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A B S T R A C T   

Arctic Ocean surface circulation plays an important role in the global ocean circulation system. In recent years, 
its position and velocity have been changing constantly, attracting increasing attention. The cause of this change, 
however, is still a matter of disagreement. In this paper, we use empirical orthogonal function analysis (EOF) to 
analyze the spatial and temporal distributions of sea level pressure (SLP), sea surface height (SSH) and sea 
surface temperature (SST) in the Arctic Ocean. We use the wavelet transform to obtain the periodic variation law 
governing Arctic Ocean surface circulation as well as to explore the relationship between the Arctic Oscillation 
(AO) and Arctic Ocean surface circulation. Our results show that the SSH of the Arctic Ocean exhibit a periodic 
variation with AO, in particular the sudden change seen from 1987 to 1992 coinciding with the trend of the AO 
index for the same period. When the AO index is positive, the Beaufort Gyre (BG) weakens and the source of 
transpolar drift (TPD) moves eastward, to the East Siberian Sea; when the AO index is negative, the BG accel
erates and expands and the source of TPD moves to the New Siberian Islands. As a result, the direction and 
amplitude of the circulation change.   

1. Introduction 

In recent years, a growing focus on climate change has drawn 
increasing attention to the Arctic Ocean, whose circulation is an 
important part of the global ocean circulation and is governed by wind 
stress, temperature, salt, and the atmosphere, among other factors. 
Although the Arctic Ocean is small and land-locked, it plays an impor
tant role in the circulation of other oceans and even the global ocean 
circulation in this pattern of seawater exchange. Climate models indi
cate that increased freshwater outflow from the Arctic may reduce 
convection in the North Atlantic deep water formation regions, which in 
turn may affects the Atlantic meridional overturning circulation (Wad
ley and Bigg, 2002). The Arctic is most remarkable for its perennial sea 
ice, which historically covered about half the Arctic Ocean, although the 
latest research shows that the Arctic sea ice has decreased by 2.22 
million km2 in the past 40 years (Simmonds and Li, 2021). Declining sea 
ice has profound implications for global climate change (Nghiem et al., 
2007). The research of Luo et al. (2018a) on high-latitude European 
blocking and Ural blocking events shows that the cooling in Europe and 
central-eastern Asia are both related to the decrease of sea ice concen
tration. In recent years, under the influence of sea surface temperature 

(SST), atmosphere, and the Arctic Oscillation and other factors, the path 
and speed of Arctic circulation have changed significantly, affecting 
both the environment and the climate around the Arctic and playing an 
important role in the study of global ocean cycle and climate change. 

Surface circulation in the Arctic Ocean comprises mainly transpolar 
drift (TPD) and the Beaufort Gyre (BG). TPD originates with river runoff 
in Siberia, with the surface water in the Arctic moving eastward with a 
westerly wind and flowing into the Atlantic Ocean along the east coast of 
Greenland. The BG, an anticyclonic circulation in the Beaufort Sea, plays 
an important role in the changes seen in the upper ocean, rotating the 
surface water in the Canadian Basin and causing the Arctic Sea ice to 
rotate with it (Zhong et al., 2015). Additionally, the BG exhibits clear 
seasonal and interannual variations. 

A hydrographic survey of the Arctic Ocean in 1993 shows that the 
position of the Arctic circulation had changed since the early 1990s, 
with the intersection of the Pacific and Atlantic waters having moved 
from Lomonosov Ridge to Alpha-Mendeleyev Ridge, calling for a change 
to the upper ocean circulation model (Morison et al., 1998). Proshu
tinsky and Johnson (2001) identified two regimes of wind-forced cir
culation in the Arctic Ocean that may help explain recently observed 
significant basin-scale changes in the Arctic’s temperature and salinity 

* Corresponding author at: Nanjing University of Information Science and Technology, School of Marine Sciences, Nanjing 210044, China. 
E-mail address: yuanzhizhang@cuhk.edu.hk (Y. Zhang).  

