/

\

re-

You have downloaded a document from
RE-BUS
repository of the University of Silesia in Katowice

Title: Azores High and Hawaiian High: correlations, trends and shifts (1948-2018)
Author: Matgorzata Falarz

Citation style: Falarz Matgorzata. (2019). Azores High and Hawaiian High: correlations,
trends and shifts (1948-2018). “Theoretical and Applied Climatology” (Vol. 138 (2019),
S. 417-431), doi 10.1007/s00704-019-02837-5

Uznanie autorstwa - Licencja ta pozwala na kopiowanie, zmiemanie,

|® (®) rozprowadzanie, przedstawiane 1 wylconywanie utworu jedynie pod wanmnlasm

nZnaczents avtorstwa.

SYTET g]_dﬂ&g]_\l @?E Biblioteka N Ministerstwo Nauki
ACH

== Uniwersytetu Slaskiego i Szkolnictwa Wyziszego




Theoretical and Applied Climatology (2019) 138:417-431
https://doi.org/10.1007/s00704-019-02837-5

ORIGINAL PAPER

®

Check for
updates

Azores High and Hawaiian High: correlations, trends
and shifts (1948-2018)

Malgorzata Falarz'

Received: 21 September 2018 / Accepted: 6 March 2019 /Published online: 18 March 2019
© The Author(s) 2019

Abstract

The paper focuses on investigation of ‘twin’ subtropical oceanic highs of the Northern Hemisphere, i.e. the Azores High (AH)
and the Hawaiian High (HH) in January and July based on gridded 2.5° x 2.5° data of Reanalysis Project of the National Center
for Atmospheric Research for the period 1948-2018. The aim is to answer three questions: (1) Are there any connections between
AH and HH (both within and between the systems)? (2) What is the long-term variability and trends of the basic characteristics of
AH and HH? (3) Do the AH and HH move, and if so, in what directions? The most important results are as follows: (1) the long-
term trend of sea level air pressure in the AH centre in January is positive, statistically significant with the increase of 0.63 hPa/
10 years, (2) pressure in both centres significantly relates with the latitude of each system; variables characterising the HH in
January explain 11% of variation of the variables of the AH in July, (3) the NE-SW/SW-NE index proves the shifting of the AH in
January from the south-west to the north-east from the 1990s of the twentieth century and again to the south-west in the twenty-
first century, (4) the HH in January and July moved generally from the north-east to the south-west until the end of the twentieth
century and shifted again to north-east during the twenty-first century, (5) the AH in July was characterised by complicated
displacement system with the prevalence of the shifting from the north-east to the south-west with the exception for the period
1980-1990. In winter, the AH moves towards the land area of Europe in the second half of the twentieth century, while the HH
moves towards the open Pacific. The statistically significant increase of pressure in the centre of the AH in January is closely
related to the shifting of the system to the north-east. The positive pressure trend in the centre of the AH in January combined with
the zero trend in July is the cause of diminishing difference between summer and winter air pressure value of the high. Due to
increased sea surface temperature of the Atlantic, the AH does not lose its strength in winter as it used to a few decades ago.

1 Introduction

Climate change research carried out in recent decades led in
many cases to the conclusion that the cause of these changes
are changes and variability in the macro- and mesoscale atmo-
spheric circulation (e.g. Konrad 1998; Clark et al. 1999;
Marsz 1999; Slonosky et al. 2001; Falarz 2007, 2013;
Rasmus et al. 2015). Hence, at the same time, there was a
surge of interest in cyclic and non-cyclic changes in circula-
tion (e.g. Slonosky et al. 2000; Thompson and Wallace 2000;
Thompson et al. 2000), temporal trends and correlations be-
tween circulation indices (e.g. Rogers 1984) as well as their
relations with the temperature of the ocean surface (e.g.
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Hasanean 2004). The field of research into changes in circu-
lation also includes investigation of fluctuation and interaction
of atmospheric centres of action (ACAs) over the globe. This
paper contributes to this line of research.

The term ‘centre of action’, originally used by L.
Teissenenc de Bort in 1881, was applied to the maxima and
minima of pressure on daily charts (Glossary of Meteorology
2018). H.H. Hildebrandson (1897) defined centres of action as
high and low pressure systems occurring on the Earth all year
around (permanent centres of action) or for at least one season
(quasi-permanent centres of action). Similarly, a more precise
definition can be found in modern meteorology glossaries,
namely (1) atmospheric centre of action (centre of atmospher-
ic activity) is an area of high or low pressure on the globe with
a more or less permanent location, remaining for long periods
(Niedzwiedz 2003) and (2) any one of the semi-permanent
highs and lows that appear on mean charts of sea level pres-
sure (Glossary of Meteorology 2018). The formation of atmo-
spheric centres of action is related to the varied rate of
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absorbing and releasing heat by the surfaces of continents and
oceans.

