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Abstract 

Circulation modes are highly correlated, yet often distant areas detected in a field of a circulation 

variable, such as sea level pressure, geopotential heights, wind speed, and wind components. 

They consist typically of two or more action centres, which simultaneously weaken or 

strengthen, hence affecting the intensity and direction of atmospheric circulation and 

consequently surface climatic elements, such as temperature and precipitation. Temporal 

variability of action centres affects spatiotemporal distribution of impact on surface climatic 

variables. The availability of gridded datasets allows investigation of temporal behaviour of 

action centres and its impact on surface climatic variables on long time scales over large regions, 

which is, therefore, the main scientific topic of this work. 

Due to a large amount of reanalyses differing in e.g. assimilated type of data and model used for 

their calculation, the comparison of representation of circulation modes and their temporal 

evolution of relationships with surface climatic elements is conducted between reanalyses. 

Circulation modes in reanalyses assimilating both surface and upper troposphere/satellite data 

(ERA40, JRA-55, NCEP-1) are mostly similar whereas the 20CRv2c reanalysis, which utilizes 

surface data only, contains biases. Although the ERA-20C reanalysis assimilates surface data 

only as well, it does not hold any substantial biases. Furthermore, temporal evolution of 

relationships between circulation modes and temperature in ERA-20C is similar to other 

reanalyses. Owing to a large agreement of ERA-20C with other reanalyses and its long temporal 

coverage spanning the whole 20th century, it is consequently utilized for identification of 

circulation modes in further century-long analyses. To evaluate also the gridded data containing 

surface climatic variables, relationships with circulation modes between station data and the 

nearest gridpoints from the CRUTS dataset are compared. It is shown that the temporal 

evolution of relationships at the majority of station-gridpoint pairs is similar. Thus, both ERA-

20C and CRUTS datasets are proved to be reliable for our purposes. Then, the temporal 

evolution of relationships, determined by running correlations between circulation modes (from 

ERA-20C) and temperature and precipitation (from CRUTS), is investigated between 1901 and 

2010 over the Northern Extratropics. Clustering of running correlations delimits areas where 

temporal evolution of the effect of circulation modes on temperature and precipitation is similar. 

Generally, the variation of action centres – mainly in their position, shape, and intensity – is 

responsible for the nonstationarity of relationships with surface climatic elements. 

Key words: circulation modes, principal component analysis, running correlations, reanalyses



Abstrakt 

Cirkulační módy jsou silně korelované, avšak často geograficky vzdálené oblasti, které lze 

detekovat v poli cirkulační proměnné, jako jsou přízemní tlak vzduchu, geopotenciální výšky či 

rychlosti větru a jeho složky. Zpravidla se skládají ze dvou nebo více akčních center, která 

současně slábnou nebo sílí, čímž ovlivňují intenzitu a směr atmosférické cirkulace, a následně i 

přízemní klimatické prvky, jako jsou teplota a srážky. Dlouhodobé změny akčních center 

ovlivňují časoprostorový dopad cirkulačních módů na přízemní klimatické prvky. S využitím 

gridovaných datasetů je možné tyto dlouhodobé změny akčních center a jejich dopady na 

přízemní klimatické prvky analyzovat v dlouhém časovém měřítku a v rozsáhlých oblastech, což 

je také hlavní vědeckou náplní této práce. 

Protože existuje mnoho reanalýz, které se odlišují například v tom, jaká data reanalýza asimiluje, 

nebo v modelu, který je využíván pro jejich výpočet, je nejprve nutné srovnat podobu 

cirkulačních módů a vývoj vztahů mezi nimi a přízemními klimatickými prvky v různých 

reanalýzách. Ukazuje se, že reanalýzy, které asimilují jak přízemní data, tak i data z vyšší 

troposféry nebo satelitů (ERA40, JRA-55, NCEP-1), jsou si navzájem většinou podobné, 

zatímco reanalýza 20CRv2c, která využívá jen přízemní data, obsahuje chyby. Třebaže 

reanalýza ERA-20C využívá taktéž jen přízemní data, významněji se od ostatních reanalýz 

neodlišuje. Časový vývoj vztahů mezi cirkulačními módy a teplotou v ERA-20C je rovněž velmi 

podobný ostatním reanalýzám. Protože ERA-20C se tedy většinou shoduje s ostatními 

reanalýzami, neobsahuje významnější chyby a zároveň pokrývá celé 20. století, je použita pro 

detekci cirkulačních módů v dalších částech, ve kterých se analyzují dlouhodobé změny 

atmosférické cirkulace. Spolehlivost gridovaných přízemních dat obsahující přízemní klimatické 

prvky (z CRUTS datasetu) byla potvrzena srovnáním se staničními daty, neboť byly detekovány 

pouze malé rozdíly v časovém vývoji vztahů mezi teplotou a cirkulačními módy na stanici a 

nejbližším gridovém bodě. Vývoj časových vztahů, které jsou určeny klouzavými korelacemi 

mezi cirkulačními módy (z ERA-20C) a přízemní teplotou nebo srážkami (z CRUTS), jsou 

analyzovány v období 1901 až 2010 pro mimotropické oblasti severní polokoule. Clusterovou 

analýzou jsou vymezeny regiony, ve kterých je časový vývoj vztahů mezi cirkulačními módy a 

teplotou nebo srážkami přibližně stejný. Ukazuje se, že změny vlastností akčních center, 

zejména jejich pozice, tvaru a intenzity, způsobují nestacionaritu jejich vztahů s přízemními 

klimatickými prvky. 

Klíčová slova: cirkulační módy, analýza hlavních komponent, klouzavé korelace, reanalýzy 
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1. Introduction 

1.1 Modes of circulation variability 

Modes of low-frequency circulation variability (in short “circulation modes”), also entitled 

as teleconnections in literature, are composed of action centres either positively or negatively 

correlated in a field of a circulation variable (e.g. geopotential heights, stream function, and 

wind speed) on large geographical scales. Action centres simultaneously weaken or 

strengthen, which affect the direction and intensity of circulation and consequently climatic 

elements in the entire troposphere (etc. temperature, winds, precipitation). Circulation modes 

have also large socioeconomic impact due to their linkage with occurrence of droughts 

(López-Moreno and Vicente-Serrano 2008) and floods (Zanardo et al. 2019), agricultural 

yields (Gimeno et al. 2002), fish population (Stige et al. 2006), condition of ecosystems 

(Ottersen et al. 2001), and many others. 

Pioneering research exposes circulation modes with the use of one-point autocorrelation 

maps in pressure fields (Wallace and Gutzler 1981). Instead of autocorrelation maps, principal 

component analysis (PCA) was shown to be a more suitable method for identification of 

circulation modes (Barnston and Livezey 1987; Horel 1981), and this approach is widely used 

to present, although other approaches, such as neural networks (Monahan 2000) are also 

possible. While autocorrelation maps are computed for a single point only and a huge pile of 

such maps would be needed for an accurate and complete description of teleconnections, PCA 

operates with a whole pressure level and produces a large set of outputs, which represent 

circulation modes. Some climatological studies determine circulation modes as a difference 

between stations or gridpoints, which concerns mainly the North Atlantic Oscillation, 

typically defined by normalized pressure differences between Iceland and the 

Azores/Gibraltar/Lisbon (Hurrell 1995; Rogers 1984), but this approach is limited by the 

assumption that centres of the mode are stationary and located nearby the utilized station 

(Pokorná and Huth 2015). 

The most studied circulation mode is the North Atlantic Oscillation (NAO), which consists 

of two main centres in the North Atlantic: the negative action centre residing approximately 

near Iceland and its positive counterpart located nearby the Azores. Pressure difference 
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between these action centres governs the intensity of zonal circulation and advection of 

relatively warmer and humid Atlantic air masses toward large parts of Eurasia: the positive 

phase of NAO is associated with stronger westerlies toward Eurasia and thereby positive 

temperature and precipitation response over its large parts, even to the Far East (e.g. Hurrell et 

al. 2003). Two other most prominent circulation modes are the Pacific-North American 

pattern (PNA; Leathers et al. 1991) with its four centres located over the eastern North Pacific 

and North America, and West Pacific Oscillation (WPO; Linkin and Nigam 2008), the spatial 

representation of which is similar to NAO but situated in the western North Pacific. Both 

patterns substantially affect climate in North America and eastern Asia. It is worth noticing 

that circulation modes are most often studied for winter (December, January, and February) 

when a sharper temperature contrast between the tropics and the Arctic causes stronger upper 

troposphere circulation and similarly stronger circulation modes. In summer, on the contrary, 

circulation modes are weaker, more regionalized, and some of those recognized in winter not 

detected at all. 

