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Abstract. This study investigates the deep gravity current between the middle and southern Caspian Sea basins, caused by
density difference of deep waters. Oceanographic data, numerical model and dynamic models are used to consider the
structure of this Caspian Sea abyssal overflow. The CTD data are obtained from UNESCO, and the three-dimensional ocean
model COHERENS results are used to study the abyssal currents in the southern basin of the Caspian Sea.

The deep overflow is driven by the density difference mainly due to the temperature difference between the middle and
southern basins especially in winter. For this reason, water sinks in high latitudes and after filling the middle basin it
overflows into the southern basin. As the current passes through the Absheron Strait (or sill), we use an analytic model for
the overflow gravity current with inertial effects, bottom friction and entrainment, to consider its structure. The dynamical
characteristics of this deep baroclinic flow are investigated with different initial and boundary conditions. The results show
that after time passes, the flow adjusts itself, moving as a deepening gravity driven topographically trapped current. This
flow is considered for different seasons and its velocity and width are obtained. Because of the topography of the Southern
Caspian basin, the flow is trapped after the sill; thus, another simple dynamical model of the overflow, based on potential
vorticity similar to that of Bidokhti and Ezam (2009) but with the bottom friction and entrainment included, is used to find
the horizontal extent of the outflow from the western coast. To estimate the changes of vorticity and potential vorticity of the
flow over the Absheron sill, we use the method of Falcini and Salusti (2015), in this work, the effects of entrainment and
friction are considered. Because of the importance of the overflow in deep water ventilation, a simple dynamical model of
the boundary currents based on the shape of strait is used to estimate typical mass transport and flushing time which is found
to be about 15 to 20 years for the southern basin of the Caspian Sea. This time scale is important for the possible effects on

the ecosystem here of pollution due to oil exploration.

Keywords: Overflow, dynamical model, trapped baroclinic bottom current, Caspian Sea abyssal flow.
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1.Introduction

Baroclinic flows play important roles in ocean and sea circulations, especially in deep waters of the ocean. Because these
currents are important in deep water ventilations of the oceans, they have an integral role in thermocline circulation. Vertical
ocean circulation that is created by density differences and controlled by changes in surface temperature and salinity is
known as thermohaline circulation. A driving mechanism for the circulation is the cooling of surface waters at high latitudes
and consequent formations of deep waters by sinking the cooled salty water masses (Fogelgvist et al.,2003).

Cooling in polar seas (Dickson et al., 1990) and evaporation in marginal seas (Baringer and Price, 1997) cause dense waters
that sink to form deep water masses. For example, dense water from the deep convective regions of the North Atlantic
produces a signature of the thermohaline overturning circulation that can be seen as far away as the Pacific and Indian
oceans (Girton et al., 2003). In the global sense, bottom-trapped currents play an integral role in thermohaline circulation and
are a vehicle for the transport of heat, salt, oxygen and nutrients over great distances and depths. The ability of abyssal flows
to transport and deposit sediments is also of geological interest (Smith, 1975). As thermohaline circulation causes ventilation
of deep ocean water, it is important not only in open seas and ocean but also in semi-closed and closed basins ventilations,
e.g. the Caspian Sea. Study of thermohaline dynamics and circulation has also been of interest to other scientists such as
climate researchers. The dynamics of such dense currents on slopes have been modelled in the past both theoretically and
experimentally starting with Ellison and Turner (1959) and Britter and Linden (1980), and a review on gravity currents can
be found in Griffiths (1986).

Bidokhti and Ezam (2009) presented a simple dynamical model of the outflow from the Persian Gulf based on potential
vorticity conservation to find the horizontal extent of the outflow from the coast.

The Caspian Sea, the world’s largest inland enclosed water body, consists of three basins hamely northern(shallow, mean
depth of about 10 m and covering 80000 km?), the middle (rather deep, with mean depth of about 200 m, maximum depth
788 m and covering 138000 km?) and the southern (deep, with a mean depth of 350 m, maximum depth 1025 m and
covering 164840 km?) and is located between 36.5 Nand 47.2N, and 46.5E and 54.1E (Aubrey et al., 1994; Aubrey, 1994).
The depth varies greatly over this sea (Ismailova, 2004, Figure 2). The northern basin, after a sudden depth transition at the
shelf edge, reaches the middle one. The middle and southern basins are divided by the Absheron sill or strait (with maximum
depth of 180m).The western slopes of the two deeper basins are fairly steep compared to the eastern slope (Gunduz and
Ozsoy, 2014). Peeters et al (2000) have also estimated the ages of waters of the Caspian Sea basins while considering the
exchange between the middle and southern basins, based on chemical tracers and found typical ages of about 20 to 25 years
depending on the exchange rates. This exchange rate seems to vary year by year that is dominated by atmospheric forcing.
The Caspian Sea is enclosed with tides being fairly weak and circulation in this sea is mainly due to wind and buoyancy,
although some wave-driven flows also occur in coastal regions [Bondarenko, 1993; Ghaffari and Chegini, 2010; Ghaffari et
al., 2013; lbrayev et al., 2010; Terziev et al., 1992].The seasonal circulation based on a coupled sea hydrodynamics, air—sea

