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Extended abstract
1) State-of-the-art

Thermohaline oscillations of the Adriatic-lonian System — as well as their biological
consequences — have been extensively studied in the last 70 years (Buljan, 1953; Zore-Armanda,
1963; Buljan and Zore-Armanda, 1976; Grbec et al., 2009; Civitarese et al., 2010). In particular, the
Adriatic-lonian Bimodal Oscillating System (BiOS, Gaci¢ et al., 2010), which consists on the decadal
reversal of the cyclonic Northern lonian Gyre (NIG) into anti-cyclonic circulation, has been found to
strongly affect the thermohaline, biogeochemical, ecological and fishery conditions in the Adriatic
Sea (see Figure 1). The BiOS regimes are also related to a wider Eastern Mediterranean oscillatory
dynamics (Krokos et al., 2014; Theocharis et al., 2014). In particular, Klein et al. (1999) proved the
interplay between dense water formation occurring in the Adriatic and Aegean Seas.

However, surprisingly, the physical explanation of the thermohaline oscillations is still under
debate as two different theories are opposed. The first theory links the oscillations to the pressure and
wind-driven patterns (Grbec et al., 2003). In particular, Molcard et al. (2002) and Pinardi et al. (2015)
have been proving the relationship between wind stress curl and northern lonian reversals. The second
theory correlates the oscillations with the effects of dense water formation (Borzelli et al.,2009; Gaci¢
et al., 2010). In particular, Vilibi¢ and Santi¢ (2008) and Mihanovié et al. (2013) demonstrate the
direct link between the oscillations and the dense water formation in the southern and northern
Adriatic. Recently, physical modeling of the inversions of the NIG circulation in an idealized
Adriatic-lonian/Eastern Mediterranean circulation system has confirmed that the Adriatic dense
waters and not the wind are the main drivers of the NIG reversal (Rubino et al., 2020).
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Figure 1: Scheme of the decadal Bimodal Adriatic-lonian Oscillation System (BiOS) mechanism driving the
Northern lonian Gyre (NIG) adapted from http://nettuno.ogs.trieste.it/jungo/bios_cropex/.
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2) Previous Numerical Modelling Efforts

This proposal is written in the continuation of previous efforts to carry out kilometer-scale
coupled atmosphere-ocean simulations in the Adriatic-lonian basin supported by both the Croatian
project ADIOS and the ECMWEF special project SPCRDENA.

In particular, the Adriatic Sea and Coast (AdriSC) modelling suite (Denamiel et al., 2019) has
been developed during these two projects with the aim to accurately represent the processes driving
the atmospheric and oceanic Adriatic circulation, in particular during extreme weather conditions. In
this spirit, two different modules of the AdriSC modelling suite have been developed conjointly: (1)
a basic module (presented below in Figure 2) providing atmospheric and oceanic Adriatic baroclinic
circulation at the deep sea and coastal scales, and (2) a dedicated nearshore module (not presented
here) used to better reproduce atmospherically driven extreme sea level events.

Modelling of the Adriatic baroclinic circulation at the coastal scale requires to properly resolve
the orographic and bathymetric features of the studied area. For the atmosphere, the bora wind
intensity — which can reach up to 30m/s with gusts surpassing 60 m/s (e.g. Belusi¢ and Klaic¢, 2006;
Gohm et al., 2008; Grisogono and Belusi¢, 2009; Licer et al., 2016), highly depends on the capability
of the models to capture the topography of the Velebit Channel as found in Denamiel et al. (2020a).
For the ocean, the complex network of islands along the Croatian coast influences the coastal ocean
circulation, driven by a combination of winds, freshwater discharges and thermohaline circulation
and variability of the Adriatic-Ionian system (Orli¢ et al., 1992; Gaci¢ et al., 2010; Vilibi¢ et al.,
2018).
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Figure 2: Flow chart of the climate component of the AdriSC modelling suite representing the coupling

between the two different models (WRF and ROMS), their grids (plotted with topography/bathymetry data)
and their forcing.

