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[1] Wind forcing plays a key role in controlling the water column structure and
circulation in the northern Adriatic Sea. Through shipboard observations and numerical
modeling, we have documented the changing of oceanographic features before, during,
and after a sequence of cold northeasterly bora wind pulses that occurred during stratified
conditions in late September 2002. High-resolution meteorological, hydrodynamic, and
wave model outputs were related to in situ observations of hydrologic parameters,
dissolved nutrients and oxygen, suspended matter biogeochemical properties, and
phytoplankton. The bora intensified the southward flowing coastal current along the
Italian coast, establishing a frontal system that typically exists in winter. The bora also
caused complete vertical mixing to 20–25 m in the water column, an influx of warm
salty water from the south along the Croatian coast, and increased resuspension and
southward transport of bottom sediments for the combined effects of currents and
waves. The effects on the bottom were limited to the western coastal belt, as in the
deeper central part of the basin hypoxic conditions were present during the whole
observing period. During the bora, the concentration of inorganic dissolved nutrients in
the bottom water increased consistently with the release of nutrients from the sediments
and with the mineralization processes. Resuspension of bottom layer sediment
represents an important source of nutrients for the water column in this period. The
higher level of nutrients was observed together with an increase in phytoplankton
biomass, suggesting a potential trigger for the autumnal phytoplankton bloom in the
northern Adriatic. Finally, bora events seem to be able to generate a relevant increase
of nutrient export from the northern Adriatic through the intensified Adriatic western
coastal current, so they could play a relevant role in the nutrient balance of the basin.
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1. Introduction

[2] The frequency and strength of winds strongly influ-
ence the water column structure and circulation in the
northern Adriatic basin (NA), the northernmost area of the
Mediterranean Sea. In particular, the cold northeasterly
‘‘bora’’ wind, occurring frequently in the fall and winter
seasons, plays a large role in determining the cooling and
mixing of the water column, the circulation patterns and the
dense water formation [Hopkins et al., 1999; Poulain and
Raicich, 2001].
[3] The bora has a jet-like structure that is characterized

by strong horizontal shear due to orographic control (this

katabatic wind is generated by cold and dry air spilling
down from passes through the Dinaric Alps). The bora wind
pattern typically induces a counterclockwise gyre in the
northernmost part of the NA basin, enhancing the Western
Adriatic Coastal Current (WACC) [Kuzmić and Orlić, 1987;
Orlić et al., 1994; Artegiani et al., 1997; Bergamasco et al.,
1999; Zavatarelli et al., 2002].
[4] In addition to strengthening the WACC, the bora can

also advect water from the Po delta region offshore, forming
a northeastward moving tongue of cold fresh water [Beg
Paklar et al., 2001]. Numerical model simulations can
provide information about the high spatial and temporal
variability that characterizes strong wind events and their
effects on the oceanic side.
[5] In regions like the NA, surrounded by complex orog-

raphy, model resolution must be sufficiently high to resolve
the spatial structures in the wind field and the circulation
patterns they impose. Early oceanographic models had to
scale up wind speeds from under-resolved meteorological
models in order to obtain reasonable results [Cavaleri and
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Bertotti, 1997; Cavaleri, 2002]. Despite these resolution
issues, early numerical studies of the basin circulation were
able to suggest the offshore spreading of the Po diluted waters
under stratified and bora wind conditions [Malanotte Rizzoli
and Bergamasco, 1983; Kuzmić and Orlić, 1987; Zore
Armanda and Gačić, 1987; Kuzmić, 1991; Orlić et al.,
1994], while the confinement along the western coast of
the plume was associated with unstratified and weak wind
conditions [Kourafalou, 1999].
[6] Dorman et al. [2006], using in situ observations and

model results from the same meteorological model
employed in this study, analyzed a strong winter bora
episode during February 2003. Book et al. [2007], using
current meter observations from 2002 to 2003, determined
that the circulation in the NAwas strongly affected by wind
storm events, with increased southward transport in the
WACC. In summer condition, the increase of dynamic in
the basin was attributed to the interaction between bora
wind and the river discharges [Beg Paklar et al., 2008].
[7] In the last decade, increased computing power and

operational meteorology technology has resulted in a pro-
liferation of ‘‘limited area’’ meteorological models which
are typically driven by global models at their open bound-
aries. Their grid spacing is typically 5–10 km, allowing a
more accurate description of the orography and better
representation of small-scale physics, essential in a high-
variability basin such as NA. Limited Area Model Italy
(LAMI; Italian implementation of the nonhydrostatic model
LM [Steppeler et al., 2003], recently renamed COSMO-I7)
meteorological output fields have been employed to force
the circulation transport model Regional Ocean Modeling
System (ROMS) in several studies obtaining results that
agreed well with the extensive data collected in 2002–2003
[Sherwood et al., 2004; Carniel et al., 2009]. A detailed
comparison during bora events indicated that this approach
captured complex circulation patterns [Lee et al., 2005].
Other successful examples are given by Pullen et al. [2003,
2007] using the meteorological outputs from Coupled
Ocean/Atmosphere Mesoscale Prediction System
(COAMPSTM) model.
[8] Ocean models driven by high-resolution wind fields

have been used to obtain new levels of understanding of the
NA. Bignami et al. [2007] analyzed the LAMI-driven
ROMS results and proposed new insight on the variability
and offshore export of turbid coastal waters in the Adriatic
Sea, finding that turbid water was exported offshore the Po
delta under bora wind events and in low Po River discharge
condition. Several processes occurring in the water column
are conditioned directly or indirectly by the wind stress. The
sediment transport in NA appears to be strictly related to
wind stress, as shown by the importance of resuspension in
the sediments transport southward mainly occurring in
relation with strong winds [Nittrouer et al., 2004; Harris
et al., 2008]. The bora events contribute to enhance the
along-shelf advection at the bottom layer, as evidenced by
benthic tripod measurements in the shelf western Adriatic
area [Fain et al., 2007]. Moreover, the resuspension appears
to be responsible for the higher contribution in the total
vertical fluxes of particulate matter in coastal areas (in
average 34–43% [Giani et al., 2001]). In a similar way,
the resuspension could have relevant impact on dissolved
nutrient budget, modifying the concentration in overlying

water for mixing with pore waters and enhancing the
remineralization near the bottom [Fanning et al., 1982].
Resuspension seems to enhance the fluxes into or out of the
sediments for most nutrients, particularly increasing the
nitrate + nitrite and silicate fluxes [Tengberg et al., 2003].
[9] Sediments with nutrients and other waterborne mate-

rial, due to resuspension processes during bora events, are
driven southward along the Italian coast [Lee et al., 2005;
Marini et al., 2008]. Moreover, in the bottom layer the
nutrients derived from microbial degradation and regenera-
tion, at the end of summer season, could represent one of
the major factors influencing the phytoplankton production
[Mann, 1982] and in the NA the N and P derived from
regeneration processes are estimated in 38,400 106 mol a�1

and 1065 106 mol a�1, respectively, more then 50% of total
input of N and P in the basin [Degobbis and Gilmartin,
1990]. Thus, turbulent energy due to the wind stress,
causing mixing processes, affects the redistribution of
nutrients, planktonic organisms in the water column and
the overall biological productivity [Yin et al., 1995; Eslinger
and Iverson, 2001; Lewis et al., 2001].
[10] Phytoplankton has limited motility, thus physical