Contents lists available at ScienceDirect 

Global and Planetary Change 

journal homepage: www.elsevier.com/locate/gloplacha 

https://doi.org/10.1016/j.gloplacha.2021.103638 
Received 24 February 2021; Received in revised form 12 August 2021; Accepted 3 September 2021   

mailto:yuanzhizhang@cuhk.edu.hk
www.sciencedirect.com/science/journal/09218181
https://www.elsevier.com/locate/gloplacha
https://doi.org/10.1016/j.gloplacha.2021.103638
https://doi.org/10.1016/j.gloplacha.2021.103638
https://doi.org/10.1016/j.gloplacha.2021.103638
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gloplacha.2021.103638&domain=pdf


Global and Planetary Change 206 (2021) 103638

2

structure as well as the variability of ice conditions in the Arctic Ocean. 
Karcher et al. (2012) found that Ekman pumping in the Canadian Basin 
was extremely strong in the late 2000s, with the high freshwater content 
in the BG having restored some of the surface circulation to the level 
seen before the 1990s. After 2004, strong Ekman pumping in the Ca
nadian Basin promoted the development of the BG and a new circulation 
mechanism appeared. Freshwater volume in the BG changes signifi
cantly on a seasonal and interannual scale, peaking from June to July 
and from November to January, with the freshwater center having 
shown a trend of southeast movement from 2003 to 2007. These changes 
are thought to be related to changes in wind stress curl, which affect 
circulation in the surface layer of the ocean through Ekman transport 
and cause the vertical movement of seawater. Recent studies have 
shown that the enhanced surface stress of the anticyclone over the BG is 
related to the deepening of the halocline and the accumulation of 
freshwater content (Ma et al., 2017). Krishfield et al. (2014) analyzed 
the perennial sea ice time series covering it from 2003 to 2012 and noted 
that sea ice content is decreasing. The study showed a decreasing trend 
of sea ice in the BG region, with older sea ice gradually melting and 
disappearing from the BG, which in turn led to changes in the freshwater 
content of the region. It will also impact on freshwater input and output 
at the same time. Zhong et al. (2015) believed that the BG had accel
erated from 2003 to 2012, with upwelling dominant in most areas of the 
basin and northward Ekman transport released freshwater into the basin 
for many years indeed the total amount of Pacific winter water increased 
by 18% from 2002 to 2006 to 2011–2016. Changes in the BG are 
increasingly influencing changes to the upper ocean and climate (Zhong 
et al., 2019). The southeastern BG accelerated from late 2007 until 2011 
and decreased to speeds near those seen in 2003–2006 (Armitage et al., 
2018). Timokhov et al. (2018) showed that compared with 1949–1993, 
the pole crossing drift seen in 2007–2013 had become two branches: the 
first starting in the northern part of the Chukchi Sea and the second in 
the East Siberian Sea. The current bifurcation point was closer to the 
Canadian islands, with the flow rate increased by 1.5–2 times. 

Arctic Oscillation (AO) is usually defined as the leading-mode of EOF 
of sea level pressure (SLP), and the main characteristic is the dipole 
structure with the direction of the south north along the latitude 
(Thompson and Wallace, 1998). Its interannual variations can signifi
cantly impact the surface air temperature anomalies over the Arctic, 
especially in the spatial pattern of temperature change from 1980s to 
1990s (Rigor et al., 2002). In recent years, the influence of variations in 
the AO on the Arctic Ocean surface circulation has been widely dis
cussed. Steele et al. (2008) analyzed ocean temperature profile data and 
satellite data and found that with decreases in the AO index, some parts 
of the Arctic Ocean cooled by about 0.5 ◦C every ten years from 1930 to 
1965, whereas with increases in the AO index, these areas warmed 
during the period 1965–1995, a change particularly evident after 2000. 
In summer 2007, the SST anomaly reached as high as 5 ◦C, and it was 
found that when the AO index is high, the water in the Bering Sea passes 
directly through the Arctic Ocean by means of cross-stage drift, whereas 
when the AO index is low, the water in the Bering Sea is brought into the 
Beaufort circulation (Steele, 2004). Polyakov and Johnson (2000) 
showed that the SSTs of the Barents Sea and the Green
land–Iceland–Norway Sea in the Eastern Arctic were higher than 
average level in the 1950s but showed a downward trend until the 
1960s, then returned to an upward trend in the following decades—a 
change consistent with low-frequency changes to the AO. Morison et al. 
(2012) showed that increased freshwater content in the Arctic Ocean 
was caused by forced atmospheric circulation accompanied by increases 
in the AO index. They also confirmed that runoff was an important factor 
affecting the Arctic Ocean, with spatiotemporal variations in its path 
affected by the AO rather than by wind-driven BG. 

