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Abstract 

The Arctic region has experienced significant warming during the past two decades with 

major implications on the cryosphere. The causes of Arctic amplification are still an open 

question within the scientific community, attracting recent interest. The goal of this study is 

to quantify the contribution of atmospheric circulation on temperature variability in the 

Atlantic Arctic region at decadal to intra-annual timescales from 1951 to 2014. Daily 20th 

Century reanalyses geopotential height anomalies at 500hPa were clustered into different 

weather regimes to assess their contribution to observed temperature variability. The results 

show that, in winter, 25% of the warming (cooling) in the North Atlantic Ocean (northeastern 

Canada) is due to temporal decreases of high geopotential anomalies in Greenland. This 

regime influences air mass migration patterns, bringing less cold (warm) air masses into these 

regions. Additionally, atmospheric warming or cooling has been attributed to a change in 

nearby oceanic basin surface conditions because of sea ice decline. In summer, about 15% of 

the warming observed in Norwegian/Greenland Seas is related to an increase in temporal 

anticyclonic patterns. This ratio reaches 37% in Norway due to an amplification from 

downward solar radiation. This study allows for better understanding how natural climate 
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variability modulates the regional signature of climate change and estimating the 

uncertainties in climate projections. 

Keywords: Weather Regimes, Atmospheric Circulation, Atlantic-Arctic, Reanalyses, 

Internal Climate Variability, Arctic Amplification 

 

1. Introduction 

Glacier and ice cap mass loss in response to climate change  majorly contributes to sea level 

rise (Mernild et al., 2010), which is likely to continue (Meier et al., 2007). In the Arctic, 

observed atmospheric warming is particularly pronounced (Holland & Bitz, 2003; Bekryaev 

et al., 2010; Pithan & Mauritsen, 2014) leading to significant reduction of snow, glacial and 

sea ice volume in high latitudes (Kaser et al., 2006; Screen & Simmonds, 2010). These 

changes are particularly significant in Greenland (Rignot et al., 2011; Bezeau et al., 2015; 

Sasgen et al., 2012), the Canadian Arctic Archipelago (Gardner et al., 2011; Bezeau et al., 

2015) and Spitsbergen (Kohler et al., 2007; James et al., 2012). The origin of observed Arctic 

warming is inconclusive, but has been attributed to shifts in oceanic circulation (Mahajan et 

al., 2011), temperature and albedo feedback (Pithan & Mauritsen, 2014), and increased heat 

flux from the oceans due to sea ice loss (Screen & Simmonds, 2010; Lang et al., 2017; 

Ogawa et al., 2018; Sun et al., 2018). Atmospheric circulation has also been discussed as a 

past warming tracer in many Arctic regions (Bezeau et al., 2015; Ding et al., 2017; Fettweis 

et al., 2011; Hanna et al., 2013, 2018; Isaksen et al., 2016; McLeod et al., 2018; Overland et 

al., 2012; Overland & Wang, 2016). Large-scale atmospheric variability modes, such as the 

North Atlantic oscillation (NAO), partly drove the twentieth century temperature variability 

in Arctic subploar regions (Hurrell & Deser, 2010).  However, since the 1990’s, the link 

between NAO and temperature is less clear (Ding et al., 2017). Other atmospheric variability 
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indices have been introduced recently to explain the Arctic amplification in summer. The 

Arctic Dipole (AD), characterized by low pressure anomalies in the Siberian Arctic and high 

pressure anomalies over the Beaufort Sea, caused meridional winds and a warming in 

Greenland and northeastern Canada (Overland et al., 2012). The Greenland Blocking index 

(GBI), defined as a quasi-stationary anticyclone that persists a few days in Greenland, was 

also associated with the warming (Hanna et al., 2018). In Alaska, summer warming was 

partly associated to the meridional advection of heat and moisture due to the recurrence of the 

Alaskan Blocking Index (ABI) (McLeod et al., 2018). The recent warming amplification 

observed in the Arctic in summer have been clearly associated with high pressure anomalies 

(Bezeau et al., 2015; Ding et al., 2017; Fettweis et al., 2011; Hanna et al., 2013; Overland et 

al., 2012). During winter, temperature extremes observed in past years have been partly 

attributed to atmospheric circulation (Isaksen et al., 2016; Overland & Wang, 2016; Ogawa et 

al., 2018; Sun et al., 2018). Generally, atmospheric patterns accompanied with increased 

water vapor may enhance downward infrared radiations (IR), increasing temperature in 

winter (Yao et al., 2018). Following this mechanism, the strong warming over the Barents 

Sea was partly attributed to the temporal persistence of a Blocking over the Ural region (D. 

Luo et al., 2016), primarily in conjunction with a positive phase of the North Atlantic 

Oscillation (NAO) (B. Luo et al., 2017). 

Previous studies using large scale indices such as Arctic Dipole, Blocking or NAO, can only 

discuss a low range of large-scale flow variability (Papritz & Grams, 2018). Other 

atmospheric circulation classifications, used recently in the Arctic, cover a larger range of 

large-scale atmospheric variability (Papritz & Grams, 2018). These methods include Self 
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organizing maps (Bezeau et al., 2015; Mioduszewski et al., 2016), circulation type 

classifications (Fettweis et al., 2011; Isaksen et al., 2016), or weather regimes classifications 

(Crasemann et al., 2017; Guemas et al., 2010; Papritz & Grams, 2018). These classifications 

allow to deconstruct the long-term evolution of climate into a limited number of robust 

patterns of recurrent meteorological systems. Weather regimes, specifically, identify the most 

robust and recurrent properties (location, intensity, persistence) of the meteorological systems 

(high and low pressure) (Michelangeli et al., 1995), and allows to study the frequency at 

which the weather patterns occur over diverse temporal scales (Pohl & Fauchereau, 2012). 

