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1.1 Introduction

The Pearl River Delta (PRD) is a megalopolis located in South China, which
includes the Special Administrative Regions (SAR) of Hong Kong and Macau, and
nine cities, namely Guangzhou, Shenzhen, Foshan, Zhuhai, Dongguan, Huizhou,
Jiangmen, Zhaoqing and Zhongshan. As the largest city region in the world in
terms of size and population, the PRD nurtures about 4 per cent of the Chinese
population, i.e. 57.15 million, and produces about 20 per cent of national GDP.
The Pearl River Basin (PRB) is the second largest basin in China in terms of
annual discharge and provides abundant water resources for the socioeconomic
development of the PRD cities (Figure 1.1). Around 80 per cent of the water
supply for Hong Kong is from the PRB. The PRB is dominated by a sub-tropical
and humid monsoon climate, with over 70 per cent of rainfall concentrated in the
summer months, making the PRD region highly exposed to both fluvial floods
resulting from high upstream river flow and pluvial floods due to localized heavy
rainstorms and inadequate drainage capacities. Due to its coastal location by the
South China Sea, the PRD is often attacked by typhoons and thus under the threat
of coastal floods, such as the severe inundation of low-lying areas in the PRD due
to the storm surge and heavy rainfall caused by super typhoon Mangkhut in
September 2018. In this connection, multi-flood prevention and mitigation systems
are particularly important for the long-term economic prosperity and sustainable
development of this region. Furthermore, along with the merging of individual
cities, the recent urban expansion has contributed to an increase in the PRD area by
ten-times. The PRD has become one of the world’s largest megalopolises in size,
population and economic output, causing unprecedented stresses on urban
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drainage. Such urban sprawl has substantially altered land–atmosphere interactions
in favour of extreme localized rainstorms, as well as increased land surface
imperviousness and, thus, enhanced runoff generation, resulting in increases in the
risk of both pluvial and fluvial floods.

Due to its unique geographical location and rapid urbanization, the PRD
megacity region is affected by various types of floods triggered by different
mechanisms, including pluvial, fluvial and coastal floods. Heavy rainstorms
caused by various weather systems (e.g., typhoons and convections) usually bring
about excessive rainwater inside the cities in a short time. In the PRD, the highly
and rapidly urbanized land surface undermines the water storage capacity of the
land surface and reduces the capacity of drainage systems due to clogging for
various reasons (e.g., trash blockage and back water effect), causing greater threats
of pluvial floods. The PRD is located in the estuary of the PRB, which is the
convergence of the three major rivers, namely Xijiang (West River), Beijiang
(North River) and Dongjiang (East River). Large-scale rainstorms in the upstream
of the PRB would cause excessive discharge to the downstream and may trigger
fluvial flood hazards in the PRD. In past decades, fluvial floods were the major
flood type in the PRD before flood prevention infrastructures such as dikes and
dams were built and commissioned. In recent years, fluvial floods have been
effectively controlled and prevented, while pluvial floods have become more
frequent due to the rapid urbanization; hence, more studies are focused on pluvial
floods (Yin et al., 2014; Huang et al., 2018). As the PRD is located on the coasts of
the South China Sea, the sea level rises under global climate change and storm
surge induced by typhoons are the major causes of coastal floods in the regions
(Yu et al., 2018; Hong Kong Observatory, 2019b). Different types of floods may
co-occur simultaneously or in sequence because they can be physically caused by
the same weather systems. For example, super typhoons can bring excessive

Figure 1.1 Locations of the Pearl River Delta and Pearl River Basin
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rainwater, high storm surge and strong winds and, therefore, lead to pluvial and
coastal floods. The co-occurrence of different types of floods have greater impacts
on the cities (Ikeuchi et al., 2017; Shen et al., 2019). For instance, coastal floods
reduce the city drainage capacity, which makes it more difficult to drain out the
flooding water in a city directly resulting from pluvial or fluvial floods.

Under climate change, coastal regions across the world have experienced
intensifications of different types of flood hazards. For example, coastal Bangladesh
is a delta region affected by multi-type floods such as pluvial, fluvial and coastal
floods (Adnan et al., 2019). Among these flood types, pluvial floods are more
frequent, while fluvio-tidal floods and coastal floods cause larger inundation areas.
Adnan et al. (2019) found that polders in Bangladesh prevent moderate storm surges
and fluvio-tidal floods on one hand, but exacerbate the inundation areas of pluvial
floods on the other hand. In the Mekong River delta of Vietnam, flood levels depend
on the combined effects of upstream flows, sea level rise, storm surges and siltation of
the Mekong Estuary. Affected by engineering structures along the Mekong River in
Vietnam and nearby countries, the water is deeper in the rivers and channels in these
areas because of the increases of flowvelocity, bank erosion and siltation, resulting in
more frequent floods in the non-protected areas and greater risks of dike failure in the
protected areas (Le et al., 2007). The Rhine-Meuse delta in the Netherlands, a well-
developed and densely populated delta region in Europe, is threatened by sea level
rise and storm surges (De Moel et al., 2011). The long-term efforts in protecting
vulnerable areas against rising sea levels, such as mechanic pumping stations and
dike-rings, successfully protect the flood-prone areas against floodswith pre-defined
return periods ranging from 1,250 to 10,000 years in this region. However,
combining the effects of population growth, economic development and climate
change, the flood damage in the Netherlands is projected to increase ten-fold by
2100 compared to 2000. Thus, flood management in a context of increasing flood
risks under climate change is amajor challenge for coastal cities across the globe (Vis
et al., 2003; Klijn et al., 2012). Therefore, investigating the causes, changes and
mitigation measures of multi-type floods in the PRD under climate change carries
scientific and practical importance for improving the understanding of climate
change impact on flood risks and for formulating mitigation strategies against the
increasing multi-type flood risks in a coastal metropolis.

