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Abstract: Past trends in the occurrences of severe weather events in Hong Kong and the
Heating Degree-Days and Cooling Degree-Days relevant to engineering design were
examined. Preliminary study results showed that the extreme daily minimum and maximum
temperatures at the Hong Kong Observatory Headquarters exhibited statistically significant
long term rising trends. The Heating Degree-Days showed a statistically significant falling
trend while the Cooling Degree-Days showed a statistically significant rising trend.
Regarding rainfall, the frequency of occurrence of extreme hourly, 2-hourly and 3-hourly
rainfall amounts at the Hong Kong Observatory Headquarters increased significantly.
Furthermore, the extreme 10-minute mean wind speed and maximum gust at Kai Tak showed
statistically significant decreasing trends. On the other hand, the trends in the extreme 4 to
24-hourly rainfall at the Hong Kong Observatory Headquarters and the extreme 10-minute
mean wind speed and maximum gust at Waglan Island were not significant. The return
period for an hourly rainfall of 100 millimetres or more had shortened from 37 years in 1900
to 18 years in 2000. The return period for the daily minimum temperature at 4 °C or lower
had lengthened from 6 years in 1900 to 163 years in 2000.

INTRODUCTION

The design of buildings and engineering systems require consideration of local climatic
conditions and characteristics, in particular, the frequency and intensity of severe weather
events and how these parameters change with time. This study examined the long term
trends in the intensity and frequency of occurrence of events associated with ambient air
temperature, rainfall and wind speed in Hong Kong relevant to engineering design. The
long term trends in the Heating Degree-Days (HDD) and Cooling Degree-Days (CDD)
parameters commonly used to estimate energy consumption in the thermal design of
buildings (Lam 1995) were also analysed.



DATA AND METHODOLOGY

The daily maximum temperatures (Tmax), daily minimum temperatures (Tmin) and daily mean
temperatures (Tmean), hourly rainfalls recorded at the Hong Kong Observatory Headquarters
from 1885 to 2008 (apart from a break from 1940 to 1946 owing to World War II), the
10-minute mean speeds on the hour (Uyg) and 1-second gusts (Ug) recorded at Waglan
Island and Kai Tak from 1968 to 2008 and the tropical cyclone best track data of the Hong
Kong Observatory from 1961 to 2008 were used in this study.

Trend analyses of the variations of the following weather events/elements and the
time-dependent extreme value analyses of the annual extremes of ambient air temperatures,
rainfall amounts and wind speeds were conducted:

(@) Annual occurrence of severe weather events

For ambient air temperature, variations of the annual occurrences of cold days with Tpin
12.0°C, very hot days with Tnax ~ 33.0 °C and hot nights with T, 28.0°C from 1885 to
2008 were examined.

For rainfall, the variation of the annual occurrence of days with hourly rainfall exceeding 30
millimetres from 1885 to 2008 was examined.

As most of the severe weather events related to high winds occurred during the passage of
tropical cyclones, in particular typhoons, variations of the annual numbers of tropical
cyclones of any intensity and variations of the annual numbers of typhoons passing within
100, 200 and 300 kilometers of Hong Kong from 1961 to 2008 were examined.

(b) Heating Degree-Days and Cooling Degree-Days

Heating Degree-Days (HDD) and Cooling Degree-Days (CDD) are meteorological
parameters designed to reflect the demand of energy needed to heat or cool building or
structure. These parameters are derived from daily temperature observations. The heating
or cooling requirements for a given structure at a specific location are considered to be
directly proportional to HDD or CDD at that location. The definitions for HDD and CDD
in this study follow those of the Ministry of Housing and Urban-Rural Development in the
Mainland (2005) which defines HDD as the annual total of the differences between a
reference temperature of 18.0°C and the daily mean outside temperature for days with daily
mean outside temperature below 18.0 °C and CDD as the annual total of the differences
between a reference temperature of 26.0 °C and the daily mean outside temperature for days
with daily mean outside temperature above 26.0 °C.