interaction and sea ice thermodynamics model of the Caspian Sea was investigated by Ibrayev et al(2010) and Gunduz and
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Ozsoy, 2014).The effect of fresh water inflow to the Caspian Sea on seasonal variations of salinity and circulation (or flow)
pattern of the Caspian Sea surface has also been studied using HYCOM model (Kara et al, 2010). These studies indicate that
in north-eastern parts of the middle basin of this sea there are signs of sinking water in cold season. Such deep convection
can lead to thermocline convection affected by side topography of these basins (middle and southern basins). These deep
topographically influenced rotating flows constitute the abyssal circulation of the Caspian Sea.

The main aim of our work is to investigate some aspects of the abyssal flows in the southern Caspian Sea basin using CTD
data and some simulations of a numerical model. Firstly, we explain why abyssal circulation can occur in the Caspian Sea,
and then discuss the structure of the outflow (overflow) from the middle to the southern Caspian Sea over the Absheron sill.
An analytical model for the overflow gravity current over the Absheron sill, with inertial and frictional effects is then
presented. After the flow passes over the Absheron sill, we present a new model for the structure of this flow using another
analytical model based on potential vorticity, similar to that of Bidokhti and Ezam (2009) but the bottom friction and
entrainment is included. We then calculate values of mass transport flushing times, and discuss the pathway of gravity
current in southern Caspian Sea basin.

2 Data used and results
2.1 Observational data
The sea surface temperature (SST) in the northern basin ranges from below zero under frozen ice in winter to 25-26 °C in

summer, while more moderate variability occurs in the southern basin changing from 7-10 °C in winter to 25-29 °C in
summer (Ibrayev et al., 2010). To illustrate the differences of surface temperatures of the middle, southern, and northern
basins in various seasons, time series of surface temperatures are plotted using MODIS data from 2014 to 2015 in figure
1.These data are hourly data, so the temperature values are slightly different from the average value mentioned by Ibrayev et
al., 2010. In winter, the surface temperature difference between the northern and southern basin is approximately 16 °C.
Apart from this, the Caspian Sea has low salinity. In deep water areas, salinity varies little with depth (12.80-13.08 psu), and
the density stratification largely depends on temperature variation (Terziev et al., 1992). Hence, denser water of the middle

basin, in comparison to that of the southern basin, is expected as will now be shown.
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Figure 1: Comparison the surface temperature in Northern (Lat: 46.5°, Long: 50°) (blue), Middle (Lat: 39.5°, Long: 51°)
(green), and Southern (Lat: 37°, Long: 52°) (red), basins of the Caspian Sea.
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The CTD data are obtained from UNESCO Atomic Energy International Agency, forsummer1996 (Figure 2). Vertical
profiles of temperature, T, salinity, S and sigma-T, for the northern, middle, and southern Caspian Sea basins, show
differences in temperature, salinity and sigma-T between these basins. Figure 3 shows typical vertical profiles of T, S and
sigma-T in these basins (points a and b in Figure 2 right). Due to the density difference between the middle and southern
basins, dense current crosses the Absheron sill. The cross-section of sigma-T shows that the abyssal gravity current moves
from middle to southern basin (Figure 4). In order to further illustrate the location of Figure 4, it should be mentioned that
the depth of water in this area is about 180 to 200 meters and the nearest distance of measured data is about 80 km from the
coast of Azerbaijan

Due to the limited observational data, more extensive measurements and high resolution data are required to find the outflow
structure and determine the analytical model parameters. For this reason, numerical model results have been used to do

further analyses and also acquire the parameters of the overflow for the analytical model.
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Figure 2: Schematic of the Caspian Sea and locations of CTD and ADCP measurements, the geographic position of
transects (right), and topography of the basins, showing the Absheron sill (left). The cross- sections marked with Greek letters
are pointed out in section3.2.1. The purpose of bringing the figure here is to compare the location of two cross-sections D
and V.
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Figure 3: Comparison Salinity, S and temperature, T (right), and density (left) profiles between points a, in middle (MCS)
and b, in southern (SCS) Caspian Sea basins (Figure 2 right).
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Figure 4: Observed sigma-T (left) and temperature (right) fields along transect B in summer, shown in Figure 2 right.
2.2 Some general features of the COHERENS numerical model, and its boundary and initial conditions

Here the COHERENS (Coupled Hydrodynamical Ecological model for Regional Shelf seas; Luyten et al., 1999) has been
used. COHERENS uses a vertical sigma coordinate and the hydrostatic incompressible version of the Navier-Stokes
equations with Boussinesq approximation and equations of temperature and salinity. The model uses an Arakawa C-grid

(Arakawa and Suarez, 1983) and equations are solved numerically using the mode-splitting technique. The grid size in
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horizontal is 0.046 x 0.046 degrees, typically 5 km, and 30 sigma layers, labelled k (the bottom layer is 1 and surface one is
30). The coastlines and bathymetry data with 0.5° x0.5° resolution are acquired from GEBCO, although interpolated and
smoothed slightly.

