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RESUMEN

En el presente estudio examinamos el impacto del calentamiento climatico en la variabilidad de los princi-
pales impulsores climaticos en el hemisferio norte, utilizando 40 afios (1979-2018) de datos de reanalisis de
ERA-Interim. Para identificar regiones con variabilidad significativa de espesor de 500-1000 hPa, aplicamos
el estimador de pendiente de Sen y la prueba de significancia de Mann-Kendall. Los hallazgos revelan que el
calentamiento climatico es particularmente pronunciado en latitudes que fluctuan entre 80° y 90° y también
en regiones subtropicales. El aumento de espesor es mas notable en las latitudes medias durante el verano,
debido al calentamiento climatico. La pendiente mas pronunciada observada en otofio indica un ritmo de
calentamiento mas rapido en comparacidén con otras estaciones. A pesar del calentamiento climatico, ten-
dencias significativas en los sistemas de circulacion atmosférica a gran escala demuestran el fortalecimiento
de la alta presion siberiana en invierno y otofio; ademas, un segmento del niicleo del sistema de alta presion de
las Azores también se fortalece durante el invierno. Por el contrario, los sistemas de baja presion del mon-
z6n y de las Aleutianas se debilitan en primavera e invierno, respectivamente. El sistema subtropical de alta
presion exhibe una tendencia positiva y significativa en invierno, primavera y verano, alineandose con las
tendencias positivas significativas observadas en el espesor atmosférico, lo cual confirma los efectos del
calentamiento climatico.

ABSTRACT

In the present study, we examine the impact of climate warming on the variability of the main climatic drivers
in the northern hemisphere, using 40 years (1979-2018) of ERA-Interim reanalysis data. We applied Sen’s
slope estimator and the Mann-Kendall significance test to identify regions with significant variability of 500-
1000 hPa thickness. The findings reveal that climate warming is particularly pronounced at latitudes ranging
from 80° to 90° and also in subtropical regions. The increase in thickness is most notable in mid-latitudes
during the summer season, owing to climate warming. The steeper trend slope observed in autumn indicates
a faster warming rate compared to other seasons. Moreover, despite climate warming, significant trends in
large-scale atmospheric circulation systems demonstrate the strengthening of the Siberian high-pressure in
winter and autumn. Additionally, a segment of the core of the Azores high-pressure system has also experienced
strengthening during winter. Conversely, the monsoon and Aleutian low-pressure systems have weakened
in spring and winter, respectively. The subtropical high-pressure system exhibits a positive and significant
trend in winter, spring, and summer, aligning with the positive significant trends observed in atmospheric
thickness, thereby confirming the effects of climate warming.
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1. Introduction
The impacts of imbalanced climate warming have
led to abnormalities in meteorological parameters
such as precipitation and temperature in various
regions worldwide. If these abnormalities persist,
they can be referred to as climate change. The vari-
ations in these parameters are primarily a result of
significant alterations in atmospheric circulation
patterns, particularly semi-permanent patterns. This
is because the frequency, diversity, and intensity of
pressure systems and atmospheric circulation patterns
greatly influence the amplification of atmospheric
conditions and climate components (Vicente-Serrano
and Lopez-Moreno, 2006). Therefore, investigating
changes in key meteorological parameters like sea
level pressure (SLP) is crucial for comprehending
the intricacy of the climate system and the impact of
anthropogenic warming on it (Patil et al.,2011). As a
result, numerous studies have focused on this topic.
The main reason behind climate change is the
radiative imbalance that leads to global temperature
increase (Burt, 2005). Wallace et al. (2012), among
others, stated that the changes in SLP during winter
in the Northern Hemisphere were due to climate
warming over the past few decades. As regions of
cyclogenesis are connected to the quasi-permanent
patterns of mid-latitudes and subtropical regions, any
impact of climate warming on the meteorological
variables in these specific regions will lead to climate
anomalies in other areas. Consequently, numerous
studies have examined these quasi-permanent weath-
er systems individually in order to identify climate
changes. For instance, Gong and Ho (2002), D’ Ar-
rigo et al. (2005), and Panagiotopoulos et al. (2005)
documented a significant weakening of the Siberian
high in the latter half of the 20th century. The most
notable trend observed was a decrease of 2.5 hPa
per decade from 1978 to 2001. Although they did
not investigate the underlying dynamic factors, they
emphasized that the weakening of the Siberian high
should be considered a plausible outcome of climate
warming. Moreover, they believed there is a strong
negative correlation between long-term changes in
the Siberian high and surface temperature.
Although the decrease in pressure trend is consid-
ered one possible outcome of climate warming, a study
conducted by Jeong et al. (2011) reported a strengthen-
ing of the Siberian high during the period 1990-2010,

