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STORM SURGE STATISTICS

Introduction

Descriptions of Storm Surges in Hong Kong caused by tropical cyclones
are contained in Royal Observatory Technical Memoir No. 8 and in Royal Obser-—
vatory Technical Note No. 26. No further description is therefore included
in this note.

ROTH No. 26 analyses surges and meteorological data but is not con—
cerned with water level which is an engineering problem. However, in recent
years, numerous consultants' reports have been printed assuming that the
normal tide will be high for every storm surge or ignoring the problem
altogether. The Cbservatory has usually been expected to comment on a time
scale that gave no opportunity for making precise calculations. From a
practical viewpoint, the effect of a storm surge depends very much on the
state of the normal astronomical tide at the time that the surge occurs.

The purpose of this note is to present updated statistics and additional data
on storm surges and also to use a statistical method to determine the pro-
babilities of co-incidence of storm surges and astronomical tides and hence,
estimate the return periods of flooding at different levels. It is intended
that a more precise dynamical method will follow in due course.

Tidal Data Available

Tidal measurements are made by the Port Works Division of the Public
Wiorks Department.

Early observations were made by observing tide poles but a recording
tide gauge was installed in Arsenal Yard in January 1950 and moved to lorth
Point Pier in October 1952. Others were installed in Chi Ma Wan in 1961,
Tai Po Kau in 1963 and Tsim Bei Tsui in 1974.

For the sake of completeness Table III contains data on all tropical
cyclones for which any tide reports are available but only the data between
1954 - 1973 for Tolo Harbour and between 1950 - 1974 for liong Kong Harbour
has been used in the computations.

On the Cause of Storm Surges

Isozaki (3) states that storm surges are caused by two factors; the
sea~level rise in respcnse to atmospheric pressure fall and alsc to the
effects of wind. It is quoted that the pressure effect is greater over the
open ocean and the wind effect is greater in bays and inlets less than about
120 metres deep.

The dome of water under a low pressure area has its own natural speed
of propagation as a gravity wave. In deep water this speed is higher than
the speed of movement of most typhcons but in shallow water fast moving
typhoons may cause amplification due to rescnance effects.

Wind effects are even more complicated. In the cpen sea, due to the
Coriolis force, surface water tends to move somewhat tc the right of downwind.
Winds spiral into a typhoon anticlockwise so that the Coriolis force causes
the surface water to move away from the centre resulting in up-welling near
the centre. OCn a smaller scale in shallow bays and inlets water piles up at
the downwind end. Again it is possible for resonance effects to develop if,
as a storm passes, winds reverse their direction after an interval comparable
with the natural period of oscillation of the bay.



The effect of waves is also important. In deep water waves consist
mainly of a rotation, the surface water moves foreward but this is com-
pensated by the water underneath moving backwards. In shallow water the
return flow underneath is reduced or cut off and the waves cause a massive
transport of water downwind. Hurricane force northeasterly winds blowing
down the shallow Tolo Channel must be held largely responsible for the
destructive surges in Tolo Harbour.

The track of the typhoon is also a significant factor. Fig. 1
shows that the five typhoons that caused the biggest surges in Hong Kong
all followed very similar tracks, passing very close to the northwestern
tip of Luzon Island. Fig. 2 shows the tracks of the iten typhoons which
caused the largest surges at North Point without coming within 100 miles
of Hong Kong. Most of these typhoons were above average in size but their
tracks are surprisingly dissimilar. The only thing that they appear to
have in common is that they passed somewhere near the northwestern tip
of Luzon. Two of them: T. Freda in 1975 and T. Bess in 1974 produced
surges of more than 1 metre at North Point.

When a large typhoon is centred near the northwestern tip of Luzon
(see Pigs. 3 and 4) there are usually very strong easterly winds in the
Luzon straits, northeasterlies in the Taiwan Straits and sometimes south-
westeriies over the southern part of the South China Sea. All these winds
could help to propagate the storm surge into the northern part of the South
China Sea. The Luzon Straits are mostly more than 1 km deep but the Taiwan
Straits shelve to about 50 metres so that large scale wind stress there may
be a significant factor. Six out of these ten typhoons occurred in October
when the northeasterlies in the Taiwan Straits were reinforced by the winter
monsoon.

