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Abstract. We observed strongly asymmetric tide in a chan- The presence of higher harmonics is an additional mecha-
nel connecting the Van Mijen Fjord and Lake Vallunden in nism for tidal velocity asymmetry in inlets (Boon and Byrne
Spitsbergen. The channel is approximately 100 m long, 10 mL981; Aubrey and Speer, 1985). If two tidal constitueMs (
wide, and 1-2 m deep. Asymmetric tide was also observed irand M4) are developed, we can express the tidal elevation of
the lake. The form of the semidiurnal tide is described by athe surface as

combination of only three harmonicaf, S2 and M) with

different amplitudes and phases. The flood dominant form of? = Am2COSwp21) + AyaCOSwpmat — @), (1)

the surface elevation in the channel (unlike the ebb dominant . . .

tide in the fjord) is formed over a horizontal distance of 50 m whergAMz IS thg amplitude ot/ compoqent O.f tide; and
over a shallow bottom at the entrance to the channel. The tidé‘{”4 is the amp!ltude ofM, component of tidep 'S the am-

in shallow places becomes asymmetric due to nonlinear efp_l'tUde phase difference betweafy and M, consituents of

fects caused by the influence of the bottom and especially b3t7I e. d h d that flood domi
choking of the tidal flow over a sill that is located between , Boon and Byrne (1981) showed that flood dominance ex-

the fjord and channel. We think that such a small distance'St ifm < ¢ < 27, and ebb dominance exists ifDp <.

over which the form of the tide changes, is caused by thel e greater the ratid 14/ A2, the greater the flood or ebb

small scale of the channel related to the fjord. We suggest glommance. It = 0, the crests are sharp and troughs are flat.
numerical model related to these measurements. It ¢ =2, the crests are flat and tro_ughs are sharp.

We observed strongly asymmetric tide in a channel con-
necting the Van Mijen Fjord and Lake Vallunden (and also
in Lake Vallunden) in Spitsbergen. The channel that con-
nects Lake Vallunden with the fjord (Littrowneset) is a natu-
T .. ral test area for investigating strong asymmetric tides. Tides
The phenomenon of asymmetric tide is well known. Tidal in fjords were investigated by Stigebrandt (1980) and Farmer

asymmetry is usually developed in shallow water. If the du- O . .
ration of decreasing sea level due to the ebb exceeds that c?fnd Freeland (1983). The studies in Van Mijen Fjord were

. . ) conducted by Fer and Widell (2007) and Stgylen and We-
the increasing tide (when flood tidal currents are stronger)ber (2010). Long-term measurements of tides in Van Mijen
the system is referred to as flood dominant or flood asym-. - 1 Were. erformed by E. Kvale (Caline, 2009). The am-
metric. If the duration of the decreasing tide is shorter than ] P yE ' )

. L litudes of different tidal constituents based on his measure-

that of the increasing tide (and consequently, the ebb current .
o ments are presented in Table 1. We see from the table that
exceed the flood currents), the tide is referred to as ebb dom-

) S M> and $ constituents dominate in the tidal motion.

!nant (Walton, 2902)' Usuz.:ll'ly, asymmetric t'd? is developed %I'he study region is a place where construction of a new
n chgnnels and mlets_ (Hoitink et al., .2003; M|rfer_1dersk and bridge is planned, which will connect the Svea coast of the
Tomlinson, 2008). Th'? phenomenon is analyzed in many Ioai‘jord with the new deposits of coal found on the other side of
pers (Gallagher, 1973; Aubrey and Speer, 1985).

the fjord. The strong currents in that area are likely to cause

1 Introduction
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b) c)

Fig. 1. (a) Chart of the region and locations of the instrume(it3.Aerial photograph of the lake and chann@) The channel near the
entrance to the lake.