Weather regimes have been extensively used in middle latitudes (Yiou & Nogaj, 2004; 

Cassou et al., 2005; Grams et al., 2017; Raymond et al., 2018; Vigaud et al., 2018; Alvarez-

Castro et al., 2018). Guemas et al., (2010) successfully implemented this technique in the 

North Atlantic region, showing temporal recurrence of specific weather regimes and how 

their properties influence sea surface temperature. Weather regimes classification was also 

used to investigate the cold outbreak formation in the northeast portion of North-Atlantic 

basin (Papritz & Grams, 2018) and to analyze sea ice volume impact on atmospheric patterns 

occurrences (Crasemann et al., 2017). These studies do not consider the pre-1979 period 

(Crasemann et al., 2017; Papritz & Grams, 2018), or the very recent years (Guemas et al., 

2010) and are limited to one season. Our objective is to complement these studies by 

determining robust weather regimes over the Atlantic Arctic region (-80°W to +90°E 

longitude, +50°N to +90°N latitude) and how they relate to atmospheric temperature changes 

from 1951 to 2014 at seasonal to decadal timescale. Specifically, we examine whether recent 
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Arctic amplification can be explained by changes in weather regime frequency or other 

intrinsic properties (i.e. temperature anomalies). 

This paper is organized as follows: Section 2 presents the data applied in this work and the k-

means algorithm used to construct robust weather regimes. Section 3 examines the 

characteristics of weather regime patterns and explores their temporal frequency (inter-annual 

and decadal). Section 4 examines how the spatial variability of temperature in the Arctic is 

related to properties of weather regimes. Section 5 includes our concluding remarks. 

 

2. Data and Method 

2.1. Weather regime computation 

The weather regimes constructed for this study are shown as maps of the most recurrent and 

robust variability patterns of the Atlantic Arctic region atmosphere (-80°W to +90°E 

longitude, +50°N to +90°N latitude) (Figure 1). These regimes are constructed from daily 

geopotential height anomalies at 500 hPa (Z500 hereafter) and document the most robust 

geographic location and intensity of anticyclones (positive geopotential height anomalies 

against the climatological mean) and depressions (negative anomalies). These atmospheric 

fields are derived from the 20th Century Reanalysis version 2 (20CR hereafter) at a resolution 

of 2° x 2° from December 1950 to November 2014. The record prior to 1950 is not used 

because of larger uncertainties due to the lower amount of observational data assimilated and 

constraining the atmospheric fields (Compo et al., 2011). Selected variables also include 2m 

surface air temperature, 10m surface wind, downward infrared radiation (IR), downward 

shortwave radiation (SR), cloud water content, and total cloud cover. Cloud water content is 
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used instead of total column water vapor, because 20CR daily total column water is not 

available. These data are used to calculate anomalies synchronous to the occurrence of each 

regime. All anomalies are tested using a two-sided Student’s t test. 

To evaluate the 20CR regimes, the weather regimes are computed using the ERA-Interim 

reanalysis (ERAI, Dee et al., 2011) from 1979 to 2014. ERAI has a higher resolution (0.75° × 

0.75°), assimilated larger amounts of observed or remote-sensed data, and shows lower 

uncertainties and errors. Our study focuses on the Atlantic side of the Arctic, allowing for 

future analyses on weather regimes impact on the Spitsbergen cryosphere. In previous 

studies, a distinctive domain for the Pacific and the Atlantic side of the Arctic were useful 

when examining mid-latitude circulation on subarctic weather variability (Oudar et al., 2017). 

The first attempts at using  large-scale North Atlantic regimes, with domains extending from 

the tropics (23°N) to the North Pole (Cassou et al., 2004), provided less satisfactory results 

because the region of interest (the Atlantic Arctic) was too peripheral. 

The regimes are determined by the so called ”k-means” algorithm (Michelangeli et al., 1995). 

This algorithm constructs statistically robust maps representing recurrent atmospheric 

configurations. Maps are constructed by minimizing the intra-class heterogeneity using an 

iterative process. The number of regimes to be retained is determined by a "red-noise test" 

conducted through the comparison of observed atmospheric anomalies maps with 

numerically-generated atmosphere, that have the same statistical properties (e.g. serial 

correlation) (Michelangeli et al., 1995). According to this test, six regimes are identified as 

the most significant for the full year. Similar tests determine six regimes for the warm season 

(April to September) and seven regimes for the cold season (October to March). The six 
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regimes obtained in summer are similar to six of the seven regimes calculated for the winter 

season, and also to the seven regimes obtained by Grams et al., (2017) for the whole year. For 

conciseness and because the seasonal definition of the regime does not improve the analysis, 

only the six regimes calculated for the whole year are used hereafter. In particular, the 

contribution of the regime frequency to long-term changes in the Arctic climate is not 

qualitatively modified between seasonal and yearly definitions of the regimes (not shown). 

 

2.2. Temperature dataset experiment 

Theoretical daily temperatures are constructed for each of the 21 × 91 grid-points of the 

domain based on the influence of weather regimes and referred to hereafter as the experiment 

dataset (EXP). For each grid-point, the mean temperature corresponding to each regime for 

the period of 1951-2014 is first computed monthly using 20CR daily 2-meters atmospheric 

temperatures. These mean-monthly temperatures are then assigned to each day of the 64-year 

study period according to the month and the regime that occurs. This method was recently 

used to quantify  how observed trends of temperature or precipitation can be explained by 

changes in atmospheric circulation (Fleig et al., 2015). The method was  successfully applied 

to Europe (Nilsen et al., 2017; Murawski et al., 2018) and central Asia (Gerlitz et al., 2018). 

