
 

Article 1 

The role of synoptic cyclones for the formation of 2 

Arctic summer circulation patterns as clustered by 3 

self-organizing maps 4 

Min-Hee Lee 1 and Joo-Hong Kim 1,* 5 

1 Korea Polar Research Institute, 26, Songdomirae-ro, Yeonsu-gu, Incheon 21990, Korea; mhlee@kopri.re.kr 6 
* Correspondence: joo-hong.kim@kopri.re.kr 7 

 8 

Abstract: The contribution of extra-tropical synoptic cyclones to the formation of summer-mean 9 
atmospheric circulation patterns in the Arctic is investigated by clustering the dominant Arctic 10 
circulation patterns by the self-organizing maps (SOMs) using the daily mean sea level pressure 11 
(MSLP) in the Arctic domain (≥ 60°N). Three SOM patterns are identified: one with prevalent low 12 
pressure anomalies in the Arctic Circle (SOM1) and two opposite dipoles with primary high 13 
pressure anomalies covering the Arctic Ocean (SOM2 and SOM3). The time series of summertime 14 
occurrence frequencies demonstrate the largest inter-annual variation in the SOM1, the slight 15 
decreasing trend in the SOM2, and the abrupt upswing after 2007 in the SOM3. The relevant 16 
analyses with produced cyclone track data confirm that the vital contribution. The Arctic cyclone 17 
activity is enhanced in the SOM1 because the meridional temperature gradient increases over the 18 
land–Arctic Ocean boundaries co-located with major cyclone pathways. The composite daily 19 
synoptic evolutions for each SOM reveal that the persistence of all the three SOMs is less than 5 days 20 
on average. These evolutionary short-term weather patterns have substantial variability at inter-21 
annual and longer timescales. Therefore, the synoptic-scale activity is central to forming the 22 
seasonal-mean climate of the Arctic. 23 

Keywords: Arctic summer circulation patterns, Extra-tropical synoptic cyclones, Self-organizing 24 
maps (SOMs), Cyclone detection and tracking 25 

 26 

1. Introduction 27 

Low-frequency atmospheric circulation modes in the Arctic (e.g., the Arctic Oscillation (AO), 28 
Dipole Anomaly (DA), etc.) have been of high interest as a controlling factor of the spatio-temporal 29 
sea-ice variability [1–3], as it could have been investigated in various methods through relatively 30 
more abundant atmospheric data sources, compared with the ocean circulation pattern. Among 31 
seasons, the summer circulation pattern has been paid attention as its temporal proximity to the 32 
September sea-ice minimum [4–9]. However, earlier preconditioning factors during previous winter 33 
and spring have been also attracted much attention due to their value for long-lead seasonal 34 
prediction [10–12]. 35 

The summer season is known to be the most synoptically active in the Arctic Ocean [13–15]. As 36 
high-latitude sea-ice and snow gradually disappear by seasonal warming, the meridional thermal 37 
contrast between the land and ocean preferentially forms the baroclinic frontal zone along the land-38 
ocean boundary [16]. As a result, the summer in the Arctic Ocean is stormier than the winter, by local 39 
cyclogenesis, as well as by migratory mid-latitude cyclones [14]. Therefore, the Arctic cyclone itself 40 
and its role in controlling sea-ice have been critical topics to understand the Arctic summer [17–19]. 41 

In a scale interaction perspective, the Arctic is a singular region where the zonal scales from 42 
synoptic to planetary merge, due to reduced length of latitudinal circles. If a strong synoptic 43 
cyclone/anticyclone persists or synoptic cyclones/anticyclones frequently pass near the pole, it can 44 
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directly contribute to the low-frequency (i.e., monthly-to-seasonal) large-scale circulation pattern 45 
therein [13,14,20]. [14] showed that the cyclone activity is dominant during the cyclonic summer sea 46 
level pressure pattern through the composite analysis and case investigation. On the other hand, [20] 47 
revealed that the episodic synoptic anticyclones in the Arctic favor anticyclonic summer seasonal 48 
circulation that accounts for more summer sea-ice melting. 49 

