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Abstract. The physical parameters structures and differentl Introduction
water masses using CTD measurements in southwestern part

of the Caspian Sea (CS) adjacent to Anzali Port (AP) arerne Caspian Sea (CS) is the world’s largest lake in both
investigated. CTD profiles were conducted along a transecf, .. .1d volume that lies in among Iran, Azerbaijan, Russia
perpendicular to the coastline on 13 stations from the coas azakhstan, and Turkmenistan (SafarO\; etal., 2008;' Zaker e’t
down to 720 m on 22 January 2008. Accordmg to the re'al., 2007). In addition to the northern shallow basin, the CS
sults the continental shelf waters are located in the Surfac%onsists of two deep basins in south and central parts which
mixed layer. The surface mixed layer extends itself down 0 re separated by a sill. Almost 60% of the total water mass

aImci)(st 100m :r;houter T eals of tT)e tcontmggt;al izglf V\Ilz'th of the CS is located in deep water (below 200 m) and it can
weak seasonal tnermociine layer beween 0 m resfb-e classified as a deep inland sea based on its peculiarities

watfrls ”;]ﬂ?fw E)Ir:ocal rf|vers| IS clearlly Se?.n Otgts'fﬁ tr:;_“ COT“' ‘if the thermohaline structure and water circulation (Lebedev
nental shelf at the surface layers. Investigating the dissolved 4 Kostianoy, 2006; Peeters et al., 2000) .

oxygen reveals that winter convection is traceable down to o . . .
500m in the lateral waters over the shelf break. Amon The main inflow comes from the Volga River, which dis-
) 9 harges into the northern basin, contributing about 80% of

the deeper stations that are located in continental rise anﬁne total water inflow while freshwater input from the lra-

abyssal plain, 300 m seems to be a threshold for penetraﬂoHian side is extremely limited (Rodionov, 1994). The north-

of seasonal changes; therefore deeper waters tend to be im- : . .
. eT_rn part of the CS plays an important role in the water circu-
{5tion among the whole basin. Every cold phase the surface

ations, stability is positive in the study area and temperature ; . .
; . . o o . ice sheets covers this part and forms dense water which sinks
plays an important role in static stability and in triggering

S ) e down toward the central basin, consequently the central basin
the lateral mixing. In view of both temperature-salinity and q y

L . ense water flows to the southern part. Obviously the dense
temperature-oxygen distributions in the southwestern part o Lo S 4
. ) ater formation in the northern basin is depending on the
the CS, two different water masses are separable in col

reshwater discharge. Higher freshwater budget means low

phase. Snapshot observations of physical properties in th . .
. - ense water formation and consequently causes hampering
early winter 2008, to some extent revealed that a mixing was_; .. : o
: . of mixing process. Another well-known scenario for mixing
triggered at least in the lateral waters of the study area.

in the CS is winter convection. Usually winter cooling trig-
gers mixing over the water column in most parts of the CS.
Moreover cold and dense water tongues are formed by cold
shallow water of the lagoons and rivers in the lateral bound-
ary of the basin (Terziev et al., 1992). Unfortunately this wa-

Correspondence tdP. Ghaffari ter body still is very poorly known in terms of instrumental
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Table 1. Statistics of meteor-parameters prior and after to field survey from 16—27 January 2008 (l. R. of Meteorological Org, 2008).

Day Air Temp Air Temp Precipitation Wind Speed  Wind Direction Weather

Jan 2008 (max) (min) (cm) (max) (degree) Condition
16 1.6 -1.6 69.7 17 340 Snow
17 -1.0 -2.0 26.2 06 270 Snow
18 2.6 —6.8 0.9 10 330 Snow
19 2.2 —-4.0 0.8 11 310 Snow-Rain
20 3.6 -5.8 21.2 07 300 Drizzle-Rain
21 1.2 -0.8 49.1 15 360 Snow
22 1.4 —0.6 13.1 15 330 Snow
23 2.8 -0.8 32.2 14 300 Snow-Hail
24 3.2 —-2.0 7.3 10 330 Snow
25 4.4 -5.6 0.0 04 180 Clear
26 6.2 —6.0 0.0 05 230 Clear
27 5.8 —4.4 0.1 06 260 Semi cloudy

cruises particularly in span of the winter season when deep
water formation is expected to occur (Froehlich et al., 1999).

