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Abstract: In the North Atlantic and the Northern Ocean, from the second half of 2010 to 2014, satellite
imagery data showed increased surface water temperatures (in the Icelandic Depression area in
September—October 2010, it was 1.3 °C higher than in 2009). The peak of the annual sum of mean
monthly ocean surface temperatures near the Icelandic Depression in 2010 (109.3 °C), as well as the
negative values of the monthly averaged North Atlantic Oscillation (NAO) indices, estimated in the
second half of 2010 and until March 2011, can be explained by the appearance of an additional film of
oil origin on the water surface, formed after an oil spill accident at the Deepwater Horizon drilling rig
in the Gulf of Mexico. Insufficient evaporative cooling of surface waters near the Icelandic Depression
related to the formation of an additive film due to the influence of pollution of the North Sea by oil
can explain the earlier peak in the annual sum of mean monthly ocean surface temperatures near the
Icelandic Depression in 2003 (107.2 °C). Although global warming is usually ascribed to increased
greenhouse gases in the atmosphere, ocean surface water pollution could increase the heat content of
the ocean and explain the steady temperature stratification and desalination of these waters due to the
melting of Greenland’s glaciers. Thus, when analyzing the concept of global warming, it is necessary
to take into account the aspects of pollution of the ocean surface waters to assess the changes in their
capacity to accumulate solar radiation, as well as the changes in the heat content of the ocean mixing
zone (~200 m).

Keywords: climate warming; oil spills; North Atlantic Oscillation; surface film; ocean pollution;
production water

1. Introduction

The Kyoto Protocol (2005) and the Paris Agreement (2016) are based on a scientific
consensus that greenhouse gases (carbon dioxide (CO;), methane (CHy), nitrous oxide
(N20O), hydrofluorocarbons (HFCs), perfluorocarbons (PFCs)), and emissions of sulfur
hexafluoride (SF6)) are primarily responsible for the current climate warming. Between
2030 and 2050, climate change is projected to cause a quarter of a million deaths per
year [1,2]. However, it is possible to identify other areas of human activity that can
influence climatic effects. It is known [3] that the climate warming in high-latitude regions
of the planet is twice as high as the global average. Climate models that take into account
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only greenhouse gas effects are not able to explain this effect. Therefore, it is necessary to
identify additional mechanisms affecting climate warming in high latitudes.

The Earth’s oceans are the main accumulators of solar radiation and distributors
of heat. Thin films of autochthonous origin cover the surface of water bodies. Human
activities in seas and oceans, such as the passage of ships, oil spills, the settling of aerosol
products, and phytoplankton and algal blooms affect the water surface and its thin upper
layer [4-6]. This film changes the process of water evaporation and heat flux at the water—air
interface, causing climatic changes at high latitudes of the Earth, which are most sensitive
to the processes of heat redistribution since they receive significantly less solar radiation
than the equatorial regions of the planet; here, the climate significantly depends on the
meridional heat flows.

Numerous cases of 0il spills in the world’s oceans are known (Figure 1).
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Figure 1. A schematic map of the largest oil spills globally [7]. * Estimated 15 July 2010 (assumes
60,000 bbl per day).

The disaster that occurred in the Gulf of Mexico on the Deepwater Horizon drilling
platform on 20 April 2010 was the largest oil spill at sea in history (Figure 1) [4]. The total
oil discharge was estimated at 4.9 million barrels [7]. To limit the spread of oil on the sea
surface, ship oil skimmers, floating booms, and oil dispersants were used. The wellhead
was not closed until July 2010. From this disaster, oil slicks were transferred by the Gulf
Stream into the Atlantic Ocean. Deep plumes of dissolved oil at the bottom of the Gulf of
Mexico were not completely trapped here, and light fractions appeared on the sea surface,
creating additional layers of oil slicks [8,9], which became a long-term source of the surface
film in the Atlantic Ocean.

Oil slicks on the sea surface are thick surface layers of the lightest oil fractions, visible
from satellite and to the naked eye. Modelling the movement of these slicks on the sea
surface [10] does not allow us to say anything about the movement of the surface film, the
source of which are these slicks. Due to wetting, the lightest components of oil quickly
spread over the sea surface, moving away to great distances from the oil slicks [11]. This
is how an invisible microlayer of surface film is formed. Wind and sea currents also
contribute to the movement of the surface film. In the surf zone, under the influence of
wind, the sea surface is cleared of the surface film with the formation of foam, which is
thrown by the wind onto the seashore. This is a unique self-cleaning mechanism of the sea
surface [6,12-15].
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The presence of oil in the surface film can be determined by sulfur compounds—the
most common impurity element of oil—which are also present in aerosols of marine origin.
Due to the long-range transport of marine aerosol particles, the proportion of sulfate
concentration at Preila station in Lithuania increased to 22% over the period 2010-2017 [16].
An elevated sulfate concentration in sea aerosols was also recorded in the Norwegian Sea
in 2011-2012 during the summer Arctic expeditions aboard the research vessel Oceania
(the Institute of Oceanology of the Polish Academy of Sciences) [17].