The basic module model domains presented in Figure 2 are thus defined accordingly. For the
atmosphere, a 15km grid (horizontal size: 140 x 140) approximately covering the central
Mediterranean basin and a nested 3km grid (266 x 361) encompassing the entire Adriatic and lonian
Seas allow for the proper modelling of the Adriatic atmospheric circulation, depending on both local
orography and Mediterranean regional forcing. While for the ocean, a 3km grid identical to the
atmospheric grid and a nested additional 1km grid (676 x 730) provide a good representation of both
the exchanges with the lonian Sea and the complex geomorphology of the Adriatic Sea and, most
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particularly, of the Croatian coastline. The vertical discretization of the grids is achieved via terrain-
following coordinates: 58 levels refined in the surface layer for the atmosphere (Laprise, 1992) and
35 levels refined near both the sea surface and bottom floor for the ocean (Shchepetkin &
McWilliams, 2009). The basic module of the AdriSC modelling suite — which produces hourly
atmospheric and oceanic results, is based on a modified version of the Coupled Ocean-Atmosphere-
Wave-Sediment-Transport (COAWST V3.3) modelling system developed by Warner et al. (2010).
The state-of-the-art COAWST model couples (online) the Regional Ocean Modeling System (ROMS
svn 885) (Shchepetkin & McWilliams, 2005, 2009) and the Weather Research and Forecasting (WRF
v3.9.1.1) model (Skamarock et al., 2005) via the Model Coupling Toolkit (MCT v2.6.0) (Larson et
al., 2005) and the remapping weights computed — between the 15km, 3km and 1km atmospheric and
ocean grids, with the Spherical Coordinate Remapping and Interpolation Package (SCRIP). More on
the AdriSC modelling suite can be found in Denamiel et al. (2019).

As the AdriSC climate component was used to produce historical and climate projection model
results at 1km for the ocean and 3km for the atmosphere for the entire Adriatic basin (including the
northern part of the lonian Sea), the choice of the simulations was mostly driven by the availability
of high-resolution regional climate models (RCMs) covering the Mediterranean basin. In particular,
for the 31-year control run — which is forced by ERA-Interim dataset and is also used as evaluation
run, the simulation is undertaken between 1987 and 2017 due to the availability of the 9km MEDSEA
results (Simoncelli et al, 2014) which are used to force the 3km outer ocean grid.
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Figure 3: Evolution of the temperature change AT for scenarios rcp 4.5 and rcp 8.5: vertical profiles following
pressure level in the atmosphere and depth in the ocean (left panels) and time evolution depending on the day
of year (DOY) for the air at 2m and the sea surface temperatures (right panels).
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The climate scenarios (RCP 4.5 and 8.5) were originally thought to be forced with coupled RCM
results from the MED-CORDEX experiments. Unfortunately, after discussion with different institutes
producing the results, we realized that the fields were not saved at high enough frequency (and with
high enough vertical distribution) to be used as boundary conditions. Given this fact and the slowness
of the AdriSC modelling suite (1 month of simulation per day), it was judged impossible to follow
the classical climate downscaling approach as presented in MED-CORDEX: one 50-year historical
run and at least two 100-year scenario runs. The Pseudo-Global Warming (PGW) approach developed
by Schar et al. (1996) for the atmospheric models was thus extended to coupled atmosphere-ocean
models by Denamiel et al. (2020b) during the previous ECMWEF special project. Concerning the
practical implementation of the PGW simulations, the choice of the forcing was limited to the
LMDZ4-NEMOMEDS results which, due to a reported issue with the CNRM-CM5 CMIP5 forcing
for the historical run (that removes reliability of this product), were at the time, the only high
resolution coupled model results from the Med-CORDEX experiment available for the historical
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period (1950-2005) and the two climate scenarios RCP 4.5 and RCP 8.5 (2006-2100). The principle
of the PGW methodology is to impose an additional climatological change (e.g. a temperature change
AT representative of the increase in temperature between past and future climate, see Figure 3) to the
forcing used to produce a control run.
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Figure 4: Panel (a): Analysis of the northern Adriatic storm surge distributions during the 14 sirocco events
with baseline sea-level plot defined as the median of the maximum sea-levels generated by each storm and
sea-level distributions derived from the evaluation and climate projection (RCP 4.5 and RCP 8.5) results at
Venice tide gauge stations. Panel (b) RCP 4.5 and RCP 8.5 conditions (median of the scenario results) for
maximum horizontal wind speed, minimum total heat flux and minimum sea surface temperature during the
peak of 22 selected extreme bora events.

