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Editorial
This issue of the Bulletin combines two issues in one volume and contains four papers.
The first paper by Prof. Lau Ngar-Cheung and Dr. Chen Fong-Ching describes in
non-technical fashion recent advances in our understanding of the role of the world's
oceans in serving as the main repository of anthropogenic carbon dioxide, in
modulating the intensity and frequency of El Nino-Southern Oscillation events and in
abrupt climate change. The Chinese version of my article was published in the
“Twenty-First Century” journal of the Chinese University.
The second paper by Y.K. Leung, E.W.L. Ginn, M.C. Wu, K.H. Yeung and
W.L. Chang attempts to estimate the change in temperature in Hong Kong up to the end
of the 21st century using statistical downscaling techniques.
The third paper by Dr. Mickey Man-Kui Wai has a detailed description of the early
tropical cyclone and storm warning system in Hong Kong.
The fourth paper by Queenie C.C. Lam describes development of nowcasting and
forecasting systems at the Observatory in supporting the operation of weather warnings
in Hong Kong.
The Editorial Board would like to thank the Hong Kong Observatory for the front cover
photograph which is a MODIS image captured on a hazy day on 19 August 2004.
On the back cover, we have the winning entries of a painting competition organized in
collaboration with the Hong Kong Society for Education in Art in the first half of 2004.
The competition asked primary school students to represent winds of Beaufort Wind
Force Scale 3, 6, 8 and 12 by painting. It received enormous support from schools and
attracted over 250 participants.
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Role of Ocean in Climate Change
Lau Ngar-Cheung, Geophysical Fluid
University, Princeton, New Jersey, USA

Dynamics

Laboratory/NOAA,Princeton

Chen Fong-Ching, Institute of Chinese Studies, Chinese University of Hong Kong
1. The ocean as a key component of the climate system
The notions of ‘weather’ or ‘climate’ are often associated with phenomena and
processes in the Earth’s atmosphere. In view of their profound impacts on all facets of
human activities, the atmospheric conditions throughout the world are routinely probed
using an extensive observational network both for day-to-day forecasting and research
purposes by the international meteorological community. The atmosphere is among the
best-monitored and understood components of the global environment. However, the
role of the ocean in the behavior of the climate system must also be taken into account.
The following basic quantitative measures illustrate the importance of the ocean in the
terrestrial environment. The oceans cover 71% of the Earth’s surface. They have an
averaged depth of 3800 m (in contrast, the averaged land elevation is 840 m above sea
level). The oceans hold 97% of the Earth’s surface water (as compared to less than 1%
in land systems, and 0.0009% in the atmosphere). The density of seawater is about 800
times more than that of air at sea level pressure. The mass of ocean water on the globe
is approximately 280 times that of the total atmospheric mass. The specific heat of
seawater is more than four times that of air at constant pressure. Due to the large heat
capacity of seawater, the oceans store 10-100 times more heat than the land surfaces on
seasonal time scales. Ocean currents account for half of the required equator-to-pole
energy transport, so as to balance the energy gain from solar radiation in the tropics and
the radiative loss to space in higher latitudes. It takes several centuries to a millennium
to replace abyssal seawater by new water masses; whereas the corresponding time scale
(often referred to as the residence time) for the lowest ~10 km layer of the atmosphere
is on the order of several days to at most 1-2 years. There is immense biodiversity in the
marine environment, which is the home of 200,000 to 10 million species, and has twice
the number of phyla as land (phylum is a category in the classification scheme for living
organisms that is ranked just below the kingdom). The worldwide marine fish catch is
about 80 million metric tons per year, and 16% of the animal protein consumed by
humans originates from fish in various forms (this fraction increases to 28% for
inhabitants in Southeast Asia).
The oceanographic and atmospheric sciences have long been treated as distinct
academic disciplines. However, the recognition that the ocean and atmosphere are
highly interactive components in the Earth’s climate system has fostered much closer
collaboration between these two research communities in recent years. This trend
towards the merging of the two fields has motivated many university programs to
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change their names to ‘atmospheric and oceanic sciences’, ‘geosciences’, or ‘earth
system sciences’.
Coupling between the ocean and atmosphere occurs when changes in one of these
media lead to changes in the other. For instance, variations in the atmospheric winds
over a certain maritime location alter the strength and direction of the surface ocean
current at that site, as well as influence the intensity of energy transfer at the sea-air
interface. These processes induce changes in the ocean temperature, which in turn affect
the thermal conditions and circulation of the overlying atmosphere. If the latter
meteorological responses reinforce the atmospheric perturbations that initiated the
above chain of processes, a positive ‘feedback’ loop is formed. Attendant signals in
both the atmosphere and ocean will eventually grow to large amplitudes through such
constructive feedbacks. A striking example of ocean-atmosphere phenomena resulting
from this mutual reinforcement is the El Niño-Southern Oscillation (ENSO) in the
tropical Pacific. A more detailed exposition of this feature of the climate system has
been offered in a previous issue of this Bulletin (Lau 1998).
Human influences on the Earth’s environment through emission of various trace gases
(most notably carbon dioxide and ozone) have received considerable attention in recent
years. These impacts had mostly been viewed in terms of effects on the atmospheric
climate, with relatively little mention of contributions of the ocean to climate change.
Considering that the ocean is such an essential component of the climate system, and
that its coupling with the atmosphere is of such critical importance in understanding
different aspects of climate variations, a survey of long-term environmental changes
would not be complete without an account of the world’s oceans as an active participant
in such changes.
In this article, an overview is provided of the roles portrayed by the ocean in three
issues related to climate change: its function as a primary reservoir for industrial carbon
dioxide, impacts of greenhouse warming on ENSO-related variability in the tropical
Pacific, and possible abrupt climate changes induced by oceanic fluctuations.
2. Fate of industrial carbon dioxide
The ‘greenhouse gases’ are trace constituents in the atmosphere that absorb outgoing
radiation from the Earth’s surface, and then re-emit the radiation back to the Earth. This
trapping of radiative energy is analogous to the heat transfer processes taking place in a
greenhouse, and acts to raise the temperature of the Earth. The advent of the industrial
age has led to increased emission of such greenhouse gases to the atmosphere, thus
possibly resulting in warmer climates. Carbon dioxide (CO2) is the most important
anthropogenic greenhouse gas, and contributes to more than half of the potential
warming. The primary sources of CO2 produced by human activities include fossil fuel
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burning, cement production, and changes in land use (such as biomass burning
associated with clearing of forests).
At the beginning of the nineteenth century (i.e., prior to the industrial age), the
concentration of CO2 is estimated to be about 280 parts per million (ppm). Regular
monitoring of this trace gas was launched in 1958, near the peak of the Mauna Loa
volcano in Hawaii. By 1994, the CO2 concentration has increased to 359 ppm, which
represents an increase of 165 Pg C [petagrams (1015 grams) of carbon] over the level in
1800. Curiously, the total CO2 emission due to fossil fuel consumption and cement
production during the same 1800-1994 era is about 244 Pg C. In other words, only
about two-thirds of the emitted CO2 has stayed in the atmosphere. Scientists therefore
need to locate the whereabouts of the remaining one-third.
There are two alternate reservoirs for the missing CO2---the land and the ocean. Since
the uptake of carbon by the land surfaces is difficult to ascertain, scientists have mostly
invested their efforts on ocean measurements. Comprehensive international field
programs have been launched in the 1990s to investigate the oceanic transport and storage of anthropogenic CO2. This endeavour is comprised of almost ten thousand
hydrographic measurements collected on 95 ocean cruises. It took five more years to
complete the quality checking and analysis of the datasets after the observational phase.
It was only about a year ago that a summary of this ambitious campaign was published
(Sabin et al. 2004), and the implications of the principal findings interpreted (Takahashi
2004).
Various biological and chemical processes taking place in the ocean interior are known
to affect the CO2 content of seawater. Investigators have removed these contributions
from their data, so as to isolate the component that can be directly attributed to the
increase of atmospheric CO2. It is concluded from this delicate procedure that CO2 of
anthropogenic origin has increased by 118 Pg C in the world’s oceans during the
1800-1994 period. Hence almost half of the CO2 due to fossil fuel burning and cement
manufacturing is presently stored in the oceans.
With the above atmospheric and oceanic constraints in hand, the CO2 inventory in the
missing piece of the puzzle---the land system---could then been inferred by requiring
that the global climate system (atmosphere plus ocean plus land), when taken as a
whole, must be in a state of balance. Application of this principle yields the estimate
that the carbon pool in the land system has changed by 244 (total output)-165
(atmosphere)-118 (ocean)= -39 Pg C, i.e., by this accounting, the land system has
suffered a net loss of 39 Pg C since 1800.
As mentioned earlier, another anthropogenic source of CO2 (beside fossil fuel and
cement production) is the change of land use (e.g., large-scale deforestation). This
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source leads to an additional emission of 100 to 180 Pg C during the industrial age. If
the net loss of 39 Pg C from the land system is subtracted from this input, it can be
estimated that 61 to 141 Pg C of the emission due to land use is eventually returned to
the land biosphere.
The cycling of anthropogenic CO2 is summarized in Figure 1. It is seen that the ocean
serves the unique role as a repository of anthropogenic CO2 released to the atmosphere.
Had there been no such storage of CO2 in the ocean, the present-day CO2 concentration
in the atmosphere would have climbed to a level of about 435 ppm, rather than the
actual observed value of 380 ppm.
Figure 1: Schematic diagram of the sources/sinks and pathways of anthropogenic
CO2 in the atmosphere-ocean-land system. Units: 1015 grams of Carbon
(Pg C). Note the prominent role of the ocean as a repository of
human-made CO2. Estimates based on Sabine et al. (2004).

On the basis of the data collected in the oceanographic surveys during the 1990s,
scientists have mapped the three-dimensional distribution of oceanic CO2 of
anthropogenic origin. It has been reported that the human-made CO2 is most abundant
in the waters just beneath the sea-air interface, where vigorous gas exchange with the
overlying atmosphere takes place. About half of the anthropogenic CO2 resides within
the top 400 m layer of the ocean, which is relatively better mixed than the ocean interior.
The measurements also reveal interesting horizontal variations of CO2 content in the
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oceans. In many parts of the tropical oceans, the inventory of anthropogenic CO2 is
rather low. At these locations, upwelling of seawater from depth is prevalent (Lau 1998).
The density of near-surface tropical waters is also relatively lower, due to warm
temperatures and low salt content (which results from local heavy precipitation), thus
yielding steep density gradients between the more buoyant surface waters and the colder
(and hence more dense) ocean interior. Both the upwelling and enhanced density
stratification suppress downward CO2 penetration, and thereby limit the CO2 inventory
in those regions. On the contrary, high CO2 concentrations are observed in the North
Atlantic and parts of the southern oceans, where the surface seawater density is high
mainly due to higher salt content (which partially results from enhanced evaporation of
water vapor from the ocean surface, see Section 4). The higher density and reduced
buoyancy of the surface waters in these temperate zones is conducive to stronger
vertical mixing, which provides a pathway for the CO2 to penetrate to greater depths,
and thereby enhances the local CO2 inventory.
It is estimated that, with the passage of time, about 90% of the CO2 emitted from
anthropogenic sources will ultimately be absorbed by the ocean. However, due to the
long residence time of the deep ocean, this goal can only be reached several thousand
years from present. The current oceanic uptake of CO2 emissions is merely about
one-third of this long-term potential (Sabine et al. 2004).
3. Possible impacts of global warming on El Niño
El Niño events are one of the most important signals of ocean climate variability on
interannual time scales. These episodes occur along the equatorial Pacific, and typically
evolve through successive warm (El Niño) and cold (La Niña) phases within a time
span of 2-7 years. Notable perturbations of the temperature and current structures of the
top ~300 m of the entire tropical Pacific Basin are discernible during such occurrences.
As emphasized in Section 1, and further explained in Lau (1998), El Niños and La
Niñas (Spanish terms for ‘little boy’ and ‘little girl’, respectively) owe their existence to
strong coupling between the ocean and the atmosphere. In particular, the oceanic
changes accompanying El Niños are strongly correlated with a basin-wide east-west
seesaw in atmospheric surface pressure across the South Pacific. The latter
meteorological phenomenon has historically been referred to as the Southern Oscillation.
In view of the close relationships between El Niño and the Southern Oscillation, the two
terms are often used in a synonymous fashion in the scientific literature. The interest of
the general public in El Niño-Southern Oscillation (ENSO) events stems from the
wide-spread influences of this phenomenon on global weather patterns, such as
pronounced changes in precipitation amounts, temperature, as well as frequency and
intensity of tropical and extratropical storms in many parts of the world, including East
and South Asia. These anomalies in the climate system have considerable impacts on
human societies. For instance, it has been estimated that the major ENSO event of
1982-83 resulted in a total economic loss of US $13 billions, and contributed to more
than 2,000 deaths in various weather disasters such as floods, droughts, snow storms
and typhoon/hurricane attacks (The New York Times 1983).
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Recognizing the far-reaching socio-economic effects of ENSO, it is obviously of
interest to consider the future behavior of ENSO in a world that comes under the
influence of increasing greenhouse gases. Scientists have tried to determine if the
characteristics of recent ENSO events differ substantially from those occurring in the
more distant past, and whether any such unusual behavior could be related to other
emerging climate change signals. Such efforts are complicated by the high level of
random fluctuations (or background ‘noise’) in the climate system, and it is often
difficult to detect signals that clearly rise above the noise level. This obstacle is
aggravated by the short duration (~150 years) of the available instrumental record with
adequate spatial coverage. Furthermore, even if such statistically significant signals can
be identified, attribution of the empirical findings to specific physical causes remains a
challenging task. Nonetheless, there exist some suggestions of abnormal ENSO
behavior since the 1970s (see Figure 2). Specifically, the warm ENSO events occurred
more frequently in the last three decades than in the previous 100 years. Two of these
events (1982-83 and 1997-98) are among the strongest in the observational record.
Another curious feature is the sustained El Niño-like conditions throughout the
1990-1995 period. Statistical testing (Trenberth and Hoar 1996) indicates that both the
tendency for higher frequency of ENSO episodes since 1976, and the prolonged
1990-1995 El Niño, are rather atypical by historical standards, with a probability of
occurrence of only once in about 2,000 years. In view of the rarity of the string of recent
ENSO events, it is tempting to speculate that their appearance is related to external
factors (such as warming due to greenhouse gases), as opposed to natural variability of
the climate system subjected to constant external conditions.
If greenhouse warming does influence ENSO, the preferred incidence of droughts in
certain regions during ENSO episodes could enhance the frequency of forest fires
(such as those that occurred in Indonesia in the 1997 El Niño), which would in turn
increase the release of CO2 to the atmosphere. Hence this chain of processes involving
greenhouse forcing and ENSO variability constitute a positive feedback loop (see
Section 1).
Assertions of cause-and-effect relationships between climate changes induced by
greenhouse gases and ENSO characteristics must ultimately be based on credible
physical hypotheses for such relationships, and on vigorous evaluation of these hypotheses using carefully designed experiments. In the climate research community, the
principal laboratory tools for testing the proposed linkages are numerical models of the
climate system. The state-of-the-art climate models incorporate a complex family of
physical, chemical and biological processes, such as movement of atmospheric winds
and ocean currents, radiative transfer, cloud formation and precipitation, ground
hydrology, turbulent mixing, transport and chemical transformations of trace
constituents, evolution of ecosystems, air-sea and air-land coupling, etc. The effects of
these processes on the temporal development of various aspects of the climate system
(such as the three-dimensional distributions of the motion field, temperature, pressure,
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Figure 2: Temporal evolution of the sea surface temperature in the central
equatorial Pacific from 1950 to present. Values shown are departures
from long-term climatological means. Strong positive and negative
anomalies signify the occurrence of warm El Niño and cold La Niña
events, respectively. Note the more frequent El Niño events after the
mid-1970s, the outstanding 1982-83 and 1997-98 episodes (highlighted by
arrows), and the prolonged warm period in 1990-1995 (highlighted by
horizontal bar). Source: U.S. National Oceanic and Atmospheric
Administration.