Atmosphere plays an intermediary role in the response of the Arctic 
Ocean to the AO, the troposphere and stratosphere as a medium make 
the loss of sea ice force AO to change (Screen et al., 2018; Sun et al., 
2015). Nakamura et al. (2015) proved that the increase or decrease of 

Arctic sea ice area in November leads to more positive (negative) phases 
of AO in winter. This kind of connection is robust on the interannual and 
decadal time scales, so the weakening of AO and the corresponding mid- 
latitude climate change in recent years may be related to the sea ice loss 
in the Barents-Kara Sea (Yang et al., 2016). Changes in sea ice in the 
surface circulation can affect climate under sea-air-ice interactions. 
Chen et al. (2019); Luo et al. (2017); Luo et al. (2018b) revealed the 
influence of Ural blocking on the winter sea ice variability in the 
Barents-Kara Sea, and proposed that the combination of North Atlantic 
Oscillation -Ural blocking played a leading role in the reduction of BKS 
sea ice, and proposed the concept of “potential corticity barrier” to 
pointed out that the meridional potential vorticity gradient can better 
reflect the change of blocking duration related to Arctic warming. The 
abnormal circulation in the Arctic may cause extreme weather in the 
middle latitudes (Rudeva and Simmonds, 2021). Recent studies have 
shown that the East Asian cold anomaly is related to the sea ice loss in 
the Barents-Kara Sea and the atmospheric teleconnection patterns (Li 
et al., 2020). Decreases of sea ice from Barents-Kara Sea causes the 
tropospheric westerlies shift southward to significantly affect the winter 
climate and weather conditions in East Asia (Xu et al., 2021). 

In this paper, we discuss changes to Arctic Ocean surface circulation 
from 1958 to 2017. The special geographical location and climatic 
conditions of the Arctic Ocean make exploration of the various charac
teristics of Arctic Ocean surface circulation essential to further under
standing of global climate change. 

2. Materials and methods 

2.1. Study area 

The study area is located in the entire Arctic Ocean within the Arctic 
Circle (66.5– 90◦N, 0– 180◦). Surrounded by North America and Eurasia, 
the Arctic Ocean connects with the Pacific Ocean through the Bering 
Strait and with the Atlantic Ocean through the Fram Strait. The presence 
of many river inlets into the marginal sea area lowers salinity, and the 
mixing process of the marginal sea and the Arctic Ocean water mass 
profoundly affects the properties of the Arctic ocean surface water. The 
external water inflow of the Arctic Ocean comes mainly from the 
freshwater input of the Pacific Ocean, the Atlantic Ocean, and rivers. 
The Arctic Ocean, which formed in response to multiple environmental 
factors associated with the Arctic, plays an important role in the global 
ocean circulation system and climate system. In the past 30 years, it has 
attracted increasing scholarly attention. 

2.2. Datasets 

2.2.1. ECMWF ORAS4 reanalysis datasets 
In this paper, we use the data of Ocean Reanalysis System 4 (ORAS4) 

(Balmaseda et al., 2012) from European Centre for Medium-Range 
Weather Forecasts (ECMWF). The resolution of the data is 1◦ x 1◦. 
This paper uses the data of salinity, zonal velocity, meridional velocity, 
and SSH with an interval of one month from 1958 to 2017. 

2.2.2. NCEP\NCAR reanalysis datasets 
The monthly reanalysis sea level pressure (SLP) data are from 1958 

to 2017. The grid resolution is 2.5◦ × 2.5◦. 

2.2.3. ERSSTv5 datasets 
Monthly sea surface temperature (SST) data from 1958 to 2017 were 

downloaded from the NOAA. The grid resolution is 2◦ × 2◦. 

2.3. Methods 

2.3.1. Empirical orthogonal function analysis (EOF) 
we use the empirical orthogonal function analysis (EOF) to decom

pose the sea level height (SSH) and sea surface temperature (SST) of the 
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Arctic Ocean. This is a method to analyze the structural features of 
matrix data and extract the main data features (Feng et al., 2019). It was 
first proposed by Pearson in 1902 and introduced into the analysis of 
meteorological problems by Lorenz (1956). This method takes the time 
series of the meteorological field as the analysis target and studies the 
temporal and spatial variation characteristics. 

By the EOF, the original variable field can be represented by the 
linear combination of the temporal and spatial modes with the largest 
variance contribution. We used EOF to study SLP, SSH and SST in Arctic 
Ocean from 1958 to 2017 in this study. 

2.3.2. Wavelet coherence analysis (WTC) 
Wavelet coherence analysis (WTC) method is defined by Torrence 

and Compo (1998), which is used to calculate the common change re
gion of two time series in time frequency space. The significance level of 
WTC is calculated by Monte Carlo method (Grinsted et al., 2004). 

2.3.3. Correlation analysis 
The Pearson correlation coefficient (Pearson, 1895) is used to mea

sure the degree of correlation between two variables X and Y, and its 
value is between − 1 to 1. In the field of natural science, the coefficient is 
widely used to measure the linear correlation between two variables (Ji 
et al., 2018). We use the Pearson correlation to calculate the spatial 
correlation between the SLP first and second mode time series and the 
Arctic Ocean SSH, so as to discuss the variation of the Arctic Ocean 
surface circulation. 

