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Abstract. The results of offshore bottom-mounted ADCP 1 Introduction
measurements and wind records carried out from August to

September 2003 in the coastal waters off Feridoon-kenar Baythe Caspian Sea (CS) is the largest inland water body of the
(FB) in the south Caspian Sea (CS) are examined in order tqyorid with a surface area of 379 000 kna drainage area of
characterize the shelf motion, the steady current field and tpproximately 3.5 million ki, and a volume of 78 000 kin
determine the main driving forces of currents on the study(rroenlich et al., 1999). This lake is located at Northern
area. Owing to closed basin and absence of the astronomic@{emisphere between latitudes of°3nd 45. An area with
tide, the atmospheric forcing plays an important role in theyarious bathymetric levels is rather originally distributed
flow field of the CS. The lasting regular sea breeze systempyer the CS (Ismailova, 2004). Conventionally southern,
is present almost throughout the year. This system performgentral and northern basins are distinguished. The South-
the forcing in diurnal and semi-diurnal bands similar to tides gy, and the central basins of the CS have maximum water
in other regions. In general, current field in the continental yepths of 1025 and 788 m respectively. These basins are sep-
shelf could be separated into two distinguishable schemesyrated by a sill with a maximum depth of about 170 m and
which in cross-shelf direction is dominated by high frequen-the northern basin with maximum depth about 20 m is a very
cies (1 cpd and higher frequencies), and in along-shelf orienthin extension of the central basin (Peeters et al., 2000). The

tation mostly proportional to lower frequencies in synoptic gyrface area of these three basins are more or less equal (Vali-
weather bands. Long-period wave currents, whose velociknodjeini, 1994).

ties are much greater than those of direct wind-induced cur-
rents, dominates the current field in the continental shelf off
FB. The propagation of the latter could be described in term
of shore-controlled waves that are remotely generated an
travel across the shelf in the southern CS. It has also bee{xl
shown that long term displacements in this area follow the
classic cyclonic, circulation pattern in the southern CS.

The southern basin of the CS has a subtropical climate
characterized by warm summers and mild winters. Madat-

ade (1959) classified 13 atmospheric circulation patterns
hich determine the wind field over the CS, which latterly
as stored into two groups. The first one includes those pat-
terns that are characterized by strong northerly winds. Al-
most half of the winds belong to the northwestern quarter.
The second group comprises atmospheric circulation pat-
terns with strong southerly wind (Rodionov, 1994). The role
of the atmospheric circulation is fundamental in formation of
the Caspian hydro-meteorological regime due to the lack of
the outlet.

The process of hydrological fields transformation, redistri-
bution of biogenic and pollutant substances depends signif-

Correspondence tdP. Ghaffari icantly on horizontal circulation of the CS, which have not
BY (peygham.ghaffari@geo.uio.no) been studied enough (Ismailova, 2004). Main circulations
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in the CS consist of cyclonic eddies (Terziev et al., 1992) , 9¢
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be mainly wind-generated. Other types of currents, e.g. baro- AZERBAIJAN

clinic currents and seiches also play important roles in local 44}

circulation patterns (Sur et al., 2000). Over the central basin
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of the CS, the main features of circulation are a cyclonic gyre, 1%%°
a jet-like current in the cyclonic sense along the western and 43| 39.0
eastern boundaries, and an anti-cyclonic gyre in south of the

Apsheron Peninsula/Azerbaijan (Korotenko et al., 2000). Al- 385
though various field measurements were carried out in the ,, | 38.0
northern and the central basins of the CS (Bondarenko, 1993;

Klevtsova, 1967; Kosarev, 1990; Tuzhilkin et al., 1997), only 1875
a few measurements have been accomplished in the southern, , | 1370

basin in order to investigate the coastal flow field (Zaker et
al., 2007). . oy A 1365

A series of field measurements were carried out by Iranian
National center for Oceanography in FB near the Mazan-
daran Province, Iran, using Acoustic Doppler Current Pro-
filer (ADCP). The scope of this paper is to describe and in-
terpret the results obtained from the analysis of the ADCP
observations and wind data sets gathered from August to De 9|
cember 2003 in the southern part of the CS. The main sub-
jects of the study were to characterize the shelf motion and
steady current field, as well as determining the main driving 4.08 Prineal axes: ot Rotated Coorinate Sysyem. oejn
force of currents within the study area. We tried to shed some | \
light on the flow pattern of the selected area and explain some = %f 10
of the features encountered along the Iranian shelf. More*’[ \
specifically, these features are: the surface coastal currents
which are strongly influenced by the local winds; the sea
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breeze system present throughout the year which acts similar 6.1 62 63 64 65 66 67 x10°
to tide; and the flow regime, which exists along the southern UTM [Zone = 39 N]
coast exposed by remote forces (synoptic wind). In Sect. 2 of [Ellipsoid = WGS 84]

the present paper a brief description of the study area and the
field measurement design is given; in Sect. 3, a descriptiorfi9- 1. Location map showing field sites.
of the method used in the data analysis for the separation of
the different components of currents can be found; in Sect. 4,

the results obtained are shown and discussed and finally th.%nd follom tr:l%(s)akme feature from west to the east side cover-
conclusion has been presented in Sect. 5. Ing roughly m.

