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Abstract. Using ERA5 reanalysis data and sea ice sensitivity experiments, this study 13 

investigates the interannual variability of the winter surface longwave cloud radiative effect 14 

(LWCRE) and its role in Arctic–Eurasian climate variability. The leading mode of winter 15 

LWCRE variability exhibits pronounced anomalies over the Ural Mountains. Its associated 16 

circulation anomalies are closely related to the Arctic Oscillation (AO) and enhanced high-17 

latitude anticyclonic circulation over Eurasia, accompanied by a Greenland warming–northern 18 

Eurasian cooling dipole. Negative LWCRE anomalies over the Urals are associated with 19 

enhanced surface radiative cooling and precede the development of regional anticyclonic 20 

circulation, accompanied by an eastward-propagating Rossby wave train and southward cold-21 

air intrusion into northern Eurasia and downstream East Asia. The leading mode is significantly 22 

associated with autumn Barents–Kara Sea (BKS) sea ice anomalies, suggesting a potential 23 

modulating influence of sea ice on the LWCRE-related climate response. Atmospheric Model 24 

Intercomparison Project (AMIP) simulations and Community Atmosphere Model version 5 25 

(CAM5) sensitivity experiments further support this modulation, showing that reduced autumn 26 

BKS sea ice enhances the LWCRE-related atmospheric circulation anomalies and northern 27 

Eurasian cooling. Prescribed BKS sea ice loss in CAM5 increases the regional-mean cooling 28 

by approximately 17% without fundamentally altering the dominant circulation pattern, 29 

indicating that autumn BKS sea ice acts primarily as a secondary modulator of LWCRE-related 30 

Arctic–Eurasian climate variability. 31 
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1. Introduction  34 

Rapid Arctic warming over recent decades has profoundly altered the Arctic climate system 35 

and has raised considerable interest in its potential impacts on midlatitude weather and climate. 36 

The Arctic has warmed at a rate substantially faster than the global mean, a phenomenon 37 

commonly referred to as Arctic amplification (AA) (Screen and Simmonds 2010; Serreze and 38 

Barry 2011; Goosse et al. 2018; Rantanen et al. 2022). Meanwhile, despite the continuous 39 

increase in global mean temperature, Eurasia has experienced recurrent winter cold extremes, 40 

including persistent cold spells, heavy snowfall events, and severe low‑temperature anomalies 41 

(Thompson and Wallace 1998; Mori et al. 2014; Cohen et al. 2014; Gao et al. 2015; Cohen et 42 

al. 2020; Zhang et al. 2022; Ku et al. 2025). This apparent contrast between a warming Arctic 43 

and episodic Eurasian winter cooling has motivated extensive investigations into the 44 

mechanisms linking Arctic changes to midlatitude climate variability. 45 

Among various Arctic processes, rapid sea ice decline has been considered an important factor 46 

in Arctic–midlatitude climate connections. In particular, reduced sea ice over the BKS has 47 

received considerable attention because of its close relationship with Eurasian winter climate 48 

anomalies (Screen 2017; Cosford et al. 2025). Observational studies have suggested that 49 

autumn and early winter sea ice loss in the BKS region can enhance local warming, weaken the 50 

meridional temperature gradient, and favor large‑scale atmospheric circulation anomalies 51 

associated with Eurasian cold extremes (Honda et al. 2009; Francis et al. 2009; Screen 2017). 52 

However, the extent to which Arctic sea ice loss directly contributes to Eurasian winter cooling 53 

remains highly debated. Several modeling studies have indicated that the atmospheric response 54 

to sea ice forcing is sensitive to the magnitude, location, and temporal evolution of sea ice 55 

anomalies, resulting in substantial uncertainty in the simulated midlatitude response (Rinke et 56 

al. 2013; Pedersen et al. 2016; Ding et al. 2021; Ding and Wu 2021). Moreover, large‑ensemble 57 

and numerical sensitivity experiments have suggested that Eurasian winter cooling events are 58 

often dominated by atmospheric internal variability, whereas the contribution of sea ice loss 59 

may be relatively weak (Chen et al. 2016; McCusker et al. 2016; Koenigk et al. 2019). For 60 

example, Blackport et al. (2019) argued that atmospheric circulation anomalies can 61 

simultaneously contribute to Arctic sea ice loss and Eurasian cold anomalies, challenging the 62 

interpretation that sea ice decline is the primary driver of midlatitude cooling. These studies 63 

indicate that the mechanisms responsible for Eurasian winter cooling remain unresolved, 64 

particularly regarding the relative roles of external Arctic forcing and internally generated 65 

atmospheric variability. 66 
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Regardless of the origin of Arctic anomalies, atmospheric circulation provides a critical bridge 67 

connecting Arctic variability with Eurasian climate responses. Previous studies have 68 

emphasized the role of the Arctic Oscillation (AO), North Atlantic Oscillation (NAO), and 69 

associated planetary‑scale wave patterns in mediating Arctic–midlatitude interactions. Negative 70 

AO/NAO conditions are often accompanied by weakened westerly flow, enhanced meridional 71 

exchange, and increased southward transport of Arctic air masses into Eurasia (Honda et al. 72 

2009; Cohen et al. 2014; Nakamura et al. 2019). Among these circulation features, Ural 73 

blocking has been identified as a particularly important pathway contributing to persistent 74 

Eurasian cold anomalies. Anomalous anticyclonic circulation over the Ural region can induce 75 

downstream trough development over eastern Eurasia, enhancing northerly cold‑air advection 76 

and promoting severe winter cooling events (Petoukhov et al. 2013; Kug et al. 2015). Recent 77 

studies have further highlighted the importance of stratosphere–troposphere coupling and 78 

planetary wave propagation in regulating the persistence of Eurasian winter climate anomalies. 79 

Changes in Arctic conditions may influence the upward propagation of planetary waves, 80 

stratospheric polar vortex variability, and subsequent tropospheric circulation responses, 81 

thereby affecting the persistence of cold extremes (Cohen et al. 2021; Kretschmer et al. 2020). 82 

Although substantial progress has been made in understanding the dynamical pathways 83 

connecting Arctic anomalies to Eurasian climate, the radiative processes that may modulate 84 

these circulation responses remain insufficiently explored. 85 

While previous studies have primarily focused on the dynamical impacts of Arctic sea ice 86 

variability, considerably less attention has been paid to the role of cloud radiative processes in 87 

