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ABSTRACT 

A major use of extreme flood level predictions is in the consent processes for proposed 

buildings. If they are to be constructed near the coast, design inundation levels will need to 

be estimated as the result of some combination of inland flooding and landwards flows from 

the sea. Traditional coastal engineering has been concerned with the continued functioning 

of infrastructure during sudden storm or tsunami incursions from the sea. In river ports, 

fluvial flood flows have also required consideration. However coastal flooding is now 

increasingly viewed as a climate change phenomenon, dominated by sea level rises in 

response to icecap melting. According to this new thinking, future coastal inundation can be 

determined by hydrostatics once the predicted global rise has been read off the IPCC charts 

for the period of interest. Unfortunately the proverbial millpond does not come to mind when 

visualising extreme inundation events, which are likely to involve tsunami, storm surges 

and/or extreme wind-generated waves breaking on the coast.  

Indeed there is plenty of evidence that extreme sea incursions do not reach a uniform level, 

even at adjacent coastal sites. For example, Hong Kong has well-documented differences of a 

metre or more between peak typhoon (storm) surge level statistics at local port tide gauges 

around the perimeter of the harbour. In New Zealand, longstanding knowledge of such 

variations in response is demonstrated by reported tsunami observations from the coastline: 

Wellington Harbour in 1855, Banks Peninsula in 1868, and the East Coast in 1947. 

It is shown that hydrodynamic models can reconcile these observed differences, provided 

their development and operation is properly validated against field data. The design of The 

Museum of New Zealand (Te Papa) adjacent to Wellington Harbour is used as an example. 

INTRODUCTION 

Flood risk management has evolved with human habitation over thousands of years, based on a need 

to avoid frequent flooding of floors designated as living areas in a built environment. Some cultures 

have sought naturally drained land for settlement, progressively reducing the frequency of remaining 

inundation events by enhancing natural drainage systems.  



 

 

Others have relocated to areas observed to have fewer problems, or adapted to occupy areas subject to 

frequent ground inundation by raising their houses on poles. 

All these ancient design strategies have in common a need to understand the local variation of water 

surface levels associated with a flood event, relative to the fixed floor level of a living space. The 

basic disciplines of flood hydraulics therefore date back at least to the prehistoric times of legends 

such as Hercules and the Hydra. 

Inland settlements need only understand drainage pathways as discharging to a lower downstream 

level, but coastal people have learned that the sea is subject to gravity waves which may periodically 

raise that downstream level enough to threaten their floor levels. In an area called the fluvial-tidal 

zone of a drainage system there has long been recognition of the regularity of tides, and the 

corresponding need for living floor levels to be raised above high tide as well as river flood level. 

In extreme cases such as in Hangzhou on the Qiantang River, the rising tide forms a sudden bore 

wave. The total level increase may approach 9m (Chow, 1959), a flood wave with an incoming hazard 

of the same order as the largest urban tsunami. However, because of the regularity of tidal events and 

the late Holocene sea level stationarity (Earle, 2015) close observation over many years has enabled 

the risk at Hangzhou to be contained within an empirically designed channel where no human 

habitation is attempted. 

Zones of Increasing Vulnerability  

However we are now experiencing the end of the Holocene stable mean sea levels, as accelerating 

rises comparable with observations elsewhere are being recorded worldwide in coastal communities. 

Further, increases in storm intensities are also forecast in response to global warming, so we need to 

plan for increased storm surge levels as well as greater flood discharges. Again both high tides and 

river flood levels need to be considered, but now in fluvial-tidal zones of unprecedented expansion. 

The Hong Kong Drainage Services Department has responded (Ng, 2018) by proposing the design of 

drainage systems should be based on a return period of T years. A range of return periods is tabulated, 

depending on the scale of the assets put at risk by design failure. 

Concurrent analysis is recommended of two separate cases: 

Case I: a T-year sea level in conjunction with a X-year rainfall, 

Case II: a X-year sea level in conjunction with a T-year rainfall 

The T-year flood level is taken as the higher of the flood levels from Cases I and II. 

In these cases, pragmatic experience with many designs has suggested that X = 10 when T = 50 years 

or more (corresponding with design for densely populated urban areas, and for rural drainage design 

where failure hazards would be significant) while X = 2 for T = 10 years or less (for rural villages and 

areas of intensive farming). 

Extension to Tsunami Events 

Hong Kong practice does not extend to tsunami flooding, probably because there is little historical 

evidence there of significant tsunami hazards. The joint probability is also small of a major tsunami 

coinciding with a major rainfall event, so that design of surface drainage capacity need not consider 

high tsunami levels downstream. 