2.2 Observations

The coastal current and weather parameters observations
were carried out using a combination of bottom-mounted
300 KHz Acoustic Doppler Current Profiler (ADCP) and Au-
tomatic Weather Station (AWS 2700, AANDERAA). The

ADCP ping rate was set to 0.25Hz, with 150 pings per 10-

The study area is located at the south-east part of the C%in ensemble, and 12 depth bins (of 1 me) after 1 m blanking

which covers coastal waters of the Mazandaran Prov'ncedistance. This quasi-rapid sampling permitted detailed ob-

(Fig. 1). Based on the topographic features, the Continen'servation of the velocity structure of the area. The ADCP was

tal shelf ha_s an approximately 10 km width aloqg almost thedeployed 4km offshore of FB, in the southeastern coastal
whole Iranian coast of the CS. From the coastline depth, iN{yaters of the CS at the 14 meter isobath @B284N,

creases gently to about 45m (shelf break), thereafter it in1\52033 127E) for 57 days from August 2003 to Septem-
creases dramatically to 400 m in 18 km (Zaker et al., 2007).ber 20'03

The continental shelf in the southern coastal areas is fairly
narrow and topographic contours are parallel to the coastline

2 Field measurement

2.1 Study area
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Wind parameters were regularly recorded every 3h byThe FD series is the time series, so that
Iran Meteorological Organization (IRIMO). Considering the
Babolsar Bay meteorological platform location (which be-

longs to IRIMO), recorded data could not completely be at-\herex, is the value of the variable at tinie The D, values
tributed to the Study area. Addltlona”y these meaSUrement%r eachtime Step were a\/eraged over the 12 bins to form bin-
were based on old fashion and aged instruments (e.g. genegyeraged a first difference serigsThe mean time series was
ally not self contained), and there were some doubts aboughen constructed by cumulatively summing the bin-averaged

the recordings accuracy. In order to obtain suitable data, affirst difference values from the first sample to the last, setting
Automatic Weather Station (AWS), was installed at the headihe first record to zero:

of the FB Jetty fairly adjacent to the study area and free from "

any obstruction which may affect the data quality. The mete-p Zr" (2)
orological parameters recording frequency was 6 cph and ob- pnr

servations were sustained for four months from early Augus )

to the end of November 2003. The regional depth contour;rhen’ a threshold was defined-8.0 x std (std stand for

. . . o standard deviation of first differences). Within this limit,
and shoreline define an alongshore direction rotated°12.3 ) L
. . i . 99% of R, time series is included. Hence all those data that
anti-clockwise from east. Therefore alongshore (positive di-

. o7, i
rected 77.7E) and cross-shore (positive oriented 34N} fell outside of the 99% interval and those correspondence

S e . data in original time series were investigated as probable er-
directions modification was applied to the current data. . X o
ror spikes. The necessary requirement was: if one value was

suspected and fell at the 0.5% extreme end of the distribution

t =Xt — X¢-1, (1)

2.3 Data analysis and then the neighboring value in time fell at the other 0.5%
extreme end of the distribution, then the suspected value in-
2.3.1 Data treatment dicated as a spike that was eliminated from the original data

set (Kovavit et al., 2004). In such way, the anomalous val-
Prior to conducting the analysis, both the original wind and Ues were removed. The cleaned time series, called de-spiked
current data were supplied as two components (u — positivé’ata, were the core 'of all further analysis. Then clean data
eastward, v — positive northward). According to the coastWere filtered to obtain the hourly data. The smooth hourly
orientation in the study area (Fig. 1b), the coordinate systentlata facilitated by applying symmetrical filter, to the original
was rotated 123anti-clockwise to define an alongshore and de-spiked (6 cph sampling intervals) time series. The filtered
cross-shore components for currents. Principal axes for convalueX s (1) at timer is computed by the following formula:

secutive bins from bottom (bin 01) to surface (bin 12) and m

for the depth average current were calculated. The major and ¢ (1) = Fo x X (t) + Z FulX@ +m) + X —m)],
minor axes, orientation and ellipticity were computed from m=1

east (u), and north (v) current components in geographion = 27. 3)

(east/north), as well as rotated coordinate system. Figur% dering th wrical nat f the filt h
1b shows the principal axes and current ellipses of origi- onsidering the symmetrical nature of the Tiiter, no phase

nal ADCP measured currents and along-shore; cross—shor%h"ctS are introduced to the dataset (Pugh, 1987).
current components were calculated considering 12.3 de@ 3.2 Basic method for time-series analysis
anti-clockwise from east. A quality control procedure was

