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Abstract

:

In this study, we detect and track extratropical cyclones using 6-hourly mean sea level pressure data taken from the Twentieth Century Reanalysis version 3 (20CRv3) over the period 1951–2015 and compare them with those in the Interim and fifth generation of ECMWF reanalyses over the period 1979–2018. Three indices were employed to characterize cyclone activity, including cyclone count, cyclone intensity, and a cyclone activity index (CAI) that combines the count and intensity. The results show that the cyclone indices in the three datasets have comparable annual climatologies and seasonal evolution over the northern extratropical land and ocean in recent decades. Based on the cyclone indices over the period 1951–2010 in 80 ensemble members of 20CRv3, cyclone count and intensity are negatively correlated in winter and tend to be positively and weakly correlated in summer. The interannual CAI variability is dominated by the cyclone count variability. Regional mean cyclone activity can be well represented using the ensemble average cyclone index. We then examined the linkage of the cyclone activity in 20CRv3 and observed cold and warm extremes over Eurasia and North America over the period 1951–2010. In winter, the principal components of interannual cold and warm extreme anomalies are more correlated with the regional mean cyclone count index over Eurasia, while they are more correlated with the cyclone intensity index over North America. The temperature anomalies associated with the regional and ensemble mean cyclone count index explain about 10% (20%) of interannual cold (warm) extreme variances averaged over Eurasia. The temperature anomalies associated with the mean cyclone intensity explain about 10% of interannual cold and warm extreme variances over North America. Large-scale atmospheric circulation anomalies in association with cyclone activity and the induced temperature advection drive temperature anomalies over Eurasia and North America. In summer, circulation and thermal advection anomalies associated with cyclone activity are weak over the two continents. Hence, that season’s relationship between cyclone activity and extreme temperature variability is weak.
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1. Introduction


Extratropical cyclone activity plays an important role in atmospheric circulation, including the advection of heat and moisture in mid-latitudes [1,2,3]. Changes in cyclone intensity, frequency, and trajectory characteristics significantly influence regional climates [4,5,6,7,8]. In particular, extratropical cyclones are responsible for changes in temperature, moisture, and precipitation in mid-latitudes, which are associated with extreme weather conditions leading to severe economic and social damages. For example, high winds and heavy precipitation induced by extratropical cyclones can result in windstorms, flooding, and coastal storm surge [9,10,11,12,13,14,15,16]. Hence, it is important to study extratropical cyclones both to understand changes in local weather and to characterize the climate.



Extratropical cyclones are complex three-dimensional features of atmospheric circulation. Different measures represent various physical aspects of cyclone activity. Mean sea level pressure (MSLP), geopotential height, and dynamical vorticity fields are often employed to characterize extratropical cyclones [1,5,17,18]. In general, cyclone tracking algorithms applied to MSLP or geopotential height fields highlight large-scale features of cyclones and include influences from the background flow. Cyclone tracking based on low-level vorticity tends to identify smaller-scale features. A combination of pressure and vorticity fields, as well as combining different aspects of cyclone climatologies (e.g., cyclone intensity, frequency, and duration) into one measure, have also been used in previous studies [19,20]. However, it is not clear if these combinations provide better insights or summaries of cyclone activity than considering characteristics individually [1].



The long-term variations of cyclone statistics have been attributed to both internal climate variability [3,21] and anthropogenic forcing [8,22,23]. Results in extratropical cyclone statistics using different datasets and various tracking methods have been compared [1,2,6,24,25,26,27]. Different reanalyses generally agree on cyclone climatology and its evolution over the past few decades. For example, most studies indicate a poleward shift of extratropical cyclones during the second half of the 20th century. However, differences in results have also been observed, mainly due to two sources of uncertainty. One relates to differences in cyclone detection and tracking methods [1,24,28,29,30,31,32]. Another relates to the use of different data, such as data from reanalyses that differ in model configuration and assimilation methods [5,6,24,33,34,35,36]. Additional differences arise from the different variables selected for tracking and the different regions used for averaging storm statistics [1,2].



The purpose of this study is to further analyze Northern Hemisphere extratropical cyclone activity based on 80 ensemble members in the newly generated Twentieth Century Reanalysis version 3 (20CRv3) [37,38] dataset and explore their relationships with observed cold and warm extremes. Following [5,6], we consider three indices to characterize cyclone activity: cyclone count, cyclone intensity, and a cyclone activity index (CAI) that combines the count and intensity, as detailed below in Section 2. The questions we aim to answer are as follows: (1) How do the cyclone activity climatologies in 20CRv3 compare to those in the European Centre for Medium-Range Weather Forecasts (ECMWF)’s ERA Interim and ERA5 reanalysis datasets? (2) What are the temporal relationships among the cyclone indices considered? In particular, are the cyclone count and intensity indices closely correlated over the northern extratropical continents and oceans? Is CAI dominated by the cyclone count or intensity index? What is the robustness of the results in the 80 ensemble members in 20CRv3? (3) What is the relationship between cyclone activity and extreme temperatures over the northern continents of Eurasia and North America? What are the mechanisms driving this relationship?



The structure of this paper is organized as follows. Section 2 describes the reanalysis data, cyclone tracking algorithm and cyclone activity indices, and analysis methods employed. Section 3 analyzes the annual climatology and seasonal variations of the cyclone indices, as well as the relationship between the regional mean cyclone indices over the northern extratropical continents and oceans. Section 4 examines the linkage of the cyclone activity in 20CRv3 and observed extreme temperatures over Eurasia and North America and explores the mechanism driving this linkage. A summary is presented in Section 5.