Daily surface temperatures from 20CR are used to estimate the observed change of 

temperature from 1951 to 2014 for each grid-point during each season (names CTL for 

control). The significance of the inter-annual temperature trend for the EXP and CTL as well 

as regime occurrences are tested seasonally by the Spearman's rank correlation test (hereafter 

referred to as Spearman test). 
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The ratio of EXP to CTL linear temperature trends is calculated for each grid-point for the 

entire 64-year period (1951-2014). To assess the robustness of end-point yearly intervals, 

calculations are replicated by excluding either the first or last single, two, or three years from 

the 64 years period, giving a total of ten different possibilities. The linear temperature ratio is 

considered robust for a grid point when the standard deviation is lower than 25% of the ten 

averaged combinations. This method reveals the grid locations where the calculated trend is 

highly dependent on the first and last years of the time series. Analyses that rely on 

temperature trends in these areas should be taken with caution. 

 

3. Results 

3.1. The Atlantic-Arctic weather regimes 

Six weather regimes were identified as significant and consist of the most robust 

meteorological systems in the domain. Figure 1 presents the Z500 anomalies associated with 

the six regimes derived from 20CR reanalyses from 1951 to 2014. These six regimes consist 

of cyclonic/anticyclonic oppositions between the Norwegian Sea and Russia (Scandinavian 

Blocking (SB) and Atlantic Trough (AT), Figures 1a and c), Greenland/Iceland and the 

Barents Sea (European Blocking (EB) and Scandinavian Trough (ST), Figures 1b and f), or 

Greenland and the North Sea (Greenland Blocking (GB) and Zonal (Zo), Figures 1d and e). 

These regimes are similar to six of the seven annual regimes identified in the North Atlantic 

region by Grams et al. (2017) and correspond to a combination between the winter and 

summer regimes identified by previous studies (Cassou et al., 2004; Grams et al., 2017; 

Guemas et al., 2010). 
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Similar anomaly patterns are observed with ERAI in the overlap period 1979-2014 (not 

shown). The inter-annual occurrence of the six regimes are consistent from one reanalysis to 

another (Figure 2). The correlation coefficient between the occurrence of regimes from the 

two overlapping datasets (20CR and ERAI) for the 1979-2014 period is generally higher than 

0.8 (Figure 2). The high correlation between 20CR and ERAI suggests that (i) the regimes are 

rather robust and reproducible (ii) both datasets can produce such recurrent atmospheric 

configurations for this period. Therefore, the temporal occurrence of the regimes is not 

model-dependent for the 1979-2014 period. 

Some regimes display some significant inter-annual trends over the 1951-2014 period, 

especially in summer (Figure 2). “Greenland Blocking” (GB) and “Scandinavian Blocking” 

(SB) show significant increase in temporal recurrence while “Atlantic Trough” (AT) shows a 

significant decline (Figure 2). These results suggest an increasing frequency of anticyclonic 

conditions over Greenland and the North Sea. During winter, the results show a negative 

inter-annual trend in the occurrence of GB. However, after low occurrences in the late 1980s 

and early 1990s, GB occurrences increase during the late 1990s. During the fall and spring 

seasons, the regimes frequencies do not show significant evolution over the study period. 

 

3.2. Inter-annual temperature variability 

The relevance of the weather regimes in explaining regional atmospheric temperature 

changes is assessed at low frequency timescale by calculating the inter-annual correlation 

between CTL and EXP datasets (Figure 3). The correlation is generally high during winter 

for the entire domain (r = 0.6) and the highest inter-annual correlations occur in northeastern 
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Canada, Scandinavia, Greenland, and Russia (Figure 3a). The other seasons show a lower 

domain averaged correlation (r = 0.4) than winter. The statistical significance of correlations 

is not reached in northeastern Canada in summer and fall. Near the North Pole, the 

correlations are low or insignificant in all seasons. Figure 3 shows that regions with high 

correlations generally change season-to-season with the exception of Labrador Sea or 

Norwegian Sea showing high correlations consistently throughout the year. This result 

indicates that the location and persistence of weather regimes partially explain the high-

frequency variability of surface temperature in most parts of the study domain. 

 

3.3. Decadal temperature evolution 

Figures 4 and 5 show the trend of temperature in the Atlantic Arctic sector from 1951 to 2014 

derived from CTL and EXP. The evolution of temperature for the CTL dataset varies in space 

and is dependent on the season (Figure 4). In winter and spring, strong atmospheric warming 

occurs between the North Pole and the Barents Sea, with temperature increasing by 1 to 2 

degrees per decade, while the northeastern Canadian landmass experiences a cooling (Figure 

4a-b). During summer, the largest increase is located between the Barents Sea and the 

Greenland Sea (Figure 4c). In fall the largest temperature increases is observed in the area 

close to the North Pole (> 85°N), while a cooling is observed in the Fram Strait (Figure 4d). 

Results of the EXP dataset show that the largest changes occur in winter, with significant 

temperature increases in the Norwegian-Greenland Seas, while northeastern Canada and the 

Labrador Sea experienced a cooling trend (Figure 5a). This thermal dipole is found in both 

CTL and EXP in winter and spring (Figures 4a-b and 5a-b). During the summer and fall, 
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similarities between the two datasets are less clear (Figures 4c-d and 5c-d). In summer, CTL 

shows a warming in northeastern Canada and the Barents Sea, but a cooling in the Greenland 

ice cap (Figure 4c)., while EXP depicts an opposite trend (Figure 5c). 