The model was initialized for winter (January) using monthly mean temperature and salinity climatology obtained from Kara
et al (2010); and it was forced by six hourly wind, acquired from ECMWF (Mazaheri et al., 2013), and air pressure and
temperature with 0.5°x0.5°resolution acquired from ECMWF (ERA-Interim) reanalyses. Precipitation rate, cloud cover and
relative humidity (2.5°x2.5%) were derived from NCEP/NCAR re-analysis data. The river inflows (from the Global Runoff
Data Centre) were also included. The time steps of barotropic and baroclinic modes are 15 s and 150 s respectively. The total
simulation time is five years (from 2000 to 2004 inclusive) with six hour varying meteorological forcing and then the results
of the last year are shown. The results of numerical model are validate by ADCP data between the estuary of the Sefidrood
River and Anzali port (figure 2, 5). These data are collected by National Institute of Oceanography and Atmospheric
Sciences, from November 2004 to the end of January 2005 (Shiea et al., 2016).This data was recorded by RCM9 current
meters (at the ADCP station) at 3 depths on a mooring, near surface, 50 m, and 200 m.The simulation results of mean and
long period variations of surface velocity components are rather consistent with observations. The difference in velocity
between observation and model comes from some of the assumptions and the resolution used in the model as can be
expected. The distance between two adjacent grid points in model is about 5 km and the ADCP data are a point in between

two grid points, so interpolation are used to compare the model results with data of the point of observations.
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Figure 5: Comparison between numerical model results of surface current components and observation near the Sefidrood
River and Anzali port (Shiea et al., 2016).

Typical numerical results of deep flows for the middle and southern basins of the Caspian Sea (the flow for the northern
basin is not shown) for May and December of 2004, after four years of warm up of the model operation, are shown in Figure

6,7 and 8. The deep narrow flow in the middlebasin and the overflow over the Absheron sill and in the north western
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boundary of the southern basin are clearly observed. As the northern shallow waters of the Caspian Sea are subjected to high
evaporation in summer, in the following cold seasons these waters become dense and start to sink, mainly in the north
eastern side (Gunduz and Ozsoy, 2014), into the middle basin(figure 6) . The flow due to its high density enters the deep part
of the middle Caspian and starts to fill the middle Caspian Sea basin. After filling the middle Caspian basin, it appears to
overflow into the southern basin, due to shape of Absheron strait that looks like a sill similar to Denmark Strait. This enters
the southern Caspian Sea through Absheron strait. The topography has a strong effect on the deep basin flows. From such
results the parameters of the deep flow are derived. There is a clear indication that the heavier water of the middle basin is
overflowing near the bottom left towards the southern basin (figure 8, 9). For comparison between the results of the
numerical model and observation data based on Fig.7, it indicates that the numerical model shows higher temperature than
that of observation data at the same depth. For example, if we consider potential temperature of 6 degrees Celsius (see Fig. 7,
isothermal line), its isothermal line is at a depth of 200-300 in the numerical model, and this value isotherm is at about 200-
250 m based on observation data. The reasons for this can be due to the fact that the results from the numerical model (2004)
and observation data (1996) are generally for different years. Apart from this, Observation data is for about one day and at a
certain time, but the numerical model is averaged over a month (corresponding month i.e. September) and also the number of
measured points is much less than those of the numerical model results. On the other hand, the Absheron strait is shallow,
hence weather forcing are significant and effective on the structure of temperature. As a result, in this area, we did not try to
compare the numerical model simulations with observation data in terms of the identical position of the isothermal line. We
intend to justify that the numerical model simulations are rather accurately predicted and field data confirms this rather well.

Due to lack of field data, we used the numerical model simulations as well as the limited observation data in this paper.
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Figure 6: Cross-Section (N-S) of the mean density obtained from model simulation during September (left) and May (right).
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Figure 9: Monthly mean currents (m/s) in layer "k=3" (near the bottom) and temperature obtained from model simulations
in southern (left) and middle (right) basins of the Caspian Sea for the months of May, December (2004).

The deep flow seems to follow the bottom topography, indicating that the bottom slopes of the middle and southern basins

strongly influence the abyssal circulation. This in fact led us to propose an analytical model for the density current on a
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sloping bottom affected by bottom friction and entrainment, hence, spiralling into the deep parts of the southern Caspian Sea

U

basin. Typical Rossby number of this flow is about Ro = — = 0.2/(10~* x 20 x 10%) ~0.1 (here U is typical speed of the

W

overflow and W is its width), which justifies the geostrophic flow (assumption) entering the southern basin.