processes are of great importance to determine its distribu-
tion. The effects of advection and wind-driven mixing on
phytoplankton have been studied both with observations
and model simulations [Eslinger and Iverson, 2001], find-
ing the spring bloom occurring as a response to the cessation
of convective mixing. In the fall, wind-induced mixing of the
water column can induce blooms by bringing nutrients from
the deep water to the surface, yet the timing and intensity of
the bloom can vary considerably depending by the interplay
among solar heating, latent and sensible heat losses and wind
mixing [Olesen et al., 1999]. Wind and tide can also
determine conditions for phytoplankton blooms associated
with nutrient input from rivers, as observed in the surface
layer of the Rhine Plume [Joordens et al., 2001].
[11] Despite the large number of studies on the physical

oceanographic response to bora in NA, few observations on
the biogeochemical response of basin in relation to the wind
events are available. Moreover, though the effects of bora
wind on the Adriatic circulation are well studied, they are
focused on the winter situations while the studies of the
effects of bora on a stratified basin in summertime are rare:
only one episode during summer season was discussed by
Beg Paklar et al. [2008] with regard to the physical
oceanography. In the present paper it is addressed for the
first time the interplay among the physical forcing and the
nutrient availability and transformations, suspended matter
dynamic and the phytoplankton response under the chang-
ing conditions induced by bora wind blowing on stratified
water column at the end of the summer season.
[12] Integrating information from high-resolution numer-

ical models (meteorological, hydrodynamical, wave and
sediment transport) and sea truth observations, the oceano-
graphic and meteorological framework conditions in the
prebora, during bora, and postbora periods are discussed.
Dissolved oxygen and inorganic nutrient dynamics are
investigated, in the perspective of an increased mixing
due to the wind events that caused partial ventilation, higher
resuspension of bottom sediments and larger availability of
nutrients in the water column. The suspended matter and
chlorophyll response to such wind-induced physical pro-
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cesses events are then discussed, focusing on the conse-
quences on the phytoplankton productivity and growth, and
associated hypothesis on the eutrophication dynamics that
characterize the NA.

2. Methods

2.1. Numerical Models

[13] The COAMPS model was used to drive the circula-
tion model over the Adriatic Sea. It is a 3-D operational
finite difference, nonhydrostatic, sigma coordinate model
developed by the Naval Research Laboratory [Hodur, 1997;
Hodur and Doyle, 1998]. COAMPS was run in a reanalysis
mode using three nested grids with the finest 4 km grid
mesh centered over the Adriatic Sea. The two outer meshes
are a 12 km grid covering the majority of the Mediterranean
and a 36 km resolution European grid, where the global
NOGAPS (Navy Operational Global Atmospheric Predic-
tion System) model provides lateral boundary conditions.
COAMPS assimilated data from radiosondes, surface satel-
lite, and aircraft observations, and in this application we
used 3 hourly outputs. Further details and an evaluation of
the COAMPS system are documented by Hodur et al.
[2001] and (for the Adriatic reanalysis) by Pullen et al.
[2003].
[14] The oceanic circulation was simulated using ROMS

version 2.2 (http://www.myroms.org). The model solves
finite difference approximations of the three-dimensional
Reynolds-averaged equations for conservation of mass,
momentum, and heat using a generic length scale turbulence
approach proposed by Umlauf and Burchard [2003], with
the implementation of Warner et al. [2005]. Wind-driven
circulation, mixing, and heating or cooling of surface waters
were calculated using the COARE 3.0 bulk flux algorithms
[Fairall et al., 2003] with shortwave radiation, wind, air
temperature, humidity, and atmospheric pressure from
COAMPS, but with sea surface temperature (SST) from
ROMS. Initial water temperatures and salinities were set by
interpolating from hydrographic data collected during Sep-
tember 2002 surveys. The model covers the Adriatic area
using a curvilinear orthogonal grid with a resolution �4 km
in the NA, with 20 vertical levels. Daily averaged time series
of fresh water supply from the Po River and from Pescara
and Biferno rivers flow in southern Adriatic [Sherwood
et al., 2004; Harris et al., 2008] were supplied; besides,
in order to better account for the impact on coastal circula-
tion, the flow of other rivers based on monthly mean values
using climatological estimates [Raicich, 1994, 1996] were
imposed as well, for a total of 48 rivers. At the southern
open boundary, Otranto Straits, both tidal elevation and
currents for the main tidal components (M2, S2, K1, O1)
were specified, the values resulting from a finite element
model of the whole Mediterranean [Cushman-Roisin and
Naimie, 2002]. The barotropic open boundary conditions are
from Flather [1976] for the 2-D momentum and Chapman
[1985] for the tidal elevation. For 3-D passive tracers and
baroclinic fields the Orlanski [1976] radiation condition is
prescribed. A recursive MPDATA advection is chosen for
model the tracers dynamics [Shchepetkin and McWilliams,
2005].
[15] COAMPS winds were used to drive the Simulating

Waves Nearshore (SWAN) model [Booij et al., 1999; Ris et

al., 1999] using the approach of Signell et al. [2005].
SWAN was run in a stand-alone configuration and bottom
wave parameters were used by ROMS to compute com-
bined wave-current bottom stress for sediment resuspension
as well as the increased drag on the circulation [Harris et
al., 2008; Warner et al., 2008]. ROMS can handle an
unlimited number of user-defined size classes of noncohe-
sive sediments, each class having fixed attributes (e.g., grain
diameter, density, settling velocity, critical shear stress for
erosion). ROMS calculates bottom stresses under the com-
bined influence of wave, currents, and mobile sediments.
These stresses act as agents for sediment resuspension and
bed load transport [Soulsby and Damgaard, 2005].
[16] Harris et al. [2008] created the initial sediment bed

using information from George et al. [2007] and Palinkas
and Nittrouer [2007]. The values for fluvial sediment of the
Po and Apennine river discharge, mostly deducted from
model estimates reached a total of 32.3 Mt a�1 [Cattaneo et
al., 2003]. A no-gradient condition was applied for sedi-
ment concentrations at the Otranto Straits.

2.2. Field Activity and Measurements

[17] Field data were collected in the NA during the
Consiglio Nazionale delle Ricerche R/V Dallaporta
‘‘ANOSSIA’’ cruise (16–19 September 2002) and during
the NATO R/V Alliance ‘‘ADRIA02’’ cruise (22 September
to 7 October 2002). During these cruises, a network of
stations in the NA (Figure 1) were sampled 4–5 times to
determine hydrologic, hydrochemical and biological param-
eters. In particular, 108 stations were sampled between 16
and 19 September, 124 stations were sampled between
22 and 26 September, 89 stations were sampled between 27
and 29 September, 98 stations were sampled between
30 September and 2 October, and 134 stations were sampled
between 3 and 7 October.
[18] At each station conductivity-temperature-depth

(CTD) casts were obtained, utilizing a SeaBird CTD (SBE
911plus) ‘‘Real-Time’’ Pumped Double Conductivity and
Temperature system, equipped with sensor for dissolved
oxygen (SBE 43). During the ADRIA02 cruise, CTD was
equipped with in situ fluorescence (Chelsea Instrument,
AquatrackaIII, 430 nm, 685 nm) and turbidity (Seapoint)
sensors, whereas in ANOSSIA cruise a Turner SCUFA
sensor for in situ fluorescence + turbidity was utilized.
Measurements obtained from optical sensors during
ADRIA02 cruise were converted in chlorophyll a and total
suspended matter, utilizing the linear regression with ana-
lytical values as described below.
[19] Water samples for determination of dissolved oxygen

