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Abstract. We investigated coastal sea responses to three]l Introduction
multi-day strong wind episodes that occurred in the mid-

dle Adriatic during the Target Operational Period (TOP) of gecause wind stress is the most important driving mecha-
the European COastal sea OPerational observing and forgsism in the eastern Adriatic coastal area (Odt al., 1994),
casting system (ECOOP) project. A high-resolution oceanoan accurate understanding of the wind structure over the
graphic model (1 km horizontal, ¥5vertical layers) based = adriatic Sea is crucial for the understanding and the pre-
on the modified Princeton Ocean Model (POM) was appliedgjction of coastal circulation. Several modeling studies of
to a highly complex domain located in the coastal area of th@ne atmosphere over the Adriatic have stressed the impor-
eastern Adriatic Sea. The oceanographic model was nesta@dnce of adequate model resolution for the realistic repre-
into the Adriatic REGional model (AREG-2) covering the gsentation of meteorological fields over coastal regions that
entire Adriatic Sea. Meteorological forcing was prepared by re surrounded by complex orography. It has also been ar-
two atmospheric models. The coarser model was the Euyyed that small-scale features of the meteorological fields
ropean Centre for Medium-range Weather Forecast modere important when these fields are used as forcing in coastal
(ECMWEF, with horizontal and temporal resolutions of .25 cean models (Signell et al., 2005; Pasatial., 2007, 2009;
and 6 h, respectively), and the finer one was the Aire [8mit Zampato et al., 2007; Klaiet al., 2009b; Janekdviet al.,
Adaptation dynamique &veloppement InterNational model 2010). To our knowledge, apart from only a few investiga-
(ALADIN, with horizontal and temporal resolutions of 8km  jgns (Pullen et al., 2003; Signell et al., 2005; Zampato et al.,
and 3h, respectively, and winds dynamically adapted to &007), there are no studies that quantitatively show the dif-
horizontal resolution of 2km). The results show that small- farence in the Adriatic Sea’s response caused by atmospheric

scale atmospheric features, which arise due to the orographycing at different resolutions, which was done in this study.
cally complex mainland and the number of islands and were

not reproduced by the coarser atmospheric model, substarb
tially affected surface currents, mass transports, sea surfac

R COOP) project, namely within the task that aimed to im-
temperature (SST) and surface salinity in the coastal are . . .
. . . prove the local capacity of non-EU countries to build oper-
during strong Bora. For strong Sirocco, the atmospheric] .. ' .
model’s resolution was important for currents on the lee sidesatlonal coastal forecasting systems following ECOOP stan-
of islands P dards. Among other results, the operational oceanographic
' forecasts for the middle Adriatic coastal area have been is-
sued every day for three days in advance. These forecasts
have been provided for the six-month interval (i.e. Target Op-
erational Period, hereafter TOP) extending from 1 February

Correspondence taZ. B. Klai¢ to 31 July 2009. In the present work, we scanned the TOP
BY

(zklaic@gfz.hr) forecast period and selected multi-day episodes of strong

The question was initially addressed within the European
Oastal sea OPerational observing and forecasting system
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winds. These episodes were used to investigate the impor- A
tance of the resolution of atmospheric forcing fields to the 436
modeling of coastal ocean circulation and surface thermoha- |
line properties. 43.4
Generally, there are two types of strong winds (with
mean speeds of at least 10} blowing over the Adri- s
atic: Sirocco and Bora. Each can last for several days, and
they are stronger and more frequent during the wintertime. *
While Sirocco blows along the basin, Bora has an across-
Adriatic direction; therefore, it is substantially influenced by
the surrounding complex orography. Accordingly, Sirocco
is usually considered to be a relatively simple event exhibit- **° _ =ia
ing large horizontal structures, whereas Bora is more com- ° 162 v e " y[_rf]oo
plex and is characterized by small-scale spatial variability
(e.g. Grubsic, 2004; Pasatiet al., 2009). However, Signell Fig. 1. Modeling domain and the actual topography. Positions
et al. (2005) showed that, for both Bora and Sirocco, differ-of the two mountain passes (one northwest and the other south-
ent resolutions of atmospheric forcings can result in signif-east of Mosor Mountain) are indicated in yellow. The white cir-
icant differences in the spatial and temporal structure of thefles show river estuaries for Jadro (4jnovnica ¢), Cetina (C)
Adriatic Sea’s wave response. These results motivated us tgd Nertva (N). Large white arrows indicate general Bora (B) and
inspect the differences in currents, sea surface temperaturesérocc0 (S) wind directions.
(SST) and surface salinities modeled at fine (2 km horizon-
tal for winds and 8 km for other atmospheric variables with a
temporal resolution of 3h) and coarse (0.B6rizontal with ~ resolution (Lkm horizontal with 16 layers) ocean model
a temporal resolution of 6 h) resolutions of atmospheric forc-currently designed for the middle Adriatic eastern coastal
ing. Apart from quantifying these differences, we also com-area (15.9E, 42.6' N, 18.3 E, 43.6 N) (Fig. 1). The mod-
pared the impacts that the atmospheric model resolution haveling domain is highly complex; the coastline is irregularly
on the Bora- and Sirocco-driven sea responses. shaped and there are a number of islands, islets and cliffs
The present study differs from previous investigations inin the area. In addition, adjacent to the sea, the edge of the
several respects. Whereas Pullen et al. (2003) addressed tidnaric Alps containing the Mosor and Biokovo mountains
long-term statistics of modeled currents at the northern Adri-Stretches parallel to the along-basin axis of the Adriatic Sea.
atic, we looked at the modeled currents and surface ther- The ASHELF-2 model was forced with surface momen-
mohaline characteristics of the eastern coastal regions of thidm and buoyancy fluxes and discharges from the four major
middle Adriatic during specific high wind conditions. Signell rivers of the area, which are the Jadfopovnica, Cetina and
et al. (2005) and Zampato et al. (2007) examined the entiréNertva rivers. Surface fluxes were interactively computed
Adriatic Sea, but they focused on wave modeling and seaising atmospheric fields, which were obtained by the two
level forecasting, respectively. models described in Sect. 2.2, and sea surface temperature
This manuscript is organized as follows. Section 2 pro-from ASHELF-2 using standard bulk formulae as described

