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Development of an atmosphere-ocean coupled model and its
application over the Adriatic Sea during a severe weather event of
Bora wind

5 H i 3 . . I 2
N. Loglisei.! M. W. Qian,' N. Rachev,” C. Cassardo.’ A Longhetto,! R, Purini.’
P. Trivero.” 8. lFerrarese, and C Giraud®
Keveived 7 Inly 2000; reviked 2 October 2805, ocoopted 10 Outober 1003, guiblished 3 ey 2004,

(1] This study presents the results of an application 1o # Bora severe weather episode
(January 1995} in the northern Adrate Sea of the regional two-way atmosphere-neean
coupled model (RAMS-DieCAST), developed jomtly by the Universita di Torino and the
Istituto Sperimentale Talassografico del CNR, Trieste. RAMS-DicCAST showed
significantly better ability 1o predict the sea surface temperature (SST) and its time
evolution during the above mentioned episode using a full two-way coupling as opposed to
yimpler one-way forcing of the ocean. In this context, we found out that even i the high
frequency variability conditions that are typical of Bora events, heat Muxes from Ihe scea
must be twken into account for a better deseription of wir-sea mnteraction processes in i
dynamical framework, The S5'1 evolution has been chosen as a validation parameter,
owing to its availability and relevanee for the charactenization of the marine environment
and 1ocal weather and chimate studies. The simulations carried out with RAMS-DieCAST
present a small systematic error in caleulating the SST evolution; however, @ sensitivity
analysis of the model 10 the preparation of mual conditions of the simulation sugpested

that climatological initialization could be partly responsible tor this error, which might
be reduced by assimilating satellite-denved SSTs into the preparation of the imual

conditions of the model

INDEN TERMS: 0312 Auncspheric Composition and Structure: Airges

constiment Mixas (3339, 2304) 1339 Meteotology and Atmospheric Dynamics: Cceanvammosphere
inreractions (0312, 4504); 4504 Oceanography: Physieal: Aarsea wueracnony (0312); K2yiwosiy, Bom,

ocean-atnosphere coupled model, RAMS-Diet e

Cilation:  Loglisci, N MW Qian, N, Rachev. {° Cassardo, A. Losghetto, R. Puning, P. Trivero, § Ferrirese, and C, Giraud (2004),
Pevelopment of an atmosphere-acean coupled muode] wnd its application over the Adriatic Sea during b sevens weather event ol Bown

wind, . Cieeping, Kev, F09, DR1102, doi: 10 10292003 003956

I. Introduoction

[2] Adr-sea inferface exchanges represent the pathways
throigh which atmospheric signals are transferred tn the
acean, and vice versa, The aim of {this siudy is w nvestigate
a few of the most televant physical processes plaving a rols
in the air-sea interaction. especially during strong wind
sityations. The northern region of the Adralic Sea les ben
selected as a particularly suitable natural laboratory for ths
kind of stody, due to the noticeable occurrence of intense
putbreaks of Bora winds,

[3] The Adratic Sca is a semi-enclosed basin connected
ter the Muditerranean Sea by the Omanto Channel Tt can he
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divided inta three parts (Figore 1), each increasing in
depth and in proximity to the Owanto Steait [Chlic ef al,
1962}, The first 15 the northern part of the hasin which
mchudes the Gulfs of Veniee und Trieste, It is shallow and
has  fairly even slope gradually deepening ro 100 m. The
second part (near Pescara) has irs main fealure in lhe
Jabuka 1t a hathvmetmic varation abous 200 m deep. able
w induee a bifurcation in the Croatian coastal current
[Carnevale e af., 1999] The third part is the southern area
of the Adriane Sea which is deeper than the other tvo parts,
and resches o maximum depth of almost 1200 m (South
Adriasic Pitl.

[4] In winter, the dominant winds blowing over the
Addriatic Ses are e Bora (from northeast) and the Siroceo
{ from southeast), while in summer the Fresian winds {Trom
northwest) oceur. In this stucy, we focused our attention oo
the effects of the Bom wind on the dynamics and thermo-
dynamics of the Adratie basin,

[#] The Bora wind has attmeted the atlention of seien-
tists: for over one hundred years tor various reasons
imcluding its dramane social impacts. Tha carliest sludies
of the Bora were mainly deseriplive, calegorzing the Bora
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Vignre 1. The Adiiatic Sea and s bathymetry G bsh) and the coordinales ol e two sttong
mentioned in the texts Trieste (45530°N, 13736°E) and Venice (45526, 12720k,

as a cold and dey wind greatly influenced by local
orogruphy (), Pretmer [ 1866], ws dissuced by Yoshing
[1976]) the susia of this wind were repored 1o reuch
mare than ) s, At o later dare, some special field
uhservations were cammied onl, wind lunnel experunents
were performed uni, uller tha, the Bora was considered to
bie o “Tull wind™ [Yoshine, 1976] However, this last ides
was guestioned after mircrafl vbservations of the ALTEX
Project in 1962, which showed that the wind aceelerates
vn upward mountan slopes [Smuth, 1987], This evidence
suggested that the Bora might be o “downslope wind™ like
the well-known Boulder windstorm. 1awern il was sug-
pested that the Bora might have o multscale namire
[Cannffo, 1981, 1990]. The speed and direction of e
Hora largely depend on orographic detuils, henee mounizin
und coastal tearures are clearly responsible for daily
variation in wind speed and direction during For: perinds.
Tn spile of these local effects, the onset of the Bora, (its
longevity and its severity) have been shown 1o be closely
related o larger subsynoptic features. in pamicular those
resulling from the mteraction processes of synoptic scale
flow with the Alpine massil [Jurcey and Fishovic, 1994
feaircan-Picek aind Tuiis, 1996]

