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Abstract 22 

Arctic summer sea ice extent exhibits substantial interannual variability, as is highlighted by 23 

the remarkable recovery in sea ice extent in 2013 following the record minimum in the summer 24 

of 2012. Here, we explore the mechanism via which Arctic Oscillation (AO)-induced ice 25 

thickness changes impact summer sea ice, using observations and reanalysis data. A positive 26 

AO weakens the basin-scale anticyclonic sea ice drift and decreases the winter ice thickness by 27 

15cm and 10cm in the Eurasian and the Pacific sectors of the Arctic respectively. Three 28 

reanalysis datasets show that the upward surface heat fluxes are reduced over wide areas of the 29 

Arctic, suppressing the ice growth during the positive AO winters. The winter dynamic and 30 

thermodynamic thinning preconditions the ice for enhanced radiative forcing via the ice-albedo 31 

feedback in late spring–summer, leading to an additional 10 cm of thinning over the Pacific 32 

sector of the Arctic. Because of these winter AO-induced dynamic and thermodynamics effects, 33 

the winter AO explains about 22% (r = –0.48) of the interannual variance of September sea ice 34 

extent from year 1980 to 2015. 35 

 36 

 37 

 38 

 39 

 40 

 41 
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1. Introduction 42 

The Arctic sea ice extent and thickness have been rapidly decreasing in recent decades (Kwok 43 

and Rothrock 2009; Laxon et al. 2013; Renner et al. 2014), but also exhibit substantial 44 

interannual variability. In the past few decade, there were several years that marked record lows 45 

in the summer sea ice extent: the summers of 2007, 2012 and 2016 highlight the rapidly 46 

diminishing Arctic sea ice associated with climate change (Döscher et al. 2014; Cullather et al. 47 

2016). However, there were notable rebounds in sea ice extent, such as the 30% rebound in 48 

2013 (Tilling et al. 2015). It has previously been hypothesized that the positive Arctic 49 

Oscillation (AO)-induced sea ice thinning in winter can impact the summer sea ice extent 50 

(Rigor et al. 2002; Holland and Stroeve 2011). A recent study also found that the years of 51 

anomalously small summer sea ice extent have often followed winter AO-induced ice drift 52 

away from the Arctic coast since 1991-92 (Williams et al. 2016). The importance of winter sea 53 

ice preconditioning in the prediction of the following summer sea ice extent is supported by 54 

climate models (e.g., Chevallier and Salas-Mélia 2012; Day et al. 2014), although the 55 

predictability is dependent on the sea ice model physics (Blanchard-Wrigglesworth et al. 2015).   56 

There remains some ambiguity regarding the impact of the winter AO on September 57 

sea ice extent due to several other phenomena occurring in the spring and summer. For example, 58 

anomalously strong downward longwave radiation in spring can accelerate sea ice melting and 59 

have contributed to record minima in the Arctic summer sea ice extent (Serreze et al. 2003; 60 

Graversen et al. 2011; Kapsch et al. 2013). An anticyclonic wind-induced ice export through 61 

Fram Strait in spring and summer, which is anti-correlated with Arctic cyclone frequency 62 

(Screen et al. 2011), is also suggested as an influential factor for summer sea ice extent 63 

(Smedsrud et al. 2017). In summer, shortwave radiation at the surface, which is sensitive to the 64 
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changes in cloud cover, can effectively change sea ice concentration in a matter of weeks (Kay 65 

et al. 2008). Because of these spring–summer weather activities, the 6–7 month lagged seasonal 66 

relationship between winter sea ice conditions and September sea ice extent is ambiguous (e.g., 67 

Blanchard-Wrigglesworth et al. 2011).  68 

In this study, we investigate the mechanism via which the winter AO impacts summer 69 

sea ice using reanalysis products, and quantify the relative roles of dynamic and 70 

thermodynamic forcing. Specifically, we quantify the wind-driven sea ice thinning during the 71 

positive AO winters over a 36-year period, 14 years longer than the observational records used 72 

by Rigor et al. (2002). Then, utilizing two reanalysis datasets, we quantify anomalous 73 

thermodynamic forcing associated with the AO between the winter and the following summer. 74 

First, we examine surface heat flux anomalies during the positive AO winters to identify 75 

possible thermodynamic effects on sea ice growth. Second, we identify the relationship 76 

between winter AO and surface radiative forcing in subsequent spring and summer, and 77 

particularly net shortwave radiation that can effectively enhance ice thickness and 78 

concentration anomalies via the ice-albedo feedback (Bushuk et al. 2017). The rest of this paper 79 

is organized as follows. Section 2 describes the data and methodology used in our analysis. 80 

Then in sections 3 and 4, we examine the positive AO-induced sea ice thickness changes in 81 

winter using observation data and reanalysis data. In section 5, we elucidate the dependence of 82 

spring and summer radiative forcing on the preceding winter AO using multiple reanalysis 83 

datasets. We provide our discussion and conclusions in Section 6. 84 

 85 

2. Data and Methods 86 

2.1  Data 87 
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For sea ice thickness, sea ice velocity, ice flux divergence, upper ocean temperature 88 

and ocean heat flux-induced ice melting in the Arctic, we used data from the Pan-Arctic Ice 89 

Ocean Modeling and Assimilation System (PIOMAS; Zhang and Rothrock 2003), which 90 

consists of a 12-category thickness and enthalpy distribution sea ice model coupled with the 91 

POP (Parallel Ocean Program) ocean model (Smith et al. 2010). The data are provided as 92 

monthly means spanning January 1978 to December 2015. The grid is configured in 93 

generalized curvilinear coordinates with 360×120 horizontal grid points. To drive the ice-94 

ocean coupled model, surface wind, surface air temperature, and downward radiations at the 95 

surface are specified from the NCEP/NCAR reanalysis (Kalnay et al. 1996; hereafter referred 96 

to as NNR). Satellite-derived sea ice concentration was assimilated into PIOMAS, which 97 

substantially improves the simulated ice thickness and ice motion (Lindsay and Zhang 2006). 98 

Additionally, the wind-ice drag coefficient in the model was adjusted to improve the 99 

correspondence between the simulated ice velocity and that measured by buoys (Zhang and 100 

