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Abstract

The northernmost part of the Mediterranean Sea, the northern Adriatic shelf, is a complex area where the intensity of dense
water formation and the consequent Adriatic-Ionian thermohaline circulation are shaped by a combination of extreme win-
tertime bora winds and substantial freshwater loads. To better understand the impact of global warming on extreme bora
dynamics and the associated sea surface cooling, this study applies the Adriatic Sea and Coast (AdriSC) kilometer-scale
modelling suite to the far future climate (2060-2100) period. Under both Representative Concentration Pathway (RCP) 4.5
and RCP 8.5 greenhouse emission scenarios, the AdriSC simulations are carried out via the combination of a statistical
approach—consisting of an ensemble of 3-day simulations for 22 extreme bora events, and a pseudo-global warning (PGW)
methodology—imposing a climatological change to the forcing used to produce the evaluation (present climate) runs. Despite
a noteworthy decrease in intensity of the bora winds (by up to 3 m/s), the latent heat losses are simulated to increase (by up
to 150 W/m?) due to the reduction in relative humidity in the northern Adriatic (by up to 3%). Consequently, the sea surface
cooling associated with severe bora events and preconditioning the dense shelf water formation in the northern Adriatic
is projected to not significantly change compared to present climate. Although these results need to be further confirmed,
this study thus provides a new view on the future of processes driven by sea surface cooling, such as the dense shelf water
formation or the Adriatic-Ionian thermohaline circulation, that were projected to decrease in the future climate by regional
climate models an order of magnitude coarser than the AdriSC simulations.
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1 Introduction

Climate change, one of the most complex issues facing mod-
ern societies, will be felt worldwide for the decades and cen-
turies to come, but even more along the coastal areas where
it strongly impacts lagoons, fishing activities, aquaculture,
tourism, etc. and could yield to a reduction of local food
supply and economic security (Ionescu et al. 2009). In the
Mediterranean Sea, a well-known hot-spot region for climate
change (Giorgi, 2006), the impact of global warming has
been principally studied with coupled atmosphere—ocean
climate models at the global and regional scales. Notably,
concerning the most recent publications, Gonzalez-Aleman
et al. (2019) simulated an increase in frequency of the
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Mediterranean hurricanes (medicanes) under Representa-
tive Concentration Pathway (RCP) 4.5 scenario (van Vuuren
et al. 2011) with resolutions of 25-km in the atmosphere
and 100-km in the ocean, while Darmaraki et al. (2019) and
Soto-Navarro et al. (2020) analyzed the projections under
RCP 8.5, RCP 4.5 and RCP 2.6 scenarios of the Med-COR-
DEX ensemble using regional climate models with resolu-
tions of at least 12-km in the atmosphere and 10-km in the
ocean. They respectively found that, along the twenty-first
century and independently of the choice of the emission sce-
nario, marine heatwaves will be more frequent and water
masses will become saltier, warmer and less dense.
However, in the northern Adriatic region (Fig. 1), the
severe bora events—winds strongly influenced by the com-
plex orography of the Velebit and other mountain ranges
(Fig. 1), associated with hurricane-strength gusts up to
50 m/s (Belusi¢ and Klai¢ 2004; Grisogono and Belusi¢
2009) and frequently occurring during the fall and win-
ter seasons—can only be represented by kilometer-scale
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“limited area” meteorological models (Grisogono and
Belusi¢ 2009; Trosi¢ and Trosi¢ 2010; Prtenjak et al. 2010;
Kuzmi¢ et al. 2015; Josipovic et al. 2018; Denamiel et al.
2020). Typical duration of bora events is about two days,
but may reach a week, while having substantial variabil-
ity at daily, hourly and sub-hourly timescales (Belusi¢ et al.
2004; Grisogono and Belu$i¢ 2009; Stiperski et al. 2012).
Additionally, the sea surface cooling, the mixing of the water
column, the dense water formation and the thermohaline
circulation driven by these extreme bora storms (Hopkins
et al. 1999; Poulain and Raicich 2001; Artegiani et al. 1997;
Orli¢ et al. 2007) can only be captured by coastal ocean
models at a kilometer scale (Beg-Paklar et al. 2001; Pul-
len et al. 2006, 2007; Sherwood et al. 2004; Bignami et al.
2007; Boldrin et al. 2009; Carniel et al. 2009; Janekovié
et al. 2014; Licer et al. 2016). As for the bora, the cooling
occurs at hourly to daily timescale, rapidly impacting the
vertical ocean structure in shallow areas already homog-
enized during the late autumn and winter seasons (Franco
and Michelato 1992; Artegiani et al. 1997) and taking out
heat from the sea at rates up to 2000 W/m? for the most
extreme events (Janekovié et al. 2014). In the following days
to weeks, a strong thermohaline circulation develops in the
Adriatic-Tonian basin and can last for months (Orli¢ et al.
2007). Therefore, sea surface cooling during wintertime bora
may be considered as a proxy for the dense water formation
and the associated thermohaline circulation, which have,
for example, a critical impact on the ocean biogeochemistry
(e.g. Conan et al. 2018).
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So far, the future climate of the bora winds has been
documented through an assessment of EURO-CORDEX
climate models of 0.11° horizontal resolution (i.e. at a reso-
lution an order of magnitude coarser than recommended) by
Belusi¢ Vozila et al. (2019). This study underpins a decrease
of both intensity and frequency of the bora wind in the future
climate, except in the northern Adriatic, however the wind
regimes over such a complex mountainous region were
found to be sensitive to orography and boundary conditions
coming from global models. Regarding the Adriatic-Ionian
thermohaline circulation, it has been documented to weaken
in the present (Vilibi¢ et al. 2013) and future (Somot et al.
2006) climates, although the latter should be taken cau-
tiously as regional ocean climate models underestimate the
dense water formation (Duni¢ et al. 2019). Thus, understand-
ing the impact of climate change on the severe bora dynam-
ics and the associated northern Adriatic air—sea exchanges
requires the implementation and use of kilometer-scale cou-
pled atmosphere—ocean climate models.

Following these demands, the modular approach imple-
mented in the Adriatic Sea and Coast (AdriSC) modelling
suite (Denamiel et al. 2019) has been designed to allow a
great flexibility in investigating processes with various spa-
tial and temporal scales in the Adriatic region. In particular,
an ensemble of simulations has been recently created with
the AdriSC model in order to study historical and climate
projections of extreme storms (Denamiel et al. 2020) with
resolutions varying from 15 to 1.5 km in the atmosphere and
from 3 km to 10 m in the ocean. In the Adriatic Sea, where
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most of the coupled atmosphere—ocean bora studies concen-
trated principally in reproducing single historical events (e.g.
Pullen et al. 2006, 2007; Janekovic¢ et al. 2014; Licer et al.
2016), this ensemble approach allowed for process-oriented
statistics and has already provided meaningful insights con-
cerning the known bora dynamics and the past and future of
extreme wave climates (Denamiel et al. 2020).