(DO) and dissolved inorganic nutrients (ammonia (NH4),
nitrite (NO2), nitrate (NO3), orthophosphate (PO4), and
orthosilicate (Si(OH)4)) were collected during both cam-
paigns at 2 to 5 different depths at selected stations accord-
ing to the thermohaline structure and to the vertical profiles
of turbidity and fluorescence. Samples for suspended matter
characterization (total suspended matter (TSM), particulate
organic carbon (POC), total particulate nitrogen (TPN), total
particulate phosphorus (TPP), chlorophyll a (Chl a) and
phytoplankton species composition and biomass) were
collected between 27 September and 2 October. The sam-
ples for DO were analyzed on board by the standard
Winkler method utilizing an automatic tritrator Metrohm,
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with potentiometric measures [Furuya and Harada, 1995].
Winkler DO data were utilized to calibrate the CTD-oxygen
sensor (linear regression: n = 239, r = 0.888, and P < 0.001).
Nutrient samples were filtered (GF/F Whatman, 25 mm,
nominal pore size 0.7 mm) immediately after the sampling,
stored at �20�C in polyethylene vials, and analyzed with a
Technicon Autoanalyzer Traacs 800 system. The resulting
data were processed with AACE 5.24 software. Total
dissolved inorganic nitrogen (DIN) was calculated as
NH4 + NO2 + NO3.
[20] The samples for analysis of suspended matter were

filtered immediately on board using GF/F Whatman filters
(25 mm diameter for TSM and POC/TPN, 47 mm diameter
for TPP and Chl a; 0.7 mm nominal porosity) and stored at
�20�C. The filters for TSM were preweighted and those for
POC/TPN and TPP were precombusted at 450�C for 4 h to
eliminate the organic contaminants.
[21] TSM was determined gravimetrically [Strickland and

Parsons, 1972]. CTD-turbidity sensor data measured during
the ADRIA02 cruise were converted in TSM applying a
linear regression (n = 121; r = 0.785; P < 0.001). POC and
TPN were determined by Perkin-Elmer 2400-CHN Elemen-
tal Analyzer, after removal of inorganic carbon with HCl
[Hedges and Stern, 1984]. TPP was determined by HCl 1N
extraction after combustion at 550�C for 4 h [Aspila et al.,
1976]. The extracts were analyzed by inductively coupled
plasma atomic emission spectroscopy (Spectro Modula,
Germany). Chl awas determined by the fluorometric method
[Holm-Hansen et al., 1965], and with high-performance
liquid chromatography (HPLC) analysis, after extraction
in Acetone 90% for 24 h. For ADRIA02 cruise, the in situ

fluorescence was converted into chlorophyll a units using
the linear regression from the data (n = 122; r = 0.897;
P < 0.001).
[22] Abundance, biomass and species composition of

nanophytoplankton (between 2 and 20 mm as maximum
linear dimension) and microphytoplankton (between 20 mm
and 200 mm) were estimated on 17 stations along four
transects located south of Po delta; discrete samples were
also gathered at 3 depths along the water column (surface,
intermediate, and near-bottom layers). Samples were fixed
with exametilentetramine-neutralized formaldehyde to a
final concentration of 4% and examined after Utermöhl
[1958] and Zingone et al. [1990]. Species composition was
defined according to Tomas [1997]. The cells belonging to
cryptophyceans, crysophyceans, prymnesiophyceans (ex-
cept coccolithophorids), prasinophyceans, and chlorophy-
ceans, whose sizes vary between 3 and 4 mm and remained
undetermined, were all included in the group ‘‘nanoflagel-
lates.’’ Cell size and volume were determined according to
Strathmann [1967] and the phytoplankton carbon was
obtained by multiplying cell or plasma volume by 0.11
for diatoms, coccolithophorids and nanoflagellates and by
0.13 for thecate dinoflagellates [Smetacek, 1975].

3. Results

3.1. Meteorological Conditions

[23] During the study period (16 September to 7 October
2002) the meteorological conditions were characterized by
three episodes in which NE bora winds reached speeds
larger than 10 m s�1 (Figure 2). Two episodes lasting 1 day

Figure 1. Studied area with isobaths every 5 m. CTD and water sampling stations are reported.
Cesenatico-Pula transect is indicated by the dotted line, and stations VR04 and SS02 are indicated by
open circles.
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were registered during 22–23 September and 25–26 Sep-
tember and the last one, occurred between 28 and 30
September, lasting almost 3 days. Despite these bora events
were actually different in terms of pulsing and spatial
structure, COAMPS model results have shown to success-
fully describe the wind situations during the period.
[24] The wind stress, as resulting from meteorological

model (Figure 3), is northeasterly in nearly the whole NA
basin, exhibiting the classical bora lineaments of these cold
and katabatic winds, even if in some cases they may depart
from that orientation while approaching the Italian coast
(e.g., the case on 26 September). During the period between
23 and 28 September, the regions of higher wind intensity
progressively move to the south while days are passing,
showing a intensity maximum located in southern of Istrian
peninsula on 28 September (Figure 3).
[25] The bora events were associated with increasing

barometric pressure, following the passage of an atmospher-
ic depression over the Adriatic Sea, consistent with previous
bora analysis [Krajcar, 2003]. During the observed period,
the air temperature dropped from 24.0�C to 12.9�C in 4 days
with a decrease of about 2.8�C d�1 (Figure 2).

3.2. Oceanographic Conditions: Modeling Results

3.2.1. Prebora Condition
[26] The simulated ROMS surface circulation and sea

surface temperature (SST) fields are presented in Figure 4.
During 17–18 September, the average wind stress is rather
low, with winds generally directed from S-SW to N. The
SST field is nearly homogenous, and the circulation indi-
cates a weak counterclockwise gyre in the northern part of
the basin, while a second gyre is evident north of Ancona
(Figure 4a). The upper flow is clearly moving northward
along the Croatian coast, and southward along the Italian
coast. In the vicinity of the Po delta, the influence of the
river discharge modified the upper flow, pushing the upper
circulation to the center of the basin.
[27] At the bottom (Figure 4d), the magnitude of currents

is much decreased and the sharpness of the counterclock-
wise gyres much attenuated. Bottom temperatures are
higher in the coastal areas of the Italian side. Indeed,
considering the difference between surface and bottom
temperature (Figure 4g), there exists a narrow coastal band
where salty bottom waters are generally warmer than fresh
surface ones. Thermal inversion is present along the western
coast and partially in the gulf of Trieste region, while it does
not seem to hold in the Croatian areas. In the middle of the
NA, however, the bottom waters are colder than the surface
waters. Consequently, the coastal regions of the NA
presents a shallow (inverted) thermocline (and halocline)
mostly stratified, with the exception of the Croatian coast,
where the water column appears to be mixed until most of
the depths.
3.2.2. Condition During Bora
[28] As we previously said, the winds that characterized

the observed period had a pulsing and spatially varying
behavior; for instance, the first intense event during 22–
24 September was not clearly setting up a gyre in the NA
basin because of its spatial structure. As a period indicative
of bora situation, we focus therefore on 25–28 September,
in which the winds were northeasterly in nearly the whole
basin, with a maximum located southern of Istria (Figure 3).

Figure 2. Air temperature (T) measured by the meteor-
ological station on board R/V Alliance during the cruise is
low-pass filtered, and maximum wind speed from NE (bora)
just offshore of Istria is from COAMPS model.