performed to eliminate obvious errors. Then the data WeI’G'A power Spectrum, obtained by a Complex Fast Fourier
checked for date, changes in references and clears spikegransform (FFT), is a tool for distributing the total variance
i.e., anomalous values that may appear occasionally due tgyer a range of frequencies. The highest frequency i.e., the
errors in target speed or on endpoints of data during instrunyquist frequency, which can be resolved with a sampling
ment handling procedure. interval of one hour, is 0.5 cph. The essential requirement for
The analysis revealed that the underlying distribution isapplying a classical FFT method is the continuity of the data
not normal. The method of First Differences (FD) is useful record. Therefore, the time series of the current and wind
to demonstrate if a data set is acting nearly linear or not. Thecomponents were inspected for gaps both initial (6 cph sam-
FD method for combining station data (Peterson et al., 1998pled data) and hourly filtered. When the gap size is small (not
was created to facilitate the use of short data segments in thienger than 6 hr), it can be linearly interpolated (Kovit et
analysis of surface data (Free et al., 2004). Therefore the curl., 2004). The zero-padding method was used in the case
rent data spikes were individuated utilizing the FD method: of the only large gap (for ADCP time series during the bat-
the FD was determined from the primary set of current datatery change and data retrieval near the middle of the record-
to achieve a second-order stationary (mean and variance airg period). Although adding zeros helps the process of fill-
steadier than the original data set). Up to specific degree, thang the shape of the spectrum, but in no case it improves
differenced data satisfy condition of a normal distribution. the fundamental frequency resolution (Emery and Thomson,
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1998). Three bin layers were chosen to appraise spectral emecording period with relatively frequent events during the
ergy variation and time series analysis between different lev-cold season, while notably fewer in the hot season. When lo-
els of water column. cal weather conditions are influenced by the passages of syn-
Decomposition of a complex horizontal velocity vector, optic atmospheric perturbations, cyclones and anti-cyclones
w(t)=u(t)+iv(¢) into counter-rotating circularly polarized (Mofidi et al., 2008), both may provoke noticeable winds
components can aid in the separation of the energy into possver the southern parts of the CS.
itive and negative rotary frequencies. In rotary spectral anal- The wind stick plot, the wind magnitude and the wind
ysis, the different frequency components of the veair) stress of hourly wind data for the first and last segments are
are represented in terms of counterclockwise (positive anshown in Fig. 2. The maximum hourly speed of 18Ths
gular frequencyw <0), and clockwise (negative angular fre- is recorded on 15 November 2003. August 2003, is charac-
quencyw>0) rotating vectors. The method of the rotary terized by relatively stable weather conditions with very few
analysis of current is particularly effective for identifying in- episodes of strong winds, which do not exceed 15 mas
ertial motions. Inertial oscillations appear as a peak in thean hourly value. Contrary to August, in September 2003,
rotary spectrum in the clockwise rotary frequencies in thethe weather conditions are characterized by relatively highly
Northern Hemisphere and the anticlockwise component invariable winds in terms of frequency and duration. North and
the Southern Hemisphere after removing the tides from thenorthwesterly winds are more evident, but still the sea breeze
rotary components (Pugh, 1987). system is dominant and the maximum hourly speed does not
In order to relate the current to some particular wind condi-exceed 15ms! in the vein of the previous month. In late
tions, the high-frequency current motions were eliminated byOctober and November 2003 periods (Fig. 2c), the weather
low-pass filtering. A digital symmetric low-pass filter (PL33) is characterized by variable winds, and northeasterly winds
(Beardsley et al., 1985; Flagg et al., 1976), was applied to theorevail for most of the events. Relatively low winds persist
time series (wind and current). Low-frequency currents werein the middle of the second segment, however the maximum
then used for mapping the hourly flow field in conjunction hourly speed of about 20 mT$ is observed in this segment.
with some extreme wind conditions in order to illustrate the
wind-forced low-frequency responses. The CS does notcon3.2 Sea breezes and events
tain natural periods of resonance which align closely with
either the diurnal or semi-diurnal tide rising forces. Hence it The sea breeze is mainly responsible for transferring en-
does not respond vigorously and consequently, no significan@rgy to coastal systems. When the sea breeze is present,
tide is generated. The tidal range does not exceed more thawind speeds are usually low~@ms) and directed on-
few centimeters in the CS and such small tides may often b&hore (southward). The sea breeze begins from early morn-
invisible or masked by other phenomena such as wind. Bying at05:00 a.m. Then the wind direction changes to seaward
applying harmonic analysis to the current data (not showraround 4 pm and decreasesXms1). Although the wind
here), based on Forman (1978), and utilizing a number ofshear stress is usually very small, its effect can be signifi-
MATLAB programs, it was found that tide does not have a cant when integrated over a large body of water (Dean and
substantial contribution in the flow field. Therefore it is triv- Dalrymple, 1991). Figure 2b and d, shows the wind stress
ial to remove the tidal component from data prior to further of the hourly wind data in two segments, estimating follow-
analysis which is usual in signal processing. ing Wu (1969). In the first section of wind data (first 720 h,
Fig. 2b), wind stress is low and does not vary too much in
direction, mainly directed to eastward. The last part of the

3 Results and discussion wind record, (Fig. 2d) shows relatively strong wind stress
events, which were directed to the eastward as well. Mean
3.1 Wind variability and variance values based on hourly and daily filtered wind

data (Table 1) reveal that approximately 60% of the wind
Meteorological conditions over the CS and adjacent regionsnergy is attributed to the 1 cpd and higher frequencies in
are determined by air circulation over the Eurasian conti-the alongshore direction. However in the cross-shore direc-
nent, as well as by the coastal area relief. Meanwhile, thetion the majority of wind energy (67-83%) accumulates on
meteorological parameters change greatly over the territoryl cpd and higher frequencies. Daily averaged wind time se-
of the CS (Filimonova and Trubetskova, 2005). In orderries for the first segment, and a number of storm events dur-
to illustrate the local wind condition over the study area, ing late summer and early winter, are shown in Fig. 3. The
hourly filtered wind data in some particular periods were se-mean sea breeze vectors over one month illustrate a perma-
lected. For this purpose, two time segments were chosement residual wind toward the southeast. Similarly the rest
first 720 h of hourly wind data (1-31, August 2003) owing to of wind records (Fig. 3c—d) show a lasting southeastward
demonstrate sea breeze system, and last 740 h (24 Octobefercing over the study area. As is evident from wind time
25 November 2003) of hourly wind which represents someseries, the sea breeze system is present throughout the year
events. Strong NW winds occurred sporadically during thisand acts as the regular forcing in a similar manner to that of