2. Analysis Data, Cyclone Activity Indices, and Diagnostic Methods


2.1. Analysis Data


We use 6-hourly MSLP fields extracted from three reanalysis datasets to detect and track cyclones in this study. Considering the objectives, we use the 20CRv3 [37,38] reanalysis data for only the recent period since 1951. Like its predecessors, the Twentieth Century Reanalysis version 2 (20CRv2) and version 2c (20CRv2c) [39], 20CRv3 assimilates only surface pressure observations using an ensemble Kalman filter and uses pentad sea surface temperature and monthly sea ice concentration as boundary conditions to a land-atmosphere model, as detailed in [39]. In addition, 20CRv3 uses upgraded data assimilation methods and updated boundary conditions, addresses MSLP bias issues in ship observations prior to the 1870s, uses a higher model resolution than 20CRv2, and applies a four-dimensional incremental analysis update within the assimilation [37,40]. 20CRv3 has a horizontal resolution of about 80 km, with 80 individual ensemble members for the period from 1806 to 2015. The time series of the 20CRv3 cyclone indices involve inhomogeneities (sudden changes in the mean of time series), especially in the early decades due to the low spatial density of observations in some areas [41]. However, the northern extratropical time series of the regional cyclone statistics were found to be homogeneous after 1950, similar to 20CRv2 [6]. Hence, we focus on the cyclone activity in 20CRv3 over the period 1951–2015 in this analysis.



The other two reanalysis datasets that we used to track cyclones are 6-hourly MSLP fields extracted from the ERA Interim (ERAint) reanalysis [42] and its successor, the fifth generation of atmospheric reanalysis (ERA5, [43]). Different from 20CR products, ERA reanalyses assimilate not only surface observations but also available upper-air and satellite observations. In addition, although the ERA analysis procedure considers chunks of data in windows of 12 h, the reanalyses provide hourly outputs using a four-dimensional variational (4D-Var) assimilation method. ERAint extends back to 1979, while ERA5 provides data back to 1950. ERA5 has quite an improvement with respect to ERAint as detailed in the above references and provides a more detailed evolution of particular weather events. ERAint has a horizontal resolution of approximately 80 km, and ERA5 has a resolution of about 30 km. We use the period from 1979 to 2018 for these two reanalysis datasets.



The 6-hourly MSLP fields from the three reanalysis datasets are interpolated to a 50 km version (i.e., 2500 km2 in area) of the NSIDC Equal Area SSM/I Earth Grid (EASE-grid) [44] over the northern and southern extratropics (poleward of 20 degrees), separately, before applying the cyclone tracking algorithm detailed below. The interpolation is based on Cressman weights, with an influence radius of 180 km and the minimum required number of points as 2 [6].



We also use monthly MSLP as well as temperature and horizontal wind velocities at 850-hPa extracted from the ensemble mean fields in 20CRv3 to examine large-scale circulation and temperature advection anomalies in association with cyclone activity. In addition, the observed monthly temperature extreme indices from the HadEX2 dataset [45] are employed. The extreme indices we use are cold days TX10 (cold nights TN10), defined as the percentage of time when the daily maximum (minimum) temperature is less than its 10th percentile, and warm days TX90 (warm nights TN90), defined as the percentage of time when the daily maximum (minimum) temperature is greater than its 90th percentile. The extreme indices are available over land and on 3.75° × 2.5° (longitude-latitude) grids, with various monthly data missing. We use the indices over the period from 1951 to 2010.




2.2. Cyclone Tracking Algorithm and Cyclone Activity Indices


To detect and track cyclones with a focus on large-scale features of cyclone activity, we apply a modified version of an objective cyclone tracking algorithm, originally developed by Serreze et al. [17,46], on 6-hourly MSLP fields. The version of the algorithm used in Wang et al. [5,6] was further modified to make it adapt better to the higher resolution reanalysis fields. Specifically, a grid-point is identified as a cyclone center if it has the minimum MSLP value over a 15 × 15 array of grid-points (750 km × 750 km) at a given time step and the minimum pressure is both below 1002 hPa and at least 0.2 hPa lower than the surrounding grid-point values. The cyclone center is defined as the grid point with the largest local maximal Laplacian of pressure when duplicate centers are detected. The cyclone tracking algorithm is based on a “nearest neighbor” analysis of the positions of identified systems between time steps with a maximum distance threshold between candidate pairings and further checks according to pressure tendency and distance travelled in the horizontal direction. In this study, we use the maximum distance threshold of 1000 km, maximum north-, south-, and westward migration of 700 km, and maximum pressure tendency of 20 hPa in setting the tracking parameters. We tracked each of the 80 members in the 20CRv3 ensemble and obtained the ensemble average and spread of the cyclone statistics.



Following [5,6], we consider three indices to characterize cyclone activity: cyclone count, cyclone intensity, and CAI. A cyclone refers to a single low-pressure center identified at a specific grid point and time. We count cyclones that last at least four time steps (i.e., 24 h) and travel at least 500 km during their lifetime. We only consider cyclones that are in the region north of 20° N. The cyclone intensity is defined as the local Laplacian of pressure, which may better represent the wind force around the cyclone center than the central cyclone pressure itself [5,6]. In addition, a cyclone activity index is employed to measure the overall cyclone activity. CAI is defined as the seasonal count of cyclones per 106 km2 multiplied by their mean intensity (i.e., a summation of the intensity of all cyclones in a season over a 20 × 20 array of 2500 km2 grid-boxes).




2.3. Diagnostic Methods


All analyses are based on annual or seasonal means of the variables considered, originally from monthly and 6-hourly data. Seasonal means are quantified by the averages of variables in four seasons, being defined as JFM (January–February–March), AMJ (April–May–June), JAS (July–August–September), and OND (October–November–December). Seasonal anomalies are calculated relative to the 60-season climatology over the period 1951–2010 in this analysis, after removing the secular linear trend. Empirical orthogonal function (EOF) analysis is performed to characterize the dominant mode of interannual variability of extreme temperature indices over Eurasia and North America. The corresponding principal component (PC1) is then employed to represent the leading extreme temperature variability. In addition, the relationship between a cyclone index and its associated fields of interest is quantified by regression and correlation analyses. The statistical significance of a correlation is assessed using a Student’s t-test, where the effective degree of freedom is estimated by considering the autocorrelation of the time series [47]. Statistical significance at the 5% level is used as a standard throughout this analysis.



The influence of a cyclone index on extreme temperatures is evaluated by calculating the percentage P of temperature variance at each grid-box explained by the standardized cyclone index, following [48], as follows,


  P =     x ^  2     σ x    2    ∗ 100  



(1)




where   x ^   is the anomaly of variable x (i.e., extreme temperature) regressed upon the standardized cyclone index, and σx is the temporal standard deviation of x. We also estimate the regional mean influence percentage   〈 P 〉   as,


         〈 P 〉  =   〈    x ^  2   〉   〈   σ x    2   〉   ∗ 100  



(2)




where the angular bracket denotes the spatial average of variables over a domain of interest (e.g., Eurasia or North America).