vides a description of the ocean model and the atmospherith Orli¢ et al. (2006). The drag coefficient used in the wind
data used. The investigated episodes are described in Sect. gress computation was obtained according to Hellerman and

The results of these investigations are discussed in Sect. KRosenstein (1983), whereas heat flux components were ob-
Fina”y, Sect. 5 presents our conclusions. tained using standard bulk formulas. The Reed (1977) for-

mula was used for solar radiation, longwave flux was cal-
culated according to May (1986) and the sensible and la-
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2 Oceanographic modeling system tent heat fluxes were obtained following Kondo (1975). To
calculate buoyancy fluxes, we used the interactively calcu-
2.1 Oceanographic model lated evaporative flux together with precipitation from atmo-

spheric models and climatological monthly discharges of the
The oceanographic modeling system simulating temperaturdpur rivers (Pasag, 2004; Orlt et al., 2006). The rivers were
salinity, currents and surface elevation is based on the modincluded in the surface buoyancy flux at the grid points that
ified Princeton Ocean Model (POM) (Blumberg and Mellor, correspond to the location of their mouths. Jadinmovnica
1987). The POM model is three-dimensional and non-linearand Cetina were considered to be point sources, whereas
with complete thermo- and hydrodynamics and allows theNeretva was assumed to be the line source occupying six grid
possibility to include air-sea interactions and forcing from points. Initial and lateral open boundary conditions for the
rivers. The modified model is called ASHELF-2, and itis de- ASHELF-2 were provided by the Adriatic REGional model
scribed in detail in OrB et al. (2006). ASHELF-2 is a high- (AREG-2), which covers the entire Adriatic Sea (Oddo et
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Table 1. List of investigated strong wind episodes. MM and MG correspond to maximum hourly wind speed and maximum wind gust as
reported by DHMZ (2009). | is the code of the time interval characterized by persistent airflow, where its persistence is assessed from the
modeled wind fields.

Description according to MM MG Duration of persistent airflow

MHS Bulletins (msl (msY conditions

(DHMZ, 2009)

Moderate to strong Bora 22.2 38.9 12 Feb, 00:00:00-16 Feb, 00:00:00 B1
Stormy Bora, snow at 27.8 41.7 18 Feb, 12:00:00-20 Feb, 00:00:00 B2
islands, Split airport closed

Stormy Sirocco - - 27 Mar, 15:00:00-30 Mar, 00:00:00 S

al., 2006; Chiggiato and Oddo, 2008). AREG-2, which has apage=sommaireGeleyn et al., 1992). Boundary conditions
horizontal resolution of approximately 2 km and 31 vertical for the ALADIN model are incorporated by relaxation
o layers, has been operational since April 2003 and providesnethod applied within the so called coupling boundary zone
nine days of forecast on a daily basis in addition to the pre<(Radroti, 1995).