Circulation modes are not stable entities; they exhibit temporal variability from days to 

decades. The interdecadal variability of circulation modes affects long-term relationships with 

surface climatic elements; the relationships thus undergo changes, which result in their 

strengthening and weakening. The first study to notice and examine non-stationarity of effects 

of extratropical circulation modes on surface temperature was that by Chen and Hellström 

(1999) on NAO effects on temperature in Sweden. Non-stationarities of the climatic effects of 

tropical modes were pointed out even earlier, e.g. Opoku-Ankomah and Cordery (1993) who 

examined effects of the Southern Oscillation on temperature in southeast Australia. Generally, 

studies confirm that fluctuations of relationships with surface climatic variables are controlled 

by spatial changes of circulation modes, which in turn also influence spatial impact of the 

mode (Beranová and Huth 2008; Filippi et al. 2014; Gu et al. 2009; Krichak et al. 2002; Jung 

et al. 2003; Vicente-Serrano and López-Moreno 2008; Xu et al. 2016). For example, larger 

impact of NAO on temperature and precipitation in Eurasia from the late 1970s to the early 

1990s is attributed to the eastward shift of the mode (Beranová and Huth 2008; Slonosky et 

al. 2001). Several causes were suggested to explain this dislocation, such as intensity of the 

background flow (Luo and Gong 2006), greenhouse gas forcing (Ulbrich and Christoph 

1999), changes in solar activity (Gimeno et al. 2003), stratospheric circulation (Dong et al. 
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2011), and Atlantic Multidecadal Oscillation (Börgel et al. 2020). Generally, there are not 

many studies investigating interdecadal changes of relationships with surface climatic 

elements and the causes of such nonstationarity. Recently, for example, Soulard et al. (2019) 

analyze temporal variation of impact of some circulation modes on North America, whereas 

Marshall (2021) describes unstable relationships between circulation modes and temperature 

and precipitation over northern Russia. 

1.2 Reanalyses 

Reanalyses are commonly used as a data source for studies of various aspects of 

atmospheric circulation, including the identification of circulation modes. They assimilate 

observed data, which are subsequently processed by a numerical weather prediction model 

into a regularly gridded form. A number of reanalyses exist, differing in the amount and type 

of assimilated data, resolution, temporal coverage, and the model utilized. Depending on the 

type of observed data assimilated, reanalyses can be divided into two categories (Fujiwara et 

al. 2017). First category – full-input reanalyses – utilizes surface station observations (e.g. 

pressure, humidity, wind) and also upper troposphere and satellite data. Most of them start 

around 1950 or later due to the lack of availability of relevant upper air data before the 

1950‟s. On the contrary, surface-input reanalyses use surface observations only, upper-air 

data being completely computed by model, which may bring about various inaccuracies or 

errors. Surface-input reanalyses cover at least the whole 20
th

 century. In this thesis, both 

categories of reanalyses are analysed and compared (Table 1). 

Reanalyses are influenced mainly by the amount and spatial coverage of assimilated 

observations (Wang et al. 2013); for example, the introduction of satellite data after 1979 may 

cause inhomogeneities in reanalyses (Dee and Uppala 2009). Decreased reliability of 

reanalyses is expected over areas with the lack of observations and also in the 19
th

 century and 

the first half of the 20
th

 century, due to lower density of assimilated observations. Thus, 

although changes in atmospheric circulation can be tracked even to the 19
th

 century in some 

reanalyses (Table 1), one has to take into account decreased reliability in the early periods. 
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Name Abbreviation 
Temporal 

coverage 
Category Reference 

NOAA-CIRES-DOE Twentieth 

Century Reanalysis version 2c 
20CRv2c 1851 - 2014 Surface-input 

Compo et al. 

(2011) 

NOAA-CIRES-DOE Twentieth 

Century Reanalysis version 3 
20CRv3 1836 - 2015 Surface-input 

Slivinski et al. 

(2021) 

ECMWF Twentieth Century 

Reanalysis 
ERA-20C 1900 - 2010 Surface-input 

Poli et al. 

(2016) 

ECMWF 40-year Second 

Generation Reanalysis 
ERA-40 1957 - 2002 Full-input 

Uppala et al. 

(2005) 

Japanese 55-Year Reanalysis 

(JRA) Project 
JRA-55 1957 - 2022 Full-input 

Kobayashi et 

al. (2015) 

NCEP/NCAR Reanalysis 1 NCEP-1 1948 - 2022 Full-input 
Kalnay et al. 

(1996) 

Table 1: Reanalyses used in the thesis. 

1.3 Motivation and goals of the theses 

The availability of datasets spanning the 20
th

 century provides an excellent opportunity for 

studying long-term changes in circulation modes and their impact on relationships with 

surface climatic variables. However, papers published on this topic are limited to selected 

geographical areas and typically study one mode or a few of them. Also, there are only a few 

papers analysing circulation modes in the first half of the 20
th

 century. A complex picture of 

how the nonstationarity of circulation modes affects their relationships with surface climatic 

elements during the 20
th

 century on large spatial scales and in various reanalyses is missing. 

This research gap is addressed here; the main goal is to give a compact view on how the 

association between circulation modes and surface climatic elements, that is temperature and 

precipitation, has been changing since the beginning of the 20
th

 century over the Northern 

Extratropics in winter. 

Firstly, one has to select reanalysis that will be utilized for detection of circulation modes. 

Various characteristics of atmospheric circulation have been compared between reanalyses, 

e.g. the number of cyclones (Wang et al. 2016), circulation types (Stryhal and Huth 2017), 

and blocking activity (Rohrer et al. 2018), but no study has investigated differences in 

circulation modes and temporal evolution of relationships with surface climatic elements 
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among reanalyses yet. We may ask, for example, whether circulation modes are similar 

between reanalyses. Does temporal evolution of relationships with surface climatic elements 

correspond between reanalyses? Are there substantial differences between full-input and 

surface-input reanalyses? For the purposes of this study, the reanalysis has to be selected from 

the surface-input category, because we intend to cover the whole 20
th

 century. 

Furthermore, there are also several datasets containing surface climatic variables. Gridded 

surface datasets are created by interpolation of observed data into a regular network. The 

question on whether interpolation may substantially change temporal evolution of 

relationships with circulation modes at gridpoints is certainly relevant, but has until now been 

neither answered nor even posed. Is this evolution at a station similar to the nearest gridpoint? 

If so, a gridded dataset is preferred in further analyses due to its spatial (gridpoints are 

organized in a regular form) and temporal consistency (the same full temporal coverage at all 

gridpoints). 

Hence, the aims of the thesis are: 

 Comparison of reanalyses (Table 1) and selection of the reanalysis, in which 

circulation modes are detected; 

 Evaluation of relationships between temperature and circulation modes in gridded 

datasets and observations and their comparison; 

 Analysis of temporal variation of relationships between circulation modes and surface 

climatic variables. 

1.4 Structure of results and overview of papers 

Results are divided into three parts. Comparison of reanalyses is carried out in the first part 

(Sec. 2). 

Paper I. Comparison of circulation modes between five reanalyses (Sec. 2.1) 

Hynčica, M., Huth, R. (2020). Modes of atmospheric circulation variability in the 

Northern Extratropics: A comparison of five reanalyses. Journal of Climate, 33, 10707-

10726. 
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Paper II. Comparing relationships with circulation modes between reanalyses (Sec 2.2) 

Hynčica, M., Huth, R. (2021). Temporal evolution of relationships between temperature 

and circulation modes in five reanalyses. International Journal of Climatology, 42, 

4391-4404. 

 

The second part of results (Sec. 3) provides comparison of temporal evolution of 

relationships of circulation modes with temperature between stations and their nearest 

gridpoints from the Climatic Research Unit gridded Time Series Dataset (Harris et al. 2020, 

the CRU dataset). 

Paper III. Temporal evolution of relationships between circulation modes and temperature at 

station and the nearest gridpoint from the CRU. 

Hynčica, M., Huth, R. (2020). Gridded versus station temperatures: Time evolution of 

relationships with atmospheric circulation. Journal of Geophysical Research: 

Atmospheres, 125, e2020JD033254. 

 

Temporal evolution of relationships between circulation modes and temperature and 

precipitation is investigated over the Northern Extratropics since the beginning of the 20
th

 

century in Sec. 4. 

Paper IV. Evolution of relationships between surface climatic variables and circulation 

modes. 

Hynčica, M., Huth, R. (2022). Temporal variation of relationships between circulation 

modes and surface climatic variables in the 20
th

 century in winter. Journal of Climate. In 

Review. 
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2. Comparison of reanalyses 

The main goal of this section is to select a reliable reanalysis, which does not hold biases 

affecting circulation modes and their temporal evolution with surface climatic variables. In 

addition, the reanalysis has to be selected from the surface-input category due to the necessity 

of its long temporal coverage. In the first subsection, the representation of circulation modes 

is compared between five reanalyses (Sec. 2.1) in the second half of the 20
th

 century. In the 

second subsection (Sec. 2.2), the temporal evolution of relationships between surface 

temperature and circulation modes detected in five reanalyses is compared. It is shown that 

the most suitable reanalysis for purposes of this study is ERA-20C. 
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2.1 Comparison of circulation modes between reanalyses 

Paper I: Hynčica, M., Huth, R. (2020). Modes of atmospheric circulation variability in the Northern 

Extratropics: A comparison of five reanalyses. Journal of Climate, 33 10707-10726. 
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2.2 Comparing relationships with circulation modes between reanalyses 

Paper II: Hynčica, M., Huth, R. (2021). Temporal evolution of relationships between temperature and 

circulation modes in five reanalyses. International Journal of Climatology, 42, 4391-4404. 
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3. Comparing relationships with circulation modes at gridpoints and 

nearest stations 

Here, the evaluation of the CRU dataset is conducted by comparison of relationships 

between circulation modes and temperature at stations and their nearest gridpoints. A large 

agreement between the CRU dataset and observations is evident, only regional biases in the 

CRU dataset appear mostly in orographically complex areas, such as eastern Asia or Rocky 

Mountains, and isolated locations, e.g. islands. 