Arctic–midlatitude climate interactions. Clouds influence Earth’s radiation budget by reflecting 88 

incoming solar radiation and trapping outgoing longwave radiation, thereby exerting both 89 

shortwave and longwave cloud radiative effects (Ramanathan et al. 1989). Under Arctic winter 90 

conditions, however, the absence of incoming solar radiation makes the longwave cloud 91 

radiative effect (LWCRE) the dominant cloud‑radiative process in the surface energy budget. 92 

Extensive low‑level clouds are frequently embedded within strong temperature inversions 93 

during the polar night, substantially enhancing downward longwave radiation and suppressing 94 

surface radiative cooling (Shupe and Intrieri 2004; Curry et al. 1996; Wendisch et al. 2019). 95 

Consequently, LWCRE is regarded as an important contributor to winter Arctic amplification 96 

(Graversen and Wang 2009; Palm et al. 2010). Variations in LWCRE can therefore modify 97 

surface radiative cooling and lower-tropospheric thermal conditions, which may interact with 98 

regional atmospheric circulation and large-scale planetary wave activity. Such radiative–99 
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dynamical coupling provides a potential pathway through which regional LWCRE variability 100 

may be linked to downstream climate anomalies over Eurasia. Nevertheless, whether and how 101 

interannual LWCRE variability is involved in such Arctic–midlatitude climate linkages, and 102 

how this variability interacts with Arctic sea ice to influence Eurasian winter climate, remain 103 

largely unexplored. 104 

In this study, we investigate the role of winter surface LWCRE variability in Arctic–Eurasian 105 

climate interactions using ERA5 reanalysis and numerical experiments. We first characterize 106 

the dominant mode of winter LWCRE variability and examine its associated moisture, cloud, 107 

and radiative processes. We then investigate the corresponding atmospheric circulation and 108 

planetary wave anomalies and their links to Eurasian winter climate variability. Finally, we 109 

assess the relationship between LWCRE variability and autumn Barents–Kara Sea sea ice 110 

variability and examine their respective roles in Eurasian winter cooling, with particular 111 

emphasis on the potential modulating role of autumn BKS sea ice. 112 

2. Data and Methods  113 

2.1 Data and model experiments 114 

The meteorological fields used in this study are obtained from the ERA5 reanalysis dataset 115 

produced by the European Centre for Medium-Range Weather Forecasts (ECMWF). The 116 

analyzed variables include surface net longwave radiative fluxes under all-sky and clear-sky 117 

conditions, total cloud cover, 2-m air temperature, sea-level pressure, precipitation, 118 

geopotential height, zonal wind, meridional wind, and specific humidity at multiple pressure 119 

levels. All variables are interpolated onto a common horizontal grid with a resolution of 120 

2.5°×2.5°. Sea ice concentration (SIC) data are obtained from the Hadley Centre sea ice dataset 121 

at a horizontal resolution of 1°×1°. The analysis period spans 45 winters from 1979/80 to 122 

2023/24. Boreal winter is defined as December–February (DJF), with the winter year referring 123 

to the calendar year of December, whereas autumn is defined as September–November (SON). 124 

The Coupled Model Intercomparison Project Phase 6 (CMIP6) Atmospheric Model 125 

Intercomparison Project (AMIP) simulations are analyzed to assess the robustness of the 126 

observed relationships. The AMIP simulations cover the period 1979–2014. Given the different 127 

native horizontal resolutions among the models, all model outputs are bilinearly interpolated 128 

onto a common 2.5°×2.5° grid consistent with the observational analysis. The analyzed monthly 129 

mean variables include surface downward longwave radiative fluxes under all-sky and clear-130 
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sky conditions, 2-m air temperature, sea-level pressure, geopotential height, and zonal and 131 

meridional winds. In total, 21 AMIP models are included, with two ensemble members from 132 

each model, namely r1i1p1f1 and r2i1p1f1. 133 

To further examine the atmospheric response to autumn BKS sea-ice loss, numerical 134 

experiments are conducted using the Community Earth System Model (CESM), with the 135 

Community Atmosphere Model version 5 (CAM5) as its atmospheric component. CAM5 is 136 

configured at a horizontal resolution of 1°×1° with 30 vertical levels. Two sets of experiments 137 

are performed: a control experiment and a sea-ice perturbation experiment. The control 138 

experiment is forced by climatological SIC and sea surface temperature (SST) under standard 139 

external forcing conditions and is integrated for 100 years, with the first 10 years discarded as 140 

model spin-up. In the sensitivity experiment, observed autumn BKS SIC anomalies are 141 

superimposed onto the climatological SIC field. To impose a pronounced sea-ice-loss signal, 142 

the composite SIC anomaly is constructed from years when the BKS sea-ice index is below 143 

−1σ. All other model configurations are identical between the two experiments. The 144 

atmospheric response to autumn BKS sea-ice loss is quantified as the difference between the 145 

sensitivity and control experiments. 146 

2.2 Definition of surface LWCRE and climate indices  147 

Surface longwave cloud radiative effect (LWCRE) is defined as the difference between the 148 

surface net longwave radiative flux under all-sky and clear-sky conditions, with downward 149 

radiative fluxes defined as positive: 150 

Equation 1. 151 LWCRE = (LWallsky_down−LWallsky_up) − (LWclrsky_down−LWclrsky_up) 152 

Here, the all-sky terms represent surface longwave radiative fluxes under actual sky conditions, 153 

whereas the clear-sky terms represent the corresponding fluxes under clear-sky conditions. A 154 

positive LWCRE indicates a warming effect on the surface, whereas a negative LWCRE 155 

indicates a cooling effect. 156 

Before EOF analysis, the linear trend in winter surface LWCRE is removed. A latitude-157 

weighted empirical orthogonal function (EOF) analysis is then applied to the detrended winter 158 

LWCRE anomalies over the BKS–Urals sector (40°–85°N, 20°–100°E). The latitude weighting 159 

accounts for variations in grid-cell area with latitude. The leading two EOF modes and their 160 
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corresponding principal components (PCs) are retained to characterize the dominant modes of 161 

winter LWCRE variability. The PCs are standardized before subsequent regression, correlation, 162 

and composite analyses. 163 

The Arctic Oscillation (AO) index is defined as the first principal component obtained from a 164 

rotated EOF analysis of winter 500-hPa geopotential height anomalies over the Northern 165 

Hemisphere north of 20°N. The standardized first principal component is used as the AO index 166 

to characterize the phase of the AO and its relationship with the leading mode of winter LWCRE 167 

variability. 168 

A Eurasian temperature (ET) index is defined as the area-mean winter surface air temperature 169 

anomaly over 45°–70°N and 10°–130°E. The BKS sea-ice index is calculated as the area-mean 170 