contradicting the findings of Panagiotopoulos et al.
(2005). Falarz (2019) stated that the long-term trend
at the center of the Azores high remained stagnant in
June and increased by +0.63 hPa in January over each
decade. He further noted that the reason is a reduction
in air pressure difference between summer and winter.
Using a linear model, Trenberth and Hurrell (1994)
examined the Aleutian low-pressure system for a de-
cade (1976-1988). They concluded that the deepening
and eastward shift of the Aleutian low was associated
with an increase in surface temperature in the Bering
Sea. Luetal. (2004) discussed that extratropical storm
tracks play a role in modifying the wave associated
with this low-pressure system, leading to a weaken-
ing of the Aleutian low. On the other hand, Xie et al.
(2010), Deser et al. (2012) and Oshima et al. (2012)
also believe that the relatively high atmospheric chang-
es in the extratropical zone show a significant uncer-
tainty in the intensity of the Aleutian Low’s changes.
Gan et al. (2016) demonstrated that this low-pressure
system had strengthened during the 20th century. They
applied a combined model approach to investigate
the relationship between Arctic Sea ice melting and
the Aleutian low, and projected that the Aleutian low
would strengthen by —1.3 hPa and expand northward
in the following century compared to the 20th century,
as a result of climate warming.

Another form of quasi-permanent patterns is tele-
connection patterns. Scholars such as Bjerknes (1968)
and Horel and Wallace (1981) have pointed out the
importance of teleconnection patterns in generating
anomalies in atmospheric circulations in remote areas.
A noteworthy instance can be the observed changes in
the atmosphere and oceanic conditions of the tropical
Pacific Ocean, which are transmitted to higher lati-
tudes through teleconnection. Another example is the
occurrence of monsoon lows, which are disturbances
at the synoptic scale that form at the apex of the Bay
of Bengal. These disturbances result in substantial
rainfall but exhibit fewer extreme events (Sikka,
1977; Hurley and Boss, 2015; Hunt et al., 2016). The
studies conducted by Serland and Sorteberg (2015)
and Dong et al. (2020) suggest climate warming has
significantly reduced monsoon rainfall in central and
northern India. This decrease can be attributed to the
weakening of monsoon intensity and vorticity in the
main core. Dong et al. (2017) argue that heavy rainfall
events are closely linked to monsoon activity in the
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main core. The decline in the number of heavy rainfalls
in recent years may be attributed to the weakening of
the monsoon low in the central core. Consequently,
systems originating in the southern Bay of Bengal and
the Arabian Sea have strengthened the primary system,
leading to a general extension of monsoon rainfall
beyond the north-central region of India.

Studies have also been conducted on the Mediter-
ranean region. Maheras et al. (2001) demonstrated
a decrease in the number of Mediterranean cyclones
in the Western Mediterranean and an increase in
their number in the Eastern Mediterranean from
1958 to 1977. Additionally, Trigo et al. (2000) stat-
ed that strong cyclones have been decreasing in the
Western Mediterranean while weak cyclones have
been increasing. While the current study focuses on
pressure change trends rather than cyclones, it also
examines the strengthening and weakening of pres-
sure patterns as an indicator of cyclone intensity and
changes in other climatic phenomena. The primary
aim of the current study is to reveal the significance
and the trend values for each main center of the pres-
sure systems affecting the climate of the Northern
Hemisphere, unlike the researchers who examined
this issue regionally, including Gadedjisso-Tossou et
al. (2021) in Togo, Frimpong et al. (2022) in Ghana,
and Jigin et al. (2023) in Ethiopia. However, most
previous studies have primarily focused on specific
regions, paying less attention to the overall integrated
climate of the Northern Hemisphere.

Therefore, this paper examines the six activity
centers or systems that play vital roles in the climate
of the Northern Hemisphere, namely the Siberian,
Azores, and Pacific highs, as well as the Icelan-
dic, Aleutian, and Monsoon lows. Moreover, the
Mediterranean SLP is considered a significant region
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for cyclogenesis and its impact on the climate of
Eurasia is investigated. The quasi-permanent events
discussed here are interconnected and should not be
seen as isolated phenomena. One of the strengths of
this research is the utilization of the non-parametric
Mann-Kendall test to determine the trends in SLP,
geopotential height of 500 hPa, and the 1000-500 hPa
thickness across the entire Northern Hemisphere. The
findings mainly concentrate on the changes in the
permanent or quasi-permanent atmospheric patterns
that dominate the Northern Hemisphere’s climate.
As a result, this study offers valuable insights to
help readers better understand the effects of climate
change on the climate of the Northern Hemisphere.

2. Study area

This research focuses on the large-scale atmospheric
systems of the Northern Hemisphere. Considering the
significant impact of these systems on the generation
of various weather patterns and, consequently, the de-
termination of the Northern Hemisphere’s climate, a
comprehensive examination of the entire hemisphere
was undertaken. The deployment of the pressure sys-
tems has been determined according to the long-term
average of 40 years of SLP. The location map of the
studied pressure systems is illustrated in Figure 1.

