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Abstract

Purpose. The paper is aimed at comparative analysis of the decadal horizontal gradients of
thermohaline fields in the Barents Sea during the summer periods in 1993-2022 derived from
the reanalysis and satellite measurements with the aim to select the most suitable data array for studying
the surface manifestations of frontal zones.

Methods and Results. The fields of decadal and background thermohaline gradients on the Barents Sea
surface were calculated for the summer periods in 1993-2022 based on the monthly mean temperature
data from GHRSST OSTIA, MODIS/Aqua, and VIIRS/Suomi NPP, as well as on the monthly mean
temperature and salinity data from CMEMS GLORYS12V1 and MERCATOR PSY4QV3R1.
The quantitative estimates of temperature and salinity gradients were obtained for certain decades using
different data arrays, and acomparative analysis of these estimates was performed along with
a description of the physical and geographical characteristics of frontal zones. Maximum thermohaline
gradients on the surface were observed in July. Based on the data from all the sources, the background
horizontal thermal gradient has been increasing over three decades. During a summer period, the Polar
Frontal Zone was identified on the surface of the Barents Sea in all the data arrays, whereas the Coastal
and Arctic Frontal Zones were observed in the salinity field based on the CMEMS GLORYS12V1 and
MERCATOR PSY4QV3R1 data.

Conclusions. The difference between the calculated estimates of horizontal temperature gradient can
exceed 0.01°C/km that is comparable to the magnitude of the average climate gradient in the Barents
Sea. The thermal gradient values obtained from the CMEMS GLORYS12V1 and MERCATOR
PSY4QV3R1 reanalysis data are the closest to this estimate. This fact makes it possible to classify these
data arrays as the most preferable ones for the analysis of the surface manifestations of frontal zones in
the Barents Sea.
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Introduction
Frontal zones in theseas and oceans represent acomplex geophysical
phenomenon that affects the formation of small eddy structures and internal waves
as well as the variability of biogeochemical cycles [1-3]. Baing formed at
the boundary of areas where waters with different hydrological characteristics
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interact, frontal zones are distinguished by their complex internal structure and
dynamics.

One of the most significant problems associated with frontal zones in the World
Ocean is the methodology of their determination. According to the work *, frontal
zone is aregion of sharpened spatial gradients of thermodynamic characteristics
compared to the average uniform distribution between steadily existing extrema, and
the main frontal section (front) inside the frontal zone is the surface inside it which
coincides with the maximum gradient surface of the characteristic.

There is alarge variety of works [4-8] studying the spatial variability and
features of frontal zones based on in situ data, satellite measurements or reanalysis
using various methods and approaches. Taken together, most of these studies are
united by a single criterion for determining the frontal zone for the World Ocean * —
atenfold excess of the gradient of hydrophysical parameters over the background
(mean value of the gradient over space). At the same time, compared to other parts
of the World Ocean, the Arctic seas represent a relatively inert system for most
period of the year which leads to a much smaller value of primarily horizontal
hydrophysical gradients and complicates the process of identifying frontal zones.
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F i g. 1. Composite scheme of large-scale frontal zones in the Barents Sea based on [4-10]:
1 - Svalbard; 2 — Bear Island; 3 — Scandinavian Peninsula; 4 — Kanin Nos; 5 — Pechora Sea; 6 — Kara
Gate; 7 — Novaya Zemlya; 8 — Franz Josef Land. CFZ — Coastal Frontal Zone; PFZ — Polar Frontal
Zone; AFZ - Arctic Frontal Zone

! Fedorov, K.N., 1983. The Physical Nature and Structure of Oceanic Fronts. New York:
Springer, 333 p.
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The Barents Sea (Fig. 1) belongs to the Arctic Ocean basin and is characterized
by acomplex system of surface and subsurface frontal zones combined into
the largest Coastal, Polar and Arctic Frontal Zones [5, 9-11]. These frontal zones are
an important part of the Barents Sea hydrological regime affecting its thermohaline
characteristics, ice conditions and distribution of nutrients [4, 8]. According to
the general concept accepted by a large number of researchers (see work 2 and [7,
8]), it is sufficient for the hydrophysical feature gradient to exceed its background
value twice to determine the frontal zone on the Barents Sea surface. A number of
works [5, 7-8] give estimates of the value of the Barents Sea background gradient
on the basis of which the criterion for recording the position and features of frontal
zones is then determined. Such estimates can vary within 0.005-0.01 °C/km for
temperature and 0.005 PSU/km for salinity. However, hydrological features of
the sea (negative water temperature, ice cover) and climate changes [12-14] affect
thermohaline fields which ultimately affects the value of the background horizontal
gradient and leads to the need to refine its assessments.