1.2 Localized Precipitation Extremes and Pluvial Flood Risks in the PRD
under Climate Change: Observations and Projections

1.2.1 Past Observations and Analyses

Pluvial floods, also called urban waterlogging, are caused by localized
precipitation extremes and inadequate drainage capacities of an urban area. The
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PRD is controlled by the sub-tropical monsoon systems, with annual precipitation
ranging from 1,000 to 2,000 mm, and the summer precipitation accounts for 72–88
per cent of the annual total, with June being the month with the highest
precipitation (J. Li et al., 2017). Over the years, the PRD has often suffered from
the impacts of heavy rainstorms. Such extreme rainstorms have led to serious
waterlogging and resulted in economic damage and even loss of life in the PRD
cities. On 29 May 1889, the centurial extreme rainstorm led to a total rainfall of
697.1 mm in 24 hours, which was about one third of the annual total precipitation,
resulting in serious floods and landslides in Hong Kong (Lee et al., 2016). As one
of the most destructive rainstorms in the history of Hong Kong, this extreme event
ruined a number of roads, killed 27 people and resulted in 17 people missing. The
estimated cost of the damage to government property was $112,783 at that time,
which was about 6 per cent of the annual government expenditure in 1889. On
7 May 2010, extreme rainstorms caused serious water-logging in Guangzhou,
leading to inundated streets and transport chaos (Huang et al., 2018). On 7 May
2017, an extreme rainstorm with a return period of 60 years hit the PRD (Zhang
et al., 2019). The rain gauge in Zengcheng district in Guangzhou recorded 586 mm
precipitation in three hours, causing severe pluvial floods in Zengcheng, Huadu
and Huangpu districts.

Precipitation extremes are the major trigger of pluvial floods. Under global
climate change, local changes in precipitation extremes can significantly alter the
pluvial flood risks in the affected region. Observations showed that the
precipitation regimes in the PRD have changed over the past decades (Zhang
et al., 2012). Ai and Wu (2018) indicated that the intensity of rainstorms and the
contribution of heavy rainstorms to annual precipitation slightly increased in
Guangzhou over 1961–2015. Lenderink et al. (2011) analysed the hourly
precipitation observations since 1885 in Hong Kong and suggested that the
increases in daily precipitation extremes under global climate change generally
follow the Clausius-Clapeyron relation (C-C relation). The C-C relation indicates
that the maximum moisture content of the atmosphere is expected to increase with
about 7 per cent per degree Celsius when temperature increases. They also found
that the hourly precipitation extremes in Hong Kong increased by 10–14 per cent
per degree Celsius temperature rise, which is faster than the C-C increase rate and
called the super-CC relation. The findings of Lenderink et al. (2011) suggested
more intensification of hourly and daily precipitation extremes under global
climate change, implying greater risks of pluvial floods.

A number of precipitation indices, which represent various characteristics of
precipitation regimes, have been applied to analyse the changes in precipitation in
the PRD. Although these indices may differ in the PRD, they generally showed
that precipitation had become more intense in the past decades. Based on daily
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precipitation of 1960–2005 from 42 stations across the PRB, Zhang et al. (2012)
evaluated the spatial–temporal changes of different precipitation extreme indices,
including annual total precipitation amount, annual total rainy days, annual
precipitation intensity and annual mean rainy days. The modified Mann–Kendall
trend test method was used to detect the trends of these extreme indices. The
results showed that the PRB was characterized by increasing precipitation
intensity, especially in the middle and eastern parts of the basin where the PRD is
located. Frequencies of short-duration wet periods and total precipitation amount
have increased in the past decades, raising the risks of floods. Heavy precipitation
was associated with wet spells of shorter durations, which suggests that the
precipitation process intensified in the PRB, especially in the PRD located in the
lower part of the basin. Zhao et al. (2014) analysed the daily precipitation during
1960–2012 and evaluated the changes in another set of precipitation extreme
indices across the PRB. They did not find significant trends in the number of heavy
precipitation days, however, the simple daily intensity index increased
significantly at the 95 per cent level. Other extreme precipitation indices, such
as maximum 1-day precipitation, maximum 5-day precipitation and intensity of
extreme precipitation with intensity greater than its 99th percentile exhibited no
significant trends. They also concluded that Pacific Decadal Oscillation (PDO) and
Southern Oscillation Index (SOI) are important factors that affect precipitation
changes. Fischer et al. (2012) indicated that extreme precipitation indices in the
PRB changed abruptly in 1986 and 1997. Based on the precipitation observations
in Hong Kong since 1885, Wong et al. (2011) examined the past trends in
precipitation extremes using extreme indices developed by the Expert Team on
Climate Change Detection, Monitoring and Indices (ETCCDMI) under the World
Meteorological Organization (WMO). They found that the frequency of 1-, 2- and
3-hour precipitation extremes increased significantly. The contribution of
precipitation extremes greater than the daily 95th percentile to annual total
precipitation increased substantially by 22 mm per decade. The return period of 1-
hour precipitation greater than 100 mm decreased significantly from 37 years in
1900 to 18 years in 2000.

Previous studies mostly focused on the changes in the probabilistic behaviour of
precipitation extremes. In recent years, increasing concerns have been drawn to the
joint behaviours of precipitation extremes. Zhang et al. (2013) investigated
spatiotemporal patterns of historical precipitation extremes in China during
1960–2005 based on Copula, an important tool in the bivariate analysis of
precipitation extremes. The joint probability analysis of precipitation extremes
showed that precipitation extremes were intensifying in South China, specifically
the PRB. The intensification of precipitation extremes in the PRB was associated
with the decreasing number of rainy days and increasing number of consecutive
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non-rainy days, suggesting potential increases in the occurrences of floods
and droughts.

