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Abstract—The factors that govern the distribution and transformation of tidal waves in the macrotidal estuary
of the Mezen River have been considered, including tide range in the mouth section, water discharge in the
river’s lower reaches, estuary shape, and bed resistance coefficient. Data on variations of water discharge over
period 1920–2008 are given. The parameters of estuary channel narrowing in horizontal and vertical sections
have been considered. The effect of narrowing and bed hydraulic friction on tide wave amplitude has been
evaluated. Froude number values for the tidal estuary suggest that tidal bore can form at the Mezen mouth.
The conditions of the propagation of tidal waves to the mouths of different rivers and tidal bore formation in
them are considered.
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INTRODUCTION
The results of first studies of the hydrological

regime of Mezen mouth were published in 1932, and
active studies in this region were carried out in 1958–
1988 as a component of the beginning works for
designing a tidal power plant in Mezen Gulf. Exhaus-
tive information about studies at Mezen mouth is
given in [2]. The studies in [2] provided material used
by the authors of [17] to identify the effect of tide-
induced water level rise in the estuary, which was later
described theoretically [7, 11]. The data obtained in
the studies of the hydrological characteristics of the
Mezen estuary, available at the time, were generalized
in [13]. The authors of [13, 17] identified transforma-
tions of the tidal wave in Mezen estuary. The charac-
teristics of wave shape transformation along the estu-
ary, i.e., the moments of water level rise and drop, are
discussed, and plots of level variations at different
points of the estuary during the spring and neap tides
are given in [2, 3]. Notwithstanding the numerous
studies of the Mezen estuary, none of the publications
considers the possibility of tidal bore formation at the
Mezen mouth and discusses the conditions required
for its formation.

Tidal wave transformation during its propagation at
the mouth depends to the greatest extent on the tide
range in the mouth section, river water discharge, and
the parameters of channel narrowing. It is assumed
that at tide range h > 4 m, a tidal bore can form at a
funnel-formed mouth, its formation probability
increasing at low river water discharge [5, 22]. There-
fore, to assess tidal wave transformation during its
penetration into a river mouth one needs to have data

on tides in the mouth section, river runoff variations,
and channel narrowing parameters. In this case, the
decrease in the cross-section area with decreasing
channel width and depth may contribute differently to
the possibility of tidal bore formation. The problem of
the possibility of back-wave formation in a tidal estu-
ary and the criterion of wave collapse is of great scien-
tific and practical importance, as such waves have a
considerable effect on the structure of currents at the
mouth, sediment transport in the estuary, and the for-
mation of the channel as a whole.

The large range of tides at the Mezen mouth (up to
h = 9.8 m with a maximum during spring tide) [2] sug-
gests that a tidal bore can form in this estuary. The
results of studies of tidal wave transformations at the
Mezen mouth given in [2] along with data on f low
velocities and estuary channel shape [16] were used to
analyze the possibility of tidal bore formation at the
Mezen mouth and suggested the conclusion that a
tidal bore exists in this estuary [23]. Cases of tidal bore
(or swell) formation at the Mezen mouth are men-
tioned in the literature [12, 33], and photo and video
materials are available to support this conclusion. Fig-
ure 1 gives photographs of the first, highest, collapsing
tidal bore (Fig. 1a) and several following waves
(Fig. 1b) at the crossing Mezen T.–Kamenka V. [27].
In this paper, we consider the morphological–hydro-
logical processes and the propagation of tidal waves in
the Mezen estuary and analyze the formation condi-
tions of a collapsing back wave in the estuary. The evo-
lution of tidal wave shape and the conditions of tidal
bore formation in the Mezen estuary are compared
with those in other estuaries of the world. The role of
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estuary depth in the evolution of tidal wave character-
istics during its propagation along the estuary is exam-
ined.

TIDES AND WATER SALINITY 
AT THE ESTUARY OFFSHORE BOUNDARY 

(MEZEN GULF)
The physical processes in an estuary are governed

by the interaction between the slightly saline and fresh
waters in the estuary; this interaction depends on the
marine and river factors. The tides and water salinity
in the Mezen Gulf are the marine factors for the
Mezen Estuary.

Dominating in the White Sea are regular semidiur-
nal tides [2, 9, 12]. The tidal wave from the Barents Sea
propagates through the northern White Sea toward the
northern boundary of the Mezen Gulf: Voronov
Cape–Morzhovets Isl.–Konushin Cape. The forma-
tion of the tidal wave is governed by changes in the
depths, which are 100–200 m in the central White Sea,
decreasing to 20–30 m at the entry to the Mezen Gulf;
the mean depth in the major portion of the gulf is
10 m. At the entry to the Mezen Gulf, the mean range
of the spring tide h varies from 3.5 to 6.0 m, and that of
the neap tide, from 2.2 to 4.6 m. From northwest to
southeast, from Morzhovets Isl. to the Semzha R.
mouth, h increases, on the average, from 7.6 m during
spring tide to 5.3 m during neap tide with the maximal
possible h during spring tide varying from 6.8 to 9.8 m
[2]. Some transformation of tidal wave shape begins
already in the shallow Mezen Gulf as can be seen from
the decrease in the time of water level rise t1 = 5.15 h
compared with the time of its drop t2 = 7.15 h at a dis-
tance of 16 km from the conventional line connecting
Ryabinov Shape and Maslyanyi Shape [13].

