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Set of currenl measurement data from the inlct of the Kaštela Bay (Adriatic Sea) and lheir 
rclation with the wind are examined. Currcnt response to the local wind forcing is described in 
tcrms of the linear dynamics . In one part of the inlet the surface inflowing current can be 
described in terms of the friction balancc. At the oppositc side of the inlet in lhe boltom layer, 
the current rcpresents a compensatory flow to the wind induced surface currents. 

The dependence of the wind induced flow pallern in the vertical cross section on the wind 
direction is also examined. During the wind episodes, the shear in the current field has a 
horizonta! component (curi), while lhe northeast wind events induce water exchangepattern with 
the prevalence of the vertical shear. 
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INTRODUCTION 

The Bay of Kaštela is relatively small bay of the total area of 61 km2 and the volume 
of 1.4 km3

. The bay communicates with the open sea through a 1.8 km wide and 
relatively deep inlet (average depth is about 40 m). The fresh water inflow is rather poor 
(yearly mean of about 10 m3/s) and probably the wind forcing is the most important 
mechanism generating the low-frequency current variations (Z o r e - A r m a n d a , 
1980. , O a č i ć 1985 and G a č i ć et al., 1987). fn one of the previous studies (G 
a č i ć er al., 1987) it Was documented that up to 70 % of the variance of current field 
variations at the synoptic time scales can be explained in terms of the local ,vin<l 
forcing. 

The purpose of this work is: 

-· to try to explain in terms of the linear dynamics the current field response to the 
wind forcing in the inlet of the Kaštela Bay; 

- to relate the water exchanges pattem in the inlet to the most frequent wind forcing. 

EXPERIMENTAL DESIGN AND CURRENT DATA ANALYSIS 

., 

Fig. 1. The map of the Kaštela Bay. Current mctcr mooring are dcnoted by open circles and 
the meteorological station by a dat 



M . Gačić e1 al. 609 
Wind induccd cum:nls in thc inki of Kaštela Bay 

Currents were measured in the inlet of the Kaštela Bay (Fig. \) at two stations for 
about two months in the period March - May 1989. "AAnderaa" current meters moored 
at two depths (5 and 30 m) of each station, were recording data with the sampling 
interval of 20 min. The current record at the depth of 30 mat the station I is shorter due 
to the malfunction of the current meter. 

Hourly means of wind data for the same period were available from the 
meteorological station in the close vicinity (see Fig. I) . From the wind velocity data, 
vectors of wind stress were calculakd assuming the constant drag coefficient ( 1.5x I o·3) . 

Current and wind stress vectors were then decomposed into east and north components. 
The axis of the bay inlet is oriented east-west and, therefore, an east current component 
represents in- or out-tlowing currents. Tidal (diumal and semi-diumal) and other daily 
oscillations were removed from both current and wind time-series by means of a digital 
low-pass filter 24m214 (T h o m p s o n , 1983) . Comparison of wind and current 
low-pass time-series (Figs .2 and 3.) suggests that, in the surface layer of the station I, 
there isa high positive correlation between the east current and wind stress component. 
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Fig. ,., Tim..: s..:ri..:s of low-pass north wind str..:ss (dash..:d !ine) and curr..: nl (solid lin..:) componcnt 

for station I at 5111 (a), and 30111 (b) and l"o r slation C at 5m (c) and 30m (d) 

North current component has smaller variance mainly due to the orientation of the bay 
inlet (east - west). ln the surface layer at the opposite side of the inlet (station C) the 
variability of the east current component appears completely independent on the wind 
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forcing. However, at the same station at depth of 30 m there is a high but negative 
correlation between the easl wind and currenl component. The vč'triance in the north 
component is reduced most at that depth. 

Correlation coefficients between the east (u) and north (v) current and wind stress 
components (X and Y) are calculated for each measurement depth . Results are presented 
in the Table I. Throughout the rest of the paper the x-axi~ will be oriented eastward 
and y-axis northward. 

In the surface layer of the station I, statistically signiticant correlation coefficient is 
obtained only between the east components of wind stress and current. ln addition, the 
Reynold stresses are negative (correlation coefticients between the east ancl north current 
components) for ali measurement clepths except for 30 m at the station C. 

