
Effect of Vertical Drains on Tidal Dynamics

in Beaches

Peter Engesgaard

Geological Institute

University of Copenhagen

FINAL REPORT - JUNE 2006

1



1 Introduction

A low water table in beaches will generally favour infiltration and onshore sediment trans-

port [Horn, 2006]. The location of the water table in beaches is primarily controlled by

tidal dynamics. Controlled laboratory experiments have recently demonstrated how a

single harmonic tide can generate tidal responses with higher harmonics due to different

physical phenomena [Cartwright et al., 2003, 2004]. These may include the non-linear

filtering effect of a sloping beach, which also leads to a water table over height [Nielsen,

1990], the effects of the development of a seepage face, and the effects of the presence

of a (truncated) capillary fringe near the beach surface. Observations in the field by

Raubenheimer et al. [1999] confirm these findings.

The effects of so-called vertical drains on the tidal response in beaches are investigated

in this report. The drains are also called Pressure Equilibrium Modules (PEM). The

vertical drains consist of a 10 cm drain with a 1 m long screen. The functioning of the

PEMs is not known, but one hypothesis is that the effective permeability of the beach is

increased. A two-week experiment was conducted at a beach near Holmsland on the west

coast of Denmark in order to investigate the hydraulic functioning of the PEMs. Two

different experiments were envisaged. A beach-scale experiment where tidal dynamics

were monitored in transects with normal observation wells and PEMs, and PEM-scale

experiments, where the pressure distribution around a drain was continuously monitored.

Unfortunately it was only the beach-scale experiment that was successful.

The experiment was divided into two periods. Period 1 where only 10 cm diameter

wells (10 cm screen) were installed with pressure transducers (divers; measurement every

2 minutes) and period 2 where both wells and PEMs were installed, the PEMs also with

pressure transducers. Three transects were established. One transect with just wells and

no PEMs, which then acted as a reference site, one transect with both wells and PEMs,

and then one transect with a few wells and mostly PEMS, which was designed primarily

for the PEM-scale experiment. This makes a before-and-after comparison possible, where

the tidal response in the wells during period 2 can be compared with the tidal response

in period 1 and finally can be compared with the reference site.

The analysis of the data is partly based on the model by Nielsen [1990] and partly on

the approach used by Carr [1971]. The model by Nielsen [1990] shows that small increases

in the effective permeability of the beach will lead to less reduction in the amplitude of the

recorded tidal signal in the wells plus less water table over height (and, thus, lowering of
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the water table). Carr [1971] used harmonic analysis to interpret the amplitude damping

as a function of distance from the sea.

2 Field site

The field site is located near Holmsland on the West coast of Denmark, Figure 1.

Field Site

Figure 1: Location of field site

Figure 2 shows the location of the installed wells all with divers measuring the hydraulic

head and the Pressure Equilibrium Modules (PEMs) also with divers. The North transect

acts a reference site, where no PEMs were installed. The Central transect includes wells

spaced about 10 m apart, and with PEMs centrally located in-between (i.e., 5 m spacing

to wells). The South transect has only four wells, three nearest to the sea, and one at the

other end. Otherwise, this transect mainly consist of PEMs.

All wells were installed starting on 8:00, March 20, 2006. This corresponds to Julian

day 79.3. The PEMs were installed on March 26, approximately on Julian day 85.8. The

experiment ended on April 2, approximately Julian day 92.7.

The experiment is therefore divided into two experimental periods; Period 1 Julian

days 79.3-85.5 (6.5 days), where only wells were installed, and Period 2, Julian days 85.5-
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Figure 2: Location of wells with divers (open circle) and pressure equilibrium modules

(filled circles)

92.7 (approximately 7.2 days). For reasons discussed below both of these periods will be

made shorter.