 

Paper III: Hynčica, M., Huth, R. (2020). Gridded versus station temperatures: Time 

evolution of relationships with atmospheric circulation. Journal of Geophysical Research: 

Atmospheres, 125, e2020JD033254. 
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4. Temporal evolution of relationships between surface climatic variables 

and circulation modes 

The ERA-20C reanalysis and the CRU dataset were shown to be appropriate datasets for 

purposes of this study. Hence, the temporal evolution of relationships between circulation 

modes (from ERA-20C) and surface temperature and precipitation (both from the CRU 

dataset) is determined by 15-year running correlations. The analysis is conducted for 1901-

2010 for winter (DJF). Time series of running correlations are then clustered to determine 

regions where the behaviour of relationships with atmospheric circulation is similar. It is 

shown that changes in action centres, mainly their position, intensity, and shape, affect 

spatiotemporal impact of circulation modes on surface climatic variables. 

 

Paper IV: Hynčica, M., Huth, R. (2022). Temporal variation of relationships between 

circulation modes and surface climatic variables in the 20
th

 century in winter. Journal of 

Climate. In Review. 
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Abstract 

Circulation modes undergo decadal variability, which also affects spatiotemporal impact of 

modes on climatic variables on long time scales. Previous studies focused either to one 

circulation mode or to limited geographical area. In this study, the topic is substantially 

extended as we provide an overview of long-term variations of nine circulation modes in 

winter and their impact on relationships with surface climatic variables, that is, temperature 

and precipitation, during the 20
th

 century over the Northern Extratropics. Circulation modes 

are identified by rotated Principal Component Analysis of 500 hPa geopotential heights in the 

ERA-20C reanalysis; gridded surface climatic data are gained from the CRUTS dataset. 

Temporal variations of relationships are evaluated by 15-year running correlations between 

circulation modes and climatic variables at all land gridpoints. Time series of running 

correlations with all nine circulation modes at all gridpoints are clustered using the 

partitioning around medoids (PAM) method into 18 and 11 clusters for temperature and 

precipitation, respectively. Composite maps, displaying the modes during specific periods of 

strengthened, weakened, and normal relationships with climatic variables, are used for 

determination of mechanisms responsible for the variation of relationships. The main 

mechanisms are changes in the location, shape, and intensity of centres, and formation or split 

of centres. These mechanisms affect mainly the intensity and direction of advection, which 

translate into the magnitude of relationships. Possible causes of changes in circulation modes 

are linked with El Niño‐Southern Oscillation (ENSO), shifts of the Pacific Decadal 

Oscillation (PDO), and long-term changes in the sea ice extent. 

Keywords: atmospheric circulation, circulation modes, teleconnections, non-stationarity, 

temporal variation 
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1. Introduction 

Modes of low-frequency variability of atmospheric circulation („circulation modes‟ for 

brevity), also referred as teleconnections in literature, are composed of typically two or more 

mutually correlated centres, all of which simultaneously strengthen and/or weaken. The 

modes modify various climatic variables, such as temperature, winds, and precipitation. The 

most often studied circulation modes are the North Atlantic Oscillation (NAO) and the 

Pacific-North American pattern (PNA). Two centres of the former are located over the 

Atlantic Ocean and pressure gradient between them modulates the strength of westerlies into 

Eurasia, hence influencing climatic variables across much of the continent (e.g. Hurrell 1995; 

Wanner et al. 2001; Trigo et al. 2002). The PNA pattern consists of four centres over the 

Pacific Ocean and North America, regulates the undulation of zonal flow, and accounts for 

variation of climatic variables mainly in North America (Leathers et al. 1991; Soulard et al. 

2019). 

Circulation modes undergo spatiotemporal variability in a short-term (days, weeks, months) 

and long-term (years, decades) range. The decadal variability of circulation modes manifests 

in changes in position, intensity, and shapes of circulation modes, which subsequently lead to 

a strengthening or weakening of relationships with climatic variables on long time scales. An 

illustration of such a variability is the widely studied response of surface climatic variables to 

the eastward migration of NAO in the second half of the 20
th

 century, which led to larger 

correlations with temperature and precipitation over Eurasia (Jung et al. 2003; Beranová and 

Huth 2008; Vicente-Serrano and López-Moreno 2008; Yadav et al. 2009; Filippi et al. 2014; 

Xu et al. 2016; Zuo et al. 2016; Marshall 2021). Yet, decadal changes in relationships 

between circulation modes and surface climatic variables have been studied rarely. Beranová 

and Huth (2008) analyse non-stationarity of precipitation and temperature linkage with four 

modes over Europe, whereas Krichak et al. (2002) study the decadal change in relationships 

with two circulation modes in the eastern Mediterranean. Marshall (2021) describes changing 

relationships with circulation modes over Northern Russia. Hertig et al. (2015) provide a 

review of non-stationarities in circulation modes in Europe and the North Atlantic. 

All the studies mentioned above analyse station data in the second half of the 20
th

 century. To 

our knowledge, however, no study has investigated changes in relationships with surface 
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climatic variables during the whole 20
th

 century, for all circulation modes, and using surface 

gridded data. Hence, this study fills this gap by analysing decadal variation of relationships 

between circulation modes and temperature and precipitation data from a gridded dataset 

between 1901 and 2010 in winter. 

2. Data and methodology 

The analysis is conducted for winter (December, January, and February) between 1901 and 

2010 for the northern Extratropics (delimited by 20° N). The analysed period is determined by 

the temporal availability of the utilized datasets. 

2.1 Identification of circulation modes  

The ERA-20C reanalysis (Poli et al. 2016) is employed for the detection of circulation modes. 

The common characteristic of reanalyses covering the entire 20
th

 century is the assimilation of 

surface data only. Specifically, ERA-20C is computed with the use of surface pressure and 

marine winds only. Hynčica and Huth (2020a) show that circulation modes in ERA-20C are 

largely consistent with “traditional” full-input reanalyses, which are considered more reliable 

owing to the assimilation of much more data from radiosondes, satellites, and other sources, 

allowing the three-dimensional structure of atmosphere to be fully captured. Another 

reanalysis covering the 20
th

 century, 20CRv2c (Compo et al. 2011), has been shown to 

contain biases over southern Asia, which result in a different spatial representation of some 

circulation modes (Hynčica and Huth, 2020a). These biases have been eliminated in its new 

version, 20CRv3 (Slivinski et al. 2019), which is confirmed by its comparison with four other 

reanalyses (Hynčica and Huth, 2022). Nevertheless, ERA-20C is preferred in this study 

because its circulation modes are largely consistent with other reanalyses in all seasons 

(Hynčica and Huth, 2020a), which adds more confidence to mid-troposphere pressure fields 

in ERA-20C. 

Circulation modes are detected with the use of Principal Component Analysis (PCA) with 

correlation matrix. We utilize monthly anomalies of 500 hPa geopotential heights on the 

5°x5° grid. The effect of converging meridians towards the pole, which negatively influences 

outputs of PCA, is eliminated by using a quasi-equal-area grid, that is, by omitting gridpoints 

so that the mean area of a grid box is approximately the same in all latitudes (Araneo and 
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Compagnucci 2004; Huth 2006; Hynčica and Huth 2020a). Varimax rotation is then applied 

to the selected number of components. The number of components to rotate is assessed with 

the use of a scree-plot (Fig. S1) where explained variance is plotted against the order of 

components; the rightmost drop on the plot indicates the number of components to rotate. 

Whereas the scree-plot indicates that ten components should be rotated (Fig. S1), we prefer to 

rotate nine components in order to make our study consistent with other studies (Barnston and 

Livezey 1987, Huth et al. 2006, Hynčica and Huth 2020a). All components correspond to 

well-known circulation modes. The outputs of PCA are loadings (spatial representation of 

modes giving correlations of modes with the original data field), scores (temporal intensity of 

modes), and explained variance of individual modes. 