vious week's analyses. ASHELF-2 is initialized using the ~ ALADIN was run twice per day (at 00:00 and 12:00 UTC)
corresponding AREG-2 fields of temperature, salinity andat the Croatian Meteorological and Hydrological Service,
velocity at the beginning of each studied wind episode. Toand the output fields were available at horizontal and tempo-
include the influence of the adjacent area on the local coastatl resolutions of 8 km and 3 h, respectively. The initial and
dynamic, the ASHELF-2 model was nested into AREG-2 boundary conditions for the ALADIN runs were provided by
using a simple, off-line, one-way nesting technique (Za-the analysis and forecast of the Action de Recherche Petite
vatarelli and Pinardi, 2003). Time varying daily averages Echelle Grande Echelle (ARPEGE) global model, which was
of the velocity, temperature, salinity and surface elevationrun in Météo-France. In addition, a high-resolution dynamic
from the AREG operational products were interpolated onadaptation was also run to obtain the fine scale wind fields
the ASHELF-2 open boundaries. The open boundary val-at a horizontal resolution of 2 km (Ivate@ahdan and Tudor,
ues were also linearly interpolated in the time between the2004).

daily averages during the simulations and corrected to ensure

that the volume transport across the ASHELF-2 open bound-

aries matched the volume transport across the correspondirg Investigated episodes

AREG-2 section (according to Pinardi et al., 2003). During

the TOP period, the forecasted AREG fields were interpo-According to the Bulletins of the Meteorological and Hydro-
lated on the ASHELF-2 open boundaries, whereas here, wéngical Service of Croatia (hereafter MHS) (DHMZ, 2009),
used AREG hindcasted fields in the simulations of the sethree multi-day episodes of strong winds occurred over the

lected wind periods. modeling domain during the TOP. Two of them corresponded
to Bora flows, and one corresponded to Sirocco flow. Both
2.2 Atmospheric forcing winds are well known due to their major roles in the forc-

ing of the Adriatic Sea (e.g. Odiet al., 1994; Pasdriand

Atmospheric forcing was produced using two models, Orlic, 2004; Beg Paklar et al., 2001, 2005; Ferrarese et
the European Centre for Medium-range Weather Forecasal., 2009; Klat et al., 2009a). For each of these strong-
(ECMWF) model, and the Aire Limite Adaptation dy- wind episodes, we identified a time interval during which
namique [Eveloppement InterNational model (ALADIN) the modeled airflow conditions over the entire modeling do-
(Geleyn et al., 1992). In the first case, the ECMWF anal-main were persistent and nearly stationary. These intervals
yses fields had horizontal and temporal resolutions 0f°0.25 were denoted by B1, B2 and S, respectively (Table 1), where
and 6 h, respectively. In the second case, we used the hydr@ and S corresponded to the Bora and Sirocco flows, re-
static version of the limited area model ALADIN that was spectively. Inspection of the surface analyses charts of the
implemented to the Croatian domain. MetOffice (ttp://www.wetter3.de/faxnot shown here) cor-

Physical parameterizations in the ECMWF model areroborated the existence of synoptic-scale pressure fields that
described in full details at the model web sktep://www. favor the establishment of the above-mentioned Bora and
ecmwf.int/research/ifsdocs/CY28r1/Physics/Physics-04-01.Sirocco airflows. Namely, it is well known that Bora goes
html#wp963903and they are almost the same as those use@long with the synoptic-scale southward air-pressure gradi-
by ALADIN (http://www.cnrm.meteo.fr/aladin/spip.php? ent accompanied with the cold air outbreaks from the north
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(e.g. Bajt, 1987); while Sirocco, which is above the Adriatic 50 m2/s2
warm and humid, is related to the northwestward or north- — **° e
ward synoptic-scale air pressure gradient (e.cceluet al.,
1996). Such gradients can be attained by several differen_
synoptic setups, depending on relative positions of high- ands 43.2f
low-pressure synoptic scale disturbances. Typical synoptic-2 ‘
scale pressure field patterns for Bora and Sirocco are de!
picted in climatological study of Heimann (2001).

43.41

Lat

4 Results and discussion
4.1 Bora

Because the key features in the modeled fields for both Boreg
episodes were similar, here, we only show the results for the ® i J :
stronger episode (B2 in Table 1). Due to wind field persis- 4, ¢! ! vy | [m%/s?]
tence, wind field patterns for individual time instances during '
the investigated episodes were very similar to those seen ir 426
mean fields, which were obtained by averaging over a cor- v %) ‘ g LA
responding time interval (not shown here). Therefore, we 434/ b i 5 Qs g\ | 50
discuss only the mean-modeled fields. Figure 2 shows thes
averaged ALADIN- and ECMWF-modeled pseudo-stresses, 2. 43.21
in addition to the difference between the two. The pseudo-
stress was calculated by multiplying each wind vector with
its magnitude. Although our oceanographic modeling sys- 4,8l
tem employs wind stress, here, we show the pseudo-stres
to keep the information on the wind field (more precisely, on 426 165 17 . 18 ]
the wind kinetic energy) above the ground. We note however, Longitude [deg]
that both pseudo-stress and bulk formulae calculated stress

