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Arctic oscillation (AO), which is the most dominant atmospheric variability in the 26 

Northern Hemisphere (NH) during the boreal winter, significantly affects the weather 27 

and climate at mid-to-high latitudes in the NH. Although a climate community has 28 

focused on a negative trend of AO in recent decades, the significant positive trend of AO 29 

over the last 60 years has not yet been thoroughly discussed. By analyzing reanalysis and 30 

Atmospheric Model Inter-comparison Project (AMIP) datasets with novel pacemaker 31 

experiments, we found that sea surface temperature warming in the Indian Ocean is 32 

conducive to the positive trend of AO from the late 1950s. The momentum flux 33 

convergence by stationary waves due to the Indian Ocean warming plays an important 34 

role in the positive trend of AO, which is characterized by a poleward shift of zonal-mean 35 

zonal winds. In addition, the reduced upward propagating wave activity flux over the 36 

North Pacific due to Indian Ocean warming also plays a role to strengthen the polar 37 

vortex, subsequently, it contributes to the positive trend of AO. Our results imply that the 38 

respective warming trend of tropical ocean basins including Indian Ocean, which is either 39 

anthropogenic forcing or natural variability or their combined effect, should be 40 

considered to correctly project the future AO’s trend.  41 

 42 

INTRODUCTION 43 

Arctic oscillation (AO), also known as the Northern Hemisphere Annular Mode, is the most 44 

dominant atmospheric variability over the mid-to-high latitudes in the Northern Hemisphere 45 

(NH) during the boreal winter (December-January-February, hereafter, DJF)1. The spatial 46 

structure of AO is characterized by a seesaw-like pattern in the geopotential height (GPH) or 47 

sea level pressure (SLP) between the mid-latitude NH and the Arctic region, which indicates a 48 

redistribution of the air mass between these regions1-3. Concurrently, large-scale atmospheric 49 

circulation in the NH also varies due to the phase of AO and, consequently, it affects surface 50 



temperature as well as atmospheric circulation over several regions. For example, when AO is 51 

in a positive phase, zonal-mean zonal winds at mid-latitudes are shifted poleward and enhanced, 52 

resulting in warmer surface temperatures than normal over northern Eurasia, East Asia, and 53 

southeastern North America during boreal winter2-8. These characteristics are nearly reversed 54 

in AO negative phase as featured by cold winter over those regions in the strongest negative 55 

AO year, 2009/20109. It is important to know how the AO phases vary in a changing climate 56 

because those regions are the most populated and industrialized regions at the mid-latitudes in 57 

the NH. 58 

A previous study showed that an observed trend of AO since 1960 could not be 59 

statistically explained by atmospheric internal variability, which implies that external forcing 60 

exerted important influence on this trend10. As such, the climate community has sought to 61 

understand the physical processes affecting the AO’s trend in a changing climate11,12. Some 62 

researchers have argued that an increase in greenhouse gases can force the AO toward its 63 

positive polarity by strengthening the meridional temperature gradient in the upper troposphere 64 

and lower stratosphere13-15. However, AO presented a negative trend from the late 1980s to the 65 

early 2010s16,17. Although such a negative trend of AO could be an atmospheric internal 66 

variability18, it has been also suggested that an increase in vertical propagation of planetary 67 

waves, which is due to either Arctic sea ice loss along with Arctic amplification19-23 or an 68 

increase in snow cover in the Eurasian continent24-26, plays a role. While there has been a wealth 69 

of research on the AO’s trend and its associated mechanisms24,25,27-29, there have been fewer 70 

studies that have examined the mechanism explaining the AO’s trend for a sufficiently long 71 

period of time.  72 

We analyzed reanalysis datasets, Atmospheric Model Inter-comparison Project (AMIP) 73 

model datasets, and novel pacemaker experiments using an Atmospheric General Circulation 74 

Model (AGCM) to investigate a long-term trend of AO and associated physical mechanism. 75 



Unless stated otherwise in the text, the results were for the winter (DJF) season only. We 76 

defined winter as the three months from December to February for the SST data and 77 

atmospheric variables; therefore, 1958 winter indicates December 1958, January 1959, and 78 

February 1959. 79 

 80 

RESULTS 81 

A positive trend of Arctic oscillation  82 

We first displayed the AO index for 1958–2017 from the observational sea level pressure data 83 

from the Met Office Hadley Centre (HadSLP2)30 (Fig. 1a). Although a climate community has 84 

focused on a significant negative trend of AO from the late 1980s to the early 2010s25 (green 85 

dashed line in Fig. 1a) and suggested that it is associated with the Arctic amplification28, the 86 

most striking feature is that the observed AO index shows a statistically significant positive 87 

trend during the last 60 years (black dashed line in Fig. 1a). These positive trends are also found 88 

in other reanalysis datasets including the National Centers for Environmental Prediction and 89 

National Center for Atmospheric Research (NCEP/NCAR) reanalysis 131, and the Japanese 55-90 

year (JRA-55) reanalysis data32 (Supplementary Figs. 1a, b). It is noteworthy that the positive 91 

trend of AO is robust if the analyzed period is taken from the early 20th century (e.g., 0.89/88-92 

year with a 95% confidence interval of ±0.71 and p-value of 0.02 in 1930 – 2017 period). While 93 

the climate community has been debating on whether or not global warming causes the 94 

negative trend of AO, the Arctic sea ice extent has gradually been decreasing (Supplementary 95 

Fig. 2a) with the continuous warming of the Arctic surface temperature since 1958 96 

(Supplementary Fig. 2b). Therefore, the positive trend of AO during the last 60 years cannot 97 

be simply explained by sea ice loss along with Arctic amplification which may explain the 98 

negative trend of AO on decadal timescale. 99 

On the other hand, researchers have shown that the observed AO variability in the last 100 



half of the 20th century could be forced by time-averaged tropical diabatic heating33, which is 101 

usually reflected in either outgoing long-wave radiation (OLR) or precipitation34 associated 102 

with the total sea surface temperature (SST). Figures 2a and 2b display the SST trends in the 103 

tropics for 1958 – 2017 from the Met Office Hadley Centre SST data sets (HadISST data sets)35 104 

and NOAA Extended Reconstructed Sea Surface Temperature version 5 (ERSSTv5)36, 105 

respectively. The observed tropical SST has been warmed with the significant warming over 106 

the Indian Ocean and western Pacific in the 1958–2017 period37-39. In addition, the decreases 107 

in OLR, which is indicative of enhanced convective heating, are observed in the tropical Indian 108 

Ocean and the eastern tropical Pacific (Supplementary Figs. 3a, b). The correlations between 109 

AO index and OLR show that enhanced convective heating in some regions including the 110 

tropical Indian Ocean, the eastern tropical Pacific and the tropical Northern Atlantic is 111 

associated with the positive AO (Supplementary Figs. 3c, d). Note that the similar results are 112 

obtained after removing the trend although there are some discrepancies in detailed structures 113 

(Supplementary Figs. 3e, f). Therefore, it is necessary to further analyze whether tropical SST 114 

forcing with enhanced convection in a long-term period is conducive to the positive trend of 115 

AO. 116 

To examine this notion, we analyzed AMIP-type simulations, which is useful for 117 

exploring atmospheric responses to underlying SST forcing. The AMIP-type simulations 118 

derived by three different climate models are obtained from the National Oceanic and 119 

Atmospheric Administration (NOAA) Facility for Weather and Climate Assessments (FACTS; 120 

Method)40. Each model is forced with the same historical forcing including SST, sea ice 121 

concentration (SIC) and greenhouse gas concentration with its own number of ensemble 122 

members (Supplementary Table 1), and we analyzed the multi-model mean (MMM) 123 

atmospheric variables and ensemble mean atmospheric variables simulated in each AGCM to 124 

examine the role of SST forcing with exclusion of the role of internal variability in the climate 125 



system (Method). The MMM AO index from NOAA FACTS displays a positive trend although 126 

it is only marginally statistically significant (Fig. 1b). All three AMIP-type simulations from 127 

NOAA FACTS also display a positive AO trend in their respective ensemble means 128 

(Supplementary Figs. 1c-e) although their statistical significances are not significant except for 129 

the GEOS-5 model at a 90% confidence level.  130 

We also conducted AMIP-type simulations using the Global/Regional Integrated 131 

Model system (GRIMs)41 in which historical SST is prescribed in the globe with 10 ensemble 132 

members (hereafter, referred to as CTRL_run and see also Supplementary Table 2) (Method). 133 