The aim of our work is to show the relationship between Atlantic Ocean pollution
with oil products and global warming. In this work, temperature anomalies of the water
surface in the Icelandic Depression area [18,19] after the major oil spill in the Gulf of Mexico
in April 2010, changes in the North Atlantic Oscillation indices [18,19], and temperature
changes at weather stations in northern latitudes in Europe and Canada following this
disaster are used. We also show how far the warm waters of the Gulf Stream penetrate into
the Northern Ocean during the period 1995-2019, using the course of the annual sums of
the mean monthly eastern longitudes of the 4 °C and 8 °C isotherms for this period.

2. Study Methodology

In this work, data on monthly averaged sea surface temperatures (55Ts), North Atlantic
Oscillation (NAO) indices and average annual temperatures (AATs) at selected weather
stations in Europe, North America (Canada), Greenland and Iceland were used. Data on
the surface water temperatures in the Icelandic Depression and in the Northern Ocean were
obtained from the Extended Reconstructed Sea Surface Temperature (ERSST) database.
For this purpose, ERSST maps were used [20]. Data on the annual mean monthly eastern
longitudes of the Northern Ocean surface water 8 °C and 4 °C isotherms, as well as ice melt
data, were taken from the National Oceanic and Atmospheric Administration (NOAA)
Optimum Interpolation SST (OISST) Version 2.1 [21]. Information on North Atlantic
Oscillation (NAO) indices was retrieved from the National Oceanic and Atmospheric
Administration (NOAA) website [22]. Data on AAT at selected weather stations were taken
from the site TuTiempo.net [23]. These data were used to establish interrelationships.

The research steps used and the results achieved in our study are shown in Figure 2.
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Figure 2. A scheme showing the relationships between events resulting from the Atlantic Ocean
pollution following the major oil spill in the Gulf of Mexico in April 2010.
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The main consequence of the oil spill in the Gulf of Mexico was the formation of
a surface film of oil origin that was carried by the Gulf Stream, which originates in the
Gulf of Mexico, to the northern latitudes of the Atlantic Ocean, including to the Icelandic
Depression (Figure 3).
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Figure 3. A schematic map of the Gulf Stream [24].

3. Results
3.1. Temperature Anomalies in the Northern Atlantic near the Icelandic Depression

The elevated mean monthly sea surface temperatures (SSTs) in the North Atlantic near
the Icelandic Depression (Reykjavik) were determined using a satellite imaging system [20]
from November 2002 to December 2004 and from June 2010 to December 2014 (Table 1).
These data are highlighted in bold (Table 1) based on the peak value of the annual sum
of mean monthly sea surface temperatures in 2003, as well as the corresponding peak
values in the interval 2010-2014 in Figure 4. Fluctuations in peak values in the interval
2010-2014 are due to biennial oscillations in the interaction of the Gulf Stream with the
Northern Ocean.

Table 1. The mean monthly surface water temperatures (°C) in the region of the Icelandic Depression
(Reykjavik) according to the satellite imaging system from January 1995 to December 2019.