The robustness of the newly extended PGW methodology (Denamiel et al., 2020b) was tested
for both RCP 4.5 and RCP 8.5 scenarios with an ensemble of 36 short simulations (3-day length) of
extreme historical sirocco and bora events (the main winds blowing over the Adriatic Sea). Two
different studies (Denamiel et al., 2020b, 2020c) reveal that the PGW methodology provided results
aligned with the tendencies seen in the RCMs but was additionally capable of projecting the impact
of climate change on the storm-surges in Venice (Denamiel et al., 2020b, Figure 4.a) or the bora
dynamics and the associated sea-surface cooling in the northern Adriatic region (Denamiel et al.,
2020c, Figure 4.b) which can both only be described with kilometre-scale models.

However, within the previous ECMWEF special project, only the control/evaluation 31-year
long run was finalized and evaluated against (1) a unique dataset of ocean measurements collected in
the Adriatic Sea and (2) classical atmospheric observations including more than 300 ground-based
weather stations, echo-soundings at 6 locations and E-OBS dataset. The model output of the 31-year
long evaluation run are already available as it on a LDAP open access server (ftp://messi-nas.izor.hr/)
and a web-interface is under construction in order to allow more sophisticated extraction of the
results. Additionally, due to the slowness of the AdriSC modelling suite, only the 31-year long climate
projection under RCP 8.5 scenario was undertaken for the far future projections (2070-2100 period).
Further, this run could not be finalized during the previous project despite the generous allocation of
additional credits each year.

To our knowledge, the AdriSC climate suite is the first climate coupled atmosphere-ocean
model running at such high resolution (kilometre-scale). Despite the many challenges faced during
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the previous ECMWEF special project (including the availability of the forcing for the climate
simulations, the slowness of the AdriSC model, the computational resources needed to run such a
model, etc.), we thus believe that such climate models can provide to the Adriatic Sea scientific
community a unique dataset of numerical results which can be used to study various physical but also
biological processes in the past and project their behaviour in the context of future climate warning
scenarios.

3) Proposed Work

The proposed work builds on the achievements of the previous 3 years and is in fact twofold:
on the one hand, the 31-year long RCP 8.5 run is planned to be finalized during the first year of the
project with the aim to project the behaviour of the BiOS in a future warmer climate and, on the other
hand, due to the complexity of the non-linear interactions involved in the BiOS mechanism, a process
oriented approach testing various hypothesis of generation will be used in the next two years of the
project in order to better understand the main drivers of the reversal of the Northern lonian Gyre
(NIG). Additionally, during the three years of the special project, analysis of the output from the
different numerical simulations will also be performed in order to study the northern Adriatic dense
water formation and its impact BiOS.

Q) Continuation of the AdriSC 31-year climate projections under RCP 8.5 scenario — first
year of the requested ECMWF HPC resources

At this very moment, 7 years of the RCP 8.5 31-year long simulation have been already performed
within the previous ECMWF special project. We expect to obtain by the end of the year between 14
and 15 years of results which means that all the first year credits and storage allocated to another
special project would be spend in order to finalized this run.

Computing resources needed: As the AdriSC climate component runs in parallel on 260CPUs, and
takes about 24h of computation (elapse time) to produce 1 month of data, the amount of credits needed
to run the extra 15 years of the RCP 8.5 simulation are: 260CPUs*200days*86400s*P ~ 20,000,000
SBUs. Concerning the storage needed, we estimate that about 25,000 GB will be needed.