Ocean Sci., 6, 73748, 2010 Www.ocean-sci.net/6/737/2010/
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Fig. 2. Wind stick plot and wind stress of hourly filtered wind components data, alongshoreN34ick line), and cross-shore (78,
thin line). (a) and(b) first segment (720 h covering whole August 200@8);and(d) last segment (from 2000 h of records to the end from
24 October to 24 November 2003).

Table 1. Mean variance and range of wind velocity and wind stress.

Month Mean (ms1) Hourly Variance (m51)2  Daily Variance (m51)2 Range (ms1)

Velocity  Alongshore  Cross-shore  Alongshore Cross-shore  Alongshore Cross-shore  Alongshore  Cross-shore

Aug 1.203 —-0.771 5.15 5.45 2.42 0.61 18.58 13.21
Sep 1.227 —0.501 7.13 5.64 2.86 1.08 18.46 11.34
Oct —0.023 —0.057 6.73 5.71 2.89 0.95 22.46 16.99
Nov -0.13 0.49 8.32 7.08 4.18 3.55 24.38 17.44
Stress Mearx 103 Hourly Variancex 103 Daily Variancex 103 Range

Aug 8.6 —-7.8 0.759 0.388 0.350 0.111 0.362 0.173
Sep 8.7 —6.7 0.886 0.367 0.367 0.126 0.258 0.131
Oct -0.6 —-4.3 0.7 0.6 0.227 0.081 0.495 0.320
Nov 2.5 -3.6 1.8 1.1 0.710 0.524 0.72 0.339

tides in other regions. Therefore considering the absence afea breeze and the first local synoptic weather patterns. On

tidal components, it seems that sea breeze provides the regverage the probability of such winds in the course of a year

ular high frequency forcing in the southern coastal waters ofis 41% (Rodionov, 1994). The number of days with storms

the CS, as the diurnal and semidiurnal tides do elsewhere. (wind speed greater than 15 m3 is not frequent and does
There are some exceptions which could be remarked asot exceed 20—30 days per year (Kosarev, 2005).

storm events. The storm events occur sporadically and last

approximately 1 to 2 days, with peak wind speeds of around3.3 Response of the current to the wind

15mst in summer and 20 nTg in winter which mainly

are north-westerly. Because it is a closed basin with no outTidal motions bear a negligible contribution in the total cur-

let, the role of atmospheric circulation in formation of the rent variability in the CS; therefore the flow field should be

CS’s hydrodynamics regime is particularly important. The considered in absence of tidal force. Strong temporal varia-

southern CS storms were related to the combination of theion and the current field evolution corresponding to variable

WWWw.ocean-sci.net/6/737/2010/ Ocean Sci., 6, 73B-2010
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. meanseaBreemevedos - lag. The maximum correlation between wind and current
@ speeds range from 0.2 to 0.5 during whole measurements
| suggests that the local wind forcing drive between 4% and
N TN KN f 1 25% of the variation in the current velocities, particularly in

U (ms™)
o

cross-shore direction. In the alongshore direction the share
S S S SR S R R of local wind force in the variation of the current velocities is
G agssepember 2oy negligible. Bondarenko (1994), using the results of field sur-
. (SEEB’*ZMEVB"‘ 1213 Aug 2003 . @SEEB’*ZE“VG“‘ 647 Sep 2003 vey i.n the miQdIe and the ngrthern Cs §hovyed that there is
no direct relation between wind speed/direction and currents

0 0 even though in the extreme winds. The measurements along
the Iranian coasts have highlighted that although correlation

’ ’ between wind and current are low and strong currents spo-
radically are evident at calm wind condition, but wind events
cause strengthening of the currents. Additionally taking into
account the low frequencies (low pass filtered data), the cor-
relation coefficient between wind and current in the along-

° %\ ° % shore direction increases significantly to 0.5 in almost whole
water column. The response of the current to the wind forc-
0 5 1