ACAs have already been the subject of numerous studies.
The first detailed studies concerning atmospheric centres of
action had already been achieved in the early 1970s (Perry
1971; Angell and Korshover 1974) while large scale research
into the centres were initiated in the 1990s (Sahsamanoglou
1990; Sahsamanoglou et al. 1991; Zhang et al. 1995;
Christoforou and Hameed 1997; Serreze et al. 1997; Kapala
et al. 1998; Michel et al. 1998).

Within the research into ACAs conducted thus far, there are
at least five fields that can be distinguished:

1) investigation of changes in location and intensity of the
centres; (Quadrelli and Wallace 2004; Chang and Lu
2012; Qu et al. 2015; Shatilina et al. 2016; Zheleznova
and Gushchina 2016); some results are as follows:

— the statistically significant tendency of northward moving
of Icelandic Low and Azores High (Zhang et al. 1995;
Michel et al. 1998; Falarz 2009),

—  the eastward shift of the NAO centres of action of inter-
annual variability during the period after 1980, probably
due to an increase in the strength of the zonal mean west-
erly winds in the North Atlantic region (Luo and Gong
2000),

— the strengthening of the Azores High over the past
20 years resulting in the positive trend of the North
Atlantic Oscillation index (Hasanean 2004),

— Icelandic and Aleutian Lows are deeper in the months of
abnormally high air temperature in the Northern
Hemisphere (Quadrelli and Wallace 2004),

— the weakness of Siberian High in the second half of the
twentieth century (Sahsamanoglou et al. 1991, Gong and
Ho 2002, Panagiotopoulos et al. 2005, Hasanean et al.
2013) and recovering of it from the 1990s (Jeong et al.
2011),

— the affecting of Siberian High by the Hadley circulation
cell (Hasanean et al. 2013),

— northward shift and strengthening of the Aleutian Low
(Park et al. 2012);

2) investigation of interactions between the centres (Wallace
and Thompson 2002; Honda et al. 2005b; Tubi and
Dayan 2013; Sun et al. 2017); some results are as follows:

— strong correlation of Icelandic Low latitude and air pres-
sure in the centre of Azores High in winter (Méchel et al.
1998),

— the simultaneous occurrence of strong positive NAO and
the negative trend of Aleutian Low (Raible et al. 2005),
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3)

relation of centres of action over the Atlantic Ocean to the
position and features of ITCZ (Souza and Cavalcanti
2009),

the inversely proportional relationship (seesaw) of air
pressure in the centres of Icelandic and Aleutian Lows
(Honda and Nakamura 2001; Honda et al. 2001; Sun
and Benkui 2013),

The Aleutian—Icelandic Low seesaw was weak in the
mid-1950s through the mid-1960s, while it was particu-
larly strong during the preceding period from the 1920s to
the 1940s (Honda et al. 2005b),

enhanced cyclogenetic conditions over the eastern flank
of'the Icelandic Low are associated with a milder Siberian
High (Tubi and Dayan 2013);

investigation of the impact of the centres of activity on
climatic conditions of land areas (Kapala et al. 1998; Igbal
et al. 2013; Igbal and Ilyas 2013; Sfica et al. 2015); some
results are as follows:

the East Asian winter monsoon is in relation to the
Siberian High (Chang and Lu 2012),

precipitation totals of Eurasia are in relationship with
Northern Hemisphere centres of action (Murav’ev and
Kulikova 2011),

there is an inversely proportional relation between long-
term variability of winter precipitation in the Middle East
and Azores High pressure (Igbal et al. 2013); a signifi-
cantly great portions of interannual variance of winter
precipitation over Indo-Pak Region (Northeast Pakistan
and Northwest India) can be explained by including the
contributions of the Icelandic Low pressure in addition to
ENSO and AO (Igbal and Ilyas 2013),

the higher than average long-term difference between
Azores High and Icelandic Low is associated with
warming of the winter in northern and central Europe
(Kapala et al. 1998),

there exists inversely proportional relation between tem-
perature and precipitation of high latitude of Asia (30°—
70°N) with the intensity of winter Siberian High (Gong
and Ho 2002),

changes in the sea level pressure in Icelandic Low and
latitude of Azores High in January (taken into account as
a complex of features) explain about 40% of air temper-
ature variability in central Europe (Falarz 2009),

the average air temperature of winter in Poland is corre-
lated inversely proportionally with the pressure in the
centre of the Azores High and with the difference be-
tween this high and the Icelandic Low; positive trend of
these two characteristics is a good explanation of signif-
icant warming of winters in Poland (Falarz 2009);
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4) investigations of associations of centres of action with the
sea surface temperature (Hasanean 2004; Park et al.
2012); some results are as follows:

— the Azores High in winter is influenced by the sea surface
temperature in tropical part of the Northern Atlantic
(Hasanean 2004),

— the Aleutian Low activity impacts on the main thermo-
cline depth in the Kuroshio recirculation region
(Sugimoto and Hanawa 2010),

— the positive sea surface temperature trend in the western
North Pacific is the result of the weakening of the East
Asian winter monsoon due to the decline of the Siberian
High (Park et al. 2012);

5) investigations of associations of centres of action with the
atmospheric pressure in the higher levels of the atmo-
sphere (Zarrin et al. 2010); the result is as follows:

— there is a clear difference in the location of the summer
subtropical highs over Asia and Africa in the lower, mid-
dle and upper troposphere (Zarrin et al. 2010).

