ISSN 2413-5577, Ecological Safety of Coastal and Shelf Zones of Sea, 2025, No. 2, pp. 6-18.

Original paper

Frontal Zones as Boundaries of Areas
with Different Range of Sea Surface Temperature
Seasonal Variability in the North Atlantic

I. G. Shokurova*, N. V. Nikolsky, E. D. Chernyshova

Marine Hydrophysical Institute of RAS, Sevastopol, Russian Federation
* e-mail: igshokurova@mail.ru

Abstract

The paper analyses the position of the oceanic temperature frontal zones in comparison
with the spatial distribution of the amplitude of the seasonal variability of water tempera-
ture and gradients of amplitude in the North Atlantic. The paper also considers the change
in the amplitude of the water temperature seasonal variability along meridional surface
transects through the Gulf Stream front, Subtropical and Arctic Fronts. The authors use data
on the potential water temperature at 0.5 m depth of the ORAS5 ocean reanalysis (1958-
2021). The position of frontal zones is determined based on the calculation of horizontal
water temperature gradients. The amplitude of the water temperature seasonal variability
is calculated as half of the difference between the maximum and minimum temperature
in the mean annual cycle. It is noted that high values of the amplitude of water temperature
seasonal variations are observed in the mid-latitudes, decreasing in the northern and south-
ern directions. In the equatorial zone, Tropical Atlantic and Arctic, the range of water tem-
perature seasonal variability is minimal. The extended areas with a sharp change in the am-
plitude of the water temperature seasonal variations were found to coincide with the posi-
tion of temperature frontal zones. The correlation coefficient between the spatial distribu-
tion of temperature gradients and gradients of its seasonal variation amplitude was 0.93.
The Gulf Stream front bordering the waters of the Labrador Current separates the regions
with the largest difference in the water temperature seasonal variability. The difference
in the amplitude of the water temperature seasonal variations in the areas located on both
sides of the Gulf Stream, Subtropical and Arctic fronts was mainly due to the winter tem-
perature difference. The obtained results show that the frontal zones in the ocean separate
regions not only with different thermohaline characteristics, but also with different ampli-
tudes of the seasonal variability of surface water temperature.
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AHHOTAIUA

