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Abstract

An analysis of the regional impact of the Arctic Oscillation (AO), North Atlantic Oscillation (NAO), North
Pacific Oscillation (NPO), Pacific Decadal Oscillation (PDO) and Atlantic Multidecadal Oscillation (AMO)
on the Arctic sea ice volume (SIV) variability is performed using the reconstructed data of the PIOMAS-20C
reanalysis. Our results confirm the findings of previous studies and highlight the importance of the AO and
NAO in driving the SIV variability across the Arctic Ocean through their influence on the sea ice motion
(SIM), surface air temperature (SAT) and sea surface temperature (SST) spatio-temporal distributions
generated by AO/NAO-induced surface wind shifts. A thermodynamical influence of the AO also takes place
in the Bering Sea, Sea of Okhotsk, Baffin Bay, Labrador Sea and Barents Sea, as a result of the significant
wind speed changes leading to sensible surface heat fluxes (SSHF) and atmospheric heat transport alterations
over these regions. The NAO is found to produce prominent thermodynamical effects in the Baffin Bay,
Labrador Sea and Barents Sea through the same mechanisms, although its influence over the North Pacific
Ocean is not as significant. Prevalent dynamic impacts related to the NPO are noticed in the Artic Ocean,
with the footprint of the NPO being especially recognisable in the temporal SIV variability of the Chukchi
Sea. While dynamic impacts driven by the PDO are observed in the Arctic Ocean, the main impact of this
mode of variability (MOV) is felt thermodynamically in the Bering Sea. Finally, the AMO is shown to induce
important changes in the Baffin Bay, Labrador Sea and Hudson Bay SIV through its important relationship
with the SATs and SSTs in these regions.
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Chapter 1

Introduction

Sea ice is one of the many types of ice formations composing the cryosphere. It is defined as the ice
resulting from the freezing of sea water and covers parts of the oceans in the polar regions. As a result of its
impacts on the climate system, this ice formation is widely studied. Numerous papers have already analysed
past reconstructed data to improve our understanding of the driving mechanisms leading to its variability,
while others sought to uncover its influence on the climate system. Nevertheless, our knowledge of the topic is
still incomplete, and more research is required, especially since our models continuously improve, and therefore
the quality of the data employed as well. This thesis refines our comprehension of the naturally-induced
changes in the Arctic sea ice volume (SIV), by analysing the regional impacts of different modes of variability
(MOVs) such as the Arctic Oscillation (AO), North Atlantic Oscillation (NAO), North Pacific Oscillation
(NPO), Pacific Decadal Oscillation (PDO) and Atlantic Multidecadal Oscillation (AMO).

1.1 Sea ice variability

The SIV depends on the sea ice thickness (SIT) and sea ice concentration (SIC). For this reason, variations
in any of these two quantities lead to a change in the SIV. Such fluctuations continuously occur, and are
caused by thermodynamic and dynamic processes. Thermodynamics-induced shifts in the SIT and SIC are for
the most part driven by the surface air temperature (SAT) and sea surface temperature (SST). The influence
of the SAT and SST is mostly straightforward, with positive SAT and SST anomalies leading to a decrease in
the SIV. On the other hand, dynamic processes represented by the sea ice motion (SIM) are largely controlled
by the atmospheric winds. The divergence and convergence of SIM affect the SIT, SIC and SAT [Rigor et al.,
2002]. A convergence of SIM forces various packs of ice onto each other through important pressure constraints,
consequently resulting in sea ice rubble fields, hummocks or ridges [Morales et al., 1997]. These ice formations
are associated with a greater SIT and further intensify the isolation of the ocean from the atmosphere. As a
consequence, the SAT decreases due to the lower ocean surface heat release, but the amount of radiation
received by the ocean is reduced as well. Rather, a divergent SIM results in leads and polynyas, through the
breaking up of the ice driven by the atmospheric forcing [Morales et al., 1997]. These leads and polynyas may
then become factories for the production of new young thin ice, that is then sent into the rest of the ocean, thus
promoting a widespread SIV decline. On top of this, the formation of this new ice releases latent heat into the
atmosphere, and therefore, combined with the increased heat release from the ocean, an SAT increase is usually
observed over regions associated with an SIM divergence. This heat release effect can persist even through
the following seasons, and as a result the melting season can be extended over these regions [Rigor et al., 2002].

The underlying mechanisms leading to these thermodynamic and dynamic processes are of anthropogenic
or natural origin. The human-induced impacts on the Arctic SIV are substantial and particularly visible
around the end of the 20th century, when a steep multidecadal drop in the sea ice extent (SIE) and SIT is
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present every month since the beginning of satellite observations in 1979 [Meredith et al., 2019]. However,
this significant decline is not fully explained by the anthropogenic forcing. It is estimated that 40-50% of
the decrease is caused by the internal natural climate variability [Ding et al., 2019]. Hence, this variability
remains an important driver of the Arctic SIV, even through times of intense human-induced climate change,
and consequently requires further examination.

1.2 Modes of variability

The MOVs are recurring spatio-temporal climatic structures oscillating non-periodically in time. They
are associated with the changing, yet repeating, spatial patterns of one or more climatic variables such as the
SST or sea level pressure (SLP). The variations in time, linked with these spatial patterns, can be described
by various indices, with each corresponding to an intrinsic periodic scale. These spatio-temporal fluctuations
are given rise to by complex climatic processes, and in certain cases by other MOVs directly or indirectly.
Such connections between the modes can either be straightforward or intricate, and whilst some of these are
known, others are yet to be revealed. Certain MOVs are an indispensable topic of study as their influence on
the climate system is considerable, especially as a result of its chaotic behaviour. In particular, this study
focuses on the impact of the AO, NAO, NPO, PDO and AMO on the Arctic SIV variability as to further
improve our understanding of the underlying mechanisms leading to these variations.

1.3 Current understanding of the impacts of the AO, NAO, NPO,
PDO and AMO

1.3.1 Arctic Oscillation and North Atlantic Oscillation

The AO is defined by the difference in SLP between the Arctic polar region and the mid-high latitudes
over the Northern Hemisphere [Zheng et al., 2021]. The positive phase of the AO (AO+) is linked with a
lower than usual SLP over the Arctic region, whereas a higher than usual SLP is present over the mid-high
latitudes across the North Pacific Ocean and North Atlantic Ocean. On the contrary, a negative phase of the
AO (AO-) is related to a more intense SLP over the Arctic, while a deeper SLP is found over the mid-high
latitudes [Rebecca, 2009]. For visual purposes, the surface pressure (SP) spatial patterns northward of 20°N
associated with AO+ and AO- are displayed in Figs. A.1a and A.1b.

The Arctic SIT and SIC variability was previously shown to be associated with the AO by Rigor et al.
[2002] and Van Achter et al. [2020], among others. During AO+, the Beaufort High (BH) is weaker and
displaced towards Alaska, whereas AO- is related to a stronger and more centrally positioned BH. Such
changes in the intensity and location of the BH induce important shifts in the surface winds, which in
turn lead to alterations of the SIM spatial patterns. Rigor et al. [2002] found that through AO-, the more
pronounced Beaufort Gyre allows a thick multiyear sea ice transport from the western Arctic Ocean to the
eastern Arctic Ocean, thus increasing the SIV in the latter region. For the duration of AO+, a weakened and
coastward-displaced Beaufort Gyre does not allow such a transport, and instead results in a divergence and
convergence of SIM in various regions. In particular, the East Siberian Sea and Laptev Sea are especially
affected by an SIM divergence, thereby leading to an SIV decrease. On top of this, the Transpolar Drift
Stream (TDS) mainly moves young thin ice, originating in leads, consequently resulting in a prevalent SIV
drop south of the Fram Strait and along the southern coast of Greenland. The thick multiyear sea ice
transport associated with AO-, instead leads to an SIV increase. Throughout AO+, the shift in the Beaufort
Gyre disrupts the sea ice escape from the gyre, and hence lets the ice grow older and thicker. As a result, an
SIV increase takes place in the Beaufort Gyre region.
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Impacts of the AO on the Baffin Bay and Labrador Sea SIV have also been studied [Limoges et al., 2020].
During AO-, an intense BH leads to a thicker sea ice presence across the Arctic Ocean. This thicker ice,
combined with the weaker surface winds over the Nares Strait, cause a blockage in the narrow passage of
the strait, therefore impeding the passage of sea ice and low salinity surface waters into the Baffin Bay and
Labrador Sea. Additionally, a contracted subpolar gyre associated with AO- increases the influx of salty
warm waters towards these regions. Contrastingly, throughout AO+, thinner sea ice is prevalent across
the Arctic Ocean. The presence of thinner ice, combined with the intensified winds over the Nares Strait,
promotes the passage of sea ice and low salinity waters through the Strait. The lower SATs over the region
as a result of the stronger westerlies and wider subpolar gyre, further promote the formation of sea ice.

The NAO is determined by the difference in SLP between the Icelandic Low (IL) and Azores High (AH).
During its negative phase (NAO-), the difference is lower, whereas in its positive phase (NAO+), this value
is higher [Rebecca Lindsey, 2009]. The SP distribution related with the MOV phases are shown in Figs.
A.1c and A.1d. The NAO and AO are highly correlated as the NAO is often considered to be a local
manifestation of the AO [Hamouda et al., 2021]. The influence of the NAO on the Atlantic Meridional
Overturning Circulation (AMOC) has already been studied [Delworth and Zeng, 2016]. Through NAO+, the
stronger westerly winds over the west North Atlantic Ocean amplify the ocean to atmosphere heat transfer,
thus increasing the sea surface horizontal density gradient as a result of the lower than usual SSTs. This leads
to an intensified AMOC and transport of warm lower-latitude water towards the Arctic Ocean. Subsequently,
an SIC decline is observed in various Arctic regions, but especially across the North Atlantic Ocean [Mahajan
et al., 2011; Dickson et al., 2000].

Spanning from 1981 to 1994, a period associated with NAO+, a deeper and eastward displaced Aleutian
Low (AL) is shown to occur [Hurrell and Loon, 1997]. A sea ice decline in the Bering Sea was also reported
during the same period [Mysak and Manak, 1989]. Finally, the NAO is significantly correlated with precipita-
tion around Greenland [Appenzeller et al., 1998]. Negative correlations are found in the south of Greenland,
whereas positive correlations are noticeable towards the east.

1.3.2 North Pacific Oscillation and Pacific Decadal Oscillation

The NPO is defined by the depth of the AL. While a positive NPO phase (NPO+) is related to a shallower
AL, the negative phase (NPO-) corresponds to a deep AL. The SP spatial patterns linked with the NPO
are depicted in Figs. A.1e and A.1f. In turn, the PDO is determined by the SST anomalies in the west,
central and east North Pacific Ocean. Throughout its positive phase (PDO+), the west and central North
Pacific Ocean are associated with negative SST anomalies, whereas the eastern North Pacific Ocean SST
anomalies are positive, and vice versa for the negative phase (PDO-) [Deser and NCARS, 2016]. These SST
patterns are displayed in Figs. A.2a and A.2b. An important relationship exists between the NPO and PDO
[Newman et al., 2016]. Actually, the NPO, and consequently the intensity of the AL, is shown to be a strong
driver of PDO-like SST patterns across the North Pacific Ocean. During NPO-, a profound AL promotes the
movement of dry and cold northerly air masses towards the central North Pacific Ocean, thereby lowering the
SSTs in the region. Inversely, warm and moist southerly winds are transported along the North American
coast, thus resulting in warmer SSTs by the side of this coast.

During NPO-, warm southerly air masses are brought over the east of the Bering Sea [Linkin and Nigam,
2008]. An SAT increase over the Bering Sea was noted as well by Hurrell and Loon [1997], from 1981 to
1994, which was mainly linked with the same phase. Surprisingly, Linkin and Nigam [2008] found no impact
on the SIC in this region. Mysak and Manak [1989] observed a sea ice area (SIA) drop in the Bering Sea
spanning from 1977 to 1984, when an intense AL was present. Cold northerly air advection was explained to
drive an increase in SIC around the western Bering Sea [Linkin and Nigam, 2008] during NPO-. Similarly,
an SIC growth in the Sea of Okhotsk was revealed to be driven by an intensified westerly-northwesterly
cold wind influx. Linkin and Nigam [2008] also found an SIM divergence away from the Russian coast
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because of these winds. Such a relationship between the NPO and Sea of Okhotsk SIC was set forth by
Parkinson [1990] as well, where a prominent AL and Siberian High were shown to increase the SIE in the region.

A sea ice loss across the Arctic Ocean was explained to be more important during PDO- than PDO+
[Screen and Francis, 2016]. This link is indirect and is driven by the atmospheric wind shifts associated with
the AL position and depth changes. Throughout PDO-, a weaker AL is revealed to promote southerly winds
advection towards the Arctic Ocean. As a result, air masses warmed over the sea ice edges in the Bering Sea
and Sea of Okhotsk are then transported into the Arctic Ocean. As a consequence, an unusual SAT increase
over a large part of the Arctic Ocean is observed. This phenomenon happens over the North Atlantic Ocean
as well, where warm air masses from the Greenland Sea, Baffin Bay and Labrador Sea ice edges are brought
towards the Arctic Ocean.

1.3.3 Atlantic Multidecadal Oscillation

The AMO is defined by the SST anomalies mean across the North Atlantic Ocean [Trenberth et al., 2021].
In its positive phase (AMO+), the mean SST anomaly is positive, whereas in its negative phase (AMO-),
it is negative. The AMO-related SST spatial fields are shown in Figs. A.2c and A.2d. This MOV impacts
the Arctic SIV through the fluctuations in the AMOC that are positively correlated with the SAT and
negatively correlated with the SIC across most of the Arctic polar region, but especially in the Baffin Bay
and Labrador Sea [Mahajan et al., 2011]. It was also shown to partially drive PDO-like SST anomalies across
the North Pacific Ocean, as the AMO and PDO are revealed to be negatively correlated [Castruccio et al., 2019].

Finally, the AMO is explained to influence the low cloud coverage over the Arctic region [Castruccio et al.,
2019]. An intensified influx of downward longwave radiation induced by re-emissions from the low clouds was
observed. Consequently, an SAT increase can be found over various regions where the low cloud coverage
is more important. Castruccio et al. [2019] showed that the most affected regions are the Central Arctic,
Barents Sea, Kara Sea, East Siberian Sea and Beaufort Sea.

1.4 Impacts of the sea ice on the climate system

Sea ice acts as an insulating layer between the ocean and the atmosphere, since it reduces the exchanges
between these two mediums [Vancoppenolle et al., 2009]. The momentum transfers between the atmosphere
and ocean are lessened, as a portion of the transferred energy is absorbed by the sea ice. The ocean currents
and climate processes associated with them are consequently affected. Additionally, the direct heat transfers
between the ocean and atmosphere are modified because of the small thermal conductivity of sea ice. The
mass exchanges are impacted as well, since the sea ice acts as an impermeable boundary. For instance, gases
such as CO2 are not absorbed as effectively by the ocean. Such impediments can lead to global carbon
cycle changes, but may also alter other processes composing the climate system. Furthermore, bacteria and
microscopic plants that play a role in the carbon cycle live in the ice, and therefore, alterations in the sea ice
affect their population, and with it, the carbon cycle.

The radiative exchanges are impacted as well because of the differing albedos between the ocean surface
and sea ice. While the ocean surface possesses a low albedo of about 0.06, sea ice, on the other hand, has
a much greater albedo ranging from about 0.5 to 0.7 [NSIDC, 2020]. Consequently, the ocean absorbs less
solar radiation if it is covered by ice, and this effect becomes even more prominent when a layer of snow
covers the ice. Snow-covered sea ice has an albedo of about 0.9. This means that only 10% of the incoming
solar radiation is absorbed by the surface [NSIDC, 2020]. Since sea ice extends the farthest and is mainly
covered by snow in winter, it makes this season the most isolating for the polar region ocean. Contrastingly,
in summer, the snow cover tends to melt, hence resulting in the creation of a new thin layer of water, with a
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lower albedo than sea ice, over the surface [Morales et al., 1997].

Sea ice is an important driver of the sea surface salinity (SSS). The formation of sea ice releases salt
into the ocean, while its melting mostly liberates freshwater. This process of salt and freshwater discharge
influences the stratification of the ocean and AMOC [Vancoppenolle et al., 2009]. A decrease in the SSS
at such high latitudes may disrupt the AMOC, as it is driven by density differences between the low- and
high-latitude oceans [Rahmstorf et al., 2005]. Because of the meridional oceanic heat transport provided
by the AMOC, an interruption or weakening of this circulation therefore results in smaller temperature
differences between the high and low latitudes. On top of this, a larger SSS reduces the formation rate of
new sea ice at the ocean surface.

Various feedbacks taking place in the polar regions are partially governed by sea ice. These feedbacks
are overall less stabilising than around the tropics. Hence, when the climate is affected by a perturbation,
the temperatures in the polar regions vary the most. This phenomenon is known as the polar amplification
[Goosse et al., 2018]. Because of the contribution of sea ice, alterations in its distribution across the polar
regions can either dampen or amplify this phenomenon.

