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ABSTRACT

The effect of the continental shelf wave on the flow field over the southern shelf of the Caspian Sea (CS) as

the largest enclosed basin of the world, is investigated. Considerable currents with subinertial time scales are

observed over the continental shelf in the southern CS. For variations in the surface layer with typical periods

of 1 day, local episodic wind events appear to be the driving force. For longer time scales, it is suggested that

the observed currents are due to passing continental shelf waves.Measurements over the continental shelf and

shelf slope, showing periods of 2–6 days, indicate the presence of such waves. Combined with theory and

numerical modeling, the amplitude of the continental shelf wave modes at the coast is assessed from current

meter observations. It is demonstrated that themean drift velocity (the Stokes drift) for long continental shelf

waves is determined entirely by the shelf geometry. For the actual shelf mode, it is shown that the associated

Stokes drift constitute a nonnegligible mean current along the shelf. This current should be taken into account

when assessing the transport of biological material and neutral tracers along the southern coast of the CS.

1. Introduction

Flow-field observations in diverse enclosed water

bodies indicate the existence of oscillations with a pe-

riod of a few days (Mysak 1984). Measurements from

stations on the southern continental shelf of the

Caspian Sea (CS) with negligible tidal motion, dem-

onstrate the importance of the sea breeze as periodic

surface forcing on diurnal scales (see, e.g., Ghaffari

and Chegini 2010; Ghaffari et al. 2010). However, in

Ghaffari and Chegini (2010) ADCP measurements

from a station in the shallow part of the southeastern

CS are presented, showing sporadic strong currents

with a frequency scale of 1 cpd (cpd is cycles per day),

as well as events of strong currents with a frequency

range of several days (;0.17 cpd). We here present

current measurements from the southern part of the

Caspian shelf. In particular we focus on motion over

the shelf slope with periods of several days. We argue

that this signifies the presence of a continental shelf

wave (hereafter referred to as CSW). Evidence for the

existence of CSW in the ocean has been found through

analysis of current meter and sea level records (see,

e.g., Cutchin and Smith 1973). In the northern and

middle part of the CS, such waves with similar periods

have been recorded previously (Bondarenko 2001).

They can be generated by strong winds (e.g., Gill and

Schuman 1974) anywhere on the western part of the

CS where the bottom topography is favorable. Since

CSWs are trapped over the slope, and propagate with

shallow water to the right in the Northern Hemisphere

(Longuet-Higgins 1965), they reach the southern shelf,

eventually modified by local winds and changing bottom

topography.

Basically, CSWs owe their existence to the conserva-

tion of potential vorticity in an inviscid rotating ocean.

On an f plane, the displacement of vertical water col-

umns across bottom contours creates alternating posi-

tive and negative relative vorticity. The waves created
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by this alternating vorticity have a phase that propagates

with shallowwater to the right in theNorthernHemisphere.

Since the shelf regions are important spawning areas for fish

as well as sites for offshore oil exploration, and (more re-

cently) fish and wind farms, the currents induced by CSWs

havebeen studied extensively (Röhrs et al. 2014). Thorough
information on CSWs topic can be obtained from excellent

textbooks (LeBlond and Mysak 1978; Gill 1982). A more

recent review is given by Brink (1991).

It is well known that periodic wave motion in fluids

may induce a net transport of particles (e.g., Stokes

1847). In addition, if the wave momentum attenuates

due to friction in the fluid, mean momentum is trans-

ferred from the wave motion to mean Eulerian currents

(Longuet-Higgins 1953). While the latter current de-

pends crucially on how the effect of friction is modeled,

the Stokes drift velocity is virtually independent of

friction and can be obtained from the inviscid equations.

Traditionally the Stokes drift is studied in relation to

surface gravity waves (see, e.g., Phillips 1977). For

gravity waves that are trapped by bottom topography,

we refer to the paper by Kenyon (1969) on Stokes drift

in edge waves. Drivdal et al. (2016) derived the disper-

sion relation for CSWs for the idealized southwest

Norwegian shelf. The nonlinear mean drift induced by

barotropic CSWs is studied theoretically by Weber and

Drivdal (2012). The Stokes drift is also part of the more

comprehensive solution for the drift current in edge

waves by Weber and Ghaffari (2009) and Ghaffari and

Weber (2014).

In this paper, we will focus on the evidence of CSWs in

the CS. Additionally, the wave amplitudes will be esti-

mated from flow field observations. Hence, we can cal-

culate the nonlinear Stokes drift velocity for the wave

modes in question. Our results provide new information

concerning the net transport along the southern CS shelf.

The rest of this paper is organized as follows: in section 2,

we present the study area and revisit some flow field ob-

servation over the shelf slope of this region. Section 3

represents the mathematical formulation, where we study

the properties of linear CSWs related to the specific ge-

ometry of the CS shelf. In section 4, we discuss indications

of CSW in relation to observations and mathematical

formulation. Section 5 is devoted to the numerical exper-

iments using realistic and idealized impulsive atmospheric

forcing. In section 6, we derive the Stokes drift velocity for

the lowest shelf modes. Finally, a brief discussion and

concluding remarks are provided in section 7.