Atmospheric centres of action are of crucial importance in
the overall atmospheric circulation. Each change in the loca-
tion of any of them, even a slight one, may have an impact on
changes in circulation and climatic conditions over large areas
of the globe. Therefore, this paper focuses primarily on inves-
tigation into the movements of ‘twin’ subtropical oceanic
highs of the Northern Hemisphere, i.e. the Azores High
(AH) and the Hawaiian High (HH). The existing papers on
the movements of atmospheric centres of action are focussed
studying the movements of atmospheric centres of action in
the main directions (W-E/E-W, S-N/N-S; e.g. Luo and Gong
2006, Park et al. 2012). However, it seems important to inves-
tigate the movements in the intermediate directions as well.
The AH and HH have been explored in this study using a
consistent method with regard to their interactions, trends
and directions of shift. An advantage of the study is the fact
that it was based on an accurate location of the centre of the
system read from the maps of mean monthly sea level pressure
instead of regional mean of sea level pressure averaged over
the area of ACA location which is most frequently used (e.g.
by Hasanean 2004, Panagiotopoulos et al. 2005).

The aim of the paper is to answer the following questions:
(1) Are there any connections between AH and HH character-
istics (both within and between the systems)? (2) What are the
long-term variability and trends of the basic characteristics of
these atmospheric centres of action of the Northern
Hemisphere? (3) Do the atmospheric centres of action of the
Northern Hemisphere move, and if so, in what directions?
Exploration of the variability and interactions of the AH and
HH may contribute to detecting the circulatory mechanisms

that influence climatic conditions of land and sea areas. This in
turn will be helpful in explaining more fully the changes and
variability of the climate and even in attempts to provide long-
term estimation of these changes.

2 Data and methods

The geographical coordinates (longitude—x (°), latitude—y
(°)) and the atmospheric pressure value (z; hPa) in the centre
of both the AH and the HH were read from maps of mean
monthly sea level pressure based on gridded 2.5° x 2.5° data
of Reanalysis Project of the National Center for Atmospheric
Research (Kalnay et al. 1996) for the period 1948-2018
(71 years). When two systems of closed isobars were observed
within an area of medium occurrence of a given centre, the
oceanic system with higher pressure in the centre was consid-
ered. The centre of each high was found by interpolation using
maps with isobars of 1 hPa interval. Long-term correlations of
AH and HH features in January and July were analysed con-
sidering both correlations within 1 month in one centre and
relations between two centres and between the characteristics
of the systems in winter and in summer (lag correlations). In
order to examine relations between centres of action described
simultaneously by a set of several characteristics (i.e. x, y, z),
the method of canonical analysis was used. Values and statis-
tical significance were determined for the largest coefficient of
the canonical correlation that describes the connection be-
tween the characteristics of the AH and HH, and the total
redundancy of the connections between the systems was
analysed. Total redundancy is the mean percentage of varia-
tion explained in one set of variables, given another set of
variables (Stanisz 2007).

Long-term trends for the features of the centres of both highs
were examined by ascertaining their statistical significance.
Most attention was devoted to examining the shifts of the sys-
tems during the analysed period. The movements of the centres
in January and July were examined using several methods:

1) regression analysis of x and y for both centres in the
analysed period; this only enabled assessment of the lat-
itudinal and longitudinal shifts of the highs; statistical
significance of the trends of x and y was evaluated; addi-
tionally, a 10-year consecutive average was used to
smooth the series;

2) 10-year mean locations of each ACA in the following
rigidly fixed periods: (1) 1951-1960, (2) 1961-1970,
(3) 1971-1980, (4) 1981-1990, (5) 1991-2000, (6)
2001-2010, (7) 2011-2018.

