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Many of the Cape Province’s estuaries and tidal inlets
have sandy connections to the sea and are often inten-
sively developed for industrial or residential purposes.
The possible impacts of sea-level rise are of consider-
able inierest to these developments. One such setting is
the Diep River/Rietviei system at Milnerton, north-east
of Cape Town. This paper presents the likely geomor-
phological changes to accompany a 1-m rise in sea-
level. It demonsirates the vulnerability of an inlet's
channel banks and mouth area to sea-level rise and
shows how the internal tidal range may be affected by
increased coastal erosion. In essence, it highlights the
complexity of the impacts of sea-level rise in these
environments and the need for effective management
Strategies.

One of the more widely publicized problems facing this and
future generations is that of the greenhouse effect and the
resulting global warming. As a result of a warmer atmosphere,
global sea-level is expected to rise and appears to have already
done so at a rate of between 10 cm and 15 cm over the last
century.'™ Ti has been suggested that this is in response to an
apparent warming trend in global air temperatures over the
same period. With further ‘greenhouse’ warming, global sea-
levels have been predicted to rise between 30 cm and 150 em
within the next century.’ Such a rise will affect many of the
world’s low-lying coastlines, so that coastal management will
be required to ameliorate the consequences.

South African tide-gauge records are short in comparison
with similar records elsewhere but, of the four longest South
African records, three show a positive secular trend over the
last few decades. The Port Nolloth tide-gauge record shows a
rise in sea-level of 1.23 cm per decade over the pertod 1960-
1988,° significant at the 95% confidence level. This rise is in
keeping with the global estimates and it is reasonable to expect
that the predictions for future globally modelled sea-level rise
are applicable to South Africa. It is prudent therefore to
consider the impacts of a future rise in sea-level on the South
African coastline.

This paper examines the impacts of a 1-m rise in sea-level
on the Diep River/Rietvlei system at Milnerton near Cape
Town and presents a likely scenario for the geomorphology
after the rise. This study area was chosen as it is typical of
many locations in South Africa where development has taken
place on or near a dune barrier that is backed by an extensive
vlei and wetland system. The analysis is not intended as a
definitive prediction of geomorphological changes, but rather
as a likely scenario for changes resulting from a 1-m rise in
sea-level. The present wave, current and wind conditions are
used in the calculations, although it is likely that they also will
alter with further global climate change. The prediction of
future design waves, currents and winds is not yet possible
with existing climate models. Coastal erosion effects on the
open coast are modelled using the Bruun Rule’ and Swart
technique® and their appropriate applications are discussed.

Site description

The study site is the coast and low-lying area immediately
adjacent to the mouth of the Diep River approximately 5 km to
the north-east of Cape Town (Fig. 1). The main features are a
tidal inlet (Milnerton Lagoon) and wetland system (Rietvlei)
which open onto an essentially unconsolidated sandy coastline.
The periphery of the vlei system is an increasingly developed
residential extension of the Municipality of Milnerton. The
mouth of the river is generally closed in the summer months by
the development of a sand bar. A portion of the spit on the
northern side of the river mouth, known as Woodbridge Island,
is an intensively developed residential area with houses within
2-m elevation of the current mean high water spring level.” To
the north of Woodbridge Island the primary dunes are moder-
ately well vegetated and backed by a golf course. The toe of
these dunes and the hummocky dunes fronting the southern
end of Woodbridge Island are often scarped, indicative of
erosion during storms. Occasionally, during severe winter
storms, the sea washes over onto the golf course, through a
low gap in the dunes approximately 100 m to the north of the
lighthouse.

The nearshore surface sediment along this stretch of coast-
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Location map of study area.

line is fine sand'® with occasional coarse shelly patches and
some small pebbles. Sediment thickness is about 10-20 m,®!!
increasing to more than 25 m within 1 km landward of the
shorzline.

