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Trends and oscillations in arctic mediterranean atmospheric
static stability during recent arctic warming
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Xin Wang @' and Jinping Zhao

The long-term variation in the static stability of lower atmosphere (SSLA) in the Arctic Mediterranean is investigated using reanalysis
data. Climatological SSLA is categorized into a high-value region (Polar Region) and two low-value regions in the Norwegian Sea
(Region-A) and southern part of Iceland (Region-B). The variations of SSLA are divided into trends and oscillations. In the Polar
Region, SSLA exhibited a decreasing trend due to Arctic warming and sea ice decline, with negligible oscillatory variations. In
Region-A and Region-B, the trends of SSLA are insignificant, while the oscillatory variation becomes obvious. SSLA there are highly
correlated to Arctic Oscillation (AO) Index and vertical velocity. The driving factors in weakening SSLA are vertical velocity and
surface heating, related to enhanced warm water advection dominated by AO. The variation of SSLA in turn feeds back the vertical

velocity and AO.
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INTRODUCTION

Static stability is determined by the vertical distributions of the
atmospheric temperature and humidity, and refers to the ability of
an air mass to return to its original equilibrium position after
moving vertically’=>. It is a fundamental physical parameter closely
linked to convective activities>® and widely used to describe the
atmospheric state’?%°. Previous research has established that the
static stability has an important effect on mesoscale and large-
scale atmospheric processes>'%-'7. Variations of static stability
affects the local atmosphere and climate: it influences the
oscillation frequency of vertical perturbations®, internal waves'?,
gravitational ~ waves'®,  wave-generated  flow?*’,  cloud
cover'®1721-24 and cyclone systems'%2>:25,

In the Arctic, many studies focus on the positive correlation
between the static stability of lower atmospheric (SSLA) and the
Arctic cloud cover'7222327.28 \which plays important role for
energy budget in the Arctic*®>°, The static stability is experiencing
obvious variations due to the Arctic warming and sea ice
retract’>*'37, Models and reanalysis data have also been
employed to investigate the response of static stability to sea
ice loss380,

The relationship between static stability and the Arctic
Oscillation (AO) is important but relatively underexplored. AO is
defined as the first mode of the Empirical Orthogonal Function of
SLP north of 20°N, and the time coefficient of this mode was
referred to as the Arctic Oscillation Index*'. The AO is the most
important pattern of atmospheric circulation in Northern Hemi-
sphere, especially in winter*>#3, North Atlantic Oscillation (NAO) is
another index highly correlated with AO****, Here we use AO to
present both AO and NAO. It is necessary to investigate the
relationship between atmospheric static stability and AO to better
understand the mechanism influencing the Arctic climate system.

This study investigates the trends and oscillatory changes of
SSLA in the Arctic Mediterranean. Additionally, it explores the
connection between the AO and SSLA. This paper reveals the
driving factor behind SSLA variations and discusses the impor-
tance of SSLA in the Arctic Oscillation system. Consistent with
previous research'6243246-48 ‘e calculated the average of the

925 and 850 hPa levels to represent the lower atmosphere in
this study.

RESULTS

For this study, three datasets (NCEP-R2, ERAS5, and JRA-55) were
employed to ensure the robustness of the results and to assess
sensitivity to dataset choice. In the majority of cases, the results
were comparable, and we present only the NCEP-R2 results,
except in instances where results from different datasets
significantly diverge.

Seasonal variation in static stability of the lower atmosphere
in the Arctic Mediterranean

Throughout this paper, N? is used to present the value of SSLA
(see Methods for details). The SSLA exhibits conspicuous seasonal
variations and spatial differences, as illustrated in Fig. 1. Analyzing
the annual cycle, the spatial distribution of SSLA in the Arctic
Mediterranean can be broadly categorized into winter and
summer patterns, with transitional patterns observed in spring
and autumn.

In winter (December-March), the majority of the Arctic Ocean
exhibits high values (greater than 3.3x 10~*s72), whereas the
Norwegian Sea and the area south of Iceland manifest low values
(below than 2.0 x 107*s72). Threshold values are determined by
identifying the outermost isolines among the densely concen-
trated isolines, effectively delineating regions with high and low
SSLA values. The high SSLA in the Arctic Ocean is distinctly linked
to the presence of underlying sea ice. This phenomenon induces a
stable boundary layer characterized by surface-based inversions,
driven by a substantial deficit in surface net radiation over the
snow and ice surface during the polar night**=>2, consequently
resulting in an increase in SSLA.

