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Abstract. On 7 April 2021, an exceptional bloom of the
scyphomedusa Rhizostoma pulmo was observed in the Gulf
of Trieste (Italy). Blooms of this species in the northern Adri-
atic Sea have been reported since the late 1800s: the density
of jellyfish observed in 2021 reached more than 10 speci-
mens per square metre. We analyse the bloom from a multi-
platform approach using observations and model data at dif-
ferent timescales. We attempt to explain the intensity of the
bloom as a consequence of thermohaline and hydrodynam-
ical conditions in the gulf. Meteo-oceanographic conditions
that may have contributed to the exceptional aggregation of
jellyfish observed along the northernmost coast of the Adri-
atic Sea are discussed in detail. Specifically, our results in-
dicate that this bloom was enabled by (1) the presence of a
high number of jellyfish in the gulf, probably linked to the
anomalously warm sea conditions in spring 2020 and winter
2021, which may have favoured a longer reproductive period
and enhanced survival of adult R. pulmo, respectively; and
(2) strong wind events, such as the bora wind for the Gulf of
Trieste, which enhanced upwelling and mixing processes in
the gulf, bringing the jellyfish from the deeper waters to the
surface and clustering them along the coast.

1 Introduction

Due to a reported increase in jellyfish populations in many
areas of the world (Mills, 2001; Purcell, 2005; Richardson
et al., 2009; Brotz and Pauly, 2012; Fuentes et al., 2011;
Pestorié et al., 2021) and the significant economic and recre-
ational damage that can be caused, particularly by large ag-
gregations of Scyphozoan medusae (Richardson et al., 2009;
Brotz et al., 2012; Condon et al., 2014; Nastav et al., 2013;
Palmieri et al., 2014), jellyfish blooms have gained interest in
the scientific community (e.g. Hamner and Dawson, 2009;
Pitt et al., 2018; Baliarsingh et al., 2020; Ferndndez-Alias
et al., 2021) and the general public.

Rhizostoma pulmo (Macri, 1778) (Fig. 1) is one of the
most abundant and largest jellyfish in the Mediterranean Sea
(Fuentes et al., 2011); it is common in coastal areas and semi-
enclosed lagoons. In recent decades, an increase in the abun-
dance and frequency of blooms of this jellyfish has been re-
ported in southern European seas (Leoni et al., 2021a), es-
pecially in the northern Adriatic Sea (Kogovsek et al., 2018;
Leoni et al., 2021a; Pestorié et al., 2021). In the Gulf of Tri-
este (GOT hereafter), R. pulmo was first reported in 1875
and has been observed since then, with the exception of the
period 1930 to 1960 (Kogovsek et al., 2010): blooms were
reported in 5 years between 1899 and 1914, in 10 years from
1980 to 2010 and again in the period 2015-2017 (Pestori¢
et al., 2021).
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Figure 1. R. pulmo clustering in the Gulf of Trieste. Photos were taken on 8 April 2021 in the city of Trieste (left-hand and centre panels)
and in the city of Grado (right-hand panel) in Italy. These pictures were kindly provided by AvvistAPP users (Tirelli et al., 2021).

The life cycle of R. pulmo begins with a pelagic, free-
swimming stage (medusae) that sexually reproduces and re-
leases planulae, which in turn develop into polyps (benthic
stage). The polyps of R. pulmo have never been observed in
nature. However, studies on laboratory cultures have shown
that polyps reproduce asexually and multiply themselves by
buds and podocysts, as well as, under favourable conditions,
strobilate forming several ephyrae (polydisc strobilation with
up to eight per polyp; Fuentes et al., 2011), which develop
into new jellyfish. While R. pulmo is typically observed from
summer to autumn in the central and southern Adriatic, this
species is present in the GOT throughout the year (Pierson
et al., 2020; Pestori¢ et al., 2021) also often being very abun-
dant in the coldest months (Pierson et al., 2020). In early
spring 2021, an extraordinary bloom (for the impressive den-
sity of jellyfish and the large size of many of them) was ob-
served on the coast of Trieste (Italy), where R. pulmo were
seen and photographed by citizens (Fig. 1), and reporters
were attracted by this “anomalous event”.

Jellyfish blooms are complex phenomena to study, and to
date, knowledge about the location, size and dynamics of
R. pulmo, especially its polyp stage, in the Adriatic is sparse
or nonexistent (Pestori¢ et al., 2021). The lack of this infor-
mation in the Gulf of Trieste makes it difficult to understand
how the jellyfish might respond to various environmental fac-
tors. Nevertheless, this study aims to uncover the role of hy-
drodynamics in the perception of jellyfish blooms in coastal
areas and provide a possible explanation for the magnitude of
the April 2021 outbreak of R. pulmo. The main objective of
this study is to show how hydrological properties of the water
column and atmospheric forcing might have affected jelly-
fish aggregation in the GOT, highlighting the importance of
a multidisciplinary and multi-platform approach to the study
of jellyfish bloom dynamics.

This article is organised as follows: Sect. 2 presents the
oceanographic characteristics of the study area. Section 3 de-
scribes the data used for this study. The data consist of ob-
servational and model data selected for their availability as
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well as temporal and spatial resolution. Section 4 is devoted
to data analysis. Here we describe the sea conditions before,
during and shortly after the R. pulmo highest aggregation by
comparing the above model and observational data. In Sect. 5
the discussion of results and conclusions are given.