Figure 3 shows the measured changes in the beach profile (measured on three occasion

at every well and PEM). From March 20 to March 26 (i.e., the period without PEMs)

there is a change in the beach profile by the addition of sediments to the zone affected by

tidal dynamics and waves, which generally causes a decrease in the average slope (inverse

of cotβ, where β is the beach slope, calculated as the distance between end points divided

by difference in elevation of the beach at the two end points). The exception is the North

transect, where a slight decrease in the elevation of the beach profile at the well nearest

to the coast line causes an increase in slope. On the other hand, from March 26 to April

2, there is a decrease in the elevation of the beach profile nearest to the coast line, even

below that measured on March 20, causing an increase in slope, Table 1. This change

likely happened after March 28-29, during which there was an increase in wave and current

activity. Notice the possibility of tidal water being trapped in depressions primarily in

the Central and South transects in the latter period.

Figure 4 shows the recorded water level at Hvide Sande. By a coincidence the mean

water level can be divided into two periods that more or less exactly matches the two
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Figure 3: Measured beach profiles on March 20 (blue), March 26 (dark), and April 2 (red)

for transects North (top), Central (middle), and South (bottom). The two dashed lines

are the MSLs, with the lower and upper lines representing the MSL during periods 1 and

2, respectively.
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Transect Average beach slope

March 20 March 26 April 2

North 30.2 27.4 28.8

Central 41.4 48.4 36.2

South 43.2 56.2 42.6

Table 1: Average beach slopes (cotβ) on March 20, March 26, and April 2.

experimental periods. In period 1, the mean sea water level (MSL) is -0.11 m, while in

period 2, the MSL is 0.24 m. This will have an effect on the water table dynamics in

the beach. The MSLs are shown on Figure 3. The beach profile measured on April 2 is

probably representative for period 2 because the small storm started on March 28. Thus,

the MSL moved at least 20 m further inland. The mean amplitude of the water levels at

Hvide Sande up to day 83 is 0.36 m. After day 86 and to the end the mean amplitude is

0.49 m.

The hydrogeology of the site is not very well known. The beach mainly consists of

sand with embedded gravel layers sometimes up to 0.5-1.0 m in thickness. Grain size

analysis shows a d10 of about 0.2-0.4 mm. Hazens empirical relation for calculating a

hydraulic conductivity (K) is;

K = Ad2
10 (1)

where A=1 if d10 is inserted in mm giving K in units of cm/s. Using (1) one can compute

K in the range 30-140 m/day.

The other parameter of interest is the drainable or effective porosity, n. For this type

of (coarse) sand the drainable porosity is probably close to the total porosity, i.e., 0.2-0.4.

However, the effective specific yield (often assumed equal to the drainable porosity) may

be much lower due to the presence of the water table near the surface, and, thus, also

the capillary fringe, which may become truncated during high tide [Gilham, 1984]. The

effective drainable porosity may therefore be less.

Rainfall amounted to about 39 mm over the whole period with the highest rainfall rate

of about 14 mm in one day (March 27). At this time of the year recharge is approximately

equal to rainfall.

The reported hydraulic heads are based on measurements relative a measuring point

found by GPS survey levelling of the wells and PEMS. The precision is about a few cm’s
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Figure 4: Water level at Hvide Sande

(J. Gregersen, personal communication).

3 Conceptual Model

Nielsen [1990] presented an analytical solution for hydraulic head fluctuations in beaches

due to tides. Figure 5 shows a schematic of the considered flow system. The origin of the

x axis starts at the intersection of the mean sea level (MSL) and the beach face, and x is

positive landward.

The assumptions are;

• A low-permeable layer exist at the bottom of the aquifer. The thickness of the

aquifer is D, equal to the distance from the mean sea water level to the bottom.

• The aquifer is homogeneous with an effective hydraulic conductivity, K, and drain-

able porosity, n.

• The beach has a slope with an angle of β.
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Figure 5: Conceptual model of beach

• Flow is horizontal(Dupuit).

• Single sinusoidal tide with period T.

• Groundwater flow into the coastal aquifer Q(t) is zero.

• Recharge N(t) is zero.

• A seepage face does not develop.

• Capillary effects on water table movement can be neglected.

As mentioned above, the coastal aquifer at Holmsland is likely not homogeneous.