The SSLA in the Norwegian Sea is primarily associated with its
underlying warm surface, dominated by the Norwegian Atlantic
Current®. In the area south of Iceland, SSLA is influenced by the
recirculation area of the North Atlantic Current®®. Both areas
remain ice-free due to the warmer water transported by the
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Fig. 1 Climatological monthly static stability (N?) of the Arctic Mediterranean lower atmosphere averaged over 1979-2022 (unit: s~2).
The region enclosed by the purple line represents the Polar Region, the red line corresponds to Region-A, and the yellow line outlines
Region-B.
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Fig. 2 Trends in lower atmospheric static stability over the Arctic Mediterranean (1979-2022). This figure presents the data from three
reanalysis datasets: NCEP-R2 (a, b), ERA5 (c, d), and JRA-55 (e, f). a, ¢, e depict the summer trend, while b, d, f display the winter trend. The
region enclosed by the purple line represents the Polar Region, the red line corresponds to Region-A, and the yellow line outlines Region-B.
The zero contours are dashed. The green asterisks showstatistical significance at the 95% level. Shading unit: s~2 per decade.

currents®>~>7. The open ocean strongly releases heat, warming the
lower atmosphere and reducing the stability'>27-33°8>9 This lower
SSLA fosters conditions conducive to the acceleration of vertical
movement'94060,

In summer (June-August), the SSLA in the central Arctic Ocean
significantly decreases due to the seasonal retreat of sea ice. The
higher air temperature during this period results in lower static
stability (~2.4x107*s72). Consequently, in the Norwegian Sea
and the area south of Iceland, the heat flux into the atmosphere
reaches its lowest levels during summer®’, leading to a higher
SSLA (~2.0 x 10~*s2). Consequently, the static stability in these
regions exhibits notable uniformity. While spatial differences in
SSLA are pronounced during the winter season, they become less
apparent in the summer, a phenomenon explained by the
minimal air-sea temperature difference between the Arctic Ocean
and the Nordic Seas.

Based on the climatological SSLA of the Arctic Mediterranean in
winter, we identified three representative regions, the Polar
Region (north of 80°N), Region-A (over the Norwegian Sea) and
Region-B (located south of Iceland). The Polar Region represents
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the ice-covered ocean with high SSLA, whereas Region-A and
Region-B were selected based on N? values lower than
1.34x 10~*s72, a threshold set at two standard deviations from
the spatial mean SSLA?76752, Although the selection criteria have
some arbitrariness, the results are not sensitive to the criteria.
Region-A and Region-B, both characterized by low SSLA values,
exhibit distinctive underlying conditions. Region-A is heavily
influenced by the Norwegian Atlantic Current®®%3, whereas
Region-B is dominated by the recirculated North Atlantic Current
water®'%%, so we discussed them separately.

Trend of atmospheric static stability from 1979 to 2022
In consideration of the seasonal cycle of stability, we study the
trends in summer and winter separately.

As illustrated in Fig. 2a, b, the SSLA in the central Arctic Ocean
represents declining trends based on NCEP-R2 data. In winter, a
statistically significant reduction of (—2.1+0.9)x 107 °s72 per
decade is observed with a confidence level of 95%. In summer,
the reduction is (—7.3£2.7) x 107®s72 per decade. The result is
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Fig. 3 The correlation between the monthly static stability (s2) of the lower atmosphere and surface air temperature anomaly (K),
smoothed with a 13-month sliding average. a Spatial distribution of correlation coefficient of gridded N2 and surface air temperature (SAT)
anomaly. The region enclosed by the purple line represents the Polar Region, the red line corresponds to Region-A, and the yellow line
outlines Region-B. Dashed zero contours are shown. The solid black line represents the critical correlation coefficient contours with a
confidence level of 95%. b The 13-month averaged time series of N2 (blue line) and SAT (red line) anomalies in the Polar Region. ¢ The 13-
month running correlation between N2 and SAT anomalies in the Polar Region, smoothed with a 13-month sliding average. The black dashed
line represents the critical correlation coefficient with a confidence level of 95%.

anticipated because of sea ice retreat and Arctic warming. Firstly,
the sea surface air temperature in the Polar Region increased
approximately 3 °C since the 1980s, closely associated with Arctic
warming3!323436.6566 directly leads to a decrease in SSLA with a
correlation coefficient of —0.9 (Fig. 3). Secondly, the rapid decline
of sea ice in summer has expanded the area of open water?83233,
and more solar radiation was absorbed by the ocean and
subsequently released to atmosphere. The oceanic heating from
the ocean weakened SSLA during fall and winter'>283346 The
combination of the two factors has led to a noticeable decline
trend of SSLA in Arctic Ocean. The trend in winter is nearly two
times that in summer, as the Arctic warming is more pronounced
in winter*®, Despite these trends, it's important to note that the
SSLA in the central Arctic remains at a relatively high level
compared to the climatological mean. This suggests that while a
decline is evident, it has not exerted significant influence on
vertical movement within the central Arctic.