[«] It must be emphasizad that the Bora directly affects
the circulation, sea level and pattern of sea surface temper-
ature {SST) of holh the northern Adriatic Sea (hecause of its
shallow bathymetry) and along the Albumun coast, where
intense upwelling events, ur marked varability in the 55T
resulting from lurge heat and momentum exchanges, are
oberved,

|7] These facts have reeently led to several ongomg
studies, the purpese of which are to highlizht bath the
experimental aspects and the theorcticul nilerpretation of the

, R
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main features of the Adriatic Sea circnlarion (for u
general review of this argument, see Crvhmun-Roisin of
al. [2001 ). In particular, theorctical studies |Orfie ef al,
1994 Reranaseo and Gacic, |996; Bergamasca e al.,
1000: Rachey and Purini. 20007, logether with observi-
tions |Kuzmic, 1991], fuund that one of the effects of the
Lora wind was the reducnion of the Levantine Interediate
Water (LIW) intlow and the imduclion of the above
mentioned upwelling cvenl along the Albanian cousl.
Finally. Fested er al, [ 1998 analyzed dense waler (Drmation
in the Norhern Adrintic with the lhelp ot a three-
dimensional numericul medel, vsing ether climamlegical
or inswntungous data as mirial conditions.

Is| Hewever. it must he pointed out that these theoretical
siudies mainly dealt with simplified or climatoloyical one-
wayv forcings of the ccean model, und only a few of them
with instantanenus foreing obtained from atmospheric lim-
112d area models (LAM). Because of their higher reselution,
T.AMs ars able to capryrs with sufficient accuracy spatial
and temporal wvariahility of meteorological patterns in
regions characierized by complex oragraphy, like the Adri-
atic busin. For example, Raicich et al. [1999] and Wakelin er
al [2000] studied an intense storm surge observed in Tricsle
by coupling two different simple barotropic marine models
with two limited area models (DALAM and BOLAM,
respectvely). Concerning the Bora wind, Maklar et ol
[2001] earried out a simulation by means ul o three
dimensional ocean model (Princeton Qeean Maodel
{POM)) forced by wind stress and heat tluxes obtained by
the atmospheric mesoscale model MMS, Their objective
was 1o understand and predict the Bura- driven evolution of
the Po River discharge ubserved by the advanced very higl
resofution radivmeter (AY HER),

14
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4] From the more general perspective of performance
of coupled regional models, i 35 worth mentioning
number of elfirls on coupling regional atmosphere-ocean
medels. For example. Coupled Ocean  Atmospheric
Mesoscale Prediction Systerm (COAMPS), developed by
Hadwr [1997] at NRL in Monterey as a nonhydrostatic
ulimospheric model, 1o hindeast and forecast the atmo-
sphere at medivm to high resolution, curmently  running
operationally al e WS, Navy's FNMOC 10 Monterey
on severpl regional domains and NCOM {an occan
model smdied by Hatdvogel ef al. 20007 which s
enrrently parl of COAMPS can be pamed together even
il they are currently run zeparately. Temonal Oecan
Model System (ROMS) (A, Fo Shehepethin and J. C,
Mewillinms, The Regional Ocean Modeling System:
A splitexplicit, free-surface, topography-Tollowing-coor-
dinate ocean model, unpublished anuscnpt, 2003, see
hiltpedfwww occan-modeling.ong/Papersroms. pdf) 1 3 free-
surfiuce, hydrostane, primitive equmion oecan model Dol
pses srretehed, lerein following coordinates i the vertical
and wellwopenal curvilinear coordinotes in the honzontal
Worth of menton is alse the contabution piven by Julie
et lean CNaval Posteaduale School, Monterey, CA) who
stwchicd locol w global-scale ngh resolution oeean, ocean/ice
and oceandatmosphere conpled models, and by Tsaac Gins
(University of Bhode Island ), who studied simosphers-
veean coupling with special attention to humcane forecast

] Lwven thoueh we could huve made o selection from
amongt several excellent atmosphere and ocean coupled
models, nevertheless we choose 1o develop @ new “uwd
hoe™ coupled maodel, taking sdvantpe of previous expen:
enee we gained by specific and pesitive apphcations 1o the
Adrintic Sea |(Han and Girand, 2000 Rachey and Puring,
241 ] of both the atmospheric nuadel Regional Aunosphene
Muodcling Svstem (RAMS | Pielfe et al,, 19492]; see section 1)
and the ocean three-dimensional code Dictrich Center fo
Ajr Sea Technolopy (DicCAST [Deetrich et al., 1975]; see
scelion 20

L] The BAMS mode! actually proved (o be particolarly
sapable in downsealing the meteorclogical fields from
synuplic 1o regional scale, and therefore mimucing detailed
teatures of the Bora, such as acceleration of wind upsirean
of the mountains, (s strong descent within the Bora laver,
and 4 strong twbulent zone just downstream [Qion and
Criraud, 2000).