Finally, remote impacts through teleconnections have been studied. Some recent papers have set forth
potential impacts of the Arctic sea ice on the mid-latitude regions. Some of these studies have shown that,
throughout certain periods, sea ice loss in the Barents Sea and Kara Sea could lead to cold weather in eastern
Asia [Kim et al., 2014; Kretschmer et al., 2016]. Other articles suggest that sea ice anomalies in the Chukchi
Sea and areas west of Greenland are linked with cold weather in eastern North America [Kug et al., 2015;
Ballinger et al., 2018; Overland et al., 2019]. Such teleconnections are complicated to explain due to the
chaotic behaviour of the climate system [Meredith et al., 2019]. This topic is consequently still under debate
in the literature.

1.5 Objectives

The objectives of this thesis are to answer the following 3 questions for all 5 MOVs (AO, NAO, NPO,
PDO and AMO):

• Which Arctic regions are particularly impacted by the MOV in question?

• How does the respective MOV affect the SIV in these regions?

• When has this effect been the most pronounced throughout the 20th century?

For this purpose, we consider the 13 Arctic regions represented in Fig. 2.1, where the regional borders are
defined by the National Snow and Ice Data Center NSIDC [2022]. We carry out a spatio-temporal analysis
of the monthly data, spanning from 1901 to 2010, provided by the Pan-Arctic Ice Ocean Modelling and
Assimilation System 1901-2010 Arctic sea ice reconstruction (PIOMAS-20C) reanalysis [Schweiger et al., 2019]
and its ECMWF 20th century reanalysis (ERA-20C) atmospheric forcing data [Poli et al., 2016; ECMWF,
2016]. First, the index corresponding to each MOV is built by using the ERA-20C datasets. The produced
AO, NAO and NPO indices are based on the SP data, whereas the PDO and AMO indices are calculated by
means of the SST data. Following this, a spatial analysis of the Arctic SIV distribution changes, and their
relation to the dynamic and thermodynamic processes corresponding to each MOV, is performed. This step
allows us to partially answer the first and second questions, although a temporal analysis is required for a
complete solution. In this study, we carry out a wavelet analysis to identify the time frames and frequencies
of the most important regional SIV impacts related to the various MOVs. In particular, the MOVs-associated
dynamic and thermodynamic footprints in the SIV shifts of the regions are highlighted. Finally, lag-tests
are computed to reveal the response-times of the regionally felt SIV impacts following the shifts in the
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MOVs. These procedures fully answer the 3 questions at hand. By the end of this thesis, the dynamics- and
thermodynamics-induced changes in the Arctic SIV associated with the various MOVs will be explained, with
a distinction between the effects associated with and driven by the MOVs being established. The underlying
mechanisms driving these processes, the time periods and frequency of their influence will be determined as well.
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Chapter 2

Data description and validation

In this chapter, we first introduce the PIOMAS-20C and ERA-20C reanalyses utilised throughout our
work [Schweiger et al., 2019; Poli et al., 2016]. We then validate the employment of the PIOMAS-20C SIV
data by comparing the PIOMAS-20C SIC and SIT simulated data with the observations made available by
the Exploitation of Meteorological Satellites Ocean and Sea Ice Satellite Application Facility (EUMETSAT
OSI SAF) [Copernicus, 2020a] and Envisat satellite [Copernicus, 2020b].

2.1 Descriptions of the reanalyses

2.1.1 PIOMAS-20C reanalysis

The PIOMAS-20C reanalysis [Schweiger et al., 2019] is based on the Pan-Arctic Ice Ocean Modelling
and Assimilation System (PIOMAS) model [Zhang and Rothrock, 2003]. The model was integrated over
the 1901-2010 period forced by the European Centre for Medium-Range Forecasts (ECMWF) ERA-20C
atmospheric reanalysis data [Poli et al., 2016]. This reconstructed atmospheric data gives the required
boundary conditions to run the model throughout the period of interest. This model uses a curvilinear mesh,
with the grid converging in Greenland, and averaging a grid-cell size of about 40 km. The domain of the
model excludes some parts of the Sea of Okhotsk and Labrador Sea regions. Fig. 2.1 displays the domain
covered by the PIOMAS model, the grid points and the regions studied in this work.

Two different calibrations were made for the PIOMAS-20C reconstruction [Schweiger et al., 2019]. The
first was an SIM calibration aimed at minimizing the differences between the simulated SIM speeds and the
observational data provided by drifting buoys from the International Arctic Buoy Program (IABP) [Zhang
et al., 2012]. Secondly, a mean SIT calibration was applied. A melting sea ice surface albedo adjustment was
implemented to minimize the differences between the model and observations available from the Unified Sea
Ice Thickness Climate Data Record (ThickCDR) [Lindsay, 2010].

The PIOMAS-20C SIC is assimilated with the data provided by the HadISST version 2.1 (HadISST2)
analysis [Titchner and Rayner, 2014] in the marginal zones. An optimal interpolation assimilation approach
is utilised [Schweiger et al., 2019]. This method corrects the simulated SIC with observations by using a
weighting factor:

Ĉmod = Cmod +K(Cobs −Cmod)T ,

where T is the transpose, Ĉmod the corrected model SIC at a given location, Cmod the model SIC first estimate
for that location, Cobs = (Cobs

1 , ..., Cobs
N ) the observed SIC vector containing the observed concentration in
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Fig. 2.1 − The grid points (black points) of the PIOMAS-20C reconstruction and the 13 different Arctic regions considered
in this study. The Labrador Sea and Sea of Okhotsk are not fully covered by the domain of the model. The PIOMAS-20C
grid points can be found at PSC [2019], whereas the Arctic regions boundaries are provided by NSIDC [2022].

N different locations, Cmod = (Cmod
1 , ..., Cmod

N ) the same vector for the model simulated concentration and
K = (K1, ...,KN ) the weighting factor for the N different locations. More details on how this assimilation
method determines the weighting factors can be found in Zhang et al. [2003].

2.1.2 ERA-20C reanalysis

The ERA-20C atmospheric forcing data which drives the PIOMAS model [Poli et al., 2016] consists of
downwelling longwave and shortwave fluxes, 10-m wind speeds, SATs, humidities, SSTs, and ocean-atmosphere
exchanges, with a daily resolution [Schweiger et al., 2019]. The provided SST dataset is based on the HadISST2
analysis. The ERA-20C reanalysis went through assimilation for both the SP and marine 10-m wind speeds.

The performance of this reanalysis over the Arctic sea ice was assessed by comparison with data from
other reanalyses and observations [Schweiger et al., 2019]. The comparison was done for the downwelling
radiative fluxes, 10-m wind speeds and SATs, for which the observations were provided by the Surface Heat
Budget of the Arctic Experiment (SHEBA), Maud expedition and former Soviet Union North Polar (NP)
stations. After careful assessment, Schweiger et al. [2019] decided that it was the best suited atmospheric
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dataset for the period of interest.

2.2 PIOMAS-20C SIV data validation

To validate the PIOMAS-20C SIV data employed in this study, we need observations covering the
entire Arctic region. We thus base our validation over the 1979-2010 period, during which global satel-
lite observations exist. Here, we verify the PIOMAS-20C SIC and SIT products used to create the SIV dataset.

2.2.1 Sea ice concentration

We first assess the simulated SIC data by comparing it with the EUMETSAT OSI SAF observations
[Copernicus, 2020a]. This gridded satellite dataset is based on a polar projection grid, with a resolution of 25
km. The EUMETSAT OSI SAF product was chosen due to its consistency throughout the 1979-2010 period.
For convenience, we interpolate this data onto the PIOMAS-20C mesh as to ease the visual comparison
and allow the computation of the differences between the model and observations. We compare the mean
SIC between the simulation and observations in March and September [Fig. 2.2]. The model especially
overestimates the concentration close to the marginal zone, but not as much in it as a result of the SIC
data assimilation constraining the model in this area. Both in March and September, close to the marginal
zone, the difference between the model and observations reaches up to 50% in SIC, whereas across the other
regions, the difference is barely noticeable. This SIC overestimation seems to be caused by the presence of
thinner ice, which is more prone to melt, and as a result, more vulnerable to noisy variability.

2.2.2 Sea ice area

We now compare the pan-Arctic SIA mean seasonal cycles between the simulation and observations [Fig.
2.3]. The model overestimates the SIA every month, due to the SIC overestimation near the marginal zone
[Fig. 2.2]. The simulation and observations comparison in the various Arctic regions is displayed in Fig. 2.4.
Again, the model tends to overestimate the SIA. This overestimation appears and disappears in many regions,
depending on the seasons, because of the movement of the sea ice front.

Next, we compare the pan-Arctic SIA anomalies for the months of March and September [Fig. 2.5]. The
anomaly is computed by removing the mean of the data, for the 1979-2010 period, from the data itself. Both
the simuations and observations are close, and exhibit a downward trend that is particularly noticeable in
September. This is an important outcome since this study focuses on the sea ice variability. Tables 2.1 and 2.2
show the correlations between the simulation and observations, the simulation linear trend and observation
linear trend for the pan-Arctic region. Overall, the correlation is high and the trends are similar in both
months. The correlation in March is lower than September, whereas the trends are closer. To explain these
results, we must consider the regional comparison between the simulation and observations. The results are
especially alike across most regions in September [Fig. 2.6b]. In March [Fig. 2.6a], the observations display
greater SIA anomalies than the model in numerous regions (Beaufort Sea, Chukchi Sea, East Siberian Sea,
Laptev Sea, Kara Sea, Canadian Archipelago, Hudson Bay and Central Arctic). The differences between the
linear trends of the simulation and observations are noticeable in these regions as well [Tables 2.1 and 2.2].
In September, both the correlations and trends of the model are more accurate than in March. The SIA
overestimation in Figs. 2.3 and 2.4 does not appear in Figs. 2.5 and 2.6, since the anomalies suppress it.
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Fig. 2.2 − Simulated (PIOMAS-20C) mean SIC for the 1979-2010 period for the months of (a) March and (b)
September. Observed (OSI SAF) mean SIC for the 1979-2010 period for the months of (c) March and (d) September.
Absolute SIC difference between the simulated and observed 1979-2010 mean SIC for the months of (e) March
and (f) September. Positive values in (e) and (f) indicate a model overestimation. In all panels, the black solid
(PIOMAS-20C) and dashed (OSI SAF) contours represent the mean simulated and observed 15% SIC level for the
period of interest, respectively.
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Fig. 2.3 − Simulated (PIOMAS-20C; red) and observed (OSI SAF; blue) mean seasonal cycles for the pan-Arctic SIA for
the 1979-2010 period. Error bars represent the one standard deviation for the 1979-2010 period.

Fig. 2.4 − Simulated (PIOMAS-20C; red) and observed (OSI SAF; blue) mean seasonal cycles for the Arctic regions SIA
for the 1979-2010 period. Error bars represent the one standard deviation for the 1979-2010 period. Note that the y-axis
range is not the same for all the regions.
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Fig. 2.5 − Simulated (PIOMAS-20C; red) and observed (OSI SAF; blue) pan-Arctic SIA anomalies spanning from
1979 to 2010 for the months of (a) March and (b) September.



13

Fig. 2.6 − Simulated (PIOMAS-20C; red) and observed (OSI SAF; blue) SIA anomalies for the Arctic regions spanning
from 1979 to 2010 for the months of (a) March and (b) September. Note that the y-axis range is not the same for all the
regions.
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Table 2.1 − Pearson correlation coefficients (r) estimated between the model and
observations, linear model trends (tmod) and linear observation trends (tobs) for the
month of March, as shown in Figs. 2.5a and 2.6a. Significant correlations (p-value ≤
0.01) are highlighted in bold.

Region r tmod tobs
[km2/dec] [km2/dec]

Pan-Arctic 0.93 -1.95 x 105 -2.04 x 105

Beaufort Sea -0.26 -1.17 x 103 4.6 x 103

Chukchi Sea 0.1 -1.12 x 103 2.71 x 103

East Siberian Sea -0.26 -1.32 103 1.4 x 103

Laptev Sea 0.1 -4.14 x 102 1.51 x 103

Kara Sea 0.7 -6.06 x 102 -3.45 x 103

Barents Sea 0.96 -6.03 x 104 -7.89 x 104

Greenland Sea 0.87 -6.51 x 104 -4.29 x 104

Baffin Bay/Labrador Sea 0.97 -4.15 x 104 -5.51 x 104

Canadian Archipelago -0.41 -4.53 x 102 8.47 x 102

Hudson Bay 0.69 -8.1 x 102 -4.55 x 103

Central Arctic 0.07 1.09 x 102 3.7 x 104

Bering Sea 0.97 2.73 x 104 1.95 x 104

Sea of Okhotsk 0.96 -5.01 x 104 -7.05 x 104

Table 2.2 − Pearson correlation coefficients (r) estimated between the model and
observations, linear model trends (tmod) and linear observation trends (tobs) for the
month of September, as shown in Figs. 2.5b and 2.6b. Significant correlations (p-value
≤ 0.01) are highlighted in bold.

Region r tmod tobs
[km2/dec] [km2/dec]

Pan-Arctic 0.98 -8.11 x 105 -6.27 x 105

Beaufort Sea 0.96 -1.2 x 105 -1.03 x 105

Chukchi Sea 0.99 -1.31 x 105 -1.27 x 105

East Siberian Sea 0.98 -1.84 x 105 -1.65 x 105

Laptev Sea 0.97 -8.28 x 104 -6.46 x 104

Kara Sea 0.95 -6.29 x 104 -4.44 x 104

Barents Sea 0.91 -2.31 x 104 -7.59 x 103

Greenland Sea 0.94 -2.49 x 104 -1.66 x 104

Baffin Bay/Labrador Sea 0.77 -1.63 x 104 -3.09 x 103

Canadian Archipelago 0.88 -5.68 x 104 -3.31 x 104

Hudson Bay 0.95 -1.16 x 104 -3.48 x 103

Central Arctic 0.79 -9.73 x 104 -5.9 x 104

Bering Sea 0.13 -3.76 -2.63



2.2.3 Sea ice thickness

Finally, we compare the SIT dataset provided by the PIOMAS-20C reanalysis with observations spanning
from 2002 to 2010. These are derived from measurements performed by the Envisat satellite [Copernicus,
2020b]. The gridded satellite data is based on a polar projection grid, with a resolution of 25 km. The SIT
observational data is interpolated into the PIOMAS-20C mesh for visualisation and comparison purposes.
Limitations of this product lie on the fact that it only covers a small portion of the desired period (1979-2010),
and reliable measurements are only available in the colder months. Another problem arises from the fact that
the orbit of the satellite is not completely polar, and thus does not cover regions beyond a certain latitude.
Consequently, we only compare the mean SIT provided by the model and observations over the 2002-2010
period, in March, and for grid points to the south of 87°N. The results are shown in Fig. 2.7. The model
overestimates the SIT up to around 1 m towards the 80°N-85°N, 120°W-120°E region. An SIT underestimation
of the simulation is also noticeable along the eastern coast of Greenland. Differences, although not as
remarkable, are observed in other parts of the Arctic region as well.

In this section, we have validated the PIOMAS-20C SIC and SIA dataset for the 1979-2010 period, by
comparing it with the observational data provided by the EUMETSAT OSI SAF satellite. Following this, a
comparison of the PIOMAS-20C SIT product with the Envisat satellite SIT observational data, spanning
from 2002 to 2010, was performed. Overall, the the PIOMAS-20C reanalysis is sufficiently reasonable for a
regional study of the Arctic SIV variability to be carried out.
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Fig. 2.7 − (a) Simulated (PIOMAS-20C) mean SIT for the 2002-2010 period for the month of March. (b) Observed
(Envisat) mean SIT for the 2002-2010 period for the month of March. (c) SIT differences between the simulated and
observed mean SIT for the month of March. Positive values in (c) indicate an SIT model overestimation compared to
the observations. In all panels, the black solid (PIOMAS-20C) and dashed (Envisat) contours represent the mean
simulated and observed 15% SIC level for the period of interest, respectively.



Chapter 3

Methodology

In this chapter, we present the methodology used to study the Arctic SIV spatio-temporal variability as
provided by the PIOMAS-20C reanalysis. We first introduce the datasets employed in this work as well as the
pre-processing methods applied to them. Following this, an explanation of the performed data interpolation
and SIM divergence computation is conducted. Next, the various mathematical tools utilised in the course of
this thesis are described and explained. Finally, we define the indices used throughout the rest of the paper.