2 Oceanographic characteristics of the study area

The Gulf of Trieste, the northernmost part of the Mediter-
ranean Sea, is a mid-latitude semi-enclosed marginal basin
situated in the Adriatic Sea (Fig. 2). Despite its relatively
small size (~ 20 x 20 km; average depth: ~ 19 m, maximum
depth: ~ 25 m), the GOT together with the northernmost part
of the Adriatic shelf are of great oceanographic importance
as hotspots of North Adriatic Dense Water (NAdDW) forma-
tion due to shelf convection (Pullen et al., 2007; Jeffries and
Lee, 2007). The role of dense shelf water formation in deep-
basin processes has recently been perceived as important,
changing the concept that only the open ocean plays a sub-
stantial role in driving thermohaline circulation in the global
ocean and deep basins (Allen and Durrieu de Madron, 2009).
The generated NAADW flows as a dense current along the
western Adriatic shelf, replacing the old waters in the middle
and southern Adriatic pits (Jabuka and southern Adriatic, re-
spectively; Vilibi¢ et al., 2004; Bensi et al., 2013; Vilibi¢ and
Mihanovié, 2013). The NAdADW partly transforms into Adri-
atic Dense Water (AdDW) during deep convection processes
in the southern Adriatic, and the AADW subsequently flows
out of the Adriatic through the Strait of Otranto, sinking to
the Ionian deep layers and affecting the whole deep eastern
Mediterranean (Robinson et al., 2001).

The main winds influencing the atmospheric and oceano-
graphic circulation dynamics in the GOT are the cold—dry
bora with an ENE direction and the warmer Scirocco with
a SE to SSW direction (Stravisi, 1977; Poulain and Raicich,
2001). Bora episodes are gusty and intense, blowing inter-
mittently from land over the GOT, predominantly in autumn—
winter. The bora jet is responsible for most of the mean net
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Figure 2. R. pulmo Adriatic Sea coastline map and Gulf of Trieste bathymetry (GOT, red box) with locations where the multi-platform data
were extracted. The colour bar represents the GOT bathymetry, as do the contour lines. Blue lines represent the main rivers influencing the
area. The green star indicates the locations where ALADIN model wind data were extracted, while the orange star shows the VIDA buoy
position. The white star represents the location of the Paloma site where CTD ship measurements were taken. Red triangles represent the
location of high-frequency radar stations, and the red star indicates the position of the MAMBO1 buoy. Numbers represent the following: 1,
Jabuka or middle Adriatic pit; 2, southern Adriatic pit; 3, Strait of Otranto.

heat loss of the Adriatic Sea (Dorman et al., 2006; Cosoli
et al., 2013; Raicich et al., 2013), as well as for the vertical
mixing of the water column, dense water formation, and the
renewal of intermediate and bottom water masses (Querin
et al., 2021). Although spring—summer bora episodes are
weaker, it remains the main meteorological forcing in the
GOT (Querin et al., 2006).

The GOT circulation is mostly cyclonic (counterclock-
wise) due to currents flowing northwards along the Istrian
coast, entering the gulf at its southern part. The circulation is
modulated daily by the local atmospheric conditions (Querin
et al., 2006) and by the inertial confinement of the Isonzo
river plume to the northern coast of the GOT. From time to
time, the circulation pattern changes anticyclonically (Cosoli
et al., 2012; Querin et al., 2021) due to an increase in the
freshwater input from the Isonzo river (yearly average flow
rate varying from 100 to 200m3 s~!, Covelli et al., 2004).
Indeed, river discharge from the Isonzo, as well as from the
Dragonja, RiZana and Timavo rivers (Fig. 2), plays an active
role in the dynamics of the gulf, collecting part of the pre-

https://doi.org/10.5194/0s-18-1321-2022

cipitation from the land (Celio et al., 2002). During strong
bora events the water in the surface layer is removed offshore
(westward), inducing a westward pressure gradient which
generates a compensating eastward bottom countercurrent, in
turn inducing upwelling and mixing along the eastern coastal
area of the GOT to keep the mass balance (Querin et al.,
2006; Licer et al., 2016). At the open boundary, there is an
intense water mass exchange between the GOT and the Adri-
atic Sea (LiCer et al., 2016; Francé et al., 2021).

The gulf is also characterised by a shallow water column
with large salinity and temperature variations (winter to sum-
mer: 10-38.5 and 4-29.2°C, respectively, as described in
Cardin and Celio, 1997, and Cozzi et al., 2020). When the
water column is stratified, the surface layer is mostly wind-
driven, while the lower layers exhibit the general compensat-
ing cyclonic circulation as described above. During winter
the water column is completely mixed, while in spring in-
tensified freshwater input and warming of the surface layer
together contribute to the stratification, which increases even
more in summer (Malacic et al., 2001; Cozzi et al., 2020).

Ocean Sci., 18, 1321-1337, 2022
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3 Data

In this study, we have analysed available data from different
observational platforms in the GOT such as high-frequency
radar and oceanographic buoys, conductivity—temperature—
depth (CTD) data from survey campaigns, and satellite,
model and reanalysis data as summarised in Table 1. All
types of data (except CTD profiles, hydrometric levels and
satellite SST) characterise the period from 20 March to
20 April 2021, which spans a period before and after the
highest jellyfish aggregation, allowing the assessment of the
stability conditions of the water column and its disposition
for mixing. Satellite data were downloaded for the period
between 1 January and 31 May 2021 and used to showcase
the sea surface temperature trend in the GOT, while histori-
cal CTD ship measurements from January 2008 to July 2021
were used to determine the climatological characteristics of
the study area. Hydrometric levels were used to assess the
river run-off input in the GOT.