[12] As for the DHieCAST model, thanks o its pamew
larly low numerical dissipation and reduced compuring
time (since 1t is based on the rigid lid approximation), i
proved to have an cxecllent and mealistic performance in
the simulation of sudden changes of surface currents,
especially i the northern Adriatc hasin, under & sche-
matic stress of FBore wind-lorcing  [Ruchey and Purind,
2001].

[17] Because of the strong cold advection i the plane-
tary boundary layer generally present during Bora epi-
soides, S8T los been chosen to be an easy-to-monifor
“racer” of the dynamic and thermal response of the Sea
to the Hora forcing, which permile a fast quantitative
comparson between observed data and model stmu-
lnotions. In addition, as will be shown later (scetion 6.3,
S0 appeared closely relued o the dynwnic and thermal
struglure ol the entire subsurface water, both in the
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northern shallow area and in the southern deeper hasin of
the Adrane Sea.

[14] With respect to the shove conlext of the sole one-
wary forcing of the Adriatic Sea, the primary novel fearures
of the present study include {1} successful development of a
two-way coupling of amosphere and ocean regional mod-
cls, (23 application of this two-way coupled model to a case
study of air-sea interaction during a Dora avent, (1) sensi-
rviry analysis of nitiahization of the lwo-way coupled
atmuspliere-ocean model, and (4) sigmificantly better pre-
diction of 551 using two-way coupling as opposed {o one-
way forcing of the peem model,

[15] Section 2 of this study briefly presents the amo-
sphenie and the oceanic models used for the coupling,
Secrion b oexplaind in el the setlings and  poaimeter
icutions of the numerical models. Section 4 introdoces the
one and two-way couplings of atmosphere-ocean rmdel, e
preprmtion of their boumndary and witial conditions, and
their initinlization. Section 5 describes the metearslopical
condition when the Dom case stody was analyeed, In
seetion 6, the results of the ongs=way lorcing and their
deficiencies are briefly presented, together with o mo
detled analysts of the resulls of the lwo-way [orcing ond
of the sensilivity o the mital conditions. Section 7 summa
rizes the conclusions.

2. Description of the Atmaesphere and (decan
Models Used in This Study

[16] The RAMS model [Pictke et af, 1992, Wallo ot al.,
1995] s a highly versatile numerieal cede o simubaling
and furceasting meteorologicel phenomena based on the tull
sel of prumtive dynamcal equations which govern atmo-
sphenc motons, imtegrared on the standand O stugeered prid
[Mestnoer and Arakawa, 1970]. These equations are sup-
plemented with [Halko of al, 1993]: oprional parameter-
izations for turbulent diffusion, salar and lerrestrial
rdintion, moist processes meluding microphysics (forma-
tien and interaction of clouds and precipitating liquid smd
wed hyvdromereors), cumulus conveetion, kincmatic elfects
of wrrain, sensible and latent heat exchange between
atmosphere and surface, multiple soil layers, vepatation
canopy and surface water {sce ulso (st paragraph of
seetion 4), The radiation schemes used in RAMS, which
1ake Into account the effects of condensarion, are described
by Chen and Coran [1983] The longwave radiation
scheme s a ol solution of the radiative transter equation
using an emissivity approach while the shortwave radiation
scheme 13 a 3-hand scheme. RAMS is o onulligeid model
allowing simulstions by means of one or more grids nested
1o the main zrid, so it has a bewer resolurion in regions of
particular interssr

[] The DieCAST moedel [Dietrich e al, 1975] was
derived from the modified Arakawa C grid Sandia Ocean
Modeling System (SOMS) model [Dieteich e wl, 1975,
(erreh and Ko, 19947 1L is a three-dimensional model in a
rotating frame, z-level, hydrostatic, Boussinesq. incom-
pressible, rigid-lid model Becanse of its rigid-lid jinpuosi-
rion ar the oeean surfuce, the model sets the surface height
w ceto, eliminating the wave modes associated with the
vertical displacements of the fll waler column, Because
these wave miodes are connectaed Lo e very Fast external
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Table 1. Scrlings of Coupled Atmosphere-Ueean Model

HAans DiclCAS]
Hosizontal gnd pomis 1ol = 101 w1 = I
Huviramtal reselunon T lim T km

wimbe ol vertical tevels 5 20
Time swep s 10 e fone-way couplingl
I 5 fhvo-way |1'||El!||'l-."l

mode of the pravity wave, ther elimination allows for 3
relutively large momentum time step, Two methods can he
wsed to impose a rigid lidi a barotropic stream function
|ftrvem, 1969], o1 the top-level pressure wdjustment | Smith
el aly 1992]0 The THeCAST uses the latter. more suiteble
for steep fopography, and adops the ermservilive flux
hiasedd cenlered approximations in contie] volumes, together
with a weakly filtered “lenpliog” time integration schene.
A fonrth-orler approximation 5 wsed 1o cenununicate
il between collocated A and stpgered C Arakawa grid
| Dietrich, 1997]. Coriolis and vertical diffusion lenns are
conpled with wn implien trestment. Coniolis terms are of
primary mportance for seean moedeling, because of the
approximate peostiophic balance between Cor iulis noceler
ation and pressure gradient foree. The implicn mapezoidal
tegtment of the Coriolis e chosen for the DicCAST
model makes i possible 1o conserve (foon the numencal
vitw point) kinetic eneriy i€ the above wentioned balance 1«
verified

