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        Abstract



        Anomalous cold temperatures and strong cyclonic circulation were observed during winter 2013/14 over North America. In this article, we propose for the first time that positive East Atlantic (EA) and positive Tropical/Northern Hemisphere (TNH) patterns were dominant in the winter of 2013/14. The values of the EA and TNH indices for winter 2013/14 were the highest and the second highest for the period of record 1951-2014, respectively. The combined EA and TNH pattern is similar to the corresponding atmospheric circulation observed in the winter of 2013/14. The regression patterns of air temperatures on the EA and TNH index show negative anomalies over North America and the North Atlantic Ocean and positive anomalies over the North Pacific Ocean and the mid-latitude Atlantic Ocean. The regression pattern is similar to air temperature anomalies in winter 2013/14. In addition, the combined EA and TNH pattern correlates with sea surface temperature (SST) anomalies over the North Pacific and North Atlantic that are similar to the winter SST anomalies in winter 2013/14. The EA and TNH teleconnection patterns have contributed to the anomalous atmospheric circulation associated with the extreme cold winter over North America in 2013/14.
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      1. INTRODUCTION


      This study argues that dominant teleconnection patterns influenced winter weather and climate over North America associated with the extreme cold winter of 2013/14.


      Air temperatures and atmospheric circulations over North America have been associated with many teleconnection patterns: Arctic Oscillation (AO), Pacific-North American (PNA) and El Niño-Southern Oscillation (ENSO). The AO is associated with extreme temperature events over the north eastern United States and south eastern Canada [1]. The PNA pattern is associated with the Aleutian Low and influences temperature anomalies over western Canada and the south eastern United States [2]. Extreme temperatures over North America are associated strongly with the PNA and AO patterns and more weakly associated with ENSO [3]. The duration of winter cold patterns decreased over most of southern Canada during the El Niño winter mode [4, 5].


      During the winter of 2013/14 central North America and the Eastern United States were abnormally cold [6] with abnormally persistent cold temperatures [7-9]. A number of previous studies have indicated that the atmospheric patterns during winter 2013/14 resembled the Pacific pattern and the North Pacific Oscillation/Western Pacific (NPO/WP) pattern [10, 11]. The atmospheric circulations were induced by positive sea surface temperature (SST) anomalies in the tropical Pacific and the extratropical North Pacific [10, 12, 13]. Strong positive anomalies in SST were observed over the North Pacific and North Atlantic during winter 2013/14 [14, 15]. These SST anomalies were connected with the atmospheric pattern in winter 2013/14. The NPO/WP pattern was a major driver behind the SST anomalies in the North Pacific [11].


      The aim of this paper is to investigate the impact of atmospheric teleconnection patterns, specifically the East Atlantic (EA) and Tropical Northern Hemisphere (TNH) patterns, on the anomalously cold winter over North America during 2013/14. The EA and TNH indices are chosen because they exhibit higher values in winter 2013/14; the EA index reached its highest level while the TNH index reached its second highest level during the period from 1951-2014 (Fig. 1). The EA pattern is the second leading climate mode in the North Atlantic Ocean and is characterized by a north-south dipole anomaly located to the south of Iceland, which spans across the North Atlantic from east to west [2, 16]. Previous research has shown that the EA pattern influences spring ice cover in Hudson Bay [17] and air temperatures over Western Europe [18]. The TNH pattern appears as a tripole anomaly over the Gulf of Alaska, eastern Canada and the western North Atlantic [19]. The TNH pattern has a large impact on the atmospheric circulation and temperature anomalies over North America [16, 19]. In this paper, we argue that the combined effects of the EA and TNH teleconnection patterns may have played an important role in the observed atmospheric circulation patterns over North America during the winter of 2013/14 and fostered the anomalously cold air temperatures during winter 2013/14.
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Fig. (1)

      Time series of the standardized winter EA (bars) and TNH (open circles) indices from 1951 to 2014.
    


