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ABSTRACT

The possible changes in the frequency of extreme temperature events in Hong Kong in the 21st century
were investigated by statistically downscaling 26 sets of the daily global climate model projections (a com-
bination of 11 models and 3 greenhouse gas emission scenarios, namely A2, A1B, and Bl) of the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change. The models’ performance in sim-
ulating the past climate during 1971-2000 has also been verified and discussed. The verification revealed
that the models in general have an acceptable skill in reproducing past statistics of extreme temperature
events. Moreover, the models are more skillful in simulating the past climate of the hot nights and cold days
than that of the very hot days. The projection results suggested that, in the 21st century, the frequency of
occurrence of extremely high temperature events in Hong Kong would increase significantly while that of
the extremely low temperature events is expected to drop significantly. Based on the multi-model scenario
ensemble mean, the average annual numbers of very hot days and hot nights in Hong Kong are expected
to increase significantly from 9 days and 16 nights in 1980-1999 to 89 days and 137 nights respectively in
2090-2099. On the other hand, the average annual number of cold days will drop from 17 days in 1980-1999
to about 1 day in 2090-2099. About 65 percent of the model-scenario combinations indicate that there
will be on average less than one cold day in 2090-2099. While all the model-emission scenarios in general
have projected consistent trends in the change of temperature extremes in the 21st century, there is a large
divergence in the projections between different model/emission scenarios. This reflects that there are still
large uncertainties in the model simulation of the future climate of extreme temperature events.
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The Fourth Assessment Report (AR4) of the
Inter-governmental Panel on Climate Change (IPCC)
states that warming of the climate system is unequiv-
ocal. Most of the observed increases in global aver-
age temperature since the mid-20th century are very
likely due to the observed increase in anthropogenic
greenhouse gas (GHG) concentrations (IPCC, 2007a).
Besides the shifting of the mean temperature, the fre-
quency of extreme temperature events (such as heat
waves, cold spells, etc.) has also changed in some re-
gions, leading to significant socio-economical impacts
(Frich et al., 2002; IPCC, 2007b; WMO, 2009).

For Hong Kong and southern China, the annual
mean temperature in the region has a long-term in-
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creasing trend under the effect of global warming and
urbanization (Leung et al., 2004a; Lee et al., 2006;
Guangdong Provincial Meteorological Bureau, 2007;
Fong et al., 2009). Recent studies of past occurrences
of extreme temperature (Wong and Mok, 2009; Lee et
al., 2011) revealed that the extreme daily minimum
and maximum temperatures as well as the warm spell
duration in Hong Kong exhibit statistically significant
long-term rising trends while the cold spell duration
has a statistically significant decreasing trend from
1885 to 2008. As extreme temperature events would
exert profound impacts on society, public health and
infrastructure design in the region (Peterson, 1981; Le-
ung et al., 2008; Guangdong Provincial Meteorological
Bureau, 2007), it is important to assess how the fre-
quency of extreme temperature events will change
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during the 21st century in response to global warming.

In 2004, the Hong Kong Observatory (HKO) con-
ducted studies on temperature projections for Hong
Kong utilizing the data of global climate model pro-
jections included in IPCC’s Third Assessment Report
(Leung et al., 2004b). The projections were later up-
dated in 2007 based on model data of IPCC AR4 with
the effects of urbanization on local temperature also
taken into account (Leung et al., 2007). In these two
studies, projections of the temperature trends in Hong
Kong in the 21st century were made using the monthly
mean data of simulations of the global climate models
together with observed temperatures in Hong Kong
and southern China through statistical downscaling
techniques. The projection results showed that the
increasing trend of the average temperature in Hong
Kong would continue in the 21st century. Since only
monthly mean temperature model data were available
for the 2007 study, the estimation of the number of
extreme events could only rely on additional correla-
tion relationships between seasonal (winter or sum-
mer) mean temperature and the number of extreme
events. The results showed that there would be a sig-
nificant decrease in the number of cold days (daily
minimum temperatures < 12.0 °C) and an increase
in the number of very hot days (daily maximum tem-
perature > 33.0 °C) and hot nights (daily minimum
temperature > 28.0 °C) in Hong Kong.

This study is undertaken to extend the previous
study on extreme temperature projections using daily
global climate model data for IPCC AR4 and a more
direct and comprehensive statistical downscaling tech-
nique. The data and extreme temperature indices used
in this study are described in Section 2. The statistical
downscaling method and extreme analysis approach
are presented in Section 3. Results of the projection
are discussed in Section 4. Section 5 contains a sum-

mary of the study.
2. Data and extreme indices

2.1 Observations

The performance of the statistical downscaling
technique (see Section 3) depends strongly on the
availability and the quality of large scale (predictors)
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and local scale (predictands) observational data used
for developing and testing of the downscaling model.
In this study, daily maximum, minimum and mean
temperature data recorded at the Hong Kong Ob-
servatory Headquarters (HKOHq) from 1971 to 2000
were used as the local scale observational data (pre-
dictand). For large scale predictors, 6-h (0000, 0600,
1200, and 1800 UTC) surface and upper air (at 850-
and 500-hPa levels) reanalysis grid-point data (resolu-
tions 1.9°x1.9° for precipitation and 2.5°x2.5° for the
others) over southern China (20°-30°N, 105°-120 °E)
from 1971 to 2000 were retrieved from the U.S. Na-
tional Centers for Environmental Protection (NCEP)
for the study. NCEP data before 1971 was not used to
establish the regression equations as a previous study
by Yang et al. (2002) indicated that the quality of the
NCEP reanalysis data over Asia prior to 1968 may be
low. Unless otherwise stated, the observed tempera-
ture in Hong Kong, the temperature anomaly, the pro-
jected temperature anomaly, and the projected tem-
perature in Hong Kong refer to the corresponding val-
ues at HKOHq in this study.

2.2 Global climate model data

2.2.1

Time slices of gridded daily
for the periods 20462065 and
AR4 global climate models are
the Program for Climate Model Diagnosis and
(PCMDI) (http://www-
pemdi.llnl.gov/ipcc/about _ipce.php) (Meehl and Hi-
bbard, 2007). Among the 6 GHG emission scenarios
used by IPCC AR4 in global climate simulations (from
low to high GHG emissions: B1, A1T, B2, A1B, A2,
and A1FT), model data for 3 out of the 6 emission sce-

Time-slice data

data projected
2081-2100 by
available from

Intercomparison website

narios, namely A2, A1B, and B1, are available from
the PCMDI website. Further details of the GHG emis-
sion scenarios employed by IPCC AR4 are documented
in the “Special Report on the 6 Emission Scenarios
(SRES)” (Nakicenovic et al., 2000).