2.2 Running correlations 

Temperature and precipitation data are obtained from the Climatic Research Unit Time Series 

v. 4.03 dataset (Harris et al. 2020), hereafter named as the CRU dataset. CRU data are 

available at land grid points only. Relationships with circulation modes in the CRU dataset 

are largely consistent with the station data (Hynčica and Huth, 2020b), hence, we consider it 

reliable for our purposes. The original resolution of the CRU dataset (0.5 x 0.5°) is lowered 

by omitting every second gridpoint, the amount of considered gridpoints being, therefore, 

23.112 for temperature. However, some gridpoints with no precipitation data, mainly over 

Greenland and the Sahara, are left out; number of analysed gridpoints for precipitation is 

22.193. 

Running correlations with the window of 45 months and the one-month step are calculated 

between time series of the intensities (scores) of the nine circulation modes and temperature 

and precipitation anomalies from long-term averages at each gridpoint. The running windows 

are labelled by their central month. Hence, time series of running correlations start in 

February 1908 (corresponding to period January 1901 – December 1915) and end in February 

2003 (corresponding to January 1996 – December 2010). They describe how the influence of 

modes on temperature and precipitation was changing during the 20
th

 century at each 

gridpoint. 
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2.3 Cluster analysis 

Having a huge number of time series of running correlations, which are difficult to handle, 

cluster analysis is utilized to aggregate information on the behaviour of running correlations 

over large geographical areas. Of many existing clustering methods, we opt for “partitioning 

around medoids” (PAM) with Euclidean distance, which is carried out in the R environment 

with the use of the clara package (Kaufman and Rousseeuw 1990). This method is relatively 

computationally inexpensive and fairly effective. The principle of PAM is the detection of 

representative objects (time series in our case), that is, medoids, around which clustering with 

Euclidean distance proceeds. All time series are assigned to the nearest medoid, which leads 

to formation of clusters. Euclidean distance represents square root of sum-of-squares of 

differences between medoids and individual objects. Other measures that were also tested 

(e.g. Manhattan distance, dynamic time wrapping, and Pearson correlation coefficient) 

brought either fairly similar results or solutions, in which clusters were highly geographically 

incoherent. 

Before entering cluster analysis, time series of running correlations are multiplied by the 

absolute value of long-term correlation (that is, correlation over the entire analysis period). 

This approach allows strong correlations of either sign to have a larger weight in the 

clustering procedure as it amplifies running correlations with circulation modes holding 

strong relationships, that is, having large long-term correlation, while weak relationships are 

suppressed. This is appropriate since we are interested in time variations of really existing 

relationships and not in relationships with no effect on temperature and precipitation that lack 

statistical significance; it is also appropriate that strong relationships (i.e., higher correlations) 

have a stronger effect on the result of clustering than weak ones. The time series adjusted for 

the strength of correlation are concatenated, which results in one series of running correlations 

with all nine circulation modes at each gridpoint. These series are then clustered by the PAM 

method. The determination of the number of clusters is somewhat subjective. We estimate the 

number of clusters manually by comparing solutions from 10 to 20 clusters. Clusters should 

be as geographically coherent as possible; the best solution that we choose seems to be 18 

clusters for temperature and 11 clusters for precipitation. 
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Time series in clusters are then filtered in two steps with the objective that information on 

time variation of relationships is conveyed in as clear way as possible. Firstly, there are time 

series weakly temporally correlated with some circulation modes. Therefore, for each cluster 

and circulation mode, time series with majority of running correlations close to zero, that is, 

with at least 66 % of values of running correlations being within ±0.3 (for temperature) or 

±0.25 (for precipitation), are not considered in further analysis. In addition, for clusters in 

which the proportion of such removed time series exceeds 90 %, the relationship with a 

circulation mode is not analysed. Secondly, small groups of time series that substantially 

differ from the rest of time series for a specific mode and a specific cluster in terms of 

magnitude and/or temporal course, are not considered in further analysis. An example is the 

few time series with the most positive correlations with temperature for PNA in cluster 3 

(second column and third row in Fig. S2). This applies mainly for time series assigned to 

geographically incoherent clusters (e.g. those containing island stations). The number of such 

removed time series is fairly small, usually not exceeding 20 for one cluster, so the impact on 

results is negligible. Both steps lead to the reduction of data analysed and displayed while 

bringing clearer results at the expense of losing little information only. 

Some clusters contain two courses of running correlations with opposite signs. Those two 

courses can run nearly parallel (e.g. temperature and WPO in cluster 1; first column and first 

row in Fig. S2) or completely different (e.g. temperature and EA in cluster 9; sixth column 

and ninth row in Fig. S2). This feature is inherent to clustering because some clusters cover 

areas with opposite relationships with circulation modes. However, to keep the results clear, 

the displayed time series always represents the dominant branch, i.e. that containing more 

gridpoints. 

Composite maps for all running periods are calculated as a difference of 500 hPa height 

composites when the intensity of a circulation mode is larger than +1 and lower than -1. They 

are utilized for the explanation of changes in relationships with climatic variables. Action 

centres are defined as the largest or lowest value in composite maps in all running periods, 

respectively to each circulation mode. We can therefore compile time series of the position 

and strength of action centres. Note that all years and periods in the following text correspond 

to 15-year running periods, not to exact dates. 
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3 Results 

Fig. 1 displays nine circulation modes in ERA-20C with their respective explained variance 

and abbreviations adopted from Barnston and Livezey (1987). Note that Eurasian pattern type 

1 is not identified even if other numbers of components are rotated. The pattern resembling 

the Eurasian pattern identified by Wallace and Gutzler (1981) and Liu et al. (2014) is detected 

instead and named here Eurasian pattern Type 3 (EU3). 

 

FIG. 1. Circulation modes in winter (1901-2010) in ERA-20C, their abbreviations, and 

explained variance (in %). 

Analysed time series satisfying conditions presented in Sec. 2.3 and the average running 

correlations over all analysed gridpoints for each cluster and circulation mode are displayed in 

Figs. S2 and S3. Time series of corresponding anomalies from the long-term average 

correlation (that is, average of correlations for all running periods) for temperature and 

precipitation are shown in lower parts of Figs. 2 and 3, respectively. The running correlations 
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with a mode representative for the cluster are calculated only from the time series with a non-

negligible relationship to a circulation mode, that is, with at least 34% of running correlations 

exceeding the threshold (±0.3 for temperature and ±0.25 for precipitation). The percentage of 

such time series for each cluster-mode pair is indicated by the width of a bar. Normal 

relationship is when running correlations are within ±0.1 around the long-term correlation. 

Anomalies of running correlations larger than 0.1 indicate periods of either strengthened (if 

approaching ±1) or weakened (if approaching 0) relationships. In the following sections, we 

do not mention references to Figs. 2 and 3 for each circulation mode due to length of the text. 

Cluster analysis delimits large areas where temporal evolution of relationships with all nine 

circulation modes is approximately similar. However, some clusters are not spatially 

consistent; for example, some island stations belong to distant clusters (e.g. for temperature, 

parts of Ryukyu Islands belong to cluster 3 in North America; Fig. 2). An even more striking 

example is cluster 9 for temperature, which is divided into two geographically distant areas: 

southwestern US and southeastern Europe to western Siberia (Fig. 2). Discrepancies in the 

CRU dataset (Hynčica and Huth 2020b) may partly explain why cluster analysis merges 

distant areas into one cluster. Nevertheless, filtering of time series in clusters (Sec. 2.3.) 

minimizes the impact of such distant locations on the characteristic temporal course of 

correlation anomalies as shown in Figs. 2 and 3. This is exemplified for temperature in cluster 

9: the impact of its minor part in North America is suppressed and the cluster therefore 

corresponds to the Eurasian climate. Because relationships of modes with precipitation are 

generally weaker and more regionalized, some clusters are divided into several distant areas 

(clusters 8 and 9, Fig. 3). The large blank cluster (Fig. 3) aggregates regions where only one 

or no circulation mode has non-negligible influence (as defined by the thresholds for running 

correlations introduced in Sec. 2.3) on precipitation (Fig. S4), which is why cluster analysis 

does not divide it into additional clusters. 

 



76 

 

 



77 

 

FIG. 2. Clusters with similar temporal evolution of relationships between surface temperature 

anomalies and intensity of circulation modes (1908 – 2003). Top: map of clusters. Bottom: 

temporal evolution of correlations in each cluster. Horizontal bars display anomalies of 

running correlations from their long-term average. Colours indicate deviations of running 

correlations from the long-term average correlation: strengthened relationships (i.e., 

correlations closer to ±1) are in red, weakened relationships (i.e., correlations closer to 0) are 

in blue, running correlations within ±0.1 (normal relationships) from the long-term average 

correlation are in white. The width of each bar represents the percentage of gridpoints in a 

cluster from which the temporal evolution of the cluster is calculated, that is, percentage of 

gridpoints with at least 34% of running correlations exceeding the threshold of ±0.3. Dark 

(light) grey frame of the bar denotes positive (negative) long-term correlation; cluster-mode 

pairs with two different branches of temporal courses of correlations are indicated by a dashed 

frame.  
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FIG. 3. As in Fig. 2, but for precipitation. The threshold value is 0.25. Please see Sec. 3 for 

the explanation of blank cluster. 