2. Study area and observation

The study area is located on the southern part of the

CS shelf; see Fig. 1. This region is subject to strong

alongshore currents (see, e.g., Ghaffari and Chegini

2010; Zaker et al. 2011). Since the theory of shelf waves

predicts prominent associated horizontal current fluc-

tuations, and modest sea level fluctuations (Cutchin and

Smith 1973), we mainly focus on the current measure-

ments in this study. To more closely examine the exis-

tence and behavior of CSW over the southern shelf of

the CS, we use bottom-mounted ADCP measurements

from the eastern continental margin (Fig. 2) and current

meter records (Fig. 5) from the western shelf slope (see

Ghaffari and Chegini 2010; Ghaffari et al. 2013). Wind

parameters were also recorded in the vicinity of the

observation position. All datasets for wind and currents

were decomposed in along- and cross-shore directions.

The ADCP observations are obtained at a station

4 km off the coast, where the depth is 14m. Spectral

analyses of the middepth current and wind time series

for both along- and cross-shore components (Fig. 2)

reveal prevalence of the low-frequency signals, with

dominant peaks at synoptic time scale on the order of

several days (;2–6 days). The along- and cross-shore

current components show roughly a similar amount of

energy at frequencies higher than 0.08 cph, while the

semidiurnal and diurnal frequencies are shown mainly

on the cross-shore spectrum. Wavelet analysis of wind

stress and current at middepth time series are used to

localize the time variation of the low-frequency signals.

Both along- and cross-shore components of wind show

at least two distinct episodes with local energy maxi-

mums at low frequencies (;2–6 days) on 10–17 August

and 6–16 September. The current wavelet spectrums

show few periods when the diurnal variation is signifi-

cant. However, the most prevailing band of significant

variability occurs in periods longer than diurnal scale.

Both along- and cross-shore wavelet spectrums reveal a

broader and less distinct local energy maximum at low

frequencies (;2–6 days). The scale-averaged variance

FIG. 1. Study area: red circles are shelf-current recording loca-

tions in the eastern and western parts in the southern basin of the

CS. Green points indicate locations where time series of the ve-

locity field are taken (counting from west to east).
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(averaged between 2.5 and 6 days) shows that the flow

field variability at this frequency band is almost present

during more than 90% of the ADCP listening period.

Rotary power spectra of hourly filtered current andwind

data (Fig. 9 in Ghaffari and Chegini 2010) reveals that in

diurnal and semidiurnal bands, currents are manifested

in positive sense which implies an anticlockwise rotation

forced by the local wind (sea breeze). Lower-frequency

FIG. 2. Measurements from the southeastern Caspian Sea (Ghaffari and Chegini 2010). (left) Wind (U10 and V10) and (right) current at

the middepth. (top) Spectral analysis of alongshore (solid line) and cross-shore (dashed line) components of wind speed and current.

(middle)Wavelet analysis of the alongshore component of wind stress andmiddepth current. (bottom)Wavelet analysis of the cross-shore

component of wind stress and middepth current. The 95% confidence level for wavelet transform is indicated with red contours. For each

wavelet panel, a scale-averaged variance over the 2.5-day band is paired, where a 95% significance level for averaged variance is indicated

with a blue dashed line.
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signals (;6 days) also indicate a weakly rotational mo-

tion. A more in-depth analysis of this dataset can be

found in Ghaffari and Chegini (2010). Wind stress time

series and velocity vector plot for the ADCP observa-

tions at surface, middepth, and bottom are presented in

Fig. 3, respectively. The figure implies that the main

energy of the flow field is located in the barotropicmode.

Variance ellipses for the daily averaged currents for

three depths are given in the right panels. These have

high eccentricities and the principal axes of the vari-

ability are closely aligned. The alignment andmagnitude

of the ellipses suggests the currents are fairly barotropic.

To quantify this, we calculated the barotropic fraction of

energy:

R5
Hhui"

Hhu2i1
*
�
N

n51

(u0)2 dz

+# , (1)

where N is the total number of the depth layers, u and

u0 are depth-averaged and depth-varying velocities, re-

spectively. The angle brackets in (1) are time averages

and H is the depth at the bottom-mounted ADCP lo-

cation. The depth-averaged velocity accounts for 95.5%

of the total variance in the flow field. Observations show

that the currents basically are barotropic with the mean

amplitude is ;0.2m s21 and periodic motion with pe-

riods from about 2 to 6 days is distinct. This fits well with

earlier observations, for example, Bondarenko (2001),

who reports currents with a similar order of amplitudes

and periods in the northern and middle parts of the CS.

Here, in particular, we are interested in the uppermost

ADCP measurements (1m below the surface), which

will be considered as surface measurement hereafter.

We consider two specific time intervals in 2003 for fur-

ther analysis: 13–14 August and 8–14 September. The

first interval is characterized by a strong alongshore

sporadic wind stress followed by large alongshore ve-

locities. In the second interval, the wind stress is mod-

erate, while we have strong currents with a period of

nearly 6 days. In this region, the wind speed fluctuates

slightly and wind directions are almost fixed in the cross-

shore direction (the sea breeze direction). Forcing from

the wind occurs on time scale from 1 day (the diurnal sea

breeze and sporadic storm events) to periods up to

6 days (synoptic weather systems). This feature is quite

different from that of the shelf current which magnitude

strongly fluctuates, and which direction changes almost

FIG. 3. Measurements from the southeastern Caspian Sea (Ghaffari and Chegini 2010). (first row) Alongshore

wind stress t1 and cross-shore wind stress t2, (second row) current velocity at surface, (third row) current velocity at

mid depth, and (fourth row) current velocity at the bottom. The solid gray line in the current plots represents