Twenty-two global climate models with daily pro-
jection data available are assembled in the PCMDI
website. The performance of global climate models in
projecting the future climate of East Asia and south-
ern China varies widely (Xu et al., 2007; Chan et al.,
2010). This is illustrated by the scatter plot (Fig. 1) of
the performance of a set of AR4 models in simulating
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Fig. 1. Scatter plot of the performance of AR4 models.

the spatial and temporal variations of annual mean
temperature in southern China for the period 1970-
1999 (Chan et al., 2010). One approach to improve
the performance of the ensemble mean projection is to
discard less skillful models which are likely to produce
large simulation errors. In this study, models satis-
fying the following criteria on simulation skill, spatial
resolution, and data availability are used: (1) models
with both daily surface and upper air data available;
(2) models with spatial resolution better than 4°x4°;
(3) models with spatial correlation > 0.9 in southern
China; and (4) if a climate model has more than one
version, the latest model version or the version with
higher spatial resolution will be used.

After a selection based on the above criteria and
noting that not all three of the emission scenarios are
available for each model, a total of 26 sets of model
simulation data are available for this study (Table 1).

As models with daily and upper air data are re-
quired for this study, the model-scenario combination
of the current study is different from that of the study
in 2007 (Leung et al., 2007). To assess the effect of
the change in the model-scenario combination on pro-
jection results, the multi-model scenario mean of the

spatial average of the gridded model temperature

Table 1. Emission scenarios and model simulations

Model
CCCMA_CGCM3_1_T63
CNRM_CM3
CSIRO_MK3_5
GFDL_CM2_1
GISS_AOM
TIAP_FGOALS1_0_G
INGV_ECHAM4
IPSL_CM4
MIROC3_2_HIRES
MIUB_ECHO_G
MPI_ECHAMS5

>
o
=
os]

QUL X LU X X L < X
QUL R R R
U X X - < x < < |T

v/ model simulation used; x: data not available or incomplete.

projections over southern China (20°-30°N, 105°—
120°E) in the 21st century for these two model-
It is found

that the differences in the annual mean temperature

scenario combinations are compared.

of southern China between these two model-scenario
combinations are less than 0.1°C in the 21st century,
indicating that mean temperature projections of these
two model-scenario combinations for southern China
are in general comparable.

Moreover, for assessing the performance of the
models in reproducing the past climate, simulation
data of the past climate for 1971-2000 based on the
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historical GHG concentrations (20C3M scenario) of
the 11 models used in this study are also retrieved
from the PCMDI website for comparison (see Section
4.2).
2.2.2 Whole 21st century model data

In addition to the time slice data from PCMDI,
and with a view to examining the decadal variation of
extreme temperature events and possible changes in
the frequency of extreme events in the 21st century,
daily projection data of the GFDL_CM2_1 model
(A2 and B1 scenarios) and MIROC3_2_HIRES model
(A1B scenario) for the whole 21st century are respec-
tively acquired from the Geophysical Fluid Dynamics
Laboratory (GFDL) and Center for Climate System
Research of the University of Tokyo/National Insti-
tute for Environmental Studies, and Frontier Research
Center for Global Change of Japan Agency for Marine-
Earth Science and Technology.

2.3 Extreme temperature indices

In order to rationalize and standardize the ex-
pressions for extreme weather events so that individ-
uals, countries, and regions can calculate the related
indices in the same way such that their analyses can
fit together seamlessly, the Expert Team on Climate
Change Detection, Monitoring and Indices (ETC-
CDMI) working under the joint WMO Commission for
Climatology (CCl)/World Climate Research Program
(WCRP) Climate Variability and Predictability (CLI-
VAR) project (Peterson et al., 2001; Peterson, 2005)
has developed a suite of indices for the purpose. A
suite of 13 extreme temperature indices to indicate the
trend and significance of extreme temperature events
are used in this study. They are adopted from the
list of extreme indices proposed by the ETCCDMI
(http://ccema. seos. uvic. ca/ETCCDI/indices.shtml)
with appropriate modifications to suit the subtro-
pical climate of Hong Kong. The 13 extreme temper-
ature indices are briefly described below. Details of
their definitions and deviations from those proposed
by ETCCDMI, if any, are summarized in appendix for
ease of reference.

CD12, SU33, and TR28 respectively represent the
annual counts of cold days (daily minimum tempera-
tures < 12.0 °C), very hot days (daily maximum tem-
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perature > 33.0 °C), and hot nights (daily minimum
temperature > 28.0 °C). These three indices are mod-
ified from the indices proposed by ETCCDMI for use
with reference to Hong Kong.

TX,, TN,, TX,,, and TN,, are the annual high-
est maximum temperature, highest minimum temper-
ature, lowest maximum temperature, and lowest min-
imum temperature recorded every year respectively.

TN10p is an index measuring the percentage of
time with daily minimum temperatures lower than
the 10th percentile of minimum temperatures calcu-
lated for each calendar day (with reference to the pe-
riod 1971-2000) using a running 5-day window. This
is a measure of the percentage of unseasonably low
temperature nights (cool nights) in a year. Similarly,
TX10p is an index showing the percentage of unsea-
sonably low temperature days (cool days). TN90p and
TX90p are the indices corresponding to the percent-
age of unseasonably high temperature nights (warm
nights) and days (warm days) in a year respectively.

The Warm Spell Duration Index (WSDI) is the
annual count of days with at least 6 consecutive days
with the daily maximum temperature above the 90th
percentile of the maximum temperature calculated for
each calendar day (with reference to the period 1971
2000) using a running 5-day window. The Cold Spell
Duration Index (CSDI) is the annual count of days
with at least 6 consecutive days with the daily min-
imum temperature below the 10th percentile of the
minimum temperature calculated for each calendar
day (with reference to the period 1971-2000) using
a running 5-day window.

Generally speaking, TN90p, TX90p, and WSDI
can be considered as “warm indices” and TN10p,
TX10p, and CSDI are “cold indices”.