Here, we prescribed the monthly climatological SIC with a seasonal cycle and fixed the CO2 134 

concentration (348 ppm) to remove the effects of changes in the SIC and CO2 concentration 135 

(Method), which is different from NOAA FACTS AMIP-type simulations. Similar to the 136 

NOAA FACTS AMIP-type simulations, the positive trend of AO is simulated in GRIMs 137 

CTRL_run, although it is not statistically significant (Fig. 1c). Despite a lack of strong 138 

statistical significance, there is a tendency of positive trends across the AMIP-type simulations, 139 

and we infer that the tropical SST forcing contributes to the positive trend of AO. 140 

The precipitations in NOAA FACTS MMM and GRIMs CTRL_run significantly 141 

increase over the tropical Indian Ocean and the western Pacific Ocean (Figs. 2c, d), which is 142 

consistent to some extent with the OLR trend in the reanalysis datasets (Supplementary Figs. 143 

3a, b). The reason of why we analyzed the precipitation data instead of OLR is because the 144 

OLR data is not available in the NOAA FACTS AMIP-type simulations. It is also found that 145 

there are various regions including the tropical Indian Ocean, the subtropical Pacific and the 146 

tropical Northern Atlantic Ocean where the positive correlations between AO index and 147 

precipitation are significant in both FACTS MMM and GRIMs CTRL_run (Figs. 2e, f). Similar 148 

results are obtained in each individual NOAA FACTS AMIP-type simulation (Supplementary 149 

Fig. 4). Considering both significant increase in tropical convection activities and significant 150 



positive correlation between convection activities and AO in reanalysis and AMIP-type 151 

simulations (Fig. 2, Supplementary Figs. 3, 4), we infer that the increases in SST-forced 152 

convection activities over the tropical Indian Ocean can drive the positive trend of AO. On the 153 

other hand, the significant positive correlations over the subtropical Pacific and the tropical 154 

Northern Atlantic Ocean do not accompany with the long-term increase in precipitation (Figs. 155 

2c-f, Supplementary Fig. 4). However, the correlation analysis does not imply causality, and 156 

the impact of SST forcings outside the IO cannot be thoroughly excluded based on the 157 

correlation analysis only. To overcome this, we further conducted additional pacemaker 158 

experiments in which SSTs are prescribed in specific tropical regions using GRIMs (Method). 159 

 160 

Pacemaker experiments  161 

The pacemaker experiments consist of four experiments with 10 ensemble members in which 162 

the historical SST is prescribed in the tropical Indian Ocean (IO_run), tropical Western Pacific 163 

(WP_run), tropical Eastern Pacific (EP_run) and tropical Atlantic Ocean (AT_run) 164 

(Supplementary Table 2). The details of geographical regions in which historical SST is 165 

prescribed in each experiment are shown in Supplementary figure 5. Except for the SST, other 166 

forcings such as SIC and CO2 concentration in all pacemaker experiments are identical to the 167 

GRIMs CTRL_run. All results presented here are derived using the ensemble mean 168 

atmospheric variables. 169 

The AO index simulated in each experiment is shown in Fig. 3. The only IO_run 170 

presents a significant positive trend of AO (Fig. 3a and Table 1), which is consistent to some 171 

extent with the role of the Indian Ocean warming in the positive trend of North Atlantic 172 

Oscillation (NAO) in the last half of the 20th century42-44. In contrast, the WP_run and AT_run 173 

simulate a statistically significant negative trend of AO index (Figs. 3b and 3d), and there is no 174 

significant trend in AO index in the EP_run (Fig. 3c). The opposite AO trend between the 175 



IO_run and WP/AT_runs might explain the relatively weak positive trend of AO in the 176 

CTRL_run (Fig. 1c). Indeed, the additive combination of AO’s linear trends in four 177 

experiments (IO, WP, EP, and AT_run) is 0.08/60-year (Table 1). This implies that the 178 

significant contribution of IO on the positive AO trend is cancelled by that of other oceans, 179 

resulting in an insignificant AO trend in CTRL_run (Fig. 1c). However, 0.08/60-year is much 180 

smaller than the linear trend of AO in CTRL_run, 0.55/60-year (Table 1), which might be due 181 

to the notion that the AO variability simulated in CTRL_run could be explained by both linear 182 

and non-linear processes from individual oceans. Such cancellation effect from individual 183 

oceans also potentially occurs in the AMIP-type simulations from NOAA FACTS which also 184 

exhibit a less significant positive trend of AO index (Fig. 1b and Supplementary Figs. 1c-e). 185 

By the same token, the significant linear trend of AO in the reanalysis data sets (Fig. 1a and 186 

Supplementary Figs. 1a, b) might imply that the influence of the Indian Ocean SST forcing is 187 

dominant in the real system.  188 

To explore the atmospheric structures in response to individual ocean SST forcing, we 189 

display the linear trend of 500hPa geopotential height (Z500) in each experiment (Fig. 4). 190 

Supplementary Fig. 6 further displays the linear trend of 200hPa geopotential height (Z200) 191 

and SLP in each experiment. The spatial pattern of Z500 trend in IO_run (Fig. 4a) is similar to 192 

a typical structure of positive AO. This contrasts with those in WP_run (Fig. 4b) where the 193 

negative AO’s structure is dominant. On the other hand, the spatial patterns of Z500 in EP run 194 

and AT run are far from that of either positive or negative AO (Figs. 4c, d). It is noteworthy 195 

that the atmospheric responses in IO/WP_runs are stronger than those in EP/AT_runs (Fig. 4 196 

and Supplementary Fig. 6). It might be because the amplitude of the SST trend is the greatest 197 

(Supplementary Fig. 5) and the climatological SST magnitude is also greater in the IO and WP 198 

regions than that in other two regions. In addition, because the IO is right below the South Asia 199 

subtropical jet, the strongest tropospheric jet in the NH, it may have a larger impact by how it 200 



impacts this jet and the associated NH atmospheric circulation. Indeed, the spatial structure of 201 

stationary wave anomalies from the northern Indian continent to Arctic region is distinct in IO 202 

run (Fig. 4a), which can be also seen from the regressed Z500 onto the precipitation variability 203 

averaged in Indian Ocean without the linear trend in IO run (Supplementary Fig. 7a). Note that 204 

the pattern correlation between them is 0.88, which is significantly high. This result implies 205 

that the increased precipitation over Indian Ocean caused a trend of Z500 with a positive AO’s 206 

structure by generating stationary wave anomalies from the Indian continent into Arctic.  207 

 208 

Physical processes of the Indian SST warming on a positive AO trend 209 

To examine how the SST forcing with enhanced convective forcing over the Indian Ocean leads 210 

to the positive trend of AO, we introduced an IO index, which is defined as the precipitation 211 

anomaly averaged in the western-to-central southern Indian Ocean (50°E – 90°E, 15°S – 5°S; 212 

yellow box in Figs. 5a, b) where a significant increase in precipitation occurs due to the Indian 213 

Ocean warming (Figs. 5a, b). We selected 15°S – 5°S to define the IO index even though the 214 

precipitation significantly increases over 30°S – 5°S in the IO_run (Fig. 5a). This is because a 215 

significant decreasing trend of OLR is dominant between 15°S and the equator in the reanalysis 216 

datasets (Supplementary Figs. 3a, b). It should be noted that the overall results are consistent 217 

if the IO index is defined over 30°S – 5°S.  218 

The regressed pattern of precipitation onto the IO index is characterized by a 219 

meridional tripolar structure (Supplementary Fig. 7b), which implies that the IO index explains 220 

the linear trend of precipitation over the entire Indian Ocean (Fig. 5a). This meridional tripolar 221 

structure can be explained by atmospheric vertical motions associated with the IO index 222 

(Supplementary Fig. 7c). Due to the enhanced convection over the western-to-central southern 223 

Indian Ocean, convection activities are suppressed at the equator and enhanced north of the 224 

equator (Supplementary Fig. 7c), which results in a decrease and increase in precipitation along 225 



the equator and north of the equator, respectively (Fig. 5a and Supplementary Fig. 7b). Thus, 226 

the meridional tripolar structure of precipitation over the Indian Ocean is largely explained by 227 

the increase in precipitation in the western-to-central southern Indian Ocean.  228 

The standardized IO index and AO index in DJF in the IO_run are shown in Fig. 5c. 229 

The correlation coefficient between the two indices is 0.78 with the linear trend and 0.66 230 

without the linear trend, which are all statistically significant at the 99% confidence level. This 231 

may indicate that increase in precipitation in the western-to-central southern Indian Ocean 232 

plays an important role in the positive trend of AO. Note that when the same calculation is 233 

applied to the results from NOAA FACTS AMIP-type simulations, the correlation coefficients 234 

are between 0.33 and 0.64 with the linear trend and between 0.30 and 0.63 without the linear 235 

trend, which are all statistically significant at least at the 95% confidence level (Supplementary 236 

