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Variability of the oceanographic structures of the Southern Ocean
by the FerryBox data

Abstract. During Antarctic summers in the 2018—2021 period, physical, chemical, and biological parameters of the upper layer
of seawater were continuously recorded using the FerryBox (FB) software and measuring system installed on-board the Ukraini-
an krill fishing trawler F/V More Sodruzhestva. The main hydrological fronts of the South Atlantic and the Southern Ocean
were crossed from Cape Town to the Antarctic Peninsula. About 800,000 one-minute FB measurements were used in this re-
search to determine and identify marine structures. The paper aims to estimate the spatial-temporal variability of oceanograph-
ic parameters of the surface layer of water in the Southern Ocean based on the FB data analysis. We use classical methods of
analysis of hydrological structures, graphical, comparative, and statistical types of analysis of the field data, as well as data from
the Copernicus Marine Environment Monitoring Service (CMEMS). Trawling areas were considered as hydrological landfills.
We found a decrease in the total number of front crosses: from 8.6% in the 2018—2019 season to 3.9% in the 2020—2021 season.
Analysis of the quality of information obtained from the FB showed that after adjustment the measurements allow solving vari-
ous oceanographic problems, such as identifying frontal zones and detailing their hydrological structure, determining surface
water masses and variability of their distribution limits, highlighting significant cycles in time of the measured parameters, studying
the gas component of the upper sea layer water. A comparative analysis of the results of the FB observations with the CMEMS
data showed their qualitative consistency.

Keywords: continuous observations, hydrological structure, Southern Polar Front, surface waters

1 Introduction

Over the half of the world ocean waters are in contact
with the atmosphere in the surface layer of the South-
ern Ocean; the local dynamics can have fundamental
consequences for climate change on the planet (Sal-
lée, 2018). Therefore, a comprehensive study of the
current processes in the Southern Ocean is one of the
priorities of world oceanography, when in situ moni-
toring is of particular value.
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The software and hardware complex FerryBox
(FB) was designed for quasi-continuous measure-
ments within the framework of GOOS (Global Ocean
Observing System) and Euro GOOS (https://www.
ferrybox.org/routes_data/routes/mediterranean__
sea/index.php.en). It is used to study physical, chem-
ical, and biological parameters of the upper layer of
seawater during the vessel movement. The parame-
ters include temperature, electrical conductivity, dis-
solved oxygen, pH, partial pressure of carbon dioxide
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(pCO,), turbidity, the fluorescence of chlorophyll,
and nutrients. The FB complex used in this paper was
installed on the Ukrainian krill fishing trawler F/V
More Sodruzhestva in 2018.

The FB network is a successful European project
of equipping the ferry with measuring systems to eco-
nomically and efficiently gather scientific informa-
tion on the marine environment on regular European
routes, from the Eastern Mediterranean to the Baltic.
More information on the project can be found at
http://www.ferrybox.org. As a rule, the research based
on FB measurements was carried out in the Europe
northern waters. For example, Petersen et al. (2018)
tested the operation of the FB sensors on-board two
ferries that ran daily between the ports of Cuxhaven
(Germany) and Harwich (UK) and concluded that
they yielded fairly high-quality data providing an im-
age of the spatio-temporal variability of oceano-
graphic parameters in the area.

Voynova et al. (2018) combined data from three
FBs to characterize regional water masses in the Ger-
man Bight and the North Sea and showed the de-
pendence of dissolved inorganic carbon on salinity.
Macovei et al. (2021) used the FB to study the aver-
age annual variability of pCO,. They showed that the
trend of partial pressure of carbon dioxide in the sur-
face layer of seawater in 2014—2018 in the southern
and central North Sea increased larger than in the
atmosphere, and this caused a rise in the average flow
of CO, from the sea to the atmosphere. From these
studies it is clear that the tool provides great opportu-
nities for marine environment monitoring. Ukrainian
scientists have experience in conducting continuous
observations of the ocean surface temperature (OST)
in the South Atlantic and Southern Oceans on-board
R/V Ernst Krenkel of the Ukrainian Scientific Center
of Ecology of the Sea (USCES), in 1997 and 1998
(Artamonov et al., 2000; Ukrainsky et al., 2000).