3. Results 

3.1. Climatology analysis 

Fig. 1 shows a mean SST contour map of the Arctic Ocean from 1958 
to 2017. The distribution of SST in the Arctic Ocean is relatively uni
form. Because presence of sea ice limits surface water temperature, most 
of the temperature gradients in the Arctic Ocean basin are very small. 
Only in the Norway Sea and Barents Sea areas do the temperature gra
dients gradually increase, from north to south, in response to the in
jection of warmer water from the North Atlantic Ocean into the Arctic 
Ocean. 

Fig. 2 shows the average salinity distribution of the Arctic Ocean. 
Due to the input of Atlantic and Pacific water and Siberian rivers, the 

stratification of Arctic Ocean water is mainly determined by salinity 
(Timmermans and Marshall, 2020). Significant spatial differences are 
seen in the salinity of the upper layer of the Arctic Ocean. The melting of 
large quantities of sea ice in the Canadian Basin and the input of Pacific 
water (Steele, 2004) and of freshwater from river runoff all produce low 
salinity in the upper layer. The input of freshwater from river runoff 
produces smaller salinity in the northern part of East Siberia, and the 
influence of Pacific water likewise lowers the upper salinity of the 
Makarov basin, whereas the Eurasian basin is less affected by the Pacific 
water and thus has a higher upper salinity—although the melting of sea 
ice in summer produces seasonal lows in the salinity of surface seawater. 

From 1958 to 2017, the SST of the Arctic Ocean has changed from − 1 
to 0 ◦C (Fig. 3), with a downward trend from the late 1950s to the 1960s 
and a gradual upward trend in the following decades. Sea surface 
salinity has fluctuated greatly, with two peaks in 1997–2007 and a 
sudden change to the minimum in 2008. Trends in SST and salinity in 
the Arctic Ocean have been essentially consistent, being inseparable 
from the changes in the Arctic Ocean’s circulation, as discussed 
hereafter. 

Fig. 4 shows the flow field map of the average SSH of the Arctic 
Ocean from 1958 to 2017, with the SSH of the Arctic Ocean gradually 
decreasing from the north pole of the Bering Strait toward the Norwe
gian Sea. Very clear closed circulation is seen between 120 and 180◦W, 

Fig. 1. Contour map of mean sea surface temperature in the Arctic Ocean from 
1958 to 2017. 

Fig. 2. Contour map of mean sea surface salinity in the Arctic Ocean from 1958 
to 2017. 

Fig. 3. The mean annual SST and salinity time series of the Arctic Ocean from 
1958 to 2017 (the red curve is salinity and the black curve is SST). (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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with the sea level at the circulation center higher but gradually 
decreasing toward the surrounding areas. The closed circulation at this 
position is associated with the BG, from the North Pacific through the 
Bering Strait. Flow velocity is larger in the inflow area than other area 
and gradually increases from the center toward the surrounding areas. 
The BG helps regulate Arctic climate change (Proshutinsky et al., 2002). 
The upwelling is dominant in the BG, which slowly rotates the surface 
water of the Canadian Basin. Northward Ekman transport will release 
the freshwater stored for many years in the basin and change the 
composition of the upper ocean (Zhong et al., 2015). There is a large 
area of Ekman downwelling in most parts of the Arctic Ocean under the 
wind stress curl mode, while there is a relatively strong upwelling in the 
northern European sea area (Timmermans and Marshall, 2020). In the 
blue area of the Fig. 4 the circulation seen moving along the contour line 
with relatively high velocity and large path curvature is TPD, which 
transports ice and water under the effects of the wind field. The current 
is driven eastward by Siberian river runoff and westerly winds. After 
describing a large bend in the northern European sea, it passes through 
the North Pole and flows rapidly into the Atlantic Ocean from the Ca
nadian Arctic Archipelago and Greenland’s Fram Strait. 

The spatial distribution of mean SLP in Arctic Ocean shows that the 
highest SLP in the Arctic Ocean is 1018 hPa, and the lowest is 1008 hPa 
(Fig. 4). The high pressure area extends from the East Siberian Sea to the 
Canadian islands, and the low pressure area extends from the West Si
berian Sea to Greenland. The Arctic Ocean SLP can reflect many char
acteristics of atmospheric circulation, such as the Arctic Oscillation and 
the Arctic dipole structure. It also has a strong seasonal variation and 
plays an important role in the study of climate and surface ocean change 
in the Arctic. We will make a detailed analysis of SLP in the following 
sections (Figs. 5 and 12). 