etc.) are coded in massive computer programs by applying the basic laws of physics,
which include the conservation of mass, momentum and energy. The models provide
global coverage of a wide range of climate variables at typical horizontal spacings of
about 10-100 km, and vertical spacings of less than 1 km. Experiments with these
numerical tools often entail integrations lasting for hundreds and thousands of model
years, and require an enormous amount of calculations. In fact, the computer at the
‘Earth Simulator’ facility in Yokohama, Japan, which until very recently has been rated
as the fastest computer in the world (with a sustained speed of 35 trillion floating-point
operations per second), is dedicated to the modeling of weather and climate.
Model experiments with various levels of complexity have been performed to assess the
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sensitivity of ENSO behavior to increased atmospheric concentrations of greenhouse
gases. In a majority of these experiments, the concentration of greenhouse gases is set at
present-day level in the beginning. As the integration advances, additional greenhouse
gases are injected to the atmosphere, at a rate based on observed recent trends
(equivalent to about 1% increase of CO2 per year), or on estimates of future energy
consumption and land use. The output at various stages of this ‘forced’ experiment is
then compared with another ‘control’ experiment in which the level of greenhouse gases
is kept fixed at the present-day value. The impacts of increases of greenhouse gases on
ENSO could then be inferred from differences between the forced and control experiments. More in-depth diagnosis of the processes simulated in the experiments would
also shed light on the physical mechanisms that are responsible for such impacts.
Some of the experiments performed thus far (Knutson and Manabe 1995, 1998; Meehl
and Washington 1996; Knutson et al. 1997; Cane et al. 1997; Timmermann et al. 1999;
Collins 2000a, 2000b) indicate that the imposition of more greenhouse gases result in
changes of the sea surface temperature (SST) along the equatorial Pacific. However,
such perturbations are not uniform across the entire tropical basin, i.e., the SST
response near the South American coasts is different from that near the Indonesian
Archipelago. This asymmetric SST change results in the modification of the east-west
SST gradient across the Pacific basin. Since this SST gradient, and the accompanying
thermal structure in the top several hundred meters of the equatorial Pacific Ocean, are
important governing factors for the intensity and orientation of atmospheric winds and
ocean currents in that region (Lau 1998), it is anticipated that changes in these crucial
aspects of the climate system would have noticeable effects on the evolution of ENSO
events. However, the climate models yield rather different estimates on the magnitude,
and even the polarity, of the trend in east-west SST contrast. The experimental results
also differ with regards to the relative importance of various processes that might
contribute to alterations of this SST gradient. These processes include the effects of
cloud and precipitation on radiative heating, response of the vertical atmospheric
temperature structure (which determines atmospheric stability to displacements along
an atmospheric column) to convection, strength of ocean-atmosphere coupling, etc. The
lack of strong consensus among various experiments is apparently related to differences
in the methodologies used in representing the above processes in individual models.
Attempts have also been made in recent model studies to project the future trends in
ENSO behavior as greenhouse warming proceeds during the coming decades. There are
indications in some of these studies that changes in the mean climate conditions in the
tropical Pacific (such as the east-west SST gradient and the temperature structure in the
upper ocean, as mentioned in the above paragraph) may set the scene for more frequent
and higher-amplitude ENSO episodes as greenhouse gases increase. The atmospheric
and oceanic signals associated with present-day ENSO cycles typically attain maximum
strength during the northern winter season (December through February). It is possible
that these signals may peak somewhat earlier (late summer or early autumn) in the
presence of enhanced greenhouse warming. All of the above model inferences need to
be regarded as tentative, since they are quite dependent on the specific model
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formulations being used.
4. Mechanisms for abrupt climate change
a. Evidence for rapid changes
The Earth’s climate system derives its energy ultimately from the Sun. Variations in
different astronomical factors (such as eccentricity of the Earth’s orbit around the Sun,
tilt and precession of the Earth’s rotation axis, etc.) would alter the solar energy input
and lead to substantial climate changes. Since the fluctuations in Sun-Earth geometry
occur on periods ranging from 20,000 to 100,000 years, the climate system would
respond to such perturbations on comparable time scales. This astronomical theory of
climate variations has been applied by the Yugoslavian geologist Milutin Milankovitch
to explain the alternate occurrences of ice ages and interglacial periods in the distant
past. Indeed, paleoclimatic records (such as those compiled using isotopic analyses of
ice cores) suggest that the Earth’s climate has experienced ice ages at intervals of about
100,000 years. Other non-astronomical causes of climate change, such as continental
drifts and variations in atmospheric composition, operate on even longer time scales of
100 million years. Any major shifts in the climate system would therefore be expected
to proceed at a very slow pace.
A closer scrutiny of the recent climate history suggests that certain climate signals have
on occasion exhibited rather significant changes on time scales much shorter than those
mentioned above. For instance, the Little Ice Age lasted for only a few centuries (from
1430-1850 AD); the Dust Bowl era in the 1930s, which is characterized by extended
droughts and generally warm conditions, had a duration of only about a decade; and
some climatologists claim that the shift to a regime with more frequent and more
intense warm El Niño events took place rather suddenly in the middle 1970s (see
Section 3 and Figure 2). However, the amplitudes of these recent events are much lower
than that of an episode that occurred about 12,000 years ago. An impression of the
prominence and abruptness of the latter incident may be gained by inspecting Figure 3,
which shows the temperature inferred from a long isotopic record of water in an
ice-core extracted from Summit Station over the central Greenland Plateau, at an
elevation of more than 3000 m. The variations over the past 50,000 years are displayed
in the top panel of this figure. It is seen the Greenland temperature has gradually risen
from about -45oC during the cold period prior to ~20 thousand years before present (kyr
bp), to about -30oC during the modern epoch (~10 kyr bp to present). However, as
illustrated by the lower panel of Figure 3 with an expanded time axis, this general
warming trend is interrupted by a remarkable cool period lasting from ~12.8 to ~11.6
kyr bp. Particularly noteworthy is the sudden temperature drop of ~7oC within several
decades at the beginning of this period, and an equally abrupt jump of ~10oC at the
termination stage of the same period. The magnitude of this temperature change is much
large than that recorded during the Little Ice Age (~1oC) or the Dust Bowl (<1oC).
Collaborative evidence from paleoclimatic records taken at sites other than Greenland
suggests that significant changes in climate patterns also occurred in many parts of the
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world during the same cold period in ~12 kyr bp. This episode, often referred to as the
Younger-Dryas (YD) interval, is one of the most studied incidents in the Earth’s climate
history. The upper panel of Figure 3 reveals that the YD period is not unique in the
Greenland temperature time series. Analogous events with comparable amplitudes and
degree of abruptness have occurred intermittently in the more distant past. The YD
event is merely the most recent manifestations of these sudden climate swings.

Figure 3: Upper panel shows variations of the temperature in central Greenland
over the last 50,000 years. Expanded time-axis in lower panel shows the
temperature variations in greater detail during the period of 16,000 to
9,000 years before present. Note the abrupt cooling during the
Younger-Dryas episode at 12,800-11,600 years before present (denoted
by the label ‘YD’ in both panels). Time advances from right to left along
the abscissa. Source: Ice core measurements analyzed by R.B. Alley and
reported in U.S. National Research Council (2002).

The possibility of large-amplitude changes within a short period of time is clearly of
concern for the health of the Earth’s ecosystem in general, and for human society in
particular. The capability of many ecological systems to adapt to rapid environmental
changes is rather limited. The onset of sudden climate perturbations will likely endanger
the survival of those species that are vulnerable to such changes. Similarly, the
12
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economies and resource management systems of the world are much better equipped to
adjust to gradual variations than to abrupt shocks in the Earth’s climate. For instance,
there are indications that the disruption of the Mayan culture (near the Yucatan
Peninsula in present-day Mexico) in 750-900 AD, and the demise of the rain-fed North
Mesopotamian agricultural civilization (near present-day Syria) in 2200 BC, were
caused by the abrupt onset of severe droughts.
In recognition of the potential ecological and societal impacts of abrupt climate changes,
the U.S. National Research Council has commissioned an extensive review of the
empirical evidence, possible physical mechanisms and the current scientific
understanding of these phenomena. The material presented in this section is mostly
excerpted from the report of this review (U.S. National Research Council 2002), with
particular emphasis on the YD period as an illustrative case study of rapid climate
change.
It is well-known that nonlinear dynamical systems can accommodate multiple equilibrium states. Some of these states are stable---the system tends to return to these states
after being subjected to slight perturbations; whereas other states are unstable---even
small disturbances would cause the system to depart still further from these states. The
Earth’s climate system, with the myriad nonlinear interactions between different
subcomponents, may be viewed as such a dynamical system. Geological records
indicate that the Earth has resided in rather distinct and stable climate states in the past,
ranging from the ‘snowball Earth’ scenario at ~600,000 kyr bp, when most of the planet
was frozen, to the ‘hothouse’ pattern at 65,000 to 55,000 kyr bp, when the ice caps over
both poles vanished. When a dynamical system is subjected to progressively
higher-amplitude perturbations, there often exist thresholds beyond which the system
would not return to its original state, but instead drift to a distinctly different state. This
evolution is characterized by the occurrence of irreversible changes, and is referred to as
‘hysteresis’. In applying these physical concepts to the study of abrupt changes in the
climate system, scientists would look for the presence of multiple steady states, as well
as for ‘trigger’ mechanisms of sufficient magnitude to push the system from one state to
another.
b. The thermohaline circulation as an agent for abrupt change
A feature in the climate system which is particularly prone to regime transitions in the
presence of triggers, and which may offer some clues to the incidence of the YD cold
interval, is the thermohaline circulation (THC) in the North Atlantic basin (Figure 4).
The THC is in essence a circulation loop associated with meridional (north-south) overturning of the ocean currents. The net water transport, when averaged over the lateral
width of the North Atlantic basin, is directed northward within the surface layer, and
southward near the bottom. The continuity of the loop is maintained by sinking of water
at its northern edge, in the vicinity of the Labrador, Greenland and Norwegian Seas.
This circulation in the latitude-depth plane is driven by density contrasts, which is
13
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mostly determined by the salt content of seawater (salinity), i.e., the higher the salinity,
the more dense and less buoyant is the water. Strong evaporation takes place in the dry
and sunny subtropics (~15o-35oN), so that the salinity of the North Atlantic surface
waters increases as they travel poleward. As a result of this positive salinity change as
well as strong cooling at high latitudes (which also leads to density increases), the
buoyancy of the surface seawater at ~60oN is markedly reduced, and sinking is initiated.
The prevalence of downward motion in these latitudes is consistent with the deeper
local penetration of anthropogenic CO2 (see Section 2). The sunken water masses then
embark on a return loop back to the tropics near the bottom of the basin. By
transporting warm waters northward along the surface branch, and relatively colder
waters along the bottom branch, the THC serves as a vehicle for a net poleward
transport of heat energy within the North Atlantic basin, and contributes to the relatively
milder climates in its vicinity (especially Europe). A considerable portion of this
northward heat transport is achieved by more localized current systems, such as the
Gulf Stream (see Figure C1) that originates from the Gulf of Mexico/Caribbean region
and travels as far north as the Norwegian Sea. The THC in the North Atlantic is
connected to similar circulation loops in other basins, and together form a giant
‘conveyor belt’ linking various water masses throughout the world’s oceans (Figure
C2).
Figure 4: Schematic diagram of the net water transport associated with the
thermohaline circulation (THC) in the North Atlantic, as deduced by
averaging across the lateral width of the basin. The branch with light
shading represents the northward water transport (see direction of black
arrow) near the surface. The branch with dark shading depicts the
southward water transport (note direction of white arrow) near the
bottom. Sinking motion occurs near the Labrador, Greenland and
Norwegian Seas.
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The THC is somewhat analogous to the more familiar Hadley Circulation in the tropical
atmosphere. The latter phenomenon is characterized by ascent near the Equator and
subsidence near 30oN and 30oS latitudes. These vertical motions are linked by
equatorward flows near the surface, and return poleward flows at altitudes of ~12 km.
The atmospheric Hadley Cell is primarily driven by heating (due to both condensation
release in tropical convective systems and solar irradiance) near the Equator, which acts
to increase the buoyancy of air and thus induces rising motion; and by radiative cooling
in the relatively cloud-free subtropics, which results in buoyancy reduction and sinking.
Most of these processes take place in the middle and lower portions of the atmospheric
column. On the other hand, the THC is primarily driven by thermal and salinity-related
processes near the ocean surface, and the criteria for its maintenance are relatively more
stringent.
Models of the THC, ranging in complexity from idealized two-box models
(representing the low- and high-latitude oceans, respectively) to immensely complex
computer models of the coupled global ocean-atmosphere-land system, suggest that this
current system exhibits multi-state and hysteresis-like behavior. In particular, it has
been demonstrated that the THC could reside in a state similar to that observed in the
present age, i.e., with a robust meridional overturning, strong net poleward transport of
heat energy, and generally warm climates in the temperate zones. However, another
steady solution also exists for the THC with a much weaker (or even near-zero)
intensity. The latter state is accompanied by much colder climates in the North Atlantic
and Europe. Experimentation with numerical climate models indicates that transitions
between these two extreme regimes could occur in a chaotic fashion as a result of
internal processes, in the absence of any change in the external conditions. However,
other simulations with these models also show that the THC could shift from a robust
state to a weak state by certain triggers, the most effective of which appears to be the
sudden injection of a large pulse of freshwater to the North Atlantic. It is seen that a
substantial supply of freshwater with low salinity increases the buoyancy of the surface
waters in the North Atlantic, thus diminishing the sinking motion in that region and
applying a braking action on the THC loop. The much reduced intensity of the THC in
turn leads to less poleward heat energy transport and much colder climates than present.
In view of the possible existence of at least a pair of steady states for the THC, scientists
have sought answers to the following questions: Could the YD cold period be the
consequence of swift transitions between the two THC states? If so, what is the trigger
mechanism? If the trigger is indeed associated with an abrupt surge of freshwater, as the
model experiments suggest, then what is the origin of the freshwater?
Isotopic records of ocean sediment cores do confirm that, at more or less the same time
as the YD interval, the THC did indeed shut down almost completely from ~13 to ~11
kyr bp. Fossil records also reveal near-glacial conditions in Europe during the same era.
It is worth noting that the term Dryas in Younger Dryas is part of the name of a herbal
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plant that typically grows in the frigid Arctic environment. Pollens of this plant were
found in parts of temperate Europe during the YD period, thus indicating the abnormal
coldness at that time.
The YD episode is also coincident with a critical stage in the melting of the Laurentide
ice sheet, which covered a substantial portion of the North American continent during
the last major glacial period (see Hartmann 1994). The termination of this cold epoch, at
~20 kyr bp, is followed by warming of the planet to present-day conditions (see upper
panel of Figure 3). In conjunction with this general warming trend, the Laurentide ice
sheet retreated progressively poleward, with the most rapid melting taking place along
its southern edge. Initially, most of the melted water was drained along the Mississippi
basin to the Gulf of Mexico. As this deglaciation proceeded, some of the icemelt was
collected in massive lakes over low-lying land. One of such paleo-lakes was created in
the southern part of the present Canadian province of Manitoba, and has been given the
name of Lake Agassiz, in honour of a famed geologist in the nineteenth century who
advocated the concept of ice ages. When this lake was formed, much of its water was
held in place by ice dams and other geological features. As more melting took place, a
new channel opened up, allowing the lake water to surge eastward down the St.
Lawrence’s River Basin to the North Atlantic. On the basis of various paleoclimatic
evidence, this major diversion of the drainage of the Laurentide icemelt is dated at ~12
kyr bp, which matches the timing of the YD period. The ensuing freshening of the
North Atlantic surface waters thus provided the needed trigger for slowing down the
THC, thereby causing a sudden shift to a colder climate. It is believed that the drainage
of meltwater reverted back to the Mississippi basin at ~11 kyr bp. The resulting cutoff
of fresh water supply to the North Atlantic led to restoration of the THC strength, and
resumption of the long-term warming trend of the Earth’s climate towards current
conditions.
c. Potential influences of greenhouse warming on the thermohaline circulation
The model evidence and the chain of geologic events described in the above subsections
illustrate that the supply of freshwater to the North Atlantic is one of the key agents for
sudden climate change. In addition to the runoff from freshwater bodies such as Lake
Agassiz, other processes can conceivably alter the density of North Atlantic waters and
the associated THC intensity in the modern era. Hence, when pondering the possible
role of increasing greenhouse gases in causing abrupt climate variations, it is useful to
identify these processes, and to assess the impacts of greenhouse warming on such
processes.
The freshwater balance at the ocean surface is determined by two input terms (precipitation and river/glacial runoff) and one output term (evaporation). It has been argued that
the moisture content is enhanced in an atmosphere subjected to greenhouse warming.
The resultant intensification of the atmospheric hydrological cycle leads to increased
supply of water vapor from the tropics and more precipitation in the extratropics,
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including the North Atlantic region. Positive precipitation changes could also result
from the more indirect effects of greenhouse warming on the amplitude and frequency
of occurrence of near-global phenomena such as ENSO (see Section 3), which are
known to influence the weather patterns (and hence precipitation) in the North Atlantic
sector. Greenhouse warming could also accelerate the melting of glaciers and continental ice sheets in the vicinity of the North Atlantic, and of sea ice within the basin
itself, and thereby lower the salinity of seawater in that region. There is some
observational evidence indicating that the sea-ice volume in the Arctic Ocean has
shrunk considerably in recent decades. The density of seawater is determined not only
by its salinity, but also by its temperature---cold water is denser than warm water. If the
greenhouse effect leads to warming of the ocean surface, the density of seawater will
decrease. All the above salinity and temperature changes in response to the greenhouse
effect act to increase the buoyancy of surface waters of the North Atlantic, which would
result in retardation of the THC and poleward heat transport, and eventually in colder
climates. It is noteworthy that, by applying the chain of arguments presented above, one
would arrive at the counterintuitive and surprising conclusion that warming influences
due to greenhouse gases could ultimately cause certain parts of the climate system (such
as the North Atlantic) to drift to colder states.
Not all climate processes lead to negative density changes of North Atlantic seawater
when greenhouse warming proceeds. For instance, the rise of ocean temperature would
enhance evaporation of water vapor at the sea-air interface, thereby increasing the
salinity and density of the surface waters. Moreover, the melting of sea ice in a climate
warmed by greenhouse gases would expose the underlying seawater to the atmosphere.
The ensuing increase in the heat transfer from sea to air would lower the temperature
and raise the density of the surface waters. The effects of these processes are hence
opposite to those mentioned in the previous paragraph. The net response of the climate
system is determined by the relative contributions of these two sets of counteracting
mechanisms to the freshwater balance of the North Atlantic basin.
Projections of the future trend of THC intensity by various models have been reported
by the Intergovernmental Panel on Climate Change (2001). A majority of these
experiments suggest that global warming will be accompanied by noticeable weakening
of the THC during the twenty-first century. At present, it is still not certain whether
such changes will exceed the threshold for the complete collapse of the THC.
In summary, evidence has been presented in this section on the presence of abrupt shifts
in the Earth’s climate history, and the case study of the YD cold interval has been
described as an outstanding example of such rapid climate transitions. Candidate
mechanisms that might have participated in the YD episode have been reviewed, with
particular emphasis on the role of the THC in the North Atlantic and its modulation by
various environmental factors. The potential for future abrupt climate change in
response to greenhouse warming have been assessed by evaluating the impacts of such
warming on the THC intensity. Whereas the possibility of future climate changes due to
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natural and anthropogenic causes does exist, it is anticipated that the changes with a
near-global scope will take place on time scales of at least years and, more likely,
decades and centuries. There is no scientific evidence supporting the sudden onset of
extreme climate conditions within minutes or days, as portrayed in the recent popular
film ‘The Day After Tomorrow’.
5. Interplay between data collection, physical interpretation and modeling
The above discussions illustrate the equally important roles played by observations,
physical understanding of the pertinent processes, and modeling in climate research.
Reconstruction of the Earth’s climate history using paleoclimatic observations remains
to be a difficult task. Climate signals based on these data are subject to considerable
uncertainties, and often lack temporal and spatial resolution. Climate scientists have
compared their search for information on past climates to describing the behavior of a
mechanical device which is enclosed in a box situated in a dark room, with the only tool
at their disposal being an old and defective phonograph record of the muffled sounds
emitted from that device (U.S. National Research Council 2002).
Studies of the climate system span across many traditional disciplines, including
oceanography, meteorology, glaciology, ecology, geochemistry, etc. The highly
interactive nature of various climate processes call for research approaches that integrate knowledge in these individual fields. Improvement in the understanding of these
processes would benefit from more comprehensive training of the future generations of
climate scientists in multiple disciplines related to the environment, as opposed to the
more specialized education that prevailed in the previous generations.
The fidelity of numerical models for climate studies needs to be further enhanced
through incorporation of more realistic physical processes, and through validation
against the available observational evidence. The ever-increasing computer power will
allow the representation of the large variety of processes, as well as their mutual
interactions, in greater detail, and with more spatial and temporal precision.
There is strong interplay between the three elements of climate research mentioned at
the beginning of this section. For instance, improved understanding of the underlying
processes would lead to better models; whereas well-designed model experiments
would in turn delineate the nature of various participatory processes. More extensive
and accurate observations would provide more stringent tests of the degree of realism of
model simulations; whereas model-based diagnostic studies would offer clues for
physically interpreting the relationships discerned from past climate records.
Hypotheses of the causes for observed phenomena could be evaluated by model
experiments; whereas climate features appearing in model integrations could help to
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identify those aspects of the climate history to which more observational efforts need to
be directed. Expansion in the knowledge base of issues related to greenhouse warming
and climate change hinges upon the degree of synergy among these three
complementary approaches.
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Temperature Projections for Hong Kong in the 21st Century
Y.K. Leung, E.W.L. Ginn, M.C. Wu, K.H. Yeung and W.L. Chang, Hong Kong
Observatory, 134A Nathan Road, Kowloon, Hong Kong
1. Introduction
In its Third Assessment Report, the Intergovernmental Panel on Climate Change (IPCC)
indicated that the global mean surface temperature has increased by 0.6 ± 0.2°C in the
20th century, and might increase by a further 1.4°C to 5.8°C before the end of 2100
depending on the emission scenario (IPCC 2001).
The temperature in Hong Kong has seen a rising trend in the past 120 years (Leung et al.
2004). The Empirical Orthogonal Function (EOF) analysis performed in this study
and the work of Wang et al. (2003) show that southern China has also experienced
warming in the last fifty years. Against this background, an attempt is made for the
first time to estimate the change in temperature in Hong Kong up to the end of the 21st
century using statistical downscaling techniques. The study covers the annual and
seasonal mean temperature, minimum temperature, maximum temperature as well as
the number of cold days, very hot days and hot nights.
2. Data
Based on the work of Leung et al. (2004), this paper first gives an overview of the
temperature rise in Hong Kong in the past. The meteorological station with the
longest record is situated at the Hong Kong Observatory Headquarters (abbreviated
HKO thereafter, see Figure 1 for its location). The station was established in 1884,
and has been continuous in operation apart from a break between 1940 and 1946 during
the Second World War. The trend analysis done by Leung et al. (2004) is mainly
based on the temperature recorded at HKO.
To examine whether the rising temperature trend in Hong Kong is due to local
characteristics such as topography and land-sea difference etc., or if it is part of a broader
pattern over southern China, temperatures observed between 1951 and 2000 at HKO and
28 land stations in southern China are analyzed using the Empirical Orthogonal Function
(EOF) technique. The data over southern China originated from the National Climate
Centre (NCC) of the China Meteorological Administration (CMA). They are also used
in this study for statistical downscaling (see Section 3 below). The locations of these 28
stations are shown in Figure 1.
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Locations of Hong Kong Observatory (marked by the solid triangle)
and the 28 land stations in southern China (marked by circles).

