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Abstract: Time frequency analysis was applied to one-year long time
series of acoustic Doppler Current Profiler (ADCP) ancillary data
collected in Terra Nova Bay polynya (Ross Sea, Antarctica) to investigate
the seasonal evolution of zooplankton migration in the area. An upward-
looking 150 kHz narrow-band ADCP was operating in Terra Nova Bay
(74°55.11" S; 164°20.4'" E) at a sea depth of 600 m, from 5 February 2000
to 16 January 2001 and sampled the upper 160 m of the water column.
Spectral analysis was performed on the mean backscatter strength time
series by using a 240h-wide window moving at 1 day step. Assuming that
the 24 hour period peak is associated with zooplankton diel vertical
migration, the amplitude of the power spectral energy on this band was
extracted from each spectrum and the time series of amplitudes analyzed.
Results evidence four "migratory blooms", the first one occurring at the
end of August and the others about every three weeks; the last one was at
the end of October. Despite migrations are strongly reduced during the
central summer period, from December to January, a clear signal is
observed later, from late March until the beginning of the polar night.
At the mooring latitude the last sunset occurs on 1 May and the polar
night lasts until 13 August. The early occurrence of the first episode
indicates that in the polynya, where the sun light penetration into the
water is not prevented by the sea ice, the timing of the productivity is
anticipated. Good relation was found between daily migration and solar
cycles, but no clear evidence with the moon phase was revealed. Relevant
differences in the migration patterns were observed between the upper and
the lower layers. This method of analysis has proved to be simple but
efficient to extract precious information to support long-term ecosystem
dynamics and productivity studies even from non-dedicated low-resolution
acoustic measurements such as those provided by the ADCP.
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Abstract

Time frequency analysis was applied to one-yeag kime series of acoustic Doppler Current Profiler
(ADCP) ancillary data collected in Terra Nova Bajymya (Ross Sea, Antarctica) to investigate the
seasonal evolution of zooplankton migration in #rea. An upward-looking 150 kHz narrow-band
ADCP was operating in Terra Nova Bay (74°55.11'164°20.4' E) at a sea depth of 600 m, from 5
February 2000 to 16 January 2001 and sampled ther 180 m of the water column. Spectral analysis
was performed on the mean backscatter strengthsames by using a 240h-wide window moving at 1
day step. Assuming that the 24 hour period peaks®ciated with zooplankton diel vertical migration
the amplitude of the power spectral energy onlihisd was extracted from each spectrum and the time
series of amplitudes analyzed. Results evidence“foigratory blooms”, the first one occurring aeth
end of August and the others about every three syegbk last one was at the end of October. Despite
migrations are strongly reduced during the cersumhmer period, from December to January, a clear
signal is observed later, from late March until beginning of the polar night. At the mooring latle

the last sunset occurs on 1 May and the polar nagt$ until 13 August. The early occurrence of the
first episode indicates that in the polynya, whére sun light penetration into the water is not
prevented by the sea ice, the timing of the pradiigts anticipated. Good relation was found betwe
daily migration and solar cycles, but no clear emck with the moon phase was revealed. Relevant

differences in the migration patterns were observetiveen the upper and the lower layers. This
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method of analysis has proved to be simple butiefft to extract precious information to support
long-term ecosystem dynamics and productivity gsideven from non-dedicated low-resolution

acoustic measurements such as those provided HADIOE.
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1. Introduction

Terra Nova Bay is located in the western side ef Ross Sea, bounded South by the Drygalski Ice
Tongue and it is characterized by the presenca@twarent, latent heat polynya, having a meandize
about 6000 kr(Kurtz and Bromwich, 1985; Van Woert, 1999) andsjzting also during winter. This
area is of particular interest for climatic studees dense water formed during winter, the so-called
High Salinity Shelf Water (HSSW), contributes te thntarctic Bottom Water (ABW) which is part of
the large-scale thermohaline circulation (Assmamh Bmmermann, 2005; Jacobs, 2004; Jacobs et al.,
1985). Moreover, it hosts an important nursery aoéathe Antarctic silverfish Rleuragramma
antarcticum) (Vacchi et al., 2012), a colony of Adélie Pengu{Bygoscelis adeliae) in Adélie Cove
and the large Emperor Penguidstenodytes forsteri) reserve at Cape Washington (Kooyman et al.,
1990). Due to its high ecological value, Terra Blév an Antarctic Special Protected Area (Antarctic
Treaty Secretariat, 2003). For all these reasdres,atea has been object of scientific investigation
since the beginning of the Italian Antarctic Pragrand was selected as location for the Antarctic