P, -, : _Fig. 2. Mean ALADIN (top panel) and ECMWEF (center panel)
teii( hlbl;[] Yﬁ ryESér'\T)II\I,?/::Spaga: pattTtrn_s (not IS hOV\:nh here). Al modeled wind pseudo-stress for the B2 Bora episode (Table 1). The
oug € MOCET results In an almost NOMOgenous, ., panel shows the difference between these two. Addition-

v_vind field, and gonsequgntly,_ a homogenous ps.eudo—st.res‘ﬂy, the magnitudes of vector differencg ADIN-ECMWF | are
field over the entire domain (with yall_Jes gradually increasingshown in colors. Topography contours, as seen from the models,
offshore due to weaker surface friction), the ALADIN wind and shore lines are indicated with thin and thick grey lines, respec-

and pseudo-stress fields exhibit fine structures. Based on cliively.

matological (Orl€ et al., 1994), field measurement (Gribj

2004) and modeling (Kl&iet al., 2003; Belsic and Klat,

2006) meteorological studies of Bora flow, we can expect to-of the Bora flow that occurs above the mainland. Namely,
pographically induced jets downstream of mountain passesstrong winds, which are found in the northeastern part of the
In our case, these were found downstream of two passedomain, hit Biokovo Mountain and adjacent obstacles and
shown in Fig. 1; one pass was northwest and the other souttsplit into two branches. Both branches are maintained fur-
east of Mosor Mountain. Additionally, according to the AL- ther downstream by the topographies of the islands. The
ADIN results, pseudo-stress during Bora strengthens in twovestern branch amplifies while passing through the south-
regions above the open sea. One region was found in théastern mountain pass, hits the northern coast of Bral
southwestern part of the domain, and the other was downthen mainly turns westward. Upstream of the passage be-
wind of the line stretching from the eastern tip of Kola ~ tween Br& and Solta, the flow meets the southwestward
to Mljet Island. The wind strengthening above the open sedet emerging from northwestern mountain pass and further
agrees well with other Bora studies for the northern Adriatic strengthens. Downstream &blta, the western branch is
(Makjanic, 1970, 1976; Kldi et al., 2003), which showed south-southwestward. The eastern branch is very strong over
that winds are higher over the sea (i.e. farther from the coastahe northern part of the Neretva valley, and it gradually weak-
barrier) than on the coast itself. This trend can be attributedens when approaching the coastline. After passing above the
to weaker friction. However, we note that, in these two re- central part of Pelfgac Peninsula, this southwestward branch
gions, the airflow and consequently the pseudo-stress is addstrengthens again.

tionally amplified due to the upstream blocking and splitting

43

Latitude
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Above the sea, the differences between ALADIN and ogmis.

ECMWF wind pseudo-stress (Fig. 2, bottom panel) are most 1 7 _ .
pronounced within the along-Bora oriented funnel-shaped 434 -~ o\ e~
region that stretches from the coast, passes across Hvar, wess , B 04
ern Pelj@ac, Kotula and Lastovo, and continues further %43-2’ i \ 035
downstream. This funnel-shaped region coincides with sev—g a3l [0 '
eral ALADIN modeled wakes induced by coastal mountains S ‘ Ho.3
and islands (not shown here), which are accompanied by lon 428 2 'l
values of pseudo-stress (Fig. 2, top panel) and are not cap :0'25
tured by the ECMWF model (Fig. 2, center panel). H0.2
Figure 3 shows the modeled mean surface currents ob o ¢f~}A$\H © M
tained using the two atmospheric forcings and the differ- 434 U500 015
ence field. We can see the effects of the eastward, AREG = - A 0.1
2-modeled currents at the western boundary for both atmo-= 32| S g 20N
spheric forcings. The eastward flow is a part of a small cy- 3 . V5 “270200 7 g o] 0.05
clonic gyre obtained by AREG in the area near the western S / =y .
ASHELF-2 open boundary. ’/222%\;‘2//5‘{/@77/ RN (mis]
For the ALADIN forcing, the most prominent feature 0
is a strong northwestward current (over 0.4Thsin the ig;g —0g5ms 03
Brat channel between the island and the mainland (lati- EA
tudes roughly from 43.3 to 43.48l). Conversely, for the 4341 025
ECMWEF forcing, this westward flow component is substan- 3 0.2
tially weaker. Accordingly, this Bra channel current is 2
also the most noticeable of the differences between the twc3 045
cases (Fig. 3, bottom panel). We believe that this prominent S A 01
along-shore current is partly supported by a small, anticy- 42.s| j WE—7 < R 0.05
clonic eddy found north of Pelac (Fig. 3, top panel) due spnll? 2 | .
to the wind curl in the area. The eddy, which was even 4267 ¢ 165 17 175 18 [1/s]
more pronounced in episode B1 (not shown here), reache. Longitude [deg]