3.2. Empirical orthogonal function (EOF) analysis 

3.2.1. EOF analysis of sea level pressure (SLP) of Arctic Ocean 
To explore the changes of the Arctic Ocean surface circulation, we 

use EOF to analyze the SLP in 66.5◦N. We divide SLP monthly average 
data into winter semester (November to April) and summer semester 
(May to October) for EOF, and select the first two modes according to 
variance contribution rate. It is worth mentioning that PC1 in this paper 
is not a conventional AO mode. Different from the AO index of NOAA 
adopted by Simmonds et al. (2008), the AO index we defined is the time 

series of the main modes of EOF of SLP in winter and summer in the 
Arctic circle, while bearing that caveat in mind, we will subsequently 
refer to PC1 as the “AO”. The first mode is the AO (Thompson and 
Wallace, 1998) mode and the second mode is the Arctic Dipole (AD) 
mode (Wu et al., 2004) from the two spatial distribution (Fig. 6), their 
corresponding time series are defined as AO index and AD index (Wang 
et al., 2009). We also analyzed the correlation between the first mode 
time series and the AO index provided by NOAA (National Oceanic and 
Atmospheric Administration) (https://www.cpc.ncep.noaa.gov/ 
products/precip/CWlink/daily_ao_index/monthly.ao.index.b50.curre 
nt.ascii.table). In the case of P value of 0.05, the correlation coefficient 
of AO index in winter is as high as 0.9069, and that in summer is 0.8407, 
which proves that our index is reliable and effective. The contribution 
rates of the variance of the first two modes of winter are 72.4% and 9.2% 
both pass the North-test with a confidence level of 95% (North et al., 
1982).The first mode of SLP EOF in winter is negative in the north polar 
center, and shifts from the north pole point to the Siberia side. There are 
two abnormal centers in the second mode, one in the northern part of 

Fig. 4. Contour map of mean sea level height of superimposed flow field in the 
Arctic Ocean from 1958 to 2017 (unit: m/s). 

Fig. 5. Contour map of mean SLP in the Arctic Ocean from 1958 to 2017.  

Fig. 6. The result of EOF analysis of winter SLP. The first mode (a), the second 
mode (b) spatial distribution, and time series (c) of the first mode and the 
second mode, all the time series have been standardized. 
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Siberia (Barents-Kara Sea) and the other in the North Atlantic and 
Greenland. There is an obvious dipole structure, which is more obvious 
in summer. (Fig. 7b). This distribution of SLP differences is beneficial to 
the flow and export of Arctic sea ice and surface water. From the time 
series, it can be seen that the winter AO index has been in a negative 
phase from 1975 to 1987, and suddenly turned to a positive phase from 
1988 and lasted for several years. After that, AO index has been in a state 
of alternating positive and negative oscillation, and the amplitude is 
getting larger after 2008. In contrast, AD index fluctuated positively and 
negatively in winter, and peaked in 1982 and 1995. In recent years, the 
negative anomaly of SLP on the side of Barents-Kara Sea and the positive 
anomaly in Greenland and the North Atlantic region show a fluctuating 
trend. 

The contribution rates of the variance of the first two modes of 
summer are 62.9% and 12.7% both pass the North-test with a confidence 
level of 95%. In summer (Fig. 7), the spatial distribution of the AO mode 
is closer to the north pole, and the negative anomaly decreases gradually 
from the center to the periphery area. The distribution of AD mode is 
more obvious in summer. The negative anomaly area is located in the 
whole sea area of northern Siberia, and the positive anomaly area is 
located in the sea area near Greenland and Canada islands. The distri
bution of positive and negative anomalies is roughly bounded by Bering 
Strait to Fram Strait. In the time series, AO index in summer fluctuated 
greatly from 1987 to 1995, and the AD index also changed from negative 
to positive at the same time. In addition, AD index maintained a high 
positive phase from 2015 to 2012. 

3.2.2. EOF analysis of sea surface height (SSH) of Arctic Ocean 
We used EOF to analyze temporal and spatial variations in SSH in the 

Arctic Ocean divided into winter and summer. Because the physical 
modes are not necessarily orthogonal, we must be cautious in inter
preting the EOF results (Dommenget and Latif, 2002). The correspond
ing spatial distribution of SSH EOF analysis results describes the 
correlation of surface seawater physical properties, which is to say the 
correlation of seawater temperature and salinity. We selected the first 
mode of winter EOF and SSH in summer respectively, and the variance 
contribution rate reached 45.7% and 47.9% respectively. Both modes 
are passed the North-test with a confidence level of 95%. 