 



79 

 

Geographical distribution of relationships with circulation modes (Figs 2 and 3) shows that 

entire North America except northeastern Canada is affected by WPO, PNA, and EP. Its 

eastern and southeastern part is also affected by TNH and, somewhat marginally, also by 

Atlantic and Eurasian modes (NAO, EU2, EA, NA). Dominant circulation modes in Europe 

and northern Africa are NAO, EU2, and EA, smaller influence is found for NA, EP, and EU3. 

Interestingly, the Pacific modes (WPO, PNA, EP, and TNH) correlate with precipitation in 

the Mediterranean and the Iberian Peninsula. This linkage may be real since the linkage 

between precipitation in the Mediterranean and El Niño‐Southern Oscillation has been 

documented by several studies (Pozo-Vázquez et al. 2005; Brönnimann et al. 2007; 

Zanchettin et al. 2008). For Asia, the most prominent circulation modes are WPO, NA, and 

EU3, while other circulation modes manifest in regional scale (PNA, NAO, EU2, and EP). 

In further subsections, we analyse temporal variation of relationships with all nine circulation 

modes; the three most prominent modes, namely WPO, PNA and NAO, are investigated in 

more detail in separate subsections. 

3.1 WPO 

WPO consists of the negative centre residing in the Bering Sea and its positive counterpart, 

which occupies a zonally elongated belt along 30 to 35 ° parallels. The positive phase of 

WPO is associated with stronger zonal circulation over western North Pacific (Barnston and 

Livezey 1987; Linkin and Nigam 2008) and hence prevailing positive temperature 

correlations in North America (Fig. 4a). Positive correlations are found also in southern and 

southeastern Asia, while negative temperature response over northeastern Asia arises from a 

deeper negative centre strengthening cold advection to the area (Linkin and Nigam 2008; Xu 

and Fan 2020; Aru et al. 2021). Precipitation correlations are more patchy; they are negative 

in central and western North America and northeastern Asia, while positive correlations 

appear in central Asia and southeastern North America (Fig. 4a). 
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FIG. 4. WPO. (a) Long-term correlation (1901-2010, DJF) between the mode and 

temperature (left) and precipitation (right) anomalies. (b) Composite maps of 500 hPa 

geopotential heights for selected time periods. Full / dashed contours indicate positive / 

negative values; zero line is omitted; contour interval is 40 m. Red (blue) colours represent 

clusters with a strengthened (weakened) relationship with temperature in the period. Clusters 

in grey have normal relationship with the mode. White colour denotes clusters with missing 

or negligible relationship with the mode. (c) Time series of longitude, latitude (both in °), and 

intensity (in m) of the action centres for running periods centred on 1908 to 2003. Grey strips 

mark periods, for which composite differences are displayed in Fig. 4b. 
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The impact of WPO on North America is mostly controlled by the distance and shape of its 

action centres. Particularly strong correlations with temperature and precipitation in the 1930s 

are triggered by an extensive prolongation of the southern centre toward the continent (1933-

1938; Fig. 4b,c). While this centre acquires its previous position and shape, relationships 

return back to normal (1940-1950). Yet, correlations with temperature substantially drop in 

cluster 4 afterwards due to approaching of low geopotential heights over the Labrador Sea to 

the cluster (1940-1950 in Fig. 4b), which intensifies advection of colder northerly air. 

Relationships in North America are hence modified by the intensity and shape of the 

additional third shallow centre over eastern Canada and the Labrador Sea (also detected in 

Linkin and Nigam 2008). Generally low influence of WPO on temperature in North America 

and precipitation in western US in the 1970s is accompanied by distant positions of both main 

centres (Fig. 4c) associated with an anticyclonic anomaly over eastern North America (1972-

1979 in Fig. 4b). 

Influence of WPO on temperature in southeastern Asia (clusters 13 and 14) is dependent on 

the spatial setting of the entire mode. At the beginning of the 20
th

 century, impact of the mode 

is suppressed because the mode is weak (Fig. 4c), the northern centre does not considerably 

extend to Eurasia, and the southern centre is located solely in the Pacific while completely 

lacking its zonally elongated shape (1908-1923 in Fig. 4b). Conversely, when the southern 

centre is stronger (Fig. 4c, 1992-2002 in Fig. 4b) and/or bowed northward (1972-1979 in Fig. 

4b), more pronounced advection of warmer Pacific air along its southern flank toward Asia in 

the positive phase of WPO accounts for the strengthened relationships. In addition, the impact 

of the northern centre on Asia is accentuated after the late 1970s, when the centre started to 

move westward toward the continent (Fig. 4c), resulting in gradually increasing influence on 

both temperature and precipitation in the Asian clusters, despite weakening of the centre. An 

even larger impact on temperature is detected after 1991, owing to the both centres stretching 

toward the continent (1992-2002 in Fig. 4b), although relationship with precipitation weakens 

due to increased anticyclonality related to southern centre (clusters 8 and 9). Large variability 

of the relationship between WPO and temperature in cluster 12 (the Persian Gulf) is attributed 

to a spatial variation of the southern belt, which modulates the inflow of air mass: 

strengthened relationships are associated with stronger easterly winds carrying warmer air 

mass (Fig. 5). Relationships near the Kamchatka peninsula (clusters 18 and 10 for 
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temperature and precipitation, respectively) are governed by the northern centre. Its 

southeasterly displacement (Fig. 4c) favours intrusion of warmer air along front side of the 

centre, which results in weakened correlations during the first two decades (1908-1923 in Fig 

4b), whereas the northwesterly excursion and increased intensity of the centre (Fig. 4c) leads 

to the opposite (1940-1950 in Fig. 4b). 

 

FIG. 5. Variations of wind anomalies (m/s) in 500 hPa associated with weak or strong 

correlations between WPO and temperature in cluster 12 (the Persian Gulf) in two selected 

running correlations periods. The cluster in blue (red) holds weakened (strengthened) 

relationship with temperature. 

3.2 PNA 

The PNA pattern consists of four centres: the Aleutian low in the northern Pacific and its 

positive counterpart located in the area of the Hawaiian high, the ridge covering northwestern 

parts of North America, and the trough occupying eastern US. PNA modulates the intensity of 

zonal flow toward North America and its positive phase is associated with more meridional 

circulation over the continent, while its negative phase corresponds to a zonally oriented flow 

(Leathers et al. 1991, Liu et al. 2015). Positive correlations with temperature over the 

northwestern half of North America (Fig. 6a) are result of enhanced ridging in PNA‟s positive 
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phase and consequent stronger intrusion of warmer air from the southwest, whereas 

intensified advection of cold air leads to a negative temperature response in southeastern 

USA. The positive phase of PNA tied with a southward shift of the jet stream results in a 

negative relationship with precipitation in central USA (Fig. 6a; Leathers et al. 1991).  

Weaker relationships with temperature and precipitation over North America in the first two 

decades can be explained by two factors. Firstly, both the centres over North America are 

weaker and smaller (1912 – 1919 in Fig. 6b, Fig. 6c), which leads to reduced meridional flow 

and therefore close-to-zero correlations across the continent, mainly in northern and 

southeastern parts of North America. Secondly, the Aleutian low is shifted westwards in the 

beginning (Fig. 6c), which may also contribute to weakened relationships. The Aleutian Low 

also modulates temperature relationships over eastern Asia (Fig. 6a): its extension into the 

continent implies a strengthened linkage (the 1940s, the 1970s; Fig. 6b) and vice versa (1910- 

1930, 1912-1919 in Fig. 6b). 

The specific structure of PNA during the 1940s leads to an amplified impact on temperature 

and precipitation. Both centres over North America are spatially extensive, the ridge shifts 

poleward, and the eastern American trough is particularly strong in the early 1940s (1941-

1945 in Fig. 6b, Fig. 6c). Such spatial setting brings about increased meridionality and hence 

strengthened relationships with both climatic variables. Owing to a northwestward shift of the 

ridge (Fig. 6c) and its stretching in the meridional direction, lower impact on temperature and 

precipitation is detected between 1959 and 1964 (Fig. 6b). The subsequent episode of 

prevailing strengthened relationships with temperature (1969-1977 in Fig 6b) is characterized 

by strong centres over North America (Fig. 6c), which contribute to enhanced meridional 

circulation. The weakest relationships with temperature and precipitation are revealed at the 

end of the studied period as a result of a substantial change of PNA: the mode exhibits a more 

zonal appearance (1992-2002 in Fig. 6b), its action centres gradually weaken, both North 

American centres migrate eastward, and the Aleutian low is located more westerly (Fig. 6c), 

all of which indicate a reduced impact on climatic variables in North America. 
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FIG. 6. As in Fig. 4, but for the PNA pattern and its four action centres. 
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3.3 NAO 

NAO consists of two centres over the Atlantic Ocean. The northern negative (Icelandic) 

centre is located in the vicinity of Greenland, while the southern positive (Azores) centre 

extends along the 40° N parallel. NAO modifies westerlies to Eurasia, hence in its positive 

phase having a positive impact on temperature and precipitation over much of Eurasia, and to 

a lesser extent, in southern and southeastern North America (Fig. 7a). Negative correlations 

occur over the Mediterranean, northern Africa, northeastern North America, and Greenland 

(Fig. 7a; Trigo et al. 2002; Hurrell et al. 2002; Yu et al. 2019). 