Current study presents the results of the CTD-DO probe
measurements in the southwestern part of the CS across one
transect adjacent to the Anzali Port (AP), in early winter
2008. Probe profilings were exceeded down to 720 m in the
Iranian waters which brought some insights to the deep wa- astra Rt
ter structure and winter convection in the study area. Also
vertical structures of the physical characteristics and stratifi-
cations were investigated in mid and deep water of the south-
western part of the CS. Furthermore the gathered data sets
revealed some new aspects of different water masses in the
study area. The field survey was carried out while an un-

—3 1700
¢ |AEA st.01

Anzali Pot
precedented cold winter in the past 40 years occurred as re- Rt
ported by the local meteorological stations. Table 1, demon-
strates some meteorological parameters in the study area im- IRAN

mediately prior and after to field survey. According to the 12.5m
statistics which were recorded in Anzali Synoptic Platform,

south W.estern' part of the _CS experienced sub ;eros .duringig_ 1. The study area and CTD stations in the south western waters
that period which is not typical temperature for this region. o the caspian Sea.

2 Field data and CTD adaptation point and goes down with a relatively mild slope with respect
to the continental break toward the abyssal plain. The Anzali
2.1 Study area Lagoon (AL) is located at the southwestern corner of the CS

beside of the delta of the Sepidrood (Sefidrood) River. This
The study area is located in the southwestern part of the C8iver supplies about 50% of riverine freshwater inflow and
adjacent to the AP (Fig. 1). The depth decreases gently fronapproximately 90% of sediment discharge to the CS along
the coast to approx-50m near the shelf break in almost the Iranian coast where the Iranian side share in freshwa-
10km, after that it sharply decreasest800m in 25km. ter inflow does not exceed more than 5% of total riverine
According to the bathymetric features, the continental shelffreshwater input to the CS (Lahijani et al., 2008). Moreover
spreads from the coast up to about 10 km seaward with mildhe area benefits from considerable precipitation and does not
declination, which ensues by a drastic depression (the conhave a dry season (Sharifi, 2006). Therefore, to some extent
tinental break) extends to 20 km seaward and hits its lowesthe freshwater budgets of the AL and the Sepidrood River are
point at 600 m. The continental rise commences from thisconsiderable in the region. Due to the freshwater budget the
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southern part of the CS has the maximum basinwide salinityprovide an empirical equation of state for the CS water. Un-
(Millero et al., 2008) that increases toward the south and thdortunately, the relation was valid only at surface pressure in
east. The southern coast of the CS has a subtropical climatepecific temperature range. Peeters et al. (2000), using basin-
characterized by warm summers and mild winters (Kosarewide water samples collected in the CS (IAEA, 1996) modi-
and Yablonskaya, 1994). The air temperature is maximunfied the experimental equations for salinity and density based
in August and minimum in January (Kaplin, 1995; Kosarev on the ionic composition of the CS. Their results showed that
and Yablonskaya, 1994). While the sea surface temperaturthe salinity computed from CTD data by using the standard
attains its annual minimum of about@ in February, in span  processes of UNESCO (1981b) is systematically less than
of warmer phase the maximum surface temperature exceedbe salinity obtained from the chemical methods, and the best
27°C in the southern basin (Kaplin, 1995; Tuzhilkin and agreement between the instrumental UNESCO formula and
Kosarev, 2005). The temperature in the deep water of the C$he chemical titration method in the CS can be obtained by
is well below the annual mean temperature of the seasonapplying a modification factor of 1.1017 as follows

mixed layer and in the southern basin it is even below the an-

nual minimum of the monthly surface temperature (Tuzhilkin Sakasp = 1.1017 Salea @)

and Kosarev, 2005). where 1.1017 is the correction factor, Salis computed

salinity using UNESCO equations, and &g} is the cor-
rected salinity for the CS water. The Eq. (1) is independent of

i ressure, temperature and salinity ranges and could be used
On 22 January 2008, a tqtal of thirteen CTD casts were made, . qitterent conditions and depths.