magnitude. The red curve represents current velocity based on 2D numerical model.
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1808 in the alongshore direction rather frequently. This

is evident from themeasurements presented byGhaffari

and Chegini (2010); see Fig. 3. Wind stress curl maps

over the entire CS for the second interval is shown in

Fig. 4. The wind stress maps demonstrate strong wind

over the central part which pushes toward the western

coast of the CS. The periodic subinertial currents on the

shelf in the second interval are probably not induced by

the local winds, which are weak. It is clearly noticeable

that due to the collision of northeast and southwest

wind fronts strong wind events historically occur at

the west coast of the CS (Bohluly et al. 2018). It is

therefore natural to consider this region as the gen-

eration area for CSWs. Observations over the south-

western shelf slope of the CS (230-m isobaths, CM

location Fig. 1) show an equivalent barotropic struc-

ture and quasi-periodic nature of the flow field in weak

wind condition. Here, the depth-averaged velocity is

accounts for 82% of the total variance in the mooring.

This is consistent with previous results which sug-

gested the flow field in the eastern part of the southern

basin is nearly barotropic. This mooring has current

meters at 3.5, 65, and 112m. Thus, the upper two are in

the seasonal thermocline (which spans the upper

;30m in summer) and the surface Ekman layer. We

focus on the deeper current records. In particular, we

are interested in the data from the current meter at

112-m depth. The local depth here is 230m, so this

current meter should be located well below the sur-

face Ekman layer and well above the frictional bottom

layer. The squared coherences between the three time

series are 0.6–0.8 at periods longer than 3 days. So the

low-frequency fluctuations have a reasonably large

vertical coherence. As this mooring yields the best

information about the flow in the basin interior, we

use its currents for the subsequent analysis (for more

details, see Ghaffari et al. 2013). Spectral density and

wavelet analysis of the along- and cross-shore com-

ponents of the velocity field (Fig. 5) also reveal that

the most prevailing flow field variability (which is

present ;80% of the recording period) is located on

the low-frequency band (;2.5–6 days). In Fig. 6 we

present data for January 2005. To suppress all signals

higher than 0.5 cpd, we applied a bandpass filter (0.17–

0.5 cpd) to the along- and cross-shore current com-

ponents. The wave-like behavior of the flow field is

evident within the filtered frequency band. Our par-

ticular interest here is the quasi-periodic behavior of

the cross-shore velocity component. Since this occurs

over the steep part of the shelf, it indicates that water

columns are moving back and forth across the iso-

baths, which is a necessary condition for maintain-

ing CSWs.

Observations from both western and eastern sides

of the southern Caspian shelf indicate the prevalence of

the subdiurnal oscillation of flow field. The relatively

weak relationship between the low-frequency along-

shore currents and wind stress indicates that these cur-

rents were not mainly driven by local winds, and other

forcing mechanisms should be brought into consider-

ation. Considering the characteristics of the observed

alongshore currents: peaks of energy at 2–6-day periods,

uniformity across the depth, and weak correlation with

the local wind stress suggest that CSWs are the most

FIG. 4. Curl of wind stress mapped over the CS using the ERA5 reanalysis field representing those events that were individuated in Fig. 3.
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likely candidate for producing such low-frequency cur-

rents over the southern shelf of the CS. The idea of

CSWs in the CS is not new. Bondarenko (2001) attri-

butes similar low-frequency currents in the central part

of the CS to the presence of such waves. In the next

section we analyze the dynamics of CSWs for an ideal-

ized shelf in the southern CS; see e.g., Fig. 7.

Under actual conditions in the surface sea layer, wind

induced currents play a rather significant role. Our data

show in the synoptic range of the current variability

oscillations with periods from 2–3 days to 1–3 weeks

prevail in the CS, that are reported previously by Baidin

and Kosarev (1986). Based on Brink (1991), these os-

cillations are related to the synoptic variability of the

direct wind impact and to coastal trapped waves, which

are supported by present study as well.

3. Mathematical formulation

In our theoretical study, we place the x axis along the

coast and direct the y axis toward the sea. The z axis is

vertically upward. The velocity components in the var-

ious directions are (u, y, w), while the free surface is

given by z5 h. Buchwald and Adams (1968) considered

freely propagating CSWs over two type of the shelves,

that is, exponential shelf models with and without a flat

continental shelf extension. Here, we consider a typical

shelf in the southern CS, where the continental shelf is

quite narrow. Hence, the southern Caspian shelf is well

represented by the later model of Buchwald and Adams

(1968), that is, z 5 2H(y), where

H5H
0
exp(2by), 0# y#B ,

FIG. 5. Measurements from southwestern part of the Caspian

shelf at 112-m depth. (top) Spectral analysis of alongshore (solid

line) and cross-shore (dashed line) components of current. (mid-

dle) Wavelet analysis of the alongshore component of current at

112-m depth. (bottom) Wavelet analysis of the cross-shore com-

ponent of current. The 95% confidence level for wavelet transform

are indicated with red contours. For each wavelet panel, a scale-

averaged variance over the 2.5-day band is paired, where a 95%

significance level for averaged variance is indicated with a blue

dashed line.