    
      

      2. DATA


      Monthly fields of the geopotential height at 500-hPa (Z500), and the air temperatures at 850-hPa (T850) and 2m (T2m) were retrieved from the National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) monthly mean reanalysis for the study period from 1951 to 2014 [20]. Several teleconnection patterns were initially analyzed for this work, but the East Atlantic (EA) and Tropical/Northern Hemisphere (TNH) indices were the only two to show anomalous values during the winter of 2013/14, thus they comprise the focus of this study. Both indices were retrieved for the duration of the study period from the NCEP Climate Prediction Centre (http://www.cpc.ncep.noaa.gov/data/teledoc/telecontents.shtml). Within this study the combined EA and TNH index is defined as the standardized EA plus TNH indices or as we refer to it “the EA + TNH index”. The positive EA + TNH index corresponds to the combined positive phase of the EA and positive phase of the TNH. Sea surface temperature (SST) data used in this study are based on the Met Office Hadley Centre’s SST data version 1 (HadISST1) provided as monthly fields from 1951 to 2014 [21]. Here, “winter” is defined as December-January-February (DJF), and winter 2014 includes December 2013.

    


    
      

      3. RESULTS


      To investigate the relationship between the EA and TNH patterns, we show in Fig. (2) a scatterplot of the EA and TNH indices for the period of record 1951-2014. Fig. (2) again shows that the EA and TNH were at their highest and second highest values, respectively, during the winter of 2013/14. The two indices also had similar magnitudes (EA = 1.6 and TNH = 1.2) during the winter of 2013/14, whereas previous coincident positive indices appear to be rare. Figs. (1 and 2) show clearly that positive phases of both the EA and TNH were dominant in winter 2013/14.
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Fig. (2)

      Scatterplot of the EA index versus the TNH index during the period from 1951 to 2014. A black square is winter 2013/14.

      To assess the contribution of both EA and TNH teleconnection patterns to atmospheric circulation associated with the cold winter in 2013/14, Fig. (3) (top row) shows anomalies in geopotential height at 500-hPa (Z500, Fig. (3a)) and air temperature at 850-hPa (T850, Fig. (3b)) for winter 2013/14. Fig. (3) (bottom row) shows the patterns of the Z500 (Fig. 3c) and T850 (Fig. 3d) regressed on the EA + TNH index over the period of record 1951-2014.


      The winter anomalies in 2013/14 show that negative Z500 anomalies (Fig. 3a) are notable over North America and the North Atlantic Ocean, and positive anomalies are present over the North Pacific Ocean and the mid-latitude Atlantic Ocean. The T850 pattern in winter 2013/14 (Fig. 3b) consists of cold anomalies of up to -6°C over North America and warm anomalies of up to 3°C over the North Pacific Ocean and the mid-latitude Atlantic Ocean. The EA + TNH pattern (Fig. 3c) shows negative anomalies over North America and the North Atlantic Ocean, and positive anomalies over the North Pacific Ocean and the mid-latitude Atlantic Ocean. The pattern is quite similar to the atmospheric anomalies of winter 2013/14 (Fig. 3a). The T850 anomalies regressed on the EA + TNH index (Fig. 3d) is also similar to the air temperature anomalies of winter 2013/14 (Fig. 3b).


      Fig. (4) shows the patterns of the Z500 and T850 anomalies regressed upon the individual EA (top row) and TNH (bottom row) indices. The Z500 pattern regressed on the EA index (Fig.4a) has negative anomalies over the North Atlantic Ocean and positive anomalies over western North America, the mid-latitude Atlantic Ocean and Europe. The T850 regression pattern of the EA index (Fig. 4b) is negative over central North America and the North Atlantic Ocean, with positive anomalies over northern North America, the mid-latitude Atlantic and Europe. The Z500 pattern regressed on the TNH index shown in Fig. (4c) is characterized by negative anomalies that span from central north America to the northeast towards Greenland and Iceland, and positive anomalies over the west coast of North America and the south-eastern coast of North America that extends into the mid-Atlantic. The T850 pattern regressed on the TNH index (Fig. 4d) is quite similar to the Z500 pattern. The strong negative T850 anomalies over North America are more apparent in the regression pattern of the TNH index (Fig. 4d) than the pattern of the EA index (Fig. 4b). However, the EA + TNH pattern (Fig. 3d) is quite similar to the T850 anomalies in winter 2013/14 (Fig. 3b). Therefore, we conclude that the winter EA + TNH is strongly connected with the cold winter in 2013/14 over North America.
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Fig. (3)