As described above, previous studies suggested that the accumulation of synoptic events is 50 
relevant for generating a preferred pattern of seasonal circulation in the Arctic, but none of them tried 51 
to investigate the quantitative contribution of synoptic cyclones to individual summer-mean large-52 
scale circulation patterns in the Arctic. Accordingly, the detection and tracking of extra-tropical 53 
synoptic cyclones are carried out to quantify cyclone activity and relate it with the summer-mean 54 
Arctic circulation patterns. We also need to identify the summer-mean Arctic circulation patterns 55 
with a relevant pattern classification method. Among methods, we adopt the self-organizing maps 56 
(SOMs) which has been proven to effectively distinguish the representative patterns from the large 57 
climate data set [21–24]). [21] have identified the continuum of El Niño–Southern Oscillation (ENSO)-58 
related sea surface patterns. [22] have used for distinguishing the shift of atmospheric jet that are not 59 
separated by empirical orthogonal functions (EOFs). In addition, the SOMs have been used to 60 
distinguish the patterns related to the variabilities of the winter cold extremes over North America 61 
and Europe [23] and the summer hot extremes over the Northern Hemisphere [24]. These studies 62 
have concluded that the clusters derived from the SOMs are more accurate and linearly independent 63 
than those from commonly used hierarchical cluster analysis. 64 

This study is structured as follows. Section 2 provides the descriptions of the data and analysis 65 
methods including the SOM clustering, detection and tracking of synoptic cyclones and grid-cell 66 
representation of cyclone activity. Section 3 presents the representative SOM patterns of Arctic large-67 
scale surface circulation during summer and their inter-annual variations. Furthermore, associated 68 
with individual SOM patterns, this section also shows the synoptic cyclone activities, the analyses 69 
relevant to the cyclone development and the daily synoptic evolution of large-scale circulation in the 70 
Arctic. Finally, summary and discussions are given in Section 4. 71 

2. Data and Methods  72 

2.1. Data 73 

This study primarily used the atmospheric fields of the European Centre for Medium-Range 74 

Weather Forecasts Interim Reanalysis (ERA-Interim) dataset [25] with the 1.5°1.5° horizontal 75 
resolution during boreal summer (June-July-August, JJA) of 1979–2017. The SOM clustering 76 
algorithm utilized the daily mean sea level pressure (MSLP) field with its climatological-mean of 1-77 
2-1 smoothed daily seasonal cycle being removed. The further atmospheric analyses corresponding 78 
to SOM clusters were carried out with the horizontal winds, temperatures, and geopotential heights 79 
between 850 hPa and 200 hPa. For storm detection, the 6-hourly fields of the MSLP and 850-hPa 80 
relative vorticity were used as the input for the storm detection algorithm used (see Section 2.3).  81 

2.2. Self-organizing maps (SOMs) 82 

The SOM algorithm is one of the clustering methods, which originates form neural networks 83 
(refer to the appendix in [26] for more details). Because it is based on the K-means clustering, it 84 
classifies data into a specified number of clusters through supervised machine learning. It differs 85 
from the other clustering methods in that it relocates the resultant clustering patterns onto a one- or 86 
two-dimensional grid based on the pattern similarity between clusters [27]. This ad-hoc relocation 87 
enables us to describe a continuum of atmospheric circulation regimes [21,26,28]. 88 

During the training period, individual data are partitioned into a particular SOM pattern to 89 
which the Euclidean distance from the data is minimum. Here it means that each daily MSLP pattern 90 
should have its best-matching SOM pattern. Naturally the two patterns match better as the 91 
predefined number of SOM patterns increases, but too large numbers of SOM clusters are less useful 92 
for clearly identifying the different physical modes in the data. Therefore, it is generally 93 
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recommended to determine the optimal number of SOM patterns by satisfying the following two 94 
conditions; (1) the number of SOM patterns is large enough to accurately capture the physical 95 
characteristics of the data, and, at the same time, (2) it needs to be sufficiently small so that the clusters 96 
are distinctive from each other. To find the optimal number of SOM patterns satisfying the both 97 
conditions, we compute (1) the average pattern correlations between the daily fields and their best-98 
matching SOM pattern [22] and (2) the distance between different cluster pairs (d: Ward’s linkage 99 
distance) using the following definition as in [24]: 100 