3, Settings of Atmosphere and Ocean Models

[15] ‘The rwo midels (RAMS and heCAST) werne sel up
with the sune horizonial geometry oo ComMmon Ared,
including the entire Adrintic Sca {fom its northern horder
1o the Otranto Struil, All settings used in the present work
are summurized in Table 1.

[19] The numerical intepration was performed for huth
models over 101 = 101 honzontal grid points, with a
resolution of 7 km. Lhe ongin of the DigCAST and RAMS
grids are both at longilude 12 E and lantude 4005 N, so that
the horizontal grid extends up o longiude 195 E and
lutilude 46 N. The initial and laeral boundary condirions of
the atmaspheric mode] were provided for all simulations by
g-hour ECMWE analyses (wind spoed veclon, geopotenual
height, relative humidity, wmperature) at 10 standard pres-
sure levels (100HY, $50,700, 200, 400, 3060, 250. 200, 130
100 hPa) with a nudging procedure. Both models usz a
vertical stretching that allows for @ better resclunion near
their separarion interface. The numerical paremulerizations

Table 7. Muin Numerical Paramerers for BAMS m the Simulanons

Maramsicr Vialuse
EOMWT

& hours
Klemp-Wilhsimson
Harizantal (C5X) 0.2

Input cuty
Fregquency of inpuu daiws
Laeral boundary condinons
Lrmeprsasiess mnmEnilm
diftusivay paroriede
Thmensionloss mumuenlon
diffisivity parameter
Punrneterization
for wrbsulen! diflusinn
Paraseterizition
for turbulent ditffusen
Pogwtmelerization for radiation

Voroos! (CS2) 62
Horiznntal Defomanon
sl

Vertieal Mallor-Yanuudas

{hen-Cotton
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Tahle 3. AMain Numerical Paramarers for DweCAST o the
Samintutions

Parameler Wil
S TS R
[ Mlonihly oo
Sengonal Climnatolugy)
Husrizoental 65 s
yertal [0 em'is
phus contrthulons ||h'|'.'l|1|1i-l.rl'|::||.
to vertiend velueiy
Ty = — f_.',..-l r"l [
£y = L

Input data

Munentium diffisiviey
Momintom o fisivity

Rattam friction

Dirag cocthicuni

used for the two medels are summarized in fable 2 {RAMS)
and 3 (DieCAST) whete the vectar £ in Tuble 3 represents
e bottom velocity The remder s referred to Mellor and
Yamada [1974, 1982] for the vertical parmmelerization of
turhulent diffusion and Perrem e o, [2002] lor the diffu-
sivity parametrisation of RAMS,

[0] For the putpose of this work our interesl was
concentated only moa small area (the Advate Sea), so
pesting was not neeessury and only one grid with high
resolution swas used (as can he seen [rn Tuble H 1l
luteral boundary conditions used i the RAMS are the
generl C-prid stugpered radiative candition. given by,

T L

g el (h
where & 1% the wind component along the % dircction, which
i» normal to the boundary, The form ol ¢, the phase velocity,
was the one piven by the Klemp and Withelmsan [1978]
scheme and reported by Halko et all [1995], which specities
1 constant value as a typical gravity wave phase velocity,
from 10 1o 30 mes (the imtermediate value of 20 mis was
chosen fur this application, 1n order to allow the propagation
of gravity waves out of the domaiul,

[21] As far as the DieCAST model is concemud, o quite
crude parumeterizanon of the verdeal mixed layer of the
ocean, vet able to capture ils main features, was wsed. This
paramererization is based on the Peclet number criterion,
which calculates the verrical viscostly and dittusivity by
setting a constant valuc of the Peclet number:

wiz

Fe= —
R"I.J.'

{2

whers Az is the depth of the nuxed layer, Ky are the
vermcal viscosity and diffusiviry respectively, and w s the
vertical velocity in the mixed layer. Pe was ser, in this study,
equal to the constant value of 10, This numerical value was
evalumted on the basis of the seale values of the quantities
on which it depends. i.e., w — 0.001 mis |Russo er al., 2003,
11, Detrich, privale communication, 2002], Az=35m. K, =
(0005 ms, In this way, the viscosily and diffusivity
(mentioned before) are u function of the acrual vertical
velocity w and of the vertical depth Az,

4. One- and Two-Way Coupling
of Atmosphere-Ovean Models

(] The RAMS and DieCAST models were coupled
through an interaction scheme including wint] slress,

40f s
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shorl-wuve and long-wave radiation and sensible and latem
heat fluxes, Conservanon of fluxes was achieved hecanse
both KRS and TheCART models are fully Mux conser-
i, and in el coupling their numerical stuchure was not
medified (particularly as far as the subroutines calonlating
fluxes were concemed ).