Table 3). 237 

The changes in atmospheric circulation associated with AO can be seen in the zonal-238 

mean structure, because AO has a nearly zonally-symmetric structure1,4. Figure 5d displays the 239 

linear trend of zonal-mean zonal wind in the IO_run. The zonal-mean zonal wind has been 240 

shifted poleward due to the tropical Indian Ocean SST forcing, which corresponds to the 241 

positive trend of AO2,45-48. The poleward shift of zonal winds is also seen in the spatial structure 242 

of zonal wind trend at 200hPa (U200) in IO_run where it is dominant in Eurasian continent, 243 

the western Pacific and the northern Atlantic Ocean (Supplementary Fig. 8a). By applying the 244 

budget diagnostics of the zonal-mean zonal wind49 (Methods), we found that the forcing by 245 

momentum flux convergence by the stationary waves plays a significant role in the poleward 246 

shift of zonal-mean zonal wind in the IO_run (Fig. 5e), and its role primarily arises from the 247 

horizontal term (Methods and Supplementary Figs. 9a, b). A poleward shift of zonal-mean 248 

zonal wind is dynamically consistent with the spatial pattern of the linear trend of Z500 and 249 

Z200 (Fig. 4a and Supplementary Fig. 6a) which favors to induce momentum flux convergence 250 



north of 45°N (Fig. 5e). A similar result is also obtained from the regressed maps including 251 

Z500, zonal-mean zonal winds and Z200 onto the IO index in the IO_run (Supplementary Figs. 252 

7a, 9c-e, and 10a). This implies that the increase in convective forcing due to the Indian Ocean 253 

warming is an important dynamic driver for the positive trend of AO. On the other hand, the 254 

forcing by the momentum flux convergence by the transient eddies plays a smaller role 255 

(Supplementary Fig. 9f). In addition, the Coriolis torque is considered to be a response to 256 

stationary and transient terms, and the advection of the zonal-mean wind by mean meridional 257 

circulation is quite small compared to the stationary and transient terms47,49 (Supplementary 258 

Figs. 9g, h). 259 

The poleward shift of zonal-mean zonal winds in IO_run, however, is widespread 260 

latitudinally and vertically compared to the linear trend of momentum flux convergence by the 261 

stationary waves in IO_run (Figs. 5d, e), which may imply that the other process contributes to 262 

the poleward shift of zonal-mean zonal winds and the positive trend of AO in IO_run. In 263 

addition to the role of stationary waves in the troposphere, we also emphasized the role of 264 

troposphere-stratosphere coupled processes, which is associated with the IO warming, in the 265 

positive trend of AO. In IO_run, there is the significant positive trend of Z500 over the North 266 

Pacific (Fig. 4a) where the climatological low pressure with a zonal wave number 1 is 267 

located21,50. Thus, the positive trend of Z500 over the North Pacific is out-of-phase with the 268 

climatological zonal wavenumber 1 structure, which can reduce an upward propagating wave 269 

activity flux at 100hPa (WAFz100) through destructive interference51. Indeed, the 270 

climatological upward WAFz100 from the eastern Siberia to the North Pacific51,52 is reduced in 271 

IO_run (Fig. 6a). It should be noted that the significant negative trend of WAFz100 is also 272 

noticeable over northeastern Europe where climatological weak upward WAFz100 is located 273 

(Fig. 6a). Reduced upward WAFz100 disrupts a stratospheric polar vortex to a less extent, 274 

which can play a role in strengthening of the stratospheric polar vortex (Fig. 6b). This 275 



subsequently contributes to the poleward shift of the zonal-mean zonal wind with a positive 276 

trend of AO in IO_run by a downward propagation45. It is noteworthy that the spatial structures 277 

of the regressed WAFz100 and Z100 onto the IO index are consistent with those of linear trends 278 

of the corresponding variables, respectively (Fig. 6 and see also Supplementary Figs. 10b, c). 279 

This indicates that the increase in convective forcing due to the Indian Ocean warming plays a 280 

role to drive a positive trend of AO via troposphere-stratosphere coupled processes.  281 

 282 

SUMMARY AND DISCUSSION 283 

In recent decades, AO has displayed a significant negative trend. The climate forcing related to 284 

the Arctic amplification affected this negative trend of AO19,20,25,28. However, AO has displayed 285 

a significant positive trend in the long-term period (1958 – 2017), which cannot be explained 286 

by the Arctic amplification along with sea ice loss. In the present study, we showed that the 287 

tropical Indian Ocean SST forcing plays a role in the positive trend of AO by modulating the 288 

convergence of momentum flux due to stationary waves in the troposphere and the troposphere-289 

stratosphere coupled processes including the strengthening of stratospheric polar vortex. This 290 

was demonstrated by conducting AMIP-type experiments using GRIMs forced with the 291 

observed SSTs over different tropical regions, obtaining positive AO trend only when the 292 

forcing is in the tropical Indian Ocean (Fig. 3). In this study, we did not consider the effect of 293 

sea ice loss as well as Arctic amplification in the sufficiently long-term period (Supplementary 294 

Fig. 2), in addition, the main results were obtained from the analysis of AMIP experiments 295 

using a single AGCM. In spite of this caveat, we argue that the tropical Indian Ocean SST 296 

forcing plays an important role in the long-term positive trend of AO although climate forcings 297 

associated with the sea ice loss and Arctic amplification could be influential to that in the sub-298 

period.  299 

 It was also found that the magnitude of positive trend of AO was more significant in 300 



reanalysis data sets than AMIP-type simulations (Fig. 1 and Supplementary Fig. 1). We do not 301 

exclude the notion that the counteracting influence of SST warming in other basins was not 302 

very active relative to IO warming in the observation, simply due to internal variability. And 303 

as a consequence the influence of IO warming would be less in AMIP-type simulation 304 

compared to the observation. On the other hand, a previous study showed that local 305 

extratropical air-sea interactions over North Atlantic region can amplify an AO response to 306 

tropical Pacific SST forcing53. A lack of these air-sea interactions might also cause the less 307 

significant positive trend of AO in AMIP-type simulations.  308 

The mid-to-high latitude climate is largely affected by AO phase in boreal winter. In 309 

boreal winter with a positive AO, the poleward shift of zonal winds can result in a warm and 310 

calm winter in the industrialized and populated regions, such as East Asia and southeastern 311 

North America1,4. Such climate condition can favor a severe haze event and air pollution by 312 

weakening horizontal and vertical ventilations particularly in East Asia54-57. In addition, a 313 

recent study showed that the anomalous warm temperature associated with a positive AO 314 

during winter can promote wildfires in early spring over eastern Siberia5. Thus, a long-term 315 

positive trend of AO can exert various socio-economic impacts. It has been suggested that 316 

Indian Ocean warming during the present-day period can be attributed to various reasons, such 317 

as direct greenhouse gas forcing and changes in atmospheric and ocean circulations induced 318 

by greenhouse gas forcing58-61. Given that the Indian Ocean is sensitive to external forcing due 319 

to shallow mixed layer depth62 and relatively weaker SST variability compared to other ocean 320 

basins63, it is expected that the tropical Indian Ocean SST will keep increasing in the future 321 

climate61,64. Therefore, AO is expected to have a positive trend in the future climate. However, 322 

the SST warming in other tropical basins is also expected in the future climate64-66 and the total 323 

trend of future AO will depend on the amplitude of the tropical SST warming in the respective 324 

ocean basin. Therefore, it is necessary to carefully examine how the SST in each tropical ocean 325 



basin will respond to anthropogenic forcing in order to explain the linear trend of AO in the 326 

future climate.  327 

  328 

METHODS 329 

Reanalysis datasets and AMIP datasets 330 

In this study, we used two reanalysis datasets including the National Centers for Environmental 331 

Prediction and National Center for Atmospheric Research (NCEP/NCAR) reanalysis 1 332 

dataset31 and the Japanese 55-year (JRA-55) reanalysis dataset32 for 1958–2017. The 333 

observational sea level pressure (SLP) data from the Met Office Hadley Centre (HadSLP2)30 334 

was also used to investigate a linear trend of AO during the same period. In addition, we used 335 

monthly sea surface temperature (SST) and sea ice concentration (SIC) datasets from the Met 336 

