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 11 

Abstract  12 

Extreme Aleutian Low (AL) events have been associated with major ecosystem 13 
reorganisations and unusual weather patterns in the Pacific region, with serious socio-14 
economic consequences. Yet, their future evolution and impacts on atmosphere-ocean 15 
interactions remain uncertain. Here, a large ensemble of historical and future runs from the 16 
Community Earth System Model is used to investigate the evolution of AL extremes. The 17 
frequency and persistence of AL extremes are quantified and their connection with climatic 18 
variables is examined. AL extremes become more frequent and persistent under the RCP8.5 19 
scenario, associated with changes in precipitation and air temperature patterns over North 20 
America. Future changes in AL extremes also increase the variability of the sea surface 21 
temperature and net heat fluxes in the Kuroshio Extension, the most significant heat and 22 
energy flux region of the basin. The increased frequency and persistence of future AL 23 
extremes may potentially cause substantial changes in fisheries and ecosystems of the 24 
entire Pacific region as a knock-on effect.  25 

1.1 Introduction  26 

The Aleutian Low (AL) pressure system is a major climatic feature in the North Pacific, 27 

formed over the Aleutian Islands during boreal winter. The AL affects the weather and 28 

climate of North America and Eurasia, significantly impacting temperature and wind 29 

patterns 1,2. Changes in the AL frequency and intensity may also result in anomalous 30 



precipitation events over Pacific Asia and the west coast of the United States 1,3. The 31 

intensified AL leads to a strong high-pressure ridge over the west coast, associated with 32 

very low precipitation years over the area 4,5. AL extreme variability has been associated 33 

with fluctuations in fisheries in the eastern North Pacific (e.g. 6–8) and with extensive marine 34 

ecosystem reorganizations, such as the regime shift in the late 1970’s 7,9,10.  35 

The magnitude of the AL pressure anomalies and the duration of AL events affect the North 36 

Pacific ocean conditions by altering the wind stress curl and wind speed (e.g. 11–13),  with 37 

knock-on effects on sea surface temperature (SST), sea surface height and net heat flux. 38 

Anomalous SST and sea surface height in the north-eastern Pacific caused by extreme AL 39 

events propagate towards the western basin through Rossby waves, with the signature 40 

becoming evident in the Kuroshio region with a lag of 3-4 years 10,14,15. The Kuroshio 41 

Extension region is the area of maximum interactions in the North Pacific in terms of heat 42 

and momentum feedback to and from the atmosphere 16–18. The Kuroshio Extension SST 43 

and net heat flux variability both drive, and are also significantly driven by, the North Pacific 44 

atmospheric circulation 19,20.  45 

Fluctuations of the AL are recognized as one of the main sources of variability in the North 46 

Pacific climate system 21. The AL has been identified as the main driver of the Pacific Decadal 47 

Oscillation (PDO; 22–24) and is teleconnected with the tropical El Niño–Southern Oscillation 48 

(ENSO; 22,25). In fact, the AL intensifies in response to strong ENSO events resulting in a 49 

positive PDO pattern with warmer than usual north-eastern Pacific SST 25,26. ENSO and its 50 

associated SST variability in the North Pacific have been also considered a precursor to 51 

changes in precipitation 27,28 and surface air temperature (SAT) patterns 29 over the west 52 

coast of the United States. Multiple studies of future climate projections suggest that El 53 

Niño events will become more frequent in a warming climate 30–33, with a potential 54 

intensification of the AL 34. Future changes to AL extremes are reflecting climate change and 55 

are expected to be important because of its significant role in shaping the hydroclimate in 56 

North America and affecting the North Pacific physical and ecological dynamics. 57 

As the regulating mechanisms of the AL (i.e. ENSO teleconnections) intensify in the 58 

‘business-as-usual’ future RCP8.5 scenario, the AL and its subsequent effects are likely to 59 

increase. Previous studies have examined the consequences of a warming scenario on the 60 



North Pacific mean state, the AL variability, and the El Niño teleconnections 26,34,35. However, 61 

the future frequency of extreme AL events and their oceanic and atmospheric response still 62 

remain unclear. Here, we assess changes in AL extreme events by comparing the intensity 63 

and frequency of North Pacific extreme SLP patterns in past and future simulations of the 64 

Large Ensemble of the Community Earth System Model version 1 (CESM1-LENS; 36). We 65 

show that extreme AL events become stronger and more frequent under the RCP8.5 66 

scenario. To consider wider impacts due to future changes of the AL, its relationship with 67 

precipitation and SAT over North America, and the SST and net heat flux over the North 68 