3 Dynamics of the overflow
3.1 An analytical model for the overflow in the Strait

As the gravity current flows over the inclined sill, it adjusts itself under the gravitational, rotational and frictional forces. The
zonal and meridional components of momentum of the buoyancy driven current are given by assuming no pressure gradient;
a uniform dense flow under a less dense layer at rest; x coordinate is eastward (directed along the slope) and y is northward

(y perpendicular to slope, see Figure 10); with entrainments at its boundaries, E(here solely as a frictional factor otherwise
the flow becomes three dimensional and a similarity method would be suitable) and with bottom friction, Tp; under these

simplifying assumptions, the continuity equation is trivial and hence, the required momentum equations for the solution are:

dU_fv_h_E

— = —u

dt pH H
ﬂ=—fu—g'tan9—ﬁ—Ev 1)
dt pH H

Where u and v are Lagrangian eastward and northward components of velocity respectively (Figure 10), f is the Coriolis
parameter (= 2Q sin v, where Q is the earth angular speed, and v is the latitude angle),calculated as f ~9.2x10°s .0 is the
bottom slope angle and here tan 6=0.02, g’ is the reduced gravity, values of reduced gravity were calculated for different

seasons (see table 2) and H is the depth of overflow (thickness of the overflowing layer), about 50 to 70 m. The stress on the

ocean bhottom, 7, is parameterized by the usual quadratic form, Ty=pCgylU|u or v where Cg is drag coefficient and U is the

magnitude of velocity. To simplify the analysis, we definer;, = % andr, = g.The solutions of these differential equations

are as follows: (where x and y are Lagrangian location coordinates of the flow and c,and c,are constants to be found from

initial conditions, see Table 2below).

g'ftan@

2 2
fe+(r,+r,) ?)
g'(r, +r,)tan@
f24+(r,+r)?

u(t) = ce " cos(ft) + c,e ' sin( ft) —

v(t) = —c,e " sin( ft) + c,e " cos(ft) —
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X(t) = fc, —(r, +r,)c, &~ ) gin f) — fc, +(r, +1,)c, e G o (Ft) — g'ftan@ fc, +(r, +r.)c,

f2+(r, +r1,)? f2+(r, +r1,)? f2+(r, +r1,)? f24+(r +r)?
_ ‘(r. +r,tan@ —
y(t) = fc22 +(r, + re)czzl & B gin( f1) + fc12 (r, + re)c,;2 & Cos(ft) - g 5 L+ T, : (rb2+ r.)c, f;:1
f+(r,+r) fe+(r,+r,) f+(rn,+r) fo+(r,+r)

Where:

¢, =v, + gf Erb + re)tanze
+(r,+r1,) 3)
g'ftand
f24(r, +r)?

C, =u,
upand v, are components of velocity when the gravity current just begins to flow over the inclined sill.
As the time passes, the flow tends to reach a steady state and moves parallel to the sloped bed. Then in this situation v;_,,, and

Ui_..are obtained from the following equation in which « is the flow angle from zonal east-west direction and A is its initial

value.
U =— 2g'ftan9 . Hm:_g'(zerrre)tanZH
fo+(r+r,) fo+(r+r)
tan i = Vti,,u =arctan(- b :: re) (4)
tow

v v
tan A =, 1 =arctan(-%)
Up Up

As the flow develops with time it shows some oscillations with the local inertial period, and after a few inertial periods it
acquires a steady state velocity namely u,_., and v,_,.. The analytical model input parameters (see Table 2 below) were
determined from observations (cross-sections shown in Figure 4) and numerical simulations in the Strait of Absheron,from

the cross-sections as shown in Figurell.
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Figurel0: A schematic diagram of the sinking flow in the middle basin and the overflow current over Absheron sill
(top),and topography around the sill in the middle of the Caspian Sea with the chosen coordinates (bottom).
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Figurell: Simulated density fields along transect C in Sept. and Nov. 2004.

3.1.1 Estimation of drag coefficient and entrainment parameter

Johnson and Sanford (1992) estimated C4=3x10" from the analysis of data from the Mediterranean outflow. Girton and
Sanford (2003) used C4=3x10" for Denmark Strait and Cheng et al (1999) studied the bottom roughness length and bottom
shear stress in South San Francisco Bay and calculated Cq4 from 2x10 to 6x107. In this study we have conducted the
analysis using C4=3x107 and 5x10. Hence, r, =Cq4 u /H=0.003x0.2/50 ~ 1 x10°°1/s and r,= Cqu/H=0.005x0.2/50 ~ 2x10~°

1/s. ug is an entrainment speed and defined as ug =E*xU where E* is entrainment parameter that depends on a function of
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the layer Richardson number (Price and Bringer, 1994). Ri is the bulk Richardson number defined as Ri = %cos@, withU

being the amplitude of layer velocity, 0 is the bottom slope. There are many methods to calculate E* of which some are

presented in table 1. Based on Ri for the outflow and due to the fact that Ri varies at different locations, we use two values

for r.. Using U as 0.1 to 0.2 m/s, g'=0.00222-0.00251m/s”, H=50-70 m, tan 6=0.02, Ri = “=°=>220.99~ 3.1. Based on

table 1 and Ri >0.08, we used mean E* based on formulas 2, 3, 4 and 5. For this section, r. values are considered as 5x10®
and 1x107 based on typical value for Ri, U and H.