3.1 ERA-20C and PIOMAS-20C datasets

We make use of numerous datasets provided by the ERA-20C atmospheric and PIOMAS-20C reanalyses.
The SP [ECMWF, 2018c], 10-m wind zonal component [ECMWF, 2018d], 10-m wind meridional component
[ECMWF, 2018e], instanteneous surface sensible heat flux (SSHF) [ECMWF, 2019], vertically integrated
thermal energy flux divergence (ITEFD) [ECMWF, 2018f], SAT [ECMWF, 2018a] and SST [ECMWF, 2018b]
ERA-20C datasets [ECMWF, 2016] are employed. The SSHF depicts the transfer of sensible heat between
the surface of the Earth and the atmosphere at a given point in time. Consequently, this flux does not take
into account the latent heat transfers. The positive values associated with this variable indicate the presence
of an atmosphere to ocean sensible heat transfer, and a ocean to atmosphere sensible heat transfer for the
negative values. The ITEFD data is produced by computing the divergence of the vertically integrated
thermal energy flux. The thermal energy flux is integrated vertically from the surface of the Earth to the top
of the atmosphere. This quantity indicates the regions above which the vertically integrated thermal energy
is increased by convergence or decreased by divergence. Negative values of the ITEFD imply a convergence
of thermal energy flux, whereas positive values depict a divergence of thermal energy flux. Therefore, this
variable determines the regions over which an overall influx or outflux of atmospheric heat transport takes
place. The SP and 10-m winds illustrate the driving mechanisms leading to the various dynamical processes,
although they are employed for the explanation of the thermodynamical processes as well. The SAT and
SST spatio-temporal distributions are used to investigate the thermodynamic influence on the Arctic SIV,
while the SSHF and ITEFD partially explain the underlying mechanisms leading to such patterns. The
PIOMAS-20C SIC, SIT and SIM datasets [Schweiger et al., 2019] are used to produce the SIV data and to
deduce the spatio-temporal dynamic impacts induced by the SIM shifts.

3.2 Data pre-processing

The SIV dataset displays important multidecadal linear trends throughout the 20th century. These include
a noticeable downtrend from 1901 to 1935, an uptrend spanning from 1935 to 1970 and a steep downtrend
from 1979 to 2010. Unfortunately, these significant and long-lasting linear trends lead to complications in the
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data processing. As a matter of fact, the wavelet analysis interprets these trends as important low frequency
signals that conceal the additional weaker and higher frequency variabilities of interest. Furthermore, these
low frequency signals cannot be analysed reliably, as a result of the dataset time span limitations. To avoid
such hurdles, an adequate detrending approach is essential. Here, we follow a three-step procedure:

• For every month individually, a 3rd degree polynomial fit is calculated for the SIV anomaly time series
in each grid-cell. Throughout this thesis, the anomaly is calculated by subtracting the time series mean
from the time series values. Fig. 3.1a shows the September pan-Arctic SIV anomaly time series and its
3rd degree polynomial fit as an illustration.

• The SIV anomaly time series in each grid-cell is then detrended by the 3rd degree polynomial fit. Fig.
3.1b displays the detrended time series shown in Fig. 3.1a.

• We then construct the detrended monthly time series of each grid-cell by combining the detrended time
series of all months. This leads to a new SIV dataset containing the monthly detrended time series of
the SIV anomaly in all grid-cells.

We also apply a 3-year moving average on the corresponding grid-cells SIV time series to remove any
variabilities of lower periods than 3 years, as they are not targeted by this study. From now on, the detrending
and 3-year smoothing is applied on all the analyses employed in this thesis for consistency. Thus, henceforth
all datasets and time series utilised span from mid-1902 to mid-2009.
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Fig. 3.1 − Illustration of the detrending procedure applied to the datasets. (a) PIOMAS-20C pan-Arctic SIV
anomalies for the month of September (black) and the 3rd degree polynomial fit (red). (b) PIOMAS-20C pan-Arctic
SIV anomalies for the month of September detrended with the 3rd degree polynomial fit. This figure only demonstrates
the detrending process as it depicts the pan-Arctic SIV anomalies, whereas only the time series corresponding to each
grid point is detrended.

3.3 Interpolation of the data, computation of the sea ice motion
divergence and surface pressure gradients

The ERA-20C data is interpolated onto the PIOMAS grid. This guarantees an easier comparison and
analysis of the results. The PIOMAS mesh is chosen due to its greater resolution across the Arctic polar
region. Because of its spatial limitations, as it is only defined northward of 50°N, the construction of the
various MOVs indices is based on the original non-interpolated ERA-20C data. The ERA-20C grid is global
and possesses a spatial resolution of 1° along both the latitudes and longitudes.

The computation of the SIM divergence is inspired by Vomero et al. [2021], and is given as follows:

(∇ · vice)i,j ≈
uice(i, j +

1
2 )− uice(i, j − 1

2 )

cos (lat(i, j))R
(
lon(i, j + 1

2 )− lon(i, j − 1
2 )
) +

vice(i+
1
2 , j)− vice(i− 1

2 , j)

R
(
lat(i+ 1

2 , j)− lat(i− 1
2 , j)

) , (3.1)

where R is the average radius of the Earth, lon and lat are the longitudes and latitudes in radiants, re-
spectively, vice = (uice, vice) is the sea ice velocity vector and i, j are the latitudinal and longitudinal
iterations, respectively. Since the PIOMAS grid is centered on Greenland, it renders the calculation of the
divergence fields complicated. Hence, we interpolate the PIOMAS-20C SIM fields onto a grid centered on the
North Pole, with a resolution of 0.25° along the latitudes and 1° along the longitudes, covering the region
50°N-90°N,0°E-359°E. Afterwards, a second similar but shifted grid, with the same resolution and covering
50.125°N-89.875°N,0.5°E-359.5°E, is created. Finally, the SIM divergence field is produced on the second grid
using the interpolated SIM data. The SP gradient vectors are calculated using a similar shifted two-gridded
method.
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3.4 Empirical orthogonal functions

The Empirical Orthogonal Function (EOF) analysis allows us to find spatial patterns of various variables,
and how they change with time. The objective of this method is to produce two matrices T and U that
represent and differentiate the most important temporal variances of a given dataset. To achieve this, a
sequence of steps is carried out [François, 2021]:

• A matrix M of dimensions (i× j×n) containing the values of the variable at hand in (i× j) grid points
and for n time iterations is required. M is then flattened as to result in a (m × n) matrix X with
m = i× j.

• X may then be rotated appropriately, with a (m×m) matrix R, as to produce the desired matrix T :


T11 T12 . . . T1m

T21 T22

...
...

. . .
...

Tn1 . . . . . . Tnm

 =


X11 X12 . . . X1m

X21 X22

...
...

. . .
...

Xn1 . . . . . . Xnm

 ·


R11 R12 . . . R1m

R21 R22

...
...

. . .
...

Rm1 . . . . . . Rmm

 . (3.1)

• R can be found by calculating the covariance matrix C of X:


C11 C12 . . . C1m

C21 C22

...
...

. . .
...

Cm1 . . . . . . Cmm

 =
1

n− 1


X11 X12 . . . X1m

X21 X22

...
...

. . .
...

Xn1 . . . . . . Xnm


Tr

·


X11 X12 . . . X1m

X21 X22

...
...

. . .
...

Xn1 . . . . . . Xnm

 ,

where Tr is the transpose.

• Since C is symmetric, we can diagonalise it to deduce its invertible matrix U containing the orthogonal
eigenvectors:


C11 C12 . . . C1m

C21 C22

...
...

. . .
...

Cm1 . . . . . . Cmm

 =


U11 U12 . . . U1m

U21 U22

...
...

. . .
...

Um1 . . . . . . Umm

 ·


Λ11 Λ12 . . . Λ1m

Λ21 Λ22

...
...

. . .
...

Λm1 . . . . . . Λmm

 ·


U11 U12 . . . U1m

U21 U22

...
...

. . .
...

Um1 . . . . . . Umm


Tr

,

with Λ a diagonal matrix containing the eigenvalues of C.

• We then use U as R in Eq. 3.1 to rotate X. We thus get the final relation:


X11 X12 . . . X1m

X21 X22

...
...

. . .
...

Xn1 . . . . . . Xnm

 =


T11 T12 . . . T1m

T21 T22

...
...

. . .
...

Tn1 . . . . . . Tnm

 ·


U11 U12 . . . U1m

U21 U22

...
...

. . .
...

Um1 . . . . . . Umm


Tr

. (3.2)

20



In Eq. 3.2, the first lines of UTr describe the spatial patterns, or modes, associated with the most
important variances, whereas the first columns of T represent the variations in time of the amplitude of the
associated spatial patterns and are called the principal components (PCs). For the purpose of this work,
EOFS are used to build some of the MOVs indices. To do this, we employ the Python module “eofs” [Dawson,
2016], which produces the EOF modes and associated PCs of a given dataset.

3.5 Linear correlations

Linear correlations indicate the degree of association between two sets of data. To be more precise,
they depict the strength of linear relationship between two variables. In this thesis, we employ the Pearson
correlation to compute a coefficient r. We use the Python module “scipy” to produce these coefficients [Scipy,
2022]. The coefficient values are real and range from -1 to 1, with -1 indicating a perfect negative linear
relationship and 1 representing a perfect positive linear relationship. Given two sets of data x and y, their
Pearson correlation coefficient r is computed as follows:

r =

∑N
i=1(xi − x)(yi − y)√∑N

i=1(xi − x)2
√∑N

i=1(yi − y)2
,

where N is the data sample size, xi are the values of x, x is the mean of x, yi are the values of y and y is
the mean of y. A significance level of 99% (p-value ≤ 0.01) is chosen in this work. The null hypothesis test
assumes a normal distribution for both variables. Finally, it is important to explain how correlation maps are
produced. For two sets of data of size (i× j×n), with m = i× j being the number of grid points, and n being
the number of time iterations, the Pearson correlation coefficients and associated p-values are calculated
in all grid-cells between the two sets of data. This results in a spatial distribution of Pearson correlation
coefficients r, with the regions associated with the significant correlations being displayed. Correlation maps
allow us to understand the relationship between two variables during a time span t = dt× n and how these
relationships vary in space. In this thesis, correlation maps are employed for quantitative purposes as to
compute the regional mean correlations involving various variables. Having said that, it is important to recall
that correlations between two variables do not necessarily indicate a causation. The underlying mechanisms
must therefore be addressed to determine whether such a causation is present, if it is not or if we do not know.
It is also important to mention that a positive or negative correlation between two variables, even if significant,
does not necessarily indicate a similar or opposite trend, respectively. For instance, a positive correlation
between the SIV and AO index does not necessarily mean that an increase of the index is associated with an
increase of the SIV. We therefore additionally compute the difference between the mean value of the variable
during the positive and negative phase of the various MOVs.

3.6 Wavelet analysis

The temporal analysis is performed via wavelet analysis. This method produces a wavelet power spectrum
(WPS) that depicts the frequencies affecting the time series at distinct time spans. Various mathematical
tools can be employed to analyse a time series in terms of identifying significant variabilities. The wavelet
analysis was chosen because of the non-stationarity of the signals composing the various time series analysed
in this study. Wavelet analysis involves many steps including the computation of the WPS, identification of
the cone of influence and significant peaks of variability. To calculate the WPS, we first need to determine the
wavelet transform (WT) for each iteration of the time series. The value of the WT depends on the wavelet
function used. Various functions exist [Fig. 3.2], and the choice depends on multiple factors, including its
shape, orthogonality, and whether the function is real or complex [Torrence and Compo, 1998]. In this work,
we utilise the Morlet function. The choice is justified by its vast use in geophysical settings such as the one
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Fig. 3.2 − Examples of different wavelet functions. Left
plots shows the real part (solid) and imaginary part (dashed)
of the wavelet functions in the time domain. Right plots show
the wavelet functions in the frequency domain. Figure is from
Torrence and Compo [1998].

being studied here, as the shape of the Morlet function is similar to this kind of data [Wilks, 2011]. The
set of scales being used must all be chosen. The scale is directly related with the period of the variability,
and their relationship depends on the wavelet function employed. In our case, this relationship is as follows
Torrence and Compo [1998]:

λ(s) =
4πs

ω0 +
√

2 + ω2
0

,

with λ the Fourier wavelength, s the scale and ω0 the frequency associated with the Morlet function (ω0 = 6
in our case). Here, we have a relation of λ = 1.03s and, consequently, the scales and periods are strongly
related. The WT is calculated for many scales. A minimum scale s0 must be specified to produce the required
set of scales following Eq. 3.1 [Torrence and Compo, 1998]. sj = s02

jδj j = 0, 1, ..., J

J = δj−1 log2 (Nδt/s0),
(3.1)

where J is the iteration of the largest scale, δt is the time interval between each time series value, N is the
total amount of values in the time series and δj determines the difference between s0 and the highest scale,
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while also controlling the space between each element of the set. For the Morlet function, a δj of about 0.5 is
the largest value that still gives adequate sampling in scale [Torrence and Compo, 1998]. In our case, we
choose a value s0 = 3 years and δj = 0.01. The choice of s0 is justified by the 3-year moving average applied
on the data, which removes any variability of a period lower than 3 years. The value δj = 0.01 is used to
achieve a high resolution in the computed WPSs. As a matter of fact, the lower δj, the higher the resolution
in the frequency space, but the computational cost is increased. After selecting the wavelet function and
scales, we can finally compute the WT of a discrete sequence xn, as demonstrated by Torrence and Compo
[1998]:

Wn(s) =

N−1∑
n′=0

xn′Ψ∗
[
(n′ − n)δt

s

]
, (3.2)

where n is the time iteration, xn are the values of the time series and Ψ∗ is the complex conjugate of the
normalised wavelet function Ψ, given as follows [Torrence and Compo, 1998]:

Ψ

[
(n′ − n)δt

s

]
=

(
δt

s

) 1
2

Ψ0

[
(n′ − n)δt

s

]
,

where Ψ0 is the Morlet function in our case. Although we could determine the WT using Eq. 3.2, the
calculation is faster in the Fourier space. For this, we need the discrete Fourier transform of xn, given in Eq.
3.3, and the Fourier transform Ψ̂ of Ψ.

x̂k =
1

N

N−1∑
n=0

xne
−2πikn/N , (3.3)

where k is the frequency index. The resulting continuous WT in the Fourier space is [Torrence and Compo,
1998]:

Wn(s) =

N−1∑
k=0

x̂kΨ̂
∗(sωk)e

iωknδt,

where ωk is the angular frequency. Furthermore, we require the WT for every scale previously defined. The
WPS is then computed with |Wn(s)|2. Once the WPS is determined, the cone of influence must be calculated
and represented. If the support of the wavelet function, for a given scale and time iteration, is not a subset of
the time series domain, then the associated region in the WPS is deemed unreliable. The larger the scale, the
more prevalent this problem becomes. The region of the WPS hindered by this issue is called the “cone of
influence” and is depicted by a hatched region in the plots. We may also calculate the WPS time-mean to
produce the global power spectrum. This power spectrum shows the overall importance of the signals across
the entire time domain.

Finally, not every peak found in the WPS is “significant”. The peaks of variability can be a result of the
randomness of the background noise. To differentiate noise from signal, we need to model the background
noise and then apply a null hypothesis test, to discern the “significant” from noisy peaks. In this study, we
represent the background noise as red noise. We use the univariate lag-1 autoregressive equation [Eq. 3.4] to
model this red noise [Torrence and Compo, 1998]:

xn = αxn−1 + zn, (3.4)

with xn the simulated time series for the red noise, α the lag-1 autocorrelation and zn a random value taken
from a Gaussian distribution. Here, we utilise a value α = 0.72 as in Torrence and Compo [1998]. After
simulating a red noise time series provided by Eq. 3.4, we deduce its associated normalised discrete Fourier
power spectrum (FPS) given by Eq. 3.5 [Torrence and Compo, 1998]:
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Pk =
1− α2

1 + α2 − 2α cos (2πk/N)
. (3.5)

We repeat this process a large amount of times to generate a mean FPS of the red noise. This power
spectrum is low for high frequencies but increases for the lower frequencies. It is different from the mean
white noise FPS that is constant with respect to the frequencies. The reason for the choice of the red noise
model is due to the usual background noises found in climatic FPSs. Most climate variables tend to show
an increase in background noise as frequencies decrease, similar to the form of the red noise mean FPS,
hence justifying the choice of the model. With the red noise mean power spectrum, we can conduct a null
hypothesis test to find the “significant” peaks. Given the mean FPS of the red noise, we assume that any
peak that is above its 99% confidence level is “significant” and thus related to a signal. In our study, we
utilise the Python module “pycwt” to compute all of the previous steps [PyCWT, 2022].

3.7 Definitions of the indices

The MOVs indices used in this study are based on the ERA-20C atmospheric reanalysis data [ECMWF,
2016]. The AO and NAO indices are given by the normalised PC of the first EOF mode of the SP anomalies
poleward of 20°N and over the region 20°N-90°N, 80°W-40°E, respectively, from mid-1902 to mid-2009. The
PDO is provided by the normalised PC of the first EOF mode of the SST anomalies over the region 20°N-67°N,
100°E-100°W during the same time frame. The NPO and AMO indices are constructed by calculating the
normalised area-weighted mean SP anomalies over the region 30°N-65°N,160°E-140°W and SST anomalies over
the North Atlantic Ocean, respectively, spanning from mid-1902 to mid-2009. The NPO index is multiplied
by -1, with the intent that NPO+ depicts a deeper AL.