Water salinity S on White Sea surface varies around
28–30‰ and drops to a minimum of 12‰ in the
western Dvina Gulf [9, 13]. According to data in [2], in
the spring, summer, and autumn, S = 26–28‰ on the

surface in the Mezen Gulf at a distance of ~40 km
from estuary mouth (EM).

MEZEN RIVER AND ITS MOUTH
The geographic position and the main characteris-

tics of the Mezen R. are given in [15, 17, 18], and its
mouth area is described in [2, 13, 17]. The river is
966 km long (Fig. 2a), its basin area is 78000 km2, the
mean slope of the river being 0.38‰ [26]. The area of
the Mezen Basin is composed of bedrocks: marl, clay,
and sandstone, overlain by a bed of Quaternary depos-
its 15–20 m in thickness. The river originates on the
Timan Ridge, the water divide of the Dvina–Pechora
Basin, and empties into the Mezen Gulf, the White
Sea, where it forms a macrotidal estuary. Downstream
of the Vashka R. inflow, the banks of the river are bluff
with a height of ~40 m, the right bank becoming
higher and steeper with marl outcrops in precipices.
The river channel becomes wider in this part, reaching
2.5 km at Mezen Town, and contains many islands,
shallows, and rifts.

The river nourishment is mixed, including snow
and rain. The spring f lood takes place in May–June;
summer and autumn rain freshets cause considerable
short-time water level rises. Commonly, freezing
begins in the upper reaches, gradually extending
downstream. The river is under ice from late October
to late April with the mean freeze-up period of
200 days [2, 3, 13]. An ice dam forms near Chetsa V.
with no continuous ice sheet forming downstream of it
[17]. This dam blocks river mouth reach, so the tide
range at Kamenka V. decreases 3 times compared with
the summer. The formation of an ice dam with a back-
water effect in the estuary upstream of Chetsa V.
causes a decrease in the tidal current velocity at
Kamenka V. to 0.2 m/s.

The head of river mouth area (RMA) is defined by
the maximal propagation of tidal water level variations
in dry season; in the Mezen, it lies 90 km from the EM

Fig. 1. Propagation of a tidal bore at the section of crossing between Mezen T. and Kamenka V.: the propagation of (a) the first,
collapsing wave and (b) subsequent, smaller waves.

(b)(a)
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at the inflow of the large right-hand tributary, the
Peza R., at Dorogorskoe V. (Fig. 2a) [13]. Strong tidal
currents with velocities reaching 2.5 m/s cause rapid
changes in estuary bed relief [17]. Near the estuary
mouth section Ryabinov Cape–Maslyanyi Cape
(Fig. 2b), the bed is covered by series of asymmetrical
sand ridges (with lengths of up to 500 m and heights of
~1 m), moving toward the river. At a distance of 6 km
from EM, sand-silt ridge rise above ebb tide
level, forming vast drying shallows, separated by ero-
sion channels. Two longitudinal low-tide sand ridges,
5–8 m in height, underlain by basic soil, outcropping
on the bed of erosion channels, extend along the
Semzha–Okulovsk reach. The ridges make the chan-
nel in this reach much narrower, as their width hear
reaches 2.5 km. The tidal currents cause net f low of
water and sediments toward estuary head in the west-
ern and eastern erosion channels. An ebb tide (direct)
flow moves in the central channel between wattle shal-
lows. In the reach Okulovsk–Mezen with narrowing
channel, large side bars are attached to the right bank,
some of them forming f loodplain islands f lood tide

does not inundate. A chain of these islands extends
along the right-hand bank of the estuary.

River Water Discharge in the Mezen Estuary

The Mezen is fed by many rivers and creeks, 20 of
which empty into the river downstream of Maloniso-
gorskaya V. [26], where a gauging station (g. s.) is
located with the longest observation series of water
discharges. The average annual water discharge Q at
the Malonisogorskaya g. s. over 1921–2005 is 639 m3/s
(water runoff is 20.2 km3/year), remaining nearly con-
stant in the period under consideration (Fig. 3). Data
on water discharges at Malonisogorskaya g. s. is basic,
as no regular measurements of water discharge are car-
ried out at the Mezen mouth. However, according to
data in [2, 15], the average water discharge at the
mouth is Q = 868 m3/s (water runoff is 27.4 km3/year),
i.e., Q = 229 m3/s is due to the tributaries downstream
of Malonisogorskaya, which accounts for ~26.4% of
water discharge at the mouth. This result can be used

Fig. 2. (a) Schemes of the Mezen R. with its major tributaries and (b) its estuary with distances from EM to EH. 
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to evaluate the annual variations of water discharges at
river mouth with the use of the hydrograph at Malo-
nisogorskaya g. s., calculated from data [1] over period
1985–1987 at water f low close to normal annual
(Fig. 4а). The comparison of the annual variations of
Q at the Malonisogorskaya g. s. with the mean value Q
over 1920–1976 at Mezen g. s. (Fig. 4b), according to
data in [17], shows these values to be similar; there-
fore, the estimate of the annual variation of Q at
Mezen mouth given above is justified. The summer
low-flow period, when the formation of tidal bore in
the estuary is most likely, falls into July and August
with water discharges of 888 and 713 m3/s, respec-
tively.