Determining the background horizontal gradient of the Barents Sea therefore
currently remains an urgent problem which solution would help to improve
the quality of assessment of the frontal zones variability in this region. Thus,
the main purpose of this work is a comparative analysis of horizontal gradients of
thermohaline fields in the Barents Sea calculated over decades from 1993 to 2022
for summer periods using satellite and model (reanalysis, forecast and assimilation)
data.

Data and methods

To calculate the gradients, various reanalysis and satellite measurement data on
the temperature and salinity of the Barents Sea were used with a spatial step of
latitude and longitude from 4 to 25 km for June—August periods over three decades
from 1993 to 2022. Fig. 2 shows clearly the difference in the grid scales that are
included in each of the data arrays used.

Thermal characteristics were analyzed using L3 processing level monthly mean
sea surface temperature (SST) data (http://oceancolor.gsfc.nasa.gov) obtained from
visible and infrared surveys with a spatial resolution of 0.05° by MODIS (Moderate
Resolution Imaging Spectroradiometer) satellite spectroradiometer installed on
board Aqua satellite for warm periods of 2003-2022 and VIIRS (Visible Infrared
Imaging Radiometer Suite) radiometer on board Suomi NPP for 2013-2022 [15].

GHRSST OSTIA product (The Group for High Resolution Sea Surface
Temperature Operational Sea Surface Temperature and Sea Ice Analysis) contains
data fields averaged using optimal interpolation on a global grid with a resolution of
0.054° in latitude and longitude [16]. GHRSST OSTIA is based on satellite SST data
from high-resolution sensors (AVHRR, AMSR-E and AATSR) and data from buoys.
The daily OSTIA data for June-August 2013-2022 previously averaged to
a monthly interval were used for the calculations.

2 Ozhigin, V.K., lvshin, V.A., Trofimov, A.G., Karsakov, A.L. and Antsiferov, M.Yu., 2016. The
Barents Sea Water: Structure, Circulation, Variability. Murmansk: PINRO, 260 p. (in Russian).
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75.5° N[ A The Global Ocean Physics
Reanalysis®  product  (CMEMS
GLORYS12v1) contains monthly and
daily average hydrophysical fields with
global coverage at aresolution of
0.083¢ in longitude and latitude for 50
horizons. The model component of
GLORYS12v1 is the ECMWF
C (European Center for Medium-Range
7°N Weather ~ Forecasts) ERA-Interim
reanalysis system which uses a Kalman
filter to assimilate [17] data on
temperature, salinity, currents, sea level
and ice surface. To calculate horizontal
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A product based on a predictive model was also used. Global Ocean 1/12°
Physics Analysis and Forecast updated Daily * (MERCATOR PSY4QV3R1) is
a CMEMS GLORYS12v1l continuation. It provides simulation of mean daily
hydrophysical fields for the entire World Ocean with a resolution of 0.083°.
MERCATOR PSY4QV3R1 contains daily data on sea level, salinity, temperature,
mixed layer depth and ice extent. MERCATOR PSY4QV3RL1 contains the NEMO
numerical model [18] with 50 unevenly spaced horizons for most hydrophysical
characteristics. Monthly average data on surface water temperature and salinity for
the periods from June to August 2021-2022 were used within the study.

The quality of the satellite data used depends both on the type of sounding
systems and on the state of the surface waters of the considered water area. The error
of the satellite data used in the work (VIIRS/Suomi NPP and MODIS/Aqua) on SST
does not exceed 0.15°C, while the reanalysis data error (GHRSST OSTIA, CMEMS
GLORYS12v1 and MERCATOR PSY4QV3R1) is 0.1 °C. The reanalysis data error
(CMEMS GLORYS12v1 and MERCATOR PSY4QV3R1) on surface salinity is on
average less than 0.1 PSU.

Surface decadal gradient fields were calculated identically for all data arrays.
The first stage included monthly averaging of temperature and salinity fields for each
decade. The second stage consisted of calculating horizontal gradients of
temperature and salinity according to a method repeatedly tested for the Barents Sea
[8, 19]. At the third stage, the module of the ten-year horizontal gradient was
determined. First, the step along the parallel and meridian in kilometers was

3 Global Ocean Physics Analysis and Forecast. E.U. Copernicus Marine Service Information
(CMEMS). Marine Data Store (MDS). doi:10.48670/moi-00016

4 Global Ocean Physics Reanalysis. E.U. Copernicus Marine Service Information (CMEMS).
Marine Data Store (MDS). doi:10.48670/moi-00021
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calculated, then the zonal and meridional components of the gradient were
calculated for each grid node. The final ten-year module of the horizontal gradient
was calculated as the sum square root of the squares of zonal and meridional
components.