The goal of this work is thus to study the impact of global
warming, for the far future 2060-2100 period, on both the
bora strength and dynamics and the associated air—sea sur-
face heat transfer—strongly preconditioning the formation
of dense shelf waters in the northern Adriatic Sea, using the
representative ensemble of 22 extreme bora events repro-
duced by the AdriSC climate model simulations (with reso-
lutions of 3-km in the atmosphere and 1-km in the ocean).
For the future climate, the simulations were carried out
imposing pseudo-global warming methodology (PGW;
Schir et al. 1996; Denamiel et al. 2020). To this purpose,
general information about the AdriSC modelling suite, set-
up of the simulations for the present (hereafter referred as
evaluation mode) and future (hereafter referred as climate
projection mode) climates and the selected events used to
create the ensemble and evaluate the models is first pre-
sented in Sect. 2. In Sect. 3, the main results of the study—
projection of the bora conditions and the associated sea
surface cooling under global warming derived from the
AdriSC climate results—are analyzed for the ensemble of
bora storms. Finally, some discussions and conclusions are
drawn in Sect. 4.

2 Model and methods

The Adriatic Sea and Coast (AdriSC) kilometer-scale cli-
mate model (Denamiel et al. 2019, 2020) has been recently
developed to accurately reproduce the atmospheric and oce-
anic climate processes over the Adriatic and northern Ionian
Sea. The modelling suite relies on the use and development
of the Coupled Ocean—Atmosphere—Wave—Sediment Trans-
port (COAWST) modelling system (Warner et al. 2010)

Table 1 Summary of the AdriSC climate component main features

built around the Model Coupling Toolkit (MCT) which
exchanges data fields and dynamically couples the Weather
Research and Forecasting (WRF) atmospheric model with
the Regional Ocean Modeling System (ROMS). It is set-up
with (1) two different nested grids of 15-km and 3-km reso-
lution used in the WRF model and covering respectively the
central Mediterranean area and the Adriatic-lonian region
and (2) two different nested grids of 3-km and 1-km resolu-
tion used for the ROMS model and covering respectively
the Adriatic-Ionian region (similarly to the WRF 3-km grid)
and the Adriatic Sea only. More details on the set-up of the
AdriSC modelling suite—which is installed and fully tested
on the European Centre for Middle-range Weather Forecast
(ECMWF) high-performance computing facilities—can be
found in Denamiel et al. (2019).

In this study, the impacts of climate change—under Rep-
resentative Concentration Pathway (RCP) 4.5 and RCP 8.5
greenhouse gas projections—on the dynamics of the strong-
est bora storms recorded in the last 30 years, as well as on
the associated sea surface cooling in the northern Adriatic
Sea, are derived with the AdriSC modelling suite. As no
public catalogue compiling the most severe bora storms
exists in Croatia, the selection of the 22 events (spanning
between 1991 and 2019) used hereafter has been derived
from an in-depth bibliographical research including mete-
orological bulletins (in Croatian), local newspapers, pho-
tographs and videos, and listed by Denamiel et al. (2020).

In order to simulate, as efficiently as possible, these 22
selected historical storms and their climate projections—
under both RCP 4.5 and RCP 8.5 scenarios—the AdriSC
model has been set-up to run for short periods of three
days with the last 24-h atmospheric and oceanic hourly
results, including the peak of the storm. The atmospheric
and oceanic variables were extracted from the WRF 3-km
and ROMS 1-km models, respectively. As summarized in
Table 1, in evaluation mode initial conditions and bound-
ary forcing were provided by the 6-hourly ERA-Interim re-
analysis fields (Dee et al. 2011; Balsamo et al. 2015) in the
atmosphere and by the daily re-analysis MEDSEA-Ocean
fields (Pinardi et al. 2003) in the ocean, while in climate

Atmosphere Ocean
Models WRF ROMS
Number of domains 2 2
Resolution 15 km 3km 3km 1 km

Initial and boundary conditions ERA-Interim (evaluation mode only) + LMDZ4 clima- MEDSEA (evaluation mode only) + NEMOMEDS8

tological changes (climate projection mode)

Duration of run (with dO the 72 h
day of the event at O h) from d0—-48 hto d0+24 h

Frequency of outputs Hourly

climatological changes (climate projection mode)
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projection mode—i.e. RCP 4.5 and RCP 8.5 scenarios—the
pseudo-global warming (PGW) methodology was imple-
mented. The principle of the PGW simulations—as first
introduced by Schir et al. (1996) for the atmosphere and
extended to coupled atmosphere—ocean models by Denamiel
et al. (2020)—is to impose an additional climatological
change (e.g. a temperature change representative of the
increase in temperature between past and future climate)
to the forcing used to produce the evaluation runs. As pre-
sented by Denamiel et al. (2020), the atmospheric and oce-
anic climatological changes (between the 1979-2019 and the
2060-2100 periods) used to force the AdriSC RCP 4.5 and
RCP 8.5 climate simulations presented in this study, have
been extracted from the coupled atmosphere—ocean regional
climate model LMDZ4-NEMOMEDS (Hourdin et al. 2006;
Beuvier et al. 2010). Finally, even though the 48-h spin up
may seem relatively short for a coupled atmosphere—ocean
model, it has been previously demonstrated that the future
of atmospherically-driven extreme events can be well repre-
sented within the PGW framework with spin up lower than
2 days (e.g. Trapp and Hoogewind 2016; Chen et al. 2020).
The chosen spin up of the presented simulations is thus
judged appropriate to properly represent the atmospheric
dynamics and the resulting rapid sea surface cooling during
extreme bora events in the northern Adriatic.

In terms of the AdriSC model skill to reproduce severe
bora conditions, evaluations against in situ data have been
successfully performed for the 10 m wind speed and direc-
tion, the 2 m temperature and dew point and the mean sea
level pressure, as well as for the sea wave conditions (sig-
nificant wave height, peak wave period and mean wave
direction) in Denamiel et al. (2020). This study reveals
that the AdriSC model is capable to reproduce the strong-
est bora dynamics, even though the WRF-3 km results tend
to slightly overestimate (by about 10%) wind speeds below
15 m/s.