along a transect extending from the mouth of the AL t0- 1y interational equation of state, i.e. density as function
wards the offshore region (Fig. 1). The stations were e« tomperature, salinity and pressure, for standard sea water

lected based on the bathymetric contours in approximatelypsea(UNESCO, 1981a) can be applicable to the CS by using
3 km intervals to cover some specific depths along the St“d¥>eeters et al. (2000) approach as follows:

area. The first station located at latitude39.185N and
longitude 4927.959 E off AP and the last one located at lat- p solution= psed T P) + f(T P) (psed T SP) — psed T P)) (2)
itude 3744.121 N and longitude 440.470 E. According to ) ) .
the bathymetric features, the profiled stations well coveredVnere in Eq. (2),psea (T P) is the density of the water
the deepest parts of the Iranian waters and could be represef@Mputed from UNESCO formula using in situ temperature
tative for deep water characteristics in this region. and pressure, in freshwatesisea (7', 0, P)is the density
Measurements of in situ physical parameters such as pre&f Water from UNESCO formula using in situ temperature,
sure, temperature, conductivity and dissolved oxygen werdréessure and salinity anfl (7, P) is the correctl_on factor
made using an Ocean Seven 316 CTD probe produced bl = 1.0834), that was assumed to be constant'lr? all compu-
Idronaut Italy. The probe passed pre-calibrations and lab protations. In the present study we computed salinity and den-

cedures former to survey in order to achieve precise estimate3y Of the CS based on the equations presented by Peeters
of conductivity & 0.003 ms crl), temperature (0.00%C), et al. (2000) which seemingly are applicable for whole basin

and pressure (0.05% full scale). Dissolved oxygen measuregoncerning the basin wide supporting data in derivation.

ments were made using a routinely calibrated polarographic

oxygen sensor which is insensitive to nitrogen, nitrous 0X-3 Result and discussion

ide, carbon dioxide and other gases. In addition to afore-

mentioned parameters, the probe was equipped with ancil3.1  Physical properties structures

lary sensors such as Chlorophyll-pH and turbidity. The

CTD speed into the water was maintained nearly constant afigure 2 shows the physical properties structure along the
1 ms 1 during the casts (Pinot et al., 1997). The data qualitytransect perpendicular to the coastline up to about 32km
was ensured through careful data inspection, de-spiking andeaward. The depth in this transect started from 5m at the

2.2 Field measurements

checking for duplicate records. first station and increases to 720m at the last one. The
vertical structure of salinity in the study area in early win-
2.3 Method ter 2008 is presented in Fig. 2b. Outside of the continental

shelf zone, the variation of the salinity is small and varies
In oceanographic studies the calculation of salinity and den-~0.2%. from surface to 300 m, i.e. at surface layer salinity is
sity from CTD measurements is usually based on the em42.242%. and reaches 12.425%. at almost 300 m and main-
pirical equations given by UNESCO (1981a, b). In view tains approximately the same value to the seabed. The mea-
of the fact that empirical relations are valid only for wa- sured salinity values are in well agreement with former ob-
ter which has the ionic composition of standard sea waterservations (Kaplin, 1995; Kosarev and Yablonskaya, 1994;
they cannot be applied directly to the CS water. Millero and Tuzhilkin and Kosarev, 2005). The radical transformation of
Chetirkin (1980) have conducted laboratory experiments tathe vertical salinity structure of the CS waters is the most
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Fig. 2. Physical properties structures in cross-shore transect in the southwestern part of the CS; off AP in early winter 2008, the left side
of the graphs is coast and right side is seaward (northward); vertical temperature stfalctueetical salinity structuréb), vertical density
distribution(c), and dissolved oxygen concentratididy. The vertical structure of each physical property on the continental shelf area is
presented in the inside panels.