The anomalous horizontal temperature advection (Fadv) in the lower troposphere can be expressed as,


   F  a d v   = − V · ∇  T ¯  = − u   ∂  T ¯    ∂ x   − v   ∂  T ¯    ∂ y    



(3)




where V(u,v) denotes the anomalous zonal and meridional wind components, and   T ¯   is the climatological seasonal mean temperature.





3. Cyclone Activity in 20CRv3


3.1. Climatology of Cyclone Activity


Figure 1 show the annual climatologies of the cyclone count, intensity, and CAI over the period 1981–2010 for 20CRv3, ERA5, and ERAint. In general, the climatological cyclone count displays two dominant regions of high cyclonic activities over the North Pacific and North Atlantic, with secondary centers over the Arabian Sea and Arctic (Figure 1, left panels). The dominant cyclone activity centers are consistent with those obtained using various tracking methods (e.g., [1,2,3]) and collocate with activity centers of the northern storm track regions (e.g., [18,49,50]). In contrast, the cyclone intensity reveals high values mainly in the subtropical coastal regions, especially the subtropical western and eastern Pacific and the Gulf of Mexico, with secondary centers along the western coast of Canada and around Iceland (Figure 1, middle panels). The subtropical cyclone intensity centers also collocate with active hurricanes and typhoons [51,52]. The climatological CAI resembles the cyclone count pattern (Figure 1, cf. right panels with left panels), with dominant action centers over the North Pacific and North Atlantic, as well as the subtropical western Pacific and the Arabian Sea. This indicates that CAI tends to be dominated by the cyclone count distribution.



Similar patterns of cyclonic activity can be seen in 20CRv3, ERA5, and ERAint products, especially for the cyclone count and CAI (Figure 1). The area weighted pattern correlations of the cyclone count within the northern extratropics (20–90° N) are close to 1.0 between 20CRv3 and either ERA5 or ERAint. The spatial correlation of CAI between 20CRv3 and ERA5 (ERAint) is 0.95 (0.93). The correlation is slightly higher between 20CRv3 and the mean of ERA5 and ERAint at 0.96. By contrast, the pattern correlations of the cyclone intensity are 0.74, 0.66 and 0.77, respectively, between 20CRv3 and ERA5, 20CRv3 and ERAint, and 20CRv3 and the average of ERA5 and ERAint.



Across the different reanalyses, the indices mainly differ in magnitude. For the cyclone count, values in 20CRv3 are slightly lower around Iceland and slightly higher over the Arabian Sea than those in the two ERA reanalyses. For the cyclone intensity, values in 20CRv3 are much lower than those in ERA5 over the subtropical region (20–30° N) and around Iceland, while values in 20CRv3 are much higher than those in ERAint over the subtropical western and eastern Pacific and the Gulf of Mexico. In addition, the cyclone intensity in 20CRv3 tends to be close to the average intensity of the two ERA products, with differences mainly in the subtropical region that are much smaller than those between 20CRv3 and either ERA5 or ERAint. For the CAI, values in 20CRv3 are lower than those in ERA5, mainly around Iceland, while values in 20CRv3 are higher than those in ERAint over the subtropical western Pacific and the Arabian Sea.



Figure 2 compare histograms of annual cyclone counts as a function of cyclone intensity over the northern extratropical land (within 20–90° N) and ocean (over 20–70° N) in the three datasets over the common period 1979–2015. In general, similar cyclone distributions can be seen over the extratropical land and ocean, with high counts for moderate-intensity cyclones. However, differences are also apparent in the three datasets. Cyclone counts in 20CRv3 are generally between those in ERA5 and ERAint for almost all intensity cyclones, especially over the northern extratropical land. Specifically, over the northern land (Figure 2, left), 20CRv3 has more cyclones than ERA5 and fewer than ERAint for low and moderate intensity cyclones (lower than 60 ∗ 10−5 hPa km−2), while it has more strong cyclones than ERAint and fewer than ERA5 for high-intensity cyclones (higher than 60 × 10−5 hPa km−2). Over the northern ocean (Figure 2, right), 20CRv3 has fewer low and moderate intensity cyclones (lower than 60 × 10−5 hPa km−2) and more strong cyclones than ERAint, while it has similar weak cyclones (lower than 20 × 10−5 hPa km−2), more moderate intensity cyclones (20–80 × 10−5 hPa km−2), and fewer strong cyclones (higher than 80 × 10−5 hPa km−2) than ERA5. In addition, the ensemble spread of the 80 members in 20CRv3 is low, indicating the robustness of the results.



Overall, there is a general agreement of the cyclone climatologies in the three datasets, especially for the spatial distribution. Differences in the cyclone activity strength among the datasets may be partially attributed to the influence of various spatial resolutions in the reanalysis data, which in turn affects cyclone identification and tracking methods [1,26]. In addition, 20CRv3 assimilates the IBTrACS (International Best Track Archive for Climate Stewardship) central pressure data that provides global tropical cyclone best track data [53], while the ERA reanalyses do not. Other factors, such as the dynamics, parameterizations, and assimilation schemes implemented in various reanalysis models, would also result in differences in cyclone activity [1,31,33]. 20CRv3 and ERA reanalyses are generated by substantially different models as described above in Sect. 2. Hence, it is not a surprise that differences exist even between 20CRv3 and ERAint, despite their having similar horizontal resolutions in the assimilating model.