FIG. 6. Measurements at 112-m depth and wind at 10m in

January 2005. (top) Along- and cross-shore wind stresses time se-

ries. (bottom) Bandpassed (0.17–0.5 cpd) current component at

112-m depth for the southwestern part of the CS.
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H5H
max

, y.B . (2)

Here b is a positive constant describing the steepness

of the shelf slope. Furthermore, the shelf width B be-

comes B 5 ln(Hmax/H0)/2b. A sketch of the geometry

and coordinate system is displayed in Fig. 1. For a more

general configuration that allows an arbitrary flat shelf

extension, we refer to the paper by Drivdal et al.

(2016). For the study area in the southern part of the

Caspian shelf, indicated in Fig. 7, we have approxi-

mately that H0 5 7.8m, B 5 26.6 3 103m, and b 5
1.373 1024m21. We note from Fig. 7 that the idealized

profile (2) fits the real bottom topography quite well.

Since the Stokes drift is the only nonlinear property we

are interested in here, we do not need consider the

effect of friction. Hence, the linear wave field follows

from classic theories (Buchwald and Adams 1968; Gill

and Schuman 1974; Gill 1982). The barotropic Rossby

radius a0 becomes a0 5 (gH)1/2/f. With f 5 8.83 3
1025 s21, we have for the Caspian shelf that B2/a20 � 1.

Accordingly, we can make the rigid lid approximation

(Gill and Schuman 1974). Then the continuity equation

allows us to introduce a streamfunction c, such that

uH 5 2cy and yH 5 cx. Introducing a traveling wave

solution c 5 H1/2f(y) exp[i(kx 2 vt)] (Gill 1982),

where k is the wavenumber and v the frequency, the

governing equation reduces to

f
yy
2 l2f5 0, (3)

where l2 5 2[b2 1 k22(2bkf/v)]. In our notation the

subscript denotes partial derivation. Generally, the

wavelength of CSWs reflects the horizontal scale of

the wind field that generates them and is usually as-

sumed to be much larger than the width of the shelf

slope area. This assumption simplifies the analysis,

and in particular the boundary condition at the outer

edge of the shelf (Gill and Schuman 1974). This ap-

proximation will apply to the narrow shelf in the

southern CS. Accordingly we take that k2 � b2. In the

shelf region (i.e., y , B), applying no cross-shelf flux

boundary condition at the coast (y 5 0), we find so-

lution for (3) as

f
in
5A

in
sinly , (4)

where Ain is a constant and l is the cross-shelf wave-

number. By inserting (4) into (3), we obtain the disper-

sion relation in this case:

v5
2bfk

b2 1 l2
. (5)

Furthermore, for a wave solution trapped against the

shoreline, we require that

f
out

/ 0 as y/‘ . (6)

Assuming Hmax 5 const. for the outer shelf region

(y . B), the solutions of (3) become in the form of de-

creasing exponentials,

f
out

5A
out

exp(2ky) , (7)

where Aout is a constant. Utilizing continuity of fluxes

(cin5 cout) and continuity of pressure (hin5 hout) at y5
B, which implies that (4) and (7) and their derivatives

must be equal, we obtain

c
in
5Aeb(y2B) sinlyexp[i(kx2vt)], 0# y#B ,

c
out

5Aek(B2y) sinlBexp[i(kx2vt)], y.B , (8)

where we have defined A5AinH
1/2
0 ebB. Accordingly,

from the boundary condition at y5 B that is, fy1 bf5
0, we obtain the equation for the transverse eigenmodes

(e.g., Buchwald and Adams 1968):

tanlB52
l

b
. (9)

FIG. 7. Vertical shelf profile in the southwestern CS. The blue

broken curve is the idealized exponential shelf profile (2). The inset

at the top left shows an idealized shelf model sketch and coordinate

system.

MAY 2020 GHAFFAR I ET AL . 1203

D
ow

nloaded from
 http://journals.am

etsoc.org/jpo/article-pdf/50/5/1197/4926899/jpod190126.pdf by U
N

IVER
SITETET I O

SLO
 user on 03 August 2020



4. Evidence of CSW

For the Caspian shelf, with B5 26.63 103m and b5
0.87 3 1024m21, the lowest three modes become l1 5
8.82 3 1025m21, l2 5 1.93 3 1024m21, and l3 5 3.45 3
1024m21, respectively. Figure 8 shows the continental

shelf wave dispersion curves computed for the typical

depth profile of the southern CS for the first three

modes. Straight lines drawn between the origin and any

point k, v on the curves yield v/k 5 2fb/(b2 1 l2) from

(5), which is the phase speed of the wave. The slope of

the dispersion curve at any point k, v is proportional to

dv/dk, the group velocity or energy transport velocity

of the wave. As noted by Buchwald and Adams

(1968), the direction of energy transmission for shelf

waves reverses at the maximum frequency for each

mode. The direction of the phase velocity, however,

remains the same (anticlockwise along the coast). For

nondispersive long CSWs we note that the maximum

frequency, that is, vmax5 bf(b2 1 l2)21/2, is always less

than the inertial frequency. Furthermore, the maxi-

mum wavenumber is then given by kmax 5 (b2 1 l2)1/2

(Buchwald and Adams 1968), which for the Caspian

shelf corresponds to wavelengths of approximately 51,

31, and 18 km for modes 1–3, respectively. For wave-

lengths longer than this the group velocity, and hence

the energy transport, will be in the same direction as

the phase speed. As discussed in the previous section,

we expect the most likely generation mechanism in

the CS to we the wind field, and hence consider

wavelengths shorter than those corresponding to the

maximum frequency unlikely. Letting the real part of

cin represent the physical solution, we find for the

linear part of the barotropic wave field:

u5 u
0

H
0

H

� �1/2
b

l
sinly1 cosly

� �
cos(kx2vt) ,

y5 u
0

k

l

H
0

H

� �1/2

sinly sin(kx2vt) ,

h5 u
0

c

g

H
0

H

� �1/2��
b

l
2

f

cl

�
sinly1 cosly

�
cos(kx2vt) ,

(10)

where c5 v/k is the phase speed of the wave. In (10) u0
is the dimensional alongshore velocity at the coast. The

vertical velocity follows straight away by integrating the

continuity equation wz 5 2ux 2 yy.