erosion near the bridge pillars. The future causeway and & Experiment

bridge would reduce the amount of tide water entering the

rear part of the fjord, but strong tidal currents between theField works were performed in 2008-2012 in Van Mijen

bridge pillars can occur. Fjord (Spitsbergen). Lake Vallunden, approximately 1km

The motivation of this paper is to show that strong tidal ong, is connected to the Van Mijen Fjord by a shallow chan-

asymmetry develops in a small channel that connects the lakB€l 100m long, 10m wide, and 1-2m deep (Littrowneset

with the fjord. The structure of tides becomes flood dominantChannel). The lake is located almost near the summit of the

in the channel and lake. This transition occurs over a smalfjord at a distance of 80 km from the open ocean. Strong tidal

distance of 50 m. Similar effects can develop between the pil.currents develop in this channel because the tidal displace-

lars of the bridge. ment of the level in the Van Mijen Fjord reaches 3 m. Photos
and chart of the region, in which points of measurements are
indicated, are shown in Fig. 1.
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Fig. 2. Deployment schemes of ADCR&) RDI Sentinel andb) Aquadopp.

We deployed bottom tide gauges (SBE-26, SBE-39 and

SBE-37) in the lake, in the channel, and in the fjord near 2
the channel. We also deployed a current meter (Aquadopp,jlj': )

! Water surface h
20

operating frequency 2 MHz) in the channel and measured the
time evolution of the level with graduated poles (vertical pole
with marks of centimeters). The currents were measured in
the fjord from ice near the channel using an RDI Sentinel Water bottom
instrument (operating frequency 1.2 MHz). A summary of
measurements is given in Table 2. Graduated pole data
A down-looking acoustic Doppler current profiler (ADCP)
RDI Sentinel was deployed in the fjord at point 2 (Fig. 1a)
in the wintertime (1.2 MHz, bin size 5cm, high resolution ¥
mode, bottom tracking, time/ping 3.52 min, average ensem- Y
ble interval 2 min). It was fixed in a hole in the ice as shown in
Fig. 2a. The Aquadopp current meter (2 MHz, bin size 50 cm,
time sampling 6 s) was located in the channel horizontally as
shown in Fig. 2b at point 4 (Fig. 1a). It was tightly fixed
at a distance of 20 cm from the bottom of the channel. The ka}gﬁ
second and third bins were averaged so that the instrument LS
measured integrated currents in the interval 0.5-1.5 from the 10 —
transducer.
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We placed two graduated poles at both ends of the channélig. 3. (a) Scheme of water level measurements using two gradu-
(points 4 and 5 in Fig. 1a) and observed the tidal elevationated poles in the channgb) graphs of sea level variations at two
of the level during half of the period of the semidiurnal tide 9raduated poles in the channel.

(Fig. 3a). The displacement of the sea level at the fjord side

of the channel reached 50 cm at the place where the pole was

located in the channel, whereas at the lake side it was onlypens because when the surface elevation starts to decrease in
15cm. We note that the surface displacement in the fjordthe fjord it is still higher than in the lake, and the equilibrium
reached 1.5m (Fig. 4). The maximum tide in the lake oc-occurs only after 90 min of the water level decreasing in the
curs with a 90 min delay relative to the maximum tide in the fjord (Fig. 3b).

fiord. When the currents in the fjord turn from tide to ebb, the  In August 2009, two SBE-39 pressure gauges were de-
current continues to flow into the lake for 90 min. This hap- ployed on the bottom of the lake at points 6 and 7 and

www.nonlin-processes-geophys.net/20/935/2013/ Nonlin. Processes Geophys., 2099352013
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Table 1.Harmonic constants based on the long-term measurements of tide near the Littrowneset Channel.

My $2 K3 K3 N2
Am 0.5109 0.1867 0.0701 0.0541 0.0967
w, st 14.0519x 10°°  145444x 107> 7.29212x 10°° 145842x 107> 13788x 10°°
G (phase, grad) 43.51 96.95 238.75 94.84 24.50
Table 2. Summary of measurements.
Time Points of measurements (see Fig. 1)
1 2 3 4 5 6 7 8
September 2008  SBE-39 SBE-39
August 2009 SBE-26 Graduated pole Graduated pole SBE-39 SBE-39 SBE-39
September 2010 SBE-39 ADCP Aquadopp SBE-39 SBE-39
February 2009 SBE-39 SBE-39
March 2012 SBE-37 ADCP RDI SBE-39
pressure gauge SBE-26 was deployed on the fjord bottom at .
point 1 (Fig. 1a). The instruments in the lake recorded clears s £
flood-dominant time series of currents and pressure. The re: Lor I
sults of measurements are shown in Fig. 4a and c. The tide'®’f 0.8} |- \
amplitude in the lake is two times smaller than in the fjord. 06 /
The graphs of water pressure in the fjord, on the lake V ) 0_4,\,__,/ \\;
side and on the opposite side of the fjord, based on theiso