1.2.2 Future Projections

Under the future global climate change, the frequency and intensity of extreme
precipitation in the PRD are expected to continue to change. Because the spatial
resolutions of Global Climate Models (GCMs), a major tool for climate
projections, are too coarse for projecting precipitation changes in the PRD at the
regional scale, the outputs of GCMs were downscaled to a finer resolution in
previous studies. The future projections of the Hong Kong Observatory (HKO),
based on statistical downscaling, showed that extremely wet years (i.e., annual
precipitation greater than 3,168 mm) would reach 12 years, and extremely dry
years (i.e. annual precipitation less than 1,289 mm) would be only 2 years in Hong
Kong under the future high-emission Representative Concentration Pathways 8.5
scenario (RCP8.5; Hong Kong Observatory, 2014). The annual number of rainy
days was projected to decrease from 102 days in 1986–2005 to 97 days in
2091–2100, and in the same two periods the average precipitation intensity should
increase from 23.4 mm/day to 26.7 mm/day as rainy days decrease (Hong Kong
Observatory, 2014). The annual number of extreme rainy days were projected to
increase to 5.1 days in 2091–2100 from 4.2 days in 1986–2005, and the annual
maximum daily precipitation should increase considerably from 221 mm in
1986–2005 to 273 mm in 2091–2100 in Hong Kong (Hong Kong Observatory,
2014). More detailed changes in different precipitation extreme indices in Hong
Kong can be found in Figure 1.2. Decreases in the number of rainy days under
climate change have been widely reported in different regions, such as the PRB,
China, and Europe (Qian et al., 2007; Zolina et al., 2010; Zhang et al., 2012; Li
et al., 2013). This can be explained by the increases in maximum moisture content
of the atmosphere given temperature rises according to the C-C relation (J. Wu
et al., 2015). Given a stable level of water vapour content, it is harder for a warmer
atmosphere to reach dew-point temperature.

Li et al. (2013) applied a statistical downscaling method on the basis of
Quantile–Quantile relationship and transfer functions to downscale precipitation
extremes from the GCM outputs of the Coupled Model Intercomparison Project
Phase 5 (CMIP5) to the site scale. The Taylor diagrams showed that the
normalized standard deviations of most models are close to 1 and the correlations
between the simulations and observations are close to 0.8 or larger, indicating that
the downscaled extreme indices were reasonably matched with the observations.
The projections based on the downscaled indices indicated that precipitation
processes are expected to intensify with increased frequency and intensity in the
PRD in the future. Future changes in precipitation extremes exhibited larger
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magnitudes of change under RCP8.5 than RCP2.6. The future changes in
precipitation extremes are gradual processes (Figure 1.3). The change rates of
precipitation extremes are expected to be higher in the eastern part of the PRB and
lower in the western part during 2010–2039 under RCP2.6 and RCP8.5. In

Figure 1.2 Annual number of extreme rainfall days (days), average rainfall inten-
sity (mm/day), annual maximum daily rainfall (mm), annual maximum 3-day
rainfall (mm), annual maximum number of consecutive dry days (days) and annual
number of rain days (days) in 1986–2005, 2051–2060 and 2091–2100. Black
denotes the actual value of the extreme index. Green and orange denote low–
medium concentration and high concentration scenarios, respectively (adapted
from climate projections of the Hong Kong Observatory, 2014)
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2040–2069, the change rates are projected to be similar across the PRB. During
2070–2099, the change rates are projected to be higher in the southern and eastern
parts of the PRB under RCP2.6 and the central and northwestern parts under
RCP8.5. The directions of changes may alter during the temporal evolution of
precipitation extremes. Changes under RCP8.5 become more pronounced over
time. Under the peak-and-decline RCP2.6, changes of some indices are not
expected to decrease correspondingly during 2070–2099, even though the radiative
forcing predicted during 2070–2099 is less than that during 2040–2069. The

Figure 1.3 The changes (%) in maximum 5-day precipitation amount of (a)
2010–2039, (c) 2040–2069 and (e) 2070–2099 under RCP2.6, as well as of (b)
2010–2039, (d) 2040–2069 and (f ) 2070–2099 under RCP8.5, compared to
1960–2005. The upward triangle denotes the index of that station increases and
the downward triangle denotes the index of that station decreases (adapted from Li
et al., 2013)
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projected increases in precipitation extremes suggest the pluvial flood risks in the
PRD cities are expected to increase in the future.

Future possible changes in joint probabilistic behaviours of precipitation
extremes were evaluated by Li et al. (2015). Five joint return periods based on six
extreme precipitation indices were defined and analysed in this study, considering
joint extreme heavy precipitation events in terms of different combinations of
extreme precipitation amount, intensity, fractional contribution to annual
precipitation days and consecutive wet periods. The Weather Generator Model
(WGEN) was employed to downscale the model outputs. The results of this study
showed that, under climate change, the changes in marginal distributions and
bivariate relationships between extreme indices might be the causes of joint
probability distribution shift. During 2021–2050 and 2071–2100, there should be
more joint extreme heavy precipitation events with high intensity and large total
amount, implying higher risks of extreme floods in the future. Furthermore, the
magnitude of change rates in joint return periods under RCP8.5 is more significant
than those under RCP2.6. Even under RCP2.6 with the 2�C warming target
achieved, the changes in joint return periods remain substantial.

Moreover, Ou et al. (2013) pointed out that model outputs may underestimate
precipitation extremes in South China, which is one of the uncertainty sources of
future precipitation projections, implying that the risks of water-logging in the
PRD cities may be underestimated. In other words, the pluvial flood risks in the
PRD cities may be greater than those projected by model simulations.