Jan. Feb. Mar. Apr. May  June July Aug.  Sept. Oct. Novw. Dec. (X °C)
1995 5.8 51 51 4.8 6.0 8.0 8.6 9.7 9.7 7.8 6.8 6.2 (83.6)
1996 6.0 5.8 5.5 6.0 74 9.2 10.9 11.0 10.2 8.8 7.2 6.6 (94.6)
1997 6.2 5.6 53 5.8 6.9 8.7 10.9 11.8 10.1 11.8 7.9 7.8 (95.8)
1998 7.0 6.4 57 5.8 6.9 9.8 11.0 11.0 10.2 8.9 7.7 6.9 (97.3)
1999 6.7 5.9 5.9 6.2 7.1 8.9 10.2 11.8 9.9 8.8 7.8 6.9 (96.1)
2000 6.4 5.9 5.5 5.6 6.5 8.8 11 11.9 11.3 9.2 7.6 6.9 (96.6)
2001 6.3 6.2 6.0 6.1 6.7 7.7 10.1 11.8 10.8 9.7 7.9 7.1(100.2)
2002 6.6 6.0 5.7 6.1 6.7 9.0 10.0 10.5 9.9 9.1 8.3 7.8 (95.7)
2003 7.2 6.7 6.7 6.9 7.9 10.0 11.9 12.8 11.3 9.5 8.6 7.7 (107.2)
2004 6.8 6.3 6.5 6.7 7.5 9.8 11.3 12.0 11.3 9.7 8.2 7.5 (103.6)
2005 6.6 6.3 6.0 6.7 7.3 9.0 11.0 11.9 10.1 8.3 7.5 7.1(97.8)
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Jan Feb. Mar. Apr. May June July Aug. Sept. Oct. Now. Dec. (£ °0O)
2006 6.7 6.3 6.2 59 7.4 8.7 10.7 11.7 11.0 9.5 7.6 7.0 (98.7)
2007 6.5 6.4 6.1 6.3 7.3 9.9 11.2 11.9 10.4 8.9 7.8 7.4 (100.1)
2008 6.9 6.5 6.0 6.9 7.5 9.4 11.7 12 10.2 8.4 7.7 7.2 (100.3)
2009 6.7 6.5 6.1 6.1 7.6 10 11.9 12.0 10.7 9.1 8.1 7.7 (102.5)
2010 7.0 6.7 6.7 6.6 79 10.2 12 13 12 10.4 9 7.8 (109.3)
2011 6.8 6.7 6.2 6.5 7.4 8.8 11.2 11.4 11 9.7 8.4 7.7 (101.8)
2012 6.7 6.5 6.3 6.6 7.7 10.5 13 12.9 10.7 9.0 7.7 7.4 (104)
2013 6.9 6.8 6.7 6.8 7.2 9.2 10.2 11 9.9 8.9 7.8 6.9 (98.3)
2014 6.6 6.7 6.4 6.5 8.2 10.9 11.3 11.7 10.9 9.3 8.4 7.4 (104.3)
2015 6.5 5.8 5.7 5.8 6.4 8.1 10 10.9 10.1 9.3 8 6.9 (93.5)
2016 6.4 6.1 59 6.3 7.1 9.3 11.2 12.7 11.8 9.4 8.4 7.4 (102)
2017 6.5 6.1 5.8 6.2 7.6 9.2 11.1 119 11.7 9.8 8.4 7.0 (101.3)
2018 6.5 57 5.7 6.1 7.4 8.6 9.9 10.9 9.9 8.8 7.6 7.1(94.2)
2019 6.7 5.7 5.7 6.1 7.8 9.8 11.8 11.8 10.6 9.5 8.4 7.6 (101.5)
¥, °C—an annual sum of mean monthly surface water temperatures.
Possible influence of El Nifio
or North Sea pollution effect BP oil spill
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Figure 4. The annual sum of mean monthly surface water temperatures (X °C) near the Icelandic

Depression (Reykjavik).

Water surface temperatures affect the rise of air masses and pressure fluctuations

in the Icelandic Depression, which influence the values of the North Atlantic oscillation
(NAO) indices [25,26]. Before the major oil spill in the Gulf of Mexico, the sum of mean
monthly surface water temperatures near the Icelandic Depression varied between 95.7 °C
and 107.2 °C. There are two main peaks for the sums of the mean monthly surface water
temperatures near the Icelandic Depression (Figure 4). After the Gulf of Mexico oil spill in
June 2010, the surface water temperatures near the Icelandic Depression increased. The
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temperature increment in September and October 2010 compared to the same months in
2009 was 1.3 °C (Table 1).

The normal course of the mean surface water temperatures in the area resumed only in
2015 (Table 1), which correlates with the disappearance of the oil spill in the Gulf of Mexico.
The annual sum of mean monthly surface water temperatures reached its maximum in
2010 (about 109.3° C, Table 1). Given that the surface current speed of the Gulf Stream is
about 2.5 m/s [27], the surface film from the Gulf of Mexico oil spill could have reached
the North Atlantic region in June and July 2010 [28] (Appendix A).

Table 1 and Figure 4 show that the annual sum of mean monthly surface water
temperatures was also maximal in 2003-2004. The rise in the mean monthly surface water
temperature in the Icelandic Depression began in November 2002 and peaked in August
2003 (12.8 °C), which was 2.3 °C higher than in the same month of the previous year
(Table 1).

In November 2002, the tanker Prestige sank in the Atlantic Ocean about 210 km off the
northwestern coast of Spain. It contained more than 70,000 tons of heavy fuel oil, of which
63,000 tons spilled [29]. However, the oil slick moved not north, but south to the coast
of Africa, because the accident occurred in the Gulf Stream branch directed to the south.
The course of the NAO index values in 2003 differed significantly from the corresponding
course at the end of 2010 and 2011 as a result of the accident on the BP platform in the
Gulf of Mexico (Figure 5). Thus, it is likely that in the case of the first peak of the annual
sum of mean monthly temperatures (Figure 4), there was no surface film in the Icelandic
Depression, which raises the likelihood that another effect was in play.