data of pressure gauges SBE-39 deployed at points 1 and
in September 2008 are shown in Fig. 5. The measurement: 32
demonstrate that the amplitude of the tide is almost the same jg
at both shores of the fjord. The records in the channel and in , 4
the lake show that the tide record is flood dominant. 24
The measurements in the lake were repeated in Septem 22
ber 2010. In this experiment, one SBE-39 pressure gauge
was deployed in the lake at point 6 and a current meter

(Aquadopp) was deployed in the channel at point 4. TheFig.
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4. Seabed water pressure measured in the frtd) and in the

records of SBE-39 are shown in Fig. 4b and d. The recordake(c, d). Field works were carried out on 26—28 August 2089
of currents in the channel at point 4 is shown in Fig. 6. Thec) and 4-5 September 201D, d). Braces with numbers 1 and 2 in
form of the pressure and current records is flood dominant(c) show the data used to compare with the model calculations.

The maximum absolute speed of the current in the channel
was about 1.5mg. The measurements were made in the
ice-free season using the Aquadopp current meter.

The form of the tide changes because of the presence of
shallow rocky bar where the channel connects with the lake
In summer, the depth of this bar in the low water phase is*’
less than 1 m. In winter the effect of the bar is enhanced by
the freezing of ice, which makes the bar even shallower. In"’
winter, strong currents in the channel influence the reductior .

Bottom pressure 1
fluctuations, dbar

of ice thickness in comparison with the ice thickness in the
fiord and in the lake. At the same time the snow thickness
on the ice surface in the channel is greater than in the fjord.

10
| le
1

Flood 6 h 35 min

15 Time, hours

Ebb 5 h 50 min

Combination of these two effects influences a constrictionFig. 5. Bottom pressure variation in the fjord near the channel and
of the channel. As a result, the tidal amplitude in the lake on the opposite side of the fjord versus time recorded in September
becomes smaller and the duration of the flood tidal phase ir2008. A photo of the place with red points indicating the locations
the lake becomes shorter. This effect is shown in Fig. 7. Inof measurements is shown in the upper right corner.
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2- Table 3.Duration of flood and ebb periods at different points in the
Flood fjord near the channel.
1
E W’"’M\ Points in Fig. 1; date of measurements; Durat_lon of
R i‘ ‘ w figure in which the graph is shown periods
£ gure in whic grap
3 MI l ‘ ‘ Flood period  Ebb period
1 W Point 1, September 2008, Fig. 5. 6h 35min 5h 50 min
o Point 3, February 2009, Fig. 7a. 6h 27 min 5h 57 min
Point 8, August 2009, Fig. 4a. 6h 49 min 5h 35min
27 L L L A N UL D AL D AL LI Point 1, September 2010, Fig. 4b. 6h 25min 5h 59min
i Time h‘ ) ) Point 1, March 2012, Fig. 7b. 6h 28 min 5h 56 min
’ Point 2, March 2012, Fig. 8. 6h 35min 5h 50 min

Fig. 6. Record of currents 20cm over the bottom of the channel

(Aquadopp instrument). Measurements were made in September )
2010. cle based on the pressure measurements (decreasing depth)

lasts from 05:40 to 11:30LT (5h 50 m).
Table 3 summarizes all measurements in the fjord, near the
N\ channel, made in different periods of time.
20 / \ 217 [ /\ [ The maximum absolute velocity of up to 50 cri-shown

