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ABSTRACT: Adirect consequence of global warming is thernxglamsion of sea water and
melting of glaciers and ice caps. Both effects Midaead to a rise of the mean sea-level.
IPCC'’s fourth assessment report published in 20@dipted that the sea-level could rise by
0.59 metre in the 21st century while some recamtiss suggested that the amount could be
even higher - at one to two metres. In additiopdtential inundation to coastal low-lying
areas, a rise of the mean sea-level means thanextsea-levels due to storm surges caused
by tropical cyclones would become more frequennh this report, we shall take a look at the
latest predictions of mean sea-level for this centwevisit recent storm surge events
experienced in Hong Kong, and examine the possibpacts of sea-level rise in light of
climate change.

1. INTRODUCTION

Instrumental record of global surface temperataken since the 1850s indicates that the
Earth is warming up, at a rate that has increasdle past few decades. Such warming is
very likely caused by anthropogenic emission okeghmuse gases. Observations since the
1960s show that the average temperature of thealgm®an has increased to depths of at
least 3000 metres, contributing to sea-level iseugh thermal expansion of the sea water
(IPCC, 2007). Indications are that global mounglaciers and snow cover have declined

on average, transferring volumes of land watehéosiea and contributing to sea-level rise.

Sea-level rise is of considerable interest becafists potential impact on large populations
of people living in coastal regions and on islandé/ith anticipated further increase of
atmospheric greenhouse gases in the next few dgcatiech will remain in the atmosphere
for many years, global surface temperatures wooldicue to rise resulting in further rise of
the sea-level.

In the next few decades, the impact of sea-levahgh on societies is expected to primarily
manifest itself through extreme events rather tasira direct consequence of a rising mean
sea-level. With the exception of tsunamis whidh@wn-climatic events, extreme sea-levels
for this part of the world occur mainly in the foroh storm surges generated by tropical or
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extra-tropical cyclones. Located at the coast of the South China Sea, HargKs affected
by about 6 tropical cyclones every year on averagtistorically, storm surge have caused
severe sea flooding and damages in Hong Kong duhagpassage of typhoons. With a
raised sea-level, the chance and scale of seairflpahiie to storm surge brought about by
typhoons would very likely increase in the future.

2. PAST SEA-LEVEL RISE

On time scales of decades and longer, global mea#esel change mainly arises from two
processes, (i) thermal expansion of water volum#ehénglobal ocean; and (ii) exchange of
water between oceans and land storage (such agerglaand ice caps; glaciers are
conveniently called ‘mountain ice’ in such areaghes Himalayas and Alaska, whereas the
great ice caps on Greenland and the Antarcticlarel ‘ice’). Both of these processes are
related to the climate change now underway. Omtshtme scales, non-uniform changes
in temperature and salinity and the related chamgescean circulation, and the uneven
exchange of water among land, ocean and atmospinezerise to spatial variation in the
magnitude of sea-level change. Such spatial viitlabs seen in numerical climate
modelling outputs, as well as satellite data andrdgraphical observations.
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Figure 1. Annual averages of the global mean sea level based on
reconstructed sea level fields since 1870 (red), tide gauge measurements
since 1950 (blue) and satellite altimetry since 1992 (black). Unitsare in
millimetres relative to the average for 1961 to 1990 (IPCC, 2007).



According to the fourth assessment report (AR4}jhef United Nations Intergovernmental
Panel on Climate Change (IPCC), the global meaneseh rose at a rate of 1.8 mm per year
for 1961-2003 and 3.1 mm per year for 1993-2008(@P2007). In Hong Kong, tide gauge
records in the Victoria Harbour since the 1950scai# a rise of the mean sea-level in the
past half a century. The trend is similar to thladerved by satellite remote sensing over the
South China Sea since the early 1990s as well asdengauge records at other coastal
stations in the region (Wong al., 2003). During the period 1954 to 2009, the mean
sea-level in the Victoria Harbour has risen abautih (or an average rate of about 2.6 mm
per year).

3. PROJECTION INTO THE FUTURE

Projected warming due to emission of greenhousesgasring the 21st century will continue
to contribute to sea-level rise because of themwphnsion and loss of mountain and land
ices. Global mean sea-level rise is projectedgusmmerical Atmosphere-Ocean General
Circulation Models. These models include dynamemahponents describing atmospheric,
oceanic and land surface processes, as well asesaad other components. There are over
20 models from various national climate centresiusesimulate the climate. According to
IPCC’s AR4, contributions to the sea level are ekge from: thermal expansion of up to
0.41 metre, mountain ice of up to 0.17 metre anee@land of up to 0.12 metre, while the
Antarctic is expected to gain in mass due to ireedasnowfall. Taking account of the
uncertainties, the global sea level is projectedsi® by the end of the 21st century up to 0.59
metre compared with that at the end of the lasturg{IPCC, 2007).