3. Data and methods

In order to achieve the goals of the research, it is
necessary to investigate the variability and its sig-
nificance for the seasonal average of pressure in all
regions of the Northern Hemisphere. For this purpose,
data from the European Centre for Medium-Range
Weather Forecasts (ECMWF) database were used
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Fig. 1. General location of the studied pressure systems in the Northern

Hemisphere.
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from 1979 to 2018, including 14610 days for SLP, and
500 and 1000 hPa (geopotential height). The spatial
resolution of the data is 1° in latitude and longitude,
encompassing the entire Northern Hemisphere. The
seasons are defined as follows: winter (January,
February, and March), spring (April, May, and June),
summer (July, August, and September), and autumn
(October, November, and December). One of the
parameters that can indicate climate warming and
its impact on other meteorological parameters is the
thickness of the atmosphere, which is directly related
to the average temperature of the layer and increas-
es/decreases with heating/cooling (NOAA/NWS,
2019). Meteorologists commonly use the 5400-m
line to determine whether a region is cold enough
for snowfall or warm enough for rainfall. This line
separates polar streams from mid-latitudes (Hannigan
and Godek, 2020). Therefore, thickness maps provide
a direct representation of the temperature within
the corresponding layer. In order to investigate the
role of temperature in changes to pressure patterns,
atmospheric thickness was calculated for all seasons.

The Mann-Kendall test was applied to examine
the trend’s significance at a 95% confidence level for
SLPand 500 hPa at each grid point. The rate of chang-
es was estimated using the Sen’s slope estimator. By
combining the Sen‘s slope map and Mann-Kendall
significance, regions with positive or negative slope
trends, both significant and insignificant, were iden-
tified in the Northern Hemisphere. To calculate the
Mann-Kendall non-parametric test, the differences
between the observations are first computed using S
statistics (Eq. [1]).

n—1 n
s = Z Z sgn(xj—xk>
k=1 j=k+1
where 7 represents the total number of observations,
while x; and x; denote the j; and ky, values of the
series. The resulting output of the aforementioned
equation determines the symbol assigned to each
series, as described by Eq. (2).
+1 if(xj —xk) >0
0 if (x; —x;) =0 )
-1 if (xj - x;) <0
Then, the variance for each observation is calcu-
lated using Eq. (3).

j>k (1)

sgn(x) =

VAR(S) = 1—18 [n(n -D(2n+5) -
€)

2%(% - 1)(2’19 +5)]

where n represents the total number of observations,
g the number of series containing at least one instance
of duplicate data, and ¢ the frequency of observations
with identical values. The Z statistic is derived from
the variance values and is calculated using Eq. (4)
(Hirsch et al., 1982; Gibbons and Chakraborti, 2011).

7 = — if S>0
MK = VAR®S)
S+ .
Z = — if S<0
MK = VAR

Finally, the null hypothesis is assessed in order to
determine the presence or absence of a trend and its
randomness. This hypothesis is approved when -2,
< Z<Zu» (Eq. [5]). The Z,/, values are the normal
standard deviation (Z table) (Gan, 1998).

|Z| <Z, Q)

In the present study, a significance level of o= 0.05
was utilized. Considering the bilateral nature of the test,
the Z value from the table was determined to be 1.96.
Following the confirmation of the trend’s significance,
Sen’s slope estimator was employed to calculate the
rate of changes and its slope. This estimator is derived
by computing the difference between the observations
and their ranks, as demonstrated in Eq. (6).

XJ'—Xk
j—k
where x; and x; represent the data observed in j and

k times. The obtained median Q is equal to the slope
of data time series (Banda et al., 2021).

0 - (©6)

4. Results and discussion

4.1 Trends in SLP and 500 hPa level changes in the
Northern Hemisphere

This section provides the results obtained from
analyzing the trends in SLP and the 500 hPa level.
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Figure 2 illustrates the SLP pattern (Fig. 2a) and the
height of the 500 hPa level (Fig. 2b). In Figure 2a, the
subtropical high-pressure belt is clearly observable in
the subtropical latitudes, as well as the Siberian high
in North Asia. Additionally, the two low-pressure
regions associated with the Atlantic-Pacific storm
tracks are clearly depicted in the mid-latitudes over
the Atlantic and Pacific. In Figure 2b, the dominant
patterns are two deep troughs in the east of Asia
and the Americas on the upstream of the Pacific and
Atlantic storm tracks along with a weak and qua-
si-permanent trough in the Mediterranean.