Table 1:Some of the published E* equations based on Ri (Kashefipour et al, 2010)

1 Ellison and Turner 1959 *_0.08—0.1Ri
1+5Ri
2 Ashida and Egashira 1977 E"=0.0015Ri™
. _ 0.075
3 Garcia 1985 E*= e zs
4 Kessel and Krancnburg * 5.5x1073
1996 E 3.6Ri—1+/(3.6Ri—1)2+0.15

S Karamzade 2004 E*:00021 Ri—11238

3. 1.2 The result of the analytical model

Figures12 and 13show that as the flow passes through the Strait, due to the Coriolis force it is deflected to the right. If initial
velocity is greater, it moves farther along the meridian. The results show that at later times (especially for larger ry and )
the flow moves a shorter distance in longitude and the direction of flow loses its sinusoidal oscillations (Figure12 and Table
2). According to Table 2, the angle between the velocity and eastward is increased when compared with the initial velocity.
After an initial acceleration, the flow oscillates a few times before adjusting to a flow at a small angle to the isobaths,
depending on the bottom friction coefficients and entrainment (Figures 12and13).The results are based on uniform sloped
bottom in the southern basin and initially the flow moves over the ramp. However, due to the bottom topography in southern
basin and the narrow Apsheron strait and it is estimated that the flow is trapped after about 10 km downstream.

Due to a bottom slope of 0=0.02, the flow sinks approximately 180-200 m in the southern basin, as the numerical model
confirms (Figures 6 and 7). For example, if we consider isothermal of 6.2 ° in observation data (Fig.7) the water sinks about
200 m after the strait. Based on numerical simulations, as in the Fig. 7, the water sinks about 200-250 m. To determine its

sinking value exactly, it should be better to use another method because the flow does not exactly move the North-South
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direction (Fig.9). If it is calculated based on the changes in isopycnal in transect A and C (Fig. 11 and 19, isopycnal 1008.9
kg/m® in September), the sinking is 180-200 m.

In its following path, the flow have a different dynamic, thus another analytical model to describe the flow is presented
(section 3.2).

0 C r, =2x1075,r,=5x10° (s1) 220 IS r, =2x1073,r,=5x10° (s%)
-5000 |- r, =2x1075,r,=1x107 (s?) E rp =2x107,r,.=1x10" (s)
: 200
-10000 F r
i B ssal
'g -15000 F % 180
— 5 — B
> | -20000F = 160
-25000 jaol
-30000 | L
g 120
-35000 |
40000 E———1 - e e
= = 2 i L i 1 i i 1
100 i 8 0 200000 400000
X(m)
t(s)

Figurel2: The flow paths (southwards, based on local coordinates used, see model descriptions above, t~ 3 day) and its
angle from eastward direction of the flow with different coefficients of entrainments. It should be noted that the scale of two
axes is not the same.

r, =0,r.=0(s?)

rp, =0,r.=0(s) - r, =2x10°5,r,=5x10°6 (s)
r, =2x1075,r,=5x10° (s*) 06 r, =2x10°5,r,=1x10° (s%)
rp =2x107%,r =1x107 (s%) B

L " n 1 L L " 1 L
0 200000 400000

L L A 1 L L L 1 L
0 200000 400000
t(s) t(s)

Figurel3: Comparison of the velocity components with different coefficients of entrainments.
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Table 2: Boundary current parameters and variables obtained from the numerical model (see text).

g~ (m/s?) Vp(m/s) Up(m/s) Ui, (M/s) Vi_(m/s) /Adeg) A(deg)
NOV 0.00222 -0.12 -0.044 -0.12 -0.119 160 107
JAN 0.00239 -0.133 -0.047 -0.13 -0.13 160 109.60
MAY 0.00251 -0.147 -0.031 -0.135 -0.135 160 101.91
SEP 0.00241 -0.19 -0.078 -0.132 -0.13 160 112.32

3. 2Vorticity and potential vorticity (PV) over the sill

Here we consider the structure of fluid flowing on the sill in terms of its vorticity and PV. Falcini and Salusti (2015)

presented an analytic model for the Sicily channel: vorticity and PV equations based on the stream-tube model (Smith, 1975;