It should be noticed that the summer trend revealed by ERA5
and JRA-55 datasets are different than that of NCEP-R2. SSLA, as
determined from ERA5 data, indicates a subtle increasing trend,
though it is statistically insignificant (Fig. 2¢, d). SSLA calculated
from JRA-55 data present an increase trend, (6.2 +1.4)x 1076 s72
per decade, statistically significant at the 95% confidence level
(Fig. 2e, f). The discrepancy only appeared in ice-covered regions
and is specific to the summer season. Presumably, this may be
caused by the different thermal boundary conditions in their
assimilation models. However, no matter whether the static
stability over the Arctic Ocean is decreasing or increasing in
summer, the climatological SSLA in Arctic Ocean is high enough to
dominate the stable atmosphere.

The trends of SSLA in Region-A and Region-B were not evidence
in summer and winter. This is because these areas are ice-free all
year round>%, and there is no obvious warming appearance to
change the SSLA. In addition, the long-term trend of the heat
fluxes in the Nordic Seas is not statistically significant®® and they
did not induce any significant trend in the regional SSLA.

Oscillatory variation in static stability

As shown in Fig. 4, the oscillatory variations in the SSLA over the
three regions were quite consistently using different datasets. In
the Polar Region, the average amplitude of oscillatory variations of
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SSLA in winter was ~1.95 x 107> s~2 (Fig. 4a, b), being negligible
compared to the trend. In summer, the mean amplitude of
oscillatory variation was ~9.80x107®s™2. Due to the high
climatological static stability in the Arctic, the oscillatory variations
did not significantly reduce the static stability to trigger an
unstable atmosphere.

In Region-A (Fig. 4c, d), the average amplitude of the oscillatory
variation was ~9.18 x 1076572 in winter and ~6.19x 107572 in
summer, respectively. In Region-B (Fig. 4e, f), the oscillatory
variation was ~1.10x 107572 in winter and 1.02x107>s72 in
summer. The oscillatory over Region-A and Region-B in summer is
weaker than that in winter because the lower SSLA appears in
winter. During winter, when a negative oscillatory SSLA is
superimposed on this already low background SSLA, it can lead
to significantly reduced atmospheric stability, thereby weakening
the damping effect of a stable atmosphere on small- and meso-
scale systems'®. Consequently, the oscillatory variations in SSLA
within Region-A and Region-B assume an important role in
influencing the vertical motion of the atmosphere, particularly
during the winter season.

Mechanism of oscillated variation of atmospheric static
stability

The variations in the SSLA over the Arctic Mediterranean mainly
exhibited a trend and an oscillation variation. The trend is
attributed to Arctic warming and the oscillated variation is related
to Arctic Oscillation. As the oscillatory variation in the Polar Region
is insignificant, the driving factor of the oscillated variations of
SSLA in Region-A and Region-B are mainly discussed here. A 13-
month running average of SSLA anomaly data and Arctic
Oscillation index (AQIl) were adopted to filter out seasonal and
other high frequency variations. The relationship between AO and
SSLA are clearly expressed in Fig. 5. The processes well studied are
expressed by blue arrows, and processes revealed by this study
are represented by red arrows.

The AO is the main atmospheric circulation pattern in the
Northern Hemisphere, especially in winter*>%”, When positive AO
occurs, the atmospheric circulation and upward velocity surround
Icelandic Low are all enhanced®”%%%°, and the oceanic circulation
enhances thereby and drives a positive anomaly of SST in the
regions influenced by warm current water, and vice versa®’7%72,
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Fig. 4 Oscillatory variations in the static stability of the lower atmosphere across three regions. Panels (a), (c), and (e) represent the Polar
Region, Region-A, and Region-B during summer, respectively, while panels (b), (d), and (f) depict the same regions in winter. The red line
corresponds to NCEP-R2 results, the blue line represents ERA5 results, and the black line illustrates JRA-55 results. The thin black lines indicate

the zero line.