To visualize the modal structure, we define u 5
u(y) cos(kx 2 vt) and y 5 y(y) sin(kx 2 vt) in (10). In

Fig. 9 we have plotted the nondimensional variation and

over the shelf for the three lowest modes. Note that for

all modes the onshore flow is very small in comparison to

the long-shore flow, and the wavemotions are very weak

beyond the foot of the continental margin.

Along the Caspian shelf, where CSWs travel from

west to east, the observed u should lead y, the onshore

component, by 908. Also for the deepest current meter,

which is located well away from the surface and bottom

FIG. 8. Dispersion curves for the first three CSWmodes over the

southern shelf of the CS. The wavenumber is nondimensionalized

by the shelf width B.

FIG. 9. Variation over the Caspian shelf for the nondimensional

velocity of the first, second, and third CSW modes (l1 5 8.82 3
1025 m21, l2 5 1.93 3 1024 m21, and l3 5 3.45 3 1024 m21) from

(10). Thick and thin lines represent nondimensional velocity

components, i.e., u(y)/u0 and y(y)/u0, for the first three modes, re-

spectively.Here, we present the firstmode in black, secondmode in

dark gray, and third mode with a dashed line. The red dashed lines

indicate the locations of current measurements.
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frictional layers, we should see nearly elliptical clock-

wise motion (see Fig. 6). Equation (10) indicates that

for CSWs the orthogonal components of flow (u, y)

should be in quadrature, that is, out of phase by 908.
We also note from (10) that both first and second

mode have a velocity vector that rotates clockwise in

time at the measurement sites, which is consistent with

the measurements.

The solution (10) represents free waves. To quantify

the nonlinear Stokes drift velocity, u0 must be deter-

mined theoretically from the forcing field (the wind

stress), for example, Gill and Schuman (1974), or be

assessed from field observations, as we shall do here.

However, it is useful to apply the analysis by Gill and

Schuman to quantify themagnitude of the ratio between

the second and first CSWmodes generated by a periodic

wind stress. Here, we consider the first two modes for

further calculation. There is probably no need for con-

sidering higher CSW modes since very often the main

part of the energy resides in these modes. In our nota-

tion, we find from Eq. (6.5) in Gill and Schuman (1974):

r5

����u02

u
01

����; k
1
l22[B(b

2 2 l21)1 b]

k
2
l21[B(b

2 1 l22)1 b]
; 0:6: (11)

Wemust stress that (10) are solutions of the linearized

equations of motion. Accordingly, we must assume for

the dominant nonlinear term that

juu
x
j
max

ju
t
j
max

5
ju(y)j
2c

� 1: (12)

where u(y)5 u0(H
1/2
0 /H1/2)[(b/l) sinly1 cosly].

Observations from the southern CS shelf show wave-

like behavior of the flow field. Ghaffari and Chegini

(2010) showed that the autospectra of the wind and

current fluctuations has high mutual coherence at about

6 days. Huyer et al. (1975) examined the correlation of

the current, wind and the sea level fluctuations off the

coasts of Oregon and Washington during the upwelling

season. They noted that the signal at 6 days interval,

showing high coherence between wind, current, and sea

level fluctuations, may be due to forced shelf waves

driven by the wind. In the same way, the current fluc-

tuations obtained from observations off the southern

coast of the CS might be due to remote winds forced

CSWs. A very conservative estimate for the amplitude

of the cross-shore velocity in Fig. 6, is u(y)5 0.02m s21.

Inserting this value at the offshore position y 5 12.4 km

in u05 u(y)leby(b sinly1 l cosly)21, we obtain that u015
0.3m s21 at the coast. Furthermore, the amplitude of the

extreme event 6–16 September (see Fig. 3) is approxi-

mately uamp 5 0.25m s21 above the mean value, and the

period is nearly 6 days. The amplitude is measured 4 km

off the coast. This fits well with earlier observations, for

example, Bondarenko (2001) who reports currents with

similar periods, and with amplitudes of order 0.2m s21 in

the north and middle part of the CS shelf. Therefore, a

realistic value for the first mode at the coast should be

uamp 5 0.3m s21.

We notice from Fig. 9 that the magnitude of u(y)

decays fairly quickly away from the coast. This indi-

cates that if (12) is satisfied at the coast, where it re-

duces to u0/(2c) � 1, this condition will pose no

problem over the central part of the shelf. Utilizing that

c1 5 0.91m s21, for the first mode we find in the gravest

case (at the coast) that u01/(2c1)5 0.16. For the second

mode c2 5 0.32m s21, and with u02 5 0.6u01, we find

that u02/(2c2) 5 0.28. This is at best a marginally ac-

ceptable value. However, as mentioned before, the

ratio ju2(y)j/(2c2) attains much more acceptable values

over the central part of the shelf. It therefore appears

acceptable to use linearized theory to obtain the two

first CSW modes over the Caspian shelf.