AHanu3upyercsi TOJIOKESHUE CPEJHEMHOTOJIETHUX OKEAaHHMYECKHX TeMIIepaTypHbIX (poH-
TaJbHBIX 30H B CPAaBHEHUU C IPOCTPAHCTBEHHBIM PACHPEIECICHUEM aMILIUTYABlI CE30HHOU
U3MEHYUBOCTH TEMIIEpaTyphl BOIBI M TPAaJUEHTOB aMIUIUTYAbl B CeBepHOI ATIaHTHKE.
PaccmaTpuBaeTcs nM3MEHEHHE aMIUIUTYIBl CE30HHOIO XOJa TEeMIepaTypbl BOIbI BIOJb
MEpHUANOHAJIBHBIX MOBEPXHOCTHBIX pa3pe3oB uepe3 ¢poHT [ombdcerpuma, CyOrpormde-
CKMI M ApKTUueckuid (poHTHI. McHonp3yroTcsi aHHbIE O TOTEHIMAIBHON TeMIiepaType
BOzbI Ha riyoune 0.5 M okeannueckoro peanammza ORASS (1958-2021 rr.). INomoxerne
(pOHTAJIBHBIX 30H ONpPEIENIeTcsl Ha OCHOBE PacueTa IOPH30HTAIbHBIX I'PaIEeHTOB TeMIIe-
paTypbl BOJbl. AMIUIUTYJa CE30HHON M3MEHUYUBOCTH TEMIIEPATYPhl BOJbI BBIYHUCIIACTCS KakK
TIOJIOBHHA Pa3HMIBI MEX/y MaKCUMaJIbHON U MUHMMAJIbHON TeMIlepaTypol B KIMMaTHUe-
CKOM ToZioBoM Xxofe. OTMeuaercs, YTO BBICOKME 3HAUCHUS aMIUIUTYIBI CE30HHOI'O XOa
TeMIepaTypbl BOABI HAOIIOAAIOTCSA B CPEIHHX IIMPOTAX, YMEHBIIASACh B CEBEPHOM H IOXK-
HOM HaIlpaBJIeHUSIX. B skBaTopuaibHOM 30HE, B Tpommueckoit ATinaHTHKE M B APKTHKE
JMana3oH CE30HHONH M3MEHYMBOCTH TEMIIEpaTyphl BOAbl MHUHUMaNbHbIA. IlomydeHo, uTo
NPOTSDKEHHBIE 00J1aCTH, Ha KOTOPBIX MPOUCXOAUT PE3KOEe U3MEHEHHE aMILUTUTY bl CE30HHO-
ro XoJa TeMIIepaTypbl BOJIbI, COBIALAIOT C IOJOKEHHUEM TEMIIePaTypHBIX (HPOHTAIBHBIX
30H. KoagduuueHT koppensiym Meay IpOCTPAaHCTBEHHBIM PACIIPEEICHIEM I'PaAUCHTOB
TIOBEPXHOCTHOM TeMITepaTyphl BOJBI M TPAJUEHTOB aMILUTUTYIbl €€ CE30HHOTO XOJa PaBEeH
0.93. ®ponr 'onpderpuma, rpanuyammii ¢ Bogamu Jlabpamopckoro TedeHus, pa3iemnser
o0jacTy ¢ HaOONBIICH pasHUICH B CE30HHON M3MEHYHMBOCTU TEMIIEpPaTyphl BOJbI. Pa3nu-
Yre aMIUIUTYZA CE30HHOTO XOJa TEMIIEPaTyphl BOABI B O0JIACTSAX, PACIOIIOKECHHBIX C ABYX
ctopoH ¢ponTa ['omederpuma, CyoTponmdeckoro 1 ApKTHIECKOro (pOHTOB, B OCHOBHOM
00ycnoBiIMBaeTcs 3UMHEN pasHMIEH TemmepaTypbl. IlomyueHHBIE pe3ynbTaThl MOKa3bIBa-
0T, YTO (PPOHTAIBHBIC 30HBI B OKEAHE PA3JEIAIOT 00JIACTH HE TOIBKO C Pa3HBIMH TEPMOXa-
JINHHBIMU XapaKTEPUCTUKAMHU, HO U C Pa3HOM aMIUIUTYIOM CE30HHOM HM3MEHUYUBOCTHU
TTOBEPXHOCTHON TEMMEPATYPhI BOJIBI.

KnroueBble ciioBa: TemrepaTypa BOAbI, ()POHTAIBHBIE 30HBI, aMIUTUTYAa TOJOBOIO XO/a
TEMIIepaTyphl BOJBI, TPAAUEHT TEMIEPATYpPhI, CE30HHAs M3MEHYNBOCTh, CeBepHas ATiaH-
THKa

BaarogapuocTu: paboTa BBIMONTHEHa B paMKax TEMBI TOCYAAPCTBEHHOT'O 3aJaHUS
OI'BYH ®ULl MI'T FNNN-2024-0014 «®yHmamMeHTaNnbHBIE HCCIEIOBAaHUS IPOIECCOB
B3aNMOJICHCTBHS B CUCTEME OKeaH-aTMocdepa, GopMUpPYIOINX N3MEHIHBOCTD (hH3NIECKO-
TO COCTOSTHHSI MOPCKOM CpeJIbl Ha Pa3IMIHBIX MPOCTPAHCTBEHHO-BPEMEHHBIX MACIITa0axy.
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Introduction

Extended areas of high temperature and salinity gradients at the ocean surface
indicate the presence of ocean fronts, i. e. boundaries of water masses with differ-
ent thermohaline characteristics [1]. The areas within which the front position
changes on daily, seasonal and interannual time scales are defined as frontal zones.
The study of processes in frontal zones is connected with many branches of ocean-
ological science such as physical, biological, climate, etc. Fronts play an important
role in the processes of vertical mixing in the ocean and eddy formation [1, 2],
atmosphere and ocean interaction [3]. Marine frontal zones are areas of high
bioproductivity. They are important for both fisheries and nature conservation,
which determines the applied importance of their study [4-8]. Long-term changes
in the characteristics of frontal zones can be used to monitor and predict climatic
changes in the ocean [9].