H
o
.
o

5 0 5 10 15 5 0 5 10 15

Sea Breeze & Event: 13,14 Sep 2003 Sea Breeze & Event: 22&23 Sep 2003

C) °I@

@

Cross-Shore (m s‘])

ing in the alongshore direction demonstrates the same value
— 0l - — as hourly data and retains 1 h from surface to the bottom
Along-Shore (m <) (Fig. 5¢). In terms of the cross-shore direction, a decrease
in correlation is distinguishable for the hourly data. The cur-
Fig. 3. (a) Mean sea breeze vectors over 25h period (1. Sect. ofrents respond to the wind force with 10 h lag at surface which
data); (b) storm event: 12, 13 August 2003¢) storm event:  follows by 1 h lag among the rest of water column (Fig. 5d).
6, 7 September 2003d) storm event: 13, 14 September 2003; This illustrates that the currents and wind force are more cor-
(e) storm event: 22, 23 September 2003. related in low frequencies in alongshore direction. More-
over it reveals that although in cross-shore, the flow filed is
more proportional to diurnal and semidiurnal oscillation of

winds during August and September 2003 are represented iSea breeze, in alongshore direction synoptical weather band
Fig. 4, in terms of the hourly wind and the current data. As it is more efficient on flow regime.

is illustrated in this figure, except to the possible influence of
thg sea breeze on the ;urface (;lrcqlat|on vyhen d_|urnal variz 4 \vave passing
ations are dominant, wind forcing is prominent in squally

weather conditions. These events occur during the stron% ) ) ) _
winds i.e.; four wind episodes of the Fig. 3, and usually sus-Classical understanding of the general circulation of the CS

tain in term of days after wind episodes. The maximum is varied Fim_g and again in confrontation with flow field tem-
hourly current speed of 50 and 60 critsare recorded re- poral var|ab|I|t.y on the order of §evera] days. In otheryvords,
spectively on 13—-14 August and 14-15 September 2003 sughe characteristics of the fIc_JW field with tlme variability on
sequent to wind events. Considering the three different lay{he order of several days is often very different from the
ers reveal that the current velocity variations follow almost 9€neral circulation. In fact, it is possible to find westward
the same trend throughout the whole water column thereforeSUrrent along the Iranian coast in the study area opposite to
flow field shows a barotropic behavior during the recordingthe general circulation pattern. There are clear indications
period. According to Fig. 4 throughout the whole water col- of the presence of the strong west and eastward coastal cur-

umn the alongshore currents are stronger (almost fourfoldf€nts which were not evidently generated by the local winds,
than the cross-shore currents. since there was calm wind condition in the most period of

the record. Additionally by considering simply the modi-

Wind and current time series in the alongshore directionf. 4 Ek lation f i d funct f wind
show correlation/{~0.2) at one hour time lag at the surface, 1€ man refation for current speed as a func |o.n orwin
( °~0°68) Uto, |¢|>10, whereUyg is the

which maintains the same value to the sea bed (Fig. 5a). ThisPeed,Vo=K Uio= /ool
indicated an almost depth independent response of the entingind speed at 10 m above the sea afagds surface current
water column to the wind stress in the recording period. Inspeed as a function of wind speed (Ralph and Niiler, 2000), it
cross-shore direction (Fig. 5b), wind and current demonstratenay be concluded that a wind with average 5thean gen-
higher correlation, starting from 0.5 at the surface, decreaserate a current with 12 cnt$ velocity over the CS. How-

ing to 0.3 at the bottom. Time lag for the wind forcing de- ever along the southeastern coast of the CS currents with
creases from 7 to 1 h at the first 8 m surface layer and from60 cm s’ magnitude are evident at the present of wind with
8m to bottom current responds to the wind force with 13 haverage 5ms! speed or during dead calm wind conditions

10
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Fig. 4. Current field time series in three different layers respect to the wiaflwind speed {1¢); (b) current velocity at surface layer
(Vsur); (c) current velocity at middle layeiiq); (d) current velocity at seabedioxt)-

@ ) ) (Fig. 4). The occurring of current pulsesi.e. on 6-18 Septem-
: i 21 ’ ’ ber are two consecutive events for which we have rather good
4 4 4 a evidence of wave passage, based on ADCP data. Current

data showed passing waves with approximately 6 days pe-
riod, which sometimes were reinforced by wind events. In
both cases, westward pulses were present at the recording
area on 4-8 and 12-14 September (Fig. 4), i.e. at the time
of the wave interval and its passing. Then the flow turned

Depth (m)
®
@
®
®

10 10 : 10 10

12 12 1 1 toward to the east as could be expected. Thereafter the cur-
1 : R e - R e rents became much less on 18 September, when the pulse
Along Shore Cortelation  Time Lag () Cross Shore Correlation ~ Time Lag (1) became weaker and presumably the waves have passed by.
, A , @ ) In the ADCP data set, evidence of the transient intensifica-

tion of the eastward currents may be associated with the pas-
sage of the shore-controlled waves. Shore-controlled waves
s o b 6 6 were recorded in the north and middle parts of the CS with

4 4 4 4

€. \ \ , 15-20 cms? current speed and almost 6 days wave period
g as well (Bondarenko, 1994). These waves set up the sea
10 10 10 10 level along the coast of the CS and strong currents in the
b » » 12 calm or weak wind conditions could be attributed to long
waves which originated from other parts of the CS. The pas-
1 o 1Mo s w0 s o 1Mo 5 1 1 sage of waves is especially evident in daily averaged current