3. Methods

3.1 Statistical downscaling

Statistical downscaling is used to generate local
scale climate projections from global climate model
forecasts that are usually made at a relatively coarse
spatial resolution, typically 300 km x 300 km (e.g.,
Kilsby et al., 1998).
cause it is computationally economic compared with

It is a popular approach be-



NO.1

the alternative method of dynamical downscaling (see
Fan et al,, 2005), and it has a level of skill on a
par with the dynamical approach (Murphy, 1999).
This is also the technique used by HKO in the previ-
ous temperature projection studies in 2004 and 2007
(Leung et al., 2004b, 2007).
the daily temperature projections for southern China

In the present study,

from global climate models are downscaled to Hong
Kong. Firstly, a regression relationship between the
temperature data at HKOHq and the large scale sur-
face and upper air observations (temperature, spe-
cific humidity, and winds) over southern China is
developed using past observational data. The spa-
tial average of the NCEP reanalysis grid-point daily
data (surface and upper air) bounded by 20°-30°N,
105°-120°E are used as the large scale predictors (see
Table 3) and the HKOHq daily maximum, mean and
minimum temperature with the urbanization effect re-
moved (see Section 3.1.1) are used as local predictands.
As the effect of precipitation on local temperature is
likely to be confined to the nearby region, a smaller
domain (21.25°-26.25°N, 111.25°-116.25°E) is used

Development of downscaling
equations (by season) using
HKO station data and NCEP
reanalysis grid-point data

Urban station #, and rural station #

1

De-urbanization

1 Thko

Standardization
t; nko= (ko= <thko>)/ O t bko

l I nko

Multiple stepwise
linear regression

I I ncep»> SID, neep €tC-

Standardization
toncop=(tncer™<tncep>)/ O t-nceps
SIPsncepy=(8IPucer™<SIPacep™)/ O ip-ncep €1C.

T

Predictors:fycep, Slpaceps etc.

Regression
coefficients
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for the spatial average of the precipitation predictor.
The global climate model projection data for southern
China is then input into the regression relationship to
obtain the projections of daily temperatures for Hong
Kong without the urbanization effect. Lastly, the pro-
jected temperature increase due to future urbanization
effect is added to the daily temperature projections
without urbanization to give the final daily tempera-
ture projections for Hong Kong in the 21st century.
To reduce the systematic bias of global climate model
predictors, the data are standardized prior to perform-
ing the statistical downscaling (see Section 3.1.2).

Figure 2 shows the schematic diagram of the
workflow for the statistical downscaling method used.
Further descriptions on the key steps are documented
in Sections 3.1.1-3.1.6.
3.1.1 Remowal of the urbanization effect

As pointed out by Leung et al. (2007), sur-
face temperature observations are not used directly
in NCEP reanalysis data and the data set is rela-
tively free from the urbanization effect (Kalnay and
Cai, 2003). To align with the large scale predictors,

Using the same downscaling
equations (by season) and AR4

data to project temperature of
HKO in the 21st century

Model: t,, slp,, etc.

Standardization
ty o= (tn=<tn>)/ 0
SIpe w=(S1pn—<8lpu>)/ 0 g €tC.

tsm,SIDs m etc. 1

Regression model

Downscaled standardized
anomaly t nio

Variance adjustment

fys-nko=las-nko* O st-nko/ O dst-hko

Projected standardized
anomaly s ko

De-standardization
ty bk =lps hko* O ¢ hkoT<<fhgoo>

i Projected temperature 1, hk“l

Incorporating urbanization effect

Final daily temperature projection

Fig. 2. Schematic diagram of the workflow for statistical downscaling.
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the temperature data of HKOHq without urbanization
(de-urbanized temperature) are therefore used as the
predictands to set up the regression relationship for
downscaling.

The magnitude of urbanization effect on temper-
ature (T,—;) is usually taken as the temperature dif-
ference between an urban station and a rural station
(Karl et al., 1988; Arnfield, 2003). In this study,
HKOHq is taken as the urban station. For rural sta-
(2009) recently reported that the

long-term temperature observations at Macao are re-

tion, Fong et al.

latively less influenced by the urbanization effect and
could be considered as a suitable rural station for ur-
banization studies in southern China. Moreover, the
distance between HKOHq and the Macao station is
about 65 km, which lies within the suggested range be-
tween rural and urban stations (30-100 km) in urban
heat island studies (Karl et al., 1988). Hourly obser-
vations for Macao are available after 1952, but there
were significant developments in some areas of Macao
after 2000. To estimate the urbanization effect on the
temperature in Hong Kong, the temperature data of
Macao from 1952 to 2000 are used in this study. Theo-
retically, the temperature difference between an urban
station (73,) and a rural station (7}) can be expressed

as
Tu _Tr :Tu—r+cla (1)

where Ty,_, is the magnitude of urbanization effect on
temperature and c¢; is a constant representing the tem-
perature difference due to location and geographical
differences.
Their derivatives with respect to time (i.e., the
rate of change) can be expressed as:
0Ty—y _ or, 8Tr. )
ot ot ot

The mean values of the rate of change of T},

for maximum, mean, and minimum temperatures in
four seasons during the period 1952-2000 are shown
in Table 2. It can be seen that the urbanization effect
on minimum temperature is more prominent with the
highest magnitude in winter and spring. The mean
rate of change of T,,_, is about 0.075 °C per decade,
which in general agrees with the independent estimate
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by Leung et al. (2007) using the temperature at Ta
Kwu Ling, a rural site in Hong Kong, and the approach
of differencing period means. As regard the maximum
temperature, the negative values in summer and au-
tumn suggest that the rate of increase in maximum
temperature at HKOHq during this period could be
on average slightly lower than that of Macao in these
two seasons. Analysis of past trends revealed that the
daily maximum temperature in Hong Kong has been
rising, but at a slower rate when compared with that of
the minimum temperature. Previous studies indicated
that the effect of urbanization influences the daily min-
imum temperature more than the daily maximum tem-
perature (Karl et al., 1988; Zhou et al., 2004). This
may be due to the effect of daytime shading, which
partly blocks solar radiation from reaching the ground
in urban areas. In addition, the higher heat capacity
and conductivity of urban areas may also be another
cause (Bornstein, 1968; Oke, 1982). Another possible
factor hindering the increase in the maximum temper-
ature is the increase in the cloud amount and decrease
in solar radiation. One potential cause for the increase
in cloud amount over Hong Kong could be the likely
increase in the concentration of condensation nuclei
in the air that favors the formation of clouds, which
is known to be associated with urbanization and hu-
man activity in the region (Leung et al., 2004a). Both
the increase in the concentration of suspended partic-
ulates and the increase in cloud amount would reduce
the amount of solar radiation reaching the surface, re-
sulting in lower temperature during the day (Wild et
al., 2007; Zhang et al., 2009). As a result, the diurnal
temperature range (DTR) decreases as the daily min-
imum rises on average faster than the daily maximum
temperature (see Fig. 3). The decrease is found more
pronounced in the 1980s and 1990s, likely due to the
combined effect of rapid urbanization and an increase
in cloud amount after the 1970s.

The de-urbanized temperature in Hong Kong is
then taken as the HKOHq temperature minus the cor-
responding urbanization contribution.