 101 

𝑑(𝑟, 𝑠) = √
2𝑛𝑟𝑛𝑠

(𝑛𝑟+𝑛𝑠)
‖�̅�𝑟 − �̅�𝑠‖2                                                     (1) 102 

where nr and ns are the number of elements in clusters r and s, respectively, and �̅�𝑟  and �̅�𝑠 are the 103 
centroid patterns of clusters r and s, respectively. The equation was obtained from the concept of 104 
Ward’s linkage, which computes the merging cost of two clusters in a hierarchical cluster method. 105 
According to previous studies [24,29], this concept can be applied to measure the distinctiveness 106 
between clusters. 107 

 108 
Figure 1. Ward linkage distances between SOM patterns (open circle, left y-axis), and average pattern 109 
correlations of the daily MSLP fields with their best-matching SOM pattern (closed circle, right y-axis) as a 110 
function of a single-column SOM grid. 111 

2.3. Cyclone tracking and gridding 112 

For detection and tracking extra-tropical cyclones, the method of [30] is used without the criteria 113 
for tropical cyclone detection. Detecting cyclone centers in the Northern Hemisphere extra-tropics 114 
(north of 30°N) comprises the following three criteria: 1) a local maximum of the 850-hPa relative 115 
vorticity larger than 2.0×10-5 s-1 within each 11×11 grid window, 2) the closest local minimum of the 116 
MSLP within a 400 km radius of the local vorticity maximum found from 1), and 3) the MSLP increase 117 
by at least 15 Pa in all directions within a 500 km distance from the local pressure minimum found 118 
by 2). Followed by detecting all cyclone centers, the tracking procedure creates the temporal 119 
movement of the detected cyclones by the technique to determine the most probable migrated 120 
position at the next time step. The procedure has three steps as follows: 1) Detected cyclone centers 121 
are picked up within the circular tracking boundary (radius: 750 km) from a cyclone center at the 122 
previous time step. 2) In case of picking up one center within the boundary, it is taken as the migrated 123 
cyclone position. If there exist multiple centers, the algorithm gives priority to the nearest center in 124 
the front semicircle towards the moving direction of the cyclone, but if not, the nearest one regardless 125 
of the direction is chosen. If no cyclones are detected within the boundary, the algorithm stops 126 
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tracking that cyclone. 3) Among the output data of cyclone tracks, those with lifetime shorter than 127 
1.5 days are discarded. Then the remaining cyclone tracks are archived to the final cyclone track 128 
database. 129 

Transforming cyclone tracks into grid-cell counts has a merit for clearly presenting the 130 
distribution of cyclone activity [31]. Due to a singularity near the pole, we construct equidistant grid-131 
cells with 500 km by 500 km centering on the pole, rather than conventional latitude-longitude grid-132 
cells. The gridded spatial distribution is constructed for each summer. Then the gridded data are used 133 
for yielding climatology or composite. In this study, the grid-cell cyclone frequency is shown for the 134 
spatial distribution of cyclone activity, which is defined by counting only once when a cyclone enters 135 
that grid 136 

3. Results 137 

3.1. SOM patterns of the summer MSLP in the Arctic 138 

The SOM analysis is applied to the daily summer MSLP fields over the Arctic domain (north of 139 
60°N) for the period of 1979-2017. Repeated SOM analyses are carried out with varying SOM grids 140 
from (21) to (101). As described in Section 2.2, the optimal number of SOM clusters need to be 141 
objectively determined, because distinctive atmospheric circulation patterns are the bases for 142 
comparing the features of cyclone activity among the patterns. Here we follow the selection method 143 
by Lee et al. (2017). As the number of SOM patterns increases, the mean pattern correlations (grey 144 
line) increase, while the Ward’s linkage distances (black line) decrease (Figure 1). The significant test 145 
with Monte Carlo random resampling reveals that the mean pattern correlations for all SOM grids 146 
are statistically significant at the 5% level. However, the decreasing tendency of Ward’s linkage 147 
distances is appreciably slower when the SOM number increases from (31) to (41). This is an 148 
indication that the (31) grid can be the lowest optimal number enough to yield distinct SOM patterns 149 
[24]. We therefore select the (31) grid as the appropriate number of SOM patterns classifying the 150 
summer atmospheric circulation in the Arctic. 151 