Pacific is examined. We quantify the oceanic and atmospheric response that follows the 69 

atmospheric extremes by evaluating the change in the dominant period of common 70 

variability of the AL SLP and each one of these climate parameters. 71 

1.2 Results 72 

1.2.1 Increased persistence and frequency of future Aleutian Low 73 

extreme events  74 

To quantify the persistence and frequency of extreme AL events, we use dynamical 75 

indicators to describe the dynamical state of the system (see Methods). Specifically, the 76 

inverse persistence indicates how a daily SLP pattern persists through time, whereas the 77 

instantaneous dimension represents the predictability and repeatability of that pattern 78 

throughout the time-series. The two dynamical indicators calculated for the future 79 

simulation of one example ensemble member (CESM1-LENS member 16) are used here for 80 

illustration purposes and are displayed in Figure 1a. The two most extreme areas of the 81 

scatterplot (two red shaded upper (0.98) and lower (0.02) quantiles in Figure 1a) represent 82 

the North Pacific daily SLP configurations that present extremely high and extremely low 83 

estimations for both dynamical indicators. The average of the points within the quantile of 84 

the extreme high dynamical properties, which represents conditions of low stability and 85 

predictability, displays a transitional North Pacific blocking pattern (Figure 1b for the 86 

example member). This is consistent with the results found by Faranda et al. 37 for the North 87 

Atlantic, where blocking patterns were also associated with low persistence and high 88 

predictability. On the other hand, the extreme low quantile represents a deepened AL 89 



pattern (Figure 1c for the example member) and signifies increasing frequency and 90 

persistence of the pattern in the region. The deepening of the AL, in terms of magnitude, is 91 

also apparent when comparing the frequency distributions as well as the lowest 2% 92 

percentiles of the spatially averaged monthly AL SLP time-series of the historical simulations 93 

and the future RCP8.5 runs (Supplementary Information, Fig. S1). Furthermore, an increase 94 

of points with extremely low dynamical properties in the future runs compared to the past 95 

is shown in 92% (33 out of 36) of the total of the ensemble simulations (Figure 1d). The 96 

number of points (i.e. days of North Pacific SLP) falling within this extreme high quantile 97 

decreases in the future (Figure 1e) in approximately 70% (25 out of 36) of the ensemble 98 

members.  99 

  100 

 101 

Figure 1 : The dynamical indicators for both the historical and RCP8.5 ensembles of the 102 

CESM1-LENS calculated to detect the extreme SLP events. (a) Example of daily 103 

dynamical properties for one ensemble member (member 16). Black dashed 104 

lines delimit the lower 2% and upper 98% percentiles of the dynamical 105 

properties. The lower percentile of the properties represents increased 106 



persistence and low frequency, whereas the higher percentile signifies 107 

decreased persistence and high frequency of the daily North Pacific SLP 108 

patterns. The red shaded quantiles represent the most extreme cases for both 109 

properties. (b) Average conditions of daily North Pacific SLP points in the 110 

extreme high quantile for the example ensemble member. (c) Same as (b) for 111 

the extreme low quantile. (d) Percentage difference between the numbers of 112 

points (daily North Pacific SLP) falling within the extreme low quantile in the 113 

historical runs and the future RCP8.5 scenario simulations for each ensemble 114 

member. Red bars represent a decrease in the number of the daily North Pacific 115 

SLP points occurring in the extreme low quantile for both inverse persistence 116 

and instantaneous dimension, which describes more stable North Pacific 117 

atmospheric patterns. Black bars represent an increase in the number of points 118 

occurring in the extreme low quantile for both properties. (e) Same as (d) but 119 

bars represent the points of the extreme high quantile for both properties, 120 

which represent the most transient phases of the North Pacific SLP. 121 

The dynamical indicators for the historical and RCP8.5 ensemble runs of the CESM1-LENS 122 

are presented in Figure 2 (whole distribution, rather than just 2nd and 98th percentiles). The 123 

extension of both the upper and lower tails of the distribution of the inverse persistence 124 

indicates that future extreme North Pacific SLP patterns have an increased variability of 125 

their residence time in the area (Figure 2a).  A lower inverse persistence means that the 126 

dynamical system trajectory is slow leaving the neighborhood confined by one point 38, and 127 

describe more stable dynamic fields that tend to have slower variations 39. This means that 128 

when an SLP pattern emerges, it is more likely to persist in the region for a longer period in 129 

the future projections compared to the past simulations. The slight extension of the lower 130 

tail of the histogram in Fig. 2a suggests that the persistence of the stable SLP configurations 131 

governing the North Pacific (i.e. Aleutian Low and North Pacific High) increase under the 132 

RCP8.5 scenario. Similarly, extremely unstable SLP patterns, that are represented by 133 

trajectories rapidly leaving the neighborhood around one point, are equivalently increasing 134 

in the RCP8.5 scenario. The elongated upper tail of the inverse persistence histogram (Fig. 135 

2a) indicates that these unstable SLP patterns in the area (i.e. spring transition pattern and 136 

North Pacific blocking pattern) will become more transient and more likely under global 137 



warming. On the other hand, a substantial shift occurs in the instantaneous dimension of 138 

the whole North Pacific SLP system (Figure 2b). A low instantaneous dimension of a given 139 

atmospheric pattern suggests a higher likelihood for the pattern to emerge again in the 140 

system 37, which describes the rarity of the daily SLP configuration examined in each time-141 

step 39. In other words, a lowering of the dimension indicates that the most unstable 142 

patterns will not be favored in the future climate and that the atmospheric circulation in 143 

this area will be more predictable. The lowering in dimension found here suggests that the 144 

dominant SLP patterns (i.e. a wintertime Aleutian Low and a summertime North Pacific High) 145 

occurring in the North Pacific will be more frequent in the future compared to unstable 146 

transitional patterns (i.e. the North Pacific blocking and the spring transition patterns). 147 

