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Preface

Land subsidence due to excessive groundwater pumping, groundwater contamination, 
and subsurface thermal anomaly have occurred frequently in Asian coastal cities. 
In this volume, the relationship between the stage of a city’s development and 
subsurface environment issues have been explored and go beyond the boundaries 
between surface/subsurface and land/ocean in Asian coastal cities. The results 
presented are the outcome of a study undertaken by the Research Institute for 
Humanity and Nature (RIHN) titled “Human impacts on urban subsurface environ-
ment” (project leader: Makoto Taniguchi).

Included in this work are several advanced methods that were developed by 
RIHN and used to evaluate subsurface environmental problems. Numerical model-
ing of the subsurface environment was established for Tokyo, Osaka, Bangkok, and 
Jakarta to evaluate the groundwater recharge rate/area, residence time, and 
exchange of fresh/salt water. Using updated satellite GRACE data, we have suc-
ceeded in revealing not only seasonal variations but also a secular trend in the water 
mass variations in the Chao Phraya River Basin. We have also developed ground-
water aging methods using CFCs and 85Kr. The groundwater flow system in the 
urban aquifer has been highly disturbed by human pumping. A dominant vertical 
downward flux was revealed in the urban area using CFCs and 14C. The 3-D 
groundwater simulation (MODFLOW) showed a spatial change in the groundwater 
recharge area, the major recharge area of the pumped aquifer. This spatial change 
in the groundwater potential was strongly affected by regional groundwater pump-
ing regulations, and the success or failure of such regulations depended mostly on 
the availability of alternative water resources for the city area and the legal aspects 
of groundwater resources.

Accumulations of trace metals in the sediment and dissolved nitrogen in 
groundwater in Asian cities are also discussed in this book. Various nitrogen 
sources and areas of denitrification were found by measuring nitrogen isotope 
distributions in groundwater. Groundwater salinization was found in Osaka, 
Bangkok, and Jakarta. The differences in marine alluvium volume (same as topo-
graphic gradient), natural recharge, and intensity of pumping period resulted in 
different degrees of salinization. Organic and metal pollution histories were recon-
structed in Asian cities using marine sediment cores. Minor amounts of terrestrial 
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submarine groundwater discharge (SGD) were measured, but large material fluxes 
were seen by total SGD in some Asian coastal cities. The spatial variation of SGD 
was estimated around each city using a topographic model and radon measure-
ments. Based on the accumulation and transport of pollutants, we evaluated the 
vulnerability risk for all cities. Pollution accumulation and transport were con-
trolled by natural factors such as topography, climate, and geology as well as 
human impacts including pumping rate and pollution load. Core sampling in the 
coastal zone and groundwater sampling were done so as to reconstruct the history 
of contamination in each study area. Interpretations of chemical components and 
stable isotopes from the groundwater in Bangkok, Jakarta, and Manila revealed the 
origin of the groundwater and degree of nitrogen/ammonium contamination. 

Analyses of temperature profiles measured in boreholes are also included as 
information on the history of past ground surface temperature (GST). Increased 
subsurface thermal storage showed the starting time and degree of surface warming 
due to the combined effects of global warming and urbanization. In the Bangkok 
area, the amount of GST increase is larger in the city center than in suburban and 
rural areas, reflecting the degree of urbanization. Subsurface heat storage, the 
amount of heat accumulated under the ground as a result of surface warming, is a 
useful indicator of the subsurface thermal environment. For example, we can com-
pare the heat storage values measured at different times in the past with other 
parameters representing the urban subsurface environment that were obtained 
through other approaches. 

Analyses by Geographical Information System of land cover/use changes due to 
urbanization are also included in this book. These analyses have been made for 
three different periods (1930s, 1970s, and 2000s) in Tokyo, Osaka, Seoul, Taipei, 
Bangkok, Jakarta, and Manila with a 0.5 km grid using nine different land cover/
use types. Integrated indices of social changes, such as population and income 
(Driving force), groundwater pumping and dependency (Pressure), groundwater 
level (State), land subsidence (Impact), and regulation of pumping (Response), 
have been made on a yearly basis for seven cities over a period of 100 years 
(1900–2000). The development stages of a city are identified based on Tokyo using 
the DPSIR, and six other cities are compared with Tokyo for (1) land subsidence, 
(2) groundwater contamination, and (3) subsurface thermal anomaly. Groundwater 
storage and groundwater recharge rate data in seven cities have been compiled as 
integrated indices of natural capacities under climate and social changes. A stage 
model using the DPSIR framework revealed that Bangkok had the following benefit 
(relatively small damage with same driving force/pressure), Taipei had a higher 
natural capacity (higher groundwater recharge rate), and Jakarta had excessive 
development compared with Tokyo in terms of land subsidence. 

By making comparisons of natural capacities (groundwater storage, groundwater 
recharge rates, etc.) under changing social and environmental indicators using the 
DPSIR model, we can see that Asian coastal areas have a positive potential in terms 
of groundwater use. It is thus possible to manage the groundwater resources in a 
sustainable fashion in this region.
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Abstract  Subsurface environmental problems, such as land subsidence, groundwater 
contamination, and subsurface thermal anomalies, are important aspects of human 
life in the present and future but have not been evaluated as yet. Interactions between 
surface/subsurface and subsurface/coastal environments under the pressures of 
climate variability and human activities have been analysed for the cities of Tokyo, 
Osaka, Bangkok, Manila, Jakarta, Taipei, and Seoul, which are in different stages 
of urbanization. Analyses from satellite GRACE data showed that land water 
storage in Bangkok decreased since 2002. Groundwater tracers and 3D numerical 
simulations of groundwater showed that the groundwater flow system in the urban 
aquifer has been highly disturbed by pumping, causing a vertical downward flux 
in the urban area. Subsurface temperatures observed in the study cities illustrate 
the magnitude and timing of surface warming due to global warming and heat 
island effects. The amount of the increase in surface temperature was found to be 
larger in the city center than that in suburban and rural areas, reflecting the degree 
of urbanization. Contamination histories in each city have been reconstructed 
from sediment studies of nutrient and heavy metal contaminations. Analyses of 
land cover/use changes show that urbanization caused a reduction of groundwater 
recharge and an increase in thermal transfer into the subsurface environment. Two 
groups of integrated indicators: (1) natural capacities; and (2)  changing society 
and environments, were used to analyse the relationships between the develop-
mental stage of the city and the subsurface environment. Comparing Tokyo with 
each city shows that some cities have a benefit by developing later and/or benefit 
from a natural capacity such as higher groundwater recharge rate as higher input to 
aquifer. However, excessive development in Jakarta causes severe damage by land 
subsidence. Groundwater and subsurface environments should be investigated for 
their adaptation and resilience to changing environment conditions. In addition, 

M. Taniguchi (*) 
Research Institute for Humanity and Nature, 457-4 Motoyama, Kamigamo,  
Kita-ku, Kyoto 603-8047, Japan 
e-mail: makoto@chikyu.ac.jp

Chapter 1
What are the Subsurface Environmental Problems?

Groundwater and Subsurface Environmental 
Assessments Under the Pressures of Climate  
Variability and Human Activities in Asia

Makoto Taniguchi 
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subsurface environments should be treated together with surface and coastal 
environments for better management and sustainable use.

1.1 � Introduction

Climate variability and increased demand for groundwater as a water resource due to 
increasing population has resulted in many subsurface environmental problems 
including land subsidence, groundwater contamination and subsurface thermal 
anomalies. These problems have occurred repeatedly in Asian major cities with a 
time lag depending on the developmental stage of urbanization (Taniguchi et  al. 
2009a). Thus, one may be able to assess future scenarios if we can evaluate the rela-
tionships between subsurface environmental problems and the development stage of 
the city. Although surface waters are relatively easy to evaluate, the changes in 
groundwater and other parts of the subsurface environment remains a difficult task.

While global warming is considered as a serious environmental issue above the 
ground or near the ground surface, subsurface temperatures are also affected by 
surface warming (Huang et  al. 2000). In addition to global warming, the “heat 
island effect” due to urbanization creates subsurface thermal anomalies in many 
cities (Taniguchi and Uemura 2005; Taniguchi et al. 2007; Taniguchi et al. 2009b). 
The effect of heat islands on subsurface temperature is a global environmental issue 
because increased subsurface temperature alters soil water and groundwater 
systems chemically and microbiologically through geochemical and geobiological 
reactions that are temperature sensitive (Knorr et al. 2005).

Water and thermal energy are separated at the earth surface into the atmosphere 
and geosphere (subsurface) depending on land cover and use. Therefore analysis of 
changes in land cover/use can indicate the factors controlling subsurface environ-
ments. For instance, the change in land cover/use from open fields to houses and other 
structures results in decreases in groundwater recharge due to an increase in imperme-
able layers at the surface. This change also causes the increase in thermal energy into 
subsurface environment due to the change in heat balance at the earth’s surface.

This study was intended to assess the effects of human activities on the urban 
subsurface environment, an important aspect of human life in the present and future 
but not yet evaluated. This is especially true in Asian coastal cities, where popula-
tion numbers/densities and water demand have increased rapidly and uses of the 
subsurface environment have increased. The primary goal of this study was to 
evaluate the relationships between the developmental stage of cities and various 
subsurface environmental problems, including extreme subsidence, groundwater 
contamination, and subsurface thermal anomalies. We address here the question of 
sustainable use of groundwater and subsurface environments to provide for better 
future development and human well-being.

The subjects (Fig. 1.1) and research methods used in this investigation are 
as follows: (1) Urbanization; relationships between the developmental stages of cities 
and subsurface environmental problems were assessed by socio-economical analyses 
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and reconstructions of urban areas based on GIS using historical records; 
(2) Groundwater; serious problems in subsurface environments and changes in reli-
able water resources were studied after evaluations of groundwater flow systems and 
changes in groundwater storage by use of hydrogeochemical data and in-situ/satellite-
GRACE gravity data; (3) Material; accumulation of materials (contaminants) in the 
subsurface and their transport from land to ocean including groundwater pathways 
were evaluated by various techniques; and (4) Subsurface temperature; subsurface 
thermal contamination due to the “heat island” effect in urban areas was evaluated by 
reconstruction of surface temperature history and urban meteorological analyses.

1.2 � Study Area and Methods

In order to assess the groundwater resources under the pressures of climate varia-
tion and human activities in Asia, intensive field observations on subsurface envi-
ronments and data collections have been made in the urban basins including Tokyo, 
Osaka, Bangkok, Jakarta, Manila, Seoul, and Taipei (Taniguchi et al. 2009a, b, Fig. 1.2), 
where are mostly capitals and/or mega cities.

Subsurface temperatures have been measured in boreholes with one meter depth 
resolution to evaluate the climate change and heat island effects (Taniguchi and 
Uemura 2005; Taniguchi et  al. 2007; Yamano et  al. 2009). Temperatures were 
measured in 29 boreholes in Tokyo, 37 boreholes in Osaka, 15 boreholes in Seoul, and 

Fig. 1.1  Schematic diagram of the study theme
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14 boreholes in Bangkok. Thermistor thermometers, which can read temperature 
at a 0.01°C precision and an accuracy of 0.05°C, were used in these measurements.  
The diameter and depth of the boreholes in Tokyo are 8–20 cm (mostly 15 cm) and 
126–450 m (mostly 200–300 m), respectively. Well diameters in Osaka are 10–40 cm 
(mostly 20 cm) and the depths range from 47 to 465 m (mostly 60–200 m). The depths 
of the boreholes in Bangkok and Seoul are 55–437 m and 498–968 m, respectively. 
The diameter of these boreholes is mostly around 10–30 cm. Therefore, no thermal 
free convection is expected (Taniguchi et al. 1999). The geology and other information 
concerning the aquifers in each city are given in Taniguchi et al. (2007).

One of the tools for evaluating the change in global/regional land water storage 
(LWS) is the use of satellite GRACE (Gravity Recovery And Climate Experiment) 
which was launched at 2002. Although GRACE is providing extremely high preci-
sion gravity field data from space, its spatial resolution is not enough to reveal the 
urban scale variations. However, recent study shows the GRACE data can be used 
for the study of water budget on a basin scale (Yamamoto et al. 2009).

To analyze the change of groundwater flow caused by the over-pumping in 
urban areas, a 3D numerical model with MODFLOW have been established in the 
area of Tokyo, Osaka, Bangkok, and Jakarta with the help of long term observation 
data of groundwater potential distribution. In addition to this, groundwater age trac-
ers including CFCs and C-14 have been used to extract the time-series chemical 
records stored in the aquifer that has affected by the urban over-pumping resulting 
in accelerated groundwater flow.

Material contaminations in each aquifer are evaluated from the point of view of 
nutrient and heavy metal contaminations. Groundwater samplings in each city have 
been made for analyses of chemical components and stable isotope ratios, including 
N, C and Sr, to reveal the source of the contamination. Sediment cores near each 

Fig. 1.2  Location of the study areas
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city coast were sampled, and analyzed to reconstruct the contamination history 
back to approximately1900.

In order to evaluate the surface environment which distributes water, heat, and 
materials into the subsurface, land use and cover conditions at three different peri-
ods (1930s, 1970s and 2000s) have been analyzed using GIS with a 0.5 km grid for 
each targeted cities. Land cover/uses were categorized into the following nine 
types: forest, house, industries, paddy field, other agriculture field, grass/waste 
land, ocean, water and wet land, and others.

To integrate all information concerning possible relationships between develop-
mental stage of the city and subsurface environmental problems, we examined three 
subsurface environmental problems: land subsidence, groundwater contamination, 
and subsurface thermal anomalies. For each subsurface environmental problem, 
two sets of integrated indicators are used for the analysis. The first indicator is 
termed “natural capacities”, that includes such characteristics as groundwater 
recharge rate and groundwater storage. The second indicator is referred to as 
“changing society and environment” and this includes population, income, indus-
trial structure, groundwater dependency, groundwater pumping rate, groundwater 
level, and land subsidence.

1.3 � Degradation of Groundwater Resources Due to Climate 
Variation and Human Activities

At the early stage of the urbanization, groundwater demand for industrial and domes-
tic uses in the city increases because the groundwater is relatively inexpensive, has 
easy access, and provides stable and clean water resources. After increased ground-
water consumption, the groundwater level decreases, and various subsurface environ-
mental problems begins to occur such as land subsidence, groundwater salinization, 
dissolved oxygen reductions, and others. Thus, a shift in reliable water resources from 
groundwater to the surface water has occurred in many Asian cities (Fig. 1.3), due to 
an increase in demand of water resources (Taniguchi et al. 2009a). One of the reasons 
why these shifts occurred was due to severe land subsidence caused by excessive 
groundwater pumping in coastal Asian cities. Since the aquifers in these cities consist 
mainly of sedimentary formations, they are prone to subsidence. For example, the 
land subsidence in the Osaka plane has been observed since the 1930s due to exces-
sive groundwater pumping for industrial use. The local government finally regulated 
this pumping after the 1960s. In the case of Bangkok, land subsidence was observed 
in the 1970s, but the government did not regulate pumping until the late 1990s.

On the other hand, climate change, such as changes in precipitation patterns due 
to global warming, have resulted in some Asian cities shifting their water resources 
in the opposite direction, i.e., from surface water to groundwater. For example, 
Taiwan is now using more groundwater because of the decrease in reliability of 
their surface water resources stored behind dams. In Taiwan, the decrease in 
number of precipitation days likely caused by global warming without changing the 
total amount of precipitation caused a decrease of reliability in their surface water 
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resources. Therefore, at least in this case, climate change may be a principal reason 
for changing reliable water resources between surface water and groundwater.

To evaluate the regional groundwater resources, we analyzed updated GRACE 
data, not only for seasonal variations but also a secular trend of the mass variations in 
the Chao Phraya river basin (Bangkok). The result showed that the total mass change 
after 2002 was decreasing downstream of Chao Phraya and increasing upstream 
(Fig. 1.4). Although the GRACE trend agrees well with the global Terrestrial Water 
Storage (TWS) model (Fig. 1.4), there are some inconsistencies with regional or local 
land water models.

Groundwater tracers (CFCs and C-14) used in this study showed that the 
groundwater flow system in the urban aquifer has highly disturbed by the human 
pumping. A dominant vertical downward flux was revealed in the urban area by the 
CFCs and C-14, which originated from human activity in the urban area. Repeated 
measurement of C-14 of the groundwater in Jakarta show that the younger ground-
water in shallower aquifer was directed downward due to groundwater pumping in 
urban area, making deeper groundwater younger (Fig. 1.5, Kagabu et al. 2010).

A 3D groundwater simulation (MODFLOW) showed a spatial change of the 
groundwater recharge area for Jakarta which was major recharge area of the pumped 
aquifer (Kagabu et al. 2010). This spatial change of the groundwater potential was 

Fig. 1.3  Changes in groundwater dependency in Asian seven cities (modified from Taniguchi 2010)
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Fig. 1.4  Land water storage change by GRACE and comparison with TWS model (Yamamoto 
et al. 2009)
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strongly affected by the regional groundwater pumping regulations, and the success 
or failure of those regulations are mostly affected by the availability of alternative 
water resources for the city and the legal aspect of the groundwater resources for 
each nation.

1.4 � Subsurface Thermal Anomalies Due to Surface Warming

Subsurface temperature is affected not only by global warming (Huang et al. 2000) 
but also by the heat island effect due to urbanization (Taniguchi and Uemura 2005). 
The combined effects of these two processes can have consequences on the ground-
water system. Subsurface temperatures in four Asian cities (Tokyo, Osaka, Bangkok 
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and Seoul) have been compared to evaluate the effects of surface warming due to 
urbanization and global warming, and the relationship to the developmental stage 
of each city (Taniguchi et  al. 2007). Mean surface warming in each city ranged 
from 1.8°C to 2.8°C which was confirmed by air temperature monitoring over the 
last 100 years (Fig. 1.3). The depth of departure from the regional geothermal gra-
dient was found to be deepest in Tokyo (140 m), followed by Osaka (80 m), Seoul 
(50 m), and Bangkok (50 m).

The increases in subsurface thermal storage in each city are shown in Fig. 1.6. 
As can be seen from these plots, the change in subsurface thermal storage was 
greatest in Tokyo, followed by Osaka, Seoul, and Bangkok. Numerical analyses 
using a one-dimensional heat conduction theory (Taniguchi et al. 2007) with differ-
ent magnitudes and timings of the initiation of surface warming showed that the 
subsurface thermal storage was greater when the magnitude of surface warming 
was higher, and when the elapsed time from the start of surface warming due to 
urbanization was longer (Fig. 1.6). This trend was confirmed by air temperature 
records from each study area during the last 100 years (Taniguchi et al. 2007).

The heat island effect due to urbanization on subsurface temperatures is an 
important global groundwater quality issue, because it may alter groundwater 
systems geochemically and microbiologically (Knorr et  al. 2005). Many cities 
in  the world have this problem, particularly in Asia, where population has been 
increasing rapidly. Reconstructions of the surface warming history by use of 

Fig. 1.6  Changes in air temperature and subsurface temperature in Bangkok, Seoul, Tokyo, and 
Osaka over the last 100 years



12 M. Taniguchi

subsurface temperatures have been made in rural, suburban, and urban areas of 
Bangkok (Yamano et al. 2009). The results show that the surface warming started 
earlier in the current urban area, followed by current suburban area, and then the 
rural area. Therefore, a record of the expansion of the city can be preserved in these 
heat island records.

Subsurface heat storage, the amount of heat accumulated under the ground as a 
result of surface warming, is a useful indicator of the subsurface thermal environ-
ment and we can compare its values at specific times with those of other parameters 
representing urban subsurface environment obtained through various approaches.

1.5 � Material Contamination

Nutrient and heavy metal contamination in each aquifer were analyzed and evalu-
ated. Compositions of nitrogen contamination of the groundwater in each city show 
the nitrate contamination dominated in Jakarta, on the other hand ammonium con-
tamination is dominant in Bangkok (Fig. 1.7, Umezawa et al. 2009).

Stable isotope ratios of N and C of groundwater can be used to indicate the 
origin of the contamination in Manila, Bangkok, and Jakarta (Umezawa et al. 2009) 
such as domestic or farm origin, and denitrification processes in Bangkok 
(Umezawa et al. 2009). Nitrite contamination was found in Jakarta and Manila, on 
the other hand, denitrification was found to occur in Bangkok even though huge 
loads of nitrogen. This is attributed to the natural conditions whether oxic or anoxic 
depending on the land slope (geomolophology), geology (volcanic or sediment), 
and hydroclimate codition (Hosono 2010).

The sediment cores from near the coast of the city were sampled and analyzed 
to reconstruct the contamination history back to approximately 1900 (Hosono 
2010). Organic pollution and metal pollution histories were reconstructed in Asian 
cities, showing the changes in the C/N ratios and lead pollution depending on the 
development stage of the city. Some of the controlling factors included magnitude 
of loads, regulation of the loads, and others.

Groundwater salinizations were also found in Osaka, Bangkok and Jakarta. The 
difference of marine alluvium volume (same as topographic gradient), natural 
recharge and intensive pumping period controlled the degree of salinization. On the 
other hand, less terrestrial submarine groundwater discharge (SGD) but huge mate-
rial flux by total SGD was found in Asian coastal cities (Burnett et al. 2007). Spatial 
variation in SGD was estimated around each city, using topographic models and Rn 
measurements.

Based on the accumulation and transport of pollutants, we evaluated the “vulner-
ability risk” in all cities. For example, relatively higher risks of nitrate are found in 
Jakarta and Manila, and arsenic pollutions were found in other cities, depending 
upon the redox state (Hosono 2010). The pollution accumulation and transport 
were controlled by natural factors such as topography, climate and geology as well 
as human impacts such as pumping rate and pollution load.
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1.6 � Land Cover/Use Analysis for Subsurface Environments

The results of expanding urban areas in seven Asian cities, including Tokyo, Osaka, 
Seoul and Bangkok are shown in Fig. 1.8 and Table 1.1. As can be seen from these 
data, the urbanized areas expanded in Tokyo from 1930 to 1970 by 753 km2, from 
1970 to 2000 by 2,865 km2, in Osaka from 1930 to 1970 by 569 km2, from 1970 to 
2000 by 907 km2, and in Seoul from 1930 to 1970 by 196 km2, from 1970 to 2000 
by 954  km2, respectively. Generally, the extension of urban areas decreases the 
permeable layers, thus reducing the groundwater recharge rate. The extension of 
urbanized regions also results in an increase of the thermal index which illustrates 
the magnitude of the heat island effect.

The analysis of land cover/use changes (urbanized area) shown in Table  1.1 
indicates that the magnitude of area changed was larger during the period from 
1970 to 2000 than during 1930 to 1970. Therefore, urbanization is accelerated more 
from 1970 to 2000 than from 1930 to 1970. The magnitude of the change in area is 
also greater in Seoul than in Osaka from 1970 to 2000.

The reliability of groundwater as a water resource may be decreased after urban-
ization due to reduction of the groundwater recharge rate, and increase of ground-
water contamination including subsurface thermal anomalies. However, a new 
subsurface environmental problem has now occurred in Tokyo and Osaka, the 
“floating subway station” due to buoyancy by recovering groundwater levels after 
regulation of the pumping. This is attributed to the enough groundwater recharge to 
be recovered in the cities which are located in Monsoon Asia. Therefore, the devel-
opment of integrated indicators are necessary for better understanding the relation-
ship between human activities and the subsurface environment, and proper 
management.

1.7 � Integrated Indicators

We developed two groups of integrated indicators to analyse the relationships 
between development stage of cities and subsurface environment: (1) changing 
society and environments, and (2) natural capacities. To analyze the relationships 
between development stage of the city (indicators of changing society and environ-
ment) and subsurface environmental problems, the DPSIR (Driving force, Pressure, 
State, Impact and Response) model is used for the seven targeted cities. The rela-
tionships between social economic stage such as population, and income, and 
subsurface environmental problems such as land subsidence, contamination and 
thermal anomalies, were framed for the analyses.

According to the degree of urbanization based on population, economy, ground-
water dependency, subsurface problems such as land subsidence, and regulation/law, 
five development stages were categorized. The first stage is the early urbanization 
with higher groundwater dependency (more than 50 %), and the second stage is rep-
resented by increased water demand due to heavy industries. The third stage is the 
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Fig. 1.8  Changes in land cover/use in seven Asian cities
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period when subsurface problems such as subsidence was first noticed and monitoring 
began. The fourth stage is the time when regulation of groundwater pumping began. 
The fifth and final stage is that period when groundwater is recovering and in some 
cases new subsurface problem (e.g., floating subway stations) started. According to 
these stages, Tokyo and Osaka are now in Stage 5, Seoul and Taipei are in Stage 4, 
Bangkok is in Stage 3, and Jakarta and Manila are in Stage 2.

In order to evaluate the natural capacities for the groundwater in each area, the 
groundwater storage (GS) with aquifer size and porosities, groundwater recharge 
(GR) rate which is the net result of evapotranspiration and surface runoff from 
precipitation, and the residence time (RT) which is calculated from groundwater 
storage and residence time (RT = GS/GR) were evaluated in the seven targeted cit-
ies, and the results are shown in Table 1.2. As can be seen, higher GS was found in 
Tokyo, Osaka and Bangkok, on the other hand, higher GR was found in Taipei and 
Manila followed by Bangkok and Jakarta.

Comparing Tokyo with each city shows that some cities benefit as developing 
later and from natural capacities such as higher groundwater recharge rate. 
However, the excessive development in Jakarta causes severe damage from land 
subsidence. Groundwater and subsurface environments as alternative, adaptation, 
and resilience to the changing environment should be treated with surface and 
coastal environments for better management and sustainable use.

Table 1.2  Groundwater natural capacity in seven Asian cities

Aquifer  
thickness (m) Area (km2) Storage (M ton)

Potential 
recharge rate 
(mm/year)

Residence time 
(year)

Tokyo 600 622 75 350 1,700
Osaka 1,200 222 53 430 2,800
Seoul 100 605 12 340 290
Taipei 100 272 5 640 160
Bangkok 500 1,569 157 450 670
Jakarta 100 740 15 640 160
Manila 300 632 38 820 370
The groundwater recharge rates were calculated with precipitation, evapotranspiration, and surface 
runoff from JRA

Table 1.1  Changes in urbanized area including houses and industries in seven Asian cities

1930 1970 2000 1930 → 1970 1970 → 2000

(km2) (%) (km2) (%) (km2) (%) (km2) (km2)

Tokyo 891.3 6.2 1,644.5 11.4 4,509.0 31.3 753 2,865
Osaka 321.0 4.7 859.3 12.6 1,716.5 25.2 538 857
Seoul 72.5 2.0 264.3 7.3 1,214.8 33.7 192 951
Taipei 47.8 2.0 73.3 3.1 228.5 9.5   26 155
Bangkok 41.3 1.7 79.3 3.3 930.3 38.9   38 851
Jakarta 303.0 5.1 377.0 6.3 1167.8 19.5   74 791
Manila 78.3 2.4 214.3 6.0 638.5 17.7 136 424
Percentage shows the ratio of urbanized area of total area
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Comparisons with natural capacities (groundwater storage, groundwater recharge 
rate, etc.) and changing society and environment indicators depending on the 
DPSIR model for urban groundwater problems in Asian cities clearly demonstrate 
that Asian coastal areas have the good potential for groundwater recharge, and it is 
possible to manage the groundwater resources sustainably in this region.

1.8 � Conclusion

Several new methods have been developed in this study to evaluate the sustainable 
use of groundwater in Asia. Satellite GRACE, groundwater tracers, and 3D numeri-
cal simulations revealed the regional current groundwater status of the targeted areas 
in Asia, and showed the induced downward groundwater flow due to excessive 
pumping Global warming and heat island effects as human and climate impacts on 
subsurface environments have been evaluated in several Asian cities. The analysis 
of subsurface temperatures showed that the subsurface thermal storage was greater 
when the magnitude of surface warming is higher and the elapsed time from the start 
of surface warming due to urbanization was longer. Analysis of land cover/use 
changes in seven Asian cities (Tokyo, Osaka, Seoul, Bangkok, Taipei, Jakarta and 
Manila) shows that urbanized areas expanded much faster from 1970 to 2000 com-
pared to the measured increases from 1930 to 1970. Urbanization causes a decrease 
in the groundwater recharge rate and increases thermal transport into the subsurface 
environment. In order to develop integrated indicators for better understanding the 
relationships between human activities and the subsurface environment, the DPSIR 
model is used to analyze the relationships between social economic and subsurface 
environments depending on the stage in the model. Comparisons with natural 
capacities and changing society and environment indicators based on the DPSIR 
model for urban groundwater problems in Asian cities clearly demonstrate that 
Asian coastal areas have good potential for groundwater recharge, and it is possible 
to manage the groundwater resources sustainably in this region .
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Abstract  RIHN’s Human Impacts on Urban Subsurface Environments projects 
has made substantial progress. It is especially effective in seeing the unseen 
and gaining a better understanding of that unseen environment. The Asian cities 
on which the project focuses represent one of the most dramatic human social 
movements in our time. In the span of a mere century the Asian urban population 
will expand from 234 million to 3.2 billion. Moreover that urban population lives 
in a high risk environment, whose vulnerability increases with global warming. 
As many have observed, the struggle for sustainability will be won or lost in the 
world’s urban areas, and the Asian urban environment will play a highly critical 
role in this struggle. We suggest that the RHIN project’s excellent work on the 
unseen environment now needs to make links to the many other urban environments 
to promote the development of sustainable cities. Here we suggest two following 
steps. One is the development of a standard protocol that governments can use to 
assess the condition of the urban subsurface environment. The second is modeling 
exercises that will focus attention on linking the many urban environments to work 
toward sustain able cities.

2.1 � Introduction

In this paper I wish to do two things. First, I wish to extol the excellent work the 
RIHN Subsurface Environment Project has done in addressing an unseen part of 
the Asian urban environment: its subsurface environment (Taniguchi et al. 2009a, b). 
This is work that must be recognized as one of those major achievements of 
scientists: to see the unseen.1 The work is highly innovative, technically advanced, 
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1 A fellow graduate student many years ago made the same point of Freud’s great discoveries: 
the unconscious. How does one discover that of which we are not conscious!?
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and especially enlightening. To see subsurface water levels rise and fall with 
urban processes and policies, to see underground pollutants rise and spread to 
ocean fringes, to recognize that rapidly growing cities exert a massive pressure on 
the land on which they sit, must rank as major discoveries today. I extol these 
superb advances.

But I also wish to ask that these advances be taken further; to do more with 
them; and especially to link these studies to the larger world of modern cities and 
their complex and increasingly expanding environments. And even more, I wish to 
ask that these studies be linked to the ultimate question we now ask: how to build 
sustainable cities and societies in our new global environment.

The cities this initiative has investigated are all Asian cities. I noted earlier 
(Taniguchi et al. 2009a) that Asian cities have a long and very distinctive history. 
Asia has been more advanced than other regions in urbanization for the past three 
millennia. It was only overtaken by the modern Western urban-industrial transition in 
the nineteenth century. That transition, and even its antecedents, saw western cities 
located on waterways and the sea, pointing outward for trade. Historically, Asian cit-
ies have been primarily inland cities. They represented strong political centers with 
considerable capacity to administer a large and productive hinterland that supported 
the cities.

I have also shown that this long history has produced a distinctive political 
culture, whose impact we can now see in the previous study. In the Subsurface 
Environments Project we have seen that Manila (Jago-on et  al. 2009), and Cebu 
(Flieger 2000), lack the political capacity to control private well digging. This is a 
capacity found in all the other cities of the RHIN studies. That difference in 
political capacities can be traced to the two millennia history of Asian civilization 
and urbanization. Indians brought ideas of kingship to all Southeast Asia nearly two 
millennia ago. This helped produce the centralized political systems we have seen 
throughout the region for the long past.2 But Indians did not get to the Philippines, 
which, alone in Southeast Asia, lacks a history of strong, centralized political 
systems. The past is always with us; never fully determining our lives, but always 
affecting them.

Here I shall first review the larger scene of Asian urbanization, pointing out its 
distinctive history, and its present and massively distinctive current and near future 
conditions. This identifies the urban scene as the critical area in which the quest for 
sustainability will be won or lost. Then I shall examine a number of urban 
environments of the cities we have studied, to place the newly discovered subsurface 
environments in a larger, and highly related, context. I shall then review the larger 
political organization that leads us to examine environments both scientifically and 
with a view to managing them. This will take us into a range of political organizations 
by which humans view and attempt to manage their environments. Finally, I shall 
propose some next steps. How this wonderful examination of subsurface environ-
ments leads to a fuller, richer, and more useful capacity to manage the many urban 
environments.

2 See especially in this context, Lieberman (2003).
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2.2 � Asian Urban History

The Subsurface Environments project has been examining seven mega cities (over 
five million population): Bangkok, Jakarta, Manila, Osaka, Seoul, Taipei and 
Tokyo. These seven mega cities are a part of a distinctive population dynamic in 
Asia that has emerged only in the past half century. What we are seeing is an 
extremely rapid increase of large cities and urban populations. Both the speed and 
the magnitude of the Asian urban growth are remarkable.

In 1950 there were just two mega cities in Asia (Tokyo and Shanghai), and only 
eight in the entire world (add New York, London, Paris, Moscow, Buenos Aires and 
Chicago) (UN 2005). The combined population of these mega cities was 59 million 
for the world and 17 million for the Asian cities. By 2000 there were 17 mega cities 
in Asia and 42 in the world as a whole. The combined population of all mega cities 
was 408 million, up 600% in just 50 years. The combined population of the Asian 
mega cities was 195 million, an increase of over 1,000% in half a century.

The overall urban population continues to grow worldwide and to grow more 
rapidly in Asia. Not only the speed, but the magnitude is impressive. It took Europe 
250  years to become urbanized; its urban population grew from a mere seven 
million in 1750 (Chandler and Fox 1974) to 281 million in 1950, when the region 
was 52% urbanized. In the next half century it completed the urbanization process 
as its urban population grew to 520 million, and urbanization reached over 80% of 
the population. By contrast all Asia had only 234 million urbanites in 1950, making 
it 16% urbanized. By 2000 the Asian urban population had grown six times to 
1.2 billion, making the region 36% urbanized. In the next half century we can 
expect the urban population to more than double to 3.2 billion, making the region 
65% urban. In sum, Europe took 300 years to get to half a billion urbanites; Asia 
will gain three billion urbanites in only a century!

All urban areas continue to grow throughout Asia. Even with the significant 
slowing of overall population growth,3 urban areas continue to grow. The urban popu-
lation will continue to grow even as the population in rural areas is actually shrinking. 
Already in 2000 five of the 14 major Asian countries showed negative rural popula-
tion growth: Indonesia, Philippines, China, Japan and South Korea (Ness and Talwar 
2004). By 2030 seven more will be added to this list: Bangladesh, India, Sri Lanka, 
Malaysia, Myanmar, Thailand, and Vietnam. Even while rural populations decline in 
absolute numbers, the urban population will continue to increase.

Urbanization is the great reality of our times. Asian urbanization will continue 
even when overall populations begin to decline. And the numbers will be massive: 
from 234 hundred million in 1950 to a projected 3.2 billion in 2050.

3 The overall Asian population growth rates peaked at 2.25% in 1970–1975, when the population 
was 2.1 billion; the overall population will continue to grow through 2030. The East Asia population 
growth rates slowed from their peak of 2.26% in 1970 to −0.40 in 2000. Its population is projected 
to begin to decline after reaching 1.663 billion in 2030.
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But of course it is not merely a matter of numbers of people. As I wrote in our 
last engagement, the capacity to build on the urban surface has also mushroomed 
in the past century. The shift from stone or masonry walls to steel skeletons has 
given us a great capacity to build upwards. Masonry walls can support heights of 
167  m. The Mondanook Building in Chicago built 1901 is the tallest; Chartres 
Cathedral, from the sixteenth century soared 113 m. After 1900 the steel skeletons 
could support 200 m and more. Now 400 m is not the limit; Taipei’s Taipei 101 rises 
to 501 m. Again the current speed of development is the real news. Eighty-eight of 
the world’s 200 tallest buildings have been built only since 2000.

In addition there is the physical capacity pump water to serve the needs of the 
city. As we have seen earlier, this has produced substantial subsidence, which has 
been curtailed and sometimes reversed when the political system has sufficient 
capacity to curtail private well digging. Add now the chemical and production 
advances that have made pollution one of the major problems of cities today. This 
is a problem for the subsurface environment, well documented by the previous 
RIHN publication.

If this were not enough, climate change poses severe threats to all, but especially 
to the many Asian urban areas in low lying lands. Climate change inevitably means 
increasing temperatures, increasing variability in weather patterns with increases in 
extreme events, and rising sea levels. Though historically Asia’s major cities were 
primarily inland cities, since the nineteenth century most of the rapid growth has 
been on the seaside, and along major rivers leading to the sea. Studies of areas at 
risk to climate related hazards show especially high concentrations in Asia: Japan, 
Eastern China, all Southeast Asia, and India and Bangladesh on the Bay of Bengal 
(UNFPA 2007). Moreover, large and growing proportions of people and cities are 
situated in Low Elevation Coastal Zones (LECZ), where the threats of climate 
change and sea level rise will be most pronounced. These are also areas in which 
the subsurface environment will be especially important. In Asia some 15% of all 
people and 18% of urban people live in such vulnerable zones. Three percent of all 
Asian lands but 12% of urban lands are in these vulnerable zones. These are the 
largest percentages of all world regions except for Australia and the small island 
states of the Pacific and Indian Oceans.

Observations such as these led Maurice Strong to proclaim:

“The struggle for sustainable development will be won or lost in the cities of the world”4

Worldwatch made a similar observation: “It is particularly ironic that the battle 
to save the world’s remaining healthy ecosystems will be won or lost not in the 
tropical forests or coral reefs that are threatened, but in the streets of the most 
unnatural landscapes on the planet,” (Worldwatch Institute 2007, p xxiv).

The basic message here is that the cities of the RIHN project constitute a highly 
critical area for the future of sustainability. If the future of the struggle for 

4 UNCED 1992.
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sustainability will be won or lost in the cities of the world, a great deal of that 
struggle will take place in Asia, among cities like those the Subsurface Environment 
project has been studying.

2.3 � Urban Environments and Their Social Organizations

But to use these studies to promote the development of sustainable cities, they must 
be linked to studies of other environments and to sustained organized efforts to 
manage the human impacts on the broader urban environment. Those other 
environments include the air, land and water, precipitation, the natural landscape and 
the built up environment. The built up environment is itself a highly diverse blend of 
structures and functions: factories that produce goods, residential units, structures 
for a wide variety of human services, and a large and complex transportation system 
both subsurface and above ground and in the air. It includes a natural environment 
that is increasingly controlled by human activity: dams for reservoirs, built up river 
banks to control water flow, sea sides built for port facilities and recreation.

These above surface environments are all linked to the subsurface environments 
in highly complex ways. More importantly, many of these different environments 
have come under the control of local or national, or even international political 
systems. In some cases, those political systems have greatly advanced environmental 
welfare through various forms of protection. In other cases, equally revealing, the 
political system seems incapable of protective action. Many have been suggested in 
the past RIHN studies. Let me just list a few. I will examine some of our past 
studies and ask what other parts of the urban environment are linked to the 
subsurface environment. This will only serve to illustrate the great complexity of 
the many urban environments that interact with the subsurface.

It was from Karen Jago-on et al. (2009) that I found Manila has no capacity to 
control private well digging. This paralleled a study I was involved in a decade ago 
(Flieger 2000) where we found the same thing in Cebu, the Philippines’ second 
major sea port. Here is a political system that has been called An Anarchy of 
Families (McCoy 2009). The kinship system essentially dominates the political 
system. Everything is for the family, nothing for the larger community: province or 
nation. We can trace this system to the failure of Indian civilization to get to the 
Philippines with its ideas of kingship near two millennia ago. It can also be traced 
to the legacy of Spanish and American colonialism. From the other Asian cities in 
this study, we find something diametrically opposed to Manila: these cities have the 
political capacity to act for the larger community. How do we link this view of 
political systems more directly to the problems of the subsurface environment?

Yoshikoshi et  al. find Bangkok less affected in hydro environmental changes 
than Tokyo or Osaka. This is largely due Bangkok’s later urban development, which 
means less expansion of impermeable surfaces. By now, their study shows, virtually 
all Tokyo and Osaka land is covered with impermeable surfaces, compared with 
about 40% in Bangkok. Tokyo and Osaka are much older cities. Bangkok’s 
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development is much more recent. I recall walking the streets of Bangkok in the 
1960s when many klongs were being covered over to make wide thoroughfares. 
Bangkok’s development is late and exceedingly rapid. It has a highly congested 
urban road system that is also being expanded very rapidly. It has lagged in the 
development of rapid mass transit systems. Only in the past few years has it 
developed a more extensive system of elevated highways and electric trains. Its 
historical position and its current political administrative system have given us less 
impermeable surface, but it is unclear how long this will last. At what rate is this 
developing? What will be the future impacts?

There is another experience that relates to the issue of impermeable surface areas. 
Chennai, India has developed an extensive recharge system that funnels rainfall from 
virtually all of the city’s impermeable surfaces into the subsurface environment. All 
impermeable surfaces, from roof of homes and, buildings, to roadways and parking 
lots are drained into 3-m deep rock-filled wells that use the runoff to recharge the 
underground water table. Since this system has been in place subsurface water levels 
have risen substantially. How can we link subsurface environments with the great 
variety of possibilities for managing land surfaces?

There is yet another issue on Bangkok that brings local climate into the question. 
Yoshikoshi et al. also find Bangkok has more abundant rainfall than Tokyo or Osaka. 
But of course that rainfall is not evenly disturbed throughout the year. It is a mon-
soonal rain region with heavy precipitation during the summer, southwest, monsoon 
and little during the winter, northeast, monsoon. The summer monsoon rains can 
mean 20 or more days of rain a month, bringing easily 200 mm of rain. The dry 
winter months may see 1 or 2 days of rain, with no more than a few millimeters. 
These heavy rains do two things. They clean the air of suspended particulate matter, 
nitrous oxides and ozone. Then they leach these substances through the soil, carrying 
with them any other soluble materials in the soils through whatever drainage plumes 
are found in any particular place. They may well show up in the seepage that Burnett 
et al. find in Bangkok’s subsurface and canal flows. They may enter the river and 
flow away. For much of Asia monsoons produce highly varied seasonal rainfall. 
What is the impact of both subsurface and terranean flows of water and pollutants?

Warming. A number of the studies deal with warming: temperature, urban heat 
islands, historical trends, subsurface and surface variations and so on (Yoshikoshi 
et al. 2009; Kataoka et al. 2009; Yamano et al. 2009; Huang et al. 2009; Taniguchi 
et al. 2009a, b). We find nearly universal trends in rising urban temperatures. Urban 
centers are warmer than their suburbs. Urban diurnal variations decline over time. 
Some of this is distinctly urban, what goes on in large cities; some is more directly 
related to long term warming and climate change. Here is a major problem that calls 
for large scale, interdisciplinary study. Where does urban heat come from? What 
different urban environments produce heat? Transportation provides some but in 
many cities it is the buildings themselves that produce the most heat. There are 
countless electric motors for elevators, escalators, air conditioning and heating and 
lighting. What public policies, from utility rates to formal regulations, to sources of 
electricity (from hydro to natural gas to dirty coal) affect the amount of heat generated 
for unit of work? What technological developments, from what sources, produce the 
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motors that use electricity? China has recently unveiled a super-green building 
where the elevators sense the weight in them and direct the motors to use the 
appropriate amount of energy to lift or lower the load. It should not be difficult to 
calculate how much energy such a system will save. Elevators are all subject to 
government control, licensing and inspection. This means that somewhere in the 
urban administrative system there are records of all elevators and how many flights 
they traverse. A sample of motors that drive the elevators could provide us with a 
gross estimate of energy use per elevator, from which we could easily calculate 
savings in energy use from the new systems. This is, of course, only one set of ques-
tions that focus on the source of heat. Another set of questions must focus on the 
consequences of the heat. Here human health is a major concern, especially as cities 
face major heat waves in the summer, which have been known to kill directly.

Lee et  al. (2009) examined nutrient flows from both subsurface and surface 
water into Masan Bay in South Korea. What was striking was the finding that 
subsurface flows equaled or greatly surpassed the flows from surface water. 
(Burnett found similar significant pollution flow through subsurface conduits in 
Bangkok.) Here were nutrients that caused massive red tides eutrophication and 
algae blooms. Government efforts to control the runoff have yet to be successful. 
Perhaps it is because they have failed to understand the importance of the subsurface 
flows. This provides us with another very important conduit for pollution flows. 
The next questions lead us to ask about the sources of the nutrient flows, and why 
government regulations have been unable to stem the tide. But they also raise 
another question at the end of the flows. What are the health and economic 
consequences of the red tides and eutrophication? The discovery of subsurface 
nutrient flows provides important information on a long chain of events, and the 
entire chain must be researched.

Much more could be said about the many environments of the urban scene and 
of their social organization, but I think this is sufficient to suggest that those other 
environments are an important element of the subsurface environment. How can these 
many environments be linked together more effectively? For in a sense they must 
be linked together if we are to have any impact in developing more sustainable cities 
and societies. Let me first review briefly the technological and social developments 
that have come so massively and rapidly in less than the past half century. Then  
I shall make a modest two part proposal.

2.4 � Technological and Social Developments5

The past century has seen dramatic developments in the technology and the 
social organization that affect what we are now calling sustainability. These 
developments are not just dramatic. They are mind boggling. Let me note just 

5 By Social organization I mean the broader political, social economic and cultural organization of 
the human species.
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two of the major technological development of the past century, then talk about 
recent social developments.

A century ago we were just being introduced to the automobile and its wonderful 
internal combustion engine. It is difficult to envisage now, but remember that at that 
time the automobile was hailed as a wonderfully clean and safe form of 
transportation. Compared to the horse, this was certainly true. Think of what Tokyo 
would look like now if it had the same ratio of horses to people that it had in 1900. 
Tokyo Bay would be totally horse urine. The city’s major problem would be the 
removal of thousands of tons horse manure, whose immense piles would attract 
swarms of flies that would make gastrointestinal diseases pandemic. Today’s cars 
are much cleaner, to be sure. Brain damaging lead has been removed and all manner 
of exhaust pollution (NOX, SPM, etc.) has been filtered out. The internal combustion 
engine is now known to be a wonderfully powerful source of an efficient and effec-
tive global transportation system. It is also known as a major source of the green 
house gasses that are giving us an unprecedented human impact in climate 
change.

Next consider Chlorofluorocarbons. In the 1930s when they were discovered and 
used in air conditioning, they were considered a wonderful product. They were odor-
less, non-corroding, non toxic, and they apparently simply went away. And they gave 
us refrigeration and air conditioning that have contributed massively to our global 
development. Would Bangkok, Manila, Surabaya, Osaka, Tokyo, Taipei or Seoul be 
the cities they are today without air conditioning and refrigeration? Then in the 1970s 
we found, first by theory then by measurement that the wonderful CFCs did not simply 
go away. They went to the stratosphere and destroyed ozone, that shield that keeps 
the earth safe from the sun’s ultraviolet rays. That discovery led to a major global 
political realignment, in which the USA led other nations to the ban on CFCs.6

Next consider the dramatic development of political organizations concerned 
with environmental protection. In 1962 Rachael Carson wrote, Silent Spring, 
which is often credited with awakening the world to the dangers of chemical 
pollution. Eight years later the USA created the Environmental Protection Agency. 
In 1971 the Japanese government established an Environmental Agency, which 
was upgraded to Ministerial level in 2001. In 1972 the United Nations convened 
an international conference on the environment, which led to the creation of the 
United Nations Environment Program (UNEP). Three years later the USA and 
Japan signed an agreement to cooperate on environmental protection. Since 1970 
there has been a very rapid development of scientific research organizations under 
the auspices of national governments and universities. Since then virtually every 
country has developed some version of an environmental protection agency. 
Non-governmental organizations proliferate throughout the world. The growth of 
organizations in the field of environmental protection is like a mushroom cloud, 
though hardly as deadly.

