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Figures 

 

Fig. S1. The total within-cluster variance (TWV; black) and the Caliński-Harabasz Index (CHI; 

red) of K-Means clustering at two levels as a function of the number of clusters (k). In the left 

column, geopotential height anomalies at 200 hPa and 850 hPa are clustered using multivariate 

clustering; and in the right column, geopotential height anomalies at two levels are clustered 

separately.  

  



 

Fig. S2. Composite circulations associated with extreme snowfall in the observation, where two 

types are composited for the combination of geopotential anomalies at 200 hPa and 850 hPa. The 

purple lines represent contours of geopotential height that are plotted every 100 m at 200 hPa and 

every 20 m at 850 hPa, while the shadings indicate the U wind (m s-1) at 200 hPa and the specific 

humidity at 850 hPa (g kg-1). Black circles in the figure and Figs. S3–S6 indicate the 50-km 

boundaries around centers of four cities. Numbers above each row give occurrence frequency of 

individual circulation types in the ERA data. 

  



 

Fig. S3. As Fig. S2, but four types are composited.  

  



 

Fig. S4. As Fig. S2, but three types are composited and the domain is extended westward and 

northward by 2 degree (30°N–52°N; 92°W–55°W). 

  



 

Fig. S5. As Fig. S2, but three types are composited and the domain is extended westward and 

northward by 4 degree (30°N–54°N; 94°W–55°W). 

  



 

Fig. S6. As Fig. S2, but circulations at 200 hPa and 850 hPa are separately clustered, with three 

types at the upper level (denoted with upper-case characters: A, B and C) and two types at the 

lower level (denoted with lower-case characters: a and b). Numbers at upper left corners give 

occurrence frequency of individual circulation types in the ERA data (before the slash) and the 

HiRAM data (after the slash). 


