
 1 

On the atmospheric response experiment to a Blue Arctic Ocean 1 

 2 

Tetsu Nakamura1,2*, Koji Yamazaki1,2, Meiji Honda3, Jinro Ukita3, Ralf Jaiser4, 3 

Dörthe Handorf 4, and Klaus Dethloff4 4 

 5 
1 Faculty of Environmental Earth Science, Hokkaido University, Sapporo, Japan 6 
2 Arctic Environmental Research Center, National Institute of Polar Research, Tokyo, 7 

Japan 8 
3 Faculty of Science, Niigata University, Niigata, Japan 9 
4 Helmholtz-Zentrum für Polar- und Meeresforschung, Alfred-Wegener-Institut, 10 

Potsdam, Germany 11 
 12 
*Corresponding author: T. Nakamura (nakamura.tetsu@ees.hokudai.ac.jp) 13 

 14 

Submit to Geophysical Research Letters, 2016 15 

16 



 2 

Key points 17 

- Negative AO-like response appears near linearly as Arctic sea ice decreases from 18 

observed level to no sea ice  19 

- Stratosphere-troposphere coupling process is obvious only in the case of realistic sea 20 

ice loss of the recent decade 21 

- Secondary circulation induced by the sea ice loss intensifies heat transport into the 22 

Arctic 23 

 24 

Abstract 25 

The atmospheric responses to Arctic sea ice reduction are demonstrated through 26 

simulations, in which Arctic sea ice decreases stepwise from the present-day range 27 

to the ice-free range. In all experiments tropospheric responses show a negative 28 

Arctic Oscillation (AO)-like pattern. An intensification of the climatological 29 

planetary-scale wave due to the present-day sea ice reduction over the Atlantic side 30 

of the Arctic Ocean induces stratospheric polar vortex weakening and subsequent 31 

negative AO. On the other hand, strong Arctic warming due to the ice-free 32 

conditions in the whole Arctic Ocean induces weakening of the tropospheric 33 

westerlies corresponding to a negative AO without troposphere-stratosphere 34 

coupling, for which planetary-scale wave response to surface heat source extending 35 

to the Pacific side of the Arctic Ocean is responsible. Since resultant negative 36 

AO-like response is accompanied by the secondary circulation in the meridional 37 

plane, atmospheric heat transport into the Arctic is dynamically increased, which 38 

accelerates the Arctic amplification. 39 

 40 
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1. Introduction 49 

The Arctic warming appears most remarkably among climate change signals 50 

undergoing the global warming and thus the Arctic environment has changed 51 

continuously. The Arctic sea ice loss is one of the most symbolic signatures of such the 52 

rapid climate changes. The Arctic sea ice change plays crucial roles in the coupled 53 

climate system, because the ice melting is stimulated by atmospheric- and oceanic-heat 54 

transport into the Arctic, and in turn radiative and thermal feedback from the ice melting 55 

induces more warming in the Arctic. In this context, a special interest is drawn from the 56 

recent negative tendency of winter Arctic Oscillation (AO) [Thompson and Wallace, 57 

1998; 2001] observed in association with the Arctic sea ice loss [Honda et al., 2009; Liu 58 

et al., 2012; Jaiser et al., 2012] as well as increase of Eurasian snow cover extent 59 

[Cohen et al., 2014; Furtado et al., 2016]. Because the negative phase of AO itself is 60 

manifestation of the replacement of the Arctic cold air mass by the mid-latitudes warm 61 

air mass, implying the increase of the atmospheric heat transport into the Arctic.  62 

Recent observational [King et al., 2015; Yang et al., 2016] and modeling studies 63 

[Kim et al., 2014; Nakamura et al., 2015, 2016; Wu and Smith, 2016] demonstrated 64 

possible impacts of the sea-ice reduction on the stratospheric polar vortex weakening, 65 

which is often accompanied by the negative AO in the troposphere through a downward 66 

control principle due to wave-mean flow interaction processes [Baldwin and Dunkerton, 67 