Office Hadley Centre (HadISST data sets)35 to investigate an linear trend of the SST and SIC 337 

in the same period. The monthly SST data sets from the NOAA Extended Reconstructed Sea 338 

Surface Temperature version 5 (ERSSTv5)36 were also used to investigate the linear trend of 339 

SST.  340 

In addition to the reanalysis and observation datasets, we also used the Atmospheric 341 

Model Inter-comparison Project (AMIP) simulated dataset, which was provided by the 342 

National Oceanic and Atmospheric Administration (NOAA) Earth System Research 343 

Laboratory (ESRL) Facility for Climate AssessmenTS (FACTS) 344 

(https://psl.noaa.gov/repository/facts)40. The various atmospheric models were forced by the 345 

observed historical SST and SIC67. The greenhouse gas concentrations were also time varying, 346 

which were the same values as the Coupled Model Intercomparison Project phase 5 (CMIP5) 347 

recommendations68. Among these, we selected three available models including GEOS-569, 348 

GFDL-AM370, and LBNL-CAM5.171 that simulate a long-term period comparable to 349 

reanalysis and observational data (Supplementary Table 1). The GEOS-5 simulates a historical 350 

https://psl.noaa.gov/repository/facts


144-year (1871 – 2014) period with 1.25°×1.25° horizontal resolution and 72 vertical layers. 351 

The GFDL-AM3 simulates a historical 145-year (1870 – 2014) period with about 1.9°×1.9° 352 

horizontal resolution and 48 vertical layers. The LBNL-CAM5.1 simulates a historical 55-year 353 

(1959 – 2014) period with about 1.0°×1.0° horizontal resolution and 25 vertical layers. The 354 

GEOS-5 and GFDL-AM3 have 12 ensemble members, and LBNL-CAM5.1 has 50 ensemble 355 

members. Although the simulated period is diverse across the model, the analysis was 356 

conducted in the same historical 55-year (1959 – 2013) period in all models, which is a 357 

comparable period to that in the reanalysis datasets. All results from AMIP simulations are 358 

derived from ensemble mean atmospheric variables, and the results from multi-model mean 359 

(MMM) atmospheric variables are also presented in this study. The MMM atmospheric 360 

variables are obtained as the average of the corresponding ensemble mean atmospheric 361 

variables of LBNL-CAM5.1, GFDL-AM3, and GEOS-5. 362 

In all analyses, the climatology period was set to the entire analyzed period in each 363 

dataset and all anomalies were obtained from the deviations from their climatological means. 364 

We defined winter as the three months from December to February for atmospheric variables. 365 

It should be noted that seasonal means were calculated from the monthly data during winter 366 

and seasonal anomalies were obtained by subtracting seasonal means from the total winter-367 

mean field. The linear trend was calculated based on the linear regression analysis and all 368 

statistical significance tests were based on the Student’s t test.  369 

 370 

The Arctic oscillation index 371 

The Arctic oscillation (AO) index was defined as the leading principal component time series 372 

from the empirical orthogonal function (EOF) analysis using the sea level pressure (SLP) 373 

anomalies north of 20°N in the boreal winter (DJF)1. The overall results are consistent if the 374 

AO index is derived from the EOF analysis using the 1000hPa geopotential height. All DJF 375 



AO indices (1958 – 2017) derived from NCEP/NCAR reanalysis 1, JRA-55 reanalysis, and 376 

HadSLP2 are highly correlated with the DJF AO index provided by the National Oceanic and 377 

Atmospheric Administration (NOAA) Climate Prediction Center with correlation coefficients 378 

of 0.96, 0.98, and 0.95, respectively. The linear trend of the AO index is calculated based on 379 

the linear regression analysis. 380 

 381 

Pacemaker experiments using GRIMs 382 

We conducted the sensitivity experiments using an AGCM, i.e., Global/Regional Integrated 383 

Model system (GRIMs)41,72. The GRIMs was developed for global and regional scale weather 384 

forecasts, climate research, and seasonal simulations41. The GRIMs has been widely used 385 

throughout many previous studies on the global and regional climate73-76, and it has been shown 386 

in the recent literature72 that the GRIMs with a chemistry interaction can satisfactorily simulate 387 

past (1960 – 2010) climatological atmospheric features and atmospheric teleconnections due 388 

to tropical SST forcing under the Chemistry Climate Model Initiative reference forcing (CCMI 389 

REF-C1)77. In this study, the horizontal resolution is about 200 km (T62), and 28 vertical layers 390 

(L28) with a model top at 3 hPa is used. The physics packages used in this study are the standard 391 

versions, which consist of the simplified Arakawa-Schubert convection scheme, Weather 392 

Research Forecast (WRF) single-moment microphysics 1, gravity wave drag by orography and 393 

convection, short and long wave radiation schemes, and YSU planetary boundary layer scheme. 394 

The details of these schemes are described in ref. 41. 395 

 We used the monthly Met Office Hadley Centre’s SST (HadISST) and SIC data set35 396 

to prescribe the historical and climatological SST and SIC. The overall experimental structure 397 

is similar to that of ref. 78. The integration period in all experiments was set to 1948 – 2018 398 

with 10 ensemble members. We analyzed the last 60-years (1958 – 2017), which was the same 399 

period in the analyses of the reanalysis datasets. To remove the effects of changes in the SIC 400 



and CO2 concentration, we prescribed the monthly climatological SIC with a seasonal cycle 401 

and fixed the CO2 concentration (348 ppm) in all experiments. We conducted six experiments 402 

using GRIMs AGCM. (Supplementary Table 2). In the control experiment (CTRL_run), the 403 

historical SST is prescribed in the globe. The IO experiment (IO_run) is the same as in the 404 

CTRL_run, except the historical SST is prescribed in the tropical Indian Ocean only. The 405 

climatological SST with seasonal cycle is prescribed outside the tropical Indian Ocean region. 406 

In the same manner, the historical SST is prescribed in the tropical western Pacific in the 407 

WP_run, the tropical eastern Pacific in the EP_run, and the tropical Atlantic Ocean in the 408 

AT_run. For continuity between historical and climatological SST regions in pacemaker 409 

experiments, a linear interpolation is applied within 5° of the boundaries between the historical 410 

and climatological SST regions. We displayed the details of geographical regions in which the 411 

historical SST is prescribed in each experiment in Supplementary Figure 5. We also conducted 412 

a CLIM_run in which the climatological SST is prescribed in the globe to define a climatology 413 

of each atmospheric variable. The climatology of each atmospheric variable is defined as the 414 

long-term (60 years) mean of the corresponding atmospheric variables in CLIM_run. All 415 

anomalies in the GRIMs experiments are defined as deviations from the climatology of the 416 

corresponding atmospheric variables. Supplementary Table 2 summarizes all experiments 417 

including CTRL, IO, WP, EP, AT, and CLIM.  418 

 419 

Budget diagnostics of zonal mean zonal wind 420 

Budget diagnostics of zonal mean zonal wind is applied to investigate which process is 421 

responsible for the change in zonal-mean zonal wind. The equation for the zonal-mean zonal 422 

wind can be written as follows49: 423 

𝜕〈𝑢̅〉

𝜕𝑡
=  − (

〈𝑣̅〉

𝑎

𝜕〈𝑢̅〉

𝜕𝛷
+  〈𝜔̅〉

𝜕〈𝑢̅〉

𝜕𝑝
) + (𝑓 +  

〈𝑢̅〉 sin 𝛷

𝑎 cos 𝛷
) 〈𝑣̅〉 424 



− 
1

𝑎 cos2 𝛷

𝜕

𝜕𝛷
(〈𝑢̅∗𝑣̅∗〉 cos2 𝛷) −  

𝜕

𝜕𝑝
〈𝑢̅∗𝜔̅∗〉 425 

− 
1

𝑎 cos2 𝛷

𝜕

𝜕𝛷
(〈𝑢′𝑣′̅̅ ̅̅ ̅̅ 〉 cos2 𝛷) −  

𝜕

𝜕𝑝
〈𝑢′𝜔′̅̅ ̅̅ ̅̅ 〉 −  𝐷〈𝑢〉̅̅ ̅̅ ̅̅         (1) 426 

where brackets denote a zonal mean, asterisks denote deviations from the zonal mean, overbars 427 

denote a monthly mean, and primes denote deviations from the monthly mean. The variables 428 

u, v, and 𝜔 are zonal wind, meridional wind, and vertical pressure velocity, respectively; a is 429 

the radius of the earth, 𝛷 is latitude, p is pressure, f is the Coriolis parameter, and 𝐷〈𝑢〉̅̅ ̅̅ ̅̅  is a 430 

damping. The first and second terms on the right side of the equation are the advection of the 431 

zonal-mean wind by the mean meridional circulation (MMCADV) and the Coriolis torque (CT), 432 

respectively. The third and fourth terms are the forcing by convergence of momentum flux by 433 

the stationary waves (CMFSW), and each third and fourth terms are associated with the 434 

horizontal (CMFSWhor) and vertical components (CMFSWver) of CMFSW, respectively. The fifth 435 

and sixth terms are the forcing by convergence of momentum flux by the transient eddies 436 