 152 

 153 
Figure 2. The SOM patterns of MSLP anomalies (hPa, top) and their time series of seasonal frequency of 154 
occurrences (day number, bottom) per summer. The percentage for each SOM indicates the occurrence 155 
frequency of that SOM pattern for 3588 days of boreal summers during 1979–-2017. The dotted lines 156 
delineate the selected core areas for yielding the cyclone activity indices used in Table 2 (SOM1: positive 157 
core ≥ 1 hPa, negative core ≤ −2 hPa, SOM2: positive core ≥ 2 hPa, negative core ≤ −2 hPa, SOM3: positive 158 
core ≥ 2 hPa, negative core ≤ −1 hPa). 159 
 160 
Figure 2 shows spatial patterns of three SOMs (SOM1, SOM2 and SOM3) and time series of their 161 

individual occurrence frequencies for each summer (i.e., JJA). The frequency of occurrence was 162 
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obtained by counting the number of days showing the best match with a particular SOM pattern. It 163 
is found that the three SOMs almost evenly divide the summer days, indicative of three major 164 
patterns in the Arctic summer MSLP. The SOM1 shows that the negative MSLP anomaly prevails 165 
over the Arctic Ocean, except over the northern Europe, and its frequency of occurrence largely 166 
fluctuates year-to-year for the whole period (Figure 2a). The pattern resembles the polar branch of 167 
the AO during its positive phase [2, 5]. 168 

Next the SOM2 represents the dipole anomaly (DA) between the Atlantic Arctic sector and the 169 
Eurasian Arctic–Canada Basin sector (Figure 2b). Although this summertime DA of the SOM2 has a 170 
node slightly rotated counterclockwise, compared with the summertime DA of Figure 2d in [3] 171 
derived from the empirical orthogonal function (EOF) analysis, it is reasonable to say that our SOM2 172 
DA is qualitatively similar to the negative phase of the DA of [3]. Compared with the other SOM 173 
patterns, the SOM2 has relatively lower inter-annual variability, as well as a slight decreasing trend. 174 

By contrast, the SOM3 appears a DA-like pattern which takes on a shape opposite to the SOM2, 175 
but the node of the DA exists along the Eurasian Arctic seas (Figure 2c). It is qualitatively similar to 176 
the positive phase of the DA of [3] related with the reduction of Arctic sea-ice, which represents the 177 
anomalous anticyclonic pattern prevailing over the Canada Basin [6,9,20]. Interestingly, an abrupt 178 
increase since 2007 has been shown in the time series of the SOM3 occurrence frequency, when a large 179 
decreasing jump occurred in the time series of Arctic sea-ice extent. 180 

The SOM-based clustered patterns in the Arctic MSLP have both similarities and discrepancies 181 
in the shape, compared with the previous EOF-based circulation patterns. The SOM analysis has 182 
advantages over the EOF analysis, in terms of its capability to yield asymmetric features and extract 183 
complex patterns [32]. Thus it is thought that the three SOM patterns reflect the real climate regimes 184 
in the summer surface atmospheric circulation of the Arctic. 185 

3.2. Cyclone activities associated with the SOMs 186 

Based on the three Artic surface circulation regimes (SOM1–3), here we try to identify the role 187 
of synoptic cyclone activity in forming individual circulation regimes. First, the composite maps of 188 
grid-cell cyclone frequency are constructed for the top five years with the high occurrence frequencies 189 
of individual SOMs. It is noted that the selection of years for composite uses the detrended time series. 190 
Table 1 lists the selected five years for each SOM pattern. The chosen five years for composite 191 
correspond to the top 12.5th percentile during the 39 years of 1979–2017. The results are insensitive 192 
to the number of chose years from the top four (10th percentile) to six (15th percentile) years (not 193 
shown). 194 