These results are pointing towards an increasing stability of atmospheric motions that are 148 

coherent with those found for the Atlantic basin 40. The distribution differences in both 149 

indicators were tested with the two-sided Kolmogorov-Smirnoff test, suggesting significant 150 

distribution differences in each case (significance level of 99%).  151 
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 153 

Figure 2 : The dynamical indicators for the historical and RCP8.5 ensemble runs of the 154 

CESM1-LENS (whole distribution). (a) The inverse persistence and (b) the 155 

instantaneous dimension of all the ensemble members in the historical (orange) 156 

and in the future RCP8.5 simulations (grey).  157 

1.2.2 Relationship of the intensified Aleutian Low with weather patterns 158 

over North America  159 

Due to its controls on atmospheric circulation, changes in the AL have the potential to 160 

impact weather patterns over North America. Here we examine the possible effects on 161 

surface air temperature (SAT) and precipitation. Regions where changes in the AL SLP 162 

significantly affect SAT over North America are presented in Figure 3a. Atmospheric 163 

circulation patterns (e.g. anomalous winds) related to a deepened AL have been linked to 164 



warming trends over Canada and Alaska (41,42). A negative correlation between the AL SLP 165 

and the SAT is predominant in most of the northern part of North America, which is stronger 166 

in the northwest. Contrastingly, southeastern North America is shown to be slightly 167 

positively correlated to the AL SLP.  168 

The coherence (see Methods) between past and future simulations of the AL SLP and SAT 169 

is estimated in order to assess the change in the relationship between the fields at different 170 

periods. The frequency distribution of the global power of the wavelet coherence (i.e. 171 

distribution over frequencies averaged in time) between negatively correlated areas of AL 172 

SLP and SAT presents a shift towards higher power in the future members over all the 173 

periods considered (Figure 3b) (Kolmogorov-Smirnoff tests, 99% significance level; 174 

Supplementary Information, Figure S2). The intensified and more frequent extreme AL 175 

strengthens basin-scale winds resulting in warmer SAT over the west coast of North America 176 
43,44. Our results show an intensification of this relationship under future scenarios. The 177 

global power of individual past and future ensemble members follow different patterns 178 

throughout the multiple periods (Figure 3c), emphasizing the influence of internal variability 179 

of the system, since the simulations are constrained by the same historical and RCP8.5 180 

radiative forcing 43. Still, the average global power of the wavelet coherence between AL 181 

SLP and SAT over North America is higher in the future compared to the past, during the 182 

periods between 4 and 40 months (Figure 3c). This shift towards higher average global 183 

power suggests the enhanced influence of the future AL on the North American SAT 184 

(negatively correlated areas in Figure 3a).  185 

The differences between the frequency distributions of the global power of the wavelet 186 

coherence in the past and future simulations, as well as their average global power, were 187 

both significant (Kolmogorov-Smirnoff test, 99% significance level; Supplementary 188 

Information, Figure S2), however only minor discrepancies are noticeable between them 189 

(Figure 3d & Figure 3e). Although possible teleconnections with the AL may play some role, 190 

other mechanisms (e.g. the influence of ENSO and North Atlantic Oscillation) may be more 191 

important in driving the SAT variability over southeast North America 45. 192 
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Figure 3 : (a) Point-wise Spearman correlation coefficient between the spatially 195 

averaged historical and RCP8.5 AL SLP and SAT in north America (b) The 196 

frequency distribution of the global power of wavelet coherence between the 197 

past and future simulations of the negatively correlated areas (shown in (a)) 198 

between the spatial average of the AL SLP over the area 45°-65° N, 160° E -140 199 

W and surface air temperature over North America. (c) The global power of the 200 

36 past (orange lines) and the future (grey lines) ensemble members. Black and 201 

green dashed lines represent the average global power of future and past multi-202 

ensemble members respectively. (d) Same as (b) but for positively correlated 203 

areas. (e) Same as (c) but for positive correlations between AL SLP and SAT.  204 

A deepened AL has been related to precipitation over North Pacific 3 and to the precipitation 205 

dipole over the U.S. west coast  5. Specifically in California, an intensified AL increases the 206 



precipitation extremes through strengthened atmospheric vapor and enhanced 207 

atmospheric rivers 46. The correlation between the AL SLP and precipitation over North 208 

America is presented in Figure 4a, where precipitation in the northwest and southeast have 209 

a negative relationship with the AL SLP and the opposite stands for areas in continental US 210 

and Canada. The frequency distribution of the global power of the wavelet coherence 211 

between negatively correlated areas of AL SLP and precipitation presents a shift towards 212 

higher power in the future members over all the periods considered (Figure 4b).  The global 213 

power of individual past and future ensemble members follows similar patterns and present 214 

increasing global power in lower frequencies indicating higher common variability of the 215 

two fields on interannual temporal scales (Figure 4c). Furthermore, the multi-ensemble 216 

average global power for the past and future members between AL SLP and precipitation 217 

over North America highlights an intensified relationship for periods greater than 10 218 

months (Figure 4c). Contrary to the results for the negatively correlated areas, the 219 

frequency distribution of the global power between the positively correlated areas of AL 220 