4.1.1 Winter

Figure 3a demonstrates a significantly positive
trend in SLP on the Pacific, known as the Pacific
storm track. Notable changes in the 500 hPa level
are predominantly observed in the polar and sub-
tropical regions (Fig. 4a). By comparing the mean
SLP map in Figure 2a with its trend map in Figure
3a, it is evident that the core of the Siberian high
exhibits a positive trend ranging from 1.2 to 2.4
hPa over the 40-year period. The Azores high core

180°W
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60°N

(Fig. 3a), is strengthened by 1.2 to 2 hPa during the
40-year period on a limited number of pixels. In the
500 hPa level (Fig. 4a), a significant positive trend
in geopotential height is more extensively observed
in the same area, with an increase of about 20 to 40
m over the 40-year period. No significant trends are
observed in the northern area of the Atlantic, where
the Icelandic low is located, in both studied levels
(Figs. 3a, 4a). In winter, the most notable changes
(Fig. 3a) belong to the Aleutian low. Figure 3a re-
veals that the core of the Aleutian low experiences a
positive trend (increase in pressure) of up to 6.5 hPa
at sea level, indicating its weakening. The results
demonstrate that the trough associated with this
low-pressure system is also weakened in the 500 hPa
level, with an observed increase in height of up to
100 m above its core (Fig. 4a). The region spanning
from the Southeast Pacific to the inner regions of
Northern America also displays a positive trend of 2
to 4 hPa (Fig. 3a), indicating the strengthening of the
high-pressure system in this region. The subtropical
high near 30° N emerges as a prominent region, with
a maximum height increase of 40 m (Fig. 4a).
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Fig. 2. (a) Long-term mean of sea level pressure (SLP) and (b) mean height of the

500 hPa level.
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Fig. 4. Rate of 500 hPa level height trends (m year ') for (a) winter, (b) spring, (c)
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4.1.2 Spring a 40-year period. Figure 3b also depicts a negative
The monsoon low in its primary location (Fig. 1) in  trend and a decrease in pressure in the Red Sea and
the northwestern Bay of Bengal exhibited a positive  the eastern Mediterranean of up to —1.2 hPa during
trend (weakening) of up to 0.5 hPa (Fig. 3b) over the same 40-year period. In spring, the Arctic region
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(above 80° N), Western Siberia, and Eastern Europe
demonstrate a prominent negative trend of —3.2 to
—4 hPa (Fig. 3b) over the 40-year period. At the
500 hPa level (Fig. 4b), most regions in the Northern
Hemisphere exhibit a significantly positive trend,
with the exception of the central Atlantic region.
Notably, there is a significant strengthening of the
subtropical high by up to 20 m from West Africa to
the East Pacific during the 40-year period, which can
have an impact on the climate of a large part of the
Northern Hemisphere. In the western Mediterranean
at the 500 hPa level (Fig. 4b), a positive trend of 40 m
was observed over the 40-year period. As mentioned
carlier, a significant negative trend is observed in
the sea and 500 hPa levels in the central Atlantic
region, specifically between 50° to 60° N, known as
the Atlantic storm track. Figure 3 shows a decrease
in pressure to —3.2 hPa at the sea level (Fig. 3b)
and a decrease in height to —40 m at the 500 hPa
level (Fig. 4b) during the 40-year period, indicating
a strengthening of the Atlantic storm track.

4.1.3 Summer

On the sea level trend map for summer (Fig. 3c),
the Atlantic subtropical region exhibits a significant
negative trend of —0.8 hPa, indicating a decrease in
pressure. In the tropical regions of Central Africa,
there is a pressure increase ranging from 0.8 to 1.6
hPa at sea level. Additionally, these regions experi-
ence a strengthening of the subtropical high at the
500 hPa level, with an increase in height ranging from
4 to 20 m (Fig. 4c). From 30° to 70° N in the Amer-
icas, there are two disconnected regions that show
a significantly negative trend: one in the north, in-
cluding northwest Canada and Alaska, with a trend of
—1.6 hPa, and the other in the southeast with a trend of
—0.8 hPa. The Red, Caspian, and Black seas, as well
as the Mediterranean in West and Southwest Asia also
exhibit a significantly negative trend, ranging from
—0.8 to—2.4 hPa over the 40-year period. These trends
suggest a warmer sea surface temperature (SST) and
a heat low in the Middle East and Southwest Asia.
Furthermore, Eastern Siberia experiences a signifi-
cant negative trend of —1.4 to —4 hPa, indicating a
decrease in pressure (Fig. 3c). At the 500 hPa level
(Fig. 4c), there is a noteworthy strengthening of the
ridge in northern Europe between 50° and 65° N,
with an increase in height of up to 60 m over the 40-

year period. This strengthening is accompanied by
a concurrent increase in pressure, reaching 2.4 hPa
at sea level in this area (Fig. 3c). In the upstream re-
gions of the storm tracks in the Atlantic and Pacific,
significant increases in height can be observed, with
an increase of up to 20 and 40 m over the 40-year
period, respectively. In the subtropical region, where
the strengthening of the subtropical high and its pen-
etration towards higher latitudes are notable features
in summer, a positive trend of 20 m can be observed
over the 40-year period, particularly over land areas.