3) cluster analysis which made it possible to separate period
characteristic for the locations of both highs in January
and July within the long-term period; for the clustering,
standardised values of x and y separately for each of the
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centres were taken; the method of k-averages was applied;
the results were not completely clear; however, on the
basis of the dominant cluster, the analysed period was
divided into three sub-periods of different locations for
the AH in January and July and for the HH in July as well
as two sub-periods of a HH location in January;

4) indices taking into account the shifts of the centres in
eight rhumbs of the compass, i.e. E, W, N, S, SW, NE,
NW and SE. The indices were created as follows:

— index of E-W/W-E shift: A/-BI, where:

Al is 10-year moving sum of a/ = x— xavg, for x>
xavg (i.e. for the location in the first and the fourth quarter
of the coordinate system with a zero point of the average
long-term location of each ACA; location of the centre on
the East to the average),

B1 is 10-year moving sum of b/ = xavg — x, for x <
xavg (i.e. for the location in the second and third quarter
of the coordinate system with a zero point of the average
long-term location of each ACA; location of the centre on
the West to the average),

x—Ilongitude of the centre of action in a year; xavg—
average longitude of the ACA for 1948-2018;

E-W/W-E index > 0 indicates predominance of the E
location over the W one, while E-W/W-E index < 0 indi-
cates predominance of the W location over the E one;

— index of N-S/S-N shift,: A2-B2, where:

A2 is 10-year moving sum of a2=y— yavg, for y>
yavg (i.e. for the location in the first and the second quar-
ter of the coordinate system with a zero point of the av-
erage long-term location of each ACA; location of the
centre on the North to the average),

B2 is 10-year moving sum of b2 = yavg — y, for y<
yavg (i.e. for the location in the third and fourth quarter of
the coordinate system with a zero point of the average
long-term location of each ACA; location of the centre
on the South to the average),

y latitude of the centre of action in a year, yavg average
latitude of the centre of the ACA for 1948-2018;

N-S/S-N index >0 indicates predominance of the N
location over the S one, while N-S/S-N index <0 indi-
cates predominance of the S location over the N one;

— index of NE-SW/SW-NE shift: A3-B3, where:

A3 is 10-year moving sum of a3 = (x — xavg) + (y —
yavg), for x >xavg and y > yavg, (i.e. for the location in
the first quarter of the coordinate system with a zero point
of the average long-term location of each ACA; location
of the centre on the North-East to the average),

B3 is 10-year moving sum of b3 = (xavg — x) + (vavg
—y), for x <xavg and y < yavg (i.e. for the location in the
third quarter of the coordinate system with a zero point of
the average long-term location of each ACA; location of
the centre on the South-West to the average);
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NE-SW/SW-NE index > 0 indicates predominance of
the NE location over the SW one, while NE-SW/SW-NE
index < 0 indicates predominance of the SW location over
the NE one;

— index of NW-SE/SE-NW shift: A4-B4, where:

A4 is 10-year moving sum of a4 = (xavg—x) + (y—
yavg), for x < xavg and y > yavg (i.e. for the location in the
second quarter of the coordinate system with a zero point
of the average long-term location of each ACA; location
of the centre on the North-West to the average),

B4 is 10-year moving sum of b4 = (x — xavg) + (yavg
— ), for x > xavg, and y < yavg (i.e. for the location in the
fourth quarter of the coordinate system with a zero point
of the average long-term location of each ACA; location
of the centre on the South-East to the average).

NW-SE/SE-NW index > 0 indicates predominance of
the NW location over the SE one, while NW-SE/SE-NW
index < 0 indicates predominance of the SE location over
the NW one.

The analysis consider only the centre points of each high.
The extent of ACAs is neglected here.

3 Results

3.1 Main characteristics, trends and correlations
of the AH and HH in January and July

In the period 1948-2018, the average pressure in the centre
of the AH is similar in January and July (1025 and
1026 hPa, respectively; Table 1). The HH is stronger in
July than in January; the average pressure is higher in
July by 4 hPa (1023 and 1027 hPa, respectively). For the
AH, the difference in pressure in the centre of the system in
January and in July is only 1 hPa. The AH in July is shifted
to the west relative to the average long-term January loca-
tion, while the HH is to the northwest.

Table 1 Average and extremes of longitude (x, °), latitude (y, ©) and sea
level air pressure in the centre (z, hPa) of AH and HH (1948-2018)

Month Feature Azores High Hawaiian High
X y b4 X y b4
January  Average -25 34 1025 -—134 32 1023

Maximum 13 48 1035
Minimum  —-66 25 1017
July Average -37 36 1026
Maximum  —25 45 1030
Minimum  —53 30 1023

—123 48 1030
-177 25 1017
—-152 38 1027
—138 45 1032
—-170 33 1024
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Fig. 1 Sea level air pressure (hPa) in the centre of AH (left) and HH (right) in January (upper) and July (bottom; 1948-2018). Ten-year consecutive
average and trend lines were added. For statistically significant trend, the regression equation was shown

The long-term trend of sea level air pressure in the AH
centre in the period 1948-2018 is positive, statistically signif-
icant in January and almost zero (slight positive, not signifi-
cant) in July (Fig. 1a, ¢). The average increase in pressure in

the centre of the AH in January is 0.63 hPa over 10 years (i.e.
4.5 hPa in the whole period). The HH does not reveal a sta-
tistically significant trend of pressure in the centre neither in
January nor in July (Fig. 1b, d). Year to year, pressure