The Statistical Method

The relative importance of the various factors can only be determined
by a full scale dynamical study. This paper is intended as an interim study
to make better statistical use of the available data.

It is possible to estimate the return periods of various water levels
by plotting the annual maximum water levels directly onto extreme probability
paper. However, when this is done (see Table I), surge data from many
typhoons that arrived at times of low tide are hidden and make little or no
contribution to the results. This means that insufficient data is used for
much confidence to be placed in the results.

A better method is to extract all the surge levels (the amounts by
which the actual levels exceed the predicted values) and obtain their return
periods. In this way, data from all the most intense tropical cyclones can
be used. The effect of all possible astronomical tides on the return periods.
can then be computed (4).

A computer analysis of the 1975 tide tables was made listing the pre—
dicted heights at every hour. By counting the hours at each level and divi-
ding by the total number of hours Table II was obtained. This shows the per-
centage of time during which the sea level should normally be above each level.*
Table II is based on the three months, July, August and September, 1975 as
these are typically the months with the highest occurrence of tropical cyclones.
However, it should be borne in mind that in October and November, although
typhoons are usually less frequent, predicted water levels are about 0.2 m
higher than during the months used for this study.



Only those storm surges available for consecutive years in Table
TIT were used in order to apply Gumbels method (2). The highest surge
in each year was extracted and the results arranged in order. These
data were then processed on the Observatory's computer and the following
regression lines were obtained relating the surge heights H to the re-
duced variates ZZ:

Tolo Harbour Ha= 115.61 + 70,56 Z7 centimetres
Victoria Harbour H= 7343 + 35.81 ZZ centimetres

From Gumbel's tables, the reduced variates were converted to
probabilities PP shown in Table IV. These probabilities are the pro-
babilities of surges above the specified levels. In order to obtain the
probabilities of a surge occuring in a particular (1 decimetre) height
range, each PP was substracted from its successor t¢ produce the column

W PP also in Table IV.

The probability of coincidence of two events is the product of
their separate probabilities. Tables II and IV were therefore combined
to produce tables like Table V. Table V shows the various combinations
of surge and astronomical tide, with their probabilities, that can combine
1o produce a water level of 4 metres in Tolo Harbour and Victoria Harbour.

*A11 heights refer to Chart Level (C.D.) as used in the Tide Tables and
not to Principal Datum (PD) which is 0.15 m higher.

Results

By adding the probabilities of all the combinations one arrives
at the probability of a 4 metre water level. Since one is only con-
sidering one event per year the reciprocal of the probability is the
return period in years.

Seven tables similar to Table V were computed for other levels
but they are not reproduced here. Only the end results of this analysis
are given in Table VI,

The results found in Tables VI use more data than the results in
Table I because each storm surge is combined with all possible states of
the astronomical tide. However, only the worst storm surge each year is
considered. This probably leads tc¢ an underestimate of the frequency of
small surges (waterlevels of 3 or 3.5 m) which may be caused by monsoon
winds or other phenomena. At these levels, it is possible that Table I
may be more accurate.

Verification

The main purpose of this note was to demonstrate a statistical
method of combining storm surges with astronomical tides. The approximate
agreement between Tables I and VI suggests that the method works quite
well on the data used. However, these data cover a relatively short period
and are not intended to substitute for a full dynamical treatment which will
model a wide variety of storms. However, it is encouraging that using
Table VI the 5 metre water level in Tolo Harbour due to Typhoon 'Wanda'



should have a return period of about 30 years, whereas in fact there
were similar surges in 1874, 1906 and 1937. Unfortunately the data
for North Point do not fit nearly so well, as the 1937 typhoon would
have a return period of about 100 years.

LIMITATIONS OF THE METHOD

There are still many uncertainties. It has been tacitly
assumed that storm surges and astronomical tides are independent.
However, a surge from a particular size of typhoon should be smaller
at high tide than at low tide. This is partly because the surface
area is greater at high tide and more water is needed to produce the
same rise in level (i.e. the same surge) and partly because wind and
waves are more efficient at transporting volumes of water when the
depth is low.