NAO INDEX

-4 -— T T T . T
1995 2000 2005 2010 2015 2020
Years

Figure 5. The course of the average monthly NAO index (500 mb) for 1995-2020.

However, the patterns of anomalous mean monthly ocean surface temperatures [20]
show that this phenomenon may also be associated with the influence of elevated surface
temperatures in the North Sea, which, in August 2003, increased by 2.5 °C to 3.5 °C due
to oil pollution on the sea surface (Appendix B) [28]. Since the 1960s, the North Sea has
become an intensive oil and gas production area.

The use of production water on drilling platforms to increase pressure in aging oil wells
and consequently increase oil recovery is accompanied by significant oil leaks. Production
water is trapped in underground formations and comes to the surface as a by-product of oil
and gas extraction and contains hazardous substances. In 2001, along with the operational
discharge of almost 400 million tons of production water, about 14 million tons of oil poured
into the North Sea.

The North Sea is also the zone with the most intensive ship routes serving the largest
ports in Europe. Oil products enter the sea from ships through legal and accidental
discharges. In 2003, 640 accidental spills were registered [30]. These spills contribute to the
formation of surface films that reduce evaporation and increase sea surface temperatures.
Thus, the negative NAO indices recorded in the second half of 2003 can also be explained by
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surface pollution of the North Atlantic waters with oil products, despite the anomalously
elevated water surface temperatures (Figure 5).

This additional surface film reduces the heat losses of the Gulf Stream water to the
atmosphere due to evaporation (evaporative cooling). At the same time, slightly elevated
surface temperatures increase the heat flux into the atmosphere due to the thermal con-
ductivity of the near-surface air layer. However, in terms of heat balance, changes in
evaporative cooling can be most significant during the warmer months. Reducing evapora-
tion due to additional surface film is also important for the leverage effect on the raised
near-water air layer because water molecules are lighter than nitrogen molecules. Conse-
quently, the increased temperatures of water covered with an additional surface film in the
North Atlantic in warm seasons may be followed by pressure increases at the Icelandic
Depression and, consequently, negative indices of the North Atlantic Oscillation (NAO).

The emergence of the additional surface film in the North Atlantic causes increased
foam generation in the surf zone on the seashore [12-15]. The presence of spilled oil
products in the surface film after July 2010 should indicate a change in the ratio of sulfur
isotopes in sea aerosol samples, but such studies were not carried out in 2010-2015.

3.2. The Course of the North Atlantic Oscillation (NAO) Indices

The NAO and East Atlantic Oscillation (EAO) indices determine the strength and
direction of cyclones, as well as the location of storm tracks over the North Atlantic
region [31,32]. With positive NAO and EAO indices, eastward winds prevail over the North
Atlantic, resulting in mild and humid winters in Europe and cool and rainy summers. At
the same time, this leads to colder winters in Canada due to the involvement of Arctic
air masses in atmospheric circulation. Positive NAO indices arise when there is a zone
with increased evaporation in the North Atlantic near Iceland. This is a zone with elevated
ocean surface water temperatures.

This phenomenon can arise due to both the transport of warmer water masses due to
the Gulf Stream, and the heated melt waters of Greenland. In connection with the warming
of the climate there in the summer months, glacial melting has increased [33,34]. Positive
NAO indices and westerly winds always correlate with strong polar jet currents keeping
cold polar air in the polar vortex. Disruption and weakening of the polar vortex and polar
jet stream are always associated with sudden stratospheric warming (SSW) events [35].

Negative NAO indices, on the contrary, are associated with a decrease in energy
exchange between the ocean and the atmosphere. These indices show that westerly winds
are suppressed, easterly winds prevail, and cold Arctic air can penetrate southward through
Europe. This can result in extreme and dry summers and cold and less snowy winters.
Significant negative NAO indices, which lead to cold winters in Europe, are also explained
by the simultaneous occurrence of the warm phase of the El Nifio Southern Oscillation, the
strong easterly phase of the Quasi-Biennial Oscillation, and low solar activity [36]. NAO
index variation for the period 1995-2020 [22] at an altitude of 500 mb is shown in Figure 5.