3.1 Observational data

Half-hourly high-frequency radar (HFR) combined current
data (u-zonal east—-west and v-meridional north—south) from
two beamforming WERA (Gurgel et al., 1999) stations
(Fig. 2, red triangles) working at 24.5 MHz and operating in
the GOT at a spatial resolution of 1.5km were considered
for the period shown in Table 1. The WERA system intrinsic
estimates of zonal and meridional current errors amount to 1—
3ms~! (LiGer et al., 2020). The data were analysed by apply-
ing the quality control standards from the EU high-frequency
node and averaged on an hourly basis to standardise with
the temporal resolution of CMEMS dataset. For the purpose
of this study, the tidal component in HFR currents was not
removed, as tidal forcing in the GOT is weak compared to
the wind contribution, and, in any case, the astronomical tide
contributes negligibly to transport through small residual cur-
rents (Cosoli et al., 2012; Querin et al., 2021). The datasets
are publicly available at http://150.145.136.27:8080/thredds/
HF_RADAR/HFR_NAdr/HFR_NAdr_catalog.html (last ac-
cess: 24 November 2021).

Hourly surface (2 m) and bottom (15 m) temperature data
from the MAMBOI1 buoy were analysed for the period de-
scribed in Table 1. The buoy is anchored at 45.692° N—
13.705° E, 1.5 km away from the Italian coast in front of the
Miramare Marine protected area (Fig. 2, red star), and be-
longs to a network of oceanographic buoys in the northern
Adriatic Sea. Sea temperature at 2 m was acquired by a Sea-
Bird SBE37-SM with an accuracy of +0.005 °C, while the
temperature at 15 m was acquired by a SeaCAT SBEI16 v2
with an accuracy of £0.002 °C. Detailed information on the
buoy and data can be visualised at http://nettuno.ogs.it/ilter/
GoTTs/ (last access: 23 March 2022).

Wind speed and direction data at 10 m a.s.l. along with sur-
face and bottom temperature (3 and 22 m, respectively) were
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downloaded for the period in Table 1 from the VIDA buoy
(Fig. 2, orange star), a coastal observation platform offshore
of the city of Piran (Slovenia), moored in national waters
at 45.548° N, 13.555° E. Wind speed and direction were ac-
quired with a WindMaster Pro with an accuracy (12ms™!) of
1.5 % RMSE and 2°. The sea temperature at 3 m and 22 m be-
neath the surface was measured using a Sea-Bird 16plus Sea-
CAT with an accuracy of £0.002 °C. Data were averaged in
time from half-hourly to hourly to fit the other datasets, and
they are available for download at the CMEMS in situ TAC
website (http://www.marineinsitu.eu/dashboard/, last access:
25 November 2021). For a complete description of the sys-
tem see Malaci¢ (2019) and Licer et al. (2020).

Daily gap-free satellite L4 sea surface temperature
(SST) datasets with a spatial resolution of 1/16° and
accuracy of £0.006°C were extracted from the Coper-
nicus Marine Service (CMEMS, Buongiorno Nardelli
et al., 2013) over the area 45.396-45.896°N, 12.996—
13.896° E for the study period in Table 1. Data were then
spatially averaged over the extracted area to depict the
SST trend in the GOT. This product is based on night-
time images collected by the infrared sensors mounted
on different satellite platforms and can be accessed and
downloaded at https://resources.marine.copernicus.eu/, last
access: 27 August 2021, https://doi.org/10.48670/moi-
00172 (product identifier, hereafter PL:
SST_MED_sST_L4_NRT_OBSERVATIONS_010_004_c).

Further temperature measurements, collected on a preva-
lent monthly basis from multi-parametric sonde CTD at the
Paloma site (~45.613° N, ~ 13.578°E, Fig. 2, white star),
were provided (upon request) by ARPA FVG and analysed
for the whole available period in Table 1. The 13-year dataset
consists of a time series of CTD data measurements acquired
with a Idronaut mod 316 plus from the surface to 25 dbar
of depth at intervals of ~ 1dbar and with an accuracy of
40.002°C.

Isonzo river hydrometric levels were measured every
30 min by the Servizio Idrografico FVG with an ultrasonic
water level CAE sensor. The data were provided upon re-
quest from a station positioned 14 km upstream of the Isonzo
river mouth.

Data about the abundance of Rhizostoma pulmo in
the Gulf of Trieste were obtained from the AvvistAPP
dataset (https://doi.org/10.13120/h127-9v54; Tirelli
et al, 2021) available from EMODnet Biology
(https://www.emodnet-biology.eu/data-catalog 7module=
dataset&dasid=7972, last access: 9 August 2021) and in the
reports that have been provided in the course of this study.
All sightings were validated by scientists and grouped in
three intervals of abundance, and values of abundance were
attributed as follows: 1 corresponds to one individual per
m~? (hereafter ind m—2), 2 corresponds to 2-101ind m~2, and
3 corresponds to more than 10ind m~2. The daily R. pulmo
abundance was obtained by averaging the abundance of data
collected on the same day.

https://doi.org/10.5194/0s-18-1321-2022
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3.2 Models and reanalysis

Hourly model outputs of current (PI: med-cmcc-currents-an-
fc-h), salinity (S, PI: med-cmcc-sal-an-fc-hts) and potential
temperature (6, PI: med-cmcc-tem-an-fc-hts) with a horizon-
tal spatial resolution of 1/6° were extracted over the domain
45.45-45.81°N and 13.4-13.9°E from the Mediterranean
Forecasting System (MFS, http://marine.copernicus.eu, last
access: 24 March 2022). The downloaded six (unequally
spaced) vertical levels of the S and 6 products (hts) cover
depths from ~ 1 to ~20m, while the eight (unequally
spaced) vertical levels of the current product (h) cover
depths ranging ~1 to ~20m. Surface currents (level
1, L1 ~#1m), S and 6 were spatially averaged over the
extracted grid, and potential density (og) was calculated
using a MATLAB toolbox: ocean (http://mooring.ucsd.
edu/software/matlab/doc/ocean/mindex_ocean.html, last
access: 24 August 2021). Model data were used to estimate
the structure of the water column and its thermohaline
properties, as well as the circulation in the gulf, mainly
to complete the temporal and spatial coverage of various
parameters when observations were not available or their
spatial and temporal resolution was not suitable. Data
are publicly available at https://doi.org/10.25423/CMCC/
MEDSEA_ANALYSISFORECAST_PHY_006_013_EAS6
(last access: 24 March 2022, Clementi et al., 2021).