_ i \ / \ in Fig. 8b (red color) was recorded during a very short time
10 \ / \ 3o \/ ‘
: / o sl | {
20 25 30
v)

p.dbar p. dbar

_ period in the beginning of the ebb phase. Generally, the ab-
[ solute velocities were lower than 30 cmis The tidal cur-
0 o5 TR 5 rent below the ice in the narrow part of the Van Mijen Fjord
p,dbar 2 ' p,dbar between points 1 and 3 is not symmetric over the semidi-
636 /f""-‘,\ urnal cycle unlike the water pressure variations at the bot-

(=

35 th

tom (Fig. 5). However, the pressure cycle is also asymmetric.
632 Properties of the velocity profile across the fjord depend on
630 | / | the locations were the ice is grounded in the low water phase
528 N, and on river discharge from the valley at the back of the fjord

23 3 th 20 By e 35 b (Wrangborg et al., 2013).

51

6.34

Fig. 7. Seabed water pressure measured in the frtd) and in the ) ) o
lake (c, d). Field works were performed under ice on 8-9 Febru- 4 Simulation of bottom pressure variations

ary 2009(a, c)and on 8-9 March 201, d). . . )
We tried to find a fit for the measurements by a bottom pres-

sure gauge at point 6 (see Fig. 1a). A record of the tide gauge

the expeditions in April 2009, 2010, and 2011, the tide in in _the lake is shown with a blue line with variable amplitude
the lake was zero when the channel was completely blockedF9: 9)- , .
due to freezing. The measurements of water velocities in the W& consider three types of variations.
channel during the ice season were not successful because of 1. pecreasing or increasing amplitude.
the strong flood of water on the ice through the drilled holes.

The sea current profile in the fiord was recorded from the 2. Uneven periods of flood and ebb.
ice with ADCP RDI (1.2 MHz) at point 2 on March 2012.
The measurements were carried out in a shallow channel in
the fjord where the tidal currents are maximal. Examples ofThe decreasing amplitude of the tide is related to the spring-
the ADCP time series versus time for the velocity direction neap variability of tides that is caused by the presence of
and velocity magnitude are shown in Fig. 8. The northeasternwo main semidiurnal tidal constituendg; (period 12.42 h)
velocities (60, blue color) are related to the flood cycle. The and S (period 12.00 h) (Caline, 2009). In the mathematical
flood currents last approximately from 10:00 to 18:20 LT (8 h sense, this variability is the beating caused by two sinusoids
20 min). The flood cycle based on the pressure measurementsgith close frequencies. Irregularity superimposed over this
(increasing depth) lasts from 11:30 to 18:05 (6 h 35min).variation is caused by onshore and offshore wind currents
The southwestern currents (21@ellow color) are related that slightly change the regular tidal variation of the level.
to the ebb cycle. The ebb currents last approximately from Blockage over the bar at the entrance to the channel causes
06:00to 12:00 LT (6 h) or even shorter because from 09:30 tahe generation of higher harmonics of the semidiurnal tide
12:00LT; the ebb currents are only in the upper layer, while(Stigebrandt, 1980; McClimans, 1977); hence the uneven pe-
the lower layer is occupied by the tidal currents. The ebb cy-riodicity of flood and ebb tides occurs. Among them the most

3. Sharp crests and flat troughs.

www.nonlin-processes-geophys.net/20/935/2013/ Nonlin. Processes Geophys., 2099352013
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VELOCITY DIRECTION 0 180 360
6 hr 12 hr

Range, m

VELOCITY MAGNITUDE 250 500
12h

Range, m

Fig. 8. Record of currents measured by the ADCP instrument at point 2 (see Fig. 1a for its location).

p, dbar tion between the fit and measured bottom pressure variation.
2.6 Then, we selected a fit by changing the phase ofithénar-
- monic with a step of & A similar procedure was applied
o to the S harmonic that changes the amplitude of the signal
24 due to the spring—neap variability. Finally, we obtained the
following fit:
23}
h =hg+ Ay2c09wy2t) + 0.15A 32 cOS w4t + 100°)
22 +0.254)2C08wsat +90°), ho = 2.27TmM Ay2=024m  (2)
2.1 We note that no bottom friction and no bottom topogra-
30 phy were introduced into the fit. They are included indirectly
- 10 20 30 40 1h by the existence of th#1, constituent. A surprising thing is

that the point at which the flood dominant tide was recorded

Fig. 9. Variations in the bottom pressure in the lake close to the exists in the channel at a distance of only 50 m from the be-
channel (blue line), the measurements were made in 26-28 Augusiinning of the channel.
2009, at point 6; a fit with three sinusoids, relation (2) (red line).