SIC anomaly over the region bounded by 70°–83°N and 35°–100°E. All regional indices are 171 

standardized prior to correlation, regression, and composite analyses. 172 

Winter cold days are defined as days when the daily minimum temperature falls below the local 173 

10th-percentile threshold derived from winter daily temperatures. This index is used to 174 

characterize the frequency of extreme cold conditions associated with the leading LWCRE 175 

mode. 176 

The horizontal propagation of quasi-stationary Rossby wave activity is diagnosed using the 177 

wave activity flux (WAF) formulation of Takaya and Nakamura (1997, 2001). The horizontal 178 

WAF is expressed as 179 

Equation 2. 180 

ܹ = |2݌ ―ܷ| (ܷ(߰௫′2 − ߰′߰௫௫′ ) + ܸ(߰௫′߰௬′ − ߰′߰௫௬′ )ܷ(߰௫′߰௬′ − ߰′߰௫௬′ ) + ܸ(߰௬′2 − ߰′߰௬௬′ )) 181 

where p denotes pressure normalized by 1000 hPa, ǋ= (U, V) represents the background flow, 182 

and ψ denotes the stream function. The subscripts denote partial derivatives, and the primes 183 

denote perturbations from the monthly climatological state. The direction of the WAF is 184 

interpreted as the direction of Rossby wave activity propagation. 185 

2.3 Statistical and composite analyses 186 

Linear regression and correlation analyses are used to examine the statistical relationships 187 

between LWCRE variability and atmospheric, radiative, and surface climate variables. Unless 188 



 

7 

otherwise specified, the statistical significance of regression and correlation coefficients is 189 

assessed using a two-tailed Student’s t-test.  190 

Composite analysis is used to examine the dependence of LWCRE-related anomalies on the 191 

phase of PC1 and autumn BKS sea-ice conditions. Years are classified according to the 192 

standardized PC1, with positive and negative phases defined by PC1 values exceeding +0.5σ 193 

and falling below -0.5σ, respectively. Within each phase, years are further divided into reduced-194 

sea-ice years, defined by BKS sea-ice index values below -0.5σ, and near-normal sea-ice years, 195 

defined by values between -0.5σ and +0.5σ. Statistical significance of composite anomalies is 196 

assessed using a one-sample Student’s t-test against zero.  197 

A lead–lag correlation analysis is conducted to examine the temporal relationship between daily 198 

LWCRE and large-scale atmospheric circulation. Years with positive PC1 values exceeding 199 

+0.5σ are selected for the analysis. The statistical significance of the lead–lag correlations is 200 

assessed using a block-bootstrap resampling procedure with 1,000 resamples and a block length 201 

of 20 days to account for temporal autocorrelation. Similar analyses are conducted using 202 

alternative PC1 thresholds of 1σ and 1.5σ to evaluate the robustness of the lagged relationship. 203 

The statistical significance of the WAF is also assessed using a permutation-based Monte Carlo 204 

test with 1,000 permutations. 205 

3. Results  206 

3.1 Interannual variability of winter surface LWCRE  207 

The climatological distribution of winter surface LWCRE exhibits three pronounced maxima 208 

over the North Atlantic, North Pacific, and East European Plain (Fig. 1(a)). In contrast, its 209 

standard deviation reveals that the largest interannual variability is concentrated over a coherent 210 

Eurasian region extending from the Barents and Kara Seas to the Urals (BKS–Urals) (Fig. 1(b)). 211 

This region is characterized by strong interactions among open ocean, seasonal sea‑ice margins, 212 

and complex topography, which enhance lower‑tropospheric baroclinicity and increase the 213 

sensitivity of atmospheric circulation to surface thermal perturbations (Petoukhov and Semenov 214 

2010; Shi et al. 2022). Moreover, the BKS–Urals sector is located along a key pathway of 215 

Arctic–Eurasian atmospheric teleconnections, where local thermodynamic anomalies can 216 

interact with large‑scale circulation through anticyclonic circulation anomalies and Rossby 217 

wave dynamics. 218 
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Although turbulent sensible and latent heat fluxes are traditionally considered dominant 219 

components of wintertime surface energy exchange (Vihma 2014), surface LWCRE represents 220 

an important radiative contribution over mid‑ and high‑latitude Northern Hemisphere 221 

continents during winter (Gupta et al. 1993; Hu et al. 2018). This radiative contribution is 222 

particularly evident over the Urals, where the interannual variance of LWCRE substantially 223 

exceeds that of turbulent heat fluxes. Specifically, the LWCRE variance is approximately 2–16 224 

times larger than that of sensible heat flux and 10–100 times larger than that of latent heat flux 225 

(Figs. 1(c), 1(d)), indicating that LWCRE represents a substantial component of interannual 226 

surface energy variability over the BKS–Urals region. Such pronounced radiative variability 227 

may influence regional thermal conditions and provide a potential thermodynamic pathway 228 

through which Arctic surface processes modulate Eurasian atmospheric circulation variability. 229 

 230 

 231 

Figure 1. (a) Climatological means (units: W m⁻²) and (b) standard deviations of winter surface LWCRE. 232 

The variance ratio between winter surface LWCRE and (c) sensible heat (SH) flux, and (d) latent heat (LH) 233 

flux. 234 

EOF decomposition of detrended winter surface LWCRE anomalies in the BKS–Urals sector 235 

(40°–85°N, 20°–100°E) yields two leading modes that collectively explain 47.89% of the total 236 

variance (Figs. 2(a), 2(b), 2(c), 2(d)). The first EOF mode (EOF1) explains 31.90% of the 237 

variance, and its corresponding principal component (PC1) is dominated by interannual 238 

variability on timescales of approximately 3–8 years (not shown). Spatially, EOF1 exhibits 239 

pronounced LWCRE anomalies on both flanks of the Urals, representing a dominant 240 

interannual mode of Arctic–Eurasian radiative coupling. The second EOF mode (EOF2) 241 
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explains 15.99% of the variance, and its corresponding principal component (PC2) exhibits 242 

variability on a 3–5‑year timescale (not shown). EOF2 is characterized by a meridional dipole 243 

structure, with opposite LWCRE variations between the high‑latitude region north of 60°N 244 