1.3 Upstream River Flow and Fluvial Flood Risks in the PRD under
Climate Change: Observations and Projections

1.3.1 Past Observations and Analyses

Fluvial floods are basically defined as high streamflow in rivers. Different from
pluvial floods, which are mostly affected by localized rainstorms and inadequate
drainage capacities, fluvial floods are usually associated with basin-scale
precipitation extremes and human activities across the basin. As the PRD is
located in the downstream, increases in extreme streamflow from the upstream
naturally result in higher risks of fluvial floods in the PRD cities. In June and July
1994, heavy rainstorms occurred widely in Guangdong province and were
particularly extreme in some regions (Liang, 1997; Zhang, 1997). The rainstorms
were characterized by high intensity, long duration and extensive spatial coverage.
These rainstorms in the two months caused two extreme fluvial flood events in
Xijiang and Beijiang, which hence converged the PRD and was blocked by tidal
backwater, leading to persistent high water levels across the PRD region. The

Flood Risks and Flood Management, Pearl River Delta 11

https://doi.org/10.1017/9781108787291.003 Published online by Cambridge University Press

https://doi.org/10.1017/9781108787291.003


water levels due to the flooding tides of rivers in Shunde and Zhongshan reached
or exceeded the 50-year return period and some cities, such as Guangzhou and
Zhuhai, were severely affected. Two thirds of Guangdong areas and more than 9.5
million people were affected by those flood events, causing a direct economic loss
of 14.6 billion Yuan. In June 2005, the continuous rainstorms in the PRB and
extremely intensive precipitation in parts of the region caused a substantial rise in
water levels in major rivers (Yi, 2005). Due to the rainstorms, a 100-year extreme
fluvial flood, a 10-year fluvial flood and the greatest flood event in the past
20 years hit the mid- and low-stream of the Xijiang, Beijiang and Dongjiang,
respectively. Flood water of these events went downstream to converge in the PRD
and the hazard was aggravated by the greatest astronomical tide in the past 19
years. The co-occurrence of the fluvial floods in the three sub-basins and the
extreme astronomical tide resulted in extreme floods in the PRD.

Previous studies have investigated the changes of fluvial floods based on
streamflow observations at hydrological stations in the PRB. Due to climate
change, especially changes in precipitation regimes across the basin, the observed
annual maximum streamflow in Xijiang and Beijiang showed an increasing trend,
and the flood peaks had increased from 1951 to 2010 (Gu et al., 2014). Wu et al.
(2013) also analysed the observed streamflow at hydrological stations in the PRB
in 1951–2010 and used the Pearson type III distribution for flood frequency
analyses. They also found significant increases in extreme fluvial floods across the
region since 1980, especially in Xijiang and Beijiang. The flood events at stations
in Dongjiang basin showed decreasing trends. The decreases in fluvial floods as
represented by decreases in maximum streamflow in Dongjiang can be explained
by flood control operations in the reservoirs in Dongjiang (Zhang et al., 2014).
Compared to the other two sub-basins, Xijiang and Beijiang, the streamflow in
Dongjiang is highly regulated by three major reservoirs (i.e., Xinfengjiang,
Fengshuba and Baipanzhu). The observed multi-day maxima at hydrological
stations in Dongjiang basin, such as Longchuan, Heyuan, Lingxia and Boluo
stations, have dropped after the three reservoirs went into operation. Zhang et al.
(2015) also found that the PDO index linearly affected the variance of annual
maximum streamflow at Lingxia and Boluo stations and nonlinearly affected
Longchuan and Heyuan stations in Dongjiang. They also concluded that the
changes in flood discharge in Dongjiang can be non-stationary due to climate
change and reservoir operations.

1.3.2 Future Projections

Although previous studies have projected future possible changes in precipitation
extremes in the PRD, studies investigating future changes in fluvial floods have
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been overlooked. Among a few previous studies, changes in precipitation extremes
have been used directly to suggest the possible changes in fluvial floods. However, it
has been argued that these studies did not sufficiently consider the complex surface
hydrological processes. Given the recent development of GCMs and hydrological
models, a growing number of studies have employed hydrologicalmodels to evaluate
future river flood risks in the PRD. Yan et al. (2015) applied the Variable Infiltration
Capacity (VIC) model to simulate streamflow in the Pearl River and found that flood
discharge would increase more substantially than average streamflow. Yuan et al.
(2016) used the Xinanjiang (XAJ) hydrological model for streamflow simulations in
the PRB based on historical climatic data and two future precipitation scenarios.
Before being used to drive the XAJmodel, the precipitation simulations fromGCMs
were bias-corrected using delta-change methods. The simple delta-change (SDC)
method with a constant scaling factor and the quantile–quantile delta-change
(QQDC) method with a quantile mapping-based non-uniform delta factor were
applied. Their results showed that annualmaximumdaily streamflow at longer return
periods, such as 20 or 50 years, are expected to increase consistently in the future.
Other studies using different methods or downscaling methods also predicted more
extrememaximumstreamflow across the PRB in the future, such as those byWuet al.
(2014) and Li et al. (2016).