Figure 3. Wind stress (magnitude in N m�2 and direction) from the COAMPS meteorological model on
23, 26, and 28 September 2002 during the higher bora peaks.
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[29] The resulting average flow (Figure 4b) is now much
more intense; an intense WACC is found along the whole
western coast, and from Kvarner Bay currents are directed
mainly toward the Italian coast (SW) with a secondary
branch directed northwestward. Under the influence of the

strong winds that are increasing, current speeds at the
surface increase up to 0.5 m s�1. SST has clearly decreased,
with cooler water along the Italian coast (now down to
19�C) and in the Croatian island region. During bora
episodes, strong bottom currents are also found in the

Figure 4. ROMS model results: (a, b, c) current vectors at surface and SST, (d, e, f) current vectors and
temperature at bottom, and (g, h, i)DT surface-bottom temperature difference before bora (Figures 4a, 4d,
and 4g), during bora (Figures 4b, 4e, and 4h), and after bora (Figures 4c, 4f, and 4i). Current is in m s�1,
and temperature is in �C.
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WACC region (Figure 4e), with values typically around
0.1 m s�1 in the coastal region up to a depth of about 20–30m.
The flow is again generally south directed, with relative
maxima (up to 0.25 m s�1) in front of the Po delta. Bottom
temperatures along the western coast show a general de-
crease, while offshore a general increase is detectable; this is
an effect of the bora-enhanced mixing between surface and
bottom waters. The surface/bottom temperature difference
(Figure 4h) is now showing much larger regions close to the
coast where the surface temperatures are lower than the
bottom ones, clearly accounting for the cooling effect (by
means of partial vertical mixing, as discussed later on) of
the bora winds blowing over the basin. The large positive
core that was characterizing the NA is now reduced to a
small region in the middle of the basin. The mixed layer
depth (not shown) is now much deeper in the northern
basin, including the Po delta region, after the bora passage
that homogenized the water structure. Another region where
the depth of the mixed layer increased is in the central
Adriatic, toward Ancona, closer to the coast. Here the effect
of the cold wind has again mixed the vertical stratification
that was present around 18 September.
3.2.3. Postbora Condition
[30] After 1 October, the wind stress becomes again

moderate over the basin, leading to a surface circulation
pattern that is now transitioning and relaxing from structures
typical of the bora situation to those associated to weaker
surface forcings. The SST has decreased (Figure 4c), mainly
in response to vertical mixing induced by wind forcing as
discussed later on. Despite being less coherent and less
attached to the coast, the flow along the Italian coast is still
energetic (surface currents up to 0.3 m s�1), while the flow
along the northern coast is now less pronounced and weaker.
Bottom currents show a significant reduction in magnitude
(Figure 4f), with values well below 0.1 m s�1 in the coastal
regions, very close to the values of the prebora situation. The
surface/bottom temperature difference (Figure 4i) still shows
a rather large coastal band where the bottom values are larger
than the surface ones; compared to the prebora situation, the

band is broader and includes all the Italian coasts. In the core
of the NA basin the difference is now diminished (from 10�C
prebora to 6–7�C postbora). The basin is undergoing again a
progressive (salinity driven) stratification, with the winds
now absent or considerably decreased and the shallow
pycnocline found in all the northern and western coastal
regions extending offshore, resembling the prebora situation.
3.2.4. Bed Shear Stress
[31] The modeled distribution of bed shear stress is

presented in Figure 5. In the period 17–18 September,
low values of stress reflect a relatively calm situation, when
low amounts of energy from the atmosphere are injected in
the water column and redistributed to the bottom (Figure 5a).
During the most intense bora event, the winds not only
redistributed the heat and modified the surface currents, but
also affected the bottom layers as well. Indeed, values of the
bed shear stress in the order of (log10) between �1 and �2,
that before were present in very limited nearshore regions,
are now extending well in the offshore direction up to 30–
35 m depth, affecting the whole Italian coast with maxima
around and south of the Po delta (Figure 5b). In the postbora
period the averaged bed shear stress is again weaker, yet
there exist regions where the bottom signature of the stress is
significant, e.g., in front of the Po delta area and to its south
(Figure 5c).

3.3. Oceanographic Conditions: Experimental
Observations

3.3.1. Hydrology
[32] The SST measured during the experimental cruises,

shows a quite homogeneous distribution at the beginning of
the observation period (average 22.7 ± 0.4�C, range 21.7–
23.7�C; Figure 6a), and a progressive decrease to an
average 20.3 ± 0.6�C at end of the observing periods
(Figure 6b). The colder waters are soon confined to the
shallow northern and western sides of the basin, creating a
frontal system along the Italian coast particularly evident
after 30 September. These patterns are in large part consis-
tent with the results obtained from the hydrodynamic model

Figure 5. The log distribution of the bed shear stress (log10 N m�2) induced by the current-wave
interactions in proximity of the bottom from model. Daily averages of (a) 17–18 September, (b) 25–
28 September, and (c) 4–6 October.
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simulations. At bottom significant variations in temperature
were not observed during the period (17.1 ± 2.8�C and 17.9 ±
2.1�C before and after bora event, respectively).
[33] Before the bora, low-salinity water, mainly outflow-

ing from the Po River, extends both eastward and south-
ward, occupying a large portion of the basin (Figure 7a) and
developing a counterclockwise gyre structure as also
depicted by the modeling results. The action of the bora
wind confines the low-salinity water in the western coastal
zone, while high-salinity waters (>38) from the eastern side
occupied large part of basin (Figure 7b). The SST coastal
front is also evident in a salinity signature, and at the end of
observation period the diluted Po waters were confined in
the western coastal area. The bottom waters had a minimum
salinity (35.5) in the western coastal waters, with increasing
values toward the southeast (up to 38.7). A general increase
in the bottom salinity following the bora event was consis-
tent with the inflow of high-salinity waters from the south
along the Istrian peninsula, balancing the outflow of water
from the NA along the Italian coast. Maximum observed
densities (gq) were 27.6 kg m�3 at surface and 29.2 kg m�3

at bottom. The bora blew cooling down the water and
deepening the halocline but the wind stress caused a mixing
in the upper part of water column, up to about 20–25 m
depth; the mixing did not reach the bottom in the deeper

part of basin, as evidenced by the variations of density
profiles along the water column in center of basin (station
VR04, 33 m depth) during the observing period (Figure 8).
3.3.2. Dissolved Oxygen and Inorganic Nutrients
[34] In order to analyze the basin distribution pattern of

the dissolved oxygen saturation (DO) and nutrient concen-
trations, together with hydrologic parameters, quantities
were averaged and grouped into three different water types
and three different periods (16–19 September before, 27–
29 September during, and 30 September to 5 October after
the event; see Table 1). The water types were differentiated
according to their salinity (S) and DO as (1) type 1, surface
diluted waters (S < 38; DO � 90%); (2) type 2, other
surface waters (S � 38; DO � 90%); and (3) type 3,
undersaturated deep waters (S � 38; DO < 90%).
[35] DO at the surface is close to saturation in the whole

basin (average 102–103%), and shows a marked increase in
time, reaching values over 125% in the diluted western
coastal waters after the bora event. In the deeper part of the
NA the bottom waters are generally undersaturated at the
beginning of observing period and a wide area with stronger
hypoxic conditions (DO minimum value 26%) is located
south of Po delta, near the isobaths of 30 m, extending
toward the Istrian peninsula (Figure 9a). Since the mixing
occurred only in the upper part of water column, complete

Figure 6. Distribution of temperature (�C) at surface (a) before and (b) after bora events, measured
during the oceanographic cruises.