Along Shore Correlation Time Lag (h) Cross Shore Correlation Time Lag (h)

which illustrated the turning of the current in alongshore di-
Fig. 5. Time-lagged correlations between wind speddg) and rection. Shelf waves set up sea level; th_erefore the practical
current velocity. The left-side graph in a pair is the correlation co- way of detectlng_these Waves IS processing both currents and
efficient ¢-), and the right-side graph is the time lag (t3) along- sea !evel data simultaneously. Since n_e-lther ADCP nor lo-
shore direction(b) cross-shore directiorfc) low pass filtered wind €@l tide gauges recorded sea level during the measurement
and current in alongshore directiof) low pass filtered wind and ~ Period, there are not any adequate sea level data confirming
current in cross-shore direction. the wave passage. In brief, it may be concluded that the sig-
nals travel with velocities that are much greater than the flow
field speed; therefore shelf waves could be the source of the
current fluctuations.
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Fig. 6. Progressive vector diagram (PVD) of current and wind _

components from records obtained at 10 min intervals and hourlyFig- 7. Mean current components profile, averaged over 57 days
filtered data sets over 57 days measurement period (4 Augusteasurement period.

28 September). Horizontal and vertical axes are alongshore/cross-

shore coordinates and each of circles on the graphs represent one
day. water column particularly in the middle and the bottom lay-

ers. The PVD of the surface layer is rather decoupled from
lower ones and mostly affected by local wind.

Figure 7 shows the mean current components profiles
which were averaged over whole period of recording from
4 August to 28 September 2003. Long term along shelf mean
In order to study the shelf circulation at longer time scales,fioy tends to orient along-isobaths on the continental shelf.
progressive vector diagrams (PVD) were calculated at sea|ong shelf circulations demonstrate almost one layer struc-
lected depths, and the mean vertical current profiles wergre and eastward motion is prevalent. The amplitude of the
computed over the whole recqrd. Residugl or Iong-ter'mmean along shelf current is roughly 4 cmisand decreas-
vector-mean currents are readily apparent in the PVD diajng with increasing water depth from 5 crmis(at surface) to
grams, moreover rotational behavior of wave passage signals oy, 51 (near bottom). The mean cross-shelf current ex-
in horizontal current field are well prest_—:-nted as well (Emeryhibits a robust vertical structure. The upper layer flow is
and Thomson, 1998; Pugh, 1987). Figure 6 illustrates th&ypically offshore and the near bottom mean current is in-
PVDs which have been constructed from successive cumUshore and remarkably constant. Therefore the vertical profile
lative values of. (alongshore), and (cross-shore), cOmpo-  of cross-shelf mean flow shows a two layer structure. Ver-
nents of current and wind from records gathered at 10-minjca) structure of cross-shelf component of flow field on a
intervals and filtered to one hour over the recording periodcontinental shelf often reveals two layer structures, and our
from August to September 2003 among three distinguisheqesylts on the southern continental shelf of the CS are con-
depths. The plotted positions correspond to the horizonsjstent with long-term mooring results on the West Florida
tal displacement of the water parcel that would occur if the gpe (Weisberg et al., 2009). The vertical structure of the
motion in the entire neighboring area of the location of the mean current components demonstrates the displacement of
ADCP was uniform in spatial terms. The PVDs start in the the entire water column eastward which agrees in principal
left hand of each panel (4 August) and wind up right hand,yith mean sea breeze and the CS classical circulation pat-
(28 September). The graphs show that motions at middigerns inside the study area. Therefore despite the clear indi-
and bottom layers more or less are same in terms of scalgations of the presence of the strong westward current pulses
and the flow field in the shelf is dominated by low frequency \yhich are not evidently could be attributed to the local winds,
variations. The rotational behavior of the shelf motions areype long-term displacements of the water column follows the

well represented in the diagrams. The signatures of passingeneral circulation pattern in the southern CS.
several days (2—6 days) signals are easily notable among the