We provide measurements on-board the trawler
F/V More Sodruzhestva, which is equipped with the
FB to carry out the oceanography research during in-
dustrial fishery in the Atlantic sector of the Southern
Ocean. It was the first opportunity to use the FB to
collect data in the extreme environment of high lati-
tudes and to evaluate its performance. We present the
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Figure 1. Krill fishing trawler F/V More Sodruzhestva routes in
2018—2021 from Cape Town to Antarctic Peninsula. Trawling
areas are marked with squares

primary results of the FB measurements made in
2018—2021 and discuss the oceanographic structure
of the seawater surface layer in the Southern Ocean.

2 Materials and methods

The FB measurements were carried out with the one-
minute temporal resolution during the expeditions in
the summer seasons from November 2018 to June 2021.
The observation cycle includes 21 parameters: date,
time, measurement coordinates, speed, the direction
of the vessel, and key marine characteristics such as
temperature, conductivity/salinity (C/S), dissolved
oxygen, pCO,, pH, the water sound speed, and tech-
nical information. Daily observations represent one
set, which consists of 1440 cycles of measurements if
there are no lost data. In total, about 800.000 one-
minute FB measurements were used for analysis.

The water in the FB system was collected through
the Kingston valve using a pump, and then it went
through a reservoir receiver to the flow-measuring
instruments and analyzers. The depth of water intake
was usually within the first 5—7 m from the surface.
The vessel route is shown in Figure 1.

The work used classical methods of analysis of hy-
drological structures, graphical and statistical analy-
sis. The Copernicus Marine Environment Monitor-
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ing Service (CMEMS, https://marine.copernicus.eu/)
information was used in an additional study of the spatial
and time variability of oceanographic fields of the ocean’s
upper layer and assessment of the quality of FB’s per-
formance in polar conditions. The USCES programs
were used for the primary data processing and the Micro-
soft Excel software was used as the main data processing
tool. The oceanographic data analysis was provided using
the Golden Software Surfer v13 package.

3 Results and discussion
3.1 Stability of the FB operation

Observational data were screened before further ma-
nipulations to avoid distortions. Firstly, the complete-
ness of the dataset was checked. This operation was
performed separately for every month data, with daily
subsets being compared with the total complete set of
1440 observations. The only exceptions were made
for the incomplete arrays of the first and last days of
the trawling season.

The first expedition of 2018/19 began in Novem-
ber, and the other two, 2019/20 and 2020/21, were
started in December, i.e., at the beginning of the
Antarctic summer. Each expedition ended at the be-
ginning of winter in June. The rate of missed mea-
surements for every month is shown in Table 1.

The FB measurements failure rate decreased from
8.6% in the season 2018/2019 to 3.9% in 2020/2021,

Table 1. Monthly number of the missed FB measurements (%)

Month 2018—2019 2019-2020 2020-2021
(%) (%) (%)
November 11.50 — —
December 17.70 14.60 4.70
January 5.40 2.30 2.60
February 11.20 0.35 2.10
March 0.50 13.50 6.60
April 5.70 0.38 4.10
May 3.70 8.20 1.30
June 13.20 6.30 5.70
Total 8.60 6.50 3.90
Antarctic zone
(values in bold) 7.40 4.90 3.40

due to the improved technical skill of the staff. The
starting months significantly contribute to the total
number of missed records. As a rule, the gaps formed
two or three days “clusters”. For example, in the first
three days of December 2019, the number of omis-
sions was 28%. Note, that in the Antarctic zone, the
data gaps were significantly fewer than in the transat-
lantic crossings, presumably because of the lesser speed
of the vessel. The usual speed was of 2 knots during
trawling, and up to 12 knots in transatlantic crossing.
The next type of data failure is outliers, i.e., the
unrealistic values for a given place and time based on
the climatic characteristics. They are easily detected
visually on graphs or with simple data control soft-
ware. Analysis of the FB data shows that outliers are
usually associated with pauses and re-starts in the FB
operation, which is less than 0.1% of the total mea-
surements. The FB output is reasonably stable and
reliable for each parameter. The screened data can be
used to study a range of oceanographic parameters.