3.2. Variation of Cyclone Activity


Figure 3 present variations of the annual mean cyclone count, intensity, and CAI averaged over the northern extratropical land (left panels) and ocean (right panels). The ensemble average and spread of the cyclone indices are shown for 20CRv3 over the period 1951–2015. Here, the ensemble spread is quantified by the ensemble standard deviation among the 80 ensemble members. Results from ERAint and ERA5, one integration each, as well as their average (ERAavg) over the period 1979–2018, are also shown. Variations of the ensemble averages of the three indices reveal long-term trends as well as interannual–interdecadal variability (Figure 3). Over the overlapping period 1979–2015, the interannual variability of the 20CRv3 indices averaged over the northern land and ocean resembles the ERA results, which are qualitatively consistent in ERAint and ERA5. The temporal correlations of the regional mean indices between the 20CRv3 ensemble average and either ERAint or ERA5 are above 0.65, except for relatively lower correlations of the regional mean cyclone intensity (about 0.45) between 20CRv3 and ERAint, over the northern land and ocean. All these correlations are statistically significant at the 5% level over the 37-year period. The correlations between 20CRv3 and ERAavg are higher than those between 20CRv3 and individual ERA series. Differences in the cyclonic activity indices between 20CRv3 and either ERA5 or ERAint are mainly seen in the cyclone index magnitudes, especially for the cyclone intensity index. The index magnitudes in recent decades in 20CRv3 are comparable to that from ERAint for the cyclone count and CAI over the northern land and to ERAavg for the cyclone intensity over the northern land and for all indices considered over the northern ocean (Figure 3).



For the northern extratropical land mean, the ratio of ensemble spread to ensemble average in 20CRv3 ranges from 2.1% to 3.4%, with an average of 2.8%, for the cyclone count over the period 1951–2015. The ratio is even lower for the cyclone intensity than the cyclone count, ranging from 1.4% to 3.0%, with an average of 2.1%. Hence, the ratio for CAI is also low, with an average of 4.2% over 65 years (Figure 3, left panels and Table 1). Similarly, the ratios are low for the northern extratropical ocean, with averages of 1.4%, 1.0%, and 1.6% for the cyclone count, intensity, and CAI, respectively (Figure 3, right panels and Table 1). The high agreement among ensemble members indicates the low uncertainty of the northern cyclone activity indices due to internal climate variability. The low ratio in the cyclone variation also implies a high signal-to-noise ratio, which is defined as the ratio of the ensemble average to ensemble standard deviation and measures the level of the desired signal to the level of background noise.



Seasonal changes in cyclone activity are further quantified by analyzing variations of the indices in four seasons. For the northern extratropical land (Figure 4), magnitudes of the cyclone count and CAI are stronger in warm seasons (AMJ and JAS) than in cold seasons (JFM and OND). This is consistent with previous studies [2], which show an increasing number of cyclones over the continental storm track region in summer. However, magnitudes of cyclone intensity tend to be stronger in cold seasons than in warm seasons (Figure 4, middle panels). The spread in the seasonal indices, including the three cyclone indices, reveals higher values in warm seasons than in cold seasons (Figure 4). In addition, similar to the annual mean result, the ratios of ensemble spread to ensemble average are higher in the cyclone count and CAI than the cyclone intensity (Table 1). By contrast, for the northern extratropical ocean (Figure 5), the magnitudes of the cyclone count are generally stronger in cold seasons than in warm seasons. This is also in agreement with previous findings that there is an enhancement of the oceanic storm track in winter [2]. The ratios of ensemble spread to ensemble average of the seasonal cyclone indices are also higher in warm seasons than cold seasons and higher in the cyclone count and CAI than the cyclone intensity (Table 1 and Figure 5). In addition, the seasonal variations of the 20CRv3 cyclone indices over the northern land and ocean are also comparable to those in the ERA reanalyses over the period 1979–2015, in terms of the interannual variability, with differences mainly seen in the cyclone index magnitude. These are similar to those seen above in the annual mean result (cf., Figure 4 and Figure 5 with Figure 3).



The annual and seasonal variations of the cyclone activity indices averaged over the northern extratropical land and ocean are examined above. The general features obtained over the northern land can be seen in both Eurasian and North American continents (not shown), including stronger magnitudes of the cyclone count in warm seasons than in cold seasons, lower ratios of ensemble spread to ensemble average in the cyclone intensity than in the cyclone count, higher spreads in warm seasons than in cold seasons, and comparable annual and seasonal cyclone activities in 20CRv3 and the ERA products over the period 1979–2015. Likewise, the features obtained over the northern ocean are seen over both the North Pacific and North Atlantic oceans (not shown).




3.3. Relationship between Regional Mean Cyclone Indices


To explore the relationship between the cyclone activity indices, we analyze temporal correlations among the three indices in 20CRv3, using data over the period 1951–2010. We focus on the correlations calculated using the cyclone indices averaged over the northern continents of Eurasia (EA) within (20°–90° N, 20° W–170° W) and North America (NA) within (20°–90° N, 170°–50° W), and over the extratropical oceans within 20–70° N of the North Pacific (NPac) and North Atlantic (NAtl).



Figure 6 display the correlations among the seasonal cyclone indices in JFM and JAS calculated from the 80 ensemble members, the average of the 80 correlations, and the correlation calculated from the ensemble average indices. The highest and statistically significant correlation is positive and seen between the cyclone count and CAI over all four regions in JFM (with values above 0.80 in EA, NA, and NPac and above 0.50 in NAtl) and over the two continents in JAS (with values above 0.80). The correlation between the cyclone count and CAI over the two ocean regions is also above 0.60 and statistically significant, although slightly higher correlations are apparent there between the cyclone intensity and CAI. The correlation between the cyclone intensity and CAI is positive and statistically significant over all four regions in JAS and over the NAtl in JFM. However, the JFM correlation between the cyclone intensity and CAI is generally weak and mainly positive in the NA and NPac and negative in EA. The temporal relationships further indicate that the combined index CAI tends to be dominated by the cyclone count.



The cyclone count is negatively correlated with the cyclone intensity in JFM (Figure 6), with significant correlations (around −0.4) in EA, the NPac, and NAtl. By contrast, the correlations between the cyclone count and intensity in JAS tend to be positive but statistically insignificant, except in the NAtl (around 0.4).



Table 2 further list the average and standard deviation of the 80 correlations calculated from the ensemble members and the correlation calculated from ensemble average indices over the four regions. It is interesting to see from Table 2 that the average of the 80 correlations is much higher than its standard deviation, especially for statistically significant correlation coefficients, indicating high signal-to-noise ratios of the results. In addition, the average of the 80 correlations is close to the correlation calculated using the ensemble average indices, especially for the statistically significant correlations. This indicates the robustness of the relationships and implies the ensemble average index can be used to characterize the regional mean cyclone activity.