The impact of NAO in Eurasia is mainly dependent on the position and shape of both centres. 

The eastward shift of the Icelandic centre leads to increased correlations with climatic 

variables over much of Eurasia between 1920 and 1940, and particularly during the late 1970s 

and 1980s (Fig. 7b,c; Jung et al. 2003; Beranová and Huth, 2008; Luo et al. 2010). Besides, 

the latter period is accompanied by a fairly different spatial representation of NAO: both 

centres are more extensive and more zonally prolonged (1971-1993 in Fig. 7b), which results 

in stronger zonal circulation and hence substantially larger impact on climatic variables than 

in 1920-1940. Weaker correlations with temperature and precipitation around 1950 are 

induced by the westerly displaced Icelandic centre (Fig. 7c; Vicente-Serrano and López 

Moreno, 2008; Rust et al. 2021) and the split of the Azores centre into two parts, which also 

leads to a pronounced decrease in correlations in eastern Europe and west Asia (1947-1954 in 

Fig. 7b). 

Temporal variations of relationships between NAO and temperature in North America are 

opposite to those in Eurasia and similarly relate to the shift of the centres: weaker 

relationships until 1935 and after 1980 (Fig. 7b) are associated with the eastward shift of both 

centres while relationships strengthen between 1935 and 1980 due to the centres being closer 

to North America (Fig. 7c). 
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FIG. 7. As in Fig. 4, but for the NAO pattern. Green (grey) strips in Fig. 7c correspond to 

composite maps for North America (Fig. 7b, left) and Eurasia (Fig. 7b, right), respectively. 

The Mediterranean and the Persian Gulf hold negative correlations of NAO with both 

temperature and precipitation (Mariotti and Dell`Aquila 2012; Donat et al. 2013; Attada et al. 

2018; Seager et al. 2020). Studies generally document a rather low influence of NAO on 
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temperature over the Mediterranean (e.g. López-Moreno et al. 2011; Mariotti and Dell`Aquila 

2012) but the intensity and spatial impact of NAO seem to be more complex and highly 

sensitive to locations of the NAO centres (Castro-Díez et al. 2002). Temporal variation of 

relationships with both temperature and precipitation in the Mediterranean is dominated by 

the Azores centre. Until the 1950s, it is displaced westwards, relatively far from the continent, 

which leads to weakened relationships. In the 1950s and 1960s, split of the Azores centre 

(1947-1954; 1954-1966 in Fig. 7b; Vicente-Serrano and López Moreno, 2008) may also 

contribute to weakened relationships with both temperature and precipitation. As the centre 

subsequently stretches and approaches toward Eurasia (1971-1993 in Fig. 7b, Fig. 7c), a 

gradually increasing impact on the Mediterranean is observed (Trigo et al. 2004; Beranová 

and Huth, 2008; Rust et al. 2021) due to larger anticyclonality associated with drier 

conditions, and intensified northeasterly advection tied with colder conditions. 

3.4 Other modes 

In this section, we briefly describe temporal variations of relationships with the remaining 

circulation modes, in the order of their explained variance. 

EU2 is the fourth most prominent circulation mode in the Northern Hemisphere, explaining 

7.2% of variance. Two of its main centres occupy northern Europe and central Asia, while the 

third weaker centre is located nearby Greenland. Weakened relationships with temperature are 

observed when both the centres are weaker (Fig. 8b) and the northern centre is somehow 

zonally oriented, which limits inflow of warmer Atlantic air far into northern Europe and 

Greenland and colder air into the Near East and central Asia in EU2‟s positive phase. 

Weakened relationships with temperature are detected between 1920 and 1940 and after 1985 

(1920-1935 and 1990-1998 in Fig. 8a); strengthened relationships in the Asian clusters in the 

latter period are probably caused by the shape of the central Asian centre elongated in the 

northeast direction. On the contrary, strengthened relationships in northern Europe and Asia 

in the 1950s and 1960s are induced by both centres being stretched in the southwest to 

northeast direction, allowing a more pronounced temperature advection (1952-1962 in Fig. 

8a). The impact of the mode is further accentuated by a higher intensity of both centres in this 

period (Fig. 8b). Temporal evolution of relationships with precipitation is less 

straightforward. Weakened relationships with majority of clusters prevail until 1940 and 
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strengthen afterwards. Northeastward shift of the northern centre leads to a smaller impact on 

precipitation between 1960 and 1980 in western and southern Europe, contrarily to larger 

impact on temperature in Greenland and northern Europe (1972-1980 in Fig. 8a, Fig. 8b). 

 

FIG. 8. As in Fig. 4, but for the EU2 pattern and without maps of correlations. 

The North Asian pattern consists of three centres spread over Eurasia. Changes in the shape of 

the main negative centre control the intensity of advection toward the northern half of Asia: as 

the centre is more inclined toward west, the impact of the mode on both temperature and 

precipitation in the approximately central to eastern Asia is smaller until 1920 due to 

weakened advection (1908-1919 in Fig. 9a). Conversely, the centre extending eastward 

enhances the influence of the mode farther to the east; strengthened relationships with both 

climatic variables are consequently observed in 1960-1980 (1961-1968 in Fig 9a), and with 

precipitation only between 1920-1940. Relationships with temperature and precipitation in 
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central and southern Asia are modified by the positive centre in eastern Asia: strengthened 

relationships are linked with its larger intensity (1930-1950; 1936-1941 in Fig. 9a; Fig.9b), 

weakened relationships are associated with either a zonal shape of the centre (1961-1968 in 

Fig. 9a) or its weakening (1992-1996 in Fig. 9a; Fig.9b). Negative relationships with 

precipitation over the British Isles and the Mediterranean are modulated by spatial variations 

of the negative centre over western Europe: when the centre is more pronounced (1936-1941 

in Fig. 9a), correlations are stronger. 

 

FIG. 9. As in Fig. 8, but for the NA pattern. 
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Relationships between EA and temperature in Eurasia are modified mainly by changes in the 

position and strength of the southern centre (Lionello and Galati, 2008; Gao et al. 2016). This 

centre stretches northeastwards and strengthens in the 1930s, 1950s and early 1960s (Fig. 

S5b), which, along with strengthening of the northern centre, is likely to result in a larger 

influence on temperature in the Mediterranean, Europe, and western Asia (1933-1940 and 

1956-1968 in Fig. S5a). On the contrary, correlations drop in Europe around 1980, owing to 

split of the southern centre and weakening of the northern centre (1979 in Fig. S5a; Beranová 

and Huth 2008). Expansion of the northern centre toward the British Isles is associated with 

increased cyclonicity there and hence strengthened relationships between EA and 

precipitation (1930s, 1933-1940 in Fig. S5a), whereas shift of the centre toward Atlantic leads 

to weakened relationships with precipitation (1940-1970, 1956-1968 in Fig. S5a). Most 

striking is a decreasing impact on precipitation over the Iberian Peninsula in the last three 

decades, arising from the position of the southern centre close to the region, which causes 

larger anticyclonicity there in the positive phase of EA (Fig. S6). 

The EP pattern is formed by one centre over the central Pacific and the other over the 

Beaufort Sea. Relationships with EP in the first two decades are weakened for both 

temperature and precipitation almost everywhere. This arises from a small geographical 

extent of both centres (1908-1921 in Fig. S7). A substantial change is detected in the 1920s: 

both centres strengthen and expand, the negative centre almost circumglobally, and an 

additional positive centre over Iceland is formed (1924-1931 in Fig. S7). Such spatial setting 

results in strengthened relationships around 1930 in the majority of clusters. The Iceland 

centre amalgamates with the northern Pacific centre in the 1940s, creating a single positive 

centre. As the southern negative belt shrinks in the 1940s (1938-1948 in Fig. S7), its impact 

on temperature in North America weakens. Spatial representation of EP is fairly stable in the 

second half of the 20
th

 century; the mode modulates relationships with climatic variables 

mainly by minor spatial changes of its centres (Fig. S7). 

Considering the TNH pattern, its negative centre over Ontario governs relationships with 

TNH in the majority of North America. Combination of a zonal appearance of this centre and 

its large intensity leads to strengthened relationships with temperature over North America 

during 1908-1930 and mostly from the 1960s onwards (Fig. S8a, FigS8b).  Weakening of the 
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centre between 1930 and 1950 is analogously responsible for weakened relationships over 

North America (1931-1934 in Fig S8a). Variation of relationships with precipitation are not 

well pronounced, yet, strengthened relationships in North America in the 1960s seem to be 

caused by stronger negative centre favouring stronger advection (Fig. S8b). 