RMA Zoning Taking into Account Hydrological 
Processes in the Estuary

Mezen Estuary has a classical funnel shape
(Fig. 2b). The mouth section of the estuary lies abeam
of Maslyanyi and Ryabinov capes. The estuary head
(EH) of the Mezen R., determined by the maximal
distance of saline water intrusion into the estuary, in
accordance with [14], lies near Mezen Town at a dis-
tance L = 40 km from EM [13]. The maximal propa-
gation distance of tidal level variations (96 km from
EM [13]) determines the position of RMA head.

With the hydrological processes in the estuary
taken into account, the length of the mouth offshore
zone is determined by the position of 90% S isohaline
of the sea, which corresponds to ~27‰ [14]. This iso-
haline lies 40 km from EM. In this case, the length of
the mouth offshore zone is 40 km. With the northern
boundary of the mouth offshore zone determined by
morphological characteristics (1-m isobaths, passing
along the line of Abramovskii Cape–Mgla R. mouth),
the length of the offshore mouth zone is ~30 km [18].

The mixing of fresh and saline waters at a tidal river
mouth depends on the volumetric proportions of river
water W entering the estuary within a tidal cycle and
the tidal prism P. According to present-day data [10],
the area of Mezen estuary is F = 177 km2. The value of
Simmons test α = W/P with the use of the values of Q
and F, given above, yields α ~ 0.01, i.e., the Mezen

estuary is of the type of partially mixed estuaries with
a weak stratification. Maximal salinity values in the
mouth section S ~ 21–22‰ (late June) [16] were
recorded in the period when the tidal f low changes
from flood to ebb, and the minimal values of S ~ 17‰,
at the inverse change of currents at the moment of zero
flow velocity. A small temporary stratification of water
forms because of velocity difference at different f low
horizons.

Flow Velocity in the Estuary
At a large tide range (the mean values are 5.1 and

7.8 m for neap and spring tide, respectively), the f low
has the same direction throughout Mezen EM: toward
the estuary head during f lood tide (inverse f low) and
toward the sea during ebb tide (direct f low). The cal-
culation of the mean phase velocity of tidal wave prop-
agation from Semzha V. to the section at Belyi Nos
Cape based on data in [2] yields c = 6.9 m/s. The tidal
current in the Semzha V. section reaches its maximum
velocity of 1.8 m/s 3 h after the low tide and 2–3 h
before the f lood tide. According to measurements [3],
the velocity of tidal current was maximal (  ~ 3 m/s)
in the section at Tolstik C. (near Okulovsk), where a
tidal bore described in [33] was observed.

METHODS OF STUDIES
Tidal wave propagation into a funnel-shaped estu-

ary is the focus of many studies [7, 11, 17, 29, 30, 35].
Tidal wave transformation during its propagation into
an estuary depends on the decrease rate of estuary
cross-section area in the direction from the mouth
section toward its head. In mathematical descriptions
of wave motion in an estuary the narrowing of the river
mouth in the horizontal (river width B) and vertical
plane (river depth H) is approximated by exponential
functions of the form:

(1)
where x is the distance along the estuary, x = 0 is EM;
B0 and H0 are f low width and depth at x = 0; β = 1/lb
and γ = 1/lh are the coefficients of channel narrowing

U

0 ,xB B e− β= 0 ,xH H e− γ=

Fig. 3. Variation of mean water discharge Q at Malonisogorskaya g. s. 
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because of a decrease in its width and depth with
dimension of 1/km, the values of lb and lh determine
the distances from EM at which the changes in estuary
width and depth follow an exponential law.

The coefficients β and γ in (1) show the rate of
changes in the channel cross-section area. At a dis-
tance lb from EM (1) the channel width decreases by
35%, and this characteristic can be calculated by maps
(Google Earth) [34].

The tidal range in an estuary is governed by four
major factors: (1) the inertia in the acceleration and
deceleration of moving water mass; (2) bed hydraulic
friction; (3) the decrease in estuary width B and
depth H upstream the channel; (4) the partial reflec-
tion of the tidal wave from the steadily narrowing
banks. As the first approximation, the propagation of
a tidal wave into a narrowing estuary can be described
by a system of one-dimensional linear equations of
motion for shallow water. As β  γ for many estuaries,
the estuary bed is assumed horizontal. Despite the
considerable idealization, such simplified model gives
a good description of the amplitude M2 of the tidal
wave in the microtidal estuary of the Delaware R. [30].
Calculations by this analytical model, assuming linear
friction and estuary width exponentially decreasing
along it, show friction to reduce the amplitude and

@

wavelength of the first harmonic of semidiurnal tide
and to slow down its propagation into the estuary
without changes in wave shape. In this case, the high-
frequency components of the tidal wave show a faster
decrease in wave amplitude, while in its low-frequency
components the decrease in wave propagation velocity
is faster. Conversely, the narrowing of the channel
increases the amplitude and propagation velocity of
the wave and decreases its length. The propagation
velocity of the tidal wave in a narrowing estuary
decreases because of wave polarization, which changes
the character of water particle orbits in the tidal cur-
rent, and the direction of f low concentrates along the
dynamic axis of the channel [17, 29].