The Intergovernmental Panel on Climate Change (IPCC) AR5 report indicates
that the confidence of surface hydrological projections is medium (IPCC, 2013).
Many studies have analysed the contributions of different sources of uncertainty in
hydrological projections in the PRB, such as GCMs, downscaling methods, bias-
correction methods and hydrological models. C. H. Wu et al. (2015) used five
GCMs (i.e., BCC-CSM1.1, CanESM2, CSIRO-Mk3.6.0, GISS-E2-R and MPI-
ESM-LR) to drive the VIC model to simulate future extreme floods in the PRB to
evaluate the contributions of GCMs to uncertainties of flood projections. The VIC
model demonstrated good performance in simulating extreme floods, with a daily
Nash-Sutcliffe efficiency coefficient (NSE) of 0.91. They found that GCMs and
future emission scenarios are the major sources of uncertainty in future flood
projections in the PRB and the overall uncertainty range for changes in extreme
flood magnitudes can be well represented by those five GCMs. Yuan et al. (2016)
compared the projections of streamflow changes of the PRB using two delta-
change methods (i.e., SDC and QQDC) to correct the biases of GCMs. They found
that the two delta-change methods caused significant impacts on streamflow
projections. The 20-year daily maximum streamflow simulated by the XAJ
hydrological model driven by QQDC precipitation was about 7.0–65.0 per cent
higher than that of SDC precipitation. Their results indicated that bias-correction or
downscaling is an important source of uncertainty. Liu et al. (2013) concluded that
the uncertainty from GCMs outweigh those of downscaling methods. Li et al.
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(2016) further evaluated how various hydrological models can affect the
uncertainty of future flood projections. Discharge simulations of eight hydrological
models driven by five GCMs from the Inter-Sectoral Impact Model Intercompar-
ison Project (ISI-MIP) were analysed to evaluate future changes in fluvial floods
under RCP2.6 and RCP8.5 and to assess the uncertainty associated with fluvial
flood projections. The results of Li et al. (2016) showed the multi-model median of
the ISI-MIP simulations has an acceptable ability in modelling floods based on the
comparison with observations in Wuzhou and Boluo, which are the major
hydrological stations in Xijiang and Dongjiang, respectively (Figure 1.4).
Meanwhile, the uncertainty among different individual combinations of GCMs
and hydrological models was considerable, and some combinations exhibited
systematic biases relative to the observations. Furthermore, the ensemble median
tends to underestimate the upper tail for annual maximum daily discharge. Most of
the combinations of GCMs and hydrological models suggested that the magnitude
of fluvial floods in the PRD would increase during 2070–2099 under RCP8.5
relative to the period of 1971–2000 (Figure 1.5). In the PRB, 50–60 per cent of the
combinations indicated that five-year floods in the north would increase by 10–50
per cent in the future. In the southeastern part of PRB where the PRD is located,
the increases of 5-year floods were identified with a higher model agreement. The
increasing rates of floods are higher than those of the smaller ones. The high model
agreement of the projections suggested that fluvial floods in the PRD would
increase in the future. More intensive precipitation extremes are a major driver of

Figure 1.4 Quantile–Quantile plots of observed and simulated annual maximum
daily discharge at (a) Wuzhou and (b) Boluo stations during 1971–1980. Wuzhou
and Boluo stations are the controlling hydrological stations of Xijiang and
Dongjiang, respectively. The colour circles are hydrological models driven by
different GCMs and the black circles are the ensemble mean. The black line
denotes the 1:1 line (adapted from Li et al. 2016; © American Meteorological
Society. Used with permission)
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more severe fluvial floods in the PRD. Furthermore, Li et al. (2016) also analysed
the contributions of GCMs and hydrological models to the uncertainty in
hydrological projections. The uncertainties from GCMs outweigh those of
projections in fluvial floods in the PRD.

The intensification of precipitation extremes has caused increases in the risk of
fluvial floods in the PRD in the past decades (Lenderink et al., 2011; Zhang et al.,
2012, 2013, 2014, 2015; Wu et al., 2013; Gu et al., 2014; Zhao et al., 2014; Ai &
Wu, 2018). Human activities, such as reservoir regulations in Dongjiang, can
reduce fluvial flood discharge. Under the future climate, the fluvial flood risks in
the PRD are projected to continue to increase. Although the magnitude of increases
in floods is associated with uncertainty, different model simulations and studies
consistently show more severe floods in the future.

1.4 Coastal Flood Hazards in the PRD under Climate Change:
Observations and Projections

1.4.1 Past Observations and Analyses

Global climate change causes changes in storm surge and sea level rise which can
trigger and aggravate coastal floods in the PRD. The occurrence and severity of

Figure 1.5 Multi-model ensemble median of changes (%) and model agreement
(%) of floods and water availability across China over the period of 2070–2099
relative to the period of 1971–2000. Shown are change rates of (a, b) 5-year flood;
(c, d) 30-year flood; and (e, f ) 50-year flood under (left) RCP8.5 and (right)
RCP2.6. Each colour denotes the corresponding change rate. The lighter (darker)
colour denotes the lower (higher) model agreement of that category of change rates
(from Li et al. 2016; © American Meteorological Society. Used with permission)
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storm surge are highly associated with typhoons. In recent years, the PRD coastal
cities, e.g., Hong Kong, Macau and Zhuhai, have been affected by several super
typhoons. In the past decades, typhoons have become more extreme and
accompanied by stronger winds and higher storm surges, which have caused
destructive coastal floods that resulted in loss of life and damaged economies
(Emanuel, 2005; R. C. Li et al., 2017). For example, Super Typhoon Hato, in
2017, led to severe storm surges, causing great threats to the coastal cities in the
PRD, especially for Hong Kong and Macao (Hong Kong Observatory, 2019a). In
Macao, a maximum sea level rise of 5.58 m was recorded at A-Ma station, the
highest since 1925. Extensive areas were flooded in Macao, causing 10 fatalities,
wounding more than 240 people, and causing more than 8.3 billion Macanese
Patacas (MOP) economic losses. In Hong Kong, the storm surge induced by Super
Typhoon Hato caused serious coastal floods and damage in low-lying coastal
areas. A number of village houses, shops and carparks were flooded by seawater.
Residents in these areas were trapped and required evacuation. A number of
vessels ran aground in the southwest of Hong Kong. The storm surge induced by
Super Typhoon Mangkhut, in 2018, caused even more damage than Hato (Hong
Kong Observatory, 2019b). A number of village houses and coastal structures such
as sewage treatment works and sports grounds suffered different levels of damage
and hundreds of vessels ran aground or were damaged. According to the statistics
of the International Emergency Disasters Database (EM-DAT), typhoon-related
hazards in 1960–2018 caused the deaths of 569 people and resulted in economic
losses of more than 1 billion US dollars in Hong Kong. Furthermore, sea level rises
aggravate coastal flood hazards when storm surges occur. Observations in the Pearl
River estuary showed increasing trends in sea level, raising the risks of coastal
floods associated with storm surge (Lee et al., 2010; Yu et al., 2018). The mean sea
level in Victoria Harbour in Hong Kong increased by 31 mm/decade over
1954–2019 (Hong Kong Observatory, 2019c). In Macao, as shown in Table 1.1,
sea level rise has accelerated, as indicated by the increasing rates of 13.5 mm/
decade in 1925–2010 and 42 mm/decade in 1970–2010 (Wang et al., 2016).