Figure 6 shows the regions where the CTL temperature trend is related to EXP temperature 

trend (ratio of EXP to CTL). During winter, some regions of northeastern Canada (Labrador 

coast and Baffin Island) are characterized by a large percentage of cooling, while the North 

Atlantic Ocean (particularly the Norwegian-Greenland Seas) is affected by a large percentage 

of warming. In these regions, about 25% of the temperature trend can be explained by 

changes in the regime occurrences. These results are considered as robust since they are 

weakly dependent on the start/end points of the time series. Summer shows a relatively large 

percentage of warming in Norway, Iceland, and the seas surrounding Greenland (Figure 6c). 

In Norway up to 40% of the temperature warming is due to the regimes, but this estimation 

needs to be taken with caution, as this region shows results strongly dependent on the period 

used for the computation (Figure 6c). However, a large part of the domain shows robust 

results for both summer and winter seasons, especially in the Norwegian-Greenland Seas 

(Figure 6a and 6c), confirming a clear relationship between atmospheric circulation and low-

frequency evolutions of temperature. In contrast, during spring and fall, the evolution of 

temperature attributed to changes in weather regime frequency is low (Figure 6b and 6d). 

 

3.4. Regional temperature variability during summer and winter 

Enhanced warming areas during summer or winter include Norway, Iceland, eastern 

Greenland, northeastern Canada and Spitsbergen (all display as black boxes in Figure 6c). 
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These lands show the same sign of temperature change in CTL and EXP during winter or 

summer (Figure 6a and 6c) and are used to study the co-variability between CTL and EXP at 

different timescales. Spring and fall are not considered further below, as EXP to CTL ratios 

are not robust (Figure 6b and 6d) and the trends of temperatures in EXP dataset are not 

significant at 95% confidence level (Figure 5b and 5d). 

Winter temperature correlations between detrended CTL and EXP are high in the 

aforementioned five regions, especially in northeastern Canada (r = 0.76) and Norway (r = 

0.75) (Figure 7). For example, the year 2010 was a very warm season in northeastern Canada 

(4°C above average), but a very cold period in Norway (2°C below average) and the EXP 

reconstruction replicates these anomalies. Co-variability at decadal timescales is also 

observed in northeastern Canada and Norway. Low temperatures occur in northeastern 

Canada in both datasets during the 1990s (Figure 7d) while in Norway, the same period is 

characterized by positive anomalies (Figure 7a). Hence, regime occurrence explains much 

temperature trend from 1951 to 2014 in Iceland (22%), Norway (25%), northeastern Canada 

(26%), and Greenland (27%). 

During the summer season, the inter-annual variability of EXP is low compared to CTL in 

most of the studied areas (Figure 8). Compared to winter, the co-variability between EXP and 

CTL is low in northeastern Canada, Spitsbergen and Iceland (r < 0.47). The co-variability 

remains high in Norway (r = 0.76) and even increases in Greenland (r = 0.64). The ratio of 

EXP to CTL also shows lower values (< 15%) except for Norway (37%). 

 

3.5. Physical mechanisms modulating intra-regimes temperature 
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This section analyses the anomalies of different climate variables that correspond to each 

regime to assess the physical mechanisms through which the weather regimes modulate intra-

seasonal temperature variability. 

Winter southerly winds (eastern side of a cyclone and western side of an anticyclone) are 

associated with warm anomalies, while northerly winds are associated with cold anomalies 

(Figure 9). Regions of intense warm anomalies are also associated with higher cloud water 

content in southern Greenland (Figures 9a and 10a), eastern Greenland (Figures 9b and 10b), 

northeastern Canada (Figures 9d and 10d) and Scandinavia (Figures 9e and 10e). The same 

regions are also associated with high downward IR (Figure 10). 

In summer, regions showing the warmest temperature anomalies correspond to the center of 

high geopotential systems (Figure 11). These regions are also generally associated with lower 

cloud cover ratio and higher downward SR (Figure 12). The regime GB is an exception with 

high Z500 and high temperatures in Greenland not associated with high downward SR 

(Figures 11d and 12d). Warm anomalies are also associated with south/southeasterly winds in 

the North Atlantic Ocean, especially in the Labrador Sea (Figure 11d), the Norwegian Sea 

(Figure 11a and 11d), and the Barents Sea (Figure 11b). However, the warm anomalies in 

these regions have a lower magnitude than the anomalies close to the center of anticyclonic 

systems (Figure 11). 

Taken together, our results suggest that weather regimes are relevant in controlling the 1951-

2014 variability of atmospheric temperature during winter and summer within the Atlantic-

Arctic region. Year-to-year variability of air temperature may be strongly driven by weather 

regimes, and thus changes in the atmospheric circulation, especially on both sides of the 
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Atlantic Ocean. Weather regimes were also found to explain a non-negligible fraction (22-

27%) of the evolution of winter temperature from 1951 to 2014 in the Norwegian-Greenland 

Seas and northeastern Canada. In summer, the influence of weather regimes on the overall 

warming in Norwegian-Greenland Seas is lower (12-15%), but the weather regime influence 

is enhanced in Norway (37%). 

 

4. Discussion 

4.1. Relationship between occurrence of weather regimes and temperature variability at 

different timescales 

The temperature variability in the Atlantic Arctic is partially linked to a change in occurrence 

of weather regimes. Generally, the relationship between such regimes and temperature is 

strong at inter-annual timescale (Figures 3, 7 and 8), but also at decadal timescale for specific 

locations in winter and summer (Figures 6, 7 and 8). 