Positive AOT
Vi N\

Upward Atmospheric
velocity T circulation 1
r High correlation
(CC>0.35) l
Static Ocean
stability § circulation
High correlation
(CC<-0.31)

Sensible/Latent Heat

Fig. 5 Mechanism of lower atmosphere static stability variation.
Blue long arrows depict established processes, while red long
arrows highlight processes unveiled in this study. A straight short
red arrow pointing upward indicates enhancement, and a straight
short blue arrow pointing downward indicates attenuation.

A high correlation area of AOI with vertical velocity at 500 hPa
around Icelandic Low exists (Fig. 6a), and the averaged vertical
velocity and AOI (Fig. 6b) are close correlated negatively as shown
in Fig. 6¢c with the correlation coefficient of —0.74 (at the 95%
confidence level).

At the background of the high correlation between vertical
velocity and AO], they both are all correlated well with the SSLA.
The correlation coefficients between AOI and the SSLA averaged
in Region-A and Region-B are —0.50 and —0.31 and are significant
at the 95% and 90% confidence level, respectively. The correlation

Published in partnership with CECCR at King Abdulaziz University

coefficients of the averaged vertical velocity (blue line) shown in
Fig. 6b with SSLA averaged in Region A and Region B are 0.47 and
0.35 (at the 95% and 90% confidence levels), respectively. Three
possible driving factors related to the vertical velocity and N2 are
discussed.

The first possibility is the advection of lower atmosphere from
lower latitudinal region. Our result indicated that the SSLA in mid-
latitude North Atlantic is very high, being not the source of the
low SSLA in the study regions. The SSLA similar to the two regions
is limited in a narrow zone around north of 50 °N, not supporting
the import of low SSLA from mid-latitude (Fig. 7).

The second anticipated mechanism posits that upward velocity
induces a reduction in SSLA by stretching the atmospheric
column. The vertical advection extends the distance of the
isentropic surface, resulting in a decrease in SSLA, as evidenced by
the observed close correlation between them. Our observations
indicate that the vertical velocity precedes the static stability by 1
day in Region-A (Fig. 8e).

The third possibility of SSLA correlated with vertical velocity is
the heating from ocean surface. In the positive AO situation, ocean
circulation enhances driven by enhanced atmospheric circulation,
and the SST increase accordingly’®. A portion of warmer North
Atlantic Current enters Region-A and the other portion of it
recirculates to the Region-B’# The warmer ocean surface heats the
overlying atmosphere by sensible and latent heats®””>. Table 1
provides the summary statistics for correlations among regional
average heat flux, stability, and other variables. As shown in Table 1,
sensible/latent heat is highly correlated with SSLA. To explore the
causal relationship, daily average data during the positive AO
phase (1990-1994) were employed for lead-lag analysis (Fig. 8).

npj Climate and Atmospheric Science (2024) 27
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Fig.6 The same as Fig. 3 but for vertical velocity (Pa s ') and the AOI. The region enclosed by the black line represents the High Correlation
Region (HCR), whose correlation coefficient are lower than the critical one with a confidence level of 95%.
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Fig. 7 Monthly gridded stability correlation with regional averages (Region-A and Region-B). Correlation between monthly gridded
stability and regional averages in Region-A (a) and Region-B (b), smoothed with 13-month running average. The region enclosed by the
purple line represents the Polar Region, the red line corresponds to Region-A, and the yellow line outlines Region-B. Dashed zero contours are
shown. The solid black line represents the critical correlation coefficient contours with a confidence level of 95%.

The results reveal zero lag days, indicating an instantaneous
association and direct influence between heat flux and SSLA.
Therefore, the third proposed mechanism suggests a robust
connection between SSLA variation and sea surface heating.

According to Fig. 8e and f, the relationship between vertical
velocity and static stability varies across regions. In Region-A,
vertical velocity leads static stability by one day. Conversely, in
Region-B, static stability leads vertical velocity by two days. The
lead of vertical velocity to SSLA signifies that the vertical velocity
modifies the static stability through vertical stretching of the air
column. This stretching weakens static stability, further amplifying
vertical velocity in a positive feedback loop. Conversely, the lag of
vertical velocity to SSLA indicates that stability is initially altered by
surface heating. The weakened stability facilitates the enhance-
ment of vertical velocity, establishing a positive feedback loop
through surface heating. The SSLA variation due to vertical
stretching is an internal atmospheric process, whereas that
resulting from surface heating belongs to the coupled process
of air-sea interaction. We contend that the natural process may
involve both driving factors. In Region-A, the internal atmospheric
process dominates, while in Region-B, air-sea coupling takes
precedence.

npj Climate and Atmospheric Science (2024) 27

The aforementioned results indicate that a decrease in static
stability corresponds to an increase in vertical velocity, thereby
contributing to the development of the positive phase of the AO.
This finding aligns with previous research>’, identifying a positive
feedback region in the North Atlantic that demonstrates the
positive impact of surface heating on AO. The positive feedback
region contributes to the oscillated variation of AO.