3.5 Longterm scales
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3.6 Frequency domain 1° 1°

u
v

Surface layer 10 Middle layer

Spectral analyses were performed on the current and windw’
time series, which may vary due to the influence of local
and remote winds, horizontal pressure gradient, etc. Auto-"°
spectra are presented for ADCP data sets at bin 12 (1 m, .
surface layer), bin 6 (7 m, middle layer) and bin 1 (13 m,
bottom layer) and wind data for both alongshore and cross-,
shore components. According to Fig. 8, prevailing of the |
low-frequency signals in the current field during August and .
September 2003, are evident. Concurrently the current field
contained the frequencies which are related to the sea breeze’
regime. The dominant peaks are in the low-frequency band
at synoptic time scale of the order of several days. The along-1°7
shore and cross-shore current spectra show roughly a similar ,
amount of energy at the high frequencie)(08 cph), while
the semidiurnal{0.08 cph) and diurna0.04) frequencies s
are shown mainly on the cross-shore spectrum (north-south
current in the southern CS). The auto-spectra of different lay- ©°
ers show peak alongshore energy in the low frequencies syn- ’ Frequency (cph)
optic band, while peak cross-shore energy occurs in the diur-
nal and semidiurnal frequencies. According to Fig. 8, cross-Fig. 8. Power spectral density of the alongshore (3M8 thick
shore variability seems to be more intense near the surfactne), and cross-shore (7&, thin line) components of the wind and
layers. Therefore, diurnal and semi-diurnal peaks are muCI&;ur_rent based on hourly filtered data sets for whole recording period
more evident in surface layer in comparison with the deepefting August and September 2003.
ones. Consequently by descending in depth from the surface
layer to the bottom, diminishing of the semidiurnal peak is
evident. Overall, it is clear from spectral density that upperterms of the currents, diurnal and semi-diurnal bands are
bins show relatively more energy among all frequency bandsmanifested in merely positive sense of rotation, showing that
compared to the bottom layers. sea breeze forces anti-clockwise rotation. Wind rotary spec-
As the auto-spectra suggests, there are basically twdra, reveals that cyclonic rotation in diurnal and semi-diurnal
modes of motion at this site of the southern CS: (1) thebands is dominant in sea breeze as well. During the record-
motion in the diurnal and semidiurnal bands (attributed toing period, the 0.0156 cph~2.5 days) signal is distributed
sea breeze) which is generally dominated in cross-shore dialmost symmetrically around the zero frequency, illustrat-
rection, and (2) the motion in the synoptic band that ising that the motion is almost rectilinear at this frequency.
mostly pronounced in alongshore direction. In general low-Lower frequency signals<5 days and more periods) at the
frequency &0.02cph; i.e., with periods-50h), diurnal surface layer behave similar to the wind, so clockwise ro-
(~0.04 cph) and semi-diurnab0.08 cph), oscillations ac- tation is slightly stronger than cyclonic one. Conversely, in
count for most of the variance. Under actual conditions inthe middle layers signals distributions are symmetrical and
the surface sea layer, wind induced currents play a rathein the deeper layers, strengthening of the positive sense of
significant role. Our data show in the synoptic range of therotation is evident. All above findings indicate a prevalence
current variability oscillations with periods from 2—3 days to of the rotational motion over the rectilinear ones, particularly
1-3 weeks prevall in the CS, that are reported previously byin diurnal and semi-diurnal bands.
Baidin and Kosarev (1986). Based on Brink (1991), these os- The presence of significant diurnal oscillation in the wind
cillations are related to the synoptic variability of the direct provide a favorable condition for the generation of the iner-
wind impact and to coastal trapped waves which are suptial oscillation (Jossia Joseph et al., 2007), which is quite true
ported by present study as well. In the higher frequencyfor the study area. Moreover, a strong thermocline which
range, current variability is dominated by internal gravity is located between 20 m and 50 m depths in warmer phase
waves and seiches (Tuzhilkin and Kosarev, 2005). with 15°C temperature gradient (Zaker et al., 2007), pro-
To shed some light on flow field characteristic in the study vides favorable condition for forming of inertial motions in
area, rotary power spectra of hourly filtered current data inthe study area. In these circumstances inertial oscillations
three layers and the wind data are presented in Fig. 9. Acmay persist for several days after their generation and be ad-
cording to the energy levels, variability seems to be more in-vected to the other regions. Therefore resembling the mid-
tense near the surface and this layer shows the best respondke part of the CS, which inertial oscillation with a period
to the sea breeze diurnal and semi-diurnal oscillations. Inof 17.5h was recorded (Bondarenko, 1994), we expected to

-1

1
N
R
5

Spectral Density (cm s‘]) 2 cph
: ENPI
Spectral Density (cm s ]) cph

-1
1

C)
2

Spectral Density (ms )" cph

[
S)
1

°s a2
*| Spectral Density (cm sj) cph

A
)

WWWw.ocean-sci.net/6/737/2010/ Ocean Sci., 6, 73B-2010



746 P. Ghaffari and V. Chegini: Acoustic Doppler Current Profiler observations in the southern Caspian Sea

i Bottom 1
~——— Middle ]

Wi nd

Cu rrent

Surface]

8 \ 7
10 - \ o Wind 10

-1
-1

2

Ro tary Spectra (cm/s) cph
2

Ro tary Spectra (m/s) cph

10 L I I I I I I I 110
02 0.15 01 0.05 0 0.05 o1 0.15 @
Frequency (cph)

Fig. 9. Two-sided rotary spectrum of hourly filtered current components at three layers (surface, middle and bottom layers which have been
shown as thick, dotted and thin lines, respectively) and wind components (bold dotted line) for whole recording period during August and
September 2003.

0

come across the inertial currents with a period of oscilla-
tion of about 19.5 h{0.05 cph) in negative sense of rotation.

But considering the proximity of the recording station to the
coastal boundary, inertial signals are not manifested in the ,
rotary power spectra. 10

3.7 Low frequency motion . aEaaaaaaaees

T
d,uvrcn%40 N N
(cms ),

The motion in the low frequency synoptic band contains most
of the energy of current fluctuations off FB (see Fig. 7).
These low frequency oscillations particularly in the shelf &
wave band seem to be a substantial part of the flow field s
in the CS, since they were observed along the whole coasf
of the CS (Bondarenko, 1994), with amplitudes ranging be- **
tween 15 and 20 cnté. To facilitate relation between the
low frequency motion and wind, the vertical structure for
the CO_aStal motion and_ wind 'Sf shown in the low freql,JenCyFig. 10. Low frequency wind (thick grey line) and current across
band in Fig. 10. The time series of the current amplitudeSihe \ater column and at distinguished three layers: surface, middle
depict temporal variations, which follow resemblance trendand bottom layers (have been shown as thick, thin and dashed lines,
with low pass Component ofthe wind in alongshore direction. respectively) time seriega) Alongshore directiongp) cross-shore
However in cross-shore direction, as it was expected, theyirection.