3.1.2 Data standardization

To reduce systematic biases in the mean and vari-
ance of global climate model predictors, the data are
standardized for each season by subtracting the mean
and then dividing by the standard deviation of the
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Table 2. Seasonal and annual rate of change of urban heat island intensity (Ty,—r) for maximum, mean, and minimum
temperatures in Hong Kong during 1952-2000
Spring (°C/decade) Summer (°C/decade) Autumn (°C/decade) Winter (°C/decade) Annual (°C/decade)

Maximum 0.018 -0.073 -0.013 0.031 —-0.008
Mean 0.105 0.027 0.042 0.115 0.075
Minimum 0.166 0.115 0.133 0.201 0.154

Note: HKOHq and Macao are taken as the urban station and rural station respectively.

predictor (same for predictand) for a reference period  daily surface and upper air variables over southern
prior to performing the statistical downscaling (Schu- ~ China is established for each season using historical
bert, 1998; Wilby et al., 2004; Cheng et al., 2008). In  data from 1971 to 2000. Here, spring refers to the
this study, the period 1980-1999 (the period chosen  period from March to May, summer from June to Au-
by IPCC AR4 as the reference period for the eval-  gust, autumn from September to November, and win-
uation of projections into the 21st century) is taken  ter from December to February. Table 3 listed the
as the reference period for preparing the standardized  predictors and predictands used in this study. The
anomalies. Mathematically, the standardized anomaly ~ choice of the predictors has also been constrained by
for a variable X is data availability from the PCMDI. Besides surface
X —(X) 3) variables, large scale circulation predictors with data

’ available from PCMDI at two standard upper air levels
where (X) is the mean and o is the standard deviation (850 and 500 hPa) are also used. Table 4 summarizes
of X over the reference period (1980-1999). the predictors and coefficients of the regression equa-

3.1.8 Setting up downscaling equations tions used in this study.

Xstd =

The stepwise multiple linear regression (Wilks,  3.1.4 Downscaling of daily model data
2006; Crawley, 2008) is employed in this study to de- Standardized anomalies of global climate model
velop the statistical downscaling equations. For each  data over southern China are fed into the correspond-
of the three predictands (daily maximum, mean, and  ing multiple linear regression equations developed in
minimum temperature), a multiple linear regression  Section 3.1.3 to produce the downscaled standardized
relationship between the standardized predictand (de-  anomaly of temperature element (say daily maximum
urbanized temperature data at HKOHq) and a set of  temperature) for Hong Kong. In order to adjust for
15 standardized NCEP re-analysed spatially averaged  the difference of variance between the observed and

6.0 19

—@— Diurnal temperature range
1 18

—®- Annual mean daily total solar radiation

17

16

13

Diurnal temperature range

12

=
Annual mean daily total solar radiation (MJ m )

3 . 0 L L L L L L L L L L 10
1958 1963 1968 1973 1978 1983 1988 1993 1998 2003 2008
Year

Fig. 3. Annual mean daily total solar radiation and diurnal temperature range.
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Table 3. Predictands and predictors used in this study
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Predictands

Predictors

Daily mean temperature at HKOHq (Mean)
Daily maximum temperature at HKOHq (Max)
Daily minimum temperature at HKOHq (Min)

Surface mean temperature (Tmean)

Surface maximum temperature (Tmax)
Surface minimum temperature (Tmin)

Sea level pressure (Slp)

Surface eastward component of wind (U)
Surface northward component of wind (V)
Precipitation (Pr)

850-hPa temperature (T850)

850-hPa specific humidity (Sh850)

850-hPa eastward component of wind (U850)
850-hPa northward component of wind (V850)
500-hPa temperature (T500)

500-hPa specific humidity (Sh500)

500-hPa eastward component of wind (U500)
500-hPa northward component of wind (V500)

Table 4. Predictors and standardized coefficients of the regression equations used for each of the three predictands

(daily maximum, mean, and minimum temperature) in four seasons

Predictors Spring Summer Autumn Winter

Max Mean Min Max Mean Min Max Mean Min Max Mean Min

Tmax X X X X X X -0.56 X X -0.34 X X
Tmean 0.64 0.74 0.57 0.28 0.31 -0.12 1.62 1.11 0.75 1.14 0.97 0.60
Tmin X X 0.30 X X 0.36 X X 0.43 X X 0.36
Slp 0.07 0.05 0.05 0.03 0.03 0.05 X 0.07 0.10 —0.06 X 0.05

U 0.34 0.31 0.20 0.13 0.20 0.17 0.02 0.03 —-0.03 0.05 0.04 X
\% -0.21 -0.38 -0.45 -0.42 -0.56 -0.37 -0.35 -0.47 —-0.45 -0.49 -0.73 -0.69
Pr X 0.03 0.04 —0.29 —0.22 —0.23 —0.12 —0.07 —-0.06 —0.14 —0.09 -0.08
T850 0.24 0.21 0.15 0.33 0.38 0.36 0.09 X X 0.37 0.27 0.23

Sh850 -0.11 —-0.06 —-0.08 0.04 0.10 0.12 -0.10 0.11 0.15 —0.18 -0.07 X
U850 -0.30 —0.21 —0.06 X X —0.12 0.12 0.12 0.16 —0.06 0.05 0.12
V850 0.13 0.24 0.25 X 0.15 0.10 X 0.15 0.14 X 0.20 0.25
T500 0.13 0.11 0.10 X 0.03 0.09 X X X 0.04 0.03 0.02
Sh500 —-0.06 X 0.02 -0.17 —0.16 —0.20 —0.04 0.02 X —0.10 —0.05 -0.03

U500 —-0.05 X -0.03 0.18 0.29 0.37 —0.08 X 0.06 X X X

V500 0.12 0.07 0.05 0.18 0.20 0.15 -0.05 -0.06 -0.04 0.10 0.04 X

X: not included as predictor in the regression equations.

downscaled data (e.g., Karl et al., 1990; Huth, 1999),
the downscaled standardized temperature anomaly
for Hong Kong (t4s—nko) is multiplied by a factor
(Ost—hko/Tdst—hko) tO give the projected standardized
temperature anomaly for Hong Kong (¢ps—nko), where
Ost—hko aNd Tgst—nko are the standard deviation of the
standardized temperature anomaly in 1980-1999 and
the standard deviation of the downscaled standard-

ized temperature anomaly in 1980-1999 respectively
(see Eq. (4)).

tps—hko = tds—hko * Ust—hko/adst—hko~ (4)

The projected standardized temperature anomaly

is then de-standardized (see Eq. (5)) to give the pro-
jected temperature in Hong Kong (tp—nko) without the
urbanization effect.

tp—hko = tps—hko * Ot—hkot < fhko >, (5)

where < thio > and oy_pnko are the mean and standard

deviation of HKO temperature in 1980-1999 respec-

tively.