Presently, the study of fronts is the most intensive research domain, with in-
vestigations being conducted in various scientific disciplines and on different spa-
tial and temporal scales. This is due to the emergence of multi-year series of satel-
lite data and reanalyses on a regular grid with high spatial resolution. In our study,
we address general issues related to ocean fronts, such as the position of large-scale
temperature frontal zones, gradient values, and consider the distinctive properties
of areas separated by frontal zones in the North Atlantic.

Large-scale fronts of various types are present in this region. They include
fronts at the boundaries of the Gulf Stream, North Atlantic, Labrador, East Green-
land and Norwegian currents carrying water with characteristics different from
those of the surrounding waters; fronts in the areas of equatorial and coastal
upwelling near West Africa. The subtropical front is that characterised by the in-
teraction of colder waters transported from the north by Ekman transport and in-
fluenced by westerly winds, and warmer waters transported from the south by
trade winds. The Arctic Front, located in the Atlantic sector of the Arctic, serves
to delineate the boundary between the Atlantic and Arctic waters. The polar front
of the ice zone boundary, otherwise known as the East Greenland Polar Front,
and estuarine saline fronts, such as the Amazon River outflow front, are also of
significance [2].

The position of the temperature fronts in the North Atlantic, as determined by
calculations of surface temperature gradients, is outlined in [2, 10-13]. In the At-
lantic sector of the Arctic, temperature fronts have been the focus in [14-16] and
numerous other works. The highest recorded horizontal gradients of surface tem-
perature are observed in the frontal zone of the Gulf Stream. A significant seasonal
variability of temperature gradients is also noted here [13]. It has been observed
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that the area under discussion also exhibits the highest amplitude of seasonal varia-
bility in surface water temperature [17, 18]. The question of interest is whether the
spatial variation in the amplitude of the seasonal cycle is related to the position of
frontal zones. Temperature fronts along large-scale currents are present throughout
the year, and the difference in the characteristics of the annual temperature varia-
tions in the surrounding waters is not obvious.

The aim of this work is to compare the spatial distribution of the amplitude
of the seasonal temperature cycle with the position of frontal zones, and to analyse
the change in amplitude at the crossing of frontal zones in the North Atlantic.

Research data and methods

Monthly averaged data from the ocean reanalysis ORAS5 on potential temper-
ature 0 (°C) at 0.5 m depth with a spatial resolution of about 0.25° (decreasing to
9 km in polar regions) for 1958-2021 were used in the work [19].

To determine the position of frontal zones, the absolute values of potential

o0 00\ . .
e a—y) (°C/100 km) were calculated:

o0\* 106\’
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Gradient vector components were calculated using the central difference
scheme. When calculating gradients, the latitude of the place was taken into account.

The amplitude of water temperature seasonal variability (AMP) was calculated
as half of the difference between the maximum and minimum temperature values
in the long-term mean annual variations for each grid node. In order to analyse
changes in amplitude by space quantitatively, its horizontal gradients were calcu-
lated. Areas with high values of gradients were defined as boundaries between are-
as with different amplitudes of seasonal variability.

The spatial variability of the amplitude of the annual variations of water tem-
perature and temperature gradients was considered on the examples of meridional
surface transects crossing the frontal zones of the Subtropical Front, the Gulf
Stream Front and the Arctic Front.

temperature horizontal gradients VO = (

[VOI=

Results

Temperature gradients in large-scale temperature fronts in the North
Atlantic. Large-scale temperature fronts are located in areas with extreme changes
in water temperature (Fig. 1, a) which is manifested in high values of horizontal
gradients (Fig. 1, b). According to long-term mean data, the highest temperature
gradients exceeding 1°C/100 km are observed in the frontal zones of large-scale
currents, e.g., the current systems of the Gulf Stream, the North Atlantic and
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Fig. 1. Long-term mean potential temperature 6 at a depth of 0.5 m (a), its
gradients (b), amplitude of the seasonal variations AMP (c) and its gradients (d).
Notations: GSF — Gulf Stream Front, LF — Labrador Current Front, EGF —
East-Greenland Current Front, AF — Arctic Front, PF — Polar Front, STF — Sub-
tropical Front