The first mode (Fig. 8a, b) and its corresponding time series (Fig. 8c) 
of EOF clearly show that the SSH changes above the Eurasian basin and 
the upper continental shelf are inversely correlated. Both of the first 
modes are similar in winter and summer, indicating that there is no 
significant seasonal variation. The spatial of the first mode is related to 

the mixing of the water masses in the Arctic Ocean. The exchange of sea 
water between the Arctic Ocean and the North Atlantic has played a role 
in the process of sea water exchange, with which changes in the sea area 
above the Eurasian basin are positively correlated and changes in the sea 
area above the continental shelf negatively correlated. During 
1958–1987, SSH above the Eurasian basin near the North Pole was 
abnormally high but SSH above the continental shelf abnormally low, 
whereas during 1988–2017, SSH above the Eurasian basin near the 
North Pole was abnormally low but SSH above the continental shelf 
abnormally high. The spatial distribution of the first mode shows a 
striking similarity of SSH change to the freshwater exchange pattern 
between the Arctic Ocean and the Atlantic. 

During 1987– 1992, the first mode of EOF occurred in the inter
decadal mutation, consistent with the annual average change of SSH. 
This mutation was confirmed by a hydrological survey of the Arctic 
Ocean in 1993: the position of the Arctic Ocean circulation has changed 
since the early 1990s, with the intersection of Pacific and Atlantic waters 
having moved from Lomonosov Ridge to Mendeleyev Ridge, calling for a 
change in the upper ocean circulation model (Morison et al., 1998). The 
reasons for this change are analyzed further hereafter. The first mode of 
SSH showed a clear upward trend during 2002– 2017, especially in the 
Beaufort Sea area. Beyond SSH rises caused by sea ice melting attributed 
to global warming, the rising trend also related to the acceleration of BG 
from 2000 to 2015. Upwelling dominated in most parts of the basin, and 
the northward Ekman transport released freshwater for many years, 
bringing changes in sea levels. 

3.2.3. EOF analysis of sea surface temperature (SST) of Arctic Ocean 
Although some studies have shown that the Arctic sea water is 

relatively cold, the ocean temperature could not strongly affect the 
ocean dynamic process, but with the trend of global warming, it still has 
an impact (Timmermans and Marshall, 2020). The EOF method is 
simultaneously used to analyze the SST seasonal distribution charac
teristics of the Arctic Ocean from 1958 to 2017. Fig. 9 show the first 
mode of SST in winter and summer and their corresponding time series 
and spatial distribution, which passed the North-test with a confidence 
level of 95%. The variance contribution rates of the winter and summer 
modes are 64.2% and 51.3%. 

The first mode (Fig. 9a, b) and time series (Fig. 9c) indicate that SST 
changes in the Arctic Ocean are consistent, with all of them positive 

Fig. 7. The result of EOF analysis of summer SLP. The first mode (a), the second 
mode (b) spatial distribution, and time series (c) of the first and second mode, 
all the time series have been standardized. 

Fig. 8. Spatial distribution and time series of SSH EOF first mode in the Arctic 
Ocean: (a) the winter mode; (b) the summer mode; (c) time series of winter (red 
line) and summer (blue line), all the time series have been standardized. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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anomalies. The range of positive anomaly in summer is much larger than 
that in winter, which is due to the melting of sea ice in summer. The 
offshore waters of the Eurasian basin and the Canadian Basin are slightly 
weaker, and the continental margin is highly anomalous. This spatial 
distribution is thus likely caused by the input of freshwater from land 
and the mixing of seawater from the North Pacific and North Atlantic. 
Analysis shows that the North Atlantic subpolar gyre warmed in the 
1990s and compensated for the cooling from the early 1960s to the mid- 
1990s (Chepurin and Carton, 2012). Combined with analysis of the 
spatial distribution map, it can be seen that the SST of the Arctic Ocean 
has increased gradually since the 2000s both in winter and summer. The 
increase of SST in the Arctic Ocean will accelerate the loss of sea ice, 
cause the accumulation of fresh water and the change of surface circu
lation in the Arctic Ocean, and affect the climate change in the sur
rounding and the middle latitudes areas. 

3.3. The relationship between the Arctic Oscillation (AO) and Arctic 
circulation 

The AO is the first principal component of the planetary scale at
mospheric circulation variability. It reflects the north–south oscillation 
form of the reverse phase change of sea level pressure in the mid-latitude 
and Polar region, a process accompanied by atmospheric exchange. 
When the AO phase is positive, the pressure in the Arctic region is lower 
and the pressure in the middle latitude region outside the Arctic is 
higher; when the AO phase is negative, the pressure in the Arctic region 
is higher and the pressure in the middle latitude region is lower. Under 
the influence of the AO, the Arctic region is affected by primarily two 
wind patterns: The Beaufort high, with the Canadian Basin as its center, 
is anticyclonic, whereas the Icelandic low, outside the Arctic basin, is 
cyclonic (Timmermans and Marshall, 2020). 