the straight between the Hvar island and mainland SUpportFig. 3. The ASHELF-2 modeled mean surface currents for the

ing the alongshore currents towards the northwest. In cong; gora period (Table 1) obtained by ALADIN and ECMWF forc-
trast, for the ECMWEF forced currents, an almost homoge-ing (top and center panels, respectively) and the differences be-

nous wind field pushes the surface waters towards the northtween these two. Additionally, the magnitudes of vector differences
ern coast of Pelfac to produce a westward surface current|ALADIN-ECMWF | are shown in colors.
in this area. Therefore, in this case, there is no surface north-
westward current along the mainland. Similarly, a small anti-
cyclonic eddy (although with substantially weaker currents),shaped region, we found strong surface currents (which are
which is caused by the eastern branch of the airflow split duegmaintained by the two strong airflow branches originating
to the blocking by Biokovo Mountain, is also found north from the flow splitting above the mainland). Again, com-
of eastern Hvar. Because none of these eddies were foung@ared to the airflow directions, these currents turn toward the
in the results obtained by ECMWF forcing, we believe that west due to the orientation of the islands.
their genesis is completely driven by the atmospheric forc- Finally, for both atmospheric forcings and for both Bora
ings. The positions of both eddies are also clearly seen in thepisodes (B1 and B2 in Table 1), we found a flow splitting
differences field (Fig. 3, bottom panel). of this westward, surface current in the Brehannel. One
Another noticeable result for ALADIN forcing is an along- branch proceeds westward through the channel between the
Bora, funnel-shaped region of weaker surface currents thamainland andolta Island, and the other turns southward and
coincides with the funnel-shaped region of weaker windspersists through the strait betweBnlta and Bra with sub-
(Figs. 2 and 3, top panels). While the airflow in this region is stantially stronger currents in the case of the ALADIN forc-
southwestward or south-southwestward, in the sea, the westAg.
ward component is more pronounced. Therefore, the rela- In the open sea, outside of the island area, both atmo-
tively weak surface currents are mainly west-southwestwardspheric forcings produced similar southwestward currents.
or southwestward. Obviously, this turning of the surface cur- Several prominent features were found in the vertically av-
rents towards the west with respect to the airflow arises dueraged currents obtained by the ALADIN forcing (Fig. 4, top
to the channeling effects of mainly east-west oriented islandspanel). One of these is the northwestward, along-shore mass
Similar to the airflow field, to the west and east of this funnel- transport in the channel between the BendSolta islands

Www.ocean-sci.net/7/521/2011/ Ocean Sci., 7, 33P-2011
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and the mainland, which was already found in the surface
currents. This transport stretches toward the northwesterr _
edge of the domain, where it is further strengthened by the 434
convergence of the northeastward and northwestward curs
rents found roughly at latitudes between 43 and 4R.5nd S.4327
longitudes between 15.9 and 16

Additionally, several eddies were found. The first is a
small, anticyclonic eddy between the mainland and Batje 42,80k
(which was also already found in the surface currents). The N
second is an anticyclonic eddy to the southSolta, whose
western part supports the convergence of above-mentione:
currents and the consequent strengthening of the along-shor
mass transport at the very northwestern edge of the domain§
The third is a cyclonic eddy in the southwestern part of the = 432f
domain (centered around 4219 and 16.4 E), which is in
accordance with the wind curl caused by a strong eastwarc
wind shear (Fig. 2, top panel) and coincides with the surface 428
currents eddy (Fig. 3, top panel). The second and third ed-
dies were also found for the ECMWF forcing (Fig. 4, center j‘é:g ‘4
panel), and the most pronounced difference between the twe 3
forcings was found in the channel between the mainland anc 434/ |8
Brat andSolta islands (Fig. 4, bottom panel).