The propagation of tidal waves into a narrowing
estuary is accompanied by changes in their shape,
length λ, height, and motion velocity c. To take into
account the nonlinear effects in the propagation of
tidal wave in shallow water and to describe the trans-
formation of its shape, balance equations of water
energy in the estuary are used reflecting the decrease
in B and H and involving a quadratic friction law, tak-
ing into account the hydraulic friction coefficient f
[35]. An analytical solution yields the following
expression for variation of tidal range h upstream the
estuary:

Fig. 4. Annual variations of mean monthly water discharges over period 1985–1987: (a) (1) at Malonisogorskaya g. s., by data in
[1], and (2) at Mezen mouth, by the author’s estimate; (b) (1) annual runoff distribution, %, at Malonisogorskaya g. s. over 1985–
1987, by data in [1], and (2) at Mezen g. s. (EH) over 1920–1976, by data in [17]. 
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(2)

where  is the maximal tidal f low velocity in the estu-
ary,  is hydraulic friction coefficient (C is
Chezy coefficient), ϕ is the phase difference between
the horizontal and vertical velocity components of
tidal wave propagation.

Commonly, lb in estuaries varies within 10–50 km,
while the depth changes slower than the width and lb 
lh. Now, considering that β  γ, we can neglect γ [35],
to simplify (2):

(3)

The bed friction factor f in (2) is difficult to
specify for a macrotidal estuary. If we neglect
friction and denote the tidal range in the mouth sec-
tion by h0, equation (2) will give a simple expression
h/h0 = е0.5(β + γ)x, i.e., the tidal range grows exponen-
tially at an exponential decrease in estuary width and
depth.

Depending on the change in tidal wave amplitude
along the narrowing estuary, all estuaries are divided
into 3 types: a wide and deep estuary (β ~ 2k, k is the
wave number of the tidal wave), in which the contribu-
tions of estuary narrowing and friction to the effect on
the wave are in equilibrium, such that the wave moves
without transformation at some distance from EM; a
long estuary (β > 2k; the effect of narrowing domi-
nates over that of friction, and wave amplitude
increases with the distance from EM); a short estuary
(β < 2k; the effect of friction is greater than that of the
narrowing estuary, and the wave amplitude decreases
with the distance from EM) [31, 35]. The estimates
given above were obtained in [35] analytically under
the assumption that β  γ, i.e., the estuary bed is hor-
izontal.

In macrotidal, shallow, and funneled estuaries with
low river runoff, an inverse tidal wave (tidal bore),
undular or collapsing, may form. The collapsing tidal
bore forms during spring tide at largest change in water
level. As the tidal wave moves upstream a river in nar-
row and shallow segments of river mouth, the wave
front becomes steeper, resulting in a collapse. In wider
and deeper parts of the channel, the tidal bore may
disappear to form again in narrow channel segments
further upstream. The mathematical apparatus [22,
24], developed to study the motion of a undular and
collapsing tidal bore along an estuary, can be used to
describe the oscillations of the free surface of a undular
tidal bore with the use of the known equations of wave
transformation on shallow water, whose solution
yields a sinusoidal shape of tidal bore surface. The
solution of Korteweg–de Vries equation in the form of
a cnoidal wave function can be used to describe an

2( )0.5( ) ,
3 cos

f Udh h
dx gH

= β + γ −
π ϕ

U
28f g C=

!

@

2 2

3
0

cos0.5 .
12 ( )
fh cdh h

dx g H
ϕ= β −

π

@

undular tidal bore in a river in more detail [22]. The
data of measurements and simulation are in good
agreement, although neither linear wave theory nor
the cnoidal wave function describe the asymmetric
shape of tidal bore wave and details of the profile of
free water surface [5].

In the analysis of the landward motion of an inverse
wave in an estuary, the possible formation of a tidal
bore in an individual estuary is assessed with the use of
Frb number in the following form [22]:

(4)

where V is cross-section-averaged flow velocity posi-
tive downstream toward river mouth; U is the velocity
of wave motion toward estuary head; g is free fall
acceleration; H is river depth before tidal-bore arrival.