3.2 Analysis of the FB data

One of the most important tasks of oceanography is
the study of the variability of frontal zones (Arta-
monov et al., 2009; Chapman, 2017). As an example
of the application of FB measurements, we chose the
Southern Polar Front (SPF) transect when F/V More
Sodruzhestva was coming back from Antarctica to
Cape Town in 2020. Figure 2 shows a graph of the
temperature and water salinity distribution in the
meridional transect on June 3, 2020, which was di-
rected perpendicular to the SPF line.

The path length shown in Figure 2 is 140 miles, and
the segment between the vertical dotted lines, denot-
ed as the SPF, is 18 miles. North of the SPF the tem-
perature of the upper layer of water leaps from 2.1 °C
to 4.7 °C, with salinity in the range from 33.76 psu to
33.88 psu. If we extend the concept of the front to the
frontal zone, the temperature of the polar frontal
zone varies from 1.5 °C to 5.0 °C, and salinity from
33.73 psu to 33.95 psu.

The histogram in Figure 3 shows the differences in
temperature between adjacent one-minute measure-
ments at the SPF intersection.
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Figure 2. Distribution of temperature and salinity of water in the meridional transect at the crossing of the SPF on June 3, 2020.
The arrow indicates the sailing direction of the vessel
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Figure 3. Differences in adjacent minute-by-minute temperature measurements in the meridional transect of the SPF on June
3, 2020. The arrow indicates the sailing direction of the vessel
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Figure 4. Distribution of temperature and the pCO, parameter at the crossing of the SPF on June 3, 2020: (a) one-minute values,
(b) averaged over 60 observations; green dashed line — the hyperbolic regression

Here we demonstrate the possibility to use the FB
for detection fine details of marine structures. In Fig-
ure 3, the frontal zone consists of two “waves” — two
zones of high gradients. They are separated by a nar-
row zone, where the temperature no longer rises but
decreases during ten minutes of the vessel movement.

It is interesting, for example, to compare the aver-
age temperature gradient over the entire transect of
the route shown in Figure 2 with the average gradient
in the frontal zone, and with the temperature maxi-
mum at 55.7 °S in Figure 3. The average vessel speed
over the entire transect was of 9.4 knots. The corre-
sponding distance between the measurements was of
290 m. Therefore, the image in Figure 3 can be inter-
preted as an image of the spatial temperature gradi-
ents in units of 1 °C per 290 m. For comparison, all
gradients must be reduced to the same unit of mea-
surement in °C - m~1, The statistics of the comparison
are presented in Table 2.

The average water temperature gradient in the 18-
mile front zone is 5.6 times greater than the average

Table 2. Comparison of the average water temperature
gradients (a) for the whole transect, (b) for the SPF,
and (¢) maximum for the SPF

Subject | Latitude,°s | Distance. | ypoc | Gradient T,
miles C'm

a 54.49—-56.80 141 4.25 1.63E—05

b 55.44—-55.74 18 3.03 9.10E—-05

c 55.695—55.698 0.16 0.067 | 22.94E—05
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in the 140-mile transect in the center of the zone location
(Table 2). The maximum of the gradient in the frontal
zone is 14 times larger than the 18-mile average.

In addition to temperature and salinity, the other
parameters changes in the same transect were con-
sidered. For example, the distribution of pCO, is
shown in Figure 4a, b.