4.1.4 Autumn

During autumn, most regions do not exhibit a sig-
nificant trend in terms of SLP, with the exception of
Northeast Asia and the tropical regions of the Indian
and Atlantic oceans (Fig. 3d). When the air gets colder
in autumn, the Siberian high-pressure system becomes
prominent on the map. This pressure system shows a
positive trend, with its core pressure increasing by 4
hPa over a 40-year period. It is worth noting that there
is an increase in pressure of up to about 4 hPa along the
edge of the Siberian high and in Northeast Asia (East
Siberia). At the 500 hPa level in this region (Fig. 4d),
the height has increased by 40 to 60 m, indicating a
strengthening of the ridge located downstream of the
Pacific storm. The Mediterranean region does not show
any significant trends at sea level (Fig. 3d), but its
eastern part exhibits a positive trend of up to 20 meters
in height at the 500 hPa level (Fig. 4d). In the map of
the 500 hPa level (Fig. 4d), there is a pronounced and
significantly positive trend between latitudes 60° to
80° N in North Europe during this season, indicating
a weakening of the Icelandic low in this area.

4.2 Normality test and trend analysis of atmosphe-
ric thickness

To validate the trend analysis’s results, a normality
test was conducted using the Kolmogorov and Shap-
iro-Wilk methods on the spatial average of 1000-500
hPa thickness for all seasons. The results of this test
are presented in Table 1. Both methods indicate that
the test is significant at a 95% confidence level. Ad-
ditionally, the normality axis and Bell Curve Charts
for all four seasons demonstrate that the data follows
a normal distribution (Fig. 5).

After confirming the normality, the Mann-Kendall
test and Sen’s slope were conducted on the atmo-
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Table 1. Normality test of the four seasons at the 95 % significance level.

Kolmogorov-Smirnov Shapiro-Wilk
Statistic DF Significance Statistic  DF  Significance
Winter 0.088 40 0.200* 0.957 40 0.137
Spring 0.045 40 0.200%* 0.996 40 1.000
Summer 0.135 40 0.065 0.959 40 0.153
Autumn 0.126 40 0.113 0.964 40 0.235

DF: degrees of freedom; *Lower than true significance.
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Fig. 5. Bell curve of normal distribution for each season.

spheric thickness data. Table II presents the results  atmospheric thickness layer, or the highest positive
of Sen’s slope calculation for each decade. The table  trend of autumn, was approximately 5 m per decade,
reveals that the maximum increase in the height of the  corresponding to a total increase of 20 m over the
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Table II. Sen’s Slope values of thickness in 500-1000 hPa
per meter/decade (seasonal).

Autumn

4.951

Summer

4.776

Winter
4.613

Spring
4.81

40-year study period. In Figure 6, the seasonal di-
agrams of the trend and slope line, as well as the
confirmation of the hypotheses of the regression

Z. Mahavarpour et al.

model for atmospheric thickness, are presented. The
characteristics of a well-performing linear regression
model include normality, independence of variables,
and the confirmation of the presence of variance.
The quality of the regression is assessed through the
residuals plot. The residuals should be randomly dis-
tributed around zero and should not exhibit any trends
(Anscombe and Tukey, 2012). As demonstrated by
the distribution method on the plots, all the initial
assumptions of the model, including the normality
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Fig. 6. Seasonal diagrams depicting the significance, Sen’s slope (left panels), and residual plots (right panels).
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assumption of the data, are correct. The significance
test of the trend and Sen’s slope approved strong and
positive increase values in the atmospheric thickness
in all seasons.

4.3 Thickness maps

The thickness maps of the atmosphere and the trends
of their changes can be used to directly represent
changes in atmospheric temperature. To evaluate the
significance of the trends in atmospheric thickness
changes, the test is conducted at a 95% significance
level and Sen’s slope value is calculated. Subse-
quently, maps are generated for the four seasons and
compared to gain a better understanding of tempera-
ture variability in the Northern Hemisphere and the
warming effects on the atmosphere, particularly in
recent decades (see Fig. 7). Figure 7a displays the
changes in thickness and their significance during
the study period for the winter season. The greatest
increase in atmospheric thickness is observed in the
Polar Cap region. Notably, the subtropical regions
around the 30° N latitude, particularly Southwest Asia
to Northeast Africa, exhibit a significant increase of
10 to 30 m in thickness. The significant positive trend
in atmospheric thickness in the Azores high-pressure
region is consistent with the significant positive trend
observed in SLP in this area (see Fig. 3a), although it
does not cover a large area. The significant trend in at-
mospheric thickness has also weakened the Aleutian
low. In other words, the Polar regions are warming
at a faster rate compared to the tropical regions. The
strong correspondence between Figures 7a and 4a
clearly indicates the effects of climate warming on
the Polar regions.