However, the analysis will be based on a before-and-after situation, where the PEMs in

period 2 may lead to a higher effective permeability because they can lead to an increase in

the connectivity between the gravel layers that are known to exist at different elevations.

There is only one harmonics, i.e., the model can not treat low-frequency tides and

high-frequency waves at the same time. In the forthcoming analysis the effects of the

waves have been filtered out.

Flow is not strictly horizontal at the field site. Raubenheimer et al. [1999] observed

that horizontal flow tended to dominate vertical flow, although significant vertical flow did

occur during high tide. Likewise Cartwright et al. [2004] found non-hydrostatic pressure

distributions in their sand box experiments.

8



Recharge was not equal to zero during the experimental period. By assuming a drain-

able porosity of 0.20, then the maximum increase in water table (by neglecting any out-

flow) from a daily recharge of 14 mm is 0.014/0.2 or 0.07 m. During most of the days

the rate of recharge is less than 5 mm, i.e., an increase in water table of about 0.025 m.

However, the effect of the capillary fringe extending all the way to the beach surface, at

least during high tide, would mean that the effective specific yield is much less than the

drainable porosity [Gilham, 1984]. A few mm of rainfall could therefore easily lead to

a higher increase in water table. However, there has been no analysis of when rainfall

occurred relative to the tide. For example, if rainfall occurs during high tide then it has

much less effect.

One of the most critical assumptions is the that related to the formation of a seepage

face. A seepage face occurs because of a decoupling between fx. the falling tide and the

water table. The seepage face will form in the active tidal region. The analytical solution

given below is therefore only strictly valid upstream to the high water mark.

Capillary effects may play a role, but it is generally accepted that this is most crucial

for high-frequency signals (i.e., waves).

Despite these simplifying assumptions the analytical model by Nielsen [1990] may still

give some valuable insight into which physical phenomena to look for when comparing

the tidal response in the beach before and after the PEMs were installed.

The one-dimensional analytical solution is given as;

h(x, t) = D+Acos(ωt−kx)e−kx +εA

[

1

2
+

√
2

2
cos(2ωt +

π

4
−

√
2kx)e−

√

2kx

]

+O(ε2) (2)

where h(x,t) is the hydraulic head (m) at position x (m) and time t (days), D is the

mean aquifer depth (m), A is the tidal amplitude, ω = 2π/T is the tidal frequency, where

T is the tidal period (days), k is the wave number (see below), and ε = kAcotβ, where

β is the beach slope. The analytical solution was developed from a pertubation analysis

using ε as the pertubation parameter. Equation (2) is correct to first order in ε. Thus,

ε must be much lower than 1 for (2) to be valid (ε << 1, in practise it often suffice that

ε < 0.5). Also, it is required that the amplitude is small compared to the mean aquifer

depth, i.e., A << D. Nielsen [1990] also developed a solution that is correct to second

order, however, here it will suffice to use (2) to demonstrate the effects of tides on the

hydraulic head fluctuations in a sloping beach.

The wave number, k, is defined as;
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Parameter Value

Hydraulic conductivity, K 50, 200 m/day

Porosity, n 0.2

Amplitude, A 0.4 m

Aquifer thickness, D 20 m

Tidal frequency, ω 2π/0.5 day−1

Beach slope, cotβ 0, 60/1.5

Table 2: Parameters used to simulate tidal dynamics with Nielsen model. Two values for

K and the beach slope are used

k =

√

nω

2KD
(3)

where K is the hydraulic conductivity (m/day) and n is the drainable porosity (-). These

are the two hydraulic parameters that govern the effects of tidal dynamics on hydraulic

head fluctuations. The ration K/n is also called the aquifer diffusivity. The higher the

diffusivity the lower is the time scale for transmitting the tidal signal.

The first term in (2) is the mean aquifer depth corresponding to the mean sea water

level. For the case of a vertical beach (cotβ=0) one has ε=0 and the third term cancels

out. Thus, the solution represents a pure sinusoidal fluctuation around D, but with a

damped signal (Ae−kx) and a phase lag (cos(ωt-kx)). Figure 6 shows two simulations

(black solid and dashed lines) with the parameters in Table 2 (the parameters are close

to those representing the field site). Notice that it is h(x,t)-D that is plotted versus time.