Research results

Temperature gradients from MODIS/Aqua and VIIRS/Suomi NPP data.

Fig. 3 shows maps of the surface distribution of horizontal temperature
gradients based on satellite data for July 1993-2022.

According to MODIS/Aqua data, in June the maximum thermal gradient
reaching 0.03-0.04 °C/km is observed in the central and western Barents Sea near
the Svalbard and Bear Island. In the first decade (2003-2012), in June, the main
frontal section of the Polar Frontal Zone can be observed throughout the central
Barents Sea, while from 2013 to 2022 — only in the western part of the sea in
the region of 15°-35°E. At the same time, in the southern part of the sea, the values
of thermal horizontal gradients are not large and average 0.01-0.015 °C/km, and
the front in the Coastal Frontal Zone is not traced. From 2013 to 2022, more
pronounced surface gradients are observed in the north of the sea. Its values on
average reach 0.02-0.03 °C/km, which correlates with the ten-year position of
the Arctic Frontal Zone [11]. Two decades of June showed the temperature gradient
of 0.03-0.04 °C/km in the Pechora Sea. The maximum temperature gradient is
observed in July. In both decades (see Fig. 3, a, b), maximum values of 0.03-
0.05 °C/km are recorded around Bear Island and in the Pechora Sea. In August,
thermal gradient decrease is observed over the first and second decades. Thus, this
is reflected in the Polar Frontal Zone with its main frontal section appearing to
the south of Bear Island and further in the central Barents Sea in 2003-2012, while
in 2013-2022 in the area 20°-45°E its position is difficult to track. In addition, in
August 2003-2012 near the Scandinavian Peninsula coast a strip of large thermal
gradient values (> 0.03 °C/km) is observed, which correlates with the Coastal Front
position, and in the Pechora Sea individual areas with athermal gradient not
exceeding 0.05 °C/km are registered. A comparative analysis by decade shows that
the maximum surface temperature gradients are recorded in July 2003-2012
according to MODIS/Aqua data. The mean value of the horizontal thermal
temperature gradient in the Barents Sea has decreased by 0.01 °C/km over the past
two decades.

Analysis of VIIRS/Suomi NPP satellite products for 2013-2022 showed
the correlation of thermal gradient value according to data from this database with
its values from MODIS/Aqua array. Fig. 3, ¢ gives a map for July as an example.
Thus, the Polar Frontal Zone appears also in the area of Bear Island only, where
the SST gradient value from June to August varies within 0.04-0.05 °C/km, and in
the Pechora Sea its value of 0.03-0.04 °C/km for the warm season is comparable to
the SST gradient value according to MODIS/Aqua data. At the same time, separate
high-gradient areas that can be attributed to the Arctic Frontal Zone are observed
near the Novaya Zemlya and the Franz Josef Land. Position of the Coastal Frontal
Zone for 2013-2022 is not traceable according to SST data.
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F i g. 3. Distribution of decadal horizontal temperature gradients in the Barents Sea in July based on
the satellite data: a — MODIS/Aqua, 2003-2012; b — MODIS/Aqua, 2013-2022; ¢ — VIIRS/Suomi NPP,
2013-2022; d - GHRSST OSTIA, 2013-2022

Temperature gradients according to GHRSST OSTIA data. According to
GHRSST OSTIA data, the maximum value of the temperature gradient in summer
in the Barents Sea does not exceed 0.03 °C/km. Such gradients are most often
observed in June and July (see Fig. 3, d); in August their magnitude decreases. High-
gradient areas can be observed in the Polar Frontal Zone and the Pechora Sea.
According to GHRSST OSTIA data, the position of the main front of the Polar
Frontal Zone is more pronounced than according to satellite data, especially near
the Svalbard and Bear Island. In addition, the Arctic Frontal Zone is traced in

PHYSICAL OCEANOGRAPHY VOL.31 ISS.1 (2024) 51



the northern Barents Sea, where the gradient can reach 0.025 °C/km. In the southern
part of the sea, the gradient value does not exceed 0.01 °C/km. It is worth noting that
according to OSTIA data, in July the Coastal Front can be traced with a gradient not
exceeding 0.02 °C/km. In general, the surface gradient values from GHRSST
OSTIA reanalysis data are lower by 0.02 °C/km than those from MODIS/Aqua and
VIIRS/Suomi NPP satellite data.