6 The issue is highly complex and the US leadership in the CFC ban was not an altruistic act. In 
fact, DuPont had developed an effective alternative and if the ban were in effect, it stood to gain 
a very large market share of the substitute for CFCs.
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RIHN is itself one of the manifestations of this trend. The world has mobilized 
massive resources to study our environments and the human impacts on them. The 
subsurface environment project reflects clearly the strong focus on not just 
environmental changes, but more specifically on the human impacts of those 
environmental changes.

There are next steps, however, of which I should like to suggest two, based on 
the RHIN work. First, I suggest we develop a standard measurement or assessment 
protocol that could be used by all or many cities to assess the health of their 
subsurface environment.

Second, there are scores of environmental changes that can be assessed in 
terms of the human activities that drive those changes. But many lead to the larger 
question of a sustainable society or sustainable development. We are all now asking 
how we can leave to future generations a life as good as or better than the one we 
have now. Sustainable societies, sustainable cities, are the next items on the 
agenda. For this the procedure of modeling cities can be especially useful.

2.5 � Next Steps

2.5.1 � Protocol for Assessing the Health of the Subsurface 
Urban Environment

The Subsurface Environment Project has developed some excellent tools and 
procedures for assessing the condition of the subsurface environment. It might be 
useful to pause a moment and try to gather together these steps to develop a 
somewhat standardized protocol that could be proposed to and used by many cities 
to assess the health of their subsurface environment, What questions should be 
asked? What specific conditions should be measured? What are the best procedures 
or instruments for these measurements? What are the dangers or threats to the 
subsurface environment from typical urban development? How can these dangers 
best be assessed? And most important how can these dangers be countered by 
effective policies (for example, restricting ground water extraction)? These are 
some of the questions a standardized protocol would address.

This type of protocol development, based on RHIN findings, should be very 
useful to international organizations like UNEP, UNDP, The World Bank and the 
Regional Development Banks, and many of the bilateral aid programs.

2.5.2 � Modeling Urban Sustainability

RIHN has already demonstrated great capacities in developing interdisciplinary 
studies of Humanity and Nature. It has also shown a great deal of creativity in 
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developing powerful and useful research projects. Let me suggest one more,  
a modeling exercise aimed at promoting sustainable cities.

Modeling, or dynamic modeling, is a well known and usually highly productive 
intellectual exercise.7 Think of the massive biogeochemical models that give us the 
climate models on which so much of modern environmental activity is based. 
Models are also commonly used in making economic, demographic, and health 
projections. Modeling also raises a number of critical and very useful questions. The 
Subsurface Environment Project has provided a base, both literally and figuratively 
for building a larger model of sustainable cities. Models are, to be sure, simplified 
constructs made to represent a specific set of processes. Simplification is the great 
strength of modeling, since it is literally impossible to think of all the conditions and 
processes that operate in any living system. Simplification allows to select a few 
conditions and processes and to examine their interactions. If we get the conditions 
and processes right, and if we understand the connections among them, we can 
produce future possible scenarios that will show us possible effects of current 
policies, processes and conditions. In effect, if we are concerned with sustainability, 
modeling is a clear necessity, because we must find a way to project past and current 
conditions and processes into the future. That is what modeling does.

There is another highly important advantage of modeling. In effect we all carry 
models in or heads. These are idea systems we have of how things work, what 
conditions or events produce the conditions we see. We have ideas, or personal 
models, of how economic development is promoted. We have similar models of 
what produces crime, illnesses, natural and manmade disasters, and even things like 
personal happiness. The problem with these personal models is that their assumptions 
are rarely made explicit and tested. It is precisely this that makes dynamic modeling 
so useful and powerful. Its assumptions are clearly stated and quantified. They can 
be examined and tested to refine their accuracy in ways that or personal models 
never achieve.

To illustrate, let me lay out a model of urban systems developed earlier for a 
quite different purpose (Ness and Low 2000).8 This was developed for medium-sized 
cities to help their administrators recognize their current conditions and the future 
implications of those conditions. The model was first described as a closed system 
model, and later it was opened to illustrate what an open system might look like. 
The models were designed to help urban administrators in nine Asian cities9 think 
about the future implications of current conditions.

We called this model a “metabolic model” of the urban system. By that we 
meant a system that uses resources to produce life. That is, the output of any 

7 I have produced a brief statement of modeling in Ness and Low (2000).
8 It would be most interesting to consider similarities and differences with Kaneko’s DPSIR 
modeling device, though that is beyond the scope of this paper.
9 The Asian Information Center of Kobe (AUICK) in cooperation with UNFPA provides assistance 
to nine cities, known as AUICK Associate Cities. They are, from west to east, Faisalabad, 
Pakistan; Chennai, India; Chittagong, Bangladesh; Kuantan, Malaysia; Khon Kaen, Thailand; 
Danang, Vietnam; Surabaya, Indonesia; Olongapo City, The Philippines, and Weihai, China.
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metabolic systems is life. This may be conceived as a dichotomous attribute: life or 
death. Or the outcome may be conceived as a variable: greater or lesser health, or 
something we can call The Quality of Life. Figures 2.1 and 2.2 below show the 
model first as a closed system and then as an open system model.

Figure 2.1 shows a closed system. The broad social environment is illustrated by 
the border; it is the Social, Political, Economic, and Cultural system of the city. 
This is a cumbersome title, but it is meant to reflect the kinds of differences we have 
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seen in Manila’s inability to stop private well digging (Jago-on et al. 2009), and the 
strength of that capacity in other cities. There is as yet no suitable taxonomy of 
these social systems that speaks to differences in their capacity to promote 
sustainable development. That is something that needs to be developed. I have some 
suggested ideas below. Inside the border of the current model are seven urban 
subsystems that affect the quality of life. The primary output of this system is the 
central circle, Quality of Life. There is an extensive literature on QOL, but we have 
yet to find a single variable measure that be used for many different environments. 
The next circle represents a much more measureable variable: human health. One 
could use a single variable measure, such as the Infant Mortality Rate, often 
considered the single best indicators of a society’s health. One could also develop 
a composite, similar to the UNDP’s Human Development Index.

The seven urban systems identified here were developed from extensive surveys 
of urban administrators, who indicated these were critical parts of the agencies they 
had to work with. These subsystems are connected by heavy lines, indicating direct 
effects, and lighter lines indicating indirect impacts. All lines have positive or 
negative valences. Where no valences are given, and in the link between water and 
the quality of life, these are assumed to be positive.

As we said above, this closed system model was designed to help urban 
administrators examine their cities and to project any given condition into the future 
to see possible implications of conditions over which they might have some control. 
It did not consider flows into or out of the city (such as water, air, pollutants, or 
people), because it was felt that the urban administrators had no control over such 
flows. The unit of analysis is the urban administrative system over which the 
administrator has direct control. It is true that administrative boundaries do not 
always conform to actual urban built-up areas. Since the 1980s for example, 
Chinese urban administrative boundaries extend far beyond the city and include 
large rural areas. Cities in Java, Indonesia are typically “underbounded,” with the 
built up areas extending beyond the city boundaries. In Indonesia’s outer islands 
cities are, as in China, typically “overbounded.” Nonetheless, since we were 
concerned with the administrators’ problems, it appeared best to work within the 
administrative boundaries of the city.

It is also, however, important to conceive of the urban system as an open system, 
with flows into and out of it. For this we turn to Fig. 2.2.

In the open systems model, we conceive of three types of inputs and outputs: 
Physical, Symbolic and Human. One of the major questions this type of model 
raises is the units of analysis. For water, we can easily identify the watershed as the 
boundary of the city, though they often cross national boundaries and present far 
more serious political problems. We can also think of an “air shed,” though here, of 
course, we usually cross national boundaries. The air shed of Japanese and Korean 
cities includes the north of China. And the 1986 Chernoble disaster suggests such 
air sheds can be very large and highly complex. One could also think of a “food 
shed,” indentifying the source of the majority of food that enters the city. Here is an 
area that has been expanding rapidly over the past half century. And, of course for 
such symbolic inputs the environment can include the entire world. It is relatively 
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easy to conceive of the human inputs and outputs, since human migration is clearly 
a major force in any city. Migration is one of the major source of growth of the 
city’s population and both the quantity and sources are fairly well documents.

This only illustrates how such a modeling exercise might proceed. We do not 
suggest that this is the appropriate model for examining and promoting sustainable 
cities. It only begins to identify the various environments, or active elements of a 
city. I believe it is especially important to identify the Social System of the city, or 
what we called the Social, Political, Economic and Cultural system. As I said 
above, I do not believe we yet have a suitable taxonomy or objective measure of 
these systems that speaks to the issue of sustainability. But consider one possibility. 
It is clear that cities, or Social Systems, differ along at least two dimensions that 
must be considered important for sustainability: the drive for economic development, 
and the concern for collective welfare. Consider the following four-fold table, 
which lays out the two dimensions as dichotomous attributes: high and low  
(Table 2.1). Considering both as variables would be better, but this simpler table 
will serve to introduce the analytical process we are considering. We can suggest 
certain countries at different times to indicate the scheme we have in mind.

In 1965 Japan gave highest priority to economic development, and serious 
pollutants like the mercury that produced Minamata Disease were ignored and 
covered up, sometimes violently. Today, Japan’s emphasis on economic development 
may have waned a bit, but the issue of collective welfare is given much higher priority. 
In 1958 and 1967 China was pursuing a revolutionary dream and neither collective 
welfare nor economic development was considered important. These were times of 
the “Red,” not the “Expert.” China in 2005 shows especially strong emphasis on 
economic development and increasing awareness of the environmental costs of this 
emphasis. Thus the emphasis on collective welfare is gaining ground. India in the 
1970s still exhibited the strong emphasis on state control and Socialism that placed 
welfare ahead of economic development. Since the economic reforms of the 1990s, 
economic development has gained higher standing. Myanmar may be said to have 
little interest in development or welfare since roughly 1962.

Again, this serves only to suggest how this taxonomy might be used to classify 
social systems on their impact on sustainability. It will be possible to consider each 
dimension as a variable and find objective indicators for each country at different 
points in time. Then it will be possible to develop objective indicators for all of the 
urban subsystems and assess their connections. From this forward projections 
under well defined assumptions can be made to assess future sustainability. 

Table  2.1  Schematic diagram of The Social Political Economic 
Cultural Systems Relevant for Sustainable Development

Collective welfare low Collective welfare high

Ec Dev High Japan 1965 China 2005
India 2005
Japan 2005

Ec Dev Low China 1958/1967 India 1970
Myanmar
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Different future scenarios can be run under different assumptions to understand the 
impact of various policy changes. It would be especially useful if RHIN could turn 
its attention to the further development of a taxonomy and set of variable measures 
to capture this important determinant of sustainable development. This would 
require more of the interdisciplinary research for whose promotion RHIN has 
already demonstrated considerable skill.

2.6 � Conclusion

Here I have recorded my own appreciation of the excellent work of the RIHN 
Subsurface Environment Project. Discovering the condition of the unseen environment 
must be ranked as a major scientific advance. I have also noted that the cities studied 
are part of a massive movement of people, the urbanization of Asia. This has been 
far more rapid and far more massive than any past movement of peoples. This makes 
this large urban environment a highly critical one. As many have observed, the 
struggle for sustainability in the world will be won or lost in the cities. If that is true, 
a great deal of that struggle will take place in the Asian urban scene.

This makes it useful to consider some other urban environments suggested by 
the past studies of the subsurface environment project. I have listed some of these, 
from the larger social system of the city to the impact of permeable surfaces on the 
city’s hydrology, to the increasing heat cities are generating, to the subsurface flows 
of pollutants. This has led me to make two suggestions of next steps.

First this project could develop a relatively standardized protocol for assessing 
the condition and health of a city’s subsurface environment. This could be especially 
useful for international organizations like Habitat, UNEP, UNDP and the regional 
development banks.

Second, I suggest a somewhat larger next step: the dynamic modeling of urban 
systems to examine and help promote the development of sustainable cities.
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Abstract  Since their growth into modern cities, Asian megacities have seen a 
change in their water environment due to such undertakings as the reclamation 
of their regional streams, rivers, lakes and ponds, and commencement of large-
scale groundwater withdrawal projects. As a result, so-called water environment 
issues emerged in many megacities. A time-series analysis of the process of their 
emergence reveals that the earlier a city developed, the earlier water environment 
issues emerged. Accordingly, one can well expect that a city that is currently dem-
onstrating remarkable growth might see in the near future an emergence of water 
environment issues similar to those in other cities that developed in earlier days. In 
this research, the urban development processes in the Asian megacities and result-
ing changes in their water environment were discussed, and the water environment 
issues that have emerged as a consequence were sorted out. As a result, it has been 
brought to light that the cities that developed early also saw water environment 
issues emerge early, but a good part of them are now in the process of being solved. 
This research stopped short of examining any specific actions taken to address 
those issues, but a remaining challenge is to apply in an effective fashion the 
approaches and experience of those cities to other megacities. As a city develops, 
changes occur to its water environment, such as a decrease in the area of its waters. 
Such changes would result in reduced groundwater recharge or might also diminish 
water retention and other functions served by the surface ground, possibly making 
it vulnerable to floods. It is a very important task to assess what changes in water 
environment lead to water environment issues to what extent, but there is still very 
little understanding of these questions. Presumably, a challenge remains for us to 
answer them in the future by studying a particular megacity.
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3.1 � Introduction

3.1.1 � Objective

Since their growth into modern cities, Asian megacities have seen a change in their 
water environment due to such undertakings as the reclamation of their regional 
streams, rivers, lakes and ponds, and commencement of large-scale groundwater 
withdrawal projects. As a result, so-called water environment issues, i.e., lower 
groundwater levels, salinization of groundwater and land subsidence, emerged in 
many megacities. A time-series analysis of the process of their emergence reveals 
that the earlier a city developed, the earlier water environment issues emerged. 
Accordingly, one can well expect that a city that is currently demonstrating remark-
able growth might see in the near future an emergence of water environment issues 
similar to those in other cities that developed in earlier days. If effective steps are 
taken now, before it is too late, the water environment issues to emerge in Asian 
megacities in the future may turn out to be different from those in the past. By the 
way, although there are the side of water resources and environmental impacts in 
the water environment issues of urban area, the author will deal with the environ-
mental impacts about groundwater, mainly.

In this paper, cities that have followed different paths of development are exam-
ined: Tokyo, Osaka, Seoul, Taipei, Bangkok, Jakarta and Manila. Note, however, 
that those cities may not be regarded merely as administrative units like municipali-
ties but are also viewed on a larger scale that covers their greater metropolitan 
regions. These megacities are the research subjects in “Human Impacts on Urban 
Subsurface Environments,” a research project at the Research Institute for Humanity 
and Nature that the author is also involved with.

As mentioned above, urban development occurred earlier in cities like Tokyo 
and Osaka, and the resulting water environment changes and water environment 
issues emerged earlier there as well. These cities were able to take certain measures 
to address their water environment issues which, while insufficient, did indeed bear 
reasonable fruit. Presumably, a series of such occurrences has been experienced 
first in Tokyo and Osaka, followed by Seoul and Taipei, then Bangkok, and then 
Jakarta and Manila, in that order, as far as the cities discussed in this paper are 
concerned. The exact same types of water environment issues that emerged in 
Tokyo or Osaka would not likely emerge in other megacities: they each have a dif-
ferent natural environment and impacts on their respective water environments 
differ in both quality and quantity. Very similar water environment issues may, 
however, still emerge.

Viewed from the perspective described above, organizing and examining in 
chronological order the urban development processes, water environment changes, 
water environment issue emergence and other related matters in Asian megacities 
appears to be a task on which researchers in Japan should take the initiative. If done 
successfully, this could lead to creating proactive solutions to water environment 
issues expected to arise in Asian megacities, before they become serious.
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There have been a good number of studies in the past on the subject of urban 
development in Asian megacities (e.g., Tasaka 1998; Nakanishi et  al. 2001; 
Miyamoto and Konagaya 1999; Douglas and Huang 2002) and water environment 
issues have also been raised from various disciplines (e.g., Liongson et al. 2000; 
Porter 1996). While there is a study that compares two cities, namely, Tokyo and 
Bangkok (Matsushita 2005), virtually no research work has ever attempted a time-
series examination of cities as many as those covered here. In this sense, writing 
this paper presumably carries some significance. This paper also serves the role of 
providing an overview of the megacities on which other papers of this book are to 
be based.

3.1.2 � Methodology

To begin with, the author sought to define when the seven Asian megacities became 
modern cities and then gained an understanding of the process of their urban devel-
opment since that time up until now. The task of deciding where the starting point 
of a certain city becoming a modern city should be set is rather challenging, given 
the variation between cities in terms of their own history as well as the socioeco-
nomic conditions of their respective countries. Any time point so set may also not 
necessarily be directly relevant to the development process of the city as it is today. 
In the case of Tokyo and Osaka, for instance, such a base time point was set at 1868, 
the year of transition from feudal society to modernization society. Thus, in this 
paper, the author chose the time point at which the socioeconomic conditions of a 
given country (or city) changed dramatically and after which the city’s spatial struc-
ture would start changing, and defined such time point as its beginning. Note that a 
somewhat different approach is used in the aforementioned project at the Research 
Institute for Humanity and Nature, which focuses on the period roughly after 1900 
in order to align the time frame.

The next step involves an overview of urban development processes. Including 
individual discussions on each of the seven megacities, however, would only serve 
to obscure this paper’s focus and is difficult due to constraints on the available 
space. On top of that, urban development processes of some of the cities have been 
explained in a paper by the author and others (Yoshikoshi et al. 2009). Therefore, 
this paper avoids giving a detailed account of urban development processes to the 
extent possible, and instead illustrates spatial development stages by a model-based 
approach.

Following that, water environment changes will be discussed and water environ-
ment issues overviewed for each city by presenting land use data in three stages of 
development process (circa 1930, circa 1970 and circa 2000). Based on such an 
understanding, observations will be offered as to any relations between urban 
development processes and the reality of water environment changes as well as 
water environment issues. The chapter will then be concluded with some suggestions 
from the author about an urban development process and water environment issues.



38 A. Yoshikoshi

3.2 � Beginning and Subsequent Development of the Megacities

Conceptually, the development processes of the seven megacities can be comprehended 
as shown in Fig. 3.1. To start with, the cities can be divided into two types when a 
focus is placed on what forms their core in terms of spatial aspects of urban devel-
opment: cities walled with ramparts (Seoul, Taipei, Bangkok, Manila and Jakarta) 
and cities with a castle but not surrounded by ramparts (Tokyo and Osaka). In the 
former, the city developed in the area surrounded by clear boundary called rampart. 
In the latter, the city developed not in the area surrounded by clear boundary (rampart), 
but in the area centering on a castle. Both have the difference as shown above. The 
cities would later expand beyond ramparts, which would eventually be taken down 
in many cities (although they are preserved in Manila), with only some gates pre-
served up to the present time. Urban expansion would then further continue out to 
surrounding areas, which can also be divided into two types in terms of what kind of 
land was converted for development purposes: farmland and forestland. This is not 
as clear a distinction as the existence of ramparts, however.

Whether satellite cities have formed in surrounding areas is another factor that 
divides the megacities into two categories, but the timing of satellite city formation 
also varies from city to city. Bangkok and Jakarta have seen no obvious satellite city 
formation. These megacities have developed through the expansion of urban areas 
into their surrounding areas. Even in cities with satellite city formation, subsequent 
urban development and expansion eventually made it difficult to distinguish these 
cities from those without satellite cities in terms of landscapes, resulting in the 
formation of so-called conurbation cities. Figure 3.1 illustrates all these aspects in 
chronological order, with the most recent period at the bottom.

Origin: cities walled with rampartsOrigin: cities with a castle but not 
surrounded by ramparts

Seoul Taipei Bangkok ManilaJakartaTokyo Osaka

The Cities would later expand beyond ramparts

Satellite cities Satellite citiesSatellite cities

Convert Forestland
into Urban areaConvert Farmland into Urban area

Conurbation cities

Fig. 3.1  The Process of Urban Development (modified from Yoshikoshi 2010)
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While a description of urban development processes in this paper should revolve 
around Fig. 3.1, doing so would be a little too complicated. Alternatively, therefore, 
the cities are divided into the four groups below in an attempt to provide an over-
view and present spatial development models for each group on the basis of urban 
development stages.

As part of research in our project at the Research Institute for Humanity and 
Nature, the land use data on the subject megacities over three periods was converted 
into GIS data. More specifically, GIS was used to create square-grid land use maps 
on the basis of 1:50,000-scale topographical maps from the three respective peri-
ods. In this process, roughly 500-meter square grids were drawn on topographical 
maps, with each grid showing the most prominent way in which the land was used 
in the area. Therefore, this method would preclude any comparative analysis using 
detailed figures, since minor land use that cannot be expressed by this approach 
would be ignored and because of variations in the topographical maps, on which 
the analysis would be based, depending on the country or the year in which they 
were created.

The data on the greater metropolitan regions of Asian megacities (greater met-
ropolitan population, greater metropolitan area, population density) is as shown in 
Table 3.1, for the purpose of comparison the sizes of recent greater metropolitan 
regions.

3.2.1 � Tokyo and Osaka

As was already mentioned, the starting point of Tokyo and Osaka as modern cities 
is set at the Meiji Revolution of 1868. The Meiji Revolution was a period of major 
innovations and modernization in Japan, when the shogunate regime collapsed and 
Japan-style capitalism and nation-building based on modern imperialism began.

Tokyo and Osaka are both situated on coastal plains and adjacent to rivers. 
Tokyo, in particular, had vast farmland to its back consisting of rice paddies and 
crop fields, allowing physical room for the city to expand substantially. The two 
cities used to be castle towns in pre-modern times but were not surrounded by 

Table 3.1  The data on metropolitan region on Asian megacities

Megacities
Population 
(10,000 persons)

Metropolitan 
area (km2)

Population 
density 
(person/km2)

Tokyo 3,425 7,835 4,350
Osaka 1,725 2,720 6,350
Seoul 1,950 1,943 10,050
Taipei 650 440 14,750
Bangkok 800 1,502 5,350
Jakarta 2,060 2,720 7,600
Manila 1.915 1,425 13,450

Source: Demographia (http://www.demographia.com/)

http://www.demographia.com/
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ramparts. They also shared a common feature of having inside them a large number 
of moats, streams and other types of waters that were used, among other ways, to 
carry people and transport goods.

Later on, Tokyo’s development began mainly from areas around the castle, as is 
illustrated in Fig. 3.2. Of the two cities, Tokyo, in particular, suffered devastation: 
it was utterly destroyed by the Great Kanto Earthquake in 1923 and then by air raids 
in the last phase of World War II, but thereafter made an astonishing recovery. 
Tokyo and Osaka took in a large population coming from all around Japan not only 
in their urban areas but also by forming satellite cities in their suburbs. The inner 
city areas and their satellite cities were connected by railways that radiated out from 
the center. The cities expanded rapidly during the period of high economic growth 
starting in the mid-1950s, resulting in a large number of satellite cities growing in 
their suburbs as residential areas for those commuting to the city centers by train, 
etc. Further growth that followed led to conurbation of existing medium- and small-
sized cities in the vicinity and satellite cities, which entailed across-the-board 
urbanization that covered all those areas. The aforementioned Fig. 3.2 is a model 
representing these actual developments. Osaka is represented by the same model as 
Tokyo since both cities essentially followed the same path of development, with the 
greatest difference being that Osaka suffered no damage from the Great Kanto 
Earthquake. As can be seen from Table  3.1, the size of Tokyo as a city is truly 
world-class.

Figure  3.3 illustrates changes in land use in Tokyo. Residential lands existed 
only in the proximity of coastal areas around 1930. However, by roughly 2000, they 
were seen to extend from the areas along Tokyo Bay to the inland areas. In contrast, 
it is clear that farmland followed a shrinking pattern. Likewise, changes in land use 
in Osaka are shown in Fig. 3.4. This figure shows, just as tellingly as in the case of 
Tokyo, how farmland was converted to provide more and more residential land.

circa-1900 circa-1970 circa-2000

Castle
City

Farmland

Satellite city

Castle

City

Farmland

Satellite city

Castle

City

Farmland

Farmland

FarmlandFarmland

Fig. 3.2  Urban development model of Tokyo (reprinted from Yoshikoshi 2010)
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3.2.2 � Seoul and Taipei

After the Japan-Korea Annexation Treaty was signed in 1910, Seoul was renamed 
as Gyeongseong-bu and the Japanese Governor-General of Korea was established 
there. The author defined this point in time as the beginning of Seoul as a modern 
city. Likewise, Taipei as a modern city was deemed to have begun when it came 
under Japanese rule with the establishment of the Japanese Governor-General of 
Taiwan in 1895.

Seoul and Taipei are both cities originating in a relatively narrow basin area. At 
the onset of modern-city formation, Seoul had crop fields and also some forestland 
in its surroundings, while Taipei had an extensive sprawl of farmland, such as rice 
paddies and crop fields, in its surroundings. Although both cities were enclosed by 
ramparts, the area within them was particularly small in Taipei, with their construc-
tion dating back to 1875, which is also substantially new in comparison to other 
cities. The ramparts were eventually removed as both cities developed beyond their 
borders, with only some gates remaining at present. Seoul expanded from the basin 
on which the city center lies, out to the proximity of the Hangang River in the south, 
which has now grown to an area serving the function as the new city center. 
Satellite cities, including Incheon and Suwon, developed in the west and the south 
of Seoul. Meanwhile, Taipei achieved rapid growth in relatively recent times by 
having satellite cities form in areas in the south to the west across the Danshui 
River, major examples of which are the cities of Yonghe, Banqiao and Sanchong 
(Selya 1995). Thus, the development process of Taipei is very similar to that of 
Seoul. For that reason, the charted model for Seoul (Fig. 3.5) is used as one repre-
sentative of Taipei as well.

As can be seen from Table 3.1, what is characteristic of Taipei is that its popula-
tion density is the highest among the subject cities despite its small population 
because its urban area is very small.

Fig. 3.4  Urban development model of Osaka (reprinted from Yoshikoshi 2010)
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Changes in land use in Seoul are shown in Fig. 3.6. Around 1920, rapid expansion 
of the city’s core, which used to be located to the north of the Hangang River, can 
be observed. However, the area had failed to expand throughout due to limitations 
posed by mountains and other terrain in its surroundings.

3.2.3 � Bangkok

In Bangkok, the coup d’etat that broke out in 1932 (a bloodless revolution) resulted 
in a transition from absolute monarchy to constitutional monarchy. The author 
defines this point in time as the beginning of Bangkok as a modern city. The city 
of Bangkok originated from an area surrounded by ramparts and canals, with 
Rattanakosin Island in the Chao Phraya River at its center. Subsequently, the urban 
area expanded further as more canals, etc. were built. Such expansion initially fol-
lowed the Chao Phraya River and then successively expanded out to the east and 
the south with the construction of roads.

Areas surrounding Bangkok were a vast delta with an expanse of rice pad sea 
level.

Since 1980, Bangkok ballooned by attracting a sizable population from rural 
regions in its surroundings. Bangkok’s development proceeded not through satellite 
city formation, but through successive expansion of its urban area by means of hav-
ing its surrounding farmland converted. The Bangkok Metropolitan Area (BMA), 
which covers Bangkok and its surrounding areas, thus further grew to entail the 
formation of the Bangkok Metropolitan Region (BMR).

A model designed to represent the urban development in Bangkok is as shown 
in Fig. 3.7. It shares a common feature with Jakarta in that it is void of satellite city 
development, but can still be regarded as having a unique pattern in that there has 
been no obvious formation of a new city center as was the case of Jakarta.

Fig. 3.5  Urban development model of Seoul (reprinted from Yoshikoshi 2010)
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3.2.4 � Jakarta and Manila

Jakarta’s beginning as a modern city was set at the period of the “Liberal Policy” 
implementation during the 1860s. While this period may seem early, relative to the 
other megacities considered, it was selected in consideration that it was at that time 
when various forms of infrastructure worthy of a modern city were built in succes-
sion. Jakarta has a history of foreign rule by Portugal, the Netherlands and Japan. 
Meanwhile, the beginning of Manila as a modern city was defined at the period of 
its cession from Spain to the USA in 1898. Both cities share a common feature of 
having originated in a ramparted area and are also quite similar in that their devel-
opment involved new city center formation and transitions. In Manila’s case, Metro 
Manila was formed through the formation of many cities in its environs and the 
scale of those cities now far exceeds that of Manila. Jakarta, in contrast, grew with 
no obvious satellite city formation but rather by having its urban area expand into 
its surroundings and absorbing a large population into its inner city. Today, the 
Special Capital Territory of Jakarta (DKI Jakarta) exists as a result of that process. 
The greater metropolitan Jakarta that includes Jakarta’s surrounding areas is called 
Jabotabek. Although their formation mechanisms are somewhat different, both 
megacities are also in a similar situation in that they have a large number of slums 
within their urban areas.

Two additional similarities between these cities are worthy of note. Both are located 
on or in close proximity to coastal plains. Jakarta had its urban area sprawl to a south-
ern region where elevations above sea level increase gradually, whereas Manila’s 
equivalent expansion took place on the isthmus-like lowland sandwiched between 
Manila Bay and Lake Laguna. Another common aspect is the former existence of 
forests or plantations in the regions into which they expanded their urban areas.

Fig. 3.7  Urban development model of Bangkok (reprinted from Yoshikoshi 2010)

circa-1900 circa-1970 circa-2000

Rampart

City
City City

Farmland

Farmland

Farmland

Farmland

Farmland

Farmland

RampartRampart
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The subsequent development proceeded as shown in Fig.  3.8 in the case of 
Jakarta and in Fig. 3.9 in the case of Manila. Although their respective development 
processes are quite similar, a different model was designed for each because they 
are slightly different in that, at their stage of development in 1970, Manila saw the 
formation of its satellite cities, whereas Jakarta had new city centers formed and 
transitioned.

Table 3.1 also shows that a characteristic of Manila is its having a high popula-
tion density. Changes in land use in Manila are illustrated in Fig. 3.10. It clearly 
shows the process of Manila’s urban area expanding to the east at a gradual pace 
and then rapidly to the south and the north.

circa-1900 circa-1970 circa-2000
City

Forests

Forests

Forests

Farmland

Farmland

Farmland

Rampart Rampart
Rampart

New City Center

New City Center

City

City
City

Fig. 3.8  Urban development model of Jakarta (reprinted from Yoshikoshi 2010)

circa-1900 circa-1970 circa-2000

City City

City

New City Center

Rampart Rampart Rampart

Satellite City

Satellite City

Farmland

Farmland

Farmland

Fig. 3.9  Urban development model of Manila (reprinted from Yoshikoshi 2010)
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3.3 � Water Environment Changes and Water  
Environment Issues

Grouping Asian megacities into several categories on the basis of water environment 
changes and water environment issues is no easy task, given that such changes and 
issues are not only simply related to urban development, but are inherently con-
nected with the natural environment of the region in which the city is located. 
Accordingly, a description of these aspects will be given in relation to each megac-
ity, while it may admittedly appear a little digressive.

In this context, water environment changes refer to areas of water, including 
channels, streams, rivers, lakes, ponds, and marshlands, changing to roads or other 
urban-type land uses. Although it is naturally expected for water areas and marsh-
lands to diminish with urban development, such changes in land use may not 
always be reflected accurately when land uses are calculated by a grid-square 
approach based on topographical maps as described earlier. With reference to GIS 
data, outcomes are relatively good in the cases of Tokyo, Seoul, Jakarta, Manila, 
etc., but appear to leave some issues for other cities. One way to complement this 
would be to use large-scale maps produced in different years to compare waters and 
other areas on them. This approach will be used later to describe the example of 
Bangkok.

Also note that in this chapter, water environment issues are almost entirely lim-
ited to groundwater level fluctuations, land subsidence, groundwater salinization, 
and water pollution; furthermore there are gaps present in the data, as all figures 
could not be collected for all the megacities.

3.3.1 � Tokyo

1.	 Water environment changes
The area of its waters and marshlands dropped from 336 km2 around 1930 to 
173 km2 (GIS data) by around 2000. Waters and marshlands diminished because 
of, among other things, their conversion to roads, etc. and culverting of streams. 
Since increased river flows as a result of urbanization were seen to lead to flood 
damage in recent years, a series of new measures have started being taken, such 
as stream or river improvements together with underground drain construction.

2.	 Groundwater level fluctuations
Since a restriction on groundwater pumping was put in place in 1961, ground-
water levels have been on the rise. Prior to 1970, the amount of water pumped 
up in Tokyo per day used to be 1.5 million m3, but has recently declined down 
to 400,000 m3. This, in turn, actually caused groundwater levels to rise too high 
and has thus generated new issues, such as water seepage into underground 
structures as well as deformation and surfacing of them due to water pressure 
(Aichi and Tokunaga 2007).
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	3.	 Land subsidence
Land subsidence had already been occurring since the 1880s when monitoring 
was begun, but the issue was brought to light only after the 1920s. The trend 
ceased temporarily during World War II but again became noticeable in post-war 
days and continued on until around 1970, when the water pumping restriction 
started to be proven effective (Endo et al. 2001). Viewed by area, land subsid-
ence took place mainly in areas from the Tokyo Bay coastal area to the alluvial 
lowland. Thanks to the groundwater pumping restriction that was subsequently 
applied to most areas, the land ceased to subside after 1970. On the diluvial 
plateau where groundwater pumping still continued, however, localized subsid-
ence was observed (Endo and Ishii 1984). This led to the appearance of so-called 
“zero-meter zones,” meaning areas of which elevation is at or below sea level, 
on the alluvial lowland, including the proximity of the Arakawa River’s mouth 
where a large cumulative subsidence was recorded. It therefore became neces-
sary to construct coastal levees, etc. to prevent tidal wave damage.

With the cessation of land subsidence, the ground was uplifted, albeit very 
little, principally in areas with a large cumulative subsidence; one area had a 
cumulative uplift of as much as 16 cm (Endo et al. 2001).

	4.	 Water salinization
When groundwater levels dropped sharply, coastal areas experienced groundwa-
ter salinization. This issue, however, has been put to rest in recent years because 
groundwater levels rose and groundwater is no longer used. Of an additional 
note, the problem of accidents caused by oxygen-deficient air, which had 
occurred frequently on underground and other construction sites between the 
1950s and the 1970s, was likewise essentially solved as a result of the ground-
water level rise (Endo and Ishii 1984).

5.	 Water pollution
Non-point source pollution from nitrate-nitrogen and other compounds used to 
be found in Tokyo’s groundwater, though the recent trend has shifted to point 
source pollution (from heavy metals and the like) from factories and other 
sites.

3.3.2 � Osaka

1.	 Water environment changes
Osaka used to have a large number of small channels and canals, but many of 
them were reclaimed and were converted to roads.

2.	 Groundwater level fluctuations
The first observation of groundwater levels in Osaka was conducted in 1939. 
The levels rose temporarily during World War II but fell sharply again as a result 
of pumping of a large quantity of groundwater after the war (Nakamachi 1977). 
Since a restriction on groundwater pumping was enacted in the late 1950s, 
groundwater levels followed an upward trend, which eventually regained wartime 
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levels in 1965 and continued rising thereafter as well. As with Tokyo, this has 
generated problems of water seepage into underground structures as well as 
surfacing of them in Osaka.

3.	 Land subsidence
Thanks to the restriction on groundwater pumping imposed by new laws and 
local bylaws, land subsidence ceased in Osaka around 1970. Subsequently, in 
some places, the ground has swelled by several centimeters in a cumulative 
measurement. Land subsidence measurements in Osaka were large in the 
Higashi-Osaka (eastern) region as well as the coastal area of Osaka Bay and the 
lowland in the vicinity of the Yodogawa River (Nishigaki 1988). Meanwhile, 
even in the heart of Osaka, only minor land subsidence was observed in areas 
such as the Uemachi Plateau, on which Osaka Castle and other structures are 
built. This suggests that a characteristic of land subsidence in Osaka is that it 
patently reflects geographical and geological conditions.

4.	 Water salinization
Water salinization emerged as an issue in coastal regions, etc. in the period of 
lowering groundwater levels but, thanks to increased groundwater levels and a 
sharp drop in groundwater use, it is no longer a water environment issue.

5.	 Water pollution
Osaka has been following a trend very similar to that of Tokyo in that point 
source pollution from organic compounds is now dominant.

3.3.3 � Seoul

1.	 Water environment changes
The trend of small- and medium-sized streams being converted into roads, etc. 
was observed in Seoul as well. This phenomenon can also be seen from the fact 
that the area of its waters dropped from 318 to 247 km2 in GIS data.

Given that a general trend in Asian megacities is that waters, such as streams, 
rivers, lakes and ponds, are turned into roads, etc., the restoration of the 
Cheonggye River in Seoul was a feat worthy of special mention. The Cheonggye 
River is a small urban stream of 11 km in length that flows eastwards within the 
Seoul Basin and then joins the Hangang River. In order to address Seoul’s traffic 
volume, which was rising with the progress of urbanization, a construction proj-
ect for culverting the Cheonggye River was per formed in the early 1950s, which 
was followed by the construction of an elevated road above the culvert. The sub-
sequent deterioration of the environment triggered growing calls for waterfront 
restoration and, by 2005, the restoration project was completed (Haruyama 2006) 
to a successful return of waterfront sceneries in the heart of downtown Seoul, as 
can be seen in Fig. 3.11. This is a rare example among all Asian megacities.

2.	 Groundwater level fluctuations
An increase in the quantity of groundwater getting pumped up entailed lower 
groundwater levels. Groundwater levels in Seoul dropped by 60 cm in 6 years in 
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the recent past. In addition to the increased quantity of groundwater pumping, 
the fact that the city’s ground surface is now covered with impervious materials 
is suspected to be another reason for this.

3.	 Land subsidence
As Seoul sits on a granite basement, no land subsidence would occur where 
sedimentary layers are thin. In areas with relatively thick sedimentary layers, 
however, land subsidence has indeed taken place and caused cracking of 
building structures and other damage. Land subsidence problems similar to 
those experienced in other megacities have emerged in Seoul’s coastal regions 
as well, including the satellite city Incheon.

4.	 Water pollution
Recently in Seoul, the state of bacterial pollution (especially E. coli) and water 
pollution (from organic solvents and heavy metals, etc.) is reportedly quite serious. 
While it is a case unique to Seoul, some also point out that subway air is 
contaminated with radon that is naturally emitted from its basement granite.

3.3.4 � Taipei

1.	 Water environment changes
In Taipei, the area of waters was decreased by the straightening of river channels 
rather than the reclamation of streams, rivers, etc. This, however, does not 
appear to be reflected accurately in figures in GIS data.

2.	 Groundwater levels
Groundwater levels once dropped as a result of a large quantity of water being 
pumped up, but then started rising around 1972 following a restriction on 

Fig. 3.11  Cheonggye river in the city of Seoul
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groundwater pumping enacted in 1968. In Taipai and its satellite city Sanchong, 
groundwater levels rose by as high as 30 m between 1976 and 1994.

3.	 Land subsidence
Sedimentary layers in Taipei’s inner-city area are approximately 700 m thick to 
the basement. Due to this natural environment and the pumping of groundwater 
in large quantities, cumulative subsidence measurements since 1951 marked 
around 2.2 m in some areas with a higher subsidence, such as Taipei and the 
vicinity of Sanchong lying across the Danshui River from Taipei. After the 1968 
restriction of groundwater pumping was set in place, subsidence measurements 
started dropping and are said to have now almost ceased. There has been a press 
report, however, that an annual subsidence has reached 2.4 cm and a cumulative 
subsidence 7.2  cm in 3  years in the recent past (2004–2006), which might 
suggest that subsidence has not ceased completely.

4.	 Water salinization
Electrical conductivity of Taipei’s groundwater measures roughly between 250 
and 500 mS/cm, but it exceeds 750 mS/cm in some area in the east. Due to its 
distance from the coast, however, this has not entailed any serious consequences 
(Chen 2005).

3.3.5 � Bangkok

1.	 Water environment changes
Rivers and canals have been reclaimed in Bangkok. However, a time-series com-
parison of Bangkok’s inner-city area between 1917 and 2004 using large- scale 
maps shows that the area of its waters has decreased substantially in recent years, 
as is illustrated in Fig.  3.12. In particular, it was found that there are many 
reclaimed pieces of land that used to be short canals directly connected to the 
Chao Phraya River, which flows southwards down the middle of the inner city, 
or that used to be canals on its right bank or in other areas.

2.	 Groundwater levels
It was after the early 1950s that groundwater started to be pumped up in a large 
quantity in Bangkok. A daily pumping volume was approximately 8,000 m3 back 
then, but it jumped to as much as approximately 1.4 million m3 by 1982. As 
many houses and factories were built even out in the suburbs during the so-called 
economic bubble in Thailand after 1993, the groundwater pumping volume 
increased to eventually exceed two million m3 by 1999 (Noppadol et al. 2008).

Up until around 1998, although public groundwater pumping dropped due to 
the establishment of the Groundwater Act in 1977, private groundwater pumping 
showed no sign of slowing down and actually even surged after 1990. Later, fol-
lowing the start of public water supply using surface water of the Chao Phraya 
River in 1981, the groundwater pumping volume has been on the decline. As an 
outright ban on groundwater pumping was set in place in 2004, the groundwater 
level decrease is now in the process of stabilizing.
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3.	 Land subsidence
In Bangkok, sedimentary layers are approximately 500 m thick to the basement. 
Land subsidence is now a serious water environment issue in Bangkok, especially 
in the vicinity of the inner city where particularly serious subsidence occurred. In 
some places, including an area east of the Chao Phraya River, the largest subsidence 
on record was 85 cm for the period from 1933 to 1978, 75 cm from 1978 to 1987 
and 38 cm from 1992 to 2000. Where the largest subsidence was observed, a cumu-
lative measurement of over two meters was recorded for the 1933–2002 period. 
While subsidence measurements are currently dropping in the inner city thanks to 
the groundwater pumping restrictions, marked subsidence is still progressing in the 
suburbs. This has caused a string of different types of damage, including cracks in 
building structures due to uneven sinking and the collapse of a pagoda in Wat Saket. 
Further still, the fact that Bangkok is situated on flat lowland is a cause of frequent 
floods, as poor drainage conditions occur in rivers and canals in rainy seasons.  In 
particular, flood damage suffered from 1983 to 1985 was quite substantial. Flood 
prevention steps have therefore been taken, including levee construction and dis-
charge pump station construction (Noppadol et al. 2008) as well as comprehensive 
flood control measures using a flood control basin (Matsushita).

4.	 Water pollution
Groundwater pollution is caused not only by drainage from factories (in the 
sugar industry, the pulp and paper industry, the rubber industry, etc.) but also by 
human and agricultural sewage. Pollution from chlorinated organic solvents has 
also become marked in recent years.

Fig. 3.12  Water area of Bangkok (reprinted from Yoshikoshi 2010)
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3.3.6 � Jakarta

1.	 Water environment changes
While Jakarta has no major river, it has extremely meandering, medium- and small-
sized streams flowing within it. It can also be seen from GIS data that the area of 
its waters was slightly reduced by having their meandering parts straightened.

2.	 Groundwater levels
In Jakarta, sedimentary layers are approximately 300 m thick to the basement. 
Since 1980, there has been a roughly 2.5-fold increase in the number of deep 
wells in DKI Jakarta, which coincided with an increase in the volume of under-
ground water pumping. The pumping volume has now reached 750 million m3 
per year (Douglas and Huang 2002). Behind these figures is the reality that 
drinking water is supplied to only 20 percent of the people of Jakarta (Wada et al. 
2006). As a consequence, groundwater levels have dropped considerably as well.

3.	 Land subsidence
Land subsidence is now a serious water environment issue in Jakarta. There were 
areas in the northern part of its downtown that were found to have major land 
subsidence: between 1982 and 1991, it occurred on the west and east sides; 
between 1991 and 1997, particularly on the west side; and between 1997 and 
1999, on the east side. Also after 1995, subsidence has been continuing at the 
yearly rate of 19 cm in Jakarta’s western part and 11–13 cm in its central part. 
This has caused frequent occurrences of tidal wave damage in coastal regions. In 
particular, places like Muara Baru are flooded virtually on a daily basis (Hirose 
et al. 2001). Figure 3.13 is a scene from a flood in the vicinity of the Sunda Kelapa 
port that the author experienced firsthand in 2007. Possibly because flooding has 
become an everyday event for them, residents did not appear to be panicking.

Fig. 3.13  High tide disaster in the Vicinity of Sunda Kelapa
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4.	 Water pollution
Groundwater pollution is also serious in Jakarta, the most dominant form of 
which is bacterial and organic in nature. Heavy metal and oil pollution has also 
taken place near the Tanjung Priok port in the city’s northeastern part.

3.3.7 � Manila

1.	 Water environment changes
That the area of Manila’s waters has also decreased substantially can be judged 
from GIS data as well. For flood prevention purposes, improvement projects 
have started to be carried out in recent years to make the water flow better, as 
will be described later.

2.	 Groundwater levels
Groundwater levels have declined to a significant extent far and wide in the city’s 
urban area.

3.	 Land subsidence
Land subsidence is currently taking place in the greater metropolitan Manila region, 
as a consequence of which an extensive part of it now sits below sea level.

In Manila, floods also occur frequently not only due to urbanization but also 
because of the poor drainage characteristic of the flat lowland. Recently, floods 
have occurred near Lake Laguna as well. This prompted improvement projects 
to be carried out in the Napindan Channel, a floodway from Lake Laguna, and 
the Pasig River, as well as drainage pump station construction, etc. (Douglas and 
Huang 2002), to which Japan provides assistance. A coastal area called the 
Navotas District is a slum sitting on a landfill and serving as home to approxi-
mately 5,000 people, where there is a forest of shacks built on the water to avoid 
flood damage. Water environment issues have emerged in close connection with 
urban problems like this.

4.	 Water pollution
Water pollution is also considerable not only in streams and rivers, or lakes and 
ponds, but also in the ocean and groundwater alike. Serious water pollution is taking 
place because sewage treatment facilities are inadequate, which has led to insuffi-
cient treatment of wastewater from general households, factories, farmland, etc.

3.4 � Connection Between Urban Development  
and Water Environment Changes

The observations in the preceding sections have revealed that there are time lags 
between megacities in terms of timings of water environment issue emergence and 
solution. On that account, the current state of water environment issues in the 
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respective cities was examined and sorted out for this paper. The results are as 
shown in Table 3.2. As the data used was not necessarily prepared on the same 
basis, elaborate comparison becomes difficult; therefore, the approach chosen by 
the author was to compare the degree of water environment issues on a scale of four 
5: ◎ indicates very positive, ○ positive, D somewhat problematic, × very problem-
atic and – un-inquiring. Take groundwater levels as an example. Tokyo and Osaka 
should really be given a score of ○, seeing that their groundwater levels are on the 
rise, but the score given is ◎ because, as mentioned above, they are faced with 
new issues arising as a result of such rise. One can clearly see from the table that 
water environment issues have been solved to a considerable degree in Tokyo and 
Osaka; further, it is demonstrated that solutions are under way in Seoul and Taipei, 
while signs of solution can be seen to appear in Bangkok. Discernibly, water envi-
ronment issues in Jakarta and Manila are currently in the most serious condition. 
Note that the sewage service coverage rate figures presented in the table concern 
the cities in administrative terms, which are more limited than greater metropoli-
tan regions. As mentioned above, the issue of groundwater pollution has yet to be 
solved in Tokyo and Osaka as well. As sewage systems are effective in the face of 
organic pollution but have no effect on heavy metal pollution, etc., new steps need 
to be taken in order to attain a positive state, even in the case of a city with almost 
100-percent sewage service coverage. This observation provides a fairly clear 
picture of the state of water environment issues that the Asian megacities are cur-
rently faced with.