Correlation coefficients between wincl ancl current components are ali statistically 
insigniticant in the surface layer of the station C. On the other hancl, at the same station 
at 30 m depth, correlation coefficients between ali combinations of current and wind 
components are statistically significanl. 

We sought for explanations of high correlation coefficienls between wincls and 
currents in terms of a linear clynamic balance. ln the surface Iayer of the slation I, the 
high positive correlation between the east current and wincl stress components can be 
explai.necl in terms of the frictional balance i.e. the balance between the surface ancl 
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bottom stress term assuming that the bottom stress is linear or quadratic function of the 
current speed . 

This balance is a good approximation of the equation of motion in the limit of very 
shallow water (W i n a n t and B e a r d s I e y , 1979) . Since, in our case the current 
field displays strong variability on the time scale of several days, one would expect that 
the time derivative term plays an important role and it has also been taken into 
consideration. Coriolis force tenn is neglected since the y current component is rather 
small due to the topographic constraints in the inlet. 

Regression estimates of the drag and linear fri<.:tion coefficients are computed in two 
cases: assuming steady motion i.e. balance only between the surface stress and bottom 
friction tenn and, in other case, keeping the time derivative term. The x-component of 
the effective subsurface prnssure gradient very likely does not play an important role due 
to the relatively small basin scale in the x direction (about five kilometers), 
The acceleration tenn is calculated by finite centra! differences from the x-current 
component time series with the time step of seven hours . As a result, the friction 
coefficients of the linear and quadratic bottom friction are obtained for steady and 
unsteady case. The value of the drag coefficient computed from the equation of the 
motion keeping the acceleration tenn, is : 

CD = 1.924 X JQ·3 

while in the same case the linear friction coefficient has the value: 

r = 4.450 x 10-~ cm/s 

Assuming the steady stale and computing again by regression estimates both drag and 
linear friction coefficients, we find thčm smaller by less than 10% than in the unsteady 
case. Thaefore, the acceleration term can be neglected i.e. current field in the surface 
layer at the stat ion I can be described by the frictional balancč. W i n a n t and 
B e a r c.l s I č y (1979) computed by the same method estimates of friction coefficients 
using current data from sevčral shallow walčr experiments . They found rather large 
spread in lhč regression estimalčs of friction coefficients at similar depths but from 
different experiments varying by as much as the factor of 4. Our values of the drag and 
linear friction coefficients compare well with va]ues computed from the data by H u n 
I e r era/. (1977) originating from the continental shelfoffChesapeake Bay. Agreement 
is good with data measured I 9 and 3 l m above bottom in the total water depth of 38 111. 

Therefore, the data are very likely out of the bottom boundary layer what also applies 
to our dala which are from the surface layer of the station I. In Fig. 4, time series of 
the surface and hottom quadratic friction tenns are presčnled . At the same figure the 
acceleration lčrm is also plotted. The acceleration term is generally smaller than the two 
frictional terms . The wind stress term is appreciably larger than the bottom stress only 
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Table I . Correlation matrix for ali stations 

CORRELATION MATRIX - INSTITUTE 5 m 

ls V u Tv Tu 

V 1.000 
u -0 .826 1.000 

Tv O. I 18 -0 .388 1.000 

Tu -0 .255 0 .449 -0 .653 1.000 

N = 1286 

CORRELATION MATRIX - INSTITUTE 30 m 

130 V u Tv T„ 

V 1.000 
u -0.923 1.000 
T„ -0 . 103 0.079 1.000 

Tu -0 .334 0 .462 -0 .199 1.000 

N = 593 

CORRELATION MATRIX.- ČIOYO 5 m 

Čs V u Tv T„ 

V 1.000 
u -0 .828 1.000 
T, -0 .054 0 .008 1.000 

Tu -0 .000 -0 .008 -0.633 1.000 

N = 1643 

CORRELATION MATRIX - ČIOVO 30 m 

Č,o V u T,. T„ 

V 1.000 
u 0 .750 1.000 
Tv 0 .508 0.440 1.000 
T„ -0. 727 -0.550 -0 .633 1.000 

N = 1501 
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during the strong wind episodes when probably some other terms in the equations of 
motion, may be even non-Iinear ones, become more important. 
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Fig. 4. Time-serics of the time <lcrivativc of the cast currcnt componcnt (a-solid linc). 
quadralic bottom stress (b-solid !ine) and wind slrcss (b-dashcd !ine) for thc station I 
at the <lcpth of 5 m . 