4. Relationship of Extreme Temperatures to Regional Mean Cyclone Activity


To explore the linkage of cyclone activity and extreme temperatures, we analyze the relationships between the indices of regional mean cyclone activity and the principal modes of cold and warm extreme temperatures over Eurasia and North America in JFM and JAS. We also calculate extreme temperature anomalies explained by cyclone activity over the two continents. In addition, we examine the anomalies of large-scale atmospheric circulation and the induced temperature advection associated with cyclone activity to aid in understanding the physical mechanism linking cyclone activity and extreme temperature anomalies.



4.1. Relations between Cyclone Activity and Continental Extreme Temperatures


The principal mode of the extreme temperature variability is identified by EOF analyses of area-weighted extreme temperature index anomalies over the land grids in Eurasia within (20°–80° N, 20° W–180° E) and North America within (20°–80° N, 170°–50° W), separately, in JFM and JAS.



In JFM, the principal modes (EOF1s) account for about 32–36% of the total interannual cold and warm extreme variances over Eurasia (Figure 7, left panels) and are well separated from their subsequent EOFs as per the criterion of North et al. [54]. EOF1 of the cold extreme (TN10 and TX10) anomalies tends to be dominated by a large anomaly over the domain of interest, with the center of action located over Kazakhstan and south Russia and accompanied by a weak anomaly of the opposite sign over south Asia. EOF1 of the warm extreme (TN90 and TX90) anomalies also reveals a large anomaly over northern parts of the continent, with the action center over Kazakhstan and extending to south Europe and south Russia, together with a relatively weak anomaly of the opposite sign over south Asia. The corresponding principal components (PC1s) are then used to characterize the leading cold and warm extreme variability. The correlations between the PC1s and the three cyclone indices averaged over Eurasia in the 80 ensemble members in 20CRv3 are calculated and shown in Figure 8. In general, positive (negative) correlations are seen between the cyclone count and PC1s of warm (cold) extreme anomalies (Figure 8, top-left panels). Similarly, positive (negative) correlations are found between the CAI and PC1s of warm (cold) extreme anomalies (Figure 8, top-right panels). In contrast, cyclone intensity and PC1s of warm (cold) extreme anomalies correlate negatively (positively) (Figure 8, top-middle panels). The average of the 80 correlations is much higher than its standard deviation, indicating the robustness of the relationships. Additionally, the average of the 80 correlations is close to the correlation calculated using the ensemble average cyclone index and the PC1 of extreme temperature anomalies (Table 3). The highest correlation is found between the cyclone count and the leading extreme temperature variability, with significant correlations of about 0.60 (−0.40) between the cyclone count and PC1s of warm (cold) extreme anomalies. The relations are also clearly evident in the JFM extreme temperature anomalies regressed upon the regional mean cyclone count index, which reveal prominent anomalies collocating with the action centers in the corresponding EOF1 patterns (cf. Figure 7 right panels with left panels).



Over North America, EOF1s account for about 29–37% of the total interannual extreme temperature variances in JFM (Figure 9, left panels) and are also separated from the subsequent EOFs according to the criterion [54]. The two EOF1 patterns for cold extreme (TN10, TX10) anomalies are each dominated by a large anomaly over western–central Canada and the northwestern US. EOF1 of the warm night extreme (TN90) anomalies show a large anomaly over central Canada, while EOF1 of the warm day extreme (TX90) anomalies in JFM reveal a large anomaly over western–central Canada and the northwestern US. EOF1s of both TN90 and TX90 anomalies are also accompanied by a relatively weak anomaly of the opposite sign over Mexico and the southeastern US. The leading patterns of extreme temperature variability are consistent with [55], based on combined EOF analyses of December–January–February (DJF) mean extreme cold and warm anomalies, indicating the robustness of the dominant, extreme temperature variability in winter.



We then calculate the correlations between the corresponding PC1s and the three cyclone indices averaged over North America in the 80 ensemble members (Figure 8, lower panels). Surprisingly different from the results over Eurasia, significant correlations are mainly seen between the cyclone intensity and PC1s of extreme temperature anomalies, with positive correlations (about 0.40) between the cyclone intensity and PC1s of cold extreme anomalies and negative correlations (about −0.35 to −0.55) between the cyclone intensity and PC1s of warm extreme anomalies. The average of the 80 correlations is again much higher than its standard deviation and is close to the correlation calculated using the ensemble average cyclone index and the PC1 of extreme temperature anomalies (Table 3). The relations between the cyclone intensity and PC1s of extreme temperature anomalies are also clear in the JFM extreme temperature anomalies regressed upon the regional mean cyclone intensity index (Figure 9, right panels), which show prominent anomalies generally collocating with the action centers in the corresponding EOF1 patterns (cf. right panels with left panels in Figure 9). By contrast, correlations between the PC1s of extreme temperature anomalies and either the cyclone count or CAI are low and not significant in JFM, except the relationship between the cyclone count and PC1 of TX10 anomalies that is marginally significant at the 5% level (Figure 8). It remains to be explored why correlations between the cyclone count index and the principal component of JFM extreme temperature anomalies are significant over Eurasia and insignificant over North America.



The relationship between the regional mean cyclone activity and continental extreme temperature variability in JFM can be further quantified by calculating the percentage of local temperature variance explained by a cyclone index, following Equations (1) and (2). Here, we use the regionally averaged ensemble mean cyclone count as the index over Eurasia and the regionally averaged ensemble mean cyclone intensity index over North America. Respectively, these have the strongest correlation between cyclone activity and leading modes of extreme temperature anomalies, as discussed above.



Over Eurasia, cyclone count explains about 5–20% of the interannual cold extreme variance and about 10–45% of warm extreme variance over half of the continent (Figure 10, left panels), with high percentage centers generally following the action centers apparent in the corresponding regression anomalies (Figure 7, right panels). Averaging over continental Eurasia (following Equation (2)), cyclone activity explains 8.2%, 8.4%, 17.2%, and 21.2% of TN10, TX10, TN90, and TX90 variance, respectively, in JFM. Similarly, over North America, the cyclone intensity explains about 10–20% of interannual cold, extreme variances and about 5–40% of warm extreme variances in JFM over half of the continent (Figure 10, right panels), with high percentages also following the action centers of the corresponding regressions (Figure 9, right panels). Averaging over the continent, cyclone activity explains 9.3%, 9.8%, 12.6%, and 8.5% of TN10, TX10, TN90, and TX90 variance, respectively.