SLP and precipitation presents a shift towards lower power in the future simulations (Figure 221 

4d & Figure 4e). Two-sided Kolmogorov-Smirnoff tests presented consistent distribution 222 

differences in each (positive and negative correlation) case (significance level of 99%; 223 

Supplementary Information, Figure S3). The evolution of the AL and precipitation and SAT 224 

over North America over different time scales in the future has also been examined through 225 

the calculation of their common variability during a near-future (2005-2050) and a far-226 

future (2051-2100) period under the RCP8.5 scenario (Supplementary Information, Figure 227 

S5 and Figure S6). Breaking down the global power into separate future periods highlights 228 

that the future intensification of the relationship between the AL SLP and North American 229 

precipitation and SAT occurs throughout the whole time period (as opposed to only towards 230 

the end of the century). 231 

 232 
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  234 

Figure 4 : (a) Point-wise correlation coefficient between the spatially averaged AL SLP 235 

and precipitation in North America. (b) The frequency distribution of the global 236 

power of wavelet coherence between past (orange bars) and future (grey bars) 237 

simulations of negatively correlated areas (shown in 4a) between the spatial 238 

average of the AL SLP over the area 45°-65° N, 160° E -140 W and precipitation 239 

over North America. (c) Global power of the 36 past (orange lines) and the 240 

future (grey lines) ensemble members. Black and green dashed lines represent 241 

the average global power of future and past multi-ensemble members 242 

respectively. (d) Same as (b) but for positively correlated areas. (e) Same as (c) 243 

but for positive correlations between AL SLP and precipitation. Periods over 64 244 

months have been removed due to ‘cone of influence’ effects. 245 

 246 



1.2.3 Increased sea surface temperature and net heat flux in the Kuroshio 247 

Extension due to an intensified AL  248 

The common variability of past and future simulations between the AL SLP and both net 249 

heat fluxes and SST in the Kuroshio Extension is analyzed in order to examine potential 250 

changes in their relationship at multiple frequencies. The global power of wavelet 251 

coherence of the AL SLP and the examined parameters is higher in the future members in 252 

all frequency bands (Figure 5). It has been previously shown that the AL SLP affects the 253 

Kuroshio Extension jet and SST, as well as the variability of heat fluxes in the area 15,19,47. 254 

Our results present the evolution of this relationship in time and highlight its intensification 255 

under the RCP8.5 future scenario. The intensified and more frequent extreme AL induce 256 

increased forcing to the Kuroshio Extension net heat flux and SST.  257 

Although the global wavelet power patterns of the multiple ensemble members differ 258 

substantially from each other under the same scenarios (Figure 5), on average they peak at 259 

the same frequencies (black dotted and dashed lines in Figure 5a and Figure 5b). The similar 260 

patterns on longer than annual scales indicate that the consistent mechanistic linkage 261 

between the AL SLP and the Kuroshio Extension net heat flux and SST is not altered by the 262 

internal variability of the system or the extreme variations of the individual fields (e.g. AL 263 

SLP extreme events). However, in periods shorter than the annual time scales (< 10 months) 264 

the individual ensemble members present a highly variable global power, showing that the 265 

internal variability of the system plays an important role in shaping the intra-annual 266 

relationships between the AL and SST and net hear flux. Periods larger than 64 months are 267 

not considered, due to the influence of the edge effects of the wavelet transform that 268 

become apparent in the low frequency bands. The evolution of the common variability 269 

between the AL and SST and net heat flux in the Kuroshio Extension at different time scales 270 

in the future under the RCP8.5 scenario has also been examined (Supplementary 271 

Information, Figure S7). The comparison between historical simulations, the RCP8.5 runs 272 

during 2005-2050 and the RCP8.5 for the period 2051-2100 shows that the AL and SST 273 

increase in common variability happens mostly in the far-future (2051-2100). On the other 274 

hand, the near and far future periods are equally important for the increase in common 275 

variability between the AL SLP and the Kuroshio Extension heat flux.  276 



 277 

 278 

Figure 5 : Global wavelet power (horizontal averaging in time) of the wavelet coherence 279 

of the Aleutian Low SLP in the Kuroshio Extension (a) net heat flux and (b) SST 280 

for all 36 ensemble members of CESM1-LENS in the past (orange) and in the 281 

future (grey). Black dotted and dashed lines represent the ensemble averages 282 

of the historical and RCP8.5 future runs respectively. The periods over 64 283 

months were eliminated due to the influence of the edge effects of the wavelet 284 

transform which may produce spurious results.   285 



1.3 Discussion and conclusions  286 

A coupled climate model that includes physical, biogeochemical and ecosystem 287 

components was used to explore the intensification of North Pacific atmospheric extremes 288 

and their impact on atmospheric and oceanic parameters under climate change. We 289 

compared the historical runs and the ‘business-as-usual’ RCP8.5 scenario simulations of the 290 