1.4.2 Future Projections

The future risks of coastal floods will be mainly affected by the changes in storm
surge and sea level. Previous studies indicate that the number of typhoons affecting
the PRD region is expected to drop down slightly, but the intensity should increase
in the future (Murakami et al., 2011, 2012). Such projected intensification of
typhoons may lead to stronger storm surge and hence greater risks of coastal floods
in the PRD (Church et al., 2013; Walsh et al., 2016). The persistent global
temperature increases in the future would further strengthen thermal expansion of
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Table 1.1. Observed and projected sea level rise around the PRD

Source Study area Observation period
Observed rate of sea
level rise (mm/decade)

Height of sea level rise (cm)

2050
RCP4.5

2050
RCP8.5

2100
RCP4.5

2100
RCP8.5

Yu et al. (2018) Hong Kong 1957–2010 21 � 3 20 25 40 75
He et al. (2016) Hong Kong–Macao 1954–2013 29 38 43 67 84
Lee et al. (2010) Hong Kong 1954–2009 26 – – – –

Qu et al. (2019) Hong Kong–Macao 1980–2016 19 � 8 – 56
(38–73)

– 92
(53–192)

Wang et al. (2016) Macao 1970–2010
(1925–2010)

42
(13.5)

28
(6–10)

53
(36–71)

33
(24–42)

74
(53–98)

Johnson et al. (2016) Hong Kong 1954–2014 30 – – 62–70 73–91
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ocean water and glacier melting, causing continuous a global sea level rise. By
2050, the sea level around the PRD is projected to increase by 38 (29–47) cm and
43 (32–53) cm under RCP4.5 and RCP8.5, respectively. By 2100, these two
figures are estimated to be 67 (50–84) cm and 84 (63–107) cm, respectively (He
et al., 2016; Johnson et al., 2016; Hong Kong Observatory, 2019d; Qu et al.,
2019). The projected intensification of typhoon and sea level rise both raise the
risks of coastal floods in the low-lying areas of the PRD. Along with climate
change, Hanson et al. (2011) also considered the future possible economic
development to estimate the economic exposure of Hong Kong to coastal floods in
2070, which is expected to exceed 1,000 billion US dollars, which exceeds by far
the current economic exposure, estimated at 36 billion US dollars.

In the past decades, typhoons have become more intense and accompanied by
higher storm surge, leading to greater intensity of coastal floods. Furthermore, a
sea level rise under global climate change further raises the risks of coastal floods.
The increasing trends of coastal flood risks are projected to continue under climate
change, suggesting that coastal cities in the PRD should prepare for more severe
coastal floods in the future.

1.5 Urbanization and Sustainable Flood Management in the PRD

1.5.1 Impacts of Urbanization on Flood Risks

As one of the largest megapolises in the world, the PRD has experienced rapid
urbanization over the past decades: the population increased from 4.6 million in
1980 to more than 57 million in 2015, and the construction land increased from
2,910 km2 to 7,487 km2 over 1990–2015 (Chan et al., 2012; Liu et al., 2019). The
intensive urbanization in the low-lying areas raises the exposure of the population
and economic assets to flood hazards, resulting in greater flood risks. When taking
the highly exposed population and assets into account, Hong Kong, Macau,
Shenzhen and Guangzhou are the most vulnerable cities in the PRD (Yang et al.,
2014). As estimated by Hanson et al. (2011), the population and asset exposure to
flood hazards in Guangzhou are 2.7 million and $84.2 billion, respectively. The
exposed population and assets are projected to be 10.3 million and $3,357.8 billion
in 2070 under the extreme scenario, respectively. Furthermore, urbanization can
affect the geomorphology and thus significantly alter the hydrological processes in
cities and basins, such as faster runoff velocity and higher flood peak (Chen et al.,
2015). Such changes in hydrological processes due to increases in urban
imperviousness are another key factor that raises flood risks, especially pluvial
floods. Huang et al. (2018) indicated that the impervious surface in the PRD
showed a continuous rising trend from 2009 to 2015 based on the Landsat
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Thematic Mapper (TM) data. Furthermore, in the intensively urbanized area, it
may be difficult to construct engineering facilities to mitigate pluvial floods and
limit the potential for improvement of drainage capacities of cities. Moreover, the
flood prevention standards of drainage systems vary in different PRD cities (H. Liu
et al., 2014; Drainage Services Department, 2017). For example, the standard of
the main trunk of urban drainage in Hong Kong is a 200-year return period, while
those in other major PRD cities, such as Shenzhen and Guangzhou, are lower and
less than a 1-year return period in some areas. All these factors determine the
occurrence and intensity of pluvial floods. By analysing urban floods in
2009–2015, Huang et al. (2018) indicate the urban flood situations are improving
in Guangzhou, which is attributed to drainage improvement.