8.1.5 Projection of the urbanization effect
Empirically, some researchers (Oke, 1973; Torok

et al., 2001) suggested that the urbanization effect on

temperature may be directly proportional to the

logarithm of population. With this assumption, the
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relationship between the urbanization effect on tem-
perature (T,_,) and the logarithm of population (lgP)
can be expressed as

Ty = algP + ca, (6)

where a is the correlation coefficient and ¢y is a con-
stant. Therefore, the rate of change of T,,_, can be
related to the rate of change in the logarithm of pop-

ulation as
Ty,  0OlgP
at "ot (™

As Fig. 4 shows, the rate of change of lgP in Hong

Kong is expected to slow down in the future (Census
and Statistics Department, 2007). A quantitative esti-
mate suggests that the average increasing rate of lgP
over the period 2009-2036 will be about 1/4 of that
of 1885-2008. As such, a future urbanization scenario
in which the rate of temperature change due to the
urbanization effect in the 21st century is 1/4 of that
of 1885-2008 is adopted in this study.
3.1.6  Temperature projections incorporating the urb-
anization effect

The urbanization effect assumed in Section 3.1.5
is added to the daily temperature projections without
urbanization effect ({p—nko) in Section 3.1.4 to give
the final daily temperature projections in Hong Kong
in the 21st century.

3.2 Time-dependent return period analysis

The long-term trends of the variation of the re-
turn period of extreme temperatures in Hong Kong

LEE Tsz-cheung, CHAN Kin-yu and GINN Wing-lui 9

in the 21st century is studied by applying the time-
dependent Generalized Extreme Value (GEV) distri-
bution technique (Coles, 2001) to the projected daily
maximum and minimum temperatures in Hong Kong.
The data are downscaled from the GFDL_CM2_1
model (A2 and B1 scenarios) and MIROC3_2_HIRES
model (A1B scenario) where daily data for the whole
21st century are available. As the principles and ana-
lysis method of the time-dependent GEV distribution
technique have been well documented in other refer-
ence publications (Kharin and Zwiers, 2005; Wong and
Mok, 2009), they are not repeated here.

4. Results and discussion

4.1 Validation of the downscaling equations

The correlation coefficients (R) for the 12 down-
scaling equations (for maximum, minimum, and mean
temperatures for each of the 4 seasons) developed
based on the method described in Section 3 range from
0.67 to 0.95. Higher correlations are found in autumn
and spring while the correlation is relatively lower in
summer.

The cross validation method is employed to
evaluate the goodness of fit of the downscaling equa-
tions in predicting the daily temperatures. The cross
validation consists of omitting about 5% of data in
The
regression equation developed based on the remaining

turn when setting up the regression equation.

Actual Projection
7.0
Rate of change of 1gP
1885—2008:0.143/decade
2009—-2036:0.033/decade
6.5+F
2?9 6.0
5.5¢
4
5.0

1885 1895 1905 1915 1925 1935 1945 1955 1965 1975 1985 1995 2005 2015 2025 2035

Year

Fig. 4. Time series of the logarithm of population (IgP) in Hong Kong (1885-2036).
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data is applied to predicting the omitted data (Wilks,
2006; Crawley, 2008). The root mean square (rms) er-
rors of the cross validation for the 12 equations are all
below 1.5 °C, except for the maximum temperature in
spring (2.1 °C) and winter (1.7 °C).

4.2 FEvaluation of model performance in simu-

lating the past climate

In order to verify the performance of the global
climate models in simulating the past extreme tem-
perature events, the ensemble means of the annual
numbers of very hot days, hot nights and cold days
estimated from the downscaled model data for 1971—
2000 (under the 20C3M scenario) are compared with
the actual figures for Hong Kong (Table 5). Although
the skill of each model in simulating the three indices
varies, the multi-model ensemble mean values are in
general comparable to the actual observations. The
errors for very hot days, hot nights and cold days are
respectively 3.6, 1.0, and —0.6 days, which are well
within one standard deviation of the corresponding
distribution of the observed extreme events in 1971—
2000 (i.e., 5.6 days, 8.7 nights, and 7.8 days, respec-
tively). More detailed analysis of the data at a 5-yr
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interval (Fig. 5) shows that the climate models in gen-
eral have an acceptable skill in simulating the numbers
of hot nights and cold days. However, the number of
very hot days reproduced by the models is on the high
side when compared with the actual observation, es-
pecially in the 1980s and 1990s. The models have sim-
ulated a rising trend in the number of very hot days
during this period, while there is a slight decrease in

the actual observation.

Table 5. Average annual numbers of very hot days, hot
nights and cold days observed in Hong Kong during 1971—
2000 and the corresponding estimations obtained from the

downscaled data under the 20C3M scenario

Model/Actual Very hot days Hot nights Cold days
Model ensemble mean 13.4 14.1 18.0
Actual 9.8 13.1 18.6
Standard deviation of

the actual observation 5.6 8.7 7.8

during 1971-2000

This could be due to the fact that the models
are less skillful in simulating the high temperature ex-
tremes (Sterl et al., 2008) and the statistical downscal-
ing technique could not completely remove the possible

model bias on the maximum temperature distribution.

20
2 (a) Very hot days - 2 (b) Hot nights
3 =
E’ 15 3 '%a
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|
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Fig. 5. The 5-yr average numbers of (a) very hot days, (b) hot nights, and (c) cold days observed in Hong Kong during

1971-2000 and the corresponding model ensemble mean estimation obtained from the downscaled data of 11 models

under the 20C3M scenario.
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Moreover, localized changes in urbanization and so-
lar radiation in the last few decades could also con-
tribute to the discrepancy between the simulated and
observed number of very hot days. As mentioned in
Section 3.2.1, Hong Kong has undergone rapid devel-
opment since the 1970s and the solar radiation in Hong
Kong was in a low phase during the 1980s and 1990s.
The lower solar radiation period during the 1980s and
1990s coupled with the urbanization effect could have
affected the daily maximum temperature, resulting in
relatively lower number of very hot days. The models
probably could not adequately capture these localized
effects on the daily maximum temperature and predict
a higher number of very hot days during this period.
In fact, with the rebound of solar radiation and the
slowing down of urbanization in the 2000s, the average
number of very hot days for the 5-yr period 2005-2009
increases to about 17 days.

As regard hot nights and cold days, since the night
time minimum temperature is mainly affected by ther-
mal radiative exchanges (e.g., radiative cooling), the
climate models driven by the 20C3M scenario display a
reasonable skill in depicting the enhanced greenhouse

effect on the trend of these events in the past.
4.3 Projection results

4.5.1

Table 6 summarizes respectively the changes in

Mazximum, minimum, and mean temperatures

the annual mean maximum, mean, and minimum tem-
peratures in Hong Kong (multi-model scenario ensem-
ble mean relative to the average of 1980-1999) for the
decades 2050-2059 and 2090-2099.