Finally, as quantifying the climate change impact on
extreme bora strength and dynamics is one of the aims of
this study, the strategy adopted to analyze the atmospheric
results is:

e To identify and extract the peak of each storm for each
mode—i.e. evaluation as well as RCP 4.5 and RCP 8.5
scenarios,

e To derive meaningful physical variables such as horizon-
tal wind speed, vertical wind velocity, virtual potential
temperature, potential vorticity (PV) and Froude number
(Fr) at the peak of each storm and for each mode (see
Appendix for more details),

e To define the extreme baseline RCP 4.5 and RCP 8.5
conditions, for each of these physical variables, as the
median derived from the ensemble of the 22 WRF 3-km
results,
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¢ And to evaluate the climate impact on each of these phys-
ical variables—called climate adjustment hereafter, as
the medians derived from the ensemble of the 22 differ-
ences between the peak conditions of RCP 4.5 and RCP
8.5 simulations separately and evaluation results.

Given the overall three-dimensional nature of the bora
dynamics, these results are presented as horizontal slices
from the surface conditions (at 5 m height following the ter-
rain) to 2 km height every 0.5 km and vertical cross-sections
(Fig. 1) extracted for four transects (starting near Trieste,
Senj, Zavizan and Gospi¢), chosen where the bora jets were
the strongest and the further extended offshore in the evalua-
tion simulations. Additionally, in order to capture the impact
of climate change on the sea surface cooling, the spatial
variations of the RCP 4.5 and RCP 8.5 baseline and climate
adjustment conditions of the minimum surface heat fluxes
(decomposed as total, sensible and latent fluxes; see Appen-
dix for more details) and the minimum sea surface tempera-
ture (SST) anomaly (defined as the difference between the
hourly SST and the initial SST taken 24-h before each event)
are derived from respectively the WRF 3-km and ROMS
1-km results. The distributions of the hourly surface heat
fluxes and SST anomalies in evaluation and scenario (RCP
4.5 and RCP 8.5) modes are also analyzed for the ensemble
of 22 events at 12 different locations (Fig. 1, points P1-P12)
where the sea surface cooling was the most intense in evalu-
ation mode.

3 Results

3.1 Impact of climate change on extreme bora
dynamics

To better understand the impact of climate change on the
extreme bora simulations in the northern Adriatic for the
2060-2100 period, the WRF 3-km model RCP 4.5 and
RCP8.5 baseline conditions (i.e. median of peak condi-
tions) and climate adjustments (i.e. median of the difference
between RCP 4.5 and RCP 8.5 separately and evaluation
peak conditions) are presented as horizontal slices between
the surface and 2 km of height (Figs. 2 and 3) and as verti-
cal profiles for the four cross-shore transects (Figs. 4, 5, 6,
7 and 8).

Horizontally, the major known bora features can clearly
be seen in the RCP 4.5 and RCP 8.5 baseline conditions
derived from the WRF 3-km simulations. The wake and jet
dynamics along the coast (Jiang and Doyle 2005; BeluS§i¢
and Klai¢ 2006; Gohm et al. 2008; Signell et al. 2010)
still exists in the climate projections with variations of the
horizontal wind speed magnitude from north to south—i.e.
intense jets above 20 m/s between the surface and 1 km
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Fig.2 Baseline RCP 4.5 and
RCP 8.5 conditions (median

of the scenario results) and
climate adjustment (median of
difference between scenario and
evaluation results) for horizon-
tal wind speed, vertical wind
velocity and potential vorticity
at the surface (about 5 m height)
during the peak of 22 selected
extreme bora events. Topo-
graphic contours are displayed
every 250 m with dashed lines
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Fig.3 Baseline RCP 4.5 and RCP 8.5 conditions (median of the sce-
nario results) and climate adjustment (median of difference between
scenario and evaluation results) for horizontal wind speed at heights

height separated by lower speeds (Figs. 2 and 3). However,
the intensity of these bora jets largely decreases between
the surface and 2 km height (Figs. 2 and 3), with climate
adjustments up to — 3.5 m/s and — 6 m/s for RCP 4.5 and
RCP 8.5 scenarios, respectively. As this decrease in intensity
is not homogeneous, the location of the wakes and jets may
also slightly vary between the future scenario (RCP 4.5 and
RCP 8.5) and the evaluation conditions. To be noted, the Tri-
este jet—known to be overall less intense than the other jets
along the Velebit mountain range, is projected to decrease
down to 15 m/s near the surface in the climate projections
and is thus not represented in Fig. 2.

The surface potential vorticity (PV) banners (i.e. the strip-
shaped features of the PV field) associated with the alterna-
tion of the major mountain gaps and peaks—as described
by Grubisi¢ (2004)—are also maintained for both RCP 4.5
and RCP 8.5 climate projections (Fig. 2). The altering posi-
tive (up to 80 PVU =10"° m? K/s/kg) and negative (below
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of 500 m, 1000 m, 1500 m and 2000 m during the peak of 22 selected
extreme bora events

—80 PVU) potential vorticity banners are reproduced in the
baseline simulation perpendicularly to the Velebit moun-
tain range and associated with the main jet (negative) and
wake (positive) structures along the coast. To be noted, as
the PV is extracted at 5 m above the ground where friction
is important, these values are overall larger than the ones
presented in GrubiSi¢ (2004). Nonetheless, as for the wind
speed, the intensity of the PV banners is modified under both
RCP 4.5 and RCP 8.5 scenarios with climate adjustments
of up to+ 10 PVU, denoting a weakening of alongshore PV
gradients, particularly over the sea. Finally, the primary
generation mechanism of extreme bora events—i.e. the
atmospheric wave breaking (e.g. Klemp and Durran 1987;
Grubisi¢ 2004; Jiang and Doyle 2005; Gohm et al. 2008)—
can also clearly be seen in the RCP 4.5 and RCP 8.5 baseline
conditions (Fig. 2), with vertical velocities strongly negative
along the lee of the Velebit mountain range (up to — 1.5 m/s
at surface) and positive along the coastline (about 0.5 m/s
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Trieste transect
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Fig.4 Trieste cross-shore transect of baseline RCP 4.5 and RCP 8.5
conditions (median of the scenario results) and climate adjustment
(median of difference between scenario and evaluation results) for

at surface). The associated climate adjustments are above
0.1 m/s along the lee of the Velebit mountain range, showing
that atmospheric wave breaking is less intense under climate
change and thus explaining the decrease of the wind speed
intensity during bora events in future climate.