Negative NAO indices persisted throughout 2010. In the first half of 2010, these
negative values were associated with a major sudden stratospheric warming event starting
on 21 January 2010 [37]. Negative NAO indices in the second half of 2010 can be explained
by the consequences of an increase in water surface temperature in the Icelandic Depression
area due to a decrease in evaporative cooling owing to the additional surface film.

In the winter of 2010-2011, there were fewer eastward winds than expected over the
North Atlantic, and they resumed with positive NAO indices only in April 2011. The
negative NAO indices in winter 2010-2011 may have been associated with a decrease in
heat fluxes into the atmosphere due to the surface film, despite the increased temperature
gradients at the water-air interface.

Further major sudden stratospheric warming occurred in 2012 and 2013 [37], which
was also reflected in the corresponding negative NAO indices. The influence of the surface
film in warm seasons (negative NAO indices) gradually decreased until 2015. Sudden
stratospheric warming on 5 January 2013 [37] occurred at low positive NAO index values
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(Figure 5). Such a slow increase from low positive values of the NAO index to high regular
values in winter during 2013-2014 may be associated with warming in the Northern Ocean
due to the elevated temperatures of the Norwegian Stream. This warming could explain
the high negative NAO index in the summer of 2015 (Figure 5).

In the case of the oil spill from the tanker MV Prestige in the autumn of 2002, NAO
indices at 500 mb in 2003 did not show any features like those in 2010. As a rule, energy
transfer during large sudden stratospheric warming through tropopause breaks can be
recorded due to an increase in the Be-7 concentrations in the surface air [38], which is
always followed by a corresponding increase in the concentrations of other components in
stratospheric air.

3.3. Climatic Consequences in Europe and Canada

The climatic consequences of the Gulf of Mexico oil spill were estimated using data
from weather stations in Europe, North America, Greenland and Iceland. The locations of
the stations in this study are shown in Figure 6.
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Figure 6. Locations of the weather stations used in the study: 1—Natashquan/CAN, 2—
Narsarsuaq/GRL, 3—Reykjavik (Icelandic Depression), 4—Vestmannaeyjar/ISL, 5—Akurnes/ISL,
6—Trondheim/Vaernes/NOR, 7—Krangede/SWE, 8—Pello/FIN, 9—Vilnius /LT, 10—Stansted Air-
port/UK, 11—Abbeville/FRA.

The course of average annual temperatures (AAT) [23] at selected stations from 1995
to 2018 is shown in Figures 6-8.

Figure 7 shows the course of AATs at the following stations: Trondheim (Norway;
N 63.46°, E 10.93°; 1 m above sea level), Pello (Finland; N 66.8°, E 24°; 84 m above sea level),
Krangede (Sweden; N 63.15°, E 16.16°; 184 m above sea level), Stansted Airport (United
Kingdom; N 51.88°, E 0.23°, 106 m above sea level), Abbeville (France; N 50.13°, E 1.83°;
74 m above sea level), Vilnius (Lithuania; N 54.63°, E 25.28°; 162 m above sea level). In
Figure 8, data from the stations Natashquan (Canada; N 50.18°, E —61.81°; 7 m above sea
level) and Narsarsuag (Greenland; N 61.13°, E —45.41°; 34 m above sea level) are shown.

While the phases of the AAT variations in Europe and Iceland coincide, they are
opposite in Canada and Greenland. The lowest AAT values in 2010 were recorded at all
stations shown in Figure 7. In contrast, the maximum values of these temperatures were
recorded at stations in Canada and Greenland (Figure 8). Figure 9 shows the AAT data
at the Icelandic stations Vestmannaeyjar (N 63.4°, E —20.28 °; 118 m above sea level) and
Akurnes (N 64.3 °, E —15.18 °; 15 m above sea level).
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Figure 7. The course of AATs at European weather stations: Krangede (Sweden), Pello (Finland),

Abbeville (France), Trondheim (Norway), Stansted Airport (United Kingdom) and Vilnius (Lithuania)
for the period 1995-2019.
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Figure 8. The course of AATs at the stations Natashquan (Canada) and Narsarsuag (Greenland) for
the period 1995-2019.

A consistent upward trend in AAT from 1995 to 2018 is evident at stations in Iceland
(Figure 9). The stations in Iceland are located in the transition zone between regions with
different AAT phases, and this trend may indicate permanent warming of the North At-
lantic. An elevated sum of mean monthly water temperatures near the Icelandic Depression
in 2003 coincides well with the AAT rise at Icelandic stations (Figure 9). An increased mean
annual temperature in 2003 was also recorded at Narsarsuag station in Greenland. How-
ever, at Canadian (Natashquan station) and European stations, there were no noticeable
changes in the average annual temperature in 2003 (Figures 7 and 8).