No account has been taken of the surge profile. This does
not matter if the peak of the surge only lasts for a short time and
the profile is similar to that of the normal tide. However, if the
surge stays near its peak for a long time and does not fall as fast
as the astronomical tide rises then the highest water level will
not coincide with the highest point of the surge.

There are many other factors that could be taken into account
including rainfall and runoff and differences both in timing and
amplitude of astronomical tides in different parts of Hong Xong. It
is of interest that the tides at the new station at Tsim Bei Tsui
seem to lag behind the tides at other stations in Hong Kong by one
or two hours, while the amnlitude of some recent surges there has
been greater than at North Point.

Another complication is that Plover Cove Reservoir was built
in 1965-66 and this may have caused a discontinuity in the tidal data
for Tolo Harbour. A similar discontinuity may have arisen from the
effects of the reclamation of Kowloon Bay,.

Finally on a smaller scale, no allowance has been made for the
slope of the water surface inside Victoria Harbour caused by wind
stress. ©Since the tidegauge is not in the middle of the Harbour some
readings may not be representative. Watts(5) showed that differences
between Kowloon Docks and Hong Kong were very small in the 1937 {yphoon
but reached about 0.3 m in typhoon Gloria in 1957. Similar considerations
apply to Tolo Harbour. The full dynamical treatment should resolve this
problem.

I am grateful to Mr. H.C. Leong and Mr. W.P. Kwong for assistance
in preparing the tables.
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Table I

Return Periods of Water Levels in Hong Kong
using Gumbel's Method directly on the nighest annual water levels.

Location

Tolo Harbour (1954-1973)

North Point (1950-1974)

Water Level

Return Period

Return Period

—~ OV P ww
*
OO OOWmOo

233382818

T years
33 years
180 years
800 years

3 years
31 years
323 years




Table TII Predicted Water Levels - Occurrence and Probabilities

Number of Hours of Probability that
Range Occurrence July, | Probability | Water is above the
Metres August, Sept. 1975 Predicted Level
0,00~ 0.09 0 0.0000 , 1.0000
0,10~ 0419 2 0.0009 1.0000
0.20= 0.29 7 0.0032 0.9991
0430~ 0.39 15 0.0068 0.9959
0.40- 0.49 30 0.0136 0.9891
0450= 0.59 28 0.0127 0.9755
0.60- 0.69 48 0.0217 0.9628
0.70~ 0,79 51 0.0231 0.9411
0.80- 0.89 92 0.0417 0.9180
0.90~ 0.99 137 0. 0620 0.8763
1.00~ 1.09 184 0.0833 0.8143
140~ 1.19 236 0.1069 0.7310
1.20~ 1.29 197 0.0892 0.6241
1¢30=- 1.39 180 0.0815 0.5349 & MSL
1.40- 1.49 165 0.0747 0.4534
1.50= 1.59 151 0.0684 0.3787
1.60=- 1.69 124 0.0562 0.3103
170~ 1.79 116 0.0525 0.2541
1.80- 1.89 109 0.0494 0.2016
1.90- 1499 106 0.0480 0.1522
2.00- 2,09 M 0.0412 0.1042
2.40= 2.19 69 0.0313 0.0630
2420= 2,29 42 . 0,0190 0.0317
2430~ 2.39 23 0.0104 0.0127
2.40- 2.49 5 0.0023 0.0023
2450~ 2.59 0 0.0000 0.0000
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Table IV