Temperature and salinity gradients from CMEMS GLORYS12vl and
MERCATOR PSY4QV3R1 data. Fig. 4 shows maps of the surface distribution of
horizontal temperature gradients according to reanalysis data for July 1993-2022.
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Fig. 4. Distribution of decadal horizontal temperature gradients in the Barents Sea in July based on
the reanalysis data: a — CMEMS GLORYS12v1, 1993-2002; b - CMEMS GLORYS12v1, 2003-2012;
¢ - CMEMS GLORYS12v1 and MERCATOR PSY4QV3R1, 2013-2022

According to CMEMS GLORYS12vl and MERCATOR PSY4QV3R1
reanalysis data, in all the months high-gradient zones (> 0.07 °C/km) corresponding
to the quasi-stationary western part of the Polar Frontal Zone are observed.

A comparison of SST gradient fields in June over three decades showed that
the areas of maximum gradients almost coincided. The eastern part of the Polar
Frontal Zone is less pronounced in the first decade (smaller gradients) than in
the other two. June 2003-2012 is characterized by high gradient values near
the Franz Josef Land. In July, in each decade (see Fig. 4), maximum Polar Frontal
Zone gradients (> 0.07 °C/km) are also clearly visible. The western part of
the frontal zone is clearly expressed in July 2013-2022, while the values of
the gradients in its eastern part do not change significantly. Unlike June, in July high-
gradient (>0.07 °C/km) areas are observed already near the Kara Gate and in
the Pechora Sea, where maximum gradients are also observed in the third decade. In
August, for all three decades, the maximum values of surface temperature gradients
(> 0.07 °C/km) are observed in the western and eastern parts of the Polar Frontal
Zone. The areas near the northern part of the Novaya Zemlya, the Svalbard and
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the Franz Josef Land are worth noting individually as there the thermal gradient
magnitude has increased significantly compared to other months.
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F i g. 5. Distribution of decadal horizontal salinity gradients in the Barents Sea based on the CMEMS
GLORYS12v1 and MERCATOR PSY4QV3R1 data: in June (a, b, c), in July (d, e, f), in August (g, h, i),
1993-2002 (a, d, g), 2003-2012 (b, e, h), 2013-2022 (c, f, i)

Analysis of summer SST data for three decades showed that in the field of
temperature gradients the Polar Frontal Zone and the frontal zone in the Pechora Sea
were best identified, and maxima (up to 0.15 °C/km) were most often observed in
the third decade. It is also worth noting that the Coastal Frontal Zone on the surface
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for 1993-2022 could not be identified according to CMEMS GLORYS12v1 and
MERCATOR PSY4QV3R1 data.

Fig. 5 shows maps of the horizontal distribution of the salinity gradient
according to CMEMS GLORYS12vl and MERCATOR PSY4QV3R1 reanalysis
data. There is no significant variability in the characteristics over all three months
under study. In June, small high-gradient areas (> 0.03 PSU/km) are observed in
the western part of the Polar and Coastal Frontal Zones, near the shores of
the Svalbard and the Franz Josef Land. Maximum haline gradients (> 0.07 PSU/km)
are recorded in the Pechora Sea. In July 2003-2012, gradients are minimal
(> 0.02 PSU/km) in contrast to other decades, especially in the western part of
the Polar Frontal Zone and in the Kanin Nos region. The gradient values in
the Pechora Sea and in the region of the Coastal Frontal Zone are close. In August,
the trends of July continue — in the second decade, the western region of the Polar
Frontal Zone is less pronounced than in the first and third ones; maxima are observed
in the Pechora Sea and in the region of the Coastal Frontal Zone.

Comparative analysis of thermohaline gradients in the Barents Sea.
The table below presents gquantitative estimates of the spatially mean temperature
and salinity gradient variability in the summer seasons for three decades under
consideration.