2001; Kidston et al., 2015]. This is likely due to interferences between climatological 68 

and anomalous planetary-scale wave structure [Sun et al., 2015]. Despite intensive 69 

efforts by recent studies, however, the linkage between AO and the Arctic sea ice 70 

changes is still under debate. Especially, impacts of the sea ice loss on the mid-latitude 71 

severe cold winter, which is one of typical characteristics of the negative AO, are not 72 

necessarily reproduced among various model simulations [Screen and Simmonds, 2013; 73 

Screen et al., 2013]. Large internal chaotic atmospheric variability and warming due to 74 

other climate forcing factors often mask signals from the sea ice impacts [Mori et al., 75 

2014; Deser et al., 2016]. When we consider future climate change projection, there 76 

remains uncertainty as to impacts of extreme sea ice reduction to climate on top of sea 77 

ice projection itself. Non-linear behavior in the sea ice-AO relationship has also been 78 

discussed [Petoukhov and Semenov, 2010].  79 

Thus in this study we focus on modifications of the climate impacts of the Arctic sea 80 

ice changes in the transition from present-day conditions to extreme ice-free conditions. 81 



 4 

To address this at the same time avoiding uncertainty of the future sea ice projection, 82 

here we conduct four sensitivity experiments, in which the Arctic sea ice decreases in 83 

stepwise manner. We adopt an atmospheric general circulation model (AGCM) that has 84 

successfully captured the negative AO-like responses to sea ice reduction [Nakamura et 85 

al., 2015; 2016]. The comparison of the atmospheric responses to gradual changes in 86 

sea ice would provide a better understanding of the underlying mechanism of sea 87 

ice-AO linkages.  88 

 89 

2. Methods 90 

2.1. Model and experimental design  91 

We used same model and observational data for the boundary conditions with our 92 

previous study [Nakamura et al., 2016] that are “Atmospheric General Circulation 93 

Model for the Earth Simulator (AFES) version 4.1 with triangular truncation at 94 

horizontal wavenumber 79 (T79; horizontal resolution approximately 1.5°), 56 vertical 95 

levels, and the model top at about 60 km” and “Merged Hadley–National Oceanic and 96 

Atmospheric Administration/Optimum Interpolation Sea Surface Temperature (SST) 97 

and Sea-ice Concentration (SIC) datasets [Hurrell et al., 2008]”, respectively. To 98 

demonstrate the impact of present-day sea-ice reductions, we defined high (5-year 99 

average of 1979–1983) and low (2005–2009) periods. Corresponding to changes in sea 100 

ice coverage (low minus high), obvious sea ice loss was found in the Pacific side of the 101 

Arctic Ocean in summer, and in the Atlantic side in winter (see Supplementary Figure 102 

S1). Here we quote a notation about sea ice treatment in our model from our previous 103 

paper [Nakamura et al., 2015], because this is important to determine sea ice amount of 104 

the perturbed runs in this study. “Our model does not treat SIC directly; instead, each 105 

model grid cell is either treated as being ice-covered or ice-free. We assumed a 106 

maximum sea ice thickness (SIT) in the Arctic of 50 cm, so that SIC from 0 to 100% 107 

was linearly converted into SIT from 0 to 50 cm. We then set all grid cells where 108 

converted SIT was less than 5 cm to 0 cm (i.e., no ice). By this procedure, the simulated 109 

heat flux in the Arctic of our model is comparable with observations”. 110 

We performed 150-year integrations of a control run (CNTL) and four perturbed runs 111 

referred to as AICE, Im30, Im40, and Im50, in which sea ice conditions were changed as 112 

summarized in Table 1 (also see Supplementary section S1). While climatological SST 113 

and sea ice conditions of the high period were used in CNTL, sea ice condition of the 114 
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low period was used in an anomalous ice (AICE) run. On the other hand, alternative low 115 

sea ice conditions were used in Im30 and Im40 runs, in which SITs are artificially and 116 

impartially reduced by 30 and 40 cm from the high condition in all grids over the Arctic 117 

Ocean. In Im50 run SIT was reduced by 50 cm, indicating ice-free over the Arctic 118 

Ocean in all seasons (see Supplementary section S1 for more detail).    119 

 120 

2.2. Statistics and techniques  121 

The differences in the 150-year averages of the respective perturbed runs against CNTL 122 

run were examined with a student’s two-sided t-test. The vertical component of the E-P 123 

flux (Fz) obtained from Transformed Eulerian Mean (TEM) diagnostics of the daily 124 

mean field were used as an indicator of the upward propagating planetary-wave activity. 125 