For a tidal bore to form in an estuary, the condition
Frb > 1 is to hold [21, 22, 30]. The first tidal bore wave
is commonly accompanied by a series of well-devel-
oped wave formations with smaller amplitude; in this
case, the start of first wave collapse is determined by
criterial Frb, whose values vary within wide limits.
Experiments in a laboratory f lume showed no trans-
formation of an undular tidal bore into a collapsing
bore at Frb ≤ 1.4 [28], while, as reported in [5, 22], the
collapse takes place only at Frb > 1.5–1.8. The range of
Frb variations as wide as that is due to an ambiguity in
evaluating the variables in (4), especially, in the case of
natural tidal bores. To evaluate the Froude number by
(4) requires measured values of f low velocity and
mean flow depth. The active motion of sediments and
variations in bed relief at the propagation of a tidal
bore wave into an estuary cause ambiguity in the eval-
uation of variables in (4), in particular, the mean flow
depth [32]. The author generalized and analyzed mea-
surement data to improve the formula for assessing
Frb, which includes H, averaged over the given cross-
section:

(4a)

where A, B are the cross-section area and the width of
the channel before tidal bore arrival; 

The expression (4a) can be used to evaluate Frb for
the section under consideration and to find whether a
tidal bore can form in the given section of the estuary.

TIDAL WAVE TRANSFORMATION AND TIDAL 
BORE FORMATION IN THE MEZEN ESTUARY

The Effect of Mouth Shape on Tidal Height
As mentioned above, some transformation of the

tidal wave starts as early as the Mezen Gulf. At the
propagation of the wave from the gulf into the narrow-
ing estuary through the reach Maslyanyi Cape–
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Semzha V., the tidal range slightly increases (Table 1).
The amplitude of level variations decreases further
along the entire estuary from Semzha g. s. to EM, i.e.,
bed friction at all segments of the estuary is large and
the second term in (2) exceeds the first term. The pre-
dominant role of friction in tidal wave transformation
is confirmed by the comparison of variations of h/h0
along the Mezen estuary, calculated by (2) with bed
friction neglected, with data of measurements in dif-
ferent estuary sections during neap tide [2, 3]. Figure 5
also gives data of measurements of the relative tidal
range during spring tide [13]. Measured values of the
relative tidal range during spring tide are also given for
comparison [13]. Note that the measured values of the
relative tidal range during spring and neap tide in 2007
and 1968 are the same. An exponential approximation
of these data yields h/h0 = exp(–0.025x), the coeffi-
cient at x is a constant characterizing the estuary; in
the case of the Mezen estuary, this coefficient is
40 km, i.e., the estuary length.

The nonlinear dependence of tidal wave shape on
the bed hydraulic friction in shallow areas contributes
to an increase in the propagation velocity of wave
crest and to a decrease in the velocity of wave trough,
resulting in wave distortion, i.e., a decrease in the
duration t1 of the rise and an increase in the duration t2
of the drop of the tide level. The decrease in t1/t2 is due
to energy transfer from tidal component M2 to M4 and

an increase in the amplitude ratio M4/M2, which
becomes especially vivid at a distance of 27 km from
EM (Table 1; Fig. 6). The active energy transfer from
the first harmonic M2 to the following harmonics gen-
erally causes a decrease in the rate of tidal level rise [4,
30]. The water levels, given in Table 1 and Fig. 6, were
measured in 2007 3 days before the neap tide (h =
4.5 m, Semzha g. s.) [3]. The comparison of these data
with the values of t1/t2, measured during the spring tide
of 1968 [13] and given in Table 1, shows a regular
decrease in ratio t1/t2 during spring tide faster than that
at lower tide. The same will be the effect of an increase
in Q during summer freshets at about the same h at
estuary mouth [5, 30].

Let us assess the effect of Mezen estuary shape with
the parameters of narrowing β and γ in (1) on tidal
range and tidal wave parameters during its propagation
into the estuary. Estuary width in the mouth section is
9.0 km. Further upstream, estuary width gradually
decreases to reach 1.2 km at estuary head. The rate of
estuary narrowing was evaluated by (1) with f low char-
acteristics in the Mezen estuary provided by
N.A. Demidenko (State Oceanographic Institute).
The calculation of narrowing parameters typical of the
Mezen estuary at neap tide crest (TC) yields the values
of B0 = 9.3 km and H0 = 9.3 m, while the distances lb
and lh are 18.6 and 45 km, respectively (β = 0.0538, γ =
0.0221 1/km (Table 2)). The depths used in the calcu-

Table 1. Variations of h, the time of water level rise t1 and drop t2 at gauging stations along Mezen estuary 3 days before a
neap tide in July 2007 (top number) [3], during spring tide in the summer of 1968 [13] (bottom number); Frb numbers in
estuary cross-sections, calculated for the conditions of f lood (top number) and ebb (bottom number) tide (the dash means
no measurement data available)