5 Results of numerical simulations

important is theM, harmonic (period 6.21 h). The phase dif- The tidal asymmetry problem was raised in several publica-
ference betwee, and M4 constituents of the tide causes tions (Huang et al., 2008; Cheng et al., 2010; Dias and Sousa,
asymmetry of the tide with uneven periods of flood and 2009) in which the authors investigated tidal asymmetry in
ebb. Asymmetry between crests and troughs of the recoraharrow inlets. The model for calculations that we used in this
is caused by the phase difference betwé#gnand M, har- study is described in the Appendix. Equation (A10), describ-
monics initially induced by the tide choking over the bar.  ing variations of the water surface elevation in the lake, is
We tried to find a simple fit of the tide amplitude vari- similar to Eq. (4) in the model of Stigebrandt (1980) describ-
ation using three sinusoidal tidal harmonidg> (12.42h), ing the tidal choking effect in fjords. It was mentioned that
S, (12.00h), andMy (6.21h). The curve that fits the mea- the dependence of coefficient of resistance on the Reynolds
sured amplitude variation is shown in Fig. 9 with a red line. number, bottom roughness and the form of the channel is
The fit was found using several iterations. First, we selectednost important for the simulations. In our case, the resis-
the amplitude of thé4, harmonic by sorting different ampli- tance is characterized by produof, whereC is the drag
tudes with a step of 0.05 of the, harmonic. The selection coefficient andc characterizes the influence of variations of
was made by finding the minimum root-mean-square deviahydraulic radius and water speed over the channel on the

Nonlin. Processes Geophys., 20, 93544, 2013 www.nonlin-processes-geophys.net/20/935/2013/
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assume that = 1. Thus, we obtain that drag coefficiefts _ _ .
. . . . Fig. 11. Model calculations of water level that demonstrate tidal
the most important for the numerical simulations. The value o .
asymmetry. Variations in the water level at the lake side (L) and at

of coefficientC = 0.01 was chosen based on the paper of o . side (F) at low tidéa) and high tide(b). Variations in the
Mofield (1988) when representative water depth is 1 m and, e velocity at L and at F at low tide) and high tidgd). Braces

seabed rQUtheSS _iS slightly above 1cm. in Fig. 11a show the time intervals used for comparison in Fig. 12b.
Numerical modeling was performed for a channel of trape-

zoidal shape shown in Fig. 10a. The length of the channel in
the x direction is L, the bottom of the channel is slightly
inclined, and the water level elevation changes along the Water level variations at the fjord side of the channel (forc-
channel (Fig. 10b). Vertical cross sections of the channel aing) are determined by function
the fjord side and at the lake side have a trapezoidal shape:
AoBoCoDg and A1B1C1D; in Fig. 10c. The bases of the  no= Ap2C0Swp2t + (vo +u)py2 — Gu2)
trapezoids are equal ¥ and W1, and slope angles of their + Agocoqwsat + (vo+ u)s2 — Gg2)+
lateral sides are equal tay and«y. The thicknesses of the
water levels above the bases are equdl§at the fjord side Ag1C0Swgat + (o + w1~ Gka)
and H; at the lake side, and the depths of undisturbed water ~ T AKk2C0Swk2! + (vo+u)k2 — Gk2)+
in the channel are equal t; = Ho— no andh1 = Hi — 1,  An2C0Swnat + (vo+u)n2 — Gn2), )
respectively.
The squares of areas; and hydraulic radiir; are calcu- Wwhere numerical values of harmonic constaAts» and