The vertical structures along the cross-shore transects
(Figs. 4, 5, 6, 7 and 8) also present for both RCP 4.5 and
RCP 8.5 scenarios the major known features of bora flows,
even though, concerning the atmospheric rotors, the WRF
3-km model cannot properly represent the non-hydrostatic
trapped lee-waves coexisting with bora-type hydraulic flows
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the horizontal wind speed, vertical wind velocity and virtual potential
temperature (black isolines) during the peak of 22 selected extreme
bora events

(Zi4ngl and Hornsteiner 2007; Gohm et al. 2008) and only
can capture the hydraulic jump-like flow features (Grisogono
and Belusi¢ 2009; Prtenjak and Belusi¢ 2009; Prtenjak et al.
2010). For all transects (Figs. 4, 5, 6 and 7), strong atmos-
pheric wave breaking in the lee of the mountains—i.e. posi-
tive and negative vertical velocities with a magnitude above
1.5 m/s and sharp descent and re-ascent of the isentropes
extending till 5 km of height—are present in both RCP 4.5
and RCP 8.5 scenarios. Yet, the associated climate adjust-
ments—strongly positive (above 0.3 m/s and 0.5 m/s for
RCP 4.5 and RCP 8.5 scenarios, respectively) where the

@ Springer



3050

C. Denamiel et al.

Senj transect
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Fig.5 Same as Fig. 4 but for the Senj cross-shore transect

vertical velocities are negative and vice versa—confirm that
the atmospheric wave breaking is less intense in future cli-
mate projections than in evaluation mode as already seen in
the surface plots (Fig. 2).

For the Trieste and Senj transects—Ilocated in mountain
passes below 900 m, the RCP 4.5 and RCP 8.5 baseline
conditions (Figs. 4 and 5) show a deep boundary layer flow
with horizontal wind speed of 30 m/s which maintains its
speed in the presence of a weak hydraulic jump (Figs. 8).
The Froude number is always above 1, even though some-
what reduced —1.8 in Trieste and 1.2 in Senj near the surface
on the lee side of the mountain. Additionally, the bora jets
along these transects are strongly decelerated with climate

@ Springer

200

50 100
Distance (km)

150

adjustments below —2.5 m/s and —5 m/s for RCP 4.5 and
RCP 8.5 scenarios, respectively, up to 3 km above the sur-
face. For the ZaviZan and Gospi¢ transects—crossing high
mountain peaks (1100-1500 m), the RCP 4.5 and RCP 8.5
baseline conditions (Figs. 6 and 7) show a fast and thin
boundary layer flow (horizontal velocities above 30 m/s
near the surface and 0.5 km of height) associated with a
strong near surface hydraulic jump (Fig. 8)—Froude number
below 1 near the surface on the lee of the mountain. As for
the Trieste and Senj transects, the bora jets are also strongly
decelerated with climate adjustments up to —2.5 m/s and
—5 m/s for RCP 4.5 and RCP 8.5 scenarios, respectively,
but up to only 1.5 km above the surface. Furthermore, for
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Zavizan transect

RCP 4.5

RCP 8.5

Horizontal wind speed m/s Horizontal wind speed m/s
5 N ‘ ...300 35
g g af 296 30
- : 3 292
g = =~ o 25
© .:‘_)D 2f 288 |
i EC
0 15
5 I 5
c T4
g gEc, » 2.5
% = 0
3 22
2 T1 I-z.s
0 — -5
m/s Vertical wind velocity m/s
S5F = - SE—— I 1.5
g :§, 3 """" ?(-'92 ] » . 296 0.5
2 # _E . T PR 4 o 292 0
g 3 2 e = 28 0.5
o T 1 / Xy i ; . I_1
0 ‘ : -1.5
5
B =g l 05
o £
-
gz 0
S5 2
T §
2 T 1 -0.5
0
0 50 100 150 O 50 100 150

Distance (km)

Fig.6 Same as Fig. 4 but for the ZaviZan cross-shore transect

both the ZaviZan and the Gospi¢ transects, horizontal wind
speeds between 1.5 km and 3 km height are accelerated up
to 2.5 m/s, mostly in the RCP 4.5 climate projections.

To summarize, the PGW climate projections for the
2060-2100 period (under RCP 4.5 and RCP 8.5 scenarios)
of the ensemble of extreme bora events reveal that, despite
a strong decrease in intensity of both the horizontal wind
speeds as previously found in Belusi¢ Vozila et al. (2019)
and the atmospheric wave breaking along the lee of the
Velebit mountain range (Figs. 2, 4, 5, 6 and 7), the main
bora features—including jet and gap dynamics (Figs. 2 and
3), potential vorticity banners (Fig. 2) and hydraulic jumps
(Fig. 8)—are expected to remain similar to the known bora

Distance (km)

dynamics as described in details by Grisogono and Belus§i¢
(2009), even though far less energetic.

3.2 Impact of climate change on sea surface cooling

Over the northern Adriatic Sea where the densest water in
the Mediterranean Sea are formed, the bora jets not only
drive the westward offshore circulation leading to coastal
downwelling along the Italian coastline (Kourafalou 1999),
but also generate intense air—sea interactions increasing
the net upward sea surface heat fluxes and thus inducing
negative buoyancy fluxes associated with sea surface cool-
ing (e.g. Zore-Armanda and Gaci¢ 1987; Paklar et al. 2001;
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Gospic transect
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Fig.7 Same as Fig. 4 but for the Gospi¢ cross-shore transect

Raicich et al. 2013; Janekovic et al. 2014; Licer et al. 2016;
Vilibi€ et al. 2016, 2018). To better understand the impact of
climate change on sea surface cooling during extreme bora
events projected for the 2060-2100 period, the total heat
flux (positive downward and negative for heat loss)—includ-
ing long-wave and short-wave radiations as well as sensible
and latent heat flux (see Appendix for more details)—and
the sea surface temperature (SST) anomaly (negative for
sea surface cooling) are presented for RCP 4.5 and RCP
8.5 scenarios as: (1) minimum (Fig. 9) baseline conditions
(i.e. median over the ensemble of minimum values for each
event) and climate adjustments (i.e. median of the differ-
ence between scenario and evaluation minimum conditions),
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and (2) probability distribution functions (PDFs) for the
ensemble of hourly results (Fig. 10) at 12 locations (Fig. 1,
points P1-P12) where the most intense sea surface cooling
is occurring.