For the temporal analysis, we introduce 4 more indices: the regional SIV (RSIV), SIM flux (RSIMF),
SAT (RSAT) and SST (RSST). The RSIV is based on the normalised regional total SIV anomaly. The
SIV anomalies, corresponding to all grid-cells contained in the region, are summed to produce the regional
total SIV time series. The RSIMF is given by the normalised regionally integrated SIM divergence field
anomaly. Hence, this index depicts the evolution of the total SIM border flux anomaly for a given region.
Finally, the RSAT and RSST are built by computing the normalised regional area-weighted mean SAT
and SST anomalies, respectively. It must be specified that only the grid-cells where sea ice is present
(SIC > 0), at a given point in time, are taken into account for the RSAT and RSST computations. Thus,
the RSAT and RSST are only defined by the SATs and SSTs directly affecting the regional SIV. These
indices consequently describe the evolution of the mean SAT and SST anomalies, where sea ice exists, in
a given region. All indices span from mid-1902 to mid-2009 and are normalised by their own standard deviation.
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Chapter 4

Results and discussion

In this chapter, we analyse the effects on the Arctic SIV imposed by the SIM, SAT and SST shifts
associated with the MOVs. First, an analysis of the results is performed spatially, where the dynamic and
thermodynamic impacts are evaluated regionally, and an explanation of their origin is given. Following
this, a wavelet analysis is performed to identify the main time periods of influence of the MOVs and their
corresponding frequency. Finally, the lag-times between the MOVs and their impacts on the regions SIV is
determined.

4.1 Spatial analysis

In this section, the dynamics-induced regional effects are studied by computing the SIM divergence fields,
but their driving factors are explained as well. The mean SP, 10-m wind and SIM spatial patterns, related
to the various MOVs phases, are provided to unveil the origin of the SIM divergence alterations. Instead,
the thermodynamic influence is analysed by comparing the SAT and SST patterns, while their triggering
mechanisms are illustrated via the use of the SP and 10-m wind fields, but the ITEFD and SSHF spatial
distributions are utilised as well.

4.1.1 Arctic Oscillation and North Atlantic Oscillation

The mean Arctic SIV anomalies fluctuation between the phases of the AO and NAO are shown in Figs.
4.1a and 4.1b. A noticeable dipole, between the North American and Eurasian hemispheres, associated
with the NAO is visible. Such a dipole is less noticeable for the AO, although similarities between the two
maps are still present. The resemblance is explained by the important relationship between the two MOVs.
This can be understood when examining the SP patterns of both MOVs [Figs. 4.2a, 4.2b, A.6a and A.6b],
displaying a more pronounced AL and BH during their positive phase, while a deeper IL is noticeable in the
negative phase. As a result of this relationship, the AO and NAO indices are significantly correlated at r = 0.77.

As depicted in Table 4.1, important regional decreases of SIV from the negative to positive phase of both
MOVs take place in the East Siberian Sea, Laptev Sea, Barents Sea and Sea of Okhotsk. Meanwhile, the
opposite is true in the Beaufort Sea and Baffin Bay/Labrador Sea. Important changes are also present for the
AO or NAO, but not both, in the Chukchi Sea, Canadian Archipelago, Hudson Bay and Bering Sea. These
results set forth a plausible relevant regional impact driven by the AO and NAO. However, to confirm such
conclusions, the underlying mechanisms must be addressed.
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Fig. 4.1 − Difference in the mean of the PIOMAS-20C normalised SIV, from mid-1902 to mid-2009, between (a)
AO+ and AO-, (b) NAO+ and NAO-. The SIV time series of all grid-cells employed are normalised by their own
standard deviation as to represent the relative impacts.

Table 4.1 − Regional sum of the mean SIV absolute difference between the AO phases (AO+ - AO- SIV) and
between the NAO phases (NAO+ - NAO- SIV), regional sum of the mean SIV difference between the AO phases
and between the NAO phases relative to the regionally summed SIV variability and the area-weighted mean Pearson
correlation coefficient (r) between the PIOMAS-20C SIV anomalies and the AO/NAO indices for each region.
The relative SIV difference is computed by dividing the absolute value of the SIV difference with the 2 standard
deviation of the regionally summed SIV time series. Values on the left are associated with the AO and values on
the right with the NAO. Significant correlations (p-value ≤ 0.01) are highlighted in bold.

Region Difference [km3] Relative difference [%] r
AO; NAO AO; NAO AO; NAO

Beaufort Sea 95.56; 82.31 20.24; 17.43 0.31; 0.28

Chukchi Sea -61.42; 30.38 15.74; 7.79 -0.12; 0.05

East Siberian Sea -249.52; -112 28.03; 12.59 -0.36; -0.26

Laptev Sea -57.33; -124.15 19.1; 41.37 -0.25; -0.46

Kara Sea -9.34; -8.06 5.26; 4.54 -0.02; -0.08

Barents Sea -35.61; -60.8 21.78; 37.19 -0.21; -0.34

Greenland Sea 10.33; -11.43 7.22; 7.98 -0.02; -0.14

Baffin Bay/Labrador Sea 16.52; 38.19 14.03; 32.44 0.14; 0.23

Canadian Archipelago 5.5; 18.25 3.16; 10.49 0.07; 0.13

Hudson Bay 6.64; 15.67 7.74; 18.26 0.09; 0.18

Central Arctic -49.16; -77.07 7.18; 11.26 0.02; -0.06

Bering Sea 13.42; 9.64 31.6; 22.71 0.13; 0.06

Sea of Okhotsk -9.1; -9.24 23.81; 24.19 -0.25; -0.28



Dynamic influence

The SP and 10-m wind patterns associated with the AO- and AO+ phases are displayed in Figs. 4.2a and
4.2b. During AO-, the more intense AL and BH lead to important SP gradients between the two pressure
systems over the Arctic Ocean [Fig. A.3a]. Consequently, higher 10-m wind speeds are observed over the
Beaufort Sea and Chukchi Sea [Fig. A.4a]. An increase in wind speeds, although to a lesser extent, is also
present over the East Siberian Sea, Laptev Sea, Kara Sea, Barents Sea, Bering Sea and Sea of Okhotsk.
Instead, the shallower IL and lower AH present during the negative phase [Fig. A.1b] lead to a significant
decrease of SP gradients between the two pressure systems. Consequently, weaker 10-m wind speeds over the
North Atlantic Ocean are observed during AO-. The same SP gradient patterns are not observed over the
North Pacific Ocean due to the less prominent North Pacific High (NPH) pressure system during the deeper
AL phase.

The resulting 10-m wind changes then give rise to SIM shifts as shown in Figs. 4.2c and 4.2d. As expected,
the SIM speeds across most of the Arctic Ocean and North Pacific Ocean are higher during the negative phase
[Fig. A.5a], while the opposite is true in the North Atlantic Ocean. This increase is especially pronounced in
the Beaufort Sea and Chukchi Sea. It is also interesting to mention the displaced Beaufort Gyre as a result
of the relocated BH. To fully comprehend the impact of the AO through its associated dynamic processes,
we examine the SIM divergence field results depicted in Fig. 4.2e. A prevalent SIM divergence decrease
takes place in the Chukchi Sea and East Siberian Sea during AO+, as displayed in Table 4.2. These results
are driven by the Beaufort Gyre displacement and the important increase in SIM from the west to the east
Arctic Ocean during this phase. The more northward-positioned Beaufort Gyre, in addition to the increased
SIM speed, amplifies the influx of sea ice towards the eastern Chukchi Sea. The shifted Beaufort Gyre also
impedes the export of sea ice away from the East Siberian Sea by narrowing its passage north of the New
Siberian Islands. As a result, an important SIM convergence takes place in these regions during AO-, thus
partially explaining the SIV increase observed in Fig. 4.1a and Table 4.1. Although changes in the regional
SIM border flux take place in all regions, the impacts are not felt as much. As a matter of fact, most of the
dynamically driven SIV fluctuations are localised and mostly situated along the coasts. The SIV increase,
during AO+, near the north-western Canadian Archipelago, western Bering Sea, southern Bering Sea and
eastern Kara Sea coasts is induced by an SIM divergence decrease. Contrastingly, the SIV decline by the side
of the south-western Chukchi Sea, southern East Siberian Sea, eastern Wrangel Islands, eastern New Siberian
Islands, eastern Taymyr Peninsula, eastern Franz Josef Land, southern Kara Sea and southern Barents Sea
coasts is influenced by an SIM divergence increase. The previous results are largely related to the 10-m wind
speed drop over the Arctic Ocean and North Pacific Ocean coastal areas during AO+. The SIV decrease
along the west Labrador Sea is due to an SIM divergence increase driven by the 10-m wind shifts associated
with the deeper IL. The SIM changes affect the SIV evolution in the open seas as well. This can be seen in
the northern Greenland Sea, parts of the Central Arctic, Kara Sea, eastern Beaufort Sea and Laptev Sea on
top of the previously mentioned Chukchi Sea and East Siberian Sea.

While the SP patterns associated with the NAO are similar, differences still persist [Figs. A.6a and A.6b].
The AL and BH SP difference between NAO+ and NAO- is smaller, whereas the IL and AH SP difference
is greater [Figs. A.1c and A.1d]. Consequently, the SP gradients difference over the North Pacific Ocean
and Arctic Ocean is not as pronounced [Fig. A.3b]. However, the opposite is true over the North Atlantic
Ocean. This leads to less noticeable alterations in the 10-m winds, and therefore SIM vector fields in the
North Pacific Ocean and Arctic Ocean, while larger changes are observed in the North Atlantic Ocean as
depicted in Figs. A.4b, A.5b, A.6c and A.6d. The resulting SIM divergence and regional SIM border fluxes
are displayed in Fig. A.6e and Table 4.3. During NAO+, regionally prevalent SIM divergence increases are
found in the Chukchi Sea, East Siberian Sea and Laptev Sea, whereas a decrease is present in the Beaufort
Sea. The results in the Beaufort Sea and Laptev Sea are not as significant for the AO [Fig. 4.2e and Table
4.2]. As a consequence, the SIV increase in these regions is more widespread and larger [Fig. 4.1b and Table
4.1] during NAO+. On the other hand, the smaller overall divergence taking place in the Chukchi Sea leads
to less significant impacts on the region SIV.
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Fig. 4.2 − Dynamic processes spatial patterns associated with the AO spanning from mid-1902 to mid-2009. The
ERA-20C mean SP and 10-m winds distributions during (a) AO- and (b) AO+. The PIOMAS-20C mean SIM
distributions during (c) AO- and (d) AO+. (e) The difference in the mean of the computed normalised SIM divergence
between AO+ and AO-. The SIM divergence time series of all grid-cells are normalised by their own standard deviation
as to represent the relative impacts.



The local dynamic effects associated with the NAO are mostly explained the same way as for the AO.
Nonetheless, we should point out the larger SIV decrease near the eastern coast of the Taymyr Peninsula and
north of the New Siberian Islands during NAO+. This difference is driven by the greater presence of an SIM
divergence increase over these areas compared to the AO.

Table 4.2 − Regional area integral of the mean SIM divergence (total SIM flux through the border) during AO- and AO+.
Negative values indicate an overall influx, while positive values correspond to an overall outflux of sea ice through the
border. The difference between the computed regional area integrals and the difference relative to the total regional area
integral variability are also given. The relative difference is computed by dividing the absolute value of the difference with
the 2 standard deviation of the total regional SIM border flux time series. Last column displays the area-weighted mean
Pearson correlation coefficient (r) between the SIM divergence and the AO index for each region. Significant correlations
(p-value ≤ 0.01) are highlighted in bold.

Region AO- AO+ Difference Relative r
[m2/s] [m2/s] [m2/s] difference [%]

Beaufort Sea -1.88 x 103 -2.43 x 103 -5.55 x 102 8.22 0.01

Chukchi Sea -1.44 x 104 -1.01 x 104 4.35 x 103 57.29 0.25

East Siberian Sea -6.7 x 102 2.1 x 103 2.77 x 103 39.1 0.16

Laptev Sea 8.58 x 103 8.85 x 103 2.64 x 102 3.82 ⪆ 0

Kara Sea 1.04 x 104 9.14 x 103 -1.26 x 103 19.34 -0.02

Barents Sea -4.69 x 103 -8.85 x 103 -4.16 x 103 27.13 -0.03

Greenland Sea -7.18 x 104 -6.83 x 104 3.54 x 103 27.02 0.01

Baffin Bay/Labrador Sea 1.25 x 104 1.78 x 104 5.36 x 103 34.08 0.02

Canadian Archipelago 2.67 x 103 1.88 x 103 -7.86 x 102 34.98 -0.01

Hudson Bay 1.51 x 103 2.36 x 103 8.48 x 102 31.68 0.01

Central Arctic 1.78 x 104 1.75 x 104 -2.79 x 102 7.38 0.02

Bering Sea 6.47 x 103 3.19 x 103 -3.29 x 103 26.25 0.01

Sea of Okhotsk 8.84 x 103 7.1 x 103 -1.74 x 103 28.6 ⪆ 0
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Table 4.3 − Regional area integral of the mean SIM divergence (total SIM flux through the border) during NAO- and
NAO+. Negative values indicate an overall influx, while positive values correspond to an overall outflux of sea ice through
the border. The difference between the computed regional area integrals and the difference relative to the total regional
area integral variability are also given. The relative difference is computed by dividing the absolute value of the difference
with the 2 standard deviation of the total regional SIM border flux time series. Last column displays the area-weighted mean
Pearson correlation coefficient (r) between the SIM divergence and the NAO index for each region. Significant correlations
(p-value ≤ 0.01) are highlighted in bold.

Region NAO- NAO+ Difference Relative r
[m2/s] [m2/s] [m2/s] difference [%]

Beaufort Sea -1.36 x 103 -2.95 x 103 -1.59 x 103 23.57 -0.09

Chukchi Sea -1.35 x 104 -1.13 x 104 2.22 x 103 29.18 0.16

East Siberian Sea -3.5 x 102 1.6 x 103 1.95 x 103 27.53 0.15

Laptev Sea 7.67 x 103 9.81 x 103 2.14 x 103 31.04 0.08

Kara Sea 9.39 x 103 1.03 x 104 9.02 x 102 13.8 0.01

Barents Sea -6.17 x 103 -7.05 x 103 -8.82 x 102 5.76 -0.01

Greenland Sea -7.14 x 104 -6.9 x 104 2.42 x 103 18.52 0.01

Baffin Bay/Labrador Sea 1.05 x 104 1.96 x 104 9.14 x 103 58.1 0.02

Canadian Archipelago 2.38 x 103 2.23 x 103 -1.52 x 102 6.76 ⪆ 0

Hudson Bay 1.56 x 103 2.26 x 103 6.98 x 102 26.07 0.01

Central Arctic 1.81 x 104 1.71 x 104 -9.41 x 102 24.9 -0.01

Bering Sea 5.39 x 103 4.52 x 103 -8.79 x 102 7.02 0.01

Sea of Okhotsk 7.6 x 103 8.52 x 103 9.17 x 102 15.05 0.03

Thermodynamic influence

The 10-m wind patterns associated with AO- [Figs. 4.2a and 4.2b] increase the amount of cold northerly
air masses brought over the Sea of Okhotsk and amplify the westerlies over the North Pacific Ocean. As a
result, a larger ocean to atmosphere heat transfer, driven by the stronger and cold northerly 10-m winds,
takes place over the Sea of Okhotsk Fig. 4.3b. Consequently, lower SSTs are observed, as shown in Fig.
4.3d. The resulting westerly winds transport the extracted heat towards the Bering Sea, thus increasing
and decreasing the SATs over this region and the Sea of Okhotsk, respectively [Fig. 4.3c], although an SST
increase is observed as well in the Bering Sea. A similar mechanism takes place over the North Atlantic
Ocean during AO+. The stronger 10-m wind speeds [Fig. A.4a] amplify the influx of northerly cold air
masses towards the Baffin Bay and Labrador Sea. Hence, a decrease of SSHF and an increase of ITEFD
occurs during this phase [Figs. 4.3a and 4.3b]. The more prominent westerlies then transport the extracted
heat towards the Barents Sea, therefore leading to higher SATs, although an SST increase is also present. An
amplification of the AMOC, as explained by Delworth and Zeng [2016], on top of the atmosphere to ocean
heat exchanges could contribute to the SST surge in the Barents Sea and parts of the Greenland Sea.

Overall, the SAT and SST spatial distributions exhibit a dipole between the North American and Eurasian
hemispheres. Table 4.4 compares the regional mean SAT and SST between AO+ and AO- while also displaying
the regional mean correlations. The important SAT and SST increases over the Barents Sea, Sea of Okhotsk
and Laptev Sea lead to a prevalent SIV decline during AO+ [Fig. 4.1a and Table 4.1]. Contrastingly, the
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Fig. 4.3 − Difference between AO+ and AO-, from mid-1902 to mid-2009, in the mean of the ERA-20C normalised
(a) ITEFD, (b) SSHF, (c) SAT and (d) SST. The various time series of all grid-cells employed are normalised by their
own standard deviation as to represent the relative impacts.

lower SATs and SSTs over the Baffin Bay/Labrador Sea and Bering Sea give rise to an SIV increase.