Table2  Correlation coefficients for AH and HH x, y, z in January (Jan) and July (Jul; 1948-2018). Only the statistically significant (0.05) coefficients
were shown (abbreviated table)

AH x (Jan) AH y (Jan) HH y (Jan)

HH z (Jan)

AH x (Jul) AH y (Jul) HH x (Jul) HH y (Jul)

AH y (Jan)
AH z (Jan)
HH z (Jan)
AH x (Jul)
AH y (Jul)
AH z (Jul)
HH y (Jul)
HH z (Jul)

0.69
0.32 0.64
0.62
-0.24
-0.23

—0.31

0.66
0.32 0.59
0.34

0.29 0.63
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<« Fig. 2 Azores High in January. a Longitude (°), b latitude (°), ¢ 10-year
mean locations (periods are as follows: (1) 1951-1960, (2) 1961-1970,
(3) 1971-1980, (4) 1981-1990, (5) 1991-2000, (6) 2001-2010, (7)
2011-2018), d cluster analysis periods, e E-W/W-E index, f N-S/S-N
index, g NE-SW/SW-NE index, h NW-SE/SE-NW index

variability in January is considerably smaller in the HH than in
the AH.

The systems concerned display the closest statistically sig-
nificant correlations within one system in the same month
(Table 2). These are directly proportional relations between
the latitude and longitude for the AH (correlation coefficient
71s 0.69 in January and 0.66 in July). Pressure in both centres,
both in January and in July, relates to the latitude of each of
these systems in the particular month (» = 0.64 for the AH and
0.62 for the HH in January, »=0.59 for the AH and 0.63 for
the HH in July). The systems are the stronger, the more their
centres are located to the north. There are also statistically
significant, but not too strong, correlations between the AH
and the HH in the same month: latitude of the AH in July is
positively correlated with the pressure in the centre of the HH
in this month (»=0.29). Furthermore, there is an inversely
proportional relation between the latitude of the HH in
January and air pressure in the centre of the AH in July (—
0.31) and between pressure in HH in January and longitude
and latitude of AH in July (» =—0.24 and — 0.23 respectively).
These correlations are however not close enough to enable
forecasting features of the AH in July based on the HH loca-
tion and latitude in January. The canonical correlation coeffi-
cient applied in order to examine the relation between the AH
and the HH understood as a set of simultaneous acting features
(v, », z) is the highest for the above described relation and is
0.38. Total redundancy is 11%, which means that the variables
(features) of the HH in January explain 11% of the variation of
the variables of AH in July in the same year.

3.2 Shifts of locations of the AH and the HH in January

The Azores High in January shows in the studied period a
slight, statistically insignificant increase in both the longitude
and the latitude, which denotes a shift of the system to the east
and the north (Fig. 2a, b). Both 10-year tracks and cluster
analysis periods generally show a movement of the system
to the north-east until 2005 (2010; Fig. 2¢, d). The values of
the E-W/W-E index confirm the shift of the AH in January to
the east in the second half of the twentieth century while the
values of the N-S/S-N index confirm a shift to the north in the
period 1962-2000 (Fig. 2e, f). The NE-SW/SW-NE index
proves a shift of the system from the south-west to the
north-east until 1991 (the year of maximum value of the
index; Fig. 2g). The values of the NW-SE/SE-NW index are
negative for most of the study period and reach their minimum
in 1971 (Fig. 2h). This is at the same time the year which saw

the end of the downward trend of the latitude of the AH in
January and the beginning of a positive trend signifying a shift
of the system to the north. The highest value of that index was
observed in 1982, i.e. in the first year of the second period
separated by cluster analysis. The first and the second maxi-
mum peak of the values of both the indices E-W/W-E and NE-
SW/SW-NE occurred in the same years (1991 or 2005). In
1961-1962, the minimum of the values of two indices oc-
curred, i.e. of the N-S/S-N index and the NE-SW/SW-NE
one, signifying a change in the direction of the system move-
ment. This change is also well visualised in Fig. 2c). In the
twenty-first century, a significant change in the direction of
shift of AH in January was observed: both the longitude and
latitude of the high began to decline, which denotes a shift of
AH to the west and the south. The mean location for 2011—
2018 differed significantly from the previous ones (Fig. 2c).
The cluster analysis separated the period 20062018 when the
AH in January was again close to the mean location of the
period 1948-1981. The rapid change of movement direction
since 20042005 shows also courses of E-W/W-E, N-S/S-N,
NE-SW/SW-NE indices. However, for the whole analysed
period, all the above mentioned indices reveal a positive sta-
tistically significant trend. Moreover, the E-W/W-E index
shows a periodicity of about 15 years.