 195 
Table 1. The top five years used for composite selected from the detrended time series of occurrence 196 
frequencies for each SOM.  197 
 198 

SOM Top five years 

1 2006, 1983, 2017, 1994, 1989 

2 1979, 1990. 1985, 2004, 2013 

3 2015, 1980, 2007, 2011, 2009 

 199 
Figure 3 presents the resultant climatological distribution of extra-tropical cyclones for the 200 

period of 1979–2017 (3a) and the composite anomalies associated with the top five years of individual 201 
SOMs (3b–d). According to [14], summer cyclones in the Arctic can be developed within the Arctic, 202 
due to enhanced thermal contrast between land and the Arctic Ocean. Consistent with their study, 203 
the activity core over the Arctic Ocean is obvious, in addition to two mid-latitude cores in the North 204 
Pacific and North Atlantic Oceans (Figure 3a). 205 

The composite anomalies of grid-cell cyclone frequencies in the SOM1 high years show a 206 
remarkable increase over the central Arctic Ocean and Greenland–Norwegian seas (Figure 3a). 207 
Meanwhile, the cyclone frequencies in the mid-latitude North Atlantic and the Bering Sea, which are 208 
the regions where cyclone activity is climatologically frequent, tend to decrease in the SOM1 high 209 
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years. Considering the distribution of cyclone frequencies, the seasonal formation of the SOM1 210 
pattern is closely linked to the higher synoptic cyclone activity over the central Arctic Ocean and 211 
Greenland–Norwegian seas. The MSLP anomalies associated with the SOM2 pattern are 212 
characterized by the dipole pattern between the Eurasian Arctic–Canada Basin sector and the Atlantic 213 
Arctic sector (Figure 2b). Consistent with the circulation pattern, the composite anomalies of grid-cell 214 
cyclone frequencies also show the dipole with positive anomalies around Greenland and the 215 
Canadian Arctic Archipelago and negative anomalies in the Eurasian Arctic side during the SOM2 216 
high years (Figure 3c). During the SOM3 high years, the overall cyclone frequencies over the Arctic 217 
Ocean are significantly reduced (Figure 3d). Meanwhile, the cyclone frequencies in the mid-latitude 218 
North Atlantic and the Bering Sea increase, but those cyclones seem to seldom migrate into the Arctic 219 
Ocean. As the SOM3 pattern is the dipole dominated by the high pressure in the Arctic Ocean area 220 
(Figure 2c), it matches well with the SOM3 composite anomalies of grid-cell cyclone frequencies. 221 

 222 

 223 

Figure 3. Climatological map of cyclone frequencies (# year−1) for the period 1979–2017 (a) and their 224 
composite anomalies for the top five years selected from the detrended time series of occurrence frequencies 225 
for each SOM (b–d). The dots denote the grids where the anomaly is statistically significant at the 10% level 226 
by the Monte Carlo test. 227 
 228 
The comparison of spatial patterns (Figure 2 vs. Figure 3) qualitatively displays the relevance of 229 

synoptic cyclone activity to the formation of summer-mean circulation patterns in the Arctic. For 230 
statistically quantifying the contribution of cyclones over the entire analysis period, the temporal 231 
correlation analysis is performed using the time series of cyclone activity indices (i.e., frequency, 232 
duration, and mean intensity) and summer-mean MSLP. The positive and negative core areas of 233 
individual SOMs are selected for constructing the time series, which are based on the anomaly 234 
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patterns in Figure 2. The frequency is constructed by counting the number of cyclones passing the 235 
core area, while the duration multiply counts all 6-hourly cyclone positions for all cyclones within 236 
the core area, then dividing the number by 4 to express in units of days. The mean intensity is defined 237 
as the average of 6-hourly central pressure data for all 6-houly cyclone positions within the core area. 238 