The above IPCC predictions are based on numeitlicadte models which have successfully
explained the global sea-level rise observed i318®3 and reported in the Working Group

| contribution “The Physical Science Basis” undd?4A They are not related in any way to
the mistake admitted by IPCC in early 2010 in thngates of the rate of recession and date
for the disappearance of Himalayan glaciers thpeapin the Working Group Il contribution
“Impacts, Adaptation and Vulnerability” (IPCC, 2010 (Such mistake does not affect
IPCC’s overall assessment on climate change.) iMelbf mountain ice is expected to
continue because of global warming.

Over the past few years, both Greenland and tharéint were found to be losing ice at a
much faster rate (Gudfinna Adalgeirsdottir, 2008yt et al., 2008). Melting of such land

ice is a major concern in climate change studietheyg together hold enough water to raise
the sea level by 70 metres. The numerical clirmtelels mentioned earlier on did not



include ice flow dynamical processes which are oasyble for the observed ice loss in
Greenland and the Antarctic as the mechanism aetlpeocesses are not fully understood.
IPCC’s AR4 estimated that if contributions from Buand ice masses were to grow linearly
with the global average temperature change, théesedis estimated to rise by a further 0.1
to 0.2 metre. A recent study suggested that glacedt alone (excluding the Greenland and
Antarctic ice sheets) may raise the sea level®@.25 metre by the end of the 21st century
(Meier et al., 2007), which is higher than the prediction iI€®s AR4. That is, the global
sea level may rise by much more than 0.59 metreeath@t of the last century.

Other attempts to predict the future sea-levelinskide a recent study that relates the global
average sea-level to temperature. By establishingrrelation between these two physical
guantities for the past 120 years, the projectivegga maximum sea-level rise of 1.4 metres
by the end of the 21st century (Rahmstorf, 200Bome others commented that lubrication
of glaciers by melt water would constitute multiplesitive feedbacks for the future and raise
the upper bound of sea-level rise to 2 metres fgtfef al., 2008). On the basis of these

more recent studies, it now looks likely that tke-$evel rise estimates given in IPCC’s AR4

may be conservative.

4. STORM SURGES IN HONG KONG

Impacts of sea-level rise to coastal cities incléxXéensive coastal inundation, increased
coastal erosion, higher storm surge flooding, laardwntrusion of seawater in estuaries, and
changes in surface water quality and groundwataracieristics. The major impact to

Hong Kong would be a possible increase in frequeary scale of sea flooding from storm

surges brought about by tropical cyclones.

The highest sea levels recorded in Hong Kong waused by storm surges associated with
tropical cyclones. For tropical cyclones that carlese to Hong Kong, the associated storm
surges would typically raise the sea level by 0.3.0 metre. This is high enough to cause
sea flooding if the storm surge occurs near theasmical high tide. In extreme cases in

the past, the sea level could exceed the tide lgvehore than 3 metres, bringing serious sea
flooding to coastal low-lying areas.

Well-known cases of serious sea flooding due tonstsurges in the past 50 years include
Typhoon Wanda in 1962 and Typhoon Ellen in 1983he most recent cases of inundation
due to storm surges were caused by Typhoon HaguogifTyphoon Koppu in 2008 and 2009
respectively.



On 23 September 2008, Typhoon Hagupit, the strariggsical cyclone that affected Hong
Kong in 2008 passed about 180 kilometres southhsegt of Hong Kong and necessitated
the issuance of the number 8 gales or storm foticesasignal in Hong Kong. It brought
about a storm surge of 1.4 metres at the Victoagobur, raising the sea level to a height of
3.53 metres above Chart Datum (CD) a few hoursrbefiigh tide. This is the second
highest sea level recorded at the Victoria Harl®ioce the Second World War, after the
record high of 3.96 metres during the passage phdgn Wanda in 1962. The raised sea
level caused sea flooding in many low-lying plagasluding Tai O, Peng Chau, Tuen Mun,
Sham Tseng, Sai Kung, Yau Tong, Lei Yue Mun andiQan. The flooding in Tai O,
which cut off electricity supply and affected mdin@an 200 households there, was reported to
be one of the most serious events in the past aledecades (Hong Kong Observatory,
2008).

Figure 2. Sea flooding at Tai O during the passage of Typhoon Hagupit
on 23-24 September 2008. Photo courtesy of Television Broadcasts Ltd
(TVB).

Nearly one year later on 15 September 2009, a webkghoon Koppu passed about 130
kilometres south-southwest of Hong Kong and causestorm surge of 0.9 metre at the
Victoria Harbour. The sea level reached 3.0 medtes/e CD a few hours before high tide
in the small hours and caused minor sea floodifigia® (Hong Kong Observatory, 2009).

With further rise of the mean sea-level, sea flagdevents like these would become more
frequent. A repeat of Typhoon Wanda would be ugimable, because a raised mean sea



level increases the chance and severity of coastlflooding. The magnitude of extreme
sea levels in the Victoria Harbour based on pa#t, da projected rise in sea level of 0.59
metre (IPCC'’s projection) and of 1.4 metres (Ralonfi'st projection) have been computed
for different return periods. The results are pnésd in Table 1.