The 11-day boxcar filter was applied to zonal mean zonal wind and Fz prior to the 126 

analysis of daily evolutions. A Fourier transformation was applied to the atmospheric 127 

field to decompose the wave number component and diagnose the atmospheric changes 128 

by separating into the planetary and synoptic scales. We here defined the 129 

planetary-scale wave and the synoptic scale wave as wave 1 plus 2 and wave 3 to 10, 130 

respectively. The atmospheric heating rate due to the anomalous residual mean vertical 131 

motion (w*) was estimated from TEM diagnosis (see Supplementary section S2) and 132 

was compared with the direct turbulent heat flux anomaly due to the sea ice changes 133 

over the Arctic. 134 

 135 

3. Results and discussion 136 

3.1. Responses of the tropospheric circulation 137 

Winter Northern Hemisphere (NH) atmospheric response to the present-day sea ice 138 

reduction clearly shows a negative AO-like pattern of the upper tropospheric height 139 

anomaly (ΔZ300) (Figure 1a, AICE). Corresponding near surface temperature responses 140 

(ΔT850) indicate a warm anomaly over the Atlantic side of the Arctic Ocean due to the 141 

sea ice reduction there and a cold anomaly over the eastern Siberia (Figure 1b, AICE).  142 

Even when the sea ice thickness is further reduced artificially as described above, the 143 

tropospheric responses still show the negative AO-like patterns whose amplitude 144 

increase with an amount of the sea ice reduction (Figure 1a, Im30 and Im40). It is 145 

noteworthy that the atmospheric response keeps a negative AO-like pattern with the 146 

largest amplitude even in the ice-free conditions (Figure 1a, Im50). Lower tropospheric 147 
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air temperature responses also keep a warm Arctic and cold Siberian pattern with 148 

amplified warm anomalies over the Pacific side of the Arctic Ocean in association with 149 

the large sea ice reductions in the respective cases (Figure 1b, Im30, Im40, and Im50). 150 

Our experiments show that the negative AO-like pattern is almost linearly intensified 151 

with the reduction of the Arctic sea ice. This result is, at first glance, consistent with the 152 

recent intensive studies that have presented a negative phase shift of AO induced by the 153 

recent Arctic sea ice reduction [Jaiser et al., 2012; Liu et al., 2012; Nakamura et al., 154 

2015]. Some studies have emphasized the role of the stratosphere-troposphere coupling 155 

process on sea ice-AO linkage [Kim et al., 2014; King et al., 2015; Nakamura et al., 156 

2016]. On the other hand, the stratospheric responses vary depending on the locations of 157 

sea ice anomalies [Sun et al., 2015]. Thus, in the next step we clarify the stratospheric 158 

role in our experiments. 159 

 160 

3.2. Stratosphere-troposphere coupling process 161 

Daily evolution of zonal mean zonal wind response at 60°N (ΔU60N) shows relatively 162 

weak and continuous negative anomaly about −0.5 m s−1 from November to March in 163 

the whole troposphere in AICE case (Figure 2a). The tropospheric negative anomaly of 164 

the zonal wind corresponds to the negative phase of AO, consistent with height patterns 165 

shown in Figure 1a. Unlike the troposphere, a negative wind anomaly over −4.0 m s−1 166 

suddenly appears in the upper stratosphere in mid-January, indicating the polar vortex 167 

weakening. It propagates downward and connects with the tropospheric signal from 168 

January to March. The stratospheric wind anomaly follows intensification of the upward 169 

propagation of the wave activity in the lower stratosphere (ΔFz100), which is indicated 170 

by a cluster of positive anomaly in early January (purple lines in Figure 2b, AICE).  171 

The intensifications of the upward wave propagation and the subsequent 172 

stratospheric polar vortex weakening also occur sporadically in Im30 and Im40 cases 173 

(Figures 2a and 2b). On the other hand, the tropospheric continuous negative anomalies 174 

of the zonal wind are relatively large and significant, implying independent tropospheric 175 

process different from the stratosphere-troposphere coupling. Such independency 176 

between the stratosphere and the troposphere is most obvious in Im50 case (Figure 2a). 177 