Killworth, 1977). To deal with this, they used (¢, w) coordinate system, a modified form of that used by Astraldi et al.
(2001). In this frame, s the along-flow coordinate and  is the cross-flow coordinate (see Figure 1 in Smith, 1975). In this
method, friction and mixing effects are considered for estimation of potential vorticity whereas other models assume a zero-
PV flow (Whitehead et al., 1974).They presented two formulas to calculate vorticity and potential vorticity (5and
6).Formulas are based on a homogeneous bottom water vein and using shallow water theory (over bars indicate cross
sectional averages). To obtain the formula, the bottom water is assumed to be well mixed and the flow has a strong axial

velocity nearly uniform over the cross section of the stream and also the cross-stream scale is assumed to be much smaller

than the local radius of curvature of the streamline axis.
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Here {and I7 are respectively the mean relative vorticity and potential vorticity, h is the layer thickness and 04/0x is slopes
of the isopycnals, {, and, are receptively the initial vorticity and velocity. To be applicable, some terms in Eq.5 are
considered as cross sectional averages. Three terms are significant in vorticity: a stretching term, the entrainment effect, and
friction. In 5 and 6, some symbols has been changed based on the present work. To estimate all parameters in these formulas,
we use 5 transects from strait (I) to the southern area (V) (figure 16).Typically, for November in transect 11l Ah=180
m,Ax=38 km, %=0.11 m/s, h=180 m, are estimated. In the calculation of r,, based on Ri number similar to that in section 3.1,

r,=2x107° (1/s) and r,=4x10°(for transect 1), 8x10™(for transect 1) are calculated based on formulas in table 1(figure 14).

In transect IV and V, r.~0 because of large Ri~ 40 to 50. Using Egs. 5 and 6, profiles of {and I7 are plotted in figures 15 as
functions of & along the steam tube.

E* x103

Figure 14: changes of entrainment coefficients based on different Richardson numbers for May in transects shown in figure

16. The formulas in table 1 are used to estimate E* (the numbers refer to the equation numbers in table 1). To use E” in Eq.
5and 6, mean values for E is also estimated (black).
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Figure 15: Changes in ¢(s™) and II (m™s™) along the flow based on Egs. 5 and 6.

Figure 15illustratesthat " values increase from | to V, because of stretching term in Eq. 5, although Sep and Jan values have
different behaviour in transect IV to V. However after the transect Ill, the changes are not considerable, because the depth
does not vary significantly (stretching term) and entrainment have been ignored as Ri is large after this transect. The month
of November has the maximum value of vorticity of about 8.5x107° (1/s) in transect V, although the Jan. value has minimum
vorticity among other months and also the changes are very little after transect I1l. When it comes to II, the graph shows
decreases from | to 1V, but after IV the IT values are almost constant. For example, the changes of IT over sill are about 7x10°

"(m™s™) and 4 x107(m™*s™) for Sep. and Jan. respectively, due to bottom friction and entrainment.

3.2.1 A model for the trapped flow

As the flow enters the southern Caspian Sea basin, it adjusts into an internal Quasi-geostrophic flow, because of topography
in the southern Caspian basin (see Figure 16). When moving along the topography of the sloping sea bed, the governing
equations of steady flow and similar assumptions as for the analytical model above, such as being homogeneous, and steady,
with bottom friction (see section 3.1) are as follows:

fv—g'a—h—ru
ox "

,oh (7)
—fu=g'—-rnv
ay b
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No mixing is an assumption due to flow entrainments near its boundaries due to Ri~50 (E=0, or r,=0). Where now u and v
are respectively the eastward and northward velocity components (see Figurel6), g~ is the reduced gravity, ryis the friction
coefficient (considered 0.00002 s™), and dh/dx, 6h/dy are slopes of the isopycnals of the overflow, related to the pressure

gradient. From equation (7) it follows, assuming oh/0y<<oh/ox:

' 62h
¢ = ° r.?> ox?
f
Potential vorticity is defined as:
+ f
- (©)

After substituting Eq. (8) in Eq. (9), an equation for h is obtained.

o*th
a P
Where:
f+$
B2 =( —)T1
f+ﬁ
f
y=( g ) f

To estimate IT in transect D, we assume that Iy~ ITp because after the sill the flow depth is not changing and entrainment
effect is almost zero. On the other hand, the bottom friction is important, however due to the short distance between D and V
(figures 16 and 2), we use this assumption and overlook this effect. The solution of h equation is as follows which is also
shown in Figure 16:

h=ce” +ce” +-2L

1 2 ﬂz (10)
Where cjand c,are constants determined by the conditions that at the near-shore boundary(x=0) the flow vanishes, therefore
x derivative of h near the shore is negligible. (See Figure 16, and Figure 17which was used to derive values for these
conditions); using these boundary conditions gives:

C1=Cy=C
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Hence, according to the equation, at x=0, h1=2c+l% and at x=R, hg=c (&} + e”%) +l;/_2 then:

Pe _Lz
R= ﬂicosh’l(—_i)
1 ﬁZ

(11)

B is is the scale of the flow. Using equation 11 and also the result of the graph (figurel7), the Rossby deformation radius is
then calculated (Table 3).