[+5] In the present case study, the parametenizations for
trbulent diffusion, solar and terrestrial radianon and mul-
tiple soil layers (R layers) were Jumed om, while the
microphvsivs oplion wos not activated since there was no
rain during the simulated DBora period (see section 51 The
coupled model will hereafter be refermed 1o as RAMS-
DieCAST.

[z4] The inmal 85T condimons for KAMS-ThelCAST
were the output of a 3-month “stand-slone™ run of
HeCAST over the entire Adnoatic Basin, mitahzed and
Forced by the follewing climatolopies: MOTIT-MEDA4
[ Begegene ot ol 1996] Tor oecun corrents, MODB-
MEDS Wit and Haines, 1994 for ocean temperature
und salinity, and Aday [1982] for wind stresses, These
climatologios, is available on u scusonal bosis for the
ocean dow, and on o monthly basis for the wind-torcing
il data in lahle V), represent i:1'l1l:'T']‘H1Lil1|,.‘|:I AVETHES of
ablservalions, "Swnd alope™ meons that there wes oo
coupling between [neCAS T and RAMS  Imital condmons
obtained 1 this way are expected (o approsch the actual
inifisl conditions of the ¢ose stedy gquite well, although
not always exactly equaling 1,

[25] Thersfore, in onder oo aveid this diserepuney, obee
the simualation of the Bora with the coupled model was
started, the ocean model DieCART no longer usad the
climatological date, bul was completely finced by the
read e olnespherie fields provided by BAMS hence
constituting  the boundary condidons durnng  the model
run,

[26] In order to mininize the differences berween
climatological and real data at the beginning of simula-
tion, we checked e determine that the nital climatoleg-
ically forced field of 85T was as close as possible o the
S50 field obtained from sarellite msges of the simulation
domain, in particular vver the northern part of the
Adriatic Sea, where local 55T observations were avatlable
at the begmning of the Mor episade. Amomg the different
Hora episades available Tor simulation, we could rsirsve
a Bory cese from 3 to 10 January 1985, for which an
accurate meteoralogical analysis was already camied ow
[Gian and Giraud, 2000] and o mesmingful set of sawcliie
SS8T cbservations and femperature measurements ar m™wo
sites of the northern Adriatic Sea (Treste and Venice) were
availahle, These were the reasons why this episode was
glected as the case study of air-sea interaction 1 be
simulated 1w this stody,

[+7] This episode was snalyeed with two diffsrent levels
ul coupling between the atmospheric mode]l RAMS and the
gcean model DieCAST. lirst. we started with a one-way
coupling seheme, comespending o the ocesn mods] Die-
CAST finced by the atmospheric model RAMS. With this
interaction scheme, the ocean DieCAS T model was restored
tor the surface foremp (wind stress, radition, sensible and
latenl heal Muses) provided by RAMS. without giving
teedback to the same, every 10 mimues, which 15 the tme
step of DieCAST, while RAMS had a ime step of 30 5. This

LOWGLISCT ET AL COUPLED-MODEL SIMULATION OF ADRIATIC [ORA
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time step frequency guarantead BAMS ™ numerical slabilily
at @ space resolution of 7 ki (Table 1), while DheCAST is
siable at @ time step rate of 10 minutes. We chose the lowest
time step rate of DieCAST because it was stable umd
reduced the computation Ume, However, this procedure’s
drawback was that it used a climatological value of 851
taken from HAMS archives, m the computation of the bl
fluxes by the atmospherie mode] RAMS,

23] In the second stage of the study, we used a two-way
coupling procedure, in which the THeCAST maodel became a
subroutine of RAMS, piving it coleulated S5T values baclk
i the atmosphernic model RAMS, m order to allow it o
compute net heat fluxes in a8 more realisbe way (Unet”
means that the foming heat MTua of RAMS results from
the difference between the incoming and outgoing hear
fluxes at the sew sorface). With this procedure, DicCAST
wis testored W the surfoce forcing at each time step of
iegration of RAMS {Le., every 30 s)

5. Meteorological Analysis of the Bora Case

[2¢] During the few lirst days of Janovary 19495, the
synoptic mereomlogeal simation was charnoterized by o
tromteh extending fom the poeth of Euarope we e berion
petisule, The wough moved eastward on A Junuary and g
cutoft occurred near the northeastem region ol the Alpine
mountains, This culol remoined m thot reglon until
g January.

[19] The mesn sea level pressure amd the Tront mops
indicate thut the woin features on 1 Januory inchude o vast
zone of high pressure on the Furopean Atlantic coasls
i Azores high prossore ) ancd i low pressure over te aonlicas)
of Europe. Al the same time, o low pressure over the
Adnate Sex was also present, wirth an associared fronl
system moving sodthward,. The cold part of the ool
syslem passed over the Adratc Sea on 3 Januvary, ARer
115 passage, the high pressure present owver eastern Furopu
strengthened wnd moved westward, and joined e Azores
amticvelons, inducing 2 northeasterly How of cold air
favored also by the presence of the depression. This
cirenlation pattern caused o decisive cooling of the air over
the northeast of laly, Slovema and Croatia and created a
strong pressure pradient over the Adriatic Sew. In the
following days the minimun moved w the south, pushed
by the high pressure, over the east of Lurope, bur it
remained near the south of Tialy blockad by the presence
of another gres of high pressore present over the north of
Africa.