Hourly wind fields from the operational atmospheric
model ALADIN, run by the Slovenian Weather Service
(ARSO) with a spatial resolution of 4.4km extracted at
45.5488° N-13.5505° E (Fig. 2, green star), were analysed
over the period indicated in Table 1 to assess whether the
measurements from the coastal buoy VIDA are representa-
tive of the wind forcing in the centre of the GOT. For a com-
plete description of the model see Termonia et al. (2018) and
Strajnar et al. (2019).

Net surface heat flux was obtained from hourly atmo-
spheric data from the European Centre for Medium-Range
Weather Forecasts (ECMWF) ERAS5 (Hersbach et al., 2018)
for the period in Table 1 with a spatial resolution of 0.25° x
0.25° and averaged at daily time steps. Due to this resolu-
tion, only one point was available in the study area (45.5° N,
13.5°E) to calculate the surface net heat flux Ongr W m™2,
which is defined as the sum of the following components
(Eq. 1): surface net longwave backscatter radiation (Qrwr),
surface net shortwave solar radiation (Qswr), surface sensi-
ble heat flux (Qg) and surface latent heat flux (Qy)).

ONET = OswRr + OLwRr + Ou + OL, (D

where Qswr and Qpwr represent the radiative terms, and
Oy and Q. represent the turbulent terms. Here, the positive
value in each flux indicates that heat is transferred from the
atmosphere to the ocean (Tomita and Kubota, 2004; Tomita
et al., 2021; Marullo et al., 2021).

Ocean Sci., 18, 1321-1337, 2022
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Figure 3. Rhizostoma pulmo abundance in the Gulf of Trieste as
reported by citizen sightings — in AvvistAPP — from July 2019 to
August 2021.

4 Data analysis

Citizen science data collected with AvvistAPP show that
R. pulmo was seen in the GOT during the whole period of
the time series in Fig. 3. In the period 1 January—7 August
we collected a similar number of sightings (117 and 114
in 2020 and 2021, respectively), but the highest abundance
(more than 10ind m—2) was recorded for most sightings in
April 2021. High abundances of R. pulmo were occasionally
reported in 2020, but the highest observed abundances during
that year (Fig. 4) were always lower than those observed in
April 2021 and represented jellyfish aggregations in a limited
area, which is smaller than the large aggregation of R. pulmo
observed in April 2021.

To understand the causes behind the exceptional R. pulmo
jellyfish aggregation observed in April 2021, we analysed the
spatial and temporal variability of oceanographic and meteo-
rological conditions in the GOT in the period prior to, during
and after the peak of jellyfish aggregation. Moreover, consid-
ering the important role played by the temperature in jellyfish
physiology, sea temperature seasonality in the Gulf of Trieste
over the last decade was also analysed.

4.1 Meteo-oceanographic variability

We analysed the available observed and modelled wind data
(VIDA and ALADIN, in Table 1), along with the sea sur-
face current (HFR and CMEMS) time series, from 20 March
to 20 April 2021, a period encompassing the bora and jel-
lyfish bloom events. As radar data only covered the surface
layer and no current data were available along the water col-
umn, it was therefore necessary to use model data. To comply
with the data and to understand the sea conditions before,
during and shortly after the jellyfish bloom, spatially aver-
aged sea surface currents (SSCs) from the CMEMS model
and HFR observations were used to calculate SSC speed as
shown in Fig. 5. To assess the goodness of the modelled
data, RMSE (root mean squared error) was normalised by
the difference between maximum and minimum measure-
ments (HFR and VIDA observations). NRMSE (normalised
RMSE) and Pearson correlations between the modelled and
the observed dataset were calculated (Table 2). Qualitatively,

Ocean Sci., 18, 1321-1337, 2022
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Figure 4. Picture sent to AvvistAPP for the sighting of Rhizostoma
pulmo (abundance of > 10ind m_z) in the GOT in April 2020.

the comparison between the model and observations for the
SSC and wind time series shows good agreement (Fig. 5a, b,
respectively). Indeed, the NRMSE value for the SSC is low
(Table 2), meaning that on average the difference between
the two time series is small, while the correlations are par-
ticularly good along the longitudinal direction, showing that
CMEMS currents fit the observed HFR ones well. This result
indicates that model data could be confidently used when-
ever observations are missing. Therefore, the currents be-
low the surface were represented by CMEMS model outputs,
while the surface ones are represented by HFR measurements
henceforth.

Since wind observations were not available at the centre
of the GOT where most of the other datasets were measured,
and in order to understand if VIDA wind data (subcoastal)
could be considered representative of the central part of the
GOT, a comparison between VIDA and ALADIN wind time
series was performed. Although Fig. 5b shows good qualita-
tive agreement between the time series, the model outputs
underestimated the observed ones, especially on the days
when the wind was stronger. Moreover, the NRMSE presents
a value close to zero and the correlation coefficients are fairly
good, as shown in Table 2. VIDA wind measurements are
consequently considered a good representation of the wind
in the GOT and will be used henceforth in this study. Fi-
nally, a pronounced influence of the wind on the circula-
tion of the GOT was supported by the significant correla-
tion between SSC and wind, mainly along the u component,
as expected. The correlation for the # component attains the
value of 0.5656 (lower limit 0.5142, upper limit 0.6131 at
95 % confidence level) for the entire period, which greatly
increases to 0.7384 (lower limit 0.6320, upper limit 0.8174
at 95 % confidence level) during the strong bora wind event
(3-6 April, shaded area in Fig. 5). The correlation for the v
component is very small (0.1802) and not significant.