Figure 7b illustrates the variation in atmospheric
thickness during the spring season. It is evident that
there is a significant positive trend in the Northern
Hemisphere, which has expanded to cover a larger
area. It is worth noting that there is a decrease in
atmospheric thickness in the North Atlantic region
during this season, without any changes observed
in winter. The map depicting the trend in thickness
during the spring clearly indicates the impact of
warming on the negative trend of SLP (Fig. 3b)
between latitudes 80° to 90° N. Furthermore, the cor-
respondence between Figures 7b and 4b indicates a
direct relationship between significant positive trends
at 500 hPa to 40 m and climate warming. This trend

occurred over a 40-year period, approximately rang-
ing from 60° to 80° N, 100° to 180° E, 120° to 180°
W, the Western Mediterranean, and the approximate
range of subtropical high with a 20-m height increase
(Fig. 4b). Figure 7c displays the results for the sum-
mer season, revealing that the most extensive regions
experienced a significantly positive trend. In the
Northern Hemisphere, except for parts of Eastern
Asia and the east of the Atlantic, most regions show
an increasing trend in atmospheric thickness over
the 40-year period, indicating atmospheric warm-
ing. Additionally, Europe and East Asia stand out
in the Northern Hemisphere with an approximately
50-m increase in thickness during this season. The
greatest increase in atmospheric thickness occurs
exclusively during autumn (Fig. 7d). The map il-
lustrates a higher rate of warming during autumn.
The results indicate that this increase is concentrated
in the cold and Polar regions, particularly the Polar
region of northern Eurasia, which has experienced
an up to 20 m thickness increase per decade. The
most substantial increase in thickness is observed
in the polar region during this season, aligning with
the reduction of ice cover in the Barents-Kara Sea
(Yeager et al., 2015; Castruccio et al., 2019; Mori
et al., 2019) and is the main source of the dramat-
ic changes in the atmospheric circulation of the
sub-polar latitudes (Semenov et al., 2009).
Numerous researchers have focused on the causes
of polar ice surface reduction and have identified
several factors (Kay et al., 2015; Swart et al., 2015;
Gascard et al., 2019). According to Figure 7a, the
thickness anomaly in autumn is centered on the
Barents-Kara Sea and represents the most substantial
thermal anomaly in the atmospheric column. In the
Siberian high, the atmospheric thickness exhibits a
decreasing trend of 4 m per decade, in line with the
trend map of SLP increase for this high-pressure
system in autumn. On the autumn thickness map, the
significantly positive trends in the tropical region of
the Atlantic, the Indian Ocean, and throughout the
southern and southeastern coasts of Asia, in conjunc-
tion with the negative trends of —0.8 hPa (Fig. 3d),
indicate decreased pressure resulting from higher
warming in these regions during autumn. This heating
in the subtropical zone during summer and autumn,
however, leads to the expansion of the subtropical
zone (Fu et al., 2006; Seidel and Randel, 2007) and
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the displacement of the subtropical jet stream towards 4.4 Analysis of major pressure centers

the pole in the storm track region (Fu and Lin, 2011),  4.4.1 The Siberian high

which has an impact on the large-scale dynamics of  The findings of this study indicate that the Siberian
the climate component of the Earth’s atmosphere. high-pressure system has strengthened as a result
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of climate warming. Cohen and Entekhabi (1999)
suggest that the decline in surface warming and at-
mospheric stability in Siberia, coupled with increased
snow cover in Eurasia over the past two decades
have contributed to this unexpected situation. These
results contradict the research of Gong and Ho (2002)
and Panagiotopoulos et al. (2005) but align with the
findings of Jeong et al. (2011). Cohen et al. (2012)
examined the physical processes underlying the
strengthening of the Siberian high-pressure system
in recent decades. They propose that the summer
and autumn warming, along with increased humidity
in high latitudes, leads to an increase in snow cover
over Eurasia, which subsequently causes widespread
cooling during winter. Mori et al. (2014, 2019) have
also extensively discussed this issue, concluding that
reduced sea ice in the Barents-Kara Sea is responsible
for the occurrence of severe cold winters in Eurasia.
The decrease in sea ice triggers multiple blocking
events in Eurasia, resulting in the advection of cold air
and the exacerbation of winter conditions. Semenov et
al. (2009) have confirmed the nonlinear relationship
between the reduction of polar ice in the Barents-Ka-
ra Sea and atmospheric circulations, particularly the
anomalous anticyclone circulation, which induces a
negative SST anomaly in central Eurasia. Throughout
the Eurasian region and across all seasons, a decrease
in atmospheric thickness (although not statistically
significant) is observed, corroborating the occurrence
of transient cold air outbreaks associated with numer-
ous blocking events. A positive significant trend of the
500 hPa height level in the summer and autumn ex-
actly in the contentious area of the Barents-Kara Sea
has resulted partly in the deterioration of the ice cover
due to climate warming, especially in late summer and
early autumn (IPCC, 2021).