5. Numerical experiment

a. Model setup

To investigate the propagation of CSWs over the south-

ern shelf of the CS, we have applied a two-dimensional

depth-averaged version of the Finite-Volume Community

Ocean Model (FVCOM; see Chen et al. 2003, 2007).

FVCOM is an advanced coastal circulation model widely

utilized for its ability to simulate spatially and tempo-

rally evolving geophysical conditions of complex and

dynamic coastal regions. Model skill has been evaluated

comparing with analytical or semianalytical solutions as

well as with in situ data over large spatial and temporal

scales (see, e.g., Chen et al. 2003, 2007; Cowles 2008;

Isobe and Beardsley 2006; Weisberg and Zheng 2006;

Frick et al. 2007; Cowles 2008).

In the absence of tides and open boundaries, atmo-

spheric forcing is the main and primary mechanism for

developing flow field over the Caspian shelf. Furthermore,

due to the strongly variable topography, resulting

flows are often spatially and temporally variable

(Ghaffari et al. 2013). Hence, accurate simulation

depends to a great extent upon the topography and

wind data resolution. The present setup of FVCOM

covers the entire CS basin including the shallow

northern extension, uses a synthetic bathymetric field

obtained and improved from diverse sources, for ex-

ample, the General Bathymetric Chart of the Oceans

(GEBCO), digitized bathymetry datasets of Iranian

National Institute for Oceanography based on the
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Iranian National Cartographic Center maps (scale

1:25000), and the Caspian Environmental Program (CEP)

datasets. One of the main advantages of the unstruc-

tured grid is the permitting of multiscale meshing in one

model domain. Since the main focus in the present study

is flow field variation associated with CSWs, we set high-

resolution mesh (;0.018) over the shelf in the southern

and central basins and coarser resolution (;0.108) over
the rest of the sea. The model simulates the barotropic

mode, using a constant reference density. Bottom stress

is based on a quadratic law, that is, tb 5Cdju2
aj1/2(ua),

with respect to depth-averaged currents ua. The drag

coefficient Cd is determined by matching a logarithmic

bottom layer to the model at a height zab above the

bottom, that is, Cd 5max[k2/ln(zabz
21
o )

2
, 0:0025], where

k5 0.4 is the von Kármán constant and zo is the bottom

roughness parameter. External forcings is surface stress,

which is extracted from ERA5 reanalysis (C3S 2017).

Comparing to its predecessor ERA-Interim (Dee et al.

2011), ERA5 reanalysis is majorly improved in both

temporal and spatial resolution senses enabling it di-

rectly to produce reasonable near-surface trends and

variability. ERA5 (high resolution) data have a native

spatial resolution of 0.281258 and hourly wind parame-

ters. A higher spatial resolution is technically possible,

but this only oversamples the data and does not improve

the accuracy of the data. Additionally, a higher spatial

resolution does not necessarily imply better results in

terms of, for example, correlations with measurements

(Henson et al. 2012).

b. Experiments

For this study, first, we run the model with the at-

mospheric forcing from January 2003 to December

2005. Here 2D model captures most of the flow field

variation, particularly, those extreme current events

on 11–17 August 2003 and 6–18 September 2003 are

well presented in the model (Fig. 3). Comparing with

observations, the present setup gives reasonable re-

sults for the barotropic flow field along the Caspian

coast, but it is very dependent on the quality of the

atmospheric forcing. The CS currents are mainly wind

induced, hence understanding the general wind pat-

tern over the CS is essential. The current field is di-

rectly affected by these complexities in the wind field.

Moreover, in the coastal regions, considering local

wind effect is of importance for accurately simulating

wind-driven currents, particularly, in storm conditions.

The development of the resulting velocity field, ex-

cluding the mean current, for eight points along the

southern coast is shown as a Hovmöller plot in Fig. 10.

Propagating CSW signals associated with those ex-

treme events, which are not in line with local forcing,

are readily evident. We note that contours slope from

left to right, indicating low-frequency variability in the

velocity field moving along the coast (x axis) with time

(y axis) in a counterclockwise direction around the

southern coast, where the signals are stronger at the

central part. This shows that CSW energy was entering

the southern shelf from the west, whereas the CSW

itself could be generated by various mechanisms, for

example, wind action (Adams and Buchwald 1969; Gill

and Schuman 1974). In the absence of any strong local

forcing, remotely triggered CSWs due to passing me-

soscale atmospheric features is the most probable

mechanism for explaining rather frequent CSW signals

propagating along the southern shelf.

CSW phase speeds are estimated from the Hovmöller
plot for the two wind stress events on 11–17August 2003

and 6–18 September 2003. These events are chosen due

to the sharp impulsive and isolated form of the local

wind stress and the wave-like response of the flow field.

The occurrence of current pulses on 6–18 September

2003 are two consecutive events for which we have

rather good evidence of wave passage, based on the

measurements. Current data showed passing waves with

approximately 6-day periods, which were adjusted by

local wind events (see Ghaffari and Chegini 2010). The

Hovmöller plot reveals that phase speed is high between

points 1 and 3, approximately 1.0m s21, then between

points 3 and 7 is low at around 0.32–0.42ms21. Again

the phase speed retains a higher value (’0.9m s21) be-

tween points 7 and 8.