The wind speed time series depicted in Fig. 5b shows
how a strong bora episode started to build up in the
late evening of 2 April 2021, reaching a wind speed of
10.49ms~ ! (~38kmh~!) at around 03:30 UTC and a max-
imum of 12.69ms~! (~46kmh~') at 13:30 UTC on the
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Table 2. Comparison statistics (NRMSE and correlation coefficients) between observed and model time series (768 samples considered).
Abbreviations correspond as follows. NRMSE, normalised root mean squared error; corr-u, correlation in the zonal velocity component;
corr-v, correlation in the meridional velocity component; corr-sp, speed correlation. RL and RU correspond to lower and upper limits for the

correlation coefficients with a 95 % confidence interval.

NRMSE COrIT-U COIT-v COIT-Sp

RL/RU RL/RU RL/RU

SSC (CMEMS-HFR) 0.1770 0.7696* 0.5663* 0.4693*
0.7382/0.7976  0.5150/0.6136  0.4107/0.5241

Wind (ALADIN-VIDA) 0.1685 0.4633* 0.7901* 0.6526*
0.4059/0.5171  0.7620/0.8153  0.6100/0.6914

* Statistically significant correlation (p value < 0.05).
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Figure 5. Times series of hourly (a) sea surface current (SSC) speed from the CMEMS physical model (blue line) and HF radar (red line)
spatially averaged over the extracted area. (b) Wind speed from the ALADIN atmospheric model (green line) and VIDA buoy (orange line)
extracted at 13.55° E, 45.55° N and 13.55° E, 45.63° N, respectively, from 20 March to 20 April 2021. The shaded area represents the bora—
bloom period, with the left dashed black line delimiting the start of the bora episode and the right dashed black line representing the day

when the jellyfish bloom was reported by the media and citizens.

same day. During 3 April, wind gusts oscillated between 10
and 17ms~! (36-61 kmh~"), with the maximum recorded
at 13:30UTC. SSC data also showed the effect of the
strong bora event, as SSC speeds increased and reached
their maximums around the same time as the wind (Fig. 5a,
shaded area). Maximum values of SSC speeds were mea-
sured from HFR at 02:00 UTC on 3 April with a peak value
of 0.26ms~!. The aforementioned bora episode lasted ap-
proximately 3d, followed by a calm wind on the morn-
ing of 5 April (~ I ms~!) and by two peaks: the first took
place on the evening of the same day with a wind speed
of ~837ms™! (~30kmh™'), and the second took place
in the early morning of 6 April, reaching 16.24ms™! (~
58 kmh~!). The response of the SSC to this wind maximum
is observed by the peak recorded on the morning of 6 April
(~0.23ms™1).

https://doi.org/10.5194/0s-18-1321-2022

Figure 6 shows the output of CMEMS model (blue vec-
tors) and HFR measurements (red vectors) on 3 April at #; =
02:00 UTC and #, = 06:00 UTC, as well as on 6 April 2021
at 09:00 UTC at two different levels representing surface (a,
b, c, upper panels) and bottom currents (d, e, f, lower pan-
els). It can be seen that after the action of the wind, in the
surface layer the water was pushed westwards, leading to off-
shore water removal (Fig. 6a, b, c). Consequently, in the bot-
tom layer the compensating eastward countercurrent started
to build up (Fig. 6d, e, f). It is known that the bora wind
pushes water out of the GOT at the surface, particularly in
conditions of low Isonzo river run-off (Querin et al., 2006), as
occurred during March and early April 2021 (Fig. 7). To sat-
isfy the mass balance, water from the bottom layer is pumped
up vertically, enhancing the upwelling on the eastern side
of the gulf, thus replacing the water that was pushed away.

Ocean Sci., 18, 1321-1337, 2022
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During this process, the water masses below the surface are
pulled inshore and the countercurrent is set up (Malaci¢ and
Petelin, 2009; Querin et al., 2006, 2021). Querin et al. (2006)
showed that after 3 h of the bora wind onset the bottom layer
separated from the surface layer and the direction of the hor-
izontal bottom current was opposite to the wind forcing. The
same process was observed in spring 2021 when on 3 and 6
April, after a couple of hours, the wind had set up the bot-
tom countercurrent (Fig. 6b, e, c, f). The bora displaced the
surface water from the gulf, stranding many jellyfish on the
coast of Grado (right-hand panel in Fig. 1), and at the same
time, thanks to the countercurrent, it pushed up the deeper
waters, transporting them towards the coast and carrying the
jellyfish that subsequently accumulated on the shores of the
city of Trieste (left and central panels of Fig. 1).

4.2 Thermohaline variability

As pointed out in the previous section, the effect of mixing,
currents and coastal upwelling induced the bottom dense wa-
ter of the GOT to reach the eastern flank. During this process,
cooler subsurface water was brought up to the surface, as can

Ocean Sci., 18, 1321-1337, 2022

be seen from the daily satellite surface temperature (SST)
maps in Fig. 8a. Before the bora event, the surface layer was
warming, as shown by SST maps from 31 March 2021, with
values of ~ 13 to 14.5°C by 3 April 2021. During the bora
onset, the water column got thoroughly mixed, as shown by
the SST map on 5 April in Fig. 8a, occupying the eastern
flank of the GOT with values ~ 11 °C. As expected, the re-
sponse of the sea to the wind forcing was detected ~ 2 d later.
After the generated upwelling and the mixing of the water
column, a cold layer occupied the surface of the gulf for sev-
eral days (5 to 13 April in Fig. 8a).