the Norwegian currents, transporting warm water from more southern latitudes to
northern ones, and northern — the East Greenland, West Greenland and Labrador —
currents which carry cold water from the Arctic Ocean to the Atlantic Ocean.
Fronts along these currents are present throughout the year. The maximum values
of gradients are observed in the Gulf Stream front [13]. Here, the average annual
gradient values range from 4 to 10°C/100 km (Fig. 1, b).
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In the areas of coastal upwelling along the African coast and equatorial
upwelling in the eastern part of the equator, the mean annual gradients in the frontal
zones are about 1°C/100 km. In the subtropical front, the gradients do not exceed
1°C/100 km. In the Atlantic sector of the Arctic, in the Polar Front mainly mani-
fested in summer during the period of ice melting, the mean annual gradient values
are 1-2°C/100 km and in the Arctic Front (Jan Mayen — Mohns Ridge), they are
2-2.5°C/100 km. It should be taken into account that the real values may be higher
than those obtained from the reanalysis data, which are rather smooth.

Amplitude of water temperature seasonal variability. The spatial distribu-
tion of the amplitude of seasonal variations in surface water temperature exhibits
distinct zonality (Fig. 1, ¢). High values of the amplitude of the seasonal tempera-
ture variations are observed in the middle latitudes, decreasing in the northern and
southern directions. The amplitude of the annual temperature variations is minimal
in the equatorial zone, Tropical Atlantic and Arctic.

At the same time, the zonal direction shows pronounced features in the ampli-
tude distribution. The region with the highest amplitude of seasonal temperature
changes exceeding 3°C is located in the western part of the ocean between 25° and
55° N, narrowing to the east to 30°-50° N (Fig. 1, ¢). The largest amplitude reach-
ing 10°C is located in the area of the Labrador Current branch spreading southward
along the coast of Canada and the USA and bordering the Gulf Stream.

An extensive area with an amplitude of seasonal temperature variability
exceeding 3°C is located in the Atlantic sector of the Arctic. The Polar and Arctic
fronts are adjacent to this area. A high range of seasonal temperature variations is
also observed off the coast of Africa in the area of the Canary upwelling and
the equatorial upwelling. The results obtained correspond to the data given in [18].

Spatial gradients of the amplitude of water temperature seasonal varia-
bility. In order to determine the position of the areas of sharp changes in the ampli-
tude of the annual variation of water temperature more precisely, the amplitude
gradients were calculated (Fig. 1, d). The delineation of areas exhibiting divergent
ranges of seasonal variability is facilitated by elevated gradient values. A compari-
son of the position of the gradients of the seasonal variability amplitude with
the distribution of temperature gradients demonstrates that the areas with a sharp
change in the amplitude of seasonal variability correspond to the position of large-
scale temperature fronts. The spatial correlation was found to be 0.93.

Thus, frontal zones are located in places with a sharp transition from the area
with a high range of seasonal temperature variability to the area with a low range.
The obtained result can be defined as a property of frontal zones — they are
the boundaries of areas with different ranges of seasonal variability.
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The highest values of the gradients of the seasonal variation amplitude are ob-
served in the areas of frontal zones of narrow western currents, including the Gulf
Stream, the Labrador Current and the coastal branches of the West Greenland and
East Greenland Currents (Fig. 1, d). In the subtropical and tropical zones, the am-
plitude gradients are minimal, as are the amplitude values themselves (Fig. 1, c, d).

Changes in the amplitude of the annual variations of water temperature
along transects through the frontal zone of the Gulf Stream, Subtropical and
Arctic fronts. As examples, let us consider changes in the amplitude of seasonal
water temperature variability and temperature gradients on meridional tran-
sects through the subtropical frontal zone at 55° W, the Gulf Stream frontal
zone at 61° W, and the Arctic front at 0° W (Fig. 2, a — ¢). Temperature values
pre-averaged along the transect within +0.5° of the selected longitude were
used for the amplitude calculations.

Subtropical Front. The Subtropical Front (STF) or Subtropical Convergence
Zone (STCz) crosses the subtropical gyre in a broad band, shifting northwards in the
eastern part of the ocean (Fig. 1, b). The front occurs at the boundary between colder
waters transported from the north by Ekman transport under the influence of
westerly winds and warmer waters transported from the south under the influ-
ence of trade winds [11].

Temperature gradients in the front in the transect area are low and do not ex-
ceed 0.5°C/100 km on average (Fig. 1, a). From winter to spring, gradients in-
crease reaching a maximum in spring (Fig. 2, d). In summer, as a result of water
warming, the front weakens, narrows and the zone of increased gradients shifts
northwards (Fig. 2, d, g) [11, 13].