On both ends of the selected shelf region, that is,

points 1–3 and 7–8, where the inner shelf is wide, the

estimates are in a good agreement with the phase

speed that we found for the first mode in the gravest

case. Over the central part of the shelf, however, the

Hovmöller plot indicates a lower phase speed, which

is consistent with the second mode. The frequency–

wavenumber pairs corresponding to a period of 6 days

and the phase velocities found from the Hovmöller
plot are shown together with the theoretically derived

dispersion curves in Fig. 11. As can be seen, the wave

features in the model correspond to a mode 1 CSW

between points 1–3 and 7–8, while the model wave

response closely resembles a mode 2 CSW along

points 3–7. Note that ju2(y)/(2c2)j attains much more

acceptable values over the central part of the shelf. At

point 3, the shelf varies from a relatively wide inner

shelf to an almost no inner shelf. The latter one was

first treated by Buchwald and Adams (1968), and we

considered it as a typical shelf model for the southern

CS. Here, the shelf itself possesses the smallest width

that permits much shorter waves. Therefore, all first-

mode CSWs can reach this point, but onward this
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point, the wave energy may travel as second-mode

CSWs. This may also lead to CSW breaking in this

region (Drivdal et al. 2016), which in turn may con-

tribute to the strong currents observed here.

To investigate the flow field response to the at-

mospheric forces and study possible propagation of

pure remotely generated CSW along the southern

coast of the CS, we configure semi-idealized experi-

ments based on wind stress event on 11–17 August

2003. In this experiment, in order to study free waves

response without atmospheric interference, we ex-

posed the central basin to an idealized impulsive

wind stress similar to what we see in Fig. 3. The

model is ramped up to the pick impulse stress field

over 10 days, followed by an abrupt termination. This

permits the flow field to respond to the impulsive

force and oscillate without external forcing interfer-

ence (except frictional damping). The corresponding

flow field development for eight points along the

southern coast is shown as a Hovmöller plot in Fig. 12,

where the entering of the CSW energy to the southern

shelf from the west is evident. Furthermore, the

frequency–wavenumber pairs corresponding to a pe-

riod of 6 days and the phase velocities extracted

from the semi-idealized Hovmöller diagram fit nicely

with the theoretically derived dispersion curves. Here

also the idealized model response mainly on first

mode CSW for the western and eastern sides of the

shelf and falls into the second mode for points 3–7.

The resulted features strengthen the hypothesis that

the central basin of the CS is the main candidate re-

gion for the generation of these propagating signals.

This region is often subject to mesoscale weather

systems that range from small local front systems to

synoptic scales. Those features are associated with both

weak and intense cold-cored systems from the Siberian high

to warm-cored midlatitude westerly systems. Furthermore,

mechanically induced circulation caused by flow across the

highCaucasusMountains to thewest and thermally induced

FIG. 10. Hovmöller plots of the (left) alongshore velocity and (right) flow field speed, for the eight points shown in

Fig. 1, representing the isolated storm events showed in Fig. 3. The vertical white lines correspond to the points

shown in Fig. 1, starting with the westernmost point (at left) going eastward (to the right).

FIG. 11. Zoomed version of Fig. 8 including the model frequency–

wavenumber pairs for phase velocities of c 5 1.0m s21 (red), c 5
0.37m s21 (blue), and c 5 0.9m s21 (green). The phase velocities

correspond to the velocities found from Fig. 12 for points 1–3, 3–7,

and 7–8, respectively.

MAY 2020 GHAFFAR I ET AL . 1207

D
ow

nloaded from
 http://journals.am

etsoc.org/jpo/article-pdf/50/5/1197/4926899/jpod190126.pdf by U
N

IVER
SITETET I O

SLO
 user on 03 August 2020



wind caused by the surface heating from the relatively

warm sea, make this region a favorable location for

quasi-stationary cyclonic features (Shenk 1965).

6. The Stokes drift velocity

The Stokes velocity vS to second order in wave am-

plitude can be written (Longuet-Higgins 1953)

v
S
5

ð
(vdt) .=v, (13)

where v is the linear Eulerian wave velocity. To obtain

the mean value, we must average over the wave cycle.

For one single progressive wave component this can be

done by averaging over one wave period, or over one

wavelength. For a superposition of waves, we must av-

erage in time and space. In the present problem we as-

sume that the relevant linear CSW field is composed of

the first and second shelf mode (u 5 u1 1 u2, y 5 y1 1
y2). Hence from (10),

u5
H1/2

0

H1/2

�
u
01

�
b

l
1

sinl
1
y1 cosl

1
y

�
cos(k

1
x2vt)

1 u
02

�
b

l
2

sinl
2
y1 cosl

2
y

�
[cos(k

2
x2vt)]

�
, (14)

y5
H1/2

0

H1/2

�
u
01

k
1

l
1

sinl
1
y sin(k

1
x2vt)

1 u
02

k
2

l
2

sinl
2
y sin(k

2
x2vt)

�
. (15)

The Stokes velocity is obtained by introducing (14)

and (15) into (13). We define Stokes drift by averaging

(13) over the wave period T5 2p/v and the length scale

L5 2p/(k22 k1). This process is denoted by an overbar.