EOF analysis shows a regular relationship between the sea level 
changes in the Arctic Ocean of the past 60 years and meteorological and 
oceanic factors. The first mode of SSH shows two distinct closed loops. 
Thompson and Wallace (1998) thought this distribution pattern related 
to the AO and closely related to the exchange of seawater between the 
Arctic Ocean and the Atlantic Ocean. 

At the same time, the AO index clearly underwent a sudden change 
from the negative phase to the positive phase during the period 
1986–1990, which was negatively correlated with the annual average 

SSH change and change to the first mode of EOF for the same period. 
Thus an important relationship can be inferred between changes in both 
the Arctic Ocean’s SSH and its circulation and the AO. In recent years, 
not only has the AO’s strength increased, but so has its spatial structure. 
The polar vortex centers extend to the side of Greenland and the Bering 
Strait (Wang et al., 2015). Because this finding shows that the AO has a 
certain correlation with changes to the Arctic Ocean’s surface circula
tion, we calculate the relationship between SSH and AO and other at
mospheric circulation changes in the following section. 

3.3.1. Wavelet coherence analysis 
We calculated the first principal component (PC1) of SSH and the AO 

index in the winter and summer in time frequency space by WTC method 
(Fig. 10). The black thick line contour regions passed the significance 
test with a confidence level of 95%. The results show that the PC1 of SSH 
in winter is inversely correlated with AO index in 1966–1976, 
1985–1995 and 2010–2014, especially in 1985–1995, the correlation 
coefficient is 0.9 on the time scale of 1–8 years (Fig. 10a). Previous 
studies have shown that the effect of AO in winter persisted for most of 
the following year (Rigor et al., 2002), and the large-scale ice anomaly in 
the summer of 1990 is related to the high frequency of cyclonic activity Fig. 9. Spatial distribution and time series of SST EOF first mode in the Arctic 

Ocean: (a) the winter mode; (b) the summer mode; (c) time series of winter (red 
line) and summer (blue line), all the time series have been standardized. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 10. The result of WTC between the SSH fist mode time series and the AO 
index in (a) winter and (b) summer. The black thick line contour regions passed 
the significance test with a confidence level of 95%. The thin line region is the 
influence cone. The leftward to the left indicates two time series are 
inversely correlated. 
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in spring (Serreze et al., 1995). 
In summer, the time and period of the same change between PC1 and 

AO have changed, but in 1966–1968 and 1987–2006, they still show 
reverse correlation. Some studies have pointed out that the area of the 
perennial ice layer in 1990–1995 decreased by 9% compared with that 
in the previous decade, the sea ice loss can be related to the sharp in
crease in the frequency of the central Arctic low pressure system since 
1989 (Maslanik et al., 1996). All the results have been showed that the 
variation of the surface circulation of the Arctic Ocean is closely related 
to AO and atmospheric circulation. 

3.3.2. Spatial correlation between SSH and two leading modes of SLP 
We also calculate the spatial correlation between SSH and two 

leading modes of SLP. As shown in Fig. 11, AO mode has a strong pos
itive correlation with the change of SSH in the Arctic marginal sea area, 
which is more obvious in winter. AO signal changes most strongly in 
winter and early spring, when planetary waves in troposphere can 
propagate upward to Stratosphere (Thompson and Wallace, 2001). The 
positive phase of AO enhanced the runoff inflow in the Siberian mar
ginal sea area, and more fresh water flowed into the Arctic Ocean, and 
entered the BG with the strong TPD. Although the Arctic Oscillation has 
a significant seasonal variation, its impact on SSH in the northern Si
berian area is strong both in winter and summer. Among the dramatic 
changes in the Arctic Ocean in the 1990s, the sea ice loss in the northern 
Siberian Sea area is particularly serious (Maslanik et al., 1996). 

Compared with AO, the impact of AD on SSH in the Arctic Ocean is 
weaker, but in summer, there is a significant positive correlation espe
cially in the waters near to Greenland and the Canadian archipelago. 
The atmospheric circulation anomaly produces a strong meridional 
wind anomaly, which brings more sea ice from the west to the east of the 
Arctic Ocean to the North Atlantic (Wang et al., 2009). The long-term 
temperature anomaly and ice loss in western Greenland may be posi
tively correlated with the change of AD (Overland et al., 2012). 

3.4. Variation of surface circulation in the Arctic Ocean 

We selected three typical periods of AO changes for analysis in 
Fig. 13. It can be seen that the variation of Arctic Ocean surface circu
lation with AO is more significant in summer. 