Therefore, precipitation extremes in the PRD cities have become more frequent
and intense in the past decades, and the intensification of precipitation extremes is
projected to continue under the future climate change scenario. The rapid
urbanization is another reason for the increasing risks of floods in the PRD cities
by altering urban hydrological processes and increasing exposure to flood hazards.
Previous studies also indicated that drainage improvement is an effective way to
mitigate urban flood hazards. Under the future climate change scenario, pluvial
and fluvial floods are very likely to become more severe and frequent due to
intensification of precipitation extremes. The populations and assets in the PRD
will continue to increase due to urban growth. Considering the increasing exposure
and more weather extreme events under climate change in the future, more holistic
and integrated flood risk management strategies and flexible adaptation options are
needed to deal with the potential greater threats of future floods.

1.5.2 Sustainable Flood Management

Because the nature and mechanism of different types of flood hazards are different,
various measures have to be considered and adopted in the PRD. Different PRD
cities have their unique geographical settings, socio-economic development and
history of adaptation measures. One major cause of pluvial floods is insufficient
drainage capacities in urban areas. To respond to pluvial floods, the PRD cities
have adopted different adaptation measures, including engineering and non-
engineering measures. For engineering measures, grey infrastructure has been
commonly used to deal with flooding blackspots to improve drainage capacities for
flood mitigation, such as pipes, pumping stations and deep tunnels (Wu et al.,
2016; Huang et al., 2018). However, in highly urbanized areas, such grey
infrastructure can sometimes be difficult to implement, given the land surface has
already been urbanized and occupied by buildings and the underground has been
filled with other infrastructures such as subways (Chen et al., 2015). Hong Kong,
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as an example, has made enormous efforts to improve and enhance flood
prevention and management. The design standard for the main trunk of urban
drainage in Hong Kong is set for 200 years, which is up to the top international
level (Drainage Services Department, 2017). To adapt the diverse geographical
settings and socio-economic conditions in different districts of the city, a three-
pronged flood prevention strategy has been adopted to enhance stormwater
drainage capacities (Figure 1.6; Drainage Services Department, 2017). In the
upstream, a rainwater drainage tunnel is adopted to intercept and transfer
stormwater from upland areas for discharging directly to the sea or river. In the
midstream, underground stormwater storage facilities are used for temporary
stormwater retention to reduce the flood peak. In the downstream, river training
works are adopted to improve the drainage capacities. Some rivers are trained by
straightening, widening, deepening and provision of linings. Furthermore, in recent
years, green infrastructures (which are more sustainable flood mitigation measures)
have been increasingly adopted, because they exert less of an impact on
hydrological processes. Sponge city is a modern and sustainable stormwater
management strategy that emphasizes making use of natural river networks in
urban regions, increasing green areas and pervious surfaces in cities and
constructing and strengthening urban green facilities. The sponge city approach

Figure 1.6 Three-pronged flood prevention strategies in Hong Kong (adapted from
Drainage Services Department, 2017; Drainage Services Department of Hong
Kong SAR. Used with permission)
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aims to manage and mitigate urban flood problems through natural hydrological
processes such as infiltration, storage, purification, reuse and diversion. In Hong
Kong, the Drainage Services Department (DSD) is making efforts to revitalize
water bodies, construct flood retention lakes and improve green elements in flood
prevention facilities, with the aim to enhance infiltration and reduce surface runoff.
Shenzhen is a pilot sponge city in China, and rainwater system construction
projects with the sponge city concept have been conducted in Guangming district
(Ma et al., 2017; Xia et al., 2017). Non-engineering measures, such as risk zoning
and impact assessment in urban development planning, monitoring, early warning
and scheduling systems of pluvial floods, are also key elements in sustainable
flood management. Hong Kong has implemented the Outline Zoning Plans (OZPs)
under both the Town Planning Ordinance and the Drainage Impact Assessment. In
that case, the development plans that require a change in land use specified in
OZPs should seek approval from the Town Planning Board. The projects that
might significantly affect the drainage situation are required to adopt stormwater
drainage mitigation measures and conduct the Drainage Impact Assessment. The
performance of rainstorm warning systems has been significantly improved
recently, given the advancement in scientific and technological support. The HKO
provides various weather information and warning messages for rainstorm,
typhoon and storm surge to the general public via various means such as the
Internet, TV, radio and mobile applications. Furthermore, the PRD cities also have
further improved policies and legislations of flood management (Wu et al., 2016;
Chen et al., 2017). By these efforts, although precipitation extremes have increased
under global climate change in the past decades, the number of blackspots of
pluvial floods in Hong Kong has been substantially reduced to six in 2019 from
more than 90 in 1995, and the urban flood conditions have also been improved in
Guangzhou (Huang et al., 2018). However, given more extreme and frequent
rainstorms in the future, the PRD cities should further review their existing flood
prevention capacities and improve flood management accordingly.

To deal with fluvial floods caused by excessive streamflow from the upstream,
the fluvial flood prevention system in the PRD has been substantially improved,
including basin-level construction and improvement of reservoirs, dams, dikes,
detention basins and drainage networks (Yang et al., 2014). For example, Zhang
et al. (2014) found that the observed fluvial floods, i.e. multi-day maximum
streamflow, have decreased significantly after the construction of reservoirs in the
Dongjiang basin. The reservoirs and dams in the Pearl River play an important role
in flood control and mitigation (F. Liu et al., 2014). To prepare for more extreme
fluvial floods in the future climate, Yang et al. (2014) pointed out that non-
engineering measures of fluvial flood management shall be improved. For
example, public awareness and knowledge of flood prevention shall be further
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enhanced, especially for vulnerable people. More funding, resources, information
and facilities shall be available for local communities to prevent and mitigate
floods. These resources can enhance the networks and collaborations among local
communities and facilitate mutual help in the face of fluvial flood hazards. The
PRD cities are different in many aspects, such as rights and obligations of
development and conservation for flood control. Therefore, these differences shall
be considered to formulate cooperation mechanisms and plans among PRD cities
for flood prevention and mitigation.