Two other possible reasons could be responsible for these discrepancies; in the 
equations of motion representing the friction halance, current velocity is in fact 
vertically integrate<l one while in our case we were considering measured velocity at a 
given depth. ln addition, the wind <lata for the surface stress calculations should 
originate from the height of 10 m above the sea level. However, in our case we have 
data recor<led at an anemometer height of I 35 m above the sea level. We <lecided to use 
these wind data without re<lucing them to the 10 m height since the re<luction would 
probably he a source of some a<lditional errors. Therefore, compute<l surface stress term 
is probabl y overestimate<l. 

No linear <lynamic balance can be assigned to the current field variations in the 
surface layer of the station C, since no statistically significant correlation coefficients 
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Fig. 5. Time-scrics of thc Coriolis tcrm (solid linc) and thc cast wind stres s tcrm (dash !ine) 
for thc station C at thc dcpth of 30 m. 

between <lifferent current an<l wind stress components are obtaine<l. The lack of 
correlation will be explaine<l Jater in terms of the tlow pattern in the vertical transect 
across the bay inlet. 

ln the bottom layer of the station C , the high negative corrdation between the east 
win<l stress component an<l the north current component suggests an Ekman halance in 
the equation of motion along the east - west axis. ln<lee<l, comparing the time-series of 
the win<l stress an<l Coriolis term (Fig. 5) it appears that they are not only well 
correlate<l, but a!so most of the time, of the same or<ler of magnitude. Their relation 
<loes not change to a larger extent hy a<l<ling the acceleration term to the Coriolis force 
tenn (Fig. 6). On the other hane.I , a high correlat ion hetween east current component an<l 
the north win<l stress component of a proper sign, <loes not lea<l to an Ekman balance 
along the y-axis since the Coriolis term is much larger than the win<l stress term. By 
a<l<ling the bottom stress term the balance is not reache<l. Therefore, in the hottom layer 
of the stat ion C , the low frequency variations of the intlowing (east) current component 
cannot be exp la ine<l solely by the linear <lynamic consi <l erations. Probahly, the condition 
of the zero mean flow through the hay inlet should a<lditionally he taken into account. 

In or<ler to show the relationship hetween <lifferent current components at different 
stations an<l depths, linear correlations were compute<l (Table 2) . High negative 
correl ation coefficient is obtaine<l hetween the east current component in the surface 
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layer of the station I and in the bottom layer (30 m) of the station C. This correlation 
coefficient is even higher than the coefficient hetween currents at different depths of the 
same station. This suggests that the east current component or the intlowing current at 
30 m of the station C represents to a large extent, a compensatory tlow to the surface 
tlow at the station I. This is probably related to the condition that the transport through 
the hay inlet in each moment should be zero on the time scale of these low frequency 
current variations. 

Table 2. Correlation coefficients between currents for different stations 

CORRELATION COEFFICIENTS MEANS 

EC5, EC30 = -0.345 
EC5, EI5 = 0.15:2 N - N-COMPONENT 
EC30, El5 = -0 .714 E - E-COMPONENT 
NC30, EI5 = -0.61:2 5 - 5 METER DEPTH 
Nl30, EC5 = 0.361 30 - 30 METER DEPTH 
EI30 , EC5 = -0.361 C - ČIOVO 
EI5, El30 = 0.6:23 I - INSTITUT 

Statistically significant correlation coefficient 1s also obtained between the north 
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current component at 30 m depth of the station C and the east component at 5 m depth 
of station I. This high correlation is the consequence of the fact that both north current 
component at 30 m depth of the station C and the east component at 5 m depth of the 
station I, are related to the same wind stress component; former via a friction balance 
and latter via an Ekman balance: 

Station I (5 m): X = pr U15 

Station C (30 m): -fvc30 = x/ph 

The letter r stands for the linear friction coefficient, f isa Coriolis parameter, while 
h is a watter depth. Subscripts c30 and IS denote 30 m level at the station C and 5 m 
level at the stati on r, respecti vel y. 