(CMFTR), and each fifth and sixth terms are also associated with the horizontal (CMFTRhor) and 437 

vertical (CMFTRver) components of CMFTR, respectively. 438 

 439 

The vertical wave activity flux 440 

The vertical wave activity flux (WAFz) is calculated to investigate the vertical propagation of 441 

planetary waves. The vertical component of wave activity flux is defined as follows79: 442 

𝑊𝐴𝐹𝑧 = 𝑝 cos 𝛷
2Ω2 sin2 𝛷

𝑁2𝑎 cos 𝛷
(

𝜕𝜓∗

𝜕𝜆

𝜕𝜓∗

𝜕𝑧
−  𝜓∗

𝜕2𝜓∗

𝜕𝜆𝜕𝑧
)     (2) 443 

where asterisks denote deviations from the zonal mean, 𝜓 is streamfunction, 𝑁2 is the Brunt 444 

Väisälä frequency, a is the radius of the earth, Ω is rotation rate of the Earth, 𝜆 is longitude, 445 

z is vertical level, and p is pressure. 446 

 447 



 448 

DATA AVAILABILITY 449 

Any request for the GRIMs simulations for the pacemaker experiments should be addressed to 450 

jyc0122@hanyang.ac.kr. 451 

 452 

CODE AVAILABILITY 453 

All the python codes used to generate the results of this study are available from the authors 454 

upon request. 455 

 456 

ACKNOWLEDGEMENT 457 

This work was funded by the Korean Meteorological Administration Research and 458 

Development Program under grant (KMI2020-01213). 459 

 460 

AUTHOR CONTRIBUTIONS 461 

YCJ and SWY conceived of the study and YCJ conducted analysis and model experiment, and 462 

wrote the first manuscript. SWY edited the manuscript with comments and input from all 463 

authors. 464 

 465 

COMPETING INTERESTS 466 

The Authors declare no Competing Financial or Non-Financial Interests. 467 

  468 

mailto:jyc0122@hanyang.ac.kr


REFERENCES 469 

1. Thompson D. W. & Wallace J. M. The Arctic Oscillation signature in the wintertime 470 

geopotential height and temperature fields. Geophys. Res. Lett. 25, 1297-1300 (1998). 471 

2. Thompson D. W. & Wallace J. M. Annular modes in the extratropical circulation. Part 472 

I: Month-to-month variability. J. Clim. 13, 1000-1016 (2000). 473 

3. Thompson D. W. & Wallace J. M. Regional climate impacts of the Northern 474 

Hemisphere annular mode. Science 293, 85-89 (2001). 475 

4. He S., Gao Y., Li F., Wang H. & He Y. Impact of Arctic Oscillation on the East Asian 476 

climate: A review. Earth. Sci. Rev. 164, 48-62 (2017). 477 

5. Kim J.-S., Kug J.-S., Jeong S.-J., Park H. & Schaepman-Strub G. Extensive fires in 478 

southeastern Siberian permafrost linked to preceding Arctic Oscillation. Sci. Adv. 6,  479 

(2020). 480 

6. Kryjov V. & Gorelits O. Wintertime Arctic Oscillation and Formation of River Spring 481 

Floods in the Barents Sea Basin. Russ. Meteorol. Hydrol. 44,  (2019). 482 

7. Song L. & Wu R. Comparison of intraseasonal East Asian winter cold temperature 483 

anomalies in positive and negative phases of the Arctic Oscillation. J. Geophys. Res. 484 

Atmos. 123, 8518-8537 (2018). 485 

8. Wu B. & Wang J. Winter Arctic oscillation, Siberian high and East Asian winter 486 

monsoon. Geophys. Res. Lett. 29, 3-1-3-4 (2002). 487 

9. Cohen J., Foster J., Barlow M., Saito K. & Jones J. Winter 2009–2010: A case study of 488 

an extreme Arctic Oscillation event. Geophys. Res. Lett. 37,  (2010). 489 

10. Feldstein S. B. The recent trend and variance increase of the annular mode. J. Clim. 15, 490 

88-94 (2002). 491 

11. Fyfe J., Boer G. & Flato G. The Arctic and Antarctic Oscillations and their projected 492 

changes under global warming. Geophys. Res. Lett. 26, 1601-1604 (1999). 493 



12. Haszpra T., Topál D. & Herein M. On the time evolution of the Arctic Oscillation and 494 

related wintertime phenomena under different forcing scenarios in an ensemble 495 

approach. J. Clim. 33, 3107-3124 (2020). 496 

13. Shindell D. T., Miller R. L., Schmidt G. A. & Pandolfo L. Simulation of recent northern 497 

winter climate trends by greenhouse-gas forcing. Nature 399, 452-455 (1999). 498 

14. Miller R., Schmidt G. & Shindell D. Forced annular variations in the 20th century 499 

intergovernmental panel on climate change fourth assessment report models. J. 500 

Geophys. Res. Atmos. 111,  (2006). 501 

15. Shindell D. T., Schmidt G. A., Miller R. L. & Rind D. Northern Hemisphere winter 502 

climate response to greenhouse gas, ozone, solar, and volcanic forcing. J. Geophys. Res. 503 

Atmos. 106, 7193-7210 (2001). 504 

16. Cohen J., Barlow M. & Saito K. Decadal fluctuations in planetary wave forcing 505 

modulate global warming in late boreal winter. J. Clim. 22, 4418-4426 (2009). 506 

17. Overland J. & Wang M. The Arctic climate paradox: The recent decrease of the Arctic 507 

Oscillation. Geophys. Res. Lett. 32,  (2005). 508 

18. Smith D. M. et al. Robust but weak winter atmospheric circulation response to future 509 

Arctic sea ice loss. Nat. Commun. 13, 1-15 (2022). 510 

19. Yang X.-Y., Yuan X. & Ting M. Dynamical link between the Barents–Kara sea ice and 511 

the Arctic Oscillation. J. Clim. 29, 5103-5122 (2016). 512 

20. Honda M., Inoue J. & Yamane S. Influence of low Arctic sea‐ice minima on 513 

anomalously cold Eurasian winters. Geophys. Res. Lett. 36,  (2009). 514 

21. Kim B.-M. et al. Weakening of the stratospheric polar vortex by Arctic sea-ice loss. Nat. 515 

Commun. 5, 1-8 (2014). 516 

22. Seierstad I. A. & Bader J. Impact of a projected future Arctic sea ice reduction on 517 

extratropical storminess and the NAO. Clim. Dyn. 33, 937 (2009). 518 



23. Wu Q. & Zhang X. Observed forcing‐feedback processes between Northern 519 

Hemisphere atmospheric circulation and Arctic sea ice coverage. J. Geophys. Res. 520 

Atmos. 115,  (2010). 521 

24. Allen R. J. & Zender C. S. Forcing of the Arctic Oscillation by Eurasian snow cover. J. 522 

Clim. 24, 6528-6539 (2011). 523 

25. Cohen J. L., Furtado J. C., Barlow M. A., Alexeev V. A. & Cherry J. E. Arctic warming, 524 

increasing snow cover and widespread boreal winter cooling. Environ. Res. Lett. 7, 525 