(c) Analysis of extreme value

The time-dependent Generalized Extreme Value (GEV) distribution, commonly used to
estimate the distribution of the extreme values (Coles, 2001), was used in this study for
determining the long term trends of variation of probability of occurrence of extreme
weather events. The maximum of a sequence of observations (such as annual maxima
data), under very general conditions, is approximately distributed as GEV distribution
which comprises of three asymptotic classical extreme value models, namely Gumbel,
Frechet, and Weibull (Fisher and Tippett 1928; Jenkinson 1955; Gumbel 1958). The
corresponding cumulative distribution function and probability density function (pdf) of the
GEV isgiven by :

exp{-exp(-—£}, £=0,x>0
F(Xu0,8)= X— 1t [1.1]
exp{-{1+ 5(7)]_”5}, §#0,1+45(x-u)/o>0
iexp{—[x;ﬂ +expexll)]}, £=0,x>0
fxmo.8)=14 “X_ﬂ o GX_/J [1.2]
;[1+ 5(7)]_1/5_1 exp{{L+ 5(7)]_1/§}, §#01+&(x— )/ o>0

where p, o and & are the location, scale and shape parameters respectively. When ¢
approaches 0, the distribution becomes the Gumbel type with the following cumulative
distribution function:

F(x;y,a,af):exp{—exp[—X_”j}, —0< X< [2]

O

For £ < 0and & > 0, the distributions are known as Frechet and Weibull respectively.

To obtain the parameter u, o and &, the GEV distribution is fitted to the annual extreme
values. Given the sample size is larger than 25, the method of maximum likelihood
method (Cox and Hinkley 1974; LeDuc and Stevens 1977; Kharin and Zwiers 2005) is
adopted for the fitting in the non-stationary GEV distribution in Equations [1.1].

Suppose X,....., X, are the annual maxima of the set of observations, the likelihood L is the
product of the densities of Eq [1.2] for xy,....., Xo. Mathematically,

L(ﬂ’a’@:%ﬁ 1+§(Xi;ﬂ)_( j exp —i(hguj_f [3]

i=1 i=1 o



The estimates of u, o and &, say po, oo and &g, which maximize the likelihood L are called
the maximum likelihood estimators.

Under the influence of climate change and urbanization effect (Leung et al 2004), the
extreme values of different meteorological elements may exhibit trends with respect to time,
i.e. a time-dependent GEV distribution (Kharin and Zwiers 2005; Feng et al 2007). For
this study, the GEV parameters p, o and & were assumed as time-dependent quantities
which vary linearly with time (t) as

E(t) =atbt
u(t) = a;+bt,
o(t) = arthat, [4]

The standard likelihood ratio test was conducted to determine whether the trend estimated
from the fitting of a time-dependent GEV distribution was significant against the null
hypothesis of a time-independent GEV distribution with constant p, ¢ and &. Assuming Lo
and L; are the log likelihood of the time independent (constant p, o and &) and the
alternative time-dependent GEV distributions respectively, the null hypothesis is rejected at
5 % significant level when

D = 2(Ls1-Lo) > (v, 0.95) [5]

where v is the difference in the number of estimated parameters (Cole 2001) between the
two test models. For the x? distribution with v=1, the %*(v, 0.95) = 3.84. Details of the
maximum likelihood method and the likelihood ratio test are documented in Kharin’s study
(Kharin & Zwiers 2005).

After fitting the GEV distributions with the annual extreme values and determining the
relevant parameters, the N-year return values Xy can be estimated from the cumulative
distribution function as :



ﬂ_g{l—{—ln(l—%j}j for £#0
d [6]

RESULTS

(@) Trends in cold days, very hot days and hot nights

Figure 1.1(a), 1.1(b) and 1.1(c) show the variations of the annual number of cold days, very
hot days and hot nights from 1885 to 2008. The annual number of cold days decreased by
1.2 days per decade and hot nights increased by 1.5 nights per decade from 1885 to 2008.
They were statistically significant at 5% level. On the other hand, the annual number of
very hot days did not show any significant trend from 1885 to 2008.
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Figure 1.1(a). Annual number of cold days (1885-2008)
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Figure 1.1(b). Annual number of very hot days (1885-2008)
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Figure 1.1(c). Annual number of hot nights (1885-2008)

(b) Trends in annual temperature extremes
Four annual temperature extremes based on Tpin and Trmax data were analysed in this study:



annual lowest Tpin (LTmin), annual highest Tmin (HTmin), annual lowest Tmax (LTmax) and

annual highest Trmax (HTmax)-

Figure 1.2(a), 1.2(b), 1.2(c) and 1.2(d) show the variations of LTin, HTmin, LTmax and HTmax
from 1885 to 2008 respectively. All of them had statistically significant rising trend with

rising rates of about 0.1 °C per decade.
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Figure 1.2(b). Time series of HT i, (1885-2008)
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Figure 1.2(c). Time series of LTax (1885-2008)
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Table 1 summarises the results of the likelihood ratio tests for the significance of
time-dependency of the three parameters p, o and & for the GEV distributions of LT,
HTmin, LTmax and HTpax from 1885 to 2008. It showed that the GEV distributions of
extreme values of these three temperature parameters had significant time dependency.