According to negative NAO indices in 2010, despite the increased surface water
temperatures in the North Atlantic, climatic conditions in Europe were determined by
the prevailing winds from the Northern Ocean. Positive NAO indices in April 2011 and
autumn 2011 (prevailing westerly winds) with elevated surface water temperatures in the
North Atlantic provided increased AAT in Europe (Figure 7) and their decrease in Canada
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and Greenland (Figure 8). The data in Figures 7 and 8 also show that the climatic conditions
of Northern Europe and Greenland are most sensitive to the NAO indices.
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Figure 9. The course of AAT at the stations Akurnes and Vestmannaeyjar (Iceland) for the period
1995-2019.

The differences in AATs at the Greenland station in 2010-2011 were almost 4.5 °C and
3 °C compared to the Trondheim station in Norway. At stations located at lower latitudes,
this difference decreases. At Abbeville station (France), it is almost 1.5 °C, and at Vilnius
(Lithuania), it is approximately 1 °C. This also means that processes in northern latitudes
are a source of changes in atmospheric circulation at the abovementioned stations. Under
the conditions of the prevalence of westerly winds, the zone of the thermohaline circulation
in the Norwegian Stream could be displaced to the east, and later, the inflow of warm
waters into the Northern Ocean could cause abundant melting of the oceanic ice cover over
long distances from northern Europe along the coast of Siberia to Alaska and the Bering
Strait [20,21].

The disappearance of the Arctic ice also caused a decline in polar bear populations
because they could not hunt seals, their main source of food. Under the conditions of
prevailing easterly winds (negative NAO indices), the desalinated water, due to the melting
of the Northern Ocean’s ice cover, could also push the thermohaline circulation zone in
the Norwegian Stream westward. These facts are known as specific auto-oscillations in the
interaction between the Gulf Stream and the Northern Ocean: the more heat merges with
the waters of the Gulf Stream into the Northern Ocean, the colder and freshened waters
with debris ice flow in the opposite direction from the Northern Ocean to the northern part
of the Gulf Stream, reducing the surface water temperature of the Golf Stream.

Lowering the water temperature of the Gulf Stream reduces the processes of the ice
melting in the Northern Ocean and the outflow of ice and cold desalinated waters. Model
calculations [39] showed that a decrease in sea ice cover in summer in the Arctic is accom-
panied by a decrease in the NAO indices and subsequent cold winters in Europe. Open
water areas in the Arctic Ocean accumulate solar radiation in summer due to decreased
sea ice cover. This leads to unstable meteorological conditions in autumn due to large heat
fluxes into the atmosphere, which cause negative NAO indices following next winter.

The data on NAO indices (Figure 5) show that from the summer of 2012, the absolute
values of the negative indices until the summer of 2014 constantly decreased. This may
indicate a weakening of the warming effect in the Northern Ocean. The course of the annual
sums of the eastern mean monthly longitudes (E. £°) of the 8 °C isotherms in the period
1995-2019 is shown in Figure 10. A linear approximation of the course shows a monotonic
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spread of warm waters from the Atlantic Ocean to the east, apparently causing the presence
of open water areas in winter: 3.° (—8316.7° + 4.08° per year), (R = 0.76, p < 0.0001). In 2010,
this spread was minimal due to negative NAO indices and a short-term interval of westerly
winds, respectively.

E. 3’ of the 8°C isotherms

T T T T T T T T T T T
1995 2000 2005 2010 2015 2020
Years
Figure 10. The course of the annual sum of the eastern mean monthly longitudes (E. . °) of the 8 °C
isotherms for the period 1995-2019.

The same tendency of the annual sum of the eastern mean monthly longitudes (E. £°)
of the 4 °C isotherms is shown in Figure 10 (X° (—8323.3° + 4.42/year), R = 0.79, p < 0.0001).
The spread of the 4 °C isotherms to the east is more intensive. Thus, the proportionality
coefficient in the equation is higher (4.42) than in the case of the 8 °C isotherm (4.08).

The annual sums of the monthly mean eastern longitudes of 8 °C and 4 °C isotherms
(Figures 10 and 11) show how far the warming of the Northern Ocean waters is progressing.
In 2010, as can be seen from Figure 10, the annual sum of the monthly mean eastern longi-
tudes of the 8 °C isotherm significantly deviated to the west, down to 175° E. Apparently,
this was caused by the abundant melting of the ice cover of the Northern Ocean due to the
inflow of the Gulf Stream with its elevated surface water temperatures. Accordingly, the
abundance of meltwater led to a certain decrease in the annual sum of the monthly mean
eastern longitudes of the 4° isotherms (Figure 11). However, in subsequent years, further
eastward movement of the 8° and 4° isotherms was observed in the open waters of the
Northern Ocean (Figures 10 and 11).