As a next step, an attempt will now be made to gain an organized time-series 
view as to how water environment issues have developed. Note that the water envi-
ronment issues focused on here are limited to lower groundwater levels and land 
subsidence; these issues are examined to ascertain the timing at which any major 
change occurred to them. The development processes of the megacities are as illus-
trated in Sect.  3.2. In every city, it is only after entering into a period of high 
economic growth that certain steps are taken to address water environment issues. 
As solving any water environment issue requires a proportionate amount of money,  
an economic backing is imperative. Figure 3.14 illustrates how those factors are 

Table 3.2  Current state of water environmental issues (modified from Yoshikoshi 2010)

Cities

Water environmental issues (items) Sewage 
service 
coverage 
rate (%)

Ground 
water level

Land 
subsidence

Ground 
water 
salinization

Ground 
water 
pollution Total

Tokyo ○ ◎ ◎ D ○ 99.9
Osaka ○ ◎ ◎ D ○ 99.9
Seoul D D – D D 98.1
Taipei ○ D ○ – D 60.1
Bangkok D × – × × 50.0
Jakarta D × – × ×   1.0
Manila D × – × ×   5.0

◎ very positive, ○ positive, D somewhat problematic, × very problematic, – un-inquiring
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connected with each other. Viewed by city group, Tokyo and Osaka entered into a 
high economic growth period in 1955, during which they managed to get out of the 
most serious stage of their water environment issues. The economy of Seoul and 
Taipei grew rapidly between 1980 and 1985. It is from then on that their water 
environment issues have been in the process of being solved. Equivalent economic 
growth started in 1980 in Bangkok, but it is only very recently that signs of the city 
getting over its water environment issues came into view. In the cases of Jakarta and 
Manila, where a high economic growth period began in 1990, water environment 
issues are still in their serious stage. Thus, it has now become clear that every city 
group has gone through, or is going through, a similar experience with time lags of 
roughly 20 years.

3.5 � Conclusion

In this paper, the urban development processes in the Asian megacities and result-
ing changes in their water environment were discussed, and the water environment 
issues that have emerged as a consequence were sorted out. As a result, it has been 
brought to light that the cities that developed early also saw water environment 
issues emerge early, but a good part of them are now in the process of being solved. 
This chapter stopped short of examining any specific actions taken to address those 
issues, but a remaining challenge is to apply in an effective fashion the approaches 
and experience of those cities to other megacities.

In conclusion, an attempt will be made to examine which aspects of Tokyo’s 
or Osaka’s experience must be communicated to other cities. As an example,  

Fig. 3.14  Change of water environment issues (modified from Yoshikoshi 2010)

Tokyo
Osaka

Bangkok

Seoul
Taipei

Jakarta
Manila

Fall of Groundwater Level, Land Subsidence

Fall of Groundwater Level, Land Subsidence

Rise of Groundwater Level
Stop of Land Subsidence

Fall of Groundwater Level
Land Subsidence

Fall of Groundwater Level
Land Subsidence (only part of Seoul)

Rise of Groundwater Level
Stop of Land Subsidence (only part of Seoul)

Rise of G.L.
Stop of L.S.

Year



58 A. Yoshikoshi

the case of Bangkok will be discussed. Bangkok has gone through its urban 
development and the emergence of water environment issues with a time lag of 
approximately 30  years compared to Tokyo or Osaka. Looking back at how it 
used to be in Tokyo and Osaka three decades ago, Japan was frantically trying to 
control its surging demand for water. What Tokyo and Osaka did back then was 
having water saved to the furthest extent possible. Specific examples were: charg-
ing a lot for water, promoting the reuse of water in factories, etc., and facilitating 
the broader use of water-saving appliances in factories and at home, etc. Efforts 
were also made to prevent leaks in waterworks and reduce unnecessary water use. 
Depending on the weather conditions, however, droughts took place and water-
saving awareness needed to be raised by means of publicity. Now, 30 years on, 
the issues that were pending then have been solved to a considerable extent and 
Tokyo and Osaka are now water-saving-minded cities. It is unclear in what form 
Tokyo’s or Osaka’s experience could be put into action in, for instance, Bangkok, 
but it might be worth trying a few approaches in this light.

As a city develops, changes occur to its water environment, such as a decrease 
in the area of its waters. Such changes would result in reduced groundwater 
recharge or might also diminish water retention and other functions served by 
the surface ground, possibly making it vulnerable to floods. It is a very important 
task to assess what changes in water environment lead to water environment 
issues to what extent, but there is still very little understanding of these questions. 
Presumably, a challenge remains for us to answer them in the future by studying a 
particular megacity.

In megacities, however, a whole new issue has emerged in relation to water: 
floods. Global-scale changes in climatic conditions (e.g., global warming, sea 
level rise, so-called guerilla downpours) have resulted in local-scale flood dam-
age. Megacities, however, remain virtually inept at dealing with this phenomenon. 
In all likelihood, this issue will also need to be brought into focus in the future.
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Abstract  Distribution of land use and its chronological changes are the mirrors that 
directly reflect the present situation and changes in the natural and socioeconomic envi-
ronments in the region concerned, and they serve as indexes to measure the effects of 
people’s activities on the ground. As such, analysis of land use is the basis for academic 
fields that approach the relationship between human activities and nature from a spatial 
perspective, such as geography. The purpose of this study is to establish the versatile 
method to create land use mesh data from topographic maps including old-edition maps 
of various countries, and to comparatively analyze spatial characteristics of land use dis-
tribution in respective cities in respective periods, and their chronological changes. As a 
result, I was able to analyze and interpret the land use distribution patterns and changes 
in the past century in seven cities in Asia. The method of this study is considered to 
be versatile for preparing the same standard land use maps, targeting a relatively wide 
range, such as metropolitan areas, and using overseas maps and old-edition maps.

4.1 � Introduction

Distribution of land use and its chronological changes are the mirrors that directly 
reflect the present situation and changes in the natural and socioeconomic environ-
ments in the region concerned, and they serve as indexes to measure the effects of 
people’s activities on the ground. As such, analysis of land use is the basis for aca-
demic fields that approach the relationship between human activities and nature 
from a spatial perspective, such as geography.

Most of the megacities in Asia are located on low-laying areas alongside the 
downstream of large rivers; the population has rapidly increased and these cities 
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have changed significantly in the past period of 50–100 years. Accompanying these 
changes, problems in water resources, urban heat island effects, and underground 
environment issues symbolized by land subsidence have occurred. However, the 
present stage of progress and maturity as a city differs among cities, and as a result, 
the overt and latent characteristics noted in the above-mentioned urban environ-
ment issues also vary.

In this study, therefore, land use mesh maps were made to be used as indexes to 
compare megacities in Asia on the progress of urbanization and industrialization and 
accompanying various urban environmental problems. This study examined seven 
cities in three periods: Tokyo, Osaka, Seoul, Taipei, Manila, Bangkok, and Jakarta. 
Because these cities are capital cities (or cities equivalent of capital cities) and have 
different stages of urban development each other, they are selected as the target of 
this study. By Yoshikoshi (2010), Tokyo and Osaka are developed first, and Seoul 
and Taipei are behind them. Manila and Jakarta are developed later. The purpose of 
this study is to establish the versatile method to create land use mesh data from topo-
graphic maps including old edition maps of various countries, and to comparatively 
analyze spatial characteristics of land use distribution in respective cities in respec-
tive periods, and their chronological changes. Some previous studies such as a series 
by Institute for Economic Research, Osaka City University (Tasaka 1998, Miyamoto 
and Konagaya 1999, Nakanishi et al. 2001, and so on) targeted on some Asian mega 
cities and detailed their histories of urban development. They described urban devel-
opment qualitatively, while this study is intended to analyze it quantitatively.

First, I took a general view of the state of preparation of land use mesh data and 
related existing studies in Japan. In this country, digital data regarding land use are 
prepared and disclosed mainly by the Ministry of Land, Infrastructure and 
Transport, and land use can be analyzed relatively easily. Examples include studies 
by Sugimori and Ohmori (1996) and by Yamashita (2004). However, these existing 
digital data were on the 1970s to 1990s. Only recently were data on 2000s dis-
closed, but there is no data on the 1960s or earlier.

On the other hand, as studies that restored the past land use by using the old 
editions of topographic maps and comparing them with the present state, there are 
a series of studies by Yukio Himiyama (Himiyama and Wataki 1990, Himiyama 
et al. 1991, Himiyama and Ota 1993, Himiyama and Motomatsu 1994). In these 
studies, land use data were prepared in the units of 2 km mesh throughout Japan 
based on the 1:50,000 topographic maps in Meiji, Taisho and mid-Showa periods 
(1950s), and comparisons were made with the present. These are very valuable data 
for learning about the state of Japan back then, but it is estimated that data prepara-
tion took vast amounts of time and work. Few studies on changes in land use on 
such a time scale have followed.

On the other hand, regarding cities overseas, there are sets of data on land use 
read from the satellite images such as Landsat and MODIS. The oldest satellite 
images are those from the 1970s, and there are none before that. Himiyama et al. 
attempted restoration of land use diagrams based on old editions of Chinese topo-
graphic maps (Himiyama et al. 1995, 1997, 1998, 1999), but no study has restored 
land use diagrams on a time scale of 50–100 years regarding the five overseas cities 
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that our study targets. Also, the government agencies of various countries have 
prepared and disclosed digital data on land use, but they were prepared according 
to respective countries’ original preparation standards and legend divisions, so it is 
difficult to say that these data can be simply applied directly, considering the key 
point of this study, which is to compare cities.

4.2 � Methodology

In order to compare cities and periods regarding land use, which is the aim of this 
study, it is necessary to prepare land use mesh maps using the same standards and 
procedures as much as possible. On this occasion, the first issue is the reduction 
scale of the topographic maps, which are the base maps. The reduction scales of 
Japanese topographic maps come in three types: 1:25,000, 1:50,000, and 1:200,000, 
but foreign topographic maps do not necessarily use the same scales. Regarding this 
point, the published topographic maps of five cities that I target in this study were 
checked. As a result, it was found that the maps with the 1:50,000 reduction scale 
were published for four out of the five cities. As such, I decided to collect topo-
graphic maps of seven cities and three periods with this reduction scale, to the 
extent possible. Regarding the maps of Jakarta in the 2000s, however, only those 
with the reduction scale of 1:25,000 are published, so I used them as substitutes.

Next, the spatial ranges of cities included in this study were considered. The defi-
nition of the term “metropolitan area” varies depending on the measure, and in this 
study I demarcated the target ranges from the perspective of analyzing land use. 
Specifically, I targeted the areas that included the entire conurbation (urban districts) 
from respective city centers, or areas slightly larger than them. Our range on the time 
axis was based on a scale of about 100 years, but I used maps from the 1920s or 
1930s as old maps, considering the following two factors: whether 1:50,000 old-
edition topographic maps, which are the base maps, can be prepared according to the 
almost same periods when they were prepared for all target maps; and the avoidance 
of overlapping with prior studies by Himiyama et  al. And also, the current maps 
(2000s) and maps of the 1950s or 1960s were prepared for this study.

Thirdly, the mesh size was considered, which is the data unit. Studies by 
Himiyama et  al. targeting all of Japan used a 2  km mesh. This study, however, 
targets only metropolitan areas, so the mesh size should be smaller than that. Ohbi 
(2008) used 1/4 subdivided mesh (250 m mesh) targeting northern part of Kanto 
Region, but use of the same size in this study is prospected to require a huge 
amount of time and labor for data preparation. In other words, it is not good to only 
get rough ideas about distribution and changes of land use as data for the spatial 
scale of the areas studied. On the other hand, data preparation becomes too cumber-
some if excessive details are pursued. Considering these factors, this study decided 
to adopt the 1/2 subdivided mesh (500 m mesh).

The last consideration was on how the land use items should be classified in 
legends. I opted for less divisions without setting up detailed classified items, with 
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reference to 11 divisions of the “land use mesh of digital national land information,” 
which is the existing land use mesh data in Japan, as well as 16 divisions of “detailed 
digital information.” The reason is as follows: in order to comparatively analyze land 
use in the seven cities in three periods that are targeted in this study, I have to prepare 
data of respective cities and periods with the same classification items; and for that 
purpose, I need to narrow classification items down to those that can be read from 
the map of every city and period. On the other hand, this study aims to relatively 
consider spatial-temporal features of urbanization and industrialization in respective 
cities based on the analysis of land use distribution. To describe urbanization from 
the perspective of land use, it is essential to clarify the divisions of natural green 
land, agricultural land, open space and urban area. Also, because the seven cities in 
Asia that are targeted in this study are located in places rich in water along big 
rivers, it is also interesting to find distribution of water areas inside city districts. 
Considering these factors, I adopted the following nine land use items in this study: 
(1) “forest” (needle-leaved trees, broad-leaved trees, bamboo grove), (2) “grassland, 
wasteland” (including park, artificial green land and golf course), (3) “rice field,”  
(4) “other agricultural lands” (field, orchard, pasture), (5) “industrial site,” (6) “resi-
dential area” (urban land use other than industrial site), (7) “water area, wetland,” 
(8) “others” (developed land, unused land, etc.), and (9) “ocean.”

After setting up unified standards as mentioned above, the actual data prepara-
tion was started. The procedure is to import the base maps using a scanner, and 
enter positional information as defined image data in GIS. Then, it was overlapped 
with the separately prepared 1/2 subdivided empty mesh file, and what stood out 
most in terms of area in each mesh based on the above nine land use items was 
visually checked and entered as attribute information in the mesh file (as for 
detailed preparation procedure, refer to Yamashita et  al. 2008, 2009). Regarding 
overseas cities, however, many places were very difficult to read even with this 
nine-item classification, due to differences in the accuracy of the base map and the 
definitions of map symbols. Reliability of these data undoubtedly needs to be veri-
fied in the future. In the stage of this report, (1) “forest” and (2) “grassland, waste-
land” were combined as “natural green land”; (3) “rice field” and (4) “other 
agricultural lands” were classified as “agricultural land (productive green land)”; 
(5) “industrial site” and (6) “residential area” were classified as “urban area”; and 
the rest was classified as “others.” The three divisions other than “others,” were 
analyzed the spatial distribution characteristics and time changes.

4.3 � Result

4.3.1 � Tokyo

Figure  4.1 shows land use mesh maps of three periods in Tokyo Metropolitan 
Area. The range of the urban area in Tokyo in 1927 was a radius of about 10 km. 
On the plain area along the large river at the outer edge of the urban area, 
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especially from the northwest to northeast part, agricultural land was dominant. 
In 1967, the urban area had expanded along major traffic networks. Agricultural 
land significantly expanded in the southern part of Ibaraki prefecture and the 
northern part of Chiba prefecture along the Tone River. In 2001, the urban area 
expanded to a radius of about 40 km, and many urban areas acting as centers for 
the suburbs are seen even farther away. Many of these urban areas used to be 
agricultural land.

Next, I see the changes in land use ratios according to distance zones of 10 km 
each from Tokyo Station as the representative point of the city center, based on 
the GIS buffer analysis (Fig. 4.2). To calculate the land use ratio, “ocean” mesh 
and mesh without data are excluded (the same with other cities). In the Tokyo 
area, natural green land decreased and agricultural land increased in regions 
farther than 30 km from the city center, from the 1920s to 1960s. From the 1960s 
to nowadays, agricultural land has significantly decreased and urbanization has 
progressed.

Fig. 4.1  Land use mesh maps of three periods in Tokyo
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Fig. 4.2  Land use ratios by distance zones of every 10 km in Tokyo
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4.3.2 � Osaka

Figure 4.3 shows the land use mesh maps of three periods in Osaka Metropolitan 
Area. In the urban area in the Osaka area in 1927, there were three centers: Osaka 
city, Kyoto city and Kobe city, and each was about 5 km wide in radius. Agricultural 
land accounted for a considerable part around Osaka, Nara and Kyoto cities, and 
the lakeside of Lake Biwa at the time. The majority of the agricultural land was 
converted to urban area by 2001. On the other hand, the areas that used to be natural 
green land were not converted to agricultural land or urban area due to topographi-
cal restrictions, and they have remained as green land.

Next, Osaka Station was adopted as the representative point in the city center of 
the Osaka area and changes in land use ratios were checked according to distance 
zones of every 10 km from there (Fig. 4.4). In the Osaka area, a considerable area 
of agricultural land was seen even within the 10 km sphere from the city center in 
the 1920s, but it has sharply decreased in both the inner-city districts and suburban 
districts. On the other hand, the ratio of natural green land is characterized by no 
significant change in any distance zone from 1920s up to now.

Fig. 4.3  Land use mesh maps of three periods in Osaka
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Fig. 4.4  Land use ratios by distance zones of every 10 km in Osaka
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4.3.3 � Seoul

Figure 4.5 shows the land use mesh maps of three periods in Seoul. The urban area 
in Seoul in the 1920s or 1930s was seen only in the limited range in the northern 
part of the Han River, but in the 1960s the area expanded to the southeast part on 
the opposite side of the river. Agricultural land was distributed linearly between 
mountainous areas. In the 2000s urban areas were widely distributed on both banks 
of the Han River, and also in Inchon in the west and Anyang and Suwon in the 
south, urban areas acting as suburban centers were formed.

Fig. 4.5  Land use mesh maps of three periods in Seoul
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Next, regarding the features according to distance zones from the city center, 
Seoul city hall was chosen as the representative point of the center of Seoul city. 
The metropolitan area ranges of the four overseas cities are smaller compared with 
Tokyo and Osaka, so I tallied their land use ratios using distance zones of every 
5 km. According to Fig. 4.6, the urban area in Seoul was within the range of the 
5 km radius in the 1920s or 1930s, and it was within the range of the 10 km radius 
even in the 1960s. Natural green land accounted for 60% or more in the 1920s or 
1930s, but it significantly decreased in all distance zones by the 2000s. Green land 
was converted mainly to urban areas within the 10 km sphere and to agricultural 
land farther than 10  km by the 1960s. The converted agricultural land has been 
further converted to urban areas in recent years.

4.3.4 � Taipei

Figure 4.7 shows the land use mesh maps of three periods in Taipei. The urban area 
in Taipei in the 1920s or 1930s was very small in scale compared with other cities, 
and it was surrounded by agricultural land. By the 2000s, areas that used to be 
agricultural land were converted to urban areas, while natural green land sites 
remained relatively as they were due to topographical restrictions.

Figure 4.8 shows the calculation of land use ratios according to distance zones 
from Taipei Station as the center of the inner city. This figure also indicates that the 
urban area in Taipei was also within the radius of about 10 km in the 2000s, and 
areas farther than 10 km are mostly occupied by natural green land.

4.3.5 � Manila

Figure 4.9 shows the land use mesh maps of three periods in Manila, but in the 1930s, 
the accuracy of the base map was low; many map symbols that were not included in 
the legend were used and map symbols varied depending on maps. These factors 
made it very difficult to read land use. Figure 4.9 also shows a clear discontinuity of 
land use in the borders of maps, indicating the need to verify data accuracy.

According to Figs. 4.9 and 4.10, the latter of which tallied land use ratios according 
to distance zones from Manila city hall as the center of the city, the urban area in 
Manila in the 1960s was within a radius of about 10 km, and agricultural land was 
dominant in the northwest and southwest parts close to the ocean outside the urban area. 
By the 2000s, the urban area expanded to a radius of about 20 km in a radial pattern, 
and urbanization of the area near Lake Laguna in the south is particularly noteworthy.

4.3.6 � Bangkok

Figure 4.11 shows the land use mesh maps of three periods in Bangkok. The urban 
area in Bangkok in the 1950s was within a radius of 5 km, but the majority of the 
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Fig. 4.6  Land use ratios by distance zones of every 5 km in Seoul
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surroundings had already been converted to agricultural land, and almost no natural 
green land was seen. In the 2000s the urban area expanded in a radial pattern just 
like in Manila.

Regarding the land use ratios according to distance zones from the royal palace 
(Fig. 4.12), the urban area in Bangkok in the 2000s seems to have expanded to a 
radius of about 20 km, especially to the eastern side of the Chao Phraya River. In 
areas farther than 20 km, the land use ratio of “others” is high, and this is because 
fish ponds are distributed in a considerably wide range along the coast.

4.3.7 � Jakarta

Figure 4.13 shows the land use mesh maps of three periods in Jakarta. In Jakarta in 
the 1930s, collective urban areas were formed around Kota, which was an old inner-
city district since the time of governance by Holland, and around Gambir, which is 
the current center; in addition, small urban areas as centers of settlements were scat-
tered. And, agricultural land was distributed around the centers of these settlements. 
Even in the 1960s, this tendency did not show significant change, and inner-city dis-
tricts only slightly expanded. However, a considerable area of natural green land in the 
south was converted to agricultural land. By the 2000s, urban area widely expanded.

Fig. 4.7  Land use mesh maps of three periods in Taipei
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Fig. 4.8  Land use ratios by distance zones of every 5 km in Taipei
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The land use ratios show no tendency of sharp changes according to distance 
zones from Kota Station (Fig. 4.14) as they do in other cities, and in the 1930s, the 
urban area ratio was about 20% in the 10–15 km zone. The situation was similar 
even in the 1960s, and it is characterized by the gradual change in the land use ratio 
according to the distance from the city center; the ratio of natural green land is low 
as in Bangkok.

Fig. 4.9  Land use mesh maps of three periods in Manila
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4.4 � Discussion

First, the following is a summary of the analysis results on the Tokyo and Osaka 
areas. In the plain area in eastward and northward directions from the inner city in 
particular, along the outer edge of the Tokyo area, two stages of land use changes 
have occurred: from natural green land to agricultural land, and then to urban area. 
In the Osaka area and in the westward direction in the Tokyo area, a change from 
agricultural land to urban area was seen from the 1920s to 2000s, but natural green 
lands in mountainous regions remained unchanged.

Fig. 4.10  Land use ratios by distance zones of every 5 km in Manila
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Next, comparison of spatial expansion of the present urban areas in seven cities 
indicates that the urban area is the largest in Tokyo, followed by Osaka. As for 
overseas cities, the urban area is large in Seoul, Bangkok and Jakarta, and it 
expands into the range over 20 km in radius from each city center. Then, Manila 
follows. Taipei’s urban area is the smallest with a radius of about 10 km. The rea-
sons for this difference of urban expansion are mainly topographical constraint and 
age of modernization. Spatial expansion of urban area is restricted by Lake Laguna 
in Manila. As Taipei is located in the basin and surrounded with mountainous area, 
the urban area is hard to expand. Jakarta and Manila were modernized later because 
they were colonized until the end of World War II. Comparison between Bangkok 
and Seoul reveals that in Bangkok, the urban area expands concentrically from the 
royal palace district, which is the city center, while in Seoul, urban cores are seen 

Fig. 4.11  Land use mesh maps of three periods in Bangkok
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Fig. 4.12  Land use ratios by distance zones of every 5 km in Bangkok
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also in the west and south in addition to the region centered on the inner-city district 
along the Han River, presenting a multi-nucleus city structure. In Osaka, Seoul, and 
Taipei, the urban areas are surrounded by natural green land. On the other hand, in 
Bangkok and Jakarta, large agricultural land surrounds urban areas, and there are 
almost no natural green land such as forests and grassland in the target areas. This 
indicates that in Bangkok and Jakarta, the natural environment such as forests and 
grassland has artificially been altered over a wide range from early on. These rela-
tive characteristics also seem to come from topographical conditions.

Fig. 4.13  Land use mesh maps of three periods in Jakarta
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Fig. 4.14  Land use ratios by distance zones of every 5 km in Jakarta
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4.5 � Conclusion

This study used the 1/2 subdivided mesh size and prepared land use mesh maps 
using a simple and efficient method of visually reading topographical map images. 
As a result, this study could analyze and interpret the land use distribution patterns 
and changes in the past century in seven cities in Asia. The method of this study is 
considered to be versatile for preparing the same standard land use maps, targeting 
a relatively wide range, such as metropolitan areas, and using overseas maps and 
old-edition maps. In other words, this method is suitable for a comparative study 
that compares the past and present, and overseas cities and cities in Japan. As future 
works, I will conduct relation analysis through simultaneous checking of data on 
the natural environment, including landform, geology, water quality, and so on. 
Subsequently, I will consider the causes and countermeasures on urban environ-
mental problems such as subsurface problems including groundwater quantity and 
land subsidence, and a problem on balance of urban water supply and demand.
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Abstract  In order to establish a new technique for monitoring the groundwater 
variations, we investigated the applicability of precise in-situ gravity measure-
ments and the GRACE (Gravity Recovery and Climate Experiment) satellite 
gravity data. A new scheme for in-situ measurements that combines absolute and 
relative gravity measurements as well as GPS measurements has been proposed 
to monitor groundwater variation and associated land subsidence as well. For this 
purpose, we introduced a portable type absolute gravimeter (Micro-G LaCoste Inc. 
A10) which can be used for field surveys. We conducted several test surveys and 
confirmed that the gravimeter can achieve a 10 mgal (100 nm/s2) or better accuracy 
in the field surveys. GRACE is providing extremely high precision gravity field 
data from space. These data are precise enough to reveal the gravity changes due 
to large scale groundwater variations. Using the GRACE data, we estimated ter-
restrial water storage (TWS) variations in the Indochina Peninsula. The results 
showed good agreements with Soil-Vegetation-Atmosphere Transfer Scheme 
(SVATS) models basically. The agreements can be improved by tuning the model 
parameters such as current velocity of river flow. It means that the GRACE TWS 
can be used as a constraining condition of the models. We also detected the mass 
trends in the Indochina Peninsula and the gravity changes due to the 2006 drought 
in Australia. This suggested that GRACE data should be applicable for monitoring 
secular or long-term groundwater variations at the continental scale as well. Finally, 
as a future prospection, we discuss the role of hydrological models which connect 
in-situ and satellite observations.
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Chapter 5
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5.1 � Introduction

Geodesy in the twenty-first century is evolving into a cross-disciplinary science and 
engineering discipline. The strength of blending accurate instruments on space as 
well as on land enables us to address contemporary problems such as monitoring 
of Earth’s environmental issues. Water resources transform between groundwater 
and surface water in many cities depending on the urban development stage. As a 
part of the Research Institute for Humanity and Nature (RIHN) project 2.4 Human 
Impacts on Urban Subsurface Environments (HIUSE) (Taniguchi et al. 2008), we 
have conducted the researches to evaluate groundwater flow systems in and around 
developing cities.

When precisely measuring gravity on land, groundwater variations were one of 
the largest noise sources so far, especially for high precision gravity measurements 
using absolute gravimeters. The effects, if appropriately analyzed, can thus give us 
important information about the hydrological characteristics in the area concerned. 
In fact, water mass changes can be directly measured only by gravimeters, thus the 
technique is expected to contribute to water resource management.

Another issue closely related with the groundwater changes is land subsidence. 
Excessive groundwater extraction leads to the deepening of piezometric head. This 
may cause the sinking of the upper layer, i.e., land subsidence, and in coastal areas, 
seawater intrusion as well. Although the main cause of the land subsidence should 
be the groundwater extraction, there are some other factors, namely, the load of 
constructed buildings, natural consolidation of soil and geotectonic processes. The 
amount of land subsidence can be measured by repeated leveling measurements or 
GPS surveys (e.g., Abidin et al. 2008). However we need additional information, 
such as groundwater level and/or gravity changes, to identify the cause of the land 
subsidence. Again, the combined survey of gravity, GPS and groundwater level 
measurements should be a powerful tool for the studies of land subsidence as well.

In Chap. 2, we described the examples of the surface gravity measurements, in 
particular about the field absolute gravity measurements using the Micro-g LaCoste 
Inc. (MGL) A10 gravimeter. We described the technical aspects of the gravimeter 
and referred to some examples of the practical surveys.

GRACE (Gravity Recovery and Climate Experiment), on the other hand, is pro-
viding extremely high precision gravity field data from space. The GRACE data 
have been employed for various hydrological applications (e.g., Tapley et al. 2004b; 
Chen et al. 2005). Although its spatial resolution is not enough to reveal the urban 
scale variations, GRACE provides the information about a regional scale terrestrial 
water storage (TWS) variations which is indispensable for the studies of urban 
scale groundwater variations. Therefore we firstly estimated the seasonal mass 
variations in four major basins of the Indochina Peninsula, and compared them with 
a TWS model. Furthermore, using the most updated GRACE data, we have revealed 
not only seasonal variations but also a secular trend of the mass variations in the 
Chao Phraya river basin. We also succeeded to detect the mass changes associated 
with the 2006 Australian drought.



875  Monitoring Groundwater Variations Using Precise Gravimetry

In Chap. 3, we first described the GRACE mission and the outline of the data 
processing. And then, we referred to the studies in the Indochina Peninsula and the 
Australian drought as well.

In Chap. 4, we summarized the gravity methods for monitoring groundwater 
variations and we discussed the future prospection to combine the satellite and 
in-situ observations from the viewpoints of the multi-scale hydrological models.

5.2 � In Situ Measurements

5.2.1 � Role of Precise Gravity Measurements

Local hydrological variations crucially affect precise gravity measurements, for 
instance, relative gravity observations (e.g., Lambert and Beaumont 1977), super-
conducting gravity observations (e.g., Abe et al. 2006), and absolute gravity mea-
surements (e.g., Bower and Courtier 1998). However, practical application of the 
gravity method for hydrological studies is very limited. One of the successful appli-
cations of this kind of study may be for geothermal power stations (Allis and Hunt 
1986). It is necessary to monitor the mass balance in geothermal reservoirs to pro-
duce geothermal fluid (steam and hot water) over a long period. For instance, 
Nishijima et al. (2007) conducted repeated gravity measurements at Takigami geo-
thermal field located in central Kyushu, Japan. In general, the expected gravity 
signals at the geothermal field are significant, reaching several tens of mgals  
(10−8 m/s2) or more. Nishijima et al. (2007) employed Scintrex CG-3 and CG-3M 
gravimeters for measuring precise gravity changes around the Takigami geothermal 
power station and attained an observation accuracy of ±10 mgals, which was suffi-
ciently accurate to detect the signals. Another example is repeated gravity measure-
ments using LaCoste and Romberg gravimeters at Bulalo geothermal power station, 
Philippines (Nordquist et al. 2004). They used the gravity changes for constraints 
in a simulation model in order to reflect the natural recharge.

Not many studies have been conducted to monitor groundwater variations or to 
investigate hydrologic problems, primarily because the expected signals are small 
compared with the geothermal applications. However, the basic principle of the 
hydrological application is rather simple; the gravity changes due to groundwater 
mass movements can be measured by means of precise gravimeters. An infinite 
water table of 1-m thickness causes about a 40-mgal gravity change. Thus, an accu-
racy of 10 mgals or better is required for the hydrologic problems. It is not easy to 
achieve an accuracy of 10 mgals by means of a spring-type relative gravimeter, for 
instance Schintrex or LaCoste & Romberg gravimeters. We therefore proposed a 
new method to combine absolute gravity measurements and relative gravity mea-
surements. Figure 5.1 shows the configuration of proposed hybrid gravity measure-
ments with relative and absolute gravimeters combined. For the measurements 
at the control points, we employ a portable absolute gravimeter A-10 of MGL 
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(Micro-g LaCoste Inc.) (2008), while relative gravimeters of superior portability 
are employed for the measurements at most points around the control points. One 
sequence of relative measurements should be completed within a few hours or less 
to minimize the drift errors. The hybrid gravity measurements with both absolute 
and relative gravimeters can strike a balance between accuracy and efficiency of the 
measurements.

5.2.2 � A-10 Absolute Gravimeter

As described above, employment of a portable absolute gravimeter is essentially 
important for the hybrid gravity measurements. We introduced the A-10 portable 
absolute gravimeter for this purpose. As for the absolute gravity measurements, 
FG-5 of MGL is well known. FG-5 is a high precision absolute gravimeter with a 
2-mgal-accuracy for laboratory use. Because of this high precision, FG-5 is most 
commonly employed for the absolute gravity studies. A-10 is a modified version of 
the FG-5 for outdoor field surveys. It is much smaller than FG-5 and can be 
operated with 12VDC power. As the trade-off, the nominal accuracy of A-10 is 
10 mgal (measurement precision: ±5mgal). It is slightly worse than that of FG-5 but 
satisfactory for many of the hydrological studies.

Fig.  5.1  A schematic illustration of the hybrid gravity measurements. The cross-shape marks 
show the gravity points for relative gravity measurements and the cross-shapes with a circle show 
the control points where the absolute gravity measurements are conducted
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5.2.2.1 � Overview of A10

In this section, we briefly describe an overview of the A10 absolute gravimeter. The 
detailed descriptions are found in the User’s Manual [MGL (Micro-g LaCoste Inc.) 
2008] which is downloadable from MGL web site.

Figure 5.2 shows the principle of the absolute gravity measurements by the A10 
gravimeter. The A10 is a ballistic absolute gravimeter which measures the gravity 
as the vertical acceleration of a dropping test mass (corner cube). The test mass is 
freely falling in a vacuum chamber and its dropping distances and times are mea-
sured with a laser interferometer and a rubidium atomic clock, respectively. The 
interferometer basically consists of a beam splitter (a half mirror) and two corner 
cube retro-reflectors; one is the dropper corner cube and the other is the reference 
corner cube. The laser beam led by laser fiber is split by the beam splitter into the 
test and reference beams. The test beam is reflected by the dropper corner cube and 
the reference corner cube and finally recombined with the reference beam. The 
reference corner cube is supported by the super-spring, which is a kind of long 
period seismometer, to isolate land vibration noises. The distance change of the 
dropping corner cube causes interference fringes which are detected by an optical 
detector (photo-diode). The fringes counted and timed with the atomic clock 
provide the data of precise time and distance pairs. The vertical acceleration is 
calculated by fitting these data to a parabolic trajectory.

The A10 can automatically lift up and drop the test mass every 1 s. We usually 
combined 100 drops of measurements into a “set,” and conducted ten sets of mea-
surements to obtain an absolute gravity values. According to the MGL web site, the 
precision of the A10 at a quiet site is 50 mgal/sqrt (Hz). Therefore the ten sets of 

dropping test mass
(corner cube)vacuum 

chamber

beam splitter
(half mirror)

laser beam

optical detector 
(photo-diode)

super spring

reference
corner cube

Fig. 5.2  Principle of the absolute gravity measurements by A10
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measurements (1,000 drops) can attain almost 1 mgal precision. On the other hand, 
the accuracy of A10 is restricted by numerous factors including the tides and other 
geophysical corrections. MGL announced that the accuracy of A10, which means 
observed agreement between A10 instruments, is 10 mgal. Schemerge and Francis 
(2006) investigated and discussed about the precision and the accuracy of an A10 
(A10-008: serial number 8) in details. They confirmed A10-008 showed better 
performance than the specifications. As described in the next section, we also con-
firmed the A10 cleared the specifications and frequently showed better perfor-
mances in good condition sites.

5.2.2.2 � Test Measurements Using A10-017

In order to carry out the RIHN project 2.4, A10-017 had been newly introduced in 
December 2007. Since then, we have conducted several test measurements both 
indoors and in the fields. Figure 5.3 shows a photo of A10-017.

The first test was the comparison with another absolute gravimeter. For this 
purpose, we conducted a measurement with A10-017 at an absolute gravity point in 
Kyoto University and compared the observed gravity values with the one by FG5-
210. The result showed that the agreement within a few mgals. We have occasionally 
conducted the measurements at the same gravity point and confirmed that the 
observed values were within 10 mgals. It is known that there exist seasonal gravity 
variations within 10 mgals in Kyoto due to local groundwater variations (Fukuda et al. 
2004). Therefore the observed gravity variations may contain a part of those signals, 
although we could not confirm that due to the lack of groundwater level data.

Similar repeated measurements have been conducted more often at the gravity 
point in Fukuoka (Kyushu University) because A10-017 is usually maintained therein. 

Fig. 5.3  A photo of A10-017
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Figure 5.4 shows all the measured values at the point. There are three groundwater 
monitoring wells near the points. The groundwater levels observed at the wells are also 
shown in Fig. 5.4. It can be seen that the gravity values showed a good correlation with 
the groundwater levels. Considering the gravity signals due to the groundwater varia-
tions, the repeatability of A10-017 at the point is better than 10 mgals.

We also conducted several test measurements in the field not only to confirm the 
accuracy but also to investigate the practical and efficient measurement methods for 
field surveys. Among them, an interesting result has been obtained through the 
measurements in the Takigami geothermal field. In a geothermal plant, geothermal 
fluid (high temp water and vapor) is pumped up from production wells, used for the 
power generation, and after usage, water is finally retuned into injection wells. This 
cycle of the geothermal fluid was stopped in April 2008 for a regular maintenance 
at the Takigami geothermal plant. We thought it was a good opportunity as a field 
test of the A10 because associated gravity changes should be observed. And we 
conducted repeated gravity measurements by A10-017 before and after the mainte-
nance. Figure 5.5 shows the observed gravity changes at both the production zone 
and the injection zone. As we expected, the stop of the production caused a slight 
gravity increase in the production zone and rather clear gravity decreases in the 
injection zone. After the restart of the production, the gravity values in both regions 
were gradually returned to the steady state. We think the gravity signals observed 
(10–20 mgals) were so small to be hardly detected by a relative gravimeter. Therefore 
the result proved the efficiency of the A10 measurements. The detailed discussion 
about the test is found in Sofyan (2009).

It is true that using A-10 is still challenging, especially for groundwater monitoring. 
However, there is no doubt that the absolute gravity measurements are much superior 
to the relative measurements. We therefore expect that the A-10 gravimeter will be 
extensively used for various purposes of the field gravity surveys.

5.2.3 � Configuration of the Combined Survey  
for Groundwater Monitoring

While the mass changes due to groundwater variations should change the gravity 
value, it is also changed by vertical land movements. The rate of gravity change 
versus height change depends on the mechanism of height change and associated 
mass (density) changes. If we assume the mass movement or the density change dr 
of underground material (soil or sedimentary layers) and groundwater level changes 
(dg

w
) causes gravity change (dg) as well as height change (dh), then dg can be 

expressed by the following equation;

	 e wg ( 0.3086 2 G) h 2 G P gδ = − + πδρ δ + π δ 	 (5.1)

where G is the Newton’s gravitational constant and P
e
 is effective porosity.
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If groundwater level changes of dg
w
 causes height change of dh, but no density 

change is associated, i.e., no compaction occurred, then a 1 m vertical movement 
causes about a 0.3 mgals gravity changes. Therefore height changes at the gravity 
points should be measured with an accuracy of a few centimeters to ensure the 
equivalent accuracy of a 10 mgals (0.01 mgals) gravity change.

For monitoring height changes, the leveling is the most accurate method. 
However it is costly and very time-consuming. Therefore we employed GPS mea-
surements for the purpose. Currently GPS measurements have been employed for 
many purposes; not only for horizontal positioning but also for height determinations. 
According to the manual of a commercial GPS receiver (e.g., Trimble 5700), the 
precision of vertical measurement by static or rapid static survey is ±5 mm + 1 ppm. 
Moreover many studies have already showed that it is not so difficult to attain 1 cm 
accuracy in the GPS height measurements.

According to these considerations, we propose a combined method of precise 
in-situ gravity measurements, GPS measurements and groundwater level measure-
ments for monitoring groundwater variations and associated land subsidence. 
Figure 5.6 shows the configuration of the combined measurements. At a control 
point of the hybrid measurements, e.g., a cross-shape with a circle in Fig. 5.1, absolute 
gravity measurements and GPS measurements should be conducted. Note that gravity 

Fig. 5.6  A schematic view of the combined measurements to monitor the groundwater change
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and GPS measurements should be occupied at exactly the same marks to ensure the 
accuracy of a few cm in height or 10 mgals of gravity, whereas groundwater level 
is not necessarily measured at the same point as long as the measurements well 
represents the neighboring groundwater level.

5.2.4 � Surveys in Jakarta, Indonesia

Jakarta is the capital city of Indonesia and is the largest city in Southeast Asia. It has 
a population of more than ten million, covering an area of about 650 km2. It is located 
on the lowland of the northern coast of the West Java Province. The area is relatively 
flat, with topographical slopes ranging between 0° and 2° in the northern and central 
parts, and between 0° and 5° in the southern part in which the altitude is about 50 m 
above sea level. There are about 13 natural and artificial rivers which form the main 
drainage system of Jakarta. We selected Jakarta as a target city because excess 
groundwater pumping and the resulting land subsidence as well is still going on.

The land subsidence in Jakarta was recognized in 1926. The repeated leveling 
measurements were conducted in the northern part of Jakarta (e.g., Schepers 1926; 
Suharto 1971), and the Local Mines Agency reported the cumlative subsidence of 
20–200 cm over the period of 1982–1997. The GPS surveys started in 1990s (Abidin 
et al. 2008) also showed the rate of more than 10 cm/year. Figure 5.7 shows the land 
movements observed by the GPS surveys from December 2002 to September 2005.

As shown in Fig. 5.7, a good GPS network with more than 20 GPS points has 
already been established. Therefore we try to make use of these points for the gravity 

Fig. 5.7  Land movements from December 2002 to September 2005 in Jakarta observed by GPS
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measurements, in particular for the absolute measurements, as long as possible. 
Nevertheless absolute measurements could not be conducted at some GPS points 
because of mainly logistic reasons. At those points, relative measurements which 
tied to the absolute point were conducted.

Concerning the groundwater level, there are about 20 observation wells currently 
operating. As mentioned above, their locations are not necessarily the same as the 
gravity points. Thus we established some new gravity points near some of the wells. 
Since the main target of the survey was to detect secular gravity changes associated 
with groundwater changes and land subsidence, the measurements were conducted 
at the same season of the year to avoid seasonal variations. Practically it would be 
good to conduct the measurement in dry season (between July and September) 
because of the efficiency of the surveys. Also we can reduce several errors due to 
localized heavy rainfall.

We conducted the first gravity survey in August 2008 and the second survey in 
July 2009. Referring to the results obtained by GPS surveys conducted so far, the 
gravity points were selected in the areas with large subsidence. We also selected 
some point in relatively stable areas for the future references.

Figure 5.8 shows the gravity points. The gravity points marked LIPI and KUNI 
locate at the stable areas and others located at the areas with large subsidence. 
Figure 5.9 shows a photo of the A10-017 at KUNI. The A10 gravimeter can be 
transported by a tailgate mini-van and operated by 12 VDC batteries. The photo 
shows that it was installed on the GPS point (Bench mark).

Although we had acquired the know-hows for operating the A10 through the test 
measurements in Japan, it was actually a rather tough work to conduct the measure-
ments in high temperature and humid noisy urban circumstances. In particular the 
measurements in high temperature caused a problem in vacuum. In order to keep the 
inside of the dropping chamber in high vacuum, the A10 installs an ion vacuum pump. 
However the efficiency of the ion pump decreases in high temperature (about 40°C). 
It occurred that the ion pump of A10-017 could not keep the vacuum enough in the 
2008 surveys. Mainly due to the vacuum problem, we could not get enough good 

Fig. 5.8  Gravity points in Jakarta
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absolute gravity data in 2008. After the 2008 survey, A10-017 was returned to MGL 
for overhaul, and then the 2nd ion pump was installed for upgrading the vacuum capa-
bility. In the 2009 survey, the vacuum problem has been settled. However we found 
another problem that the laser and other controls were unstable in high temp 
circumstances. Fortunately these problems were withstood by cooling down the instru-
ment and we obtained rather good absolute gravity data of about 10 mgal accuracy.

Due to the luck of the absolute gravity data in 2008, we have not yet obtained 
the data of enough reliable gravity changes in Jakarta. Nevertheless the result of 
relative gravity measurements suggested the gravity increases in the coastal area 
where the large subsidence was observed by GPS. We plan to conduct the same 
measurements in 2010 and then we expect more quantitative interpretation will be 
possible with GPS and groundwater level data.

5.3 � Satellite Gravimetry for Hydrology

5.3.1 � GRACE Mission

GRACE launched in March 2002 has realized the Low-Low Satellite to Satellite 
Tracking (L-L SST) configuration to measure the Earth’s gravity fields for the first 
time in the history (Tapley et al. 2004a). GRACE consists of two Low Earth Orbiter 
(LEO) satellites at about 450 km altitude and their separation of about 200 km. The 
distance between the satellites is measured by a K-Band inter-satellite radar link 
with an extremely high precision of the order of mm. In addition, the effect of 
non-gravitational forces acting on the two satellites are measured by on-board 
accelerometers and removed from the relative motion of the satellites. Consequently 
information on the Earth’s gravitational field can be obtained from the distance 

Fig. 5.9  A10 measurements in the field
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between the satellites. GRACE has enabled us to detect the gravity changes 
associated with various geophysical phenomena, for instance, terrestrial water 
storage variations in the major river basins in the world. In the following sections, 
we briefly describe the GRACE data and an overview of the data processing.

5.3.1.1 � GRACE Data

The GRACE data are handled by the GRACE Science Data System (SDS) which is a 
shared system between the Jet Propulsion Laboratory (JPL), the University of Texas 
Center for Space Research (UTCSR) and the GeoForschungsZentrum Potsdam (GFZ). 
The level-0 data are the raw data of GRACE satellites received by the Raw Data Center 
(RDC) of the Mission Operation System (MOS). The SDS preprocesses the level-0 
data and generates the level-1A data which consist of 10 Hz K-Band phases, acceler-
ometer, star camera, GPS data, housekeeping data and so on. The level-0 and level-1A 
have not been opened to public because it is actually impossible to handle them by 
general users.

The SDS of JPL and GFZ generate the level-1B data from the Level-1A data so 
that the general users can handle them. The level-1B data include not only the 
K-Band ranging, satellite positions, accelerometer and other observation data but 
also all the geophysical corrections necessary for the later processing, i.e., the tides, 
atmospheric pressures, ocean loading effects and so on.

The level-1B data include all the necessary information to reveal the Earth’s gravity 
field. However they are essentially the ranging data between the satellite along the 
orbits and it is not an easy task for the general users to retrieve the gravity field 
information from it. Therefore the three SDS data centers of JPL, UTCSR and GFZ 
calculate the spherical harmonic coefficients of the Earth’s gravity fields (the Stokes 
coefficients) from the level-1B data for every 1 month and release them as the level 
2 datasets. Each of the data centers employs slightly different software and different 
geophysical corrections. Furthermore, each data center occasionally reprocesses the 
datasets due to the improvements of the processing methods and/or upgrade of the 
software. Consequently there are several different versions of the level 2 datasets 
(e.g., Watkins 2007; Bettadpur 2007; Flechtner 2007). According to the data center 
and the revision number, the level 2 datasets are usually labeled such as UTCSL RL 
(Release)-2, JPL RL-2, GFZ RL-3 and so on. All these level 2 datasets and the level-1B 
datasets as well are downloadable from the JPL web site.

5.3.1.2 � Data Processing of the Level 2 Data

The Earth’s gravitational potential V is represented by the spherical harmonic 
series as
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where G is the gravitational constant, M is the mass of the Earth, a is the Earth’s 
equatorial radius, (r, q, l) are spherical coordinates, P

l,m
 (sin f) is fully normalized 

Legendre function, and C
l,m

 and S
l,m

 are the Stokes coefficients which are fully nor-
malized spherical harmonic coefficients of degree l and order m. Actually the 
GRACE level 2 data is a time series of (C

l,m
(t), S

l,m
(t)) provided for every 1 month. 