Latitude

Figure 1.

Longitude

The information used to assess Hong Kong’s future temperature change comes from the
temperature projections made by the seven global climate models CSIRO-Mk2,
ECHAM4/OPYC3, HadCM3, NCAR DOE-PCM, GFDL (consisting of the low
resolution GFDL-R15 and the high resolution GFDL-R30), CCCma (consisting of
CGCM1 & CGCM2) and CCSR/NIES. The grid point values of the simulated
monthly mean temperature, monthly mean minimum temperature and monthly mean
maximum temperature are sourced from IPCC (http://ipcc-ddc.cru.uea.ac.uk/).
The centres operating these seven global climate models and their parent organizations
are listed in Table 1. The spatial resolutions of the temperature projections of these
models, ranging from 7.5° x 4.4° in longitude and latitude for GFDL-R15 model to 2.8°
x 2.8° for both the NCAR DOE-PCM and ECHAM4/OPYC3 models, are shown in
Table 2. Table 3 shows the emission scenarios for which grid point temperature data
generated by the seven models can be obtained from IPCC. Details of the IS92a and
SRES emission scenarios listed in Table 3 can be found in Houghton et al. (1994) and
Nakicenovic et al. (2000) respectively.
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Table 1 Originating centres and parent organizations of the seven global climate
models.
Model

Originating Centre
Parent Organization
Commonwealth
Scientific
and
CSIRO-Mk2
Industrial Research Organization Australian Government
(CSIRO)
Klimarechenzentrum Max
Planck
Institute
for
ECHAM4/OPYC3 Deutsches
(DKRZ)
Meteorology, Hamburg (MPIfM)
Hadley
Centre
for
Climate United Kingdom Meteorological
HadCM3
Prediction and Research (HCCPR) Office (UKMO)
National Centre for Atmospheric University
Corporation
for
NCAR DOE-PCM Research (NCAR)
Atmospheric Research (UCAR)
Oceanic
and
GFDL-R15,
Geophysical
Fluid
Dynamics National
Atmospheric
Administration
GFDL-R30
Laboratory (GFDL)
(NOAA)
Climate Research Branch of the
CCCma GCM1,
Canadian Center for Climate Meteorological Service of Canada
CCCma CGCM2 Modelling and Analysis (CCCma) of Environment Canada
Japan Center for Climate Research University of Tokyo
Studies (CCSR)
CCSR/NIES
Formerly
part
of
Japan’s
National Institute for Environmental Environment Agency, launched as
Studies (NIES)
an independent administrative
institution in 2001
Table 2 Spatial resolutions of the temperature data sourced form IPCC (shaded in
grey).
Horizontal resolution (no. of grids and longitude by latitude)
Coarse
Fine
48 x 40 64 x 32 64 x 56 96 x 48 96 x 73 96 x 80 128 x 64
7.5o x 4.4o 5.6o x 5.5o 5.6o x 3.2o 3.8o x 3.7o 3.8o x 2.5o 3.8o x 2.3o 2.8o x 2.8o

Model

GFDL

R15
R30

CCSR/NIES
CSIRO-Mk2
CCCma

CGCM1
CGCM2

HadCM3
NCAR DOE-PCM
ECHAM4/OPYC3
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Table 3
Types of temperature data sourced from IPCC for different global
climate models under different emission scenarios (L represents monthly mean
minimum temperature, M represents monthly mean temperature, H represents
monthly mean maximum temperature).
IS92a
GG
GS

Models
GFDL

R-15
R-30

CCSR/NIES
CSIRO-Mk2
CCCma

CGCM1
CGCM2

HadCM3
NCAR DOE-PCM
ECHAM4/OPYC3

M

A1T

A2

B1

B2

M

L MH L M
L MH L M
L MH L M
M

SRES
A1FI A1B

M
L M
L MH L M

M
M
H L MH L MH L MH L MH L MH L MH
H
L MH
L MH L MH L MH
H
L MH
L MH
L MH
L MH
H
L MH
L MH
L MH
H
M
M

*

IS92a: ‘Business as Usual’ emission scenario. GG: cooling by sulphates not included, GS:
cooling by sulphates included. SRES: Special Report on Emission Scenarios. A1FI:
fossil fuel intensive, A1B: balanced fossil and non-fossil fuel usage, A1T: emphasis on
non-fossil fuels; A2: most rapid population growth but comparatively slow economic and
technological growth; B1: global solutions to sustainability; B2: increasing population with
regional and local solutions to sustainability.

3. Methodology
3.1. Trend analysis
As in Karl et al. (1993), Easterling et al. (1997) and others, trends were estimated by
Leung et al. (2004) using regression analysis. Statistical significance of the trend is
examined using the two tail t-test.
The present study employs the EOF technique to analyze the temperature time series
over southern China. The advantages of EOF are reduction in the dimensionality of
the data, and that it allows the fifty years of observations at HKO and the 28 land
stations in southern China to be analyzed concomitantly. For descriptions of the use of
EOF analysis in meteorology, see von Storch and Zwiers (1999), Wilks (1995), and Wei
(1999). The EOF software employed in this study is that made available by the
International
Research
Institute
(IRI)
on
its
web
site
http://iri.columbia.edu/outreach/software/index.html.
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3.2. Statistical downscaling
Statistical or empirical downscaling is a frequently used technique for obtaining local
scale meteorological information from large scale information. The pros and cons of
this technique have been discussed by Hewitson and Crane (1996), von Storch and
Zwiers (1999), Murphy (1999) and Solman and Nunez (1999) and others. The merit
of statistical downscaling over dynamic downscaling is that it is less demanding in
computational resources and easier to apply. As such, the statistical approach is
chosen for the present study.
Statistical downscaling techniques include linear regression, the single grid point
method, extrapolation, etc. In this paper, linear regression is used to downscale to
Hong Kong the global temperature projections from the seven models mentioned in
Section 2. For comparison purposes, projections are also made using the single grid
point method and extrapolation from the past trend. These three methods are briefly
described below.
(a)
Regression
Following the approach used by Wigley et al. (1990), a regression equation with past
large scale temperature as the predictor and the past local scale temperature as the
predictand is first derived. The global forecasts are then fed into the regression
equation as predictors to give the local scale temperature projections.
In this study, the average temperature in southern China is used as the large scale
predictor while HKO’s average temperature is used as the predictand. The average
temperature over southern China in the past is calculated from the temperature recorded
by the 28 stations mentioned in Section 2. The average temperature over southern
China in the future is calculated from the model grid point values.
(b)
Single grid point method
The single grid point method takes the temperature forecast at the grid point closest to
the location of interest as the projection for that location. An example of the use of
this method can be found at http://hsu.as.ntu.tw/new/My%20Webs/index.htm. The
single grid point method is simple to use but limited in accuracy. Figure 2 shows the
positions of the grid points in each of the seven models selected to represent the future
temperature of Hong Kong.
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Figure 2

Locations of the land grids of different models nearest to Hong Kong
Hong Kong
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(c)
Extrapolation
In this method, the temperature trend established from past data is extrapolated to a
future time. Extrapolation has been employed to study, for example, the future
temperature
projection
in
the
New
York
metropolitan
area
(see
http://metroeast_climate.ciesin.columbia.edu/climate.html). The main assumption in
extrapolation is that the temperature trend holds for the future as it has been in the past,
without major changes in the climate system.
4. Results and Discussion
4.1. Past temperature change
Figure 3 shows that the annual mean temperature at HKO has a rising trend of 0.12°C
per decade in the 118-year period from 1885 to 2002, in line with the global and
China’s warming trend (Wang et al. 2004). Between 1947 and 2002, the trend is
higher at 0.17°C per decade. In the recent period 1989 to 2002, the warming has
become significantly faster, at a rate of 0.61°C per decade. All the trends are
statistically significant at the 5% level, and the results are in line with those of Ding et
al. (2002).
Seasonally, the temperature at HKO is found to be rising in all seasons between 1947
and 2002. The trend in winter (December to February) is 0.21°C per decade, spring
(March to May) 0.19°C per decade, summer (June to August) 0.14°C per decade, and
autumn (September to November) 0.12°C per decade. All the trends are statistically
significant at 5% level, with a faster rate of rise in winter and spring than in summer and
autumn.
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Figure 3
Time series of the annual mean temperature at the Hong Kong
Observatory Headquarters. Trends are statistically significant at 5% level.
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As for the southern China temperature field, EOF analysis shows that the first EOF
accounted for 72% of the variance (Figure 4a). The amount of variance explained
decreased rapidly with the second (9.2%) and third EOFs (4.8%). Thus, information
in the southern China temperature field is contained largely in the first EOF.
The temporal scores associated with the first EOF indicate an increasing trend with time
(Figure 4b). The spatial loadings in Figure 4c suggest that there is a generally
warming mode over southern China.
The result of EOF analysis in the present study is consistent with the work of Wang et
al. (2003) who find that as a whole southern China has warmed between 1951 and
2000.
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Figure 4

Empirical Orthogonal Function (EOF) analysis of the annual mean
temperature at the Hong Kong Observatory Headquarters and the
annual mean temperature averaged over the 28 stations in southern
China (1951-2000).

(a) EOFs Scree Plot

(b) Temporal Scores (EOF1)

(c) Spatial Loadings (EOF1)

4.2. Projected temperatures and number of cold days, very hot days and hot nights
(a)
Annual mean temperature
The regression equations of the annual and also the seasonal mean temperatures at the
HKO with that of the average over the 28 stations are shown in Figure 5. The highest
correlation coefficient (r = 0.93) was found in winter while the lowest (r = 0.42) in
summer.
Table 4a gives the temperature projections using the regression method. The annual
mean temperature in Hong Kong is projected to rise till the end of this century, with the
magnitude depending on the emission scenario and the model. CCCma CGCM1 gives
the largest mean temperature rise in Hong Kong under the IS92a GG and GS scenarios.
For the A2 and B2 scenarios, the largest rise is predicted by CCSR/NIES. By
2090-2099, the multi-model ensemble mean is about 3.5°C, and the range is between
1.7°C and 5.6°C (Figure 6).
The temperature projections given by the single grid point method are listed in Table 5a.
As for the regression method, the highest temperature rise by 2090-2099 is predicted by
CCCma CGCM1 model for the IS92a GG and GS scenarios, and by CCSR/NIES for
the A2 and B2 scenarios.
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Figure 5

Regression relationship between the temperature at the Hong Kong
Observatory Headquarters and the average temperature at the 28 lands
stations in south China (1951-2000) for different seasons and for the
entire year. All correlations are statistically significant at 5% level.
Temperature anomalies are with reference to the 1961-1990 normal.
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2

2

Table 4a.
Projected annual mean temperature rise for Hong Kong using the
regression method. The temperature rise is with reference of the 1961-1990 normal.
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Table 4b Projected annual mean minimum temperature rise for Hong Kong using
the regression method. The temperature rise is with reference of the
1961-1990 normal.
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Table 4c

Projected annual mean maximum temperature rise for Hong Kong using
the regression method. The temperature rise is with reference of the
1961-1990 normal.
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Figure 6 Past and projected annual mean temperature anomaly for Hong Kong by the regression
method. The temperature anomaly is with reference to the 1961-1990 normal.
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Figure 7

A comparison of the rise in Hong Kong's annual mean temperature in the 21st century
given by the regression method, single grid point method and extrapolation method.
Temperature rises are with reference to the 1961-1990 normal. The vertical line
represents the ensemble upper and lower limits.
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Table 5a

Projected annual mean temperature rise for Hong Kong using the single
grid point method. The temperature rise is with reference of the
1961-1990 normal.

34
HKMetS Bulletin Vol. 14 Nos. 1/2, 2004

Table 5b Projected annual mean minimum temperature rise for Hong Kong using
the single grid point method. The temperature rise is with reference of
the 1961-1990 normal.
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Table 5c

Projected annual mean maximum temperature rise for Hong Kong using
the single grid point method. The temperature rise is with reference of
the 1961-1990 normal.
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Table 6 Comparison of the annual mean temperature rise between Hong Kong and
that of the global average (temperature rise for Hong Kong by regression
method minus global temperature rise) for three 30-year periods
2010-2039, 2040-2069 and 2070-2099. Negative values (shaded) represent
changes for Hong Kong that are projected to be lower than the global
average.

