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Estuary Shape
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Equation Name Newly derived equation "Classical" 
equation

Phase Lag 
equation
Geometry-Tide 
relation
Scaling equation

Damping equation
Green’s eq. (1937)
Celerity equation

Mazure's equation
(1837)



Most important differences

• Inclusion of Phase lag ε between HW and 
HWS

• Inclusion of tidal damping δ



The Phase Lag between 
HW and HWS



Progressive wave ε=π/2

Mixed wave 0<ε<π/2
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Subst. in Lagrangean  Continuity Equation:

Conditions at HW:
dh/dt=0,  V=υsinε,  dV/dt=ωυcosε
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Phase Lag equation



Tidal Damping and 
Amplification



Tidal damping and amplification
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Tidal damping and amplification
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Tidal damping and amplification
1. Combination of continuity and momentum balance equation
2. Impose constraint for HW:              and V=υsinε

3. Impose constraint for LW:               and V=-υsinε
4. Subtract the two envelopes
5. Yields:

0



t
h

0



t
h















 







sin
+1/sin'1=

d
d1

c
g

ch
f

bx

(Savenije, 1998)



Tidal damping and amplification
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If  y>0.5 : linear amplification of damping

If  y<0.1 : exponential damping



The Geometry-Tide
relation



The geometry-tide relation

1. Lagrangean version of Continuity equation
2. Integration between LW and HW
3. Taylor series expansion for E/b<1
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The Scaling equation

Combination of the geometry-tide relation 
with the Phase-Lag equation yields the
Scaling Equation

(Savenije & Veling, 2005)
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Relation between wave 
celerity and tidal damping
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The Celerity equation
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1. Allow amplification and damping of the tide
2. Assume that the scaled tidal wave propagates undeformed
3. Assume η/h<1
4. Method of Characteristics
5. Solution for HWS and LWS



0 50 100 150 200
distance (km)

0

100

200

300

400

500

tra
ve

l t
im

e 
(m

in
) HW

LW
HW
LW
classic
F&A

Tidal propagation in the Schelde

0 10 20 30 40 50 60 70 80
distance (km)

0

100

200

300

400

500

600

tra
ve

l t
im

e 
(m

in
) TA

classic
HW S
LW S
HW S
LW S

Tidal propagation Incomati



Comparing the new 
Equations with their 

Classical Counterparts
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Phase Lag 
equation
Geometry-Tide 
relation
Scaling equation

Damping equation

Celerity equation
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Equation
Name

Assumption made for
“Classical” equation

"Classical" 
equation

Phase Lag 
equation
Geometry-Tide 
relation
Scaling equation

Damping equation

Celerity equation

Mazure's equation

either ε=0 or ε=π/2

ε=0 and δ=0 

ε=π/2

ε=π/2 and f ’=0

ε=π/2 or δ=0 

ε=0



Conclusions

• The new equations demonstrate substantial 
differences with “classical” counterparts

• They are more general versions of the classical 
equations (which are special cases)

• They are consistent with each other (which the 
classical equations are not)

• The phase lag plays a key role and is the most 
important estuary parameter
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Some useful estuary equations
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