Figure 7. Distribution of salinity at surface (a) before and (b) after bora events, measured during the
oceanographic cruises.
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oxygenation was observed down to the bottom only in the
coastal area and in the westernmost stations DO increased at
the bottom from 50% to 90%. In the deeper central area,
hypoxic conditions were maintained throughout the whole
study period, although showing a increase in saturation
values and a limited spatial shifting (Figure 9a).
[36] For dissolved inorganic nutrients, higher concentra-

tions are generally found in type 3 deep water, with the
exception of nitrate (NO3), which is higher in the low-
salinity water (type 1; Table 1). During 16–19 September
the prevailing nitrogen form in the high-salinity waters
(types 2 and 3) is ammonia (on average 53–65% of DIN;
Table 1). Higher values for nitrites and orthosilicates are
present in central bottom waters (Figures 9b and 9c),
approximately coincident with the lower-DO area.
[37] South of the Po delta the nitrate is higher in the low-

salinity surface layer (NO3 > 2 mM)while for orthosilicates the
maximum values (up to 21.4 mM) are reached at the bottom,
along the Italian slope, as highlighted in the Cesenatico-Pula
transect in particular during and after the bora events (Figure 10).
The dissolved nitrogen was mainly present in reduced forms
as evidenced by the lower nitrate:ammonia ratio at the
bottom (averaged NO3/NH4 = 0.6).
[38] During and after the bora event, in the low-salinity

water confined to a narrow band along the Italian coast, a
general increase of nutrients concentration was observed,
particularly evident in NO3 and Si(OH)4 in Cesenatico-Pula
transect (Figure 10). At the same time, a decrease in

Figure 8. Vertical density profiles in station VR04 in
center of NA basin (see Figure 1 for location) during the
observing period on 24 September (thin line), 29 September
(dotted line), 3 October (dashed line), and 7 October (thick
line).

Table 1. Hydrologic Properties, DO, and Nutrients of Different Water Types in Three Periodsa

Parameters

16–19 September 27–29 September 30 September to 5 October

n Average SD n Average SD n Average SD

Type 1 (S < 38; DO � 90%)
Temperature (�C) - 23.2 0.6 - 21.1 0.6 - 20.8 0.5
Salinity - 36.2 1.8 - 37.2 0.9 - 37.2 1.0
Density (kg m�3) - 24.8 1.3 - 26.1 0.6 - 26.2 0.7
DO (%) 31 102 7 40 103 3 74 107 13
NO3 (mM) 31 2.3 4.5 39 1.8 1.8 74 2.7 5.3
NO2 (mM) 31 0.2 0.1 39 0.3 0.4 74 0.3 0.4
NH4 (mM) 31 1.9 1.7 39 1.5 1.7 74 1.2 1.4
Si(OH)4 (mM) 31 5.8 4.7 39 4.6 3.9 74 5.1 5.1
PO4 (mM) 31 0.07 0.03 39 0.06 0.03 74 0.05 0.03

Type 2 (S � 38; DO � 90%)
Temperature (�C) - 20.4 3.1 - 19.6 2.5 - 19.3 2.1
Salinity - 38.4 0.2 - 38.4 0.2 - 38.4 0.2
Density (kg m�3) - 27.2 4.2 - 27.5 0.8 - 27.6 0.7
DO (%) 51 103 4 35 103 5 49 102 4
NO3 (mM) 51 1.0 0.6 33 0.8 0.8 49 0.9 0.6
NO2 (mM) 51 0.1 0.1 33 0.2 0.1 49 0.3 0.4
NH4 (mM) 51 2.1 1.8 33 1.5 2.1 49 1.2 1.6
Si(OH)4 (mM) 51 5.5 2.7 33 4.3 2.6 49 4.7 4.2
PO4 (mM) 51 0.09 0.04 33 0.05 0.03 49 0.05 0.03

Type 3 (S � 38; DO < 90%)
Temperature (�C) - 17.0 3.1 - 16.9 2.86 - 17.2 1.4
Salinity - 38.4 0.1 - 38.4 0.13 - 38.4 0.1
Density (kg m�3) - 28.1 0.8 - 28.1 0.80 - 28.1 0.3
DO (%) 31 71 15 20 72 14 25 63 18
NO3 (mM) 31 1.6 0.8 16 1.5 1.3 25 1.7 1.9
NO2 (mM) 31 0.8 0.7 16 0.9 1.4 25 1.9 1.4
NH4 (mM) 31 2.8 1.6 16 1.3 1.0 25 1.8 2.2
Si(OH)4 (mM) 31 14.8 6.3 16 15.2 8.2 25 17.1 7.2
PO4 (mM) 31 0.11 0.07 16 0.10 0.06 25 0.10 0.06

aSD, standard deviation; n, number of observations. The different water types identify different waters: diluted-surface waters (type 1), offshore surface
water (type 2), and offshore bottom water (type 3). The numbers of observations are not reported for hydrologic parameters, obtained from CTD vertical
continuous profiles.
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nutrients in the central part of transect is likely due to the
inflow of more oligotrophic waters from the east as showed
by the increasing salinity (Figures 7 and 10) and, down to
25 m depth in the well mixed layer, water is lower in
nutrient concentrations (NO3 < 1 mM, Si(OH)4 < 5 mM).
[39] At bottom, nitrates and nitrites constantly increase in

time, being initially 46% of DIN, going up to more then
65% of DIN at the end of observing period. NO2 and
Si(OH)4 distributions and time variations show this increas-
ing trend (Figures 9b and 9c), whereas the PO4 concentra-
tion shows a contrary decreasing trend. In the same time,
ammonia decrease to about 30% of DIN and the NO3/NH4

ratio increase to 1.0–1.2. The noticeable feature is repre-
sented by the highest values at bottom on the Italian slope

both for NO3 (up to 9.1 mM) and Si(OH)4 (more then
30 mM; Figure 10).
3.3.3. Suspended Matter and Chlorophyll
[40] The average concentration and composition of

suspended matter in three water types for the periods
27–29 September and 30 September to 2 October are
reported in Table 2. The concentrations of total suspended
matter, particulate organic carbon, particulate nitrogen, and
total particulate phosphorus fall within the same range of
those reported for different water masses in the NA
[Gismondi et al., 2002].
[41] During the bora event, average TSM concentration

in the western coastal area, at surface, is 2.5 mg L�1,
whereas in the eastern area it is lower than 0.5 mg L�1

(Figure 11, top). Higher TSM concentration appears

Figure 9. Distribution of (a) dissolved oxygen (DO in percent saturation), (b) nitrites (NO2 in mM), and
(c) orthosilicates (Si(OH)4 in mM) during 16–19 September, 27–29 September, and 30 September to
5 October (plots realized by Ocean Data View program [Schlitzer, 2002]).
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correlated with the spreading of diluted water in the basin
(see salinity distribution at surface; Figure 7). At the
bottom, TSM increased progressively in the western side
of the basin and the region with concentrations larger than
2.5 mg L�1 expanded to water depths up to 30–35 m
(Figure 11, bottom), and this seems related to the area
characterized by higher bed shear stress during the bora,
evidenced in the models results (Figure 5).
[42] Particulate organic matter (as POC, PTN, and TPP

concentrations) showed a decreasing pattern from the coast to
the offshore waters, with intermediate values in the bottom
waters (Table 2). The particulate organic matter was 2–
3 times higher in the low-salinity oxygen-supersaturated

waters than in the high-salinity waters. At the surface,
both for diluted and offshore waters, organic fractions
increased with time, a trend more evident in the offshore
waters (e. g. the organic carbon content of suspended
matter increased from 6.5% to 13.9% of TSM). In deep
waters, the increase of TSM in time was not followed by a
similar increase in the organic fraction; average values of
organic carbon content were similar in the two periods
considered (POC 3.9% and 3.2% of TSM), showing that
suspended matter in the bottom layers probably has the
same source throughout the study period. The lower
content of organic carbon in the particulate matter of deep
waters can be attributed to degradation of organic matter in