(particularly east of Novaya Zemlya) and the lower‑latitude region to the south. This mode also 245 

reflects an Arctic–midlatitude coupling pattern, but differs from EOF1 in its spatial structure 246 

and dominant timescale. Similar leading modes are obtained when the analysis is repeated using 247 

the non‑detrended dataset. PC1 remains dominated by interannual variability, whereas PC2 248 

exhibits a pronounced long‑term trend, transitioning from a negative to a positive phase around 249 

2004, suggesting that this mode contains a substantial low‑frequency component associated 250 

with changes in the Arctic background state. 251 

While both EOF modes are associated with a warm‑Arctic–cold‑Eurasia temperature 252 

configuration, their associated temperature patterns exhibit distinct spatial characteristics. 253 

During the positive phase of EOF1, warming (enhanced atmospheric thickness) is centered over 254 

Greenland, whereas cooling (reduced atmospheric thickness) dominates northern Eurasia (Fig. 255 

2(e)). In contrast, the positive phase of EOF2 features an eastward displacement of Arctic 256 

warming toward the BKS and the northern Russian coast, accompanied by cooling extending 257 

southeastward into East Asian midlatitudes. This produces a “warm BKS–cold East Asia” 258 

pattern, consistent with the findings of Mori et al. (2014) (Fig. 2(f)). 259 

 260 

         261 

Figure 2. The two leading modes of detrended winter surface LWCRE (units: W m⁻²) derived from EOF 262 

analysis. (a) Normalized PC1 time series. (b) Normalized PC2 time series. (c) Winter surface LWCRE 263 
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anomalies regressed onto the standardized PC1 (EOF1). (d) As in (c), but for PC2 (EOF2). (e), (f) As in 264 

(c), (d), but for 1000–500-hPa geopotential thickness anomalies (units: gpm). Stippled areas in (c), (d), (e), 265 

(f) indicate anomalies exceeding the 90% confidence level. 266 

The spatial structures of LWCRE modes are closely associated with regional variations in 267 

atmospheric moisture transport and cloud radiative processes (Liu et al. 2025). During the 268 

positive phase of EOF1, anomalous moisture divergence over the Urals (Fig. 3(a)) is 269 

accompanied by reduced cloud cover (Fig. 3(b)) and decreased downward longwave radiation, 270 

consistent with the formation of negative LWCRE anomalies and surface cooling over northern 271 

Eurasia. These coupled moisture, cloud, and circulation anomalies indicate that EOF1 reflects 272 

a circulation-related radiative mode connecting Arctic conditions with Eurasian thermal 273 

anomalies. In contrast, during the positive phase of EOF2, enhanced moisture convergence 274 

occurs north of 60°N and east of Novaya Zemlya (Fig. 3(c)). The associated moisture transport 275 

favors increased cloudiness (Fig. 3(d)) and enhanced downward longwave radiation, 276 

contributing to positive LWCRE anomalies and surface warming over the high‑latitude BKS 277 

region. Meanwhile, anomalous moisture divergence between 40° and 60°N suppresses cloud 278 

development and reduces LWCRE, resulting in surface cooling. The contrasting moisture–279 

cloud–radiation anomalies between high and lower latitudes characterize EOF2 as another 280 

distinct Arctic–midlatitude coupling mode, with a spatial structure different from EOF1. 281 

Given that EOF1 explains the largest proportion of the total variance, the subsequent analysis 282 

focuses on the atmospheric circulation and climate anomalies associated with the interannual 283 

variability of winter surface LWCRE over the Urals, aiming to clarify the role of this dominant 284 

LWCRE mode in modulating the Arctic–Eurasian climate linkage. 285 

 286 
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 287 

Fig. 3. Winter fields regressed onto PC1 (a–b) and PC2 (c–d): (a, c) vertically integrated moisture flux 288 

(arrows; units: kg m⁻¹ s⁻¹) and its divergence (shading; units: 10⁻⁶ kg m⁻² s⁻¹); (b, d) total cloud cover 289 

(units: %). Stippling denotes anomalies significant at the 90% confidence level. 290 

3.2 Dynamical pathway linking winter surface LWCRE variability to Eurasian climate 291 

anomalies 292 

Figure 4 illustrates the atmospheric circulation and climate responses associated with EOF1. 293 

The positive phase of EOF1 is associated with negative LWCRE anomalies over the Urals, 294 

accompanied by anomalous anticyclonic circulation over the Arctic lower troposphere and 295 

anomalous cyclonic circulation over the midlatitude North Atlantic (Fig. 4(a)). This circulation 296 

response suggests a close association between regional radiative anomalies over the Urals and 297 

large‑scale Arctic–midlatitude atmospheric variability. In the midtroposphere, the anticyclonic 298 

anomaly extends from the Barents Sea to the northern Urals and is associated with two 299 

downstream‑propagating Rossby wave trains. One branch propagates southwestward toward 300 

the midlatitude North Atlantic, forming cyclonic anomalies that exhibit a quasi‑barotropic 301 

structure and correspond well with the negative NAO‑like circulation pattern. The other branch 302 

propagates southeastward toward Northeast Asia, producing cyclonic anomalies and deepening 303 

the East Asian trough, thereby providing a favorable circulation background for southward 304 

cold‑air intrusion (Fig. 4(b)). This circulation pattern exhibits a pronounced AO‑like structure, 305 

as further supported by the strong negative correlation between PC1 and the AO index (r = -306 

0.79, p<0.01). 307 

Associated with the Arctic anticyclonic circulation, enhanced northerly flow over Eurasia 308 

strengthens the southward advection of Arctic cold air, leading to widespread surface cooling 309 

over northern Eurasia (Fig. 4(c)) and a significant increase in the frequency of extreme cold 310 

days (Fig. 4(d)). The strongest cooling exceeds 2.4 K over Siberia, a region previously 311 

identified as a key pathway for cold‑air accumulation and subsequent cold surge development 312 

toward East Asia (Bueh et al. 2022; Zhang et al. 2025). Accordingly, the increase in extreme 313 

cold days extends southeastward toward the Yangtze River basin. Meanwhile, anomalous 314 
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anticyclonic circulation over Greenland is accompanied by southerly flow along its 315 

southwestern flank, resulting in pronounced Greenland warming (Fig. 4(a)). Together, these 316 

temperature anomalies form a characteristic Greenland warming–northern Eurasian cooling 317 

dipole associated with the leading LWCRE mode, highlighting the role of LWCRE variability 318 

as a potential radiative pathway through which Arctic processes modulate Arctic–Eurasian 319 

winter climate interactions. 320 

 321 

 322 

Fig. 4. Winter fields regressed onto PC1. (a) 1000 hPa geopotential height (shading; units: gpm) and 323 

horizontal wind (arrows; units: m s⁻¹). (b) 500 hPa geopotential height (shading; units: gpm) and TN wave 324 

activity flux (arrows; units: m² s⁻²). (c) 2 m air temperature (units: K). (d) Cold-spell frequency. Stippling 325 

denotes anomalies significant at the 90% confidence level. In (a) and (b), black arrows indicate 326 

significance at the 90% confidence level, while white arrows indicate non-significance. 327 