Horizontal gradient of temperature and salinity in the Barents Sea

in 1993-2022
1993-2002 2003-2012 2013-2022
Data source
June July August June July August | June July August
VS, PSU/km
CMEMS
GLORYS12v1
— 0.008 0.010 0.009 0.008 0.009 0.009 0.007  0.009 0.008
MERCATOR
PSY4QV3R1
VT, °C/km
CMEMS
GLORYS12v1
—  0.013 0.014 0.013 0.014 0.014 0.013 0.014 0014 0.014
MERCATOR
PSY4QV3R1
MODIS/Aqua - - - 0.005 0.005 0.004 0.006  0.005 0.004
VIIRS/Suomi
NPP - - - - - - 0.006  0.006 0,005
GHRSST
OSTIA - - - - - - 0.002  0.003 0.003
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The obtained estimates show that the data source affects the magnitude of
the area-averaged decadal surface gradient significantly. According to CMEMS
GLORYS12vl and MERCATOR PSY4QV3R1 data, the maximum values of
the background thermal gradient (> 0.014 °C/km) are observed in the first decade in
July, and the minimum values are observed in the third decade in June (0.003 °C/km)
according to GHRSST OSTIA. The temperature gradient value according to satellite
measurements is on average 0.005 °C/km lower than according to the reanalysis
results. The difference among the estimates of the background gradient based on
the data used in this paper can be more than 0.01 °C/km which is comparable to
the value of the mean climate gradient in the Barents Sea®. At the same time,
the smallest difference was recorded between the background decadal gradients
calculated using CMEMS GLORYS12v1 and MERCATOR PSY4QV3R1 data, and
the climatic temperature gradient from work *, which permits to classify these arrays
of satellite measurements as the most preferred data source for analyzing the surface
manifestations of the Barents Sea frontal zones on climatic time scales. According
to CMEMS GLORYS12vl and MERCATOR PSY4QV3R1 data, the maximum
values of salinity gradients are recorded in the first decade in July (0.1 PSU/km), and
the minimum ones — in the third decade in July (< 0.08 PSU/km).

The interdecadal variability analysis of the data from all sources showed a slight
increase of the background horizontal thermal gradient over three decades. This
situation results from the changes in the Atlantic water transport volume which can
be associated with a record warm period observed in the Barents Sea in the last
decade [20]. The thermal gradient increase in the Barents Sea is monitored in July
as aresult of surface currents weakening and pycnocline formation leading to
significant instability in the surface layer [21]. August is characterized by
atemperature gradient decrease associated with a decrease in the number of
heterogeneity areas as a result of an increase in temperature to a seasonal maximum
and stable stratification in the Barents Sea.

The magnitude of surface salinity gradients has significantly decreased over
the past three decades, with a maximum recorded in July. Such interdecadal
variability can appear from the reduction of ice cover in the Barents Sea [22, 23]
which affects the intensity of interaction between the ocean and the atmosphere and,
ultimately, the magnitude of the surface horizontal gradient of not only salinity, but
also temperature. It is important to note that the significant difference in the values
of thermohaline gradients obtained from different arrays data could be influenced by
hydrometeorological (cloudiness, wind) and ice processes which were not taken into
account in the present study.

Conclusion
Based on aset of reanalysis data and satellite measurements, a comparative
analysis of horizontal decadal gradients of thermohaline fields in the Barents Sea
was carried out for the summer period of 1993-2022. Analysis of surface gradients
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showed a high degree of variability in space and time, both within the warm season
and between decades.

In all summer months and in all data sets, the position of the large-scale Polar
Frontal Zone is observed on the surface. According to CMEMS GLORYS12v1 and
MERCATOR PSY4QV3R1 data, it is possible to determine the position of
the Coastal and Arctic Frontal Zones in July and August. It has been established that
according to data from all presented arrays the maximum background gradients on
the Barents Sea surface are recorded in July (0.014 °C/km and 0.01 PSU/km), and in
August the magnitude of the gradients decreases. It is shown that increased Atlantic
water transport and decreased ice cover in the Barents Sea can be the main factors in
increasing the background thermal gradient and decreasing the salinity gradient.

The difference between the calculated estimates of background horizontal
temperature gradients can reach more than 0.01 °C/km, which is comparable to
the value of the mean climatic temperature gradient in the Barents Sea. The thermal
gradient value is closest to this value according to data from CMEMS GLORYS12v1
and MERCATOR PSY4QV3R1 data which could potentially be the most preferable
tool for determining and analyzing long-term variability of the surface
manifestations of frontal zones in the Barents Sea.

Thus, the choice of data source from various reanalysis arrays or satellite
measurements for calculations can have a significant impact on the resulting value
of the horizontal gradient of temperature and salinity which should be taken into
consideration when obtaining the final estimate of the background gradient.
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