Spatial structures of the latent and sensible heat fluxes re
produced using either ALADIN or ECMWF outputs are very
similar and are primarily influenced by the wind stress and
air temperature variability (Fig. 5). Due to the similarity of 428/}
these heat flux components Fig. 5 depicts only the latent flux
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from both atmospheric models together with air temperature 4264 165 17 175 18
fields. On the other hand, significant differences in the both Longitude [deg]

heat flux components arise between model runs using dlfferi:ig. 4. Mean ASHELF-2 modeled vertically averaged currents for

[m/s]

er_1t atmospheric fo_rcings. As the air temperatures SimUIateﬁ’he B2 Bora period (Table 1) obtained with ALADIN and ECMWF
with ALADIN are higher than those from ECMWF over al- forcing (top and center panels, respectively) and the differences be-

most entire domain, with maximum differences of aboUE3  yyeen these two (bottom panel). Additionally, the magnitudes of
(Fig. 5, top panel), both latent and sensible heat fluxes revector difference$ALADIN-ECMWE | are shown in colors.
sult in the stronger cooling in the case of ECMWF forcing.
Moreover, spatial variations in the ALADIN air temperatures
are influenced by the presence of the islands, while ECMWFThe differences between the two experimental outcomes var-
model is completely missing this effect. ied from —0.75°C (corresponding to the warmer ECMWF-
Figure 6 shows modeled SST and salinities for the twoforced SST) to 1.25C (warmer ALADIN-forced SST). The
forcings. Figure 5 indicates the lowest cooling due to bothformer is most clearly seen in triangle-shaped region north
latent and sensible heat flux is in the funnel-shaped area cosf eastern Hvar, whereas the latter is the most prominent in
inciding with low wind stress reproduced by the ALADIN three areas: north dolta, south of western Hvar and west
model. This is also the area with the highest differencesof KorCula. The most pronounced discrepancies between
between heat flux components from two atmospheric mod+the two forcing outcomes mainly coincide with the funnel-
els (Fig. 5, bottom right panel) and the area with the highestshaped region of weak winds (i.e. the weak pseudo-stress in
differences of 2C between SST calculated using ECMWF Fig. 2, top panel) and the resulting weak surface currents
and ALADIN outputs (Fig. 6, third row, left panel). Because (Fig. 3, top panel) with an exception north $blta, where
the satellite-measured SST of the investigated area for thtéhe strong winds and currents are accompanied by large dif-
B2 episode was not available, we show the satellite SST foferences in the ALADIN- and ECMWF-forced SST.
the day after the episode. The satellite-measured SST var- Despite a general bias affecting the results of both of the
ied from 11-12.5C (along the mainland coastal areas) to model simulations, the satellite-derived SST is in good agree-
14-14.5C (southwestern part of the domain), and the cor-ment with the corresponding field obtained by forcing the
responding ALADIN-forced values ranged from 10-1%%5  model with the ALADIN fields. Both of the datasets agree
to 13-13.5C. Again, the ALADIN-forced field SST exhib- (ALADIN forced model and satellite), showing a mostly ho-
ited more complex patterns than the ECMWF-forced SST.mogenous SST between the islands (north of Y2a8d the
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Fig. 5. Mean ALADIN (top panels) and ECMWF (center panels) modeled air-temperature (left panels) and latent heat flux (right panels) for
the B2 Bora episode (Table 1). The bottom panels show the differences between respective fields above.

coast and a strong horizontal gradient that separates the co#l2 Sirocco
coastal waters from the warmer off-shore ocean. On the con-

trary, the ECMWF-driven SST is characterized by a notice-gjgre 7 shows modeled mean pseudo-stress fields during the
able colder area S,OUth of the I_slands BHvar and Kotula investigated Sirocco episode (Table 1). Generally, over the
and a weaker horizontal gradient. Lower SST south of thega,; the ECMWFE-modeled Sirocco pseudo-stress is some-
main islands is a consequence of the stronger cooling due tQ 4 stronger than the corresponding ALADIN field. In con-
sensible and latent heat fluxes in case of the ECMWF forcing, 4st to Bora. the ALADIN and ECMWE patterns above the
(Fig. 5). .. . openseaare similar. In both cases, the winds blow in a nearly
_Over the open sea, the ALADIN-forced surface salinity is ¢nstant northwestward direction. Because the wind gradi-
higher than the corresponding ECMWF values (Fig. 6, rightgns are small, a very weak wind curl is found in this region.
pangls). Conversely, north of P&lgc and eastern Hvar, low- Approaching the mainland, the ECMWF-modeled pseudo-
salinity water spreads due to the northwestward current begyress gradually decreases because the model does not re-
tween Peljgac and eastern Hvar and the westward currenigy e any of the islands, and along the coast, it “sees” rather
along northern coast of eastern Hvar. However, the ECMWH 4t topography. On the contrary, the ALADIN-modeled field
forcing resulted in significantly higher surface salinities in iy the coastal area exhibits considerable variability. Pseudo-
the same area with low salinities occupying a narrow bandsyress weakens over the islands and strengthens after passing
along the northern Pefac coast. Higher salinities along hem  This result is most clearly seen if a fetch at the lee
the mainland coast that were obtained by ECMWF forcinggige of the island is sufficiently large (e.g. north of Kok
resulted from strong evaporation in the area (Fig. 5 — la-3nq north of the eastern part of Hvar). Therefore, the differ-
tent. heat flux). Gengrally, discrepancies between .the tWQinces between the ALADIN and ECMWE fields above the
forcing outcomes varied from0.875 psu (corresponding 10 ge4 were found in between islands, especially in the east-west

higher ECMWF-forced than ALADIN-forced salinities) 10 g|gngated channels, where the ALADIN model succeeded in
over 0.500 psu (higher ALADIN-forced values). Finally, the reproducing some of the channeling effects.