Both simulations give tidal fluctuations around zero. The phase lag and damping increases

with an increase in the wave number corresponding to a decrease in K or increase in n.

The case with the high K (200 m/day) thus gives tidal fluctuations that are much higher

than the case with the low K (50 m/day). For the high K case, the damping is about

0.23/A=0.23/0.4 = 0.58 (0.23 m is the peak value). Likewise, for the low K case, the

damping is about 0.18. These reductions are also called the tidal efficiency [Carr, 1971].

The third term in (2) accounts for (i) an extra over height and (ii) an extra, but

small damping plus a skewing (asymmetry) of the tidal signal εA21/2/2(cos2ωt). The

over height means that the water table is lifted on the mean a factor of 0.5εA above the

mean sea level, which is explained by the fact that it is easier for water to seep into a

sloping beach at high tide than to drain away at low tide [Nielsen, 1990]. This is also seen
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in the two simulations in Figure 6 where a sloping beach is introduced (cotβ=60/1.5, red

solid and dashed lines). Again the high K case means less damping of the tidal signal,

however the mean water level is lifted 0.058 m above the mean sea level. The results are

shown at a distance of 50 m from the intersection between the MSL and the beach, i.e.,

in this case upstream to the high water mark. In the low K case, the water level is lifted

0.11 m. Also, the asymmetry is lower in the high K case.
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Figure 6: Tidal dynamics at x=50 m for 4 different situations. Black indicates a vertical

beach (cotβ=0) and red a sloping beach (cotβ=60/1.5). Dashed lines are with K=200

m/day. Solid lines with K=50 m day.

This leads to the following observations;

• A higher hydraulic conductivity leads to less damping of the tidal signal (and also

less phase lag, however this is more difficult to observe)

• A higher hydraulic conductivity leads to a decrease in the so-called water level

overheight.

• A higher hydraulic conductivity leads to less asymmetric tidal signals.
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4 Presentation of tidal data

Figures 7 and 8 are examples of the recorded tidal signal in wells N1 and N7, respectively.

Clearly the signal is composed of low-frequency tide signals and high-frequency waves. At

well N7 the high-frequent signals have almost disappeared.
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Figure 7: Illustration of the filtering of high-frequency waves in N1. Black line is the

recorded signal (every 2 mins). Blue line is the filtered signal.

To make the interpretation easier all recorded signals were filtered using a so-called

low-pass band filtering technique, see Appendix A. The results of the filtering are also

shown in Figures 7 and 8. The analysis was therefore done exclusively on the filtered

signal.

Figure 9 shows the filtered signal in C6. It it clear that during the transition from

period 1 to period 2 it is very difficult to pick out low and high tides. This is mainly due

to the nature of the sea water level, Figure 4, and the non-linear filtering of the signal due

to the beach. The same observation is valid for all wells, except perhaps the wells closest

to the sea. The periods of observations have the therefore been changed in order to omit

this transition period. Thus period 1 ends at day 83 and period 2 starts at day 86. The

amount of rainfall in the new periods 1 and 2 are about 3 and 13 mm, respectively. Thus,
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Figure 8: Illustration of the filtering of high-frequency waves in N7. Black line is the

recorded signal (every 2 mins). Blue line is the filtered signal.

excluding days 83-86 takes care of the problem with high rates of rainfall with up to 20

mm over 3 days.

The mean hydraulic head in C6 increases from 0.44 m in period 1 to 0.70 m in period

2, which reflects the general increase in mean sea level (0.35 m).

5 Method of analysis

The analysis of the data is performed in the following way;

1. Analysis based on wells only

2. Analysis based on wells and PEMs

5.1 Analysis based on wells

The method of analysis is based on;

• Calculating the amplitude reductions in period 1 and 2 to see if the beach has

changed hydraulically by the installation of the PEMs. The PEMs could cause
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Figure 9: Recorded signal in Well C6. The mean hydraulic head in periods 1 and 2 are,

0.44 and 0.70 m, respectively.

an increase in permeability leading to greater fluctuations during period 2. This

approach is similar to that performed by Carr [1971], except that a harmonic analysis

is not performed here.