This study enhances our understanding of the AO variation
mechanism by revealing that the positive feedback from ocean
heating to AO operates through SSLA. Importantly, the results
suggest that this positive feedback is not infinite, concluding
when static stability approaches zero.

DISCUSSION

In this comprehensive exploration of SSLA in the Arctic
Mediterranean, we gained insights into the distinctive patterns
and mechanisms governing SSLA.

Firstly, in the Arctic Ocean, SSLA variations predominantly
displayed a substantial decreasing trend in both summer and
winter, accompanied by weak oscillatory variations. This trend was
primarily attributed to Arctic warming and sea ice retreat. Arctic
warming led to higher air temperature in the lower atmosphere,

Published in partnership with CECCR at King Abdulaziz University
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Fig. 8 Lagged correlation of fluxes and velocity with stability (Region-A/B) during positive ArcticOscillation (1990-1994). The left panel
(a, ¢, e) focuses on Region-A, while the right panel (b, d, f) examines Region-B. Negative lag days indicate that sensible (a, b)/latent (c, d) heat
fluxes (SH/LH) and vertical velocity (w, (e, f)) precede the static stability. Conversely, positive lag days indicate anadvancement of the static
stability. The correlation coefficients (CC) are statistical significance at a confidence level of 90%.

Table 1. Correlation coefficients among regional average variables.
CcC Region-A Region-B
w and N? 0.28 0.42
SH and N2 —-0.31 —0.52
LH and N? —0.41 —0.58
(w) vertical velocity, SH/LH Sensible/Latent Heat Fluxes. The correlation
coefficients (CC) are statistical significance at a confidence level of 90%.

while the sea ice retreat resulted in increased open water and
enhanced ocean-to-atmosphere heat release. Both factors sig-
nificantly contributed to the diminishing SSLA. The declining trend
was particularly noteworthy during winter, with a reduction of
approximately 13 +5% over the past two decades. Despite this
reduction, the atmosphere retains a high degree of stability,
underscoring the persistent background static stability.
Secondly, Region-A and Region-B are ice-free areas and exhibit
a low background SSLA. The SSLA trends were not significant in
both summer and winter. However, the oscillatory variations in
SSLA in these regions were considerably more pronounced than
the trends. The amplitude of SSLA variation exceeded
6.19x 107°s72, reaching 26% of the background value. Conse-
quently, the role of oscillatory SSLA is notably significant. SSLA is
highly correlated with AO index and vertical velocity, indicating a
close relationship among them. The oscillatory variations were
suggested to be linked to the warm current, closely related to the
AO. In a positive AO phase, atmospheric and oceanic circulations
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intensify, leading to a warmer sea surface. Subsequently, the
heating from underlying surface drives the weakening of SSLA.

Thirdly, the lead-lag correlation results reveal that in Region-A,
vertical velocity leads static stability by one day, indicating a
positive feedback loop through vertical stretching of the air
column, weakening stability and enhancing vertical velocity. In
Region-B, static stability precedes vertical velocity by two days,
indicating a surface heating dominate process. SSLA variation
from vertical stretching is an internal atmospheric process, while
surface heating involves air-sea interaction. Both factors con-
tribute to the natural process, with internal processes dominant in
Region-A and air-sea coupling dominate in Region-B. This
mechanism suggests that the weakened SSLA enhances vertical
velocity, contributing to the positive phase of AQ. This aligns with
the previous study by ref. *’.

The contribution of our study lies in revealing that the positive
feedback of ocean heating to AO operates through SSLA, offering
a comprehensive understanding of the AO variation mechanism.
Importantly, the results indicate that this positive feedback is not
infinite, which will terminate when static stability tends
toward zero.

METHODS

Reanalysis data

The data utilized in this study were obtained from daily and
monthly average reanalysis datasets, namely NCEP-R2, ERA5, and
JRA-55. These datasets included daily and monthly average grid
data for various isobaric surface parameters, such as air
temperature, relative humidity, horizontal wind velocity, vertical
velocity and geopotential height. Additionally, single-level data for
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variables like sea surface temperature, surface air temperature and
sensible/latent heat flux, as well as the Arctic Oscillation index
data, were also incorporated. The horizontal resolution of the grid
data is 2.5° x 2.5°, and the duration is 44 years from January 1979
to December 2022. The study area was mainly north of 50 °N.