      Anomalies of the Z500 (m, left column) and T850 (C°, right column) for winter 2013/14 (top row) and regressed on the EA+TNH index (bottom row). Anomalies for winter 2013/14 are calculated relative to the mean from 1981 to 2010. A red box in Fig. (3b) is 70°-110°W longitude and 45°-60°N latitude.
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Fig. (4)

      As in Fig. (3) but the Z500 and T850 regressed on the EA index (top row) and the TNH index (bottom row).

      The standardized time series during winter (DJF) of T850 over North America (Fig. 3b, red box) and the EA + TNH are shown in Fig. (5). During the winter of 2013/14 the T850 index (solid line) reached its lowest value, indicating the coldest winter of the 1951 to 2014 study period, and the EA + TNH index (dotted line) reached its highest positive value for the same study period (Fig. 5) and shows that the winter temperature over North America was coldest during the winter of 2013/14 for the period between 1951 and 2014. The result points out that the positive EA + TNH pattern in 2013/14 is dominated by the winter atmospheric pattern of 2013/14. The correlation coefficient between the indices of T850 over North America and the EA + TNH is R= -0.37 (p 0.01). In general a high EA + TNH (i.e. 1989/90, 2006/07, 2008/09) corresponds with colder T850 anomalies over North America, while a low EA + TNH (i.e. 1955/56, 1967/68, 1968/69) corresponds with warmer winters of North America. However, the relationship is not perfect, as a high EA + TNH index during 2006/07 was coupled with a warmer winter over North America.
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Fig. (5)

      Standardized time series of the T850 over North America (solid line, red box in Fig. (3b) and the EA+TNH (dotted line).
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Fig. (6)

      (a) T2m (C°, colors) and SST (C°, contours) anomalies during winter 2013/14. Anomalies are calculated relative to the mean from 1981 to 2010. (b) Regression pattern of the T2m and SST regressed on the EA+TNH index. (c) As in Fig. (6b) but regressed on the EA index. (d) As in Fig. (6b) but regressed on the TNH index.

      Fig. (6) shows T2m and SST anomalies for winter 2013/14 and regression patterns of T2m and SST on the EA + TNH, EA and TNH time series over the study period. In the winter of 2013/14, T2m anomalies (Fig. (6a), colors) show not only negative anomalies over North America but also positive anomalies over the North Pacific Ocean, the Bering Strait, the western North Atlantic Ocean and Greenland. The winter SST anomalies in 2013/14 (Fig. (6a), contours) are positive over the North Pacific and the western North Atlantic. Both SST (contours) and T2m (colors) anomalies regressed on the EA + TNH index (Fig. 6b) are similar to these anomalies of winter 2013/14 (Fig. 6a). The negative T2m anomalies regressed on the EA (Fig. 6c) and TNH (Fig. 6d) indices are strong over central North America and eastern North America, respectively. The influence of both EA and TNH patterns, that is, the EA + TNH (Fig. 6b) influences the T2m anomalies in winter 2013/14 (Fig. 6a). In the winter of 2013/14, strongly positive SST anomalies were enhanced in the northeast Pacific Ocean and the northwest Atlantic Ocean [14, 15]. In this paper, we indicate that the positive EA and TNH pattern is correlated with the warm SSTs over the North Pacific and North Atlantic Oceans.