• Calculating the mean water level. The PEMS could cause an increase in permeabil-

ity leading to less overheight.

The PEMs have not been included in the analysis, i.e., only the wells are included to

see how each reacts before and after the installation of the PEMs.

Figure 10 shows the adopted method. For each well the total amplitude has been

recorded for each tide. In all there is about 25 low-high tides during the whole period.

Because of the exclusion of days 83-86, it amounts to 6 total amplitudes during period 1

and 13 total amplitudes during period 2. Each amplitude is correlated to the same total

amplitude in the water levels measured at Hvide Sande, Figure 4. For example, one can

have;

ar
i =

aC6
i

aHS
i

(4)
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where ar
i , aC6

i , and aHS
i are the relative amplitude reduction, the total amplitude at C6,

and the total amplitude at Hvide Sande for the i’th tide. The amplitude reduction, ar
i ,

is also known as the tidal efficiency [Carr, 1971]. Carr [1971] used harmonic analysis to

find the tidal efficiency of three primary tidal components. Cartwright et al. [2003, 2004]

similarly used harmonic analysis to find both the amplitudes and phase lags of the single

tidal component and the higher order harmonics generated e.g. by the sloping beach and

the formation of a seepage face.

The mean amplitude reduction and its standard deviation are calculated for both

periods 1 and 2. Recall that only 6 and 13 amplitudes are available, so the standard

deviation is uncertain especially for period 1. Furthermore, the mean hydraulic head is

calculated for period 1 and 2 in each well.

This procedure assumes that the well response time is short [Black and Kipp, 1977;

Horn, 2006], i.e., that the observation well responds more or less instantaneously to

changes in pressure outside the well.

All the calculations were done semi-automatically using MATLAB, see also Appendix

B.
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Figure 10: Peak analysis method. Every total amplitude is recorded.
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5.2 Analysis based on wells and PEMs

The hydraulic heads were measured with pressure transducers placed near the bottom of

the screens of the wells and PEMs, see for example Figure 16. The screen is 1 m long in a

PEM and 0.1 m long in a well. The projection of the location of the measurement point

of the transducers therefore approximately follows the beach slope.

There are essentially two possibilities for interpreting the tidal response observed in

the PEMS;

1. The PEMs act as observation wells with a large diameter and a (relative) long

screen.

2. The PEMs act as a drain with water flowing up or down.

Unfortunately it is only possible to investigate the first situation, where the PEMs

act as an observation well. Another experiment was designed to closely monitor the head

distribution around two PEMs in order to observe significant in/out flows to or from the

PEMs. However, this experiment failed. If such a situation is true then inertial effects

can become important as has been observed in hydraulic tests of wells. One can not

necessarily out rule the possibility of the PEMs draining water from waves in the swash

zone, where an analogy to instantaneous hydraulic tests may be made.

The premise for considering the PEMs (and the wells) as observation wells is that the

pressure distribution in the well bore is hydrostatic. This means that the hydraulic head

inside the well bore represents an average head over the length of the screen. Significant

vertical upward or downward flow may exist in the aquifer itself [Cartwright et al., 2003,

2004] although horizontal flow have been shown to dominate at the field scale [Rauben-

heimer et al., 1999]. The point of measurement is then assumed to be in the middle of

the screen, which means that the PEMs measure the hydraulic head about 0.5 m above

the wells.

The tidal data from the wells and PEMs have been analyzed to detect possible vertical

flows.
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6 Results

6.1 Analysis without PEMs

The following analysis is carried out without considering the PEMs. It focuses on a

before-and-after situation and a comparison with the reference North transect.

Figures 11, 12, and 13 show the mean amplitude reduction as a function of distance

from the first well (N1, C1, or S1). The bars show the plus/minus one standard deviation.