2070-2099

2040-2069

2010-2039

Period Model
GFDL-R15
GFDL-R30
CCSR/NIES
CSIRO-Mk2
CCCma CGCM1
CCCma CGCM2
HadCM3
ECHAM4/OPYC3
GFDL-R15
GFDL-R30
CCSR/NIES
CSIRO-Mk2
CCCma CGCM1
CCCma CGCM2
HadCM3
ECHAM4/OPYC3
GFDL-R30
CCSR/NIES
CSIRO-Mk2
CCCma CGCM1
CCCma CGCM2
HadCM3
ECHAM4/OPYC3

Scenarios
IS92a
GG
GS
-0.16 0.20
-0.06
-0.06
-0.01
-0.04
-0.08

-0.22
-0.42
0.16
0.03
-0.08
-0.31
-0.43
0.20
0.17
-0.10

-0.09
-0.48
-0.37

SRES
A1FI A1B

-0.15

0.00
-0.30

A1T

A2

-0.05

-0.44
-0.11
-0.34

-0.02
-0.22

-0.33
-0.67
-0.49

0.05

0.36
-0.29

0.16

-0.08

-0.51
-0.72
-0.26

-0.10

0.14
-0.42

0.26

0.30
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B1

B2

-0.08
-0.23

-0.59
-0.09
-0.16

-0.19
-0.01

0.05
-0.05

-0.46

-0.47

0.21
-0.32

0.12
-0.41

0.22
-0.42

0.07
0.12

0.09
0.07

-0.81
0.01
-0.42

-0.63
0.20
-0.38

-0.04
0.24

0.38
-0.36

-0.08
0.11

Figure 7 compares the temperature projections to the end of the century given by the
regression, single grid point and extrapolation methods. The single grid point method
generally gives higher predictions. By 2090-2099, the single grid point method gives
an ensemble mean of 4.0°C, 0.5°C higher the 3.5°C given by the regression method.
Extrapolation (from the trend line between 1947 and 2002) yields the lowest projection,
with an ensemble mean of 2.0°C.
Table 6 compares the temperature rise in Hong Kong with that of the global average for
a given model and scenario in the three 30-year periods 2010-2039, 2040-2069 and
2070-2099. The difference between the temperature rise in Hong Kong (based on
regression method) and the global average is generally small, with a maximum
deviation of 0.8°C.
The mean temperature projections for Hong Kong based on the regression method here
is in closely agreement with those given for Hong Kong by the Climate Research Unit
(CRU),
University
of
East
Anglia
of
the
United
Kingdom
(http://www.cru.uea.ac.uk/%7Etimm/climate/ateam/TYN_CY_3_0.htm) (Table 7).
CRU has used the weighted average of projections at 0.5° resolution (Mitchell et al.,
2002).
Table 7 Comparison of the annual mean temperature rise for Hong Kong in
2070-2099 obtained in the present study with that of the Climate Research
Unit (CRU), University of East Anglia. Temperature rise is referred to
the 1961-1990 normal.
Model

Scenario
A2
CSIRO-Mk2
B1
B2
A2
CCCma CGCM2
B2
A2
HadCM3
B2

(b)

Present study (by the regression method)
3.0
2.2
2.3
3.6
2.4
3.5
2.5

CRU
3.1
2.1
2.4
3.2
2.3
3.4
2.4

Seasonal mean temperature

Using the regression method on seasonal mean temperatures, the ensemble mean for
spring, summer, autumn and winter are 4.4°C, 1.4°C, 2.4°C and 4.2°C respectively by
2090-2099. Figure 8 shows the seasonal mean temperature rise to the end of the
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century for Hong Kong as given by different models under the IS92a GG scenarios. In
general, the temperature rise is higher for spring and winter and lower for summer and
autumn.
Figure 8

Seasonal mean temperature anomaly for Hong Kong predicted by
different global models under the scenario IS92a GG. Temperature
anomalies are with reference to the 1961-1990 normal.
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2070-2079

2080-2089

2090-2099

(c)
Annual and seasonal mean minimum and mean maximum temperature
Tables 4b and 4c show respectively the projected annual mean minimum and maximum
temperatures obtained using the regression method. The projections based on the
single grid point method are given in Tables 5b and 5c. As in the case of the annual
mean temperature, both the annual mean minimum and annual mean maximum
temperatures are projected to rise till the end of this century.
Ensemble averages of the annual mean minimum and annual mean maximum
temperatures based on the regression method are both 3.7°C by 2090-2099, close to the
value of 3.5°C for the annual mean temperature. Seasonally, the rate of rise is higher
for winter and spring than for summer and autumn (Figures 9a and 9b).

(d)
Number of cold days in winter, and of very hot days and hot nights in summer
Following Leung et al. (2004), cold days refer to days with a daily minimum
temperature of 12°C or below while very hot days refer to days with a daily maximum
temperature of 33°C or above.
Because no model projections are available for daily minimum temperature, a regression
relationship is first derived between the mean minimum temperature in winter and the
number of cold days in winter in the past. The number of cold days in a given winter in
the future is then estimated from the regression relationship using model projections of
the mean minimum temperatures for that winter.

Likewise, a regression relationship is derived between the mean maximum temperature
and the number of very hot days in summer in the past. The number of very hot days
in a given summer in the future is then estimated from the regression relationship using
model projection of the mean maximum temperature for that summer. The number of
hot nights (daily minimum temperature of 28°C or above) in summer in the future is
similarly estimated using model projected mean minimum temperatures in summer as
the predictor in the regression relationship between the mean minimum temperature and
the number of hot nights in summer in the past.
The number of cold days in winter is found to be strongly correlated with the mean
minimum temperature in winter (r = -0.89). Figure 10 shows the projections of the
number of cold days in winter as obtained by the regression method from the mean
winter minimum temperature projections of different models under various emission
scenarios. It can be seen that the number of cold days decreases gradually with time.
By 2090-2099, only 16% of model projections has the number of cold days in winter
greater than zero (Figure 11). This means the probability that there will not be a single
cold day in any given winter is 84%.
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Figure 9

Ensemble mean of annual and seasonal (a) mean minimum temperature
and (b) mean maximum temperature (by the regression method).
Temperature anomalies are with reference to the 1961-1990 normal.
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Figure 10

Annual number of cold days in winter obtained by the regression
method from projections made by different global climate models
under various emission scenarios (filled circles). The grey line gives
the past number of cold days in winter.
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Figure 11

Probability of a cold day occurring in winter in the 21st century.
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Figure 12

Projection of the annual number of very hot days in the summer in the
21st century (by the regression method). Filled circles represent
ensemble mean, and the vertical lines give the ensemble upper and
lower limits.
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Figure 13

Projection of the annual number of hot nights in summer in the 21st
century (by the regression method). Filled circles represent ensemble
mean, and the vertical lines give the ensemble upper and lower limits.
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The projected number of very hot days based on the regression method is given in
Figure 12, which shows that the number of very hot days increases with time. In
2090-2099, the model ensemble mean is 24 days, about twice the 1961-1990 normal of
11 days. For the number of hot nights, the ensemble mean is 30 nights in 2090-2099
(Figure 13), about 4 times the 1961-1990 normal of 8 nights.
5. Conclusion
Hong Kong has been warming up during the past 118 years, in line with the global trend.
Based on all the global models and emission scenarios covered in this study, the annual
mean temperature, annual mean minimum temperature and annual mean maximum
temperature can all be expected to continue to rise till the end of this century.
Seasonally, the temperature will generally rise faster in spring and winter than in
summer and autumn. The number of cold days in winter will decrease while the
number of very hot days and the number of hot nights in summer will increase.
By 2090-2099, relative to the 1961-1990 normal, the annual mean temperature in Hong
Kong would have risen 1.7°C to 5.6°C, with an ensemble mean of 3.5°C. The number
of very hot days in summer would have increased to 24 days, about twice the
1961-1990 normal. The number of hot nights in summer would have risen to 30,
roughly 4 times the 1961-1990 normal. In addition, there is more than 80% chance
that there will not be a single cold day in any given winter.
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The Early Tropical Cyclone Warning Systems In Hong Kong,
1841-1899
Mickey Man-Kui Wai, Plum Rain Solutions, Tallahassee, FL 32303, USA
1. Abstract
The development of tropical cyclone warning systems, according to the local and
non-local approaches, is traced between 1841 and 1899.
As early as in 1877, a black drum was hoisted and a typhoon gun was fired as the means
to warn the local residents and mariners about an approaching typhoon. The signals
were meant for the probable local bad weather condition. Between 1884-1897, the
meteorological signals were used for shipping and navigation in the China Sea. The
firing of a typhoon gun was used to warn the local residents of the local gales. For a
brief period of eleven months in 1897, Hong Kong Observatory adopted Fitzroy’s
system to warn the local residents and visiting mariners about the direction of
approaching gales. Then in the beginning of 1898, Fitzroy’s system reverted to the
warning system of 1884.
The examination of these two approaches has provided some insight not just into the
rationale of the warning system but also into the science of the tropical cyclone. It will
also clarify if the present warning system is indeed designed for the mariners
exclusively. As the study of the tropical cyclone warning system began with the British
settlement in Hong Kong, we also learn a brief history of the Hong Kong Observatory.
The assessments of the local and non-local warning systems and the public’s reaction
are also included.
2. Introduction
Using a set of the tropical cyclone signals and local wind observations during typhoons
over Hong Kong, Wai (2001) concluded that the use of signals in the current tropical
cyclone warning system is not suitable for Hong Kong under the current demographic
condition and the diverse economical bases and land uses. It is largely because one
cannot find a surface station to issue a signal appropriate for the entire Hong Kong.
The combine effects of terrain and urban development in various manners make the
local winds in numerous localities weaker than the intensity of the tropical cyclone.
Therefore, the surface wind signified by the signal does not always represent the surface
wind speeds and directions over the territory. Because no one station can be used to
issue a signal appropriate for the entire Hong Kong, the irregular gale signal almost
always lead to the public negative reaction of being either over warned or under warned.
In some other cases, the public would find the signal is being issued or cancelled either
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too early or too late. Moreover, the focal point in the current warning system solely on
the Victoria Harbour does not serve the public at large well. The assertion of 12 hours
advance warning of a gale signal from signal No.3 to signal No. 8 in the current
warning system has no basis.
As indicated in Wai’s study, the use of signals to inform the Hong Kong public about
the approach of a typhoon has a long history. Numerous revisions of the warning
system and the introduction of new warning system were made. The rationale of these
changes that led to the present tropical cyclone warning system, that is evidently
unsuitable for the current demographic condition and diverse economic bases and land
uses, was rarely discussed.
Moreover, as early as in 1877, a black drum was hoisted and a typhoon gun was fired as
the means to warn the local residents and mariners about an approaching typhoon. The
signals were meant for the probable local bad weather condition. Yet, throughout the
early years, the core of the tropical cyclone warning system was meant for non-local
purposes. The basis for using the non-local signals was not well documented and
understood.
Furthermore, the current condition to display a gale signal is based on either the
observed or expected gales inside the Victoria Harbour since 1973. Therefore, such a
condition has led the public to believe that the warning system is aimed to serve the
mariners. However, the use of gales inside the harbour, or perhaps the warning system,
was meant to serve the mariners exclusively has never been substantiated.
In this study, the development of the tropical cyclone warning systems in Hong Kong is
traced according to the local and non-local approaches. The examination of these two
approaches will provide some insight not just into the rationale of the warning system
but also into the science of the tropical cyclone. It will also clarify if the present
warning system is indeed designed for the mariners exclusively. As the study of the
tropical cyclone warning system began with the British settlement in Hong Kong, we
also learn a brief history of the Hong Kong Observatory.
The history of Hong Kong can be roughly divided into five periods. The first period is
the early years of Hong Kong beginning from 1841 to 1899. The second period is the
first two decades of the twentieth century (1900-1919) during which Hong Kong had
become a major port in world trade. The third period is the inter-war years (1920-1939).
The fourth period is the war years (1940-1944). The fifth period is the road to modern
Hong Kong (1945-2004).
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The development of the tropical cyclone warning systems during the first fifty-nine
years of Hong Kong is presented here. The article will begin with a brief discussion of
the British and the Chinese storm warning systems, which have formed the foundation
of the warning systems at the Hong Kong Observatory in the early years. For a
comparative purpose, the American storm warning system is also presented.
Then, the discussions of the Hong Kong tropical cyclone warning system are presented
according to various eras, during which either a major revision in the tropical cyclone
warning system or a new tropical cyclone warning system was introduced. The
assessments of the local and non-local warning systems and the public’s reaction are
also included. Finally, the article will be ended with a conclusion.
3. Sources of Documentary Data
Most of the sources used in this article concerning the Hong Kong tropical cyclone
warning systems are based on three public records. The first is the Colonial Office
Records: Series CO 129, Governor’s Dispatches and Replies from the Secretary of State
for the Colonies. The second is the Hong Kong Government documents, including
Sessional Papers, Administrative Reports, Hong Kong Hansard (reports of Legislature
Council Meetings), Hong Kong Government Gazettes, and the Director’s Departmental
Annual Reports of the Hong Kong Observatory. The third includes several historical
newspapers, which are used to provide additional information on the historical typhoons
mentioned in the article.
In brevity, the biographical information of the historical and current characters involved
in the events will not be given in the article. However, a brief biographical note of each
of these historical and current characters is given in Appendix I.
4. The British Storm Warning System
After the first tour of expedition in 1828 off the coast of Patagonia and Tierra del Fuego
and a second tour in 1831 off the coast of South American and the Straits of Magellan,
FitzRoy (1839) published two volumes of his voyages: “Narrative of the surveying
voyages of H. M. S. Adventure and H. M. S. Beagle. These two volumes contained both
the physical features of these regions and the characteristics and habits of the local
natives. In the volume of his voyages of the Beagles, FitzRoy described many weather
phenomena. His writing clearly revealed his interest in marine meteorology.
To deal with the collection of marine weather data, FitzRoy was appointed as the
Meteorological Statist to the Board of Trade in 1854 upon the recommendation of the
President of the Royal Society. As the chief of the new department, FitzRoy invited
the captains of ships to take observations during their voyages. Moreover, in 1855,
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FitzRoy loaned a number of tested instruments to the Royal Navy and captains in the
Mercantile Marine for collecting weather and ocean surface current data. Using these
observational data, FitzRoy and his staff complied the meteorological atlases and
calculated the statistical information of the weather and the ocean surface currents for
the benefits of shipping. Note that FitzRoy received these observational data in marine
meteorological logbooks at the end of the voyages.
On the night of October 25-26, 1859, the loss of the Royal Charter in a terrific storm off
the northeastern coast of Anglesey led FitzRoy to explore the use of synoptic charts,
depicted with weather conditions, to forecast the weather. To begin with in September
1860, FitzRoy collaborated with the principal telegraphic company and established 13
coastal stations in the British Isles, each of which was equipped with tested instruments.
The telegraph clerks telegraphed the observations at 0900 hours to the Department of
Meteorology in London. In addition, FitzRoy sent five observations along the Channel
ports to the Paris Observatory; in return the Paris Observatory provided FitzRoy with
six observations on the continent.
In February 1861, using the observations along and British and French coasts, FitzRoy
began to foretell the weather and telegraphed the warnings to the observational stations
likely to be affected. To benefit the captains in the Mercantile Marine, FitzRoy hoisted a
set of gale warning signals by using a system of cone and drum (Figure 1). At night,
FitzRoy used a set of vertical lights and horizontal lights as the gale warning signals
(FitzRoy, 1863). In this system, only northerly gales and southerly gales were predicted.
By May 1862, warning of gales was sent to meteorological departments in Denmark,
Sweden, several German states, and the French Ministry of Marine (Davis, 1984).
Soon, criticism and controversy were upon FitzRoy as a result of distrusted, and partly
because of competition with the meteorological entrepreneurs, and also partly because
of profit seeking ship owners who concerned less the safely of their crews than the loss
of revenue when the captains kept their vessels in harbor during the storm warnings. On
April 30, 1865 FitzRoy committed suicide. According to Burton (1986), the motives
for FitzRoy’s suicide are complex and multi-causal.
To over see the work of the Department, Babington was appointed as the chief of the
department temporarily. Meanwhile, an enquiry in the work of the Department began.
The Board of Trade appointed an investigative committee of three members after
seeking advice from the Royal Society.
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Figure 1