Rothrock 2003). For sea level pressure and surface winds, we present results from NNR, 101 

because this product is used to force the ice drift in PIOMAS. 102 

To validate the PIOMAS-simulated ice drift velocity, we utilized the buoy tracks 103 

provided by International Arctic Buoy Program (IABP) that spans 1979 to 2015 (available on 104 

the Web at ftp://iabp.apl.washington.edu/pub/IABP/C/). IABP buoy drift data is provided 3-105 

hourly between 1979 and 2007, and hourly from 2008 onward. We calculated drift velocity of 106 

every buoy track as the orthodromic distance between buoy positions divided by a time interval 107 

of 6 hours, or, in case of missing data, not longer than 48 hours. After calculating the drift 108 

velocity of each buoy, we interpolated the drift velocity into a Gaussian grid with a horizontal 109 

resolution of 2.0°×2.0°. Because of the limited spatial temporal coverage of buoys, the 110 
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monthly-mean ice velocity data covers about 30% of the 2.0°×2.0° grids over the Pacific sector 111 

of the Arctic, where buoys are most abundant. This ice velocity field is used to validate the 112 

interannual variation of the zonal ice drift velocity, averaged over the Pacific sector of the 113 

Arctic. To validate the 2-dimensional (longitude-latitude) ice drift pattern during positive AO 114 

winters, we utilized an optimally interpolated ice velocity dataset, which is interpolated into 28 115 

grid points over the entire Arctic that spans 1979 to 2011 116 

(ftp://iabp.apl.washington.edu/pub/IABP/D/). From 2012 to 2015, we interpolated the ice 117 

velocity data to 28 grid points using a 2-dimensional interpolation function provided by Matlab. 118 

To present the observational evidence of sea ice thickness changes during the strong 119 

AO winters, we utilized the estimates of ice thickness from CryoSat-2 (Wingham et al. 2006). 120 

The data are provided as monthly means from the winter of 2010-11 to the present. We use 121 

CryoSat-2 to compute the growth of ice for the winters of 2011-12 and 2012-13. Laxon et al. 122 

(2013) showed that the spatial pattern of sea ice thickness estimated from CryoSat-2 data is 123 

generally consistent with that of previous satellite and submarine measurements (Kwok and 124 

Rothrock 2009). To further test the robustness of the ice thickness response to AO, we also 125 

examine the Ocean ReAnalysis Pilot 5 (ORAP5) (Tietsche et al. 2015; Zuo et al. 2015), a global 126 

eddy-permitting ocean reanalysis produced by the European Center for Medium-Range 127 

Weather Forecasts (ECMWF), spanning January 1978 to December 2013. The sea ice model is 128 

run with a viscous plastic rheology and is coupled to the ocean model, Nucleus for European 129 

Modelling of the Ocean (NEMO) version 3.4.1 (Madec 2008). Forcing fields for ORAP5 are 130 

derived from the ECMWF ERA-Interim (ERAI) reanalysis (Dee et al. 2011) and satellite-131 

derived sea ice concentration was assimilated into ORAP5.  132 

To estimate the shortwave and longwave radiative forcing in the Arctic, we utilized 133 
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three independent reanalysis datasets: (1) NNR, (2) ERAI and (3) the US National Aeronautics 134 

and Space Administration (NASA) Modern-era Retrospective Analysis for Research and 135 

Applications (MERRA) reanalysis (Rienecker et al 2011). ERAI performs best in simulating 136 

the Arctic surface radiative fluxes among various reanalysis products (Zib et al. 2012). In a 137 

study that forced an ice/ocean model using various reanalysis products, MERRA turned out to 138 

perform best in simulating the Arctic sea ice thickness (Lindsay et al. 2014). Sea ice 139 

concentration (SIC) and sea ice extent data are obtained from the National Snow and Ice Data 140 

Center (NSIDC). For the winter AO, we used the AO index from the definition of Thompson 141 

and Wallace (1998), which is provided by the Climate Prediction Centre (CPC). The AO time 142 

series is normalized by the standard deviation of the monthly index. CPC employs the NNR’s 143 

sea level pressure to calculate the AO index. We reproduced the AO index using ERAI and 144 

found that the monthly time series of AO index from ERAI is almost identical to that of NNR 145 

(correlation coefficient, r ≈ 0.98, not shown). In analyzing each of the datasets mentioned 146 

above, we used data for the 36-year period spanning 1979-80 to 2014- 15. Several variables 147 

provided by MERRA data start from the year 1980, so in our analysis of MERRA we used a 148 

35-year period spanning 1980-81 to 2014-15. The ORAP-5 output spans 1979-80 to 2012-13 149 

(a 34-year period), two years shorter than PIOMAS. 150 

 151 

2.2  Methods 152 

In this study, we define the Arctic winter as a four month period from December to 153 

March (DJFM), during which solar insolation is very weak and sea ice extent is largest. The 154 

winters of anomalously positive phase of AO are defined as those years which the DJFM 155 

average AO index exceeds the 0.5σ anomaly threshold, where σ is the standard deviation. 156 
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The results we present are qualitatively consistent in the case when the 1.0σ  anomaly 157 

threshold is used. Composites of SIC, SLP, 10m winds, sea ice thickness, sea ice motion, ice 158 

flux divergence, ocean heat flux-induced ice melting, and surface radiative/heat fluxes are 159 

obtained for years of positive winter AO. Sea ice thickness and SIC show decreasing trends 160 

over the 36-year time series, whereas radiative fluxes and ocean heat flux-induced ice melting 161 

in the Arctic show slightly increasing trends. These trends are approximately linear (SIC trend 162 

is not necessarily linear as discussed above), and were removed prior to constructing the 163 

composites. A statistical significance test was performed for each seasonally-averaged variable 164 

with a Monte-Carlo method. Specifically, composites were performed 500 times with randomly 165 

selected subsamples from the 36 seasonal-mean values. Based on the distribution of the 166 

resulting composites, 95% confidence levels were calculated.  167 

 168 

3. Observed effects of winter AO on summer sea ice 169 

Figure 1a shows the interannual variability of the winter AO. Comparison between Figures 1a 170 

and 1b show that the anomalously small September sea ice extent is typically preceded by 171 

positive AO in winter. Note that the record minima of sea ice extent in the summers of 2007 172 

and 2012 are associated with positive AO in the preceding winters. Conversely, the recovery 173 

of the sea ice extent in 2013 is associated with negative winter AO. The correlation coefficient 174 

between the winter AO and the September sea ice extent (15 year running average is subtracted) 175 

throughout the 36 years is generally high (Fig. 1c). Consistent with Williams et al. (2016), this 176 

correlation coefficient has been statistically significant since the early 1990’s, reaching as high 177 

as 0.82 around year 2000. The years 2000–2001 show a particularly strong correlation because 178 

the 15-year window happens to avoid anomalous years like 1992 and 2010. While the winter 179 
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AO was near neutral or slightly negative from year 1996 to 2006 (Wang et al. 2009), the 15-180 

year period about the year 2000 spans from 1993 to 2007, containing 5 identified positive AO 181 

events (1993, 1995, 2000, 2002 and 2007). Although the relationship has weakened due to of 182 

the summer of 2010 (Stroeve et al. 2011), the correlation coefficients over the past couple of 183 

decades are still around –0.6. The 36 year correlation from 1980 to 2015 between the winter 184 