scientific base Mario Zucchelli Station (www.pnth.i

Polynyas are also peculiar areas for the polar mealife: being almost free from ice than the
surrounding, at the end of polar night, the sokadiation immediately penetrates into the sea and
produces an early warming and irradiance which lesato anticipate the seasonal phytoplankton
production (Tremblay and Smith, 2007). The highmany productivity sustains a food-rich area for
the higher trophic level (Karnowsky et al., 2007)g attracting life up to the marine mammals, which

also take advantage of these openings for breathing

Since the zooplankton can be regarded as the trdptki between the primary production and the
higher trophic levels, its knowledge is of relevanportance for many investigations. Nevertheless,
there is still a lack of knowledge about zooplankttynamic in the Southern Ocean, as the sea-ice

coverage does not allow the in-situ sampling fresearch vessels during most of the year. In the Ros



Sea and in Terra Nova Bay, several experimentaliegsuwere carried out during the short austral
summers (Azzali and Kalinowski, 2000; Carli et 2000;Pane et al., 2004) and trophic models have
been developed (Pinkerton et al., 2010; Tagliamege Axrigo, 2003,) but few long-term observations

are available for the whole year. An important mfation about the zooplankton abundance during the
annual cycle has been inferred from the analysidaetal pellets collected by sediment traps

(Accornero et al., 2003).

Acoustic measurements are often employed for theote observation of the oceans and dedicated
instrumentation working on a wide range of frequesicis now available for the detection of
zooplankton of different sizeBfierly et al., 2006; Brisefio-Avena et al., 2015; Lemoalgt2012). An
additional resource of acoustic data consists eproglucts from the Acoustic Doppler Currents
Profiler (ADCP). Despite devised for 3D current s@@ments, ADCP also provides ancillary data, in
particular the echo intensity profile, which is dagent on the presence of biomass, sediment and
bubbles in the water column. The analysis of theega is widely used to support different scientific
investigations (Gostiaux and van Haren, 2010), aste detection of zooplankton migration (Flagg
and Smith, 1989; van Haren, 2007), suspended satirf@ourdin et al., 2014, Russo and Boss, 2012),
sea surface conditions (Hyatt et al., 2008; vareHa2001). Their use proved to be of great advantag
for long term investigation in the polar areas, mehdirect sampling as well as satellite measuresnent

is hampered by the presence of sea-ice.

During 2000/2001, in the framework of the Italiaroffam of Antarctic Research (PNRA, 2001),

ADCP measurements were carried out in Terra Nowa tBainvestigate the upper layer dynamics

(Cappelletti et al., 2010). The long-term measur@mef echo intensity data collected by the 150 kHz
ADCP were recovered and analyzed in order to peoview insight on zooplankton dynamic in the

region. The use of acoustic measurements for tkiads of studies is generally limited to a quaiitat

or “visual” analysis. Methods based on time frequyeanalysis aiming at identifying the zooplankton

migration patterns, their occurrence and their aealscycle are here applied to approach the time

series processing in a more objective and automatyc

2. Materials and methods

2.1 Experimental set up

An oceanographic mooring (D2) equipped with an upaoking 150 kHz narrow-band ADCP was



operating in Terra Nova Bay (74°55.11’ S; 164°2@&E}at a sea depth of 600 m, from 5 February 2000
to 16 January 2001 (Figure 1). The ADCP was located depth of 178 m and sampled the water
column up to the surface. Samples were collecter i6 m-depth bins over a 1 h period at 60 pings
per ensemble to reduce the standard deviationatf easurement. The first bin mid depth was 160

m.
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Figure 1. Map of the study area. Black dot and sgjaarrespond to the position of the D2 mooring and
the Antarctic Weather Station ENEIDE, respectivEgtellite image taken on 29 September 262a
ATSR-2 (Along Track Scanning Radiometer) providgdRutherford Appleton Laboratorghows the

Drygalski Ice Tongue and evidences the polynya.area

Two Aanderaa RCM7 eulerian current meters were afsdhe same mooring at 89 m and 179 m
respectively. A second mooring (D1) equipped wittegan current meters, temperature and salinity
sensors was located in the same area (75°07.616&27.10" E) at a sea depth of 1100 m and
provided one year-long time series of temperatacesalinity from fixed sensors located at a defith o
126 m and 526 m.