According to satellite data, elevated values (up to 1.8 °C) for Northern Ocean sur-
face water temperatures along the coastal zone of Siberia were recorded in August and
September 2010 and repeated in the summer months (July—September) of 2011, 2012, 2013,
and 2014. In the summer of 2015, normal surface water temperatures (0 °C) resumed [20].
Apparently, the effect of surface water warming in the Northern Ocean was caused by in-
creased surface water temperatures in the North Atlantic in 2010-2014. Due to the gradual
decrease in and disappearance of the surface film in the North Atlantic, the warming of the
Northern Ocean stopped until the beginning of 2015.

Corresponding AATs at European stations increased and peaked in 2014 and 2015
(Figure 7). This can be seen as a temporary warming of the climate. In contrast, in Canada
and Greenland, the AAT declined from 2012 (Figure 8) to a minimum in 2015, when the ice
sheet in the Northern Ocean began to renew.
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Figure 11. The course of the annual sum of the eastern mean monthly longitudes (E. X°) of the 4 °C
isotherms for the period 1995-2019.

4. Discussion

In recent years, zones of anomalously elevated surface water temperatures have
occurred in the world’s oceans [40], although the causes of such phenomena are not well
known. Zhu et al. [41], created a hybrid model for predicting the surface temperature
of the Baltic Sea using ambient temperature data. Their simulation showed that the sea
surface temperature follows, with some delay, changes in air mass temperature. However,
this approach can only be acceptable for inland water bodies, since the temperature of air
masses is itself a consequence of energy transfer processes in the ocean—atmosphere system.

The ocean is the main accumulator of solar radiation, and further redistribution of
heat on the planet occurs via sea currents. Energy transfer to the atmosphere results from
water vapor flows and the thermal conductivity of the air layer. However, the appearance
of extreme ocean surface water temperatures may also be associated with an increase in
the ability of to absorb solar radiation due to ocean pollution, causing rapid growth of
phytoplankton and algae. This also contributes to the formation of a film of superficial
active substances. This should also be taken into account by researchers.

Although there may be several causes, possible ones may be the influence of surface
films formed by natural oil seeps in hydrocarbon-rich regions, spills from accidents on
drilling platforms and tankers, oil spills from ships and drilling production water. Surface
films reduce evaporation from the ocean surface. Other causes of increased solar radiation
absorption by the ocean surface include particulate matter contamination of the ocean
surface waters due to aerosol fallout, phytoplankton blooms [42], and increased microplastic
pollution of seawater. In this case, thermohaline circulation should lead to the appearance
of higher temperatures in the deep layers of the ocean’s exchange surface layer (~200 m).
This is easy to determine using a vertical temperature profile. In general, this means an
increase in thermal content in the ocean’s exchange layer, which also leads to increased
ocean surface temperatures in high latitudes. Although these changes in the thermal content
of the ocean exchange layer do not indicate specific variations in the NAO index, they may
indicate their predominant role in the warming of the planet’s climate. A review [43] of
modern models that estimate changes in the ocean surface temperatures and heat content
in the exchange layer does not take into account the possibility of changes in the ocean
surface layer’s capacity to absorb solar radiation due to ocean pollution. This information
can be obtained in laboratory studies and long-term measurements of vertical temperature
profiles in the ocean exchange layer by weather ships.

Since such temperature anomalies due to the surface film formation can be patchy,
areas with enhanced evaporation (without a surface film), experience significant pressure
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changes in the ascending streams of water vapor. This involves significant masses of moist
air rising, creative conditions favorable for hurricane formation. In the presence of a film
of superficial active substances on the surface of the ocean and a decrease in the flow of
water vapor, pressure changes in such ascending flows will be significantly lower than in
the case of a clean ocean surface. This leads to the appearance of negative NAO indices in
the North Atlantic.

An analysis of the average monthly temperature anomalies of the ocean surface
allows the identification of the appearance of zones with elevated surface temperatures,
as occurred in the North Atlantic near the coast of Greenland in August and September
of 2016 and 2019 (Appendix C) [28]. In connection with the warming of the climate, such
zones appear in summer with an approximate periodicity corresponding to the auto-
oscillatory process.

The abundant melting of glaciers in Greenland is accompanied by the exposure of rocks
and their subsequent heating, as well as the heating of meltwater due to the absorption of
solar radiation. The heating of rocks in Greenland in the summer, in turn, contributes to a
further increase in glacier melting. This significantly increases the rate of climate warming
and rising sea levels and leads to the desalination of the Atlantic Ocean surface waters.