To further examine the temporal relationship between cloud radiative anomalies and large-scale 328 

circulation variability, we conducted a lead–lag analysis between the winter LWCRE index, 329 

defined as the standardized LWCRE anomalies averaged over the BKS–Urals region, and the 330 

geopotential height index, defined as the standardized geopotential height anomalies over the 331 

same region. Years with extreme positive PC1 values, corresponding to anomalously negative 332 

LWCRE over the Urals, were selected (Fig. 2(a)), and the correlations were calculated using a 333 

0.5σ threshold. As shown in Fig. 5, negative correlations are evident when LWCRE anomalies 334 

lead geopotential height anomalies, with the strongest relationship occurring at lags of 8–10 335 

days (red highlights). This result indicates that negative LWCRE anomalies tend to precede 336 

positive geopotential height anomalies over the BKS–Urals region on subseasonal timescales. 337 
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From a physical perspective, reduced cloud cover decreases downward longwave radiation and 338 

enhances surface radiative cooling, a process that is consistent with conditions favorable for the 339 

development or maintenance of anticyclonic circulation over the region. However, the lead–lag 340 

relationship does not by itself establish that LWCRE anomalies drive the subsequent circulation 341 

response, as both variables may be influenced by a common underlying atmospheric process. 342 

Similar results are obtained when alternative thresholds of 1σ and 1.5σ are used (not shown). 343 

Therefore, the lead–lag analysis provides evidence for a temporal precedence of LWCRE 344 

anomalies relative to the circulation response, while suggesting, rather than demonstrating, a 345 

potential role for LWCRE variability in modulating the evolution of regional anticyclonic 346 

circulation anomalies. 347 

 348 

Fig. 5. Lagged correlation coefficients between the daily LWCRE index and the geopotential height index 349 

for winter. The bars denote Pearson correlations at each lag. The grey shaded envelope represents the 350 

90% confidence interval obtained via block bootstrap. Lags where the envelope does not cross the zero line 351 

are statistically significant at the 90% level, and are highlighted with red bars. 352 

To assess the statistical association of LWCRE-related variability with the atmospheric 353 

circulation and temperature anomalies over northern Eurasia, we first use the standardized ET 354 

index defined over 45°–70°N and 10°–130°E. Regression of atmospheric circulation and 355 

surface temperature anomalies onto the normalized ET index produces spatial patterns that 356 

closely resemble those associated with PC1 (Figs. 6(a), 6(b)), indicating that the ET index 357 

effectively captures the dominant circulation and temperature variability linked to the leading 358 

LWCRE mode. To further examine the role of LWCRE in the Arctic–Eurasian atmospheric 359 

linkage, the linear component of the ET index associated with PC1 is removed, and the resulting 360 

residual ET index is regressed onto atmospheric circulation and surface temperature fields. 361 

After removing the PC1‑related signal, the Arctic anticyclonic anomaly becomes substantially 362 

weaker, the negative NAO‑like circulation over the North Atlantic nearly disappears, and only 363 

a weak trough remains over the Ural region, indicating a pronounced weakening of the 364 
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downstream Eurasian wave train (Fig. 6(c)). Correspondingly, the cold anomalies over northern 365 

Eurasia are markedly reduced and remain statistically significant only over Siberia and 366 

northeastern China (Fig. 6(d)). These results suggest a potential modulating role of LWCRE-367 

related variability in the eastward-propagating Rossby wave train and associated winter 368 

temperature anomalies over northern Eurasia and downstream East Asia. 369 

 370 

 371 

Fig. 6. Winter fields regressed onto the ET index. (a) 500 hPa geopotential height (shading; units: gpm) 372 

and TN wave activity flux (arrows; units: m² s⁻²). (b) 2 m air temperature (units: K). (c–d) As in (a–b), but 373 

with the PC1-related signal linearly removed from the ET index. Stippling denotes anomalies significant at 374 

the 90% confidence level. In (a) and (c), black arrows indicate significance at the 90% confidence level, 375 

while white arrows indicate non-significance. 376 

3.3 Modulation of LWCRE-related temperature anomalies by autumn BKS sea ice  377 

The above analysis demonstrates that atmospheric circulation anomalies associated with winter 378 

surface LWCRE variability over the Urals are closely linked to AO/NAO‑like circulation 379 

patterns and substantially influence Eurasian wave activity and temperature anomalies. Given 380 

that Arctic sea ice variability has been widely suggested as an important external forcing of 381 

Northern Hemisphere extratropical climate (Honda et al. 2009; Tang et al. 2013; Peings and 382 

Magnusdottir 2015; Nakamura et al. 2019), an important question is whether Arctic sea ice 383 

variability is associated with the LWCRE‑related climate anomalies or represents a distinct 384 

source of variability. Here, we examine the seasonal relationship between Arctic sea ice 385 

variability and the leading LWCRE mode and assess their relative statistical associations with 386 

northern Eurasian winter cooling. 387 
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Figure 7 shows the regression of autumn and winter sea ice concentration anomalies onto the 388 

normalized PC1 index. Positive PC1 values are associated with reduced sea ice concentration 389 

over the autumn Barents–Kara Sea (BKS) region (Fig. 7(a)), whereas the winter response is 390 

much weaker, with localized sea ice reduction mainly confined to Baffin Bay and slight sea ice 391 

increases over the BKS–Greenland Sea sector (Fig. 7(b)). This strong seasonal dependence 392 

indicates that LWCRE variability over the Urals is more closely associated with autumn BKS 393 

sea ice anomalies than with concurrent winter sea ice changes. The correlation coefficient 394 

between autumn BKS sea ice and PC1 is -0.38 (p<0.01), indicating that autumn BKS sea ice 395 

variability shares approximately 14% of its variance with the leading LWCRE mode (the BKS 396 

sea ice index is defined over the region enclosed by the black contour in Fig. 7(a)). 397 