Probabilities of Surge Heights

Location Tolo Harbour North Point
Surge Height ‘
i 2z PP | QPP 2z PP V FP
(m)
0.5 ~0.6544 0.85
0.6 ~0.3751 0.77 0.08
0.7 ~0.0958 0.67 | 10
0.8 0.1835 0.56 0.11
0.9 0.4627 0.47 0.09
1.0 —0.2213 | 0.71 0.7420 0.38 0.09
141 —0.0796 | 0.66 | 9*%° | 1.0213 0.30 0.08
1.2 0.0622 | 0.61 | 29 | 1.3005 0.24 0.06
1.3 0.2039 | 0.56 | ©*% | 1.5798 0.19 0.05
1.4 0.3456 | 0.51 | 9+ 148591 0.14 0.05
1.5 0.4873 | 0.46 | %% | 2.1384 0.11 0,03
1.6 0.6290 | 0.41 | 9*9° | 2.4176 0.085 | 092
1.7 0.7708 | 0.37 | %% | 2.6969 0.065 | 0+020
1.8 0.9125 | 0.33 | %% | 2.9761 0.050 | 9915
1.9 1.0542 | 0.29 | %4 | 3.2554 0.038 | 0012
2.0 1.1959 | 0.26 | 993 | 3.5347 0.008 | 0010
2.1 1.3376 | 0.23 | 993 | 3.8140 0.002 | 0+006
2.2 1.4794 | 0.20 | 993 | 4.0032 0.017 | 2:9%
2.3 1.6211 | 0.18 | 292 | 4.3725 0,013 | 0-004
2.4 1.7628 | 0.16 | 99 | 4.6518 0.0095 | 9+0035
2.5 1.9045 | 0.14 | 9% | 4.9310 0.0072 | 00023
2.6 2.0462 | 0412 | 2% | s5.2103 0.0054 | ©-0018
2,7 2.1880 | 0.105| %015 | s5.4896 0.0041 | 0+0013
2.8 2.3297 | 0.092] 13| s5.7688 0.0032 | 9+0009
2.9 2.47114 | 0.080] 9°912| 6.0481 0.0025 | 9+0007
3.0 2.6131 | 0.070} 29| 6.3074 0.0019 | ©+0006
3.1 2.7548 | 0.060| 2*010 4. 6066 0.0014 | ©0°00%
3.2 2.8966 | 0.053] 0*PT1 6.8859 0.0010 | ©-9004
3.3 3.0383 | 0.046 9*99T| 71,652 0.00075 | ©+00025
0,006 0.00017




Table IV Probabilities of Surge Heights (Cont'd)
Location Tolo Harbour North Point

Surge Height
B 2z PP | VPP 77 PP v P
(m) 4
3.4 3.1800 | 0.040 7.4445 | 0.00058
3¢5 3.3217 | 0,035 | ©+99% | 7.7237 0.00044 0.00014
3.6 3.4634 | 0.031 | 994 | 8.0030 0.00034 0.00010
3.7 3.6052 | 0,027 | 9% | 8.2823 | o0.00026 | ©-%008
3.8 3.7469. | 0.023 | ©+%% | 8.5615 | o0.00020 | 000006
349 3.8886 | 0,020 | ©993 | 8.8408 | o0.00015 | 0-00005
4.0 4.0303 | 0,017 | 903 | g9.4201 | o.00011 | O-0000R
4.1 41720 | 0,015 | %% | 9.3993 | o.00008 | 0:0%0%
4e2 4.3138 | 0,013 | 992 | g.6786 | o0.00006 | ©+00002
4.3 4.4555 | 0,011 | %% | 9.9579 | o0.00004 | 00002
4.4 4.5972 | 0.010 | 9% |10.23711 | o.00003 | 000001
4e5 4.7389 | 0.009 |29 |10.5164 | o0.00002 | ©+00001
4.6 4.8806 | 0,008 | 2% l10.7957 | o0.000015 | ©-00009
4.1 5.0224 | 0,007 | %% l11.0150 | o.000012 | ©-09000
4.8 5.1641 | 0,006 | %®' 11,3542 | 0.000010 | 0000007
4.9 5.3058 | 0,005 | %% l11.6335 | o0.000008 | ©-000002
5.0 5.4475 | 0,0043 | ©*%°7|11.9128 | o.000007 | @000V
5.1 5.5892 | 0,0038 | °+9%9°
5.2 5.7310 | 0.0033 | 9+09%
5.3 5.8727 | 0.0029 | 0+0904
5+4 6.0144 | 0.0025 | ©+0%%4
545 6.1561 | 0.0021 | 0+0004
546 6.2976 | 0.0018 | 0+0%03
5.7 6.4396 | 0.0015 | 0+0003
5.8 6.5813 | 0.0013 | 0+000?
5.9 6.7230 | 0.0011 | 0+0002
6.0 6.8647 | 0.0010 | 00001
641 7.0064 | 0.0009 0.0001
6.2 7.1482 | 0.0008 | 0+01
6.3 7.2899 | 0.0007 | 0+9091
6.4 7.4316 | 0.0006 | 0+00°1
6.5 7.5733 | 0.0005 | 0+0001




Table V

Various Combinations of Surge and Astronomical Tide,

with Their Probabilities That Can Be Combined to

Produce a Water Level of 4 Metres in Tolo Harbour and

at North Point

Location ”# Tolo Harbour North Point
Surge Normal Prob. of |Prob. of | Combined || Prob. of | Prob. of | Combined
(A) Height Tide(B) (4) (B) Prob. (4) (B) Prob.