In Figure 4a, the set of one-minute measurements
for 13 hours during the passage of this transect ap-
pears as a chaotic cloud of points. However, the hy-
perbolic regression (green dashed line in Fig. 4a) ex-
hibits the trend, which indicates the progressively less
amount of the dissolved carbon dioxide in the north-
ern warmer waters. This pattern becomes quite obvious
in Figure 4b, where the graph of the averaged over hourly
intervals pCO, is shown. As expected, the negative cor-
relation of pCO, values and temperature is observed
with correlation coefficient r = —0.95 (Fig. 4b).

The experience suggests that according to the FB
data, it is possible to reliably identify frontal areas,
determine the values of parameters at their bound-
aries, and detail their spatial-temporal variability (Ko-
morin et al., 2019).

Trawling areas consist of numerous tacks and can be
considered as hydrological landfills. The FB GPS data
allows tracing the vessel movement precisely. Figure 5a
shows the monthly movements of the vessel during the
measurements in the Bransfield Strait in 2021.

The surface waters of the Bransfield Strait are
formed by mixing local shelf waters, warmer and more
freshened waters of the South Branch of the Antarc-
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tic Circumpolar Current, and cold and saline surface
waters of the Weddell Sea, leading to the formation of
so-called mixed waters of the Bransfield Strait, which
play a dominant role in the formation of the hydro-
logical environment and have a positive impact on
the biological and industrial productivity, nurturing
their own population of krill Fuphausia superba
(Zhuk, 2011/2012; Zhuk & Korzun, 2016).

To analyse the spatiotemporal variability of the hy-
drophysical parameters, we used a well-developed
apparatus of the TS-analysis (Mamaey, 1970). A TS
diagram (Fig. 5b) built on all observations in the
Bransfield Strait in the fall of 2021 gives a clear idea
of the monthly distribution of the TS indices of sur-
face waters in the field of the conditional density. The
diagram clearly shows how the temperature decreases
from one autumn month to the next. This conclusion
is reached by comparing Figure 5a with Figure 5b,
where the T and S indices of different months are
very different in temperature and practically do not
overlap. In March measurements, the scatter of blue
points on the TS diagram in temperature and salinity
can be explained by the duration of survey of 15 days
only, both north and south of the South Shetland Is-
lands. Further comparison of the two figures presents
a significant concentration of points in the area of

high salinity and the fact that such points exist for all
four months. These facts agree with the hypothesis of
the constant presence of waters of high salinity (above
34 psu) from the Weddell Sea. As for the waters of low
salinity (below 33.85 psu), they wash the South Shet-
land Islands. The lowest salinity, 33.7 psu, is observed
in the bay on the northeast coast of Greenwich Is-
land, which lies east of Livingston Island (Fig. 5a).

These conclusions were confirmed by monthly
analyses of the temperature and salinity in the upper
layer of seawater (Fig. 6b, Fig. 7b). For comparison we
use the maps of these parameters at a depth of 5 meters
obtained from the CMEMS website (Fig. 6a, Fig. 7a).
The combination of the CMEMS and the FB datasets
unites the broad scope of the former with the fine de-
tailing of the latter and raises the value of them both.

In mid-March (the first month of autumn), the
surface temperature everywhere in the Bransfield
Strait varied from 0 to 1 °C, and on the eastern edge
of the Antarctic Peninsula, there was an invasion of
the Weddell Sea with water temperatures below zero.
This invasion intensified sharply; the relatively cold
waters occupied most of the strait. By mid-May, the
water temperature in the strait had decreased every-
where due to local cooling and advection from the
southeast by 0.4+0.5 °C (Fig. 6a, b).
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The temperature distribution suggests the most in-
tense thermal fronts were located in the SW Brans-
field Strait at the farthest intrusions of the Weddell
Sea. In this part of the strait, the trawler was fishing in
March and April 2021.