121] The meteorological simarion described above, resuli-
ing in 2 strong pressure grsdient over the Adriatic basin,
crested & condition typical of the onset of the Bora, The cold
air masses were forced 1o rise up t the Carso plarean and
then o descend and aveelersle wward he sea. The Bora
wind meached s maximum velocity early on 4 January
{16 m's, one hour averaged).

. Results of Application of the One- and
Two-Way Coupled Simulalion
Models to the Bora Event

[*7] The selecled Born event took place from 3 two
5 January 1995, Tts simulation with the RAMS-TheC AST

Solid
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lgure 2. Comparison between srmulited daily average
SST and e observed one (hoth in "C) during 1 8 January
1995 at Ciulf of Tricste (meteorological station of lstitule
Sperimenlale Talossogratico del TN of Triesle) (one way
loreing b

model started on | Junuury, and covered an eight day period
wp o 8 January 1995, As previously mentioned, o three
month “stand-atone” ron of the DheCAST model was
pertormed hefore starting the simulation, i order W provide
hetler nitial condition dor the eoupled moedel. Bxcept
section 6.1 i which the une-way coupling was used, all
other simulutions adopted the two-way coupling.

6.1, One-Wav Farcing

[11] Model results of the onc-way coupled approach gave
very low simulaled S5T afier the Hom episode, compured
wilh the observations collected at the meteorological smton
of the 181 of Trieste, whose location and coordinates s
shewm in Figure 1. In fact, S50 on the Gulf of Tricsie side of
e Adiiatic Sea, was shown to drop by 4°C within the five
days of the Bore while observations showed a drop of
approximately only 1°C (Figure 2). In addition. the over
estimate did not keep constanl, bul was accentuated with the
passing of time. The reason for this error in the simulated
S8T miglt be that the one-way coupled muodel DieCAST
overestimated both sensible and latent heat fluxes from
atmosphere to veean and the strmng effect induced by the
witid slress on the manne mixed layer

6.2. I'wo-VWay Forcing

[14] Ligures 3a, 4u and 3a show the simulared S5T
pattern in the whole basin of the Adnatic Sca nmnediately
before, during, and after the Buom episods, respectively
These simulations were performed only by the rwo-way
RAMS-DHeCAST model with real time dynamical forcing.
Figures 3b, 4b, and 5h show the stmulated surface currents
corresponding  Fizures 3a, 4a, and Sa.

[15] Frimn Figure 5a, it can be clemrly scen that 55T
decrensed atter Bora event by almost 2°C on the Venetian
side of the Adriatic Sea, by only gbout 1°C at the Guif of
Trieste side, and by 0.5°C on the Istnan side (Pula). In the
ventral part of the Southern Adriatic Sea, 55T only
decredsed by ahoul 0.5°C for two main reasons: finst, the
Fora wind in thot area was not as intense 1% 0 (he nothem

LOGLISCL ET AL © COVPLED-MODEL SIMULATION OF ADRIATIC HORA
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area; second. the deep bathymetry of that parr of the
Adrianic Sea wave it a higher heat capacity than the norther

art. $57T even increased by abour 0.5°0 south of the Istrian
Peninsula due o strong wuler advection along the Croatia
coast (Fivures 4b and 3b),

[#] The more rapid decrease of the 55T on the Venetian
side wath respect to the casternmost one (1rieste) can b
ascrbed to two nain reasons. Lirst, the shallowness of the
furmer area (18 m approximately) compared with the later
(25 m approsimately). Second, the advection of warm
witters due w the manne cutrents flowinge along the Croa-
tan coast and then corving evelomically (without atfecting
the Venice gulf)

[+1] In [act. Figures 3b, 4b, amd Sh show that the
surface current ancreased drumutically during the Dory

s
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Figure 3. (a) Simulawad S5T (°C) with two-way vonpled
model BAMS DieCAST at 0000 3 Junuary 1993,
(b} Simulated surface current (emds) with two-way coupled
model RAMSTheCAST at 00:00 3 Janvary 1995,
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mienle] RAMEDIeCAST at 000 4 January 1945

cpisode, especially in the north of the Admanuc Sea, as
indicated by both observations and previous studies [Orlie
et al, 1992 Berpamasecn and Gueie, 1996, Fallar er al,
001, Rachev and Purini, 2001): In this context, ir is
necessary to underline that the THeCAST is shle 1o
reprivduce accuralely the dynwnics of the Adriatic Sea,
us il is evident by beth the cyclomic circulanon of the
southermn Adriatc and the hifurcation induced by the Jebuks
it [Carnevide @ al,, 1999]

[##] Figure 6 shows a companson of simulaed and
observed daily average S5Ts in the Gulf of Treste from
| to & January. 1 can be scen thatl the RAMS-DieCAST
maode] decurntely simulated the decrease o 551, wath
only a small svetematic error (2:0.57C) Such an ermor
might be due do the fact that the mode] used an niial
cuendition that did not perfectly match 1o the ohserved