Table 1. Significance of time-dependency of p, o and  for the GEV

Weather Significance of time-dependency

elements u o £
LT min Yes No Yes
HTmin Yes No Yes
LT max Yes No No
HT max Yes No No

Figure 1.3(a), 1.3(b), 1.3(c) and 1.3(d) show the long term trends of the 5-year, 10-year,
50-year and 100-year return values of LTmin, HTmin, LTmax and HTmax from 1885 to 2008
respectively. The rates of increase of the return values for fixed return periods for LTpin,
HTmin, LTmax and HTmax ranged from about 0.1 to 0.3 °C per decade. All trends were
statistically significant at 5% level.
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Figure 1.3(a). Long term trends of the return values for LTy, with return periods of 5-year,
10-year, 50-year and100-year respectively (1885-2008)
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Figure 1.3(b). Long term trends of the return values for HT i, with return periods of 5-year,
10-year, 50-year and 100-year respectively (1885-2008)
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Figure 1.3(c). Long term trends of the return values for LTmax With return periods of 5-year,
10-year, 50-year and 100-year respectively (1885-2008)
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Figure 1.3(d). Long term trends of the return values for HTax With return periods of 5-year,
10-year, 50-year and 100-year respectively (1885-2008)

Figure 1.4(a), 1.4(b), 1.4(c) and 1.4(d) show the plots of return values against return periods
in 1900 and in 2000 for LTmin, HTmin, LTmax and HTpax respectively. The GEV pdf for
extreme values of these four temperature parameters in these two years are also shown in
the figures. All the four GEV pdf in 2000 were at higher temperature range than in 1900.
The return period for a Tyin ~ 4.0°C lengthened from 6 years in 1900 to 163 years in 2000.
On the other hand, the return periods for a Tpin  30.0°C and @ Thax ~ 35.0°C shortened
from > 100 and 32 years in 1900 to 51 and 4.5 years in 2000 respectively.
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Figure 1.4(a). Return periods for LTy, in 1900 and 2000 (the insert shows the GEV pdf for
LTmin in 1900 [brown line] and 2000 [blue line])
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Figure 1.4(b). Return periods for HT i, in 1900 and 2000 (the insert shows the GEV pdf for
HTmin in 1900 [brown line] and 2000 [blue line])
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(c) Trendsin HDD and CDD



Variations of the HDD and CDD from 1885 to 2008 are shown in Figure 1.5(a) and 1.5(b)
respectively. The figures showed that HDD decreased by about 12 °C per decade and
CDD increased by about 14 °C per decade. Both trends were significant at 5% level.
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Figure 1.5(a). Time series of Heating Degree-Day (1885-2008)
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Figure 1.5(b). Time series of Cooling Degree-Day (1885-2008)

(d) The trend in the annual number of days with hourly rainfall exceeding 30
millimetres
Figure 2.1 shows the long term trend of the annual number of days with hourly rainfall



exceeding 30 millimetres at the Hong Kong Observatory Headquarters from 1885 to 2008.
The annual number of these rainy days increased at a rate of about 0.2 days per decade from
1885 to 2008. The trend was significant at 5% level.
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Figure 2.1. Annual number of days with an hourly rainfall exceeding 30 mm (1885-2008)

(e) Trends in the annual extreme rainfall

Results of the trend analyses for the variation of the annual maximum 1,2,3,4,6,12 and
24-hourly rainfall from 1885 to 2008 indicated that only the annual maximum 1 and
2-hourly rainfall had significant increasing trends at 5% level and the increasing trend for
the annual maximum 3-hourly rainfall was marginally insignificant at 5% level. Figure
2.2(a), 2.2(b) and 2.2(c) show the variation of the annual maximum 1, 2 and 3-hourly
rainfall from 1885 to 2008. The rates of increase were about 1.7, 2.1 and 1.7 millimetres per
decade respectively.
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Figure 2.2(b). Time series of annual maximum 2-hourly rainfall (1885-2008)
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Figure 2.2(c). Time series of annual maximum 3-hourly rainfall (1885-2008)

Table 2 summaries the results of the likelihood ratio tests for the significance of
time-dependency of the three parameters p, o and & for the GEV distributions of the annual
maximum 1, 2 and 3-hourly rainfall from 1885 to 2008. It showed that the GEV
distributions of the extreme values of these three rainfall parameters had significant time
variations.