prominent event in the hydrological condition of this wa-  Relatively shallow waters of the continental shelf which
ter body. By plunging the water salinity over the whole are extended to about 10 km from the coast are clearly under
Caspian basin in the late 1970s, a stable vertical salinity stratthe influence of the AL inflow and winter cooling (Fig. 2a).
ification was formed (Tuzhilkin and Kosarev, 2005). This Therefore winter convection penetrates almost down to the
stratification was most pronounced in the early 1990s andseabed and vertical mixing is evident in this region. Contrary
in that period, vertical differences in salinity values made to the strong summer thermocline in southern part of the CS
0.5%0 in the southern part of the CS. However lately, a re-that partially maintains itself in continental shelf zone (Zaker
verse trend has begun to manifest itself and leads again tet al., 2007), the water body in the cold phase over the con-
quasi-homogeneous vertical distribution of the salinity val- tinental shelf is completely ventilated and located in the sur-
ues (Tuzhilkin and Kosarev, 2004). Although the southwest-face mixed layer. However the inflow of the AL is traceable
ern part of the CS could be mentioned as quasi-homogenousver the whole continental shelf zone. The cold water inflow
in terms of salinity but concerning to the present vertical dis-of the AL (approx. TC, Fig. 2a the inside panel), warms
tribution, the structure could still be classified as the subarcticaup to 9°C by dilation procedures with ambient waters as ex-
type, which has been observed from middle 1990s (Tuzhilkinpands seaward. Owing to the cold phase erosion, the seasonal
et al., 2005). Horizontal variations of salinity over the conti- thermocline inevitably sinks down to the deeper layers and
nental shelf represent the influence and extend of freshwatds located between 80 to 140 m depth withQ difference.
inflow from the AL. Horizontal differences in salinity values According to Bruevich (1973), the maximum depth of win-
over the continental shelf are noticeable and vary in range ofer convection in deep part of south CS and near the Iranian
~2.0%0 (Fig. 2b the inside panel) to 11.708%.. The plume coastal zone varies between 80-100 m and 40-60 m respec-
of AL inflow under the effect of negative buoyancy goes to tively, which apparently is exceeded during this specific win-
the level where the density of the plume and surrounding water. Below the thermocline layer the temperature decreases
ters are equal. The external freshwater budget, mainly rivegradually to 6.53C in approx. 300 m and maintains the same
runoff, is the evident cause of the evolution in the salinity quantity toward the seabed. Therefore based on the isotherm
structure of the study area. patterns, the seasonal mixing does not penetrate further than
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Fig. 3. Vertical Turbidity structure over the continental shelf, representing the high turbid inflow of AL. The turbidity unit is considered as

NTU (a), Brunt Vaisala frequencyN?2, which is a measure of the local stability of the water column, at the deepest station (solid line) and

two shallower stations (dotted line) in the study ard?. is the sum of the contribution to stability by the temperature gradiénand by

salinity gradientNé (b), T-Sdiagrams for outside the continental shelf (stations No. 07-13) in the southern western part of the CS in early
winter 2008(c), T-Splot of stations 01 to 03 of IAEA cruise 1996 which located in the south CS, in comparison with present stugly.data