 239 
Table 2. Correlation coefficients of the time series of summer-mean MSLP anomalies with three cyclone 240 
activity indices (i.e., frequency, duration and mean intensity) for the positive and negative core areas of each 241 
SOM (dotted lines in Figure 2). All the time series are obtained by averaging within individual core area. 242 
The significant correlations are denoted by one (p-value: 0.05) and two asterisks (p-value: 0.01) by the two-243 
sided Student’s t test. 244 
 245 

SOM Activity Core Frequency Duration Intensity 

1 
Positive −0.24 −0.32* 0.61** 

Negative −0.6** −0.72** 0.88** 

2 
Positive −0.45** −0.58** 0.75** 

Negative −0.43** −0.43** 0.68** 

3 
Positive −0.67** −0.70** 0.84** 

Negative −0.24 −0.28 0.50** 

 246 
 247 
The resultant correlation coefficients reveal that, among the indices, the mean intensity has the 248 

highest absolute correlations that are statistically significant at 5% level for all core areas of all SOM 249 
patterns (Table 2). This result stands to reason because the cyclone central pressure itself is the 250 
variable equivalent to the MSLP. Therefore the overall cyclone intensity is the most effective 251 
determiner of the seasonal-mean MSLP anomaly pattern in the Arctic. The duration is the second 252 
effective determiner and the frequency is the last, though in some cases (e.g., the negative core area 253 
of the SOM2, the positive core area of the SOM3) the frequency plays a significant role that is almost 254 
equivalent to the duration. Over the positive core area of the SOM1 and the negative core area of the 255 
SOM3, neither the frequency nor the duration of synoptic cyclones are effective indices for the 256 
formation of the seasonal-mean MSLP anomaly. However, these areas are not primary cores, but 257 
secondary in those SOM patterns (Figure 2). 258 

3.3. Large-scale fields relevant to the cyclone activity forming each SOM 259 

We have shown that the spatio-temporal variation of extra-tropical cyclones contributes 260 
significantly to the formation of the summer-mean circulation pattern in the Arctic. Now it is 261 
necessary to understand the large-scale atmospheric fields providing a background for their spatio-262 
temporal variation. As a primary energy source of extra-tropical cyclones, the baroclinic instability is 263 
modulated by the changes in the meridional temperature gradient (the vertical shear of horizontal 264 
winds), thus we display the composite anomalies of the 200-hPa zonal wind (U200) and skin 265 
temperature (Ts) for the top five years of individual SOMs (Figure 4). As an indicator of baroclinicity, 266 
the Eady growth rate and the vertical shear of zonal winds (200 minus 850 hPa) were also 267 
investigated, but the U200 is solely shown as it primarily determines both the Eady growth rate and 268 
the vertical wind shear. In the climatological pattern, the summer Ts around the Arctic Circle shows 269 
a large gradient between land and ocean, and the higher speed of U200 appears along the mid-270 
latitude jets (Figure 4a). 271 

For the SOM1 high years (Figure 4a), warm Ts anomalies are distributed over the Western 272 
Europe, Ural Mountains, Northern Territories of Canada, and far-eastern Russia, while weaker cold 273 
Ts anomalies are located north of those warm Ts anomalies. This indicates the stronger meridional 274 
temperature gradient and thus forms the positive U200 anomalies (i.e., the larger vertical shear of 275 
zonal winds) north of the warm Ts anomalies. The faster U200 prevails over the Arctic Ocean rim and 276 
the northern North Atlantic Ocean, leading to more frequent poleward migration of synoptic 277 
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cyclones from the North Atlantic Ocean as well as local cyclogenesis in the Arctic. Actually, this result 278 
for the SOM1 high years can be naturally expected because the areas of the faster U200 coincide with 279 
those with climatologically frequent cyclone activity such as the northern Russian coast, Canadian 280 
Arctic Archipelago, and northern North Atlantic Ocean (Figure 3a). 281 