The cross-shore Stokes drift here is zero, and the

alongshore Stokes drift becomes

u
S
5

�ð
v dt

�
� =u5 u2

01H0

2Hc
1

�
b

l
1

sin2l
1
y1 cos2l

1
y

�

1
u2
02H0

2Hc
2

�
b

l
2

sin2l
2
y1 cos2l

2
y

�
. (16)

For the relative importance of the contributions to the

Stokes drift from the first and second mode, we assume

from Gill and Schuman (1974), for example, (10), that

u2
02/u

2
01 5 r2 5 0:36. For the Stokes drift we must re-

quire that

ju
S
j/c

1,2
; u2

01,2/(2c
2
1,2) � 1, (17)

which is potentially much easier to fulfill than (12) due

to the square of the small perturbations.

Since long CSWs are nondispersive, that is, c 5
v/k 5 2bf/(b2 1 l2), where l is given by (9), we note

from (16) that the Stokes drift is completely deter-

mined by the shelf geometry and the linear velocity

amplitudes u01, u02 at the coast. We can now make

quantitative estimates of the Stokes drift from (16). In

Fig. 13 we have displayed the variation of the Stokes

drift over the shelf when u015 0.3m s21 and the period

is 6 days. The influence of the second mode is assessed

from (11).

FIG. 12. Hovmöller plots of the flow field velocity similar to Fig. 10, but for an idealized isolated storm event over

the central CS basin.
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We note that the Stokes drift has its maximum at the

coast and varies essentially over the inner 1/3 part of the

shelf. Again, with c15 0.91m s21 and c25 0.32ms21 for

the two first modes, we infer from the values in Fig. 13

that the condition (17) is well fulfilled.

The Stokes drift is inherent in progressive waves. We

have here calculated it for CSWs to second order in

wave amplitude. A more comprehensive study of the

wave-induced drift can be found in Flierl (1981), where

higher-order approximations are discussed. In cases

where the linearization assumption is marginally justi-

fiable, as for our second mode, a full analysis including

the nonlinear advection terms would not yield wave

components that significantly altered the order of mag-

nitude of the Stokes drift calculated here. Realizing that

mean wave-drift currents of order 0.1m s21 are compa-

rable with currents induced by moderate winds, the

present analysis clearly demonstrates that the nonlinear

Stokes drift current cannot be neglected over the shal-

low part of the shelf in the southern CS.

7. Discussion and conclusions

Traditionally, tides, winds, and density differences are

considered as the main influential mechanisms contrib-

uting to transport at the oceanmargin (Huthnance 1995).

However, it is well known that periodic shelfwavemotion

can create strong currents; see, for example, the model

results of Martinsen et al. (1979). Although strong long-

periodic currents may cause movement of bottom sedi-

ments and inflict damage to the foundations of subsea

constructions, it is the mean flow, obtained by averaging

over thewave cycle, which yields a net transport ofmatter

along the shelf. Röhrs et al. (2014) showed that the

wave-induced drift (i.e., Stokes drift) is relevant for the

transport of Northeast Arctic cod eggs and larvae, where

the wave effects yield significant changes in the trans-

port and provide more realistic distribution profiles.

Delpey et al. (2014) showed that wave-induced circula-

tion in a small estuarine bay is larger than that due to the

wind. Furthermore, Inall et al. (2015) and Fraser and

Inall (2018) showed the significance of Stokes drift in

semienclosed fjord. However, wave-driven significance

in the marginal seas and enclosed/semienclosed basins

has not yet been fully investigated. This is particularly

important for the drift of pollutants and neutral tracers.

The present study demonstrates that the Stokes drift

associated with CSWs can have a significant influence on

such transports along the shelf of the southern CS.

It should be emphasized what are the limitations of

our study. In the theoretical consideration of CSWs we

have used a typified/idealized shelf profile assuming a

straight coast of the uniform cross section for the

southern shelf of the CS. However, real continental

shelves are anything but straight and uniform. Here,

essentially, we have focused on the central part of the

southern shelf, and in that sense, the results must be

viewed in a qualitative way.

Since barotropic CSW theory has been successful in

describing observed low-frequency signals at several

locations (Drivdal et al. 2016; Inall et al. 2015), we have

here considered CSWs in a purely barotropic ocean. Of

course, stratification can cause current fluctuations, and

its presence is expected to shift the waves toward higher

frequency (Huthnance 1978; Brink 2006; Sansón 2012).

In fact, the CS has low salinity and the density stratifi-

cation mimics the temperature structure. Typical sea-

sonal thermocline locates at 30-m depth in summer for

almost whole basin. The stratification is weaker but does

not vanish in winter. For example, in winter 2008 the

seasonal thermocline reached almost 100m (Ghaffari

et al. 2010), where the water mass was still weakly

stratified. We have estimated the Burger number (see,

e.g., Huthnance 1975); Bu 5 [NH/(fL)]2. Using typical

values for the Caspian shelf (L 5 30km, f 5 8.8 3
1025 s21, H 5 800m), and typical stratification beneath

the shallow thermocline at 60m (N 5 1023 s21; see

Weber and Ghaffari 2014), we obtain Bu ; 0.1, which

indicates that the effect of stratification on CSWs

in the southern CS is small. Ghaffari et al. (2013)

showed that while in the central basin the barotropic

model results show a high correlation with observations,

in the southern basin the equivalent barotropic model is

successful in describing the flow field. They also argued

that the vertical stratification might be important in the

southern basin. The implication to our problem is that in

FIG. 13. Variation of the Stokes drift uS across the southern

CS shelf.
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the transition from the central to southern basin the

waves may shift toward shorter wavelengths due to the

somewhat stronger stratification.
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