For the three emission scenarios (B1, A1B, and

Table 6. Projected changes in the annual mean maxi-
mum, mean, and minimum temperatures in Hong Kong
(relative to the average of 1980-1999) for the decades 2050—
2059 and 2090-2099

Parameter 2050-2059 2090-2099
Maximum Ensemble upper limit 2.8 4.9
temperature Ensemble mean 2.0 3.3
Ensemble lower limit 1.2 1.5
Mean Ensemble upper limit 3.0 5.0
temperature Ensemble mean 2.1 3.5
Ensemble lower limit 1.3 1.7
Minimum Ensemble upper limit 3.5 5.6
temperature Ensemble mean 2.4 4.0
Ensemble lower limit 1.6 2.2
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A2), all models predict positive anomalies for the
maximum, mean, and minimum temperature in the
decades 2050-2059 and 2090-2099. The multi-model
scenario ensemble average suggests that, relative to
the average of 1980-1999, the annual mean maximum,
mean, and minimum temperature in the decade 2090—
2099 would increase by 3.3, 3.5, and 4.0 °C respec-
tively. The 3.5 °C increase in the mean temperature is
within the best estimate range of the projected global
average rise (1.8-4 °C) given in the IPCC AR4.
Figure 6 shows the projected annual mean tem-
perature anomaly in Hong Kong for the whole 21st
century period given by the GFDL_CM2_1 model
(A2 and B1 scenarios) and MIROC3_2_HIRES model
(A1B scenario) together with the spread of the pro-
jection of all the model-scenario combinations for the
decades 2050-2059 and 2090-2099.

trend of the annual mean temperature in Hong Kong

The increasing

will continue in the 21st century. The B1 scenario of
the GFDL_CM2_1 model has a temperature projec-
tion near the lower bound of the spread while the A1B
scenario of the MIROC3_2_HIRES model has a pro-
jection close to the upper bound of the spread. A sim-
ilar increasing trend is also found in the annual mean
maximum and minimum temperature projections (fig-
ures omitted).

4.3.2  Very hot days (SUS33), hot nights (TR28), and

cold days (CD12)

The projected annual numbers of very hot days
and hot nights in Hong Kong for different emission
scenarios are given in Tables 7 and 8 respectively. Fig-
ures 7 and 8 also show the projected annual mean
number of very hot days and hot nights in Hong
Kong for the whole 21st century period given by the
GFDL_CM2_1 model (A2 and Bl scenarios) and
MIROC3_2_HIRES model (A1B scenario) together
with the spread of the projection of all the model-
scenario combinations for the decades 2050-2059 and
2090-2099. It can be seen that the numbers of very
hot days and hot nights increase significantly in the
21st century with the multi-model scenario ensemble
mean reaching about 89 days per year and 137 nights
per year respectively in the decade 2090-2099. Other
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Fig. 6. Projected annual mean temperature anomaly in Hong Kong for the whole 21st century period given by the
GFDL_CM2_1 model (A2 and B1 scenarios) and MIROC3_2_HIRES model (A1B scenario) together with the spread
of the projection of all the model-scenario combinations for the decades 2050-2059 and 2090-2099. The annual mean
temperature in Hong Kong is expected to increase from 23.1 °C in 1980-1999 to 26.6 °C (black cross) in 2090-2099.
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Fig. 7. Projected annual mean number of very hot days in Hong Kong for the whole 21st century period given by the
GFDL_CM2_1 model (A2 and B1 scenarios) and MIROC3_2_HIRES model (A1B scenario) together with the spread
of the projection of all the model-scenario combinations for the decades 2050-2059 and 2090-2099. The average annual
number of very hot days is expected to increase from the average of 9 days in 1980-1999 to 89 days (black cross) in
2090-2099.

model simulation studies in Japan and Canada also  wards the end of the 21st century (Pancura and Lines,
suggest that the number of extreme high temperature  2005; IPCC, 2007b; Cheng et al., 2008).

events would considerably increase by several folds to- The projected annual number of cold days in
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Fig. 8. Asin Fig. 7, but for hot nights. The average annual number of hot nights is expected to increase from the
average of 16 nights in 1980-1999 to 137 nights (black cross) in 2090-2099.

Table 7. Projected annual number of very hot days in

Hong Kong for different emission scenarios

Parameter 2050-2059  2090-2099
Ensemble mean for B1 (Mg;) 44.9 66.4
Ensemble mean for A1B (Ma1B) 56.2 96.3
Ensemble mean for A2 (Ma2) 52.7 105.4
Ensemble upper limit 80.8 131.4
Ensemble mean for 3 scenarios 51.3 89.4
(mean of Mp1, Ma1B, and Mas)

Ensemble lower limit 20.2 28.6

The average annual number of very hot days in 1980-1999 is 9
days.

Table 8. Projected annual number of hot nights in Hong

Kong for different emission scenarios

Parameter 2050-2059  2090-2099
Ensemble mean for B1 (Mg1) 86.2 117.7
Ensemble mean for A1B (Ma1p) 103.9 143.0
Ensemble mean for A2 (Mao) 97.4 151.1
Ensemble upper limit 125.1 175.0
Ensemble mean for 3 scenarios 95.9 137.3
(mean of 1\/[]317 MA1B7 and MAQ)

Ensemble lower limit 57.9 86.9

The average annual number of hot nights in 1980-1999 is 16
nights.

Hong Kong for different emission scenarios is given
in Table 9. Figure 9 also shows the projected annual
mean number of cold days in Hong Kong for the whole
21st century period given by the GFDL_CM2_1
model (A2 and B1 scenarios) and MIROC3_2_HIRES
model (A1B scenario) together with the spread of the
projection of all the model-scenario combinations for
the decades 2050-2059 and 2090-2099. It can be seen

that the number of cold days decreases significantly
in the 21st century with the multi-model scenario en-
semble mean dropping to about 1 day per year in the
decade 2090-2099. Among the 26 model-scenario com-
binations, 17 of them (65%) predict that the average
annual number of cold days would drop to below 1
day in the decade 2090-2099. FEight percent of the
model-scenarios even indicate that the average num-
ber of cold days would become less than 1 day in the
decade 2050-2059.