Transect North behaves almost similar from period 1 to 2, although there is a slight

tendency to less damping. This may be partly explained by the fact that the MSL moved

about 5 m more inland from period 1 to 2 (Figure 4).
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Figure 11: Amplitude damping in transect North. The mean amplitude damping is shown

at each well with diver +/- one standard deviation. Black and red lines are period 1 and

2, respectively.

Transects Central and South show a clear tendency towards less damping during period

2, which, again, may be explained by the fact that the MSL moved about 20 m inland,

see Figure 3. Figure 22 shows this in another way, where the mean hydraulic heads in the

wells have been plotted against the measured beach slope on March 26 and April 2.

Notice that the standard deviation in amplitude reduction is much greater for transects

Central and South during period 2. That is, it appears that the beach responds more
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erratically during this period.
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Figure 12: Amplitude damping in transect Central. The mean amplitude damping is

shown at each well with diver +/- one standard deviation. Black and red lines are period

1 and 2, respectively.

Figure 14 shows the mean hydraulic head in all wells in the three transects. In all

cases the the water table is higher in period 2. This is better seen in Figure 15 where

the mean hydraulic head during period 2 was subtracted from the mean hydraulic head

during period 1. The three transects show almost identical trends with mean hydraulic

heads of 5-35 cm higher in period 2 than in period 1. Recall that Figure 4 showed that

the MSL increased by about 35 cm from period 1 to 2. This effectively meant that the

MSL moved at least 5-20 m inland. The differences in mean hydraulic heads are less

around 10-20 m from the wells nearest to the sea. The reason for this is not known.

The micro-topography (Figure 3) would actually trap water in this zone during period

2 and lead to extra infiltration. This would lead to consistently higher hydraulic heads

during period 2, and, thus, can not explain the observations. The differences may very

well be related to the position of the seepage face during periods 1 and 2. In period 2 the

seepage face has likely moved inland. Notice also that the mean hydraulic head is greater

during period 2 in the most inland wells up to about 30 cm. This may seem contradictory

to the the general behaviour of tidal damping as a function of distance from the coast
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Figure 13: Amplitude damping in transect South. The mean amplitude damping is shown

at each well with diver +/- one standard deviation. Black and red lines are period 1 and

2, respectively.

line. This may be explained by the added water table over height or increased inflow

of groundwater from upstream areas due to rainfall. The amplitude of the water level

at Hvide Sande increases from 0.36 to 0.49 m from period 1 to 2. The water table over

height can be computed from 0.5ǫA=0.5A2kcotβ, where k is the wave number (3). This

relation is strictly only valid for computing the extra over height upstream to the high

water mark. This condition is only fulfilled for period 1. Using A=0.36 m from period

1 and the parameters from Table 2 together with the estimated hydraulic conductivities

(30-140 m/day) gives an extra over height during period 1 of about 11-24 cm. During

period 2, with A=0.49 m, the over height becomes 20-44 cm depending on the choice

of K. Thus, it is likely that natural physical phenomena can explain the extra observed

increase in water level in the most inland wells in period 2.

6.2 Analysis including PEMs

Figures 16-21 show a sequence of measured hydraulic heads in the wells and PEMs during

low and high tides. Only transect C is analyzed.
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Figure 14: Mean hydraulic head in all wells in the three transect, North (solid), Central

(dashed), South (Dash-Dot), with black and red indicating period 1 and 2, respectively
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Figure 15: Change in mean hydraulic head in all wells in the three transect, North (black),

Central (red), South (blue)
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Figure 16: The hydraulic head in period 2 at low tide (88.41 days) for wells and PEMS

in transect C. The location of the screens are indicated (red=PEMs, blue=wells)

0 10 20 30 40 50 60
−2

−1.5

−1

−0.5

0

0.5

1

1.5

Distance, in m

day=88.6028days

Figure 17: The hydraulic head in period 2 at high tide (88.60 days) for wells and PEMS

in transect C. The location of the screens are indicated (red=PEMs, blue=wells)