Satellite SST times series obtained by spatially av-
eraging over the extracted area (Fig. 8b) confirmed the
spring-type positive trend, i.e. warming up of the surface
layer, with the maximum SST reached just before the
bora event. Indeed, the surface layer shows the maximum
on 3 April of ~14.56°C, in agreement with the aver-
age value of 14.45+1.12°C reported by ARPA FVG in
its monthly sea-state bulletin for the period 2014-2019
(http://cmsarpa.regione.fvg.it/export/sites/default/tema/acqu
a/acque-marino-,costiere-e-lagunari/approfondimenti/bollett
ino_web/2021/2021-04-Stato-oceanografico,-ed-ecologico-

https://doi.org/10.5194/0s-18-1321-2022
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Figure 7. Isonzo river hydrometric levels for the period January—
June 2021.

del-Golfo-di-Trieste.pdf, last access: 8 August 2022). The
effect of the bora is evidenced by a ~3.5°C drop in the
SST (dashed black line labelled “bora onset” in Fig. 8d),
which lasted for several days, as confirmed by data from the
ARPA FVG CTD surveys on 14-16 April 2021 (not shown).
Around 20 April, the surface layer started to warm up again,
following a positive trend (Fig. 8b).

Figure 9a—c depict the mean water column structure from
the model for the period 20 March to 20 April 2021. At the
beginning of the considered period, the warming of the sur-
face layer and stratification started, and the water column
structure can be divided into three layers: surface (s, 1-4 m
depth), intermediate (i, 4-10m depth) and bottom (b, 10—
20m). The thickness of the surface and intermediate lay-
ers increases with time as part of the stratification process.
Before the bora episode struck the GOT, the thermohaline
characteristics of the surface layer were S5 ~ 36.50 gkg™!,
05 ~ 13.60°C and ops ~ 27.50kg m~3. At the intermediate
layer they were S; ~37.50gkg™!, 6; ~ 11.85°C and op; ~
28.80kgm™> and at the bottom layer S, ~38.38 gkg™!,
6, ~ 11.10°C and ogp ~ 29.5kg m 3. The onset of the strat-
ification after 28 March is also evident in the tempera-
ture time series collected at MAMBOI1 and VIDA buoys
(Fig. 94d).

During the whole bora—bloom interval, the water column
stratification disappeared (Fig. 9) as an effect of the mixing
triggered by the heat loss and subsurface water masses being
pumped vertically. While S and oy followed a similar pattern,
6 showed two cores, one of ~ 12°C affecting the surface
to ~9m and the second one of ~ 11 °C from ~ 9m to the
bottom. Full mixing of the water column was reached in the
late evening of 6 April, and it lasted until the early hours of
7 April for the whole basin (Fig. 9b). The temperature plots
depicted in Figs. 8b, 9b and d show that a relatively cold layer

https://doi.org/10.5194/0s-18-1321-2022

(6 ~ 11.5 °C) occupied the whole basin for several days after
the bora onset.

4.3 Temporal variability of net surface heat flux

The total heat exchange between the atmosphere and the sea,
which was the main triggering process for the mixing of the
water column, was obtained by calculating the daily net sur-
face heat flux (Qngr) for the northern Adriatic Sea from
20 March to 20 April 2021. The net surface heat flux ranges
from —200 to 200 W m~2, whereas for the Gulf of Trieste
the maximum value was Ongr < 120 W m ™2 (Fig. 10). This
positive OngT Was seen from 30 March to 2 April, indicating
that the heat was being transferred from the atmosphere to the
sea, in agreement with the warming up of the surface layer
and the stratification process during this time interval shown
in Sect. 4.2. During the bora—bloom period, the net surface
heat flux ranged from —200 to approximately +50 W m~2 in
the GOT. Qngr can be seen decreasing to less than 50 W m 2
as the bora strikes the GOT on 3 April, losing heat to the at-
mosphere. On 4 April the surface net heat flux was negative
at ONET ~ —10Wm™2, and the sea lost heat to the atmo-
sphere. On 5 April, a little increment in ONgT Was observed,
in agreement with the calm wind reported earlier in Sect. 4.1
on the same day. As the bora began to strengthen, ONgT
reached its minimum in the studied period (~ —150 W m_z),
transferring heat from the sea to the atmosphere, an effect
seen not only in the GOT but also extending to the whole
northern Adriatic Sea (6 April 2021 in Fig. 10). A similar
pattern was reported by Dorman et al. (2006), Raicich et al.
(2013) and Cosoli et al. (2013) for other cases. This heat loss
also contributed to the mixing of the water column, which
by 6 April was fully mixed (Fig. 9c). Afterwards, from 7 to
12 April, Ongr increased as the bora wind died down with
values ranging from ~ —10 to < 50 W m™2, respectively.
However, another negative peak on 13 April was observed,
reaching values OngT < —100 W m~2, corresponding to the
wind and SSC peak on 13 April in Fig. 5.

4.4 Seasonal temperature variability in the Gulf of
Trieste

We analysed the seasonal temperature averages over the last
13 years of the available CTD casts described in Sect. 3.1.
The data were grouped in seasons as follows: winter —
JFM (January, February, March), spring — AMJ (April, May,
June), summer — JAS (July, August, September) and autumn
— OND (October, November, December). Data were aver-
aged for each season, giving each month the same weight
(Fig. 11).