The longitude of the HH in January was stable during the
period of the study with the exception of a few years (1969,
1979, 1993, 2000, 2008) when the highest pressure was noted
further to the west for the average long-term location of the
system (Fig. 3a). The latitude of the HH in January was
characterised by a slight decreasing trend, which denotes a
shift of the system towards the equator (Fig. 3b). The 10-
year shifts show a great dynamic in the changes of the location
of the HH albeit over a not very large area (Fig. 3¢). During
the first decade of the analysis period, a shifting of the system
to the north took place. In the period 1961-1980, the HH
moved to the south-east and remained in a stable location until
the end of the 1990s. In the last decade of the twentieth cen-
tury, the system moved significantly to the south-west and in
the twenty-first century shifted again to the north-east. The
cluster analysis provided grounds for separating two periods
of'the HH location in January, i.e. 1948—1986 and 1987-2018
(Fig. 3d). This implied a general conclusion on the shift of the
high from the north-east to the south-west. The breakthrough
year 1987, noticed in the cluster analysis, is also visible in the
course of the NE-SW/SW-NE index for which the maximum
value is observed just in this year (Fig. 3g). Following that
particular year, the index produced negative values (indicating
predominance of the SW location over the NE one) until the
end of the analysed period. Another breakthrough year in the
location of the system is 1997 (1998). This is the year in which
as many as three indices, E-W/W-E, N-S/S-N and NE-SW/
SW-NE reached their minimum value (Fig. 3e—g). The N-S/
S-N index shows a slow shift in the system to the north at the
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<« Fig. 3 Hawaiian High in January. a Longitude (°), b latitude (°), ¢ 10-
year mean locations (periods are as follows: (1) 1951-1960, (2) 1961—
1970, (3) 1971-1980, (4) 1981-1990, (5) 1991-2000, (6) 20012010, (7)
2011-2018), d cluster analysis periods, e E-W/W-E index, f N-S/S-N
index, g NE-SW/SW-NE index, h NW-SE/SE-NW index

beginning of the period, then to the south from the 1960s and
again northwards from the beginning of the twenty-first cen-
tury. The NW-SE/SE-NW index indicates the advantage of the
NW location over the SE in January until 1975 and then a
significant reverse trend (Fig. 3h). This is however not the
dominant change in the HH location in January.

3.3 Shifts of location of the AH and the HH in July

The AH in July displays a slight statistically insignificant
downward trend concerning both the longitude and the lati-
tude, which denotes a slight shift of the system to the west and
to the south in the whole of the analysed period (Fig. 4a, b).
The 10-year average locations show a rather complicated sys-
tem of AH locations with the prevailing shifting of the high
from the north-east to the south-west (Fig. 4c). The cluster
analysis enabled grouping the locations of the system within
three periods, i.e. 1948-1982, 1983—1997 and 1998-2018
(Fig. 4d). Between the first and the second period, a short
distance shifting of the system to the south-east took place,
and in the last two decades, a shift to the south-west was
observed. The E-W/W-E index indicates a rather significant
shifting of the AH in July to the west with the exception of the
period 1980—1990 in which the system was moving eastwards
(Fig. 4e). In a course of that index, one can notice three pe-
riods corresponding to those separated in cluster analysis. The
N-S/S-N index shows the high shifting southwards at an al-
most uniform rate. The NE-SW/SW-NE index shows again an
exceptional period 1980-1990 in which the steady shifting of
the AH in July from the north-east to the south-west was
disrupted (Fig. 4f). That index reveals a statistically significant
decreasing trend for the whole studied period. The NW-SE/
SE-NW component reaches very small values and is not sig-
nificant in the analysis of the AH shifting in July (Fig. 4g).
The longitude of HH in July in the period 1948-2018
displayed a slight negative statistically insignificant trend,
while the trend of the latitude is almost zero (Fig. 5a, b). The
10-year tracks show the predominant direction of the system
shifting from the east to the west and south until 2010 and
quite rapid movement to the NE in the last years (Fig. 5c). The
cluster analysis enabled to distinguish three periods in the
following location: north-east to the mean long-term location
(1948-1969), south-west to the mean long-term location
(1970-1980) and north-west to the mean location (1981—
2018; Fig. 5d). In the third period, the system was relocated
north-eastwards relative to the former one. Index E-W/W-E
reveals a decreasing statistically significant trend meaning in

general a westward shift. Two indices (E-W/W-E and NE-SW/
SW-NE) reached their maximum values in the same year, i.e.
1957 (Fig. Se, g). This was the year of the maximum displace-
ment of the system to the E and the NE relative to the average
location in the long-term period. The NW-SE/SE-NW index
values are quite small and have a rather chaotic profile (Fig.
5h). The shift of the system to the NW-SE/SE-NW was thus
barely significant. Three indices, the E-W/W-E, N-S/S-N and
NE-SW/SW-NE for the HH in July reached their first or sec-
ond minimum peak in the same year, 1972 (1973); Fig. Se—g).
It was thus one of the breakthrough years in the location of this
system. These three indices show a periodicity of about 31—
35 years. In the twenty-first century, all these three indices
revealed an increase in values indicating changes of direction
of high to the east, north and north-east respectively.