CTD casts performed during deployment and recoeg@grations provided summer temperature and
salinity profiles in the area. Environmental comatis during the measurements period were obtained

from the available oceanographic, meteorologicdl satellite observations.

Meteorological parameters, including wind speed aticection, atmospheric pressure and air
temperature, were collected by the Antarctic WaaBtation ENEIDE (74°42' S; 164°6' E), the closest



to the area. The solar radiation was computed b{LME air-sea toolbox version 2.0:8/9/99 while
direct solar radiation measurements were availablg from early November to mid February, during
the operation period of the Italian Antarctic BaSea ice concentration data were obtained from the
Nimbus-7 Scanning Multichannel Microwave Radiome(&MMR) and Defense Meteorological
Satellite Program (DMPS, USA) SSM/I passive micregvanalysis archived at the National Snow and

Ice Data Center (Cavalieri et al., 2008).

2.2 Environmental condition during the experiment.

Satellite data of sea-ice coverage and concentrafiowed to estimate the temporal evolution of the
Nova Bay polynya extension and to verify whether fea surface on the mooring location was free
from sea-ice. The temporal series of sea-ice cdratgon data in th@ixel closest to the position of the
mooring evidenced that the area was never complemtered by ice during the whole period of
measurements. Greatest sea ice concentration wsesveld from June to October, while during
February sea-ice coverage was below 20%. Strongb&at winds flowing from the West and
associated to an increase in the air temperataeacterized the area, favoring the maintenancheof t
polynya. On the contrary, a relative increase efdba-ice concentration was observed after peabds
low winds, as occurred during the second half oy daduring mid-March.

Sea currents were mainly barotropic, directed tdwaortheast with a mean speed of about 30 cm/s;
from February to April they had a lower speed aretemdirected eastward. In the upper layer, the
currents were strongly driven by the wind, reachiogirly mean velocity of about 70 cm/s. Greater
speed and variability in the vertical velocitiecored in the surface layer, particularly on Decemb
notwithstanding the low wind intensity registeradidg that period. At deeper depths, along the @hol
water column, greatest vertical velocities wereeobsd between June and October, in correspondence
with the increasing of salinity associated to tipesedes of dense water formation, while a lower
vertical dynamics characterized the summer, froroe@er to February.

Sea temperature and salinity time series wereabdailat the depth of 126 m during the whole period
of the experiment. Some evidences of the mixinghefice melted waters are detected even at this
depth, where salinity reaches the minimum (34.54y at the end of May, while the maximum (34.76)
occurred on October. At the same depth, sea watepdrature was constant at -1.92 °C from late
March to the end of November. Summer warming amdntiixing with surface warmer water have
negligible effects at this depth as the sea tentyperahardly reaches -1.8 °C on December. As the



results of the ice melting, summer CTD casts ewdem surface layer with salinity lower than 34 and
slightly warmer waters just above the zero degrb&hvhelp to enhance the generally weak vertical
stratification. During winter, uniform temperatuwi®se to the freezing point, strong mixing and @ens

water formation processes make the water columticadly instable.

At this latitude, the polar night lasts from 29 Ago 11 August and midnight sun period is from 3
November to 8 February. During this period dailyamelata of computed solar radiation gives more
than 500 W/rfy with a maximum value of 884 Wfm

2.3 ADCP Data quality check

The general quality check, based on the analysihefparameters provided by the instrument, had
been performed when approaching the analysis ofcthreents data (Cappelletti et al., 2010). In
particular, pitch, roll and tilt angles data wetebelow the limits provided by the manufacturdrms
assuring that the mooring maintained the verticaifppn despite the strong currents in the regaisp

the so-called “percent of good data”, a key qualdwptrol parameter which summarizes the resulta of
series of internal test on the instrument perforcearindicating what fraction of the pings passed th
various error thresholds, confirmed the good qualitthe collected data (Teledyne RDI, 2011). An
additional quality check was performed on echonsity data before computing the Backscatter
strength to detected outliers, gross errors, anicoherent data. In particular, the tests havedrolut
any noise on the data due to the presence of tleeaucurrent meter that was located on the same

mooring at 86 m depth.