To assess the relative associations of LWCRE‑associated variability and sea ice anomalies with 398 

northern Eurasian cooling, partial regression analysis was performed. The regional‑mean 399 

surface air temperature anomaly over northern Eurasia (45°–70°N, 10°–130°E) reaches -1.66 K. 400 

After removing the LWCRE‑related component from the temperature variability, the magnitude 401 

of the cold anomaly decreases by 62.7%, whereas removing the sea‑ice‑related component 402 

produces only a 10.8% reduction. When both components are removed simultaneously, the 403 

cooling anomaly is reduced by 64.5%. These results indicate that both winter surface LWCRE 404 

variability and autumn BKS sea ice anomalies are associated with northern Eurasian winter 405 

cooling, with the LWCRE‑related component showing a substantially stronger statistical 406 

association with the temperature response. The combined reduction associated with removing 407 

the two factors is smaller than the sum of their individual reductions, indicating substantial 408 

overlap in the temperature variability associated with the two factors. This overlap may reflect 409 

shared variability between Arctic sea ice conditions and LWCRE, potentially mediated by 410 

cloud–sea ice interactions, as suggested by previous studies highlighting the role of such 411 

interactions in Arctic climate variability (Overland et al. 2011; Wendisch et al. 2019). Overall, 412 

these observational results suggest that autumn BKS sea ice variability is closely coupled with, 413 

but does not dominate, the LWCRE‑related Eurasian temperature variability. 414 
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 415 

Fig. 7. Autumn (a) and winter (b) SIC (units: %) regressed onto PC1. Stippling denotes anomalies 416 

significant at the 90% confidence level. 417 

 418 

To examine the modulating influence of autumn BKS sea ice on winter surface 419 

LWCRE‑associated variability, a composite analysis was performed based on the standardized 420 

PC1 and BKS sea ice indices. Years were first classified according to the phase of PC1, with 421 

positive (negative) phases defined by PC1 values exceeding +0.5σ (falling below -0.5σ). Within 422 

each phase, years were further divided into reduced sea ice (BKS sea ice index < -0.5σ) and 423 

normal sea ice (-0.5σ ≤ BKS sea ice index ≤ 0.5σ) categories. 424 

During the positive phase of EOF1, winters with near‑normal BKS sea ice exhibit relatively 425 

weak negative LWCRE anomalies over the Urals, with amplitudes of approximately -8 to -10 426 

W m^-2 (Fig. 8(a)). Correspondingly, the Arctic anticyclonic circulation anomalies remain 427 

weak, and only one Rossby wave train extends southwestward toward the Azores–428 

Mediterranean region, while the downstream wave train over Asia is poorly developed (Fig. 429 

8(c)). As a result, the associated cooling is largely confined to Europe and central Siberia (Fig. 430 

8(e)). In contrast, during years of reduced autumn BKS sea ice, the negative LWCRE anomalies 431 

over the Urals are substantially enhanced, with peak amplitudes exceeding -12 W m^-2 (Fig. 432 

8(b)). The Arctic anticyclonic circulation is simultaneously strengthened, and the anticyclonic 433 

anomaly extending from the BKS to the Urals is accompanied by a pronounced 434 

southeastward‑propagating Rossby wave train that deepens the East Asian trough (Fig. 8(d)). 435 

Consistent with these circulation changes, the AO index decreases from -0.40 to -1.58, and the 436 

associated cold anomalies expand southward from northern Eurasia into central Asia. 437 

Consequently, the regional‑mean surface air temperature anomaly strengthens from -1.19 K to 438 

-2.74 K (Fig. 8(f)). These composite differences suggest that reduced autumn BKS sea ice is 439 

associated with an intensified Arctic–midlatitude circulation linkage and stronger 440 

LWCRE‑related atmospheric and temperature anomalies, resulting in more pronounced and 441 

spatially extensive cooling over northern Eurasia. Inspection of individual years and leave-one-442 
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out composites further indicates that the major LWCRE, circulation, and temperature anomaly 443 

patterns are not dominated by any single event. 444 

During the negative phase of EOF1, reduced BKS sea ice is associated with weaker positive 445 

LWCRE anomalies over the Urals and a poleward displacement of the anomalous centers of 446 

500‑hPa geopotential height and surface temperature (Fig. S1). Consequently, the warm 447 

anomalies over Eurasia are weakened, while weak cold anomalies emerge over the southern 448 

part of the analysis domain. These results suggest that autumn BKS sea ice loss may tend to 449 

offset the climatic influence of positive LWCRE anomalies over the Urals, in contrast to its 450 

apparent amplifying influence during the positive phase of EOF1. However, because only a 451 

limited number of observed winters satisfy both the negative EOF1 phase and reduced sea ice 452 

conditions, the statistical robustness of these results is limited. Therefore, the asymmetric 453 

influence of BKS sea ice between the positive and negative phases of EOF1 should be 454 

interpreted with caution, and its robustness and the underlying mechanisms are further 455 

examined using numerical model experiments. 456 

 457 

Fig. 8. Winter composites based on ERA5 data under PC1+ for normal sea ice years (a, c, e) (N=4) and 458 

reduced BKS sea ice years (b, d, f) (N=3). The number of years (N) is indicated in the top-right corner of 459 

each panel. (a, b) LWCRE (units: W m⁻²); (c, d) 500-hPa geopotential height (shading; units: gpm) and TN 460 
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wave activity flux (arrows; units: m² s⁻²); (e, f) 2-m air temperature (units: K). Stippling denotes anomalies 461 

significant at the 90% confidence level. In (c) and (d), black arrows indicate significance at the 90% 462 

confidence level, while white arrows indicate non-significance. 463 

To assess the robustness of the observational results, we first examine the CMIP6 AMIP 464 

simulations. The multi‑model ensemble (MME) successfully reproduces the leading mode of 465 

winter surface LWCRE variability, with a spatial correlation coefficient of 0.88 between the 466 

simulated and observed EOF1 patterns, although the simulated anomaly amplitudes are 467 

somewhat weaker (Fig. S2, Fig. S3, Fig. S4). The same composite criteria used for the 468 

observations are applied to the model simulations. 469 

During the positive phase of EOF1, reduced autumn BKS sea ice is associated with enhanced 470 

negative LWCRE anomalies over the Urals relative to years with near‑normal sea ice conditions 471 