3.4.1. The period of negative AO index (1967– 1971, 1977– 1982) 
When the AO phase is negative, the BG gradually expands and ac

celerates and the source of TPD moved westward, to the Novosibirsk 
Islands. In summer most of the Bering Sea’s warm water enters the 
Canadian Basin and drifts westward along the continental slope with the 
Alaskan coastal water, joining the gradually expanding BG, and a small 
part of the summer water enters TPD. 

3.4.2. The period of positive AO index (1987– 1993, 1988– 1993) 
When the AO index is in a significant positive phase, the BG in the 

Eastern Arctic Ocean is in a state of shrinking and weakening, which is 
caused by the mixing of vast quantities of sea water in the Western Arctic 
Ocean through TPD, the source of which moves eastward to the East 
Siberian Sea. Steele (2004) analyzed the evolution of Alaskan coastal 
water and Bering Sea summer warm water under different AO states and 
found that when AO is a strong positive phase, Alaskan coastal water 
was partially present above the continental shelf, flowing along it to the 
sea area near Greenland. The rest moved westward along the continental 
slope, mixed with the winter water of Bering Sea, entered the Canadian 
Basin to the east of the Chukchi Sea margin, and then entered the BG. At 
the same time, atmospheric circulation over the Eurasian basin became 
cyclonic, forcing the Siberian tributary shelf water of TPD drifting into 
the Makarov basin and the weakening BG. 

3.4.3. The period of stable change of AO index (1979– 1984, 1972– 1977) 
In the winter of 1979 to 1984 and the summer of 1972 to 1977, the 

AO index were in a stable state, so that changes to Arctic circulation 
varied between positive and negative periods: the source of TPD moved 
to the Novosibirsk Islands but still with a certain distance from the 

Fig. 11. Spatial Correlation of the AO mode of (a) winter monthly mean SLP 
(October–March) and (b) summer monthly mean SLP (April–September) with 
SSH, both with a p-value of 0.05. 

Fig. 12. Spatial Correlation of the AD mode of (a) winter monthly mean SLP 
(October–March) and (b) summer monthly mean SLP (April–September), both 
with a p-value of 0.05. 

Fig. 13. Flow field diagram of positive AO index period in (a) winter and (d) 
summer, negative AO index period in (b) winter and (e) summer, stable AO 
index period in (c) winter and (f) summer., with the average velocity contour 
map (unit: m/s). 
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source of the negative phase, and with the strengthening of the westerly 
wind in the Chukchi Sea and the sea area north of Canada, seawater and 
sea ice began to drift westward again, supplementing the BG. 

4. Discussion 

In this paper, we used EOF to analyze the seasonal temporal and 
spatial distribution characteristics of SLP, SSH and SST in the Arctic 
Ocean and used correlation analysis to assess periodic variations in 
Arctic Ocean surface circulation with the change of SLP leading modes. 
Simultaneously, we explored the relationship between the AO and Arctic 
Ocean surface circulation. 

EOF analysis shows relatively stable changes to Arctic Ocean SSH 
before 1987 and after 1992, with a sudden change seen between 1987 
and 1992. Before and after that change, the direction of the Pacific water 
entering the Arctic Ocean from the Bering Strait also changed, as did SST 
and salinity. Our results show that the SSH of the Arctic Ocean exhibit a 
periodic variation with AO. After the 1990s, the Arctic Ocean has seen a 
sudden change, with circulation beginning to change significantly. This 
change is closely related to the AO. When the AO index is in a positive 
phase, the westerly wind is weak and the BG is weakened, so that 
freshwater remains in the BG and the source of TPD moves eastward to 
the East Siberian Sea. By contrast, when the AO index is in a negative 
phase, the westerly wind is strong and the BG accelerates and expands, 
so that the source of TPD moves to the Novosibirsk Islands, changing the 
circulatory path. 

5. Conclusions 

Arctic Ocean surface circulation, an important part of global oceanic 
circulation, and it arises in response to multiple factors, such as wind 
stress, temperature and salinity, atmosphere, and so on. At present, the 
Arctic Ocean surface circulation path, evolutionary mechanism, and 
many other issues have not been solved at a fundamental level, and 
because the Arctic atmosphere and ocean circulation have been 
changing, further observation and study are needed. 

Changes to AO are of significant reference value for study of changes 
to Arctic Ocean surface circulation. AO affects the atmospheric circu
lation and then oceanic circulation, changing the position and velocity 
of Arctic Ocean surface circulation and changing the hydrological ele
ments of the Arctic Ocean. The response mechanism and law between 
the AO and Arctic Ocean surface circulation, along with the effects 
attendant on this process, thus require further study. 
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