As expected, the mean profiles of echo intensitia dar each beam signal is characterized by a
decreasing with the increase of the distance frioensburce, while for those close to the sea surface
(bin 10-11) the effects of the air-sea interface @revalent, leading to an increase in the sighat

relative standard deviation tends to increase gghiog the surface, reaching the maximum (19% of
the signal) in bin 10. Data for the bin 11, at #iesea interface, was discarded according to the

manufacturer indications as it is too strongly etiéel by the sea surface.

2.4 Backscatter strength computation

Hourly data of mean backscatter strength (Sv) weraputed according to the formula based on the
sonar equation (RDI, 1998) and following Blancle{2008).



Echo intensity amplitude registered by the instmivdepends on its technical characteristics and on
the sampling setting. The formula was devised taiakabsolute physical data (backscatter strength )
thus allowing the comparison among different dataas well as instrument calibration when used to
detect environmental parameters of interest suclzoaplankton biomass or suspended sediment

concentration (Fielding et al., 2004).

Due to the lack of the concurrent time series ofggerature and salinity profiles for the whole pdyio
constant values of sound speed velocity and sobadrgtion coefficient were obtained from the data

collected by the mooring and from summer CTD casts.
The influence of the variability of temperature aadinity on this computation was assessed.

The variability of temperature and salinity obselaeiring the year affects the sound speed judten t
upper 50 m and occurs during the short meltingogerTemperature variability in the upper layer is
limited to few degrees, salinity to less than 1.pdoreover, the effects of the increasing depttiten
sound speed were limited to 2 m/s as the watemuolsampled by the ADCP was between the surface
and 160 m depth.

The absorption coefficient of water was computedoeting to Ainslie and McColm (1998) using
constant values T=-1.9°C, S=34.6, pH=8, z=80 mo Atsthis case the limited range of variability of
these parameters has a small influence on the svalfune coefficient. As an example, a differente o
1°C in temperature results in a variation of thefficient of less than 3%, while the effects ofirsi&y

and depth variations are even more negligible.

A test was performed comparing the Sv profile coragat the beginning of the experiment (February
5, 2000) using the temperature and salinity profiddected close to the mooring just before the
deployment and the Sv profile computed using canistalues. Despite the CTD profile was taken at
the end of the melting season, when the maximuricaérariability can be expected, the difference

between the two computed profiles was really néglkg less than I8of the signal.

Computation of Sv was done for each beam as follmwvasthen the four sets were averaged.

_ 4471007°K,K(273+ TX)(lo(KC<E-ER)/1o _ 1) i
S 710000 CPK, 10" #RA0 R
1
R= B+(P_D)+nD+[4)C'
cosd C

where



Sv is the backscattering strength in dB reng”,

R is the range to the scatterers along the beamt(singe),

a = 0.0298 is absorption coefficient of water (dB/m)

9 = 20° is the beam angle of the ADCP

n=1...10 is the cell number

B = 10 m is the blank distance

D = 16 m is the depth cell

C = 1442 m/s is the sound speed at the ADCP

C’ = 1440 m/s is the average sound speed on therwalumn
E is the raw echo intensity measured by the ADCP

Er = 55 count is the reference level for the echenisity obtained as the minimum recorded values of
the bin closest to surface.

¢ = % dB/count is the conversion factor for eco intgnsit
K, = 3.6 system noise constant as provided by theufaaturer

Ks = 4.17 18is a constant depending on the ADCP frequency
K1 =3.9 W is the transmit power as provided by ttauaiacturer

P = 16 m is the transmit pulse length,

Tx =-1.9 °C is the sea temperature at the traresduc

2.5 Time frequency analysis

Time frequency analysis is a powerful tool to irtigegte the occurrence and the temporal evolution of
phenomena that can be identified by a specificmpéibehavior.

Although other factors are not distinguishable frome another using a single-frequency device,
acoustic backscatter measurements from ADCP allow tlfie recognition of the presence of
zooplankton as it is characterized by a strongydail sub-daily periodic variability. For this reaso

time frequency analysis was successfully used teestigate long-term ADCP backscatter



measurement in the Ligurian Sea (Bozzano et al4p0

Backscatter signal due to zooplankton migration lbarmodeled as a 24 h period square-wave like
form. The contribution of the twilight migratiorygical of zooplanktonic organisms which repeatrthei
migration from surface layers to greater depthséva day, is generally of less importance andbean
identified by a 12 h minor peak in the spectrum.ki®wn, the Fast Fourier Transform (FFT) of a
symmetric 24 h square wave has the maximum at timeipal harmonic but also a series of minor
peaks on the odd harmonics T/(2n+1), namely 8 &,1., whereas even harmonics (12 h, 6 h,...)
appear when the duty cycle is different from 0.hisTexplains the series of peaks in the power

spectrum of a 240 h backscatter sample reportégyure 2.
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Figure 2. A sample of 10 days of backscatter stteagd the relative power spectrum.