Community Earth System Model – Large Ensemble. This analysis reveals an intensification 291 

of the North Pacific SLP under increased anthropogenic forcing, expressed as a future 292 

increase in frequency and persistence of AL extreme events.  293 

The overall deepening of the North Pacific SLP in the future CESM1-LENS simulations and 294 

the increase of low SLP extreme events indicate that the AL pattern is strengthened under 295 

anthropogenic warming. AL variability is primarily linked to the North Pacific decadal 296 

climate variability 23,24, which is a major source of  uncertainty in the near-future model SLP 297 

projections 48. Observational and modelling studies have demonstrated that internal 298 

variability alone can generate ENSO-like responses in the North Pacific atmospheric system 299 
49. Furthermore, remote connections with ENSO indirectly contribute to the AL variability 300 

via the atmospheric bridge 25. ENSO events drive the AL SLP through nonlinear extra-tropical 301 

teleconnections triggered by the increased tropical SST anomalies 25,26. Anomalously warm 302 

SSTs in the eastern tropical Pacific induce increased rainfall and heat from enhanced 303 

atmospheric convection. This results in upper-tropospheric divergence and vorticity which 304 

excite stationary Rossby wave trains moving poleward across the North Pacific resulting in 305 

a deepened AL51. Specifically, changes in the location and magnitude of ENSO SST anomalies 306 

in the equatorial Pacific alter the strength, position and persistence of the AL 34,52. Gan et 307 

al. 34 also suggested a deepening of the AL in the 21st century, stressing the importance of 308 

the effects of tropical SST anomalies. As the AL drivers (i.e. North Pacific internal dynamics 309 

and teleconnections to ENSO) are shown to be highly linked to anthropogenic greenhouse 310 

gas forcing 52,53, any associated change can potentially lead to enhanced AL extreme events. 311 

The deepening of the AL SLP projected by the future simulations shown here is consistent 312 

with the intensified and more frequent ENSO events predicted under increased 313 

anthropogenic forcing 30–32,35. It is interesting to note that, unlike the CMIP5 inter-model 314 

comparison conducted by Gan et al.34 associating climate model differences with natural 315 



variability, here we show that the internal variability combined with the signal of the 316 

radiative forcing alone can generate extreme changes in North Pacific SLP patterns under 317 

the RCP8.5 future emission scenario.  318 

The changes detected in the dynamical indicators of the North Pacific SLP suggest that the 319 

persistence and frequency of SLP patterns will vary in the future. Specifically, the semi-320 

permanent SLP patterns (i.e. Aleutian Low and North Pacific High) will become more 321 

persistent and more frequent, whereas the transitional patterns (i.e. North Pacific blocking 322 

and spring transition patterns) will become less stable and less frequent. These changes are 323 

likely to impact the dynamics between large-scale atmospheric fluctuations and local 324 

weather extremes 38. Deepened AL have been related to changing weather patterns, 325 

temperature and wind field fluctuations over North America and Asia 1,2. In response to an 326 

intensified AL and its associated basin-scale cyclonic flows, cold air temperatures, strong 327 

northerly winds and stormy conditions dominate East Asia; whereas warmer conditions 328 

caused by strong southerly winds are favored on the west coast of North America 1,3,54.  The 329 

wintertime North Pacific pressure variability also affects large-scale precipitation changes 330 

on the west coast of North America 55. Here, we present the historical common variability 331 

between the intensified AL, SAT and precipitation both spatially and temporally and we 332 

further identify the future development of these connections. Air temperature and 333 

precipitation conditions in northwest North America are closely related to the AL variability, 334 

making them highly susceptible to changes due to an intensified and more frequent 335 

extreme AL formation in the future.  336 

As strong and stable atmospheric patterns more commonly emerge in the North Pacific, an 337 

intensification of the oceanic response is likely to occur. The AL SLP variability and its 338 

extreme deepening have been linked to the Kuroshio Extension net heat flux and SST 339 

fluctuations 10,15,19. The AL controls the variability of the physical parameters in the Kuroshio 340 

Extension through basin-scale changes in wind and sea surface height 19,56. An extreme 341 

deepening of the AL increases the westerlies and causes anomalous positive wind stress 342 

curl in the central North Pacific 15. This enhances the southward Ekman drift 11 and produces 343 

negative sea surface height anomalies in the central North Pacific. The westward 344 

propagation of these anomalies through baroclinic Rossby waves cause lagged responses of 345 

the SST of approximately 3–4 years and further destabilize the dynamical state of the 346 



Kuroshio Extension system 14,15. The SST fluctuations in the region generate anomalous heat 347 

fluxes 19, resulting in an area of maximum ocean-atmosphere heat exchange. Our results 348 

suggest that under anthropogenic forcing the common variability of the fields contributing 349 

to the above-mentioned mechanism (AL SLP, Kuroshio Extension net heat flux and SST) will 350 

substantially increase. Net heat flux and SST in the Kuroshio Extension are also proxies for 351 

the strengthening of North Pacific storms 57. Anomalous heat flux due to fluctuations in the 352 