 

4.1.1. Impact of weather regimes on inter-annual temperature variability 

During winter, temperature anomalies are well constrained by the weather regimes Z500 

anomalies (Figure 9) and are mostly modulated by the advection of warm and cold air masses 

as well as the downward IR depending on water vapor (Figures 9 and 10). The two datasets 

(EXP and CTL) are well correlated at high-frequency timescales particularly in northeastern 

Canada and Norway (Figures 3a and 7) suggesting that concurrent regime-thermal 

occurrences exist at this time scale. For example, the regime Zonal (Zo) is characterized by 

low-pressure anomalies centered over Greenland and high-pressure anomalies over western 
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Europe, which causes warm temperatures over Scandinavia, but cold conditions over 

northeastern Canada and Greenland (Figure 9e). During regime Zo, the wind advects warm 

air masses to a large area of the North-Atlantic Ocean and northern Europe (Figure 9e). In 

Scandinavia, the warm anomalies are reinforced by downward IR due to water vapor 

increases (Figure 10e) brought by the southwesterly winds. During the early 1990s Zo was 

prevalent in winter (Figure 2), which forced Norway to experience anomalously warm 

temperatures while cold conditions persisted in northeastern Canada (Figure 7a and 7d). The 

regime Greenland Blocking (GB) with a mean frequency of 15 occurrences per winter (1951-

2014) occurred significantly more during the 2010 winter (60 occurrences) (Figure 2). GB 

corresponds to cold anomalies in the region east of Greenland and warm anomalies in the 

western part of the North-Atlantic basin (Figure 9d). The winter of 2010 was therefore 

associated with cold anomalies in Norway (Figure 7a) but warm anomalies in northeastern 

Canada (Figure 7d). Similarly, to the mechanism occurring in Scandinavia during a regime 

Zo, the warm anomalies observed in northeastern Canada during a regime GB are reinforced 

by high downward IR (Figure 10d). Atmospheric circulation within the region between 

Spitsbergen, Iceland and eastern Greenland, appears to have a lower impact on temperature 

variability at low frequency timescales (Figures 3a and 7). The regions of cold and warm 

anomalies found in this study are in accordance with Papritz & Grams (2018), who pointed 

out more cold outbreaks in the Norwegian Sea during the regime GB and in southern 

Greenland during the regime Zo. Our results also corroborates the study of Yao et al., (2018) 

identifying strong warm anomalies increased by downward IR over the western part of high 

pressure systems. 
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In summer, the results suggest a lower impact of atmospheric circulation on inter-annual 

temperature variability over the area (Figures 3c and 8) which may be due to weaker Z500 

anomalies (Figures 9 and 11). The co-variability remains strong in Norway and coastal 

Greenland (Figures 3c and 8). Norway is associated with strong regime-thermal anomalies 

(Figure 11) likely due to strong downward SR and cloud cover anomalies (Figure 12). On the 

Greenland ice cap, the association between high-pressure, high-downward SR and high-

temperature anomalies is less clear (Figures 11 and 12). The high-pressure conditions over 

Greenland (regime GB) are associated with warm temperature anomalies (Figure 11d), but 

not with low cloud cover nor high downward SR anomalies (Figure 12d). The low co-

variability between high pressure conditions and low cloud cover is likely due to a low-level 

inversion layer. The high pressure on Greenland may favor low level clouds and an increase 

of downward IR and temperature. The summer downward IR are not analyzed in our study, 

but the association between high downward IR and high Z500 anomalies in Greenland was 

recently shown (Ding et al. 2017). In other regions such as the Norwegian Sea (Figure 11a-b), 

the Barents Sea (Figure 11b) and the Labrador Sea (Figure 11d), the advection of meridional 

air is likely the cause of warm anomalies. In Iceland, the highest warm anomalies occur 

during the regimes SB and EB, associated with southerly winds (Figure 11a-b). The 

anomalies of cloud cover and downward SR are not significant during these regimes (Figure 

11a-b), suggesting that the meridional winds play an important role in the warm anomalies in 

Iceland. Similarly, Matthews et al., (2015) show an association between anticyclonic 

conditions in the Norwegian Sea and highest glacier melt in Iceland, due to a meridional 

advection of latent heat flux and an enhancement of longwave IR. Our overall results 
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corroborate Guemas et al. (2010) showing an association between Scandinavian Blocking and 

warm temperature driven by different processes. In Scandinavia the dominant process is the 

downward SR while in the North Atlantic Ocean the advection of heat flux and downward IR 

are more prominent. 

 

4.1.2. Impact of weather regimes on temperature trends 

During winter, the dipole in the overall temperature trend between northeastern Canada and 

the Norwegian-Greenland Seas (Figure 6a) is likely due to GB occurrence decreases (Figure 

2). In northeastern Canada, GB is the only regime associated with warm anomalies (Figure 

9), suggesting that the long-term cooling in this region are linked to the decline of GB 

frequency. The temperature trend in these regions is reversed since the 1990’s (Figure 7a and 

7d) likely due to a recovery of GB frequency (Figure 2). These results suggest that the long-

term winter warming from anthropogenic origins is not occurring to the same effect in the 

entire domain as the variability of GB frequency affects the decadal variability of temperature 

in northeastern Canada and the Norwegian-Greenland Seas region. In Spitsbergen, a strong 

warm anomaly starting in the early 2000s occurred (Figure 7e). Since then, the CTL 

temperature is consistently above the EXP temperature in this region, showing that this 

warming is probably not linked to atmospheric circulation. 