Static stability calculation

The vertical motion in the atmosphere falls into two broad
categories: systematic vertical motion and convective vertical
motion. The static stability discussed in this paper is a parameter
closely related to convective vertical motion.

The gas block method is often used to identify the static
stability of the atmosphere and to analyze the vertical movement
of a gas block. Combined with the atmospheric state equation, the
vertical motion equation can be obtained using the following
static approximation:
dw 19 o—
b -9 - _P_ g_p

poz P
where g is acceleration of gravity, T is the air temperature, p is the
atmospheric pressure, z is the vertical coordinate, w is the vertical
velocity, p is the the density of the atmosphere, y is the vertical
temperature lapse rate, y, is the dry air temperature vertical lapse
rate, and - denotes a parameter of the ambient atmosphere. The
Brunt-Vaisald frequency N? was introduced to characterize the
static stability®394°;

(Y —VYa)Z (M

—HllQ

— 1
g gob\*
N=1Z(y,—y)| =2 v
{T (Va V)} (e az)
The potential temperature (6) was calculated as follows:
R
o T(@) “ 3)
p

where R is the ideal gas constant, and C, is the specific heat at
constant pressure. In this case, the vertical kinematics equation
can be rewritten as
d*z
=t N’z =0 )
When N2>0, Eq. (4) is the vibration equation, and the vibration
frequency is N. When the atmosphere is stable, the air block
vibrates up and down at the equilibrium position. The larger the
magnitude of N is, the higher the vibration frequency is, the more
stable the atmosphere is, and the more difficult it is for the air
block to deviate from the equilibrium position.

Significance of correlation

For a completely random time series, the degree of freedom is
data length minus 2. However, many time series in our
calculations are not completely random, especially those that
cover seasonal and interannual variations. When we process the
data, we often use filtering and other methods to change the
degree of freedom in order to get the special frequency band
signals we pay attention to. Therefore, it is particularly important
to calculate the equivalent degree of freedom when testing the
significance of correlation coefficients. The statistical significance
of the correlation coefficient accounts for the autocorrelation in
the time series by using an effective degree of freedom N*3':

N = NI 5)

T+nrr

where N is the sample size of the time series, and r; and r; are the
lag-1 autocorrelation coefficients of each variable. In this study,
the confidence level is tested using the two-tailed Student’s t-test.
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Running correlation
The running correlation coefficient (RCC) between two time series
were calculated to reveal the variation of the correlations
with time.
The RCC, R (i) between two time series, Xy and Yy, centered at
ity month with the window length of +n is expressed as ref. 76,
X =X) (Ve =)

k=i—n

Rc(i) = . ‘
VR 0 =3 (-7

J=1+n,---,N—n

(6)

Note that X and Y are not the means inside the window, but the
means for all of the data, based on the suggestion of ref. 7%, In this
study, n was taken as 6 months. The RCC was obtained by moving
the window month by month.

DATA AVAILABILITY

In this study, all reanalysis data were sourced from publicly available platforms.
Monthly and daily data for air temperature, relative humidity, horizontal wind
velocity, vertical velocity and geopotential height on isobaric surface were obtained
from the NCEP-R2(https://downloads.psl.noaa.gov/Datasets/ncep.reanalysis2/), ERA5
(https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressure-levels-
monthly-means?tab=doc and https://cds.climate.copernicus.eu/cdsapp#!/dataset/
reanalysis-era5-pressure-levels?tab=overview) and JRA-55. The Arctic Oscillation
index data is accessible at https://www.cpc.ncep.noaa.gov/products/precip/CWlink/
daily_ao_index/ao.shtml. Single-level data for variables like sea surface temperature,
surface air temperature and sensible/latent heat flux were obtained from the NCEP-
R2 (https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.html, https://
downloads.psl.noaa.gov/Datasets/ncep.reanalysis2/Monthlies/gaussian_grid/), ERA5
(https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels-
monthly-means?tab=form) and JRA-55. As of February 3, 2024, successful access to
all sites has been confirmed.

CODE AVAILABILITY

The data reading and processing codes are available from https://doi.org/10.5281/
zenodo.10468030. All programs in this study are implemented based on Matlab
R2022b.
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