We now take another approach to study the fre-
quency of extreme temperature events. It is hypothet-
ically assumed that the change in the distribution of
temperature in Hong Kong from 1971-2000 to 2090—
2099 only involves a simple shift in the mean but no

Table 9. Projected annual number of cold days in Hong

Kong for different emission scenarios

Parameter 2050-2059  2090-2099
Ensemble mean for B1 (Mp;) 4.3 2.4
Ensemble mean for A1B (Ma1B) 3.0 1.0
Ensemble mean for A2 (Ma2) 34 0.5
Ensemble upper limit 7.7 5.3
Ensemble mean for 3 scenarios 3.6 1.3
(mean of Mp1, Ma1B, and Mas)

Ensemble lower limit 0.8 0.0
Percentage of the model-scenario 8% 65%

combination with annual number
of cold days <1
The average annual number of cold days in 1980-1999 is 17

days.
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Fig. 9. Asin Fig. 7, but for cold days. The average annual number of cold days will drop from the average of 17 days

in 1980-1999 to 1 day (black cross) in 2090-2099.

change in the variance (as illustrated in Fig. 10, mod-
ified based on Houghton (2009)), and the number of
extreme high and low temperature events in the new
climate are calculated. Table 10 summarizes the num-
bers of very hot days, hot nights, and cold days in
the decade of 2090-2099 with increases of 1 to 5 °C
in the mean but with the same shape of distribution
of the set of 1971-2000 temperatures. If the mean of
the maximum temperature distribution of 1971-2000
increases, say by 3—4 °C, the number of very hot days
and hot nights could increase to 100-126 days and
115-146 nights respectively in 2090-2099. Similarly,

a 4 °C increase in the mean minimum temperature
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Fig. 10. A shift in the mean of the temperature dis-
tribution with the standard deviation remaining constant
(modified based on Houghton (2009)).

Table 10. Annual numbers of very hot days, hot nights,
and cold days in the decade 2090-2099 as estimated from 1
to 5 °C increase in the mean of the 1971-2000 temperature
distribution in Hong Kong

Temperature Very hot days Hot nights Cold days
T+1 40 43 12
T+2 72 79 8
T+3 100 115 5
T+4 126 146 3
T+5 152 171 2

will bring the number of cold days down to about 3
days in 2090-2099. The results of the current study
match with these orders of magnitude reasonably well.
4.3.83 Other extreme indices

Table 11 summarizes the projections (multi-
model scenario ensemble mean) of the other 10 ex-
treme indices for the decades 2050-2059 and 2090-
2099 as well as the average of the observed values in
1980-1999.

Similar to the results obtained in Sections
4.3.1 and 4.3.2, TX,, TN,, TX,, TN,, TN90p,
TX90p, and WSDI increase significantly in the
21st century while all the “cold indices” (TN10p,
TX10p, and CSDI) decrease considerably.
over,
cast that the CSDI will drop to zero in the decade
2090-2099.

More-
all of the model-scenario combinations fore-
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Table 11.
mean) of the other 10 extreme indices in Hong Kong for
the decades 2050-2059 and 2090-2099 as well as the aver-
age of the observed values in 1980-1999

Projections (multi-model scenario ensemble

Extreme indices ~ 1980-1999  2050-2059  2090-2099
TXz (°C) 34.3 36.6 38.0
TNz (°C) 29.0 32.0 33.8
TXn (°C) 10.8 14.4 16.1
TNn (°C) 7.4 10.9 12.6
TN10p (%) 9.4 1.0 0.3
TX10p (%) 10.8 2.1 0.8
TN90p (%) 11.6 53.4 74.2
TX90p (%) 8.9 35.5 57.6
WSDI (day) 2.7 73.9 156.5
CSDI (day) 1.8 0.1 0.0

4.3.4  Return period analysis

Using the actual observations for 2000-2008 and
the projected annual maximum and minimum temper-
atures for the rest of the 21st century downscaled from
the data of the GFDL_CM2_1 model (A2 and Bl
scenarios) and MIROC3_2_HIRES model (A1B sce-
nario), the time dependent GEV technique is applied
to analyzing the return periods for temperatures <7
°C and > 36 °C in Hong Kong by 2050. The 7 °C and
36 °C are used as references since 7 °C is considered
as “very cold” in Hong Kong (HKO, 2009) and the
highest maximum temperature recorded at HKOHq
from 1885 to 2009 is 36.1 °C. The results together with
those obtained using the observed data over the period
18852008 are summarized in Table 12. It can be seen
that, for the GFDL_CM2_1 model (A2 and B1 sce-
narios), the return period for temperature < 7 °C will
increase significantly from 2 yr in 2000 to around 22-30
yr in 2050. For the MIROC3_2_HIRES model (A1B
scenario), which has a relatively higher temperature
projection, temperature < 7 °C will not occur during
2009-2099 with a return period > 100 yr in 2050. On
the other hand, the return period for temperature >
36 °C will decrease from 38 yr in 2000 to around 1-2 yr
after 2050. This suggests that, in the 21st century, ex-
tremely high temperature events would become more
frequent and common, but extremely low temperature

events would become increasingly rare.
4.4 Uncertainties

Although the projected changes in extreme events
reported by the IPCC AR4 in general match with the
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Table 12. Projected return periods for minimum temper-
ature < 7 °C and maximum temperature > 36 °C in Hong
Kong in 2050 for the GFDL_CM2_1 model (A2 and B1
scenarios) and MIROC3_2_HIRES model (A1B scenario)
using the time dependent GEV approach with actual ob-
servations for 2000-2008 and model projections for 2009—
2099. The return periods for minimum temperature < 7
°C and maximum temperature > 36 °C in 2000 as com-
puted based on the observations from 1885 to 2008 are 2
and 38 yr respectively

Return period (yr) Return period (yr)

Model for minimum for maximum
temperature temperature
< 7 °C in 2050 > 36 °C in 2050
GFDL_CM2_1 30 2
(A2 scenario)
GFDL_CM2_1 22 2
(B1 scenario)
MIROC3_2_HIRES > 100 1

(A1B scenario)

observed changes in the past century, it is important
to note that large uncertainties and gaps in our knowl-
edge of climate change and extremes remain (WMO,
2009). The projections of changes in extremes are sub-
ject to uncertainties in the forcing emission scenarios,
the downscaling methodology, the future urbanization
effect, the choice of models, model skills as well as the
response of models to different emission scenarios and
aerosol effects (STARDEX, 2005; Knutti, 2008).

5. Conclusions

An extreme weather event is an infrequent event.
It may not be possible to attribute an individual ex-
treme event to climate change alone. However, a rel-
atively small shift in the mean and the shape of the
temperature distribution due to the increase in the
anthropogenic greenhouse gas concentration can re-
sult in substantial changes in the frequency of extreme
temperature events (Meehl et al., 2000; Meehl and
Tebaldi, 2004; Kharin and Zwiers, 2005). As such,
one can expect that the likelihood of an extreme high
(low) temperature event will increase (decrease) in a
warmer climate (Mitchell et al., 2006) in the 21st cen-
tury.