The British Cautionary Signals

The committee submitted a report on April 13, 1866 before the Parliament. Among
many conclusions that are both praise and criticism, two of them are centered on the
storm warnings (Anonymous, 1993):
(1) That the Storm Warnings, so far as they indicate the force of coming gales, have
been sufficiently correct to be of some use, and that their utility is widely admitted. Also,
that they have improved, and that they are probably capable of still greater
improvement.
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(2) That the Storm Warnings, so far as they indicate the direction as well as force of
coming gales, are not shown to have been so far precise or correct as to be of use.
A discussion of the shortcoming as denoted by (2) will be given later. The warnings
were suspended on December 7, 1866; the same date that Babington’s appointment as
the chief of the Department ended. On February 7, 1867, Scott was appointed to head
the department. In June 1867, the warnings were partly restored despite the mariners
and harbor authorities inundated their demands with the Board of Trade. It was not until
another 10 years had passed, the routine of forecast then resumed.
The current warning system consists of three sections. The weather watch will look
ahead over the next few days. The weather advice will be used when the weather is not
severe, but there could be disruption to transport caused by heavy rain, snow, or strong
winds. A weather warning is issued when severe weather is expected within the next
few hours. The information is disseminated by mass media and electronic means, and
signals are not used.
5. The American Storm Warning System
In North America, the early weather observation known was in 1743 when Franklin
used the reports of numerous postmasters to determine the northeast path of a hurricane
from the West Indies. When the telegraph became operational in 1845, the possibility of
forecasting storms by telegraphing became popular.
Therefore, in 1849, Henry recruited 150 volunteers throughout the United State to send
weather observations to Smithsonian. By 1860, 500 stations of Henry’s network
provided daily telegraphic weather reports to the Washington Evening Star (Fleming,
1990).
Between 1868 and 1869, Lapham frequently mailed reports of maritime casualties in
the Great Lakes to his Congressman Paine. The heavy maritime loss prompted a need to
prevent any further maritime loss. Subsequently, in 1870, U.S. Congress passed a joint
resolution required the Secretary of War to found a meteorological network for
foretelling the storms on the northern Great Lakes and Atlantic seaboard.
The tasks then fell on the Army Signal Service Corps within the War Department. On
November 1, 1870, the Army Signal Service began to take systemic meteorological
observations at 24 stations. For forecasting, Myer turned to Lapham for assistance in
meteorological forecast, and Lapham assumed responsibility for the Great Lakes region.
On November 8, 1870, Lapham began to issue the storm warning for the Great Lakes
region. Whenever the winds were expected to be as strong as 25 miles per hour, and to
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continue for several hours, within a radius of one hundred miles from the station, a
cautionary signal was hoisted at the station. The cautionary signal is depicted by a red
flag with a center black square (Figure 2).
Figure 2

The American Coastal Warning Signals
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In 1890, U.S. congress created the Weather Bureau within the Department of
Agriculture. Later, Mckinley instructed the Weather Bureau to establish a hurricane
network in 1898. Flags were still used to provide storm warning to the mariners and
ship captains during the day, and lanterns, arranged in vertical, were used by night.
Additional flag signals used in the Great Lakes and Atlantic seaboard are shown in
Figure 2. The flag warning signals were displayed at yacht clubs, marinas, and coast
guard stations.
The advance in communication in 1902 allowed Weather Bureau to send forecasts via
wireless telegraphy to ships at sea. By 1905, the first wireless weather report was
received from a ship at sea. Therefore, the need for using signal flags gradually came to
an end.
On February 25, 1989, the National Weather Service (NWS) retired the Coastal
Warning Signals at its network of stations nationwide. The storm or hurricane warnings
are disseminated through the NOAA Weather Radio, local NWS Office’s Internet
website, local radio and television stations. The warnings include storm watch, storm
warning, hurricane watch and hurricane warning.
Other agencies or volunteers may continue to display these flag warning signals. A
major shortcoming of the coastal warning signals is that the display of these signals
reached only a small portion of the marine public within sight of them. Also, the signals
cannot convey specific information on movement, intensity, and duration unless the
signal system is made relatively complex such as the China Coast warning signals.
More important, it takes away the time from the forecaster to do the critical task but has
to notify the stations during the critical moment of the storms. Frequently, the marine
users tend to substitute the flag signals for a more useful program such as the NOAA
Weather Radio.
6. The Chinese Storm Warning System
There are two groups of typhoon records in China: the central government’s official
history and the local government’s local gazettes. These official records dated back to
AD 370 during the reign of the Song Kingdom of the South-North Dynasty (Louie and
Liu, 2001). From cross checking these official records, Liu et. al. (2001) confirmed that
over 571 cases of typhoon made landfall the Quangdong providence. The entries of
these typhoon records described types of damage and how destructive the typhoon was.
According to Lee and Hsu (1989), the earliest description of the passage of a typhoon
was actually found in the Chinese historical literature. Su described his experience of
surviving through a typhoon at Hainan Island during Song Dynasty (1094).
Comparatively, the earliest European record of a typhoon probably occurred in 1618
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when the Portuguese explorer reported the loss of a vessel during a typhoon (Boxer,
1948). It was not until July 4, 1687 when Dampier (1687), who recorded typhoon as
tuffon, recounted his experience of being caught by the eye of a typhoon somewhere
between St John Island and Pratas in the South China Sea.
From these Chinese official records, the discussion of a storm warning system was not
found. While the European used a barometer as a principal instrument to predict the
coming of a storm, the natives, in particular those resided along the China coasts, used
visual weather phenomenon, which had accumulated many years of experience and
passed from generation to generation. For instance, in his essay about Hong Kong,
Davis (1836) recounted a folklore about a typhoon that the Chinese sailors and boatmen
used: “Lightning in the east denotes fine weather - in the west, successive showers, - in
the south, continuous rain - in the north, violent wind”. Also, in The Law of Storms in
The Eastern Seas, Doreck (1886) mentioned that “Where there is a thunderstorm there
will be no typhoon”, which is true if typhoon is 200-250 miles away.
As for warning, the European used signals such as a cone, a drum, flags, or firing of a
typhoon gun. The natives seemed to use firing of crackers and beating of gongs as
warning signals. In their narrative of a typhoon that hit Hong Kong on July 21, 1841,
Bernard and Hall (1844) wrote:
The beating of gongs, the firing of crackers, and explosion of little bamboo petards,
from one end of the town to the other, and in all the boats along the shore, create such a
din and confusion, that a stranger cannot help feeling that there must be danger at hand,
of some kind or other, besides of a storm.
A change came in 1863 when Hart was appointed as the first Inspector General of the
Chinese Maritime Custom Services. To improve the coastal navigation and facilitate the
movements of shipping in the uncharted Chinese waters, Hart established the Marine
Department in 1868, which covered three coastal regions: northern with headquarters at
Chefoo, central with headquarters at Shanghai, and southern with headquarters at
Foochow (Wright, 1950). To head the southern region was Bisbee, an American navy
captain.
While Hart was not a scientist, he recognized that the Custom Services and Marine
Department covered a vast coastal line where was rich in weather phenomena. Hart
realized that the meteorological records collected at the Custom establishments could be
of greatest value to the scientific world. Therefore, in 1869, Hart established weather
stations at the Customs establishments. As the new ports were opened and the
construction of new lighthouses was completed, the growth in the number of the
weather observational stations also increased.
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By 1911, the outstanding success of the work of the Marine Department had led to
house four branches: Coast, Marine, Harbour, and Engineers. To oversee the work of
the Harbor Master and the Divisional Inspector, a new post, Coastal Inspector, was
created and filled by Bisbee in 1881.
It was around this era (1873); another system of weather observations began when
Lelec, a Jesuit, established the Zi Ka Wei Observatory just outside Shanghai.
Dechevrens and Chevalie continued the work of Lelec and eventually developed
maritime activities including the issue of typhoon forecast (Maze, 1950).
A successful forecast of a typhoon and its track, which swept over Shanghai area in
1879 (Dechevrens, 1879), led Bisbee to approach Froc to create a Meteorological
Department capable of issuing weather forecasts in order to provide advance
information of typhoon tracks along the China coast. Subsequently, flag signals were
used to warn the mariners of bad storms. In addition, the staff at the Zi Ka Wei
Observatory took the responsibility to study and analyze the meteorological records and
observations taken at the customs stations and lighthouses along the coast and rivers of
China.
Because the flag signals could not be easily identified at distance under the gale
condition, it was decided to replace the flags with symbols. Tyler (1930), who became
the Coastal Inspector in 1903, consulted Froc and devised various geometric symbols to
replace the flags (1930). The warning system was known as the China Coast Code
(Dehergne, 1976), which was later adopted at the Hong Kong Observatory in 1903.
Again in 1917, the staff at Zi Ka Wei Observatory replaced the China Coast Code with
a new warning system, known as the China Seas Storm Signal Code, which was later
adopted at the Royal Observatory, Hong Kong on June 1, 1920.
In 1930, Gherzi succeeded Froc as the Director of Zi Ka Wei Observatory. During his
tenure, Gherzi visited the Royal Observatory in 1934, and also in 1937. On both
occasions, the directors devised a uniform system on the codes for signaling tropical
cyclone and transmitting weather reports. When Gherzi was denied to re-enter China
on his return trip from Manila in 1949, Heywood found Gherzi a position on the staff.
Gherzi worked at the Royal Observatory until the Portuguese government asked Gherzi
to help organize and equip the Macau Observatory (Bell, 1974).
Nowadays, the typhoon warning system at the Quangdong Meteorological Service
consists of one symbol, which resembles a mature typhoon. The severity of the warning
of an approaching typhoon is conveyed by 5 different colors. The white symbol denotes
that a tropical cyclone will affect the locality within 48 hours. A green symbol signifies
that a tropical cyclone will affect the locality within 24 hours with a wind speed of 39 61 km per hour, or a tropical cyclone has already affected the locality with a wind speed
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of 39 - 61 km per hour. The yellow symbol marks that a tropical cyclone will affect the
locality within 12 hours with a wind speed of 62 - 74 km per hour, or a tropical cyclone
has already affected the locality with wind speed of 62 - 88 km per hour. The red
symbol indicates that a tropical cyclone will affect the locality within 12 hours with a
wind speed of 89 - 102 km per hour, or a tropical cyclone has already affected the
locality with a wind speed of 89-117 km per hour. The black symbol indicates that a
tropical cyclone will make landfall at or in the vicinity of the locality within 12 hours
with a wind speed of 118 - 133 km per hour, or a tropical cyclone has already affected
the locality with a wind speed of exceeding 133 km per hour.
7. Hong Kong Tropical Cyclone Warning Systems
a. Prior to 1884
i. Local warning system
The opening of sea routes by the Portuguese to South China in 1517, and their
settlement in Macau in 1557 led to the arrival of European vessels in the ports of Macau,
Hong Kong, Guangzhou, Manila, and Shanghai.
The British settlement in Hong Kong in January 1841 began to utilize the Victoria
Harbour as the gateway to South China. Moreover, the natives and British settlers
eventually transformed the Victoria Harbour as an eastern entrepot in the Southeast
Asia. Shipping would gradually become the ultimate basis of the Hong Kong
government’s revenue. For instance, the number of vessels transited through the
Victoria Harbour increased from 168 (39,455 tons) in 1845 to 27, 281 (5,264,807 tons)
in 1883 (Eitel, 1896).
As many Europeans frequented the port of Hong Kong, the typhoon and its destruction
became the subject of conversation and writing (Davis, 1836; Bernard and Hall, 1844;
Sirr, 1849; Ball, 1856; Williams, 1863). Among these, the description of a typhoon
event on July 20, 1841 over Hong Kong demonstrated the desperate need of a typhoon
warning system (Bernard and Hall, 1844).
Between seven and eight o’clock in the morning, the wind was blowing very hard from
the northward, or directly upon the shore of Hong Kong, and continued to increase in
heavy squalls hour after hour. Ships were already beginning to drive, and the work of
destruction had commenced on every side; the Chinese junks and boats were blown
about in all directions, and one of them was seen to founder with all hands on board.
The fine basin of Hong Kong was gradually covered with scattered wrecks of the war of
elements; planks, spars, broken boats, and human beings, clinging hopelessly for
succour to every treacherous log, were tossed about on every side; the wind howled and
tore every thing away before it, literally sweeping the face of the waters.
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During the early years, there was no organized, public warning of a typhoon. The
warning of a typhoon came only from those mariners who had knowledge of
atmospheric signs of an approaching typhoon, or who had experience in working with a
barometer on board. For instance, a correspondent wrote in the Hong Kong Daily Press
on September 27, 1870:
A remarkable calm closeness so often the precursor of a heavy blow in this part of the
world together with a low and continually falling barometer gave sufficient indications
to those afloat that it was time to take all due precautions against what would in all
probability turn out bad weather and possibly a typhoon.
Interestingly, the native mariners were better than the European settlers in recognizing
the approach of a typhoon. A correspondent reported in the Hong Kong Daily Press on
September 24, 1874:
On Tuesday night and yesterday morning Hong Kong was visited by the most awful
typhoon which has ever been recorded in the history of the Colony. The weather during
the day had been threatening, the barometer having fallen every considerably during
the forenoon and still remaining low in the evening…. The Chinese had, as usual,
during the Tuesday anticipated the danger and the sampans and junks cleared out in
large numbers to seek shelter. Some doubts were however felt among foreigners as to
whether there would be more than a gale, though the preponderating opinion on
Tuesday evening was a typhoon was to be anticipated.
Officially, it has been widely cited that the staff at the Hong Kong Observatory began to
collect weather observations on January 1, 1884, and hoisted the first meteorological
signal (a drum) on September 8, 1884 (Dyson, 1983). Actually the Harbour
Department performed the basic duties of an observatory before the Hong Kong
Observatory was established. For instance, the officers recorded surface pressure and air
temperature regularly starting in 1853, thirty-one years before the opening of the Hong
Kong Observatory. Moreover, the Harbour Department displayed meteorological
signals as early as 1873.
In having become desirable to signal certain Meteorological information from the Peak
to the Harbour Master’s office; to prevent confusion arising from these Signals being
mistaken, Notice is given as follows:(1) Meteorological Signals will be made a few minutes past noon each day, at the
Masthead, Victoria Peak, with the Union Jack flying, which will distinguish then from
all other signals. They will occupy but a few moments.
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(2) Whatever else the various combination of flags may mean, they will, when hoisted
under the Union Jack, denote nothing whatever beyond a special Meteorological
Signification.
When it became evident that a typhoon was approaching as in the typhoon of September
22-23, 1874, Thomsett ordered his officers to make rounds on the steam-launches and
warned the owners of native vessels that they and their vessels must immediately seek
shelter in Kowloon Bay.
In August 1877, Thomsett introduced a more organized system to warn the public of a
typhoon by using measurements (tendency from a barometer and thermometers),
observations (atmospheric phenomena, bird’s behaviors), public notice, and signals (a
drum and firing of a gun).
Thomsett announced the following notice prior to the typhoon season in 1877:
In the event of bad weather being scheduled by this Department, a black drum will be
hoisted at the office Flagstaff. A similar signal will be hoisted and a gun will be fired
from the Police Hulk.
The usual signs of approaching bad weather are: a falling Barometer with high
Thermometer, sultriness of the atmosphere, wildness and discoloration of the clouds,
and birds flying about in unusual numbers. Should these symptoms exist and the wind is
any where between North-Westerly and North-Easterly, a typhoon of a severe type may
be looked for.
The same indication of bad weather with the wind between South-Easterly and
South-Westerly, a typhoon may be known to be in the neighbourhood, but not likely to
be severely felt at Hong Kong.
This signal is not to be considered as relieving Masters of ships from their proper
responsibilities. The signal is intended only as calling the attention of the Mercantile
Marine to any change of weather which the undersigned may of himself be expecting.
In 1883, an additional advice was added to the warning of 1877:
The typhoon season in Hong Kong is generally considered to commence in June and to
end in October.
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Around this era (1880), a submarine cable connected Hong Kong and Manila.
Immediately, the Hong Kong businessmen requested typhoon warning and other
meteorological information from the Manila Observatory through the governor of Hong
Kong. Therefore, the interest in typhoon warning among the Hong Kong businessmen
reinforced the need of an observatory in Hong Kong.
ii. Law of storms
Judging Thomsett’s public warning notice about an approaching typhoon, we find that
the relationship between the wind directions at Hong Kong and the likelihood of a
severe typhoon upon Hong Kong is remarkably accurate, as we know now. Also the
account of typhoon season in the public notice differs little from what we know.
When Thomsett displayed a drum signal at the Hong Kong Harbour Department in
1877 to warn the local boat population and mercantile marine of the bad weather,
FitzRoy had already introduced a storm warning system using a system of cone and
drum in 1861. Before discussing FitzRoy’s system any further, a brief, early history of
typhoon is required.
More than a century earlier, Dampier’s potency of observations in the South China Sea
in 1687 indicated that the winds in a typhoon were rotatary. Amazingly, according to
the Chinese linguist, Ju-Feng, the earliest Chinese characters for typhoon appeared in
Song Kingdom of the South-North Dynasty around 470, meant that the winds came
from four directions (Lee and Hsu, 1989), suggesting that the winds of a typhoon were
rotatory.
The observations of Dampier helped Redfield to reveal the secret of the hurricane of
1821, which struck the New England area. The hurricanes are great whirlwinds. The
velocity of rotation increases from the exterior of the storm toward the center of the
storm. The movement of the storm travels with a velocity much less than the velocity of
rotation.
The key behavior of the hurricane of 1821 led Reid (1838), Piddington (1848), and
Dove (1857) to publish articles on the law of storms. The main “law” in these articles
related the bearing of the center of a storm to the direction of the surface wind. In the
northern hemisphere, if a person stands with his back to the direction of the wind, then
the center of the typhoon is on the person’s left-hand side (i.e. the center of a typhoon
bears about eight points from the wind).
Additionally, all of these articles retold marine captain’s experience available during
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tropical cyclones in various ocean basins such as Caribbean, China Seas, Indian Ocean,
and North Atlantic. From these logs, Piddington and Dove derived the atmospheric
signs of an approaching typhoon, and they also outlined several principles for practical
use in navigation.
Among these articles on the law of storms, Dove’s received a wider attention because
he presented the conceptual model of a storm. Dove’s view on the nature of storms
was similar to Redfield, Reid, and Piddington, who referred storms, or tropical cyclones,
as rotatory. For the extra-tropical cyclone, Dove concluded that the cyclones, that were
normally associated with two linear, adjacent air currents, were results of the
mechanical interference of these two air currents (mechanical theory). Therefore,
Dove regarded many of the extra-tropical cyclones as non-rotatory (Dove, 1862).
Dove’s misconception of the mid-latitude cyclone as non-rotatory was due to his
un-acceptance of the use of synoptic charts. Instead, Dove solely derived his storm
model from series of observational records at an individual station.
Despite a follower of Dove, FitzRoy disregarded the concept of the two linear air
currents in the Dove’s storm model. FitzRoy just considered that the mid-latitude
cyclone resulted from the mechanical interference of the polar and tropical air currents.
Such a principle was discussed in detail in FitzRoy’s Weather Book (FitzRoy, 1863).
Therefore, FitzRoy’s warning system only predicted northerly gales and southerly gales.
This is the reason that FitzRoy’s warning system is judged of being not precise or
correct in the direction of gale. By stressing the mechanical interference, FitzRoy did
not consider the importance of thermal contrast and convection within a mid-latitude
cyclone. Subsequently, FitzRoy ignored the critical roles of the energy conservation and
conversion, and also the concept of adiabatic cooling in the rising current of air
(precipitation process) in a storm.
While Dove and FitzRoy promoted the idea of their storm model based on the
mechanical theory, a thermal (or convective) theory of mid-latitude cyclone (Buchan,
1868; Peslin, 1868; Mohn, 1870, and Reye, 1872) emerged in Europe between 1867 and
1872. The convective theory offered an alternative view on the development of a
cyclone (see Kutzbach, 1979).
b. 1884 – 1896
By 1874, Manila Observatory and Zi Ka Wei Observatory were established in 1865 and
1873 respectively. Therefore, writing for the Royal Society in 1879, de la Rue proposed
to Beach the establishment of an observatory in Hong Kong. The establishment of an
observatory in Hong Kong would be valuable because it was half way between Manila
and Zi Ka Wei. In the proposal, the Royal Society also pointed out that Hong Kong was
favorably located for the study of meteorology and in particular typhoon. In addition to
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the Hong Kong businessmen and Hong Kong Telegraphy, Hennessy supported the idea.
Hennessy then asked Palmer to draw up a detailed report on the establishment of an
observatory. On July 17, 1881, Palmer presented a proposal (entitled On the Proposal to
Establish a Physical Observatory at Hong Kong), which focused on three areas:
(1)

To determine the local time by astronomical observations and drop a time ball
daily.