However the tsunami threat is significant in many cities, and the drainage system is a potential entry 

point for a major flood event originating downstream. This especially applies to open channels, 

including natural watercourses. If coastal flood barriers are under consideration, the question of a 

design coastal flood must be resolved. In these respects the tsunami hazard has too many similarities 

to the storm surge hazard (and indeed tidal hazards of the Hangzhou type) to be treated in isolation 

from drainage system design. 

With waves originating from offshore, there is a temptation to assume that the wave height in a design 

event (originating from some combination of wind generated surface waves with tidal, storm surge 

and tsunami effects) will be uniform along a shoreline, at least for short distances of the order of a 

kilometre. However this simplifying assumption cannot be reconciled with observed records. 



 

 

EVIDENCE OF VARIABILITY ALONG THE COAST 

Hong Kong 

Table 1 shows the design extreme sea levels (Ng, Y.Y. 2018) at North Point/Quarry Bay, Tai Po Kau, 

Tsim Bei Tsui and Tai O, based on the GEV distribution model, with the parameters estimated by the 

Method of L-moments. 

 

Return Period 

(Years) 

NorthPoint/Quarry Bay 

(1954-2017) 

Tai Po Kau 

(1962-2017) 

Tsim Bei Tsui 

(1974-2017) 

Tai O      

(1985-2017) 

2 2.73 2.91 3.07 2.87 

5 2.94 3.20 3.31 3.16 

10 3.09 3.45 3.51 3.36 

20 3.24 3.73 3.74 3.57 

50 3.45 4.19 4.09 3.84 

100 3.63 4.60 4.40 4.06 

200 3.81 5.10 4.77 4.28 

Table 1. Design Extreme Sea Levels (metres above Principal Datum) 

Although these level recorders all lie on the shoreline within the urban area of greater Hong Kong, 

and cover overlapping long periods from the start of recording to the last year before publication, their 

long term statistics are strikingly different, with the 50 year return period design level at North 

Point/Quarry Bay being the same as the 10 year return period design level at Tai Po Kau. It is quite 

likely that levels at intermediate points may vary by as much again. 

Historical Tsunami Observations in New Zealand 

1855, Wellington Harbour 

In 1855 the strongest New Zealand earthquake in written history occurred in the Wellington region. It 

is generally agreed to have a magnitude of at least 8.0. By good fortune the hydrographic survey ship 

HMS Pandora was at anchor in Wellington harbour at the time, captained by Commander B. Drury, 

an experienced professional naval surveyor. His Remark Book was transcribed (Taylor, 1855) and 

included the note “… for eight hours subsequent to the first great shock, the tide approached and 

receded from the shore every twenty minutes, rising from eight to ten feet, and receding four feet 

lower than at spring tides… Opposite this building, on the road, a considerable opening emitted slimy 

mud, and the main street was overflowed by inundation …the fissures were generally where the road 

was made…”  

Anderson (1984) noted “In 1847… Thorndon Quay… and Lambton Quay were known as The 

Beach… the water at high tides in many places covered part of the roadway and probably it would be 

to form the roadway that the breastwork was required.” 

This suggests it was Lambton Quay which was overflowed by inundation, as a result of one or more 

of the harbour waves exceeding high tide level. But an interpretation of Drury’s notes that the tide 

was rising from eight to ten feet above high tide would have meant parts of the street were flooded to 

that depth. This is inconsistent with reports that houses on the other side of the street were flooded to 

a depth of 3 feet, and with Drury’s description of the situation when he arrived a few minutes later. 

His comment that the fissures were generally where the road was made suggest he was referring to the 

roadworks identified by Anderson, precisely where the scour from a retreating 3m wave would be 

expected to create more than fissures. 

Taylor also quoted from the New Zealand Spectator of February 7 1855 “About ten minutes after the 

first great shock, a great wave entered the harbour, which was estimated to have been above twelve 

feet in vertical height; from the narrow entrance of the harbour compared to its area very little damage 

was done by it, but in the open and exposed boat harbour at Te Kopi, all the buildings &c., on the 



 

 

beach, were swept away by a similar wave.” Note Te Kopi is on the eastern part of Palliser Bay, an 

open bay on the north shore of Cook Strait rather than inside Wellington Harbour where Drury 

recorded his observations. 