(Fig. 9(b)). Correspondingly, the East Asian trough deepens, and the downstream Rossby wave 472 

train extending from the Arctic to Northeast Asia becomes more pronounced (Fig. 9(d)). These 473 

circulation changes are accompanied by stronger cooling over northern Eurasia, with the 474 

regional‑mean surface air temperature anomaly decreasing from -1.63 K (Fig. 9(e)) to -2.02 K 475 

(Fig. 9(f)), representing an enhancement of approximately 23.9%. Overall, the simulated 476 

circulation and temperature responses closely resemble those obtained from the reanalysis 477 

composites. During the negative phase of EOF1, however, reduced autumn BKS sea ice is 478 

associated with only a modest weakening of the positive LWCRE anomalies (Figs. 9(g), 9(h)), 479 

while the associated atmospheric circulation anomalies remain largely unchanged (Figs. 9(i), 480 

9(j)). Although the peak warming over northern Eurasia is slightly weaker under reduced sea 481 

ice conditions, the regional‑mean temperature anomaly changes little, decreasing only from 482 

1.63 K to 1.57 K (Figs. 9(k), 9(l)). These results provide multi‑model support for an asymmetric 483 

association between autumn BKS sea ice conditions and LWCRE‑related climate variability. 484 

Reduced sea ice is associated with amplified atmospheric circulation anomalies and enhanced 485 

northern Eurasian cooling during the positive phase of EOF1, whereas its influence on the 486 

regional‑mean temperature response is weak during the negative phase. 487 
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 488 

Fig. 9. Winter composites based on AMIP data. Panels (a–f) display the PC1+ composites, with the layout 489 

identical to Fig. 8; panels (g–l) are as in (a–f) but for PC1−. 490 

Given the considerable intermodel spread in the simulation of winter surface LWCRE among 491 

the CMIP6 AMIP models, together with the difficulty of separating the influence of autumn 492 

BKS sea ice variability from other sources of climate variability, such as ENSO, additional 493 

experiments were conducted using CAM5. These experiments were designed to further assess 494 

the robustness of the observational and AMIP results and to examine the atmospheric response 495 

to prescribed autumn BKS sea ice loss. 496 

Figure 10 compares the LWCRE, atmospheric circulation, and surface air temperature 497 

anomalies between the control experiment with climatological sea ice conditions and the 498 

sensitivity experiment with reduced autumn BKS sea ice. CAM5 reproduces the broad spatial 499 

characteristics of the observed LWCRE anomaly patterns, although the simulated anomalies 500 

extend farther northwest than those in the reanalysis (Figs. 10(a), 10(b), 10(g), 10(h)). During 501 

the positive phase of EOF1, reduced autumn BKS sea ice strengthens the LWCRE anomalies 502 

over Eurasia and produces a more pronounced meridional dipole structure. At 500 hPa, the 503 

Arctic anticyclonic anomaly expands southward toward the Urals, while the 504 

southeastward‑propagating Rossby wave train becomes more pronounced, leading to a deeper 505 
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East Asian trough (Figs. 10(c), 10(d)). These circulation changes enhance the cold anomalies 506 

over northern Eurasia, with the regional‑mean surface air temperature anomaly decreasing from 507 

-2.62 K in the control experiment to -3.07 K in the sensitivity experiment (Figs. 10(e), 10(f)). 508 

This difference corresponds to an additional cooling of 0.45 K, or an enhancement of 509 

approximately 17.2%, attributable to the imposed autumn BKS sea ice loss. During the negative 510 

phase of EOF1, the sensitivity experiment exhibits somewhat weaker LWCRE and 500‑hPa 511 

geopotential height anomalies than the control experiment (Figs. 10(g)–10(j)). Although the 512 

downstream wave train toward Northeast Asia becomes slightly stronger, the associated surface 513 

temperature response changes little. The regional‑mean warm anomaly over northern Eurasia 514 

changes only marginally, from 2.02 K in the control experiment to 2.06 K in the sensitivity 515 

experiment (Figs. 10(k), 10(l)). Thus, no clear amplification or attenuation of the Eurasian 516 

warming response is evident under reduced autumn BKS sea ice conditions. 517 

 518 

Fig. 10. As in Fig. 9, but for winter CAM5 composites. The control experiment corresponds to normal sea 519 

ice, and the sensitivity experiment corresponds to reduced BKS sea ice. 520 

 521 

The CAM5 experiments further support the observational and AMIP results, indicating that 522 

autumn BKS sea ice loss primarily modulates, rather than fundamentally alters, the atmospheric 523 
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circulation anomalies associated with the leading mode of winter surface LWCRE variability. 524 

This modulating effect is most evident during the positive phase of EOF1, when sea ice loss 525 

strengthens the downstream Rossby wave response and enhances northern Eurasian cooling by 526 

approximately 17.2%. The relatively modest magnitude of this additional cooling, however, 527 

suggests that the LWCRE‑related atmospheric variability remains the primary component 528 

associated with the circulation and temperature anomalies, with autumn BKS sea ice loss 529 

providing a secondary modulation. During the negative phase of EOF1, the influence of reduced 530 

sea ice is weak, with no substantial change in the regional‑mean temperature response. 531 

4. Conclusions  532 

Compared with sensible and latent heat fluxes, surface LWCRE exhibits substantially greater 533 

interannual variability over northern Eurasia during winter. EOF analysis of ERA5 data 534 

identifies a leading mode of winter surface LWCRE variability characterized by pronounced 535 

anomalies over the Urals. The corresponding PC exhibits pronounced interannual variability, 536 

and its associated circulation anomalies are closely linked to the AO and an eastward-537 

propagating Rossby wave train across Eurasia. These circulation anomalies are accompanied 538 

by the canonical warm Greenland–cold northern Eurasia temperature dipole and pronounced 539 

winter climate anomalies extending into East Asia. 540 

Further analysis reveals a significant association between Ural LWCRE variability and autumn 541 

BKS sea ice conditions. During the positive phase of EOF1, characterized by negative LWCRE 542 

anomalies over the Urals, reduced autumn BKS sea ice is associated with stronger Arctic–543 

midlatitude circulation anomalies and enhanced LWCRE-related temperature responses, 544 

thereby intensifying northern Eurasian cooling and favoring its southward extension toward 545 

lower latitudes. Nevertheless, LWCRE-related atmospheric variability shows a substantially 546 

stronger statistical association with northern Eurasian winter temperature anomalies than 547 

autumn BKS sea ice variability, indicating that autumn BKS sea ice primarily acts as a 548 

secondary modulator of the LWCRE-related climate response. The AMIP simulations and 549 