-
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ons. This interpretanon is suggested by the facr that the
systematic arrar in the rwo-way coupled model was nol
accentuated with the passing of lime, as was the case in
the onz-way model, but remaimed almost constant during
the whaole simulation

[#] In the same wuay as Figue 6, Figure 7 shows a
comparison of simulated and observed S5'1s on the Venerian
stde of the Adriatic Sea. The observed data, provided by the
“Tstituto per o Studio della Dinamico delle Grandi Masse,
CNR, Venezin, were avatlable starung on January 3. For
this place. whose location and coordinales are shown in
Fignre |, simulalion was ugain very accurate, but the results
of observations wete still undetestimated as in the I'reste
Culf area

Figure 5,
model RAMS/DieCAST at 0000 6 lopuary 1995,
by Simulaed surface current (emvs) with two-way conpled
miodel BAMS/DieCAST ar 0000 6 Janoary 1995,

1) Sinulared 55T (70 with two-way coupled

T of i
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Fipare 6. Compurison between simulated daily sveruge
S8T wiek the observed one at the Gl of Trieste dunng 1 8
January (twa way coupling), both in “C.

[a] i conclusion, whittever the season for this residual
systematic deparluie between simulated and observed
BETs qumy be, i1 is o faer that the improvement ol the
prediction skill shown by the two way coupled maodel
revenls that e nicsen interaction mechamism cntuils a
farcing of the ocean by the mmosphere and o contempo-
riary mnmy al the ul.mﬂhnhme by the ocean, notwiths
standing the small scale of the Northern Adriatic Sea.

6.3, Sensitivity Analysis With Respect
to Initinl Conditions

[+1] The residunl systemate underestimation of the 55T
simuloted by the two-way coupled model rased the
important issuc of the spatial and temporal propagation of
error alTecting the imtiahization of the ocean modsl, To
clarity this point, 4 now climatologically forced run of the
same type und duration (91 days) as the provious simu-
lution (called the reference simulution) lias been made by
integrating the DicCAST model starting one month before
{on | Seplember 1994 instead of | October) and then
lerminating on 30 Novemher of Lhe same vear Seasonal
climatological SST. wridded profiles of temperatre and
salinily and currents n the ocean uscd to spinoup Die
CAST were the same as those used 1o obtan the OIC
while the wind-forcing was referred 10 the months of
Seplember, October, and November The Bora episode
hias been simulared with these new initial conditions
(MIC) that show some differences, at the surfice, from the
uld initial conditions (CO1C) of the reference run.

l42] The results of the simulations atfect thermal and
kinemalic Aelds of seawater, represenied by distributions
of isotherms and isotachs in 7omal vertical sections of the
Adnatic Sea, The sensitivity analysis also pomted 1o estab-
lishing the penetration depth of the permirhation produced
by dilTerent preparations of mitial conditions. To this end.
two sections of different depths were selected: a northern
sechion, represenialive of @ir-sea INTerachion pricesses in
shallow water {which 15 the main object of this study), and o
southern descper ome,

[11] Figpures 8a and #b show the distribution of scawater
lemperature, sinulated by the RAMS-DicCAST (nwo-

SCOUPLED-MODEL SIMULATION OF ADRIATIC BORA
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wav coupled) model forced with OIC and MO respee-
tively, at the beginning of the Dora episode, ic., at
12.00 a.m. of 4 January 1995. in the zonal vertical section
at 457 North stretching from longitude]1 2,53 o longritude
13.75°E.

[+4] This section 1s very shallow (maximum depth
abour 30 mi; nevertheless, Figure 84 exhibits the doming ol
the sotherms characterizing the cvelonic myre hat afTecls the
nofhemn Adnatic circulation in the relerence run (Figure 1b)
and which 1% ahsenl in Figure 8h,

[13] Figures 8¢ and 8d show the sume dishibutions of
Figures 8a and 8b, respectively, hul referring to one and half
days later We can see that in both cases, the thermul
structure keeps some memory of the OIC and NIC. In
particular, the pattern of Fipure 8¢ sull shows the above
rnmimn..d doming of the isotherms, absent in Figure S,

[w] For the southernmost section at 417N and stretch-
ing from longilude | 7.35%E to longitude 193571, we
analyred the isotherms iLigures 9a=9%0) aml the |H-.:l.|1|.|1
distribations of mendional (Figores 102 10d) and zonal
(lFrigures | la—11d) components of seawater simulald
with the OIC and NI

[47] This section is deeper uan the previous one and
has uosymunctric shipe, from the east o the wasl cousl,
its bottom reaching a maxamim depth ol more than 750 m
bsl ar the center of the basin. In this region the Adriatic
Sex v oot divectly intluenced by the mechanical and
thermal etteces of the Hore wind, nevertheless, the surface
waters respond W ils strong dynamical forcing, wlitle
[ur deeper waters, the femperiatores show o marked
steadiness.