AO and September sea ice extent is –0.48 (Fig. 1d), which explains more than 20% of the 185 

interannual variance. However, the correlation coefficient decreases down to –0.33 in the case 186 

when the September sea ice extent anomalies are defined as the deviation from a least-squares 187 

linear regression. The sensitivity of correlation coefficients to the methods of removing the 188 

decadal trend and to the averaging period is briefly summarized in Table 1.  189 

The statistically significant correlation between winter AO and summer sea ice extent 190 

suggests that the winter AO might substantially influence on winter sea ice thickness. In winter, 191 

from December to March, sea ice grows continuously, and the growth rate is particularly high 192 

in the marginal ice zone: up to 1.5–1.8 m over this four-month period (Figure 2). For example, 193 

the observed ice thickness from CryoSat-2 shows that the ice growth is generally within 1.0–194 

1.2 m over the Russian sector of the Arctic (Barents-Kara-Laptev-East Siberian Seas) in the 195 

winter of 2011-12 (Fig 2a), during which AO was positive. In the following winter, 2012-13, 196 

AO flipped into a strong negative phase and the ice growth rate became higher (Fig. 2b). The 197 

difference of ice growth rate between the winters of 2011-12 and 2012-13 (Fig. 2c) suggests 198 

that the ice growth was substantially suppressed over the Russian sector of the Arctic in the 199 

winter of 2011-12 relative to the winter of 2012-13. The mechanism for this suppression is 200 

discussed in detail in section 4. 201 

Laxon et al. (2013) demonstrated that PIOMAS overpredicts the total Arctic winter ice 202 
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growth rate measured by CryoSat-2 by around 40%. However, the spatial patterns of the 203 

PIOMAS-simulated winter ice growth rates (Figs 2d, 2e) are similar to those measured by 204 

CryoSat-2 (Figs. 2a, 2b), although the growth rate is substantially higher than that of CryoSat-205 

2 over the Chukchi and Beaufort Seas. The difference in ice growth between the winters of 206 

2011-12 and 2012-13 shows a clear suppression of ice growth particularly over the Russian 207 

sector of the Arctic in the winter of 2011-12 (Fig. 2f), consistent with the observed ice thickness 208 

pattern of CryoSat-2 (Fig. 2c). This similarity suggests that PIOMAS may capture the essential 209 

physics of sea ice associated with the winter AO events. The spatial correlations (i.e., grid-by-210 

grid correlation) between CryoSat-2 and PIOMAS are 0.33 for the 2011-12 winter (Figs. 2a, 211 

c), 0.51 for the 2012-13 winter (Figs. 2b, d) and 0.48 for the difference (Figs. 2c, f) at 1.0°×1.0° 212 

grid resolution. While these correlation coefficients are significant at the 99% confidence level, 213 

the PIOMAS-simulated sea ice thickness seems to exhibit systematic errors, especially on a 214 

regional scale. The same plot for another sea ice reanalysis product, ORAP-5, is presented in 215 

Supplementary Materials (Fig S1). ORAP-5 also exhibits suppression of winter ice growth over 216 

the Barents-Kara-Laptev Seas in winter of 2011-12 relative to the winter of 2012-13. However, 217 

the suppression of ice growth over the East Siberian Sea, the critical region for the summer sea 218 

ice extent, is not reproduced. The spatial correlations between CryoSat-2 and ORAP-5 are also 219 

generally lower than those between CryoSat-2 and PIOMAS.  220 

 221 

4. Winter AO-induced ice thinning 222 

The observed ice thickness patterns during the winters of 2011-12 and 2012-13 suggest that a 223 

positive (negative) AO event can suppress (enhance) the growth of sea ice. To identify the 224 
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characteristic pattern of sea ice thickness response to winter AO events, we now examine the 225 

average effects of multiple winter AO events. In particular, we examine the effects of winter 226 

AO events on ice thickness change throughout the winter (DJFM) by accounting for all of the 227 

positive AO events shown in Fig 1a.  228 

4.1 Dynamic effect: wind-induced ice thinning 229 

Consistent with Ogi et al. (2016), a broad region of low surface pressure develops 230 

during the positive AO winters (Fig. 3a). Large-scale anomalous cyclonic motion occurs 231 

around the surface low, causing anomalous south-westerlies over Chukchi–Beaufort Seas as 232 

well as the Eurasian Seas. The PIOMAS-simulated ice drift pattern is consistent with the 233 

surface wind pattern (Fig 3b). The anomalous ice motion is generally northeastward over wide 234 

areas of the Arctic, including the Eurasian coasts and the Pacific sector of the Arctic. The 235 

southward drift of sea ice through the Fram Strait increases, which accelerates sea ice mass 236 

transport out of Arctic Ocean. These circulation changes are accompanied by sea ice thickness 237 

changes. To estimate the sea-ice thickness (ℎ) changes during these years, the PIOMAS-238 

simulated ice thickness change anomaly, (dℎ/dt)′, a deviation from the climatological mean 239 

thickness change rate, is calculated and integrated over 4 months (DJFM): ∆ℎ′ = (dℎ/dt)′∆t. 240 

The resulting ∆ℎ′ indicates that the positive AO winters experience sea-ice thickness changes, 241 

around 10–20cm thinner than average over wide areas of the Arctic (Fig. 3c). The ice thinning 242 

is more pronounced over the European sector of the Arctic (the Barents–Kara Seas) than the 243 

Pacific sector of the Arctic (the East Siberian-Chukchi Seas). 244 

This result supports the conjecture of Rigor et al. (2002) and Williams et al. (2016) 245 

that the positive winter AO can cause thinning of sea ice over the Pacific sector of the Arctic. 246 

Following Park and Stewart (2016), sea ice thickness change associated with ice drift (u, v) can 247 
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be estimated using the ice flux divergence: 
𝜕ℎ

𝜕𝑡
= − [

𝜕

𝜕𝑥
(𝑢ℎ) +

𝜕

𝜕𝑦
(𝑣ℎ)]. On interannual and 248 

shorter time scales, ice drift is largely wind driven, although the mean geostrophic ocean 249 

currents play a nontrivial role on the ice drift velocity (Thorndike and Colony 1982; Leppäranta 250 