In summer the impact of weather regimes on the warming trend is mostly observed in 

Norway (Figures 6c and 8a). The warming observed in this region (Figure 4c) is explained 

for a large part by changes in regime frequency (Figures 6c and 8a). This is in accordance 

with regime Scandinavian Blocking (SB), which occurred more frequently in recent decades 
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(Figure 2) and is characterized by warm anomalies, low cloud cover anomalies and high 

shortwave radiations anomalies over Norway (Figure 11a and 12a). There are competing 

effects with regime GB which is also more frequent recently during the summer but 

associated with cold anomalies over Norway (Figure 11d). However, GB has lower influence 

on Norway because GB frequency is lower on average and its occurrence increased less from 

1951 to 2014 (Figure 2). Moreover, regime European Blocking (EB) is also more frequent 

throughout the period and is associated with warm anomalies over Norway (Figure 11b). In 

other regions within the Norwegian-Greenland Seas area, the increase of Blocking regimes 

frequency played a minor role in the warming (15%). Previous works indicate that warmer 

conditions, especially in Greenland, are because of the persistence of anticyclonic conditions 

during summer (Bezeau et al., 2015; Fettweis et al., 2011; McLeod & Mote, 2016; 

Mioduszewski et al., 2016). We completed these studies by showing that part of the warming 

is due to an increase of anticyclonic conditions in a large area of Norwegian-Greenland Sees 

and surrounding lands. We suggested different processes associating Blocking conditions and 

warming. In the North-Atlantic-Ocean (Labrador-Greenland-Norwegian Seas) the more 

frequent anticyclonic recurrences may have enhanced the meridional advection of heat flux 

and warming. In Norway, the increase of Scandinavian Blocking frequency probably 

increased the meridional winds and downward SR. These two combined processes likely 

enhanced the warming. 

 

4.2. Relevance of weather regimes in the Atlantic-Arctic region 

4.2.1. Causal relationships between anticyclonic conditions and warming 

This article is protected by copyright. All rights reserved.



Previous studies have shown that the Arctic warm temperature and ice melt increase could 

have caused the persistence of anticyclonic conditions instead of being a consequence 

(Balmaseda et al., 2010; Bezeau et al., 2015; Proshutinsky et al., 2015). Balmaseda et al., 

(2010) show that lower sea ice extent promotes more heat flux which could favor higher 

pressure. Bezeau et al., (2015) described the following feedback loop: increasing temperature 

enhances Z500; enhanced Z500 favors more downward IR/ meridional wind; more 

downward IR/meridional wind decreases albedo; decreased albedo finally increases 

temperature. Our study shows a strong link between anticyclonic conditions and warm 

temperature during summer in Norway (Figure 3c, 6c and 8a), but determining whether warm 

temperature or anticyclonic system is the first order remains a challenging task. By nudging 

modeled atmospheric circulation fields to observations, Ding et al. (2017) showed that 

anomalously high pressure over Greenland and Iceland, significantly contributed to the 

warming observed in summer in Greenland and northeastern Canada. Our results partially 

corroborate this study, with an increase of regime GB frequency (Figure 2) favoring warmer 

temperature conditions in coastal (Figure 6c). However, the trend ratio of EXP to CTL shows 

that less than 12% of the warming in Greenland eastern coastal areas and northeastern 

Canada can be explained by the regimes (Figure 8c-d). In Norway, the strong summer 

warming in recent decades correlates well with an increase of SB and EB regimes 

frequencies. These regimes are associated with meridional winds, low cloud cover and high 

shortwave radiation in Scandinavia, hereby suggesting an amplifying process between high 

pressure and high temperature there. 
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The strong summer ice melt in  Barents sea is also known to increase high pressure anomalies 

in the Siberian region in winter (Crasemann et al., 2017), creating a positive feedback 

through advections of heat flux from the south (Figure 9b). Our study clearly shows that 

increasing temperature anomalies in the European Arctic in winter is at least partially caused 

by variability in weather regimes occurrences. First, the GB regime is affected by a long-term 

decrease in frequency (Figure 2) not likely linked to sea ice retreat. Second, the regions of 

northeastern Canada and Norway are located far from Greenland and the temperature in these 

regions are unlikely to cause a pressure system change centered on Greenland. It is therefore 

clear that the lower frequency high-pressure systems on Greenland have an impact on the 

temperature dipole between warming in the Atlantic Ocean and cooling in northeastern 

Canada in winter. Since the 1990s, sea ice melt can be the cause of the recent GB frequency 

recovery, which largely contributed to the recent warming in northeastern Canada (Figure 

7d). There, GB is associated with southerly wind anomalies and increased downward IR 

(Figures 9d and 10d). 

 

4.2.2. Intrinsic change of weather regime conditions 

The weather regimes drive the thermal dipole between the Norwegian-Greanland Seas and 

northeastern Canada in winter. However, in Spitsbergen, the change of weather regimes 

accounts for a small part (11%) in the anomalously high warming in recent decades (Figures 

6a and 7e). The regime contribution to the temperature trend is low compared to Norway or 

northeastern Canada, which can be attributed to a very low inter-regime variability in terms 

of atmospheric water content and downward IR anomalies (Figure 10). The low contribution 
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of atmospheric circulation in the Spitsbergen warming seems to be in contradiction with 

previous studies stating that European Blocking is associated with high temperature in this 

region, due to advections of wet air increasing downward IR (B. Luo et al., 2017; Rinke et 

al., 2017; Yao et al., 2018). Dahlke & Maturilli, (2017) estimate that 22% of the warming in 

Ny Ålesund (Spitsbergen) relates to an increase of European Blocking. Here, we find an 

increase of the regime EB (Figure 2), but this increase is not statistically significant (Figure 

2) and has a low impact on warming in Spitsbergen (Figure 7e), likely due to our longer study 

period. The hypothesis of a discrepancy due to a different study period length is partly 

confirmed by our examination of the EXP to CTL ratio linear trends over a similar period 

(1996-2014). We show a nearly 15% contribution of regime patterns to the warming between 

1996 and 2014 in Spitsbergen. 