21



0 10 20 30 40 50 60
−2

−1.5

−1

−0.5

0

0.5

1

1.5

Distance, in m

day=88.8528days

Figure 18: The hydraulic head in period 2 at low tide (88.85 days) for wells and PEMS

in transect C. The location of the screens are indicated (red=PEMs, blue=wells)
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Figure 19: The hydraulic head in period 2 at high tide (89.10 days) for wells and PEMS

in transect C. The location of the screens are indicated (red=PEMs, blue=wells)
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Figure 20: The hydraulic head in period 2 at low tide (89.35 days) for wells and PEMS

in transect C. The location of the screens are indicated (red=PEMs, blue=wells)
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Figure 21: The hydraulic head in period 2 at high tide (89.60 days) for wells and PEMS

in transect C. The location of the screens are indicated (red=PEMs, blue=wells)
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The hydraulic heads are higher in the PEMs than in the wells in the active forcing zone,

0-20 m, and very similar to the hydraulic heads measured in the wells at distances greater

than 20 m (Figures 16-21). Generally, the same pattern is found throughout period 2.

Figure 22 show the time mean hydraulic head in the PEMs and wells. Again, the hydraulic

heads in the PEMs in the active forcing zone (PEMs Ca an Cb)are higher than in the wells

in the same zone (C1, C2, C3). This is consistent with other findings from laboratory

experiments [Cartwright et al., 2003, 2004] and field measurements [Raubenheimer et al.,

1999], where downward flow was observed during high tide and also as an average over a

tidal cycle.
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Figure 22: The mean hydraulic head in period 2 for wells and PEMS.

7 Conclusions

An analysis on tidal response in a beach was performed on data from a two-week field-scale

experiment at Holmsland.

The analysis is primarily based on a before-and-after situation, where so-called Pres-

sure Equilibrium Modules (PEMs) were installed in week 2. The hydraulic functioning of

the beach during week 2 can be compared with week 1 and also compared with a reference

site, where no PEMs were installed. The PEMs may result in a more permeable beach
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because the long screens can intersect several small gravel layers making the whole beach

more conductive. Infiltrating water could thereby drain better away.

The analysis is exclusively performed on tidal data where the high frequency waves

have been filtered out.

The hydraulic behaviour of the beach in damping the tidal signal was investigated

and compared between week 1 and week 2. The analysis is based on similar principles

as applied by Carr [1971], model predictions by Nielsen [1990] for beaches of different

permeability, and observations in laboratory and field experiments by Cartwright et al.

[2003, 2004]; Raubenheimer et al. [1999].

This leads to the following conclusions;

• The damping is less in period 2 (week 2), which is explained by the fact that the

mean sea level moved 5-20 m more inland due to a combination of increase in water

level at Hvide Sande and a change in beach profile.

• The temporal mean hydraulic heads increased in reasonable correspondence with

the observed water levels at Hvide Sande and the fact that a sloping beach leads to

an extra water table over height at inland wells.

• A comparison of the mean hydraulic heads in the wells and PEMs suggest that there

is a downward flow in the tidal active zone. This is in agreement with laboratory

and other field-scale findings.

• In all cases the transect with both wells and PEMs (Central) act very similar to the

transect with just wells in both period 1 and 2. Any differences can be explained

by the differences in beach profile.

In summary, it is concluded that, for this beach-scale analysis, the PEMs seem to

have little effect on the tidal dynamics. The observed differences between periods 1 and 2

and between the Central and North transects can be explained by the physical situation

(beach profile) and physical flow processes.

8 Appendix A: Least square filter, FIR

The design of the filter was originally proposed by Bloomfield [1976]. The FORTRAN

programs developed by Bloomfield [1976] were rewritten in the MATLAB script language
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by Boon [2004]. These MATLAB scripts were modified as a part of this project. The

method is also known as the Finite Impulse Response (FIR) filter.

The idea of a filter is to smooth a time series by removing all periodic motion oscillating

above a specified cutoff frequency while retaining oscillations at or below the exact same

frequency unmodified [Boon, 2004]. First of all, the linear filter is based on a weighted

moving average

h
′

t =
b
∑

k=a

wkht−k (5)

where wk is a series of weights and ht and h
′

t are the observed and filtered data at time t.