Figure 10. Distribution of salinity, nitrate (contour interval is 0.2 mM), orthosilicate (contour interval
is 1 mM), and nitrate/ammonia ratio along the Cesenatico-Pula transect on 17 September, 27
September, and 5 October.
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water column and/or to the resuspension of bottom sedi-
ments, which are characterized by an organic carbon content
between 0.44 and 1.24% (as reported for the Po delta area
by Miserocchi et al. [2007]).
[43] Before the wind blows, high Chl a concentrations at

the surface followed the low-salinity distribution pattern
(Figure 12). During the bora events, Chl a concentrations
progressively dropped to values less then 0.5 mg L�1 in the
whole basin, and higher values were present only along the
western coast. After the bora events, in wind calm situation,
a general increase of phytoplankton pigments was observed
in the basin (Figure 12 and averaged values in Table 2),
reaching the highest concentrations in the western area
south of Po delta.
3.3.4. Space and Time Variability of the Phytoplankton
Biomass and Composition
[44] A decreasing gradient of abundance and biomass of

phytoplankton was generally observed from west to east,
moving from low-salinity waters to offshore. The abun-
dance decreased from 1.8 106 to 0.4 106 cell L�1, and the
biomass from 75.2 to 16.1 mg C L�1. The nanophytoplank-
ton constituted the dominant fraction in abundance (on
average 72%), while the microphytoplankton contribution
was 28%. In carbon biomass, the nanophytoplankton frac-
tion contributed in average with 44% and the microphyto-
plankton with 56%.
[45] The dominance of diatoms (mean abundance and

biomass contribution of 66% and 83%, respectively) and

Table 2. Suspended Matter Characteristics and Biogeochemical

Composition in Water Types 1, 2, and 3 in Two Periods

Parameters

27–29 September
30 September to

2 October

n Average SD n Average SD

Type 1 (S � 38; DO � 90%)
TSM (mg L�1) 39 2.5 2.7 43 2.0 1.6
POC (mM) 39 19.0 8.4 25 19.0 9.5
TPN (mM) 39 2.5 1.1 25 3.0 1.7
TPP (mM) 36 0.07 0.06 15 0.11 0.11
C/N (mol/mol) 39 7.8 1.3 28 6.7 0.9
POC/TSM (%) 39 16.3 13.0 27 19.4 19.0
Chl a (mg L�1) 39 1.7 1.3 22 2.0 1.6

Type 2 (S > 38; DO � 90%)
TSM (mg L�1) 33 1.5 0.9 15 1.1 0.5
POC (mM) 33 5.7 2.3 7 10.0 5.0
TPN (mM) 33 0.8 0.4 7 1.5 0.5
TPP (mM) 32 0.03 0.02 2 0.04 0.02
C/N (mol/mol) 33 6.9 1.0 7 6.4 1.1
POC/TSM (%) 33 6.5 7.1 7 13.9 12.0
Chl a (mg L�1) 33 0.6 0.6 5 0.9 0.6

Type 3 (S > 38; DO < 90%)
TSM (mg L�1) 16 3.4 3.0 5 3.5 1.4
POC (mM) 16 7.8 2.6 5 8.8 2.2
TPN (mM) 16 1.2 0.5 5 1.5 0.5
TPP (mM) 16 0.08 0.04 3 0.11 0.05
C/N (mol/mol) 16 6.6 0.9 5 5.9 0.4
POC/TSM (%) 16 3.9 2.3 5 3.2 0.6
Chl a (mg L�1) 16 0.8 0.6 5 0.8 0.3

Figure 11. Turbidity as TSM (mg L�1) (top) at surface and (bottom) at bottom during the bora event
(27–29 September) and after the event (3–6 October).
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nanoflagellates (30% and 3%) characterized the community
without qualitative differences among the stations. Dino-
flagellates (mean abundance and biomass contribution of
3% and 9%, respectively) and coccolitophorids (1% and
5%) presence was limited mainly in the eastern stations or
near the bottom. The species belonged to a late summer
community reported for the northwestern Adriatic Sea
[Socal and Bianchi, 1989; Socal et al., 1992; Bernardi
Aubry et al., 2004; Totti et al., 2005], characterized by a rich
community of diatoms mainly represented by Chaetoceros
spp., Cerataulina pelagica, Pseudo-nitzschia delicatissima
complex and dinoflagellates (mainly Gymnodinium spp.).
After the bora events, a relevant peak of phytoplankton
abundance and biomass (values 9.4 106 cell L�1 and
371.8 mg C L�1, at surface) was developed southwest of
the Po delta, as response to the nutrients increase. In this
situation diatoms (mainly Chaetoceros spp. and Cerataulina
pelagica) represented the dominant group with a contribu-
tion of 90% of abundance and carbon biomass.

4. Discussion

4.1. Suspended Sediment and Transport Processes in
Response to the Bora

[46] Bora winds are most common during the cool season
(November to March), and in Trieste the highest frequency
of occurrence and strongest winds are from December to

February. Here the average duration of a gale-force (>15 m
s�1) bora varies from 3 days in winter to 1 day in summer
[Poulain and Raicich, 2001]. Bignami et al. [2007] provid-
ed histograms with the monthly number of days and the
daily Adriatic Sea average wind speeds for the Bora winds;
it turned out that Bora winds were the only ones that
generally abate in April–August, and then resume in
September, with higher winds in colder months. Lukšić
[1975] showed that for Senj, the station in Croatian coast
where the bora usually attains the greatest speeds, the
wintertime bora typically lasts 1 day but may in some cases
extend over more than 10 days, and that the maximum
speeds may surpass 40 m s�1. Bora blowing is characterized
by a relevant variability not only at diurnal, synoptic and
seasonal time scale, but also at interannual and decadal
ones. Pirazzoli and Tomasin [1999] evidenced a declining
trend in frequency and strength of bora events in Trieste
(but this conclusion cannot be extended to bora blowing
from other gaps over the Adriatic Sea).
[47] The moderate bora events occurring in our study

period are representative of the first relevant vertical mixing
events of the fall, when the NA water column is stabilized
by heat gained during the summer. The water column before
the bora events was stratified, characterized by the presence
of diluted waters spreading in large part of the basin and
cold bottom waters in the central and eastern region. The
mixing processes due to the bora caused a breakdown of the

Figure 12. Surface data of in situ fluorescence in four time intervals (16–19 September, 27–
29 September, 30 September to 2 October, and 3–6 October) in arbitrary units for the first period
(16–19 September) and in Chl a (mg L�1) for others.
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water stability in the upper layers. Noticeable features
observed during and after the cold wind blowing are the
mixing down to 20–25 m depth in the western area and
the inflow of high-salinity water from the south along the
Croatian coast. By analyzing the variation of the total
heat content in the water column between the period 16–
19 September and 3–6 October in the area between the Po
delta and Istria, we verified that the heat loss was very
limited, so the observed mixing was mostly due to the wind
action, so the mixed layer depth evolution in the basin,
progressively deepening and extending to both the west and
east coasts, reflects the wind forcing acting on the sea
surface. The wind mixing did not reach the bottom, as
confirmed also by the persistence of oxygen hypoxic con-
ditions in proximity of the bottom, and this can be due to the
bora weakening in this area combined to the relatively strong
salinity stratification, able to maintain a density gradient
strong enough to limit the bora from completely mixing the
water column [Beg Paklar et al., 2001].
[48] Together with a net water transport directed to the

west in upper part of the Adriatic, under the direct effect of
the bora winds, the ROMS model results evidence a water
transport that is directed also toward the Istria coast,
immediately below the Po delta region. This was also
evidenced and described in association with other bora
situations by Bignami et al. [2007]. To the south of this
circulation feature, another gyre appears, roughly bracketed
between the region of strong bora blowing out of the
Croatian region and the Ancona promontory.