Since (C
l,m

(t), S
l,m

(t)) include the static gravity fields, the temporal variation of the 
gravity fields can be obtained by subtracting the static gravity fields from the origi-
nal coefficients. If we take the temporal averages of the Stokes coefficients as 
(av{C

l,m
 (t) }, av{S

l,m
 (t)}), the temporal variations of the gravity field can be 

described as

, , ,C (t) C (t) av{C (t)}l m l m l m∆ = −

and

	 , , ,S (t) S (t) av{S (t)}.l m l m l m∆ = −
	

(5.3)

Once DC
l,m

(t), DS
l,m

(t) have been obtained, the surface mass variations can be 
calculated by the following equation (Wahr et al. 1998)
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where r
ave

 is the mean density of the Earth.

�Spatial Filtering

It is known that the GRACE level 2 data include large errors along the satellite 
orbits. They are called striping errors which have more powers in higher 
degrees. There are several studies to suppress this kind of errors (e.g., Swenson 
and Wahr 2006). Among them, a low pass filtering is one of the most easy 
methods and widely employed. The low pass filtering is a kind of spatial aver-
age. In the frequency domain of the spherical harmonic expansion, it means to 
give smaller weights to the higher degree coefficients. Practically (5.4) can be 
modified as
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where W
l
 is the weight value for degree l. For the GRACE data processing, the 

Gaussian filter (Jekili 1981), which is represented as
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in the space domain, is often employed. The parameter “d” in (5.6) is called the 
correlation distance and it characterizes the strength of the filter. The weight coef-
ficients W

l
 in (5.5), which are the expansion coefficients of the Legendre function, 

can be given by the following recursive formula (Wahr et al. 1998):
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�Time Series of the Mass Variations

Using the GRACE level 2 datasets, we can calculate the mass variations on the 
Earth with (5.5) and (5.7). Figure 5.10 shows an example of the mass variations at 
every 3 months in 2007 estimated from the UTCSR RL-4 GRACE level 2 data with 
the Gaussian filter with the correlation distance “d” of 600 km. Figure 5.10 well 
represents the seasonal variation of the global land water.

On the other hand, to estimate the time variations of TWS in a certain river basin 
accurately, the effects outside the area concerned should be removed as precise as 
possible. A filter specially designed for this purpose is called the optimal regional 
filter. Swenson et al. (2003) have proposed the way to design the filter which mini-
mizes both GRACE observation errors and the so-called leakage errors which are 
the effects from the outside of the area concerned. Using the optimal regional filter, 
the mass variations Ds

region
 in the area can be calculated by the following formula
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where W
region

 is the angular area, l
max

is the maximum degree of the spherical harmonic 
coefficients. W

lm
C and W

lm
S in (5.8) are the weights of the optimal filter, and given by
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(5.9)

where B
l
 is the degree amplitudes of the satellite measurement errors, s

0
2 is the local 

signal variance, and J
lm

C and J
lm

S are the spherical harmonic coefficients of the 
regional template, i.e., 1 for the inside and 0 for the outside of the area concerned.

For the optimal design of the regional filter, B
l
 in (5.9) and “d” in (5.6) should 

be fixed in advance, and s
0
2 is determined so as to minimize the sum of the satellite 

measurement errors and the leakage errors iteratively. Finally the amplitude degra-
dation was corrected by multiplying a factor which was given as the ratio between 
non-filtered and filtered model data.



1015  Monitoring Groundwater Variations Using Precise Gravimetry

F
ig

. 5
.1

0 
Se

as
on

al
 m

as
s 

ch
an

ge
s 

in
 2

00
7 

ob
se

rv
ed

 b
y 

G
R

A
C

E



102 Y. Fukuda

5.3.2 � Land Water Variation in Indochina Peninsula

After Tapley et al. (2004b) have successfully revealed the seasonal mass variations in 
the Amazon river basin, GRACE data have been widely employed for the studies of 
TWS variations in various regions in the world (e.g., Famiglietti et al. 2004; Chen et al. 
2007; Yamamoto et al. 2008) . Regarding the TWS variations, the Indochina Peninsula 
has the 2nd largest signals in the world due to onset and offset of the East Asian mon-
soon. In addition, there are four major rivers, i.e., Mekong, Irrawaddy, Salween and 
Chao Phraya, basin sizes of which are different each other. Therefore it should be a 
good validation method for GRACE data to recover the mass variations in each of the 
basins and compare them with land water model estimations and/or other datasets.

From these points of views, Yamamoto et al. (2007) detected the mass variations 
in the four major river basins using the optimal regional filter of (5.8) and compared 
the results with a land water model of the Japan Meteorological Agency (JMA), 
which is a combined model of the Simple Biosphere (SiB) model (Sellers et al. 1986) 
and Global River flow for Total Runoff Integrating Pathways (GRiveT) model 
(Nohara et al. 2006). The comparisons with UTCSR RL02, JPL RL02 and GFZ RL03 
data were made for each of the river basins and the combined area of the four river 
basins as well. Figure 5.11 shows the location of these river basins and Fig.  5.12 
shows the comparison results between UTCSR RL02 and the land water model. Note 
that other GRACE datasets showed almost the same results. Figure 5.12 showed good 
agreements between the GRACE estimations and the land water model values for the 
Mekong, Irrawaddy basins and the combined area, while the agreements for Salween 
and Chao Phraya basins were poor. This was mainly due to the limitations of the 
spatial resolutions (about 600 km) of the GRACE data at the time.

Another important finding in Fig. 5.12 was that the phases of GRACE estima-
tion were delayed about 1 month compared to the model variations. Although the 
model took into consideration snow storage, soil moisture and river storage, the ground-
water storage process was only considered insufficiently. Therefore the phase dif-
ferences were probably due to the improper treatments of the groundwater storage 
process in the hydrological model.

Considering these points, Fukuda et al. (2009) employed the JRA-JCDAS LDA 
and GRiveT model (JLG model) by JMA. The model included SVATS 
(Soil-Vegetation-Atmosphere Transfer Scheme), river flow routing, and groundwater 
storage models. The SVATS outputs were obtained from Japan Re-analysis 25-year 
data (JRA-25; Onogi et al. 2007) and the river flow routing and groundwater mod-
els were run in offline mode forced with the total runoff in the JRA-25 dataset. 
Assuming different treatments for the groundwater and river flow routing, several 
different versions of the models were estimated (Nakaegawa et  al. 2007). These 
models were compared with an updated GRACE level 2 solution of UTCSR RL04 
(Bettadpur 2007), which provides the longest data period (from April 2002 to 
February 2007) at that time. The comparison result showed that the best fit model 
was the one that include the groundwater storage.
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Fig. 5.11  The location of the four major river basins in the Indochina Peninsula (see Yamamoto 
et al. 2007)

Figure 5.13a–e depict the estimated mass variations from GRACE and the best 
fit model for the combined area of the four rivers (the Mekong, Irrawaddy, Salween, 
and Chao Phraya river basins). Large improvement in the phase differences can 
clearly be confirmed. This means that the GRACE data greatly contribute to modify 
the model parameters. In addition, the GRACE estimations in these figures exhibit 
basically good agreement with the model estimations, although the GRACE esti-
mations in Salween and Chao Phraya basins are noisier than the others. There is a 
huge improvement in RL04 datasets compared to the previous versions (see 
Fig. 5.12), in which the noises in Salween and Chao Phraya basins were too large 
to mask almost all useful signals there.

Recently a new GRACE dataset (GRGS gravity fields RL2) has been released 
from the CNES (Centre National d’Etudes Spatiales)/GRGS (Groupe de Recherche 
en Géodésie Spatiale) group (CNES/GRGS 2009). The dataset provides every 
10  days gravity field models up to degree and order 50. The models were con-
strained towards the static gravity field of EIGEN-GRGS.RL02.MEAN-FIELD so 
that the higher degree errors were suppressed. Consequently, the spatial filtering 
has not been necessary anymore to obtain a reliable result. Using the GRGS dataset, 
Yamamoto et al. (2009) detected not only seasonal mass variations but also inter-annual 
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mass trend. The GRACE estimation shows a good agreement with the land water 
model down to the Chao Phraya river basin scale (178,000 km2). Moreover it shows 
a clear negative mass trend over the Chao Phraya river basin, while positive trend 
over the other river basins of Mekong, Irrawaddy and Salween. This tendency is 
consistent with the global TWS model, but is not directly compared with an unban 
scale groundwater flow model. This will be discussed again in Chap. 4.

5.4 � The 2006 Australian Drought

Australia suffered historic drought attributed to rainfall deficiency in late 2006. 
The Australian Government Bureau of Meteorology (BoM) reported that it was the driest 
August to November period averaged across South Australia in the historical record 
dating from 1900 (BoM 2006). Figure 5.14 shows the 2006 rainfall deficiency reported 
by BoM. The drought made severe impacts not only on Australian human society by a 
resultant reduction of the overall economic growth, but also on world food situation.

Hasegawa et al. (2008) employed the 47 monthly UTCSR RL04 datasets between 
2003 and 2006 to detect the mass changes due to the drought. They first applied the 
de-correlation filter (Swenson and Wahr 2006) to suppress the striping errors. In addi-
tion, they employed the Gaussian filter and the optimal regional filter for the purposes 
to reveal the spatial distributions of the TWS changes and to estimate the time series 
of the TWS changes, respectively. Figure 5.15 shows the mass anomaly in 2006 which 
was calculated as the difference of the GRACE solutions between the average of 2006 

Fig. 5.14  The rainfall deficiency by the 2006 Australian Drought (from BoM 2006)
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and the one from 2003 to 2005. Corresponding to the area of the rainfall deficiency in 
Fig. 5.14, the clear negative mass anomalies are found in Southeast Australia.

For the comparison between GRACE and land water models, an optimal regional 
filter was designed so as to extract the GRACE TWS variations in the Murray Darling 
River basins where the most significant negative mass anomalies were detected. The 
location of the Murray-Daring river basins is shown by the dotted line in Fig. 5.15.

The land water models employed are the JLG model by JMA, and the Global 
Land Data Assimilation System model (the GLDAS model) developed by NASA. 
The GLDAS model employs Mosaic land surface model with observation-based 
meteorological fields as atmospheric force (Rodell et al. 2004).

Figure  5.16 shows the TWS variations in the Murray-Daring river basins 
observed by GRACE and estimated from the land water models. Note that the 
annual and the semi-annual variations were removed in advance to highlight the 
inter-annual variations. Figure 5.16 shows that the model estimations of the TWS 
anomaly in 2006 are much smaller than the GRACE observation. This would sug-
gest that the hydrological models may not properly recover the TWS changes 
caused by the drought. Hydrological models possibly contain various factors which 
may cause the errors in TWS estimations, while the GRACE data might contain 
some errors which cause over-estimations. It is true that there remain large uncer-
tainties in the model estimations, for instance, in forcing fields, model structure, 
process description, and parameterization.

Hasegawa et al. (2009) have recently obtained the same results using the CNES/
GRGS datasets that the model estimations were too small compared to the GRACE 
data. They have also confirmed that the GRACE data was consistent with the in-situ 

Fig. 5.15  The mass anomaly revealed by the UTCSR RL04 GRACE data. The mass anomalies were 
calculated as the differences between the average of 2006 and the one from 2003 to 2005. The dotted 
line shows the Murray-Daring river basin where the comparisons in Fig. 5.16 have been conducted
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superconducting gravity data in Canberra. All these demonstrated that the GRACE data, 
even which may contain some uncertainties, provide not only seasonal TWS changes 
but also the secular TWS changes which can be considered the response to the long-
term climate changes. We expect that the GRACE data should make great contribution 
to future understanding of climate impacts to water resource and its managements.

5.5 � Role of Hydrological Models

It is obvious that there are large differences in temporal and spatial resolutions 
between satellite and in-situ gravity measurements. In general, these differences 
could be resolved by hydrological models and the issue about the down-scaling 
(up-scaling) of the models was discussed in Fukuda et al. (2009). As described in 
3.2, GRACE and the global TWS (JLG) model show a negative mass trend in 
Bangkok located in the Chao Phraya downstream. Bangkok is a target city of the 
RIHN project 2.4 and there are other regional-local hydrological models built up in 
different schemes and spatial scales. Yamanaka and Mikita (2009) quantitatively 
estimated the recharge and renewal of the confined groundwater in Bangkok using 
a three-dimensional groundwater flow model. Their result shows a slight positive 
trend in the deep groundwater storage in Bangkok, which is consistent with the 
observed groundwater levels of the confined groundwater wells. On the other hand, 
Tanaka et al. (2009) estimated the shallow aquifer recharge in Bangkok using the 
SWAT (Soil and Water Assessment Tool) model with detailed land use, soil map, 
climate conditions and topographic data. Their result shows significantly reduced 
recharge to the shallow aquifer, considerably larger than the GRACE estimation.

Fig. 5.16  The comparisons between the GRACE observations and the land water model estimations
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These inconsistencies would not be surprising because the hydrological models 
have not been constrained properly in terms of the total mass changes within the 
area concerned. Actually there was no method to measure the total mass changes 
before GRACE mission. In the future, the mass conservation in a local model 
would be constrained by a global model validated by GRACE. Moreover in-situ 
gravity measurements would be served as a validation tool of the local model. 
Conversely the models should be necessary to reveal the mechanism of the ground-
water changes because gravity methods only provide the information of the mass 
variations. If the models nested from global to local scales can explain both satellite 
and in-situ gravity observations, it means that the mechanism of the groundwater 
movements are well understood. Figure  5.17 illustrates such relations between 
models and observations. It would be an ideal situation that the gravity methods 
can contribute to monitor the groundwater variations from the urban to global 
spatial scales.

5.6 � Concluding Remark

The sustainable use of groundwater is a key issue for future urban developments, 
and the gravity techniques, which are new and still challenging, should contribute 
to monitor the groundwater variations, because, as described repeatedly, only gravity 
measurements can detect the mass variations directly. This is the most important 
point that we have employed gravity measurements on land and from space as well 
for the studies. The gravity data can provide the most basic information to manage 

Satellite Gravity Measurements

constraint

Global scale TWS models

down scaling

Regional scale  models

down scaling

Urban scale models

validation

In-situ Gravity Measurements

Fig.  5.17  A schematic view which shows the relations between gravity measurements and 
hydrological models
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the urban water usability together with other hydrological information such as the 
groundwater levels measured at observation wells.

Regarding the ground base gravity measurements, relative gravimeters have 
been usually employed so far. However, relative measurements always include 
some uncertainties in interpretation processes, and we consider that the use of abso-
lute gravimeters is a key for these studies. As previously described, the A10 gravi-
meter enables the absolute gravity measurements in the field with much ease. We 
expect such measurements become more popular in the future.

The spatial resolution of the GRACE data is far from satisfactory for discussing 
urban scale groundwater variations. However, GRACE provides very good con-
straint for hydrological models in terms of total mass variations. It should be noted 
again that there was no such high precision constraints as the mass variations before 
GRACE. In the future, several different scale models would combine much 
advanced in-situ and satellite observations for a better understanding of the hydro-
logical processes.
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Abstract  The Greater Jakarta, the capital city of Republic of Indonesia, occupies 
the northern zone of Java Island and the elevations of this plain vary from 0 to 
1,000 m above sea level. Some evident showed that the population influenced the 
condition of groundwater resources in this megacity as most of them acquire the 
needed water by groundwater abstraction. It caused a negative impact on these 
resources itself both quantity and quality. Therefore, the proper groundwater 
management of this area should be established and the groundwater management 
should cover the two important aspects, i.e., physical and technical aspects, and 
social and non technical aspects.

6.1 � Introduction

Since the beginning of the twentieth century, groundwater of the Greater Jakarta 
basin has been used for drinking water and other water resources purposes. 
Unfortunately, groundwater use is increasing year by year and some problems are 
threatening this fragile aquifer system. It has influenced either quality or quantity 
of groundwater (Delinom et al. 2009).

The dependency of industry on groundwater is one of the constraints that faced 
by groundwater management effort. It is associated with the lack of infrastructure 
that provided by the government. According to the most recent data, the amount of 
clean surface water that supplied to the industrial sector was only about 3.5 million m3 
in 2003, which is just 1% of the volume required by industry (Statistical Local 
Office of Greater Jakarta 2003). This means that almost all water required by the 
industrial sector comes from groundwater. The trend of groundwater tendency due 
to groundwater abstraction in Jakarta Area is shown on Fig. 6.1.
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Another factor influencing the scarcity of groundwater is the condition of 
groundwater recharge area. Groundwater recharge can be interpreted as the addi-
tion to the groundwater from an external area to the saturated water column. 
Generally, groundwater is replenished from rainfall, rivers and human intervention 
such as an artificial recharge well or lake. One of the main factors influencing 
groundwater depletion is significant changes of the land cover from natural terrain 
to the developed areas, especially in the recharge area.

6.2 � The Study Area

The Greater Jakarta is the capital city of Republic of Indonesia. It occupies the 
northern zone of Java Island that comprises low hilly areas of folded Tertiary strata, 
and Quaternary coastal lowlands bordering the Java Sea (Fig. 6.2). Two Quaternary 
formations and three young Tertiary formations act as groundwater aquifers zone 
and one quaternary formation act as an aquitard. Some older formations present as 
basement of the basin. The elevations of this plain vary from 0 to 1,000 m above 
sea level. It is one of the most developed basins in Indonesia and is located between 
106° 33¢–107° E longitude and 5° 48¢ 30″–6° 10¢ 30″ S latitude covering an area of 
about 652 km². It has a humid tropical climate with annual rainfall varying between 
1,500 and 2,500 mm and is influenced by the Monsoon.

The population of Jakarta at present is around 7.5 millions (Jakarta Local 
Government Website 2007). It represents the official number of population actually 
living in the Greater Jakarta Area. The reality which is faced by Jakarta is that many 
people who are working in Jakarta during the daytime are living in the adjacent 
cities i.e., Bogor, Depok, Tanggerang, and Bekasi (Bodetabek Area). Since the 
operation of the Jakarta – Bandung Highway, some people living in the cities of 

Fig. 6.1  Trend of groundwater abstraction in Jakarta Area (Statistical Local Office of Greater 
Jakarta 2003)
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Purwakarta and Bandung have also become commuters. This circumstance has 
caused the population of Jakarta to increase up to 10 or 11 millions during the 
weekdays. It is obvious that urbanization has increased the water demand in this 
area. As surface water provides covers only 30% of water demand, people are har-
vesting the available groundwater in the basin. In Jakarta Groundwater Basin, the 
use of groundwater has greatly accelerated conforming to the rise in its population 
and the development of industrial sector, which consume a relatively huge amount 
of water.

According to Engelen and Kloosterman (1996), structurally, the Jakarta ground-
water basin is part of the so called a Northern Zone comprising the low hilly areas 
of folded Tertiary strata, and coastal lowlands bordering the Java Sea.

Geologically, the study area is dominated by Quaternary sediment and, uncon-
formably, the base of the aquifer system is formed by impermeable Miocene sedi-
ments which are cropping out at the southern boundary, which were known as 
Tanggerang High in the west, Depok High in the middle and Rengasdengklok 
High in the east. They acted as the southern basin boundary. The basin fill, which 
consist of marine Pliocene and Quaternary sand and delta sediments, is up to 
300  m thick. Individual sand horizons are typically 1–5  m thick and comprise 
only 20% of the total fill deposits. Silts and clays separate these horizons. Fine 
sand and silt are very frequent components of these aquifers (Martodjojo 1984; 
Assegaf 1998).

In detail, Sudjatmiko (1972), Effendi et  al. (1974) and Turkandi et  al. (1992) 
differentiated the lithology that cropping out in this area into some lithologies and 
explained as follows (Fig. 6.3):

Fig. 6.2  Location Map of the Greater Jakarta. It is the Capital City of Republic of Indonesia and 
located in the coastal area of Java Island (Copied from Delinom 2008)
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	1.	 Banten Tuff, developed by young volcanic eruptive material.
	2.	 Bogor Fan, consists of fine tuff, sandy tuff intercalated with conglomerate as 

result of Mount Gede – Pangrango volcanic activity.
	3.	 Paleo and recent beach ridge deposits which are deposited parallel to recent 

coastal line.
	4.	 Alluvium deposits consist of silt, sand, and gravel. In some parts, this deposit 

was covered by river sediment that composed by gravel, sand, silt and clay. The 
remnant of vegetation was found at a certain depth.

Based on boreholes analysis, the formation were found in subsurface are:

	1.	 Rengganis Formation consists of fine sandstones and clay stone outcropped in 
the area of Parungpanjang, Bogor. Un-conformably, this formation is covered by 
coral limestone, marl, and quartz sandstone.

	2.	 Bojongmanik Formation, consist of interbedded of sandstone and clay stone, 
with intercalated limestone.

	3.	 Genteng Formation, consist of volcanic eruption material such as andesitic brec-
cias and intercalated tuffaceous limestone.

	4.	 Serpong Formation, interbedded of conglomerate, sandstone, marl, pumice con-
glomerate, and tuffaceous pumice.

Fig. 6.3  Geological Map of the Greater Jakarta and its surrounding area. At the surface, the litho 
logy were dominated by coastal and deltaic deposits (Effendi et  al. 1974; Sudjatmiko 1972; 
Turkandi et al. 1992). Copied from Delinom et al. 2009
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6.3 � Methodology

To formulate a proper groundwater management in an urban area, the assessment 
of land zoning and groundwater hazard of the area must be identified. Land zoning 
assessment will illustrate closely the area of groundwater sources (recharge area), 
groundwater aquifer, groundwater use (discharge area), and groundwater vulnera-
bility (environmental sensitivity). The identification of groundwater hazard 
assessment dealt with groundwater quality and groundwater quantity which are 
hook up with physical and social aspects. The hazard potential in recharge and 
discharge area should be recognized before hazard management is determined. The 
combination of both aspects, land zoning and groundwater hazard, will be the 
proper groundwater management of the area. Scheme of groundwater management 
is presented on Fig. 6.4.

The main threats to groundwater sustainability arise from the steady increase in 
water demand and from the increasing use and disposal of chemicals to the land 
surface. Management is required to avoid serious degradation and there needs to be 
increased awareness of groundwater at the planning stage, to ensure equity for all 
stakeholders and most important of all to match water quality to end use. Despite 
the threats from potentially polluting activities, groundwater is often surprisingly 
resilient, and water quality over large area of the world remains good. A vital aid 
to good groundwater management is a well-conceived and properly supported 
monitoring and surveillance system. For this reason monitoring systems should be 
periodically reassessed to make sure that they remain capable of informing 
management decisions so as to afford early warning of degradation and provide 
valuable time to devise an effective strategy for sustainable management.

Fig. 6.4  Scheme of groundwater management in Greater Jakarta Area (Delinom 2008)
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To improve the groundwater management, the sustainable groundwater management 
strategy should be employed. This strategy covers long term groundwater resources 
conservation, groundwater quality protection; change the groundwater resources man-
agement paradigm to groundwater as a non renewable resource.

The future challenge for groundwater management is to alter the mechanism of 
water provision that currently applies. In addition the changing environment as 
consequence of the development has also brought undesirable effects to the quan-
tity of groundwater. In order to manage the groundwater potential in its optimal 
capacity, it is important to identify exactly where the recharge area take place and 
which quantities are involved.

It was recognised that the groundwater problems in recharge area is different 
with the groundwater problems in discharge area. The main groundwater problem 
in recharge area is the decreased of groundwater recharge which is caused by land 
use degradation. This substance can initiate the runoff increased and groundwater 
storage decreased, and creates flood and drought disasters. Therefore, the recharge 
area management should be employed appropriately. The main problem in dis-
charge area is the increased groundwater usage for human activities. It causes 
groundwater table descent and groundwater storage reduction and creates land 
subsidence, groundwater pollution, and drought disasters. Those problems then 
lead to flood disaster and groundwater resources crisis. In the discharge area, the 
things that should be executed are groundwater abstraction management. It is 
known that for doing the groundwater management, the basin geometry and the 
cover of recharge and discharge area should be defined first.

6.4 � Megacity Groundwater Properties

There are 5 (five) main factors that influences the groundwater resources in a mega 
city such as Jakarta i.e., global climate change, population pressure, urbanization, 
agricultural and industrial activities. It is known that global climate change phe-
nomena have increased the sea water level. It influenced the position of shorelines 
in some parts of the world, including northern part of Jakarta area that has border 
with the Java Sea. Like many other cities that located on coastal area, sea water 
encroached into the land and influenced either surface or groundwater resources. 
Total of population, urbanization and industrial activities created a pressure to the 
groundwater resources due to groundwater over-abstraction activity to fulfil their 
daily needs. The urbanization can also increase the impervious cover, drains, utility 
lines, backfilled areas, surface flow, point sources for recharge and contamination.

The potential impacts of urbanization on groundwater resources are the resources 
availability and quality degradation. Some impacts of groundwater use on urbanization 
are infrastructure damage that is caused by the occurrence of land subsidence and 
infrastructure drainage and uplifted problems. Agriculture has a reciprocal relationship 
with the groundwater resources as it needs some groundwater resources for growing 
plants and in the other side, plants can act as an instrument in helping water to recharge 
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into the soil. Public health condition is very much depending on the groundwater 
condition as people in Jakarta Area fulfil their water daily need from groundwater. The 
worse groundwater quality condition the worse public health of the area.

The groundwater in urban area is abstracted from aquifers through dug or drill-
ing wells. Together with surface water, they are used to supply domestic, industrial, 
and agricultural activities. The waste water from those activities then are treated 
and used for irrigation or injected back to the aquifers. The urban groundwater 
quantity is depend on the aquifers recharged, impermeable covers, artificial replen-
ishment to increase aquifers recharge. Some alternatives to increase the water 
resources are: increase in surface storage; improve of groundwater management; 
increase in water utilization efficiency; and large-scale inter basin water transfers.

6.5 � Jakarta Groundwater Condition

Overexploitation of groundwater has become a common issue along the coastal area 
where good quality groundwater is available. Consequently, many coastal regions in 
the world experience extensive saltwater intrusion. It is obvious that urbanization has 
increased the water demand in this area. As the drinking water which is supplied by 
surface water only covers 30% of water demand, people are harvesting the available 
groundwater in the basin. In the Jakarta Groundwater Basin, the use of groundwater 
has greatly accelerated conforming to the rise of its population and the development 
of the industrial sector. Over-pumpage can also decrease the volume of groundwater 
and result in land surface subsidence. The subsurface layer compaction also supports 
the existence of land subsidence. Geyh and Soefner (1996) reported on the salt water 
intrusion phenomena in the Jakarta Area. Djaja et al. (2004) recognized land subsid-
ence phenomenon occurring in some parts of the Jakarta Metropolitan Area.

Based on groundwater monitored data of 51 monitoring wells around Jakarta 
area, it can be concluded that most of water level in Jakarta area of five clusters 
aquifers i.e. 0–40, 40–95, 95–140, 140–190, and 190–250  m, were decreased 
(Delinom et al. 2009) (Fig. 6.5). The water quality analysis from 27 shallow wells 
that were distributed over Jakarta Area showed that the nitrate content in 2009 were 
very high in some places. It means that the human daily activities had influenced 
the water quality in this area (Sudaryanto and Suherman 2008) (Fig. 6.6).

The estimated subsidence rates during the period Dec. 1997–Sept. 2005 are 
1–10 cm/year and reach 15–20 cm/year. The highest rates of land subsidence occur 
in northwestern Jakarta. The central and north-eastern parts occasionally also show 
quite high rates of subsidence. These vertical temporal variations however, may still 
be contaminated by annual/semiannual signal bias that plagues all GPS temporal 
measurements (Abidin et  al. 2007). From the observation period 1982–1991,  
the highest subsidence occurred at Cengkareng (North Jakarta) with a rate of 
8.5  cm/year. In the period 1997–1999, the highest subsidence occurred at Daan 
Mogot (North-west Jakarta) with a rate of 31.9 cm/year. The rate increase shows 
that the land subsidence in Jakarta is continuing.
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6.6 � The Proposed Groundwater Management  
in Greater Jakarta Area

The groundwater management problem in the Jakarta Basin has many dimensions, 
one of them is to provide alternative source of water for industrial use. Looking at 
the groundwater control mechanism in the Jakarta Basin, licensing is still considered 
the main tool for controlling groundwater abstraction. This mechanism would not 
work with the bare minimum awareness of the stakeholders about the importance of 
groundwater conservation and weak law enforcement and monitoring. The fact is 
that in the Jakarta Basin, many unregistered deep wells still have been found. There 
are no incentives such as tax compensation for industries that used recycle water. 
The result is that many industries are not interested in water conservation, making it 
extremely difficult to control groundwater extraction in the Jakarta Basin. The fail-
ure of water utilities to supply raw water and to extend the coverage area has also 
become a trigger for the groundwater problems. Industry still depends on groundwa-
ter, and since industries are self-regulating, groundwater control becomes difficult.

Based on the groundwater hazard assessment in Greater Jakarta Area, as the 
discharge area, the quality hazards that were found are mostly the water pollution 
of domestic waste and industrial activities. Quantitatively, when groundwater level 
and reserve decreased, the land-subsidence, flooding and drought disasters, and sea 
water intrusion were discovered. In the recharge area, southern part of Jakarta, the 
domestic waste and agricultural activities influenced the groundwater quality con-
dition. The decline of water recharged and groundwater reserve, the increasing run 

Fig. 6.5  Groundwater level fluctuations between of 2001 and 2005 at some locations in Greater 
Jakarta Area. It is showed that the groundwater tend to decrease
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off and reduced springs were encountered in this area. It is recognized that 
qualitatively the groundwater in Jakarta Area had been disturbed since it was 
infiltrated in the recharge area. Therefore, the condition of recharge area must be 
managed simultaneously with the discharge area.

The groundwater management should cover the two important aspects, i.e., 
physical and technical aspects, and social and non technical aspects. Physically and 
technically, for managing groundwater quality, water treatment, waste manage-
ment, wells monitoring, and groundwater quality modelling should be executed 
both in Greater Jakarta Area and in recharge area. Groundwater quantity manage-
ment in recharge area will cover land rehabilitation, re-forestation, springs conser-
vation, artificial recharge and injection wells construction, and recharge area 
broadening. In Jakarta Area, it will cover wells monitored, groundwater maximum 
depletion and abstraction, sustainable groundwater yield determination, groundwa-
ter balance and local flow modelling, and water canals construction.

Socially, the groundwater quality management in recharge area and discharge 
area, Greater Jakarta Area, should cover control of groundwater source conserva-
tion zone; socialization of dangerous and environmental friendly substances utiliza-
tion, groundwater quality basic knowledge. The groundwater quantity management 
in recharge area will cover the groundwater basic knowledge socialization, built 
area control, groundwater source conservation zone control, recharge area plan con-
trol, and law enforcement. While in discharge area, the discharge area plan control, 
groundwater abstraction tax, groundwater abstraction control, groundwater condi-
tion change monitoring, groundwater basic knowledge and sanitary system social-
ization, and law enforcement, see Tables 6.1 and 6.2.

6.7 � Concluding Remarks

Some remarks concerning the water management in Greater Jakarta area can be 
indicated, among others are:

	1.	 To improve the groundwater management, the sustainable groundwater 
management strategy should be employed. This strategy covers long term 
groundwater resources conservation, groundwater quality protection; change the 

Table 6.1  Groundwater risk assessment in Jakarta groundwater basin

Location

Groundwater hazard assessment

Groundwater quality Groundwater quantity

Jakarta groundwater 
basin

–	 Industrial activity pollution
–	 Domestic waste pollution
–	 Liquid waste infiltration
–	 Seawater intrusion
–	 Paleo-salt leaching

–	 Groundwater rebound flow
–	 Groundwater level regression 

(land subsidence)
–	 Groundwater flow change
–	 Surface runoff increment 

(flooding and draught disaster)
Groundwater hazard magnitude
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groundwater resources management paradigm to groundwater as a non renewable 
resource.

	2.	 Greater Jakarta Area is occupied by discharge area, while the recharge area 
located just in the southern part of this area. Facing this reality, the groundwater 
management in this area must be more concerned to the problems that are dis-
covered within discharge area.

	3.	 Based on the groundwater hazard assessment in Greater Jakarta Area, as the 
discharge area, the quality hazards that were found are mostly the water pollution 
of domestic waste and industrial activities.

	4.	 It is recognized that qualitatively the groundwater in Jakarta area had been 
disturbed since it was infiltrated the recharge area. Therefore, the condition of 
recharge area must be managed simultaneously with the discharge area.

	5.	 The groundwater management should cover the two important aspects, i.e., phys-
ical and technical aspects, and social and non technical aspects.
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Abstract  The history of groundwater use in Bangkok started in 1907. Since then, 
groundwater is the important source of public water supply concurrent with surface 
water. Both public and private sectors had freely developed groundwater for sev-
eral decades before consequent affect revealed. Due to the past uncontrolled over 
pumping of groundwater, certain aquifers and overlying clay layer are under sub-
stantial stress, leading to serious land subsidence which at its most severe amounts 
to 10 cm/year (1978–1981). In certain places, with combined surface loading, this 
has amounted to a maximum recorded settlement of 100 cm over a 21-year period 
(1978–1999) and groundwater level has declined to 55 m from ground surface. The 
increasing of groundwater abstraction reached it maximum at 2.2  million cubic 
meters per day (Mm3/d) in 1999. The mitigation actions have been required if they 
are to be reinstated and stabilized. The subsequent strict mitigations such as decla-
ration of “Groundwater Critical Zone” covered large area totally seven provinces 
including Bangkok. The mitigation included reducing the permissible usage of reg-
istered wells, promoting public awareness in groundwater conservation, and finally 
implementing “No permission for groundwater development in public water supply 
service area” in the Bangkok metropolis. In addition, Groundwater Tariff and 
Groundwater Conservation Tax have been implemented. All these mitigations have 
been determined to control the total abstraction to meet permissible yield which has 
been studied at 1.25 Mm3/d. The strict mitigations finally return good result.

7.1 � Introduction

Bangkok is the capital city of Thailand and the biggest city in Southeast Asia. It is 
situated on the flood plain and delta of the Chao Phraya River which traverses the 
Lower Central Plain of Thailand. The total area including surrounding six provinces 
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is approximately 10,200 km2. Bangkok has a registered population of approximately 
6.4 million residents while the greater Bangkok area has a registered population of 
11 million residents (January 2008). It extended about 200 km from north to south 
and about 175 km from east to west. It is bounded on both east and west by moun-
tain ranges and on the south by Gulf of Thailand. To the north, the plain is bordered 
by a series of small hill dividing it from the Upper Central Plain. The total area of 
the basin is about 20,000 km2 with an average annual rainfall of 1,190 mm. The 
groundwater recharge to the basin was estimated as 3.2% of rainfall (AIT 1982). 
The principal sources of recharge are outcrops at north, east and west several 
kilometers of Bangkok.

7.2 � Hydrogeology

The Bangkok metropolis is one of the fastest developing capitals of the world. It 
situated on the low-lying plain on very thick unconsolidated sediments. Since the 
rapid increase in the demand for groundwater, groundwater was substantially 
extracted from the deep aquifer beneath the city. It has been realized since 1970 that 
land subsidence could be experienced in this area resulting from the depletion of 
the beneath aquifer were to cause consolidation of the compressible clay deposits 
of unconsolidated sediments (AIT 1972).

Bangkok metropolis is entirely underlain by recent marine clay, 15–30  m in 
thickness, known as the Bangkok Clay (Fig. 7.1). This uppermost layer is of very 
low strength and high compressibility, therefore, the most significant compression 
would take place if the effective stress were to increase throughout the unconsoli-
dated sediments profile as a result of the groundwater extraction, The Bangkok 
Clay has been divided into the three distinct layers of ‘Weather Clay’, ‘Soft Clay’ 
and ‘Stiff Clay’ for the purposes of defining its engineering behavior (Moh 1969). 
The Soft Clay and Weathered Clays are both essentially normally consolidated. The 
Stiff Clay has relatively high strength and low compressibility; it behaves as a truly 
over consolidated deposit.

Unconsolidated and semi-consolidated sediments underlying the Bangkok Clay 
consist of sand, gravel and clay of Pleistocene to Pliocene ages. Aeromagnetic and 
seismic data covering the Gulf area also indicated an irregular basement by granite 
ridge and meta-sedimentary fold belts of the peninsular trend (Kelly and Rieb 
1971). The basement depth varies from place to place; the maximum depth of 
1,830  m was recorded from an oil exploration borehole in the southwest of 
Bangkok. From a detailed study of electrical log, the upper 600 m of the sediments 
are subdivided into eight artesian aquifers, separated or partially separated from 
each other by confining layered or sandy clay beds (Fig. 7.2).

First and the uppermost aquifer immediately overlain by Bangkok clay is 
Bangkok aquifer (BK). Groundwater in this aquifer is not potable due to high salinity. 
Most of the groundwater extraction in Bangkok metropolis is from depth of 
100–250 m within three productive aquifers Phra Pradaeng (PD), Nakhon Luang 



Fig. 7.1  Three-dimensional sketch of landform and stratigraphical section of the Lower Central 
Plain (Modified after JICA 1995)

Fig. 7.2  Bangkok aquifer system
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(NL) and Nonthaburi (NB). However, there are also many wells tapping the 300 
and 350 m zone of Sam khok (SK) and Phaya Thai (PT) in Pathum thani northwest 
of Bangkok, and groundwater is abstracted for industrial purposes from the 550 m 
in Pak Nam (PN) aquifer in Samut Prakan south of Bangkok. (Ramnarong 1999).

7.3 � Groundwater and Land Subsidence Condition

Groundwater development for public supply in Bangkok began in 1954 with an 
abstraction of 8,360 m3/d. The daily abstraction for public supply had increased to 
450,000 m3 by 1982. Private abstraction was also increasing every year. By 1982, 
the total daily groundwater abstraction in this area was about 1.4 Mm3/d (Fig. 7.3). 
The sharply dropped of the total usage between 1985 and 1990 due to the control 
measures of programme “Mitigation of Groundwater Crisis and Land Subsidence in 
the Bangkok Metropolis”, which became effective in 1983. However the abstraction 
began to rise again during 1991 onwards due to high economic growth. By 1997, the 
total groundwater abstraction in the control area of the four provinces; Bangkok, 
Samut Prakan, Nonthaburi and Pathumthani was 1.67 Mm3/d. There was estimated 
that groundwater used by licensed users was about 65% of the total abstraction. The 
remaining 35% is made up of unaccounted by other agencies and unlicensed user.

The initial groundwater levels in Bangkok were very close to ground surface and 
some wells were said to be artesian. In those days, groundwater is believed to have 
been pumped from the shallowest good water quality aquifer (PD aquifer) as the 
overlying Bangkok aquifer (BK aquifer) produced brackish to saline water.

At the early stage of groundwater development for groundwater supply in 1959, 
water level ranged from 4 to 5  m below surface in eastern Bangkok to 12  m in 

Fig. 7.3  Groundwater use and Thailand Gross Domestic Product
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Fig. 7.4  Map showing water level in NL Aquifer from 1959–2005 (a) Water level at NL Aquifer 
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Central Bangkok. After 1967, heavy use of groundwater was observed in the eastern 
part of Bangkok. By 1967, the lowest water level in NL aquifer in central Bangkok 
and the eastern suburbs was 30 m below surface. Annual rates of water level decline 
in NL aquifer during 1969–1974 were 3.6 m (0.7 m/year) in the eastern part and 
1–2 m (0.2–0.4 m/year) in central of Bangkok.

During 1959–1982, the water level in the NL aquifer declined by 38 m in central 
of Bangkok and 60 m in the eastern suburbs (Fig. 7.4). Since 1983, the control mea-
sures on groundwater pumping together with the introduction of groundwater tariff 
in 1985, had a marked effect on the groundwater use in Bangkok; the consequent 
decrease in groundwater withdrawal produced rapid recovery of water level in the 
three aquifers (PD, NL, and NB). In central Bangkok, the public water supply 
produced from surface water sources replace much of groundwater uses, resulting in 
continuously rise in groundwater level. Most of newly developed industries moved 
out of the inner zone of Bangkok to its perimeter and the surrounding provinces 
according to the regulation of Bangkok City Planning. Although the groundwater 
crisis in central Bangkok has been improved, the cones of depression have developed 
in the new areas outskirts of Bangkok both in the east province (Samut Prakan) and 
the west province (Samut Sakhon) which are the areas of extensive industry.
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Fig. 7.4  (continued) (f) Water level at NL Aquifer in 2005

Land subsidence event can be divides in to three events, early stage, mid-stage, 
and recent stage. The early stage (1978–1981), land subsidence was over 10 cm/
year in the central Bangkok, and 5–10 cm/year in eastern suburbs. Soil compression 
during this period in the top 50 m and in the deeper zone, 50–220 m depth, contrib-
uted 40% and 60% to the total surface subsidence respectively (AIT 1982). 
Leveling in 1982 by the Royal Thai Survey Department (RTSD) indicated that the 
lowest elevation of Bangkok was 4 cm below sea level at a subsidence station in 
Ramkhamhaeng University.

During the mid-stage, after remedial measures for controlling the groundwater 
uses were introduced in 1983, a continuous recover of water level was observed in 
central Bangkok and eastern suburbs. This has contributed to the decreasing rate of 
land subsidence. The annual subsidence rate (1989) declined to 2–3 cm/year in cen-
tral Bangkok and 3–5 cm/year in eastern suburbs (Ramnarong and Buapeng, 1992).

At present, subsidence rate has been stabilized and in some area the recovery 
also present. The overall area subsidence rate is 1 cm/year. The higher rate of 2 cm/
year still can be found at Samut Prakan in the eastern province and Samut Sakhon 
in the western Province (Lorphensri and Ladawadee 2007). The total land subsid-
ence during two periods are shown in Fig. 7.5. It shows the maximum land depres-
sion during 1978–1988 at 70 cm in eastern of Bangkok and during 1978–2005 at 
105 cm in the same area.
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7.4 � Control of Groundwater Use

Three methods for controlling the over-exploitation of groundwater in Bangkok and 
adjacent provinces have been implemented. They are Groundwater Act (1977), 
Mitigation of Groundwater Crisis and Land Subsidence, Groundwater Tariff and 
Conservation Fee.

7.4.1 � Groundwater Act

Since 1963, the government at that time had a policy to a specific law to regulate 
usage of groundwater after there was a project surveying groundwater resources in 
the Northeastern Region to solve drought in 1955. However it was not until 1977 
that Thailand enacted the Groundwater Act.

After Thailand introduced its First National Economic and Social Development 
Plan of 1961–1966, water demands for consumption, agriculture, and industrial 
sector expanded immensely. Even though the Metropolitan Waterworks Authority 
(MWA) has been established in 1967 to effectively supply water for household 
consumption and industrial uses in Bangkok, Nonthaburi, Thonburi and Samut 
Prakan in order to keep pace with the economic and social development, the MWA 
was not able to expand its service at the same pace of the economic and social 
growth. Urban community and industries had to find their own sources of water 
supply by drilling many groundwater wells to pump substantial amount of water for 
various uses. The bill on groundwater therefore was retouched for another round of 
legislative process, but the political situation was not supportive. The bill was then 
revisited and revised for many times at various stages: the Cabinet, the Council of 
State as well as the Parliament.

However, when land subsidence in Bangkok Metropolitan was apparent the bill 
was eventually enacted as the groundwater Act 1977 to control and regulate exploi-
tation of groundwater resources, and to regulate wastewater discharge into the 
wells. Then, the Groundwater Act 1977 was revised twice, namely in 1992 and 
2003.

7.4.1.1 � Groundwater Act 1977

Basically the law provides definition of terms concerning groundwater exploitation 
activities, such as the legal definition of “groundwater”, “drilling”, “groundwater 
usage”, “well” and other relating terms that needed legal definition. The main concept 
of this law is that groundwater exploitation is a public matter. Therefore a landowner 
who wants to drill and exploit groundwater lying under one’s own land, one must apply 
for relevant permits form the Director of the Department of groundwater Resources 
of from the official authorized to approve on behalf of the Director General. 
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This concept may be considered as an exemption to the absolute right of property 
owner as recognized in the Civil and Commercial Code.

In addition the groundwater Act 1977 requires three kinds of permit for different 
purposes, which are 1-year permit for drilling, 10-year permit for groundwater 
exploitation, and 5-year permit for discharging water into a well. In this connection, 
the law sets out rules and conditions for extension of permits, administrative appeal, 
grounds for refusing permits or extension of one, including certain measures to 
control and oversee groundwater exploitation. Under the process of permitting for 
drilling, the provincial groundwater officer can give permitting to the request of the 
150 mm well diameter. The requests for larger well diameters are subjected to evalu-
ation by the technical sub-committee under the Groundwater Board of Committee. 
This technical body provides the technical consultation in regulating both depth and 
diameter of wells according to the acquired groundwater consumption.

For administrative structure provided by the groundwater Act 1977, there are 
three institutional parts as follows:

	1.	 The Minister of the Ministry of the Natural Resources and Environment as the 
highest administrator in the line of public administrator empowered to set out 
technical rules and regulations on drilling and cease of drilling activities, conser-
vative usage of groundwater, wastewater discharge into well, closure of well, 
public health and contamination prevention, safety measures for workers and the 
public, rate of water usage fees (which must be under 1 Baht/m3, reduction or 
exemption of fees for users in certain groundwater areas, including other matters 
concerned. It should be noted here as well that the Minister also has the power to 
designate areas, critical groundwater areas, and no pumpage areas.

	2.	 Groundwater Board of Committee serving as technical consultant to provide 
comments or advices to the Minister in designing implementing rules and regu-
lations, including in other relater matters under the law. The Board of Committee 
may also provide comments or advices to the Director on concerning issues 
under the law. The members of the board are listed as follows; the Director General 
of the Department of Groundwater Resources (Chairperson), the Director General 
of the Department of Public Work, the Director General of the Public Health 
Department, the Governor of the Metropolitan Waterworks Authority, the 
Governor of the Provincial Waterworks Authority, the Chairman of The 
Federation of Thai Industries and another two members which are proposed by 
the Minister of the Ministry of Natural Resources and Environment.

	3.	 Director General of the Department of Groundwater Resources supervising 
administrative and managerial matters within the Department of Groundwater 
Resources to be in accordance with the laws concerning, including the 
Groundwater Act 1977 and concerning public administration laws. The most 
important authority of the Director General is granting permit to exploit ground-
water and withdrawing the permit. Furthermore, the Director General also has 
the power to amend the permit if he or she finds any groundwater exploitation 
dangerous to the environment of respective groundwater exploitation dangerous 
to the environment of respective groundwater area.



138 O. Lorphensri et al.

The second revision of Groundwater Act in 1992 was mainly to designate no 
pumpage area in order to control water quality, to prevent endangerment or deterio-
ration to aquifer, to protect natural resource and environment, to protect public 
health or properties, or to avoid land subsidence. In addition, the criminal sanction 
for pumping of groundwater in the no pumpage area and for pumping without the 
permit, including a criminal procedure for the court to order the offender to restore 
the well back to its condition before the violation occurred. The implement of “no 
pumpage area” were aimed at the declared “Critical Zone” which were Bangkok 
and surrounding six provinces. The method of implementation was that whenever 
the old permit was expired, the extension was automatically declined. Moreover, 
the new well would not be permitted. However, this practice was able to be imple-
mented only 2 years, and later on in 1994, groundwater was extremely needed for 
sustaining the expanding of economic growth. Therefore, the implementation of 
“no pumpage area” was not strict.

The third revision of Groundwater Act in 2003 was to set up “Groundwater 
Development Fund” within the Department Of Groundwater Resources to fund 
study and research on conservation of groundwater and the environment. The 
whole amount of Groundwater Conservation Tax became the source of Groundwater 
Development Fund. The fund if to be managed by a board of Board of Executive 
Committee comprised of the Director General of Department of Groundwater 
Resources as the Chairperson, representatives from the Bureau of the Budget, the 
Office of National Economic and Social Development Board, the Comptroller 
General’s Department, the Office of Natural Resources and Environmental Policy 
and Planning, the Office of Industrial Economic, Department of Water Resources, 
and the Federation of Thai Industries. The Director General of Department of 
Groundwater Resources is to appoint Director or an official of equal position within 
the Department of Groundwater Resources to serve as member and as the Secretary 
of the board.