The weak northern centre of EU3 similarly results in weakened relationships with temperature 

and precipitation in northern Asia (1938-1942 in Fig. S9a) and vice versa (1959-1961 and 

1981-1986 in Fig. S9a). Relationships in central and southern Asia are modulated by the 

negative centre over eastern Asia/western Pacific: strengthened temperature response is 

detected when the centre is stronger and located closer to Asia (1959-1961 and 1981-1986 in 

Fig. S9a, Fig. S9b). Relationships with precipitation are also governed by two additional 

centres nearby Europe, both of which are lacking until 1940, resulting in a minimized impact 

on the precipitation, particularly over the Iberian Peninsula. Their formation and gradual 

strengthening lead to the increase of correlations, mainly after 1970 (not shown). 

4. Discussion 

Discussion is structured into two parts. Firstly, changes of circulation modes responsible for 

temporal variation with climatic variables are summarized and discussed. Then, uncertainties 

linked with the utilized reanalysis are described. 

4.1 Mechanisms explaining time variation of relationships with climatic variables 

Temporal nonstationarity between circulation modes and surface climatic variables is caused 

by four mechanisms related to various changes in action centres. The first one is their 

position: the displacement of action centres shifts the anomalous circulation, which results in 

a weakened or strengthened advection, depending on the position relative to the centres. For 

example, the shift of action centres of WPO toward North America in the 1930s leads to 

strengthened correlations there, whereas a retreat of the mode westward results in weaker 

correlations in the 1970s. Secondly, the shape and size of action centres also modify 

advection and the influence of a mode on climatic variables. For example, spatially extensive 

centres of PNA over North America in the 1940s result in a larger impact on climate there, 

while zonally elongated centres contribute to weakened relationships after 1990. Thirdly, the 

strength of action centres governs the intensity of advection: stronger centres imply stronger 
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advection, which in turn results in stronger effect on climatic variables. Fourthly, the 

formation and disappearance or split of action centres affect spatial influence of the mode: 

formation of a new WPO centre over the Labrador Sea changes spatial correlations in North 

America after 1940; split of the southern centre of NAO in the 1950s and 1960s results in a 

decrease in correlations mainly in the Mediterranean.  

Regarding precipitation, aforementioned mechanisms may also manifest in spatial changes in 

cyclonicity and antiyclonicity of centres. For example, when the anticyclonic centre extends 

into an area of prevailing cyclonicity associated with positive correlations, relationships with 

precipitation consequently weaken, as detected for EA in cluster 4 (the Iberian Peninsula) 

from the 1980s onward. On the contrary, strengthened relationships between EA and 

precipitation in the British Isles are tied to increased cyclonicity related to a closer position of 

the negative northern centre of the mode. 

Based on the review of literature, we further seek for the primary climatic patterns or factors 

responsible for spatial changes of the modes. Several studies attribute the interdecadal 

variability of the Pacific modes to changes in El Niño‐Southern Oscillation (ENSO), shifts of 

the Pacific Decadal Oscillation (PDO), and long-term changes in sea ice extent. The PDO 

shift in 1924 (Mantua and Hare 2002; Newman et al. 2016) may account for substantial 

spatial changes of the modes, such as weakening of the Aleutian Low and the TNH, 

strengthening of WPO, and the formation of the new centre of EP over Iceland. The shift 

might also trigger migration of the southern centres of WPO and EP towards North America 

between 1925 and 1940, leading to strengthened relationships there. As those centres retreat 

back during the 1940s, relationships in turn weaken. This westward shift, also detected for 

other modes (PNA, the negative centre of TNH), may be associated with another PDO shift in 

1946. To our knowledge, however, no study directly investigating changes of spatial 

appearance of the modes before 1950, particularly the excursion of southern centres of WPO 

and EP toward North America between 1925 and 1940, was conducted; hence, additional 

research clarifying this topic is needed. 

The most prominent shift of PDO in 1976 (Mantua and Hare 2002; Yeh et al. 2011; Newman 

et al. 2016) is considered as a turning point in a non-stationary relationship between some 

circulation modes and ENSO (Mo and Livezey 1986; Wang et al. 2007; Mo 2010; Franzke et 
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al. 2011; He et al. 2013; Yuan et al. 2015; Dai et al. 2017; Schulte and Lee 2017; Dai and Tan 

2019; Soulard et al. 2019). ENSO modulates Rossby waves through changes in the intensity 

of convection and sea surface temperatures in the Tropics, which can subsequently affect the 

Pacific jet stream and therefore the Pacific modes, too (Mo 1986; Hoerling et al. 1997; Jo et 

al. 2015; Tan et al. 2015; Soulard et al. 2019). Studies document strong (weak) linkage 

between ENSO and WPO (PNA) before 1976, with the inversed relationships afterwards 

(Wang et al. 2007; He et al. 2013; Yeh et al. 2018; Park et al. 2018; Soulard et al. 2019), 

although results depend on pressure levels and domain utilized for the identification of modes 

(Aru et al. 2021). A generally stronger impact of PNA on climatic variables is found during 

its weak connection with ENSO before 1976 mainly in southeastern and northeastern parts of 

North America (Fig. S5 in Soulard et al. 2019), which is consistent with our results. The shift 

of PDO in 1976 is associated with a large change of PNA and WPO: both weaken and centres 

over the Pacific gain more zonal shapes directing toward Asia, which lead to an increased 

impact on precipitation and temperature there (Wang and Chen, 2007; Marshall 2021). Lee et 

al. (2012) report the same behaviour of PNA after 1980 and conclude that the change in its 

appearance is caused by the PDO shift in 1976 and a subsequent change in the position of 

storm track. A more zonal appearance after 1976 is also evident for TNH, while almost no 

change of EP is observed. To conclude, all the Pacific modes except EP undergo weakening 

and gain zonal appearance after the 1976 PDO shift. 

Some studies point out that the sea ice extent affects spatial representation of circulation 

modes. For example, eastward motion of the both WPO centres during the 1990s (also evident 

for the pair of the North American centres of PNA) is attributed to sea ice extent anomalies in 

the Barents Sea (Linkin and Nigam 2008; Yuan et al. 2015; Xu and Fan 2020). According to 

our results, this shift has negligible impact on climatic elements, although Xu and Fan (2020) 

detect increased westerlies after the shift. 

Generally, there is a scarcity of studies analysing primary mechanisms responsible for 

changes of non-Pacific circulation modes. Possible causes responsible for an eastward 

migration of the NAO centres in the late 1970s refer to stronger mean westerly winds and 

northerly displaced jet stream core (Luo and Gong 2006, Luo et al. 2010), the dependence on 

the prevailing phase of NAO (Peterson et al. 2003), greenhouse gas forcing (Ulbrich and 
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Christoph 1999), and Atlantic Multidecadal Oscillation, the negative phase of which favours 

the position of NAO closer to Europe (Börgel et al. 2020). Although NAO shifts eastward 

also between 1908 and 1925, its climatic impact is substantially weaker because the mode is 

generally weaker and less extensive at that time. Considering other modes, Wang et al. (2018) 

linked the behaviour of EU (here named as EU3) to changes in sea surface temperatures in the 

North Atlantic. 

4.2. Uncertainties associated with reanalyses 

Although circulation modes detected in ERA-20C are in large agreement with full-input 

reanalyses, such as NCEP-1 and JRA-55 (Hynčica and Huth 2020a,b; Hynčica and Huth 

2022), a larger uncertainty in the first decades of the 20
th

 century is expected due to the lack 

of assimilated observations, mainly over less populated areas, primarily over the North 

Pacific. In this period, reanalyses are more dependent on the setting of the model utilized for 

its calculation and less constrained by observations. This is likely to result in different outputs 

of pressure fields between reanalyses, which obviously influence the representation of 

circulation modes, their intensity, and therefore spatiotemporal relationships with surface 

climatic variables. A larger uncertainty of surface-input reanalyses has been documented for 

several other circulation characteristics; see e.g. Schneider and Fogt (2018), Bloomfield et al. 

(2018), Chang and Yau (2016), and Slivinski et al. (2021). Hence, future research may be 

devoted to a comparison of temporal variation of relationships in the first half of the 20
th

 

century between different reanalyses, such as 20CRv3, ERA-20C, and CERA-20C. 

5. Conclusions 

 

The analysis of temporal variation of associations of nine circulation modes with temperature 

and precipitation has been conducted for winter in period 1901-2010. We utilize the ERA-

20C reanalysis for detection of circulation modes and the CRU dataset as the source of the 

temperature and precipitation data. To evaluate long-term relationships of circulation modes 

with surface climatic variables, running correlations with a 45 month (i.e., 15 year) window 

are calculated at each gridpoint. The time series of running correlations are then subject to 

cluster analysis (utilizing partitioning around medoids), the result of which is 18 clusters for 

temperature and 11 for precipitation, within which temporal variations of relationships with 
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circulation modes are consistent. Several mechanisms related to circulation modes are 

responsible for nonstationarity of relationships with surface climatic variables: 

1) Shift of action centres: a closer proximity of centres leads to a strengthened 

relationship with temperature and precipitation (e.g. WPO and North America in the 

1930s; NAO and Eurasia between 1920 and 1940 and in the 1980s) and vice versa 

(e.g. WPO and North America in the 1970s, NAO and Eurasia around 1950). 