Isaksen et al. (2016) also show that 25% of the warming in Spitsbergen can be attributed to a 

shift in atmospheric circulation, but the rest is attributed to larger ice-free areas in the Barents 

Sea modifying air mass characteristics. These authors show a strong warming during 

anticyclonic condition anomalies on Greenland due to advection of air from the warming 

Barents Sea. Isaksen et al. (2016) suggest that temperature anomalies associated with specific 

meteorological systems can change in time. In our study, the mean temperature for each 

weather regime, used to calculate the EXP dataset, is based on the 1951 to 2014 record and 

do not take into consideration the intrinsic decadal change of temperature conditions that may 

correspond to each regime. 

The surface intra-regime temperature trend from 1951 to 2014 in winter was calculated for 

each grid point. The daily temperatures corresponding to each regime have been averaged for 
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each year and the linear regression coefficient of these yearly data have been calculated, 

determining the evolution of temperature per decade (Figure 13). The regressive correlation 

shows a warming in the Barents Sea and close to the North-Pole consistently for each regime, 

suggesting that the warming is largely independent of regimes (Figure 13). For GB, the 

warming is stronger in Spitsbergen and also occurs in the Atlantic Ocean, possibly because of 

advective effects associated with northerly wind anomalies originating from the Barents Sea 

(Figure 13d). The intrinsic warming to GB suggests that warming in Spitsbergen and the 

Norwegian-Greenland Seas come from two different processes. First, the decrease of GB 

frequency reduced advections of cold air masses from the north and second, the cold air 

masses themselves have been warming recently. The same mechanism is likely to occur 

during regimes ST and SB. ST is associated with an increase of temperature in northern 

Greenland (Figure 13f), likely due to similar advective effects from the Barents Sea (Figure 

9f). The same mechanism may explain the association between regime SB and warming in 

northern Scandinavia (Figures 9a and 13a). According to Isaksen (2016), the heat loss from 

newly open water in the Barents Sea is more likely to occur under low-pressure systems, i.e. 

typically the conditions associated with GB, ST and SB. This energy is then advected to other 

regions, depending on the direction of the wind. Similarly, the interannual correlation 

between warm temperature in eastern Greenland and low sea-ice volume during cyclonic 

conditions in the Barents Sea was shown by Ogi et al., (2016). 

The evolution of the surface temperature from 1951 to 2014 (Figure 13) suggests that the 

cooling observed in northeastern Canada is driven by different processes. Generally, in 

Labrador, the temperature associated with each regime does not significantly change (white 
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areas in Figure 13). The lack of significant temperature change intrinsic to each regime 

supports the fact that cooling in Labrador is associated with weather regime occurrence 

change (Figure 6a). A second cause can involve a change in sea surface temperature near the 

southern Greenland coast. The cooling in northeastern Canada is higher for the regime SB 

(Figure 13a), concomitant with southeasterly wind anomalies originating from southern 

Greenland (Figure 9a). In recent decades, cooling sea surface temperature has been observed 

close to the southern Greenland coast due to a  surplus of low-density freshwater melt from 

the Greenland ice caps (Josey et al., 2018). Such cooling is transferred to the surface 

temperature (Figure 4a) and the southeasterly winds associated with high pressure over the 

Norwegian Sea (Figure 9a) may favor advection towards northeastern Canada. 

 

4.2.3. Seasonality of the links between temperature and weather regimes 

Temperature anomalies are less significantly linked to weather regimes during the fall and 

spring seasons. The lack of significance suggests the mechanisms involved during the coldest 

and warmest months cannot be replicated during fall and spring. The advective processes and 

downward IR are the only dominant processes driving temperature variability in winter, 

while shortwave SR also plays a role in the summer temperature variability. During fall and 

spring there is likely a mix of these processes, interfering with the signals driven by regime 

frequency and change. At the scale of decadal temperature, the change patterns during spring 

seem to follow the same trend as those during winter (Figures 4a-b and 5a-b). This suggests 

that the dominant processes explaining the temperature variability in winter are attenuated in 
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spring. This is further corroborated by our analysis using the night time period only, where no 

significant relationships are found (not shown). 

 

5. Conclusion 

This study highlighted the drivers of atmospheric circulation on temperature variations in the 

Atlantic Arctic from 1951 to 2014 during a period of global warming within the study region. 

The weather regimes, founded on the recurrence of the meteorological systems, are based on 

daily Z500 anomalies. This method has been widely used in western Europe and was tested 

here in the Atlantic Arctic region. Six regimes have been defined and the pattern calculated 

from ERAI and 20CR re-analyses are consistent for a 35-year overlap period. The fraction of 

temperature trends due to changes in the weather regimes were calculated to assess their 

contribution on the region recent warming. The major findings are summarized as follows: 

1. We found a strong link between weather regimes and temperature variability at 

different timescales in winter. Northeastern Canada and Norway are especially 

affected by the Greenland Blocking and zonal regimes. These regimes are 

characterized by a change in pressure systems centered over Greenland, modulating 

the advection of warm and cold air masses over these regions. This process can be 

amplified by the advection of air moisture modulating the amount of downward 

infrared radiation. We found around 25% of the warming and cooling observed 

respectively in the Norwegian-Greenland Seas and northeastern Canada attributed to a 

long-term decrease of high-pressure systems frequencies over Greenland. 
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2. The intrinsic temperature trend corresponding to each regime in winter suggests that 

some weather regimes can act as a vector to transport air masses from regions affected 

by a temperature change in winter. This process is another possible cause of 

northeastern Canada cooling, mainly observed for periods corresponding to high 

pressure conditions over the Norwegian Sea (regime SB). The air masses brought by 

these high-pressure conditions are cooling in recent decades because of a colder sea 

surface temperature due to Greenland freshwater ice-melt. In Spitsbergen, northern 

Scandinavia, and northern Greenland, a winter warming amplification may be 

explained by warmer air masses from the Barents Sea, an area subjected to enhanced 

warming due to sea ice loss. 