Spatially, the known bora air—sea interactions can still
clearly be seen in the RCP 4.5 and RCP 8.5 baseline condi-
tions derived from the WRF 3-km and ROMS 1-km simu-
lations (Fig. 9). The largest total heat losses (i.e. the most
negative total heat fluxes) are still found along the bora
jets—in particular following the Trieste, Senj, ZaviZan and
Gospi¢ transects with median values above 550 W/m?. The
largest sea surface cooling areas (i.e. negative SST anoma-
lies) are found (1) along the Italian coastline where the sea
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Fig.8 Froude number derived for the evaluation (Eval.) as well as RCP 4.5 (4.5) and RCP 8.5 (8.5) scenario simulations, near the mountain

peaks of the Trieste, Senj, ZaviZan and Gospic transects

is quite shallow, thus prone to intense cooling, and strongly
influenced by rivers (more than 1 °C for both scenarios),
(2) within the Kvarner Bay coastal area (above 0.5 °C and
0.6 °C for RCP 4.5 and RCP 8.5 scenarios, respectively) and
(3) within the open northern Adriatic shallow shelf (above
0.6 °C and 0.7 °C for RCP 4.5 and RCP 8.5 scenarios,
respectively). Additionally, for both future climate projec-
tions, the total heat losses increase along the bora jets—cli-
mate adjustments of the total heat flux reaching — 40 W/m?
and — 60 W/m? for RCP 4.5 and RCP 8.5 scenarios respec-
tively—except along the Trieste transect where the climate
adjustments reach 10 W/m? for the RCP 8.5 scenario. Sur-
prisingly, this spatial analysis of the climate adjustments
during extreme bora events, showing an increase in total

heat losses, might look in contradiction with the substantial
decrease in intensity of the bora winds forecasted in future
climates (Fig. 3). These surprising results will thus be fur-
ther analyzed in this study. Additionally, concerning the sea
surface cooling (Fig. 9), the impact of climate change seems
inconclusive for both RCP 4.5 and RCP 8.5 projections, with
SST climate adjustments varying between —0.2 and 0.2 °C,
over the entire domain.

In line with the spatial analysis, PDFs of hourly total heat
fluxes and SST anomalies at locations P1-P12 (Fig. 10) con-
firm that, under both RCP 4.5 and RCP 8.5 scenarios, the
total heat losses are likely to increase. Further, the distribu-
tions of the future sea surface cooling are overall likely to
be similar to the evaluation mode. In more details, the sea
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Fig.9 Baseline RCP 4.5 and
RCP 8.5 conditions (median

of the scenario results) and
climate adjustment (median of
difference between scenario and
evaluation results) for the mini-
mum of both the total heat flux
and the sea surface temperature
anomaly during each of the 22
selected events

Baseline Adjustment Baseline

Adjustment

surface cooling is clearly likely to decrease at points P1, P2
and P4 and to increase at points P6, P7 and P12, while for
the other points the impact of climate change is most likely
to vary from event to event. The change in SST anomaly
PDFs between RCP 4.5 and RCP 8.5 scenario and evalua-
tion modes, as may be notably noticed at points P1 and P4,
identify the ocean regions where hourly SST changes are
not only driven by the bora-driven cooling, but also by other
bora-driven ocean processes acting on hourly timescale such
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as the fluctuations of the thermohaline front normally pre-
sent in the northern Adriatic (Jeffries and Lee 2007; Kok-
kini et al. 2017) and the local upwelling and downwelling
due to horizontal shear in regions with strong bora-driven
currents—e.g. along the Senj jet (Kuzmic et al. 2007).

The PDF analysis (Fig. 10) thus confirms the findings
of the spatial analysis (Fig. 9) and raised two important
questions: (1) how well the sea surface cooling is corre-
lated to the heat losses, and (2) how these heat losses can



Far future climate (2060-2100) of the northern Adriatic air-sea heat transfers associated with...

3055

2[p1 f - P2 12 P3
N 1.2 1 /\
.é' 1.5 // “x“‘ 1 0.8 ‘
- SR o8| [/ \ \ | oe 8,
g Total heat flux (W/m?) 0.6 Total heat flux (W/m?) 04 Total heat flux (W/m?) \
a 05 / 0.4 ' A
0.2 0.2 Y
0 \\ 0 )//)& O — J
0.8 1
1|Pa A /\ S A P6 A
> 08 \ /i 0.6 \ 0.8 \
3 06| 4\ ol e / os|  J \L
'§ 0.4 | Total heat flux (W/m?) Total heat flux (W/m?) | 0.4/ total heat flux (w/m?)
A /8 0.2 /
0.2 / = 0.2
et P7 A P8 L2 P9
1.2 /\\ 1.5 A 1 /A
Z 1 / \ |
= ‘ 0.8
2 08 - / 1| L 06 _J N\ /
'8 0.6 Total heat flux (W/m?2) Total heat flux (W/m?) Total heat flux (W/m?2)
a 04 "1 o05 0.4
0.2 r \ // \ 0.2 J
0.8 P10 \ 1|/ P11 15 P12
N
Z o6 0.8 A\ /\ |
S 7~ 0.6 \ Hy_4_~
[¢+] -1500 -1000 -500 0 500 -1500 -1000 -500 o 500 -1500 -1000 -500 0 500
'g 0.4 Totalheatflux(W/mz)/ 0.4 | Total heat flux (W/m?) Total heat flux (W/m?)
a 0.2 /\/ 0.2 y 0.5
0 /// 0 0 P -
-4 -3 -2 -1 0 -4 -3 -2 -1 0 -4 -3 -2 -1 0

SST Anomaly (°C)

SST Anomaly (°C)

SST Anomaly (°C)

Fig. 10 Probability density functions of the hourly evaluation (in blue), RCP 4.5 (in orange) and RCP 8.5 (in red) total heat fluxes and the sea
surface temperature (SST) anomalies for the ensemble of the 22 selected event results at locations P1 to P12

increase under climate change while the intensity of the
wind decreases?

To answer the first question, the total heat flux is first
decomposed into radiations (including long- and short-
waves), latent heat flux and sensible heat flux. As the impact
of radiations on sea surface cooling is known to be negligi-
ble during extreme bora events, only the RCP 4.5 and RCP
8.5 baseline conditions and climate adjustments of the sen-
sible and latent heat fluxes are analyzed hereafter (Fig. 11).
The RCP 4.5 and RCP 8.5 baseline conditions reveal that

latent heat losses (with the respective values reaching up
to 350 W/m? and 400 W/m?) are twice as strong as sensi-
ble heat losses (reaching up to 200 W/m?) along the main
bora jets. Furthermore, and even more interestingly, the RCP
4.5 and RCP 8.5 climate adjustments show a homogene-
ous increase of the latent heat losses reaching up to 35 W/
m? and 60 W/m? respectively, and a nearly homogeneous
decrease of the sensible heat losses reaching — 15 W/m? and
—20 W/m? respectively (as expected with the decrease of
the bora wind speeds). Finally, the spatial correlations of
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Fig. 11 Baseline RCP 4.5 and
RCP 8.5 conditions (median

of the scenario results) and
climate adjustment (median of
difference between scenario and
evaluation results) for the mini-
mum of both the latent heat flux
and the sensible heat flux during
each of the 22 selected events