300 m in the study area, and deep waters (lower than 300 min driving the possible mixing process. Although the inflow
behave almost impermeable against seasonal variances. of the AL is considerably fresher than the CS water, which
Heating and cooling of the water column during warm and could prevent such a mixture from sinking, but convection
cold phases are account for partial or complete turnover irfould also be generated by an increased load of suspended
lakes which often are supported by wind forcing (Hohmannparticles (Fig. 3a), in the water as is the case for riverine in-
et al., 1997). Inclination of the thermocline layer towards flows (Peeters et al., 2000; Vollmer et al., 2002).
the shelf break (Fig. 2a gray band) could support the hy- The vertical structure and evolution of the density field is
pothesis that turbulent diffusion cannot be the only mixing a function of both salinity and temperature; the function de-
process. Hence, the processes causing oxygen-rich water fziends on the seasonal variability of these parameters. Ap-
advect as density plumes from shallower parts down to theparent density is calculated using the adopted equation of
greater depths of the study area could be driven by horizontathe state for the CS water (Fig. 2c). Accordingly, the den-
temperature differences. Most probably the continental shelsity in the upper layer slowly increases (from 1009.1 to
water well cooled by AL inflow extreme winter and hori- 1009.6 kg nT3) at 80 m surface layer. A quasi-homogeneous
zontal mixing of such water with moderately warmer shelf layer about 80 m thick is formed in the density structure and
break water creates intense thermal bars which can producabroad seasonal pycnocline is formed under this layer which
waters dense enough to sink. As the salinity within the in-is extended to 150 m depth resemblance to thermocline layer.
flow is lower than that of the ambient water therefore, the Contrary to the density field in the warming-up phase (Zaker
salinity differences most likely do not play a significant role et al., 2007), in cooling phase, the temperature drop results
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an increase in the upper layer density and the thickness 08.2 Stability and water masses
the mixed quasi-homogeneous layer. Underneath the ther-
mocline layer the density increases gently from 1010.5 toln terms of the measured temperature and salinity, the Brunt
1013.0kgnT3 in the seabed. Horizontal variations of the Vaisala frequencyN? which is representative for the local
density field in the continental shelf area could be attributedstability across the water column (Gill, 1982; Sverdrup et
to the intrusion of the AL inflow which adds riverine water al., 1942) are calculated for deeper stations (Fig. 3b). All
into the sea (Fig. 2c the inside panel). data were averaged in 10 m depth bins (Vollmer et al., 2002)
The AL low dissolved oxygen inflow water (ap- and smoothed out utilizing the linear least-squares method.
prox. 5.0 mgt?1) is ventilated and mixed over the continental In agreement with the earlier calculations which have done
shelf area. The dissolved oxygen concentrations reach thely Peeters et al. (2000) for other parts of the CS, the stability
highest value of 12.0 mgl1 on the middle of the continental Vvalues are positive in the study area as well. The contribution
shelf in early winter 2008 (Fig. 2d the inside panel). The well to the stability by the temperature gradient is significantly
ventilated and highly oxygenated water is extended througHarger than that by the salinity gradient along the water col-
the surface mixed layer over the continental shelf and sheltimn.
break (approx. 20 km from coastline). The oxygen concen- In order to index water structures and to separate various
trations in the upper 100 m mixed layer, owing to high ven- water types and masses in the study afled,andT-O dia-
tilation and low temperature, is high and mainly ranged be-grams are presented in Figs. 3c,d and 5. As demonstrated
tween 10.0 to 7.0 mgt. There is a considerable depression in the Fig. 3c, three segments TS diagram of the deep
(+100 m) in the dissolved oxygen isoclines over the continen-stations (stations 07 to 13) are separable. Based on the clas-
tal break and continental rise. The declination of the oxygensic definition of water mass (Mamayev, 1975), two different
contours over the shelf break could be qualified by winterwater masses could be identified at the surface layer down
convection and sinking upper waters which pushing downto 50 m depth and the deep water mass from 150 m down
the oxygen isoclines (Fig. 2d). Tuzhilkin et al. (2005) re- to the seabed. The layer between 50 m and 150 m could be
ported the oxygen concentrations of the south CS about 6.5¢onsidered as specific part of tfieS diagram which shows
7.5mgt? in the 100 m surface layer and 4.0 to 2.5m§| transitional properties. Therefore it could be concluded there
as the mean annual absolute content of dissolved oxygen ii$ a rather shallow surface layer above 50 m, a water mass
the 200-600 m layers. Therefore finding the surface layerdVM1 at 50 m, another water mass WM2 at depth (720 m and
oxygen (6.0mgtl) in 200m is indicating that fully ven- deeper), and a water mass somewhere ffeai7.2°C and
tilated continental shelf waters spread over the continentall2.29 salinity. The TS-values observed at 150 m would then
shelf break and lean the oxygen isoclines under the influencée the result of mixing between WM1 and WM2. In surface
of the winter convection. The tilt of oxygen isoclines in lower layer owing to freshwater intrusion the salinity is dominant
layers shows the penetration of high oxygenated waters fronfactor and has vertical gradient whereas the layer is almost
the upper layer; i.e. above 200m. Because biodegradatiogonstant in terms of temperature. In the deep layer (lower
leads to oxygen depletion, the intrusions are most likely re-than 150 m), thel-Scurve inclination is approximately 45
cent features. Although a major convection event has not ocwhich confirm equal contribution of temperature and salinity
curred such as what happened in 1976, which caused oxygen the density field stratification. Additionally in transition
concentrations to reach around 9.0 myin the deep wa-  part while temperature has considerable vertical gradient, in
ters of the central basin (Kosarev and Yablonskaya, 1994)terms of salinity it could be considered as vertically quasi-
but it could be mentioned that in the early winter 2008, a homogeneous.
considerable winter mixing triggered at least in the lateral In Fig. 3d, T-Sdiagram for the stations 01-13 is plotted
water boundary of the southwestern part of the CS; whichagainst stations (01-03) of the IAEA cruise (in the southern
could be traceable down to 500 m depth in terms of dis-basin of the CS) in winter 1996. During very cold winter-
solved oxygen. Lower than 600 m depth, dissolved oxygertime vertical rotation is effective in the deep water formation
concentrations are strongly under-saturateds@®=4.2%) (Kosarev, 1962; Terziev et al., 1992; Terziev, 1992). The
and less than 0.5 mgt (approx. 650 m) due to oxygen con- surface temperature in the southern basin attains its annual
sumption. According to Tuzhilkin et al. (2005) reports on minimum of about PC, while the basin-mean surface tem-
the near-bottom oxygen concentration averaged (1.5/%)g!| perature is about @ (Kosarev and Tuzhylkin, 1995). Ac-
over 1958-2000, the present concentration is reduced almosiording to Fig. 3d the temperature of the lateral waters is well
to one third. This decrease is caused by the weakening dbelow the annual minimum and might be capable to sink to
the winter time convective ventilation in the deep waters anddeeper layers, the increase in density due to seasonal cooling
strengthening of the abyssal destruction processes. in deeper stations is not sufficient to cause major convection.
In view of the fact that distribution of salinity is semi-
homogeneous in vertical outline in the C80 diagram
is more illustrative to identify water masses in this water
body (Terziev et al., 1992). According the Fig. 4 dissolved
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stations 01-02 AL (inflow) and stations 03—-04 over the continental shelf respectively.