Kuroshio Extension SST front cause changes in the near surface baroclinicity and the lower 353 

levels of the troposphere and may result in further genesis of storms in the region 57,58.   354 

Furthermore, changes in the atmospheric pressure conditions and the wind patterns over 355 

the North Pacific as well as ENSO events have been correlated with the generation of marine 356 

heat waves and extreme sea surface temperature anomalies that governed the area in the 357 

last decade 59,60. The intensification of extreme AL may contribute to explaining the 358 

prolonged and more frequent presence of marine heat waves in the region over the past 359 

years 61. It may also assist in further understanding and predicting such events, since 360 

changes in the sea level pressure have been directly linked to previous marine heatwave 361 

events 62.  362 

An AL extreme deepening has been previously linked to the major marine regime shift in 363 

the North Pacific in the late 1970’s 9,10. Abrupt shifts are predicted to increase in magnitude 364 

and consequences under climate change, depending on the severity of the emissions 365 

scenario 63,64. As such, the intensity and frequency of biological shifts in the North Pacific 366 

communities could increase in the future, following the late 1970’s example 10. Such shifts 367 

have the potential to significantly affect fishing activities 65,66 and have profound socio-368 

economic impacts both on regional as well as global scales 67–69.  369 

Our findings reveal a climate change-induced intensified atmospheric and oceanic 370 

variability over the North Pacific, where a strengthening of the AL SLP corresponds to 371 

changes in temperature and precipitation patterns and affects the North Pacific oceanic 372 

conditions. The potential impacts of such extreme events on the biological and physical 373 

conditions of the region stresses the increasing need for continuous monitoring of oceanic 374 

conditions, and a rapid advance in our predictive and adaptive capabilities. 375 



1.4 Methods  376 

1.4.1 CESM1-LENS datasets  377 

The North Pacific region from 20°N to 60°N and 100°E to 90°W is considered here. The 378 

CESM1-LENS is specifically designed to provide information on internal climate variability 36. 379 

All the ensemble members use the same model parameters; however, each member 380 

represents a distinctive climate trajectory. This is achieved by initializing the simulations 381 

with small round-off differences in the air temperature 49. Here the daily and monthly SLP, 382 

surface air temperature, precipitation, sea surface temperature and net heat flux from 36 383 

members of both the historical and RCP8.5 scenario simulations of the CESM1-LENS from 384 

1920 to 2100 are used. Despite the slightly different initial atmospheric conditions, the 385 

ensemble members share the same external historical and future RCP8.5 forcing scenarios 386 

and use the same model components. Consequently, the resulting uncertainty in the 387 

projections is due to internal climate variability alone, giving the advantage of identifying 388 

details of processes, such as the PDO 70. The effects of AL on the long-term North Pacific 389 

climate variability 21,34 highlight the importance of the SLP internal variability, which 390 

becomes evident in the multiple simulations of the CESM1-LENS, each of which is forced by 391 

an identical scenario of historical and RCP8.5 radiative forcing 41. 392 

Multiple realizations may also contribute to the understanding of extreme patterns by 393 

providing adequate statistical sampling power. The large ensemble size of the CESM1-LENS 394 

allows the diagnosis of physical mechanisms for intra-model differences, providing the 395 

advantage of accounting for both internal and model variability 36,48 and assessing the 396 

statistics of similar events in different realizations that do not reach full agreement with 397 

each other. Strong correlations between modeled and observed patterns in NCAR's Climate 398 

Analysis Section diagnostics reveal the realistic representation of the system by CESM1-399 

LENS 71. Specifically for the North Pacific, large-scale patterns such as the Pacific Decadal 400 

Oscillation (PDO) are highly related to the PDO index with an average correlation coefficient 401 

of 0.86. Furthermore, the SLP is one of best resolved phenomena with an average pattern 402 

correlation coefficient of 0.94 between the ensemble members and the observed time-403 

series 71. Similarly, the total precipitation and SST are two of the best represented 404 



parameters with average correlation coefficients of 0.8 and 0.75, respectively. Detailed 405 

information about the CESM1-LENS model can be found in Kay et al. 36. 406 

1.4.2 Dynamical indicators 407 

To examine the persistence and predictability of extreme events in both past and future 408 

simulations of the CESM1-LENS a dynamical approach is applied to all ensemble members. 409 