Across the front (along the meridional transect at 55° W), the amplitude of
the seasonal variations of surface water temperature changes insignificantly. North
of the front, the amplitude at point A (36°N) is 4.2°C, and south of the front, at
point B (22°N), it is 1.8°C (Fig. 3, a, d). Between points A and B, the change in
amplitude is small, about 0.2°C per 1° latitude.

Gulf Stream Front. The Gulf Stream Front (GSF) has the highest horizontal
temperature gradients in the North Atlantic due to high temperature difference
between the warm waters of the Gulf Stream and the cold waters of the Labrador
Current (Figs. 1, a, b; 2, b). In the region of the meridional transect at 61° W,
the temperature gradients in the front increase in winter (January — March) up to
6°C/100 km and decrease in summer (July — August) (Fig. 2, €) up to 3°C/100 km
due to summer warming (Fig. 2, h).

The amplitude of seasonal temperature variability along the transect decreases
southwards. At point A (44° N), located in the cold waters of the Labrador Current,
itis 8.0°C, and at point B (38.5° N) south of the front, the amplitude is 4.3°C (Fig. 3,
b, €). The change of the amplitude relative to the distance between the points is
0.7°C per 1° latitude.

Arctic Front. The Arctic Front (AF) is located between the deep-water
basins of the Norwegian and Greenland Seas (see Fig. 1, b), in the area of
the Jan Mayen, Mohns Ridge, Knipovich Ridge submarine ridges [15, 16, 20].
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Fig. 2. Position of surface meridional transects through the frontal zones of
the Subtropical Front (a), Gulf Stream (b), Arctic Front (c), seasonal variations of
horizontal gradients of water temperature (d — f) and temperature (g — i) along
the transects. Roman numerals denote months

This front is often divided into separate elements — frontal zones: the Jan Mayen
zone, the zones of Mohns Ridge, Greenland and Norwegian Seas [14]. The front
separates the warmer salty Atlantic waters of the Norwegian Atlantic Front Current
(one of the branches of the continuation of the North Atlantic Current) and colder,
fresher waters of the East Greenland Current mixed with the return Atlantic waters
carried by the West Spitsbergen Current [15, 21].
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Fig. 3. Amplitude of seasonal variability (green curves) and gradient (red curves)
of water temperature (a — c), annual variations of water temperature at points A
and B on the cold (dark blue curves) and warm (light blue curves) sides of the front
(d —f) along meridional transects through the frontal zones of the Subtropical Front
(a, d), Gulf Stream (b, €), and Arctic Front (c, f). The figures indicate the ampli-
tude at points A and B (see Fig. 2)

Water temperature gradients in the frontal zone in the area of the 0° W meridi-
onal transect increase to 3°C/100 km in winter and decrease to 1.5-2°C/100 km
by summer (see Fig. 2, f). The minimum value is reached in August with a maxi-
mum water temperature of 6°C (see Fig. 2, i).

When crossing this front, the amplitude of the annual variations of water tem-
perature decreases from 3.2°C at point A located on the cold side of the front
(74° N) to 2.7°C at point B (69° N) south of the front (Fig. 3, c, f). The change
in amplitude with respect to the distance between A and B is about 0.1°C per 1°
latitude.

The northern boundary of the front (73° N) is characterized by a local maxi-
mum of the seasonal temperature variations and the southern side — by a local
minimum (Fig. 3, ). In winter, water temperatures decrease on the northern side of
the front, while the warm Atlantic waters continue to arrive on the southern side of
the front, resulting in a strengthening of the front (see Fig. 2, f). In summer,
the water warms up and the front weakens. The higher difference in water tem-
perature between the cold and warm sides of the front in winter is accompanied
by a difference in the magnitude of the seasonal temperature variations.
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The analysed examples demonstrate that the most significant alterations in the
amplitude of the seasonal variability of water temperature are observed in the
frontal zone of the Gulf Stream at the boundary between warm water originating
from low latitudes and cold water arriving with the Labrador Current from the Arc-
tic. The highest water temperature gradients are also observed here (see Fig. 2). The
Subtropical and Arctic fronts separate waters with a smaller difference in seasonal
temperature variations compared to the Gulf Stream Front (Figs. 2, 3).