(m) (m)

4.0 any tide 0,017 1.0000 | 0.0170 0.00014 1.0000 0.00011
349 = 4.0  tide > 0.1 0.003 1.0000 0.0030 0.00004 1.0000 0.00004
348 = 3.9 > 0.2 0.003 04999t | 0.0030 0.00005 0.9991 0400005
3.7 = 3.8 > 0.3 0.004 | 0.9959 | 0.0040 || 0.00006 | 0.9959 0.00006
3e6 = 3.7 > 0.4 0.004 | 0.9891 0.0040 0.00008 | 0.9891 0.00008
3¢5 = 3.6 > 0.5 0.004 | 0.9755 0.0039 0.00010 | 0.9755 0.00010
344 = 3.5 > 0.6 0.005 0.9628 0,0048 0.00014 0.9628 0.00013
363 - 3.4 v 0.7 0.006 0.9411 0.0056 0.00017 0.9411 0.00016
342 = 3.3 Y 0.8 0.007 | 0.9180 | 0.0064 0.00025 0.9180 0.00023
31 = 3.2 > 0.9 0.007 0.8763 0.0061 0.0004 0.8763 0.00035
3.0 = 3.1 >1.0 0.010 | 0.8143 0.0081 0.0005 0.8143 0.00041
2.9 = 3.0 S1e1 0.010 0.7310 0.0073 0.0006 0.7310 0.00044
2.8 = 2.9 >1.2 0.012 0.6241 0.0075 0.0007 0.6241 0.00044
2.7 - 2.8 >143 0.013 0.5349 0.0070 0.0009 0.5349 0.00048
2.6 = 2.7 1.4 0.015 0.4534 | 0.0068 0.0013 0.4534 0.00059
2.5 = 2.6 D145 0.02 0.3787 0.0075 0.0018 0.3787 0.00063
2.4 -~ 2.5 >1.6 0.02 0.3103 0.0062 0.0023 0.3103 0.000T1
2.3 - 2.4 1.7 0.02 0.2541 0.0051 0.0035 0.2541 0.00089
2.2 = 2.3 »1.8 0.02 0.2016 | 0.0040 0.004 0.2016 0.00081
2.1 = 242 >1.9 0.03 0.1522 0.0046 0.005 0.1522 0.00076
2,0 = 2.1 Y 2.0 0.03 0.1042 0.,0031. || 0.006 0.1042 0.00063
1.9 = 2.0 > 2.1 0.03 0.0630 | 0.,0019 || 0.010 0.0630 0.00063
148 = 1.9 2.2 0.04 0.0317 | 0.0013 0.012 0.0317 0.00038
1.7 = 1.8 7 2.3 0.04 0.0127 0.0005 0.015 0.0127 0.00019
16 = 1.7 y2.4 0.04 0.0023 0.0001 0,020 0.0023 0.00005
1.5 = 1.6 >2.5 0.05 0.0000 0.0000 0.025 0.0000 0.00000

~ TOTAL PROBABILITY 0.1288 0.00940
RETURN PERIOD 7.8 years 106 years




Table VI (a) Return Periods for Different Water Levels above
Chart Datum Using the Method Described in the Text
Location Tolo Harbour North Point
Water Return Period Return Period
Level {(m)

3.0 8 years

3.5 28

4.0 8 years 106

445 15 423

5.0 30 1700

D3 56

6.0 120

6.5 230

(b) Water Levels Having Specified Return Periods -
Metres above Chart Datum

Return Period

Toclo Harbour

North Point

20 years
50 years
100 years
150 years
200 years

4.7 metres
5.39 "
5.9 "
6.2 "
6.4 "

3.37 metres
3.7 "
3.97 "
4.12 "
4.22 "
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