Table 1: Magnitude of extreme sea levels at Victoria Harbour based on past data, a
projected rise of 0.59 mand of 1.4 m.

Extreme sea-levels at Victoria Harbour

Return | Extreme sea-level Extreme sea-level Extreme sea-level
period | (mCD) based on| (mCD) afteramean | (mCD) after a mean
(year) past data sea-level rise of 0.59 m sea-level rise of 1.4 m

2 2.9 3.5 4.3

5 3.1 3.7 4.5

10 3.3 3.8 4.7

20 3.4 4.0 4.8

50 3.5 4.1 4.9

Note: mCD = metres above Chart Datum.
Chart Datum is 0.146 rtre below Principal Datur

The results clearly indicate an increase in themtade of storm surges. Based on past
statistics, the sea flooding due to Typhoon Hagupitesponds to an event with a return
period of about 50 years. This would become artigdrevent after a rise of the mean
sea-level by 0.59 metre, the projection given b€@” AR4 for the end of this century.
That is to say, sea flooding events like Hagupitildaappear once every two years, as lesser
storms in future would be sufficient to cause stiobding because of the global sea-level
rise. For the projection of a mean sea-level ofs&.4 metres, even an ordinary spring tide
(about 2.5 metres above CD, occurring about twigeoath) would be enough to bring about



the record high observed during Typhoon Wanda B219 In other words, inundation may
occur in coastal low-lying areas even during norde}s unless there are higher sea walls.
Worse, a repeat of Hagupit 2008 would bring theewtd about 5 metres above CD.

5. SUMMARY

Sea-level rise is one of the significant conseqgeasraf global warming and may affect large
populations of people residing near the coast. |&\thiere are considerable uncertainties in
the predicted sea-levels by the end of the 21gticgnndications from recent studies are that
the magnitude of sea-level rise may likely excdesl iredictions made by IPCC’s AR4 in
2007. Hong Kong was affected by storm surgesnaraber of historical tropical cyclones.
In the past two years during the passages of Typhéagupit and Typhoon Koppu, sea
flooding affected a number of low-lying areas alahg coast of Hong Kong. With an
anticipated further rise in the sea-level during 2ist century, the frequency and scale of sea
flooding caused by storm surges would very likeglgrease. On the basis of a pessimistic
but not unrealistic estimate of the sea-level nsele in recent years, even ordinary spring
tides would be sufficient to bring sea floodingdw-lying areas --- with or without typhoons.
Mitigation measures would be necessary.

6. REFERENCES

Guofinna Adalgeirsdéttir (2008). Climate ChangectBeScenarios: What can we learn from
the ice sheetsPanish Climate Centre Report 08-06, Danish Meteorological Institute.

Hong Kong Observatory (2008). Report on Typhoon wbétg (0814). http://mmww.weath
er.gov.hk /informtc/hagupit/report.ntm .

Hong Kong Observatory (2009). Report on Typhoomiio (0915).http://mmw.weather.
gov.hk/informtc/koppu/report.ntm .

Intergovernmental Panel on Climate Change (20Q¥)nate Change 2007: The Physical
Science Basis. Contribution of the Working Group | to the Fourth Assessment Report of
the Intergovernmental Panel on Climate Change eds S., Solomon, D. Qin, M. Manning,
Z. Chen, M. Marquis, K.B. Averyt, M. Tignor and H.Miller, Cambridge University
Press, Cambridge, United Kingdom and New York, NSA.



Intergovernmental Panel on Climate Change (201®EYA statement on the melting of

Himalayan glaciers,
http://www.ipcc.ch/pdf/presentations/himalayatataent-20january2010.pdf

Meier, M.F., M.B. Dynrgerov, U.K. Rick, S. O'NeelW.T. Pfeffer, R.S. Anderson, S.P.
Anderson and A.F. Glazovsky (2007). Glaciers DatenEustatic Sea-Level Rise in
the 2f' Century. Science 317, 1064-1067.

Pfeffer, W.T., J.T. Harper and S.O. Neel (2008).indfatic Constraints on Glacier
Contributions to 21st-Century Sea-Level Ris&cience 321, 1340 — 1343.

Rahmstorf, S. (2007). A Semi-Empirical ApproachRmjecting Future Sea-Level Rise.
Science 315, 368-70.

Rignot, E., J. Bamber, M. van den Broeke, C. David,i, W. van de Berg, E. van Meijgaard
(2008). Recent mass loss of the Antarctic Ice Sireeh dynamic thinningNature

Geoscience 1, 106-110.

Wong, W.T., K.W. Li & K.H. Yeung, 2003. Long Terme& Level Change in Hong Kong.
Hong Kong Meteorological Society Bulletin 13, 24-40.