Sea surface

Figurel6: The parameters of the outflow model, a typical isopycnal surface is shown after the sill with corresponding h
values found from the density fields such as shown in Figurel17(left) (Axes are in right-hand coordinates) and the locations
of transects to estimate the changes of vorticity and PV (right).
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Figurel7: Density fields along transect D in May (right) and Nov.(left).
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3.2. 1.1 Results of the analytical model for trapped current

This model is presented for the trapped flow after Absheron sill due to Coriolis effect. In this present work, due to the fact
that we consider the friction and entrainment, the potential vorticity is not conserved, in contrast with the analysis of
Bidokhti and Ezam (2009) for the Persian Gulf outflow. To calculate the changes in potential vorticity, we use the method of
Falcini and Salusti used in Sicily Channel. Results show that the Rossby deformation radius (length, ~™) or the effective
width of the flow directly depends on the drag coefficients and reduced gravity which varies for different seasons (based on
Eq.11). The smallest and largest widths (Rossby lengths) of the flow are for January and May respectively (table
3).According to the results, Rossby deformation radius varies from 17 to 30 km in different seasons. The results illustrate
that the decrease in potential vorticity increases the flow Rossby deformation radius, which means that when we use initial
vorticity on strait (IT)~ IIp) the radius will decrease. For instance, in September we assume that the IT;~ Il similar to
previous work Bidokhti and Ezam(2009); the radius is calculated about 12 km. Due to the results, we can predict that Rossby
deformation radius will increase in another location of the southern Caspian sea (near the Iranian coast), transect E in figure
2 because the bottom friction decrease Il rather than I1p The numerical model (figure 9) confirms this prediction. As a
result, Eq.7 and 8 can predict the changes of vorticity correctly over and after the Absheron sill. In order to evaluate the
accuracy of the analytical model, the Rossby deformation radius is directly estimated from the numerical simulations. As
shown in table 3, the analytical model also predicts this but with slightly smaller value. These results are based on certain
assumptions used in these models, hence some errors are predictable. For example, due to what was mentioned ,we assume
that Ty~ I1p, however, in reality is IIp<I1,. As a result, the Rossby deformation radius is underestimated due to decreasing in

potential vorticity that increases the flow Rossby deformation radius.

Table 3: Boundary trapped current model parameters (see Figurel6 and transect D in figure 17) and values of R. The last
column shows that direct calculation from the result of numerical model.

ho(m) hy(m) hr (m) R (km) R (km)
Analytical Numerical
NOV 120 270 400 17 18
JAN 150 440 485 15 16
MAY 110 300 400 30 34
SEP 140 430 570 25 35
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3.3 Flushing times andthe volumes of dense water calculations

In this section, as we derive the parameters of the overflow, a relation is presented for the calculation of the abyssal volume
flow rate between the two basins of the Caspian Sea via the Absheron Strait. This is given by (12) in which v is the mean
magnitude of geostrophic velocity of the overflow and ds is an element of its cross section area.

Q,= J. vds (12)
Due to the parabolic form of the bottom topography of Absheron Strait, its geometry of the dense overflow in this valley like
shape (Figurel8) can be given by:

Z =ax® +bx+c

e (13) 10

Where a, b, ¢, A and « are assumed to be constant. We consider the new definition for isopycnal in this part (h”) because
Strait is narrow and the shape of its isopycnal lines is simpler than the current in the southern Caspian Sea. Apart from this,
the isopicnal line slope is not zero to calculate the constant value (for estimation of h) similar to section 3.2.1.

Due to the fact that Z and h”(isopycnal line) in graph (Figurel8) are from L;to L,we can calculate h” and Z values at (x=L,)
and (x=L,), Substituting Eq. (13) in Eq. (12) and using these assumptions and that v, the geostrophic flow speed, is given by

the slope of h” in x direction, we have:

_g’Hl—Hz _é —ad, _nely | @3 g3 _9 2 g2
@—fLﬁL[[a@ e] ERE LR (14)
Where:

q_ HoL +HL,
L (L2 +LL,)

H,L+H,L, H,

b= 2
ZrLL, L

[Ly[+|La|

If we assume that L = , we have

Q

g' Hl—HZ[ZA .

2 13
= L L nh(al) —gaL J (15)

—SI
[24
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Where: H,+H,
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H,—H,
b:
2L
H
A=
a=— Lt
2L H,

To obtain the Eq. 15, we defined L based on L, and L, because L,# L;. Although the minimum of Z is not exactly at x=0, as it
does not create large error. To show this reality, the Qy is calculated separately with Eq. 14 and 15.The results show that the
error is about 2-5 percent rather than using any assumptions (Eq.14).

To calculate the mean monthly volume flow rate of the deep current that enters the southern basin of the Caspian Sea, we
assume that its density is greater than 1008.78kg/m°, the average density (for different seasons) of the flow upper boundary
(e.g. Figurel9)and use equation (17) and figure19for this purpose.