In the case of the polar regions, the duratiorhefriight and day strongly changes during the yedr a
this may influence the daily migration cycle, leaglto a highlyasymmetric 24 h wave. In this case,
the resulting spectrum would be characterized loprs#gary peaks on both even and odd harmonics.
The presence of the 12 h peak due to the diffedety cycle could mask the contribution to the
backscatter related to the twilight migration pattef the zooplankton, so that the results integtien

require particular attention.

Simple tests have been performed with the aim twdamnisleading interpretation of the data. Three
cases have been considered: a symmetric 24 h payiade wave (duty cycle 50%), an asymmetric 24
h period square wave (duty cycle 62%), and the etisymmetric square waves (duty cycle 50%)
having 24 h and 12 h period respectively, the ¢as&t with an amplitude of 30% of the first and 6 h

phase shift. Random noise having an amplitude eftenth of the 24 h square wave amplitude was



added in all three cases (Figure 3 left). FFT asialyas then performed on the three samples (FRjure

right). It can be noted that the 12 h peak whicpeaps in the FFT spectrum of case b is just treceff

of the 62% duty cycle of the original 24 h squaee/@; which is also greater than the one of the case

resulting from the presence of a 12 h componetiteranalyzed signal.
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Figure 3.Simulated signal and relative FFT spectrum forttitee cases: a) 24 h period square wave with duty
cycle=0.5; b) 24 h period square wave with dutyey0.62; c) sum of 24 h and 12 h period square wavith
duty cycle=0.5

Time frequency analysis of backscatter strengtla dats performed on 240 h-long samples selected
with a centered window moving at 24 h step. Tensdagre the best compromise to resolve the
frequencies of interest, a wider window would eesaibetter spectral resolution but would reduce the
temporal resolution, being each spectrum represeataf a too long interval period. Before the FFT
analysis each sample was de-trended to limit thriboition of the lowest frequencies. Data were

processed at all bin levels.

3. Results

3.1 Seasonal variability

Echo intensity data measured by acoustic devioeshar result of the amount and type of scatterers

present in the ensonified volume of water, in pattir suspended sediments, biomass, and bubbles. It
is also known that strong winds, ocean fronts amduience, as well as the presence of sea surface o

bottom interfaces affect the backscatter signasifgck and Fisher, 1995) in different waybie time

series of daily average backscatter strength pofiFigure 4) is firstly analyzed to identify pddsi



causes influencing the backscatter intensity.
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Figure 4. Temporal variability of the acoustic bsadtter strength during the entire period of
measurements.

For most of the examined period, the data canadeti in two groups according to common features,
as proved by the degree of correlation (Table fjpen (7-10) and lower (1-4) bins, corresponding to
the upper 60 meter of the water column and to #yerl between 100-160 m depth, respectively.

Unfortunately, no deeper measurements were avaitbthat a lower depth limit could not be set.
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Table 1. Correlation matrix of backscatter stren@brrelation coefficient greater than 0.6 are
highlighted.

Greater variability and greatest values are obskimethe upper layers, particularly during winter

months. A quite good correspondence between winetiki energy peaks and backscatter strength in



the surface layer is found especially in the pefi@tbruary — June, when the correlation of the two
series is greater than 0.5. Nevertheless, the ggstrwinds, such as those blowing during winter
months, do not seem to affect the echo intensitgxagcted. This may be due to the effects of sea ic
at surface that modifies the relation between tiedvand the acoustic backscatter strength. On the
contrary, the decreasing in the backscatter sthemgtues during low wind periods, in particular

starting from December, when the lowest wind intesoccurred, is well evident (Figure 5).
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Figure 5.Time series of daily observations of backscattengjth at 16 m depth, wind kinetic energy
and sea ice coverage during the whole measureipentsl.