Rather, in this case the stratospheric polar vortex is strengthened from November to 178 

February, which is consistent with reduced upward wave propagation (Figure 2b). 179 

To examine the reason why intensity of the stratosphere-troposphere coupling 180 
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becomes weak with an increased amount of sea ice reduction, we applied a wave 181 

number analysis to January mean height field in the lower stratosphere, which is a key 182 

level connecting the troposphere with the stratosphere through the upward 183 

planetary-scale wave propagation [Nakamura et al., 2016]. January was chosen because 184 

of a clear contrast between the AICE and Im50 cases. Wave-1 amplitude of the 100-hPa 185 

geopotential height at 60°N is magnified clearly by 18 m (i.e., geopotential meter) in 186 

AICE case (Figure 2c). While wave-1 amplitudes are also magnified by 16 m and 5 m in 187 

Im30 and Im40 cases, no change is found in Im50 case. This suggests that the wave-1 188 

structure corresponding to typical planetary-scale wave is responsible for the 189 

stratospheric polar vortex weakening. Thus we next compared differences in the 190 

horizontal wave structure between two most contrasting cases. While in the AICE case 191 

the negative height anomaly appears over the eastern Siberia, in the Im50 case the 192 

positive height anomaly overhangs in northern part of the eastern Siberia (Figure 1a, 193 

AICE and Im50). The lower stratospheric patterns and their wave-1 and wave-2 194 

components are consistent with this feature (see Supplementary section S3). The 195 

resultant height anomalies (ΔZ100) overlay the climatological Siberian trough, which 196 

has been discussed in conjunction with the stratospheric responses from the local 197 

interference between the climatological and anomalous planetary-scale waves [Sun et 198 

al., 2015]. Therefore we suggest that intensifications (suppressions) of the 199 

climatological Siberian trough in the lower stratosphere could strengthen (weaken) the 200 

stratosphere-troposphere coupling, whose role on the sea ice-AO linkage is in 201 

accordance with a feature of the recent Arctic amplification [Cohen et al., 2014].  202 

  203 

3.3. Intensified Arctic amplification via atmospheric heat transport  204 

Remaining interest is the tropospheric process that governs the continuous negative 205 

AO-like response through November to March (Figure 2a, all cases) and its implication 206 

for the Arctic amplification.  207 

Using TEM diagnosis, we examined what primarily induces weakened circumpolar 208 

circulations corresponding to the negative AO in the troposphere during November to 209 

March. In all cases negative anomalies of E-P flux divergence, i.e., decelerating the 210 

zonal wind by the wave forcing, appear in the upper troposphere of the mid- to 211 

high-latitudes with magnitudes of −0.4 to −1.2 m s−1 day−1 (Figure 3a). We then 212 

decompose this E-P flux divergence into meridional (i.e., eddy momentum flux) and 213 
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vertical (i.e., eddy heat flux) components, and into the planetary-scale (wave1+2) and 214 

synoptic-scale (wave3-10) waves. The vertical component of the wave forcing (dFz/dz) 215 

due to the planetary-scale wave (Pl) leads to the total deceleration (To) in all cases, and 216 

that due to synoptic-scale wave (Sy) has small contribution (Figure 3b, red lines). This 217 

could be explained by the tropospheric stationary Rossby wave response to the Arctic 218 

sea ice reduction [Honda et al., 2009; Nakamura et al., 2015]. Resultant increase of the 219 

meandering of the tropospheric jet stream induces the negative phase shift of the AO 220 

polarity [Nakamura et al., 2015] (see Supplementary S4). The meridional component of 221 

the wave forcing (dFy/dy), in which contributions of planetary- and synoptic-scale 222 

waves are relatively comparable, also decelerates the zonal wind but their amplitudes 223 

are relatively small (Figure 3b, green lines). This secondary deceleration due to the 224 

meridional component may result from the eddy response to the weakened westerly due 225 

to upward propagation of the planetary-scale wave. The eddy feedback mechanism is a 226 

typical characteristic of the AO [Limpasuvan and Hartmann, 2000]. This is thus 227 