In JAS, the four EOF1s account for 18–26% of the total interannual extreme temperature variances over Eurasia and 26–29% over North America (not shown), slightly lower than the corresponding percentages explained in JFM. These principal modes are also separated from their subsequent EOFs. However, the correlations between the leading cold and warm extreme variability and the three cyclone indices are low in JAS, with magnitudes lower than 0.20 for all correlations over Eurasia and North America. These are not statistically significant at the 5% level. The consistently low correlations obtained using the cyclone indices of each of the 80 members and the ensemble average indicate the robustness of the poor relationship in summer between cyclone activity and leading modes of temperature extremes over Eurasia and North America.




4.2. The Cyclone Activity Associated Large-Scale Circulation and Temperature Advection Anomalies


Figure 11 display the anomalies of MSLP (top panels) and horizontal winds and temperature advection (Fadv, following Equation (3)) at 850-hPa (bottom panels) in JFM regressed upon the regionally averaged ensemble mean cyclone count index over Eurasia and cyclone intensity index over North America. Over Eurasia, in association with a positive anomaly of the cyclone count index, there is a pronounced negative MSLP anomaly apparent over most of Eurasia, with the center of action over the Northern European Plain, together with a relatively weak positive MSLP anomaly over Southern Europe (Figure 11, top-left). The anomalous large-scale circulation induces the exchange of mid–high latitude air over Eurasia, which implies temperature advection anomalies contributing to temperature anomalies. Specifically, accompanying the MSLP anomalies, there are anomalous western–northwestern winds over Europe, southwestern wind anomalies over the West Siberian Plain, and westerly wind anomalies over south Russia. The anomalous winds induce warm advection over most of Eurasia, in particular Kazakhstan and south Russia (Figure 11, bottom-left). In addition, the anomalous Fadv has comparable contributions from both the anomalous zonal and meridional wind-related advection components over the West Siberian Plain and is dominated by its zonal wind-related component over Europe and south Russia (not shown). This indicates the crucial role of winds in the anomalous thermal advection. The temperature advection anomalies collocate with the action centers of warm extreme increase and cold extreme decrease over Eurasia (Figure 7), suggesting that the thermal advection drives the temperature anomalies.



On the other hand, in association with a positive anomaly of the cyclone intensity index over North America, MSLP is dominated by a pronounced positive anomaly over northwestern parts of North America, with the action center over the northeastern Pacific, together with a slight MSLP decrease over northeastern Canada and increase over the southeastern US (Figure 11, top-right). Accompanying these circulation anomalies, there are anomalous northerly winds over western–central Canada, the northwestern US, and eastern Canada, along with southwestern wind anomalies over the southeastern US. The anomalous winds induce cold advection over most of Canada and the northwestern US, as well as warm advection over the southeastern US (Figure 11, bottom-right). The anomalous Fadv is dominated by its meridional wind-related component over North America (not shown). The temperature advection anomalies collocate with the warm extreme decrease and cold extreme increase over northern parts of North America, as well as the warm extreme increase and cold extreme decrease over Mexico and the southeastern US (Figure 9).



Overall, the collocation between the thermal advection and prominent extreme temperature anomalies in JFM suggests that the circulation anomalies associated with cyclone activity and the induced temperature advection in the lower troposphere contribute to the variability of temperature extremes over Eurasia and North America.



The large-scale circulation and thermal advection anomalies associated with cyclone activity in JAS are weak and statistically insignificant over the two study regions (not shown). This suggests that the summertime temperature anomalies are associated with local thermodynamic processes, via surface radiative and turbulent heat flux anomalies [7,8,56], or with other aspects of the circulation (such as blocking). Hence, the relationship between cyclone activity and extreme temperature variability is weak in JAS over the two continents, as discussed above in Section 4.1.





5. Summary


In this study, we detected and tracked extratropical cyclones by focusing on large-scale features of cyclone activity and applying a modified version of the objective cyclone tracking algorithm on 6-hourly MSLP data extracted from three reanalysis datasets, 20CRv3 over the period 1951–2015 and ERAint and ERA5 over the period 1979–2018. Three indices are considered to characterize cyclone activity: cyclone count, cyclone intensity, and a combined index CAI. We analyzed the northern extratropical cyclone activity in 20CRv3 by examining the annual climatology and seasonal variations of the three cyclone indices and compared them with those in the ERA datasets for the common period 1979–2015. We examined the temporal relationship between the cyclone indices over continental Eurasia and North America and the extratropical North Pacific and North Atlantic oceans. The robustness of these relationships was assessed by analyzing all 80 ensemble members in 20CRv3. We then explored the linkage of cyclone activity in 20CRv3 and observed cold and warm extremes over Eurasia and North America, based on the overlapping period 1951–2010. In addition, we examined the dynamics linking cyclone activity and continental extreme temperature anomalies.



There was a general agreement between the cyclone index climatologies in 20CRv3 and ERA reanalysis datasets, especially for the spatial pattern of the cyclone indices over the northern extratropics. The climatological annual cyclone count revealed two dominant regions of high cyclonic activities over the North Pacific and North Atlantic, collocating with activity centers of the northern storm track. The cyclone intensity showed high values mainly in the subtropical coastal regions, especially the subtropical western and eastern Pacific and the Gulf of Mexico, collocating with active hurricanes and typhoons. The climatological CAI tended to be dominated by the cyclone count distribution. Differences among these reanalysis products mainly appeared in the cyclone index magnitude and were attributed to the influence of various spatial resolutions in the reanalysis data as well as differences in model structure, assimilation algorithms, and assimilated observations. In addition, the interannual variability of regional mean annual and seasonal cyclone indices over the northern extratropical land and ocean was comparable between 20CRv3 and the ERA reanalyses in recent decades. Over Eurasia and North America, the cyclone count and CAI were stronger in warm seasons than in cold seasons, while the cyclone intensity tended to be stronger in cold seasons than in warm seasons. Over the North Pacific and North Atlantic, the cyclone count was generally stronger in cold seasons than in warm seasons. High agreement of the cyclone activity variation was seen in the 80 ensemble members in 20CRv3. Nevertheless, higher ensemble spreads of the cyclone indices appeared in warm seasons than in cold seasons over the northern extratropical land and ocean.