pattern of salinity differences is very similar to the pattern of Fi 8 depict ticall d s for t
sea surface temperature differences, which point to the dom- Igure © depicts vertically averaged mean currents for two

inant impact of wind on both the temperature and salinityatmOSphe”C forcmgs and the difference between the twq. In
distributions. the open sea, vertically averaged currents for both forcings

are very similar, and they follow the airflow. Both forcings
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Fig. 6. Mean ASHELF-2 modeled sea surface temperatures (left panels) and surface salinities (right panels) for the B2 Bora period (Table 1)
obtained by ALADIN and ECMWEF forcing (upper two rows) and the differences between these two (third row). The lowermost panel shows
the satellite-measured sea surface temperature for 20 February 2009.

result in very similar current splitting by distant islands (Las- southern coast of K@ula and the strait between Hvar and
tovo and Vis), similar wakes and consequent flow conver-Vis.
gences downstream of these islands. Similar results were also obtained for the mean surface
Due to the more uniform wind field, the ECMWF-forced, currents (not shown). For both forcings, the mean surface
vertically averaged currents in the coastal areas and in theurrents for the open sea are similar, and they resemble the
channels between islands closer to the mainland are muctertically averaged mean currents. Additionally, ECMWF-
more uniform than the ALADIN forced currents. Therefore, forced surface currents are somewhat stronger, which is in
the differences between the two cases, which arise mainlyaccordance with generally stronger ECMWF stress over the
due to the complexity of ALADIN winds and the result- area compared to the ALADIN winds. Differences be-
ing complex wind stress in coastal areas, are the most protween the two forcings are the most pronounced on the
nounced on the lee sides of the islands. The most noticeabliee sides of islands with maximum values (up to approxi-
is in the Bra channel to the north of the western part of the mately 0.2 m 1), which were found in the along-coast stripe
island, which has differences between the two cases of uptretching northwestward from the eastern tip of Hvar to-
to approximately 0.15 ng (Fig. 8, bottom panel). Finally, wards the western tip dolta. Here, the ALADIN-modeled
for both forcings, a strong downwind jet intensifies along the surface currents range from 0.4 to 0.6 ™.
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Fig. 7. Mean ALADIN (top panel) and ECMWF (center panel) Fig. 8. Mean ASHELF-2 modeled vertically averaged currents for
modeled pseudo-stress for the Sirocco episode (Table 1). The bothe Sirocco episode (Table 1) obtained with ALADIN and ECMWF
tom panel shows the difference between these two. Topographyorcing (top and center panels, respectively) and the differences be-

contours, as seen from the models, and shore lines are indicated By/een these two (bottom panel). Additionally, the magnitudes of
thin and thick gray lines, respectively. vector difference$ALADIN-ECMWEF | are shown in colors.

Finally, Fig. 9 depicts the modeled SST and salinities for of the islands and the most prominent differences were found

both forcings. Despite of the discrepancies in the latent andn the Br& channel. In the future, these coastal features
sensible heat fluxes calculated using ECMWF and ALADIN should be better verified by in situ measurements, since it
outputs, which arise from lower air temperatures reproduceds well known that satellite SST data are less reliable in the
by ALADIN over almost entire domain (not shown here), Vicinity of the coast. In addition, Sirocco events are generally
both forcings gave very similar SST fields (Fig. 9, left panel), accompanied with high cloudiness, especially close to the
and they agree reasonab|y well with the satellite-measure@oast. This is due to forced convection of the warm and moist
SST (Fig. 9, bottom panel). The differences between SSTir along upstream topographical obstacles (islands and the
modeled with ALADIN and ECMWF outputs are close to mainland). Accordingly, the quality of satellite data in the
the accuracy of the satellite measurements and therefore it iicinity of coast during Sirocco is additionally deteriorated.

hard to conclude which thermal forcing is better in the case The patterns of surface salinity fields for both forcings are
of Sirocco wind. also quite similar (Fig. 9, right panel), although ALADIN-

orced surface salinities are slightly higher. The differences

Discrepancies between the two experiments varied fron{) . .
etween the two experiments varied from 0 psu up to approx-