Bloomfield [1976] gives a nice example of how one should choose the weights very

carefully. For example, a linear filter

h
′

t =
1

3
(ht−1 + ht + ht+1) (6)

with wk=1/3 (constant) and ht=Acos(ωt-kx), i.e., a pure sinusoidal signal, will produce

an output (h
′

t) that is unmodified for frequencies near zero, whereas frequencies ω=2π/3

will be removed completely.

However, an optimal filter can be designed [Bloomfield, 1976]. Ideally one would like

a filter with the following characteristics;

M(ω) = 1(0 ≤ ω ≤ ωc) (7)

= 0(ωc ≤ ω ≤ π) (8)

where ωc is a cutoff frequency. Ideally, if one could have a filter like M(ω) then it would

be possible to filter out all data with frequencies above the cutoff frequency (e.g. high

frequency waves). M is also called a response curve.

Without going into details it is possible to show that the weights can be computed as

w0 =
ωc

π
(9)

wk =
sinωck

πk
(10)

where k=1,m, and m is the width of the filter. The width of the filter specifies the

steepness of the response curve. The larger the width the steeper the response curve gets.
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In practice it is not possible to specify an exactly abrupt response curve and one is left

with what is called the transition band. To get a small transition band also requires that

one is prepared to sacrifice 2m values, i.e., the first m values and the last m values. Also,

it is often found that the response curve can over- and undershoot (oscillate around 1 and

0). This can be reduced by mulitiplying the filter weights with a convergence factor, i.e.,

wk =
sinωck

πk

(

sin2πk/(2m + 1)

2πk/(2m + 1)

)

(11)

9 Appendix B: Test of method

Figure 23 shows the simulated tidal response in two wells located a distance of 20 and 50

meters from the position of the mean sea water level for the conditions of a vertical beach

(i.e., cotβ=0). When the beach is vertical there is no lifting of the water table, and the

only difference in the tidal signal is the significant damping at x=50 m.
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Figure 23: Simulated tidal responses in two wells at x=20 m (red) and x=50 m (black)

for a vertical beach. Parameters can be found in Table 2

By use of (2) the relation between the total amplitudes can be given as;

a50

a20

= e−k∆x (12)
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where a50 and a20 are the total amplitudes at x=50 m and 20 m, and ∆x is the distance

between the two wells, i.e., 30 m. The total amplitudes are 0.3927 and 0.1359 m at x=20

and 50 m, respectively, and the wave number can be computed as k=0.0355. By use of

(3) it is possible to calculate n/K, the two hydraulic parameters. For example, assuming

the porosity n=0.20 is known (i.e. used in the model), one can calculated that K=49.98

m/day, very close to the input value that was used to generate the tidal responses shown

in Figure 23.

Figure 24 shows the same type of simulation, but now with a sloping beach, Table 2.
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Figure 24: Simulated tidal responses in two wells at x=20 m (red) and x=50 m (black)

for a sloping beach. Parameters can be found in Table 2

As mentioned in Section 3 the effect of a sloping beach is to lift the mean water

level recorded in the well a quantity ǫA/2 above the mean sea level, where ǫ=kAcotβ.

For example, the mean water level in Figure 24 is 0.1133, or ǫ=0.5664. Thus, the wave

number can be calculate to be k=0.0354, and by use of (2) the hydraulic conductivity can

be computed to be 50.13 m/day under the same assumption that the porosity is known,

n=0.2. This value is very close to the value used to generate the curves in Figure 24.

If the same method is used as in the case of the vertical beach (total amplitude) then

K is computed to 44.77 m/day, about 10 % lower than the input value. This is because
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there is a small damping effect in the third term in (2) not accounted for by the simple

amplitude reduction equation (12). However, if K=200 m/day was used to generate the

tidal signal, then K can be calculated to be 194.31 m/day, relatively closer to the true

value.
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