4.4.2 North Atlantic Ocean

The North Atlantic is influenced by two permanent
pressure systems: the Azores high-pressure system in
the subtropical region and the Iceland low-pressure
system in the northern region. The teleconnection
between these two systems, known as the North At-
lantic Oscillation (NAO), regulates the behavior of
the Atlantic storm track. Any changes in the intensity
of the Azores high-pressure and the Iceland low-pres-
sure systems in the North Atlantic region will result
in a corresponding change in the NAO, which is the

primary mode of atmospheric variability in the
Northern Hemisphere. Therefore, the impact of
climate warming on this region must be considered
from these three aspects. Regarding the high-pres-
sure Azores system at the 500 hPa level (subtropi-
cal high) and the atmospheric thickness within the
same range, the significant positive trend observed
aligns with the map of significant positive trends
in atmospheric thickness, providing evidence of the
effects of climate warming. The findings of Falarz
(2019) partially support the results of the current
study. In their study, Zhang et al. (2001) noted that
the decrease in mean SLP caused by increasing SST
led to an increase in the number of cyclones in the
Icelandic low-pressure region. However, Edwards et
al. (2022) stated that despite the positive changes in
the NAO index from 2010 to 2020, no changes in the
Icelandic low-pressure system have been observed,
which aligns with the results of the present study. The
expansion of the subtropical high-pressure system
toward Western Europe and the strengthening of the
Atlantic Ocean’s trough in the spring (Figs. 3 and 4)
indicate the intensification of the Atlantic storm track.
The significant decrease in SLP, corresponding to the
central Atlantic Ocean, serves as evidence for this
claim. Eichler et al. (2014) investigated the changes in
the intensity of the Atlantic storm track during winter,
and their results are consistent with the current study’s
findings for this period. Regarding the multi-decade
trend of annular modes (North Atlantic, NAM/NAO,
and Pacific Ocean, NAM/NP), it has been observed
that they just exhibited increased strength in the Pacific
Ocean between 1922 and 1959, followed by a period
of weakening from 1960 to 1985. Of particular im-
portance is the positive trend observed in the NAM/
NAO index from 1960 to the early 1990s, which sub-
sequently reversed in trend during the 1990s (Gong
et al., 2018). Our findings indicate that during winter,
the Azores high-pressure system experienced a 1 hPa
increase in its central pressure, while no significant
change was detected in the Iceland low-pressure sys-
tem (Li and Wang, 2003). Hence, the rise in the NAM/
NAO index can be attributed to the intensification of
the Azores high pressure.

4.4.3 The Pacific Ocean and Aleutian low
If we consider the strengthening and weakening of
the Aleutian low in relation to temperature alone,
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the result is that climate warming and the increase in
atmosphere thickness have weakened the middle-lev-
el trough of the atmosphere, ultimately leading to a
weakening of the surface low pressure. Consequently,
this system has shown a significant positive trend in
winter. The weakening of the Aleutian low pressure
means the weakening of the Pacific storm track, as
previously reported by McCabe et al. (2004), Wang
etal. (2012), and Eichler et al. (2014). In relation to
other forcing factors, Trenberth and Hurrell (1994)
and Gan et al. (2016) proposed a linear model
suggesting that the strengthening of the Aleutian
low is a result of increased Bering SST and polar
ice melting. However, Hoerling et al. (2001) and
Gillett et al. (2005) argue that models cannot fully
represent the complexity of the Aleutian low-SST
relationship, as they only account for the response
to SST while ignoring the unexplained effects of
atmospheric internal variability. On the other hand,
Bjerknes (1968), Horel and Wallace (1981), Hoer-
ling et al. (2001), Branstator (2002), Lu et al. (2004),
Xie et al. (2010), Deser et al. (2012), Oshima et al.
(2012), Choi and Cha (2017), Tyrrell and Karpech-
ko (2021), and Chen et al. (2023) also suggest that
multiple drivers contribute to the uncertainty in
the intensity of changes in the Aleutian low. Some
of the drivers include Southeast Asia’s stream jets,
significant changes in the extratropical atmosphere,
and teleconnection patterns. They state that despite
climate warming, these factors can weaken the Aleu-
tian low by creating anomalies in the atmospheric
circulations of remote areas. Understanding the
causes of observed changes in a system affected by
various forcing factors is inherently challenging and
complicated. For example, mean SST in the Pacific
exhibits strong variations on time scales of 20-30
years (Boo et al., 2015). Wang et al. (2012) pro-
pose that large volcanic events and potentially the
variability in incoming solar radiation contribute to
determining the Pacific Decadal Oscillation (PDO)
phase through changes in the Arctic Oscillation. Yeh
et al. (2013) demonstrate that aerosols from anthro-
pogenic sources can alter the temporal variability
of the North Pacific SST through modifications to
the atmospheric circulation. Some researchers have
suggested that the variability in North Pacific SST
is linked to local circulation changes in the Aleu-
tian low (Latif and Barnett, 1996; Sun and Wang,

2006; Chen et al., 2020; Giamalaki et al., 2021;
Dow et al., 2023). These suggestions strengthen
the reliability of our research on the weakening of
the Aleutian low pressure during its peak activity
in winter. These results indicate that aerosols (both
natural and anthropogenic) cool and increase SLP
through radiant reflection, highlighting the domi-
nant influence of aerosols on climate warming and
the weakening of the Aleutian low. Yu and Kim
(2011) studied the relationship between different
phases of ENSO and SLP in extratropical regions
and concluded that the warm phase of ENSO (EI
Nifo) strengthens the Aleutian low pressure, and the
cold phase has the opposite effect. According to the
positive trends of the warm phases of ENSO (Yu
and Kim 2011; Alizadeh, 2023), the strengthening of
the Aleutian low pressure is expected, but with the
results of this study and the weakening trend of this
low pressure, it can be concluded that the impact of
global warming on this low pressure is undeniable.
However, further discussion and examination can
be conducted in future studies.