[49] As wind blows across the surface of the sea it causes
horizontal and vertical motions in the water. Bora, intensi-
fying the alongshore western current in the same direction
as the residual Adriatic cyclonic flow [Bergamasco and
Gačić, 1996], influences the sediment distribution and
transport [Fain et al., 2007]. High sediment concentrations
are associated with waves generated during bora events, and
currents strengthening during these events drive sediments
southward [Lee et al., 2005].
[50] In terms of suspended matter concentration, the

presence of benthic nepheloid layer (BNL) near the bottom
on the slope (between 15 and 40 m) was substantially
constant before and during the events. The sediment trans-
port increased in relation to the winds and its magnitude and
direction can be attributed to the interaction between the
shallow bathymetry and wind-driven circulation described
by Fain et al. [2007].
[51] To study the sediment transport in the period in

relation with bora events, a time series of relevant param-
eters extracted from the model were analyzed for station
SS02 (located in front of Senigallia; see Figure 1), and the
results are presented in Figure 13. Station SS02 was
selected because of the availability of experimental data
for calibrating the model results. As described by Book et al.
[2007], during ADRIA02 cruise several bottom-mounted
acoustic Doppler current profilers were deployed by the
U.S. Naval Research Laboratory (NRL) along the Senigal-
lia-Susak line and station SS02 was the most westward
station of the section, at a depth of about 25 m.

Figure 13. The factors affecting sediment transport and the influence of the bora during the study
period at station SS02 (see Figure 1 for location), the site of an upward looking 300 kHz acoustic Doppler
current profiler, located at 27 m water depth in the heart of WACC. It is evident that both the waves
during 28 September to 1 October (Figure 13a) and the bottom current speeds during 23–27 September
(Figure 13b) play important roles in contributing to the bottom stress (Figure 13c).
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[52] A good qualitative correlation between observed
and modeled bottom wave orbital velocities (Figure 13a)
and observed and modeled bottom currents (Figure 13b) in
the examined period is evident. Moreover, there exists also
a good correlation between the combined wave bottom
stress and the bottom sediment concentration predicted by
the model, indicating dominance of local resuspension in
this region characterized by fine grain size of sediments
[Brambati et al., 1983]. Finally, there is a good correlation
between the modeled sediment concentration and the total
flux of sediment at SS02 during the intense wind events.
This is likely because most sediments are fluxed out of the
NA by the high-velocity bora-enhanced currents along the
Italian coast.
[53] Extending the analysis in the whole basin, the

daily averaged depth-integrated flux of sediments during
24 September, when the sediment transport was at its peak,
is shown in Figure 14. Station SS02, from which time series
were extracted and shown in Figure 13, is located in the
middle of the high-transport region.
[54] Along the Italian coast, the flux is generally every-

where southeasterly directed, with largest values (more than
1 kg m�1 s�1, about 90 t m�1 d�1) found in proximity of the
Po delta, and along the Italian coast. In the Gulf of Trieste
there is an inflow and outflow. A small region of sediment
transport is evident in the proximity of the southern Istria
peninsula as well, where the bora effects are very intense.
These situations of sediment flux southeasterly directed

appear to be associated with largest wavefields and a
strengthening of the WACC along the Italian coast, a typical
feature induced by intense bora episodes [Harris et al.,
2008]. These factors, together with the different grain size
and shallower depths, are also explaining why in region of
the western coast below 30 m the depth integrated sediment
flux appears to be sensibly less. Along the Croatian coast,
being waves and bottom currents much less developed, the
sediment flux is only a few kilograms per meter per day.
[55] As it can be seen in Figure 13, the maximum flux

of sediment out of the NA (Figure 13e), reached on 24
September, does not occur at the maximum bottom wave
orbital velocity (Figure 13a). Indeed, it happens because the
bottom currents were higher (Figure 13b), thus allowing
the combined wave/current bottom stress to attain its
maximum, around 0.13 N m�2 (Figure 13c), a peak that
was responsible for sediment mobilization and transport.
This is indicated also by the value of the modeled
sediment concentration (Figure 13d).

4.2. Nutrient and Phytoplankton Dynamic in Response
to Bora Wind

[56] As general pictures, the inorganic dissolved nutrient
distribution shows an increasing concentration in the water
column during and after the wind events (concentration of
nitrate from 1 to 3 mM to >4 mM, orthosilicate from 4 to
5 mM to >10 mM).
[57] On the southwestern slope, the higher concentration

in nutrients (mainly NO3 and Si(OH)4) could be related to
sediment mobilization induced by the increasing shear
stress occurring mainly in this area, as evidenced by model
simulations. The resuspension of bottom sediments could
release reduced inorganic forms of nitrogen (e.g., nitrites,
ammonia) which can then be oxidized in the water column.
This would be consistent with the observed increase in NO3/
NH4 ratio at the end of observation period, caused by the
higher nitrate concentration due to oxidation processes.
[58] Higher bottom stress stimulates nitrification in the

sediment and consequent release of nitrite and nitrate into
the overlying water, as observed by Tengberg et al. [2003]
with in situ experiments. In the same way, the increase in
Si(OH)4 could be related to the increasing dissolution fluxes
of biogenic opal due to the energetic conditions or/and by
an enhanced diffusion upward from the sediment during the
resuspension. The PO4 showed the opposite trend, decreas-
ing in time, that can be linked to the adsorption of
phosphate to mineral particles such as iron oxides and the
formation of iron oxide rich particles could be stimulated by
resuspension [Tengberg et al., 2003].
[59] At the beginning of observations, in stratified low-

oxygenated water column, nitrogen was present at the
bottom mostly as reduced forms (NO2 and NH4). The
mixing process mainly due to the wind stress increased
the oxygen saturation at bottom in the central area of the
basin and this can determine the increase of NO3 + NO2

with respect to the previous calm weather situation. In this
area a NH4 decrease from 2.9 to 1.7 mM and a NO2 increase
from 0.7 to 1.1 mM in about 10 days were observed,
whereas the NO3 did not change appreciably (1.4–1.5
mM). Even if the ammonia uptake into the bottom sediment
seems a general process observed in the Adriatic Sea [Baric
et al., 2002], this was related mainly to sediment resuspen-

Figure 14. Depth-integrated sediment flux from the
ROMS model during 24 September 2002, the peak of the
sediment transport during the bora event. Station SS02
(white circle) is in the middle of the high-transport region
(for clarity, every second point is shown).
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sion [Simon, 1988]. In our case, the resuspension did not
occurred intensively in the central area of basin, as
evidenced by the bottom currents obtained by the model.
Moreover, other observations indicate that the benthic flux
have low relevance even in presence of resuspension
processes [Tengberg et al., 2003]. Then, the observed
decrease of NH4 and the parallel increase of NO2 seem
related to the importance of the chemical or microbial
oxidative processes occurring in water column.
[60] Water masses with high concentration of NO2 were

already observed in NA [Solidoro et al., 2007], and the
rapid accumulation of nitrite in center of basin could be
related to the relatively fast oxidation process from NH4 to
NO2 and to a lag in the complete remineralization from
ammonium to nitrate as observed by Socal et al. [2008].
Moreover, the slight increase of NO3 concentrations with
respect to NO2 could be attributed to the biological con-
sumption due to phytoplankton growth in calm wind as
shown by the simultaneous increase in Chl a.
[61] The deeper part of basin with lower DO values was

characterized by higher concentration of Si(OH)4, and this
could be due to the releasing and remineralization processes
occurring at the bottom in this area characterized by low
hydrodynamic regimes. Our observation confirmed the
importance of regeneration process at bottom as sources
of nutrients in NA [Degobbis and Gilmartin, 1990].
[62] The bora events increased circulation, with a strong

intensification of the southeastward WACC and the waters
enriched in dissolved nutrients, play an important role for
phytoplankton growth along all the western coast [Penna et
al., 2004]. This agrees with the recent results ofMarini et al.
[2008] which observed similar process during a bora event in
the winter season with possibly relevant consequences on
the dissolved inorganic nutrient export from the NA.
[63] Combining nutrients measurements with currents