Seasonal trend is opposite in the deeper leveksatgst values are recorded during summer, in
particular on December and January, and, at adegeee, up to mid-March. Great values are also
found during the last two weeks of May, followingpariod characterized by very low backscatter
intensity. Lower values are more frequent in A@ld from September to late November. In many

episodes relative minima are common to all layers.

Spectral analysis was performed on the whole sefié®urly mean backscatter for each level on 34
adjacent subsample of 240 hours to focus on suip-dariability and then averaged to increase the
confidence level (Figure 6). Apart from the uppmrdl which is dominated by a red spectrum with the
peaks less pronounced, the other averaged speavea dmost the same features, presenting the

maximum on the 24 h harmonic, a secondary pealkdndnd a series of peaks on higher harmonics.
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Figure 6.Power spectrum of the backscatter strength at 320nm and 160 m depth as the average of
the FFT performed on 34 adjacent subsample of 24é&nhdays).

In order to evaluate the temporal evolution of the main evidenced harmonics, time frequency
analysis was performed as described in 2.5. Thelitai@ of the 24 h and 12 h harmonics were
extracted from each spectrum obtaining the temsmaés of the two amplitudes, for each depth. The
vertically integrated time series of amplitudespesimposed to the computed solar radiation and the
moon phase, are shown in Figure 7 and well evidéineemain features of the migratory phases of
zooplankton in the area.
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Figure 7.Temporal evolution of computed solar radiation (g& line) and the vertically integrated
amplitude of the 24 h (dashed green line) and thie (dotted blue line) harmonics. Black dots repnés
the full moon on the mooring site.



Four major episodes characterize the presence agflaotkton seasonal migratory patterns. The first
one occurs at the end of August and lasts aboulags, the others approximately every three weeks,
the last being at the end of October. Verticalydaiigration is strongly reduced from late Novemtzer
early March, when the solar radiation has the gstatalues and day length is maximum, and from
early May to mid-August, during the polar night {aé mooring latitude the polar night lasts from 1
May to 13 August) apart from a small relative paakhe end of June. The amplitude of the 12 h $igna
is quite low even in correspondence of the higBdsh peaks; the main peak is at the end of April in

correspondence of a relative maximum of the 24 plitude time series.

The analysis of the spectrograms (Figure 8) evidertbe existence of some relevant differences
between the upper and the lower levels. The vadfiise correlation coefficient of the 24 h ampli¢ud
time series indicate a great correlation in thestayfrom 160 m to 96 m depth (coefficients are from
0.92 to 0.6) while, on the contrary, they are tgtaincorrelated with the upper layers (coefficients
below 0.2). In the upper layers, only the time et 64 m depth reaches the values of 0.7 with the

adjacent levels at 80 m depth and 48 m.

Whereas the major four 24 h peaks dominate indiver layers, the signal around 80 m depth has the
first maximum during the second half of Septembertorrespondence with the second major peak of
the deeper levels, followed by minor peaks abouhda/o weeks. At the same depth maxima having

comparable amplitude and lasting about two weeksheaalso observed between March and June, the

most significant centered at the beginning of May

The amplitude of the 12 h harmonic is generallydownd has different temporal evolution. Twilight
migration seems prevailing on April and May andnérmediate depths, between 64 and 112 m. 12 h
peaks of particular importance are observed on M&0 m depth and on mid November at the deepest

level.
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Figure 8. Spectrograms of backsatter data at 3830mm and 160 m depth.

3.2 Migratory patterns

To better characterize the migration patternsathaysis was performed on several sub-sets of yourl
backscatter strength data collected in corresparedesth the most evident 24 h and 12 h peaks of the
spectrogram. To reduce high frequency variatiomsranse, data were smoothed with a centered three

points moving average. Three series of data coorestgnt to the mid depth cell of 160, 80 and 32 m,



respectively, were chosen as representative of, detgymediate and surface levels. During the first
case study, backscatter signal at 160 m (Figurg 8valences the strong link between the daily
variability and the solar radiation cycle. Nightst from 18 to 14 hours and the peak of the solar
radiation is quite low, increasing from 93 to 256r&/during this 20 days period. Absolute minima of
backscatter signal at 160 m exactly occur in cpwadence with the short daily light maximum and all
have similar values. During the night, the cycléfeed more from each other’s: the values of maxima
change and relative minima, indicating a minor gbntion of twilight migrations, sometimes are very
well pronounced, sometimes hardly appear. In thEeufayers, a daily cycle can be clearly identified
only at the end of the examined set when the batiescstrength shows comparable values in the
water column indicating an upward movement of ti®h zooplankton mass which affects the entire

water column monitored by the ADCP.