The temperature time series for the 2008—2020 winter pe-
riod average between 8.8 °C and 9.73 °C, showing two max-
ima in 2014 (11.98 °C) and 2020 (11.58°C, Fig. 11a) and a
minimum in 2012 (7.5 °C), coinciding with the harshest win-
ter in recent decades in the area (Bensi et al., 2013; Raicich

Ocean Sci., 18, 1321-1337, 2022
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et al., 2013). The spring period (Fig. 11b) shows the trend
of slightly increasing temperatures between 2008 and 2020,
showing two maxima in 2016 and 2020 with average tem-
peratures of 16.41 and 16.84 °C, respectively. The average
temperature during the summer period (Fig. 11c) shows little
variation, ranging between 21.91 °C in 2008 and 20.15°C in
2020 with a minimum in 2010. Finally, the time series for
the autumn period shows high variability, even up to 4-5°C

Ocean Sci., 18, 1321-1337, 2022

between years, until 2014 and then shows a fairly similar
and constant pattern. As expected, the greatest within-season
variability was found in the spring and summer seasons.

In order to investigate whether an interannual seasonal
trend was present, the best linear fit in the least square
sense was calculated for different seasonal time series. The
results are reported in Table 3. The positive linear trends
found in winter and spring (slopes equal to 0.1042 and

https://doi.org/10.5194/0s-18-1321-2022
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Figure 9. Hovmoller diagram of (a) salinity, (b) potential temperature and (c) potential density extracted from the CMEMS physical model
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and by the VIDA buoy at 3 m (pink line) and 22 m (light blue line).

0.0935°C yr~!, respectively) are statistically significant (p
values < 0.05), but just 15% and 4 % of the variance in
the temperature (for winter and spring, respectively) are ex-
plained by the linear trend. In contrast, the linear regression
calculated for summer and autumn is not statistically signifi-
cant.

5 Discussion and conclusion

The life cycle of many gelatinous zooplankton, with alter-
nating sexual and asexual reproduction, implies the natural
formation of large aggregations due to their rapid popula-
tion growth, which typically occurs seasonally. Therefore, a
bloom of medusae like R. pulmo, which has a metagenic life
cycle, should not be considered an anomalous phenomenon
in itself. Nevertheless, the aggregation of jellyfish observed
in the GOT in April 2021 was particularly impressive for the
quantity of medusae observed (> 10ind m~2 in some areas,
Fig. 3) and for the presence of many large specimens (Fig. 1).

https://doi.org/10.5194/0s-18-1321-2022

Rhizostoma pulmo is generally present in the GOT all
around the year (Pierson et al., 2020), and this was also doc-
umented by the citizen sightings of this species received via
AvvistAPP from July 2019 to August 2021 (Fig. 3). The
smallest individuals of R. pulmo are often observed in sum-
mer (V. Tirelli, personal communication, 2022), but the lack
of information about polyps at sea has prevented a complete
description of the reproductive cycle of this species. Based
on medusae semi-quantitative data and satellite temperature
data, Leoni et al. (2021a) identified the thermal window of
R. pulmo in the Mediterranean sea between 15 and 22 °C,
while experimental observations pointed out a potential ther-
mal niche at local scales of 13 to 29 °C (Leoni et al., 2021b).
This study confirms the reported range but also shows that
the thermal niche of this species is actually larger in the Adri-
atic Sea, where R. pulmo medusae occurred in winter at tem-
peratures often lower than 10 °C (Fig. 11a).

A recent study of long-term records of R. pulmo in south-
ern European seas (Mediterranean and Black Sea) (Leoni
et al., 2021a) pointed out an “increase greater than expected”

Ocean Sci., 18, 1321-1337, 2022
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Figure 10. Spatial distribution of daily averaged net surface heat fluxes (W m~2) over the northern Adriatic Sea from 30 March to
13 April 2021.

Table 3. Linear regression statistics.

Slope (°C yr_l) Standard error p value R?
Winter 0.1042 0.0148 1.4572x 1071 0.1460
Spring 0.0935 0.0263 0.0005 0.0415
Summer 0.0071 0.0331 0.8297  0.0002
Autumn 0.0232 0.0168 0.1695  0.0070

by the upward phase of the jellyfish population oscillation
pattern assumed at the global scale (Condon et al., 2014).
Specifically, the authors noted that the long-term intensity of
the bloom and the biogeographic pattern of the species were
determined by a latitudinal temperature gradient, but not by
productivity: northern sites (low temperatures) showed less
intense bloom events, while southern sites (high tempera-
tures) showed the most intense bloom events. In this context,
the observations of R. pulmo in the GOT confirm the trend
of increasing blooms in the last decades (Kogovsek et al.,
2010; Pierson et al., 2020; Pestori¢ et al., 2021) and at the
same time represent an exception to the latitudinal tempera-
ture gradient, as it is one of the coldest areas of the Mediter-
ranean Sea and simultaneously one of the areas where the
blooms of R. pulmo were most intense, as in the period (early
spring 2021) documented by this study. Based on molecular
data, the northern Adriatic Sea harbours one of the three dis-
tinct populations of R. pulmo identified in the Mediterranean
Sea (Faleh et al., 2017), whose adaptation to this environment
remains to be investigated.