7.4.1.2 � Groundwater Tariff and Conservation Tax

Groundwater conservation strategy in curbing water demand growth takes a multi-
prong approach through pricing, mandatory water conservation. Pricing of water is 
an important and effective mechanism in encouraging users to conserve water. 
Groundwater should be treated as an economic good. The water is priced not only 
to recover the full cost of groundwater management, but also to reflect the scarcity 
of this precious resource. The process of restructuring of groundwater tariffs and 
groundwater conservation tax were covered over a 4-year period, starting in 1997, 
to reflect the strategic importance and environmental impact. The relationship of 
water level, land subsidence and chronological of mitigation measures were shown 
in Fig. 7.6.

Groundwater Tariff was first implemented in 1984 in the six provinces of 
Bangkok and vicinity, where 1.0 Baht/m3 was charged. By 1994, the charge was 
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increased to 3.5 Baht/m3, and the government began to charge for groundwater use 
in the whole country. Between 2000 and 2004, groundwater tariff was gradually 
increased in the Critical Zone from 3.5 to 8.5 Baht/m3.

In 2003, amendment of the Groundwater Act has recently imposed the 
Groundwater Conservation Charge for all groundwater users in Critical Zone. 
Starting 1.0 Baht/m3 in 2004, the charge is set to increase to 8.5 Baht/m3 in 2006. 
Because of the institution of the Charge, the total cost of groundwater use in the 
Critical Zone has become relatively high, which has helped in limiting the exploi-
tation of groundwater in the area. Total groundwater charges is expected to 
increase from 9.5 Baht/m3 in 2004, to 12.50 Baht/m3 by 2005 and to 17 Baht/m3 
by 2006 and beyond, which is deterring groundwater users in the area, especially 
those using large amounts such as industries, from using groundwater for their 
water supply.

7.4.1.3 � Regulatory Measures

The series of regulatory measures were implemented in order to stop the declin-
ing water levels to slow the rate of land subsidence. In order to control ground-
water use and to mitigate the land subsidence problem, the area which associated 

Fig. 7.6  Shows relationship of water level, land subsidence and chronological of mitigation mea-
sures. The critical zones were declared and revised in 1983, 1995 and 2000. Total groundwater 
charge started in 1984 at 1.0 Baht/m3 and reached 17.0 Baht/m3 in 2006



Fig. 7.7  (a) Critical Zone declared in 1983, only four provinces were included. The sub-zone 1 
referred to area of subsidence rate greater than 10  cm/year, sub-zone 2 referred to subsidence 
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with land subsidence and groundwater depletion were designated as the “Critical 
Zone” (Fig. 7.7). The Critical Zone was subjected to strictly control over private 
and public groundwater users. The different degrees of measures were applied to 
different degrees of land subsidence (sub-zone). The area of adequate public 
water supply will not be allowed to put up a new well. Moreover, the requests for 
groundwater uses by the private sector are critically assessed before any permit is 
granted. The installing of well meters was enforced in 1985 in support of the 
charging that the government started to levy from private uses at that time. To 
promote groundwater and environmental quality conservation, standards for 
groundwater for drinking purpose were established through the Groundwater Act. 
In addition, groundwater quality standards for conservation of environmental 
quality were issued through the Environmental Quality Promotion and Protection 
Act, 2000.

7.5 � Conclusions

The remedial measures for Mitigation of the Groundwater Crisis and Land 
Subsidence in Bangkok and adjacent provinces were regarded as successful during 
the first 8 years of their implementation from 1983 to 1990. Recovery of the ground-
water level in this period mainly resulted from the abandonment of public supply 
wells in central Bangkok and the introduction of groundwater tariff that led to a 
decrease in total abstraction. Since 1991, the total groundwater use has increased 
each year and seems to be out of control. MWA plans to stop using groundwater for 
public water supply by 2001 helped decrease the total abstraction.

Groundwater Conservation Strategy by implementation of groundwater tariff 
and groundwater conservation tax has proven to be the most successful in control-
ling of groundwater usage and promoting public awareness of important of ground-
water to the environment.

Fig. 7.7  (continued) rate of 5–10 cm/year and sub-zone 3 referred to subsidence rate less than 
5 cm/year. (b) Critical Zone declared in 1995, the total of seven provinces was included. The sub-
zone 1 referred to area of subsidence rate greater than 3 cm/year and groundwater level decline 
rate more than 3 m/year, sub-zone 2 referred to subsidence rate of 1–3 cm/year and groundwater 
level decline rate of 2–3 m/year and sub-zone 3 referred to subsidence rate less than 1 cm/year and 
groundwater level decline rate less than 2 m/year. From 2001 up to present, there are no declared 
critical sub-zones (1, 2, 3). The whole seven provinces were subjected to the same regulations and 
measures



142 O. Lorphensri et al.

References

Asian Institute of Technology (AIT) (1972) Effects of deep-well pumping on land subsidence and 
groundwater resources development in the Bangkok area

Asian Institute of Technology (AIT) (1982) Investigation of land subsidence caused by deep well 
pumping in Bangkok area, comprehensive report of Asian Institute of Technology, NEB. Pub. 
1982–2002

Department of Groundwater Resources (DGR) (2008) Legal development and improvement to 
conserve groundwater resources. Final report, the environmental law center-Thailand 
Foundation

Japan International Cooperation Agency (JICA) (1995) The study on management of groundwater 
and land subsidence in the Bangkok metropolis area and its vicinity. Report submitted to 
Department of Mineral Resources and Public Works Department, Kingdom of Thailand

Kelly GE, Rieb SL (1971) Tectonic features of the Gulf of Thailland Basin (unpublished map, 
scale 1:5,000,000)

Moh ZC (1969) Strength and compressibility of soft Bangkok clay, research report no. 7. Asian 
Institute of Technology, Bangkok

Lorphensri O, Ladawadee A (2007) Report to the Prime Minister office: groundwater and land 
subsidence situation in Bangkok and the vicinity

Ramnarong V, Buapeng S (1992) Groundwater resources of Bangkok and its vicinity; impact and 
management. In: Proceeding of a national conference on “Geologic resources of Thailand: 
potential for future development”, Bangkok, Thailand, vol 2, pp 172–184

Ramnarong V (1999) Evaluation of groundwater management in Bangkok: positive and negative. 
In: Chilton (ed) Groundwater in the urban environment: selected city profiles. Balkema, 
Rotterdam

Royal Irrigation Department (RID) (2000) Final report on Chao Praya Basin water management 
project, final report. PAL Consultants, Co., Ltd, Bangkok



Part III
Groundwater Contamination  

and Loads to the Ocean



145M. Taniguchi (ed.), Groundwater and Subsurface Environments: Human Impacts  
in Asian Coastal Cities, DOI 10.1007/978-4-431-53904-9_8, © Springer 2011

Abstract  Naturally-occurring radon (222Rn) is very concentrated in groundwater 
relative to surface waters and thus serves as an effective groundwater discharge 
tracer. Conductivity is also typically present in groundwaters at different levels 
than associated surface waters and thus may also be used as a tracer of interactions 
between these water masses. Previous studies by our group using radon and 
conductivity as groundwater tracers suggested that there is shallow groundwater 
seeping into the man-made canals (“klongs”) around Bangkok. Furthermore, the 
groundwater was shown to be an important pathway of nutrient contamination to 
the surface waters. In the present study, we have re-examined some of the same 
canals and added thoron (220Rn) measurements in order to evaluate if this would 
provide more site-specific information.

Thoron is a member of the natural 232Th decay chain, has exactly the same chemi-
cal properties as radon, but has a much shorter half-life (56 s) than radon (3.84 days). 
Because of its rapid decay, if one detects thoron in the environment, there must be a 
source nearby. Thus, thoron is potentially an excellent prospecting tool. In the case 
of measurements in natural waters, sources of thoron (as radon) could indicate 
groundwater seeps. During our surveys in the canals of Bangkok, we did success-
fully measure thoron and its distribution was more variable than that of radon, sug-
gesting that seepage into the canals is not uniform. Areas of higher ground elevation, 
often in areas where Thai temples are located, were particularly high in thoron.
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8.1 � Introduction

As part of the “Human Impacts on Urban Subsurface Environments” project 
(Research Institute for Humanity and Nature), we have been investigating how 
groundwater becomes an important vector for distributing contamination to surface 
environments. While groundwater has become an increasingly important aspect of 
human life, its role as part of the urban environment has not as yet been fully evalu-
ated. This is especially true in Asian coastal cities where population numbers and 
density have expanded very rapidly and uses of the subsurface environment have 
increased correspondingly.

An important aspect of the subsurface environment, and the one specifically 
addressed here, concerns material (contaminant) transport to surface waters. 
Research over the last few years has shown that direct groundwater discharge to the 
coastal zone is a significant water and material pathway from land to sea (Moore 
1996, 1999; Taniguchi et al. 2002; Slomp and Van Cappellen 2004; Burnett et al. 
2003, 2006). While coastal scientists now recognize that groundwater can often be 
a major contributor to coastal nutrient budgets, most studies to date have been 
performed in rural, in many cases, pristine environments. This is an understandable 
desire to deal with “natural” environmental systems. However, with current trends 
towards global urbanization, it now seems prudent to turn our attention to evaluating 
such impacts in major urban areas.

Bangkok, originally Khrung Thep (“City of Angels”), is the capital city and most 
important port of Thailand. After Burmese invaders destroyed the former capital of 
Ayutthaya in 1767, a temporary capital was established 30  km downstream at 
Thonburi. Fifteen years later, King Rama I decided to move his palace across to the 
eastern side of the river where it still stands. His decision to isolate the royal palace 
resulted in the construction of the first of many canals (called “klongs” locally) that 
later ran throughout the city. As the economic center of Thailand, Bangkok has an 
extremely high population density (total population ~10  million). Although it is a 
major port, it is located some 40 km upstream from the Gulf of Thailand on the Chao 
Phraya River (“The River of Kings,” Fig. 8.1). Beginning in the mid-nineteenth cen-
tury, roads were built to facilitate land travel, but the river remained the principal artery 
of communication and the man-made canals served as smaller streets leading into resi-
dential districts. Many canals continue to serve as main transport routes to this day.

We conducted a radioisotope and nutrient survey of the Chao Phraya River and 
Upper Gulf of Thailand in 2004 which was intended to seek out areas of active 
groundwater discharge to surface waters and to estimate the biogeochemical sig-
nificance of that discharge to the Upper Gulf of Thailand (Dulaiova et  al. 2006; 
Burnett et  al. 2007a). We used continuous 222Rn (“radon”) measurements (see 
below) and collected discrete water samples for measurement of radium isotopes as 
our main groundwater tracers in that earlier investigation. Samples for measure-
ment of inorganic and organic nutrients and dissolved organic carbon (DOC) were 
collected at the same stations as the radium samples. The 222Rn levels everywhere 
in the river were far above the levels that could be supported by its parent, 226Ra 
(Fig. 8.2). Dulaiova et al. (2006) also showed that these radon levels are higher than 
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what could be expected from diffusion from bottom sediments. Thus, an additional 
source was required to explain these data.

During this initial study we observed spikes in the radon data that appeared to 
correspond to locations where major klongs enter the river. This prompted us to 
return at a later date (2006) and investigate these klongs further. We showed in that 
more recent study that the canals do receive substantial amounts of shallow ground-
water with elevated nutrient concentrations, at least during the rainy season (Burnett 
et  al. 2009). The klongs are thus important pathways for nutrients between the 
subterranean urban environment around Bangkok and the Chao Phraya River and 
ultimately to the Gulf of Thailand.

A summary of the 4-day survey performed in 2006 shows that radon activities 
ranged from values close to those seen in the river (~2,500  dpm/m3) to over 
30,000  dpm/m3 in parts of the canals (Fig.  8.3). Since the nutrient samples were 
collected less frequently than the radon measurements, we synchronized the radon 
data (15-min intervals) to the 27 stations where nutrient samples were collected by 
averaging the continuous radon measurements centered around the times of nutrient 
sample collection. We noticed during our surveys that both the conductivity and radon 
readings tended to show higher values when we passed by one of the many temples 
(“Wats”) that are found on the canals around Bangkok. The smoothed radon data in 

Fig.  8.1  Index map showing the Chao Phraya River and some of the major canals (“klongs,” 
shown as solid black lines) that are found in the Bangkok area. We present data here from the  
K. Bangkok Yai – K. Bangkok Noi series of canals on the Thonburi side of the river (shown as 
dashed lines). K. Saensap, on the east side of the river, was surveyed in February 2007 and the 
results were reported in Burnett et al. (2009)
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the river. Data taken from Dulaiova et al. (2006)
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Fig. 8.3 do show some clear peaks occurring adjacent to temple locations. The highest 
radon concentrations by far occurred around Wat Intharam, on K. Bangkok Yai with 
additional spikes occurring adjacent to other temples. Note that we passed by Wat 
Intharam two times (June 19 and 21) and while the peak activity levels were different, 
there is a spike in the data each time. The different radon activities are likely related 
to secular variations relating to different tidal stages during the two passes (see 
Burnett et al. 2009 for more details on these earlier studies).

Higher radon and conductivity around temples may indicate higher groundwater 
seepage in these areas. But why is this the case? We hypothesized that there could be 
a connection between higher seepage and the sites where these temples were con-
structed several centuries ago. One possible explanation is that the temples, being very 
important centers of the Thai culture, were situated in the most attractive positions 
possible during the developing years in Bangkok’s history (seventeenth and eighteenth 
centuries). Such favored sites would be located on somewhat higher ground and may 
have firmer, sandier substrates that could influence groundwater seepage from a shal-
low aquifer. Most of Bangkok is very low-lying and is covered by a relatively imper-
meable marine deposit known as “Bangkok clay” (Sanford and Buapeng 1996). 
Taniguchi (pers. comm.) has followed up this possibility by conducting a series of 
detailed interviews with monks at several temples to learn more about their history and 
the decisions that were made concerning the choice of construction sites.

While the earlier studies provided fruitful results, we have been looking for a 
tracer that provides more spatial resolution. “Thoron” (220Rn), another isotope of 
radon and a member of the 232Th decay chain (Fig. 8.4), may provide that sensitivity. 

Pb–212
10.6 hrs

Rn–222
3.8 days

Ra–226
1600 yrs

Ra–228
5.75 yrs

Ra–224
3.66 
days

Rn–220
55.6 sec

Po–216
0.15 sec

Fig.  8.4  Abbreviated 238U and 232Th decay chains illustrating the relative positions of radon 
(222Rn) and thoron (220Rn). The remaining natural isotope of radon, actinon (219Rn), is a decay 
product of 223Ra in the 235U chain
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Its very short half-life (56 s) requires that if seen, one must be very close to an 
active source. With a half-life of less than 1 min, it will essentially decay to zero 
in approximately 5 min. We recently completed a series of laboratory tests that 
demonstrated that thoron can, in fact, be measured in natural waters with the same 
equipment used for our radon measurements (Dimova et  al. 2009). Here we 
present some field data collected in August 2009 from some of the same canals 
surveyed in 2006 showing how the thoron distributions differ from the radon and 
may indicate, with a much higher resolution, where active sites of groundwater 
seepage are occurring.

8.2 � Experimental

We performed detailed surveys of several klongs on the western (Thronburi) side 
of the Chao Phraya River during the period August 25–27, 2009, towards the end 
of the wet season. The klongs (hereafter abbreviated as K.) surveyed included 
K. Daokhanang, K. Bangkok Yai, K. Bangkok Noi, and K. Mon (Fig. 8.1). The 
surveys were conducted from a shallow draft work boat that was chartered for this 
period. We made continuous measurements of 222Rn, 220Rn, conductivity, temperature, 
GPS coordinates, and water depth while the boat traveled at a constant and slow 
speed (4–5 km/h) to enhance the spatial resolution.

Both our 222Rn and 220Rn measurements during the surveys were made with a 
3-detector continuous monitor system similar to that described in Burnett et  al. 
(2001) and Dulaiova et  al. (2005). A submersible pump delivered near surface 
water to an air-water exchanger on board the boat while a re-circulating stream of 
air was pumped through 3 RAD-7 radon detectors (Durridge Co., Inc.) arranged in 
parallel for measurement. Continuous monitoring of the water-air mixture in the 
exchanger via a temperature probe allowed for calculation of the radon solubility 
coefficients and thus conversion from radon-in-air to radon-in-water activities. In 
order to achieve the maximum sensitivity for thoron, we used a protocol that provided 
a new reading every 5 min. (in this mode the air pumps will run continuously). We 
also ran the water pump as fast as possible (~6 L/min) to minimize decay during 
processing (Dimova et al. 2009). Our radon/thoron mapping system also incorporates 
integrated global positioning system navigation, depth sounding, in situ specific 
conductivity and temperature measurements via a Waterloo Scientific CTD. The 
probe was attached to the harness of the submersible pump and recorded temperature 
and conductivity at 30-s intervals throughout the surveys.

As previously mentioned, an important advantage of thoron is that its short half-life 
would ensure that its detection meant that one must be very close to a “source.” In the 
case of groundwater flow into a surface water body, the mean-life of 222Rn is sufficiently 
long that a radon anomaly could be carried hundreds of meters or even several 
kilometers away from a discharge point by currents. Thoron, on the other hand, 
completely decays in about 5 min so a 220Rn anomaly could only be present in surface 
waters in the immediate vicinity of an active source. Such a source could be related to 
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active groundwater seepage, a submarine spring, high concentrations of 224Ra in the 
water, or a high concentration of thorium-bearing minerals (e.g., monazite) in bottom 
sediments (Burnett et  al. 2007b). A few analyses of short-lived radium isotopes in 
these klongs showed that concentrations are very low (Burnett and Chanyotha, 
unpublished). While we cannot discount the possibility of elevated thorium-bearing 
minerals occurring in the canal sediments (generating thoron which could be released 
by diffusion), we feel that groundwater sources are more likely, especially if a thoron 
peak is accompanied by anomalies in the radon and/or conductivity.

Another advantage of thoron is its rapid response and decay time, i.e., the ability 
to see a signal when present and not record a response when absent. Dimova et al. 
(2009) recently reported results of some detailed laboratory experiments aimed at 
assessing the optimum settings for radon and thoron using the same equipment as 
applied here. In order to evaluate the response of the system to radon concentration 
changes they used a 50-L low-Rn water tank and switched between high radon tap 
water (groundwater-derived and thus high in radon at >300 dpm/L) to the low level 
radon reservoir via a two-way valve. They compared their result based on using a 
17.5 L/min water flow to an earlier experiment that used a much lower water flow 
rate (Dulaiova et al. 2005). The results (Fig. 8.5a) showed that at a higher water 
flow rate there is an improvement in the response time not only when switching 
from low-to-high concentration but also from high-to-low radon in water, i.e., the 
radon escapes from the system much faster. The transition time for the previous 
experimental design was >90  min compared to ~20  min with the high flow 
modification. So even using the high flow rate modification of the continuous radon 
measurement system, the “decay time” (time required to re-establish a baseline 
response) after a spike in the data will cause some smearing out of the spatial 
resolution when surveying. However, this would not be the case for thoron. Dimova 
et  al. (2009) showed that under the same conditions thoron only requires a few 
minutes to fully respond to both concentration transition times (Fig. 8.5b).
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Radon equilibration experiments showed that at water flow rates >5 L/min the 
equilibrium concentration between water and air is reached very quickly and the 
only delay in the system response is due to the time for the radioactive 222Rn-218Po 
equilibrium (~15 min). In the case of 220Rn, the subsequent polonium daughter 216Po 
has a very short half-life (T

1/2
 = 0.15 s) and therefore the pair is almost in instanta-

neous radioactive equilibrium. This is a significant advantage when prospecting for 
radon/thoron-enriched sources such as areas of groundwater seepage.

The thoron results reported here were collected in the “B” window (216Po) of 
each Durridge RAD-7 and were corrected for the approximately 1.5% spectral 
spillover from the “C” window (214Po) into the 216Po area. We assumed for the purpose 
of this survey that the efficiency of thoron detection is half that for radon. No 
attempt was made to account for decay back to the point of sampling. The units for 
thoron reported are thus arbitrary, uncalibrated units. However, we did make every 
effort to maintain all conditions (water and air flow rates, etc.) uniform so we feel 
that the relative values reported for thoron are correct. For the “prospecting” purposes 
intended here, relative values are sufficient. The radon results are based on the 
count rate in window “A” (218Po), and are fully calibrated and corrected for air-water 
temperature differences, etc.

8.3 � Results and Discussion

8.3.1 � General Trends

Since all of the radon and thoron data were collected with a 5-min time integration 
and the conductivity data were collected every 30  s, the results needed to be 
synchronized before making comparisons. We combined and filtered the specific 
conductivity data so that the mid-point of the integrated results (n = 11 for each 
radon measurement) was the same as the radon midpoint. We then plotted the radon 
values for each day against the synchronized conductivities (Fig. 8.6).

The radon-conductivity results show much the same pattern as we saw in these 
canals during the wet season in 2006, i.e., most of the data can be explained by 
mixing between three end-members: (1) the Chao Phraya River (relatively low 
radon and low conductivity); (2) an area of high radon and moderate conductivity 
(typified by some of the data from K. Daokhanang); and (3) an area of moderate 
radon and high conductivity (K. Bangkok Noi). The approximate end-member 
values for the river (2,500 dpm/m3, 350 mS/cm) and K. Bangkok Noi (10,000 dpm/
m3, 800 mS/cm) are almost exactly the same as we measured in 2006 (see Fig. 8.4 
in Burnett et  al. 2009). The high radon, moderate conductivity end-member 
(23,000  dpm/m3, 500  mS/cm), however, is somewhat lower in both radon and 
conductivity than that seen in June 2006 (~32,000 dpm/m3, 700 mS/cm). This may 
be a consequence of surveying a somewhat different series of canals off K. 
Daokhanang on August 27th than we did in June 2006. In addition, there are known 
secular changes in these parameters both on time scales of hours (tidal effects), 
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as shown by a time-series experiment we performed in 2006 (see Fig. 8.5 in Burnett 
et al. 2009), as well as seasonal effects (wet versus dry periods). For example, data 
collected in February 2007 (dry season) showed very low radon levels in some of 
these same canals indicating that the groundwater seepage may only be active in 
these canals during the wet season.

Based on these results, it is clear that there are areas within the klongs that have 
elevated concentrations of groundwater tracers. While high conductivities in klong 
waters could be the result of various wastewater discharges in this urban setting, it 
is unlikely that the types of industrial or domestic effluents present in the Bangkok 
area would also contain high radon. We feel that the most likely interpretation of 
the areas that contain both elevated conductivities and high radon is that these areas 
are characterized by groundwater seepage.

8.3.2 � Thoron Measurements

When we plot thoron versus radon (Fig. 8.7) it is clear that their distributions are 
completely independent of each other. The canals around K. Daokhanang surveyed 
during day-3 clearly had the highest radon but the highest thoron measurements 
were seen in K. Bangkok Noi on the 2nd day of the surveying. This may seem 
surprising at first glance, especially since we propose that they both have a common 
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source (groundwater seepage). However, because of the difference in half-lives 
(3.84  days for radon, 56  s for thoron), this can easily be explained. An average 
radon atom that enters a canal will persist for something like 5.5 days (mean life of 
222Rn = 1/l) before it decays or is otherwise removed from the system by current 
transport or atmospheric evasion. An average thoron atom, on the other hand, has a 
mean life of only about 80  s. If thoron doesn’t emanate to the atmosphere or is 
otherwise transported away from its entry point, it will decay away to essentially 
zero in about 5 min. Thus, radon may enter canals, spread out via current action 
(the canals are tidally influenced), and persist for days resulting in more uniform 
spatial trends. Thoron, however, will only be measured if we happen to sample 
water very close to a source. If this source should be groundwater, as we think that 
it is, a spike in the thoron must indicate we are in very close proximity to a point 
of groundwater seepage. We will illustrate in the following section the contrasting 
trends between the radon/conductivity tracers, which behave in a somewhat similar 
manner, and the thoron distribution.

8.3.3 � K. Bangkok Noi Results

The potential usefulness of thoron as a prospecting tool is best illustrated from the 
data set collected along K. Bangkok Noi, the northernmost of the canals surveyed 
during this investigation. The route we used, entering at the north and following 
a counter-clockwise direction towards its confluence with K. Bangkok Yai, was 
reasonably long (~25 km) and passed areas of varying land-use (mostly a combination 
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of either low-lying natural vegetated areas or residential built-up areas). There is 
thus the opportunity to see if thoron responds to differences in elevations or other 
changing characteristics along this path that could influence groundwater seepage.

When we plot radon, thoron, and conductivity as a function of time or distance 
along the survey route we see that the trends for radon and conductivity are very simi-
lar while the thoron distribution is much different (Fig. 8.8). The sharp rise observed 
in conductivity and radon in the late morning is not only related to probing further 
into the canal system but also to a tidal change. We began the survey during an incoming 
tide which was delivering relatively low radon and low conductivity waters into the 
canal, diluting the higher radon and conductivity found there. Once we were several 
kilometers inside the canal the tide turned to an outgoing flow, the conductivities and 
radon quickly increased and then remained at more-or-less high and constant levels. 
The thoron distribution, on the other hand, shows several distinct peaks along the 
route. This is likely a reflection of the much faster response/decay time of the thoron 
compared to radon, i.e., as a qualitative indicator it is much more sensitive. At least 
four of the thoron peaks (numbered 1–4 in Fig. 8.8) line up with smaller secondary 
peaks in the radon (but no distinguishable peaks in the specific conductivity). All of 
these four peaks, as well as some of the others, correspond to temple locations along 
the survey route. Thus, as first seem in the 2006 surveys, there is some suggestion that 
areas around temples may have elevated groundwater seepage.

Another way to look at these trends is to plot the results on a GIS base map that 
has additional land-use information. We have done this for temperature and 
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conductivity (Fig. 8.9) and for radon and thoron (Fig. 8.10) measurements made on 
the same day as discussed above (August 26, 2009). The base map used provides 
some land-use information with the darker color representing built-up areas (private 
houses, temples, schools, etc.) and the lighter color representing natural vegetated 
areas. When displayed in this manner, there are no discernable trends in the 
temperature (although some trends due to tidal mixing and solar warming could be 
seen when the full data set is displayed on an x-y plot). The increase in conductivity 
as one enters the canal can easily be seen in the conductivity data.

The radon data (Fig. 8.10) shows much the same trend as the conductivity when 
observed in this way. The smaller secondary peaks that can be seen in Fig. 8.8 cannot 

Fig. 8.9  GIS maps showing temperature (left; 32°C max.) and specific conductivity (right; 637 mS/
cm max.) distributions along the survey route for August 26, 2009. Both temperature and conductivity, 
originally measured at 30-s intervals, have been synchronized to the 5-min radon/thoron measurement 
cycle. The base map displays general land-use with built-up areas in the darker color and natural 
vegetated areas in the light background. Temple locations are shown as circles

Fig.  8.10  GIS maps showing radon (left; 16  dpm/L max) and thoron (right, arbitrary units) 
distributions along the survey route for August 26, 2009. The base map displays general land-use 
with built-up areas in the darker color and natural vegetated areas in the light background. Temple 
locations are shown as circles
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easily be detected in this GIS view. The thoron results, however, show clear peaks at 
different points along the survey path (peaks 1–4 correspond to the same peaks in 
Fig. 8.8). Most, although not all, of the thoron peaks appear along the built-up areas 
on K. Bangkok Noi. Of a total of nine thoron peaks that can be identified in Fig. 8.8 
(smoothed peaks greater than 0.5 units), seven occur adjacent to temple complexes 
along the canal. All of these are also within the built-up areas according to the GIS 
maps. It has been confirmed that in many cases, sand fill was added to the ground as 
a substrate during the construction of these temples (Taniguchi, pers. comm.). Thus, 
the “temple-groundwater” relationship may be real as the higher elevations and sand 
fill would be more conducive to groundwater flow.

8.4 � Summary and Recommendations

The results presented here were all collected within a few days and not under the 
most optimal experimental conditions. Thus, the thoron data should be considered 
somewhat preliminary although the trends in the data do support earlier findings and 
are thought to be correct. As Dimova et al. (2009) recently showed, the sensitivity for 
thoron can be increased significantly by use of a high-speed submersible water pump 
and an external air pump in addition to the internal pumps of the RAD-7 radon 
detector. These enhancements were not available to us during these field surveys. In 
spite of using a system designed more for radon than thoron, we were able to see 
clear thoron peaks in these canals. A follow-up survey, using a system optimized for 
thoron, would allow for a firm confirmation of these results. In addition, both the June 
2006 and August 2009 studies were performed during wet season periods. Only a 
single series of measurements is available during the dry season (February 2007) and 
that indicated much lower groundwater tracers. Additional surveys at different 
points in the monsoonal season are needed to confirm if there is indeed a seasonal 
pattern to the groundwater discharge into the canals of Bangkok.
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Abstract  To confirm the various subsurface pollutants associated with urbanization, 
many previous studies were reviewed. Nitrate, trace metal, and chloride subsurface 
pollutants have considerably increased with urbanization. Megacities, in particular, 
are highly vulnerable to pollution. Some of the Asian megacities were classified as 
follows: Jakarta and Manila are in the developing stage (1st stage) with serious 
surface pollution problems from nitrate and trace metals: Bangkok is in the devel-
oped stage (2nd stage) with subsurface pollution from various contaminants: and 
Seoul and Taipei are in the developed stage with infrastructure for sewage treatment 
(3rd stage), as are Tokyo and Osaka. The third stage cities may experience potential 
delayed contaminant discharge through groundwater to rivers and to the sea in 
the surrounding area. The vulnerability of each city to pollution was determined 
by the intensities of surface and subsurface pollution. These intensities are controlled 
by human impact as well as the natural environment. For example, the emission and 
load of pollutants increased with the population and surface pollution occurred in the 
city’s first stage of development. In the next stage, subsurface pollution occurred with 
the transport of surface pollutants to groundwater. In addition, groundwater abstrac-
tion affected the intrusion of surface pollution to deep groundwater. On the other 
hand, contamination and attenuation processes related to groundwater flow condi-
tions were controlled by the natural environmental factors, such as the topography, 
geology, watershed area, and natural recharge or climate.

9.1 � Introduction

Subsurface pollution such as soil, sediment, and groundwater pollution is generally 
caused by human activities. For example, groundwater pollution has been reported 
in megacities, as well as in agricultural areas (Burt et al. 1993; Environment Agency 
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Japan 1996; Appelo and Postma 2005). In megacities, there are many sources of 
contamination involved in the mass cycle: (1) large quantities of materials are gener-
ally accumulated and consumed; (2) large quantities of various types of waste are 
produced, burned, and discarded; and (3) large amounts of contaminants are conse-
quently discharged to rivers, groundwater, and the ocean. Therefore, both air and 
water pollution occurs around these cities (World Bank 1997; Tsunekawa 1998). In 
addition, such contaminated water is often consumed by the population of megaci-
ties in developing countries. Figure 9.1a, b show the condition of wells located near 
dump sites in Jakarta and Manila, respectively. It is necessary to determine the water 
quality and show the risk of using this water in such cities.

Generally, the transport of contaminants is influenced by biogeochemical 
processes (Appelo and Postma 2005), as well as by groundwater flow. Slomp and 
Van Cappellen (2004) noted the effects of redox processes on nutrient transport in 
groundwater in coastal areas. For example, nitrate (NO

3
−) is denitrified under 

anaerobic conditions, and this reaction often occurs in groundwater discharge areas 
(Howard 1985; Hinkle et al. 2001; Böhlke et al. 2007). The function of the natural 
attenuation of contaminants through processes such as denitrification should also 
be evaluated along with the contamination by trace metals (Gandy et al. 2007).

The aim of this chapter is to confirm the various types of subsurface pollution 
associated with urbanization, and to summarize the relationship between the 
development stage of a city and the level of pollution.

9.2 � Effect of Urbanization on Groundwater Conditions

The population of Asia has increased rapidly over the last three decades. There were 
six megacities in Asia having populations of more than ten million people in 1995 
(UN 1999; Jiang et al. 2001), then the number reached 14 in 2010 (Brinkhoff 2010). 
Tokyo and Osaka became megacities in the 1960s; Seoul, Shanghai, and Mumbai 
in the 1980s; Beijing, Guangzhou, Delhi, and Kolkata in the 1990s; and Manila, 
Karachi, Jakarta, Dhaka, and Tehran in the 2000s. The populations of several other 

Fig. 9.1  Wells dug near dump sites in Jakarta (a) and Manila (b)
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Asian cities will also approach ten million up to 2020, e.g., Shenzhen, Wuhan, 
Bangkok, Lahore, Tianjin, and Bengaluru. Such drastic increase in population 
results in the high consumption of resources such as water, energy, and food.

In Tokyo and Osaka, groundwater rather than surface water was used as the main 
water resource during the period of rapid population increase before 1970 
(Environment Agency Japan 1969). The surface water was not suitable for drinking 
because of contamination and insufficient volume (Foster 2001). Consequently, 
groundwater resources in Tokyo and Osaka were degraded (Environment Agency 
Japan 1996). After this period, however, groundwater use was restricted because of 
pollution and the decline in the groundwater level.

For sustainable use of groundwater in developing Asian megacities such as 
Jakarta, Manila, and Bangkok, it will be important to conserve groundwater quality 
and quantity based on the experience of developed megacities such as Tokyo and 
Osaka. However, the process of groundwater degradation, including depletion and 
contamination, has not been sufficiently examined in these developing megacities. 
In addition, it is necessary to clarify the variation in groundwater flow and solute 
transport as well as contaminant inputs and their sources.

9.3 � Developing Stage of Asian Cities and Subsurface Pollution

9.3.1 � A Case Study of Jakarta City

Jakarta is located on the lowlands of the northern coast of West Java province in 
Indonesia (6°15¢ S, 106°50¢ E) and covers an area of approximately 650 km2. Jakarta 
has a humid tropical climate; the average annual temperature is 27°C, and the yearly 
rainfall is 2,000 mm due to the influence of the monsoons. Jakarta has a population 
of approximately 12 million people. Land subsidence is one of the serious environ-
mental problems in Jakarta, with estimated subsidence rates of 1–10  cm year−1 
(Abidin et al. 2007).

Generally, air pollution is one of the factors affecting groundwater pollution. Burt 
et  al. (1993) showed that nitrate originating from air pollution is transported to 
groundwater. Table 9.1 shows the condition of air pollution in some Asian megacities 
(Jiang et al. 2001). The mean annual total suspended particulate (TSP) in Osaka and 
Tokyo are one order of magnitude lower than those in Jakarta, Manila, and Mumbai, 
and the mean annual SO

2
 concentrations in Osaka and Tokyo are half of those in 

Manila and Mumbai. These results suggest that the pollution load to groundwater by 
rainfall and dry fall in Jakarta is larger than that in Osaka. The population in each of 
these cities is approximately more than ten million. However, the population growth 
situation is different. The population of Osaka is gradually decreasing; on the other 
hand, Jakarta’s population continues to increase. The growing population of big cities 
intensifies the problem of air and groundwater pollution.

Table 9.2 shows the condition of water pollution and pollution loads in various 
countries surrounding the South China Sea (Jiang et  al. 2001). The biochemical 
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oxygen demand (BOD) and total nitrogen (TN) load in Indonesia is 2 times and 
1,000 times that in China, respectively. In addition, the BOD load in Viet Nam is 
three times that in Indonesia. It is necessary to control the pollution load in such 
countries to conserve the water and coastal environment.

9.3.2 � A Case Study of Osaka City

Figure 9.2 shows Osaka city, Japan, and the surrounding areas. The area shown 
in the darker shade is Osaka city, and the pale colored area is the Osaka metro-
politan district. The latter includes Kobe city and Kyoto city. The population of 
the Osaka metropolitan district is over ten million. This area is characterized by 
a relatively small suburban area.

Figure 9.3a shows the variation in population and the industrial production index of 
Osaka prefecture, both of which increased significantly from the 1920s to the 1970s. 
The population was less than three million in 1945, but grew to more than eight million 
in the 1970s. The urban area expanded from the city center to the surrounding 
area, shown by the medium shade color in Fig.  9.2, as the population increased. 
Consequently, the suburban area decreased in these areas. Since the 1970s, the prefec-
ture population has increased by slightly less than one million in 30 years. However, 
the industrial production index has increased by 1.5 times of that in 20 years.

Intensive groundwater pumping caused the lowering of the groundwater level 
and land subsidence during 1960s. The groundwater level was less than –25  m 
below sea level, and the annual land subsidence rate was about 10 cm. However, 

Table 9.1  Air pollution in Asian megacities (modified from Jiang et al. 2001)

Megacity Population (million) Mean annual TSP (mg m−3) Mean annual SO
2
 (mg m−3)

Osaka 10.61   43 (1993) 19 (1994)
Tokyo 26.96   49 (1993) 18 (1995)
Jakarta   8.62 271 (1990) No data
Manila   9.29 200 (1995) 33 (1993)
Mumbai 15.14 240 (1994) 33 (1994)

Table 9.2  Population of watersheds (SCS population) and dissolved loads to the South China Sea 
(SCS) (modified from Jiang et al. 2001)

Country SCS population (million) BOD (103 ton year−1) TN (ton year−1)

Cambodia 1.98 36.2 361
China 59.69 1,089.4 8,716
Indonesia 105.22 1,920.2 592 × 106

Malaysia 10.34 188.6
Philippines 23.63 431.3
Thailand 37.14 677.8 >3,037
Viet Nam 75.12 5,714.5 21,987
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due to government regulation of water pumping, the groundwater level recovered 
after 1970 and the land subsidence also stopped.

Figure 9.4 shows the variation of hydraulic head of coastal deep groundwater 
over a period of 20 years. The hydraulic head is the groundwater level represented 
by the altitude. The hydraulic head in deep groundwater has increased, but it 
remains less than the sea level, that is, seawater intrusion continues to occur and 
groundwater is not discharged into the ocean.

Figure  9.3b shows the variation in surface chemical oxygen demand (COD) 
concentration in Osaka Bay and COD load from the river to the sea for the last 
75 years (Nakatsuji 1998). The COD concentration and COD load reached their 
maximum values around 1970. The COD load from the river to the sea was at mini-
mum around 1950, and was approximately constant before 1950. The COD load in 
the river increased by a factor of 4 in the 20 years from 1950 to 1970. This period 
coincides with a rapid rise of the population in the area. These results indicate the 
effect of urbanization on the quality of river water and seawater.

Fig. 9.2  Location of Osaka city and Osaka metropolitan district
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Since the 1970s, the population has gradually increased and the industrial production 
index has also increased; however, the COD concentration and load have decreased. 
This trend can be attributed to the development of sewage treatment systems. However, 
even though the river water pollution decreased, the impact of the pollution that 
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occurred before the 1970s would still be reflected in the subsurface environment. Burt 
et al. (1993) introduced the example of sluggish transport of contaminants accumulated 
for 30 years in an unsaturated zone to the saturated zone in upland, England. Therefore, 
we need to consider the groundwater contamination that will occur following the peak 
of river water pollution. In fact, the COD in the seawater of Osaka Bay shows a rela-
tively constant trend with some variations (Fig.  9.3b). This suggests the effect of 
contaminated groundwater discharge as well as the buffer effect of the large volume of 
the bay. Since the 1990s, the industrial production index has decreased with the 
removal of industries from the area (Fig. 9.3a). Consequently, the COD concentration 
in the seawater and the load in the river have also decreased.

Figure 9.5 shows the condition of groundwater contamination in Osaka prefecture 
from 1993 to 2003 (Environment Council, Osaka Prefectural Government 2004). The 
contaminant species in this figure include bromide (Br), boron (B), mercury (Hg), 
arsenic (As), nitrate (NO

3
), lead (Pb), and volatile organic compounds (VOCs). This 

result indicates that various contaminants have been detected in groundwater in the 
last decade.

9.3.3 � Properties of Pollution in Cities at Various Stages  
of Development

Based on the example of Osaka, I attempt to discuss the pollution characteristics of 
cities in various stages of development. In the 1950s, some pollution and environmental 
damage by urbanization was beginning to appear on a local level such as the river 
in Osaka city. This period is the first stage of water pollution due to accelerated 

Fig. 9.5  Variation in contaminant species of groundwater from 1993 to 2003 in Osaka
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economic growth and population increase in the megacity. At this stage, the main 
contaminant was composed of dissolved nitrogen from domestic and agricultural 
wastewater, and heavy metals originating in industrial activity. In the 1960s, 
Japanese megacities had experienced of the most severe contamination in rivers and 
inland seas from human sewage and industrial waste.

To prevent severe water pollution, the basic laws for Environmental Pollution 
Control and Water Pollution Control were introduced in 1967 and 1970, respectively. 
Since the 1970s, pollution of the surface and river environments began to decrease 
as the accelerated population growth stopped. This period is the second stage. The 
land around the city changed from agricultural land to residential land, and 
the urban area expanded to the suburban area. This change caused a decrease in the 
amount of agricultural waste generated, which is the source of high levels of nitrate. 
Figure 9.6 shows the variation in the adoption ratio of the sewage system from 1970 
to 2000 in Osaka city and a watershed of the Yodo River, which flows through 
Osaka city. The ratio increased from 30% to 65% for a decade in 1970s. The adoption 
of urban infrastructure such as sewage systems also contributed to the remediation 
of surface pollution. However, for over 20 years after the late 1970s, we were still 
faced with groundwater and soil contamination from nitrate, heavy metals, and 
organic compounds. This indicates that the contaminants had been accumulating in 
the subsurface since the first stage of the city’s development.

The adoption ratio of sewage systems exceeded 80% by 1995 in Osaka city 
and by 2000 in the Yodo River watershed (Fig. 9.6). In Osaka, the remediation 
of river pollution had progressed with the development of urban infrastructure. 
This period is the third stage. The land use has also been changed from industrial 
to public and residential purposes because of the appreciation of land values. 
These changes contributed to a further decline in pollution. However, we can 
still find the subsurface pollution. These subsurface contaminants will be trans-
ported to the river and sea with a delay. The distribution of trace metal content 
in the sediment in various Asian megacities, as indicated by previous studies 

Fig. 9.6  Variation in adoption ratio of sewage systems from 1970 to 2000 in Osaka city and a 
watershed of a river flowing in Osaka city
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(Williams et al. 2000; Jiang et al. 2001; etc.), shows the change in the pollution 
properties during the growing stage of a city.

Half of the world’s megacities are distributed in Asia in 2010. However, these 
megacities have different environmental problems in terms of the stage of development 
or pollution environment. Based on our conceptual model, some megacities can be 
classified as follows: Jakarta and Manila are in the developing stage (1st stage in 
Fig. 9.7) and suffer from serious surface pollution problems due to nitrate and trace 
metals. Bangkok with the low annual population growth is in the developed stage 
(2nd in Fig.  9.7) and suffers subsurface pollution from various contaminants. 
Finally, Seoul and Taipei are in the developed stage with infrastructure for sewage 
treatment (3rd in Fig. 9.7), as are Tokyo and Osaka, and have a potential of delayed 
contaminant discharge from groundwater to the rivers and sea.

9.4 � Nitrate Pollution

Water pollution by nitrate is a problem worldwide, particularly in agricultural 
regions (Burt et al. 1993). Shindo et al. (2003) reported serious nitrate pollution in 
China, using the nitrogen cycle model. In general, nitrate in groundwater originates 
mainly from municipal and industrial waste, air pollution, and leaching from 
agricultural land. In China, agricultural leaching was a major issue. However, in 
megacities, there are many other sources.

Spatial variations in dissolved nitrogen in the groundwater of some Asian megacities 
have been reported by Umezawa et al. (2009a). The results in Manila, Bangkok, and 

Fig.  9.7  Schematic diagram of conceptual model of relationship between developing stage of 
megacity and pollution problem



168 S.-i. Onodera

Jakarta are shown in Fig. 9.8. The environmental standard concentration is 10 mg l−1 
and 714 mM l−1 of nitrate nitrogen, as determined by the US Environmental Protection 
Agency (USEPA) and Ministry of Environment (ME), Japan. The World Health 
Organization (WHO) environmental standard concentration is 50 mg l−1 and 806 mM l−1 
in nitrate. The points exceeding this value were few, but the concentrations of nitrate 
were still evident. The species of dissolved nitrogen was mainly ammonium in 
Bangkok and nitrate in Jakarta. These characteristics suggest that the groundwater 
of Bangkok is in an anoxic and reductive condition, and that in Jakarta it is in an oxic 
condition. However, these samples in Bangkok were mainly collected from deep 
groundwater; therefore, it will be necessary to confirm shallow groundwater pollution 
according to the well connection with the rivers and canals (Burnett et al. 2009).

In addition, the results showed the nitrogen and oxygen stable isotopic ratio of nitrate 
in the groundwater (Fig. 9.9). According to Kendall and McDonnell (1998), the various 
sources of nitrate and the denitrification trend can be estimated, using these isotopic 
ratios. If both values are around 0 in this diagram, it means the nitrate source is a chemi-
cal fertilizer. On the other hand, if it is plotted around (0, 20) and (20, 0), it suggests the 
nitrate source is from air pollution or municipal waste, respectively. In addition, if both 
values increase along the flow line, a trend of denitrification process is suggested 
(Postma et al. 1991; Böhlke and Denver 1995; Tesoriero et al. 2000). The results in 
Fig. 9.9 indicate that the nitrate sources in the groundwater of these megacities were 
mainly chemical fertilizer and municipal waste. Furthermore, isotopic enrichment was 
also confirmed in Manila and Jakarta, suggesting a denitrification trend. However, in 
Bangkok, nitrate concentrations in the groundwater were low because of the anoxic 
condition, but the obvious isotopic enrichment was not indicated. This suggests that the 
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Fig. 9.9  Relationship between oxygen and nitrogen stable isotopic ratios of nitrate in Manila (a), 
Bangkok (b), and Jakarta (c) (Umezawa et al. 2009a)



170 S.-i. Onodera

nitrate load to the groundwater is small. The thick clay layer which covers the aquifers 
in Bangkok alluvial plain creates a very flat topography. This clay layer would prevent 
nitrate leaching from the surface to the saturated zone.

Saito et al. (2009) estimated the mixing and denitrification rate in the groundwater 
of Jakarta, using these data, as shown in Fig. 9.10. The mixing process causes the 
dilution of nitrate-polluted groundwater (E2) by water with very low nitrate 
concentration such as spring water from a forest headwater or rain water (E1). The 
mixing curve (solid line) between E1 and E2, and the isotopic enrichment curves 
(broken lines) from the denitrification process are shown in Fig.  9.10. They 
estimated the mixing ratio of the polluted groundwater and enrichment ratio by 
denitrification to be from 50% to 100%, and from 0% to 50%, respectively.

Hosono et al. (2009) indicated nitrate and sulfate concentrations in groundwater of 
Seoul in 2005 (Fig. 9.11). They compared it with the results from 1996 and 1997 by 
Kim (2004). The concentration level was confirmed to decline significantly in the 
9  years from 1996 to 2005. However, the nitrate concentrations at some points 
exceeded the environmental standard. In addition, Nakaya et al. (2009) confirmed the 
nitrate concentration in groundwater of Osaka. Figure 9.12 shows the spatial distributions 
in nitrate concentrations of shallow groundwater (G1) and the second aquifer (G2; 
alluvial and diluvial formation with approximately 30 m depth) in Osaka. The nitrate 
concentrations were high in the shallow groundwater and in a recharge area. There 
were some points which exceeded the environmental standard.

Based on these studies, we can confirm the nitrate pollution in shallow 
groundwater and recharge areas, except in Bangkok. We need to monitor its transport 
and diffusion in groundwater in the future. However, the denitrification trend was 
also confirmed. It suggests that nitrate transport to discharge areas is small.