In the second week of September, the absolute rainivhen present, tend to anticipate the maximum
of solar radiation. Three weeks later (Figure 9h®) nights become shorter, lasting from 10 hours to
only 5 at the end of the period, and the solaratiwti increases from 447 to 596 ¥nAgain, there is

a very good correspondence between absolute mioirtiee backscatter signal at 160 m and maxima
of the solar radiation. However, now the diurndatige maxima are more evident and the nocturnal
relative minima are generally smoothed than in phevious set. The backscatter strength at the
intermediate depth doesn't show a well marked diuaycle for all the period indicating that

zooplankton tends to remain stable near the surface

The third selected set (Figure 9 c) is in corresigmce with the maximum of 24 h harmonic obtained
by the time frequency analysis for the upper letteln November 11 to December 1, during the
austral summer period. Solar radiation peaks syan 760 to 850 Wriand midnight values increase
from 60 to 160 Wri. Daily cycle in the upper layer is more evidenttiis case and the amplitude is
comparable with that observed in the deeper levebirespondence of the spring case study, but the
signal is never so clear. As also suggested by tisguency analysis, in the deeper level the daily

cycle signal shows reduced amplitude and it is lyatefined.

During the autumn season (Figure 9 d) a clear damial cycle is present in the backscatter strength
of intermediate level and deep layer and it is alleyg on the 24 h periodic migratory pattern in
correspondence with a limited food concentrationagreement with the observations made by
Godlewska (1996).

In winter (Figure 9 e), no migratory pattern isdanced, but in the intermediate and surface lehels



signal shows some variability that might be asdilbe the presence of larvae dwell near ice edge
(Daly,1990).
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Figure 9. Time series of 20 days sub-samples dédzatter strength at 160 m (full dotted blue lirgg),
m (empty dotted red line) and 32 m (empty squasem@iine) depth superimposed to the temporal
evolution of solar radiation (grey line).



3.3 Diel variability

The analysis on the migratory phases of zooplanghmws the strong relationship with the variation i
the duration of day time, however differences ghtiintensity might be counted among the causes of

the 24 h upward and downward movements.

The diel variability is well detectable comparirgptaverage of the Sv for each hour to the sungkt an
sunrise: zooplankton moves towards the surfackeastinset and vice versa near the sunrise inall th

period in which the sun alternation occurred atrtfu®ring site.

The same case studies chosen to investigate thratomg pattern has been selected except for the cas
¢, corresponding to midnight sun period.

From the end of August to the middle of SeptemBegure 10 a) sunset and sunrise occurred between
4:11 to 6:17 UTC and between 21:54 and 19:37 UESpectively. The diel cycle is well marked in
the deepest layer where the most relevant upwakeement is in the correspondence with sunset and
the downward of sunrise. The Sv at 80 m and 32 pthdshows the same dynamic with an ascent
around 6:00 UTC (about two hours after sunsetpwndvard movement around 15:00 UTC followed
by a small cycle of 4 hours and the decrease arsundse. The duration of the circadian cycle is

similar to the sunlight cycle with nighttime laggiabout 13 hours.

In the following month (Figure 10 b) nighttime deases, sunset occurred from 8:13 to 10:36 UTC and
sunrise spans from 17:27 to 14:56 UTC. The curveesponding to diel variability at 160 m depth has
the same gaussian shape of the previous perioi isutarrower and again the most sharp movement
upward and downward occurred near sunset and sunespectively. Sv at 80 and 32 m depth shows
lower values than in September but a more markeldcgicle and only during nighttime, backscatter

strength at intermediate depth is higher than tlavslee deepest level.

One month after the March equinox (Figure 10 @eating dark, but zooplankton migration followed
again the diel cycle with movement upward clossunset and downward close to sunrise. The time
series of all the three selected depths showsah® grend, with a sharp ascent after the suns@t to
UTC, followed by quite constant values until oneuhdefore sunrise, when occurred a drop.
Backscatter strength values at 80 m depth are Itavexll analyzed periods with respect to the deepe

level and shows the most wide diel cycle.