The variability of the Annular Mode index over
the Pacific Ocean (NPCI) indicates that it has ex-
perienced a substantial decrease since the 1950s,
reaching its lowest value in the mid-1970s before
gradually increasing until 2010. Gong et al. (2018)
used a pattern-based index as NPCI, which is com-
puted based on the empirical orthogonal function
(EOF) modes of the winter mean of SLP anomalies
over the North-Central Pacific. Therefore, despite
the decrease in pressure in the Aleutian low region,
it is expected that the NAM/PA as the first mode of
variability over the Northern Pacific has become
stronger in recent decades due to the influence of
global warming.

4.4.4 Monsoon low

The factors influencing the formation of monsoons
probably represent various responses to climate
warming, resulting in the weakening or strengthen-
ing of monsoons at their main formation location.
Serland and Sorteberg (2015) and Dong et al. (2020)
suggest that climate warming has led to a decrease
in vorticity and a weakening of the monsoon low in
its main core, which aligns with the present study’s
findings. Investigating changes in monsoon rainfall
due to climate warming poses a significant challenge
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as it involves internal natural variability, external
natural forcing (e.g., solar and volcanic activity),
and anthropogenic climatic factors (e.g., greenhouse
gases, aerosols, and land use) (Wang. et al., 2013;
Kamae et al., 2017). Moreover, the occurrence of
monsoons results from changes in the direction of
moist flow in tropical latitudes caused by weather
system arrangements. Sukumaran and Ajayamohan
(2014) propose that the changes in precipitation in
the subcontinent are due to the displacement of the
low-level jet (LLJ) flow, which has altered the path
of moisture transport above 15° N. Additionally, they
assert that the increase in atmospheric stability in the
southern regions of the Arabian Sea (Rajendran et
al., 2012; Sooraj et al. 2015) is also a consequence
of the LLJ displacement. The rise in atmospheric
temperature caused by climate warming over the
cold ocean can explain the increased stability of the
atmosphere in these areas, as observed in the study of
Sooraj (2015). Kamae et al. (2017) demonstrated that
since 1979, the trend of warming of the Atlantic and
Indian oceans and cooling of the Pacific are related to
the phase change of the multi-decadal oscillation of
the Atlantic and the decadal oscillation of the Pacific.

4.4.5 Mediterranean region

In the Eastern Mediterranean, there is a significant
positive trend during winter and autumn at the 500
hPa level, while a significant negative trend is ob-
served during spring and summer at sea level. Similar
findings have been reported by Aragdo and Porcu
(2022) and Kotsias et al. (2023). In the Western Med-
iterranean, a significant positive trend is observed at
the 500 hPa level during spring, while a significant
negative trend is observed at sea level during sum-
mer. Trigo et al. (2000) argue that there has been a
decreasing trend in strong cyclones and an increasing
trend in weak cyclones in the Western Mediterranean,
which aligns with the observed trends. The results of
this study on the Mediterranean (decreasing cyclones
in the west and increasing cyclones in the east) are
consistent with those of Maheras et al. (2001) and
Nissen et al. (2013). These studies, along with the
significance maps of sea level and atmospheric thick-
ness indicating climate warming in recent decades,
demonstrate the complexity of factors influencing
cyclone formation in the Mediterranean, distinguish-
ing it from other regions worldwide.

5. Summary and conclusions

The findings in this paper indicate significant positive
trends in thickness maps across all seasons and a wide
area of the Northern Hemisphere, thereby confirming
the occurrence of climate warming in recent decades.
These trends are particularly pronounced between
latitudes 80° to 90° N and in subtropical regions. No-
tably, the increase in thickness resulting from heating
is more prominent in mid-latitudes during the sum-
mer. While the presence of a significant and positive
trend in atmospheric thickness within the Northern
Hemisphere is an indicator of climate warming, its
impacts on large-scale atmospheric systems and cir-
culation patterns are distinctly varied. It is evident
that the drivers influencing system formation undergo
diverse effects due to climate warming, resulting in
different and sometimes opposing conditions. Local
and regional factors can exert such strong and influ-
ential roles that they render the activities of a phe-
nomenon on a global scale ineffective or even neutral
(e.g., the Siberian high). Although all the evidence
presented in this study confirms the undeniable role
of current warming in the increase of 500 hPa heights
and thicknesses, the effects on continents and oceans
have exhibited notable differences. To gain a more
comprehensive understanding of these results, further
extensive studies are required to identify more precise
reasons. It is also suggested to investigate the role of
atmospheric thickness and pressure changes on other
meteorological parameters, such as precipitation, in
future research studies.
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