Coastal hydraulics

Surface and nearshore currents (to 18 m depth) are domin-
ated by the wind direction in Table Bay with significant sedi-
meni-transporting currents in the surf and nearshore zone as a
result of combined wind and wave action.!! Prevailing winds
are north-westerly in winter and south-easterly in summer.
Sediment distribution off the Diep River mouth suggests
bimodal transport, north and south along the coast, in concert
with the wind direction.!’ However, there appears to be net
sediment transport towards the north at a rate estimated'! to be
of the order of 100 000 m® yr! at Woodbridge Island. Sedi-
ment starvation to the south of the river mouth is apparent and
can be expected to aggravate future coastal erosion around the
Woodbridge Island area with a rise in sea-level.

Historical aspects

Historically, the mouth of the Diep River has been highly
mobile,!> which emphasizes the area’s vulnerability to change.
At the time of van Riebeeck’s arrival in the Cape in 1652, the
Diep River entered the sea via two mouths, one a little south of
the present opening and another further south at the present
Salt/Black River mouth.'> The channel linking the two cut off
Paarden Eiland from the mainland. Barbier’s map of 1786
shows the Diep River mouth about 3 km south of its current
position.'? Tt appears that both viei and river were considerably
deeper than today and unsubstantiated reports'? claim that the
river was navigable by small ships up to 13 km from the
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mouth. Marked siltation was noted by 1860 and parts of the
lagoon were first dredged in 1905 to provide facilities for
water sports.’> In 1928 a weir was built across the river mouth
1o increase the water depth in the lagoon to counter the effects
of siltation. The weir was demolished after two particularly
severe floods, in 1941 and 1942, and its remains have served
as a sediment trap, apparently causing the tip of the spit to
grow in length and elevation’

Maps, charts and photographs have shown that the Milnerton
coastline has been in a state of accretion between at least 1780
and 1900. In about 1900 the situation reversed and, since then,
approximately 80 m of progressive erosion has taken place on
Woodbridge Island*'? This change in tendency has been
attributed to wave reflection from large-scale extensions to
Cape Town harbour’ Figure 2 shows the trend of shoreline
changes at Woodbridge Island compared with harbour develop-
ments.” The construction of the Ben Schoeman Dock has been
shown to correlate with erosion of about 30 m by the CSIR?
who have indicated that the rate of erosion is slowing and the
shoreline is returning to a new equilibrium. This report states
that less than 10 m of erosion resulting from construction of
the dock is still expected.®

It is clear from historical evidence that this shoreline is
highly mobile. ’

Analysis of effects of sea-level rise
To examine the effect of a 1-m rise in sea-level, we analysed
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the coastal zone at Milnerton with respect to the following: the
potential degree of horizontal shoreline displacement; the result
of the increase in tidal level on the channel and river mouth;
the effect of reduced protection from extreme coastal storms on
the position and size of the coastal dunes and river mouth and
the reduced protection from river floods. Other factors that will
be discussed include: the effect of increased saline intrusion
into aquifers and estuaries; and the effect of elevated
groundwater levels.

The gradient of a beach in the nearshore and swash (that is,
the wetted area of the beach) zone depends mainly on three
variables: the particle size of the beach material, the predomi-
nant period, and height of the waves. For a given beach, the
slope will change with wave climate — the gradient decreasing
with increasing wave height and period. This dynamic balance
will consequently have a seasonal overprint with the winter
storms tending to move sediment offshore and the gentler wave
action in summer pushing the material back onshore. Eroding
beaches tend to have steeper upper slopes and, where the upper
part of the beach is characteristically steep and deficient in
hummocky foredunes, like much of Milnerton, this is often
indicative of a shoreline undergoing long-term erosion. Bathy-
metric surveys of Table Bay have shown little change between
1894/5 and 1965.!' For the purpose of this study it is assumed
that the relative summer and winter gradients will not change
significantly with a rise in sea-level. ‘Average’ nearshore and
offshore profiles taken from the most recent hydrographic
chart, SAN 1014, are therefore used and topography is taken
from plans obtained from Milnerton Municipality.