The idea of the approach is that each state of a system x(t) reaches a point ζ on the attractor 410 

and its neighbors are all the other states that have a small Euclidean distance with respect 411 

to x(t), defined by a threshold q. Dynamical systems exhibiting chaotic dynamics are 412 

characterized by strange attractors, i.e. compact geometric objects where the trajectories 413 

settle. The existence of attractors ensures the repeatability of a state ζ and the time the 414 

dynamics remain in the neighborhood of the state ζ of the system, represented here by the 415 

instantaneous dimension 𝑑𝑑(𝜁𝜁)  and the inverse persistence θ(ζ) respectively. Specifying 416 

these two properties assists in understanding the behavior of the system. These can be 417 

estimated by setting a small distance as the threshold, q (2nd and 98th percentile of the time-418 

series) and fitting a Generalized Pareto distribution (GPD) to the tail observations. The 419 

approach follows the Peaks Over Threshold method stating that the exceedances above an 420 

upper threshold follow a GPD, requiring that the cumulative distribution function of the 421 

variable belongs to the max-domain of attraction of the generalized extreme value 422 

distribution 72. 423 

Instantaneous dimension 424 

The extreme values laws are used in this approach in order to characterize the point on the 425 

attractor: a fixed point ζ on a chaotic attractor presents a probability P that a trajectory 𝑥𝑥(𝑡𝑡) 426 

approaches again the point ζ within a sphere with radius 𝜀𝜀 centered on ζ. The Euclidean 427 

distance between the state ζ and all other observations of the system is:  428 

𝑔𝑔�𝑥𝑥(𝑡𝑡)� = − log�𝛿𝛿(𝑥𝑥(𝑡𝑡), 𝜁𝜁)�                                          (1) 429 

where 𝛿𝛿(𝑥𝑥, 𝑦𝑦) is the Euclidean distance between two vectors, which tends to zero when x 430 

and y are close. The logarithm calculation increases the discrimination of small values of 431 



 𝛿𝛿(𝑥𝑥, 𝑦𝑦), which correspond to large values of 𝑔𝑔�𝑥𝑥(𝑡𝑡)�. The exponential law can describe the 432 

probability of logarithmic returns: 433 

𝑃𝑃�𝑔𝑔�𝑥𝑥(𝑡𝑡)� > 𝑞𝑞, 𝜁𝜁� ≈ 𝑒𝑒𝑒𝑒𝑒𝑒 �−𝑥𝑥−𝜇𝜇(𝜁𝜁)
𝜎𝜎(𝜁𝜁) �                                           (2) 434 

where location (µ) and scale (σ) parameters depend on the selected point ζ on the attractor. 435 

Specifically, 𝜎𝜎(𝜁𝜁) = 1/𝑑𝑑(𝜁𝜁), where 𝑑𝑑(𝜁𝜁) is the instantaneous dimension around the point 436 

ζ 73. Also, q is an upper threshold, and is related to the radius 𝜀𝜀 of the trajectory of the 437 

system via 𝑞𝑞 = 𝑔𝑔−1(𝜀𝜀) . Requiring that the series of 𝑔𝑔�𝑥𝑥(𝑡𝑡)�  is over the threshold q 438 

(percentile selection) is similar to the requirement that the trajectory of the system falls 439 

within a sphere around the point ζ. Repeating several iterations for different points ζ makes 440 

it possible to obtain the dimension of the attractor: 441 

𝐷𝐷 =  𝑑𝑑(𝜁𝜁)�������                                                          (3) 442 

where  𝑑𝑑(𝜁𝜁)������� indicates the instantaneous dimensions averaged over all states ζ. 443 

Inverse Persistence 444 

Estimation of inverse persistence in the phase space assists in testing whether the state ζ is 445 

in the neighborhood of a fixed point of the attractor or not. If the system were stuck in the 446 

same trajectory (𝑥𝑥(𝑡𝑡 + 1) = 𝑥𝑥(𝑡𝑡) for all t) for an infinite time, then the previous results for 447 

the instantaneous dimensions do not hold. Persistence time can be estimated as an 448 

additional parameter in the previous law, the extremal index, θ:   449 

𝑃𝑃 �𝑔𝑔�𝑥𝑥(𝑡𝑡)�� > 𝑞𝑞 ≈ 𝑒𝑒𝑒𝑒𝑒𝑒 �−𝜃𝜃 𝑥𝑥−𝜇𝜇(𝜁𝜁)
𝜎𝜎(𝜁𝜁) �                                     (4) 450 

where θ represents the inverse of the mean residence time within the sphere. Low θ values 451 

(close to 0) imply a high persistence of the system, whereas high θ values (close to 1) denote 452 

that the trajectory immediately leaves the ζ neighborhood. The value of θ is estimated by 453 

using the Süveges maximum likelihood estimator 74: 454 

𝜃𝜃� =
∑ 𝜌𝜌𝑆𝑆𝑖𝑖𝑁𝑁−1
𝑖𝑖=1 + 𝑁𝑁 − 1 + 𝑁𝑁𝑐𝑐 − ��∑ 𝜌𝜌𝑆𝑆𝑖𝑖𝑁𝑁−1

𝑖𝑖=1 + 𝑁𝑁 − 1 + 𝑁𝑁𝑐𝑐�
2 − 8𝑁𝑁𝑐𝑐 ∑ 𝜌𝜌𝑆𝑆𝑖𝑖𝑁𝑁−1

𝑖𝑖=1 �
1
2

2∑ 𝜌𝜌𝑆𝑆𝑖𝑖𝑁𝑁−1
𝑖𝑖=1

 (5) 455 



where 𝑁𝑁 are the observations exceeding a defined threshold, 𝜌𝜌 represents the distribution 456 

function for the selected threshold, 𝑆𝑆𝑖𝑖 is the exceedance distances and 𝑁𝑁𝑐𝑐 = ∑ 𝐼𝐼 (𝑆𝑆𝑖𝑖 ≠𝑁𝑁−1
𝑖𝑖=1457 