(i) Process-oriented simulations of the BiOS mechanism — last two years of the requested
ECMWF HPC resources

For this part of the project, a simplified ocean domain will be used covering only the southern
Adriatic Sea and the northern lonian Sea and forced with simplified boundary and atmospheric
conditions. As the AdriSC modelling suite is numerically extremely costly, the main idea of the
experiments, that will be performed in these two years, is to test several hypothesis concerning the
processes responsible for the reversal of the NIG. To some extent, we consider that the results derived
from the physical modelling performed by Rubino et al. (2020) could be confirmed and further
developed via the use of simplified numerical experiments. These additional simulations will also
help us to better analyse the long-term AdriSC results (evaluation and RCP 8.5 runs) as the main
drivers of the BiOS mechanism will already be identified with more controlled simulations.

Computing resources needed:
Following our first estimate, for these experiments, 20,000,000 SBUs and up to 50,000 GB will be
used in the framework of the two last years of the ECMWF special project.

It is also planned that the model outputs will be disseminated to the research community and users
via a LDAP open access server already existing: ftp://messi-nas.izor.hr/.

June 2019 Page 6 0of 9 This form is available at:
http://www.ecmwf.int/en/computing/access-computing-facilities/forms


ftp://messi-nas.izor.hr/

References:

Belusi¢, D., Klai¢, Z. B., 2006. Mesoscale dynamics, structure and predictability of a severe Adriatic
bora case. Meteorol. Z., 15, 157-168.

Borzelli, G. L. E., Gaci¢, M., Cardin, V., Civitarese, G., 2009. Eastern Mediterranean transient and
reversal of the lonian Sea circulation, Geophys. Res. Lett., 36, L15108,
doi:10.1029/2009GL039261.

Buljan, M., 1953. Fluctuations of salinity in the Adriatic, Izvjestaj Republicke ribarstvenobioloske
ekspedicije ““Hvar’’ 1948-1949, Acta Adriatica, 2, 1-64.

Buljan, M., Zore-Armanda, M., 1976. Oceanographic properties of the Adriatic Sea, Oceanogr.
Mar. Biol. Ann. Rev., 14, 11-98.

Civitarese, G., Gaci¢, M., Lipizer, M., Eusebi Borzelli, G.L., 2010. On the impact of the
Bimodal Oscillating System (BiOS) on the biogeochemistry and biology of the Adriatic and
lonian Seas (Eastern Mediterranean), Biogeosciences, 7, 3987-3997.

Denamiel, C., Sepié, J. Ivankovi¢, D., Vilibi¢, 1., 2019. The Adriatic Sea and Coast modelling suite:
Evaluation of the meteotsunami forecast component. Ocean Model., 135, 71-93.
doi:10.1016/j.ocemod.2019.02.003

Denamiel, C., Tojc¢i¢, L., Vilibi¢, 1., 2020a. Sensitivity of northern Adriatic severe bora dynamics to
atmospheric model resolution. Q. J. Roy. Meteorol. Soc., in review.

Denamiel, C., Prani¢, P., Quentin, F., Mihanovi¢, H., Vilibi¢, 1. 2020b. Pseudo-global warming
projections of extreme wave storms in complex coastal regions: the case of the Adriatic Sea. Clim.
Dyn., in review.

Denamiel, C., Toj¢i¢, L., Vilibi¢, 1., 2020c. Far future climate (2060-2100) of the northern Adriatic
air-sea heat transfers associated with extreme bora events. Clim Dyn, in review.

Gaci¢, M., Borzelli, G.L.E., Civitarese, G., Cardin, V., Yari, S., 2010. Can internal processes
Sustain reversals of the ocean upper circulation? The lonian Sea example. Geophys. Res. Lett.,
37, L09608, doi:10.1029/2010GL043216.