lated using the following equations: G are given in Table 1; the values of initial arguments
(vo+u); are calculated using standard astronomical tables,
A Hi2 CHW. R = Ai and values of reduction coefficients are assumed equal to 1
"7 tang; A T ope (Vladimirsky, 1941).
2H; _ The results of the numerical simulations are illustrated in
P = e +W;, i=01 (3)  Fig. 11. Figure 11a shows that the simulated variations in

the water level at the lake side are very similar to the mea-
Numerical simulations were performed with the following sured values shown in Fig. 4. Simulated water velocities at
numerical values, which are close to those in the natural conthe fjord side shown in Fig. 11c are very similar to the ve-

ditions: locities measured using the Aquadopp current meter (Fig. 6).
The maximum velocities are reached at the lake side of the
$|=537800M, L=100m Wo=7m Wy=3m, channel when the water level in the fjord is close to the maxi-

mum and at the fjord side of the channel when the water level
in the fjord is close to the minimum. Their maximum abso-
lute values exceed 2 8. Model calculations demonstrate
that the tidal flow in the channel is flood dominant.
C=001 «x=1 4) Figure 11b shows that a constriction of the channel due to
the ice formation in the wintertime explains the decrease in
Si is the square of the lake. The values in E4).dorrespond  the tidal amplitude and the duration of the flood phase of the
to geometrical characteristics of the channel. The drag coeffitige in the lake measured in the ice season (Fig. 7). Figure

cient corresponds to very shallow water conditions and highy 19 demonstrates the decrease of the current velocities in the
water velocities, therefore it is relatively high. channel due to constriction.

ap1=30, ho=12m, h1=15m,

www.nonlin-processes-geophys.net/20/935/2013/ Nonlin. Processes Geophys., 2099352013
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Table 4. Absolute values of the amplitude ratios @b and M4 tides in the lake.

Ratio Measurements related Three consecutive

of to intervals 1 and 2 intervals of model calculation.

amplitudes shown in Fig. 4c The graphs are shown in Fig. 11b
1 2 1 2 3

lag/az| 0.196 0.198 0.232 0.178 0.177

before flowing into the channel. Ice conditions in winter en-
hance this effect.

We attribute this rapid change in the asymmetric form of
the tide to a very small scale of the experiment. Usually,
such transition occurs over distances of the order of 1 km
(Dronkers, 1986; Nidzieko, 2010). The horizontal scales of
the channel are of the order of a few kilometers and the
depth scale is of the order of a few tens of meters. In our

Fig. 12. Water pressure at the bottom of the lake measured in twocase, the Littrowneset Channel is only 10m wide and 1-

consecutive periods of semidiurnal tide versus t{ajésee Fig. 4c). 2m deep, Wh'Ch, IS tWQ orders of magnltude S'maller than
Water level in the lake calculated in three consecutive periods oftN® Usual scales in straits and estuaries where tidal asymme-

semidiurnal tide versus tim@®). try was observed (Friedrichs and Aubrey, 1994; Blanton et
al., 2002; Lanzoni and Seminara, 1998; Savenije and Veling,
2005). We can suppose that such change in the scales can

Figure 12a shows water pressure variation at the bottom ofead to a decrease in the horizontal scale over which tidal

the lake measured during two consecutive periods of semidasymmetry forms.

iurnal tide (12.42 h) versus time (see Fig. 4c), and Fig. 12b

shows an example of water level variations in the lake calcu- .

lated in three consecutive periods of semidiurnal tide. 7 Conclusions

These graphs were used for the analysis of the change i L .
grapns were u ye! g IL‘Ilhe tide in shallow places becomes asymmetric due to non-

the form of tide elevation. Curves 1 and 2 in Fig. 12a cor- i Hoct d by the infl f the bott d
respond to intervals 1 and 2 in Fig. 4c. Curves 1, 2 and ginear efiects caused by the influence of the bottom and es-

in Fig. 12b correspond to intervals 1, 2 and 3 in Fig. 11a pecially by choking of the tidal flow over a sill that is located