0) , where 𝐼𝐼  is the indicator function for the selected 𝑆𝑆𝑖𝑖 . For further details on the 458 

calculation of the extremal index see ref 74. 459 

1.4.3 Cross-wavelet coherence 460 

Multi-scale atmospheric and oceanic variability in the North Pacific may present different 461 

spatial and temporal ranges, from local spatial events to multi-decadal temporal patterns, 462 

non-stationarity and persistence 1,75,76. As such, quantifying the relationship between the 463 

average monthly Kuroshio Extension net heat flux and AL SLP time-series through classic 464 

cross-correlation methods that use a defined time-lag and which assume independence 465 

may give spurious results 77. Here we use cross-wavelet coherence analysis to detect the 466 

time-frequency space in which two time-series present high common power 78. This 467 

approach is based on the time-series decomposition via wavelets and presents the 468 

association through phase relationships 79. The Morlet wavelet is used as the ‘mother’ 469 

wavelet since it balances in an optimum way the localization both in time and frequency 78. 470 

To estimate the significance level at each frequency, Monte Carlo methods were used, in 471 

which the wavelet coherence is calculated for pairs of parameters (i.e. SLP and net heat flux) 472 

of a large (order of 1000) surrogate dataset with the same AR(1) 78. The Morlet wavelet 473 

used in the wavelet analysis is defined as 474 

𝜓𝜓0(𝜂𝜂) = 𝜋𝜋−1 4�  𝑒𝑒𝑖𝑖𝜔𝜔0𝜂𝜂 𝑒𝑒−
1
2𝜂𝜂

2
         (7) 475 

where 𝜓𝜓0(𝜂𝜂) is the wavelet function, 𝑖𝑖 is the imaginary unit, 𝜔𝜔0is dimensionless frequency 476 

and 𝜂𝜂 is dimensionless time. The Continuous Wavelet Transform of a time-series 𝑥𝑥𝑛𝑛 (𝑛𝑛 =477 

1, … ,𝑁𝑁) with uniform time steps 𝛿𝛿𝑡𝑡 is the convolution of 𝑥𝑥𝑛𝑛 with the scaled and normalized 478 

wavelet: 479 

𝑊𝑊𝑛𝑛
𝑋𝑋(𝑠𝑠) = �𝛿𝛿𝛿𝛿

𝑠𝑠
� 𝑥𝑥𝑛𝑛′𝜓𝜓0 �(𝑛𝑛′ − 𝑛𝑛)

𝛿𝛿𝛿𝛿
𝑠𝑠 �

𝑁𝑁

𝑛𝑛′=1

          (8)  480 

where |𝑊𝑊𝑛𝑛
𝑋𝑋(𝑠𝑠)|2 is defined as the wavelet power which can be interpreted as the local 481 

phase and represents the variance with respect to the frequencies in the signal, 𝜓𝜓0 is the 482 



normalized wavelet, 𝑠𝑠  is the wavelet scale, 𝑛𝑛  is the localized time index, and 𝑛𝑛′  the 483 

translated time index of the time ordinate 𝑥𝑥. The global power refers to the time integration 484 

of all the local wavelet spectra, if we considered a vertical slice through the wavelet plot as 485 

a local measure of the spectrum 80. The global wavelet power is defined as: 486 

𝑊𝑊
2

(𝑠𝑠) =
1
𝑁𝑁

 �|𝑊𝑊𝑛𝑛(𝑠𝑠)|2
𝑁𝑁−1

𝑛𝑛=0

      (9) 487 

Cross wavelet coherence is analogous to the correlation coefficient in a specified spatial 488 

and temporal frequency space 489 

𝑅𝑅𝑛𝑛2(𝑠𝑠) =
�𝑆𝑆 �𝑠𝑠−1𝑊𝑊𝑛𝑛

𝑋𝑋𝑋𝑋(𝑠𝑠)��2

𝑆𝑆(𝑠𝑠−1|𝑊𝑊𝑛𝑛
𝑋𝑋(𝑠𝑠)|2) ∙ 𝑆𝑆(𝑠𝑠−1|𝑊𝑊𝑛𝑛

𝑌𝑌(𝑠𝑠)|2)
      (10) 490 

where S is a smoothing operator in the scale axis and time domain, and it is defined as 491 

𝑆𝑆(𝑊𝑊) = 𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 �𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡�𝑊𝑊𝑛𝑛(𝑠𝑠)��         (11) 492 

where 𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  and 𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡  describe smoothing along the wavelet scale and time axes 493 

respectively, which should have a similar form to the mother wavelet, the Morlet wavelet 494 

here 81. The statistical significance of the wavelet coherence is tested with Monte Carlo 495 

methods 78. 496 

  497 
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