Gohm, A., Mayr, G. J., Fix, A., Giez, A., 2008. On the onset of bora and the formation of rotors and
jumps near a mountain gap. Q. J. Roy. Meteor. Soc., 134, 21-46.

Grbec, B., Morovi¢, M., Zore-Armanda, M., 2003. Mediterranean Oscillation and its relationship to
salinity fluctuation in the Adriatic Sea, Acta Adriat., 44(1), 61-76.

Grbec, B., Morovié, M., Beg Paklar, G., Kuspili¢, G., Matijevi¢, S., Mati¢, F., Nin¢evi¢ Gladan, Z.,
2009. The relationship between the atmospheric variability and productivity in the Adriatic
Sea area. J. Mar. Biol. Assoc. U. K., 89, 1549-1558, doi:10.1017/S0025315409000708.

Grisogono, B., Belusi¢, D., 2009. A review of recent advances in understanding the meso- and
microscale properties of the severe Bora wind. Tellus A, 61, 1-16.

Klein, B., Roether, W., Manca, B.B., Bregant, D., Beitzel, V., Kovacevi¢, V., Luchetta, A., 1999.
The large deep water transient in the Eastern Mediterranean, Deep Sea Res. Part |, 46, 371-414.

Krokos, G., Velaoras, D., Korres, G., Perivoliotis, L., Theocharis, A., 2014. On the continuous

June 2019 Page 7 0of 9 This form is available at:
http://www.ecmwf.int/en/computing/access-computing-facilities/forms



functioning of an internal mechanism that drives the Eastern Mediterranean thermohaline
circulation: The recent activation of the Aegean Sea as a dense water source area. J. Mar. Syst., 129,
484-489.

Laprise, R., 1992. The Euler Equations of motion with hydrostatic pressure as independent variable.
Mon. Wea. Rev., 120, 197-207.

Larson, J., Jacob, R., Ong, E., 2005. The model coupling toolkit: A new Fortran90 toolkit for
building multiphysics parallel coupled models. Int. J. High Perform. Comput. Appl., 19 (3), 277-
292. d0i:10.1177/1094342005056115

Licer, M., Smerkol, P., Fettich, A., Ravdas, M., Papapostolou, A., Mantziafou, A., Strajnar, B.,
Cedilnik, J., Jeromel, M., Jerman, J., Petan, S., Malaci¢, V., Sofianos, S., 2016. Modeling the ocean
and atmosphere during an extreme bora event in northern Adriatic using one-way and two-way
atmosphere—ocean coupling. Ocean Sci., 12, 71-86. https://doi.org/10.5194/0s-12-71-2016

Mihanovi¢, H., et al., 2013. Exceptional dense water formation on the Adriatic shelf in the
winter of 2012. Ocean Sci., 9, 561-572, doi: 10.5194/0s-9-561-2013.

Molcard, A., Pinardi, N., Iskandarani, M., Haidvogel, D.B., 2002. Wind driven general
circulation of the Mediterranean Sea simulated with a spectral element ocean model. Dyn.
Atmos. Oceans, 35 (2), 97-130.

Orli¢, M., Gaci¢, M., La Violette, P. E., 1992. The currents and circulation of the Adriatic Sea.
Oceanol. Acta, 15(2), 109-124.

Pinardi, N., Zavatarelli, M., Adani, M., Coppini, G., Fratianni, C., Oddo, P., Simoncelli, S., Tonani,
M., Lyubartsev, V., Dobricic, S., Bonaduce, A., 2015. Mediterranean Sea large-scale
low-frequency ocean variability and water mass formation rates from 1987 to 2007: A retrospective
analysis, Prog. Oceanogr., 132, 318-332.

Rubino, A., Gaci¢, M., Bensi, M., Kovacevi¢, V. et al., 2020. Experimental evidence of long-term
oceanic circulation reversals without wind influence in the North lonian Sea. Sci. Rep., 10, 1905.
doi: 10.1038/s41598-020-57862-6

Shchepetkin, A. F., McWilliams, J. C., 2005. The regional oceanic modeling system: A split-
explicit, free-surface, topography-following-coordinate ocean model. Ocean Model., 9, 347-404.