2005). Figure 3d verifies that the development of anomalous south-westerlies causes ice flux 251 

divergence over the Pacific sector of the Arctic as well as the Eurasian Seas, decreasing sea ice 252 

thickness regionally by up to 20–25cm. The correspondence between the thickness anomalies 253 

shown in Figs. 3c and 3d indicates that the ice flux divergence is a key factor for sea ice thinning 254 

during the positive AO winters. Another sea ice reanalysis product, ORAP-5, also simulates 255 

the anticyclonic ice drift during the positive AO winters (Fig. S1). The winter ice thickness 256 

change anomaly, (dℎ/dt)′ is generally negative (i.e. growing less ice in positive AO winters), 257 

but this thinning is largely confined over the Barents-Kara Seas. The suppression of ice growth 258 

over the East Siberian Sea, which appears clearly in PIOMAS, is not simulated by ORAP-5.  259 

As the wind-induced ice drift simulated by PIOMAS is forced by a reanalysis wind 260 

field, we now use IABP ice drift data to validate the PIOMAS-simulated ice drift velocity (Fig. 261 

4). The ice drift from the interpolated IABP shows anomalous eastward drift during positive 262 

AO winters (Fig. 4a), which is generally consistent with the PIOMAS ice drift pattern. Figs. 263 

4(b-c) further shows that the interannual correlation between the IABP and PIOMAS zonal ice 264 

velocity is around 0.7 both over the Beaufort Sea and the East Siberian-Chukchi Seas. These 265 

results suggest that the PIOMAS-simulated ice velocity is generally consistent with 266 

observations on interannual time scales. However, the observed (IABP) interannual variations 267 

of zonal ice drift velocity range from -6 cm s-1 to 1 cm s-1 (up to 7cm s-1 difference), whereas 268 

those of PIOMAS range from -3.5 cm s-1 to 1 cm s-1 (up to 4.5 cm s-1 difference) in the Beaufort 269 

Sea (Fig. 4b). The East Siberian–Chukchi Seas also exhibit that smaller interannual variation 270 
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in the ice drift in PIOMAS than in IABP (Fig. 4c). Compared to the observational record, 271 

PIOMAS underestimates the interannual variation of zonal ice drift speed by 30–40%. This is 272 

consistent with a study reported that the climate model-simulated ice drift speed to be 273 

substantially slower than the IABP-measured ice drift speed (Rampal et al. 2011). Therefore, 274 

the positive AO-induced ice thinning simulated by PIOMAS (Fig. 3d) is likely to be an 275 

underestimate.  276 

4.2 Thermodynamic forcing: suppressed heat loss  277 

While the effect of winter AO on ice drift has previously been examined (Rigor et al. 278 

2002; Williams et al. 2016), thermodynamically driven thinning has received relatively little 279 

attention in this context. Recent studies indicate that thermodynamic forcing has played an 280 

important role in winter ice thinning/thickening in recent years (Liu and Key 2014; Park et al. 281 

2015; Cullather et al. 2016; Kim et al. 2017). Assuming a steady state, i.e. that the ice rapidly 282 

equilibrates to the heat fluxes at the base and at the top of the ice, the heat balance at the ice-283 

atmosphere interface can be simplified as (Thorndike 1992): 284 

𝐹𝑐
↑ = 𝐹𝑆𝑊

↑ − 𝐹𝑆𝑊
↓ + 𝐹𝐿𝑊

↑
− 𝐹𝐿𝑊

↓ + 𝑆𝐻𝐹↑ + 𝐿𝐻𝐹↑,   (1) 285 

where 𝐹𝑐
↑ is conductive heat flux through the snow-covered sea ice. 𝐹𝐿𝑊

↑ and 𝐹𝐿𝑊
↓ are 286 

upward and downward longwave radiative fluxes respectively, and 𝑆𝐻𝐹↑ and 𝐿𝐻𝐹↑ denote 287 

sensible and latent heat fluxes respectively. Here, shortwave radiation at the surface (𝐹𝑆𝑊
↓, 288 

𝐹𝑆𝑊
↑), which is much weaker than other heat fluxes in winter, can be neglected. The Equation 289 

(1) can be converted to ice growth rate, 𝑑ℎ 𝑑𝑡⁄ :  290 

𝑑ℎ

𝑑𝑡
= 𝐹𝑐

↑ 𝑞⁄               (2𝑎) 291 
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where 𝑞 is the amount of energy needed to melt a unit volume of sea ice. The ocean surface 292 

temperature contacting sea ice is typically very near freezing temperature (T ≈ –1.8 K) and 293 

the representative salinity near the base of multiyear sea ice is about (S=32 ‰; Weeks and 294 

Ackley 1986). For these typical values of T and S, 𝑞 ≈ 0.9 𝜌𝑖𝐿𝑓 (Bitz and Lipscomb 1999), 295 

where 𝜌𝑖 is density of ice and 𝐿𝑓 is latent heat of fusion. More generally, the ice growth rate 296 

is obtained by adding the ocean-to-ice heat flux (𝐹𝑂𝐼
↑) at the base of sea ice:  297 

𝑑ℎ

𝑑𝑡
= (𝐹𝑐

↑ − 𝐹𝑂𝐼
↑) 𝑞⁄               (2𝑏) 298 

When the sea surface is at or very close to the freezing point (T ≈ –1.8 K), 𝐹𝑂𝐼
↑ vanishes 299 

and the surface heat flux anomalies (𝐹𝐿𝑊
↑ − 𝐹𝐿𝑊

↓ + 𝑆𝐻𝐹↑ + 𝐿𝐻𝐹↑) in winter can accelerate 300 

or suppress be the ice growth rate (𝑑ℎ 𝑑𝑡⁄ ).  301 

Figure 5 presents net surface heat flux (𝐹𝐿𝑊
↑ − 𝐹𝐿𝑊

↓ + 𝑆𝐻𝐹↑ + 𝐿𝐻𝐹↑ ) anomalies 302 

during the positive AO winters simulated by NNR (Fig. 5a), ERAI (Fig. 5b) and MERRA (Fig 303 

5c). In NNR, the heat flux anomalies in winter (DJFM) are generally small, except the Kara 304 

and the northern Barents Seas, where anomalous downward heat flux may have contributed to 305 

suppressing the winter ice growth. However, these downward surface heat flux anomalies are 306 

compensated by downward (i.e., reduced) ocean-to-ice heat flux anomalies (blue colors in Fig. 307 

5d), indicating that downward surface heat flux anomalies do not directly translate to negative 308 

ice growth anomalies. In ERAI, the heat flux anomalies are much larger, about 1–2 W m-2 309 

downward over wide areas of Arctic Ocean, except the western Barents and Greenland Seas, 310 

where SIC is anomalously low (Fig. 5e). The suppressed heat loss over the ice surface is mainly 311 

due to suppressed surface sensible heat flux (𝑆𝐻𝐹↑) associated with the weaker surface wind 312 

speed, and due to increased downward longwave radiation (𝐹𝐿𝑊
↓) that is sensitive to southerly-313 
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induced heat/moisture transport (Woods et al. 2013; Park et al. 2015). In winter, surface 314 

temperatures at the bottom of sea ice are mostly lower than -1.75 C in the central Arctic, except 315 

the western Barents and Greenland Seas (Supplementary Fig. 2). So, the anomalous downward 316 

heat fluxes (i.e., suppressed surface heat loss) should translate to anomalously small freezing 317 

rates, though this cannot be directly tested due to the absence of an active ocean component in 318 