Cyclones are complex phenomena that vary in intensity, duration, location, frequency, and vertical structure. Temporal correlations between regional mean cyclone indices indicate that cyclone count and intensity are negatively correlated in JFM, with correlations significant at the 5% level over Eurasia and the North Pacific and North Atlantic. By contrast, cyclone count and intensity tend to be positively correlated in JAS. However, these positive correlations are weak and statistically insignificant, except for those over the North Atlantic. The interannual CAI variability is dominated by the cyclone count variability. The relationships are robust, as seen from the 80 ensemble members. In addition, the ensemble average cyclone index can be used to characterize regional mean cyclone activity.



Observed cold and warm extreme anomalies over the northern continents were found to be closely associated with cyclone activity. Over Eurasia and North America, the principal component corresponding to the leading mode of warm (cold) extreme anomalies in JFM was positively (negatively) correlated with the cyclone count and negatively (positively) correlated with the cyclone intensity. The principal component had the strongest correlation with the cyclone count index over Eurasia and the cyclone intensity index over North America. The relationships are robust, as seen by all ensemble members. In general, temperature anomalies associated with cyclone count explain about 10% of interannual cold, extreme variances and about 20% of warm extreme variances in JFM on the continental average over Eurasia. Similarly, temperature anomalies associated with cyclone intensity explain about 10% of interannual cold and warm extreme variances on average over North America. In winter, the cyclone activity associated with large-scale atmospheric circulation anomaly and its induced temperature advection in the lower troposphere drive temperature anomalies over Eurasia and North America. In summer, by contrast, the circulation and thermal advection anomalies associated with cyclone activity are weak over the two continents. The temperature anomalies there tend to be supported by local thermodynamic processes. Hence, the relationship between cyclone activity and extreme temperature variability is weak over Eurasia and North America in summer.
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Figure 1. Annual climatologies of the cyclone count (per 250 km grid-box; (left panels)), intensity (unit: 10−5 hPa km−2; (middle panels)), and CAI (unit: 10−5 hPa km−2 per 106 km2; (right panels)) over the period 1981–2010 for 20CRv3 (top panels), ERA5 (middle panels) and ERAint (lower panels). 
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Figure 2. Histograms of annual cyclone counts (per 106 km2) as a function of cyclone intensity (10−5 hPa km−2) over the northern extratropical land (left) and ocean (right) for the period 1979–2015. The bin size of the cyclone intensity is 5 units. The ensemble standard deviation (grey shading) is also given for 20CRv3. 
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Figure 3. Time series of the annual mean cyclone count (per 250 km grid-box; (top panels)), intensity (10−5 hPa km−2; (middle panels)), and CAI (10−5 hPa km−2 per 106 km2; (bottom panels)) over the northern extratropical land (left panels) and ocean (right panels). The horizontal axis is the year. Results of the ensemble mean (relatively smooth black curve within the grey shading) and ensemble standard deviation (grey shading) are given for 20CRv3 over the period 1951–2015. Results from ERAint (magenta curve) and ERA5 (light blue curve), as well as their average (ERAavg; red curve), over the period 1979–2018, are also shown. 
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Figure 4. Time series of the seasonal mean cyclone count (per 250 km grid-box; (top panels)), intensity (unit: 10−5 hPa km−2; (middle panels)), and CAI (per 106 km2; (bottom panels)) over the northern extratropical land. Results in JFM, AMJ, JAS, and OND are shown from left to right. The horizontal axis is the year. Results of the ensemble mean (relatively smooth black curve within the grey shading) and ensemble standard deviation (grey shading) are given for 20CRv3 over the period 1951–2015. Results from ERAint (magenta curve) and ERA5 (light blue curve), as well as their average (ERAavg; red curve), over the period 1979–2018, are also shown. 
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Figure 5. As in Figure 4, but for the results over the northern extratropical ocean. 
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Figure 6. Correlations among the seasonal cyclone activity indices in JFM (top) and JAS (bottom). Correlations are calculated using linearly de-trended time series over the period 1951–2010. Green, blue and red curves indicate the correlations between the cyclone count and intensity, between the cyclone count and CAI, and between the cyclone intensity and CAI, respectively. Results over Eurasia, North America, the North Pacific, and North Atlantic are presented from left to right. The horizontal axis is the member number. Members 1–80 indicate individual members, member 81 indicates the average correlations from the 80 members, and member 82 indicates the correlation calculated from the ensemble mean indices. The dashed line indicates the correlation that is statistically significant at the 5% level. 
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Figure 7. (left) EOF1 of JFM extreme temperature anomalies over Eurasia. The percentage of total variance explained by EOF1 is given in the lower right corner of each plot. (right) Regressions of JFM extreme temperature anomalies onto the linearly de-trended and standardized ensemble mean cyclone count series over the period 1951–2010. Black dots indicate anomalies that are significantly different from zero at the 5% level. Results of TN10, TX10, TN90, and TX90 are shown from top to bottom. Contour interval is 1.0 °C. 
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Figure 8. Correlations between the principal component of JFM extreme temperature anomalies and the JFM cyclone activity indices over Eurasia (top) and North America (bottom). Correlations are calculated using linearly de-trended time series over the period 1951–2010. Green, blue, yellow, and red curves indicate cyclone activity correlating with the principal components of TN10, TX10, TN90, and TX90 anomalies, respectively. Results for the cyclone count, intensity and index are presented from left to right. The horizontal axis is the member number. Members 1–80 indicate individual members, member 81 indicates the average correlations from the 80 members, and member 82 indicates the correlation calculated from the ensemble mean indices. The dashed line indicates the correlation that is statistically significant at the 5% level. 
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Figure 9. As in Figure 7, but for the results over North America. The cyclone activity series used in regressions is the linearly de-trended and standardized ensemble mean cyclone intensity series. 
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Figure 10. (left) Percentages of JFM extreme temperature anomalies explained by the linearly de-trended and standardized ensemble mean cyclone count series over Eurasia for the period 1951–2010. (right) Percentages of JFM extreme temperature anomalies explained by the linearly de-trended and standardized ensemble mean cyclone intensity series over North America for the period 1951–2010. Results of TN10, TX10, TN90, and TX90 are shown from top to bottom. Contour interval is 5%. 
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Figure 11. Anomalies of (top) MSLP (interval 0.5 hPa) and (bottom) 850-hPa horizontal temperature advection (Fadv, shading and contour interval 0.1 °C day−1) and vector winds (V850, arrows; ms−1 with a scale shown in the bottom; anomalies less than 0.1 ms−1 in both directions are omitted) regressed upon the linearly de-trended and standardized cyclone activity series. The cyclone activity series used is (left) the cyclone count series over Eurasia and (right) the cyclone intensity series over North America. Black dots indicate SLP anomalies that are significantly different from zero at the 5% level. Results are based on the ensemble mean JFM fields over the period 1951–2010. 
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Table 1. Statistics related to the ratios (%) of ensemble spread to the ensemble average of the cyclone indices from the 80 members in 20CRv3. Three numbers in each cell, in turn, indicate the minimum, maximum, and mean ratios over the 65 years from 1951 to 2015. Results include the annual and seasonal ratios over the northern extratropical land and ocean.
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Northern Land