CMEMS salinity data put a somewhat different
spin on the waters’ thermal dynamics in the fall. In
March, and to a lesser extent in April, there was in-
deed an intense invasion of high-salt waters (up to
34.35 psu) from the northern periphery of the Weddell
Sea. In mid-May, the intensification of the inflow from
the Weddell Sea declined sharply, and the average sa-
linity of the waters in the strait was equalized within a
small range of 34.0—34.1 psu. Distributions of salinity

52

in April—May show an increase along the slope fronts
in the SW part of the Bransfield Strait (Fig. 7a, b).
The spectral analysis is shown by the example of
processing data obtained near the South Orkney Is-
lands (Fig. 9). A continuous series of water temper-
ature values from March 2 to 6, 2021 (120 hours
total) was analyzed. Trawling took place in a rather
limited area, which, in our opinion, reduced the in-
fluence of horizontal inhomogeneity of the temper-
ature field. We use hourly average data to exclude
the influence of small-scale and impulse processes.
The temperature varied within 0.48—0.84 °C. Anal-
ysis of the graph in Figure 8 shows a linear trend in
the initial series, the removal of which will allow a
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more accurate assessment of the periodic tempera-
ture changes.

A statistical filter was used to remove the linear
trend, which allows for estimating the standard error
of the slope of the trend line. Thus, the trend was con-
sidered statistically significant if the modulus of incli-
nation exceeded 3o (at 5% significance level) of the
root mean square error. The modulus estimate of the
time series trend was 0.00147 with its root mean square
error 0.00015, indicating the linear trend’s statistical
significance in the original time series of seawater tem-
perature. The graph of the transformed time series is
shown in Figure 8b. After removing the linear trend,
the Fourier transform was used to estimate periodic
changes in seawater temperature using a smoothing
Tukey-Hamming window (Privalsky, 1985). The graph
of the spectral density of seawater temperature is shown
in Figure 9a. For details, part of the data with a re-
duced frequency scale is shown in Figure 9b.

Analysis of the graphs shows that the spectral den-
sity maximum is observed at 0.041 hour~! frequency
that corresponds to a 24-hour periodicity. It indicates
the presence of a daily variation of the temperature in
the surface layer.

From the above examples, it is obvious that the ad-
justed series of the FB observations provide great oppor-
tunities for studying the spatial-temporal variability of
oceanographic structures of the surface layer of seawater.

4 Conclusions

Analysis of the information obtained by the FerryBox
complex during the Antarctic seasons 2018—2021
showed the reliability of the FB data to study various
oceanographic parameters. The data allow identify-
ing frontal areas and their hydrological structure, de-
termining surface water masses and their variability,
identifying significant temporal features of the mea-
sured parameters, studying the gas component, the ocean
surface temperature. When the vessel was crossing the
Southern Polar Front, the length of the frontal tran-
sect was 18 miles, the temperature of the upper water
layer rose from 2.1 °C to 4.7 °C, and salinity was in
the range of 33.76—33.88 psu. The front zone con-
sisted of two “waves” of high-temperature gradients.

The maximum gradient along the line of the vessel
motion exceeded the temperature gradients of the non-
frontal area in 14 times. Trawling tackles in the Bran-
sfield Strait ran along the coastline of the Antarctic
Peninsula parallel to the thermal fronts. In transition
from March to June, the water temperature dropped
to negative values. The average seasonal decrease in
the OST was 1.0—1.5 °C. The significant presence of
daily variations in the high-frequency water tempera-
ture fluctuation was observed. Outliers in the data
usually occurred when the measurements were inter-
rupted which has happened in less than 0.1% of the
total number of measurements. The comparison of the
Copernicus Marine Environment Monitoring Servi-
ce data with the results of the FB observations showed
qualitative consistency.
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MinmmBicTh okeanorpadiuaux cTpyktyp y IliBnenHomy okeani 3a 1aHMMHU aBTOMAaTH30BaHOT0 Komiuiekcy «Ferry Box»