The 10-m wind patterns associated with the NAO [Figs. A.6a and A.6b] lead to a similar SAT spatial distri-
bution [Fig. A.7c]. Nevertheless, the ocean to atmosphere heat transfer and the following westerly atmospheric
heat transport mechanism is not as pronounced over the North Pacific Ocean due to the smaller 10-m wind
speeds difference between NAO+ and NAO- [Fig. A.4b]. Therefore, the SAT shifts related to the NAO are not
as important over the North Pacific Ocean, while the SST changes are not as pronounced as well [Fig. A.7d].
Contrastingly, because of the more intense 10-m wind speed changes, SSHF and atmospheric heat transports
from NAO+ to NAO- over the North Atlantic Ocean, the SAT and SST fluctuations are more striking [Figs.
A.7a, A.7b, A.7c and A.7d]. The resulting thermodynamic impacts of the NAO on the Arctic SIV are mostly
comparable to the AO. The regional influence of the SAT and SST associated with the NAO is particularly
marked in the Barents Sea and Baffin Bay/Labrador Sea [Fig. 4.1b and Table 4.1], as a result of the prominent
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SAT and SST increases [Table 4.5]. On the other hand, the Sea of Okhotsk and Bering Sea are not as impacted.

It is important to note that not all of the dynamic and thermodynamic processes associated with the
NAO are triggered by this MOV. Since the NAO is defined by the IL and AH SP contrast, only the effects
induced by the 10-m wind shifts, that are generated by these pressure systems, can be directly attributed to it.
Nonetheless, possible teleconnections could uncover a causal link between the NAO and the thermodynamic
and dynamic processes found in the North Pacific Ocean.

Table 4.4 − Mean SAT/SST absolute difference between the AO phases (AO+ - AO- SAT/SST), mean SAT/SST
difference between the AO phases relative to the mean regional SAT/SST variability and the area-weighted mean
Pearson correlation coefficient (r) between the ERA-20C SAT/SST anomalies and the AO index for each region.
The relative SAT/SST difference is computed by dividing the absolute value of the SAT/SST difference with the 2
standard deviation of the mean regional SAT/SST time series. Values on the left are associated with the SAT
and values on the right with the SST. Significant correlations (p-value ≤ 0.01) are highlighted in bold. Only the
grid-cells where sea ice is present (SIC > 0) are used for the computation of the means. Thus, only the SATs and
SSTs directly affecting the sea ice are taken into account.

Region Difference [K] Relative difference [%] r
SAT; SST SAT; SST SAT; SST

Beaufort Sea 0.02; -0.01 3.28; 2.48 -0.04; -0.1

Chukchi Sea -0.04; -0.02 5.98; 3.82 -0.07; -0.09

East Siberian Sea 0.07; 0.02 14; 3.75 0.19; 0.29

Laptev Sea 0.11; ⪆ 0 33.73; 0.61 0.39; 0.1

Kara Sea 0.16; ⪆ 0 33.81; 0.05 0.35; -0.04

Barents Sea 0.26; 0.06 39.03; 8.93 0.45; 0.28

Greenland Sea -0.05; -0.02 8.86; 4.72 -0.05; -0.03

Baffin Bay/Labrador Sea -0.19; -0.06 25.65; 7.75 -0.41; -0.24

Canadian Archipelago 0.01; ⪅ 0 3.89; 0.91 -0.1; -0.07

Hudson Bay -0.01; -0.01 2.96; 1.06 -0.16; -0.08

Central Arctic 0.11; ⪅ 0 16.7; 0.19 0.16; -0.04

Bering Sea -0.12; -0.07 31.69; 20.02 -0.21; -0.3

Sea of Okhotsk 0.13; 0.03 37.35; 7.61 0.42; 0.27
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Table 4.5 − Mean SAT/SST absolute difference between the NAO phases (NAO+ - NAO- SAT/SST), mean
SAT/SST difference between the NAO phases relative to the mean regional SAT/SST variability and the area-
weighted mean Pearson correlation coefficient (r) between the ERA-20C SAT/SST anomalies and the NAO index
for each region. The relative SAT/SST difference is computed by dividing the absolute value of the SAT/SST
difference with the 2 standard deviation of the mean regional SAT/SST time series. Values on the left are associated
with the SAT and values on the right with the SST. Significant correlations (p-value ≤ 0.01) are highlighted in
bold. Only the grid-cells where sea ice is present (SIC > 0) are used for the computation of the means. Thus, only
the SATs and SSTs directly affecting the sea ice are taken into account.

Region Difference [K] Relative difference [%] r
SAT; SST SAT; SST SAT; SST

Beaufort Sea ⪅ 0;−0.02 0.61; 17.18 0.02; -0.19

Chukchi Sea -0.06; -0.05 9.83; 32.04 -0.04; -0.22

East Siberian Sea 0.08; 0.01 14.99; 15.17 0.23; 0.22

Laptev Sea 0.14; ⪆ 0 43.68; 8.5 0.46; 0.11

Kara Sea 0.21; ⪅ 0 44.01; 3.45 0.44; -0.03

Barents Sea 0.36; 0.09 53.97; 45.99 0.57; 0.41

Greenland Sea 0.02; ⪅ 0 3.88; 1.88 0.08; 0.07

Baffin Bay/Labrador Sea -0.36; -0.08 50.41; 35.9 -0.57; -0.31

Canadian Archipelago -0.04; -0.01 16.56; 19.12 -0.2; -0.21

Hudson Bay -0.08; ⪆ 0 18.58; 2.36 -0.3; -0.1

Central Arctic 0.28; ⪆ 0 43.69; 8.11 0.37; -0.08

Bering Sea -0.08; -0.04 21.8; 22.81 -0.12; -0.14

Sea of Okhotsk 0.08; 0.02 22.44; 18.38 0.37; 0.3

4.1.2 North Pacific Oscillation and Pacific Decadal Oscillation

Similarities exist between the Arctic SIV variability related to the NPO and AO [Figs. 4.1a and 4.4a]. As
a matter of fact, both MOVs are significantly correlated at r = −0.7, as a result of the connection between
the depth of the AL and the AO/NPO [Figs. 4.2a, 4.2b, 4.5a and 4.5b]. Significant changes in SIV take place
in the Beaufort Sea, Chukchi Sea, East Siberian Sea, Laptev Sea, Bering Sea and Sea of Okhotsk for the
NPO, thereby hinting towards an important and widespread regional impact [Table 4.6]. However, the results
found in the regions located in the North Atlantic Ocean are not as pronounced.

The spatial SIV variabilities corresponding to the NPO and PDO are alike [Figs. 4.4a and 4.4b], owing to
the high correlation between these MOVs (r = 0.67). Such a relationship is further discussed in Newman
et al. [2016]. The SIV decrease in the Bering Sea, during PDO+, is especially prominent, but an important
SIV increase also takes place in the Canadian Archipelago [Fig. 4.4b and Table 4.6]. These results suggest a
strong influence of the PDO in these regions. Having said that, relevant SIV changes are observed in most
regions, thereby indicating a plausible impact as well.
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Fig. 4.4 − Difference in the mean of the PIOMAS-20C normalised SIV, from mid-1902 to mid-2009, between (a)
NPO+ and NPO-, (b) PDO+ and PDO-. The SIV time series of all grid-cells employed are normalised by their own
standard deviation as to represent the relative impacts.

Table 4.6 − Regional sum of the mean SIV absolute difference between the NPO phases (NPO+ - NPO- SIV)
and between the PDO phases (PDO+ - PDO- SIV), regional sum of the mean SIV difference between the NPO
phases and between the PDO phases relative to the regionally summed SIV variability and the area-weighted mean
Pearson correlation coefficient (r) between the PIOMAS-20C SIV anomalies and the NPO/PDO indices for each
region. The relative SIV difference is computed by dividing the absolute value of the SIV difference with the 2
standard deviation of the regionally summed SIV time series. Values on the left are associated with the NPO and
values on the right with the PDO. Significant correlations (p-value ≤ 0.01) are highlighted in bold.

Region Difference [km3] Relative difference [%] r
NPO; PDO NPO; PDO NPO; PDO

Beaufort Sea -33.1; 55.78 7.01; 11.81 -0.16; 0.1

Chukchi Sea 105.22; 87.55 26.97; 22.44 0.17; 0.19

East Siberian Sea 183.85; 117.93 20.65; 13.25 0.18; 0.14

Laptev Sea -44.68; -62.66 14.89; 20.88 -0.16; -0.18

Kara Sea -3.15; -20.97 1.77; 11.81 ⪅ 0; -0.09

Barents Sea 19.91; 6.97 12.18; 4.26 ⪅ 0; 0.06

Greenland Sea -15.13; -34.44 10.56; 24.05 -0.06; -0.09

Baffin Bay/Labrador Sea 11.21; 25.76 9.52; 21.89 -0.05; 0.12

Canadian Archipelago 17.63; 72 10.13; 41.4 0.01; 0.28

Hudson Bay 4.05; 21.89 4.72; 25.52 ⪆ 0; 0.19

Central Arctic -9; 36.49 1.32; 5.33 ⪆ 0; 0.07

Bering Sea -11.2; -20.99 26.36; 49.42 -0.14; -0.29

Sea of Okhotsk 6.39; -3.85 16.71; 10.08 0.08; -0.07



Dynamic influence

The SP and 10-m wind spatial patterns corresponding to NPO+ and NPO- are displayed in Figs. 4.5a
and 4.5b. The positive phase is associated with a deep AL, an intense BH and a slightly shallower IL. As a
consequence, the steeper SP gradients lead to important 10-m wind speeds between the AL and BH [Figs.
A.3c and A.4c]. Instead, the 10-m winds over the North Atlantic Ocean are marginally weaker, because of
the smaller SP gradients. The resulting SIM vector fields are shown in Figs. 4.5c and 4.5d. The SIM speeds
in the Arctic Ocean and North Pacific Ocean are mostly higher during NPO+, when the AL and BH are
more pronounced [Fig. A.5c]. Inversely, the SIM speeds are slightly lower in the North Atlantic Ocean, as a
result of the weaker 10-m wind speeds.

The SIM divergence shifts between NPO+ and NPO-, the corresponding regional mean correlations and
the regional SIM border fluxes are given in Fig. 4.5e and Table 4.7. The regional SIM border flux shifts
are especially pronounced in the Chukchi Sea, although important changes are also found in other regions.
The influence of the dynamic processes in the East Siberian Sea and Laptev Sea is relevant and explains in
part the results found in Fig. 4.4a and Table 4.6. The prevalent SIM divergence decrease in the Chukchi
Sea, during NPO+, explains the pronounced SIV increase. More localised effects are also felt along various
coasts. The SIV growth by the side of the south-western Chukchi Sea, northern Greenland, south-western
Kara Sea and western Labrador Sea coasts is driven by an SIM divergence decline. Instead, the SIV decrease
along the western Bering Sea, northern Bering Sea, northern Sea of Okhotsk, north-eastern Kara Sea and
north-western Canadian Archipelago coasts is caused by an SIM divergence increase. The dynamic processes
taking place near the Wrangel Island, New Siberian Islands and Franz Josef Land are the same as for the
AO/NAO, with an SIM divergence decrease towards the eastern coasts and increase along the western coasts
during the more intense AL and BH phase.

The PDO+ and PDO- SP and 10-m wind fields are displayed in Figs. A.8a and A.8b. These SP, and
consequently 10-m wind patterns, are akin to the NPO [Figs. 4.5a and 4.5b], with a deep AL, elevated BH
and slightly shallower IL, noticeable during PDO-. However, the difference in the depth of the AL between
the two phases is smaller. This leads to a smaller SP gradient contrast between the AL and BH [Fig. A.3d],
and thus the shift in 10-m wind speeds is less striking [Fig. A.4d]. The induced SIM vector fields are shown
in Figs. A.8c and A.8d. The SIM speed changes across the Arctic Ocean and North Pacific Ocean are weaker
than for the NPO [Fig. A.5d]. This is especially the case in the Beaufort Sea and Chukchi Sea, where the
significant strengthening of the sea ice transport associated with the NPO [Fig. A.5c], from the western to
the eastern Arctic Ocean, is not as prominent for the PDO.

The resulting SIM divergence shifts are illustrated in Fig. A.8e. Significant changes are found in the
Chukchi Sea and Laptev Sea [Table 4.8]. These results explain the SIV increase and decrease in the Chukchi
Sea and Laptev Sea, respectively, during PDO+ [Fig. 4.4b and Table 4.6]. The SIV increase across parts
of the Beaufort Sea, Central Arctic, Chukchi Sea and to a lesser extent, East Siberian Sea is driven by a
pronounced presence of SIM divergence decline in these areas. The SIM divergence increase in the Sea of
Okhotsk causes, to a certain extent, the SIV drop found in this region. Finally, more localised effects driven
by the PDO-related dynamic processes are similar to the NPO. However, because of the smaller sea ice
transport shifts over the Arctic Ocean, these local impacts are not felt as much.
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Fig. 4.5 − Dynamic processes spatial patterns associated with the NPO spanning from mid-1902 to mid-2009. The
ERA-20C mean SP and 10-m winds distributions during (a) NPO- and (b) NPO+. The PIOMAS-20C mean SIM
distributions during (c) NPO- and (d) NPO+. (e) The difference in the mean of the computed normalised SIM
divergence between NPO+ and NPO-. The SIM divergence time series of all grid-cells are normalised by their own
standard deviation as to represent the relative impacts.
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Table 4.7 − Regional area integral of the mean SIM divergence (total SIM flux through the border) during NPO- and
NPO+. Negative values indicate an overall influx, while positive values depict an overall outflux of sea ice through the
border. The difference between the computed regional area integrals and the difference relative to the total regional area
integral variability are also given. The relative difference is computed by dividing the absolute value of the difference with
the 2 standard deviation of the total regional SIM border flux time series. Last column displays the area-weighted mean
Pearson correlation coefficient (r) between the SIM divergence and the NPO index for each region. Significant correlations
(p-value ≤ 0.01) are highlighted in bold.

Region NPO- NPO+ Difference Relative r
[m2/s] [m2/s] [m2/s] difference [%]

Beaufort Sea -1.66 x 103 -2.54 x 103 -8.73 x 102 12.92 -0.07

Chukchi Sea -1.04 x 104 -1.42 x 104 -3.84 x 103 50.51 -0.15

East Siberian Sea 1.18 x 103 9.4 x 10 -1.09 x 103 15.39 -0.04

Laptev Sea 7.97 x 103 9.34 x 103 1.37 x 103 19.89 0.07

Kara Sea 9.07 x 103 1.05 x 104 1.4 x 103 21.42 0.01

Barents Sea -7.72 x 103 -5.63 x 103 2.1 x 103 13.68 0.01

Greenland Sea -6.93 x 104 -7.1 x 104 -1.7 x 103 12.99 -0.01

Baffin Bay/Labrador Sea 1.63 x 104 1.37 x 104 -2.54 x 103 16.12 -0.01

Canadian Archipelago 1.87 x 103 2.69 x 103 8.2 x 102 36.49 0.02

Hudson Bay 2.22 x 103 1.62 x 103 -5.96 x 102 22.26 -0.01

Central Arctic 1.77 x 104 1.76 x 104 -9.23 x 10 2.44 -0.02

Bering Sea 3.15 x 103 6.52 x 103 3.37 x 103 26.92 -0.01

Sea of Okhotsk 6.39 x 103 9.46 x 103 3.07 x 103 50.36 0.04
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Table 4.8 − Regional area integral of the mean SIM divergence (total SIM flux through the border) during PDO- and
PDO+. Negative values indicate an overall influx, while positive values depict an overall outflux of sea ice through the
border. The difference between the computed regional area integrals and the difference relative to the total regional area
integral variability are also given. The relative difference is computed by dividing the absolute value of the difference with
the 2 standard deviation of the total regional SIM border flux time series. Last column displays the area-weighted mean
Pearson correlation coefficient (r) between the SIM divergence and the PDO index for each region. Significant correlations
(p-value ≤ 0.01) are highlighted in bold.

Region PDO- PDO+ Difference Relative r
[m2/s] [m2/s] [m2/s] difference [%]

Beaufort Sea -1.66 x 103 -2.68 x 103 -1.02 x 103 15.06 -0.07

Chukchi Sea -1.15 x 104 -1.36 x 104 -2.12 x 103 27.86 -0.07

East Siberian Sea 4.93 x 102 7.18 x 102 2.25 x 102 3.18 0.01

Laptev Sea 7.64 x 103 9.95 x 103 2.32 x 103 33.57 0.09

Kara Sea 9.22 x 103 1.05 x 104 1.32 x 103 20.22 0.01

Barents Sea -6.47 x 103 -6.74 x 103 -2.75 x 102 1.8 0.01

Greenland Sea -6.92 x 104 -7.14 x 104 -2.19 x 103 16.72 ⪅ 0

Baffin Bay/Labrador Sea 1.55 x 104 1.43 x 104 -1.16 x 103 7.37 -0.01

Canadian Archipelago 2.21 x 103 2.42 x 103 2.08 x 102 9.26 0.01

Hudson Bay 2.14 x 103 1.62 x 103 -5.24 x 102 19.57 0.01

Central Arctic 1.81 x 104 1.71 x 104 -1.03 x 103 27.21 -0.02

Bering Sea 3.53 x 103 6.65 x 103 3.12 x 103 24.91 -0.01

Sea of Okhotsk 6.8 x 103 9.51 x 103 2.71 x 103 44.41 0.04



Thermodynamic influence

As a result of the greater influx of northerly cold winds towards the Sea of Okhotsk during NPO+ [Figs.
4.5b and A.4c], the ocean to atmosphere heat transfer and following westerly atmospheric heat transport
mechanism, already discussed for the AO/NAO, takes place over the North Pacific Ocean [Figs. 4.6a and
4.6b]. Hence, higher SATs are observed over the Bering Sea, but an increase in the SSTs is noticeable as well,
whereas the opposite is true over the Sea of Okhotsk, as shown in Figs. 4.6c and 4.6d. During NPO-, the
slightly more pronounced SP gradients over the North Atlantic Ocean lead to a marginal growth in the influx
of northerly cold air masses towards the Baffin Bay and Labrador Sea [Fig. A.3c]. Consequently, the same
heat transport mechanism occurs over the North Atlantic Ocean, although to a lesser degree due to the weaker
10-m wind speeds increase [Fig. A.4c]. Therefore, the SATs and SSTs over the Baffin Bay and Labrador
Sea are mostly lower during NPO-, while they are mostly higher over the Barents Sea. The lower SATs

Fig. 4.6 − Difference between NPO+ and NPO-, from mid-1902 to mid-2009, in the mean of the ERA-20C
normalised (a) ITEFD, (b) SSHF, (c) SAT and (d) SST. The various time series of all grid-cells employed are
normalised by their own standard deviation as to represent the relative impacts.
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and SSTs over the Greenland Sea seem to be driven by an intensification of the northerly cold air masses influx.