During austral winter, when no sun light is preggingure 10 d) no migration occurred, the backsecatt
strength at each level can be considered quitetmatns/ery small variation can be seen except for

some movements in the upper level that can bebastto the presence of larvae.
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4, Conclusions

Acoustic backscatter data collected with an ADCPRIal=d in Terra Nova Bay during 2000 and
sampling the water column up to a depth of 160 mrewecovered and re-analyzed with the aim to

investigate the zooplankton migrations.

The sampling time (1 hour) of the available dataget lower than what generally used for these kinds
of studies, but sufficient for the spectral anaydlifferently from multi-frequency acoustic dewce
employed for bio-acoustic observations, the ADCR warking only at 150 kHz but this was quite
appropriate to address the study of macro-zoopdan&nd krill which represent an important part of
the Antarctic zooplankton. So, even the ADCP datgaevoriginally collected for completely different

purposes, the use of time frequency analysis atlowe extract useful information about the



zooplankton dynamics in the area during one egaes.

With the assumption that the variability of backsmaat 24 h and 12 h period is related to the
migration of zooplankton, the study of the tempaablution of the time series of these amplitudes

obtained by FFT analysis was used to describeghagsosal cycle of zooplankton.

Signal ascribed to daily migration generally doné@sain the examined time series and reaches greater
values. Significant differences are observed betwtbe upper and deeper examined layers both in
terms of presence and migration pattern. In dekgyers daily signal is prevailing but the preseate
sub-daily migration pattern can be observed guiteno Furthermore, high amplitude of the 24 h and
12 h signals occur even when the measured baokschktta are low, such as during September and
October, while are not observed during DecemberJandary, when the backscatter data reaches their

maximum values.

Daily migration initiates late August, just aftéretend of the polar night, reaches the maximurhet t
beginning of September and then decay. Differeintign the ice-covered areas around the polynya, the
sun light immediately penetrates in the water txdaining the early occurrence of the first observ
peak. Other three periods of intense migrationngstbout ten days follow this first period of inge

movement until mid November.

The occurrence of two phytoplankton blooms in Tétcva Bay, one between December and January
and the second on February, have been reportechigmiorati et al., (2000). Usually, they are
followed by an increases in the zooplankton bionzssthe greatest values of the observed backscatter
strength may suggest. However, no relevant sigifalse daily migrations were detected until the end
of February. Cisewski et al., (2010) found similasults in the Lazarev Sea and ascribed the strong
reduction of migration signal during December- Zaguo a decreasing of the zooplankton population
in the examined water column or to a strong redacbf the migration activity due to the limited
difference in the daily solar radiation cycle. @attet al. (2006), refer about a chaotic up and rdow

movement to feed and to escape from predators.

During winter, due to the scarcity of food resosrae the water column, zooplankton species tend to
limit their migration and to remain in a state ofitg metabolic depression (Nicol, 2006) or to fead

the seabed that is rich of organic matters (Smith2emanster, 2008).

During late summer and fall season zooplankton aégr downward in the deepest layer and a daily

cycle is well detectable.

The good correlation between the solar cycle angration pattern was common to all examined



depths but no evident relation between the timesaf 24 h and 12 h period amplitudes and the full
moon phases could be found. Although zooplanktogramion is strongly related to seasonality and
daytime length, a good correspondence between stending/descending movement and the

sunset/sunrise was found.

In all periods characterized by an alternation wirsse and sunset, the backscatter strength of the
deepest layer shows a clear 24 hour pattern with@aease from sunset up to three or four houes lat
a flat shape depending on the nighttime duratiahasharp decrease near sunrise. The same trend is

identifiable in the upper levels, but less marked with more variability during the nighttime pedio

Time frequency analysis of a long time series aklaatter data allowed identifying in automated and
objective way sub-sets of the signal containingnisicant information for the analysis of zooplankto
migrations, that were then selected for a moreildetanalysis. The good correspondence between the
spectrogram results and the observed migratioematiproved how this method of analysis is simple
but efficient to extract precious information evEom signals which may have poor spatial and
temporal resolution. Moreover, it was verified tkia¢ possible effects of the uneven duty cycle @nd

the non sinusoidal shape of the signal on the sgdeartalysis did not affect significantly the resul

Long-term acoustics data, also obtained from nahedgéed, low-resolution measurements such as
those of the ADCP, can provide additional time eserof relevant biological data which are of

advantage for ecosystem dynamics and productitiieés. They are of particular values in the polar
regions where direct observations are scarce dfidutti to be obtained and should then be included

into the existing monitoring observing systems.
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