Wind and current time-series were sub-sampled by centring the filter at noon of each 
day. The typical pattem of the wind generated water exchange through the bay inlet is 
then obtained by selecting current data for ali synoptic situations with the northeast 
(bora) and southeast (jugo - sirocco) winds for the filtered wind speeds exceeding the 
value of 5 m/s. The two winds are considered the most frequent winds in the area 
during the winter (Mak j a n i ć , 1978). Five situations with the southeast and two 
situations with the northeast wind were identified. Distribution of the east current 
component in the vertical cross - section of the inlet are presented schematically (Fig. 
7a-g) taking into account the measured data at the current meter depth. Certainly, these 
are only rough approximations of the wind forced water exchange pattem in the inlet 
of the Kaštela Bay . For a more reliable schemes a better horizonta! and vertical 
resolution is needed i.e. more current meters and moorings should be used (at least three 
mooring along the transect with three current meters each). 

Jn ali the cases with the southeast wind the inflow appears along the northem shore 
of the inlet (station I), while the outflow is mainly present in the bottom layer along the 
southem shore (station C). From the schematic presentation of the distribution of the in
and outflow, one can a Iso see that the I ine of the zero flow lies rather ci ose {o the depth 
of the surface current meter at the station C. This can, therefore, explain weak 
low-frequency current variations and their poor correlation with the wind forcing 
observed at that ievel. 

During the northeast wind episodes, the outflow prevails over the entire surface layer 
of the vertical cross section in the inlet. The compensatory inflow appears in 
the bottom layer. Unfortunately, only two situations with the northeast wind were 
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available and the ohtained scheme is no! as representative as it is the case with the 
southeast wind. 

Therefore, during the northeast wind episodes the shear in the current field is 
prevalently vertical. On the other hand, during the southeast wind events it has an 
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appreciable horizonta! component, i.e. there is also a curi in the current fiel<l. However, 
<luring both win<l episo<les in the centra! part of the inlet, the <listribution of the 
inflowing current component along a single vertical line <lisplays a structure similar to 
the first baroclinic mode with one zero-crossing. Above the zero-crossing the outflowing 
current <lominates <luring the northeast win<l episo<les, while <luring the southeast wind 
inflowing current appears. This wind forced current structure along the vertical axis was 
documented in some previous studies (Gači ć, 1983; Gači ć et al., 1987). 

CONCLUSIONS 

The analysis of current dala in the inlet of Bay of Kaštela has shown that the response 
to the wind forcing can be successfully described in terms of the linear dynamics . The 
surface inflowing current in northern part of the inlet can be represented by the friction 
balance i.e. the current response to the wind forcing can he descrihe<l as a series of 
stea<ly states in which the hottom friction halances the win<l stress. On the opposite side 
of the· inlet, the inflowing current in the bottom layer represents a compensatory flow 
to the surface wind induce<l tlow to satisfy the boundary condition of the zero transport 
through the bay inlet. 

The analysis of the wind in<luce<l flow pattern in the vertical cross section of the inlet 
shows that this pattem depends on the wind <lirection. During the southeast win<l 
episodes, the shear in the current tield has appreciahle horizonta! component, while 
during the northeast win<l events, the vertical shear prevails . 
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KRATKI SADRŽAJ 

Analizirani su rezultati mjerenja struja u vratima Kaštelanskog zaljeva te njihova 
zavisnost o lokalnom vjetru. Promjene u strujnom polju su objašnjene linearnom 
dinamičkom ravnotežom. Uz ~jevernu obalu vrata u površinskom sloju strujanje se u 
prvoj aproksimaciji može opisati ravnotežom člana tangencijalne napetosti vjetra i člana 
pridnenog trenja. S druge strane vrata u pridnenom sloju strujanje predstavlja 
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kompenzaciju površinskom ulaznom strujanju izazvanom vjetrom. 
Analizirana je raspodjela ulaznog strujanja u poprečnom vertikalnom presjeku u 

zavisnosti o smjeru vjetra. U situacijama sa jugoistocnim vjetrom smicanje u strujnom 
polju ima i horizontalnu komponentu tj. vrtložnost je različita od nule. Sjeveroistočni 
vjetar međutim izaziva strujanje u vratima zaljeva kod kojega je smicanje pretežno 
vertikalno. 