Shchepetkin, A. F., McWilliams, J. C., 2009. Correction and commentary for “Ocean forecasting in
terrain-following coordinates: Formulation and skill assessment of the regional ocean modeling
system” by Haidvogel et al., J. Comput. Phys., 227, pp. 3595-3624. J. Comput. Phys. 228, 8985—
9000. doi:10.1016/j.jcp.2009.09.002

Schér, C., Frei, C., Luthi, D., Davies, Huw C., 1996. Surrogate climate-change scenarios for
regional climate models. Geophys. Res. Lett., 23 (6). https://doi.org/10.1029/96GL00265

Simoncelli, S., Fratianni, C., Pinardi, N., Grandi, A., Drudi, M., Oddo, P., & Dobricic, S., 2014.
"Mediterranean Sea physical reanalysis (MEDSEA 1987-2015) (Version 1)". set. E.U. Copernicus
Marine Service Information. doi: https://doi.org/10.25423/medsea_reanalysis_phys_006_004

Skamarock, W. C., Klemp, J. B., Dudhia, J., Gill, D. O., Barker, D. M., Wang, W., Powers, J. G.,
2005. A Description of the Advanced Research WRF Version 2. NCAR Technical Note NCAR/TN-
468+STR, doi:10.5065/D6DZ069T.

June 2019 Page 8 0of 9 This form is available at:
http://www.ecmwf.int/en/computing/access-computing-facilities/forms


https://doi.org/10.5194/os-12-71-2016
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rubino%20A%5BAuthor%5D&cauthor=true&cauthor_uid=32024877
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ga%26%23x0010d%3Bi%26%23x00107%3B%20M%5BAuthor%5D&cauthor=true&cauthor_uid=32024877
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bensi%20M%5BAuthor%5D&cauthor=true&cauthor_uid=32024877
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kova%26%23x0010d%3Bevi%26%23x00107%3B%20V%5BAuthor%5D&cauthor=true&cauthor_uid=32024877
https://dx.doi.org/10.1038%2Fs41598-020-57862-6
https://doi.org/10.25423/medsea_reanalysis_phys_006_004

Theocharis, A., Krokos, G., Velaoras, D., Korres, G., 2014. An internal mechanism driving the
alternation of the Eastern Mediterranean dense/deep water sources. in The Mediterranean

Sea: Temporal Variability and Spatial Patterns (eds G. L. E. Borzelli, M. Gaci¢, P. Lionello and
P. Malanotte-Rizzoli), John Wiley & Sons, Inc., Oxford. doi: 10.1002/9781118847572.ch8.

Vilibi¢, 1., Santi¢ , D., 2008. Deep water ventilation traced by Synechococcus cyanobacteria, Ocean
Dyn., 58, 119-125, doi:10.1007/s10236-008-0135-8.

Vilibi¢, 1., Mihanovié, H., Janekovié, |., Denamiel, C., Poulain, P.-M., Orli¢, M., Dunié¢, N., Dadi¢,
V., Pasari¢, M., Muslim, S., Gerin, R., Mati¢, F., Sepi¢, J., Mauri, E., Kokkini, Z., Tudor, M.,
Kovag, Z., DZoi¢, T., 2018. Dense water formation in the coastal northeastern Adriatic Sea: the
NAdEXx 2015 experiment, Ocean Sci., 14, 237-258.

Warner, J.C., Armstrong, B., He, R., Zambon, J.B., 2010. Development of a Coupled Ocean-
Atmosphere-Wave-Sediment Transport (COAWST) modeling system: Ocean Model., 35, 230-244.

Zore-Armanda, M., 1963. Les masses d’eau de la mer Adriatique, Acta Adriatica, 10, 5-88.

June 2019 Page 9 of 9 This form is available at:
http://www.ecmwf.int/en/computing/access-computing-facilities/forms