do not show the same correspondence. Figure 10 demon-

strates the coexistence of up and downward propagating ) )
phases of low frequency motions. The current exhibits vari-CUrreént was analyzed with rotary spectral analysis that has

ations mostly with the time scale about 1.8, 2.5 and 6 dayd'0t been shown here. The results confirmed that while diur-
that is centered at the period of about 2.5 days. This mohal anq semi-diurnal mqtions were significantly rotated anti-
tion is a pure barotropic one according to both the spec-clockwise, the barotropic motion in the shelf wave (low fre-
trum (Fig. 8) and the structure of the corresponding verti-4u€ncy) band and longer scales tended to be linear polarized.

cal distribution that revealed in the time series. However,

these fluctuations are quasi-stationary since they are well
pronounced in the entire measurement period. To achieve
a better understanding of low frequency motions, the current
data sets were vertically averaged and the resulted barotropic

0
o
4
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4 Concluding remarks

In this work, the ADCP and wind data sets have been
analyzed to study the shelf circulation and flow field off
Feridoon-kenar Bay (FB) in the southern part of the CS. Data
sets were obtained during the Physical Oceanography Stud-
ies of Southern Coastal Waters of the Caspian Sea Project,
accomplished by Iranian National Center for Oceanography
(INCO), from August to September 2003. Field data were
collected along the shallow, wind-dominated coastal waters
off FB from late summer to early autumn when the water col-
umn is stratified and vertically quasi-homogeneous, respec-
tively. The data sets have been separated into three time-
dependent terms: low frequency signals, diurnal and semid-
iurnal bands, and the high frequency parts. Additionally the
current field has been divided into three layers: surface, mid-
dle and bottom. Based on the field data and analyses, it was
concluded that:

in the most case of the recording span. Our analyses
showed that the strong quasi-stationary currents and the
signature of passing several days (2—6 days period) sig-
nals in wave form are distinguishable in the region. It
seems that investigating the local wind is not sufficient
in order to completely understand the southern CS flow
field. In fact these current pulses in the study area could
be explained by shelf-controlled waves. Therefore it
could be postulated that the current field in the south
CS, is under the influence of the long-period wave cur-
rents and remotely forced winds. In other words, gen-
eration of strong currents in absence of the wind could
be related to shore-controlled long-waves which are re-
motely formed and forced in the other parts of the CS
and travel across the shelf in the southern CS. More-
over remotely generated long-period pulses are rein-
forced and or suppressed by local winds. Most probably
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strong currents around 60 cm/s occur by superposing of

. . . remotely and local forced motions.
— Wind sea breeze system is one of the forcing mecha- y

nisms that controls the water column dynamics in the These findings confirm that in the shallow coastal waters off
southern CS. Wind force covers rather quickly water FB, two modes of motion could be distinguishable: first,
column of the continental shelf and promoting devel- high frequency motions (0.042 cph and higher), are mainly
opment of current from the surface to the bottom in oneproportional to the sea breeze system and dominant in cross-
direction. The sea breeze dominates the energy input ishore direction. Second, low frequency motions located at
to the coastal system. Based on the recorded data, mosynoptic weather bands in alongshore orientation. The low
of the wind energy is attributed to the low frequencies frequency motions are related to synoptic variability of the
in alongshore direction. Mean sea breeze vectors illusdirect and remote wind impacts and shelf-controlled long-
trates the existence of lasting south-east ward forcingperiod wave currents. We think the conventional concept (di-
system over the study area. It is evident that the seaect wind-induced currents are dominate in the closed sys-
breeze system is present throughout the year and acts asms), is not sufficient to illustrate properly the complicate
the regular forcing in a similar manner to that of tides in flow field in the southern part of the CS. Apparently the long-
other regions. period wave currents, whose velocities are much greater than
the direct wind-driven ones, are responsible for the major
art of flow field variations. All this shows the need for

showed a barotropic behavior and wind stress prOducegetailed theoretical studies (coupled with field surveys and

a similar response agross the water column. Along'numerical models) of the flow field in the southern CS.
shore currents and wind are correlated to some extent

in low frequencies while in cross-shore direction, the aAcknowledgementsWe thank the Department of Physical
maximum correlation between currents and wind wasOceanography of INCO for supporting field survey and provid-
occurred in 1 cpd and higher frequencies. Therefore, aling current and wind data. Additionally authors acknowledge
though in cross shelf the flow field is proportional to di- H. Alizadeh for his contribution in translating a number of
urnal and semi-diurnal bands and higher frequency osRussian references, and Mike Kosro for editing and improving the
cillations, the synoptical weather band seems to be mordhanuscript and also Yonggang Lui due to his valuable contribution.
efficient in alongshore flow regime.

— Flow field variation across the whole water column is

Edited by: M. Kosro
— While long-term displacements of the current compo-
nents follow the classical circulation pattern in the south
CS, the characteristics of the flow field with time vari-
ability on the order of several days is often very dif-
ferent. In fact, it is possible to find west ward current
along the Iranian coast in the study area opposite to
the general circulation pattern. There are clear indica-
tions of the presence of the strong west and east ward
coastal currents which were not evidently generated by
the local winds, since there was calm wind condition
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