ERAI. Equation (2a) indicates that decreasing surface heat fluxes around 1–1.5 W m-2, 319 

suppresses the growth of sea ice by 3.0–4.5 cm over the winter (DJFM). This thermodynamic 320 

thinning associated with positive AO winters therefore contributes a modest addition to the 321 

dynamic thinning diagnosed in section 3.1. The heat flux anomalies are also downward in 322 

MERRA (Fig. 5c), although these downward heat flux anomalies are smaller than those of 323 

ERAI.  324 

As shown in Equation (2b), the ocean-to-ice heat flux (𝐹𝑂𝐼
↑) can influence the growth 325 

and melting of winter sea ice. Recent studies have shown that decadal variations in North 326 

Atlantic Oscillation can affect the ocean heat transport into the Arctic, causing substantial 327 

changes in Arctic sea ice cover (Miles et al. 2014; Delworth et al. 2016). On interannual time 328 

scales, ocean heat flux convergence over the western Barents Sea is well correlated with sea 329 

ice concentration in the winter (Å rthun et al. 2012). PIOMAS simulations confirm that the 330 

ocean heat flux-induced ice melting anomalies during positive AO winters can decrease sea ice 331 

thickness by 20–30cm over the Barents Sea (Fig. 5d), explaining the anomalous upward heat 332 

fluxes in these regions (Figs. 5a, b, c). Except the Barents Sea, the ocean-to-ice heat flux 333 

anomalies are generally downward along the coasts of the Kara Sea and the Beaufort Sea (blue 334 

colors in Fig. 5d), compensating the downward surface heat flux anomalies in NNR (red colors 335 

in Fig. 5a). In ERAI and MERR, the anomalous downward surface heat fluxes occur in the 336 
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central Arctic (Figs. 5b, c), where the ocean-to-ice heat flux anomalies are almost zero in 337 

PIOMAS, and so these surface heat flux anomalies in the central Arctic should translate to 338 

anomalous ice thinning (i.e., suppression of ice growth). 339 

 340 

5. Radiative response in late spring and summer 341 

In this section we show that the winter AO-induced ice thinning preconditions the Pacific sector 342 

of the Arctic for an enhanced ice-albedo feedback in the following summer. The ice volume 343 

anomalies in March-April following the positive winter AO are small both in the Eurasian (0E 344 

to 140E; Barents-Kara-Laptev Seas; Fig 6a) and the Pacific sector of the Arctic (140E to 345 

230E; East Siberian-Chukchi-Beaufort Seas; Fig 6b). In the Eurasian sector, the ice volume 346 

in March-April is about 300–350 km3 smaller than the average, far exceeding the intrinsic 347 

variability (gray shadings in Fig. 6a). Interestingly, in late spring–summer, there is a recovery 348 

of the ice volume and area in the Eurasian sector (Figs. 6a, c), whereas they exhibit a continuing 349 

decline in the Pacific sector (Figs. 6b, d). This is partly due to ice flux convergence (divergence) 350 

anomalies over the Eurasian (Pacific) sector of the Arctic in spring and summer (Fig. 6f). The 351 

climatological-mean westward drift of sea ice from the Pacific sector to the Eurasian sector 352 

may contribute to this recovery (decline) of the ice volume over the Eurasian (Pacific) sector. 353 

In the Pacific sector, the continuous decline of ice volume is accompanied by a rapid decline 354 

of sea ice area in summer, especially in July (Fig. 6d), during which shortwave radiation is 355 

strong and the ice albedo feedback is effective (Eisenman et al. 2007). In Fig. 6g we plot the 356 

difference between the total ice thickness change (Fig. 6e) and the ice drift-induced thickness 357 

change (Fig. 6f) to quantify the role of lagged thermal forcing. This shows that both the 358 

mechanical forcing and the lagged thermal forcing substantially contribute to the anomalous 359 
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spring–summer ice thinning following positive AO winters.  360 

Reanalysis data verify that the spring-summer net surface radiative response to the 361 

winter AO is statistically significant at the 95% level (Figs. 7a, 8a, 9a); the interannual 362 

correlation between the winter AO and subsequent spring-summer (averaged from April to 363 

August) net surface radiation averaged over the Pacific sector of the Arctic (140E to 230E & 364 

69N to 77N) is -0.43 in NNR, -0.36 in ERAI and -0.38 in MERRA. Here, the net surface 365 

radiation implies the sum of net shortwave (𝑆𝑊↑ − 𝑆𝑊↓) and net longwave (𝐿𝑊↑ − 𝐿𝑊↓) 366 

radiation at the surface. The seasonal evolution of net surface radiation shows that the 367 

anomalously downward (absorbed into surface) net shortwave radiation (𝑆𝑊↑ − 𝑆𝑊↓) rapidly 368 

increases from spring to early summer, peaking in July following the positive winter AO (red 369 

line in Fig. 7b). Figure 7d shows that the downward net radiation anomalies are particularly 370 

large over the East Siberian and Beaufort Seas, where the AO-induced ice thinning in winter is 371 

largest. These results support the hypothesis that a thinner sea ice can induce a more rapid ice 372 

albedo feedback in late spring–early summer, causing summer enhancement of ice thickness 373 

anomalies (Bushuk et al. 2017). The longwave radiative anomalies ( 𝐿𝑊↑ − 𝐿𝑊↓; blue line in 374 

Fig. 7b) are generally small, indicating that the net shortwave radiation response (ice-albedo 375 

feedback) is a major factor causing the summer enhancement of ice thickness anomalies. The 376 

composites of net heat fluxes, including the surface latent and sensible heat fluxes (𝑆𝑊↑ −377 

𝑆𝑊↓ + 𝐿𝑊↑ − 𝐿𝑊↓+ 𝐿𝐻𝐹↑ + 𝑆𝐻𝐹↑), consistently show anomalously downward heat fluxes 378 

in the late spring and summer (black-dotted line in Fig. 7b). In spring and summer (from April 379 

to August), net heat flux anomalies are about 3–4 W m-2 downward over the Pacific sector of 380 

the Arctic. Calculation from Equations (1) and (2a) indicates that decreasing the net surface 381 

heat fluxes by 2–3 W m-2 can decrease ice thickness by 8–10 cm over a five month period (from 382 
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April to August), assuming that the ocean surface temperature contacting sea ice is typically 383 

very near freezing temperature (𝑞 ≈ 0.9 𝜌𝑖𝐿𝑓). This is comparable to the spring-summer ice 384 

thinning following the anomalously strong longwave radiative forcing in the spring (Kapsch et 385 

al. 2013).  386 

The results shown in Fig. 7 are qualitatively reproduced using other reanalysis data; 387 