Potential horizontal shoreline displacement

Increased coastal erosion as a result of sea-level rise can be
modelled by application of the Bruun Rule,! which is applic-
able to mobile sandy shorelines with no rocky outcrops. The
primary assumption of the Bruun Rule is that the inner contin-
ental shelf will maintain a constant shape and position relative
to the sea surface by translating upwards and landward as the
sea-level rises, balancing volumes of sediment in the cross-
shore direction (Fig. 3). The basic equation is given by;

profile width (/) X sea rise (a)
profile depth (h + d)

shoreline erosion (R) =

The beach berm height is represented by A, the limiting depth
of sediment movement by d, and the horizontal distance over
which the profile is active by /. This is a two-dimensional
model which is used to describe a 2-D section of a three-
dimensional situation. As such it is simplistic and should be
regarded as giving only an order of magnitude for the change.
Thirteen sections were drawn normal to the coastline at
approximately 250-m to 500-m intervals along the coast. The
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Fig. 3. The Bruun Rule (after Bruun”). After a rise in sea-level (a),
sediment volumes (b and b') are balanced in the cross-shore direction
such that at the limiting depth, water depth is maintained.
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Bruun Rule’ was applied and the new profile plotted. The
maximum depth of significant sediment transport was taken as
18 m. The position of the new mean high water springs
(MHWS) and mean sea-level (MSL) were plotted as a shore-
line change. Figure 4 shows the location of the sections and the
position of the new shoreline relative to its present position.
Table 1 shows the shoreline recessions calculated from the
Bruun Rule’ for each profile. Profile 5 is highlighted in Fig. 5,
as it shows that the transgression will break through to the
Milnerton Lagoon at MHWS (1.86-m elevation) after a rise in
sea-level of 1 m. However, when considering the combined

Table 1. Erosion predicted from

application of the Bruun Rule.’

The profiles refer to locations indi-
cated in Fig. 4.
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Fig. 5. Detail of profile 5, showing the break-through point to Mil-

nerton Lagoon after a 1-m rise in sea-level.

effects of elevated water-levels due to storm surge, wave set-
up and other meteorological conditions, it seems likely that the
breakthrough will occur prior to the full 1-m rise and, once
open, will remain open permanently. If this does occur it will
effectively shorten the channel length from the open sea to
Rietvlei by some 1500 m.

Effect of the increase in tidal level on the channel and river
mouth

On an open coastline the effect of increased flooding and
inundation may be modelled by adding the magnitude of sea-
level rise to the MHWS tide level or highest astronomical tide
(HAT). In sheltered environments (where the effects of
increased coastal erosion can be ignored) the impact of sea-
level rise on the relationship between the newly flooded area
and channel dimensions can be evaluated. The US Army Corps
of Engineers’ Shore Protection Manual provides a useful empi-
rical basis'*!® which can be used to examine the Milnerton
tidal inlet: from a wide range of dynamically stable inlets on
Atlantic, Gulf and Pacific coasts of the United States, Jarrert**
showed a robust empirical relationship between the mid-tide
cross-sectional area (A.) of the inlet channel and the tidal
prism (P) of the inlet: P/IA; ~ 10 m

It has been shown that any inlet with a soft channel which
does not reach the required minimum dimensions will use the
eroding power of its high tidal flow to increase the channel
size until it satisfies this stability relationship. Conversely, if
the channel dimensions are 100 large, the tidal flow will be too
slow 1o carry all its sediment load and so deposit some in the
channel. Siltation will then occur until the correct channel
dimensions are obtained (Fig. 6).