Next, for the SOM2 high years (Figure 4b), there are two Arctic areas with warm Ts anomalies: 282 
one from the Barents Sea towards the Taymyr Peninsula in the far north of Russia and the other over 283 
Alaska, and also two Arctic areas with cold Ts anomalies: one over northeastern Russia and the other 284 
over the Canadian Arctic Archipelago. However, the anomalies are only statistically significant over 285 
the Barents Sea and northeastern Russia. Accordingly, the statistically significant U200 anomalies are 286 
also appreciable around those regions. Though not as clear as for the composite anomalies in the 287 
SOM1 high years, these overall U200 weakening surrounding the Eurasian Arctic could contribute to 288 
the less cyclone activity therein (Figure 3c). 289 

 290 

Figure 4. Same as Figure 3 except for the fields of Ts (shading, °C) and U200 (contour, m s−1). The dots and 291 
hatches respectively denote the grids of Ts and U200 where their anomalies are significant at the 5% level 292 
by the two-sided Student’s t test. 293 
 294 
Lastly, composite anomalies in the SOM3 high years partly show a state opposite to those in the 295 

SOM1 high years (Figure 4c). This means the reduced meridional temperature gradient and slower 296 
U200 surrounding the Arctic Ocean rim and the northern North Atlantic Ocean, resulting in less 297 
cyclone migration from the North Atlantic Ocean as well as overall reduced cyclogenesis in the Arctic 298 
(Figure 3d). 299 

3.4. Synoptic evolution associated with the SOMs 300 
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Given the significant role of synoptic cyclones in the formation of summer-mean Arctic 301 
circulation patterns as clustered by the SOMs, it would be informative to characterize the generalized 302 
daily evolution of synoptic activity for each SOM by constructing lead-lag composites based on the 303 
central days (i.e., lag day 0) of each SOM. The central days of a certain SOM are the best-matching 304 
days with the SOM pattern (Figure 2). Here consecutive days with the same SOM pattern is defined 305 
as a single event of that SOM. If there are two or more days of one SOM event, the best-matching day 306 
is selected among the days that has the smallest root mean square error (RMSE) between the daily 307 
MSLP anomaly pattern and the SOM pattern. Through this searching process, we identify 109 events 308 
of the SOM1, 112 of the SOM2, and 114 of the SOM3, respectively, for the period of 1979–2017. Prior 309 
to constructing lead-lag composites, 15-day moving averages are subtracted from the daily data in 310 
order to focus only on the synoptic-scale variability. In Figures 5–7, the daily evolutions for individual 311 
SOMs are shown with the 500-hPa geopotential height (H500). 312 

 313 

 314 

Figure 5. Composite daily evolutions of the synoptic-scale H500 anomalies (gpm) from −5 to +3 days for the 315 
109 best-matching events of the SOM1. The dots denotes the grids where the anomalies are statistically 316 
significant at the 5% level by the two-sided Student’s t-test. 317 
 318 
The composite daily evolution associated with the 109 SOM1 events (Figure 5) shows as to how 319 

the prevailing low pressure system takes up the entire Arctic Ocean at lag day 0 (Figure 5f). From lag 320 
day −5 to −2 (Figure 5a–c), the northward migrating low pressure composite is detected in the 321 
Norwegian Sea and the East Siberian Sea, where only the former is statistically significant at the 5% 322 
level. They quickly erase the preexisting high pressure composite in the Central Arctic Ocean and get 323 
stronger until lag day 0. Meanwhile, another low pressure composite develops around Quebec, 324 
Canada and extends northward. Eventually a massive low pressure composite occupies the Arctic 325 
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Ocean towards Greenland (Figure 5f). The low pressure composite in the Arctic Ocean is sustained 326 
significantly until lag day 2 (Figure 5h) and then weakens at lag day 3 (Figure 5i). 327 