014007 (2012). 526 

26. Henderson G. R., Peings Y., Furtado J. C. & Kushner P. J. Snow–atmosphere coupling 527 

in the Northern Hemisphere. Nat. Clim. Change. 8, 954-963 (2018). 528 

27. Cohen J. & Barlow M. The NAO, the AO, and global warming: How closely related? 529 

J. Clim. 18, 4498-4513 (2005). 530 

28. Cohen J. et al. Recent Arctic amplification and extreme mid-latitude weather. Nat. 531 

Geosci. 7, 627-637 (2014). 532 

29. Thompson D. W., Wallace J. M. & Hegerl G. C. Annular modes in the extratropical 533 

circulation. Part II: Trends. J. Clim. 13, 1018-1036 (2000). 534 

30. Allan R. & Ansell T. A new globally complete monthly historical gridded mean sea 535 

level pressure dataset (HadSLP2): 1850–2004. J. Clim. 19, 5816-5842 (2006). 536 

31. Kalnay E. et al. The NCEP/NCAR 40-year reanalysis project. Bull. Am. Meteorol. Soc. 537 

77, 437-472 (1996). 538 

32. Kobayashi S. et al. The JRA-55 reanalysis: General specifications and basic 539 

characteristics. J. Meteorol. Soc. Jpn. Ser II 93, 5-48 (2015). 540 

33. Lin H., Derome J., Greatbatch R. J., Andrew Peterson K. & Lu J. Tropical links of the 541 

Arctic Oscillation. Geophys. Res. Lett. 29, 4-1-4-4 (2002). 542 

34. Zhang K., Randel W. J. & Fu R. Relationships between outgoing longwave radiation 543 



and diabatic heating in reanalyses. Clim. Dyn. 49, 2911-2929 (2017). 544 

35. Rayner N. et al. Global analyses of sea surface temperature, sea ice, and night marine 545 

air temperature since the late nineteenth century. J. Geophys. Res. Atmos. 108,  (2003). 546 

36. Huang B. et al. Extended reconstructed sea surface temperature, version 5 (ERSSTv5): 547 

upgrades, validations, and intercomparisons. J. Clim. 30, 8179-8205 (2017). 548 

37. Dhame S., Taschetto A. S., Santoso A. & Meissner K. J. Indian Ocean warming 549 

modulates global atmospheric circulation trends. Clim. Dyn. 55, 2053-2073 (2020). 550 

38. Hu S. & Fedorov A. V. Indian Ocean warming can strengthen the Atlantic meridional 551 

overturning circulation. Nat. Clim. Change. 9, 747-751 (2019). 552 

39. Roxy M. K., Ritika K., Terray P. & Masson S. The curious case of Indian Ocean 553 

warming. J. Clim. 27, 8501-8509 (2014). 554 

40. Murray D. et al. Facility for Weather and Climate Assessments (FACTS): A Community 555 

Resource for Assessing Weather and Climate Variability. Bull. Am. Meteorol. Soc. 101, 556 

E1214-E1224 (2020). 557 

41. Hong S.-Y. et al. The global/regional integrated model system (GRIMs). Asia. Pac. J. 558 

Atmos. Sci. 49, 219-243 (2013). 559 

42. Bader J. & Latif M. The impact of decadal‐scale Indian Ocean sea surface temperature 560 

anomalies on Sahelian rainfall and the North Atlantic Oscillation. Geophys. Res. Lett. 561 

30,  (2003). 562 

43. Hoerling M. P., Hurrell J. W. & Xu T. Tropical origins for recent North Atlantic climate 563 

change. Science 292, 90-92 (2001). 564 

44. Hoerling M. P., Hurrell J. W., Xu T., Bates G. T. & Phillips A. Twentieth century North 565 

Atlantic climate change. Part II: Understanding the effect of Indian Ocean warming. 566 

Clim. Dyn. 23, 391-405 (2004). 567 

45. Baldwin M. P. & Dunkerton T. J. Propagation of the Arctic Oscillation from the 568 



stratosphere to the troposphere. J. Geophys. Res. Atmos. 104, 30937-30946 (1999). 569 

46. Wang L. & Chen W. Downward Arctic Oscillation signal associated with moderate 570 

weak stratospheric polar vortex and the cold December 2009. Geophys. Res. Lett. 37,  571 

(2010). 572 

47. Li S., Perlwitz J., Hoerling M. P. & Chen X. Opposite annular responses of the Northern 573 

and Southern Hemispheres to Indian Ocean warming. J. Clim. 23, 3720-3738 (2010). 574 

48. Li S. A comparison of polar vortex response to Pacific and Indian Ocean warming. Adv. 575 

Atmos. Sci. 27, 469-482 (2010). 576 

49. Seager R., Harnik N., Kushnir Y., Robinson W. & Miller J. Mechanisms of 577 

hemispherically symmetric climate variability. J. Clim. 16, 2960-2978 (2003). 578 

50. Garfinkel C. I., Hartmann D. L. & Sassi F. Tropospheric precursors of anomalous 579 

Northern Hemisphere stratospheric polar vortices. J. Clim. 23, 3282-3299 (2010). 580 

51. Juzbašić A., Kryjov V. & Ahn J. On the anomalous development of the extremely 581 

intense positive Arctic Oscillation of the 2019–2020 winter. Environ. Res. Lett. 16, 582 

055008 (2021). 583 

52. Kretschmer M., Cohen J., Matthias V., Runge J. & Coumou D. The different 584 

stratospheric influence on cold-extremes in Eurasia and North America. npj Climate 585 

and Atmospheric Science 1, 1-10 (2018). 586 

53. Li S., Hoerling M. P., Peng S. & Weickmann K. M. The annular response to tropical 587 

Pacific SST forcing. J. Clim. 19, 1802-1819 (2006). 588 

54. Jeong J. I. & Park R. J. Winter monsoon variability and its impact on aerosol 589 

concentrations in East Asia. Environ. Pollut. 221, 285-292 (2017). 590 

55. Lu S. et al. Impact of Arctic Oscillation anomalies on winter PM2. 5 in China via a 591 

numerical simulation. Sci. Total Environ 779, 146390 (2021). 592 

56. Lu S., He J., Gong S. & Zhang L. Influence of Arctic Oscillation abnormalities on 593 



spatio-temporal haze distributions in China. Atmos. Environ. 223, 117282 (2020). 594 

57. Xiao D. et al. Plausible influence of Atlantic Ocean SST anomalies on winter haze in 595 

China. Theor. Appl. Climatol. 122, 249-257 (2015). 596 

58. Alory G., Wijffels S. & Meyers G. Observed temperature trends in the Indian Ocean 597 

over 1960–1999 and associated mechanisms. Geophys. Res. Lett. 34,  (2007). 598 

59. Du Y. & Xie S. P. Role of atmospheric adjustments in the tropical Indian Ocean 599 

warming during the 20th century in climate models. Geophys. Res. Lett. 35,  (2008). 600 

60. Knutson T. R. et al. Assessment of twentieth-century regional surface temperature 601 

trends using the GFDL CM2 coupled models. J. Clim. 19, 1624-1651 (2006). 602 

61. Rao S. A. et al. Why is Indian Ocean warming consistently? Clim. Change. 110, 709-603 

719 (2012). 604 

62. Schott F. A., Xie S. P. & McCreary Jr J. P. Indian Ocean circulation and climate 605 

variability. Rev. Geophys. 47,  (2009). 606 

63. Zhang L., Han W. & Sienz F. Unraveling causes for the changing behavior of the 607 

tropical Indian Ocean in the past few decades. J. Clim. 31, 2377-2388 (2018). 608 

64. Endris H. S. et al. Future changes in rainfall associated with ENSO, IOD and changes 609 

in the mean state over Eastern Africa. Clim. Dyn. 52, 2029-2053 (2019). 610 

65. Sung H. M. et al. Future Changes in the Global and Regional Sea Level Rise and Sea 611 

Surface Temperature Based on CMIP6 Models. Atmosphere 12, 90 (2021). 612 

66. Tittensor D. P. et al. Next-generation ensemble projections reveal higher climate risks 613 

for marine ecosystems. Nat. Clim. Change. 11, 973-981 (2021). 614 

67. Hurrell J. W., Hack J. J., Shea D., Caron J. M. & Rosinski J. A new sea surface 615 

temperature and sea ice boundary dataset for the Community Atmosphere Model. J. 616 

Clim. 21, 5145-5153 (2008). 617 

68. Meinshausen M. et al. The RCP greenhouse gas concentrations and their extensions 618 



from 1765 to 2300. Clim. Change. 109, 213 (2011). 619 

69. Molod A. et al. The GEOS-5 atmospheric general circulation model: Mean climate and 620 

development from MERRA to Fortuna.  (2012). 621 

70. Donner L. J. et al. The dynamical core, physical parameterizations, and basic simulation 622 

characteristics of the atmospheric component AM3 of the GFDL global coupled model 623 

CM3. J. Clim. 24, 3484-3519 (2011). 624 

71. Neale R. B. et al. Description of the NCAR community atmosphere model (CAM 5.0). 625 

NCAR Tech. Note NCAR/TN-486+ STR 1, 1-12 (2010). 626 

72. Jeong Y. C., Yeh S. W., Lee S. & Park R. J. A Global/Regional Integrated Model 627 

System‐Chemistry Climate Model: 1. Simulation Characteristics. Earth. Space. Sci. 6, 628 