1868, Banks Peninsula 

Transpacific tsunami have been observed in New Zealand every few years, but most have been 

noticed in only a few places. The two most widely observed were in 1868 and 1960, both from the 

west coast of South America. The 1868 tsunami produced the only recorded human fatality when a 

Chatham Islander was drowned by the incoming wave. A small native village was also destroyed. 

After the 1868 tsunami, one George Bishop was quoted (Bishop, 1868) in the Lyttleton Times dated 

August 25 1868. He found a link between the runup and the depth of the bays in Banks Peninsula – 

“in Le Bon Bay, Okain and Raupo Bays which are very shallow with long sandy beaches they were 

very destructive, the sea rushing up to a distance of at least two miles with great force, and inundating 

the whole of the lands adjacent to the river; while in Akaroa Harbour, Stony, McIintosh and Laverick 

Bay …, all deep water inlets, the effects were but slightly observable.”  

 

 Figure 1. Banks Peninsula 

A study of the map of Banks Peninsula (Figure 1) shows that Bishop was ideally placed to draw 

comparisons between adjacent bays. The volcanic coastline of Banks Peninsula offers a wide range of 

harbour shapes and sizes in close proximity, forming an excellent natural laboratory for the 

observation of the effect of variations in bathymetry on an incoming tsunami. 

East Coast 1947 

Two closely spaced significant local tsunami events (Downes et al. 2001) occurred on the East Coast 

of New Zealand in 1947. The resulting peak wave levels recorded along the coast are shown in Figure 

2. The maximum recorded height was >10m during the first (March 26) event at Tatapouri, a small 

settlement located in the centre of the Figure. It is clear that wave heights vary considerably along the 

coast. Increasing distance from the relevant epicentre accounts for part of this variation, but not for 

the doubling at a few points (especially Tatapouri) of generally recorded adjacent wave heights. 



 

 

 
 

 

Figure 2. Estimated wave runup heights for the March 26 and May 17 1947 tsunami. 

FORECASTING SUCH LEVEL VARIATIONS 

Forecasts of tsunami runup are needed to support timely evacuation if required. Therefore it is not 

enough simply to be aware that considerable level variations can be expected along a shoreline. What 

use can be made of a prediction that a “1.5m tsunami wave is heading for the coast”? How can the 

accuracy of that prediction be subject to forensic scrutiny after a disaster if the actual runup was 

measured at between 1m and 10m? 

Models must be developed and verified to account for the variations, for example between a runup 

greater than 10m at Tatapouri and 1.5-1.8m at Gisborne, the main regional urban centre a few 

kilometres down the road 



 

 

A start has been made on the East Coast problem, with numerical models showing (Barnett, 2021) 

that a long tapering bay can indeed produce amplification of an entering wave height by a factor of 10 

times or more at the blind end. This result however awaits verification by improved bathymetric 

survey of the actual bay at Tatapouri, and the problem has not recently been given high priority for 

survey resources. 

Modelling of Wellington Harbour Resonance Amplification 

A problem where adequate bathymetry survey data is readily available is modelling the resonance 

characteristics of Wellington Harbour. This was done (Barnett et al. 1991) using 2-dimensional 

numerical modelling in view of the roughly circular shape of the upper harbour – see Figure 3. 

Figure 3.  2D Model of Wellington Harbour Resonance at period 28.9 minutes 

This figure shows the amplification of a sinusoidal wave of period 28.9 minutes and 1m amplitude 

(2m from crest to trough, with mean 1m, roughly Mean Sea Level in 1855) applied to Wellington 

Harbour at the entrance (bottom of Figure). This means that a maximum surface elevation contour 

below 2m (1m mean + amplitude) represents damping while one above 2m represents amplification.  

Damping is only indicated at the 1.75m level (solid line) around Somes Island (the larger island centre 

top, and the amplification then increases radially outwards from this node to the harbour boundary. In 

Lambton Harbour (marked “Museum site”) the maximum is over 2.50m, and at the maximum contour 

plotted of 4.00m, the amplitude is 3m (4m-1m mean), giving an amplification of three times! 



 

 

Figure 4 presents the plot from a different perspective, using a closely similar wave period of 26.1 

minutes. This time the plot shows a maximum level of just under 2.50m at the Museum site being 

modelled for the study at point (4,80) on the 2D model grid, plotted using a solid line. 

 

Figure 4. Harbour Resonance Amplification at Period 26.1 Minutes 

This form of the plot brings out an asymmetry of the resonant response to the sinusoidal forcing, with 

the crest double peaked and of lower amplitude than the deep single trough in each cycle. This result 

goes far to explain the description presented earlier from Commander Drury’s Remark Book, which 

has previously caused considerable controversy. The problem was an expectation that the wave would 

be roughly symmetrical, but Drury is not describing a symmetrical wave. 