(2)

To obtain series of meteorological observations with instrument of the best kinds,
and to acquire information relating to the typhoons and monsoons of the China
Sea.

(3)

To obtain series of observations in terrestrial magnetism, also with the modern
apparatus.

The establishment costs and annual maintenance costs of the observatory amounted to
$33,600 and $10,000 respectively, far exceeding than the financial ability of the
Government. Subsequently, in November 1881, Hennessy was told to stop spending any
more money on the establishment of an observatory until further authorization.
Around this time, the Shanghai Chamber of Commerce sought the British
Meteorological Council for assistance to organize a storm warning system for the China
Coasts. On March 24, 1882, realizing the important benefits to the British shipping in
the China Seas, Scott informed Meade about the proposal and indicated that the Chinese
Government requested the proposal to be recommended to the Hong Kong Government
for any support that Hong Kong could offer. Wodehouse and Meade concluded that
such a storm warning system for the China Coasts had a great practical value; they
suggested that further assistance from the British Foreign Office was necessary since
the cooperation of all the different governments concerned was needed. During the
month of March, Price happened to be in London on leave from Hong Kong. Therefore,
with regards to Hong Kong, Meade asked Price on March 31, 1882 to set up a meeting
with Scott, focusing on how the Hong Kong Government could assist towards the
establishment of the storm warning system and how the expenses should be defrayed.
After meeting with Scott, then on April 29, 1882, Price submitted a lengthy report to
Wodehouse about the proposed storm warning system for the China coasts. According
to Price, the project (as Price called it) consisted of four components:
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(1)
The instruction in meteorology of shipmasters navigating the China Seas with
the object of teaching them how to avoid the track of approaching storms.
(2)
The periodical telegraphic publication along the coast of the weather to be
expected at Shanghai during the coming twenty hours.
(3)
The organization of uniform plan of meteorological observations with the same
class of instrument at all the ports and lighthouses along the China Coast and on board
the larger vessels engaged in the coasting trade, and the periodical transmission of the
results to Shanghai.
(4)
The periodical verification of the instrument in use along the coast by their
comparison with the standard sets deposed at the Central Observatory.
While Price agreed with Scott, Wodehouse, and Meade on the practical value of a storm
warning system for the China Coasts, Price did not agree with the arrangement between
Shanghai and Hong Kong in the proposal.
To finance the work of the warning system for the China coasts, it required about
$19,200 annually. The Imperial Maritime Customs of China would share a large portion
of it. Local marine insurance companies, steamship companies, individuals, and
probably from Japan and various British settlements along the China coasts would make
up the reminder by yearly contributions.
Price reasoned that if Shanghai Chamber of Commerce expected any special assistance
from Hong Kong, Shanghai Chamber of Commerce would have addressed to Meade or
Wodehouse directly. Therefore, Shanghai Chamber of Commerce did not really need
any special support from Hong Kong. They viewed Hong Kong as a common financial
contributor along with other ports along the China coasts.
Price recommended that
Both observatories (at Shanghai and Hong Kong) would publish and exchange weather
forecasts for the benefit of the shipping frequenting their water, and it cannot be denied
that the value of the Hong Kong reports would be immensely enhanced by the
simultaneous appearance at Hong Kong, of those received from Shanghai and its
substations at other treaty ports; and with reference to the treaty ports weather reports.
By the periodical comparison and correction of the instruments to be used at all places
along the coast, and by the introduction among them of a general uniform system of
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observation, it is the circumstance of this extended area which the project will cover,
that promises to make its collaboration so especially valuable to Hong Kong and so
deserving of whatever precursory assistance that Hong Kong may afford.
If the Earl of Kimberley approves of a small yearly subsidy from public funds, which is
the only really practical way the Colonial authorities can assist, it might be intimated to
the Meteorological Society that His Lordship would not object to an application this
effect being considered by the Hong Kong Government. Such an application, if made,
should be accompanied by a statement of the amounts the promoters already could
upon from all sources, and by further information as to the kind and frequency of the
weather intelligence they would be able to furnish Hong Kong, and what is more
important, they should explain what degree of surveillance or responsibility the new
Central Observatory at Shanghai proposes to assume over the work of the chain of
observers along the China coast, whose collective report, if systematically issued under
one organization, will prove the most important feature of the scheme, to the proposed
new meteorological Establishment at Hong Kong.
On May 3, 1882, the final decision was made. Scott would inform Shanghai Chamber
of Commerce to submit some definite proposal for the Hong Kong Government. Upon
receiving the definite proposal, Wodehouse would direct Marsh to consider and report
upon it. Moreover, copies of correspondences on the subject of storm warning for the
China coasts would be sent to Marsh, who would consult his council and seek the views
of Hong Kong Chamber of Commerce and any other public bodies.
During 1882 and 1883, there was no indication that Shanghai Chamber of Commerce
continued to pursue the proposed storm warning system for the China Coasts. To secure
the establishment of an observatory in Hong Kong, Price submitted a new plan in May
1882 for the Observatory in Hong Kong, with about half of Palmer’s establishment and
maintenance costs. In his proposal, Price indicated that the Palmer’s estimates for the
Observatory were a wild guess. Price’s proposal was approved, and the construction
began in late 1882.
On March 2, 1883, Doberck, an astronomer, was appointed to head the observatory.
Figg was appointed as the first assistant on June 6, 1883. Both of them arrived in Hong
Kong in the summer of 1883. In the following autumn months, Doberck studied the
past records of weather kept at the Harbour Department.
In the autumn of 1883, Doberck visited the Treaty Ports of China (Canton, Amoy,
Foochow, Ningpo, and Shanghai) and finally met Hart for seeking his cooperation and
assistance in meteorological records. Hart ordered a copy of all meteorological
observations made in the harbours and lighthouses along the China coast to Doberck.
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When Doberck visited the Treaty Ports, he observed the dip of the magnetic needle of a
compass at each port. He published these results, including those at Hong Kong, on
November 23, 1883. The magnetic variation at different latitudes and longitudes helped
constructing charts over various ocean basins for the requirements of navigation.
While Doberck was in Shanghai, he inspected sixteen sets of new instruments stored in
the Custom House in addition to adjust and verify these new instruments that would be
distributed to stations. He also verified a great portion of instruments belonging to the
Imperial Maritime Customs that were suitable for making trustworthy observations.
Directed by Bowen, Doberck drew up ‘Instruction for making meteorological
observations in China’ together with two different forms for entering meteorological
observations. He coordinated the uniform times for observation in the Treaty Ports
and lighthouses.
Furthermore, to address the periodical publication of observations, the Commissioner of
Customs at Amoy suggested that the monthly meteorological registers be sent to
Doberck directly from Kiungchow, Pakhoi, and Canton. The monthly registers from
Swatow, Ningpo would be sent to Docbeck through the Commissioner of Custom,
Amoy. The monthly registers from the more northern stations and from those on the
Yagtze-Kiang would be sent to Doberck through the Commissioner of Customs,
Shanghai. Doberck would examine, verify, and make correction of these registers when
necessary. Doberck suggested that the registers be published in Shanghai by the order of
the Inspector General of the Imperial Maritime Customs.
For the telegraphic weather intelligence and storm warnings, the directors of Great
Northern and of the Eastern Australia and China Telegraph Companies agreed to send
meteorological messages between Hong Kong and Amoy, Foochow, Manila, Nagasaki,
Shanghai, and Wladiwostock.
Within three months, Doberck laid down the groundwork in coordinating uniform
meteorological observations along the China Coasts, regular exchanges of
meteorological information, and periodical publication of these meteorological registers.
What was not known at this time was the system of storm warning for the Chinese
water.
The observatory was finally opened on January 1, 1884, known as the Hong Kong
Observatory (here refer to the Observatory). In addition to the observations at the
Observatory, meteorological observations were also taken at Cape d’Aguilar, Green
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Island, and Stone Cutters’ Island, and Victoria Peak (Anonymous, 1952). Note that
Hong Kong Observatory was designated as the Royal Observatory, Hong Kong in June
1912; finally reverted to Hong Kong Observatory in July 1997.
In addition to recording meteorological, astronomical, and magnetic observations
regularly, the main function of the Observatory was to provide time service to the
public and storm warning to the shipping community. Moreover, the storm warning
signals were actually known as meteorological signals. Weather forecasting was not
part of the service.
Around the time when the construction of the Observatory was proposed in Hong Kong,
a discussion of building a lighthouse on Gap Rock (210 48’ 56” N and 1130 56’ 18” E)
was initiated in 1873. Gap Rock, a barren rock of about 400 ft long lied within the
Chinese water, was about 30 miles south of Hong Kong. It was not until 1886 when the
Hong Kong Chamber of Commerce, the Imperial Chinese Maritime Customs, and the
Hong Kong Government negotiated seriously about the term to build the lighthouse on
Gap Rock. Finally, the lighthouse was completed in 1892, and the lantern began to light
on April 1 1892. In later years, a telegraphic cable linked the Observatory and the
lighthouse on Gap Rock. Therefore, Gap Rock eventually became an important outpost
for meteorological observations and typhoon warnings.
i. Non-local warning system
On May 25, 1884, Doberck announced that notice of strong winds would be given to
the Harbour Office, the telegraph companies and the newspapers whenever there were
indications of strong winds. By August, Doberck introduced a storm warning system,
which was made up with four meteorological signals (Figure 3). A drum indicated that a
typhoon was located to the east of Hong Kong. A ball indicated that a typhoon was
located to the west of Hong Kong. A cone pointing upwards indicated that a typhoon
was located to the north of Hong Kong. A cone pointing downward indicated that a
typhoon was located to the south of Hong Kong. Contrarily to Fitzroy’s warning signals,
Doberck’s system indicated the probable position of a typhoon from Hong Kong, which
Doberck related them to navigation.
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Figure 3

Hong Kong Meteorological Signals, 1980
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In 1890, Doberck provided additional information of a distant typhoon by using color
signals (Figure 3). Red signals indicated that the center of typhoon was believed to be
more than 300 miles away from Hong Kong. Black signals indicated that the center of a
typhoon was believed to be less than 300 miles away from Hong Kong. Therefore, a
black drum would mean that the center of a typhoon was believed to be located less
than 300 miles east of Hong Kong.
ii. Local warning system
For the local residents (land dwellers, native boat population, and visitors who remained
on board in the harbour), Doberck only retained the firing of a typhoon gun as the local
warning signal. A typhoon gun, which was placed at the foot of the signal mast within
the Tsim Sha Tsui Police Station, was fired once when a gale was expected, twice when
winds of typhoon force was likely to occur, and three times when the wind was likely to
suddenly shift around during gales.
Additionally, observations of gales made at 1000 and 1600 hours were also posted at
1000 and 1600 hours on notice board at the offices of the China Telegraph Company,
the Eastern Extension Australia, Harbour Office, and the Pedder’s Wharf.
In 1890, night visual signals were also introduced in the local warning system. At night,
two lanterns were hoisted vertically, signifying bad weather in Hong Kong and that the
wind was expected to veer. Similarly, two lanterns were hoisted horizontally, signifying
bad weather in Hong Kong and that the wind was expected to back.
After 13 years of operation, the staff at the Observatory evaluated the local gale
warning with a method adopted at the British Meteorological office. Accordingly, it
would be a success when a gale of force 8 and upward blew within 48 hours at a
location near sea level within 50 miles of the location where the signal was hoisted. It
would be a failure if the gale blew at a magnitude of force 9 before the signal was
hoisted.
Therefore, the calculation would include not only the gales during the typhoon situation
but also the winter monsoon situation. However, the typhoon gun was not fired in the
winter monsoon when gales occurred. By including the gales during the winter
monsoon, the successful rate was 75%, but it increased to 83% if the cases of winter
monsoon were excluded.
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Also, it was found that the typhoon gun (two rounds) was fired about 6 hours in
advance of the strong wind, which was on an average of 85 mph. It was concluded that
two rounds and three rounds were superfluous since one round provided ample
warnings in advance. Subsequently, Doberck suggested that the signals of two rounds
and three rounds of firing the typhoon gun would be discontinued.
iii. Difficulty with using the warning system
In the early years of operation, the hoist of storm signals encountered several problems.
The signals, initially made of perforated canvas and framed in leaden pipes, were rather
light. They were easily blew down and damaged. The cord that supported the signals
was too weak. Therefore, following Price’s suggestion, a new set of signals was made
with rattan, but their original dimension was reduced from six feet in diameter to only
four feet in diameter.
Intentionally, the signals were meant for the non-local warning signals, which referred
to the distant weather from Hong Kong. They were hoisted only to show marine
captains the distant weather they would expect after sailing from the Victoria Harbour.
Contrarily, the firing of a typhoon gun was meant for the local warning signal, which
indicated the local gale condition. However, the general public confused the two; the
local residents largely interpreted the signal in such a way that bad weather would be
expected. Despite Doberck explained to the public that these signals did not imply the
arrival of bad weather in Hong Kong, the general public insisted on confusing the
non-local with local signals ever since (Starbuck, 1951).
To deepen the confusion, the gun was also fired in 1885 as a mail gun when the mails
arrived from overseas. Therefore, the situation frequently led to chaos as the local
vessels sought shelter from a non-existent typhoon. By 1886, the firing of the mail gun
was discontinued in order to avoid further confusion.
iv. Doberck’s law of storms
When Doberck became the Director of the Hong Kong Observatory in 1884, Doberck
was certainly aware of previous articles on the law of storms. Between 1886 and 1889,
Doberck published a series of meteorological papers on the subject of typhoon in the
Far East: (1) The Law of Storms in The Eastern Seas (Doberck, 1886), (2) Cause of
September Typhoon in Hong Kong (Doberck, 1888), (3) Results of Further
Investigations Concerning Typhoons (Doberck, 1888), and (4) The Law of Storms in
China (Doberck, 1889).
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Doberck’s articles described various aspects of typhoons based on empirical studies,
prompted by expanding use of ship data and synoptic charts, in addition to the
climatology of typhoon and the typhoon tracks for 1884 and 1885 typhoon seasons in
East China.
These articles did not attempt to offer the accounts how a typhoon developed or shed
light on the theories that governed the formation of the typhoons. However, Doberck
noted that typhoons in the China Sea originated in an elongated slight depression, which
lied across the Philippines and the China Sea, and sometimes extended far into the
Pacific Ocean. To the north of the surface depression the surface wind was northeasterly
while to the south of the surface depression the wind was southwesterly. Furthermore,
the axis of the surface depression shows seasonal, latitudinal migration.
Doberck related warning signals to navigation and offered numerous practical rules in
navigation. For instance, when a ball was hoisted, the vessels starting for northern,
eastern, and southern ports might expect breezes from E round to S and SW. Those
starting for western ports ran no risk as long as the barometer continued to rise. If the
barometer ever happened to fall, those ought to take the vessels to refuge, if necessary,
in a typhoon anchorage such as Saint John’s harbour.
In the article on the Law of Storms in the Eastern Seas, Doberck doubted the accuracy
of a principle (the eight-point rule) of determining the center of a tropical cyclone
proposed by Redfield, Reid, and Piddington. Doberck provided shipmasters a more
accurate principle (the twelve-point rule) how to ascertain the center of a typhoon in the
China Seas from the direction of the wind by using Buys Ballots’ law (Anonymous,
1979). One can apply the Buys Ballots’ law to locate the center of a typhoon in the
following way. In the northern hemisphere, if a person stands with his back to the
direction of the wind, then the center of the typhoon is on the person’s left-hand side but
about three-points in front of a person’s left-hand (i.e. the center of a typhoon bears
about eleven points from the wind). Once the shipmaster ascertained the center of a
typhoon, marine captains would follow several principles to steer their ships away from
the typhoon or maneuver their ships from being drawn into the center of a typhoon or
ahead of a typhoon, thereby increasing the chance to survive in a typhoon in open seas.
Here the horizontal plane is divided into 32 points similar to a compass with 11.25
degrees increment in each point.
Since The Law of Storms in the Eastern Seas appeared in Nature, Doberck continued to
revise his article. In 1904, Doberck published his fourth edition of the article as a
governmental report.
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c. 1897
A major change in the storm warning system occurred on February 1, 1897 in Hong
Kong. The Observatory adopted the FitzRoy’s storm warning system (FitzRoy, 1863)
with a minor modification. What circumstances brought such a change were not clear
since the design of FitzRoy’s warning system was intended for a mid-latitude cyclone.
Weather forecasts and storm warnings, for the use of the public ashore and afloat, are
issued at 11:00 am, and also at other hours, whenever necessary, especially during the
typhoon season.
Storm Signals
Storm-signals are hoisted on the mast beside the time-ball at Kowloon Point. They are
similar to those hoisted in the British Isles by order of the Meteorological office,
London.
Northerly gales
A cone point upwards means that strong winds are probable from the northward or
eastward.
Southerly gales
A cone point downwards means that strong winds are probable from the southward or
westward.
These signals are considered justified if followed, at any place within 50 miles of where
they are hoisted, by winds of force 6 or upwards to force 12 within 48 hours, and too
late if it blows a gale of force 9 before they are hoisted.
Very heavy gales
A drum may be hoisted with the cone at times when the weather-forecaster believes that
a strong gale, which may possibly reach typhoon force from the direction indicated by
the cone, is approaching, and a gun, place at the foot of the mast, is fired, whenever the
drum is hoisted.
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The use of drum is at present suspended in the British Isles, and no gum is fired there. It
is considered justified if followed, at any place within 50 miles of where it is hoisted, by
a gale of force 8 and upwards to force 12 within 48 hours, and too late if it blows a gale
of force 9 before it is hoisted.
Night signals
At dusk whenever a signal ought to be flying, if it were daylight, a night signal will be
hoisted in place of the cone, consisting of three lanterns showing white or any colour
but all alike, hung on a triangular frame, point upwards or downwards as the cone may
be. No lanterns are hoisted to represent the drum.
The modified Fitzroy’s warning system was used in three occasions of gale situation in
1897. Then, on January 29, 1898, the FitzRoy’s storm warning system was then
reverted to the local and non-local warning systems of 1884. The reasons were not
based on science but rather upon the request of the Committee of the Chamber of
Commerce, who stated:
Those signals, having been in use for 13 years, were becoming gradually more and
more understood and rightly interpreted by the boat and faring people as the time went
on, as is always the case, the committee believe, when a system of signaling is
introduced. They likewise convey to masters of ships information of the states of the
weather at a distance on the voyages on which they are about to sail information which
the present storm warnings do not supply.
Cleary, the marine captains and vessel masters found FitzRoy’s warning system less
informative about the distant weather conditions because the marine captains and vessel
masters could not decide when the vessels should set sail and what route the vessels
should take in order to avoid a distant storm.
8. Conclusions
The need of a storm warning system for the Chinese water during the typhoon season
was well recognized as early as the establishment of Hong Kong. Thomsett’s warning
system was primarily designed for the mariners within the harbour. Using the surface
winds in the harbour, Thomsett warned the local mariners of the probable arrival of a
typhoon.
It was not until Palmer who proposed to obtain meteorological observations and to
acquire information relating to the typhoons in the China Sea, as part of the
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establishment of an observatory. The suspension of Palmer’s plan was probably a
wise decision partly because of the Shanghai Chamber of Commerce’s proposal on a
storm warning system for the China Coast and partly because of Hong Kong financial
condition.
More important, it allowed Price, who happened to be in London, to meet Scott and to
compare and contrast both plans. In retrospect, Price played a critical role in the
establishment of the Hong Kong Observatory because he not only protected the interests
of Hong Kong but also shaped the role and the scope of work of the Hong Kong
Observatory in the Far East.
By the time Price submitted a new plan, Price had assimilated both plans, based on
Shanghai Chamber of Commerce and Palmer, into a new plan for the Observatory, as
shown by Doberck’s groundwork before the opening of the Hong Kong Observatory.
The goal was to instruct the shipmasters on the subject of marine meteorology and
terrestrial magnetism necessary for navigating the China Sea and how to avoid the track
of approaching typhoons. It was no wonder why Doberk’s storm warning system was
largely for non-local purposes. Consequently, it led Doberck to produce a large
volume of knowledge on typhoon in the China Seas, including The Law of Storms in the
Eastern Seas.
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Appendix I.