Baseline

Adjustment

Baseline

RCP 4.5

Minimum latent heat flux

RCP 8.5
W/m? 7

Adjustment

12 13

the SST anomalies with the total, sensible and latent heat
fluxes in both evaluation and climate projection (for RCP
4.5 and RCP 8.5 scenarios) modes are presented Fig. 12.
To be noted, the white areas representing insignificant cor-
relations are located where the bora-driven ocean dynamics
is expected to be the strongest: (1) in the vicinity of the Po
river delta, where the freshened coastal waters of different
temperature are advected off the coast through a cyclonic
gyre (Zore-Armanda and Gaci¢ 1987; Paklar et al. 2001;
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Kuzmi¢ et al. 2007), (2) along the western Adriatic coast
influenced by the Po river waters, where the western coastal
current of waters with lower salinity and different tempera-
ture is normally intensified and becomes laminar during bora
events (Vilibi¢ et al. 2009), and (3) along the Senj transect
where the Kvarner Bay waters are transported towards the
northern Adriatic shelf and generate a thermohaline front
that may fluctuate (Kokkini et al. 2017).
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Fig. 12 Spatial variations of the Pearson’s correlation coefficients
calculated between the hourly sea surface temperature and the hourly
total, sensible and latent heat fluxes for the evaluation, RCP 4.5 and

However, the analysis clearly shows that the highest cor-
relations over the entire northern Adriatic domain are found
for the latent heat fluxes and tend to slightly increase in the
middle of the shelf under RCP 4.5 and RCP 8.5 scenarios.
Consequently, the increase in latent heat losses under cli-
mate change projections is driving the sea surface cooling
during extreme bora events, and therefore may influence the
dense water formation and the thermohaline circulation in
the area. A thorough analysis of the latent heat flux is thus
performed further in this study.

To answer the second question and understand the
increase in latent heat losses despite the decrease of the
bora wind speeds under climate projections, a full diagno-
sis of the different physical quantities (i.e. relative humid-
ity and air—sea saturation specific humidity, see definitions
in Appendix) used to derive these fluxes is performed for

RCP 8.5 results of the 22 selected extreme bora events. The areas
where the correlation is insignificant (following the null hypothesis of
the 7 test) are represented in white

the RCP 8.5 scenario only (Fig. 13). Along the bora jets
in the northern Adriatic Sea, the baseline relative humid-
ity (between 85 and 90%) is expected to decrease under
RCP 8.5 climate projections as it is associated with nearly
homogeneous negative climate adjustments reaching —3%
(except along the Trieste transect where values are positive
and reach up to 2%). The increase of the saturation specific
humidity (SAT)—associated with positive climate adjust-
ments due to the projected increase in temperatures—is
consequently lower in the air (1.5 g/kg), as compensated by
the decrease in relative humidity, than over the sea (2.5 g/
kg on average). As a final result, the air—sea SAT differ-
ences driving the latent heat losses is much lower (below
—4.5 g/kg) for the RCP 8.5 scenario than for the evaluation
conditions (— 3.5 g/kg on average). Under the RCP 4.5 and
RCP 8.5 climate changes used in this study, the decrease of
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Fig. 13 RCP 8.5 baseline and climate adjustment conditions of the (SAT) (middle panels) and median, over the ensemble of 22 selected
relative humidity at 2 m (top panels), RCP 8.5 climate adjustment events, of the air—sea saturation specific humidity (SAT) difference
conditions of 2 m air and sea surface saturation specific humidity for both RCP 8.5 and evaluation modes (bottom panels)
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relative humidity during extreme bora events is thus key to
the increase in latent heat losses driving the future sea sur-
face cooling in the northern Adriatic Sea, which is likely to
be as strong as in the evaluation mode, despite the projected
sharp decrease in wind speeds.

Lastly, in order to better understand the interconnec-
tions between latent heat losses and sea surface cooling,
the joint probability distributions of latent heat fluxes and
SST anomalies, in evaluation and scenario (RCP 4.5 and
RCP 8.5) modes, are analyzed for points P1-P12 (Figs. 14
and 15). Overall, as expected due to the somewhat weak

correlation between the two physical quantities (Fig. 12),
no linear behavior can be derived from the joint probabili-
ties even though, along the northern Croatian coastline for
points P7-P12 (Fig. 15)—at locations where the Pearson’s
correlation coefficient reaches up to 0.6—the linear rela-
tionship seems stronger than in the middle of the northern
Adriatic shelf (P1-P6). However, for all the points com-
pared to the evaluation results, the higher probabilities are
shifted towards the largest latent heat losses by about 40 W/
m? in RCP 4.5 scenario and 70 W/m? in RCP 8.5 scenario
for mild sea surface cooling (below 1 °C), and by 100 W/
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Fig. 14 Joint probability distributions (in percent) derived at points
P1-P6 from the hourly surface latent heat fluxes (between — 800 and
0 W/m?) and the SST anomalies (between — 2 and 0 °C) defined for

0.5 0.75 1

the ensemble of 22 events in both evaluation and scenario (RCP 4.5
and RCP 8.5) modes
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Fig. 15 Joint probability distributions (in percent) derived at points
P7-P12 from the hourly surface latent heat fluxes (between — 800
and 0 W/m?) and the SST anomalies (between — 2 and 0 °C) defined

m? in RCP 4.5 scenario and 150 W/m? in RCP 8.5 scenario
for intense sea surface cooling (above 1.75 °C). In other
words, the latent heat losses needed to cool by 1 °C the
sea surface water under global warming are increased by
40-100 W/m? for RCP 4.5 scenario and by 70-150 W/m?
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0.5 0.75 1

for the ensemble of 22 events in both evaluation and scenario (RCP
4.5 and RCP 8.5) modes

for RCP 8.5 scenario compared to the evaluation mode.
To better quantify this shift in intensity of the latent heat
losses needed to cool the sea surface, three probabilities
are extracted from the joint probabilty distributions at
locations P1-P12 and presented in Table 2: probability in
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Table 2 Probabilities (in
percent) derived from the joint
probability distributions at
points P1-P12 of the hourly

flux below —400 W/m? and
negative SST anomaly

Probability (%) of latent heat

Probability (%) of latent heat
flux below —400 W/m? and
SST anomaly below — 1 °C

Probability (%) of negative latent
heat flux and SST anomaly
below —1 °C

surface latent heat fluxes and

Evaluation RCP4.5 RCP 8.5

Evaluation RCP 4.5 RCP 8.5 Evaluation RCP 4.5 RCP 8.5

the SST anomalies defined for

the ensemble of 22 events in P1 0.0 33 4.2
both evaluation and scenario P2 1.1 4.7 53
(RCP 4.5 and RCP 8.5) modes P3 00 23 27
P4 0.0 0.0 1.2
P5 02 0.3 3.0
P6 0S5 4.4 4.7
P7 00 0.8 2.6
P8 44 10.5 12.7
P9 24 33 5.0
P10 3.6 4.8 8.6
P11 35 7.0 9.4
P12 39 6.5 11.1