ERAI and MERRA (Figs. 8 and 9). Consistent with NNR, the interannual correlation between 388 

the winter AO and subsequent spring-summer net surface radiation are about -0.36 and -0.38, 389 

which are statistically significant (Figs. 8a, 9a). All three reanalysis data show that net 390 

shortwave radiation is a leading factor causing downward heat flux anomalies in the late spring 391 

and summer following the positive winter AO (red lines in Figs. 7b, 8b, 9b), verifying that the 392 

winter AO-induced ice thinning can cause summer enhancement of ice thickness anomalies via 393 

the ice-albedo feedback. In NNR and MERRA, the downward net radiation anomalies in the 394 

summer (Jun-Jul-Aug) are more pronounced (Figs. 7d, 9d) than that of ERAI (Fig. 8d). Unlike 395 

NNR and ERAI, sensible and latent heat flux anomalies in MERRA are significantly downward 396 

in spring and early summer, further contributing to the ice melting (black-dotted line in Fig. 397 

8b).  398 

 399 

6. Summary and Discussion 400 

This study provides a detailed mechanistic connection between the winter AO and summer sea 401 

ice extent. Throughout the winter, the positive AO-induced ice drift decreases sea ice thickness 402 

by 15 cm and 10cm over the Eurasian and the Pacific sectors of the Arctic respectively. This 403 

dynamic thinning may be accompanied by a weaker thermodynamic suppression of ice growth 404 
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due to reduced upward sensible heat flux and enhanced downward long-wave heat flux, though 405 

the reanalyses products examined here disagree on the spatial distribution and magnitude of 406 

this effect. In the Pacific sector of the Arctic, the positive winter AO-induced ice volume and 407 

area anomalies amplify in the subsequent late spring and summer, primarily because of ice-408 

albedo feedback. Our calculation suggests that the spring-summer thermodynamic forcing can 409 

further decrease ice thickness by around 10 cm in the Pacific sector of the Arctic.  410 

One of limitations of this study is that we present the average effects of 11 positive AO 411 

winters using reanalysis products, rather than using direct observational estimates. Because the 412 

record of satellite-observed sea ice thickness is short, observational assessment of the winter 413 

AO-induced ice thickness changes is only possible over the last several years. PIOMAS data 414 

shows that the wind-induced ice flux divergence causes the ice thinning over the Eurasian Seas 415 

and the Pacific sector of the Arctic in the case when all the 11 winters are averaged (Fig. 3). 416 

However, as shown in the difference of ice growth between the winters of 2011-12 and 2012-417 

13 (Figs. 2c, 2f), the individual AO may exhibit widely different ice thickness patterns over 418 

Arctic Ocean. Between individual winters, a positive winter AO sometimes has little influence 419 

on the Pacific sector of the Arctic (not shown), the critical area for the summer sea ice extent. 420 

Instead, thermodynamic effects, specifically downward longwave radiation (𝐿𝑊↓) played a 421 

role in several winters over the last decade; the increase in 𝐿𝑊↓ in the positive AO winter of 422 

2011-2012 and the increase in 𝐿𝑊↓ in the negative AO winter of 2012-2013 (Liu and Key 423 

2014) is an example of a thermodynamic impact accompanying the winter AO variations.  424 

In summary, our analysis suggests that winter atmospheric circulation patterns 425 

associated with the AO can substantially change sea ice thickness throughout the winter, 426 

preconditioning the ice for an enhanced albedo feedback in summer. This study elucidates new 427 
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causal links to explain the established correlation between the winter AO index and the 428 

September sea ice extent. Thus, we suggest that the winter AO index may be used to better 429 

predict interannual variability of summer sea ice extent. Arctic sea ice has been projected to 430 

become thinner with future climate change (Holland et al. 2006). Therefore wintertime 431 

variation of Arctic surface winds is likely to be even more influential in changing the seasonal 432 

cycle of sea ice volume and the summer sea ice extent in the future. 433 
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 620 

Figure Legends 621 

Figure 1: The interannual variability of (a) winter (DJFM) AO index and (b) NSIDC 622 

September sea ice extent (km2) from the 1980 to 2015. The red dots indicate the years when 623 

the winter AO index is larger than 0.5 standard deviations. (c) 15-year running-window 624 

correlation and (d) 36-year interannual correlation between the winter AO index and the 625 

anomalous September sea ice extent. The blue lines in (a) and (b) are 15-year running averages. 626 

Correlation coefficients below the red line in (c) are statistically significant (p<0.05). The sea 627 

ice extent anomalies are defined as deviations from the 15-year running average: the correlation 628 

coefficient in year 2000 is calculated using the time period 1993-2007. We use the convention 629 

that the winter of 2010 ends in March 2010.  630 

 631 

Figure 2: The wintertime (DJFM) ice thickness growth (unit: m) during the winters of (a, d) 632 
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2011-12 and (b, e) 2012-13. The differences of ice growth (unit: m) between the winters of 633 

2011-12 and 2012-13 (‘2011-12’ minus ‘2012-13’) are presented in (c, f). The upper panel 634 

figures (a, b, c) are from CryoSat-2 and the lower panel figures (d, e, f) are from PIOMAS. 635 

 636 

Figure 3: The anomalous (a) sea level pressure (shadings: Pa) with 10m winds (vectors: winds 637 

stronger than 0.1 m s–1 are plotted), (b) ice drift velocity (vectors: ice speeds faster than 0.4 cm 638 

s–1 are plotted), (c) total sea ice thickness change (cm) and (d) sea ice thickness change (cm) 639 

associated with ice drift during positive AO winters (DJFM). The sea level pressure and 10m 640 

winds are from NNR1. Sea ice thickness and velocity are from PIOMAS. 641 

 642 

Figure 4: (a) Ice drift velocity (vectors: ice speeds faster than 0.6 cm s–1 are plotted) from the 643 

interpolated IABP during positive AO winters (same as Fig. 2b except that the data source is 644 

different). The wintertime (DJFM mean) interannual correlation of zonal ice drift velocity 645 

between the IABP and PIOMAS averaged over (b) the Beaufort Sea (200E to 240E & 69N 646 

to 79N) and (c) the East Siberian-Chukchi Seas (140E to 200E & 69N to 79N). 647 

 648 

Figure 5: The anomalous net surface heat flux (𝐹𝑆𝑊
↑ − 𝐹𝑆𝑊

↓ + 𝐹𝐿𝑊

↑
− 𝐹𝐿𝑊

↓ + 𝑆𝐻𝐹↑ + 𝐿𝐻𝐹↑; 649 

W m-2) diagnosed from (a) NNR, (b) ERAI and (c) MERRA, averaged during the positive AO 650 

winters (DJFM). (d) Ocean heat flux-induced ice thickness anomalies (cm) from PIOMAS 651 

integrated throughout the winter (DJFM) and (e) the anomalous winter SIC. In (a, b, c), 652 

statistically significant values (p < 0.05) are hatched.  653 

 654 

Figure 6: Composite time evolution of anomalous (a, b) sea ice volume and (c, d) sea ice area 655 

for the years of positive winter AO (from preceding September to following September), 656 

averaged over the (a, c) Eurasian sector (0E to 140E) and the (b, d) Pacific sector (140E to 657 