Fig. 9.10  NO
3
−-N and d15N relationships in groundwater of Jakarta. E1 is a spring water in a forest 

headwater, E2 is nitrate polluted groundwater with high nitrate concentration (Saito et al. 2009)
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9.5 � Trace Metal Pollution

Trace metal pollution had been reported by many researches from various sources such 
as mines, industrial waste, air pollution, and minerals in aquifers. There are notably 
many sources in coastal urban areas. For example, the accumulation of trace metals in 
coastal marine sediments has been confirmed in various areas (Hoshika and Shiozawa 
1988; Williams et  al. 2000; etc.). These mainly originate from urban air pollution, 
industrial waste, and surface soil pollutants rather than from direct marine pollution. 
Table 9.3 shows the variation from the 1890s to the 1990s of trace metal flux into 
Jakarta Bay, estimated by the analysis of a 40-cm-thick surface sediment core, taken 
from the sea floor. The peak of copper (Cu) flux was in the 1990s while zinc (Zn) and 
lead (Pb) peaked in the 1980s. These results suggest that the increase in pollution 
agrees with the intensive rise in industrial activity as well as population.

Also in Japanese coastal area, Trace metal pollution has also been confirmed 
in the coastal area of Japan (Hoshika and Shiozawa 1988; Hoshika et al. 1991). 
Figure  9.13 shows the history of Cu and Zn loads into sediments in various 
regions of the Seto Inland Sea (Hoshika et al. 1991). There are many industrial 
or populated areas such as Osaka, Okayama, and Hiroshima around the central 
area and Yamaguchi and Kita-Kyusyu in the south-west area around the Seto 
Inland Sea. The values increased from 1800 to 1960, but they have decreased 
since 1970. These trends are similar to the COD variation in the surface water of 
Osaka Bay in Fig. 9.3.

In addition, As pollution in groundwater has been confirmed in various mega-
cities (Ito et al. 2003; Hosono et al. 2010; etc.). The pollution is caused by the 
leaching of the mineral from sediment in aquifers. Figure 9.14 shows the relation-
ship between nitrate and arsenic concentrations in various Asian megacities 
(Hosono et al. 2010). The high As concentrations were detected in the aquifers with 

Fig. 9.11  Spatial distribution of sulfate (a) and nitrate (b) in the groundwater of Seoul (Hosono 
et al. 2009)
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Table 9.3  Trace metal flux into Jakarta Bay estimated by sediment 
core analysis. (mg cm−2 year−1) (Williams et al. 2000)

Depth (cm) Age (year) Cu flux Zn flux Pb flux

0–1 0–2.6 1.68 3.51 1.12
5–6 16 1.15 4.96 2.59
10–11 29 0.58 4.09 1.95
20–21 56 0.83 1.40 1.94
30–31 82 1.05 1.83 1.57
40–41 109 0.79 0.48 0.24

Fig. 9.12  Spatial distribution of nitrate nitrogen (NO
3
− -N) with So

4
>1ppm of groundwaters for 

aquifers. (a) G1, (b) G2, (c) G3 and (d) G4 (Nakaya et al. 2009)
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Fig. 9.13  History of Cu and Zn loads into sediments of the various regions of the Seto Inland Sea 
(Hoshika et al. 1991). OS Osaka (east), HA Harima (central east), HI Hiuchi (central south), AK 
Aki (central north), HR Hiroshima (central west), SH Suoh (west), IY Iyo (south west), BE Beppu 
(south west)

Fig. 9.14  Relationship between nitrate and arsenic concentrations in various Asian megacities 
(Hosono et al. 2010)

a reductive condition as well as a high ammonium concentration, such as in 
Bangkok (Umezawa et  al. 2009a), but the nitrate concentration indicated an 
opposite trend. In general, a reductive condition in groundwater is related to the 
residence time and the rate of oxygen consumption, and depends on the topo-
graphic gradient, annual rainfall, and temperature (Drever 1988; Appelo and 
Postma 2005).
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9.6 � Chloride Pollution

Chloride originates mainly in the sea and is a necessary component for living 
organisms. However, the oversupply of salinity to soil and groundwater causes 
salinization, which is an environmental problem. Groundwater salinization occurs 
with over-pumping of deep coastal groundwater. The sources of salinity in ground-
water are present seawater, and salt in alluvial sediment; the former is apparent as 
sea water intrusion and the latter is as a supply of fossil salt or palaeo-salt. 
Groundwater salinization had been confirmed in some coastal megacities (Iwatsu 
et al. 1960; Onodera et al. 2009; etc.). Normally, water with chloride concentrations 
higher than 250  mg l−1 is unsuitable to drink, according to the environmental 
standard of the WHO.

Iwatsu et al. (1960) indicated the salinization of coastal shallow groundwater 
with the highest chloride concentration of 5,000 mg l−1 in the Osaka metropolitan 
area during the period of lowest groundwater potential. The undrinkable water 
zone expanded from the coastline up to 8-km inland. In this case, sea water 
intrusion would be the main process of groundwater salinization. In addition, 
Onodera et  al. (2009) showed the salinization of deep groundwater with the 
highest chloride concentration of 3,500 mg l−1 in Jakarta groundwater (Fig. 9.15b). 
The direction of groundwater flow was downward from the surface to the middle 
aquifer at a depth of 150 m in the coastal zone (Fig. 9.15a). The concentration 
was higher in the middle aquifer than in the shallow and deeper aquifers. This 
suggests seawater intrusion. However, the concentration in the shallow aquifer 
was still high compared with the environmental standard. In this case, the 
palaeo-salt leaching from the surface alluvial fine sediment could be suggested 
as the main process of shallow groundwater salinization in the area covered by 
the alluvial clay.

Figure  9.16 shows the sources of salt in groundwater in the western part of 
Nagoya metropolitan area (Yamanaka and Kumagai 2006). This was estimated by 
using the sulfur isotopic ratio. The present seawater contributed the salt in the area 
near the river; on the other hand, fossil salt was the contributor in the inter-river 
area. This suggests the effect of sea water intrusion through the river.

9.7 � Complex Problem of Contaminant Transport

The change of groundwater flow affects contaminant transport. Groundwater is 
naturally recharged in the highlands and is discharged to the lowlands (Tóth 1963; 
Freeze and Cherry 1978; Domenico and Schwartz 1990). Based on this concept of 
groundwater flow, mountains and upland areas correspond to the areas of groundwater 
recharge in a watershed, whereas coastal zones and lowlands are the areas of 
discharge. In general, the horizontal hydraulic gradient of groundwater is equal or 
less than the topographic gradient. If the groundwater head drops more than 10 m in 
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flat continental land or coastal alluvial plains, both horizontal and vertical hydraulic 
gradients change significantly. Kamra et al. (2002) have reported vertical contaminant 
transport in groundwater after a drop in water level caused by pumping extraction. 
As stated above, intensive groundwater pumping with urbanization has caused a 

Fig. 9.15  Distribution of flow (a) and chloride concentration (b) in Jakarta groundwater (Onodera 
et al. 2009)
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serious decline in water levels and variations in flow and contaminant transport. For 
example, the water level decreased more than 30 m from the 1950s to the 1960s in 
the Tokyo and Osaka aquifers in Japan (Environment Agency Japan 1996). Such 
decline of groundwater potential causes the change of groundwater flow direction 
from lateral to downward. As a result, the groundwater will be difficult to discharge to 
the sea and it would cause the dispersion of contaminants and expansion of the 
polluted area in the land. Protano et  al. (2000) reported the distribution of Hg 
contamination and its expansion in an area of declining groundwater potential.

Fig. 9.16  Source of salinization in the western part of Nagoya metropolitan area (Yamanaka and 
Kumagai 2006)
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The distribution of manganese (Mn) concentration in groundwater on the 
north–south transect in Jakarta is shown in Fig. 9.17 (Onodera et  al. 2009). The 
concentration was highest around the coastal area, with more than 10 mM at a depth 
of 150 m, and the hydraulic potential was lowest at this point (Fig. 9.15a). These 
observations suggest that the high Mn concentration was caused by the intrusion of 
both shallow groundwater and deep groundwater.

The relation between the difference in water level depth and nitrate-nitrogen 
(NO

3
−-N) concentration in the PD and NL aquifers in Bangkok is shown in 

Fig. 9.18. PD is the uppermost productive aquifer with a depth of 100 m and NL is 
the second aquifer at a depth of 150  m underlain by the PD aquifer. Here, the 
negative value in the horizontal axis means that the groundwater flows downward, 
and the positive value means the flow direction is upward. The NO

3
−-N concentration 

was lower than the limit of detection (<7.0 mM) at most of the sampling boreholes 
due to the denitrification, as shown in Fig. 9.9 (Umezawa et al. 2009a). However, 
high NO

3
−-N concentrations of >150 mM were detected at some observation boreholes 

(No. 61 and No. 78), these are located in the metropolitan area. The certain origin 
of NO

3
−-N is mostly unknown, as the groundwater age was estimated to be more 

than 10,000 years by Sanford and Buapeng (1996). However, there is the possibility 
that an inflow of domestic wastewater or mineralization of ammonium-nitrogen 
(NH

4
+-N) have an influence on it. In Jakarta, NO

3
−-N concentrations were also 

relatively high (>200 mM) in the shallow groundwater (<–50 m) of the urban area. 
As stated above, the concentrations of Mn and NO

3
−-N were relatively high in the 

coastal urban area in both Bangkok and Jakarta, and these areas were also 

Fig. 9.17  The distribution of Mn concentration in groundwater of Jakarta (Onodera et al. 2009)
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characterized by downward groundwater flow. These observations suggest the 
intrusion of these contaminants from shallow groundwater to the deep groundwater 
and imply the accumulation of contaminants in deeper aquifers.

9.8 � Effect on Marine Environment

As indicated in Fig. 9.3, the sea surface water quality in Osaka Bay had not recov-
ered after 1970, compared with the river water quality. This suggests the delayed 
discharge effects of pollutants from the land into the sea as well as the storage effect 
of the sea water body and bottom sediments in the bay. Based on the properties of 
pollutant accumulation in groundwater described above, it is important to recognize 
the possibility of contaminant transport with the discharge of deep groundwater 
into the sea after the recovery of its potential in coastal areas. In the Osaka plain, 
most of the groundwater potential has already recovered in and around the central 
area. In addition, Ishitobi et  al. (2007) showed the submarine groundwater 
discharge (SGD) was similar to the river discharge in the west coast of the Osaka 
metropolitan city, using the hydrologic observation as confirmed at other areas by 
previous researches (Taniguchi et al. 2002; Burnett et al. 2006; etc.).

On the other hand, in the Seto Inland Sea, a huge amount of contaminant was 
accumulated in the seabed before 1970 from surface water pollution as shown in 
Fig.  9.13. In addition, many researches (Burnett et  al. 2006; Onodera et  al. 2007; 
Taniguchi et al. 2007; Umezawa et al. 2007) have indicated the leaching of nutrients 
through the recirculation of sea water along the nearshore area. Figure 9.19 shows the 
relationship between Cl− and NO

3
− concentration in sea water, terrestrial groundwater 

and porewater below the tidal slope along the coastal area of the Seto Inland Sea 
(Onodera et al. 2007). In this figure, most of the porewater samples were plotted away 
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from the line that runs between the groundwater and seawater. This result indicates 
both the attenuation and leaching process of nitrate. The attenuation process occurred 
from the terrestrial area to the tidal slope, but the leaching process occurred in 
offshore areas. The leaching rate was accelerated by the recirculation of seawater.

In case of Thailand Bay bordering Bangkok, the total nutrient discharge by seepage 
in the coastal zone including the seawater recirculation was estimated to be similar 
to the river flux by Burnett et al. (2007) as shown in Fig. 9.20.

It is important to confirm the spatial variation of submarine groundwater 
discharge for the evaluation of the delayed contaminant transport by discharge of 
terrestrial groundwater and leaching from the sediment. Figure  9.21 shows the 
spatial variation of radon (222Rn) concentrations in Jakarta Bay (Umezawa et  al. 
2009b). It is generally reflected in the variation of groundwater discharge, according 
to Burnett et al. (2006, 2009). Based on the result, the groundwater discharge is 

Fig. 9.19  Relationship between Cl− and NO
3
−-N concentrations in sea water, terrestrial ground-

water and porewater below tidal slope (Onodera et al. 2007)

Fig. 9.20  Material transport by groundwater and river water during dry season (a) and wet season 
(b) (Burnett et al. 2007)
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higher in the west coast compared with that in other areas. Part of the western area 
is covered by natural vegetation with a relatively large topographic gradient.

The topographic gradient is a good indicator of groundwater discharge. Shimizu 
et al. (2009) estimated the spatial variation of groundwater discharge in an area of 
the Seto Inland Sea at intervals of 50  m, using a topographic model. They 
confirmed a good correlation between the topographic gradient of the coastal area 
and groundwater discharge.

9.9 � Conclusions

In this chapter, the various subsurface pollutants associated with urbanization were 
confirmed, such as nitrate, trace metals, and chloride. In general, the vulnerability 
of megacities to pollution is found to be high but the variation for each city is not 
clear. In this chapter, an indication of this is suggested by the intensities of surface 
pollution (flow) and subsurface pollution (accumulation). These intensities are 
controlled by human impact as well as the natural background, as shown in 
Fig.  9.22. For example, the emission and load of pollutants increase with the 
population creating surface pollution in the first stage of city development. Then, 
subsurface pollution occurs as surface pollutants are transported to the groundwater. 
In addition, groundwater abstraction affects the intrusion of surface pollution to 
deep groundwater. On the other hand, contamination and attenuation processes 
related to groundwater flow conditions are controlled by the natural features such 
as topography, geology, watershed area, and natural recharge or climate. In the case 
of Bangkok, the topographic gradient is very small and the natural recharge is also 
small. Hence, the attenuation rate of nitrate by denitrification is relatively large, 
while chloride contamination by palaeo-salt is serious.

Fig. 9.21  Distribution of 222Rn concentrations along the coastal line in Jakarta Bay (Umezawa 
et al. 2009a, b)
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The estimated vulnerability of Asian megacities to the various pollutants is 
shown in Fig.  9.23. The horizontal axis represents the surface pollution and the 
vertical axis represents the subsurface pollution. It is suggested that the vulnerability 
to each pollutant is determined by the natural environment and the developing stage 
of each city. These components control the groundwater flow conditions related to 
the oxidation-reduction reaction and the pollutant load by human activity. In this 
diagram, the vulnerability is higher in the top right area and is low at the bottom left 
area. A city in the first stage of development, going through an intensive growth of 
population, is plotted at the bottom right area, whereas the cities in the third stage, 
which are in the developed stage with infrastructure, are plotted on the top left area 
(Fig. 9.7). The estimated vulnerability of Jakarta to nitrate, trace metals, and chloride 
contamination is high, Bangkok is extremely vulnerable to chloride but less vulner-
able to nitrate, and Osaka is highly vulnerable to As and chloride.

Fig. 9.22  Controlling factors of vulnerability to pollution

Fig. 9.23  Vulnerability of coastal megacities to different pollutants. Bk Bangkok, Jk Jakarta, 
Ma Manila, Os Osaka, Ta Taipei
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In addition, water pollution changes from the first stage to the third stage of city 
development as shown in Fig. 9.7. The garbage and trash problems have not been 
discussed in this chapter. Garbage and trash are transported downstream by rivers 
from upstream sources (Fig. 9.24a), all the way to the sea and beaches (Fig. 9.24b). 
Before 1970, in the first stage of development of Tokyo and Osaka, garbage did not 
include plastic; however plastic constitutes the main part of garbage in Jakarta and 
Manila at present. These problems have to be studied in detail.
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Abstract  Air and sea surface temperature increases due to global warming have 
been widely observed around the world at various rates. This temperature rising has 
also been documented in many subsurface records recently. The air-ground tempera-
ture coupling system introduces an important factor in disturbing the original thermal 
balance and provides a new dimension to comprehend the effects of global warm-
ing on the Earth system. Ten meteorological stations of Central Weather Bureau in 
Taiwan that have been routinely measured for air (1.5 m above the ground) and sub-
surface (at depths of 0, 5, 10, 20, 30, 50, 100, 200, 300 and 500 cm below the ground) 
temperatures are used for in-depth comparison in this study. These stations have a 
mean observation period of 82 years (as of 2008) to provide good coverage for a 
preliminary examination of air-ground temperature coupling relationship in a century 

C.-H. Chen (*), C.-H. Wang, and S.-H. Chang 
Institute of Earth Sciences, Academia Sinica, 128, Sec. 2, Academia Rd.,  
Nangang, Taipei 11529, Taiwan, ROC 
e-mail: nononochchen@gmail.com

D.-L. Chen 
Penghu Station, Central Weather Bureau, 2, Xinxing Rd., Magong, Penghu 88042, Taiwan, ROC

Y.-Y. Sun 
Institute of Space Science, National Central University, 300, Jhongda Rd.,  
Jhongli, Taoyuan 32001, Taiwan, ROC

J.-Y. Liu 
Institute of Space Science, National Central University, 300, Jhongda Rd.,  
Jhongli, Taoyuan 32001, Taiwan, ROC 
and 
Center for Space and Remote Sensing Research, National Central University,  
300, Jhongda Rd., Jhongli, Taoyuan 32001, Taiwan, ROC

T.-K. Yeh 
Institute of Geomatics and Disaster Prevention Technology, Ching Yun University,  
229, Jianxing Rd., Jhongli, Taoyuan 32097, Taiwan, ROC

H.-Y. Yen 
Institute of Geophysics, National Central University, 300, Jhongda Rd.,  
Jhongli, Taoyuan 32001, Taiwan, ROC

Chapter 10
Comparisons Between Air and Subsurface 
Temperatures in Taiwan for the Past Century: 
A Global Warming Perspective

Chieh-Hung Chen, Chung-Ho Wang, Deng-Lung Chen, Yang-Yi Sun,  
Jann-Yenq Liu, Ta-Kang Yeh, Horng-Yuan Yen, and Shu-Hao Chang 



188 C.-H. Chen et al.

scale. Results show that patterns and variations of air and subsurface temperature are 
quite different among stations in Taiwan. In general, air and subsurface temperatures 
exhibit consistent linear trends after 1980 due to accelerating global warming, but dis-
play complex and inconsistent tendencies before 1980. When surface air temperature 
is subtracted from subsurface one, the differences in the eastern Taiwan are generally 
larger than those in the western Taiwan. This observation is possibly caused by (1) 
heat absorption of dense high-rise buildings, and/or (2) cut off heat propagating into 
deep depths in the urban area of western Taiwan. By comparing temperature peaks at 
various layers from shallow to deep, rates of thermal propagation can be estimated. 
The distinct time shifts among stations suggest that thermal propagations have to be 
taken into account when constructing historical temperature records.

10.1 � Introduction

Concentration increase of greenhouse gases in the atmosphere is generally regarded as 
the main cause of the global warming (IPCC 2007). Productions and surface emissions 
of greenhouse gases through biogeochemical processes in soil are closely modulated 
by air temperature (Lloyd and Taylor 1994; Risk et  al. 2002a, b; Luo et al. 2001). 
Therefore, study of the air-ground temperature coupling is very important for climate 
change research (Beltrami and Kellman 2003). Many studies indicated that historical 
changes for ground surface temperature (GST; i.e., relatively shallow subsurface tem-
perature) over a large range of spatial and temporal scales can be reconstructed by 
current measurements for temperature-depth profiles (Pollack and Huang 2000; 
Huang et al. 2000; Beltrami 2001a). The reconstructions are generally used to compare 
with historical surface air temperature (SAT) and good agreements have given cre-
dence to the relationship between SAT and GST (Huang et  al. 2000; Harris and 
Chapman 2001; Beltrami 2002). However, the reconstructions, which have been com-
prised by underground temperatures at deep depths, present smoothed versions for 
GST history, signals such as diurnal and/or seasonal cycles would be generally lost due 
to a lack of short temporal variations. To evaluate causes of short-term changes in 
subsurface temperature, climatic variations, such as snow cover, soil freezing, evapo-
transpiration, and vegetations, can be well linked to GST with a good correlation if 
data sets are available (Baker and Ruschy 1993; Putnam and Chapman 1996; Beltrami 
2001b; Zhang et al. 2001; Baker and Baker 2002; Smerdon et al. 2003, 2006).

In short, variations of subsurface temperature are mainly comprised by responses 
of solar radiation from the space to Earth, thermal conduction from inner Earth 
outward to the surface, and climatic effects near the Earth surface. Because of a 
long propagation distance that passed strata as a low-pass filter, the inward radia-
tion and outward thermal conduction dominate the long-term changes of subsurface 
temperature. Over last decades, global warming has significantly shown on the ris-
ing trend of SAT on earth surface (IPCC 2007). This additional element enforces 
significant changes on the complex air-ground temperature coupling system, and 
sheds more lights on the relationship between GST and SAT.
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Because the influence of environmental changes may sustain for a long temporal 
period, data recorded covering a few decades are often insufficient for long-term 
analyses. In this study, ten meteorological stations in Taiwan (Table 10.1) with an 
average observation period of 82.2  years for GST records are selected. For 
simplification, we compare linear trends of SAT with those of GST to study effects 
caused by the inward source. Meanwhile, we compute the annual changes between 
GST and SAT to comprehend the characteristics at each site, and further evaluate the 
propagation time for thermal conduction from shallow to deep depth in Taiwan.

10.2 � Data

For the observation practice, sporadic measurements of GST and SAT in Taiwan 
could be traced to the late Ching Dynasty of China. In 1896, Taiwan Island was 
transferred to Japan; meteorological stations were gradually established one by one 
under Japanese governance and officially started the systematic observation. After 
1945, Taiwan was back to the jurisdiction of Republic of China, the Central Weather 
Bureau (CWB) took over existing stations and expanded more for continuous obser-
vation. Till to 2008, observed periods of ten selected stations range from 41 years in 
Chiayi to 109  years in Hengchun. Hence, temperature records with such a long 
observation period are unique and valuable. In addition, these stations are distributed 
rather evenly in Taiwan. Taking the Taipei station as a reference, GST observation 
was initiated in this site of northern Taiwan from 1930 (Fig. 10.1 and Table 10.1). 
From the north to south, stations Hsinchu, Taichung, Chiayi and Tainan are posi-
tioned in western side, and stations Ilan, Hualien and Taitung are situated in the 
eastern Taiwan, respectively (Fig. 10.1). At the southern tip of Taiwan locates the 
Hengchun station (starting in 1900) with a typical tropics climate.

On the other hand, intense interaction between the Philippine Sea plate and the 
Eurasian plate results the complex topography in Taiwan and raises the Central 
Range up to an elevation of approximately 4,000 m (Ho 1988). Station Jiyuehtan 
was built in the central Taiwan with the altitude of about 800 m and experiences 
much less influence of human activity. In terms of geology, these stations are all set 
on the Quaternary sediment resulting from intensity erosion of Tertiary strata in 
high altitudes (Ho 1988). Because the observation depth is confined to a depth 
within 5 m from surface, geological background is very similar for all stations. In 
short, temperature changes under the distinct climate regions (subtropics vs. trop-
ics), different altitudes, urban and rural environments can be evaluated by comparing 
records in these stations.

GST and SAT records generate a good contrast within one site between these 
two observation data sets. SAT is recorded with a high sampling interval of 1 min 
at a height of 1.5 m above the surface. On the other hand, GST data are obtained 
once a day at depths of 0, 5, 10, 20, 30, 50, 100, 200, 300 and 500 cm (Table 10.1). 
For a long observation, data continuity is very important and has to be taken into 
account. In this work, ten observation depths in the ten stations would yield 100 
GST data series, 61 of them have the percentages larger than 99%, especially at 
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stations of Hsinchu, Chiayi and Hualien (Table 10.1). In other words, mean data 
gaps are less than 3 days in 1 year at most stations. In contrast, only 13 data series 
are smaller than 90% and mainly found in the Ilan station (Table 10.1).

For a better comparison, both minute measurements for SAT and daily records 
for GST are integrated into mean-annual temperatures. Station Hualien is taken as 
an example to describe temperature changes in the long temporal domain. 
Figure 10.2 shows linear trends of the mean GST and SAT at the Hualien station 
using the least square method (Rao et  al. 1999; Wolberg 2005) to examine their 
relationships. The mean-annual SAT at Hualien ranged between 21.5°C and 24°C 
from 1922 to 2008, and shows a clear upward trend of 0.14°C/10 year (Fig. 10.2a). 
On contrast, the mean-annual GST at depth 0 cm displays scattering distribution 
and reveals an unclear tendency during the entire 87  years (Fig.  10.2b). For the 
depth of 5 cm, the temperature variations fitted with a linear trend are apparently 
inappropriate because two discrete patterns are clearly found before and after 1980 
(Fig. 10.2c). This suggests a turning point may be in existence approximately in 
1980. Regarding the subsurface temperature at depth of 10 cm, data are consistent 
to a fitting trend of 0.17°C/10 year. In terms of the deeper depths, patterns of the 

Fig. 10.1  Locations of  
subsurface temperature  
stations denoted by circles
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Fig. 10.2  Variations of yearly mean subsurface and SAT at the Hualien station from 1922 to 
2008. (a) SAT variations; (b)–(k) subsurface temperatures at depths of 0, 5, 10, 20, 30, 50, 100, 
200, 300 and 500 cm, respectively. The open circles show the yearly mean temperature and are 
expressed as departures from long-term means. Solid lines and dashed curves denote tendencies 
of yearly mean temperature using the linear trends and second-order functions, respectively. Note 
that the slop (°C/10  year) indicates the long-term trend of temperature changes within study 
periods
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subsurface temperatures at depths of 20, 30, 50, 100, 200, 300 and 500  cm are 
roughly similar with that at 5  cm depth, showing that distinctively negative and 
positive slopes dominate the temperature changes before and after 1980 respectively 
(Fig. 10.2e–k). In short, the negative tendencies are generally observed before 1980 
at deep depths and positive trends found after 1980 at most depths.

Because the year 1980 seems to be a key turning point with respect to environ-
mental change, linear trends of GST and SAT records before and after 1980 are 
computed to further understand temperature transformations that may be possibly 
induced by the effect of global warming (Table 10.2). Table 10.2 exhibits statistical 
results for the linear trends before and after 1980 for ten stations. The increase or 
decrease trends are regarded as significant when the slopes ³0.1°C/10  year or 
£ −0.1°C/10 year, respectively. SATs at nine stations have conspicuous increasing 
tendencies after 1980. It is worth to mention that the decrease tendencies are found 
during the entire observation period only at the Jiyuehtan station. Regarding the 
subsurface temperature before 1980, the prominent increase trends are only 
observed at stations with a proportion between 0% and 30%. In contrast, 30% to 
63% stations show evident increase trends after 1980. Meanwhile, tendencies 
before 1980 were subtracted from those after 1980 to study temperature trend 
shifts. Similarly, difference of the slopes being larger (or smaller) than 0.1°C/10 year 
(or −0.1°C/10 year) is determined as significant changes. For SAT, the prominent 
positive changes are found in most stations, except for stations Jiyuehtan and 
Chiayi. In a comprehensive survey, the GST and SAT do present strong positive 
transformations possibly due to the effect of global warming, but these features 
show inconsistencies in trends for stations of Taipei and Hengchun.

To examine this inconsistent relationship, monthly distributions of long-term 
subsurface temperatures for various depths (0–500 cm) (MSTs) and for SAT (MAT) 
are computed respectively. Data of each month are averages of the entire observation 
period. Here, the Taipei station is taken as an example to understand the relationship 
between MST and MAT (Fig. 10.3). Figure 10.3a illustrates that MAT is distributed 
between 15°C and 29°C in this metropolitan station. With the increase of depths, the 
distribution ranges of MST are sharply reduced down to between 22°C and 24°C at 
the depth of 500 cm. It is interesting to find that the phases of MST are also corre-
lated with the observation depth. The highest and lowest temperatures observed at 
shallow levels are gradually departed from July and January through depths, respec-
tively. The time shift of the phase changes between the surface and the depth of 
500 cm is about 4 months in Taipei. Moreover, Fig. 10.3b shows the difference given 
by subtracting MST from MAT at each depth for the Taipei station. The similar pat-
terns between MAT and MST at the shallow depths (£10 cm) yield a small residual 
value with an average about 0.5°C and are varied within a small range of ±0.5°C 
(Fig. 10.3a). The obtained ranges increase with the observation depth of MST and 
reaches to ±7.5°C for the deepest measurement (500 cm), which is one order mag-
nitude larger than that of the shallow depth (±0.5°C).

Figures 10.4 and 10.5 present the averages and ranges of the differences (MST-
MAT) at the shallow (£10 cm) and deep (³100 cm) depths respectively, corresponding 



Ta
bl

e 
10

.2
 

T
he

 l
in

ea
r 

tr
en

ds
 (

°C
/1

0 
ye

ar
s)

 b
ef

or
e 

an
d 

af
te

r 
19

80
 a

nd
 t

he
ir

 s
ta

tis
tic

 r
es

ul
ts

 a
t 

ea
ch

 d
ep

th
 i

n 
th

e 
st

at
io

ns
. H

er
e,

 D
%

 a
nd

 I
%

 d
en

ot
e 

pr
op

or
tio

ns
 o

f 
th

e 
st

a-
tio

ns
 w

ith
 d

ec
re

as
e 

an
d 

in
cr

ea
se

 tr
an

sf
or

m
at

io
ns

 o
f 

th
e 

tr
en

ds
 b

ef
or

e 
an

d 
af

te
r 

19
80

, r
es

pe
ct

iv
el

y.
 N

ot
e 

th
at

 T
%

 in
di

ca
te

s 
th

e 
pe

rc
en

ta
ge

s 
of

 th
e 

st
at

io
ns

 w
ith

 a
n 

in
cr

ea
se

 
tr

en
ds

 >
0.

1°
C

/1
0 

ye
ar

s 
of

 s
ub

su
rf

ac
e 

an
d 

SA
T

 d
ur

in
g 

th
e 

as
so

ci
at

ed
 p

er
io

d

St
at

io
ns

SA
T

0 
cm

5 
cm

10
 c

m
20

 c
m

30
 c

m
50

 c
m

10
0 

cm
20

0 
cm

30
0 

cm
50

0 
cm

E
ac

h 
st

at
io

n

19
00

–

19
80

19
80

–

20
08

19
00

–

19
80

19
80

–

20
08

19
00

–

19
80

19
80

–

20
08

19
00

–

19
80

19
80

–

20
08

19
00

–

19
80

19
80

–

20
08

19
00

–

19
80

19
80

–

20
08

19
00

–

19
80

19
80

–

20
08

19
00

–

19
80

19
80

–

20
08

19
00

–

19
80

19
80

–

20
08

19
00

–

19
80

19
80

–

20
08

19
00

–

19
80

19
80

–

20
08

D
%

I%

Ta
ip

ei
0.

11
5

0.
40

2
−

0.
26

9
−

0.
10

9
−

0.
13

8
−

0.
47

5
−

0.
24

7
−

0.
43

7
−

0.
26

2
−

0.
25

2
−

0.
26

3
−

0.
41

8
−

0.
18

7
−

0.
70

7
−

0.
15

3
−

0.
58

1
−

0.
09

2
−

0.
73

3
−

0.
10

1
−

0.
21

7
−

0.
11

2
−

0.
09

0
80

%
0%

H
si

nc
hu

0.
07

1
0.

28
9

−
0.

56
2

0.
05

1
−

0.
26

1
0.

01
4

−
0.

32
2

0.
12

5
−

0.
33

4
0.

04
9

−
0.

17
7

−
0.

01
8

0.
16

8
0.

28
5

0.
04

0
0.

23
0

0.
04

9
0.

05
1

0.
15

1
0.

18
9

0.
18

8
0.

26
9

0%
70

%

Ta
ic

hu
ng

0.
11

9
0.

43
8

−
0.

05
5

0.
13

9
−

0.
22

7
−

0.
16

1
−

0.
19

5
−

0.
03

0
−

0.
12

5
−

0.
02

2
−

0.
06

2
−

0.
21

1
0.

07
3

−
0.

06
4

0.
04

9
0.

02
6

0.
06

4
0.

19
8

0.
04

7
0.

25
0

0.
25

4
0.

30
8

20
%

50
%

Ji
yu

eh
ta

n
−

0.
06

7
−

0.
05

9
−

0.
27

6
−

0.
21

6
−

0.
54

1
−

0.
10

3
−

0.
26

2
−

0.
31

3
−

0.
10

4
−

0.
21

8
0.

06
7

−
0.

28
9

−
0.

18
9

−
0.

13
7

−
0.

08
3

−
0.

09
3

−
0.

10
3

−
0.

09
1

27
%

27
%

C
hi

ay
i

0.
69

7
0.

35
2

0.
36

7
0.

11
6

0.
44

5
0.

03
1

0.
54

8
0.

09
0

0.
45

3
0.

16
4

0.
03

3
−

0.
02

5
0.

27
9

0.
05

3
0.

17
2

0.
14

4
−

0.
26

8
0.

26
1

−
0.

44
4

0.
22

2
−

0.
44

6
0.

12
8

50
%

30
%

Ta
in

an
0.

17
2

0.
38

2
−

0.
14

7
0.

08
7

0.
08

2
0.

01
9

0.
02

6
0.

21
5

0.
28

8
−

0.
09

0
0.

08
7

0.
27

2
0%

30
%

H
en

gc
hu

n
0.

13
2

0.
23

2
0.

06
6

−
0.

37
1

0.
08

0
−

0.
12

9
0.

14
4

−
0.

27
6

0.
01

1
−

0.
13

0
−

0.
03

0
−

0.
27

8
0.

09
0

−
0.

11
5

0.
13

7
0.

03
4

0.
06

6
0.

06
5

0.
05

0
0.

04
3

0.
15

3
0.

09
2

70
%

0

Ta
itu

ng
0.

11
9

0.
24

7
−

0.
30

1
0.

23
6

0.
25

6
0.

19
6

−
0.

14
2

0.
16

0
0.

00
1

0.
04

5
−

0.
04

7
0.

14
1

−
0.

00
7

0.
06

7
−

0.
05

1
−

0.
24

4
−

0.
09

9
−

0.
03

2
0.

00
7

−
0.

08
2

0.
08

0
−

0.
04

3
10

%
30

%

H
ua

lie
n

0.
13

5
0.

26
5

−
0.

08
7

0.
29

3
−

0.
22

4
0.

16
7

0.
16

4
0.

28
1

−
0.

15
0

0.
17

6
−

0.
13

0
0.

47
0

−
0.

04
0

0.
34

3
0.

08
7

0.
26

7
0.

02
8

0.
29

3
−

0.
10

4
0.

56
4

0.
05

4
0.

21
7

0%
10

0%

Il
an

0.
08

2
0.

32
3

−
0.

27
1

0.
14

1
0.

04
9

0.
53

0
0.

07
2

0.
40

5
0.

06
7

0.
37

3
0.

19
4

0.
36

8
0.

00
4

0.
43

4
0.

00
7

0.
39

9
0.

05
4

0.
25

6
0.

03
2

0.
54

2
−

0.
04

7
0.

46
6

0%
10

0%

T
%

70
%

90
%

10
%

50
%

20
%

30
%

30
%

50
%

20
%

30
%

10
%

40
%

22
%

33
%

22
%

44
%

0%
44

%
13

%
63

%
27

%
63

%
0%

10
0%



19510  Comparisons Between GST and SAT in Taiwan

to their latitudes. The averages and ranges of the differences at the shallow depths 
are both inversely proportional to the latitude (Fig. 10.4a, b). The positive averages 
mainly ranged between 0°C and 3°C clearly indicate temperature discontinuity 
does in existence near the Earth surface due to distinct thermal conductivity. With 
respect to deep depths, the averages of temperature difference gradually decrease 
with the higher latitude, and are in good agreement with those in shallow depths 
(Fig. 10.5a). The ranges of the difference, which are proportional to the latitude, 
imply that impacts of SAT are sharply reduced with depths (Fig.  10.5b). 
Furthermore, the difference range of the Jiyuehtan station with a relative high 

Fig.  10.3  Monthly distributions of long-term subsurface temperatures for various depths 
(0–500 cm) (MSTs) and MAT, and the patterns of their difference. MSTs and MAT given by aver-
ages of the entire observation period of data in each month are shown in (a). The patterns of MAT 
subtracting from MSTs are displayed in (b)
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altitude is significantly smaller than those of other stations of similar latitude due 
to small variations of MAT. By comparing the stations with similar latitudes 
(Hsinchu V.S. Ilan, Taichung V.S. Hualien and Tainan V.S. Taitung), it is interesting 
to note that the difference ranges of the western stations are generally larger than 
those of the eastern stations with a range of about 1–3°C.

To study the departing of extreme temperatures of July and January relative to 
depth, the subsurface temperature at 0 cm were taken as a reference to estimate the 
time shift for each observation depth using the cross correlation method (Campbell 
et al. 1997). The time shifts of temperature at each depth relative to surface in all 
stations are listed in Table 10.3, and the relationships of the Hualien and Ilan sta-
tions are shown in Fig. 10.6 in parallel. The time shifts are shorter than 3 days at 
all stations with a depth shallower than 50 cm (Table 10.3 and Fig. 10.6). When the 

Fig. 10.4  Relationship between the averages and ranges of the differences (MSTs-MAT) at the 
shallow depths (<10 cm) with latitudes. Averages and ranges of the differences are shown in 
(a) and (b), respectively. Circles denote the stations located in the western Taiwan. In contrast, 
squares indicate the stations located in the eastern Taiwan. Station Jiyuehtan with the relative high 
altitude is marked by triangle symbols. Note that the dashed lines show the linear trends of the 
relationship
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Fig. 10.5  Relationship between the averages and ranges of the differences (MSTs-MAT) at the 
deep depths (>100 cm) with latitudes. Averages and ranges of the differences are shown in (a) and 
(b), respectively. Circles denote the stations located in the western Taiwan. In contrast, squares 
indicate the stations located in the eastern Taiwan. Station Jiyuehtan with relative high altitude is 
marked by triangle symbols. Dashed lines show the linear trends of the relationship

Table 10.3  The time shifts relative to peaks of ground surface temperature each depth in the stations 
(unit: day)

Station 5 cm 10 cm 20 cm 30 cm 50 cm 100 cm 200 cm 300 cm 500 cm

Taipei 1 1 2 2 3 21 52.5 74.5 134
Hsinchu 1 1 2 2 3 15 41 53.5   91
Taichung 1 1 2 2 3 12 40 58   83
Jiyuehtan 1 1 2 2 3 18.5 43 54   82
Chiayi 1 1 2 2 3 23 45 72 120
Tainan 1 1 2 2 2 13 47 68.5 104
Hengchun 1 1 2 2 3   7 43.5 69 116.5
Taitung 1 1 2 2 2   5 42 55   85
Hualien 1 1 1.5 2 3   5 29 48   85
Ilan 1 1 2 2 2 18 44 70 120
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depth gets deeper than 100 cm, the time shifts apparently increase with a linear 
trend and reach 82–134 days at the 500 cm depth (Table 10.3).

10.3 � Discussion and Conclusions

The time shifts from 0 to 500 cm can be separated into three groups (Table 10.3). The 
short time shift (82–85 days) at the Jiyuehtan, Taichung, Taitung and Hualien stations 
infers that relatively high efficient geothermal conductivity is mainly distributed in 
the eastern part of Taiwan and extends to the western side of central Taiwan. Stations 
Hsinchu and Tainan with the medium time shift (91 and 104 days, respectively) are 
located at two transitional zones. Two end-member areas, which are either north or 
south from Hsinchu and Tainan, appear to have the longer time shift (116.5–134 days). 
The long time shift suggests that heat takes much time for propagating from the shal-
low to deep depth at the Hengchun, Chiayi, Ilan and Taipei stations. The variations of 

Fig. 10.6  Relationship between time shifts with various depths. Lines with triangles and circles 
denote the relationships in Ilian and Huanlien, respectively
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time shifts among stations indicate that the geothermal conductivity is an important 
factor even if temperature history is reconstructed in a small region.

Stations with long temporal periods and evenly distribution in Taiwan generate good 
temperature records to study the relationship between GST and SAT for various envi-
ronment conditions. High SAT with small variations is observed in the low latitude and 
tropical climate. On contrast, low SAT with large variations is recorded in the high latitude. 
Figure 10.4 shows the ranges and averages of the differences between MST and MAT 
of shallow depths are both inversely proportional to the latitudes. For stations that are 
located in the low latitude with high SAT, temperature yields large differences between 
surface and subsurface records. In terms of the deep depths, the ranges of the difference 
(MST-MAT) are increased with higher latitudes (Fig. 10.5b). This implies that depth 
effect of high SAT is smaller than those of low SAT. Thus, the depth effect needs to be 
taken into account during temperature reconstructions processes.

For site comparison, the yearly mean of SAT presents an increase trend along 
with global warming and is consistent with most areas in the world. On the other 
hand, the subsurface temperature with decrease trends is observed at most depths 
in Taipei (Table 10.2). A further comparison of the linear trends of similar latitude 
stations (Hsinchu V.S. Ilan, Taichung V.S. Hualien and Tainan V.S. Taitung), it is 
clear to note that the temperature increase rate in eastern Taiwan is higher than it in 
the western part (Table  10.2). Because urban cities and rural sections can be 
roughly separated into the western and eastern sides of Taiwan, subsurface tem-
perature with the small increase rates in the western side suggesting that high-rise 
buildings possibly cut off and/or absorb the inward thermal propagation and take 
hold of heat on the Earth surface, especially the holistic negative trends in metro-
politan Taipei because Taipei has been the rapidest and most extensive developing 
area in Taiwan (Chen et al. 2007). These features imply that global warming signals 
may be underestimated due to contributions from negative feedbacks.

Furthermore, Table 10.2 exhibits that SAT generally has an increase trend during 
the entire observation period. However, subsurface temperatures with positive or 
negative changes can be found at various depths after 1980, but this feature is 
mainly confined in shallow depths before 1980. This suggests that the original pat-
terns of GST and SAT are certainly different. In addition, the significant positive 
transformations before and after 1980 are widely observed both in subsurface and 
SAT in Taiwan. Therefore, a high correlation between GST and SAT should be 
dominated by the similar responses resulted from same impact sources. Temperature 
changes at different layers are roughly consistent among most stations. The tem-
perature reconstructions should be generated using consistent transformation 
changes, correlated with the long-term trends at each depth and simultaneously take 
the time shift with depth into account. Meanwhile, global warming has persistently 
affected the subsurface temperature to generate significant positive changes on the 
trends after 1980. This is a serious warning that the persistent warming environ-
ments are not only affect the air and water domains, but also gradually extend to 
soil, rocks of the Earth’s lithosphere.
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Abstract  Temporal variation in the ground surface temperature (GST) propagates 
downward and disturbs the subsurface temperature structure. Analysis of subsur-
face temperature profiles gives information on the past GST history. For investiga-
tion of subsurface thermal environment evolution in urban areas, we reconstructed 
GST history from borehole temperature data obtained in large cities in East Asia. 
Most of the estimated GST histories show significant surface warming in the last 
century. In the Bangkok area, the amount of the GST increase is larger in the city 
center than in suburban and rural areas, corresponding to the degree of urbaniza-
tion. The amount of heat accumulated in the subsurface due to surface warming, 
which can be calculated at the sites where GST histories were reconstructed, is a 
useful indicator of the subsurface thermal environment. We conducted monitoring 
of borehole temperature and soil temperature aiming to observe process of down-
ward propagation of GST variation. Data obtained in some wells exhibit periodic or 
long-term temperature variations attributable to human activities. Soil temperatures 
measured within 1 m of the ground surface show prominent annual variation and 
provide information on the relation between GST and air temperature.

11.1 � Introduction

Temperature in the underground generally increases with depth and heat flows 
upward toward the ground surface. Density of this heat flux at the earth’s surface is 
termed “terrestrial heat flow” (or simply “heat flow”). Heat flow is defined as the 
amount of heat flowing out through the ground surface per unit time and unit area. 
It is practically determined as the product of the vertical temperature gradient near 
the surface and the thermal conductivity of the formations.
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Since we cannot directly measure temperature deep in the crust, we need to 
estimate temperature in the subsurface from some data which can be obtained at 
around the earth’s surface. Terrestrial heat flow is the most fundamental and useful 
observable for this purpose. Higher heat flow at the surface generally indicates 
higher temperature in the underground (Fig.  11.1). The subsurface temperature 
structure can be estimated based on the heat flow distribution at the surface.

Although subsurface temperature distribution is essentially determined by the 
heat flow from the deep in the crust, the temperature in the vicinity of the surface 
is disturbed by various phenomena such as groundwater flow and erosion/
sedimentation. One of the major sources of the disturbance is temporal variation in 
the ground surface temperature (GST). GST variation propagates through subsur-
face formations by thermal diffusion. In Fig. 11.2, a temperature profile measured 
in a borehole in 1970 is compared with the profiles calculated assuming GST 
increase from 1880 to 1940 (Jessop 1990). The calculated profiles agree well with 
the observation, showing that the prominent curvature of the measured profile is a 
result of GST increase.

The disturbance in temperature profiles by the GST variation is noise for heat 
flow measurements and estimation of the thermal structure in deep in the crust and 
upper mantle. From a different point of view, it can be considered as a signal which 
gives information on GST variation in the past. Analysis of borehole temperature 
profiles should allow us to estimate GST variation history in the past. Studies of the 
past climate change based on this principle have been extensively conducted since 
the 1980s mainly in North America and Europe and made significant contribution 
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to investigation of recent global warming (e.g., Harris and Chapman 1997; Huang 
et al. 2000; Pollack and Huang 2000).

One of the most principal causes of GST change is variation in the surface air 
temperature (SAT). Long-period SAT variations, such as recent global warming and 
the Little Ice Age, have significant effect on the subsurface temperature distribu-
tion, whereas influence of shorter-period variation (diurnal or annual) is fully 
attenuated at shallow depth. In addition to global climate changes, local SAT 
changes, including the heat island effect due to urbanization, may have marked 
influence on the subsurface thermal environment.

GST is influenced not only by SAT but also by changes in ground surface envi-
ronment (e.g., Lewis and Wang 1992; Bartlett et al. 2004; Woodbury et al. 2009). 
Difference in land coverage (e.g., bare rock, grassland, forest, or city) should yield 
different annual mean GST for the same annual mean SAT. Snow cover acts as a 
thermal insulator and gives a bias in GST and SAT relation in winter. GST variation 
in the past estimated through analysis of the subsurface temperature distribution, 
therefore, contains information on ground surface environment as well as SAT.

Human activities associated with urbanization lead to GST variation due to 
development of “heat islands”, land use change and other environment changes. 
History of GST variation caused by such human activities must have been recorded 
in subsurface temperature distribution in urban areas. We have been studying evolu-
tion of thermal environment around the ground surface in large cities in East Asia 
through measurement and analysis of temperature profiles in boreholes.
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11.2 � Downward Propagation of GST Variation

Influence of temporal variation of GST propagates downward through the subsur-
face material by thermal diffusion. Propagation process of temperature disturbance 
by some basic patterns of GST change is discussed in this section.