For the times that the middle and southern basins are filled, first the volumes of middle (Vy,), and southern (Vs) basins (see
Figure 18) are calculated below three levels (z=0,z=-100, and z=-150 m, the approximate depth of the Absheron sill that is
more appropriate only for southern basin), then if we assume the same annual mean value Qy for both basins, these filling
times are estimated. The results of these calculations and comparisons between them in different seasons are given in Tables
4and 5.The results show that the maximum and minimum flow rates of abyssal water that enter the Southern Caspian Sea are
in May and November respectively. In order to check the accuracy of Eq. 15, the Qy is directly calculated from the numerical
simulations without any assumptions. As shown in table 4, the model predicts this value which is less than the analytical
value. This underestimation can be due to the fact that we use some assumptions to obtain Eq. 15. The velocity used is the
geostrophic velocity and the isopycnal line is simplified. Apart from this, some errors comes from the choice of 1008.78
kg/m® contour as its position changes for different months. If we consider the contour 1008.9 kg/m®, it is appropriate for
some months like January, but it is not useful for November because the maximum contour is 1008.8 kg/m® for this month.
This method can create some error in some month, for example for January; the contour does not exactly reach the bottom.
To solve this problem we can use special contour for each month, however we ignore this method because it is not useful to
calculate Qy under the same conditions for all month. The flushing time is estimated based on the direct calculation from the
numerical simulations. The results show that the flushing time is about 6-7(middle basin) and 13-14 (southern basin) years
for the numerical simulations based on z=0. As a result, the Eq. 15 can be useful to estimate the volume flux of water in the
strait, particularly in this oceanic environment without ADCP data. For example in Persian Gulf, there are many CTD data
on the Hormuz strait based on Bidokhti and Ezam(2009) but there is not any ADCP data, so the result of this paper can be

used to estimate the volume of deep water in their work.
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Figurel9: Typical density fields along transect A for Jan. (left) and Sept. (right) from which we calculate the flow rates.

Table4: The model boundary current parameters (1 Sv=10° m%s) for different months. The last column (red symbol)
show direct calculation from the numerical model

H1 (m) Ha(m) 2L (m) Qu(Sv) Qv(Sv)
Analytical Numerical
NOV 55 10 19000 0.016 0.034
JAN 145 85 32000 0.115 0.15
MAY 145 55 34000 0.146 0.17
SEP 135 45 27500 0.116 0.16

23



10

15

20

25

30

Table 5: Flushing times of the middle(T,,) and the southern (Ts) basins (using an annual average volume flow rate (,Qv)
below three levels.

Level Vm(m®x10%)  Vg(m®x10%)  Tp(year)  Tg(year)
z=0 (sea surface) 2.55 5.12 8.35 16.77
z=-100 1.09 4.13 3.57 13.5
z=-150 0.36 3.62 1.17 11.85

4, Conclusions

The results of observations and numerical simulations showed that there is an abyssal flow from the middle to the southern
basins of the Caspian Sea. The density difference between the deeper water of the middle basin and that of southern basin
leads to an overflow gravity current over the Absheron sill. This difference is mainly due to the temperature difference
between deeper parts of these two basins, as a result of cold water initially sinking in the northern part of this Sea, at about
48 degrees latitude, that fills first the middle basin and then overflows towards the southern basin. In the autumn and winter,
surface water cools and its density is increased and then sinks to the deep part of the middle basin, as the deep convection
process in high latitude oceans. Winter storms and cold wind provide the cooling of this rather high-latitude shallow water in
the northern basin.

Analytical models for the gravity driven flow over the sloped bed of the Absheron sill and that of subsequent trapped flow,
were used to estimate typical mass transport and flushing times of the deep water basins of this Sea. The model for the
gravity driven flow over a sloped bed has inertial, Coriolis and frictional forces included. In its initial stage the flow has
some oscillations of inertial type with typical local inertial period at this latitude. After this varying behaviour, the flow
adjusts itself moving south as a gravity driven topographically trapped current, spiralling into deeper parts due to bottom
friction and entrainment. It always tends to move toward the western shores of this Sea, mainly due to the Coriolis force that
shifts it to the right. Such flow is important in the abyssal circulation and ventilation of the deep southern basin of the
Caspian Sea. The model for the determining Rossby length of the flow showed that it varies for different seasons. For
vorticity and potential vorticity of the flow, the formulas which are presented by Falcini and Salusti(2015) are used to
estimate the changes of relative vorticity and potential vorticity over Absheron sill, that are used in the analytical trapped
current.

Results also showed that nearly 3.05x10* m°of water per year by this abyssal flow can enter the Southern basin giving a
typical flushing time of about 15 to 20 years which are of the same order as those estimated by Peeters et al. (2000), as the
southern Caspian basin ecosystem is strongly dependent on this flow.

The northern and middle Caspian Sea basins have become important areas for oil and gas explorations (especially the
Absheron shallow Strait area) and marine transport nowadays. Since the Caspian Sea is an enclosed sea, the adverse effects

of such activities may particularly affect the deep part of these Caspian Sea basins. For this reason, it is recommended that
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more detailed observational data are collected in the deep parts of the southern and middle basins of the Caspian Sea, by
joint projects with neighbouring countries. More extensive and high resolution observational data and numerical simulations
are required to find more details of the outflow structure over and around the Absheron sill (Strait) and the deeper parts of

this Sea basins.
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