Pedepar. Yriponosxk antapkruuHoro Jjita 'y 2018—2021 pokax npoBoauiacs 6esrepepBHa peectpallist hisuuHUX, XiMiyHUX i 6io-
JIOTIYHUX MTapaMeTPiB BEPXHBOTO 111apy MOPCHKOi BOJIU 32 TOTIOMOTOIO ITPOrpaMHO-BUMiproBajibHOTO Komruiekey «Ferry Box» (FB),
BCTaHOBJICHOTO Ha OOPTY YKpaiHChKOTO puOHO-KpHJIeBOro cynepTpayiepa «Mope CompyskecTBax. 3a el Iepiof Ha IIJISIXY TIPSIMY-
BaHHS 3 opty KelinTayH 10 paifoHy OCHOBHUMX pOOIT CyTHO HEOIHOPA30BO MEePETUHATIO OCHOBHI riaposoriuHi dponTu IiBmeHHOT
Arnantuku 1a [TiBieHHOro oOKeaHy. Y Xo/i HayKOBO-IOC/IiIHMX POOIT, CIPIMOBAHKUX HA BUSIBJIEHHS Ta ileHTU(DIKaLIil0 OKeaHIYHIX
CTPYKTYP, OyJ10 BUKOHAHO 0J113bKO 800 THCSY IIOXBUIMHHUX BUMipiB FB. MeTta ctaTri — olLiiHKa IpocTOpOBO-4acOBOI MiHJIMBOC-
Ti oKeaHorpadiYHUX MapaMeTpiB MOBEPXHEBOTO 1Iapy Boau y [liBneHHOMY okeaHi Ha 6a3i aHani3y naHux FB. Y crarTi Bukopucra-
Hi KJIACUYHi METO/IU aHAJTi3y TiIPOJIOTIYHUX CTPYKTYP, rpadiuyHUi, MOPiBHSIbHUI i CTATUCTUYHUIA BUIW aHAJTi3y HATYPHUX JAHUX,
a TakoxX paHux Ciy»k6m MOHITOpUHTY MOpchKoro cepenopuiiia KonepHikyc (CMMCK). Paitonu TpaieHHsI pO3TJISIAINCS SIK Til-
poJIOTiuHi MoJiiroHu. B pe3ynbrati mpoBeaeHUX AOCTiIKEHb BU3HAUYEHO, 1110 Bill CE30HY /10 Ce30HY B poboTi FB criocrepiraeTbest
3HMKEHHsI 3arajibHOI KUIbKOCTI IIPOITYCKiB Y BiICOTKOBOMY BinHoleHHi, 3 8.6% B ce3oH 2018—2019 pp. mo 3.9 % B 2020—2021 pp.
AHani3 sikocTi iHpopmalltii, orpumanoi FB, moka3zas, 1110 ITic/1s1 KOpUTyBaHHsI iX MOXKHA BIIEBHEHO BUKOPUCTOBYBATH JUTsI BUPIILIEH-
H$1 pi3HOMaHITHUX OKeaHorpadiyHUX 3aBIaHb, HAMPUKIIAL, ieHTUdIKyBaTH (PPOHTATBHI 30HU i AeTaNi3yBaTH IXHIO TiIPOJIOTiUHY
CTPYKTYPY, BUBHAUaTH MOBEPXHEBi BOJHI MAaCH, MiHJIMBICTb MEX 1X ITOIIUPEHHS, BUIUISITU 3HAUYILI LIMKJIX B YaCOBOMY XOJ1i BUMi-
PIOBaHUX MapaMeTpiB, JOCTILKYBATH ra30BY CKJIAI0BY BEPXHBOTO 111apy MOPCHKOI BOIM Ta iHIi. [TopiBHSIbHMI aHai3 pe3y/bTaTiB
croctepexxedb FB 3 nanumMu CMMCK mokazas ix sSIKiCHY y3roIKeHiCTb.

KiiouoBi ciioBa: 6e3nepepBHi CIOCTEPEeXXEHHS, TiIPOJIOriYHa CTPYKTYpa, MiBAEHHUI NOJsIpHUit (DPOHT, TOBEPXHEBi BOAU
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