Table 2. Significance of time-dependency of the three parameters p, o and & for GEV
distributions for the annual maximum 1, 2 and 3-hourly rainfall from 1885 to 2008

Weather Significance of time-dependency
elements u c €
Annual maximum Yes No No
1-hourly rainfall
Annual maximum Yes No No
2-hourly rainfall
Annual maximum Yes No No
3-hourly rainfall

Figure 2.3(a), 2.3(b) and 2.3(c) show the long term trends of the 10-year, 20-year, 50-year
and 100-year return values of annual maximum 1, 2 and 3-hourly rainfall from 1885 to 2008
respectively. The return values for fixed return periods for the annual maximum 1, 2 and
3-hourly rainfall increased by 1.1, 1.8 and 2.0 millimetres per decade respectively,



significant at 5% level.
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Figure 2.3(a). Long term trends of the return values for the annual maximum one-hourly
rainfall with return periods of 10-year, 20-year, 50-year and 100-year respectively
(1885-2008)
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Figure 2.3(b). Long term trends of the return values for the annual maximum two-hourly
rainfall with return periods of 10-year, 20-year, 50-year and 100-year respectively
(1885-2008)
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Figure 2.3(c). Long term trends of the return values for the annual maximum three-hourly
rainfall with return periods of 10-year, 20-year, 50-year and 100-year respectively
(1885-2008)

Figure 2.4(a), 2.4(b) and 2.4(c) show the plots of return values against return periods in
1900 and in 2000 for the annual maximum 1, 2 and 3-hourly rainfall respectively. The
GEV pdf for the extreme values of these three rainfall parameters in these two years are also
shown in the figures. All the three GEV pdf in 2000 were at higher rainfall range than in
1900. The return period for 1-hourly rainfall of 100 millimetres or above shortened from
37 years in 1900 to 18 years in 2000. For 2-hourly rainfall of 150 millimetres or above
and 3-hourly rainfall of 200 millimetres or above, the return periods shortened from 32
years and 41 years to 14 years and 21 years respectively.
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() Trends in the annual number of tropical cyclones within 100-300 km of Hong

Kong

Figure 3.1(a) and 3.1(b) show the variations of the annual numbers of tropical cyclones of
any intensity and annual numbers of typhoons passing within 100, 200 and 300 km of Hong
Kong from 1961 to 2008 respectively. No significant trends (at 5% level) were observed.
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Figure 3.1(a). Time series of the annual number of tropical cyclones of any intensity
passing within 100, 200 and 300 km of Hong Kong (1961-2008)
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Figure 3.1(b). Time series of the annual number of typhoons passing within
100, 200 and 300 km of Hong Kong (1961-2008)

(g) Trends in winds at Waglan Island and Kai Tak

Figure 3.2(a), 3.2(b), 3.2(c) and 3.2(d) show the variation of the annual maximum U, at
Waglan Island, annual maximum Ug at Waglan Island, annual maximum Uy, at Kai Tak and
annual maximum Uy at Kai Tak respectively. Both annual maximum U, and annual
maximum Uy at Waglan Island decreased with time but the decreasing trends were



insignificant at 5% level. On the other hand, annual maximum Uj, and the annual
maximum Uy decreased with time significantly at 5% level at Kai Tak. The rates of
decrease were 1.9 and 2.5 m/s per decade respectively.
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Figure 3.2(a). Time series of annual maximum U, at Waglan Island (1968-2008)
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Figure 3.2(b). Time series of annual maximum Uy at Waglan Island (1968-2008)
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Figure 3.2(c). Time series of the annual maximum Uy, at Kai Tak (1968-2008)
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Figure 3.2(d). Time series of annual maximum Uy at Kai Tak (1968-2008)

Table 3 shows the results of the likelihood ratio tests for the significance of
time-dependency of the three parameters u, o and & for the GEV distributions for annual
maximum Uy and annual maximum Uy at Waglan Island and Kai Tak from 1968 to 2008.
The time variations of the GEV distributions of the extremes values of these two wind
parameters at Waglan Island were insignificant while those at Kai Tak were significant.