To adapt to the projected increased risks of coastal floods in coastal regions due
to stronger storm surges and sea level rises, the Civil Engineering and
Development Department of Hong Kong SAR considers the combined effects of
sea level rise and storm surge under climate change in the design and construction
of coastal flood prevention facilities such as seawalls and breakwaters (Chan et al.,
2013, 2018). The design standards of the coastal prevention facilities have been
improved to return periods of 100–200 years. During storm surges, seawater is
pushed forward to the coastal areas and, hence, increases the water level of rivers,
which may reduce the drainage capacities of stormwater in the cities. Therefore,
the DSD of Hong Kong SAR constructs and improves urban drainage systems to
meet the design standards of 100–200 return years (Environment Bureau et al.,
2015). Apart from these hard measures, soft measures are also important
dimensions of flood risk management. Monitoring and early warning systems of
rainstorms and typhoons have been well established and implemented in Hong
Kong. The warning signals can be effectively propagated to the general public via
various means, such as the Internet, TV, radio and mobile applications. Through
these systems, the public can be informed of the warning signals of the hazards on
time and take actions to avoid and mitigate causality and economic loss induced by
the hazards (Chan et al., 2013; Takagi et al., 2018; Hong Kong Observatory,
2019e). The Security Bureau of Hong Kong issued the Contingency Plan for
Natural Disasters in 2007 and made several revisions later on, in order to
strengthen the coordination of government departments to adapt to natural hazards.
The Contingency Plan considers evacuation, rescue, shelters, medical supports,
food and water supplies, etc. (Yi & Chan, 2017). Moreover, the Hong Kong
Jockey Club Disaster Preparedness and Response Institute was established in
2014 based on donations, with the aims to promote community resilience by
involving different stakeholders, empower individuals on disaster preparedness
awareness, organize training and facilitate knowledge sharing for disaster
responders and foster professional education, networking and policy conserva-
tions. Chan et al. (2013) suggested to take public participation, equity of flood
preparedness and environmental friendly measures into account in sustainable
coastal flood mitigation practices. Macao SAR also adopted a variety of flood
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prevention and protection measures, including establishing the real-time remote
controlling systems of stormwater pumping stations, constructing more stormwater
pumping stations and culverts in the inner harbour to improve drainage capacities
of surface runoff, grout and construct floodwalls along the inner harbour to defend
higher storm surges and formulate an evacuation plan for low-lying areas in storm
surges during typhoons to enhance the adaptation capacities of the general public.
Moreover, to prepare for the greater floods due to the co-occurrence of storm
surges and heavy rainstorms, Macao SAR also plans to build movable inner port
tide barriers in the Wanzai river channel, with the aim of alleviating flood hazards
in the inner harbour for the long-term. The flood prevention standards can reach
200-year return periods after the construction of the barriers.

1.6 Summary

Due to its unique geographical location and rapid urbanization, the PRD megacity
region is affected by various types of floods triggered by different mechanisms,
including fluvial, pluvial and coastal floods. Therefore, various engineering and
non-engineering measures are needed to mitigate these flood problems.
Furthermore, the PRD cities have their individual unique geographical setting,
socio-economic development and history of adaptation measures. Thus, the
adaptation measures, flood management practices and flood prevention standards
may vary among the PRD cities. Such differences can help develop adaptation
strategies that are suitable for the cities with various geographical settings and
socioeconomic conditions on one hand but may bring more challenges for region-
scale collaboration for sustainable flood management on the other hand. In general,
under the past observed and future projected climate change, the risks of pluvial,
fluvial and coastal floods increased due to more extreme rainstorms, higher storm
surges and sea level rises. Meanwhile, the PRD cities have adopted and
implemented various engineering and non-engineering measures in flood
management which have proved to effectively mitigate the flood hazards.
However, the current adaptation measures mostly focus on traditional engineering
measures. The non-engineering measures can be further improved for sustainable
flood management, especially facing potentially greater threats from more extreme
floods in the future.

Under global climate change, precipitation extremes in the PRD cities have
become more frequent and intense in the past decades and the intensification of
precipitation extremes is projected to continue under climate change. The rapid
urbanization is another reason for the increasing risks of pluvial floods in the PRD
cities through altering urban hydrological processes. Previous studies have also
indicated that effective drainage improvement is a way to mitigate urban flood
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hazards. With effective urban flood management, the water-logging conditions in
the PRD cities are improving. The future pluvial floods are very likely to become
more severe and frequent due to the intensification of precipitation extremes. The
PRD cities need to strengthen their adaptation capacities to deal with the potential
of greater threats of pluvial floods in the future.

Due to the intensification of precipitation extremes, the risk of fluvial floods has
increased in the past decades. Human activities, such as reservoir regulation in
Dongjiang, effectively reduce fluvial flood discharge. Under future climate
scenarios, fluvial flood risks in the PRD are projected to increase continuously,
although uncertainty remains with regard to the magnitude of the increases in
flood risk.

In the past decades, typhoons have become more intense and are accompanied
with higher storm surges, leading to greater severity of coastal floods.
Furthermore, the sea level rise under global climate change potentially further
increases the risks of coastal floods. The increasing trends in coastal flood risks
should continue under the future climate scenarios, suggesting that the coastal
cities in the PRD should prepare for more severe coastal floods in the future.

The future flood risks in the PRD should increase due to increases in flood
hazards under climate change. Furthermore, the anticipated rapid development of
cities may increase the population and asset exposures to flood hazards, causing
greater flood risks. Therefore, it is necessary to take the climate change factor and
future urban growth into account in space planning and flood defence
infrastructure design. Moreover, it is insufficient to protect from flood hazards
through hard engineering infrastructures alone; non-engineering measures such as
early warning and action guidance are also necessary to mitigate flood risks. In
summary, more holistic and integrated flood risk management strategies and
flexible adaptation options are needed to mitigate the future threats of floods.
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