The prevalent SAT and SST decline over the Barents Sea and Sea of Okhotsk, during NPO+ [Table 4.9],
results in a widespread SIV growth [Fig. 4.4a and Table 4.6]. On the other hand, the SAT and SST increases
over the Greenland Sea and Bering Sea induce an SIV decrease. Although SAT and SST drops take place
over the Laptev Sea, an SIV decrease is still observed due to the important regional dynamic impacts in this
region [Table 4.7]. The East Siberian Sea SIV growth is driven by a combination of the SIM divergence and
SAT and SST shifts, where in the east, the SIM divergence decrease and lower SSTs overwhelm the higher
SATs, whereas in the west, the lower SSTs seem to lead to the observed SIV increase.

An increase in SST is present in the Bering Sea, during PDO+ [Fig. A.9d], as defined by the PDO.
Nonetheless, the same SSHF and atmospheric heat transport mechanism is observed over the North Pacific
Ocean as a result of the more important 10-m wind speeds during PDO+ [Figs. A.4d, A.9a and A.9b].
Consequently, the SATs over the Bering Sea are higher during this phase [Fig. A.9c], although a widespread
ocean to atmosphere heat transfer intensification is noticeable as well. The PDO does not display an SAT
and SST dipole between the west and east North Atlantic Ocean such as observed for the other MOVs,
thus suggesting a weaker influence of the westerly atmospheric heat transport process. The SAT and SST
distributions over the Arctic Ocean are mostly similar for the NPO and PDO.

Although differences in the thermodynamic impacts driven by the PDO and NPO exist, both MOVs
display similar results. The higher SSTs and SATs over the Bering Sea, during PDO+ [Table 4.10], lead to
an intense SIV reduction as shown in Fig. 4.4b and Table 4.6. Instead, the prevalent SAT and SST decreases
over the Canadian Archipelago and Hudson Bay induce an SIV increase. The SIV drop in the Kara Sea
is caused by an SST increase, while, along the northern coast of the Sea of Okhotsk, the SIV decrease is
partially triggered by greater SSTs, although dynamic impacts are observed along the same coast as well [Fig.
A.8e]. We should also mention the SIV growth in the northern Beaufort Sea, and the overall lesser prevalence
of SIV decrease in the same region. This result is in part brought about by the larger SST decline during PDO+.

Let us recall that the NPO and PDO are defined by the AL depth and SST anomalies spatial patterns
over the North Pacific Ocean, respectively. Consequently, the NPO/PDO-associated impacts on the SIV
across the North Atlantic Ocean are, for the most part, not directly driven by these MOVs.
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Table 4.9 − Mean SAT/SST absolute difference between the NPO phases (NPO+ - NPO- SAT/SST), mean
SAT/SST difference between the NPO phases relative to the mean regional SAT/SST variability and the area-
weighted mean Pearson correlation coefficient (r) between the ERA-20C SAT/SST anomalies and the NPO index
for each region. The relative SAT/SST difference is computed by dividing the absolute value of the SAT/SST
difference with the 2 standard deviation of the mean regional SAT/SST time series. Values on the left are associated
with the SAT and values on the right with the SST. Significant correlations (p-value ≤ 0.01) are highlighted in
bold. Only the grid-cells where sea ice is present (SIC > 0) are used for the computation of the means. Thus, only
the SATs and SSTs directly affecting the sea ice are taken into account.

Region Difference [K] Relative difference [%] r
SAT; SST SAT; SST SAT; SST

Beaufort Sea 0.05; -0.01 10.04; 1.12 0.18; -0.09

Chukchi Sea 0.02; -0.02 3.5; 2.79 0.16; -0.11

East Siberian Sea -0.03; -0.02 6.29; 4.49 0.07; -0.19

Laptev Sea -0.05; ⪅ 0 15.73; 0.74 -0.1; -0.08

Kara Sea -0.06; ⪅ 0 12.85; 0.58 -0.13; -0.01

Barents Sea -0.13; -0.04 20.08; 5.68 -0.17; -0.07

Greenland Sea 0.08; 0.02 15.53; 4.35 0.16; 0.14

Baffin Bay/Labrador Sea 0.01; 0.01 0.99; 1.95 0.11; 0.14

Canadian Archipelago -0.01; ⪅ 0 3.39; 1.22 0.05; -0.06

Hudson Bay -0.03; ⪆ 0 6.28; 0.82 -0.05; 0.05

Central Arctic 0.02; ⪆ 0 3.65; 0.09 0.15; -0.04

Bering Sea 0.1; 0.07 28.13; 19.96 0.27; 0.34

Sea of Okhotsk -0.11; -0.02 31.85; 5.54 -0.27; -0.17
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Table 4.10 − Mean SAT/SST absolute difference between the PDO phases (PDO+ - PDO- SAT/SST), mean
SAT/SST difference between the PDO phases relative to the mean regional SAT/SST variability and the area-
weighted mean Pearson correlation coefficient (r) between the ERA-20C SAT/SST anomalies and the PDO index
for each region. The relative SAT/SST difference is computed by dividing the absolute value of the SAT/SST
difference with the 2 standard deviation of the mean regional SAT/SST time series. Values on the left are associated
with the SAT and values on the right with the SST. Significant correlations (p-value ≤ 0.01) are highlighted in
bold. Only the grid-cells where sea ice is present (SIC > 0) are used for the computation of the means. Thus, only
the SATs and SSTs directly affecting the sea ice are taken into account.

Region Difference [K] Relative difference [%] r
SAT; SST SAT; SST SAT; SST

Beaufort Sea 0.04; -0.01 9.58; 2.47 0.09; -0.2

Chukchi Sea 0.1; -0.01 17.19; 2.07 0.15; -0.18

East Siberian Sea 0.02; -0.01 4.02; 2.11 0.07; -0.13

Laptev Sea -0.04; ⪅ 0 12.07; 0.04 -0.09; -0.07

Kara Sea -0.01; 0.01 2.21; 2.8 -0.04; 0.11

Barents Sea -0.08; -0.03 12.38; 3.93 -0.18; -0.15

Greenland Sea 0.16; 0.04 30.54; 8.32 0.17; 0.09

Baffin Bay/Labrador Sea -0.07; ⪅ 0 9.78; 0.06 -0.07; -0.04

Canadian Archipelago -0.03; -0.01 12.6; 2.71 -0.07; -0.22

Hudson Bay -0.13; -0.02 27.88; 3.2 -0.29; -0.15

Central Arctic 0.06; ⪆ 0 9.63; 0.47 0.11; -0.05

Bering Sea 0.17; 0.1 46.1; 26.39 0.43; 0.46

Sea of Okhotsk -0.02; 0.01 4.55; 1.7 0.01; 0.04



4.1.3 Atlantic Multidecadal Oscillation

The SIV changes associated with the AMO are shown in Fig. 4.7. During AMO+, a significant SIV
decline takes place in the Baffin Bay/Labrador Sea and Hudson Bay [Table 4.11]. A prevalent SIV reduction,
although less pronounced, is noticeable in the Greenland Sea, Kara Sea, Beaufort Sea and Bering Sea as well.
Inversely, an overall SIV increase is observed in the Sea of Okhotsk, Central Arctic and East Siberian Sea.

Fig. 4.7 − Difference in the mean of the PIOMAS-20C normalised SIV, from mid-1902 to mid-2009, between
AMO+ and AMO-. The SIV time series of all grid-cells employed are normalised by their own standard deviation as
to represent the relative impacts.
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Table 4.11 − Regional sum of the mean SIV absolute difference between the AMO phases (AMO+ - AMO- SIV),
regional sum of the mean SIV difference between the AMO phases relative to the regionally summed SIV variability
and the area-weighted mean Pearson correlation coefficient (r) between the PIOMAS-20C SIV anomalies and the
AMO index for each region. The relative SIV difference is computed by dividing the absolute value of the SIV
difference with the 2 standard deviation of the regionally summed SIV time series. Significant correlations (p-value
≤ 0.01) are highlighted in bold.

Region Difference [km3] Relative difference [%] r

Beaufort Sea -54.55 11.55 -0.18

Chukchi Sea 4.08 1.05 0.01

East Siberian Sea 107.39 12.07 0.09

Laptev Sea 2.25 0.75 -0.01

Kara Sea -25.65 14.44 -0.12

Barents Sea -8.92 5.45 ⪆ 0

Greenland Sea -20 13.96 -0.08

Baffin Bay/Labrador Sea -53.06 45.07 -0.26

Canadian Archipelago 9.51 5.47 0.03

Hudson Bay -42.76 49.84 -0.33

Central Arctic 135 19.72 0.11

Bering Sea -7.42 17.47 -0.08

Sea of Okhotsk 0.51 1.35 0.07

Dynamic influence

As depicted in Figs. 4.8a and 4.8b, the SP spatial patterns related to AMO- display a shallower AL,
deeper IL and slightly more intense BH. This result differs from the SP patterns found for the other MOVs
[Figs. 4.2a, 4.2b, A.6a, A.6b, 4.5a, 4.5b, A.8a and A.8b], where a deeper AL is associated with a more intense
BH. Surprisingly, the change in the 10-m wind speeds between the two pressure systems, over the Arctic
Ocean, is still significant for the AMO [Fig. A.4e]. This is because of the changes in the SP gradients driven
by the shifts in the pressure systems [Fig. A.3e]. During AMO+, higher 10-m wind speeds are observed over
the Arctic Ocean, while less intense speeds are found over the Bering Sea and North Atlantic Ocean as a
result of the SP gradient patterns. The SIM speeds are therefore more pronounced in the Arctic Ocean, while
being lower in the Bering Sea and North Atlantic Ocean [Figs. A.5e, 4.8c and 4.8d].

The SIM divergence shifts are shown in Fig. 4.8e. As supported by the regional quantified results of Table
4.12, the dynamic patterns are particularly noisy and no significant regionally widespread SIM divergence
nor convergence takes place. Relatively important, although not significant, SIM divergence changes are
nonetheless found in the Canadian Archipelago and Sea of Okhotsk. Localised effects are also noticeable. The
SIV increase during AMO+ along the southern Chukchi Sea, eastern Wrangel Island, south-western Kara Sea,
eastern Sea of Okhotsk and northern Greenland Sea coasts is partially driven by an SIM divergence reduction
[Figs. 4.7 and 4.8e]. However, the SIV decline by the side of the western Wrangel Island, western New
Siberian Islands, western Kara Sea, north-western Canadian Archipelago and western Sea of Okhotsk coasts
is to some extent due to an SIM divergence increase. Although not significant, a prevalent SIM divergence
increase occurs in the Beaufort Sea. This explains in part the SIV decrease during AMO+ found in this
region. Overall, the dynamic influence associated with the AMO is not as regionally pronounced as for the
other MOVs [Tables 4.2, 4.3, 4.7 and 4.8].
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Fig. 4.8 − Dynamic processes spatial patterns associated with the AMO spanning from mid-1902 to mid-2009. The
ERA-20C mean SP and 10-m winds distributions during (a) AMO- and (b) AMO+. The PIOMAS-20C mean SIM
distributions during (c) AMO- and (d) AMO+. (e) The difference in the mean of the computed normalised SIM
divergence between AMO+ and AMO-. The SIM divergence time series of all grid-cells are normalised by their own
standard deviation as to represent the relative impacts.
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Table 4.12 − Regional area integral of the mean SIM divergence (total SIM flux through the border) during AMO- and
AMO+. Negative values indicate an overall influx, while positive values depict an overall outflux of sea ice through the
border. The difference between the computed regional area integrals and the difference relative to the total regional area
integral variability are also given. The relative difference is computed by dividing the absolute value of the difference with
the 2 standard deviation of the total regional SIM border flux time series. Last column displays the area-weighted mean
Pearson correlation coefficient (r) between the SIM divergence and the AMO index for each region. Significant correlations
(p-value ≤ 0.01) are highlighted in bold.

Region AMO- AMO+ Difference Relative r
[m2/s] [m2/s] [m2/s] difference [%]

Beaufort Sea -2.51 x 103 -1.86 x 103 6.51 x 102 9.64 0.04

Chukchi Sea -1.18 x 104 -1.29 x 104 -1.07 x 103 14.12 -0.03

East Siberian Sea 1.69 x 102 9.16 x 102 7.47 x 102 10.55 0.02

Laptev Sea 8.32 x 103 8.99 x 103 6.73 x 102 9.76 0.03

Kara Sea 1.05 x 104 9.36 x 103 -1.08 x 103 16.57 -0.03

Barents Sea -6.1 x 103 -6.96 x 103 -8.6 x 102 5.61 ⪆ 0

Greenland Sea -7.02 x 104 -7.02 x 104 -2.26 x 10 0.17 ⪆ 0

Baffin Bay/Labrador Sea 1.57 x 104 1.44 x 104 -1.28 x 103 8.15 ⪆ 0

Canadian Archipelago 1.86 x 103 2.64 x 103 7.78 x 102 34.64 0.02

Hudson Bay 1.8 x 103 1.98 x 103 1.79 x 102 6.69 -0.02

Central Arctic 1.8 x 104 1.74 x 104 -6.28 x 102 16.62 0.01

Bering Sea 5.32 x 103 4.7 x 103 -6.21 x 102 4.96 ⪅ 0

Sea of Okhotsk 6.96 x 103 8.85 x 103 1.89 x 103 31.03 0.03



Thermodynamic influence

As a result of the AMO definition, a prominent and widespread SST increase is observed in the North
Atlantic Ocean [Fig. 4.9d] during AMO+. A prevalent SSHF decrease takes place over most of the North
Atlantic Ocean [Fig. 4.9b], thus leading to an increase in SATs [Fig. 4.9c]. It is also important to mention the
intensification of the ocean to atmosphere heat transfer and westerly atmospheric heat transport mechanism
over the North Atlantic Ocean due to the higher wind speeds during AMO-. Indeed, an ITEFD increase is
noticeable over the western North Atlantic Ocean, while a decline occurs over the eastern North Atlantic
Ocean [Fig. 4.9a]. The SAT and SST dipole over the North Atlantic Ocean present for the AO, NAO and
NPO does not appear for the AMO. Nonetheless, such a dipole exists over the North Pacific Ocean. An
important and widespread SAT increase is observed over the Arctic Ocean during AMO+, while instead, the
SSTs are mostly lower.

Fig. 4.9 − Difference between AMO+ and AMO-, from mid-1902 to mid-2009, in the mean of the ERA-20C
normalised (a) ITEFD, (b) SSHF, (c) SAT and (d) SST. The various time series of all grid-cells employed are
normalised by their own standard deviation as to represent the relative impacts.
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Table 4.13 summarises the previous results. The regional fluctuations in the SST and SAT are especially
prominent over the Greenland Sea, Hudson Bay and Baffin Bay/Labrador Sea, therefore explaining the
important SIV decrease in these regions during AMO+ [Fig. 4.7]. The significant SAT and SST increase over
the Bering Sea leads to an SIV decline as well. On the other hand, the SAT and SST reduction over the
Sea of Okhotsk results in an SIV growth in this region. The SAT increase over the Beaufort Sea partially
explains the SIV reduction, although dynamic impacts are observed in this region as well [Fig. 4.8e]. While
a pronounced increase of SATs and SSTs is noticeable over the northern coast of the Greenland Sea, the
SIM divergence decrease along this coast leads to an overall SIV growth. The increase in SIV in parts of the
Barents Sea are driven by a decrease in SATs and SSTs during AMO+. Finally, the SIV growth in the East
Siberian Sea is mainly driven by a combination of lower SSTs and SIM divergence. Because of the AMO
definition, the impacts observed in the Arctic Ocean and North Pacific Ocean are not necessarily caused by
this MOV. Nevertheless, possible teleconnections could uncover existing causal links between the AMO and
the dynamic and thermodynamic processes occurring across these regions.