The greatest difference between water temperature on the cold and warm sides
of the front is achieved in winter when the temperature on the cold side of the front
decreases more than on the warm side, which, in turn, is accompanied by an in-
crease in gradients. In summer, due to seasonal warming, the difference between
the water temperature on both sides of the front decreases and contributes less to
the difference in the seasonal variations. In addition, summer warming is accompa-
nied by a decrease of gradients in the frontal zones. Thus, the cases under consider-
ation show that the difference in the amplitude of the seasonal variations on both
sides of the front is mainly related to the winter temperature difference between
the cold and warm sides of the front.

Discussion

It is known that the formation of ocean fronts is the result of complex interac-
tion of various physical and dynamic processes, such as wind forcing leading to
currents, vertical rise and fall of water, spatial and temporal variability of heat
fluxes on the ocean surface, ice melting, river runoff and ocean mixing processes
[1, 2, 22]. Different regions have their own predominant processes leading to the
emergence of temperature and salinity fronts.

Seasonal variability of these factors can lead to strengthening, weakening
or complete disappearance of fronts. Summer heating weakens all temperature
fronts, including those along the stationary large-scale currents. Weakening of
westerly winds and trade winds in summer leads to weakening of the Subtropical
Front, its narrowing and shift to the north.

These factors and their variability, heat reserve in the mixed layer [22] and
proximity of coasts influence the temperature conditions on each side of the front.
Thus, high seasonal range of water temperature on the cold side of the Gulf Stream
Front corresponds to high seasonal range of air temperature along the coast of No-
va Scotia [18]. It should be taken into account that the nearby continental regions
have continental climate with low temperatures in winter and high temperatures
in summer [23]. Moving away from temperate latitudes to the north and south,
the amplitude of the seasonal variations decreases [17, 18]. Furthermore, the differ-
ence between the amplitude on both sides of the front decreases, as can be ob-
served in the Arctic and Subtropical fronts.

Another aspect of the considered issue is the relative isolation of the areas sepa-
rated by frontal zones. Thus, it is noted in [1] that frontal partitions are elements
of the complex three-dimensional structure of ocean waters associated with local
closure of individual elements of the general circulation. The difference not only
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in temperature values but also in its seasonal variations emphasizes the isolation of
the areas on the cold and warm sides of the front.

An important manifestation of the isolation of the areas on both sides of the front
are different hydrological and hydrochemical conditions of marine organisms, spe-
cies composition and different indicators of water productivity [24-27]. An increase
in the amplitude of the seasonal variations generally indicates lower winter temper-
atures on the cold side of the ocean front (Fig. 3, d — f), which can be accompanied
by the predominance of cold-water marine species in this area [28].

Conclusion

Based on the ORASS ocean reanalysis data on the temperature at 0.5 m depth,
the spatial position of temperature fronts and the distribution of the amplitude of
the annual variations of surface water temperature were compared. It was obtained
that the mean annual temperature fronts, which by definition are bands with high
gradients of sea water temperature, were also the boundaries of areas with different
ranges of seasonal variability of water temperature. The division of the ocean into
areas with different amplitudes of seasonal variations can be characterised as one
of the properties of frontal zones. The difference in the ranges of seasonal tempera-
ture variability emphasizes the local closure of the areas in the ocean separated
by frontal zones.

The largest difference between the amplitudes of the seasonal variability of
surface water temperature is noted in the areas located on both sides of the Gulf
Stream frontal zone. In the subpolar, subtropical and tropical zones, the fronts sep-
arate areas with a smaller difference in the amplitudes of the annual temperature
variations.

The difference in the amplitudes of the seasonal variations of water tempera-
ture on both sides of the Gulf Stream, Subtropical and Arctic fronts is mainly stipu-
lated by the difference in temperature values on the cold and warm sides of the front
in winter. At this time, the difference between the water temperature on the north-
ern cold and southern warm sides of the front increases. In summer, due to seasonal
warming, the difference between the water temperature values on both sides of
the front decreases and contributes less to the magnitude of the annual variations.

The results obtained can be taken into account in climate studies, in marine bio-
logy, in the analysis of meteorological conditions in different regions of the ocean.
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