For simplicity, it is assumed that subsurface material is uniform and the temperature 
structure is one-dimensional (in the vertical direction only). Temporal variation of the 
subsurface temperature distribution is described by the equation of thermal diffusion:

	

2

2

T T

t z
k

∂ ∂
=

∂ ∂ 	
(11.1)

where T is temperature, t is time, z is depth, and k is thermal diffusivity.
We first examine a case where the GST is a sinusoidal function of time with a 

period of P and an amplitude of A:
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(11.2)

By solving (11.1) with the boundary condition (11.2), we obtain the temperature 
disturbance in the subsurface:
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(11.3)

The amplitude of temperature variation is exponentially attenuated and the phase is 
linearly shifted with depth. We may define a characteristic penetration depth of 
temperature disturbance, z

p
, as the depth at which the amplitude of temperature 

variation is 1/e2 (about 14%) of that at the surface, that is 2 /pz Pk p= . Assuming 
that k is 1 × 10−6 m2/s, z

p
 is about 6.3 m for a period of 1 year, which means that 

temperature disturbance by annual GST variation is confined in very shallow for-
mations. Influence of longer-period variation propagates deeper (z

p
 is proportional 

to the square root of the period). For a period of 200 years, z
p
 is about 90 m and the 

disturbance reaches beyond 100 m (Fig. 11.3).
Another simple case is a step-function change in GST. If we assume a sudden 

increase in GST of DT at t = 0:
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= ∆ ≥

	
(11.4)

the temperature disturbance in the subsurface is:
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(11.5)

where erf (x) is the error function of x. Penetration of the effect of step-function 
GST change into the subsurface is demonstrated in Fig.  11.4. Equation (11.5) 
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shows that the depth of penetration of temperature disturbance is proportional to the 
square root of the time since the GST change. If we consider a characteristic pen-
etration depth 2sz tk= , at which the temperature change is about 16% of DT, z

s
 

100 years after the GST change is about 110 m for k of 1 × 10−6 m2/s. Penetration 
depth (both z

s
 and z

p
) depends on thermal diffusivity of the subsurface material (soil 

or rock), which generally range from 3 × 10−7 to 2 × 10−6 m2/s. As can be seen in 
Fig. 11.4, information on the GST variation in the last several hundred years has 
been recorded in the upper several hundred meters in the underground.

The actual GST variations can be approximated by a sum of sinusoidal functions 
with various periods or a series of step functions. Temperature disturbance by the 
GST variations can then be easily calculated by superposing the solutions (11.3) or 
(11.5). The observed subsurface temperature distribution is the sum of the tempera-
ture disturbance and the undisturbed profile determined by heat flow from the deep 
and thermal conductivity (Fig. 11.5).

11.3 � Reconstruction of GST History in the Past

Temporal variation of GST propagates downward by thermal diffusion and influ-
ences the underground temperature structure, as shown above. Information on the past 
GST variation can therefore be extracted from the disturbed subsurface temperature 
distribution. With this “geothermal” method, we can reconstruct GST history in the 
past from temperature profiles measured in boreholes.

Supposing that the past GST variation is approximated by a sum of a series of 
step function (Fig. 11.6), the influence of the GST variation on the subsurface tem-
perature structure can be calculated using (11.5). It is also possible to estimate GST 
history in the past which best reproduce the observed subsurface temperature profiles. 
This estimation analysis is usually made using inversion formulations. Model 
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parameters to be determined by inversion are GST change for each step (difference 
from the reference temperature; cf. Fig. 11.6), thermal diffusivity, and the undis-
turbed temperature gradient corresponding to heat flow from the deep. In cases 
where GST variations are expressed as superposition of sinusoidal oscillations, 
similar inversion analysis based on (11.3) determines amplitude and initial phase of 
each oscillation component.

GST history reconstruction studies using the “geothermal method” started 
around 1970 and have been extensively conducted since the late 1980s for the pur-
pose of investigating climate change in the last several hundred years (e.g., Cermak 
1971; Lachenbruch and Marshall 1986; Wang 1992; Pollack and Chapman 1993). 
Analysis techniques for reconstruction of GST from borehole temperature profiles 
have been well established through a number of theoretical studies (cf. Pollack and 
Huang 2000).

Estimation of GST history has been made mainly in the North American and 
European continents. Figure 11.7 shows GST variations estimated from temperature 
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profiles measured in three closely-located boreholes in Quebec, Canada by inver-
sion analysis (Wang and Lewis 1992). The GST histories reconstructed at the three 
holes, which are located within 2 km, are similar to one another, suggesting that 
reconstruction analysis was successful at this site. They show the existence of a 
cold period around 1900 before the start of surface warming over the twentieth 
century.

In Asia, such borehole climate study was conducted only in limited areas (e.g., 
in Russia, China and India). Among them, results of GST reconstruction in five 
areas in East Asia (Huang et al. 1995; Pollack et al. 2003; Goto et al. 2005, 2009; 
Cermak et  al. 2006) were compiled in Fig.  11.8. All the GST histories, recon-
structed in widely distributed areas such as NE Siberia, Kamchatka, and SW China, 
show significant surface warming in the last 100–200 years. The amount of 
temperature increase and the onset time of warming are, however, different from 
each other. The GST histories should reflect various factors, including global 
warming, local climate changes, and influence of urbanization, which may have 
resulted in the differences among the areas.

As compared with other methods for paleo-climate reconstruction, the past GST 
estimation from borehole temperature data has the following features: (1) GST history 
can be directly estimated from subsurface temperature distribution, not through con-
version from proxies related to paleo-SAT. It should be noted, however, that GST does 
not generally agree with SAT. (2) We can obtain the long-term trend of temperature 
variation with time scales of several 10 years or longer, while yearly variation cannot 
be resolved. This feature arises from characteristics of thermal diffusion that tempera-
ture variation signal diffuses and attenuates as it propagates downward through 
subsurface formations. (3) Times for which no meteorological data are available, 
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including those before industrialization, can be covered. This method is therefore 
effective in studies of impacts of human activity on surface thermal environment.

11.4 � Measurements of Temperature Profiles in Boreholes

We applied the geothermal method of GST history reconstruction in studies on 
evolution of the thermal environment of large cities in East Asia (Yamano et  al. 
2009) as a part of an international multidisciplinary research project “Human 
Impacts on Urban Subsurface Environments” by the Research Institute for 
Humanity and Nature (Taniguchi et al. 2009). GST histories obtained in areas in 
various stages of development from the city center to surrounding rural areas would 
provide information on formation of a “heat island” associated with development 
of the city. Comparison of the results in the city with those in rural areas may enable 
us to differentiate the effect of heat island from that of global warming.

We first need to obtain subsurface temperature profile data for GST history 
reconstruction analysis. In our target cities, Tokyo, Osaka, Seoul, Taipei, Bangkok, 
and Jakarta, a number of observation wells have been drilled for groundwater moni-
toring for investigation of land subsidence and water resource problems. Most of 
the wells are suitable for temperature measurement, because they are used for 
passive monitoring and not disturbed by pumping and other activities. Basic geo-
logical and hydrogeological information on the surrounding formations are also 
available. We thus made temperature profile measurements mainly in these ground-
water monitoring wells.

In the Tokyo and Osaka areas, temperature profile measurements had been made 
at many stations for the purpose of investigation of groundwater flow and subsur-
face thermal environment (e.g., Dapaah-Siakwan and Kayane 1995; Taniguchi and 
Uemura 2005). Consequently, temperature measurement surveys were started in 
Seoul, Taipei, Bangkok, and Jakarta, where few temperature profile data were avail-
able (Table 11.1; Hamamoto et al. 2009; Lubis et al. 2009).

We lowered a temperature sensor in observation wells and measured tempera-
ture at depth intervals of 1 or 2 m. Water inside the well is considered to be in 
thermal equilibrium with the surrounding formation, if there is no convection of 
borehole water. Temperature above the water level is much disturbed by convection 
of air, which sets the upper depth limit of temperature profile measurement at the 
water level.

In Seoul, temperature profile measurements were made at 14 stations. All of the 
measured holes were shallower than 90  m. The temperature profiles have been 
severely disturbed by pumping and/or groundwater flow and cannot be used for 
analysis. In the Bangkok, Taipei, and Jakarta areas, we conducted temperature 
measurement surveys four times. Survey time, number of stations where profile 
measurements were made, and measurement depths are listed in Table  11.1. In 
Taiwan, measurements have been made in the southern part, in the vicinities of 
Chiayi, Tainan and Pingtung, in addition to the area in and around the city of Taipei.
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GST reconstruction analysis is made assuming that heat transfer in the subsurface 
is practically conductive and advection of heat by groundwater flow is negligible. It 
is hence necessary to discard temperature profile data affected by groundwater flow. 
Influence of groundwater flow is obvious in some of the profiles, which are signifi-
cantly distorted. Figure 11.9 shows a typical disturbed temperature profile, which 
has a peculiar bend around 115 m. Even if a temperature profile is not apparently 
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Table 11.1  Borehole temperature measurements in and around 
large cities in East Asia

City Survey time
Number of 
stationsa

Measurement 
depthb

Seoul Sep. 2005 14 14–88 m
Bangkok Jul. 2004

Jun. 2006
Mar. 2008
Feb. 2010

27
19
16
  9
Total 44

40–401 m

Taipeic Nov. 2005
Jun. 2007
Jan. 2009
Feb. 2010

11
18
14
  5
Total 26

60–308 m

Jakarta Sep. 2006
Aug. 2007
Aug. 2008
Feb. 2009

28
12
  6
  2
Total 28

40–252 m

a Total number is less than the sum of the numbers of each survey 
because of repeated measurements
b Range of the maximum measurement depth in each well
c Including the southern and southwestern parts of Taiwan
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distorted, it might be affected by groundwater flow. A possible way to detect such 
disturbed data is examination of the stability of temperature profiles through 
repeated measurements.

Temperature profiles measured repeatedly at three stations in the Taipei area are 
shown in Fig. 11.10. Although the shapes of the temperature profiles in wells X and Y 
appear to be similar to each other, the stability of the profile was very different. 
In well Y, the profile measured in November 2005 significantly different from the 
one in June 2007 below 45 m, while the profile in well X did not show any appre-
ciable change. The instability of the profile in well Y may be due to temporal 
change in groundwater flow around it. It should be noted that stable profiles could 
also be affected by stable groundwater flow. In well Z (Fig. 11.10), the temperature 
gradient considerably varies with depth around 120–160 m, indicating influence of 
groundwater flow, but the temperature profile had been stable through three mea-
surements in November 2005, June 2007 and January 2009.

11.5 � GST Histories Reconstructed in the Bangkok Area

Subsurface temperature profiles measured in boreholes in the target city areas 
provide information on evolution of the thermal environment around the ground 
surface. Most of the profiles showed small (or even negative) temperature gradients 
in the upper parts of the holes, as can be seen in Fig. 11.11 (examples of profiles 
obtained in the Bangkok area and in southern Taiwan). Similar temperature profiles 
were reported in and around Tokyo and Osaka as well (e.g., Taniguchi et al. 1999; 
Taniguchi and Uemura 2005). Such curvature of the profiles is most probably 
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attributable to recent increase in GST. We should, however, consider the possibility 
that subsurface temperature distribution is seriously perturbed by groundwater flow.

Downward groundwater flow, prevailing in recharge areas of regional flow sys-
tems, advectively transports heat downward and makes temperature profiles concave 
toward the surface (e.g., Domenico and Palciauskas 1973). Similarly, upward flow 
in discharge areas results in temperature profiles convex toward the surface. If the 
flow is steady, uniform, and vertical, it is possible to estimate the Darcy velocity 
and the total heat flux (both conduction and advection) from the shape of the tem-
perature profile (Bredehoeft and Papadopulos 1965).

Taniguchi et al. (1999) compared borehole temperature profiles observed in the 
Tokyo area with a subsurface thermal model in which GST increase in the last 
century and advective heat transfer by vertical groundwater flow are incorporated. 
They found that the penetration depths of the influence of surface warming are 
deeper in the uplands in the west and shallower in the lowlands in the east. The 
difference is interpreted to result from downward groundwater flow in the uplands 
(recharge area) and upward flow in the lowlands (discharge area). Similar studies of 
influence of surface warming and groundwater flow system on the subsurface tempera-
ture distribution have been made in some other areas in Japan (e.g., Miyakoshi et al. 
2003; Uchida et al. 2003).

In the areas where subsurface temperature is significantly affected by groundwater 
flow, averaging many temperature profiles over the area may reduce the effect of 
groundwater flow and allow us to extract information on GST variation from the 
temperature profiles. Taniguchi et al. (2007) compiled temperature profile data in and 
around Tokyo, Osaka, Seoul, and Bangkok and calculated the average profile for each 
city. They estimated the onset time and the amount of recent GST increase based on the 
average profiles. The result indicates that surface warming started earliest in Tokyo and 
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Fig. 11.11  Examples of temperature profiles measured in observation wells in the Bangkok area 
in June 2006 (a) and in southern Taiwan in January 2009 (b) (from Yamano 2010). The profiles 
are shifted on the temperature axis so that they do not overlap with each other
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latest in Bangkok, consistent with development histories of these cities, and the warming 
rate in each city roughly agrees with the increase rate of annual mean SAT. It suggests 
that the average of subsurface temperature profiles could represent the thermal environ-
ment evolution of the city to some extent. It is necessary, however, to analyze tempera-
ture profiles free from influence of groundwater flow for more quantitative discussion 
and for examination of variation of GST histories within a city area.

In the Bangkok area, GST history reconstruction analysis was made on selected 
temperature profiles (Hamamoto et al. 2009). Temperature profile measurements in 
the Bangkok area were made in groundwater monitoring wells at 44 sites 
(Table 11.1). Most of the wells are located in and around the city of Bangkok, while 
some wells are about 100 km north of Bangkok (Fig. 11.12). Surface environment 
around the observation wells varies largely from the downtown in Bangkok to rural 
agricultural land (Fig. 11.13). The obtained temperature profiles were examined on 
the shape and stability to discard ones affected by groundwater flow, and six sites 
were chosen as suitable for GST history reconstruction analysis (Fig. 11.14).

GST histories at the six sites were estimated through inversion analysis of the 
temperature profiles using a multi-layer model (Goto and Yamano 2010). Thermal 
properties of subsurface material generally vary with depth depending mainly on 
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Fig. 11.12  Locations of groundwater monitoring sites in the Bangkok area where temperature 
profile measurement was conducted. Stars are the sites where GST reconstruction analysis was 
made (Hamamoto et al. 2009). The broken ellipse approximately shows the city of Bangkok
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the porosity and mineral composition, while we assumed uniform thermal proper-
ties in the Sects. 11.2 and 11.3. Most of our target cities, including Bangkok, have 
been developed on alluvial plain, where subsurface formations may consist of alter-
nating coarse and fine deposits. Formations around the observation wells are thus 
expected to have highly variable thermal properties. In the multi-layer model, ther-
mal diffusivity of each layer is treated as a model parameter and the best-fitting 
value is estimated through inversion. Depths of the layer boundaries were deter-
mined based on available information on lithology around the wells.

The time span for which GST history can be reconstructed depends on the depth 
range of temperature profile measurement. Since the maximum depths of tempera-
ture measurements in the six wells are around 200 m, information on GST history 
for about 300 years may be extracted from the temperature profiles. The water 
levels in the wells, 20–40 m below the surface, set the upper limit of temperature 
profile data, preventing us from estimating GST in the last 10–20 years. 
Consequently, GST history reconstruction was conducted for 1700–1990 using a 
series of step functions with a step interval of 10 years (Fig. 11.15). It should be 
noted that GST estimated for each 10-year period is a kind of average temperature 
over a longer period especially at older times because of diffusion of temperature 
signal during the downward propagation process. Older signals have been more 
diffused, which may result in no appreciable variation in the estimated GST in the 
first 150 years.

In contrast, the estimated GST increased in the last 100–150 years at all the six 
sites (Fig. 11.15). The amount of temperature increase significantly varies by site. The 
temperature increase after 1900 is about 2.5 K at site C in the central part of Bangkok, 
while it is only about 0.4 K at site A in a rural area far from Bangkok (cf. Fig. 11.12). 
It suggests that the large GST increase at site C mainly arose from influence of urban-
ization and the effect of global warming is minor. The amount of temperature increase 
at the other four sites in suburbs of Bangkok is in between those at site C and at site A. 
Among them, the temperature increase at sites E and F located in more recently devel-
oped areas started later and the amount of increase is less. These results appear to be 
consistent with the development history of the city of Bangkok.
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Fig. 11.14  Temperature  
profiles measured in March 
2008 at the sites selected for 
GST reconstruction analysis 
in the Bangkok area 
(Hamamoto et al. 2009)
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We need to discuss what processes in urbanization are responsible for the GST 
variations. Increase in SAT due to the development of “heat island” must have 
resulted in GST increase. Annual mean SAT at a meteorological station in Bangkok 
(Kataoka et  al. 2009) has increased at a rate similar to that for GST at site C 
(Fig. 11.15). The SAT has been rising to the present, indicating that GST at site C 
has further increased after 1990.

GST, however, does not necessarily follow SAT closely (cf. Sect. 11.7). In the 
process of urbanization, land use change may also have an influence on GST. 
Changes in vegetation or land use generally affect coupling between SAT and GST 
(e.g., Lewis and Wang 1998; Beltrami and Kellman 2003). Ferguson and Woodbury 
(2007) investigated the subsurface temperature distribution in and around the city of 
Winnipeg, Canada and showed that temperature at 20 m depth conspicuously varies 
even within a few km and shows a clear correlation with land use (agricultural land, 
urban greenspaces, and urban areas). It is necessary to examine the relationship 
between GST variation and land use change in the Bangkok area as well.

We should also consider influence of the groundwater flow system on GST 
reconstruction analysis. Although temperature profiles without apparent distur-
bance by groundwater flow were used for analysis, there is still a possibility that 
the profiles have been affected by slow and steady flow. Groundwater flow system 
in the Bangkok area has been studied with hydrological and geochemical approaches 
and regional flow models have been presented (e.g., Yamanaka et al. 2009). The 
flow models can provide information on the direction and rate of groundwater flow 
around the wells where temperature profiles were measured. With this information, 
evolution of subsurface thermal environment may be simulated taking account of 
heat advection by groundwater flow.
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Similar analysis of subsurface temperature profiles can be made in the Tokyo, 
Osaka, Jakarta, Taipei areas as well. Difference in GST increase between the city 
center and suburbs was also reported in a study in the Osaka area by Taniguchi and 
Uemura (2005). They compared the shapes of temperature profiles with minimal 
influence of groundwater flow and inferred that GST increased with an earlier onset 
time and by a larger amount at a site in the central part of Osaka than at sites in the 
surrounding areas. Further analysis of these and other profiles, including GST his-
tory reconstruction, would yield more quantitative results.

11.6 � Accumulation of Heat Beneath the Large Cities

GST in urban areas has been increasing due to development of “heat island” associ-
ated with urbanization and/or global warming. Influence of GST increase propa-
gates downward and causes a rise in subsurface temperature (Fig. 11.16). In other 
words, heat has been stored in the subsurface of urban areas by downward heat flux 
as a result of surface warming. The gray area between the temperature profile 
affected by surface warming and the undisturbed profile in Fig. 11.16 corresponds 
to accumulation of heat in the subsurface.

The amount of heat accumulated in the subsurface through this process has been 
estimated in a global scale. Beltrami et  al. (2006) calculated surface heat flux 
histories from subsurface temperature profiles at 588 sites in the Northern 
Hemisphere and then estimated the average history over the hemisphere. On average, 
the Northern Hemisphere continental surface has absorbed heat since the beginning 
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of the nineteenth century and the heat flux was larger in the twentieth century. The 
total heat stored in the continental subsurface in the Northern Hemisphere between 
1780 and 1980 was estimated to be 13.2 × 1021 J and 36% of the total (4.8 × 1021 J) 
was gained in the last 50 years (1930–1980).

Huang (2006) calculated the annual heat budget of each continent based on SAT 
data from 1851 to 2004, assuming that GST varied in parallel with SAT. The 
amount of heat absorbed by all the continents except for Antarctica in the 154 years 
was estimated as 11.7 × 1021 J. As for 50 years from 1951 to 2000, the heat content 
of the continents increased by 6.7 × 1021 J and that of Eurasia and North America 
increased by 4.6 × 1021 J, which is compatible with the heat gain in the Northern 
Hemisphere between 1930 and 1980 estimated by Beltrami et al. (2006), 4.8 × 1021 J. 
The consistent results by two different methods indicate that the estimated values 
are rather accurate.

We may estimate the amount of heat stored in the subsurface of urban areas, 
where significant GST increase occurred as a result of development of heat island 
by human activity. The heat stored in the subsurface per unit area till the time t since 
t
o
 (reference time) can be calculated from temperature profiles at t and t

o
 as:

	
( ) ( )0( ) , ,Q t c T z t T z t dzr  = − ∫ 	

(11.6)

where rc is heat capacity of subsurface material, which is assumed to be constant 
for simplicity.

Analysis for GST history reconstruction from subsurface temperature profiles 
gives estimate of the undisturbed temperature profile at the site before the recon-
structed GST variation occurred. It is thus possible to calculate temperature profile 
at time t based on the undisturbed profile and the GST history. We can then obtain 
the heat stored in the subsurface using (11.6).

Hamamoto et al. (2009) estimated the heat stored after 1900 at the six sites in 
the Bangkok area where GST histories were reconstructed (A through F in 
Fig. 11.12) by the above method with typical values of thermal diffusivity and heat 
capacity (6.0 × 10−7 m2/s and 2.5 MJ/m3 respectively). The estimated increase in the 
heat content per unit area after 1900 is plotted every 10 years in Fig. 11.17. As heat 
accumulation in the subsurface is a result of increase in GST, temporal variation of 
the heat content is similar to that of GST (Fig. 11.15). The amount of stored heat is 
largest at site C in the central part of Bangkok, smallest at site A in a rural area, and 
intermediate in suburbs of Bangkok. Heat accumulation started earlier at sites C 
and D, corresponding to earlier onset time of GST increase at these sites. The 
results can be compared with the average over continents. Heat content per unit area 
averaged over Eurasia and North America increased by about 90 MJ/m2 from 1900 
to 2000 according to Huang (2006). At site C, about 200 MJ/m2 has been stored in 
the subsurface, over the double of the continental average.

The above example demonstrates that a large amount of heat has been accumulated 
in the subsurface of urban areas. It means that subsurface heat island has been formed 
in response to development of heat island above the ground in urban areas (Ferguson 
and Woodbury 2007; Miyakoshi et al. 2009a). The subsurface heat island effect can be 
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detected through repeated measurements of borehole temperature profiles with time 
intervals. In the Tokyo area, Miyakoshi et al. (2009b) compared the temperature pro-
files in observation wells measured in 2001–2002 and those measured in 2005–2006. 
They found that the subsurface temperature increased during this period and the rate 
of increase is higher in the central part of Tokyo than in suburban areas.

The amount of heat stored in the subsurface can be calculated in a straightfor-
ward way at sites where GST history reconstruction was made. It is a kind of depth 
integration of temperature anomaly in the subsurface and may serve as an indicator 
of the evolution of subsurface thermal environment in urban areas. It may be useful 
in multidisciplinary study on environmental changes in urban areas associated with 
city development.

11.7 � Long-Term Temperature Monitoring

It is an important subject what information the past GST variation estimated from 
subsurface temperature profiles provides. GST histories obtained by the geothermal 
method are usually considered to represent climate change in the past and often used 
as basic data for studies on global warming. Such discussion is based on the assump-
tion that reconstructed GST history is good approximation of SAT change on long 
timescales. Validity of this assumption has been investigated through numerical 
modelling and analysis of actual SAT and GST data. The results suggest that GST 
follows SAT change when averaged over a wide area on a timescale of 10 years (e.g., 
Gonzalez-Rouco et al. 2003; Smerdon et al. 2006). It is necessary, however, to exam-
ine the relationship between GST and SAT in detail for discussion on spatial and 
temporal variations of thermal environment of a city and its surrounding area.
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The subsurface temperature distribution in the city of Winnipeg (Ferguson and 
Woodbury 2007; cf. Sect. 11.5) demonstrates that the GST and SAT relationship in 
an urban area is complicated. Huang et al. (2009) compared the temperature profiles 
measured in six boreholes in and around the city of Osaka with those calculated 
assuming that GST variation at these sites is approximated by SAT variation 
recorded at a meteorological station in the central part of Osaka. They found that the 
observed subsurface temperature disturbance by recent surface warming is larger 
than the calculated one at all the sites. It indicates that the rates of GST increase at 
these sites were higher than that of SAT at the Osaka meteorological station. Huang 
et al. (2009) suggested that the urban heat island effect might be more profound in 
the subsurface than in the air, since the heat transfer in the subsurface is dominated 
by conduction, which is much less efficient than air convection.

11.7.1 � Monitoring of Soil Temperature

The GST estimated from subsurface temperature profiles, which is an average for 
a certain long period, can be compared with the annual mean SAT data, if long-time 
meteorological records are available in the vicinity. When there is no SAT data in 
the past, information on the present GST may be obtained through monitoring soil 
temperature just below the ground surface. The annual mean of temperature at a 
depth within 1 m of the surface must be close to the annual mean of GST. It is also 
possible to calculate GST from long-term records of temperatures at multiple 
depths (e.g., Smerdon et al. 2004; Bartlett et al. 2006).

We have been monitoring soil temperatures at shallow depths in the Bangkok, 
Jakarta, and Taipei areas aiming to estimate the present GST and to obtain informa-
tion on the heat transfer process in surface soil. Temperature sensors were buried at 
two depths (about 0.5 and 1.0 m below the surface) beside the wells where tempera-
ture profiles were measured (Fig. 11.18). Soil temperature records for about 2 years 
at a site in Jakarta are shown in Fig. 11.19a. The temperature variation measured at 
1.0 m is attenuated and phase shifted as compared to that at 0.5 m. They are the 
features of thermal diffusion process described by (11.3), which means we could 
directly observe downward propagation of GST variation through surface soil. 
Temperature variation at 1.0 m can be calculated from the temperature record at 
0.5 m using (11.3) with an assumed average thermal diffusivity between the two 
depths. For appropriate values of thermal diffusivity, the calculated temperature 
agrees well with the observed one (Fig.  11.19a). It indicates that heat transfer 
between 0.5 and 1.0 m is almost conductive at this site. The best estimate of thermal 
diffusivity is 4.5 to 5.0 × 10−7 m2/s.

Soil temperature records for over 2.5 years at a station in southern Taiwan can also 
be explained well by thermal diffusion process of the influence of GST variation 
(Fig. 11.19b). At this station, the average thermal diffusivity between 0.43 and 0.93 m 
below the ground surface is estimated to be about 8 × 10−7 m2/s. These values are in a 
range of previously reported thermal diffusivity of shallow subsurface material 
(Smerdon et  al. 2004; Bartlett et  al. 2006), 4 × 10−7 to 1.0 × 10−6  m2/s, determined 
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through analysis of temperature records. The variation of thermal diffusivity may be 
attributed to differences in the mineral composition, porosity, and degree of saturation.

At some of the sites where long-term monitoring of soil temperature has been 
conducted, SAT has also been monitored. They can be combined for analysis of the 
SAT and GST relationship.

11.7.2 � Monitoring of Borehole Water Temperature

Long-term records of surface soil temperature give information on penetration process 
of GST variation with annual or shorter period as shown by the above example 
(Fig. 11.19). Propagation of longer period components of GST variation, which can 
be estimated through analysis of subsurface temperature profiles, may be observed by 
temperature monitoring at deeper depth. Cermak et al. (2000) conducted temperature 
monitoring experiments in boreholes in the Czech Republic and showed that tem-
perature at 38 m below the ground surface monotonously increased by about 0.16 K 
in 6 years. This steady temperature increase is considered to be due to long-period 
components of GST variation, as short-period components including annual varia-
tion must have decayed before reaching this depth by thermal diffusion.
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Fig. 11.18  Typical  
configuration of temperature 
monitoring systems installed 
in and around observation 
wells in the Bangkok, Jakarta 
and Taiwan areas (from 
Yamano 2010)
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Observation of downward propagation process of temperature variations allows 
us to examine the reliability of GST history reconstruction by the geothermal 
method, i.e. the validity of assumption of one-dimensional thermal diffusion in the 
vertical direction. We carried out temperature monitoring at 30–50  m depths in 
observation wells in the Bangkok, Jakarta, and Taipei areas. In each well, three 
self-contained water temperature recorders were installed at intervals of about 5 m 
(Fig. 11.18).

Fig. 11.19  Variation of soil temperatures at shallow depths at a site in Jakarta for 2 years (a) and 
at a site in southern Taiwan for 2.5 years (b). Theoretical temperature variation at deeper depths 
(gray curves, 1.00 m in (a) and 0.93 m in (b)) was calculated from the temperature records at 
shallower depths (0.50 m in (a) and 0.43 m in (b)) assuming pure thermal diffusion with diffusiv-
ity of 4.8 × 10−7 m2/s (a) and 8.1 × 10−7 m2/s (b)
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Temperature records for about 2.5 years obtained in a well in the Taipei area are 
shown in Fig. 11.20. Temperature increased monotonously at all the three depths 
(29.1, 34.2, and 39.4  m below the surface) except for two anomalous events in 
March 2008 and July 2009, and the rate of increase is higher at shallower depth. 
The temperature increase in this well may represent downward propagation of 
influence of recent surface warming as well as the one in the Czech borehole.

In another well in the Taipei area, peculiar short-period temperature oscillation 
was observed at one of three measurement depths, 25.0 m (Fig. 11.21a). A blowup 
of the 25.0 m record demonstrates that it contains 1-day and 1-week components 
(Fig. 11.21b), which is supported by the result of spectrum analysis. It strongly 
suggests that the short-period variation is related to some human activity. The 
water level in this well also oscillates with a 1-week component and has a nega-
tive correlation with the temperature at 25.0 m (Fig. 11.21b). Vertical movement 
of borehole water is therefore the most probable cause of the temperature varia-
tion. Temperature profiles measured in this well (Fig.  11.21c) show that the 
temperature gradient is negative at 25.0 m and nearly zero at the other two depths 
(33.2 and 41.4  m). It is consistent with the negative correlation between the 
temperature at 25.0  m and the water level and no significant temperature 
oscillation at 33.2 and 41.4  m. At this site, water level change due to human 
activity around the site (e.g., pumping of groundwater) must result in temperature 
variation in the well.

Temperature records in a borehole in the Lake Biwa Museum located on the 
coast of the Lake Biwa, Japan provide another example of influence of human 
activity around the ground surface (Yamano et al. 2009). Temperature distribution 
in the hole was measured repeatedly after completion of drilling in 1992. The profiles 

22.6

22.8

23.0

23.2

6/1/07 12/1/07 6/1/08 12/1/08 6/1/09 12/1/09 6/1/10

T
em

pe
ra

tu
re

 (
°C

)

Time (m/d/y)

29.1 m

39.4 m

34.2 m

Fig. 11.20  Temperature records for about 2.5 years obtained at three depths in an observation 
well in the Taipei area



224 M. Yamano

23.2

23.3

23.4

11/1/05 3/1/06 7/1/06 11/1/06 3/1/07 7/1/07

T
em

pe
ra

tu
re

 (
°C

)

Time (m/d/y)

33.2 m

41.4 m

25.0 m

23.32

23.34

23.36

23.38

–7

–6

–5

–4

3/5/06 3/12/06 3/19/06 3/26/06 4/2/06

T
em

pe
ra

tu
re

 a
t 2

5.
0 

m
 (

°C
)

W
at

er
 L

ev
el

 (
m

)

Time (m/d/y)

23.0 23.2 23.4 23.6 23.8
0

10

20

30

40

50

60

70

11/15/05
06/22/07

Temperature (°C)

D
ep

th
 (

m
)

a

b

c

Fig. 11.21  (a) Temperature records at three depths in a groundwater monitoring well in the Taipei 
area. (b) Blowup of the temperature record at a depth of 25.0 m and the water level (provided by 
Institute of Earth Sciences, Academia Sinica, Taiwan). (c) Temperature profiles measured in the 
well in November 2005 and June 2007 (from Yamano 2010)



22511  Subsurface Thermal Environment in Urban Areas

measured in 1993 and 2003 show that temperature above about 70 m depth signifi-
cantly increased in the first 10 years after the drilling (Fig. 11.22a). It indicates that 
the subsurface temperature structure at this site was disturbed by some recent 
event(s) around the ground surface.

For investigation of this phenomenon, long-term temperature monitoring was 
conducted at depths of 30 and 40 m. It was revealed that temperature had increased 

Fig. 11.22  (a) Temperature profiles in the upper part of a borehole in the Lake Biwa Museum, 
Japan measured in September 1993, March 2003, and May 2006. Dashed lines are the depths at 
which long-term temperature monitoring was conducted. (b) Temperature records at depths of 30 
and 40 m (from Yamano et al. 2009)
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at nearly constant rates at both depths (Fig.  11.22b). Probable causes of the 
temperature increases are: (1) an increase in the annual mean GST due to construc-
tion of the museum in 1994, which covered the ground surface around the hole or 
(2) an increase in the depth from the surface due to fill-up of artificial sediment 
(6.7 m thick) on the original ground surface sometime between 1982 and 1991. In 
the former model, a sudden increase in GST in 1994 would result in almost linear 
temperature increases at both depths during the monitoring period. The amount of 
GST increase corresponding to the increasing rate at 30 m, however, gives a much 
higher rate at 40 m than the observed one. The latter model also gives similar results 
and cannot explain the much larger temperature increase at 30 m than that at 40 m. 
We started temperature monitoring at ten depths (15–130 m) in 2007 to obtain more 
detailed information on the subsurface thermal process at this site.

Influence of artificial change in the surface environment on the subsurface tem-
perature structure was detected through repeated measurements of temperature 
profiles at long time intervals as well. Safanda et al. (2007) analyzed temperature 
profiles repeatedly measured in a borehole in Prague and showed that construction 
of infrastructures on the ground surface around the site may have caused anomalous 
subsurface temperature increase. Ferguson and Woodbury (2007) found cooling in 
the subsurface above 50 m depth in a well in Winnipeg and suggested that it might 
be attributed to land use change from buildings to grass. These instances demon-
strate that information on local environment changes at the ground surface is 
recorded in subsurface temperature distribution. Such local effects need to be con-
sidered carefully in interpretation of the GST history reconstructed from subsurface 
temperature profiles.

11.8 � Summary

GST history reconstruction from temperature profiles measured in boreholes has 
been extensively conducted for studies of climate change and environment change. 
This method is considered to be effective in investigation of long-term variation of 
thermal environment associated with city development, including the heat island 
effect. However, detailed analysis of subsurface temperature distribution in urban 
areas has not been made in many cities.

We have conducted measurements of subsurface temperature profiles in ground-
water monitoring wells mainly in the Bangkok, Jakarta, and Taipei areas. 
Reconstruction of GST histories through inversion analysis with a multi-layer 
model was made on selected temperature profiles which are not apparently dis-
turbed by groundwater flow. In the Bangkok area, GST history for the last 300 years 
was estimated at six sites located in a variety of environment ranging from the 
central part of Bangkok to rural agricultural land. GST has increased in the last 
100–150 years at all the sites but the amount of temperature increase and the onset 
time of warming vary by site. The temperature increase in the central part of 
Bangkok amounts to about 2.5 K, while it is no more than 0.5 K at a rural site.  
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This result, together with the onset time of warming, well corresponds to the 
urbanization process of the Bangkok metropolitan area.

Reconstructed GST history in urban areas may reflect not only SAT variation 
due to the heat island effect but also influence of land use change associated with 
urbanization. It is necessary to examine land use in the past around the site where 
GST history was reconstructed and the relationship between land use and GST. 
Long-term monitoring of surface soil temperature may provide useful information 
on the GST and SAT relation at present. Influence of regional groundwater flow on 
GST reconstruction analysis is another subject to be considered.

Repeated temperature profile measurements in observation wells in the Tokyo 
area demonstrated increase in subsurface temperature, which represents downward 
propagation process of GST increase. Similar repeated measurements at intervals 
of several to 10 years will reveal the subsurface heat island effect in other cities as 
well. Temperature monitoring at 30–50 m depths enables us to observe propagation 
process of temperature variation in real time. Temperature records we obtained in 
some wells showed steady increase probably due to recent GST increase and short-
period variation caused by human activity. Analysis of such long-term temperature 
records at multiple depths provides information on mechanism of heat transfer.

Surface warming due to the heat island effect has resulted in increase in subsur-
face temperature, or accumulation of heat in the subsurface of urban areas. The 
amount of heat stored in the subsurface at any moment in the past can be calculated 
based on GST history at the site estimated from subsurface temperature profiles at 
present. It may be considered an indicator of subsurface thermal environment in 
urban areas and its spatial and temporal variations over a city and in its suburbs 
should be useful for discussion on the relation between thermal environment and 
city development. In the Bangkok area, we found that heat stored in the subsurface 
of the city center after 1900 exceeds the double of the average over continents in 
the Northern Hemisphere.
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Abstract  This study has two main purposes; the first is to clarify urban warming 
in Taipei City based on 28 years of climatological data, and the second is to char-
acterize the urban heat island (UHI) mechanism in a tropical basin using the avail-
able relevant climatological data collected from Taipei City and neighboring areas 
(Taipei County).

Taipei City has urbanized rapidly since 1967, and urban warming appeared from 
1985. The effects of urbanization on local weather and climate change resulted in 
a remarkable increase in mean and minimum temperatures. However, urbanization 
resulted in little change in maximum temperature in Taipei City. The increase in 
minimum temperature in summer is significantly large in Taipei City.

The results of field observations in 2008–2009 proved that the nocturnal UHI 
phenomenon is predominant; however, in the rainy season (November and 
December), the UHI intensity during the daytime is higher than at night. The maxi-
mum UHI intensity reached 4.0–5.0°C during clear day-sky and calm wind condi-
tions, mainly in the wet winter. In addition, during the dry months (spring), the 
nocturnal UHI reached its greatest intensity on cloudless nights before sunrise, and 
the maximum UHI intensity reached about 2.0°C.
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12.1 � Introduction

Urbanization and urban sprawl are dominant factors in regional landscape evolution 
across the world and can significantly affect local climate. One of the most well-known 
phenomena associated with inadvertent climate change is the urban heat island (UHI), 
in which the air temperature in the urban canopy is higher than that in the surrounding 
rural area. Oke (1997) reported that the annual mean air temperature of a city with one 
million or more people can be 1–3°C (1.8–5.4°F) warmer than its surroundings.

Urban warming increases in intensity and area with rapid urbanization resulting 
from the large-scale development of commercial, manufacturing, and transporta-
tion areas. UHI intensity varies with urban size, urban surface characteristics, 
anthropogenic heat release, topography, and meteorological conditions (e.g., Oke 
1987). Even smaller cities and towns will produce UHIs, though the effect often 
decreases as city size decreases (e.g., Fujino and Asaeda 1999). The relationship 
between UHI intensity and population is of particular scientific interest (e.g., Gyr 
and Rys 1995; Yoshino and Yamashita 1998). UHIs and urban warming are consid-
ered major problems faced by human beings in the twenty-first century as a result 
of urbanization and industrialization of human societies.

Many observational studies in mid-latitude and northern climatic zones have 
indicated that the UHI is prominent on calm, clear nights, and its intensity is weakest 
in summer and strong in fall and winter (e.g., Klysik and Fortuniak 1999; Montavez 
et al. 2000). However, UHI research in large cities in low-latitude regions has just 
begun. Several studies (e.g., Jauregui 1997) observed both nocturnal and diurnal 
UHI occurrences, but the nocturnal occurrence predominates. In the tropics, Jauregui 
(1997) reported that there is a maximum UHI of 7.8°C in Mexico City (19°26¢N, 
99°7¢W) during clear sky and calm wind conditions, mainly in the dry winter 
months. It occurs diurnally during rainy months and is probably due to differences 
in the evaporation rate between seasons. In the subtropics, Yow and Carbone (2006) 
investigated the UHIs of Orlando, Florida, in the USA (28°33¢N, 81°20¢W). They 
showed that Orlando’s UHIs are predominantly a nocturnal phenomenon, but with 
intense heat islands occurring occasionally during warm afternoons. The diurnal 
events are most likely attributable to isolated thundershowers. These are unexpected 
considering the classical descriptions of UHIs in mid-latitude cities.

Taipei City (25°05¢N, 121°33¢E) is located in a subtropical basin. Because of the 
unique landforms of the geological basin in this typhoon area, the typhoon-fed 
floods are enormous in these areas. In a recent study, Wang et  al. (2008) docu-
mented that a strong warming trend in the Taipei basin (two times higher than the 
world average) was observed in the period from 1897 to 2006, which accelerated 
after 1980. The UHI intensity of the Taipei basin reveals an increasing trend with a 
monthly average of 0.011°C during 1994–2006, and during 2002–2006, the UHI 
anomalies show the most significant increases. However, the nocturnal and diurnal 
UHI phenomenon were not described in those previous studies, due to the lack of 
detailed record from an adequate network of observations in the city.

Issues naturally arise as to how intense and common nocturnal and diurnal 
UHI occurrences are compared to the corresponding description for mid-latitudes. 
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How does the UHI affect the number of precipitation days and intensity of 
precipitation?

This work presented in this chapter consists of two parts. The first part focuses 
on urban warming in Taipei City based on 28 years of climatological data. The 
second part documents the UHI mechanism in a tropical basin using the available 
relevant climatological data collected from Taipei City and neighboring areas 
(Taipei County). The main objective of this study is to determine the effect of urban 
development of Taipei metropolitan area on the regional climate.

12.2 � Study Region and Data Description

12.2.1 �  Study Region

Taipei is the political, economic, and cultural center of Taiwan. The climate is 
affected by the East Asian monsoon and further complicated by a subtropical basin. 
The Danshui River, merging with the Dahan, Xindian, and Keelung Rivers, forms 
the Taipei basin area of 2,726 km2. Taipei City (25°05¢N, 121°33¢E) and neighbor-
ing areas (Taipei County) cover an area of 380 km2, and approximately 6.4 million 
inhabitants are located in the center of the Taipei basin (Fig. 12.1).

In 1932, the city covered an area of 66.98  km2 and the population was about 
600,000 people. Taipei City urbanized rapidly after 1967, and urbanization has been 
extensive. At present, the area of Taipei City has increased to 272.14 km2 and the popu-
lation has reached 2.62 million people (2008). Taipei County controls ten cities, four 
urban townships, and 15 rural townships. The population had been growing at a rapid 
rate in Taipei County from 1950, especially in Banciao City, Zhonghe City, Sanchong 
City and Yonghe City. In 2008, the population has reached 3.88 million people.

Fig. 12.1  Taipei City and neighboring areas (Taipei County – 11) (downtown area: districts 2, 3, 
5, 7; new inner city area: districts 1, 4, 6; new urban area: districts 8–12). Source: Taiwan City 
Statistical Year Book 2009. Banciao City Household Registration Office, Taipei County.  
(Wade-Giles: Banciao = Pinyin: Banqiao)

Taipei City
2.62 million peo.(2008) 

Taipei County 
3.84 million peo. (2008) 

(peo./km2)
City Na me Population 

(peo.)
1 Daan 27,385 Banqiao 553,666 
2 Datong 21,718 Zhonghe 414,849 
3 Wanhua 21,240 Xinzhuang 401,306 
4 Songshan 22,385 Sanchong  389,201 
5 Zhongzheng 20,860 Xindian 295,171 
6 Xinyi 20,082 Tucheng 238,806 
7 Zhongshan 15,945 Yonghe 236,824 
8 Neihu 8,476 Luzhou 197,524 
9 Wenshan 8,272 Xizhi 187,961 
10 Nangang 5,171 Shulin 173,021 
11 Shilin 4,547 Danshui     

(Township) 
141,130 

12 Beitou 4,360
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12.2.2 � Data Description

The data analyzed in this study includes: (1) the surface air temperature, precipita-
tion, humidity, depression, and wind speed/direction collected at Taipei metropoli-
tan’s meteorological observatories by the Taiwan Central Weather Bureau (CWB) 
Services, who have the longest records; (2) temperature/humidity data collected 
every 10 min at the thermal recorder installations in Taipei City and Taipei County, 
established in 2008 by this research project (Fig. 12.2).

12.3 � Warming Trend in Taipei

12.3.1 � Urban and Rural Climate Data

A long-term temperature comparison between a highly urbanized area and a deur-
banized area is the most common approach to analyzing urban warming. According 
to population growth data (1945–2009) and building data on the floor areas of 
newly constructed houses (Fig. 12.3), the Danshui Township Observatory (25°10¢N, 
121°26¢E elevation = 19.0 m above mean sea level; Fig. 12.2, ) is identified as a 
deurbanized site, and Taipei City Observatory (25°02¢N, 121°31¢E elevation = 5.3 m 
above mean sea-level; Fig. 12.2, ) is identified as a highly urbanized site.

Fig. 12.2  (a) Thermal recorder installation. Thermometry is put in a breezy shutter. The sensor is 
1.6 m above the ground. (b) Locations of meteorological observatories selected for this study. The 
distance between Danshui Township observatory () and Taipei City observatory () is about 
20 km. Fifteen thermal recorder installations are established in Taipei City and Taipei County (the 
point of 1–15). (c) Satellite thermal image of Taipei metropolitan (ASTER data 2003/08/26)
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Danshui is a small coastal town located to the north of the Taipei basin 
(Fig. 12.1). It has a population of 135 thousand people (density: 1,996 people/km2, 
2008). By the twentieth century, the local economy had switched from primarily 
fishing to agriculture. In the last decade, the town became popular in the local real 
estate market as a suburb of Taipei, following the completion of the Taipei Rapid 
Transit System’s Danshui Line.

12.3.2 � Warming Trend in Taipei

Several studies have shown that the warming region in Asia extends eastward to 
Japan and southeastward to Taiwan along the coast of China. In general, the rates of 
increase are larger than 1.0°C/100 years, and in higher latitudes, are larger in winter 
than in summer (e.g., Jones et al. 1999; Wallace et al. 1996). Figure 12.4 shows that 
the annual mean temperature in Taipei increased between 1897 and 2009; the warm-
ing rate is statistically 1.57°C/100 years. The rate of increase in annual mean tem-
perature in Taipei is lower than that in Tokyo (2.45°C/100 years), a mega-city with a 
population of 12.3 million (2005) and Osaka (2.01°C/100 years), a mega-city 
with a population of 2.63 million (2005). However, the warmest monthly tempera-
ture in Taipei shows a fast rising rate, particularly during 1970–2009 (Fig. 12.4b), 
which is similar in the rate of Tokyo and Osaka. There is little or no increase in the 
coldest monthly temperature in Taipei (Fig. 12.4c), but the coldest monthly tempera-
ture in Tokyo and Osaka shows a significant increase during the same period. The 
results seem to be at odds with previous results (e.g., Jones et al. 1999).

The results shown here, however, indicate that the summertime warming rate 
can be higher at low latitudes where the mechanisms are different from the domi-
nant mechanisms in the warming of the middle and high latitudes in the tropics.

Hsu and Chen (2002) reported that the precipitation has shown a tendency to 
increase in northern Taiwan and to decrease in southern Taiwan in the past 100 years. 
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Fig. 12.4  Tendency to increase in annual mean temperature (a), the warmest monthly temperature 
(b), the coldest monthly temperature (c) and annual precipitation (d) in Taipei (Source: Taiwan 
Central Weather Bureau (TCWB)), Tokyo and Osaka (Source: Japan Meteorological Agency), 
(1876–2009)
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Figure 12.4 indicates a marked increase in the annual precipitation in Taipei City 
during 1897–2009, especially after 1980. However, there is no absolute increase in 
annual precipitation in Tokyo and Osaka during 1875–2009. In addition, an exami-
nation of the increasing seasonal precipitation indicates that the precipitation 
increase in spring and in fall can be attributed to the annual precipitation increase 
(Figs. 12.5 and 12.6). Figure 12.6 shows a significant correlation (r = 0.85 during 
1897–2009; r = 0.91 during 1970–2009) between annual precipitation and a total of 
monthly precipitation of May, June, August, September and October. Hsu and Chen 
(2002) pointed out that the changes in temperature and precipitation are consistent 
with the weakening of the East Asian monsoon.