The matter was not finally cleared up until 2016, when a Magnitude 7.9 local earthquake excited 

strong tsunami resonance in Wellington harbour for the first time since a modern tsunami recorder 

had been installed. The resulting plot from the GNS Geonet recording system is presented in Figure 5. 

 

Figure 5. Geonet record extract from stations near the 2016 Kaikoura earthquake epicentre. 

Here the Wellington tsunami gauge is very close to the Museum site in Lambton Harbour, and the 

characteristic double peaked crest/single trough pattern is excited at a period of about 27 minutes in 

the early part of the record, just as predicted mathematically 27 years earlier in Figure 4. 



 

 

After a short delay, reflections from other parts of the coast would then arrive, contributing signal 

noise at the harbour entrance which probably explains the erratic response which follows until about 

7am NZDT (16 hours before 23:00:00 2016/11/14, the current time stamp printed). 

This demonstrates that amplification can be expected of the first waves of the incoming tsunami at 

certain points around the perimeter of Wellington Harbour, certainly within Lambton Harbour (the 

site of the Wellington City CBD), but even more strongly at the blind end of Evans Bay (lower left in 

Figure 3) and at Lowry Bay (extreme right in Figure 3). 

The harbour provides excellent protection to the Wellington CBD from storm driven surface waves, 

but if there is an expectation that this will also apply to flooding from incoming tsunami waves 

cycling about every half hour, unfortunately the reverse is true. 

CONCLUSIONS 

Flood risk management has evolved with human habitation over thousands of years, based on a need 

to avoid frequent flooding of floors designated as living areas in a built environment. In the fluvial-

tidal zone of a drainage system there has been long recognition that living floor levels need to be 

raised above high tide as well as river flood level. Records throughout history also note significant 

variations in high tide maximum levels from place to place along a coastline, reaching an extreme 

near a few locations such as Hangzhou on the Qiantang River in China. 

The regularity of tides during the late Holocene sea level stationarity has enabled safe habitable floor 

levels to be established by tradition in areas where tectonic ground movement is not significant, but 

this stability is now threatened by climate change, both through sea level rise and through increased 

intensity of storm precipitation and severity of storm surge effects. Sea level rise will in turn 

aggravate tsunami hazards. 

A temptation has been evident to simplify these problems by assuming that the wave height in a 

design event (originating from some combination of wind generated surface waves with tidal, storm 

surge and tsunami effects) will be uniform along a shoreline. For example, rising sea level is being 

reported by the IPCC as a hydrostatic effect which can be corrected by fixing minimum floor levels at 

a single constant height above an adjustable mean sea level. Observations in Hong Kong have shown 

that this simplifying assumption cannot be reconciled with observed records, even around the 

perimeter of a single harbour. 

Another example is the prediction of tsunami heights. Although the recurrence of major tsunamis is 

rare in the South Pacific compared with areas as active as coastal Japan, enough have been recorded 

to provide a historical pattern for their expected behaviour. Forecasts of tsunami runup are needed to 

support timely evacuation, but a prediction that a 1.5m tsunami wave is heading for the coast has little 

value when such a wave has previously been observed in New Zealand to cause runups between 1m 

and 10m in the same district. It is clear that predictions of first wave height and arrival time should be 

attempted only for a specified reference point, preferably one where a recorder is available for 

verification. 

This paper has also shown that computational modelling can account for wave height variations, so 

that predictions for a reference point can be adjusted to apply to another point. This process can be 

repeated with different adjustments for many points. However this technology can be treated as 

reliable only when validated against records of events reasonably comparable with those being 

forecast. Progress in this area has been slow – for example, predictions made in 1989 of tsunami wave 

forms in Wellington Harbour had to wait for validation until significant tsunami resonance was 

recorded at a reference point in the same vicinity near the city CBD in 2016. 

Within harbours, resonance models are now proven to demonstrate wave periods which will be 

amplified, and the corresponding locations where harbour levels will rise the highest. Some 

uncertainty still remains how accurately modelling can predict the spectrum of periods of arriving 

waves for forecasting of wave amplification. However, this is less important than predicting the first 

wave magnitude (energy). Therefore wave amplification forecasts should meanwhile use conservative 

assumptions about the incoming wave spectrum: that is, the wave periods of highest resonance 

amplification should apply. 
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