Gauges x, km h, m t1, h t2, h t1/t2 Frb

Ryabinov Cape 0

Semzha V. 6

Vasil’evich Cape 9

Tolstic Cape 15 – – – –

Okulovsk V. 17

Chetsa V. 22 – – – –

Morozilka V. 27

Kamenka Setll. 36

Belyi Nos Settl. 39

–
7.6

–
4.83

–
7.58

–
0.63

TC 0.23
LT 0.7

5.8
7.82

6.00
4.65

6.50
7.9

0.92
0.59

TC 0.61
LT 1.1

5.1
7.46

5.00
4.0

7.50
8.1

0.67
0.49

TC 0.91
LT 1.1

TC 0.78
LT 1.0

4.2
5.84

4.75
3.35

7.75
8.9

0.68
0.38

TC 1.07
LT 1.8
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lations were averages over appropriate cross-sections,
and the obtained value H0 = 9.8 m can be used to eval-
uate Frb by (4a). The value of H0 differs from the
depth 〈H〉, averaged over the length of the estuary at
TC, as 〈H〉 = 7.4 m. The calculation of estuary narrow-
ing parameters at low tide (LT) yields B0 = 3.0 km and
H0 = 1.8 m, lb = 17.5, lh = 64 km (β = 0.057, γ =
0.016 1/km), and 〈H〉 =1.7 m. Thus, the coefficients β
and γ estimated for TC conditions differ ~2.5 times,
and those for LT, ~3.5 times. In both cases, we cannot
neglect γ compared to β, as it is often possible in many
other estuaries [35].

The comparison of parameter β with the wave
number for tidal wave allows us to determine whether
the wave amplitude will increase or decrease during its
motion along the estuary. The calculation for TC with
〈H〉 taken into account yields β > 2k (Table 2), i.e.,
wave amplitude will increase toward estuary head.

This estimate contradicts the results of measurement
(Fig. 5). The calculation at LT yields a plausible result:
β < 2k, i.e., a decrease in tidal wave amplitude during
the motion toward EH. The estimate β > 2k, obtained
at f lood tide shows that, in a shallow estuary with a
considerable bed slope, variations in the depth cannot
be neglected in the analysis of tidal wave evolution
along the estuary.

Criterion of Bore Formation—Froude Number

In the river reach between Tolstik Cape and Oku-
lovsk V., where the tidal bore described in [33] took
place in the XIX century, four branches form under
current conditions at low tide, two of which are 0.5 m
in depth, another branch is 1.7 and the last is 0.8 m in
depth. The estimation of Frb for this section shows that
the bore can form in one of shallow branches
(Table 1).

As mentioned above, in the reach from Okulovsk to
estuary head (Mezen g. s.), a series of islands forms
along the right bank, separating two longitudinal parts
of river channel. In the section at Kamenka V., Vanina
Koshka Isl. divides the channel into two branches,
where, at minimal water level Frb < 1 for the entire sec-
tion (Table 1). However, calculations by (4a) for the
shallow right-hand branch, where a tidal bore took
place (Fig. 1), yields Frb = 1.3, at which a collapsing
tidal bore can form [28]. The mobility of estuary bed
and the passage from Morozilka section with a depth
3 times that in the Kamenka section facilitate the for-
mation of a collapsing crest of the first tidal bore wave.
The values of Frb, given in Table 1 for low tide are ~1.0
in many sections, implying the possible formation of
an undular tidal bore. For the Mezen estuary at aver-
age values of c and H (during low tide), Frb = 1.7, sug-
gesting the possible formation of a collapsing bore in
Mezen estuary.

Fig. 5. Variation of the relative tide height along Mezen R.
estuary: (1) calculation by (3) with bed friction not taken
into account at γ = 0.0221 1/km; (2) calculation by water
levels measured at estuary g. s. [3] 3 days before the neap
tide; (3) calculation of h/h0 by data of tide height measure-
ments during spring tide [13]. 
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Fig. 6. Water level variation in Mezen estuary at Semzha g. s. (6 km from EM), Morozilka g. s. (27 km), and Kamenka g. s. (36 km)
by data in [3]. 

4540 5035302520151050

h, sm

400

600

200

800
Semzha
Morozilka
Kamenka

t, h



816

WATER RESOURCES  Vol. 44  No. 6  2017

DOLGOPOLOVA

PROPAGATION OF TIDAL WAVES
IN DIFFERENT ESTUARIES

To analyze the evolution of tidal wave at river
mouths, several estuaries were chosen with character-
istics given in Table 2. The amplitude of a tidal wave
entering an estuary is known to show the effect of a
decrease in estuary cross-section area from EM to EH
and the hydraulic friction at the bed and banks. In
addition, the thickness of the Stokes layer  (A
is turbulent exchange coefficient, T is wave period),
which forms near f low free surface, plays a significant
role in wave transformation in an estuary [8]. At the
propagation of a semidiurnal wave in a shallow estu-
ary, in which a tidal bore forms, A varies within
the range of 0.02–0.1 m2/s [5, 8], when the thickness
d varies within 30–67 m and flow regime in the estu-
aries under consideration, except for that of St. Law-
rence R., can be considered gradient-viscous. Esti-
mating the effect of estuary shape on tidal wave ampli-
tude during its propagation into the estuary yields
interesting results (Table 2).