Daily projection data instead of monthly mean
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data are used in this study. Projections of extreme
temperatures in Hong Kong for the 21st century are
made by statistically downscaling 26 sets of the daily
global climate model projections (11 models) of the
IPCC ARA4 for the three available greenhouse gas emis-
sion scenarios, namely A2, A1B, and B1. The higher
temporal resolution daily projections eliminate the
need for additional correlation relationships between
seasonal mean temperature and the number of extreme
events and should thus better depict the climate of
extreme temperature events than using the monthly
mean projections. The downscaling method is vali-
dated using the cross validation method. By using
the 20C3M simulation data, the multi-model ensemble
mean of the downscaled global climate model outputs
is also verified to have an acceptable skill in repro-
ducing past extreme temperature events during 1971—
2000. The verification also suggests that the models
in general are more skillful in simulating the past cli-
mate of hot nights and cold days than that of very hot
days. The model simulated number of very hot days,
though with a difference less than one standard devi-
ation of the corresponding distribution, is still on the
high side when compared with the actual observations.
This could be due to the limitation of the model skill
in simulating the extreme high temperatures and the
deficiency of the statistical downscaling method in re-
moving all the model biases. Also, the models may not
be able to capture the localized effects of urbanization
and changes in solar radiation on the daily maximum
temperature during the 1980s and 1990s, resulting in
less satisfactory simulations of the number of very hot
days.

All the model-emission scenario projections sug-
gest that the significant trends in temperature ex-
tremes that have been observed during the 20th cen-
tury are expected to continue into the 21st century
with a substantial increase in hot nights and very hot
days and a decrease in cold days. Nevertheless, there
is a large divergence in the projection for the num-
ber of extreme temperature events simulated by dif-
ferent model- emission scenario combinations. This,
to a certain extent, reflects that there are still large
uncertainties in the model simulation of the future
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climate, depending very much on the future forcing
emission scenarios, local urbanization effect as well as
the models’ characteristics/performance. Moreover, as
pointed out by Reifen and Toumi (2009), a model that
performs better in the verification period may not out-
perform other models and the multi-model ensemble
mean in future projections. This is because the cli-
mate feedback strength and forcing are not stationary
during the projection period and each model may re-
spond differently to the feedback strength, favoring no
particular model consistently. The generally accepted
approach, the one adopted in this study for Hong Kong
in the 21st century, is to use the multi model-scenario
ensemble mean to depict the plausible trend in ex-
treme temperature events (STARDEX, 2005; Kiktev
et al., 2007; IPCC, 2007a; Knutti, 2008; Fowler and
Ekstrom, 2009).

Based on the multi-model scenario ensemble
mean, the average annual numbers of very hot days
and hot nights in Hong Kong are expected to in-
crease significantly from 9 days and 16 nights in 1980—
1999 to 89 days and 137 nights respectively in 2090
2099. On the other hand, the average annual num-
ber of cold days will drop from 17 days in 1980-1999
to about 1 day in 2090-2099. About 65 percent of
the model-scenario combinations indicate that there
will be on average less than one cold day in 2090-
99. Return period analysis of the projections from
the GFDL_CM2_1 model (A2 and B1 scenarios) and
MIROC3_2_HIRES model (A1B scenario) also sug-
gests that the return period of a minimum tempera-
ture of 7 °C is expected to increase substantially from
2 yr in 2000 to over 22 yr in 2050 while the return
period of a maximum temperature of 36 °C will dra-
matically decrease from 38 yr in 2000 to around 1-2
yr in 2050.
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APPENDIX

Definitinons of the extreme temperature indices used in this study

Extreme indices

Definition

Modifications to the ETCCDMI (if any) Unit

CD12 (Cold days)
SU33 (Very Hot days)
TR28 (Hot nights)
TXz

TNz

TXn

TNn
TN10p (Cool nights)

TX10p (Cool days)

TN90p (Warm nights)

TX90p (Warm days)

Annual number of days with

minimum temperature < 12 °C

Annual number of days with

maximum temperature > 33 °C

Annual number of days with

minimum temperature > 28 °C

Annual highest maximum temperature

Annual highest minimum temperature

Annual lowest maximum temperature

Annual lowest minimum temperature

Percentage of days when daily minimum temperature
<10th percentile: Let TN;; be the daily minimum
temperature on day ¢ in period j and let TN;,, 10 be the
calendar day 10th percentile centred on a 5-day window
for the base period 1971-2000. The percentage of time
for the base period is determined where TN;; < TN;;,10
Percentage of days when daily maximum temperature

< 10th percentile: Let TX;; be the daily maximum
temperature on day ¢ in period j and let TX;,, 10 be the
calendar day 10th percentile centred on a 5-day window
for the base period 1971-2000. The percentage of time
for the base period is determined where TX;; < TX;;,10
Percentage of days when daily minimum temperature

> 90th percentile: Let TN;; be the daily minimum
temperature on day ¢ in period j and let TN;,,90 be the
calendar day 90th percentile centred on a 5-day window
for the base period 1971-2000. The percentage of time
for the base period is determined where TN;; > TN;,90
Percentage of days when daily maximum temperature

> 90th percentile: Let TX;; be the daily maximum
temperature on day % in period j and let TX;,,90 be the
calendar day 90th percentile centred on a 5-day window
for the base period 1971-2000. The percentage of time
for the base period is determined where TX;; > TX;,90

Specific index for Hong Kong Day
Threshold changed from Day
25 to 33 °C
Threshold changed from Day
20 to 28 °C
°C
°C
°C
°C
Reference period changed from %
1961-1990 to 1971-2000
Reference period changed from %
1961-1990 to 1971-2000
Reference period changed from %
1961-1990 to 1971-2000
Reference period changed from %

1961-1990 to 1971-2000
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WSDI (Warm spell

duration index)

Annual count of days with at least

6 consecutive days when daily maximum temperature

> 90th percentile: Let TX;; be the daily maximum

temperature on day i in period j and let TX;,90 be

the calendar day 90th percentile centred on a
5-day window for the base period 1971-2000. Then,

the number of days per period is summed where, in

intervals of at least 6 consecutive days, TX;; > TX;,90

CSDI (Cold spell

duration index)

Annual count of days with at least 6 consecutive days

when daily minimum temperature < 10th percentile: Let

VOL.25
Reference period changed Day
from 1961-1990 to 1971-2000
Reference period changed Day

from 1961-1990 to 1971-2000

TN;; be the daily minimum temperature on day ¢ in
period j and let TN;;,10 be the calendar day 10th
percentile centred on a 5-day window for the base
period 1971-2000. Then, the number of days per

period is summed where, in intervals of at least

6 consecutive days, TN;; < TN;;,10
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