0.0 29 39 2.1 0.8 0.6
1.1 3.6 3.6 35 5.5 4.4
0.0 23 2.0 6.4 9.2 10.0
0.0 0.0 1.2 12.0 6.2 7.1
0.2 0.3 3.0 52 5.8 5.5
0.5 35 3.8 7.4 11.2 9.2
0.0 0.8 2.6 1.8 2.4 35
4.1 8.5 10.3 1.1 35 59
0.9 0.9 2.7 6.2 7.6 7.6
0.0 1.2 32 11.7 132 135
1.7 35 52 7.1 6.2 8.0
39 59 9.5 0.2 2.6 2.7

percent of latent heat flux below —400 W/m? for negative
SST anomalies Pr(Qg < —400 W/m’ N ASST < 0°C),
probability in percent of negative latent heat flux for SST
anomaly below —1 °CPr (Q; < 0 W/m* N ASST < —1°C),
as well as probability in percent of latent heat flux
below —400 W/m? for SST anomaly below —1 °C
Pr(Qp < —400 W/m? N ASST < —1°C).

In average and for all the locations, the probabilities in
scenario modes are always higher than in evaluation mode:

(1) By 2.4% and 4.2% for RCP 4.5 and RCP
8.5 scenarios, respectively, concerning
Pr(Qp < —400 W/m? N ASST < 0°C)—all sea sur-
face cooling are thus more likely to require latent heat
losses above 400 W/m? in scenario modes (particularly
in RCP 8.5 scenario) than in evaluation mode;

(2) By 0.8% and 1.1% for RCP 4.5 and RCP
8.5 scenarios, respectively, concerning
Pr(Qz <OW/m?> N ASST < —1°C)—sea surface
cooling above 1 °C is thus, in average, slightly more
likely to occur in scenario modes than in evaluation
mode;

(3) And by 1.8% and 3.2% for RCP 4.5 and
RCP 8.5 scenarios, respectively, concerning
Pr(Qp < —400 W/m? n ASST < —1°C)—following
the two previous results, sea surface cooling above 1 °C
associated with latent heat losses above 400 W/m? are
thus more likely to happen in scenario modes (particu-
larly in RCP 8.5 scenario) than in evaluation mode.

Aditionally, for all three probabilities, the minimum and
maximum changes between scenario and evaluation modes
are found for locations P4 and P8 at the end and the begin-
ning of the Senj transect respectively, with values of:

(1) 0% at P4, 6.1% at P8 for RCP 4.5 scenario and 1.2%
at P4, 8.3% at P8 for RCP 8.5 scenario concerning
Pr(Qp < —400 W/m? N ASST < 0°C)—along the
Senj transect, sea surface cooling is thus likely to
require much higher latent heat losses (above 400 W/
m?) at the beginning of the transect, within the Kvarner
Bay, in scenario modes than in evaluation modes but
nearly no latent heat losses above 400 W/m? at the end
of the transect for all the modes (0% in both evaluation
and RCP 4.5 modes and 1.2% in RCP 8.5 mode);

(2) —5.8% at P4, 2.4% at P8 for RCP 4.5 and —4.9%
at P4, 4.8% at P8 for RCP 8.5 scenario concerning
Pr(Qp <OW/m?>NASST < —1°C)—in a warmer
future, sea surface cooling above 1 °C is likely to
increase at the beginning of the Senj transect (by 2.4%
and 4.8% in RCP 4.5 and RCP 8.5 modes respectively)
but largely decrease at the end of the transect (by about
-5% for both scenario modes) in the middle of the
northern Adriatic shelf;

(3) 0% at P4, 4.4% at P8 for RCP 4.5 scenario and 1.2%
at P4, 6.2% at P8 for RCP 8.5 scenario concerning
Pr(Qp < —400 W/m? N ASST < —1°C)—following
the two previous results, sea surface cooling above 1 °C
associated with latent heat losses above 400 W/m? is
thus likely to strongly increase at the beginning of the
Senj transect (up to 6.2% for RCP 8.5 scenario) but
remain identical at the end of the transect in a warmer
climate.

Finally, the highest probabilities of extreme sea surface
cooling Pr (QE <O0W/m?NASST < -1 °C), are found for
locations P10 in the Kvarner Bay near the ZaviZan transect
(11.7% in evaluation mode, 13.2% and 13.5% in RCP 4.5 and
RCP 8.5 scenario modes), P4 at the end of the Senj transect
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(12% in evaluation mode), P6 at the end of the Trieste tran-
sect (11.2% in RCP 4.5 mode) and P3 in the middle of the
northern Adriatic shelf near the Senj transect (10% in RCP
8.5 mode).

In a nutshell, despite the expected sharp decrease in inten-
sity of the severe bora wind speeds in a warmer climate
under RCP 4.5 or RCP 8.5 scenarios for the 2060-2100
period, the sea surface cooling in the northern Adriatic
Sea—preconditionning the formation of the densest waters
in the Mediteranean Sea and mostly impacted by the latent
heat losses, is expected to remain identical or even to slightly
increase for values above 1 °C. This can be explained by the
increase of the latent heat losses resulting from the fore-
casted decrease in relative humidity in the PGW climate
simulations. Additionally, the maximum changes (between
scenario and evaluation modes) in both sea surface cool-
ing and latent heat losses are expected to occur along the
Senj transect, where historically the strongest bora winds
are blowing. Finally, the locations of the extreme sea surface
cooling is likely to change in the future, except maybe in the
vicinity of point P10 in the Kvarner Bay near the Zavizan
transect.

4 Discussion and conclusions

Due to the tremendous computational cost of coupled kil-
ometer-scale models, climate studies in the Mediterranean
and Adriatic seas have been carried out with regional climate
models with resolutions of the order of 10 km. However,
although many important features of the general atmos-
phere—ocean circulation are captured with such models,
they often reach their limits during extreme events in coastal
areas where both the orography and the geomorphology
strongly influence the intensity of the storms (Vosper et al.
2018). This is particularly true in the Adriatic Sea during
severe bora events, where several studies have demonstrated
that bora dynamics can only be captured with limited area
atmospheric models (Grisogono and BeluSi¢ 2009; TroSi¢
and Trosi¢ 2010; Prtenjak et al. 2010; Kuzmi¢ et al. 2015;
Josipovi€ et al. 2018; Belusi¢ Vozila et al. 2019; Denamiel
et al. 2020).