Ocean Sci., 18, 1321-1337, 2022

During 2008-2018, spring temperatures in the Mediter-
ranean Sea were significantly correlated with the onset and
duration of the R. pulmo season (defined, respectively, as
the first and last observations of the species in a given area)
(Leoni et al., 2021a). In the Adriatic Sea, R. pulmo showed an
early occurrence during the warm spring, and bloom duration
was also positively correlated with winter SST (Leoni et al.,
2021a). These results support the possibility that increasing
abundance of this jellyfish is related to increasing tempera-
tures in this region: warmer springs could cause R. pulmo to
appear earlier and begin strobilation activity earlier, more in-
tensely and for a longer period of time (Purcell et al., 2012);
additionally, warmer winters could favour polyp survival and
lead to adult stages lasting longer (Boero et al., 2016). This
scenario seems to apply to what happened in the GOT, where,
according to the observed CTD data, the spring and win-
ter preceding the April 2021 bloom were warmer than the
same seasons in the 4 years before the jellyfish outbreak
(Fig. 11). Furthermore, most of the jellyfish that formed the
bloom were very large medusae, likely overwintering speci-
mens born in 2020.
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Figure 11. Box plot of seasonal temperature time series from CTD casts performed at the Paloma site in the centre of the Gulf of Trieste.
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representing the autumn season (c¢). The horizontal lines inside the boxes represent the median for each year and season, whiskers represent
max and min values, and dots represent outliers. Solid blue, green, yellow and purple lines represent the average values of each seasonal time
series. Red lines depict the linear trend for each season. Dashed black lines represent the 95 % confidence interval.

In their review of the physical relationships involved in the
aggregation of gelatinous zooplankton, Graham et al. (2001)
distinguish between rapid changes in jellyfish concentration
due to rapid population growth (termed a “true bloom” by
the authors) and those due to redistribution or re-dispersion
of a stable population (“apparent bloom’). The numerous re-
ports (from fishermen, citizens and scientists) of increasing
occurrences of R. pulmo throughout the GOT in the weeks
leading up to the April 2021 bloom support the conclusion
that the observed bloom of R. pulmo was a “true bloom” and
not merely a concentration of specimens from a stable popu-
lation. At the same time, our study indicates that the percep-

https://doi.org/10.5194/0s-18-1321-2022

tion of the extent of this bloom was influenced by the role
played by the bora wind in jellyfish aggregation along the
coast near Trieste. After the onset of the bora wind, we ob-
served how the sea temperature at the surface decreased as
a result of the generated upwelling and the subsequent mix-
ing of the water column. This process is consistent with the
results of Querin et al. (2006, 2021). At the surface, the wa-
ter was pushed westward into the gulf towards Grado, where
the jellyfish present at the surface were stranded on the beach
(right panel in Fig. 1).

In the deeper layers, we observed the formation of a com-
pensating countercurrent; after a few hours the surface and
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deep currents were completely opposing each other. Due to
the effect of the bora-enhanced mechanism (bora — coun-
tercurrent — upwelling), multi-platform temperature data, to-
gether with the net surface heat flux, showed that the entire
gulf was filled with a cold-temperature layer for several days
with the maximum heat loss as well as full vertical mixing
found on 6 April, just before the jellyfish bloom was reported
by the media and citizens. Although Rhizostoma medusae
cannot be considered drifting because they actively swim and
R. octopus has been shown to even swim against the cur-
rent (Fossette et al., 2015), it is very likely that the current
generated by the bora wind (> 0.25ms™! at the surface and
> 0.15ms~! at the bottom) was too strong for R. pulmo to
overcome. Therefore, we suggest that the upwelling gener-
ated on the eastern flank of the GOT by the countercurrent
caused the numerous jellyfish hidden in this layer to gather
on the coast of the city of Trieste (Fig. 1, left and middle pan-
els). The quantity of jellyfish present in the area in front of
the city of Trieste was absolutely impressive (> 10ind m~2)
and persisted in some areas for a couple of weeks: the bora
wind made the R. pulmo medusae, otherwise distributed in
water column, visible directly from the wharves surrounding
the city of Trieste.

Although bora events and their dynamics have been
well documented for the GOT (Cosoli et al., 2012; Querin
et al., 2006; Licer et al., 2016), to our knowledge this is
the first study that contextualises jellyfish aggregation and
meteo-oceanographic conditions in this area. This study
demonstrates the necessity of a multidisciplinary and multi-
platform approach to understand jellyfish bloom dynamics.

Data availability. HFR ~ data are publicly available at
http://150.145.136.27:8080/thredds/HF_RADAR/HFR_NAdr/
HFR_NAdr_catalog.html (last access: 24 November 2021,
Cardin et al., 2021). MAMBOI and VIDA buoy data can
be downloaded from the Copernicus Marine Service In
Situ Thematic Assembly Centre (CMEMS in situ TAC) at
http://www.marineinsitu.eu/dashboard/; the two datasets can be
found under the names ADN-MAMBOI1 (last access: 23 March
2022, National Institute of Oceanography and Applied Geophysics,
2022) and VIDA-BUOY (last access: 25 November 2021, Slovenia
National Institute of Biology, 2021). Satellite SST and MFS model
outputs can be extracted from the Copernicus Marine Service at
https://resources.marine.copernicus.eu/product-detail/SST_MED_
SST_L4_NRT_OBSERVATIONS_010_004/INFORMATION (last
access: 27 August 2021, Buongiorno Nardelli et al., 2021) and
https://resources.marine.copernicus.eu/product-detail/MEDSEA _
ANALYSISFORECAST_PHY_006_013/INFORMATION

(last access: 24 March 2022, Clementi et al, 2022).
ERAS heat fluxes can be downloaded from the Coper-
nicus Climate Change Service and Climate Data Store
at  https://cds.climate.copernicus.eu/#!/home  (last  access:
15 March 2022, Hersbach et al., 2018). R. pulmo abundance
data are available at https://www.emodnet-biology.eu/ (last access:
9 August 2021, Tirelli and Goruppi, 2021).
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