230E) of the Arctic. The gray shadings indicate 95% confidence interval range of values in 658 

sea ice volume and area anomalies. (e) Total sea ice thickness change (cm), (f) sea ice thickness 659 

change associated with ice drift, and (g) sea ice thickness change associated with 660 
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thermodynamic forcing in spring-summer (Apr-May-Jun-Jul-Aug) following positive AO 661 

winters. The sea ice volume (thickness) data in (a, b, e, f, g) area from PIOMAS and the sea 662 

ice area data in (c, d) are from NSIDC. 663 

 664 

Figure 7: The interannual correlation (a) between the wintertime (DJFM) mean AO index and 665 

anomalous net surface radiation (𝐹𝑆𝑊
↑ − 𝐹𝑆𝑊

↓ + 𝐹𝐿𝑊
↑ − 𝐹𝐿𝑊

↓ ; W m-2) in spring-summer 666 

(averaged from April to August), averaged over the Pacific sector of the Arctic (69N to 77N 667 

and 140E to 230E). (b) Composite time evolution of anomalous net shortwave radiation (red 668 

line; 𝐹𝑆𝑊
↑ − 𝐹𝑆𝑊

↓), longwave radiation (blue line; 𝐹𝐿𝑊
↑ − 𝐹𝐿𝑊

↓), and net heat fluxes (black 669 

dotted line; 𝐹𝑆𝑊
↑ − 𝐹𝑆𝑊

↓ + 𝐹𝐿𝑊
↑ − 𝐹𝐿𝑊

↓ + 𝑆𝐻𝐹↑ + 𝐿𝐻𝐹↑ ) at the surface over the Pacific 670 

sector of the Arctic (69N to 77N and 140E to 230E) following the positive AO winters. 671 

The gray shading indicates 95% confidence interval range of values in net surface radiation 672 

anomalies. Composite of net surface radiation (W m-2) in (c) spring (April-May) and (d) 673 

summer (Jun-Jul-Aug) following the positive AO winters. In (c, d), warm colors imply 674 

anomalously large radiative fluxes absorbed at the surface, and statistically significant values 675 

(p < 0.05) are hatched. In (a), green dots with red circles indicate the anomalously positive AO 676 

winters. Surface radiative flux data are from NNR. 677 

 678 

Figure 8: Same as Figure 7, except for ERAI. 679 

 680 

Figure 9: Same as Figures 7 and 8, except for MERRA. 681 

 682 

 683 

 684 

 685 

 686 
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 687 

Table 1. The 36-year interannual correlation (from 1980 to 2015) and the last 24-year 688 

correlation (from 1992 to 2015) between the winter AO and September sea ice extent: 689 

Dependence of these interannual correlation coefficients to the methods of removing the 690 

decadal trend of September sea ice extent.   691 

 692 

Methods of removing the 

decadal trend of September 

sea ice extent 

Interannual Correlation between winter AO and September sea 

ice extent 

1980 – 2015 (36 years) 1992 – 2015 (24 years) 

10-year running average -0.48 -0.61 

20-year running average -0.47 -0.60 

Least-squares linear 

regression 

-0.34  

(similar to Holland and 

Stroeve 2011) 

-0.50 

(same as Williams et al. 2016) 

 693 

 694 
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 695 

 696 

Figure 1: The interannual variability of (a) winter (DJFM) AO index and (b) NSIDC 697 

September sea ice extent (km2) from the 1980 to 2015. The red dots indicate the years when 698 

the winter AO index is larger than 0.5 standard deviations. (c) 15-year running-window 699 

correlation and (d) 36-year interannual correlation between the winter AO index and the 700 

anomalous September sea ice extent. The blue lines in (a) and (b) are 15-year running averages. 701 

Correlation coefficients below the red line in (c) are statistically significant (p<0.05). The sea 702 

ice extent anomalies are defined as deviations from the 15-year running average: the correlation 703 

coefficient in year 2000 is calculated using the time period 1993-2007. We use the convention 704 

that the winter of 2010 ends in March 2010.  705 

 706 

 707 

 708 
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 709 

 710 

Figure 2: The wintertime (DJFM) ice thickness growth (unit: m) during the winters of (a, d) 711 

2011-12 and (b, e) 2012-13. The differences of ice growth (unit: m) between the winters of 712 

2011-12 and 2012-13 (‘2011-12’ minus ‘2012-13’) are presented in (c, f). The upper panel 713 

figures (a, b, c) are from CryoSat-2 and the lower panel figures (d, e, f) are from PIOMAS. 714 

 715 

 716 
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 717 

 718 

Figure 3: The anomalous (a) sea level pressure (shadings: Pa) with 10m winds (vectors: winds 719 

stronger than 0.1 m s–1 are plotted), (b) ice drift velocity (vectors: ice speeds faster than 0.4 cm 720 

s–1 are plotted), (c) total sea ice thickness change (cm) and (d) sea ice thickness change (cm) 721 

associated with ice drift during positive AO winters (DJFM). The sea level pressure and 10m 722 

winds are from NNR1. Sea ice thickness and velocity are from PIOMAS. 723 

 724 

 725 



34 

 