Biographical Notes

Babington, Acting Head (June 1866 - December 1866), the Meteorology Department,
Great Britain.
Beach, M. H., Secretary of State for the Colonies (1878 - 1880), Great Britain.
Bisbee, A. M., American Navy Captain, Harbour Master (1868-1875), Southern Region
of the Chinese Maritime Custom Service, China.
Dechevrens, M., Jesiut, worked with Father Lelec and Father Chevalie in marine
meteorology at the Zi Ka Wei Observatory, Shanghai, China.
Doberck, W., Director (1884 - 1907), Hong Kong Observatory, Hong Kong.
Chevalie, S., Jesiut, worked with Father Lelec and Father Dechevrens in the marine
meteorology at the Zi Ka Wei Observatory, Shanghai, China
Gherzi, E., Jesuit , Director (1930 – 1949), Zi Ka Wei Observatory, Shanghai, China.
Figg, F. G., First Assistant to Doberck
Kong Observatory, Hong Kong.

(1884 -1907); Director (1907-1912), Hong

FitzRoy, R., Director (1855 -1865), British Meteorological Office, Great Britain.
Franklin, B. (1706-1790) American writer, printer, inventor, and diplomat during the
American colonial time.
Froc, L., Jesuit, Director (1902 -1930), Zi Ka Wei Observatory, Shanghai, China.
Hart, R., first Inspector General (1863 -1911), Chinese Maritime Custom Service,
China.
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Hennessy, J. P., Governor (1877 - 1882), Hong Kong.
Henry, J., the Secretary of the new Smithsonian Institution, USA, in 1845.
Heywood, G. S. P., Director (1946-1955), Royal Observatory, Hong Kong.
Lapham, I. A., of Milwaukee, issued storm warnings over the Great Lake region in
1870.
Lelec, H, Jesuit, established the Zi Ka Wei Observatory in 1873.
Marsh, W. H, Acting Governor, (1882-1883), Hong Kong.
Mckinley, W., 25th President (1897-1901), USA.
Meade, R. H., Private Secretary to the Secretary of State for the Colonies (1868-1882),
Great Britain.
Myer, A. J., US Army General, the Chief of the Signal Service in 1860.
Palmer, H. S., Royal Engineers (1878-1883), Hong Kong.
Paine, H. E., US Congressman from Milwauke, introduced a resolution on storm over
the Great Lake region in 1870.
Price, J. M., Surveyor-General (1879-1888), Unofficial Member of the Legislative
Council (1877-1884), Hong Kong.
Redfield, W., naturalist, revealed the nature of a hurricane that struck New England in
1821.
Scott, R., Director (1865-1900), British Meteorological Office, Great Britain.
Su, S., resided in Hainan Island and described his experience during a typhoon in 1094.
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He was the son of Su Shih (1036-1101), a great poet in Song Dynasty.
Thomsett, H. G., Harbour Master (1873 -1891), Hong Kong.
Tyler, W. F., British Navy Captain, Coastal Inspector (1903-1918), the Chinese
Maritime Custom Service, China.
Wodehouse, E. H., Earl of Kimberley, Secretary of State for the Colonies (1870 - 1874;
1880 - 1882), Great Britain
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Merging Nowcasting and NWP in Weather Warning Operations, with
Specific Reference to Landslides
Queenie C.C. Lam, Hong Kong Observatory
1. Introduction
In support of weather forecast and warning operations for different time frames, various
forecast suites and visualization tools have been specially designed and implemented in
the Hong Kong Observatory (HKO).
These suites generate timely and
easy-to-interpret analysis and forecast products to facilitate forecasters’ formulation of
forecast strategy and operation of weather warnings. Noting that accuracy, timeliness
and effective communications are key factors leading to the success of a weather
warning service, HKO strives to enhance the service by taking advantage of the latest
advance of nowcasting and forecasting techniques together with the computer and
communication technologies. In recent years, HKO has devoted much effort to the
development of nowcasting and forecasting systems in support of an array of weather
warnings. This paper describes how the suites of forecasting systems developed by the
HKO support the operation of weather warnings in Hong Kong. Performance
evaluation, limitations, challenges and opportunities in the future are also discussed.
2. Weather warnings in Hong Kong
HKO has a long history of operating severe weather warning systems. The warning
systems have evolved over the years to meet the public’s changing demand. Figure 1
summarizes the history of the severe weather warning systems operated by the HKO.
In response to the growing need to warn of the hazardous phenomena associated with
mesoscale rainstorms, HKO introduced short-range warnings for heavy rain in 1967.
It has evolved into an array of warnings covering flooding and landslips as well. The
Landslip Warning was introduced in 1983. A Rainstorm Warning System using
different colors to warn different levels of heavy rain was introduced in 1992 after a
severe rainstorm event of 8 May in the same year. When it was first introduced,
issuance of the warnings was based on the actual amount of rainfall which has fallen
generally over Hong Kong. Technological advancement gained from the development
of nowcasting system and mesoscale modelling enabled the introduction of a forecast
element into the rainstorm warning system later. The system was revised in 1998 and
now there are three levels of warning, viz. Amber, Red, Black, which means heavy rain
exceeding 30 mm, 50 mm and 70 mm respectively has fallen or is expected to fall
generally over Hong Kong in an hour. Key government departments and major
transport and utility operators are put on alert if Amber rainstorm warning is issued.
Over a 12-year period from 1992-2003, the annual occurrences of Amber, Red and
Black rainstorms on average are 28, 4, and 1 respectively.
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Special announcement for flooding over the northern part of Hong Kong and landslip
warning were implemented for targeted groups of people who live or commute in
low-lying areas and near precarious slopes respectively. All these warnings have
profound impact on economic and societal aspects. Timely and reliable quantitative
precipitation forecast (QPF) in the short range, especially several hours ahead, will be
of prime importance.
Figure 1: History of severe weather warning systems in Hong Kong.

3. Rainstorm nowcasting system
Nowcasting covers the forecast range that forecasters often have to make critical
operational decisions in rapidly developing weather situations. It has become an
increasingly important and specialized subject that supports decision making in daily
forecasting and warning operations. Nowcasting, according to the definition by
Conway (1998), is forecasting with local detail, by any method, over a period from the
present to a few hours ahead with the inclusion of a detailed description of the present
weather.
A radar-based nowcasting system SWIRLS (Short-range Warning of Intense
Rainstorms in Localized Systems), which was developed in-house at HKO, was put into
operation in 1999. It provides local analysis and forecasts of rainfall up to 3 hours
ahead. It supports forecasters in formulating nowcasting strategies in operating the
Rainstorm Warning System in Hong Kong. It also supports forecasters in operating
the Landslip Warning System in collaboration with the Geotechnical Engineering
Office (GEO) of the Civil Engineering Department of Hong Kong. The HKO is
responsible for providing 3-hour rainfall forecasts for assessing the short-term trends in
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the running 24-hour accumulated rainfall, a parameter found to correlate well with
landslip occurrence.
In SWIRLS, rainfall rate (R) is estimated from radar reflectivity factor (Z) through a
dynamic empirical relation. It makes use of more than 100 raingauge data over Hong
Kong to calibrate radar reflectivity in real-time using linear regression method.
Radar CAPPI reflectivity data at 1-km height are used to correlate every five minutes
with the rainfall recorded by the raingauges underneath within a searching area. The
adjusted Z-R relationship is used subsequently in the forecast module, based on TREC
(Tracking Radar Echoes by Correlation) winds, to convert the forecast radar reflectivity
pattern into future rainfall figures at the raingauge positions. The procedures adopted
largely follow Zawadzki et al. (1986) and details of the radar-raingauge adjustment can
be found in Li et al. (2000).
The TREC wind analysis is updated every 6 minutes from the latest radar scan and the
forecast movement of rain cells will also be updated accordingly. With suitably
chosen box size, the TREC can reveal the rain movement on different spatial scales.
Figure C3 illustrates an example of motion vectors produced by TREC for a rainband in
perturbed southwesterly flow in a case of Amber Rainstorm as described in Lai et al.
(2001).
Individual rain echoes typically move northeastward in the direction of
prevailing wind as shown by the TREC vectors in Figure C3. However, the rainband
as a whole actually moved southeastward. To track and estimate the echo movement
in a group, another module has been developed called GTrack (Group Tracking).
GTrack is an “object-oriented” technique for tracking the movement of a storm as a
total entity. The pixels over some pre-defined intensity threshold are grouped in the
form of an ellipse. The movement of ellipse centroids will be tracked between
successive radar images. Figure C3(b) shows the GTrack analysis of the same case as
in Figure C3(a). It clearly shows that GTrack is capable of indicating the
southeastward movement of the rainband as a whole in spite of the fact that individual
small-scale features were moving northeastward. Unlike the embedded rain cells
which can have a volatile life history, the overall rainstorm system organized on the
larger scale tends to move more steadily. As long as the rainstorm systems are
well-defined, system movement can be reliably tracked and their short-term positions in
the next couple of hours well handled. To the operational forecaster, such information
is very useful to rainstorm nowcasting and the operation of weather warnings related to
heavy rain.
Through linear extrapolation, the TREC vectors of past echo movement are used to
estimate future positions of rain echoes in the next 1-3 hours. Combining with the rain
estimation from radar reflectivity and raingauge data and assuming no change in echo
intensity, SWIRLS rainfall forecasts and automatic warnings up to 3 hours ahead will
be provided to the forecasters every 6 minutes, around 10 minutes after radar
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observation time, in support of operational rain-related warnings. Operational
experience suggests that reasonable rainfall forecasts can be achieved within the first
three hours as long as the advective process is dominant and provided there is no
volatile fluctuation in echo intensity.
A SWIRLS rainstorm nowcasting tool named “Rainstorm Viewer” has also been
developed to facilitate the monitoring of rainfall trend and decision making for
rainstorm warning in the next hour. Statistical method based on historical rainstorms
statistics has been used in conjunction with SWIRLS QPF to generate probabilistic
forecast of Rainstorm Warnings together with average lead time information every 6
minutes for the next hour. This is the first probabilistic nowcasting tool for
operational trial in 2003. A sample of the Rainstorm Viewer display is shown in
Figure C4. Preliminary assessment is that the nowcasting tool provides additional
useful guidance for the risk assessment of the occurrence of rainstorms.
4. Objective rainfall guidance from NWP models
In support of short-range forecasting operations, HKO operates a mesoscale hydrostatic
model developed based on the RSM of the Japan Meteorological Agency (JMA). The
HKO’s ORSM (Operational Regional Spectral Model) was put into operation at 20-km
and 60-km resolutions to provide 24-hour and 48-hour forecasts respectively in 1999.
Both models are configured with 36 vertical levels (Lam et al., 2000). The 20-km
model is run in a 3-hourly analysis-forecast cycle and is one-way nested into the 60-km
model. The data cut-off time is around 2 hours and the products are made available to
the forecasters around 4 hours after model analysis time. The 60-km model is run in a
6-hourly analysis-forecast cycle with boundary data provided by JMA’s Global Spectral
Model forecasts. The data cut-off time is 3 hours and the products are made available
around 5 hours after model analysis time. The model domain configurations are
shown in Figure 2. The forecast ranges for 20-km and 60-km ORSM have been
extended to 42 hours and 72 hours respectively in late 2003.
In addition to the conventional surface and upper air observations, radar data is ingested
into the model through physical initialization technique with a view to improving
rainfall forecast, especially for the first few hours. Hourly rainfall analysis data, which
is provided by the radar-based SWIRLS nowcasting system, is utilized in the model
three hours before model analysis time so as to adjust the initial heating profile and
dynamic forcing. As the rainfall analysis from radar and raingauges covers only a
limited portion of the model domain, rainfall estimation based on information derived
from the Geostationary Meteorological Satellite (GMS) such as cloud top temperatures
and cloud cover are also used. Results from model impact studies show that physical
initialization helps alleviate the spin-up problem in model simulation, especially for the
first 6 hours of forecast, and produce more realistic QPF (Lam et al., 1999).
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Figure 2: Model domain of 20-km ORSM covering 10–35 N, 100-128 E (inner box)
and 60-km ORSM (outer box) spanning 9 S – 59 N, 65-152 E.