2) Varying shape and extent of action centres: a larger action centre affects a larger area 

(e.g., more extensive centres of PNA in North America in the 1940s result in a larger 

impact on climate there, analogously for EU2 in Europe in the 1950s and 1960s, and 

EP in the 1920s), and vice versa. This mechanism also affects relationships with 

precipitation due to changes in cyclonicity and anticyclonicity related to action 

centres. 

3) Changing intensity of action centres: a strengthening of action centres leads to stronger 

anomaly circulation, and hence a strengthened relationship with climatic variables, 

and vice versa. For example, a larger intensity of the main negative centre of TNH 

over North America contributes to strengthened relationships with temperature from 

the 1980s; weakening of the positive centre of NA over eastern Asia during the 1990s 

leads to its decreased impact on climatic variables there. 

4) Formation and disappearance or split of action centres: split of the southern centre of 

NAO in the 1950s and 1960s leads to a smaller impact on temperature and 

precipitation, mainly in the Mediterranean; formation of the new EP centre over 

Iceland in the 1920s brings about larger correlation with temperature in the North 

Atlantic and Northern Europe. 

Several studies point to the impact of ENSO, shifts of PDO, and sea ice extent on circulation 

modes residing in the Pacific (WPO, PNA, EP, and TNH), although a deeper research on the 

behaviour of those modes in the first half of the 20
th

 century is needed. However, causes of 

spatiotemporal changes of other circulation modes still remain unclear or unknown. 

Nevertheless, natural variability of the climate system should be taken into account as 

important factor influencing circulation modes. 
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FIG. S1. Scree plot with 12 leading principal components and the percentage of their 

explained variance (on the y-axis) in the ERA-20C reanalysis in winter. 
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FIG. S2. Time series of running correlations between temperature anomaly and intensity of 

circulation modes. Clusters in rows, circulation modes in columns. Only time series satisfying 

conditions given in Sec. 2.3 are displayed. Red time series are the average over analysed 

gridpoints for each cluster and circulation mode; they correspond to the anomaly time series 

in Fig. 2. 
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FIG. S3. As in Fig. S2 but for precipitation. Time series highlighted in red are averages over 

analysed gridpoints for each cluster and circulation mode; they correspond to anomaly time 

series in Fig. 3. 
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FIG. S4. Number of circulation modes meeting the criterion for a non-negligible effect on 

precipitation introduced in Sec. 2.3. Blank areas represent regions with no precipitation data 

in the CRU dataset. 

 

FIG. S5. As in Fig. 4, except for EA. 
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FIG. S6. As in Fig. S5a, but for correlation with precipitation in the single running period 

with the weakest impact of EA on precipitation in the Iberian Peninsula (cluster in blue 

colour). 

 

FIG. S7. As in Fig. S5, but for the EP pattern. Part B is omitted because the main positive 

centre often passes over the North Pole, hence causing discontinuities in the graphs. 
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FIG. S8. As in Fig. S5, but for the TNH pattern. 
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FIG. S9. As in Fig. S5, but for the EU3 pattern. 
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5. Conclusions and future outlook 

This thesis extends research field on relationships between circulation modes and surface 

climatic elements. Firstly, circulation modes and their relationships with temperature are 

compared between reanalyses. It is demonstrated that most circulation modes are fairly 

similar between reanalyses in all seasons, with the largest differences detected in summer. 

Large congruence of datasets is clearly evident among full-input reanalyses (ERA-40, JRA-

55, and NCEP-1). Contrarily to that, one of the surface-input reanalyses, 20CRv2c, suffers 

from errors located mainly in the southern half of Asia and subtropical eastern Pacific. Those 

errors manifest in different spatial representation of some circulation modes in 20CRv2c, e.g. 

EU1 in winter, and NAO in spring, and contribute to a different long-term evolution of 

relationships with surface climatic elements. For example, different spatial representation of 

EU1 in winter in 20CRv2c in the 1980s results in different spatial impact of the mode on 

temperature. Similar, albeit not so prominent issue is also related to NAO in winter. On the 

other hand, the recently issued version of the 20CR reanalyses family – 20CRv3 – is largely 

consistent with other reanalyses, suggesting that errors from the previous version have been 

corrected. Issues in 20CRv2c might be caused either by the model used for its creation, or the 

amount and quality of assimilated data; 20CRv3 utilizes updated datasets and new versions of 

the model. Circulation modes and relationships with temperature in the other surface-input 

reanalysis, ERA-20C, exhibit higher resemblance with the full input reanalyses; it suffers only 

from marginal issues located over the north Pacific in spring. 

For the analysis of long-term temporal evolution of relationships with surface climatic 

elements, a reanalysis from the surface-input category should be used, because they span at 

least the 20
th

 century. ERA-20C is the most suitable reanalysis because its circulation modes 

and relationships with temperature are similar to full-input reanalyses, which are generally 

considered to be more reliable due to the assimilation of upper air and satellite data. 

Datasets containing surface observations are of two types: station and gridded datasets. 

The latter is created by interpolation of station observations into a regular grid. There is a 

large agreement of relationships (expressed as running correlations) between circulation 

modes and temperature at stations and the nearest gridpoints from the CRU dataset; 

differences related to island stations and higher elevated areas mainly in eastern Asia arise 



114 

 

from spatial distribution of station network used for the interpolation. Nonetheless, the 

number of locations where the temporal course of correlations between the mode and 

temperature at a station and at a gridpoint differ is low; the CRU dataset is shown to be 

reliable as the source of surface temperature and precipitation for the analysis. 

Finally, the analysis of nonstationarity of effects of circulation modes on temperature and 

precipitation is conducted for the entire Northern Extratropics between 1901 and 2010. As 

noticed above, the ERA-20C reanalysis is used for the detection of circulation modes, and the 

CRU dataset serves as the source of surface climate data. Running correlations between the 

intensity of circulation modes and temperature and precipitation at gridpoints indicate 

temporal variations of relationships. These running correlations are consequently clustered for 

the sake of delimitation of clusters, that is, geographical compact regions. The temporal 

evolution of relationships in each cluster is then similar over all included gridpoints. 

Generally, the characteristics of action centres, mainly their location, strength, and shape, are 

proved to affect spatiotemporal impacts of circulation modes on local temperature and 

precipitation. For example, deepening of an action centre may lead to strengthened 

relationships related to stronger advection along its flanks, while an action centre shifting 

away results in a weaker impact on surface climatic variables. Some circulation modes vary in 

time considerably (e.g. WPO, PNA, NAO, and EP), whilst some are fairly stable and 

fluctuations of relationships with them are less recognizable (e.g. EU2, NA, and EA). Primary 

causes of the nonstationarity of circulation modes, such as links with the El Niño-Southern 

Oscillation and the Pacific Decadal Oscillation, are also discussed. Nevertheless, such 

analyses go beyond the scope of the thesis and, moreover, there is a lack of studies dealing 

with this issue, particularly before 1950 when some circulation modes, mainly WPO and 

PNA, underwent substantial changes in their spatial representation. 

This thesis brings about new findings on circulation modes and their relationships with 

surface climatic variables in a somehow general sense: all circulation modes are detected 

simultaneously in the long time period over a large geographical area. This is, however, 

necessarily accompanied by a generalization of results. Future work may look at the 

behaviour of circulation modes in a more detailed sense, for example, focusing to a selected 

time period analysed in a finer temporal resolution; as noted above, the behaviour of 

javascript:r(0)
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circulation modes before 1950 would be of a particular interest. Also, one may look at 

circulation modes in a specific region, but over a long time period. In either way, all such 

studies should contain linkage with drivers in the climate system responsible for changes in 

the circulation modes. 

The open question remains on the long-term evolution of circulation modes in other 

seasons, which has been addressed rarely. The methodology used here may be applied to 

other seasons (spring, summer, and autumn) to detect regions with similar temporal evolution 

between circulation modes and surface climatic variables. Nevertheless, as also demonstrated 

in this thesis, circulation modes in summer are different between reanalyses, so temporal 

evolution of the circulation modes themselves and their relationships with surface climatic 

variables would be strongly dependent on the selected reanalysis. This dependence is further 

strengthened owing to circulation modes in summer being very regionalized. It would 

therefore be quite a challenge to apply the methodology in this thesis to summer; another 

deeper research would be needed, or different methodology may be used instead. 

The research can be further extended, for example, by analysing other datasets, such as the 

ERA-5, MERRA, and CFSR reanalyses, all of which may be included into the comparison of 

reanalyses, although the majority of them do not extend before 1950, which limits they use. 

Even more interesting seems to be the analysis of changes of circulation modes and their 

associations with surface climate in historical runs in climate models, and their validation 

against reanalyses. 
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