The comparison of parameter β with the wave
number of tidal wave in different estuaries shows that
in relatively deep micro- and meso-tidal estuaries,
wave transformation is taking place with an increase in
its amplitude toward estuary head, as, for example, in
the estuaries of St. Lawrence and Delaware. This esti-
mate is supported by the data of studies given in [4, 6].
In the microtidal estuary of the Delaware R., we have
H ~ d, and wave amplitude first decreases at the entry
into the estuary and next increases to become at EH
twice as large as that at EM, notwithstanding the small
h in EM. The change in wave amplitude along estuary
such as that in the Delaware in most cases can be ade-
quately described analytically for estuaries with H ~ d
[8]. A small waterfall upstream of EH (Trenton T.)
prevents the tidal level variations from propagation
upstream, and the friction forces have not enough
time to cause changes in wave amplitude [4]. In the
estuary head of the St. Lawrence R., the spring tidal

d AT=

range is twice that in EM, and the tidal level variations
disappear at a distance of ~100 km further upstream.
The narrowing of channels in such estuaries follows
the law (1) with the widths of Delaware and St. Law-
rence estuaries decreasing 1.7 and 7.4 times slower
than that of the Mezen, respectively. In both estuaries,
the estimate β > 2k, with depth variations neglected,
yields an increase in wave amplitude toward EH,
which is confirmed by observations.

The depths of macrotidal estuaries, whose charac-
teristics are given in Table 2, are much less than Stokes
layer, and the amplitude of tidal waves should decrease
under the effect of turbulent friction. This is the case
in the estuaries of the Mezen at LT and the Qiantang
at TC. Note that estimating the parameter of estuary
narrowing of the Qiantang R. before channel improve-
ment operations in the estuary yields β = 0.0244, i.e.,
according to the estimate β < 2k, tidal wave amplitude
also decreases toward EH. Considering that the values
of β before and after Qiantang estuary improvement
are of the same order and that those values for TC and
LT in the Mezen differ only in the third digit after the
decimal point, we can suppose that the inequality β <
2k also holds for LT in the Qiantang estuary. Accord-
ing to data in [25], tidal range decreases on the average
by half from EM to EH. The estimation of lb after
channel improvement yields lb = 38 km; this is the dis-
tance from EM (Ganpu T.) at which a 50-km-long
segment begins where several tidal bores form. The
estimate β > 2k, obtained for the Mezen at TC with
depth variations along the estuary not taken into
account yields a result in contradiction with data, i.e.,
an increase in wave amplitude toward EH. The longi-
tudinal profile of Mezen estuary bed abruptly changes;
therefore, γ is to be taken into account in describing
tidal range variations along the estuary.

In the Garonne estuary, β ~ 2k, implying that,
within some segment of the reservoir, the wave propa-
gates without significant changes in its shape. Studies
of tidal waves in Garonne estuary confirm this conclu-
sion. According to data in [20], tidal range in the estu-

Table 2. Characteristics of river mouths and semidiurnal tide waves, propagating in the estuary: mean estuary depth H,
parameters β and γ were calculated for tide crest and low tide when data are available (“+” means there is a tidal bore in the
estuary, and “–” means no bore)

* The estuaries were described in detail in [4].

Estuary, L, km Q, m3/s H, m β γ h, m k, rad/km β, 2k Tidal bore

Mezen, 40 780 TC – 7.4 0.0538 0.022 7.8 0.017 β > 2k0 +
LT – 1.7 0.057 0.015 0.032 β < 2k

Qiantang*, 122 1000 TC – 7.0
LT – 2.3

0.0263
–

0.013
0.018

8.9 0.017
0.03

β < 2k +

Seine*, 50 430 8 0.0318 – 7.5 0.016 β ~ 2k +
Garonne*, 64 600 5 0.0381 – 6.0 0.02 β < 2k +
St. Lawrence, 600 12000 350 0.0073 0.0049 2.3 0.0024 β > 2k –
Delaware*, 218 335 30 0.032 0.0023 1.2 0.008 β > 2k –
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ary does not change (~6 m) at a distance of 30 km from
EM; it decreases 1.5 times in the following 15 km to
reach 0.2 m at a distance of 64 km from the mouth.
For the Seine R. estuary, before its embankment, β ~
0.1 1/km [20, 34], which is greater than the values
obtained for other estuaries. In this case, according to
estimate β > 2k, the amplitude of the tidal wave is to
increase toward EH. The estimate of β given in Table
2, which has been calculated for the channel after
improvement, suggests a decrease in wave amplitude
during the propagation in the estuary, which is in
agreement with observational data: the tidal range in
the Seine estuary decreases toward EH during spring
tide or keeps unchanged during neap tide [36].