(from ROMS) normal to the transect, dissolved inorganic
nutrients transport crossing the Cesenatico-Pula transect
was computed on 27 September (during the bora events)
and on 5 October (after the events, during a calm phase).
The southeastward and the net transports for DIN (as NH4 +
NO2 + NO3), Si(OH)4, PO4 and for water, obtained from
our calculation, are reported in Table 3, and compared with
similar yearly estimation obtained with a different method
by Degobbis and Gilmartin [1990].

[64] The southeastward transport (i.e., exiting from the
northernmost subbasin) of nutrients on 27 September was
53% higher for DIN, 135% higher for orthosilicate and
210% higher for orthophosphate than the correspondent
transports on 5 October. Interestingly, the southeastward
water transport showed a more limited increase (28%),
demonstrating that the increase in water flux can only
partially explain the higher nutrients transport during the
bora period; hence part of the increased nutrients transport
must be due to processes raising the nutrients concentration,
such as dissolved nutrients release by resuspension in the
shallow waters of the western coastal belt.
[65] Considering the net fluxes across the transect, the

modification in nutrients transport was shifting from
southeastward direction (during the event) to northwest-
ward direction (after the event). Net water transport,
however, even if reduced to only 4% of the 27 September
value, remained southeastward. The bora blowing before
27 September was moderate, so still higher nutrients trans-
port values can be expected during intense events. The
computed nutrient transports are in the same order of
magnitude than the ones found by Degobbis and Gilmartin
[1990]; therefore our results, albeit if relative to a limited
period and a single NE wind episode, seem to indicate that
bora winds are determinant for enhancing the export of
nutrients from the NA. Similar conclusion on the effect of
bora events enhancing the southward transport of nutrients
in NA was obtained by Grilli et al. [2005] analyzing
monthly data collected along the Cesenatico transect in
the warm season. The nutrient fluxes calculated by these
authors were 3–5 times lower than our values obtained
during the bora: this discrepancy could in part be due to the
different sampling strategies and calculations utilized, but
could also evidence the high variability characterizing the
nutrient horizontal fluxes and the rapid response of the
system to the wind forcing.
[66] After bora, the reduced or absent net flux of nutrient

out of the NA can be a combined effect of the increase in
utilization of autotrophic organism inside the basin with the
weak dynamic. This may also mean that, in years with
limited bora events, the NA could be importing (rather than
exporting) dissolved nutrients and consequently a large
fraction of the land nutrients input would be metabolized
in the basin, enhancing the productivity processes. More

Table 3. Net and Southeastward Transports for DIN (NH4 + NO2 + NO3), Si(OH)4, PO4, and Water Obtained

in This Worka

During Bora Event on
27 September 2002

(Cesenatico-Pula Transect)

After Bora Event
on 5 October 2002

(Cesenatico-Pula Transect)
Yearly Budgetb

(Northern Adriatic)

Southeastward Flux
DIN (mol s�1) 355 233 128
Si(OH)4 (mol s�1) 750 319 322
PO4 (mol s�1) 8.2 2.7 6.2
Water (m3 s�1) 110,691 86,570 100,000

Net Flux (Positive Southeastward; Negative Northwestward)
DIN (mol s�1) 267 �35 75
Si(OH)4 (mol s�1) 495 �88 135
PO4 (mol s�1) 5.3 �0.9 3.9
Water (m3 s�1) 53,887 2054 –

aYearly estimations obtained by Degobbis and Gilmartin [1990] are reported as a reference.
bFrom Degobbis and Gilmartin [1990].
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studies are needed to confirm these hypothesis, but surely
changes in the bora regimes could have (and could have
had) important consequences on the biological functioning
of the NA system.
[67] The sharp decrease in the surface Chl a and phyto-

plankton biomass during the bora event could be related to
the mixing of surface water with higher-salinity deeper
waters. At the end of the event, with weaker winds, there
was a generalized increase in the chlorophyll a, particulate
organic carbon, nitrogen and phosphorus throughout the
surface layer in the NA. This trend was more marked in the
western waters, southern of Po delta, and was not evident in
the eastern, less productive waters south of the Istrian
peninsula. South of the Po delta, the highest values of
Chl a and DO (values > 30 mg L�1 and > 160%,
respectively) are related to the maximum phytoplankton
activity stimulated by the nutrient input deriving both from
the erosion of the thermocline and rivers inputs and by the
restabilization of the water column following the input of
diluted Po waters constrained along the coast by the
circulation. These processes contribute to enhance the new
production in the southwestern coast, considered one of the
main productive areas of NA [Pugnetti et al., 2004].
[68] In the studied situation, the highest abundance of

species with a high surface/volume ratio occurred and the
main phytoplankton group is represented by diatoms. In
the unstable conditions, such as during the bora events, the
diatoms’ lack of motility could be compensated by fast
potential growth rates and nutrients uptake [Estrada and
Berdalet, 1997].
[69] In general, the variability of environmental condition

in NA affects mainly the phytoplankton abundance and
biomass rather than the community composition and the
most abundant taxa are common both into the coastal and
offshore area, differing only for their relative importance, as
already reported in several studies [Socal and Bianchi,
1989; Fonda Umani et al., 1992; Caroppo et al., 1999;
Totti et al., 2000; Socal et al., 2002; Totti et al., 2002;
Bernardi Aubry et al., 2004].

5. Conclusions

[70] The beginning of the study period was characterized
by a typical end-of-summer stratified condition with a light
low-salinity layer due to river deriving from river discharge
on the surface and relatively weak currents. A series of cold
bora wind events caused increased mixing and intensified
the circulation, deepening the mixed layer and forming a
frontal system along the western coast, typical feature of the
winter period. These processes occurred within a few days,
showing the rapid response of the NA to the forcing factors
with relatively high energy. The cold wind events decreased
SST by about 2–3�C in only a few days, mostly through
vertical mixing with underlying colder water. The increased
coastal current and waves due to the wind stress controlled
the resuspension of the bottom sediments and their south-
ward advection. During and after the wind events, in the
western coastal areas the concentration of inorganic dis-
solved nutrients increase can be related to several different
processes.
[71] The resuspension of bottom sediments represents an

important source of nutrients for water column in this

period, that are made available in upper layer for autotro-
phic production in the shallower areas by means of water
column mixing. Moreover the mineralization at bottom in
partially mixed water column mainly occurring in the
central part of basin appears an important process for
nutrient budget, ultimately controlled by the strong winds.
The waters, enriched in dissolved nutrients, transported
southward after the bora, stimulates the phytoplankton
growth in water column along the western coast, represent-
ing the triggering factor for the autumnal phytoplankton
bloom in NA. The strong increase of the dissolved nutrient
transport observed during the bora events suggests that
these wind events could limit the eutrophication of the
northernmost part of the Adriatic by exporting nutrients
out of the NA and represent a key factor in the determina-
tion of nutrients budget of this epicontinental basin.
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