    


    
      

      CONCLUSION AND DISCUSSION


      During winter 2013/14, North America experienced abnormally cold temperatures with record lows from 1951 to 2014, and these anomalously cold temperatures persisted until spring 2014. We have provided evidence that the large-scale atmospheric circulation pattern over North America during winter 2013/14 was dominated by the EA and TNH teleconnection patterns. The EA and TNH indices in winter 2013/14 exhibited the highest and the second highest level during the period of 1951-2014, respectively. Focusing on the association of the EA and TNH teleconnection patterns and the dominant atmospheric circulation in winter 2013/14 plays an important point in the observed patterns. During winter 2013/14 the Z500 and T850 patterns are characterized by negative anomalies over North America and the North Atlantic Ocean and positive anomalies over the North Pacific Ocean and the mid-latitude Atlantic Ocean. The Z500 anomalies in winter 2013/14 are similar to the positive EA + TNH teleconnection pattern. This relationship is not only present during the abnormally cold winter of 2013/14, but also holds for the entire study period as the standardized T850 over North America and the EA + TNH index are significantly negatively correlated (p 0.01). The positive EA + TNH pattern is also correlated with the warm SST over the North Pacific Ocean and the North Atlantic Ocean (Fig. 6b). Bond et al. (2015) [14] showed positive SST anomalies developed in the northeast Pacific Ocean during the winter of 2013/14, which they ascribe to strongly positive anomalies in sea level pressure, which suppressed the loss of heat from the ocean to the atmosphere. Grist et al. (2015) [15] indicated the strongest anomalies in the net surface heat flux were located in the North Atlantic subpolar gyre region during the winter of 2013/14. The exceptional heat loss in the northeast Atlantic was associated with anomalously strong northwesterly winds, and brought abnormal cold air to North America from the north Atlantic. The positive SST anomalies over the North Pacific and the air-sea interaction over the North Atlantic in the winter of 2013/14 may correlate with the positive EA and TNH teleconnections patterns.


      It is well known that tropical SST anomalies are connected with winter weather in the extra-tropics [22], and the ENSO and extra-tropical North Pacific SST variabilities have been associated with temperature variation over North America [5, 23-25]. A number of previous studies have concluded that the anomalous atmospheric pattern and temperature anomalies in 2013/14 over North America were connected to SST anomalies over the North Pacific and the tropical Pacific [10-13, 25]. However, the SST in the tropical area in the winter of 2013/14 showed little to no anomalies (Fig. (6a), contours). We confirm that SST and T2m are associated with each of the EA and TNH patterns. Both the EA and TNH patterns are correlated with the tropical SST and T2m anomalies (Figs. 6c and d). The results show that the positive phase of the EA is associated with the positive tropical SST and T2m anomalies. On the other hand, the positive TNH pattern is associated with negative tropical SST and T2m anomalies. As we have shown, both the positive EA and positive TNH patterns were dominant in the atmospheric circulation during winter 2013/14 (Figs. 1 and 2). The influence in the EA + TNH pattern have less SST and T2m anomaly signals over the tropical Pacific Ocean (Fig. 6b). The EA + TNH pattern is quite similar to anomalies during the winter of 2013/14 (Fig. 6a).


      The EA and TNH patterns contribute to understanding anomalous weather changes such as the cold winter of 2013/14 over central North America. However, not all of the interannual variability in winter temperatures over North America can be ascribed to the EA and TNH. It has been suggested that the enhanced warming in high northern latitudes might be linked to atmospheric planetary-wave amplitude and persistence, and this phenomenon may be associated with extreme weather events in mid-latitudes [26, 27]. The T850 anomalies of winter 2013/14 in high latitudes were warmer than normal (Fig. 3b). The T850 regression anomalies associated with the EA and TNH patterns were also warmer in high latitudes (Figs. 3d, 4b, 4d). The warm anomalies in high latitudes may also contribute to the extreme cold winter over North America in 2013/14.
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