Tidal Bore Formation
Thus, in deep estuaries with H ≥ d, the tide ampli-

tude increases during wave propagation along the
estuary; however, no tidal bore forms in this case
(Table 2). In shallow estuaries with H < d, the ampli-
tude of the tidal wave decreases at its propagation from
the mouth toward estuary head. In some segments of
such estuaries, a tidal bore can form at an abrupt
decrease in the depth. After its formation, the depth at
the front section abruptly increases and water f low can
be described with the use of the law of moving hydrau-
lic jump. In the analysis of the conditions of tidal bore
formation and disappearance, of interest are the mac-
rotidal estuaries of the Seine [34] and Qiantang [25]
rivers, where artificial deepening of tidal channel leads
to a rapid change in the shape characteristics of estu-
ary cross-section. Table 2 gives the characteristics of
these estuaries after channel improvement. In the
XIX century, one of the highest tidal bores was
recorded in the Seine estuary. It showed a crest height
of up to 7.5 m and a propagation velocity of up to
10 m/s [5]. The tidal bore propagated over 80 km from
EM. After the start of channel improvement, the tidal
bore disappeared; however, later it appeared again
because of the gradual decrease in the depth caused by
sediment inflow into the channel. The embanking and
regular dredging operations to ensure stable navigation
depth (H = 6 m) in Seine estuary caused the disap-
pearance of this huge tidal bore and the formation of
an indistinguishable undular tidal bore with small
wave steepness 45 km upstream of its original location
[21]. The low-frequency undular tidal bore, first iden-
tified during the spring tide in the autumn dry season
of 2011, shows Frb = 1.07 and a height of the first wave
of 1.02 m. Thus, the deepening of the estuary changed
the character and localization of the tidal bore at the
Seine mouth.

Global channel-improvement operations aimed to
reduce tide inundation area were carried out in Qian-
tang estuary in the 1960–1990s [5, 25]. Despite the
large area becoming available for industry and agricul-
ture (730 km2) and the change of estuary hydrological
regime, the value of channel narrowing parameter has

the same order as it had before the embankment. As
the tidal bore that forms at Qiantang mouth is the
highest in the world, attracting many tourists visiting
the site, it was desirable to preserve the tidal bore
during channel improvement operations. It still forms
in several sections in the reach 38–88 km from EM.
The beginning of this reach is determined by parame-
ter lb from (1). Before channel embankment, Frb = 2.5
[5], and after it, Frb = 2.1.

The Garonne estuary has segments with the forma-
tion of several branches, separated by islands, making
this estuary morphologically similar to that of the
Mezen. Studying the propagation of the tidal wave into
the Garonne estuary during low-water seasons showed
that, in some cases at small H and Q, the tidal bore can
form even during a neap tide (Frb ~ 1.1) [20]. In the
range 1 < Frb < 1.1, a low-frequency tidal bore with a
high wavelength-to-depth ratio of 20–40 was recorded
in the Garonne estuary. In a narrow branch of the
Garonne estuary at small depth and Frb ~ 1.1, a col-
lapsing reverse wave was recorded, which was referred
to as a collapsing atypical tidal bore in [19]. A similar
tidal bore, which forms at Kamenka section in the
Mezen estuary, is described above.

The analysis of the formation conditions of the
tidal bore shows a strong effect of the depth on tidal
wave height during its propagation into the estuary.
The parameter γ, which characterizes depth varia-
tions, in the case of shallow estuaries is of the same
order as β and an order of magnitude greater than γ for
deep estuaries. In the analysis of tidal wave transfor-
mation in shallow estuaries, the relationship β  γ is
not valid, and depth variations are to be taken into
account.

CONCLUSIONS
The mean annual water discharges at the Mezen

mouth during summer low-water season were esti-
mated at 888 and 713 m3/s in July and August, respec-
tively. In this period, the formation of a tidal bore is
most likely. The parameters characterizing estuary
narrowing in the planar view and over depth during
flood and ebb tide were determined, and their contri-
bution to changes in the amplitude of tidal wave along
the estuary was evaluated. The effect of friction domi-
nates in the transformation of the tidal wave in the
reach from Semzha V. to Mezen T., and wave ampli-
tude decreases in the course of its propagation into the
estuary. The comparison of the parameter of channel
narrowing in the planar view with the wave number of
tidal wave showed that variation of the longitudinal
profile of estuary bed is to be taken into account to
obtain a reliable estimate of tidal wave transformation
in a shallow macrotidal estuary. The values of Frb were
calculated for several channel cross-sections at high
and low tide. In a half of cross sections at low tide, we
have Frb > 1, suggesting the possible formation of a

@
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tidal bore, especially in narrow and shallow erosion
channels into which the channel divided.

The analysis of variations of channel narrowing
parameters for different estuaries showed that, in rela-
tively deep micro- and mesotidal estuaries, the ampli-
tude of tidal wave increases toward EH, as can be eval-
uated by the relationship β > 2k. Estimates β < 2k and
β ~ 2k were obtained in most cases for shallow macrot-
idal estuaries, showing that the effect of friction force
on the tidal wave amplitude dominates over the effect
of channel shape or such effects are equal. The prob-
lem of tidal wave evolution in shallow estuaries should
be formulated taking into account channel narrowing
resulting from depth variations, because β ~ γ.

Regular channel-deepening operations in the estu-
ary at the Seine mouth result in the disappearance of a
tidal bore with a high collapsing crest and in the for-
mation of a low-frequency undular tidal bore with
small wave steepness further upstream. The compari-
son of Mezen and Garonne estuary channels showed
that a collapsing tidal bore can form at a relatively low
Frb (1.1) in narrow shallow branches.

The features that play a significant role in the for-
mation of a tidal bore in an estuary include the shape
of channel cross-section, the separation of the channel
into several branches, and the large variability of lon-
gitudinal profile of the bed in a macrotidal estuary.
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