2016-2030 (2019). 629 

73. Ham S. & Hong S.-Y. Sensitivity of simulated intraseasonal oscillation to four 630 

convective parameterization schemes in a coupled climate model. Asia. Pac. J. Atmos. 631 

Sci. 49, 483-496 (2013). 632 

74. Song K., Son S.-W. & Charlton-Perez A. Deterministic prediction of stratospheric 633 

sudden warming events in the Global/Regional Integrated Model system (GRIMs). 634 

Clim. Dyn., 1-15 (2020). 635 

75. Jang H.-Y., Yeh S.-W., Chang E.-C. & Kim B.-M. Evidence of the observed change in 636 

the atmosphere–ocean interactions over the South China Sea during summer in a 637 

regional climate model. Meteorol. Atmos. Phys. 128, 639-648 (2016). 638 

76. Jeong Y. C., Yeh S. W., Lee S., Park R. J. & Son S. W. Impact of the stratospheric ozone 639 

on the Northern Hemisphere surface climate during boreal winter. J. Geophys. Res. 640 

Atmos. 126, e2021JD034958 (2021). 641 

77. Eyring V. et al. Overview of IGAC/SPARC Chemistry-Climate Model Initiative (CCMI) 642 

community simulations in support of upcoming ozone and climate assessments. SPARC 643 



newsletter 40, 48-66 (2013). 644 

78. Chang E. C., Yeh S. W., Hong S. Y. & Wu R. Sensitivity of summer precipitation to 645 

tropical sea surface temperatures over East Asia in the GRIMs GMP. Geophys. Res. Lett. 646 

40, 1824-1831 (2013). 647 

79. Plumb R. A. On the three-dimensional propagation of stationary waves. Journal of 648 

Atmospheric Sciences 42, 217-229 (1985). 649 

 650 

  651 



FIGURE LEGENDS 652 

 653 

Table 1. The linear trends of idealized GRIMs experiments. The linear trend of AO in each 654 

idealized GRIMs experiment. The number in parenthesis indicates a 95% confidence interval 655 

of the linear trend in each experiment. 656 

Exp. CTRL IO WP EP AT IO+WP+EP+AT 

Linear trend 

(60 years-1) 

0.55  

(± 0.89) 

1.87  

(± 0.65) 

-0.87  

(± 0.71) 

-0.02  

(± 0.90) 

-0.90  

(± 0.82) 
0.08 

 657 

  658 



 659 

Fig 1. Long-term trends of AO in observation and AMIP-type simulations. The AO index 660 

in a HadSLP2 data (1958 – 2017), b NOAA FACTS multi-model mean (Method, 1959 – 2013) 661 

and c GRIMs CTRL_run (Method, 1958 – 2017). The black dashed line indicates a linear trend 662 

of each AO index. The black numbers in the upper-left and upper-right sides of each panel 663 

denote the linear trend of AO index with a 95% confidence interval and its p-value, respectively. 664 

The green line and numbers in a denote the linear trend and the corresponding values during 665 

1988 – 2010. 666 

  667 



 668 

Fig. 2 Long-term trends of observed SST and simulated precipitation with its relationship 669 

with AO. The linear trend (shading) of the observed SST (1958 – 2017) in DJF from a HadISST 670 

and b ERSSTv5 with climatological SST (contour, unit: °C) in each dataset. The linear trend 671 

(shading) of simulated precipitation in DJF in c NOAA FACTS multi-model mean (1959 – 672 

2013) and d GRIMs CTRL_run (1958 – 2017) with climatological precipitation (contour, unit: 673 

mmday-1) in each dataset. The correlation coefficients between simulated AO and precipitation 674 

in e NOAA FACTS multi-model mean and f GRIMs CTRL_run with climatological 675 

precipitation (contour, unit: mmday-1) in each dataset. In all figures, black hatched regions 676 

indicate a statistically significant region at a 95% confidence level. 677 

 678 

  679 



 680 

Fig 3. Long-term trends of AO in each pacemaker experiment using GRIMs. The AO 681 

indices in a IO, b WP, c EP, and d AT runs in the period of 1958 – 2017. The black dashed line 682 

indicates a linear trend of each AO index. The number in lower-right sides of each panel denotes 683 

a p-value of the linear trend. The values of the linear trends and their 95% confidence intervals 684 

are summarized in Table 1. 685 

  686 



 687 

Fig. 4 Long-term trends of 500hPa geopotential height in each pacemaker experiment 688 

using GRIMs. The linear trends of 500hPa geopotential height (Z500) (shading) in a IO, b WP, 689 

c EP, and d AT runs with the climatological (1958 – 2017) Z500 (contour, unit: meter). The 690 

black hatched regions indicate statistically significant regions at a 95% confidence level. The 691 

red arrow in Fig. 4a indicates stationary wave anomalies from the northern Indian continent to 692 

Arctic region. 693 

 694 
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 696 

Fig. 5 Long-term trends of precipitation and zonal-mean zonal winds in the IO_run. a 697 

The linear trend of precipitation in DJF in IO_run (shading) with the climatological 698 

precipitation (contour, unit: mmday-1) and b the linear trend of the observed SST in DJF in 699 

HadISST data (shading) with the climatological SST (contour, unit: °C). c Time-series of AO 700 

index and area-averaged precipitation anomalies in the western-to-central Indian Ocean (IO 701 

index, yellow box in Figs. 5a, b). Both indices are standardized and the correlation coefficient 702 

(Corr) between two indices is statistically significant at a 99% confidence level (*). d The linear 703 

trend of zonal-mean (0° – 360°E) zonal winds in DJF in IO_run (shading) with the 704 

climatological zonal-mean zonal winds (contour, unit: ms-1) and e the linear trend of 705 

convergence of momentum flux by the stationary waves (CMFSW) in DJF in the IO_run 706 

(shading) with the climatological CMFSW (contour, unit: ms-1day-1). In all figures, the black 707 

hatched regions indicate statistically significant regions at a 95% confidence level.  708 

  709 



 710 

Fig. 6 Long-term trends of vertical wave activity flux and polar vortex in the IO_run. a 711 

The linear trend of vertical wave activity flux at 100hPa (WAFz100) (shading) with the 712 

climatological (1958-2017) WAFz100 (contour, unit: 10-2m2s-2) and b the linear trend of 713 

geopotential height at 100hPa (Z100) (shading) with the climatological Z100 (contour, unit: 714 

meter) in IO_run. The positive WAFz in Fig. 6a indicates the upward WAFz. The black hatched 715 

regions in Figs. 6a, b indicate statistically significant regions at a 95% confidence level.  716 
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 742 

Supplementary Table 1. The available AMIP simulations with observed radiative forcing 743 

in NOAA FACTS. The detailed information about the AMIP simulations in NOAA FACTS. 744 

Each AMIP simulation has a different integration period, but the analysis is completed in the 745 

same period (1959 – 2013, 55 years). Each AMIP simulation is forced with the same observed 746 

historical forcings including SST, SIC, and greenhouse gas concentrations (Method). 747 

Models Periods 
Number of 

Ensemble Members 

Horizontal 

Resolution 

Vertical 

Resolution 

GEOS-5 1871 – 2014 12 
1.25°×1.0° 

(288×181) 
72 layers 

GFDL-AM3 1870 – 2014 12 
~1.9°×1.9° 

(192×92) 
48 layers 

LBNL-CAM5.1 1959 – 2014 50 
~1.0°×1.0° 

(288×192) 
25 layers 

 748 
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Supplementary Table 2. The information about the idealized GRIMs experiments. The 750 

detailed information of seven experiments using GRIMs AGCM. The Historical SST denotes 751 

the region in which historical SST is prescribed in each experiment (Method, Supplementary 752 

Figure 7). All experiments are integrated over 71 years with a monthly climatological SIC and 753 

fixed CO2 concentration. All experiments except for the CLIM experiment have 10 ensemble 754 

members. 755 

Experiment CTRL IO WP EP AT CLIM 

Historical 

SST 
Global IO WP EP AT 

No 

(All Clim.) 