Table 3. Significance of time-dependency of the three parameters p, o and & for the GEV
distributions for annual maximum Ui, and annual maximum Uy at Waglan Island and Kai
Tak from 1968 to 2008

Weather Significance of time-dependency
elements 1l c £
Annual maximum Uy at No No No
Waglan Island
Annual maximum Uy at No No No
Waglan Island
Annual maximum Uy at Yes No No
Kai Tak
Annual maximum Uy at Yes No No
Kai Tak

Figure 3.3(a) and 3.3(b) show the long term trends of the 10-year, 20-year and 50-year
return values of annual maximum Ujo and annual maximum Uy at Kai Tak from 1968 to
2008 respectively. The return values for fixed return periods for annual maximum Ujg
decreased by about 0.9 m/s per decade and that for the annual maximum Uy decreased by
about 2.2 m/s per decade. Both trends were statistically significant at 5% level.
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Figure 3.3(a).Long term trends of return values for the annual maximum U, at Kai Tak
with return periods of 10-year, 20-year and 50-year respectively (1968-2008)
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Figure 3.3(b). Long term trends of the return values for the annual maximum Uy at Kai Tak
with return periods of 10-year, 20-year and 50-year respectively (1968-2008)

Figure 3.4(a) and 3.4(b) show the plots of return values against return periods in 2008 for
annual maximum Uy and annual maximum Ug at Waglan Island respectively. The GEV
pdf for the extreme values of these two wind speed parameters in 2008 are also shown in

the figures.

The return values of 50-year return period for annual maximum U, and

annual maximum Uy at Waglan Island in 2008 were 42.7 m/s and 60.7 m/s respectively.
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Figure 3.4(a). Return values for annual maximum U, at Waglan Island in 2008 (the insert
shows the GEV pdf for annual maximum U, at Waglan Island in 2008)
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Figure 3.4(b). Return values for annual maximum Uy at Waglan Island in 2008 (the insert
shows the GEV pdf for annual maximum Uy at Waglan Island in 2008)

Figure 3.4(c) and 3.4(d) show the plots of return values against return periods in 1968 and
in 2008 for annual maximum Uy, and annual maximum Ug at Kai Tak respectively. The
GEV pdf for these two wind speed extremes in these two years are also shown in the figures.
The two GEV pdf in 2008 were at lower wind speed range than in 1968. The return value
of 50-year return period for annual maximum U, decreased from 34.2 m/s in 1968 to 30.6
m/s in 2008. For annual maximum Uy, the return value of 50-year return period decreased
from 60.8 m/s in 1968 to 51.7 m/s in 2008.
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Figure 3.4(c). Return values for annual maximum U, at Kai Tak in 1968 and 2008 (the
insert shows the GEV pdf for annual maximum Uy, at Kai Tak in 1968 [brown line] and
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Figure 3.4(d). Return values for annual maximum Uy at Kai Tak in 1968 and 2008 (the
insert shows the GEV pdf for annual maximum Uy at Kai Tak in 1968 [brown line] and
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CONCLUSIONS
Similar to the observations in previous analyses (Leung et al 2004; Lam 2006), this study



found that the annual numbers of cold days and hot nights in Hong Kong increased from
1885 to 2008 with faster increasing rates after the World War I1. The return period for Tmin

4.0°C had lengthened from 6 years in 1900 to 163 years in 2000. On the other hand,
the return periods for a Tmin ~ 30.0°C and a Tpax  35.0°C shortened from > 100 and 32
years in 1900 to 51 and 4.5 years in 2000 respectively.

The HDD had decreased by 12°C per decade while the CDD had increased by 14°C per
decade from 1885 to 2008.

There was also an observed increase in the frequency of occurrence of heavy rain days in
Hong Kong since 1885. The annual number of days with an hourly rainfall exceeding 30
millimetres increased by 0.2 days per decade from 1885 to 2008 with faster increasing rate
of 0.5 days per decade from 1947 to 2008. The return periods for 1, 2 and 3-hourly
rainfall had decreased significantly from 1885 to 2008. The return period for 1-hourly
rainfall 100 millimetres had shortened from 37 years in 1900 to 18 years in 2000.

No significant trends in the annual number of tropical cyclones of any intensity and annual
number of typhoons passing within 100, 200 and 300 killometres of Hong Kong from 1961
to 2008 were observed. No significant trends were also observed in the annual maximum
10-minute mean wind speeds on the hour and annual maximum 1-second gusts at Waglan
Island from 1968 to 2008. On the other hand, the annual maximum 10-minute mean wind
speed on the hour and annual maximum 1-second gust at Kai Tak showed significant
decreasing trends and the return periods for extreme values of these two wind speed
parameters there had lengthened in the same period. This phenomenon may be attributed to
the effect of urbanization with the increasing number of high-rise buildings in urban areas.
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