consistent with appearances of the negative AO-like response in all cases of our 228 

experiment. 229 

Considering the weakened meridional temperature gradient due to the Arctic 230 

warming, increase of the tropospheric upward wave propagation is interesting because it 231 

induces anomalous atmospheric heat transport into the Arctic. In this context, another 232 

implication is anomalous secondary circulations in the meridional plane induced by the 233 

wave forcing. The deceleration forcing in the upper troposphere induces anomalous 234 

subsidence (w* < 0) over the Arctic and anomalous upwelling (w* > 0) over the 235 

mid-latitude (see Supplementary section S5), which is in agreement with high and low 236 

pressure anomalies corresponding to the negative phase of AO. This anomalous 237 

meridional circulation corresponds to the anomalous heat transport into the Arctic. We 238 

estimate the atmospheric heat transport by this anomalous circulation and compare it 239 

with the vertical turbulent heat flux anomaly over the Arctic. In all cases, turbulent heat 240 

flux dominantly warms the atmosphere over the Arctic and the anomalous meridional 241 

circulation warms the Arctic and cools the mid-latitudes (Figure 3c), although there are 242 

significant differences in amplitudes among cases. The results indicate that the 243 

anomalous meridional circulation induced by the Arctic sea ice reduction transports heat 244 

into the Arctic in addition to the turbulent heat flux due to sea ice changes. This 245 

dynamical positive feedback could be at work independent of the stratospheric process 246 
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and, needless to say, intensifies the Arctic amplification. 247 

 248 

4. Concluding remarks 249 

We now propose that there are different types of processes controlling the linkage 250 

between the Arctic sea ice changes and the polarity of the winter AO.  251 

- One is the stratosphere-troposphere coupling process dominated by the intensity of 252 

the climatological planetary-scale wave structure in the lower stratosphere (Figure 4, 253 

Stratospheric pathway). The results shown here are consistent with the recent 254 

studies that demonstrated the stratospheric roles on the sea ice-climate linkage 255 

observed in the recent decade [Kim et al., 2014; King et al., 2015; Nakamura et al., 256 

2016]. The results support the different stratospheric responses to the different 257 

locations of the surface heat sources [Sun et al., 2015].  258 

- The other is the tropospheric process controlled by the eddy heat flux due to the 259 

planetary-scale wave response in the troposphere (Figure 4, Tropospheric pathway). 260 

Increased meanderness of the tropospheric jet stream, corresponding to the 261 

stationary Rossby wave response to the Arctic sea ice reduction [Honda et al., 2009; 262 

Nakamura et al., 2015], induces a negative AO-like pattern. The associated eddy 263 

momentum flux response is consistent with a typical character of the classically 264 

understood dynamics of AO [Limpasuvan and Hartmann, 2000].  265 

In both processes we showed major roles of the planetary-scale wave by the 266 

decomposition of the wave forcing anomaly. Besides the different locations of the 267 

surface heat sources, roles of the small-scale eddy and interaction with the 268 

planetary-scale eddy may be critical to determine the extent to which the troposphere is 269 

coupled to the stratosphere. For example, it is suggested that the faster responses of the 270 

baroclinic eddy to the Arctic warming influence the slower planetary-scale wave 271 

responses [Semmler et al., 2016]. This might be a key process for the determination of 272 

the AO polarity controlled by the planetary-scale wave forcing. 273 

With the current condition of the Arctic sea ice loss, the stratospheric process 274 

appears to be important and leads to occasional extreme events in the recent decade. 275 

The experimental design of this study is ideal and performed without any consideration 276 

about background warming due to increasing greenhouse gases. Thus the results may 277 

not necessarily reflect the present or future climate changes in the real world. However, 278 

the results provide a clue as to how the NH climate will shift as a transitionary state 279 
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between two regimes dominated by stratospheric and tropospheric processes in 280 

association with the progressive reduction of the Arctic sea ice. The results further 281 

provide hints to deepen the understanding of the Arctic warming accompanied by the 282 

sea ice reduction and its role on the climate changes in both the Arctic and the 283 

mid-latitude. Especially, dynamically induced additional heat transport into the Arctic 284 

occurs as the response to the sea ice reduction, regardless of whether the stratospheric or 285 