For a given channel of known dimensions, King" determin-
ed the maximum flow velocity in it and tidal amplitude in the
inlet by considering mass and momentum balance along the
channel in non-dimensional form. Applying this solution to the
dimensions of a newly enlarged charmel and inlet after a
conjectured sea-level rise, a possible new channel velocity and
inlet tidal range, and hence tidal prism, may be calculated. If
the proposed tidal prism is not consistent with Jarrett’s stability
relationship, the channel dimensions will need to be adjusted.
The calculation may be repeated by iteration to find the
minimum channel dimensions which can support the new tidal
prism. Other factors such as increased coastal erosion may
exert a controlling influence on the dimensions of the real
channel but it is likely that, with the tidal cycle, the actual
dimensions will oscillate around the calculated mean. The
expected tidal range in the inlet and channel dimensions can
then be used to derive building or development limits.

With a 1-m rise in sea-level, Rietvlei will effectively become
a large shallow body of sea water connected to the sea via a
long narrow channel, the Milnerton Lagoon. In the open water,
MSL and MHWS will change respectively from 0.15-m and
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0.86-m elevation to 1.15-m and 1.86-m elevation (relative to
land-levelling datum). The spring tidal amplitude in the open
sea will probably remain at 0.71 m. Inside the wetland system,
MSL will also be at 1.15-m elevation but frictional losses in
the channel and vlei will reduce the tidal range.

For the analysis, the bottom of the vlei was assumed to be a
smooth surface with its gradient taken from the relative sep-
aration of the 0- and 2-m contours. The area flooded at MSL
(1.15-m elevation) was calculated to be of the order of 1.72 X
10° m?. The channel was assumed to be of uniform depth 1 m
below MSL, 150 m wide and 4 000 m long. Using these
values in King’s solution,15 the inlet’s tidal prism will be 1.61
X 10° m® and the tidal amplitude in the inlet will be 0.47 m.

This calculated tidal prism is in good agreement with
Jarrett’s empirical stability criterion'® and the expected tidal
channel should therefore not enlarge itself beyond its present
dimensions under normal flow conditions. MHWS inside the
vlei should be approximately 1.62 m (1.15 m + 0.47 m), that
is, the tidal range in the vlei will be approximately 66% of the
open-water value.

However, as previously discussed, the effects of increased
coastal erosion and breakthrough of the coastal dunefield (at
profile 5) will shorten the channel to 2 500 m. Using King’s
solution® and assuming a channel depth of 1 m, a channel
185 m wide is required to satisfy Jarrett’s stability criterion.’
This shorter, wider channel will have less frictional resistance
than a long channel and will allow for an increased tidal range
within the flooded area. The tidal range will be of the order of
1.3m (0.64m X 2), or 90% of the open-water value. The
MHWS level in the inlet will be at 1.79-m elevation under
calm conditions.

Figure 7 shows the position of MHWS inside the vlei and
MHWS and MSL on the shoreline. Note that if shortening of
the channel is prevented and the inlet’s tidal range is kept to
0.94 m (66% of the open-water value), then the areal extent of
the flooded area at high tide will be reduced.

Reduced protection from extreme events

Short-term erosion as a result of extreme storms is modelled
by application of the Swart technique® and storm flood levels
are calculated by combining the new MHWS with the expected
surge and wave set-up of a large storm. The Swart technique®
calculates the shape of the beach profile at any specific time,

Erosion
A==

Unstable

Siltation
B
- .c

Unstable

log P

Log A,

Fig. 6. Jarrett's empirical relanonshlp between mid-tide cross-sec-
tional area of inlet channel (A;) (m®) and tidal prism (P) (m%). An
inlet at position A will erode its channel, increasing A, and will tend
towards the stable dimensions at B. An inlet at C has too large a
channel and will silt up as its dimensions tend towards B. This exam-
ple is for a short channel length where changes in channel width will
not appreciably alter the tidal prism. The slope and shape of log A
against log P is a function of the channel length and section, which
will in tum affect the prism. Long channels will tend 1o be described
by graphs with steeper slopes.
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based on the assumption that a beach under constant wave
attack at a constant water-level will reach an equilibrium shape
for those wave conditions. The technique was developed by
Swart using an extensive set of laboratory and field data in
which he found that the initial beach profile approaches the
equilibrium shape at an ever decreasing rate® A function can
then be derived® to describe the fraction of total change from
initial to equilibrium profile that has occurred over a specified
period. Wave data from Slangkop, Table Bay and Koeberg
wave-rider buoys were used for this study.