CAM5 sensitivity experiments further support this interpretation, with reduced autumn BKS 550 

sea ice associated with enhanced northern Eurasian cooling in AMIP and prescribed sea ice loss 551 

producing an approximately 17% enhancement in CAM5. The influence of autumn BKS sea 552 

ice is also asymmetric between the two phases of EOF1, with reduced sea ice strengthening the 553 

cooling response during the positive phase but exerting only a weak influence on the regional-554 

mean temperature response during the negative phase. 555 
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 556 

Fig. 11. Schematic illustration of the radiative–dynamical linkage associated with negative winter LWCRE 557 

anomalies over the Urals and the secondary modulation by reduced autumn BKS sea ice. Decreased cloud 558 

cover and downward longwave radiation are associated with negative LWCRE anomalies and enhanced 559 

surface radiative cooling over the Urals. The associated anticyclonic circulation and eastward-propagating 560 

Rossby wave train favor southward cold-air intrusion and northern Eurasian cooling. Reduced autumn BKS 561 

sea ice further amplifies the LWCRE-related Rossby wave response and Eurasian cooling, with an 562 

approximately 17% enhancement of regional-mean cooling in the CAM5 sensitivity experiment. Shaded 563 

areas indicate cold anomalies; red (blue) contours represent positive (negative) 500 hPa geopotential height 564 

anomalies, with H (L) denoting their respective centers. 565 

5. Discussion 566 

As shown in Fig. 7, winter sea ice anomalies over Baffin Bay are also significantly associated 567 

with PC1, in addition to autumn BKS sea ice anomalies. Further analysis, however, indicates 568 

that Baffin Bay sea ice variability primarily affects surface temperature over Greenland and the 569 

surrounding regions, with a much weaker influence on Eurasian climate than that associated 570 

with autumn BKS sea ice. Autumn BKS sea ice anomalies may also provide a more physically 571 

plausible precursor signal because they can influence the subsequent winter circulation through 572 

persistent sea ice–atmosphere interactions, as suggested by previous observational and 573 

modeling studies (Honda et al. 2009; Screen and Simmonds 2010; Nakamura et al. 2019). By 574 

contrast, winter Baffin Bay sea ice anomalies occur concurrently with the atmospheric 575 

circulation response, making it more difficult to distinguish whether they represent an 576 

independent forcing or are themselves a response to the circulation anomalies. For this reason, 577 

the present study focuses primarily on the role of autumn BKS sea ice variability. 578 

Both the AMIP simulations and the CAM5 experiments indicate that reduced autumn BKS sea 579 

ice is associated with enhanced northern Eurasian cooling linked to negative winter LWCRE 580 
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anomalies over the Urals (Table 1). The additional cooling under reduced sea ice conditions is 581 

-0.39 K in AMIP, while the CAM5 sensitivity experiment yields an additional cooling of -0.45 582 

K attributable to the prescribed sea ice reduction, suggesting a broadly consistent simulated 583 

response across the two modeling frameworks. These values are nevertheless substantially 584 

smaller than the -1.55 K difference estimated from ERA5. This discrepancy does not arise from 585 

a weaker total cold response in the models. Rather, under near‑normal sea ice conditions, both 586 

AMIP and CAM5 already produce stronger LWCRE‑associated cooling over Eurasia than is 587 

found in ERA5, leaving a smaller incremental difference under reduced sea ice conditions. One 588 

possible explanation is that the models generate stronger atmospheric internal variability under 589 

circulation conditions favorable for Eurasian cooling. In addition, both the observational and 590 

AMIP composites may include the combined effects of other sources of climate variability, 591 

such as snow‑cover variability and ENSO, which are not explicitly isolated in these analyses. 592 

By contrast, the CAM5 sensitivity experiments provide a more controlled estimate of the 593 

response to prescribed autumn BKS sea ice loss. 594 

The models also consistently indicate that northern Eurasian warming during the negative phase 595 

of EOF1 is relatively insensitive to reduced autumn BKS sea ice. This differs from the ERA5 596 

composites, in which sea ice loss appears to weaken the warm anomaly. The discrepancy likely 597 

reflects the limited number of observed winters that simultaneously satisfy the negative‑PC1 598 

and reduced‑sea‑ice criteria. With such a small sample, the composite may be 599 

disproportionately influenced by a few extreme winters, thereby reducing the stability and 600 

statistical robustness of the inferred response. The model results therefore provide stronger 601 

support for the asymmetric influence of BKS sea ice loss, with reduced sea ice amplifying the 602 

cold response during the positive phase of EOF1 but exerting little systematic influence during 603 

the negative phase. 604 

Differences also emerge between the AMIP multi‑model ensemble and CAM5 in their 605 

representation of the background LWCRE‑related variability. Under near‑normal sea ice 606 

conditions, AMIP produces approximately symmetric northern Eurasian temperature anomalies 607 

between the positive and negative phases of EOF1, whereas CAM5 simulates a substantially 608 

stronger cold response during the positive phase than the warm response during the negative 609 

phase. Under reduced autumn BKS sea ice conditions, AMIP tends to underestimate both the 610 

regional‑mean temperature anomaly and the amplitude of the principal cooling center, while 611 

CAM5 more closely reproduces the ERA5 response. These differences likely reflect the distinct 612 

experimental designs. The AMIP multi‑model ensemble averages across models and 613 
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initial‑condition members, thereby suppressing model‑specific internal variability and 614 

emphasizing the robust component shared across models. CAM5, in contrast, retains the 615 

characteristics and biases of a single model but provides a more controlled estimate of the 616 

atmospheric response to prescribed sea ice perturbations. The two approaches are therefore 617 

complementary: AMIP is useful for evaluating the cross‑model robustness of the 618 

LWCRE‑associated circulation response, whereas CAM5 more directly isolates the incremental 619 

influence of autumn BKS sea ice loss. 620 

Table 1. Temperature anomalies from observations and model data (units: K; region: 10°–130°E, 45°–621 

70°N). 622 

 Regional mean Central intensity 

 EOF1+ EOF1− EOF1+ EOF1− 

(a) Normal sea ice    

ERA5 −1.19 2.12 −3.77 4.33 

AMIP −1.63 1.63 −2.95 3.26 

CAM5 −2.62 2.02 −4.89 3.85 

(b) Reduced sea ice    

ERA5 −2.74 0.64 −5.94 3.88 

AMIP −2.02 1.57 −3.79 2.85 

CAM5 −3.07 2.06 −5.88 3.73 
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