3. In summer, 15% of the warming observed in the Norwegian-Greenland Seas and 

surrounding lands, including Iceland, Spitsbergen and eastern Greenland, is attributed 

to more meridional winds due to the persistence of anticyclonic systems. The 

contribution of weather regimes to the warming is reinforced in Norway (37%) due to 

a combination effect of enhanced meridional winds and downward shortwave 

radiation associated with the Scandinavian Blocking. 

For the future analyses, our results could be complemented by including more analyses on 

heat-fluxes and radiations. Intra-regime variability of geopotential height and how it affects 

heat fluxes, radiations and temperature should also be investigated. Moreover, applying the 

same method with a domain centered on other regions of the Arctic may help investigate the 

impact of atmospheric circulation on temperature changes in North America or the Pacific 

Ocean longitudes. Future investigations should especially focus on temperature variability 
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linkages during spring and autumn, as both of these seasons show insignificant linkages in 

this study, while they correspond to key periods of the glacio-hydrological process. The 

method used in this study could also be applied to the future climate simulations with the 

different RCP scenarios from CMIP5. These future investigations could use downscaling data 

to increase the robustness of the results and especially take advantage of recent improvement 

of regional simulations in the Arctic including the Arctic Coordinated Regional Climate 

Downscaling Experiment (Arctic-CORDEX). These studies will help to reduce uncertainty in 

the regional temperature predictions and their impacts on the cryosphere. 
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Figure 1. The six Atlantic-Arctic weather regimes examined in this study. For each regime (a to f) the spatial 
average geopotential height anomalies at 500 hPa are shown (Interval 20m). All anomalies are significant at 

the 95% confidence level according to t-test. 
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Figure 2. Number of seasonal occurrences of regimes according to 20CR over the period 1951-2014 (in 
red),and ERAI over the period 1979-2014 (in blue). The trend of the 20CR regimes frequency is shown as a 
dashed line, labeled by the evolution of frequency per decade (Δ) and followed by a star when significant at 
95% with the Spearman test. The correlations between both reanalyses over their common years of overlap 

are shown (r-value). 
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Figure 3. Inter-annual correlation coefficients between OBS and EXP 2m temperature dataset from 1951 to 
2014 for a) winter b) spring c) summer and d) fall. Only grid points where correlations are significant at 

95% confidence are shown. 
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Figure 4. Evolution of 2m temperature (°C per decade) from 1951 to 2014 from the CTL dataset for a) 
winter b) spring c) summer and d) fall. The dotted areas represent values that show linear regression 

coefficients of temperatures significant at 95% confidence level with the Spearman test. 
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Figure 5. Evolution of 2m temperature from 1951 to 2014 from the EXP dataset for a) winter b) spring c) 
summer and d) fall. The dotted areas represent values that show linear regression coefficients of 

temperatures significant at 95% confidence level with the Spearman test. 
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Figure 6. Percentage of warming (reds) or cooling (blues) represented by the EXP dataset compared to CTL 
averaged for all 10 combinations (see text) for a) winter b) spring c) summer and d) fall. The grid points 
shown are those with the same sign in EXP and CTL (warming or cooling) and significant change of CTL at 

95% confidence level with Spearman. The dotted points represent grid points where the standard deviation 
is lower than 25% of the 10 combinations average. 
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Figure 7. Inter-annual evolution of CTL and EXP temperatures dataset in winter for a) Norway b) Iceland c) 
eastern Greenland d) northeastern Canada and e) Spitsbergen shown as blue boxed areas on Figure 6c. 

Interannual correlations between EXP and CTL (r-value) and the ratio between the increase of EXP and the 
increase of CTL averaged for all grid points (Δ) are also shown. 
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Figure 8. Inter-annual evolution of CTL and EXP temperatures dataset in summer for a) Norway b) Island c) 
eastern Greenland d) northeastern Canada and e) Spitsbergen shown as blue boxed areas on Figure 7c. 

Interannual correlations between EXP and CTL (r-value) and the ratio between the increase of EXP and the 
increase of CTL (Δ) are also shown. 
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Figure 9. Winter 20CR 2m temperature anomalies in °C (colors),Z500 anomalies (Greylines, in intervals of 
20m, dashed lines indicate negative values) and 10m wind anomalies (black vectors) corresponding to each 

regime from 1951 to 2014. All anomalies are significant at the 95% confidence level according to t-test 
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Figure 10. Winter 20CR downward IR anomalies in W/m2 (shading) and cloud water content anomalies 
(Black lines, in 5g/m2 intervals, dashed lines indicate negative values) corresponding to each regime from 

1951 to 2014. All anomalies are significant at the 95% confidence level according to t-test 
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Figure 11. Summer 20CR 2m temperature anomalies in °C (shading),Z500 anomalies (Gray lines, in 
intervals of 20m, dashed lines indicate negative values) and 10m wind anomalies (black vectors) 

corresponding to each regime from 1951 to 2014. All anomalies are significant at the 95% confidence level 
according to t-test 
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Figure 12. Summer 20CR downward SR anomalies in W/m2 (shading) and cloud cover percent anomalies 
(black lines, in interval of 1%, dashed lines indicate negative values) corresponding to each regime from 

1951 to 2014. All anomalies are significant at the 95% confidence level according to t-test 
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Figure 13. Evolution of 20CR 2m temperature (°C per decade) from 1951 to 2014 for each regime in winter. 
Only grid points with an evolution of temperatures significant at 95% confidence level with the Spearman 

test are shown. 
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