Figure 6 shows the composite daily evolution for the 112 best-matching events of the SOM2. At 328 
lag day −5, a reversed dipole analogous to the SOM3 pattern exists (Figure 6a). This pattern is quickly 329 
transformed to the incipient stage of the SOM2 during lag day −4 to −3 by the developing high 330 
pressure composite over the Taymyr Peninsula and Laptev Sea and the developing low pressure 331 
composite in-and-around Greenland (Figure 6b–c). These two opposite pressure systems further 332 
develop and then the SOM2-like dipole pattern prevails in the Arctic from lag day −2 to lag day 1 333 
(Figure 6d–g). After the SOM2 event, the low pressure system tends to prevail over the Arctic Ocean 334 
(Figure 6h–i). Based on the composite evolutions, the SOM2 event seems to last shorter than the SOM1 335 
event. 336 

 337 

 338 

Figure 6. Same as Figure 5 except for the 112 best-matching events of the SOM2. 339 
 340 
Lastly, the composite daily evolution is presented in Figure 7 for the 114 best-matching events 341 

of the SOM3. Similar to the SOM2, there exist a dipole opposite to the SOM3 pattern at lag day −5 342 
(Figure 7a). The high pressure composite around the Barents–Kara seas are pronounced, but it 343 
weakens in three days (Figure 7b–d). The low pressure composite gradually develops and replaces 344 
the high in the far north of Russia around the Kara–Laptev seas (Figure 7d–f), while the high pressure 345 
composite begins to develop in the Beaufort Sea and then expands towards the central Arctic Ocean 346 
(Figure 7b–f). The SOM3 event shows persistence after the peak day until lag day 3 (Figure 7g–i). 347 

 348 
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 349 

Figure 7. Same as Figure 5 except for the 114 best-matching events of the SOM3. 350 

4. Summary and Discussion 351 

The formation of monthly-to-seasonal atmospheric circulation patterns by low-frequency modes 352 
in the Arctic has been extensively studied in terms of their influences on Arctic climate and sea ice 353 
[1–9]. Researches have also shown that the activity of synoptic cyclones is more prevalent during 354 
summer in the Arctic Ocean [13–15] and suggested their potential contribution to seasonal-mean 355 
Arctic climate [13,14,20]. Our results further added the quantitative contribution of synoptic cyclone 356 
activity to the amplitude of the seasonal-mean anomalies in the individual activity cores of three 357 
dominant Arctic summer circulation patterns as clustered by the SOM method (Table 1), and also 358 
confirm that the spatio-temporal distribution of synoptic cyclones in the Arctic domain is a major 359 
controlling factor for the Arctic summer circulation patterns (Figures 2–3). Furthermore, the summer 360 
cyclone activity in the central Arctic Ocean is enhanced only for the circulation pattern (e.g., SOM1) 361 
that the land–Arctic Ocean boundary area with enhanced baroclinicity (i.e., the increased meridional 362 
temperature gradient) is co-located with the climatological major cyclone pathways (Figures 3–4). 363 

The composite daily synoptic evolutions well demonstrated the generalized formation processes 364 
and the timescales of the three SOM patterns of the atmospheric circulation in the Arctic (Figures 5–365 
7). Although their evolutions have been shown with the high-pass filtered data by retaining only the 366 
synoptic-scale variability, it is naturally expected to be almost consistent with those obtained from 367 
the unfiltered daily data. The reason for this expectation is because the evolutionary SOM patterns as 368 
shown in Figures 5–7 have just a couple of days timescale (i.e., within the synoptic-scale variability), 369 
with e-folding times of 4.4, 3.6 and 3.6 days for the SOM1–3, respectively. According to previous 370 
literature, these short timescale weather evolutions have substantial variability at inter-annual and 371 
longer timescales beyond the climate noise [32– 34]. Therefore, it is reasonable to contend that the 372 
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summer-mean Arctic circulation patterns reflect the accumulation of short timescale events, such as 373 
synoptic cyclones here or anticyclones as studied by [20]. 374 

The Arctic is not an isolated region but retains the Norther Hemispheric high-latitude 375 
components of the global climate system that actively interact with lower latitudes [36–38]. Therefore, 376 
the inter-annual and longer-timescale changes in the Arctic circulation patterns should be understood 377 
in the context of global climate variability. Further studies are necessary to investigate as to which 378 
type of climate variability over the globe provides a relevant teleconnection for the different summer 379 
climatic states in the Arctic. 380 
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