4 Conclusions and discussion

The most important results of the research can be summarised
in the following statements:

» the long-term trend of sea level air pressure in the AH
centre during 1948-2018 in January is positive and statis-
tically significant; the average increase of pressure in the
centre of the AH in January is 0.63 hPa over 10 years. The
AH in July and the HH in January and in July do not
display statistically significant changes in pressure in the
centre of the system in the studied period;

» pressure in both centres, both in January and in July, is
significantly correlated with the latitude of each of these
systems in the particular month (»=0.64 for the AH and
0.62 for the HH in January, 0.59 for the AH and 0.63 for
the HH in July). The AH and HH are the stronger, the
more their centres are located to the north; the variables
characterising the HH in January (x, y, z) explain 11% of
variation of the variables characterising the AH (x, y, z) in
July in the same year;

» the NE-SW/SW-NE index proves the shifting of the AH in
January from the south-west to the north-east until 1991
and again to the south-west in the twenty-first century.

+ the HH in January moved generally from the north-east to
the south-west until the end of the twentieth century and
shifted again to north-east in twenty-first century;

* the AH in July was characterised by quite a complicated
displacement system with the prevalence of the shifting of
the high from the north-east to the south-west with the
exception of the period 1980-1990 in which the system
moved eastwards;

+ the HH in July shows the predominant direction of move-
ment from the east to the west and south until 2010 and a
quite rapid shift to NE in the last years. The breakthrough
years for the location of the system were 1957, when the
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<« Fig.4 Azores High in July. a Longitude (°), b latitude (°), ¢ 10-year mean
locations (periods are as follows: (1) 1951-1960, (2) 1961-1970, (3)
1971-1980, (4) 1981-1990, (5) 1991-2000, (6) 2001-2010, (7) 2011—
2018), d cluster analysis periods, e E-W/W-E index, f N-S/S-N index, g
NE-SW/SW-NE index, h NW-SE/SE-NW index

system was shifted extremely to the E and the NE relative
to the average location in the long-term period and 1972
(1973) when three indices, the E-W/W-E, N-S/S-N and
NE-SW/SW-NE reached their first or second minimum
peak; these indices show a periodicity of about 31—
35 years for the HH in July;

 the shifts of both systems are more significant in January.
In July, both highs display a higher stability in their
locations;

* particularly prominent in the shifting of the systems
analysed are the breakthrough years common for at least
two analysed cases, which denote changes in the direc-
tions of movement of the systems i.e. 1970 (1969-1973)
for the AH in January and HH in July, 1981 (1980-1982)
for all analysed cases (AH and HH in January and in July),
1990 (1991) for the AH in January and in July as well as
1997 (1998) for HH in January and AH in July.

In winter, the systems analysed moved until the end
of the twentieth century in different directions: the AH
towards the land area of Europe and the HH towards
the open Pacific. This may significantly affect the
changes in the climatic conditions of both continents.
In the first case, it implies an increase in the impact
of the system on Europe, mainly by increased intensity
of the air flow from the North Atlantic to Europe. In
the second case, it implies decreased significance of the
system for the North American continent. In summer,
both systems display a not too clear tendency towards
moving away from the shores of Europe (AH) and
North America (HH).

The strengthening of the Azores High observed in the
last 20 years of the last century by Hasanean (2004)
appeared to be a significant feature of that centre in
January manifesting itself in positive trend over the en-
tire period of 71 years considered herein. A statistically
significant increase in pressure in the centre of the AH
in January is closely correlated with the shifting of the
system to the north-east in the analysis period. This is
due to a close correlation between pressure in the centre
of the AH and its latitude and a less close one between
pressure in the AH and its longitude. Thus, the ob-
served increase in the latitude and longitude of the sys-
tem in January until the end of the twentieth century is
accompanied by an increase of air pressure in its centre.