oxygen ranges between 4.5-6.0 m§h stations 01 and 02 the cold phase in the south CS. However current results show
which indicating cold and low dissolved oxygen inflow wa- two different water masses in terms of temperature-oxygen
ters of the AL. Additionally over the continental shelf area are distinguishable which are separated by a transition layer
owing to ventilation processes, dissolved oxygen concentrawith 100 m thickness. The separation B graphs of the
tions increase and reach to the maximum amount near tshelf break and seaward waters could be attributed to lat-
12.0mg L. The time temperature increases gradually from eral winter mixing in the study area which causes penetrating
5 to 10°C over the continental shel; therefore there are twohigh oxygenated waters to lower depths over the shelf break.
distinguishable waters, which are completely detached fromAdditionally the separation can lead us to trace the lateral
the deeper stations. In terms of oxygen concentrations, thavinter mixing down to approx. 500 m in the shelf break zone.
upper layer in the continental shelf area is under the influ-

ence of fresh and cold water inflow of the AL, and lower .

layer adjoined with the main southwestern Caspian waters. 4 Conclusion remarks

~Among the deeper stations (from station 05 to IBY)  ppysical (temperature, salinity and density) structures and
diagram illustrates two water masses: surface and deep Wajissolved oxygen concentrations and their variations over the
ters. The su_rface layer e_xtends _from the surface to 50 Mgq thwestern part of the CS off AL, Iran, were presented
In these stations the maximum dissolve oxygen concentragng dgiscussed using field survey data collected on 22 Jan-
tions were observed in the surface Iay_er about 9.0-10.4 angary 2008. Different water masses in study area were dis-
6.0-7.0 mgt* over the shelf break (stations 05-10) and con- ¢ ssed as well. The variability of the vertical thermohaline
tinental shelf rise (stations 11-13) respectively, where thegcure is caused by both local and external factors (heat
temperature shows its maximum value (on averageC}0  gng moisture fluxes through the sea surface, the momentum
In the middle layer (from 50 to 150 m) the shelf break wa- g rejative vorticity of the wind), and the characteristics of
ters are warmer and more oxygenated than the seaward Wggater circulation. Based on the recorded data it is concluded
ters. Below the middle layer, the dissolved oxygen decreaseg, -
drastically from almost 6.0 mgt to 0.5 mg -2 which forms

the deep waters. According Terziev et al. (1992) two wa- — The continental shelf area is located in a well mixed
ter masse; surface (surface to 50m) and deep (from 50m to  layer and the fresh and cold water inflow of AL is trace-
seabed) were hardly separable based-@hdiagram during able over the shelf break. Outside the continental shelf,
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