SIC Monthly Climatological SIC with Seasonal Cycle 

CO2 Fixed (348 ppm) 

Integration 

Period 

1948 – 2018 (71 years) 

Analysis: 1958 – 2017 (60 years) 
71 years 

Number of 

Ensemble 

Members 

10 - 

 756 
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Supplementary Table 3. The correlation between AO and the precipitation over the 758 

western-to-central Indian Ocean in AMIP simulations. The correlation coefficient between 759 

the precipitation anomaly averaged at 50°E – 90°E and 15°S – 5°S (IO index) and AO index in 760 

DJF in the FACTS multi-model mean (MMM) and each AMIP simulation. The correlation 761 

coefficients derived without the linear trend are shown in parenthesis. The *** (**) denotes a 762 

statistically significant correlation coefficient at a 99% (95%) confidence level. 763 

 FACTS MMM GEOS-5 GFDL-AM3 LBNL-CAM5.1 CTRL (GRIMs) 

Corr. 
0.52*** 

(0.51***) 

0.64*** 

(0.63***) 

0.33** 

(0.30**)  

0.53*** 

(0.51***) 

0.50*** 

(0.48***) 

 764 
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 766 

Supplementary Figure 1. Long-term trends of AO in reanalysis datasets and individual 767 

NOAA FACTS AMIP-type simulations. The AO index in a NCEP/NCAR R1 (1958 – 2017), 768 

b JRA-55 reanalysis data (1958 – 2017), c GEOS-5 AMIP-type simulation (1959 – 2013), d 769 

GFDL-AM3 AMIP-type simulations (1959 – 2013) and e LBNL-CAM5-1 AMIP-type 770 

simulation (1959 – 2013). The black dashed line indicates a linear trend of each AO index. The 771 

black numbers in the upper-left and upper-right sides of each panel denote the linear trend of 772 

AO index with a 95% confidence interval and its p-value, respectively. The green line and 773 

numbers in a, b denote the linear trend and the corresponding values in the 1988 – 2010 period. 774 

 775 



 776 

Supplementary Figure 2. Long-term trends of Arctic sea ice concentration (SIC) and 777 

Arctic 2m temperature (T2m). a The linear trend of SIC (unit: %/60years) over the Arctic 778 

region during late summer and early fall (July-August-September, JAS) in 1958 – 2017. The 779 

black hatched regions indicate statistically significant regions at a 95% confidence level. b 780 

Time-series of area-averaged T2m over the Arctic region during JAS in two reanalysis datasets 781 

(1958 – 2017). The dashed lines denote the linear trend of T2m in each reanalysis dataset. The 782 

black (blue) numbers in the lower-left and right sides of each panel denote a linear trend with 783 

a 95% confidence interval and p-value of the linear trend, respectively, in NCEP-R1 (JRA-55) 784 

datasets. The Arctic region is set to 0° – 360°E and 60°N – 90°N. It should be noted that T2m 785 

from JRA-55 reanalysis data is available from 1959. 786 



 787 

Supplementary Figure 3. Long-term trend of OLR and relationship between OLR and 788 

AO in reanalysis datasets. The linear trend (shading) of observed OLR (1958 – 2017) in DJF 789 

from a NCEP/NCAR R1 and b JRA-55 reanalysis data with climatological OLR (contour, unit: 790 

Wm-2) in each dataset. Only the values over the oceans are presented. The negative value 791 

indicates an enhanced convective heating. The correlation coefficients (shading) between AO 792 

and OLR from c NCEP/NCAR R1 and d JRA-55 reanalysis data with climatological OLR 793 

(contour, unit: Wm-2) in each dataset. For convenience, the correlation coefficients are 794 

multiplied by -1. e-f Same as c-d but for the detrended anomalies. In all figures, black hatched 795 

regions indicate a statistically significant region at a 95% confidence level. 796 
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 798 

Supplementary Figure 4. Long-term trends of simulated precipitation and its relationship 799 

with AO in NOAA FACTS individual AMIP-type simulations. a-c The linear trend (shading) 800 

of simulated precipitation in DJF with climatological precipitation (unit: mmday-1) in GEOS-801 

5, GFDL-AM3 and LBNL-CAM5.1, respectively. d-f Same as a-c but for correlation 802 

coefficients between simulated AO and precipitation with climatological precipitation (unit: 803 

mmday-1). Note that result is derived from ensemble mean precipitation in each AMIP-type 804 

simulation. In all figures, black hatched regions indicate a statistically significant region at a 805 

95% confidence level. 806 

 807 



 808 

Supplementary Figure 5. Long-term trends in the observed tropical SST in DJF (1958 – 809 

2017) in the region in which the historical SST is prescribed in each pacemaker 810 

experiment. The linear trend of observed SST (HadISST) over the region in which historical 811 

SST is prescribed in a IO_run (30°E – 120°E, 30°S – 30°N), b WP_run (100°E – 170°E, 20°S 812 

– 20°N), c EP_run (170°E – 70°W, 20°S – 20°N), and d AT_run (90°W – 20°E, 20°S – 20°N). 813 

The boundary between the IO and WP runs is set to the Maritime continent, and that between 814 

the EP and AT runs is set to the Central and South American continents. The climatological 815 

SST with the seasonal cycle is prescribed outside the historical SST region in each experiment. 816 

For continuity between the historical and climatological SST regions, linear interpolation is 817 

applied within 5° of the boundaries between the historical and climatological SST regions 818 

(Method).  819 
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 821 



 822 

Supplementary Figure 6. The linear trends of atmospheric variables in pacemaker 823 

experiments. (Left panel) The linear trend of 200hPa geopotential height (Z200) in IO, WP, 824 

EP and AT_runs, respectively, with the climatological Z200 (contour, unit: meter). (Right 825 

panel) The linear trend of sea level pressure (SLP) in IO, WP, EP and AT_runs, respectively, 826 

with the climatological SLP (contour, unit: hPa). The black hatched regions indicate 827 

statistically significant regions at a 95% confidence level.  828 



 829 

Supplementary Figure 7. The IO index-related atmospheric circulation and precipitation 830 

in the IO_run. a The linear regressed pattern of 500hPa geopotential height (Z500) in DJF 831 

onto the IO index (yellow box in b) (shading) with the climatological Z500 (contour, unit: 832 

meter) in the IO_run. The red arrow in a indicates stationary wave anomalies from the northern 833 

Indian continent to Arctic region. b The linear regressed pattern of precipitation in DJF onto 834 

the IO index (shading) with the climatological precipitation (contour, unit: mmday-1) in the 835 

IO_run. c The linear regressed pattern of zonal-mean (50° – 90°E) vertical velocity (omega) 836 

(shading) in DJF onto the IO index with the climatological omega (contour, unit: 10-2 Pa s-1). 837 

The negative value in c indicates an atmospheric upward motion. The thick yellow line in c 838 

indicates the IO index region. Note that all anomalies here are detrended before the linear 839 

regression analysis. The black dotted regions indicate statistically significant regions at a 95% 840 

confidence level.  841 



 842 

 843 

Supplementary Figure 8. Long-term trends of 200hPa zonal winds in each pacemaker 844 

experiment using GRIMs. The linear trends of 200hPa zonal winds (U200, shading) in a IO, 845 

b WP, c EP, and d AT runs, respectively, with the climatological U200 (contour, unit: ms-1). 846 

The black hatched regions indicate statistically significant regions at a 95% confidence level. 847 
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 850 

Supplementary Figure 9. Long-term trends and IO index-related variability in the zonal-851 

mean zonal winds budget diagnostics in the IO_run (1958 – 2017). The linear trend of a 852 

horizontal (CMFSWhor) and b vertical (CMFSWver) components of convergence of the 853 

momentum flux by the stationary waves (CMFSW) in the IO_run. The linear regressed pattern 854 

of c detrended zonal-mean zonal winds, d detrended CMFSW, and e detrended CMFSWhor in 855 

DJF on the IO index in the IO_run. The linear trend of f convergence of the momentum flux 856 

within the transient eddies (CMFTR), g Coriolis torque (CT), and h advection of the zonal-mean 857 

wind by the mean meridional circulation (MMCADV) in DJF in the IO_run. In all figures, the 858 

black dotted regions indicate the statistically significant regions at a 95% confidence level and 859 

the contours denote the climatology of the corresponding variables. 860 
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 862 

Supplementary Figure 10. IO index-related variability of the geopotential height and 863 

vertical wave activity flux in the IO_run. The regressed pattern (shading) of a 200hPa 864 

geopotential height (Z200) with the climatological Z200 (contour, unit: meter), b vertical wave 865 

activity flux at 100hPa (WAFz100) with the climatological WAFz100 (contour, unit: 10-2 m2s-2)   866 

and c 100hPa geopotential height (Z100) with the climatological Z100 (contour, unit: meter) 867 

onto the IO index in the IO_run. Note that all anomalies here are detrended before the 868 

regression analysis. The positive WAFz in b indicates the upward WAFz. The black hatched 869 

regions indicate the statistically significant regions at a 95% confidence level. Note that the 870 

bounding latitude in a is the equator while those in b and c are 30°N. 871 
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