	
Northern Ocean






	
Count

	
Annual

	
2.1, 3.4, 2.8

	
1.1, 1.8, 1.4




	
JFM

	
2.6, 4.0, 3.2

	
2.0, 3.1, 2.4




	
AMJ

	
3.7, 6.4, 5.1

	
2.1, 4.1, 3.2




	
JAS

	
4.7, 7.8, 6.0

	
2.6, 4.8, 3.5




	
OND

	
2.1, 3.7, 2.8

	
2.0, 3.3, 2.5




	
Intensity

	
Annual

	
1.4, 3.0, 2.1

	
0.8, 1.2, 1.0




	
JFM

	
1.5, 2.8, 2.0

	
1.3, 1.9, 1.6




	
AMJ

	
2.3, 7.3, 4.4

	
1.6, 2.4, 2.1




	
JAS

	
2.9, 7.2, 4.5

	
1.8, 3.4, 2.6




	
OND

	
1.4, 2.5, 1.8

	
1.3, 2.1, 1.7




	
CAI

	
Annual

	
3.2, 5.6, 4.2

	
1.2, 2.1, 1.6




	
JFM

	
3.0, 4.7, 3.7

	
2.2, 3.6, 2.7




	
AMJ

	
4.8, 13.0, 8.4

	
2.6, 4.6, 3.7




	
JAS

	
7.0, 13.6, 9.2

	
2.5, 6.2, 3.6




	
OND

	
2.5, 4.2, 3.3

	
2.1, 3.6, 2.8
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Table 2. Statistics related to correlation coefficients among the linearly de-trended cyclone indices averaged over the four regions (Eurasia, North America, North Pacific, and North Atlantic) for the period from 1951 to 2010. Three numbers over each region, in turn, indicate the average and standard deviation of the 80 correlations calculated from the ensemble members and the correlation calculated from the ensemble average indices. Numbers outside and inside parentheses are results in JFM and JAS, respectively. The effective sample size is found to be at least 52 for the 60 seasonal series in these calculations. The 5% significance level of a correlation is r > 0.27 for 52 degrees of freedom. The number in bold indicates a correlation significant at the 5% level.
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	Count-Intensity
	Count-CAI
	Intensity-CAI





	EA
	−0.36, 0.06, −0.43

(0.06, 0.11, −0.22)
	0.95, 0.01, 0.96

(0.85, 0.03, 0.83)
	−0.06, 0.07, −0.17

(0.57, 0.09, 0.36)



	NA
	−0.18, 0.07, −0.22

(0.09, 0.08, 0.13)
	0.93, 0.01, 0.94

(0.89, 0.02, 0.90)
	0.19, 0.07, 0.12

(0.53, 0.06, 0.55)



	NPac
	−0.40, 0.05, −0.43

(0.14, 0.05, 0.18)
	0.86, 0.02, 0.87

(0.69, 0.03, 0.70)
	0.11, 0.06, 0.06

(0.81, 0.02, 0.83)



	NAtl
	−0.44, 0.05, −0.49

(0.42, 0.04, 0.47)
	0.61, 0.04, 0.57

(0.75, 0.02, 0.77)
	0.44, 0.06, 0.44

(0.91, 0.02, 0.92)
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Table 3. Statistics related to correlation coefficients in JFM between the linearly de-trended cyclone index and the PC1 of extreme temperature anomalies over Eurasia and North America for the period from 1951 to 2010. Three numbers over each region, in turn, indicate the average and standard deviation of the 80 correlations calculated from the ensemble members and the correlation calculated from the ensemble average indices. The effective sample size is found to be at least 49 for the 60 seasonal time series in these calculations. The 5% significance level of a correlation is r > 0.28 for 49 degrees of freedom. The number in bold indicates a correlation significant at the 5% level.
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Count-PC1

	
Intensity-PC1

	
CAI-PC1






	
EA

	
TN10

	
−0.43, 0.05, −0.45

	
0.32, 0.07, 0.36

	
−0.36, 0.04, −0.38




	
TX10

	
−0.43, 0.03, −0.44

	
0.34, 0.07, 0.39

	
−0.35, 0.04, −0.37




	
TN90

	
0.59, 0.02, 0.61

	
−0.30, 0.07, −0.35

	
0.53, 0.03, 0.56




	
TX90

	
0.59, 0.03, 0.61

	
−0.28, 0.07, −0.31

	
0.54, 0.03, 0.56




	
NA

	
TN10

	
−0.21,0.04, −0.22

	
0.39, 0.07, 0.45

	
−0.06, 0.05, −0.07




	
TX10

	
−0.27, 0.04, −0.28

	
0.38, 0.07, 0.44

	
−0.13, 0.05, −0.14




	
TN90

	
0.10, 0.04, 0.10

	
−0.46, 0.05, −0.53

	
−0.08, 0.05, −0.08




	
TX90

	
0.19, 0.04, 0.20

	
−0.35, 0.06, −0.41

	
0.05, 0.05, 0.06
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