Table 4.13 − Mean SAT/SST absolute difference between the AMO phases (AMO+ - AMO- SAT/SST),
mean SAT/SST difference between the AMO phases relative to the mean regional SAT/SST variability and the
area-weighted mean Pearson correlation coefficient (r) between the ERA-20C SAT/SST anomalies and the AMO
index for each region. The relative SAT/SST difference is computed by dividing the absolute value of the SAT/SST
difference with the 2 standard deviation of the mean regional SAT/SST time series. Values on the left are associated
with the SAT and values on the right with the SST. Significant correlations (p-value ≤ 0.01) are highlighted in
bold. Only the grid-cells where sea ice is present (SIC > 0) are used for the computation of the means. Thus, only
the SATs and SSTs directly affecting the sea ice are taken into account.

Region Difference [K] Relative difference [%] r
SAT; SST SAT; SST SAT; SST

Beaufort Sea 0.04; -0.01 7.7; 2.79 0.16; -0.04

Chukchi Sea 0.12; -0.02 20.11; 2.69 0.2; -0.01

East Siberian Sea 0.05; -0.02 10.49; 3.32 0.18; -0.1

Laptev Sea -0.01; -0.01 3.73; 3.65 -0.02; -0.15

Kara Sea 0.01; -0.01 2.99; 2.98 0.03; -0.14

Barents Sea 0.02; -0.01 2.42; 1.42 -0.01; -0.11

Greenland Sea 0.18; 0.1 34.75; 19.41 0.31; 0.32

Baffin Bay/Labrador Sea 0.32; 0.14 43.79; 18.84 0.47; 0.49

Canadian Archipelago 0.02; ⪅ 0 8.82; 1.22 0.2; 0.08

Hudson Bay 0.16; 0.04 34.63; 8.62 0.43; 0.38

Central Arctic 0.16; ⪆ 0 25.36; 0.04 0.19; 0.01

Bering Sea 0.11; 0.04 28.39; 9.98 0.18; 0.17

Sea of Okhotsk -0.08; -0.01 23.92; 3.49 -0.2; -0.09
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4.2 Temporal analysis

In the following sections, we use wavelet analysis to identify the time frames and frequencies corresponding
to the most important RSIV variabilities and how these can be explained by the MOVs. To do so, we first
employ the previously provided quantified regional results to identify the regions that are the most affected by
the MOV-related dynamic processes. The RSIV and RSIMF WPSs of the dynamically driven regions are then
compared with the corresponding MOV index WPS to find similarities and possible connections between the
variability of the 3 indices. Similarly, the SAT and SST quantified regional results are utilised to determine the
most thermodynamically influenced regions, and thereafter uncover their temporal relationship with the MOV
at hand. Finally, lag-tests are performed to deduce the delay between the various MOVs and their most impor-
tant regional impacts. The response-times corresponding to the most affected regions are especially highlighted.

4.2.1 Arctic Oscillation and North Atlantic Oscillation

The AO index WPS displays 2 important variabilities of a period of 20 and 13.2 years spanning from 1955
to 1980 and 1925 to 1945, respectively [Fig. 4.10a]. An intense signal of a period of approximately 17 years is
also visible around the end of the century. Weaker, yet still significant wavelet powers are noticed at periods
of roughly 5 and 8.5 years lasting from 1935 to 1950 and 1960 to 1995, respectively. Because of the strong
relationship between the NAO and AO, their corresponding WPSs are similar. Indeed, the NAO index WPS
depicts 2 distinct 8.5- and 17-year period peaks around the same time frame as the corresponding signals in
the AO index WPS [Fig. 4.10b]. A relatively less intense 12.5-year period peak is present from 1920 to 1940,
whereas the 8.5-year period variability is relatively more pronounced for the NAO. Finally, unlike the AO, a
significant 7-year period variability takes place around the beginning of the century.

Fig. 4.10 − Wavelet analysis spanning from mid-1902 to mid-2009 of the (a) AO index and (b) NAO index. Top plot
represents the index time series. Bottom plot represents the WPS of the time series. Bottom right plot represents the
mean power spectrum. The thick black contours and red dashed lines represent the 99% significance level using a red noise
background power spectrum, whereas the crosshatched areas represent the cone of influence where edge effects become
important. Horizontal solid red lines represent the 8.5-, 13.2- and 20-year periods for the AO and 8.5-, 12.5- and 17-year
periods for the NAO. The Morlet function was used for the wavelet analysis.

Dynamic influence

As shown in Figs. 4.11a, 4.11b, 4.11c and 4.11d, the Beaufort Sea, Chukchi Sea, East Siberian Sea and
Laptev Sea RSIV WPSs display similarities to the RSIMF and AO/NAO index WPSs. Actually, these regions
are significantly impacted by the dynamic processes related to the AO/NAO [Tables 4.1, 4.2 and 4.3]. The
AO-associated processes are especially influential in the Chukchi Sea and East Siberian Sea, while the effects
of the NAO are greatly felt in the Beaufort Sea, East Siberian Sea and Laptev Sea. The presence of the
8.5-year period signal in the Beaufort Sea RSIV, RSIMF and NAO index WPSs suggests a link between
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Fig. 4.11 − Wavelet analysis spanning from mid-1902 to mid-2009 of the RSIV and RSIMF for the (a) Beaufort Sea, (b)
Chukchi Sea, (c) East Siberian Sea and (d) Laptev Sea. Top plot represents the index time series. Bottom plot represents
the WPS of the time series. Bottom right plot represents the mean power spectrum. The thick black contours and red
dashed lines represent the 99% significance level using a red noise background power spectrum, while the crosshatched
areas represent the cone of influence where edge effects become important. The Morlet function was used for the wavelet
analysis. Figures on the left represent the RSIV WPS and figures on the right represent the RSIMF WPS.



the dynamic processes associated with the NAO and the Beaufort Sea 8.5-year period RSIV variability.
Similarly, given the important dynamic impact of the AO in the Chukchi Sea, the intense 17.5-year period
signal corresponding to the RSIV is likely driven by the RSIMF variations related to the AO, although the
NAO could play a role around the end of the century as well. An important 17.5-year period variability
takes place in the East Siberian Sea RSIV, RSIMF and in the AO/NAO index WPSs. This indicates a
relationship between the AO/NAO and the East Siberian Sea RSIV signal. It is also interesting to point out
the pronounced 13-year period wavelet powers observed in the Chukchi Sea and East Siberian Sea RSIV and
RSIMF WPSs, thus suggesting a relatively weak AO/NAO impact. The Laptev Sea, on the other hand, is
mainly affected by the NAO. The 17.5-year period Laptev Sea RSIV variability seems to be partially driven
by the NAO-induced RSIMF changes. A link, although weak, between the 8.5-year period peak in the Laptev
Sea RSIV WPS and the NAO 8.5-year period signal could exist as well, since such a significant variability,
although dim, takes place in the RSIMF.

Overall, the dynamic influence driven by the AO is especially felt in the Chukchi Sea and East Siberian
Sea as a 17.5-year period RSIV variability spanning most of the century, but with a more pronounced impact
around the end of the century. For the NAO, such an influence is present in the Beaufort Sea as an 8.5-year
RSIV signal from 1965 to 1975, and in the East Siberian Sea and Laptev Sea as a 17.5-year period RSIV
peak from 1965 onwards.

Thermodynamic influence

The SAT and SST spatial patterns corresponding to the AO and NAO [Figs. 4.3c, 4.3d, A.7c and A.7d],
lead to prevalent thermodynamic impacts over many regions [Tables 4.1, 4.4 and 4.5]. The Bering Sea and
Sea of Okhotsk RSIV, RSAT and RSST WPSs are shown in Figs. 4.13c and 4.13d. These regions are greatly
affected thermodynamically by the AO and display similarities in their WPSs. In fact, these regions exhibit
a noticeable 8.5 and 17-year period signal in their RSIV, RSAT and RSST WPSs, especially around the
end of the century, similarly to the AO. The Barents Sea RSIV WPS [Fig. 4.13a] exhibits a weak, yet still
significant, 13-year period signal in part driven by the AO. The NAO also drives the Barents Sea and Sea of
Okhotsk RSIV evolutions through the thermodynamic processes associated with this MOV. Therefore, the
8.5-, 13- and 17-year period peaks present in the Barents Sea and Sea of Okhotsk RSIV, RSAT and RSST
WPSs can be explained to some extent by the NAO. The 8.5-year signal is especially pronounced in the
Barents Sea, thus indicating an important impact related to the NAO. Notable results are also found in
other regions. As a matter of fact, the Chukchi Sea, East Siberian Sea, Laptev Sea, Kara Sea and Baffin
Bay/Labrador Sea [Fig. 4.13b] are significantly influenced by the AO/NAO, and display similarities between
their RSIV, RSAT, RSST and the AO/NAO index WPSs as shown in Figs. A.10, A.11 and A.12. The 17-year
period variability present in the RSIV WPS of the Chukchi Sea, East Siberian Sea, Laptev Sea, Kara Sea
and Baffin Bay/Labrador Sea is driven, to some extent, by the thermodynamic processes associated with the
AO/NAO. Finally, the 8.5-year period variability found in the RSIV WPS of the Chukchi Sea and Laptev
Sea is partially driven by the AO/NAO as well.

Overall, the thermodynamic influence driven by the AO is especially felt in the East Siberian Sea, Laptev
Sea, Bering Sea and Sea of Okhotsk, where the 8.5- and 17-year period signals are partially caused by the AO.
For the NAO, the important 8.5-year period variability found in the Beaufort Sea and Barents Sea can be
explained in part by the intense thermodynamical influence related with the NAO, but the 17-year period sig-
nals noticed in the East Siberian Sea and Laptev Sea are also driven by this MOV. The Sea of Okhotsk shows
similarities for the 8.5- and 17-year period peaks as well, thus suggesting a link between these signals and the
NAO. The important influence of the NAO in the Baffin Bay/Labrador Sea and the similarities found for the
9- and 18.5-year signals suggest a relationship between the NAO-associated thermodynamic processes and the
Baffin Bay/Labrador Sea RSIV variability. Because of the important resemblance between the AO and NAO
index WPSs, differentiating the RSIV variabilities driven by either of the two MOVs remains a challenging task.
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Fig. 4.13 − Wavelet analysis spanning from mid-1902 to mid-2009 of the RSIV, RSAT and RSST for the (a) Barents Sea,
(b) Baffin Bay/Labrador Sea, (c) Bering Sea and (d) Sea of Okhotsk. Top plot represents the index time series. Bottom
plot represents the WPS of the time series. Bottom right plot represents the mean power spectrum. The thick black
contours and red dashed lines represent the 99% significance level using a red noise background power spectrum, while the
crosshatched areas represent the cone of influence where edge effects become important. The Morlet function was used for
the wavelet analysis. Figures on the top left represent the RSIV WPS, figures on the top right depict the RSAT WPS and
figures on the bottom center represent the RSST WPS.



4.2.2 North Pacific Oscillation and Pacific Decadal Oscillation

The NPO index WPS exhibits an intense signal of a 15-year period from 1925 to 1950 [Fig. 4.14a]. Weaker
variabilities of 6.5- and 20-year periods around the beginning of the 20th century and lasting the entire century,
respectively, are also present. The PDO WPS is rather different from the NPO [Fig. 4.14b]. It has its most
prominent peak at a period of about 21 years spanning from 1930 to 1975 and is especially broad in the time
and frequency space. The existence of a significant 9-year period peak from the 1990s onwards, is noticeable as
well. Finally, the PDO exhibits significant wavelet powers at a period of roughly 15 years, similarly to the NPO.

Fig. 4.14 − Wavelet analysis spanning from mid-1902 to mid-2009 of the (a) NPO index and (b) PDO index. Top plot
represents the index time series. Bottom plot represents the WPS of the time series. Bottom right plot represents the
mean power spectrum. The thick black contours and red dashed lines represent the 99% significance level using a red
noise background power spectrum, while the crosshatched areas represent the cone of influence where edge effects become
important. Horizontal solid red lines represent the 6.5-, 15- and 20-year periods for the NPO and 9-, 15- and 21-year periods
for the PDO. The Morlet function was used for the wavelet analysis.

Dynamic influence

A significant dynamic impact associated with the NPO takes place in the Chukchi Sea [Tables 4.6
and 4.7]. The 17-year period signal in the RSIV and RSIMF WPSs [Fig. 4.11b] is observed in the NPO
index WPS as well, thus suggesting a link between this MOV and the dynamic processes affecting the
RSIV. The NPO also partially drives the 15-year period signal found in the Chukchi Sea and East Siberian
Sea, although these variabilities remain dim. The PDO mainly influences the Chukchi Sea and Laptev
Sea [Tables 4.6 and 4.8]. However, few similarities exist between their RSIV, RSIMF and the PDO index WPSs.

Given the importance of the dynamic impacts driven by the NPO and the resemblance between the
Chukchi Sea RSIV, RSIMF and NPO index WPSs, we conclude that the 15- and 17-year period vari-
abilities are partially caused by the NPO. Differentiating the signals driven by the NPO, AO and NAO
remain nonetheless complicated because of the similarities in their WPSs, especially around the 17-year period.

Thermodynamic influence

The Beaufort Sea, Laptev Sea, Bering Sea and Sea of Okhotsk are especially impacted by the SAT and
SST patterns associated with the NPO [Tables 4.6 and 4.9]. Having said that, few similarities between their
RSIV, RSAT, RSST WPSs and the NPO index WPS exist, as displayed in Figs. 4.13c, 4.13d, A.10, A.11,
A.12 and 4.14a. However, the thermodynamic processes related to the PDO are especially noticeable in the
Bering Sea [Tables 4.6 and 4.10]. Indeed, the 9-year period signal taking place from 1990s onwards, is also
present in the Bering Sea RSIV, RSAT and RSST WPSs. On top of this, the 16- to 25-year period broad
peak is prevalent in these WPSs as well. Given the importance of the thermodynamic impact of the PDO in
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the Bering Sea, this suggests that these signals are mainly driven by the PDO. Although the Greenland Sea
is not as significantly impacted, similarities between its WPSs and the PDO index WPS are observed. This
suggests a connection between the thermodynamic processes associated with the PDO and the Greenland
Sea RSIV shifts. The Hudson Bay and Kara Sea WPSs also show similarities for the 9-year period and lower
frequency signals, although the Hudson Bay low frequency variabilities are mainly present around the end of
the century. The importance of the PDO-associated thermodynamic processes over these regions suggests a
link between these processes and the RSIV variations. Because of the prominent influence of the PDO in the
Bering Sea and similarities found in the WPSs, the connection between this MOV and the Bering Sea remain
the most convincing. In particular, the 9-year period variability from 1990s onwards and the broad 16- to
25-year period signals can be largely attributed to the PDO-induced thermodynamic impacts.

4.2.3 Atlantic Multidecadal Oscillation

The AMO index WPS displays an important peak lasting from 1975 to 1995, with a corresponding period
of 9 years [Fig. 4.15]. 27- and 18.5-year period variabilities spanning from 1940 to 1960 and 1965 to 1985,
respectively, can also be seen. As previously discussed, the dynamic impacts associated with the AMO are
not regionally significant [Tables 4.11 and 4.12]. Therefore, only an analysis of the thermodynamic influence
is provided for this MOV.

Fig. 4.15 − Wavelet analysis spanning from mid-1902 to mid-2009 of the AMO index. Top plot represents the index time
series. Bottom plot represents the WPS of the time series. Bottom right plot represents the mean power spectrum. The
thick black contours and red dashed line represent the 99% significance level using a red noise background power spectrum,
while the crosshatched areas represent the cone of influence where edge effects become important. Horizontal solid red lines
represent the 9-, 18.5- and 27-year periods. The Morlet function was used for the wavelet analysis.

Thermodynamic influence

The Baffin Bay/Labrador Sea and Hudson Bay are particularly affected thermodynamically by the AMO
[Tables 4.11 and 4.13]. As a matter of fact, the RSIV, RSAT and RSST WPSs associated with these regions,
exhibit similarities to the AMO index WPS [Figs. 4.13b, A.10j, A.11j, A.12j and 4.15]. The 9- and 18.5-year
period peaks present in the Baffin Bay/Labrador Sea and Hudson Bay WPSs are noticeable in the AMO
index WPS as well, thus suggesting the existence of a causal factor between these signals and the AMO-driven
RSAT and RSST temporal shifts. Surprisingly, the 27-year period variability taking place in the AMO index
and Baffin Bay/Labrador Sea RSIV WPSs is not significant in the RSAT and RSST WPSs. Nevertheless, the
thermodynamic impacts related to the AMO are also felt in other regions RSIV fluctuations. The Beaufort
Sea, Greenland Sea and Laptev Sea are all significantly impacted thermodynamically by the processes related
to the AMO, and all display 27-year period variabilities in their respective RSIV WPS. These signals can be
partially explained by the AMO because of their presence in the RSAT and RSST WPSs. Overall, the results
found in the Hudson Bay and Baffin Bay/Labrador Sea remain the most convincing. Given the prominent
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influence of the thermodynamic processes related to the AMO in these regions, the 18.5- and 9-year period
signals are greatly driven by this MOV.