Mean initial beach profiles were calculated using a combina-
tion of profiles 1-13 employed for the Bruun Rule and previ-
ous surveys.””> Profiles calculated from the two sources were
found to be compatible and in good agreement where they
overlapped. The Segar 2 model of the Swart technique® was
then calibrated to give a set of dynamically stable profiles
using the wave data set representative of the Milnerton coast-
line,® which consisted of 2200 individual consecutive
recordings each of 6 hours’ duration. Wave data were derived
from wave-rider buoys at Slangkop, Table Bay and Koeberg
and the wave climate for the Milnerton area was determined
using available refraction techniques. The data capture and
treatment are described in a previous report.”?

After calibration, the model was run using a data set!
corresponding to the storm of 15/16 May 1984. On the basis of
wave data, Swart” considers this storm to have been an
approximate 1-in-50- to 100-year event. In this simulation,
25 m of erosion of the beach at the waterline was predicted,
which is in good agreement with the actual erosion measured

3
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in this area after the storm.”* However, the calculation is likely
to be an underestimation as the technique assumes a linear
dune barrier with no breaks. In reality gaps do occur and no
account has been taken of the possibility of washover.

Figure 8 shows the effect of 25 m of storm erosion in
conjunction with a 1-m rise in sea-level. The analysis shows
that this storm would probably erode half of Woodbridge
Island, widen the breakthrough point on the river bend to about
500 m, exposing the Milnerton coastline to direct wave action
and erode the dunes to the north of the island by 20-25 m.

With an elevated background sea-level, smaller and there-
fore more frequently occurring extreme events will produce
water-levels capable of overtopping existing flood defences.
Storm damage and flooding are likely to become more com-
mon and more severe and the occurrence of extreme storms
will have more serious consequences. Protection from extreme
sea conditions is likely to become a matter of great importance.

The storm surge and wave set-up during the storm of 15/16
May, estimated by Jury et al.' to be only a 1-in-40- to 50-year
event, was calculated to be 1.20 m. If this type of storm were
to re-occur on a high spring tide after a 1-m rise in MSL, the
water-level could rise to 3-m elevation (1.0m + 0.86 m +
1.20 m) relative to land-levelling datum. This inundation
would probably completely swamp Woodbridge Island and
flood all those parts of Milnerton adjacent to the shoreline
below 3-m elevation (Fig. 8).

The effect of increased saline intrusion and elevated ground-
water

Although some water is extracted from the coastal aquifer
for garden irrigation, the bulk supply of fresh water for the
Milnerton area is not obtained from this source. Water in the
aquifer along the Milnerton coast is known to be brackish
(pers. commun. R. Stanley, Milnerton Municipality) and in-
creased salt pollution of this aquifer will not therefore interfere
with future provision of industrial or domestic freshwater
supply.

The elevation of the coastal water table may be assumed to
increase at the same rate as the rising sea-level if no external
forces are acting on the water table. Problems associated with
waterlogging, seepage into basements and other engineering
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Fig. 8. Shoreline position after an additional 25 m of coastal storm
erosion and the storm flood level from a 1-in-40- to 50-year storm.
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problems resulting from elevated ground-water tables are likely
to become more prevalent in areas such as immediately adja-
cent to the vlei near Otio du Plessis Bridge (Fig. 1) on the east-
ern bank. While the present areas and those likely to be prob-
lematic are generally quite local in extent (pers. commun. R.
Stanley, Milnerton Municipality), further detailed investigation

of ground-water conditions are recommended.