Each of the curves shown in Fig. 12 was approximated b)petween the fjord and Chfcmr.]el' . .
the equation The form of asymmetric tide in the channel can be satis-

factory approximated using th, harmonic and only two
F = a1 + ap CoSwpat + az) + asCOY 2wy ot + as). (6) additional tidal componentsy, and M.
Measurements in the channel (Littrowneset) demonstrate

Constantsz;; were calculated using operations FindFit in that strong asymmetric effects develop over a distance of
“Mathematica 8”. The absolute values of the calculated ratio0 m, very close to the sill that chokes the tidal flow.
laa/az| of M> and M, tide amplitudes in the lake are shown  The causes of such rapid development can be related to the
in Table 4. The ratiogas/a»| calculated with field data are small scale of the channel, which is two orders of magnitude
close to the ratios calculated for simulated tides in the lake. smaller than the coastal channels connecting the open sea
and lagoons, and in the estuaries, where tidal asymmetry is

usually observed.

6 Discussion

The physical interpretation of the change in the form of the Appendix A

tide is explained by the presence of a shallow rocky bar

where the channel connects with the fjord. The depth of thisa model of tide in the lake

bar in the low water phase is less than 1 m. This is the tidal

choking effect considered in Stigebrandt (1980) and McCli- We suggest a model based on the measurements in the chan-
mans (1977). The presence of the bar leads to the generatiamel connecting Lake Vallunden with the fjord. The measure-
of the second harmonic of semidiurnal tide; hence the formments are illustrated in Figs. 10 and 11. The objective of the
of the tide elevation changes. Different harmonics of the tidemodel is to find relations between amplitudes of tidal eleva-
lose different parts of their energy when passing over a silltions in the fjord and in the lake.
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A model of water level variations in the lake is based on empirical coefficient characterizing changes of the hydraulic

the equation of mass balance:

— = Aqu1q,
ar U1

whereV, is the water volume in the lakey; is the area of

(A1)

the vertical cross section of the channel at the entrance to the

lake, andu1 is the water speed averaged over atgea

radius and water speed over the channel.
The mean values of the hydraulic radius and the water
speed are approximated by the following equations:

_ Ro+ Ry ) = uo+u1
- b - 2 b

(R) >

(A8)

where Rg and R1 are the hydraulic radii at the fjord side of

The current in the channel is described by the equations ofhe channel and at the lake side of the channel.

mass and momentum balance:

9A (A
A 9w (A2)
at 9x

u du an 1

P =g _cr , A3
or Max T 8hx el (A3)

wherer is time, x is the spatial coordinate directed along the
channel from the fjord to the lakd, is the area of the vertical
cross section of the channel,is the water speed averaged
over aread, n is the elevation of the water surfacR,is the
hydraulic radius of the channel, antis the drag coefficient.
The hydraulic radius is calculated using the equatiosa
A/ P, whereP is the wetted perimeter of the channel.
TermsdA/dt anddu/dt can be ignored in Egs. (A2) and

(A3) since a representative timescale of the problem is about-sign(n — no)Al\/
one half of the semidiurnal period, i.e., 6 h. It is assumed that

We substitute Egs. (A7) and (A8) in Egs. (A5) and (A6),
excludexg and get

' 2g(n—no)
41 = —Signim. — ”0)\/A§A02 +05¢C(R) 1L(A1A; + 121 (A9)

We assume that the variations in the water volume in the
lake are expressed by the equation & Sdn1 and substi-
tute Eq. (A9) in Eq. (Al1). We find that the equation describ-
ing water level variation in the lake caused by tidal variations
of water level in the fjord is written as

dn1
S -
' dr

2g(n1—no)
A2A52+05¢C(R)1L(A1A; +1)2 -1

(A10)

temporal variations of the current speed along the channel Areas Ag and A; are functions of the channel's bottom

are determined by the variations in the water level gradienishape and the water surface elevatignandy,. Tidal vari-
(dn/dx) along the channel, and the direction of the water ations of the water level in the fjord are determined by func-
velocity in the channel is opposite to the water level gradienttion 1q(¢).

over the channel:

u = — lu|sign(n1 — no). (Ad)
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