Text forecasts mimicking those issued by forecasters including state of sky, wind
direction and strength, maximum and minimum temperatures, visibility and categorical
precipitation forecasts based on ORSM outputs are generated automatically. In
addition, automatic warnings of rainstorms and thunderstorms are also produced based
on calibrated model rainfall forecasts and model outputs of instability index, low level
mixing ratio, vertical velocity, convergence and relative vorticity as well as upper level
divergence in the vicinity of Hong Kong. The calibration of model rainfall was done
by comparing model predicted rainfall with the actual rainfall recorded over Hong Kong
in historical rainstorm cases. The rainfall thresholds for the automatic NWP-based
rainstorm warnings are mapped to those for the actual warning criteria for different
levels, viz. Amber, Red and Black. A sample of automatic weather forecasts and
warnings for a rainstorm day is given in Figure C5. For 60-km ORSM, warnings of
heavy rain instead of rainstorms signified by different colours are generated due to the
limitation in model resolution.
To create an ensemble picture of NWP-based QPF, forecasts from successive model
runs are displayed together to provide a combined value-added pattern. This enables
forecasters to visualize where and how various rainfall forecasts have agreed or
disagreed. Areas of significant rain reaching the rainfall thresholds of the automatic
NWP-based rainstorm warnings will be isolated and coloured matching with the colored
rainstorm warning system. Overlapping of these coloured regions will appear in
deeper colour. Forecasters can then easily interpret from a visual picture of confidence
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levels and pinpoint the high-risk rainstorm areas objectively. Akin to ensemble
prediction, the spread of the forecast rainfall patterns is potentially a measure of how
sensitive are the model forecasts to the initial states with different initial times. The
results are presented in the form of “rain index” giving the confidence or crude
probability of rainstorm warning and producing timely alerts for forecasters’ early
reference (Figure C6).
5.

Merging nowcasting with NWP

To create an ensemble and coherent picture of QPF from different forecast suites,
information on QPF has been collated from all available sources into one integrated
display for forecasters’ reference since 2001. Currently, QPF from NWP system is of
insufficient accuracy and resolution for flood and landslip prediction in the first few
hours. Nowcasting, which is mainly based on the extrapolation of processed radar
data, covers the flaws in this forecast time frame. However, NWP information can in
turn extend the validity range of nowcasting projections and is capable of forecasting
the general trend of rain development over an extended forecast period.
To facilitate forecasters’ interpretation of model forecast and decision-making in
rainstorm situations, HKO has developed a forecasting suite which merges the outputs
from SWIRLS and ORSM in a combined display panel for forecasters to visualize
operation-critical information. Figure C7 shows a combined display of SWIRLS and
ORSM rainstorm forecasts. Such visualization technique is very useful to forecasters
for a quick assimilation of QPF information and alert of likely rainstorms and
rain-related warnings.
As for the design of forecast suites in support of weather warning operations,
“blending” the nowcasting and NWP systems will be a direction to move towards in
order to complement the two systems with each other to achieve the optimal
performance of rainfall forecasts given the recent scientific and technological advances.
Currently, SWIRLS generated rainfall analysis is utilized in the physical initialization
process of the ORSM. Besides, SWIRLS derived TREC winds are also being tested
for assimilation in the ORSM and ARPS (Advanced Regional Prediction System
currently under operational trial at 6 km resolution) with a view to improving
initialization of tropical cyclones and hence the associated wind and rain forecasts (Lam
et al., 2003). Preliminary assessment shows that TREC winds might have potential to
improve forecast of rain and winds associated with landfalling tropical cyclones. The
application of TREC winds in rainstorm cases will also be explored in the future.
Before the realization of a perfect model and a fast enough computer to support weather
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forecast and warning operations, radar-based nowcasting system is expected to remain
as the key tool to support rain-related warning operations. To SWIRLS, enhancements
could be made in the advection algorithm and use of rain intensity profile. To achieve
the optimal performance, it is beneficial to adopt an engineering approach in the
merging of the two systems. Information from model generated wind fields and model
derived parameters can be used in the advection algorithm to handle the combined
effect of motions on a range of spatial scales, and to enhance the intensity profile
algorithm to cater for the growth and decay factors. Use of empirical rules or
supplementary methods based on statistical and pattern recognition techniques or
forecasters’ rules of thumbs can also be incorporated into the nowcasting system to
achieve better performance in volatile rainfall pattern. In fact, studies on rainfall
enhancement judging from the signature pattern of radar echoes using Artificial Neural
Network (ANN) and Hough Transform Module (HTM) was attempted and the results
showed initial promises (Lai et al., 2000). ANN and HTM can serve as supplementary
methods in SWIRLS. To establish empirical rules, satellite data such as GPS, SSM/I
and TMI will be potentially useful. Besides, other factors like drop size distribution
and the vertical variation of radar reflectivity as well as topography can also be included
in the enhancement algorithms to improve rainfall forecast for the next couple of hours.
6. Applications to landslip risk assessment
The HKO has been operating the Landslip Warning Service in collaboration with the
GEO since 1983. The correlation between rainfall and landslide density has been
carried out by GEO for the development of a set of Landslip Warning criteria. The
running 24-hour rainfall is a promising parameter to correlate with the number of
reported landslides. In the past, QPF was hampered by a lack of forecasting tool and
the rainfall factor in the issuance of landslip warning relied solely on actual
observations. Over the years, advancements in radar technology and nowcasting
techniques have allowed HKO to introduce a forecast element in the Landslip Warning
service. Starting 2000, HKO provides 3-hour QPF to assess the short-term trends in
the running 24-hour accumulated rainfall by topping the 21-hour actual rainfall from
raingauges with the 3-hour rainfall forecast. The estimation of rainfall distribution in
the next 3 hours is again an extrapolation of echo movement along the TREC vectors,
similar to those for the next hour forecast.
Subsequent to a review conducted by Pun et al. of GEO (1999), the geographical factor
has been included in the operational assessment of landslip risk. Raingauges are
assigned to represent specified areas with past history of reported landslides. Those
have a long history of landslip occurrences are assigned larger weightings, and vice
versa for those with less historical occurrences. The number of likely landslip
occurrences for each raingauge is then derived through statistical correlation. Taking
into account the factor of such vulnerable area weighting factor, SWIRLS was designed
to trigger an automatic alarm to the forecaster when the sum of likely landslips from all
contributing raingauges exceeds a pre-defined threshold. The alarm was later
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modified when the grid-based landslip warning criteria were adopted in 2004
subsequent to a review by Yu et al. (2003). In the grid-based landslip algorithm, a
new set of correlations between landslide density and the maximum running 24-hour
rainfall developed using more recent landslide data and different types of slopes (e.g.
soil cut slopes, rock cut slopes, fill slopes and retaining walls) was employed in
predicting the number of landslides (Yu, 2002). The number of landslides in a grid
cell of around 1.2 km by 1.5 km is estimated by summing up the number of landslides
for each slope type, which is obtained by multiplying the average running 24-hour
rainfall within the grid by landslide frequency and the number of slopes for a particular
slope type within the grid cell. The total number of predicted landslides in Hong Kong
is then the sum of predicted landslides in all grid cells. In the grid-based landslip
warning algorithm, the role of 3-hour SWIRLS rainfall forecast remains the same as
that in the previous raingauge-based algorithm.
As an illustration, the distribution of 21-hour rainfall observations and 3-hour SWIRLS
rainfall forecast in connection with a landslip event on 5 May 2003 is shown in
Figure C8. The QPF guidance is updated every 6 minutes and forecasters will be
promptly alerted to possible landslip risks as the rain event unfolds and GEO staff
immediately informed accordingly. In this illustrative case, SWIRLS triggered a
landslip alert to the forecaster at 0542 H and the rainfall criteria was eventually met at
0840 H, giving a lead time of nearly 3 hours.
7. Verification statistics
Knowing the highly variable nature of rainstorms and the current model skill in
providing accurate forecasts of the locations, intensity and timing of rainstorms, it may
be more practical from forecasters’ application viewpoint to verify model generated
rainstorm warnings at certain intensity range against the observed rainstorms based on
the number of rainstorm days. Objective verification was performed using the dataset
in 2001-2003. There was a total of 63 rainstorm days, including those for Amber, Red
and Black rainstorms. The probability of detection (POD) is 0.82 which means the
20-km ORSM successfully provided early indications of rainstorms in about 80% of the
cases. However, noting that the forecast-based false alarm rate (FAR) is similarly high,
extra methods have to be devised to provide forecasters with additional guidance on the
reliability of NWP-based rainstorm forecasts. Verification of ORSM QPF was also
done using a modified Contiguous Rain Area (mCRA) method. The original CRA
method was proposed by Ebert and McBride (2000) as an object-oriented approach for
verifying NWP daily rainfall forecasts. In CRA, model grids with QPF over some
prescribed thresholds are identified and grouped together to form a forecast object.
Verification results show that the model has its best skill in precipitation forecast at
around 5 hours after model initial time. In spite of the inherent limitations in forecast
accuracy, the overall model results have nonetheless proven to be functional and useful
for producing early alerts of rainstorms for forecasters’ reference.
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With special reference to landslide application, the verification of the SWIRLS landslip
alert was performed using the dataset in 2001-2003. There was a total of 22 cases.
Figure 3 shows the distribution of the number of SWIRLS alarm occurrences for
various lead times before the observed 24-hour accumulated rainfall reached the
warning criterion. Among 22 cases, 15 were successes with a lead time of up to 4
hours; 2 were late but with a time lag of no more than 1 hour; and 5 was false alarm in
which the rainfall never reached the criterion. The average lead time was around 1.3
hours, 7 of the cases falling in the 1-2 hours bracket.
In the two late cases, the SWIRLS either under-forecast the 3-hour rainfall or failed to
forecast the location of heavy rain accurately. In the false alarm event, rapid
weakening of radar echoes within 3 hours kept the actual rainfall below the landslip
warning threshold.
From the contingency table based on the same set of verification data, POD is 0.88 and
the FAR is 0.25. The CSI (Critical Success Index) is as high as 0.68. The
performance indices suggest that the SWIRLS landslip alert is a robust guidance to help
objectively assess the landslip risk, and to facilitate decision making regarding landslip
warnings.
Figure 3: The numbers of SWIRLS landslip alerts with specified lead times before
the warning criterion was reached.
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The development and implementation of SWIRLS and ORSM has definitely made a
difference in generating useful objective rainfall prediction for guidance and reference.
Early alerts of heavy rain are provided to the public through regular weather bulletins
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whenever possible. From the public viewpoint, opinion polls since 2000 on average
considered nearly 80% of the Observatory’s rainstorm warnings and forecasts as
accurate, an increase of 3% compared to statistics for 1999 when the operation of
SWIRLS and ORSM commenced in the latter part of the year.
8. Concluding remarks and looking ahead
Nowcasting was originally considered to involve the specification of initial state with
forecast derived from extrapolation of initial conditions. It has been shown that
SWIRLS nowcasting system exhibits useful predictive skill for QPF up to 3 hours
ahead and support rain-related warnings. The verification results in 2001-2003 show
that the POD of SWIRLS automatic landslip alert stands a high value of 0.88 and the
FAR is just 0.25. The average lead time of the alert is around an hour or so.
SWIRLS has been proven its capability in providing reliable guidance to forecasters for
making decisions in respect of Landslip Warnings.
With the SWIRLS radar-raingauge analysis rainfall assimilated through the technique of
physical initialization, NWP-based QPF from ORSM becomes more realistic in the
vicinity of Hong Kong especially for the first 6 hours of forecasts. The moisture
information so derived from the radar-based nowcasting system is useful to NWP
models. The wind information retrieved from radars will also be useful for initializing
the model dynamical field. Preliminary numerical experiments show the potential of
the application of multiple levels of TREC wind data. The NWP-based QPF will be
useful for providing trend forecast of rainfall and indications of rainstorm days. This
allows forecasters to carry out rainstorm risk assessments at a much earlier time frame
so as to make better arrangements and preparations for the coming rainstorms.
Looking ahead, it will be a general trend to blend nowcasting with NWP model
forecasts to achieve an optimal performance of QPF at lead times of around 6 hours
ahead. The “merged” product will be more skilful than either component of the
state-of-the-art systems. In fact, this is basically an engineering approach which is
believed to be the most practical way to obtain the best achievable results and to present
an integrated coherent picture of the rainstorm forecasts for forecasters’ timely
reference.
Limitations in model resolution and imperfect models render QPF difficult to come by.
Although model resolution has increased dramatically over recent years, fairly crude
parameterizations of convection that were designed for coarser models continue to be
used in NWP. To improve model QPF, it may be necessary to run the models on grid
scales that can explicitly resolve clouds so that cloud physical and dynamical processes
can be more accurately represented with new moist physical schemes. As such, the
validity of the hydrostatic assumption in the ORSM will render it inapplicable for high
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resolution model run. There will be a gap between SWIRLS nowcasting system,
which provides rainfall forecast with high spatial (5-km resolution for 64-km range of
radar scan) and temporal (forecasts every 6 minutes in the first hour) resolution, and the
ORSM (20-km resolution at the highest; forecasts every 3 hours).
Gearing towards more effective merging of nowcasting and high-resolution NWP
model in supporting weather warnings operation, HKO has planned to develop a
Rainstorm Analysis and Prediction Integrated Data-processing System (RAPIDS) to
bridge the gap of very short-range forecast of rainstorms between SWIRLS and ORSM.
RAPIDS will be a rapidly updated analysis and forecast system to provide forecasts at
every hour up to around 6 hours ahead. A non-hydrostatic model (NHM) will form the
key forecast component of RAPIDS. Before the implementation of a 3D or 4D
variational data assimilation system in RAPIDS to better assimilate asynoptic
remote-sensing data, LAPS (Local Analysis and Prediction System), which is the data
analysis system currently being tested under the umbrella of SWIRLS, will be one of
the candidates to couple with the NHM in RAPIDS. The system will run at 1- or 2-km
resolution with the assimilation of mesoscale observations particularly ground-based
remote-sensing radar data and satellite data. Making better use of the emerging
opportunities including multiple radars in the Pearl River Delta, satellites carrying
microwave sensors or radars, GPS satellites, SSM/I and TMI data which carry moisture
information, etc. will enable a better start for model forecast and provide useful
information for incorporation into the nowcasting system through additional forecast
rules and enhanced algorithms.
Another practical way with engineering approach to improve QPF using existing NWP
models is the use of ensembles to generate multiple rain scenarios and probabilistic
forecasts to cater for the uncertainties due to imperfect models or errors in initial
conditions.
The ensembles can be generated from multi-analysis systems,
multi-models or multi-model runs. A Poor Man’s ensemble of QPFs from a number of
operational centers has been shown to perform well in the 1- to 2-day range (Ebert,
2001). In fact, the concept of generating probabilistic QPF also emerges from a
smearing of the extrapolation forecast using nowcasting methods. A probabilistic
nowcasting system has been developed in UK Met Office to quantify the uncertainties
in the motion and evolution of radar observed rainfall fields (Bowler et al., 2003).
Probability forecasts will be useful to decision makers when the uncertainties cannot be
explained by deterministic forecasts.
Operational weather centers may eventually need a super-ensemble end-to-end weather
warnings decision support system which may include a cascade of forecast systems with
tailor-made strategies and “many-way” interactions with a view to handle collectively
weather systems across a spectrum of spatial and temporal scales and to display an
ensemble picture of forecasts and warning alerts. The end-to-end decision support
system may also include cost-loss models to translate forecast scenarios all the way to
future outcomes of warnings including economic and societal impacts on the
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community. The ultimate goal is to achieve the optimal effectiveness of the warnings.
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Coloured Figures
Figure C1: Satellite view of the ocean surface temperature in the North Atlantic.
Red, green and blue areas indicate warm, intermediate and cold
temperatures, respectively. The warm temperatures extending
northeastward from the lower left of this picture illustrate the transport
of warm water by the Gulf Stream from the subtropics to higher
latitudes. The intricate details in this warm region portray the swirls
and gyres in the ocean currents associated with the Gulf Stream.
Source: U.S. National Aeronautics and Space Administration.

C1
C2

Figure C2: A schematic depiction of the global conveyor belt in the world's oceans.
The white belts indicate the ocean transports near the surface. The
deep blue belts indicate the transports near the bottom. Note that the
thermohaline circulation in the North Atlantic is linked to current
systems in the Indian and Pacific Oceans. The precise configuration of
some of the features in this global pattern is still uncertain. Source: U.S.
National Aeronautics and Space Administration.
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Figure C3: (a) Motion vectors produced by TREC showing a rainband in
perturbed southwesterly flow ; (b) Same radar images as in (a), but
GTrack analysis also indicating southwestward movement of
rainband as a whole towards Hong Kong. Solid lines are the storms
as identified by GTrack and dashed ellipses are 1-hour forecast
position of echo groups.
(a)

(b)

Figure C4: Display of Rainstorm Viewer for an Amber Rainstorm on 8 April 2003.
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Figure C5: Automatic weather forecast and warnings for Hong Kong based on
20-km ORSM on a rainstorm day.

Figure C6:

ORSM rain index showing the risk of an Amber rainstorm for
Typhoon Dujuan passing just north of Hong Kong near Shenzhen in
September 2003.
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Figure C7: SWIRLS-ORSM Combined Warning Panel Display for a rainstorm
day.

Figure C8: (a) Motion vectors produced by TREC used to forecast the locations
the rain echoes 3 hours ahead ; (b) 21-hour accumulated rainfall
observations ending at 0540 H on 5 May 2003 ; and (c) 3-hour rainfall
forecast by SWIRLS at that time.
(a)

(b)

(c)
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