Despite the known numerical cost and slowness of the
AdriSC climate model with resolutions of 3-km in the
atmosphere and 1-km in the ocean (Denamiel et al. 2019,
2020), the conjoint use of an ensemble approach and the
pseudo-global warning (PGW) methodology for short-
term simulations (i.e. 3 days) allowed to both accurately
represent historical bora storms and, in this study, better
understand the impact of global warming on extreme bora
dynamics and sea surface cooling in the northern Adriatic
region (under both RCP 4.5 and RCP 8.5 scenarios). This
has been achieved using far less computational resources
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than a traditional regional climate model running 30 years in
evaluation mode, 50 years in historical mode and 100 years
in scenario mode. Such a method has nevertheless some
intrinsic limitations, including (1) the use of a relatively
small ensemble of 22 storms which may not be fully rep-
resentative of neither the historical Adriatic extreme bora
events nor their future projections for the 2060-2100 period,
(2) the shortness of the simulations carried over a three-day
period which increases the influence of the imposed initial
conditions on the analyzed results compared to long-term
simulations, (3) the use of the same ensemble of storms in
evaluation and climate projection modes which prevents
the forecast of the extreme event frequency under climate
change and finally, and (4) the derivation of the PGW forc-
ing from a single model instead of an ensemble of regional
climate models which would have provide more robust cli-
mate change projections.

Notwithstanding these limitations, the statistical approach
presented in this study—consisting in running ensembles of
short simulations for extreme events, has provided some new
insights in terms of the future of the bora dynamics and sea
surface cooling for the 2060-2100 period under both RCP
4.5 and RCP 8.5 scenarios:

e The sharp decrease in intensity of the bora horizontal
wind speeds between the surface and 2 km of height—
also seen, to some extent, by the EURO-CORDEX
ensemble (Belusi¢ Vozila et al. 2019), is mostly due to
the strong decrease in intensity of the atmospheric wave
breaking along the lee of the Velebit mountain range
which is generally not well captured by regional climate
models (Josipovi¢ et al. 2018);

e The other known bora features—only seen with kilom-
eter-scale atmospheric models as driven by the complex
orography and consisting in jet and gap dynamics, poten-
tial vorticity banners and hydraulic jumps—are expected
to remain preserved in a warmer climate;

e Due to the decrease in relative humidity, the latent heat
losses, driving the sea surface cooling in the northern
Adriatic Sea, are expected to increase under global
warming despite the decrease of the bora wind speeds;

e The extreme sea surface cooling (above 1 °C) is expected,
on the one hand, to require larger latent heat losses (due
to the presence of warmer waters) and, on the other hand,
to remain identical or even to slighly increase in the
future, even though not necessarily at the same locations
than in evaluation mode.

Following the results presented in this study, for a
future warmer climate, due to an increase in latent heat
losses driven mostly by a decrease in relative humidity,
the rates of dense water formation might remain untouched
which might have important consequences concerning the



Far future climate (2060-2100) of the northern Adriatic air-sea heat transfers associated with... 3063

thermohaline circulation in the Adriatic-Ionian region. In
particular it may influence the future of the decadal oscil-
lations of the Adriatic thermohaline and biogeochemical
properties driven by the Adriatic-lonian Bimodal Oscil-
lating System (BiOS, Gaci¢ et al. 2010; Civitarese et al.
2010; Vilibié et al. 2012; Batisti¢ et al. 2014), the ventila-
tion of deep Adriatic and Eastern Mediterranean waters
(Powley et al. 2016; de Ruggiero et al. 2018), the open-
ocean convection in the southern Adriatic (Gaci¢ et al.
2002) and the anoxic conditions in the northern and mid-
dle Adriatic as well as the associated impact to the ben-
thic organisms (Krasakopoulou et al. 2005; Blasnig et al.
2013). The findings of this study may also be relevant to
other dense water formation areas (e.g. Ivanov et al. 2004)
and other coastal areas substantially influenced by the
orography, for which climate change assessment requires
kilometre-scale simulations.

As the increase of both air—sea flux intensity and sea sur-
face cooling during future extreme bora events is not aligned
with previous findings from Soto-Navarro et al. (2020) who
analyzed the results of the Med-CORDEX ensemble, more
research is needed to confirm the validity of these findings.
In particular, the analysis of the 31-year long AdriSC climate
simulations in both evaluation and RCP 8.5 scenario modes
will provide, in a near future, more robust results concerning
the sea surface cooling but also the dense water formation in
the northern Adriatic shelf. In addition, the sensitivity of the
AdriSC model RCP 4.5 and RCP 8.5 projections to the PGW
forcing should also be investigated in order to increase the
confidence in the results presented in this study.

Finally, as coupled atmosphere—ocean regional climate
models in the Mediterranean Sea cannot be used to study
the thermohaline circulation and the dense water formation
driven by extreme bora events in the northern Adriatic Sea—
which required a proper reproduction of the orographically-
driven atmospheric dynamics—the Adriatic Sea can be
used to experiment and develop new types of climate stud-
ies which may become the new state-of-the-art of coastal
climate simulations.
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Appendix

Physical quantities used for the description of the bora
dynamics:

0: Potential temperature (K).

r: Mixing ratio (kg/kg).

g = 9.81: Gravitational acceleration (m/s?).

a: Specific volume (m’/kg).

Q: Angular velocity vector of the earth’s rotation (rad/s).

u: Three-dimensional wind velocity vector (m/s).

U: Horizontal wind speed (m/s).

0,,=0(1+ 0.611r): Virtual potential temperature (K).

N = (0& %’“) *: Brunt-Viisili frequency (1/s or Hz).

PV = a\(a29 + V X u).V#: Potential vorticity (PVU = 107
m?K/s/kg).

F,= hEN: Froude number, with h the height of the
mountain.

Physical quantities used for the calculation of the surface
heat fluxes:
U,: Horizontal wind speed at 2 m (m/s).

T,: Air temperature at 2 m (°C).

a

T,: Sea surface temperature (°C).

r,: Relative humidity at 2 m (%).

p,: Density of moist air at 2 m (kg/m?).
P,: Mean sea level pressure (hPa).

e,,(T): Saturation vapor pressure (hPa).
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L(T) = 2501000 — 2370T: Latent heat of vaporization (J/
kg).
Cy, C; = 0.00115: Turbulent transfer coefficients.

C, = 1004.67: Specific heat capacity (J/K/kg).
~ 0'62197(0'(;1 £ e“"(T")): Air saturation specific humidity

a

at 2 m (kg/kg).
 0.62197(0.98 ¢,

sai T? . . e
§ 1t )): Sea surface saturation specific

Pa

humidity (kg/kg).
Oy = p,CyC,U,(T, — T,): Sensible heat flux (W/m?).
O = p,CxU,L(T,)(q, — ¢,): Latent heat flux (W/m?).
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