The density of fresh water is much lower than that of salty ocean water, so there is a
violation of the vertical mixing processes, and desalinated water can remain on the surface
for a long time. The heating of this desalinated layer and the formation of an abnormally
elevated temperature zone on the ocean surface gradually occur. Parts of these waters,
carried by the Gulf Stream, are transferred to the banks of Scandinavia, and another part
flows with the Labrador Current, thus arriving to the eastern coast of the United States.

Elevated surface water temperatures in the North Atlantic, in the absence of the surface
films, lead to increased evaporation. This corresponds to the appearance of positive NAO
indices. Similar zones of desalinated surface water with abnormally elevated temperatures
can be observed in the Pacific Ocean, where these waters enter the Bering Strait from the
Arctic Ocean as a result of the ice cover melting.

An analysis of the patterns of anomalies in the average monthly temperatures of the
North Atlantic surface waters in 20102011 [28] (Appendix A) also shows the presence of a
freshwater layer due to the melting of the Greenland glaciers. However, in the presence
of elevated temperatures and a clean ocean surface, the freshwater layer should have
contributed to an increase in evaporation and, as a consequence, the appearance of positive
NAO indices in 2010-2011. Thus, the presence of negative NAO indices indicates that the
surface of the desalinated water layer was also covered with a surface film that reduced
evaporation. As can be seen from the data in Appendix A, the zone of abnormally high sea
surface temperatures has shifted from Iceland to Greenland since January 2011. Throughout
2011, the average monthly sea surface temperatures near Reykjavik were lower than the
corresponding temperatures in 2010. This led to a reduced value of the sum of average
monthly temperatures in 2011 (Table 1). A similar decrease in temperatures occurred
2 years later in 2013. This is probably a result of the well-known auto-oscillating process
between the Gulf Stream and the Northern Ocean, whereby fresh water from the melting
ice cover in the Northern Ocean penetrates the northern part of the Gulf Stream, reducing
the surface temperature of the Gulf Stream. The contribution of ocean pollution to global
warming requires further research.

5. Conclusions

After a major oil spill in the Gulf of Mexico in April 2010, elevated mean monthly
sea surface temperatures in the Icelandic Depression were recorded in 2010, 2012, and
2014. Despite these elevated temperatures, the NAO indices were negative, indicating
a weakening of the exchange processes between the ocean and the atmosphere due to a
decrease in vapor fluxes from the ocean surface, despite an increase in the heat content of
the Gulf Stream exchange layer. Such a decrease in evaporation, in this case, could have
occurred if a surface film of oil origin was transported here by the Gulf Stream from the Gulf
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of Mexico. Negative NAO indices indicated cooling in Europe and warming in Canada. In
2011, 2013, and 2015, mean monthly sea surface temperatures in the Icelandic Depression
decreased. This biennial periodicity was the result of auto-oscillating interactions between
the warm waters of the Gulf Stream and the Northern Ocean when fresh water, due to the
melting of its ice cover, penetrated into the Icelandic Depression. This layer of fresh water
isolated the surface of the Gulf Stream from contact with the atmosphere and disrupted
thermohaline mixing in its exchange layer. This allowed the Gulf Stream waters with a
higher heat content to enter the Northern Ocean. Thus, warming was observed in the
Northern Ocean in 2011, 2013 and 2015. Warming was also observed in Europe, as indicated
by the positive values of the NAO indices. Thus, during the period 20102015, after the
Gulf of Mexico oil spill, there was an increased thermal impact on the Northern Ocean.
The abundance of oil-producing platforms on the ocean shelf using production water and
polluting the ocean with oil products necessitates studying the impact of this pollution on
the planet’s climate. It also demands studying the impact of pollution on the heat content
of the ocean’s exchange layer and its ability to absorb solar radiation. Furthermore, it is
necessary to study the composition and origin of the surface films and sea foam, as well
as the area and thickness of freshwater layers that arise on the ocean surface during the
melting of glaciers and Northern Ocean ice cover. The impact of oil spillages on the climate
necessitates restrictions on offshore oil production, oil transportation by tankers, jet fuel
dumping, and the use of seawater in drilling (production water) operations, as well as
its discharge into the sea. Greater care must be taken to avoid spillage, and more timely
measures must be implemented to improve cleanup efforts. A permanent, open program
for monitoring and researching the surfaces of Earth’s oceans must be established.
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Figure Al. Additional information on the North Atlantic surface temperature anomalies (°C) for July

2010-December 2011 [28].
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Figure A2. Additional information on the North Atlantic surface temperature anomaly in June
2003-September 2003 due to North Sea pollution [28].
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