Appropriate model application

Accurate predictions of coastal erosion require detailed
knowledge of longshore sediment transport. Applications of
the Bruun Rule’ and Swart technique® involve using a two-
dimensional model in a three-dimensional application. These
methods cannot address .the problem of longshore sediment
transport and can therefore be used only as a guide to future
geomorphological changes.

The main difference between the two methods of modelling
increased erosion is that the Bruun Rule’ takes into consider-
ation rates of sea-level change whereas the Swart technique®
requires a constant water-level as one of its basic assumptions.
Calibration of this model is not possible with changing water
levels. However, the two methods are complementary. Appli-
cation of the Bruun Rule’ gives the long-term erosion of the
coastline due to sea-level rise shifting the profile upwards and
landward. The Swart technique® is able to predict short-term
(days or weeks) erosion as it uses actual wave conditions of
known return frequency to determine a new, dynamically
stable profile and expected variability about the stable profile.
As a management tool, the two methods may be combined to
predict the likely areas vulnerable to storm erosion after a rise
in sea-level.

Conclusions

The Diep River system has a historical and geological
background of mobility % The sediment budget for the
study area is not confidently known and the Bruun Rule is
therefore applied in its simplest form. This paper therefore
represents a ‘best estimate’ of geomorphological changes to the
Milnerton, Diep River/Rietvlei area in the event of a 1-m rise
in sea-level under present wave and wind condilions.

Under normal meteorological conditions the shoreline will
recede between 60 m and 90 m on Woodbridge Island. To the
north of the Island the transgression will be between 50 m and
80 m and, to the south, the shoreline will recede approximately
135 m, putting the embankment of the Otto du Plessis Road
and the railway within easy reach of storm wave action. A
further 10 m of erosion is anticipated in the Woodbridge Island
area as a result of existing harbour developments.

If no shore protection work is carried out, the sea will break
through to the river on the bend north of the lighthouse. This
second mouth will erode to a channel width of 185 m and will
become the main inlet for Rietvlei, which will have a mean
water level at 1.15-m elevation. The shortened channel will
reduce the resistance to water movement into and out of the
vlzi and hence its level of protection. As a result the viei will
have a tidal range of about 1.3 m, or 90% of the open-water
value. MHWS inside the lagoon will be at 1.79-m elevation
relative to land-levelling datum (Fig. 7). The west side of
Milnerton will become vulnerable to direct wave action
through the new mouth and may experience some erosion. If
shore protection work is carried out and the breakthrough
prevented, the long channel will reduce the tidal range within
the vlei to approximately 0.95 m, or 66% of the open-water
velue. Note that the restrictive effects of bridges along the
channel have not been considered.
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In the event of a 1-in-50-year sea storm in conjunction with
a 1-m rise in sealevel, the Swart technique® predicts Wood-
bridge Island will be eroded approximaiely another 25 m and
the area to the south of the present river mouth will be eroded
between 25 m and 30 m. This would allow direct wave action
onto the Otto du Plessis Road embankment and railway. The
coastline north of the Island will be eroded between 20 m and
25m and the Island will be totally swamped by the storm
surge. The Milnerton coastline up to 3-m elevation has the
potential to be flooded by the storm surge (Fig. 8). The new
river mouth will temporarily widen to around 500 m, further
exposing the previously sheltered Milnerton coast to direct
wave action. Should an extreme sea storm and river flood coin-
cide, then flooding and associated damage would result in
proportion to the storm’s duration.

Although this example illustrates the type of changes that
may occur in an inlet or estuary as a result of a 1-m rise in sea-
level, it has not taken into account the coastal wetland ecology
that will be affected by the change. The ecological impact will
depend on future exploitation, which may or may not allow the
ecosystem to migrate and develop naturally as water depths
increase and new areas become wetlands. Estuaries and inlets
are vulnerable to sea-level rise, so that careful planning at an
early stage in the development of a location is essential to
maintaining its ecological and aesthetic quality.

A national strategy for the amelioration of impacts of sea-
level rise on the South African coastal environment should be
developed, complete with the necessary legislative authority.
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