 726 

 727 

Figure 4: (a) Ice drift velocity (vectors: ice speeds faster than 0.6 cm s–1 are plotted) from the 728 

interpolated IABP during positive AO winters (same as Fig. 2b except that the data source is 729 

different). The wintertime (DJFM mean) interannual correlation of zonal ice drift velocity 730 

between the IABP and PIOMAS averaged over (b) the Beaufort Sea (200E to 240E & 69N 731 

to 79N) and (c) the East Siberian-Chukchi Seas (140E to 200E & 69N to 79N). 732 

 733 

 734 

 735 

 736 
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 737 

 738 

Figure 5: The anomalous net surface heat flux (𝐹𝑆𝑊
↑ − 𝐹𝑆𝑊

↓ + 𝐹𝐿𝑊

↑
− 𝐹𝐿𝑊

↓ + 𝑆𝐻𝐹↑ + 𝐿𝐻𝐹↑; 739 

W m-2) diagnosed from (a) NNR, (b) ERAI and (c) MERRA, averaged during the positive AO 740 

winters (DJFM). (d) Ocean heat flux-induced ice thickness anomalies (cm) from PIOMAS 741 

integrated throughout the winter (DJFM) and (e) the anomalous winter SIC. In (a, b, c), 742 

statistically significant values (p < 0.05) are hatched.  743 

 744 
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 745 

Figure 6: Composite time evolution of anomalous (a, b) sea ice volume and (c, d) sea ice area 746 

for the years of positive winter AO (from preceding September to following September), 747 

averaged over the (a, c) Eurasian sector (0E to 140E) and the (b, d) Pacific sector (140E to 748 
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230E) of the Arctic. The gray shadings indicate 95% confidence interval range of values in 749 

sea ice volume and area anomalies. (e) Total sea ice thickness change (cm), (f) sea ice thickness 750 

change associated with ice drift, and (g) sea ice thickness change associated with 751 

thermodynamic forcing in spring-summer (Apr-May-Jun-Jul-Aug) following positive AO 752 

winters. The sea ice volume (thickness) data in (a, b, e, f, g) area from PIOMAS and the sea 753 

ice area data in (c, d) are from NSIDC. 754 

 755 

 756 

 757 

 758 

 759 

 760 

 761 

 762 

 763 

 764 

 765 

 766 

 767 

 768 

 769 

 770 
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 773 

Figure 7: The interannual correlation (a) between the wintertime (DJFM) mean AO index and 774 

anomalous net surface radiation (𝐹𝑆𝑊
↑ − 𝐹𝑆𝑊

↓ + 𝐹𝐿𝑊
↑ − 𝐹𝐿𝑊

↓ ; W m-2) in spring-summer 775 

(averaged from April to August), averaged over the Pacific sector of the Arctic (69N to 77N 776 

and 140E to 230E). (b) Composite time evolution of anomalous net shortwave radiation (red 777 

line; 𝐹𝑆𝑊
↑ − 𝐹𝑆𝑊

↓), longwave radiation (blue line; 𝐹𝐿𝑊
↑ − 𝐹𝐿𝑊

↓), and net heat fluxes (black 778 

dotted line; 𝐹𝑆𝑊
↑ − 𝐹𝑆𝑊

↓ + 𝐹𝐿𝑊
↑ − 𝐹𝐿𝑊

↓ + 𝑆𝐻𝐹↑ + 𝐿𝐻𝐹↑ ) at the surface over the Pacific 779 

sector of the Arctic (69N to 77N and 140E to 230E) following the positive AO winters. 780 

The gray shading indicates 95% confidence interval range of values in net surface radiation 781 

anomalies. Composite of net surface radiation (W m-2) in (c) spring (April-May) and (d) 782 

summer (Jun-Jul-Aug) following the positive AO winters. In (c, d), warm colors imply 783 

anomalously large radiative fluxes absorbed at the surface, and statistically significant values 784 

(p < 0.05) are hatched. In (a), green dots with red circles indicate the anomalously positive AO 785 
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winters. Surface radiative flux data are from NNR. 786 

 787 

 788 

 789 

 790 

 791 

Figure 8: Same as Figure 7, except for ERAI. 792 

 793 
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 796 

 797 

Figure 9: Same as Figures 7 and 8, except for MERRA. 798 

 799 
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Supplementary Materials 807 

 808 

 809 

 810 

Figure S1: The wintertime (DJFM) ice thickness growth (unit: m) during the winters of (a) 811 

2011-12 and (b) 2012-13. The difference of ice growth (unit: m) between the winters of 2011-812 

12 and 2012-13 (‘2011-12’ minus ‘2012-13’) is presented in (c). The anomalous (d) ice drift 813 

velocity (vectors: ice speeds faster than 0.4 cm s-1 are plotted) and (e) sea ice thickness change 814 

(cm) during the 10 positive AO winters (DJFM) from 1980 to 2013. 815 
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 816 

Here, the top panel figure is the same as Fig. 2 except for ORAP5. Consistent with 817 

CryoSat-2 and PIOMAS the ice growth is suppressed over the Barents-Kara Seas. However, 818 

unlike CryoSat-2 or PIOMAS, the suppression of ice growth over the East Siberian Sea in the 819 

winter of 2011-12 is not simulated. The ice drift and the ice thickness anomalies for the 10 820 

positive AO events are presented in the bottom panel figure. While the cyclonic ice drift pattern 821 

is consistent with that of PIOMAS (Fig. 3b), the suppression of ice growth is confined in the 822 

Barents-Kara Seas. This is probably because of the subtle difference in the anomalous ice drift 823 

pattern. In PIOMAS and IABP, the ice drift anomaly over the Laptev-East Siberian Seas is 824 

north-eastward (Fig. 3b and Fig. 4a). However, ORAP5 simulates south-eastward ice drift 825 

anomaly over the Laptev-East Siberian Seas (Fig. S1). It seems that the ice drift away (toward) 826 

the East Siberian coast contributes to decreasing (increasing) sea ice thickness over the East 827 

Siberian Sea in PIOMAS (ORAP5). 828 

 829 

 830 

 831 
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Figure S2 (same as Fig. 5b except for different masking methods). The anomalous net 832 

surface heat flux ( 𝐹𝑆𝑊
↑ − 𝐹𝑆𝑊

↓ + 𝐹𝐿𝑊

↑
− 𝐹𝐿𝑊

↓ + 𝑆𝐻𝐹↑ + 𝐿𝐻𝐹↑ ; W m-2) diagnosed from 833 

ERAI, averaged during the positive AO winters (DJFM). In (a), regions of SIC higher than 15% 834 

are shaded. In (b), regions of SST lower than –1.75 C are shaded. In (a, b), statistically 835 

significant values (p < 0.05) are hatched. Here, the left panel plot, (a) is identical to Fig. 5(b). 836 

For SST, we used the Hadley Centre Sea Ice and Sea Surface Temperature data set (HadISST; 837 

Rayner et al. 2003), from year 1979 to 2015.  838 

Here, the right panel plot (b) shows that surface temperature at the base of sea ice is mostly 839 

below -1.75 C in winter (DJFM), except part of the western Barents and Greenland Seas. 840 

 841 
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Kent, and A. Kaplan, 2003: Global analyses of sea surface temperature, sea ice, and night 844 
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