4.2.4 Lag-tests

In most regions, the highest impact caused by the various MOVs is not felt immediately, but rather
months following the shifts in the spatial patterns associated with these MOVs. As shown in Fig. 4.18,
the most significant correlations are reached when the combined effect of the RSIMF, RSAT and RSST on
the RSIV is maximised. The delays of the dynamic and thermodynamic processes, that in turn lead to the
observed RSIV lags, are a result of the time it takes for the changes in the SIM, SAT and SST distributions
to occur as a response to a change in the MOVs.

The lag in months between the various MOVs and their most important influence on the RSIV of each
region are shown in Table 4.14. For the AO, a gradual decline in the lag-times associated with the Chukchi
Sea, East Siberian Sea and Laptev Sea RSIVs is visible. A similar delay between the AO and NPO is observed
in the Chuckhi Sea. Instead, the Bering Sea and Sea of Okhotsk RSIVs delays are smaller, thus indicating a
faster response to the AO shifts. The Bering Sea RSIV delay is one month later than the Sea of Okhotsk
due to the delayed SST response as revealed by Fig. 4.18a. Similarly, the NAO displays a gradual decline in
the lag-times corresponding to the Beaufort Sea, East Siberian Sea and Laptev Sea RSIVs. The Beaufort
Sea RSIV response-time is especially large and is greatly due to the long RSST delay [Fig. 4.18b]. On the
other hand, the Sea of Okhotsk RSIV delay is particularly low, as a result of the quick thermodynamic
processes response-time, but a causal link between the NAO and Sea of Okhotsk RSIV variability remains
to be established. However, the Barents Sea and Baffin Bay/Labrador Sea RSIVs are directly impacted by
the NAO-induced surface wind shifts and display a 9- and 5-month lag-time, respectively, largely because of
the SST and SAT delays. The PDO quickly influences the Bering Sea RSIV as it is directly influenced by
the SST anomalies, that define the MOV, and SAT fluctuations that are closely linked with the MOV as
well [Fig. 4.18d]. Similarly, the Hudson Bay and Baffin Bay/Labrador Sea RSIVs exhibit a near immediate
response to the changes in the AMO for the same reason [Fig. 4.18e]. The Baffin Bay/Labrador Sea RSIV is
significantly influenced by the AO as well and depicts a relatively quick response-time. Finally, we should
mention that the lag-time results can indicate which RSIV fluctuations are not caused by the MOVs. Indeed,
the 0 lag-times found in Table 4.14, mean that the highest regional impact is felt instantaneously, or prior to
the MOVs shifts. While this would suggest a non-causal relationship between the regions RSIV variability
and the respective MOV, these results remain not conclusive enough to assert such a statement.
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Fig. 4.18 − Monthly lag-time correlations between the RSIV (black), RSIMF (purple), RSAT (red), RSST (blue) and the
(a) AO index, (b) NAO index, (c) NPO index, (d) PDO index and (e) AMO index. A time frame spanning from mid-1905
to mid-2009 is chosen for the RSIV, RSIMF, RSAT and RSST indices. The MOVs are then shifted accordingly to calculate
the lag correlations. Solid lines represent the correlations as a function of the lag in months. Vertical dashed lines depict
the month-lag leading to the most important correlation corresponding to the RSIV, RSIMF, RSAT and RSST. Only the
significant correlations to a confidence level greater than 99% (p-value ≤ 0.01) are displayed. Note that for certain MOVs
and regions, no results are represented for the RSIV, RSIMF, RSAT or RSST because of the non-existence of significant
correlations for any lag-time.
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Table 4.14 − Lag-time in months when the most important correlations are found between the RSIV
index and the various MOVs indices, using the results of Fig. 4.18. A value of 0 indicates no delay, while
a value of 35 is the upper limit and depicts a delay of 35 months between the RSIV and MOV. The
regions for which the RSIV is greatly impacted by the MOV (as concluded from the temporal analysis)
are highlighted in red. Missing values imply no significant correlations (p-value ≤ 0.01) exist.

Region AO NAO NPO PDO AMO

Beaufort Sea 8 27 9 0 21

Chukchi Sea 18 35 16 22 -

East Siberian Sea 14 9 21 17 0

Laptev Sea 8 6 0 29 26

Kara Sea 22 30 29 28 0

Barents Sea 2 9 - 0 35

Greenland Sea 35 30 14 0 0

Baffin Bay/Labrador Sea 11 5 - 30 1

Canadian Archipelago 16 32 0 0 5

Hudson Bay 16 9 28 0 1

Central Arctic - 21 35 35 0

Bering Sea 5 7 4 1 0

Sea of Okhotsk 4 1 19 35 -



Chapter 5

Conclusions

In this study, we have analysed the impact of the AO, NAO, NPO, PDO and AMO on the Arctic SIV
variability of various regions from the PIOMAS-20C reconstructed data. A spatial and temporal analysis was
performed to answer the three questions set as an objective in section 1.5. The former uncovers the dynamic
and thermodynamic impacts of the various MOVs in each region, but also explains the underlying mechanisms
leading to such processes. In particular, the shifts in the BH and AL pressure systems, associated with the
AO/NAO, lead to important changes in the SIM vector field. As a result, significant AO/NAO-related dynamic
impacts are felt across the Arctic Ocean, and especially in the Beaufort Sea, Chukchi Sea, East Siberian Sea
and Laptev Sea. These results are akin to the findings of Rigor et al. [2002] and Van Achter et al. [2020], where
similar dynamic changes across the Arctic Ocean are shown to be triggered by the AO. The Wavelet analysis
reveals a dynamically induced multidecadal 17.5-year period RSIV variability related to the AO/NAO, in the
Chukchi Sea, East Siberian Sea and Laptev Sea. In the Beaufort Sea, an RSIV signal corresponding to a period
of 8.5 years and spanning from 1965 to 1975 is partially driven by NAO-associated dynamic processes. The
surface wind changes linked to the AO/NAO phase fluctuations generate new SAT and SST spatial patterns
through SSHF and atmospheric heat transport shifts. The North Atlantic Ocean and North Pacific Ocean
regions are revealed to be particularly influenced by these alterations. Indeed, the Barents Sea and Sea of
Okhotsk 8.5- and 17-year period signals are shown to be influenced by the AO/NAO-induced thermodynamic
processes to some extent, with an especially pronounced impact of the NAO in the Barents Sea. Having said
that, the effects triggered by these processes are also prevalent over the Arctic Ocean. The 1965 to 1975
8.5-year period variability found in the Beaufort Sea RSIV is thermodynamically driven by the NAO as well,
whereas the 8.5- and 17-year period peaks in the East Siberian Sea and Laptev Sea are partially caused by the
AO/NAO-related thermodynamic processes. The lag-tests indicate a significant delay between the AO and the
Chukchi Sea, East Siberian Sea and Laptev Sea RSIVs response, spanning from 8 months for the Laptev Sea
to 18 months for the Chukchi Sea RSIVs, whereas much shorter lag-times of 5 and 4 months are found for the
Bering Sea and Sea of Okhotsk RSIVs, respectively. The lag-times between the NAO and the East Siberian
Sea, Laptev Sea and Sea of Okhotsk RSIVs are lower than for the AO and vary from 1 month for the Sea of
Okhotsk, to 9 months for the East Siberian Sea RSIVs. However, a causal link between the NAO and Sea of
Okhotsk RSIV fluctuations remains to be proven. Instead, response-times of 9 and 5 months are revealed
for the Barents Sea and Baffin Bay/Labrador Sea RSIVs, respectively. Interestingly, a particularly long
delay of 27 months between the NAO and Beaufort Sea RSIV is found and is mainly due to the long RSST delay.

The intense fluctuations in the depth of the AL defining the NPO lead to pronounced surface wind
modifications over the Beaufort Sea and Chukchi Sea. The resulting SIM field adjustments give rise to
significant dynamic impacts in the Chukchi Sea, although important changes in the SATs and SSTs in the
Bering Sea and Sea of Okhotsk are also observed. Our results are in agreement with the findings of Linkin
and Nigam [2008], setting forth the existence of warm southerly air masses especially over the eastern Bering
Sea during a more intense AL phase. Although no SAT decrease is found over the western Bering Sea in our
study, the SAT increase exhibited is mostly weak or non-existent. Also, while an SIM divergence from the
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Russian coast driven by westerly-northwesterly winds is suggested by Linkin and Nigam [2008], in our case,
such a divergence is mostly induced by northerly winds. The wavelet analysis reveals similarities between the
Chukchi Sea RSIV, RSIM and NPO index WPSs at a 17-year period, although a resemblance at a period
of around 15 years is also found from 1930-1945. We find that the delay between the NPO index and the
Chukchi Sea RSIV is of around 16 months, similarly to the 18-month lag-time observed for the AO in the
same region. Whilst thermodynamic impacts induced by the NPO are apparent in the Bering Sea and Sea of
Okhotsk, the footprint of the NPO index in the temporal variability of the RSIV is not as pronounced and
non-significant. The PDO and AMO are found to lead to important thermodynamic impacts over the North
Pacific Ocean and North Atlantic Ocean, respectively. The 9-year period signal from the 1990s onwards and
the broad peak spanning from a period of 16 to 25 years associated with the Bering Sea RSIV variability are
greatly driven by the PDO. Instead, the Hudson Bay and Baffin Bay/Labrador Sea 9- and 18.5-year period
variabilities are strongly influenced by the AMO, although links between the Baffin Bay/Labrador Sea RSIV
signals and the NAO are convincing as well. As shown by Mahajan et al. [2011], we also obtain an increase
in SATs over the Baffin Bay/Labrador Sea and Hudson Bay, although in our study, the SAT increase over
the Hudson Bay is more significant. Unlike Castruccio et al. [2019], we observed no negative correlation
between the AMO and PDO. Nevertheless, a lag-time of 1 month is found between the PDO and Bering Sea
RSIV, and between the AMO and Baffin Bay/Labrador Sea, Hudson Bay RSIVs. Such short delays are ex-
plained by the direct relationship between the SATs and SSTs over these regions and the PDO/AMO definition.

Overall, the spatial patterns associated with each MOVs are relatively similar. Such results are for the
most part generated by the SP distributions. In particular, the AL and BH pressure systems are shown to
be more intense in one phase of the AO, NAO, NPO and PDO, whereas the IL is deeper in the opposite
phase. The impacts driven by the AO are important and widespread across the Arctic Ocean, whereas the
NAO/AMO and NPO/PDO mostly display significant effects in the North Atlantic Ocean and North Pacific
Ocean, respectively. Having said that, the NAO does display an intense dynamic influence in the Beaufort
Sea, Chukchi Sea, East Siberian Sea and Laptev Sea due to its associated SP patterns over the Arctic
Ocean. The causal links between the NAO/AMO, NPO/PDO and the North Pacific Ocean, North Atlantic
Ocean patterns, respectively, remain challenging to unveil. Nevertheless, further examination of the possible
existence of teleconnections relating these patterns could prove such MOVs-driven causal relationships. It is
important to recall that only the most impacted regions for the respective MOV are highlighted in this study.
Nonetheless, significant results are found in the spatio-temporal analysis for the other regions, although links
with the various MOVs are more complicated to assert owing to the relatively small regional impacts. Finally,
a quantification of the percentage of the RSIV variability induced by the MOVs is not provided in this thesis,
but could be investigated in future studies with, for example, the employment of EOF methods.
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Fig. A.1 − Mean SP for the mid-1902 to mid-2009 period during (a) AO-, (b) AO+, (c) NAO-, (d) NAO+, (e)
NPO-, and (f) NPO+. The SP dataset is provided by the ERA-20C reanalysis [Poli et al., 2016] and is detrended and
smoothed using the methodology introduced in section 3.2.
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Fig. A.2 − Mean SST anomaly for the mid-1902 to mid-2009 period during (a) PDO-, (b) PDO+, (c) AMO-, and
(d) AMO+. The SST dataset is provided by the HadISST2 analysis [Titchner and Rayner, 2014] and is detrended
and smoothed using the methodology introduced in section 3.2.
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Fig. A.3 − Difference in the norm of the mean normalised SP gradients, from mid-1902 to mid-2009, between (a)
AO+ and AO-, (b) NAO+ and NAO-, (c) NPO+ and NPO-, (d) PDO+ and PDO-, (e) AMO+ and AMO-. The SP
gradients norm time series of all grid-cells employed are normalised by their own standard deviation as to represent
the relative impacts.
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Fig. A.4 − Difference in the norm of the mean normalised ERA-20C 10-m winds, from mid-1902 to mid-2009,
between (a) AO+ and AO-, (b) NAO+ and NAO-, (c) NPO+ and NPO-, (d) PDO+ and PDO-, (e) AMO+ and
AMO-. The 10-m winds norm time series of all grid-cells employed are normalised by their own standard deviation as
to represent the relative impacts.
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Fig. A.5 − Difference in the norm of the mean normalised PIOMAS-20C SIM, from mid-1902 to mid-2009, between
(a) AO+ and AO-, (b) NAO+ and NAO-, (c) NPO+ and NPO-, (d) PDO+ and PDO-, (e) AMO+ and AMO-. The
SIM norm time series of all grid-cells employed are normalised by their own standard deviation as to represent the
relative impacts.
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Fig. A.6 − Dynamic processes spatial patterns associated with the NAO spanning from mid-1902 to mid-2009.
The ERA-20C mean SP and 10-m wind distributions during (a) NAO- and (b) NAO+. The PIOMAS-20C mean
SIM distributions during (c) NAO- and (d) NAO+. (e) The difference in the mean of the computed normalised SIM
divergence between NAO+ and NAO-. The SIM divergence time series of all grid-cells are normalised by their own
standard deviation as to represent the relative impacts.
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Fig. A.7 − Difference between NAO+ and NAO-, from mid-1902 to mid-2009, in the mean of the ERA-20C
normalised (a) ITEFD, (b) SSHF, (c) SAT and (d) SST. The various time series of all grid-cells employed are
normalised by their own standard deviation as to represent the relative impacts.
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Fig. A.8 − Dynamic processes spatial patterns associated with the PDO spanning from mid-1902 to mid-2009.
The ERA-20C mean SP and 10-m wind distributions during (a) PDO- and (b) PDO+. The PIOMAS-20C mean
SIM distributions during (c) PDO- and (d) PDO+. (e) The difference in the mean of the computed normalised
SIM divergence between AO+ and AO-. The SIM divergence time series of all grid-cells are normalised by their own
standard deviation as to represent the relative impacts.
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Fig. A.9 − Difference between PDO+ and PDO-, from mid-1902 to mid-2009, in the mean of the ERA-20C
normalised (a) ITEFD, (b) SSHF, (c) SAT and (d) SST. The various time series of all grid-cells employed are
normalised by their own standard deviation as to represent the relative impacts.
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Fig. A.10 − Wavelet analysis spanning from mid-1902 to mid-2009 of the RSIV for each region. Top plot represents
the index time series. Bottom plot represents the WPS of the time series. Bottom right plot represents the mean power
spectrum. The thick black contours and red dashed lines represent the 99% significance level using a red noise background
power spectrum, while the crosshatched areas represent the cone of influence where edge effects become important. The
Morlet function was used for the wavelet analysis.
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Fig. A.11 − Wavelet analysis spanning from mid-1902 to mid-2009 of the RSAT for each region. Top plot represents
the index time series. Bottom plot represents the WPS of the time series. Bottom right plot represents the mean power
spectrum. The thick black contours and red dashed lines represent the 99% significance level using a red noise background
power spectrum, while the crosshatched areas represent the cone of influence where edge effects become important. The
Morlet function was used for the wavelet analysis.
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Fig. A.12 − Wavelet analysis spanning from mid-1902 to mid-2009 of the RSST for each region. Top plot represents
the index time series. Bottom plot represents the WPS of the time series. Bottom right plot represents the mean power
spectrum. The thick black contours and red dashed lines represent the 99% significance level using a red noise background
power spectrum, while the crosshatched areas represent the cone of influence where edge effects become important. The
Morlet function was used for the wavelet analysis.
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Table A.1 − List of the full names of acronyms employed in this thesis.

Acronym Full name

AO Arctic Oscillation

NAO North Atlantic Oscillation

NPO North Pacific Oscillation

PDO Pacific Decadal Oscillation

AMO Atlantic Multidecadal Oscillation

SIV Sea ice volume

RSIV Regional sea ice volume

SIM Sea ice motion

RSIM Regional sea ice motion

SIT Sea ice thickness

SIC Sea ice concentration

SIA Sea ice area

SIE Sea ice extent

SAT Surface air temperature

RSAT Regional surface air temperature

SST Sea surface temperature

RSST Regional sea surface temperature

SSHF Sensible surface heat flux

ITEFD Integrated thermal energy flux divergence

MOV Mode of variability

SLP Sea level pressure

SP Surface pressure

AO+ AO positive phase

AO- AO negative phase

NAO+ NAO positive phase

NAO- NAO negative phase

NPO+ NPO positive phase

NPO- NPO negative phase

PDO+ PDO positive phase

PDO- PDO negative phase

AMO+ AMO positive phase

AMO- AMO negative phase

BH Beaufort High

IL Icelandic Low

AL Aleutian Low

AH Azores High

NPH North Pacific High

TDS Transpolar Drift Stream

EOF Empirical orthogonal function

PC Principal component

WPS Wavelet power spectrum

WT Wavelet transform

FPS Fourier power spectrum
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