tropospheric process is dominant. The sea ice reduction first attributed to the Arctic 286 

warming itself can affect back through the dynamical heat transport and thus accelerates 287 

the Arctic warming. The positive feedback of the Arctic warming associated with the 288 

sea ice loss may bring unexpected severe hazards by amplifying the meanderness of the 289 

tropospheric jet stream [Francis and Vavrus, 2012; Screen and Simmonds, 2014].  290 
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Table 1. Outline of experimental setting. Climatology is the time period of 1981-2010 376 

for which monthly average sea surface temperature (SST) was used for the boundary 377 

conditions. High (1979–1983) and low (2005–2009) years are the time periods for 378 

which monthly average sea-ice thickness (SIT) was used for the boundary conditions.  379 

Run 
Integration 

period (years) 
SST SIT 

CNTL 150 Climatology High ice period, 1979-1983 

AICE 150 Climatology Low ice period, 2005-2009 

Im30 150 Climatology Decrease 30 cm from CNTL 

Im40 150 Climatology Decrease 40 cm from CNTL 

Im50 150 Climatology Decrease 50 cm from CNTL 

 380 

381 
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Figures 382 

 383 

Figure 1. Differences of 150-year average of a, geopotential height at 300 hPa (m); b, 384 

temperature at 850 hPa (K) in December-January-February. Anomalies of (from left to 385 

right) AICE, Im30, Im40, and Im50 runs from CNTL run are shown. Positive (negative) 386 

anomaly is indicated by red (blue) contours. Zero line is omitted and contour interval is 387 

displayed at the bottom-left corner of the panel. Statistical significance greater than 95% 388 

and 99% are indicated by light and heavy grey shades, respectively. 389 

390 
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 391 
Figure 2. a, Daily evolutions of zonal mean zonal wind anomalies (respective runs 392 

minus CNTL) at 60°N. Indications of contours and shading are same to Figure 1. b, 393 

Daily evolutions of Fz (vertical component of the E-P flux) anomalies at 50–80°N 100 394 

hPa. Certain periods when the Fz anomaly exceeded 5 × 104 m2 s−2 are signified by 395 

purple line. c, Anomalies of amplitude (i.e., square root of power) decomposed into 396 

wave-1 to wave-6 components of January geopotential height at 60N 100 hPa. 397 
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 398 

Figure 3. a, November-to-March averaged anomalies of E-P flux divergence (m s−1 399 

day−1) and corresponding E-P flux vectors (arrows). Indication of contour and shading 400 

is same to Figure 1 except for that contour interval of the positive anomaly is magnified 401 

by a factor of 10 to avoid jammed contours near the surface where TEM diagnosis is no 402 

longer reliable. b, November-to-March wave forcing anomalies due to divergence of 403 

(black) E-P flux, (green) meridional E-P flux, and (red) vertical E-P flux averaged 404 

40-70°N at 400 hPa. To, Pl, and Sy in each panel indicate total (all wave number), 405 

planetary-scale (wave1+2), and synoptic-scale (wave3-10) waves, respectively. c, 406 

Anomalies of (red) turbulent heat flux averaged poleward of 60°N, (orange) 407 

atmospheric heat transport averaged poleward of 60°N, and (cyan) atmospheric heat 408 

transport averaged over 30–60°N. November-to-March (NDJFM) and 409 

December-to-February (DJF) averaged anomalies are displayed in left and right side of 410 

the panel, respectively.  411 
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Figure 4. Schematic diagram of different type of the physical processes connecting the 412 

Arctic sea ice loss and negative AO-like response. (left) Stratospheric pathway 413 

corresponding to January AICE case. (right) Tropospheric pathway corresponding to 414 

NDJFM Im50 case. Typical characteristics of the circumpolar jet stream at 10, 30, 100, 415 

and 300 hPa (only 100 and 300 hPa in the right panel) corresponding to high sea ice 416 

case and low sea ice case are drawn by gray and purple lines, respectively. Anomalous 417 

atmospheric heating due to associated meridional circulation changes (see section 3.3. 418 

and Supplementary S2 and S5) and the turbulent heat flux are designated with unit of W 419 

m−2.  420 

 421 
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