[+¢] The emperature dismbution shows relevant difler-
ences in the mtal conditions ol the simalation (Figures Ya
and 9b represent the situntion with OIC and NIC al
1200 of 4 Januane) mamly ar the sorface. e, opproxi-
mately all 70 m depth, while the tempemtures of the
deeper waters exhibit a close simulariry to cach other,
depending on the steady circulation thul characterizes
such a basin (Figures 104, 10b, i, and [1h) for the
whale veur, Thersfors, as far as the model wmperalure is

Caily Averaged 55T at Venetian side
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Figure 7. Comparison berween simulated daily average
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Figure 12. Comparison between simulated daily average
SE1 and the observed one during 3-8 January 1945 at the
Gl of Triesie ftwo-way coupled musdel forcing with N1C),
both in "C,

concerned, the pwo differem imtal conditions vield &
terent results one and half doys laer (at 0000 of & Jn-
ary ), mainly al the sorfbee (Figures 9¢ound 9d). This
behavior should not be surprising because the simulanon
time {1.5 days) was very shord, and also because of the
guasi=invarianee of the deeper laver for the considersd
temporal shift of one month between Q0 and NIC In
ather worels, hecasse of the mescale considersd in the
present study, the metecrological forcmg momly miluen
ces the marine surface layer, consequently leaving the
stbsurlace waler usses wloost wnaeliercd.

[+9] Analogous considerations can be made for the
dynamical fields. In fact, the ininal mendional and zonal
velocities (a1 12:00 am of 4 Januwy 1993) show notice-
able differences m shape and mtensiy berween Q10
(Fignsres 1 and 1ay and WNIC (Figures [0b oand by
Aler two davs of simulation, we can observe that these
differences are almost constant and, again, are mainly
comfined Lo the surfsee layer close w o the castern coust
(Flgures 10¢, 104, 1le, and 11d).

[50] ‘T'he maore intense meridional circulatnon simudsed
wilh the OIC (Fipure 10c) appears W support our nlerpe-
tation of the difterent cooling rate observed in the Gulf of
Venice with respect 1o the Gulf of Treswe, in wrms of
advection of warmm waters due 1o the swifece manne cursnts
flewing along the Croatian coast (Figures 4b and 55l

[:1] Finally, Fipures 12 and 13 show the comparison
belween the line evolution of he ebserved and simuolated
88T at Treste and Venice marne stations respectively when
MIC are taken into consideration for the two-way
sinalativns. By comnparing Figures 12 and 13 with the
corresponding ones for the reference runs (Figures 6
and 7). it is possihle to state that, in the framework of
nonclimatological studies such s the present one, initial
conditions strongly influence the evolutnon of the coupled
armosphere-ocean svstem and therefore the hetter the
malching between vbserved and initial felds for the s,
the lesser the error between final simulated 85T tields and
ahservartions,

[s2] Therclure, since the NIC case provides worse imitial
conditions than the (OMC ones, then this matal “error™ also

FOGLISCT FT ALy COUPLEDR-MODEL JIMULATION (F ADRIATIC BOIEA
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dramatically propacates sl during the stmulaed tme, in
the dvonamical coupled system, posing the need for proper
assimilanon rechniques (for instance; with buow and satellite
data) for data imbslizations.

7. Conclusinns

[=1] In the framework of setting up a system for the
prediction of the Adriatic Sea circulation; we Duilt and
tested a pwo-way regional atmospheric and ocean coupled
milel, Having inomindd this Ginal task, atest of this coupled
system was done by simulating o Borg event and its
influence on bath S5 1 and marine circulation,

[=1] The wtrmospheric Tinted sren model RAMS uod e
ocedn model DieCAST were selected tor the two-way
coupling. The present case study showdd that, nohwithstimd-
g the reduced spatinl seale of the Norh Adriatic Born,
only a mwo way coupling berween the atmospheric and
owean models proved skallful in simuolating Cgquanbitaively):
S5T anomalies, the eyvelonic gyre in the portherimost part
of the Adnatc Sea, the effect of bathymetry in forcing baoth
the bifurcation in L'.:J:lrl.;:-i[11|ru|n:._'r1-:_'1.: ool the Jabwka P oamd he
cveclonte circulation chamcterizing the Southern Adratic
S

[+5] Ine particelur, secumte apreement lay been shown
between sumulated and observed 551 in two constal
stations (Venic amd Tricawe), with only o small systematic
crror (=030, On the conttary, o one-way coupled
madel showed a significant averestimate of the S5
decrense. purticulurly o the north-castern Adriatic; beeawse
of the unrezhisuc sensible heat tlux from the seq toward
the ammaosphere

[36] The sensitivity annlysis carried oul insection 6.3 also
suppors the idea that the small systematic error i the
predicied SET appaars (o he due o the nonperfeet madehing
of the mital condition with the observed one used by the
model. This interpretanion s also strengthenad by the facr
that the systemutic error in the lwosway coupled model was
not accentuated with the passing of time, as was the case n
the ane-way madel, bur remaimed quite constant during the
whole stmuolation.

Daily Averaged SST at Venetian side
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Figure 13, Compuarizon between stnulated doily overape
85T and the observed one during 3-8 Januvary 1995 al
Venenan sude (twoewiy coupled model forcing with WICT,
bath i °C.
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