—0.25°C (higher ECMWF-forced SST) to 0.3T (higher . .
ALADIN-forced SST). A slightly higher ECMWF-forced imately 0.875 psu, and they are most pronounced in the nar-
row along-coast stripe stretching from the Neretva estuary

SST than the ALADIN-forced SST is most clearly seen on, ds the Bréch |
the windy side of Kotula Island. On the contrary, a some- owards the Brachannel.
what higher ALADIN-forced SST was found at the lee sides
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Fig. 9. Mean ASHELF-2 modeled sea surface temperatures (left panels) and surface salinities (right panels) for the Sirocco period (Table 1)
obtained with ALADIN (top panels) and ECMWF (second from above) forcing and the differences between these two (third from above).
The lowermost panel shows the satellite-measured sea surface temperature for 28 March 2009.

5 Summary and conclusions of 0.25 and 6 h, respectively, and ALADIN with horizontal
and temporal resolutions of 8 km and 3 h, respectively. Both

investigated wind episodes were of comparable strength and

We investigated the impact of atmospheric model resqutiorEad a modeled average pseudo-stress up o approximately
on the coastal sea’s response to strong multi-day Bora an .
b 9 y 10n? s~2 (Bora) and 130 rAs~2 (Sirocco).

Sirocco episodes over the eastern coast of the middle Adri-
atic. The oceanographic modeling system (ASHELF-2) is For both winds, the maximum differences in the mod-
based on the Princeton Ocean Model (POM) (Blumberg andtled mean pseudo-stresses obtained by the fine and coarse
Mellor, 1987), and it was implemented with 1 km horizontal fesolution atmospheric forcing were of comparable magni-
resolution and 16 vertical layers. To account for the differ- tude; however, for Bora, they were slightly higher (about
ent atmospheric forcings, the ASHELF-2 surface fluxes wereB0 7 s~2) than for Sirocco (about 50%s~2).

interactively computed using atmospheric fields obtained by Using fine-resolution atmospheric forcing, a prominent,
two different models and the ASHELF-2 modeled sea sur-along-coast northwestward surface current in the&Bran-

face temperature. Atmospheric forcing was produced by twonel was found in both the Bora (maximum above 0.4H)s
models: ECMWF with a horizontal and temporal resolution and Sirocco (maximum approximately 0.6 ¥ episodes.
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This current, which was not reproduced by the ocean modeto conclude which thermal forcing is better in the case of
forced by coarse atmospheric model resolution, agrees wittsirocco.
recent measurements that showed a strong, along-coast flow To briefly summarize, we found that the atmospheric

in the Bra& channel during the wintertime (Andec et al.,  model resolution generally plays a more important role in
2009). For both episodes, the current maximum coincidedhe modeled coastal sea’s response to the Bora forcing com-
with the maximum in the wind field. pared to the Sirocco forcing. This result can be attributed to

Specifically, for the Bora episode, a noticeable, funnel-the complicated, fine-scale atmospheric forcing that is pro-
shaped region of weak surface currents stretching from thejuced when the Bora flow passes above the orographically
coast towards the open sea in a southwestward direction wagomplex mainland and islands and alternates with the sea
found for the fine resolution atmospheric forcing. This region syrfaces. However, the modeled Sirocco-induced currents on
of weak currents arose due to the orographically induced airthe lee sides of the channels between the islands were also
flow splitting over the mainland and was further supportedsensitive to the atmospheric model resolution.
by the islands acting as obstacles to both the airflow and the \ye emphasize that our findings should be further corrob-

sea currents. , orated by analyses of measured oceanographic data. In par-
For the Sirocco episode, the open-sea surface currentge ar, this applies to the current-meter data, which were not
were very similar for both atmospheric forcings. HOWeVer, 4 aijaple for the investigated period. Nevertheless, the re-
the ECMWF-forced currents were somewhat stronger thary s presented here indicate in which direction future inves-
the ALADIN-forced currents. In the coastal regions, the dif- tigations should be aimed. Finally, although the presented

ferences were most pronounced on the lee sides of inner isygyts were obtained for the eastern coast of middle Adri-
lands, where ECMWF-forced surface currents were up t0 @pagic  they might also be useful in other coastal areas where

proximately 0.2ms* higher than those forced by ALADIN. complex orography plays a major role in atmospheric forc-
The impact of the atmospheric model resolution on the;,

modeled mass transport was most pronounced in the coastal

areas for both Bora and Sirocco winds. For Sirocco, the

ECMWF forcing resulted in almost no transport in the AcknowledgementsThis study was supported by the ECOOP
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