The AH is exposed to the impact of the temperature
of the tropical part of the North Atlantic in the winter

(Hasanean 2004). The positive pressure trend in the
centre of the AH in January combined at the same time
with the almost zero trend in July is the cause of
diminishing differences between summer and winter air
pressure value in the centre of the high. The average
long-term pressure of this system in January is almost
equal to that in July. This is an unusual situation. The
sea surface temperature (SST) of the North Atlantic in
winter should not create such favourable conditions for
maintaining the air pressure value in the centre of the
AH at a level almost equal to the summer one. Such a
situation is caused by the simultaneous impact of two
features of the SST trend of the North Atlantic Ocean:
(1) the increase in the SST of the North Atlantic and (2)
the negative trend of the seasonal range in SST (both
characteristics of the SST of the Atlantic were described
by Taboada and Anadén 2012). At present, the Atlantic
Ocean does not cool down in winter as before and
therefore, the AH does not lose its strength (does not
weaken) as much in this season relative to the summer
season as it used to be a few decades ago. The third
cause of the described phenomenon may be the decrease
in the difference in temperature in January between the
SST of the North Atlantic and the air temperature over
the European continent. This would lead to attenuation
of air settling over Europe and attenuating the flow of
air between the land and the ocean. The above thesis
requires further investigation but the proven reduction of
the duration of snow cover in Europe (Rasmus et al.
2015; Ye and Lau 2017), which results in reduced win-
ter albedo of the continent, leads indisputably to in-
creased absorption of solar radiation and an increase in
the winter air temperature in Europe (Scaife et al.
2008). In summer, air pressure in the centre of the
AH has only a slight, statistically insignificant positive
trend. This is the result of weak relations between the
AH and the SST over the tropical Atlantic in summer as
described by Hasanean (2004). Thus, the summer AH
does not respond significantly to the changes in the SST
of the North Atlantic.

The situation is different in the case of the HH where
pressure in the centre remains higher by 4 hPa in July
than in January, which is a normal situation. The slight,
statistically insignificant negative trend of the sea level
air pressure in the centre of the HH in January in the
second half of the twentieth century is related to the
weak movement of the system to the south and the
south-west during that period, i.e. with the decreasing
latitude of the system.

One of the breakthrough years, 1970 (1969-1973)
coincides with the beginning of the third circulation
epoch of the twentieth century, characterised by in-
creased intensity of zonal circulation (Makrogiannis
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<« Fig. 5 Hawaiian High in July. a Longitude (°), b latitude (°), ¢ 10-year
mean locations (periods are as follows: (1) 1951-1960, (2) 1961-1970,
(3) 1971-1980, (4) 1981-1990, (5) 1991-2000, (6) 2001-2010, (7)
2011-2018), d cluster analysis periods, e E-W/W-E index, f N-S/S-N
index, g NE-SW/SW-NE index, h NW-SE/SE-NW index

et al. 1991; Degirmendzic et al. 2000; Sidorenkov and
Orlov 2008). In that year, the following were observed:

+ one of the two minima of the AH latitude in January;

* aminimum value of the NW-SE/SE-NW index for the AH
in January;

» one of three maximum of the latitude of HH in January;

* asecond minimum peak of the NE-SW/SW-NE index for
the AH in July;

+ the beginning of the second sub-period separated by clus-
ter analysis for the HH in July;

+ the first or second minimum peak of the three indices, E-
W/W-E, N-S/S-N and NE-SW/SW-NE for the HH in July;
the system was displaced extremely to the south and west
in that year.

A large accumulation of extreme values during that
year confirms its significance in separating epochs of
circulation changes. The beginning of the intensification
of zonal advection was only clearly marked in the case
of the AH in January when it manifested itself by ac-
celerating the system shifting and pushing it plainly to
the north-east. This caused a reduction in the distance
between the AH and the centre of the Icelandic Low
and consequently, an increase in the intensity of zonal
advection in moderate latitudes expressed by, inter alia,
the above-mentioned thermal changes in winter over
Europe.

The explanation of relations between HH in January and
AH in July demonstrated by canonical correlation requires
further research. This relation is both distant in space and
lagged in time (by 6 months). However, connections between
oceanic lows of the Northern Hemisphere (Icelandic and
Aleutian) had been proved and called a seesaw by Honda
and Nakamura (2001), Honda et al. (2001), Honda et al.
(2005a), so the relations between the AH and the HH are also
highly probable.

The application of cluster analysis made it possible to
divide the analysed period into sub-periods of different
locations of the AH and HH. Even better results were
obtained by using the indices showing the movements
of the ACAs in the main (E-W/W-E, N-S/S-N) and in-
termediate (NE-SW/SW-NE, NW-SE/SE-NW) directions.
This enabled clarification of existing knowledge on the
directions of movements of the ACAs. The statements
by Zhang et al. (1995), Méchel and co-authors (Méchel
et al. 1998) and Falarz (2009), who point to a

northward movement of the AH, as well as the conclu-
sions drawn by Luo and Gong (2006), who talk of an
eastward movement of the NAO centres of action after
1980, were probably not entirely precise. The utilisation
of additional tools led to the conclusion on the north-
east moving of AH in the second half of the twentieth
century.

Further research will focus on (1) a detailed explana-
tion of the reasons for the increased intensity of the AH
in January, (2) searching for correlations and examining
the shifts of other ACAs in the Northern Hemisphere,
(3) investigating the impact of the changes in the inten-
sity of the atmospheric centres of action and their shift
on climatic conditions of Europe and North America.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.
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