Previous studies (e.g., Hsu and Chen 2002) documented that the temperature 
increase across the whole of Taiwan Island occurred most significantly during the 
warm season and the warming trend of the annual mean temperature is consistent 
with the regional warming trend pattern. In this study, the reason for this is revealed 
by the analysis of climatological data for 1970–2009.
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Fig. 12.5  Tendency to increase in seasonal precipitation in Taipei City (1897–2009). Source: Taiwan 
Central Weather Bureau (TCWB)
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Taiwan’s rapid economic growth from 1970 to 2000 transformed the island from a 
rural economy to an industrialized one. At the same time, there was rapid population 
growth in urban areas so that nearly 80% of Taiwan’s people currently live in urban 
areas, making it an urbanized nation. Many rural areas now have croplands interspersed 
with small manufacturing factories or large industrial districts. At the same time, rapid 
population growth in urban areas has led to an increase in the number of houses being 
built. Figure  12.3 shows population growth in Taipei City and neighboring areas 
(Banqiao, Sanchong, Zhonghe, and Xinzhuang Cities, and Danshui Township, and the 
increase in floor area of newly constructed houses in Taipei City (1945–2009).

Figure 12.7 indicates that the increase in annual minimum temperature is larger 
than the increase in annual maximum temperature during 1970–2009. It is different 
between Taipei City and the cities in Japan. The annual minimum temperature has 
been increasing according to the linear regression for the last 38 years at a rate of 
0.5°C/10 years. The rate of increase is little higher than both Tokyo and Osaka.

The precipitation trend during 1970–2009 is also much different from the cities 
in Japan (Fig.  12.4). The annual precipitation has absolutely increased in Taipei 
City; however, there is no absolute precipitation increase in Tokyo and Osaka. 
Additionally, during 1970–2009, the number of precipitation days in Taipei City 
has not increased. That is considered one of possible reasons that the increase in 
heavy precipitation in late spring and in fall is attributed to the annual precipitation 
increase, which is defined as a day when the daily precipitation exceeds 50 mm, has 
been more frequent in Taipei City since 1998. This is affected both by fluctuations 
in the East Asian monsoon and by local urban warming.

Overall, the increase in minimum temperature in summer is significantly large 
in Taipei City. Figure 12.8 indicates that the number of days with a minimum tem-
perature £10°C has decreased.

Furthermore, this study compares the warming trend in temperature between a 
highly urbanized area and a deurbanized area using long-term data collected at the 
Taipei City and Danshui Township observatories (Fig. 12.9).

Fig.  12.7  Tendency to increase in annual maximum and minimum temperatures in Taipei 
(Source: Central Weather Bureau Ministry of Transportation and Communications), Tokyo and 
Osaka (1970–2009) (Source: Japan Meteorological Agency)
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As of the end of 1968, there were 37,950 business firm registered in Taipei City. 
By the end of 2008, the number of business firms registered in Taipei City has 
increased to 216,758. The increase was 178,808 firms over a period of 40 years or 
an annual growth of 4,600 firms. The total capitalization of businesses registered in 
Taipei City was amounted to 13,193.360 billion NTD, an increase of 417.15 times 
than the 31.552 billion NTD of 1968. At the end of the 60s, the industrial factories 
were concentrated in the inner city. The dominant factories in the inner city were 
those for food products, printing & publishing. As rapid urban population growth 
in the industrial area (the inner city) from 1968 to 1980, the inner city and new 
inner area has expanded (Figs. 12.1 and 12.3). In the 80s, the industrial factories 
moved to the new districts of Nangang, Neihu and Shilin in the northeast and east 
of Taipei City (Fig. 12.1). As a result, the inhabitants of the inner city and new inner 
city has decreased and moved into the new urban area, so that the land-use and 
urban structure (town structure) have become changed in the new districts. The 
inner city transformed from a mixed residential area into a commercial area at the 
end of the 80’s. Now, the manufactures of electronic equipment, chemicals and 
printing & publishing are the most important industries in the peripheral areas (sur-
rounding areas) of Taipei City.

The comparison of temperature data for 1971–2009 showed that urban warming 
in Taipei City started in 1985. The major reason is environmental changes, such 
as urbanization, population growth. The effects of urbanization on local weather 
and climate change resulted in a remarkable increase in mean and minimum 
temperatures. However, urbanization resulted in little change in maximum tempera-
ture in Taipei City. Similar results were also found in case studies in Japan (e.g., 
Noguchi 1994).

The difference in precipitation at the Taipei and Danshui observatories is large. 
Figure 12.9 indicates that the mean annual precipitation in Taipei City substantially 
increased after 1998; however, there was no corresponding increase in the annual 
number of rainy days. There were notable changes in precipitation at the Danshui 
Township Observatory (deurbanized area). The reasons for the precipitation 

Fig. 12.8  Number of days with min. temp. £ 10°C in Taipei City (1971–2009). Source: Central 
Weather Bureau Ministry of Transportation and Communications
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increase in Taipei City may be complicated by various local factors. Relatively few 
studies have examined the effect of urbanization on storms and precipitation. Huff 
and Changnon (1973) investigated nine U.S. cities and observed urban-induced 
increases in precipitation for all except two cities. Some studies have examined how 
UHIs affect urban precipitation (e.g., Jauregui and Romales 1996). It has been 
shown (Bornstein and Lin 2000) that UHI may initiate thunderstorms.

Fig.  12.9  Comparison of (a) ann. mean temp., (b) ann. min. temp., (c) ann. max. temp. and  
(d) ann. precipitation at Taipei City and Danshui Township Observatories (1971–2009). Source: 
Central Weather Bureau Ministry of Transportation and Communications
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12.4 � Urban Heat Islands in Taipei

It is well known that accurate representative real-time urban and rural climate data 
are the most important for UHIs studies. Furthermore, the definition of “urban 
temperature” is problematic. Commonly, “land-use” and DID (densely inhabited 
district) data are used to distinguish the urban area and the surroundings.

In this study, 15 thermal recorder installations were established in Taipei City and 
Taipei County according to “land-use” and DID data (Table  12.1 and Fig.  12.1). 
Figure  12.2 shows a thermal recorder (Hioki E.E. Corporation: HUMIDITY 
LOGGER 3641-20; temperature: ±0.5°C for 0.0–35.0°C; humidity: ±5% RH at 
25°C) installation established in a green space. The thermometer measuring air tem-
perature and humidity every 10 min is placed in a well-ventilated instrument shelter, 
1.6 m above the ground. Temperature and humidity data are downloaded once every 
50 days and compiled in a real-time database to characterize the Taipei UHI.

Yonghe City is most intensive area of the crowd in Taiwan (Table 12.1). Because 
Yonghe City covers only an area of 5.71 km², neighboring Taipei City. Three bridges 
connect the two cities and make Yonghe residents easily access Taipei City, so that 
over 80% of Yonghe city residents work in Taipei City. As Taipei City had developed 
rapidly during 1970–2000, Yonghe City has become the main industrial and residen-
tial district (bedroom suburbs) of Taipei City, as the other county-controlled cities 
(e.g. Banqiao City, Zhonghe City). However in comparison to the advancement of 
urbanization of Taipei City, Yonghe City, Banqiao City and Zhonghe City, where the 
DID is higher than other area, are not identified as highly urbanized areas.

In this study, Taking into account the urbanization economic indicators and DID, 
the temperature collected at Daan District (Fig. 12.2, point 4; Fig. 12.1: 1 DID: 
27,385 people/km2) was selected as the “urban temperature” (Fig. 12.10: Tu), the 
temperature collected at Xizhi City (Fig.  12.2 point 6; Fig.  12.1:  DID: 2,639 
people/km2) was selected as the “suburb temperature” (Fig. 12.10: T6).

Table 12.1  DID of Taipei city and its surrounding areas

Area name
DID (people/
km2) (2008) Area name

DID (people/
km2) (2008)

Downtown area (Fig. 12.1: 
2,3,5,7)

16,000–21,718 Yonghe City (Fig. 12.1: ) 41,448

New inner area (Fig. 12.1: 
1,4,6)

20,000–27,385 Banqiao City (Fig. 12.1: ) 23,930

New urban area (Fig. 12.1:  
8, 9,10,11,12)

4,360–8,470 Sanchong City (Fig. 12.1: ) 23,852

Luzhou City (Fig. 12.1: ) 23,738 Zhonghe City (Fig. 12.1: ) 20,594
Xindian City (Fig. 12.1: ) 2,455 Xinzhuang City (Fig. 12.1: ) 20,331
Tucheng City (Fig. 12.1: ) 8,079 Shulin City (Fig. 12.1: ) 5,142
Xizhi City (Fig. 12.1: ) 2,639 Danshui Township (Fig. 12.1: 11) 1,996
Source: Taipei City Statistical Year Book 2009
Banciao City Household Registration Office, Taipei County
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The environmental conditions affect the temperature. In order to be under the 
similar environmental conditions, all thermal recorder installation were established 
in green space in middle schools or elementary schools. However, the school’s life 
schedule may affect the local temperature (such as club activities after school). In 
addition, because of the shadow effects in high-rises, the temperature at point 4 (Tu) 
may become lower in the morning. The temperature at point 6 (T6) may become 
lower in the afternoon because of the shadow effects of tall trees.

The results of field observations in 2008–2009 indicated the following: (1) the 
nocturnal UHI phenomenon is predominant, but in the rainy season (November and 
December), the UHI intensity during daytime is higher than at night; (2) the noc-
turnal occurrence of UHIs reached its greatest intensity on cloudless nights before 
sunrise, and the maximum UHI intensity reached about 2.0°C during the dry season 
(spring); (3) the diurnal UHI reached its greatest intensity around 12:00 and 15:00, 
and the maximum UHI intensity reached 4.0–5.0°C under clear day-sky and calm 
wind conditions, mainly in the wet winter (Fig. 12.10). This is distinctly different 
from what has been commonly observed in mid-latitude cities. The subtropical UHI 
in the Taipei basin occurs during the night only in the dry season.

Figure 12.10 indicates the diurnal UHI occurrences in Oct–Dec 2008 in Taipei 
City. Several studies in low-latitude regions (e.g., Jauregui 1997) observed both noc-
turnal and diurnal UHI occurrences, but the nocturnal occurrence predominates.

Figure 12.11 indicates that the temperature difference (DT = Tu − T11) between 
the inner city (Temperature: Tu) and the satellite city (Temperature: T11) during the 
rainy season is small at night. However, the temperature difference during the day-
time is more than 4.0°C. Downtown and its western neighboring areas (satellite 
cities in Taipei County) have become expanding high-temperature regions during 
clear day-sky and calm wind conditions during the wet winter. It imaged that the 
distribution of air temperature is a large circle pattern from “downtown-western 
neighboring areas” to the surrounding areas. Figure 12.12 is a sample of distribution 

Fig.  12.10  Temperature difference between inner city (Tu) and eastern suburb (T6). (Tu: 
Temperature at point 4; T6: Temperature at point 6 in Fig. 12.2)
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of air temperature during clear day-sky in November 2008. However, further detailed 
investigation and research on seasonal changes, daily changes with time and area, 
and precipitation transformation in similar meteorological conditions to the studies 
on mid-latitudes are needed.

Fig. 12.12  A sample of air temperature distribution in downtown and its surrounding area (Nov 
29, 2008) (a) 00:00 wind speed: 0 m/s (b) 15:00 wind speed/direction: 4.4 m/s ENE (c) 22:00 
wind speed/direction: 1.9 m/s ESE

Fig. 12.11  Change of temperature difference between inner city and it surrounding areas (Dec 
2008). (T1, T5, T6, and T11: Temperature at points 1, 5, 6, and 11 in Fig. 12.2)
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Why the temperature difference between downtown and its western neighboring 
areas (satellite cities in Taipei County) is little during the nighttime? Why down-
town and its western neighboring areas have become an expanding high-temper-
ature region during clear day-sky and calm wind conditions (Fig. 12.12)? There are 
two reasons. First, those areas are the most densely populated areas in Taiwan. 
In just 27 years (1981–2008), the population of Taipei metropolitan area (Taipei 
City and neighboring area) increased 59.5%, from 4.2 to 6.7 million, which is 
equivalent to one-third of the total population of Taiwan (Figs.  12.1 and 12.3). 
Especially, population growth in Taipei County around Taipei City has been con-
tinual. Second, the region has become more urbanized in character because of its 
proximity to the Taipei Rapid System. At present, the rapid transit network covers 
Taipei City and Taipei County; therefore, the satellite cities can be considered as 
the central habitation area of Taipei City.

12.5 � Conclusions

This study examined the increasing annual mean temperature in Taipei between 
1897 and 2009. The warming rate is 1.57°C/100 years. As in other cities in low lati-
tudes, the warmest monthly temperature in Taipei City shows a fast rising rate 
(1.74°C/100 years). In addition, precipitation increased in Taipei City during 
1897–2009, especially after 1980.

Taipei City has urbanized rapidly since 1967, and urban warming appeared from 
1985. The effects of urbanization on local weather and climate change resulted in 
a remarkable increase in mean and minimum temperatures. However, urbanization 
resulted in little change in maximum temperature in Taipei City. The increase in 
minimum temperature in summer is larger in Taipei City. In addition, the precipita-
tion increase in last spring and in fall can be attributed to the annual precipitation 
increase. There is a significant correlation between the annual precipitation and the 
precipitation in last spring and fall. In particular, heavy precipitation was more 
frequent in Taipei City after 1998.

Yow and Carbone (2006) indicated that UHIs of Orlando, Florida, in the USA 
(28°33¢N, 81°20¢W) are predominantly a nocturnal phenomenon, but with intense 
heat islands occurring occasionally during warm afternoons. The diurnal events are 
most likely attributable to isolated thundershowers.

The results of field observations in 2008–2009 proved that the nocturnal UHI 
phenomenon in Taipei City is predominant; however, in the rainy season (November 
and December), the UHI intensity during the daytime is higher than at night. The 
diurnal UHI reached its greatest intensity around 12:00 and 15:00 and the maxi-
mum UHI intensity reached 4.0–5.0°C during clear day-sky and calm wind condi-
tions, mainly in the wet winter. In addition, the nocturnal UHI reached its greatest 
intensity on cloudless nights before sunrise, and the maximum UHI intensity 
reached about 2.0°C during the dry months (spring). Downtown and its western 
neighboring areas (satellite cities in Taipei County) have become an expanding 
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high-temperature region during clear day-sky and calm wind conditions. The 
effects of UHI on the number of precipitation days and the intensity of precipitation 
need further detailed investigation and research on seasonal changes, daily changes 
with time, and areas under meteorological conditions similar to studies in the mid-
latitude.

This study is just a beginning. The results presented here are a foundation for 
new studies on urban warming in subtropical cities and nocturnal and diurnal UHI 
occurrences in a subtropical basin, in comparison with the corresponding descrip-
tions for mid-latitude cities.
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Abstract  Many of the lessons concerning urban environmental problems are 
well documented and practiced in international environmental cooperation projects. 
However, most urban environmental issues analyzed in the past have concentrated 
exclusively on air pollution, surface water pollution and waste management in cities. 
With this in mind, we focus on uncovered subsurface environmental issues in 
cities, which is an emerging problem in developing countries in Asia. As a first step, 
we collected existing knowledge and information from the literature and synthesized 
it into a Driving Forces-Pressure-State-Impact-Response (DPSIR) framework (Jago-on 
et al. Sci Total Environ 407:3089–3104, 2009). Building on our previous work, the 
current analysis attempts to develop a stage model concerning the long-term relation-
ships between urban development and the emerging subsurface environmental problem 
of land subsidence and to compare the differences and commonalities across Asian 
developing countries. With the help of the DPSIR framework, we select and quantify 
the relevant indicators for each component of the requisite framework. The results indi-
cate that Taipei has successfully utilized its latecomer advantage and that Bangkok has 
benefited from its natural capacity for groundwater storage. In addition, we find that 
Jakarta and Manila lag behind the other cities in terms of both the recognition of the 
issue and the introduction of regulation to combat the problem.

13.1 � Introduction

A city is a place where population is highly concentrated and so human activity is 
spatially intensive. This particular property also strengthens as the city develops 
economically in the long run. In the dynamic process of city development, various 
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environmental problems take place sequentially. At the same time, the city is 
equipped with the capacity to cope with these problems alongside its development 
process. In some cases, specific environmental stresses and damage in the city tend 
to be more acute during certain stages of city development, and this phenomenon 
is typically represented by the environmental Kuznets hypothesis (Bai and Imura 
2000). Using past battles against urban environmental problems in the developed 
world, we can draw the lesson that preventive measures are difficult but still cost 
effective compared with any ex-post countermeasures.

As urbanization is a global megatrend, no nation worldwide has developed 
effective policies to address its challenges. In particular, many developing countries 
in Asia face the formidable challenge of urbanization with large populations and 
rapid economic development. Importantly, although the urbanization rate in Asia is 
currently relatively low at 40.8% in 2007, it is projected to grow to 66.2% by 2050 
(UN 2008). This suggests that some 1.8 billion new urban residents will be added 
over the next four decades to the urban population in Asia. Therefore, preventive 
measures against urban environmental problems should be considered to maximize 
the latecomers’ advantage for developing Asia. In order for policymakers to under-
take effective preventive measures, it is then important to recognize the long-term 
relationships between the urban development process and environmental problems 
and anticipate the occurrence of these important issues.

Fortunately, many of the lessons concerning urban environmental problems are 
well documented and already in practice in international environmental cooperation 
projects. However, the urban environmental issues analyzed in the past concentrate 
exclusively on air pollution, surface water pollution and waste management in cit-
ies. With this in mind, we focus on uncovered subsurface environmental issues in 
cities as a relatively new issue for developing Asia. As a first step, we collected 
existing knowledge and information from the literature and synthesized it into a 
Driving Forces-Pressure-State-Impact-Response (DPSIR) framework (Jago-on 
et al. 2009). Building on our previous work, the current study attempts to develop 
a stage model on the long-term relationship between urban development and the 
emerging subsurface environmental problem of land subsidence, and then compare 
the differences and commonalities across Asian developing countries. With the help 
of the DPSIR framework, we select and quantify the relevant indicators for each 
component of the requisite framework. This is first applied to the experience of 
Tokyo. Following this, and as a point of comparison, the exercise is repeated for 
five other Asian megacities, namely, Osaka, Taipei, Bangkok, Manila and Jakarta.

13.2 � DPSIR Framework and Indicators

13.2.1 � DPSIR Framework

The DPSIR framework is an extension of the PSR (Pressure-State-Response) 
framework developed by the OCED (Organisation for Economic Co-operation 
and Development) in 1993 as an environmental assessment tool to elucidate a 
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holistic picture of the cause and effect relationship between human activities and 
environmental consequences. In 1999, the Environmental Bureau of European 
Union proposed the addition of two further factors, Driving force and Impact, to 
obtain a more comprehensive framework. Since then, the model has been applied 
widely to various environmental issues ranging from qualitative and heuristic 
approaches to quantitative and modeling approaches, including our earlier work 
(Jago-on et al. 2009).

13.2.2 � Scope of the Study and the Selection  
of Indicators

Among the cities selected, Tokyo has the longest history of modern urban development 
beginning in the Meiji period, with land subsidence being first recognized in 1916. 
Given consideration of data availability, we set the timeframe for the comparative 
study as the approximately 100 years ranging from 1900 to 2005. For comparison, 
annual data for indicators for the period are constructed and analyzed to define the 
stages of major changes in the causes and effects of land subsidence for six megacities 
in Asia. Unfortunately, defining the city boundary often presents a challenge for inter-
national comparative studies of cities. Even for the same city, boundaries are usually 
changed as the city develops over the longer run. In this study, the current administra-
tive boundary of the city is primarily used for measuring the indicators.

In the DPSIR framework, it is easier to first examine the impact of the issue. 
In the case of land subsidence, the impacts may be the physical damage to infra-
structure, including roads and buildings. However, in practice it is extremely diffi-
cult to measure quantitatively the extent of damage over a long period using a single 
indicator. Therefore, following our previous work, we also set land subsidence 
itself as a proxy indicator of Impact and the change in the groundwater level as an 
indicator of State. As indicators for the Pressure from the changing groundwater 
level, we select groundwater abstraction and total water demand. This is because 
groundwater abstraction directly affects the groundwater level and total water 
demand is regarded as a factor linking groundwater abstraction and the indicators 
of Driving force. As factors underlying the increasing pressures on the level of 
groundwater, we employ population, income and industrial structure as indicators 
of overall city development. Finally, the regulation of groundwater abstraction is 
used to indicate Response. In total, the eight indicators shown in Table 13.1 are 
employed and measured.

Table 13.1  Selection of indicators using the DPSIR framework

DPSIR Indicator

D: Driving force Population, Income, Industrial structure (share of secondary industries)
P: Pressure Total water demand, Groundwater abstraction
S: State Groundwater level
I: Impact Land subsidence
R: Response Regulation of groundwater abstraction
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13.3 � Measuring Indicators

13.3.1 � Methodology

In general, as annual data over more than a century is not well maintained and 
available, even for national data, it is extremely difficult to obtain the data for 
cities, especially those in developing countries. In this study, various estimations 
are performed to complete the mission data. When data are available and consid-
ered reliable and accurate, they are employed directly and used for reference to the 
other cities in the study where the corresponding data are unavailable. Therefore, 
in many cases, we use the data for Tokyo as a reference for the other cities.

For the indicators for Driving forces and Pressure to be measured consistently 
and systematically, a systems dynamics model is developed, as illustrated in 
Fig.  13.1. With this model, population, income, industrial structure, total water 
demand and groundwater abstraction are simultaneously estimated. In contrast, the 
groundwater level, land subsidence and the regulation of groundwater abstraction 
are measured separately and independently.

Income Population

Gross Regional Domestic
Product (GRDP)

Domestic water
consumption per

capita

Industrial structure
(Share of secondary

industry)

Coverage of
tap water

Demand for urban
water use

Specific industrial water use
(Industrial water use/ 
Secondary production)

Demand for
industrial water

Total water demand

Groundwater 
abstraction

Secondary
production

Fig. 13.1  Conceptual chart of the system dynamics model. Note: dot lines indicate that income 
is used as an explanatory variable and gray boxes are the various types of water volume that are 
estimated with the system dynamics model
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13.3.2 � Indicators

13.3.2.1 � Population

One of the best records of socioeconomic data at the city scale over long periods is 
population. Even though the United Nations Population Division provides long-term 
datasets for the urban population of major cities across the world every 5 years, the 
city boundary is usually larger than the administrative boundary as it includes the 
population of urban agglomerations. Therefore, we collect population data for the six 
cities from their respective local sources. Figure 13.2 provides the results along with 
their source. For Tokyo and Osaka, rapid population growth began in the 1920s and 
continued up until the 1970s, even though they experienced a temporary drop during 
World War II. In contrast, the periods of rapid population growth in the other cities 
all began after World War II. With the exception of Manila, all cities have reached 
their population peak: Tokyo in the 1960s, Osaka in the 1970s, Taipei and Bangkok 
in the 1980s and Jakarta in the 1990s. Figure 13.2 compares the size of the cities, even 
though this does not necessarily represent the actual scale of the urban agglomeration.

13.3.2.2 � Income

Long-term change in city wealth is one of the most important indicators from 
which we can infer the various changes in the socioeconomic dimensions of urban 
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development. As a measure of the wealth of the city, we employ Gross Regional 
Domestic Product (GRDP) per capita as an indicator of the level of income for 
urban residents. Although some cities in our study have published official statistical 
data on GRDP, most of the data are relatively recent and barely cover the study 
period. However, long-term measures of Gross Domestic Product (GDP) are esti-
mated by Maddison (2009) and are available for all of the countries included in the 
study. This provides a sound and complete reference of the level of city income and 
its changes over the nearly 100 years. Therefore, we begin with this national data 
as a benchmark to construct the data on GRDP per capita for the cities. In order to 
convert national income to city income, we estimate the gap between the national 
and city levels, as is shown in Fig. 13.3.

The two Japanese cities, Tokyo and Osaka, have relatively long-term records on 
GRDP from local sources, although complete data are not available. Therefore, the 
relationships between the gap and GDP per capita for Japan are first derived for 
Tokyo and Osaka. The older data for GRDP per capita in Tokyo and Osaka are then 
estimated using their respective relationships to construct the complete historical 
data. For Bangkok and Jakarta, GRDP data are also partly available from local 
sources. The gaps between income at the national and city levels are relatively 
higher for both of these cities and they jointly form an inverted U-shape with per 
capita national GDP as is shown in Fig. 13.3. Using this relationship, complete data 
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are estimated throughout the study period for Bangkok and Jakarta. For Taipei 
and Manila, no reliable and consistent data for GRDP are available. Accordingly, 
we assume that Manila displays the same relationship for the income gap that we 
derived from Bangkok and Jakarta; for Taipei, we estimate the corresponding rela-
tionship for Korea and Seoul as their data are readily available. We consider the 
similarity of Seoul and Taipei from two perspectives. The first is the primacy of 
Seoul and Taipei as the capital cities of their respective countries, and the second is 
their similar historical development process and pattern as members of the NIES 
(New Industrial Economies).

Figure 13.4 depicts the results of the estimation and construction of per capita 
GRDP for the six megacities included in this study. It should be noted that all the 
data in Fig.  13.4 are converted to real monetary terms as 1990 Geary–Khamis 
(G.K) international (int.) USD ($) as in Angus (2009).

13.3.2.3 � Industrial Structure

Petty–Clark’s law argues that, with economic development, macroindustrial structure 
shifts its relative weight from primary to secondary industry and eventually further to 
tertiary industry. Although this argument is usually applied to national economic 
structure, we assume this to be also fundamentally applicable to megacities. We 
should note, however, that the industrial transformation process at a certain point in 
economic development (as measured by income) may not be same nationally as in 
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the city. Consequently, by using the partially available data from Tokyo, Osaka, 
Bangkok and Jakarta, the functional relationships between per capita GRDP and the 
share of secondary industry is derived and used to estimate the missing data for 
the share of secondary industry for the six cities from 1900 to 2005.

By incorporating the abovementioned functional relation between income and 
the share of secondary industry into the system dynamics model, the annual estima-
tions of gross output value of secondary industry and its share relative to total 
GRDP is derived, as shown in Fig. 13.5a, b. As shown, Tokyo, Osaka and Bangkok 
have peaked in terms of the absolute magnitude of gross output of secondary indus-
try, whereas the output of the other cities continues to increase. However, after the 
1960s, the share of secondary industry in most of the cities started to decline, 
although at different speeds.

13.3.2.4 � Total Water Demand

As an indicator of Pressure, total water demand is estimated for the six cities. Total 
water demand in this study is defined as the sum of urban and industrial water 
demand. In turn, urban water demand includes both residential and commercial 
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water demand. Historically, per capita urban water demand increases with GRDP 
per capita in most cities, but at a diminishing rate. This logarithmic functional rela-
tion is derived from the available data for Tokyo and Osaka together with the 
national data for the other Asian countries (Fig. 13.6). Given this relation and total 
population in each city for each year, we estimate the annual urban water demand.

In contrast, industrial water demand is estimated by multiplying industrial water 
demand per unit of production and the total value of secondary industry output, as 
estimated in the previous section. Along with economic development represented by 
the increase in per capita income, production technology in the industrial sector has 
also generally progressed. This can be easily observed in the form of water-saving 
technology and improving water-use efficiency in the industrial sector. To address 
the data constraints needed to analyze this relation, we assume that the experience 
of Tokyo and Osaka is applicable to the other Asian megacities. We then derive a 
functional relationship between per capita GRDP and industrial water demand per 
unit of production using the data from Tokyo and Osaka, as shown in Fig. 13.7.

Figure 13.8 compares the historically estimated data for total water demand for 
the six megacities. As shown, total water demand peaked in Tokyo and Osaka in the 
1960s, after which demand has either remain unchanged or even declined slightly. 
In contrast, Bangkok and Taipei reached their peak in total water demand in the late 
1980s. Table 13.2 summarizes and compares the changes in the shares of industrial 
to total water demand.

Fig. 13.6  Changing urban water use per capita. Source: FAO, TMG (various), OPG (various). 
Note: Tokyo 1965–2005, Osaka 1919–1922, 1940, 1975–2005, Asian countries (Bangladesh, 
Cambodia, China, Democratic People’s Republic of Korea, India, Indonesia, Japan, Lao People’s 
Democratic Republic, Malaysia, Mongolia, Nepal, Philippines, Republic of Korea, Singapore, Sri 
Lanka, Thailand, Viet Nam) 1980, 1985, 1990, 1995, 2000, 2005
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Table  13.2  Percentage share of industrial water demand (industrial water demand/total water 
demand in the city)

1900 1920 1940 1960 1970 1980 1990 2000 2005

Tokyo 43.5 44.7 45.2 44.8 34.8 23.2 9.3 5.3 3.2
Osaka 42.1 43.8 45.2 48.5 41.0 31.3 22.4 15.0 13.8
Taipei 40.4 42.6 44.0 44.4 45.1 42.0 33.8 14.2 10.6
Bangkok 40.6 40.7 40.9 42.9 45.2 41.4 33.1 22.3 19.2
Jakarta 39.4 41.7 43.4 42.4 43.5 41.8 41.8 36.1 31.5
Manila 51.4 45.9 45.9 45.9 45.8 44.3 44.9 44.3 43.1
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13.3.2.5 � Groundwater Abstraction

Consistent and reliable long-term data for groundwater abstraction are not 
available. Therefore, the following method is used for the missing data. First, we 
collect data for the diffusion rate of tap water systems in terms of quantity of water 
supply, defined as the ratio of the amount of water supplied by the tap water system 
to total water demand. In general, the diffusion rate of the tap water system is 
increasing with economic development to 100% and hence this functional relation 
is derived from the available data in Tokyo, Osaka, Taipei and Japan, as shown in 
Fig. 13.9. In this study, the amount of water supplied or obtained from sources other 
than the tap water supply system is assumed to be groundwater abstraction. 
Although data on groundwater abstraction is available in some of the cities, it often 
covers only large users of groundwater. Therefore, there is a tendency to underesti-
mate the data on groundwater abstraction. In such cases, we use our estimates.

Figure 13.10 provides the results of the estimation for groundwater abstraction, 
which is estimated by deducting the amount of piped water supply from total water 
demand. With the exception of Manila, groundwater abstraction in all of the study 
cities peaked before 2000; water abstraction peaked in Osaka even before World 
War II. Manila is currently estimated to abstract groundwater by more than six 
million m3 per year; this is larger than the peak amount in Tokyo in the 1950s.

13.3.2.6 � Groundwater Level

Unlike some of the other indicators, the groundwater level cannot be estimated 
using functional relations with income and other socioeconomic variables as it 
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depends largely on natural, geographical and hydrological factors. In addition, the 
groundwater level in a city has three theoretical dimensions, namely, spatial distri-
bution with different depths. One representation of the concept of groundwater 
level then requires a certain aggregation of three-dimensional data. In this study, an 
average of records from monitoring wells is calculated annually in each city, and 
we regard this as an indicator of the groundwater level.

Figure 13.11 synthesizes the available data for five of the six study cities (no data 
for Manila are available). First, because of the rapid increase in groundwater abstrac-
tion, the groundwater level started to decrease. Then, after groundwater abstraction 
was regulated, the groundwater level bottomed until it started to recover, with the 
various time lags depending on the conditions. The lowest groundwater levels 
were recorded in different periods in each city: in the middle of the 1960s in Tokyo, 
in the early 1970s in Osaka and in the late 1990s in Bangkok. For Taipei, although 
there is not sufficient data available to make a definitive judgment on the bottoming 
out of groundwater level, we expect this took place sometime in the late 1970s or 
early 1980s. The groundwater level in Jakarta continues to decline at present.

13.3.2.7 � Land Subsidence

The extent of land subsidence is measured by the cumulative amount of land subsid-
ence. Like the indicator of the level of groundwater, in nature the concept of land 
subsidence has three dimensions. Fortunately, continuous monitoring records of land 
subsidence at several points for each city are available. Therefore, we simply take 
the average of the annual records for different places in each city. These are synthesized 
in Fig. 13.12. It should be noted that comparison across different cities make little 
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sense as geographical conditions, including soil deformability and consolidation, the 
number of monitoring points and the monitoring methods vary from city to city. 
Therefore, only the historical changes in land subsidence in each city used to 
observe the pace of land subsidence and the time of resolution make sense.

13.3.2.8 � Regulation of Groundwater Abstraction

For measuring the indicator of Response, stringency and effectiveness of the regula-
tion of groundwater abstraction, a categorical rating system is defined: (1) unaware-
ness, (2) recognizing, (3) regulating and (4) being regulated and controlled. Based on 
the literature for each city, the years for the shifting of the categories are identified.

13.4 � Stage Model of Urban Development and Land Subsidence

13.4.1 � Tokyo Reference Model

As a reference for the other cities, this section attempts to define the stage model 
based on the experience of Tokyo regarding the relationship between urban devel-
opment and land subsidence.

Figure 13.13 compiles the DPSIR indicators explained above over the study period 
from 1900 to 2005, where three factors are summarized as the dominant sector of 
water demand, dominant sources of water supply and the responses categories.

The first stage is defined as the period from 1900 to 1916 when land subsidence 
was first recognized. In this period, and as the water supply system was not well 
established, dependence on groundwater was high. The government-led modern 
industrialization progressed fully in selected strategic areas and Tokyo rapidly urban-
ized alongside this process as one of the key areas. At the same time, military indus-
trial bases were formed in coastal areas of Tokyo and this further accelerated the pace 
of urbanization. Therefore, in some factory locations, intensive groundwater abstrac-
tions began and consequently led to an increasing incidence of land subsidence.

The second stage is then defined from the recognition of land subsidence to the 
introduction of effective measures against it in 1961 when land subsidence in Tokyo 
became seriously aggravated. The second stage in Tokyo can be further divided into 
two periods, namely, before and after World War II. Even before the war, when land 
subsidence was partly recognized by the government, it failed to attract political 
interest and was not given priority among the other emerging issues in the lead up 
to the war. Furthermore, rapid economic recovery was taking place in Tokyo 
through the promotion of heavy chemical industrialization, and this seriously 
affected the groundwater aquifer in Tokyo. During the economic recovery in Tokyo, 
the population increased greatly and, consequently, residential water demand also 
increased. Fifteen years after the end of World War II, Tokyo introduced regulations 
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on groundwater abstraction when land subsidence caused serious and apparent 
damages to buildings and infrastructure. However, in terms of the cause and effect 
relation between urbanization and land subsidence, the fundamental mechanism 
and phenomena is not different in the pre- and post-war periods. Therefore, we 
combined the two periods into the one stage.

The third stage began in 1961 when the Industrial Water Law was enacted and 
ended in 1975 when land subsidence was almost controlled. During the third stage, 
industrial water works began to supply industrial water as an alternative water 
source, and industry in Tokyo achieved water saving through the development of 
water-saving technologies and the promotion of recycled water use. Moreover, 
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economic development in Tokyo took place alongside industrial transformation 
when water-intensive industries progressively moved out of Tokyo. As a consequence, 
the dependence on groundwater in Tokyo largely declined during this period.

The fourth and final stage continues up until the present where land subsidence 
has been almost resolved. Nevertheless, new issues have arisen in this period. In the 
second and third stages, a number of facilities and infrastructures were constructed 
when the level of groundwater was being lowered. As a result of the regulation, 
when the groundwater recovered, these underground structures developed enor-
mous upwardly buoyant forces. This has imposed a substantial financial burden to 
fix those structures anchored to deep foundations. Within the capacity for the natu-
ral recharge of groundwater in Tokyo, sustainable groundwater use has also 
emerged as a new policy issue in this stage, including the use of groundwater for 
watering as a countermeasure to the formation of heat islands.

13.4.2 � Application to Asian Megacities

In this section, the stage model is applied to Osaka, Taipei, Bangkok, Jakarta and 
Manila. As industrialization in Tokyo started in 1900, we additionally defined as 
the zeroth stage for the pre-period of modern industrialization. The results are sum-
marized in Table 13.3.

As shown, Osaka and Taipei have already entered the fourth stage where land 
subsidence is almost controlled. Bangkok on the other hand, is presently in the third 
stage where land subsidence is in the process of being controlled by supplying 
alternative water sources to industry together with relatively large capacity of 
groundwater storage (Taniguchi et  al. 2009). Jakarta and Manila are both in the 
second stage where, despite the recognition of land subsidence by their respective 
governments, effective countermeasures have not yet been institutionalized. In 
Jakarta, although more than 60% of the city area is below sea level and seawater 
flooding takes place, a data collection system for groundwater abstraction and the 
regular monitoring of land subsidence is not yet fully established by the government. 
One of the reasons for this is the limited ability of governments to fund the provi-
sion of alternative water sources for surface water through industrial water works.

Table 13.3  Defined stages for Asian megacities

0th stage 1st stage 2nd stage 3rd stage 4th stage

Tokyo 1900–1915 1916–1960 1961–1974 1975–
Osaka 1900–1917 1917–1928 1929–1958 1959–1979 1980–
Taipei 1900–1915 1916–1955 1956–1978 1979–1985 1986–
Bangkok 1900–1950 1951–1980 1981–1996 1997–
Jakarta 1900–1975 1976–1992 1993a–
Manila 1900–1950 1951–2001 2002–
a Note on recognition: Jakarta was assessed by a Dutch surveyor in 1926, researchers in 
1978, and recognized by the Mining Agency of Jakarta City in 1993
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13.4.3 � Comparison of the Stages with Indicators

As a summary, we highlight two important milestones for the stage model in order 
to characterize and compare the features of each city. The first is when each city 
recognized land subsidence and the second is when each city introduced counter-
measures against land subsidence. Figure 13.13 compares the key indicators of the 
DPSIR model for each city, normalized to that of Tokyo as a reference. As shown, 
Taipei has both recognized and taken policy measures earlier than Tokyo in terms 
of urban development and the severity of land subsidence. Consequently, the speed 
of recovery is quicker than Tokyo. Therefore, one can say that Taipei could utilize 
its latecomer advantage.

On the other hand, Bangkok has taken effective actions later than Tokyo, although 
Bangkok, like Taipei, has recognized the issue earlier than Tokyo. However, even 
though regulatory measures have been taken later in Bangkok, the recovery of land 
subsidence is quicker than that in Tokyo and Taipei because of a more favorable 
natural capacity. Finally, Jakarta and Manila have not recognized the issue until both 
cities have already developed in terms of population size and income level. 
Furthermore, although both these cities have reached a level of urban development 
comparable with the other cities, effective countermeasures have not yet taken place. 
One might argue for Manila that natural capacity as recharge and/or storage of 
groundwater is relatively large that makes effective measurements by the govern-
ment delayed since the land subsidence is less revere than the other cities like Tokyo 
and Osaka.

13.5 � Summary and Conclusions

The paper attempts to compare the long-term causal relationship between urban 
development and land subsidence for selected Asian megacities at different devel-
opment stages and with different processes over the last century. The selection and 
construction of the indicators depicting the causality are conducted using the 
DPSIR framework developed in Jago-on et al. (2009). Concurrently, a stage model 
for land subsidence with urbanization is also developed. As a result of the indica-
tors of DPSIR framework and the stage model, we can characterize each of the 
cities as follows: Taipei as an effective user of its latecomer advantage, Bangkok as 
a beneficiary of its natural capacity, and Jakarta and Manila at risk of unaddressed 
overdevelopment. Moreover, Osaka is characterized as a city overcoming its disad-
vantage in natural capacity when similar experiences in Tokyo are observed.

To cope effectively with land subsidence in developing megacities, a strategic 
and long-term perspective is required. A policy mix of both immediate countermea-
sures, such as regulation, and strategic long-term measures, such as the develop-
ment of alternative water supplies, is strongly suggested for megacities when land 
subsidence is recognized. The timing of the various countermeasures, however, 
needs to be properly investigated in order to minimize any long-term social costs. 
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In this regard, this analysis will be of some assistance in providing policy relevant 
information from a comparative perspective to maximize the advantage for late-
comers to this key problem.

One of the main limitations of this study is information availability. Importantly, 
the accumulation of more reliable and accurate information would improve the 
quality of analysis and consequently help to provide more concrete and specific 
policy prescriptions for each city. Therefore, especially for latecomers like Jakarta 
and Manila, advances in monitoring, scientific research and the collection of the 
relevant socioeconomic indicators are highly recommended.
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Abstract  The purpose of this paper is to compare land subsidence policies in 
Osaka and Bangkok and provide some lessons from these two cases. Land subsid-
ence can be regarded as an example of a social dilemma. Prevention of land subsid-
ence is a common benefit for people who suffer flood or high tide risk. However, a 
group of people that share such a common benefit often fail to realize it voluntarily 
because each individual has an incentive to be a free-rider. Governmental interven-
tion is an effective way to address this situation, because the government can force 
groundwater users to change their behavior. Indeed, this was why government 
intervention had taken place in Osaka and Bangkok. Various policies were imple-
mented, including designation of critical areas, a permitted system of groundwater 
pumping, enforcement of technical standards, construction of waterworks and a 
groundwater charge system. Among these options, the most effective solution was 
the construction of waterworks because without such systems groundwater users 
would have no choice but to continue abstraction.

14.1 � Introduction

Urbanization affects groundwater in various ways. Generally, as the number of 
people and factories in an urban area increase, some areas are used as landfills for 
waste disposal, whose seepage negatively impacts the quality of the underlying 
groundwater. Additionally, increased populations often lead to changes in land use. 
For example, as paddy fields and farms are converted into roads and paved with 
concrete, the natural recharge of groundwater is hindered. Such changes also lead 
to urban flooding because rainwater runs along the surface instead of being 
absorbed into the soil.
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Among these various problems, this chapter is concerned with land subsidence. 
Land subsidence demands attention for several reasons. First, it is a typical urban 
groundwater problem that has occurred repeatedly in many Asian megacities 
including Tokyo, Osaka, Bangkok and Jakarta. Additionally, many Asian megaci-
ties are located in coastal areas; therefore, land subsidence often leads to flood 
inundation. Finally, land subsidence generally causes widespread damage to exist-
ing infrastructure such as bridges and roads.

The purpose of this chapter is to compare land subsidence policies of Osaka city 
(hereinafter referred to as Osaka) and Bangkok Metropolitan Administration (here-
inafter referred to as Bangkok) and to deduce some lessons from these two cases. 
To date, many studies have been conducted to evaluate countermeasures against 
land subsidence in Osaka (Osaka City Waterworks Bureau 1966, 1983; Council on 
Comprehensive Countermeasures Against Land Subsidence in Osaka, [hereafter 
referred to as Council] 1972; Kataoka 2006) and Bangkok (Asian Development 
Bank 1994; Babel et al. 2006; Buapeng et al. 2006). Although the policies have 
been explained in detail in these studies, they dealt with individual cases in such 
great depth that they failed to address several points.

Specifically, these studies were concerned with governmental policies against 
land subsidence, but made no attempt to justify governmental intervention. As dis-
cussed below, governmental intervention is an effective tool, but not the only 
method available to solve the problem of subsidence. Previous studies did not pro-
vide clear explanations of why government policies are needed to address the 
problem of subsidence. Second, the studies that have been conducted to date have 
not clarified what types of policies are effective against land subsidence. Because 
countermeasures used in cities are not always the same, a case study that deals with 
one city in detail will not necessarily be useful for other areas.

Regarding the first shortcoming, a framework of “social dilemma” will be intro-
duced in the second section. Specifically, land subsidence can be considered to be 
a social dilemma, which explains why it is difficult for private companies or local 
volunteers to solve the problem without governmental intervention. To address the 
second shortcoming, a comparative analysis in which the concept of social dilemma 
is the focus will be presented in the third section. Finally, in the fourth section 
policy lessons will be deduced from the comparative study. These lessons will 
expand the possible solutions to potential land subsidence in cities other than Osaka 
and Bangkok.

14.2 � Social Dilemma

Land subsidence is often regarded as a public hazard in that its negative influence 
impacts many people in which it occurs. Thus prevention or mitigation of land 
subsidence benefits all of the residents of an area. Although it is easy to assume that 
individuals connected by the common benefits associated with the prevention of 
land subsidence would promote its prevention voluntarily, this is not always the 
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case. If so, land subsidence would not take place repeatedly in different cities again 
and again. Why do people fail to prevent or stop the problem?

Groundwater is often less expensive than surface water because it does not 
require construction of large dams such as those required for surface water develop-
ment. However, even though groundwater is cheaper, it is not free. Time and energy 
are required for well-digging and pumping groundwater, and there are often costs 
for energy associated with these activities. These are private costs in that they 
accrue exclusively to the resource user in response to the use of groundwater.

There are also social costs associated with groundwater pumping. For example, 
when individual A pumps groundwater from their own well, the overall groundwa-
ter level will decline if it is not recharged by precipitation. Although this change 
may be very small, the activity of individual A harms neighboring groundwater 
users (B, C, D…). This is because they must now pump the groundwater from 
deeper levels or be forced to dig another well, which increases their costs. Moreover, 
if the decline in groundwater leads to land subsidence, it can exacerbate the flood 
risk for the entire area. These additional costs are social costs because they are 
incurred by the neighboring groundwater users in addition to user A.

Next, let us suppose that not only A, but also B, C and D pump groundwater. 
In this situation, the users cause harm to each other. Although the damage caused 
by an individual user may be very small, when it accumulates, it results in a heavy 
decline in groundwater level or severe land subsidence that negatively affects the 
entire community. Conversely, if everyone finds alternative water sources and stops 
using the groundwater, they provide beneficial effects to each other. Again, 
although the benefit contributed by each individual is very small, the accumulation 
will reveal itself as restoration of the groundwater level and mitigation of flood risk 
for the entire area. If the value of the common benefit is bigger than the total costs 
of creating an alternative water supply, stopping groundwater pumping pays from 
a social point of view.

However, individuals may not be motivated to stop pumping groundwater 
because each user only obtains a small portion of the benefits genetated by doing 
so, even though this prevents land subsidence and mitigates the risk of flood. 
Additionally, finding alternative water supplies has costs, especially when ground-
water is inexpensive. Accordingly, if the costs associated with not pumping ground-
water outweigh the benefits each individual user can really get, stopping to use 
groundwater does not pay from each contributor’s point of view, even though it 
pays from a social point of view.

If all other conditions are equal, this phenomenon will strengthen as the number 
of groundwater users increases. This is because, as the size of the group increases, 
each individual’s decision to stop using groundwater has less effect. In such cases, 
each groundwater user will have the incentive to be a free-rider who enjoys the 
benefits generated by the contribution of others without making any contribution 
themselves. As a result, even though mitigation of land subsidence may benefit the 
entire community, nobody will cooperate toward realization of this goal.

This is called social dilemma or collective action problem (Olson 1965; Dawes 
1975). Specifically, this situation represents a disparity between individual 
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rationality and social rationality. Generally speaking, it is likely that people 
connected by a common goal will cooperate automatically. However, the theory of 
social dilemma shows that this is not always the case. The reason for this phenom-
enon is that the benefit is common, which causes all individuals in the group to 
expect others to contribute so that they will not have to do so. In this situation, 
“Everybody’s business is nobody’s business” is indeed true.

The framework of social dilemma can be a basis for comparative analysis of land 
subsidence policy in Osaka and Bangkok. In both cases, the problem was solved 
not by voluntary action of residents and factories, but by governmental regulations. 
Government is defined as an authoritative social apparatus of coercion and stimulus 
that can induce someone to do something by imposing penalties or rewards (Von 
Mises 1962). Coercion is one method of changing the pattern of groundwater use. 
In the next section, government intervention and alteration of groundwater use in 
Osaka and Bangkok will be discussed.

14.3 � Countermeasures Against Land Subsidence: Osaka  
and Bangkok

14.3.1 � A Case Study: Osaka

14.3.1.1 � Land Subsidence in Osaka

Osaka has been the largest city in western part of Japan and has a population of 2.6 
million in the jurisdiction of 222 km2 as of 2008 (Osaka City 2009). The average 
annual rainfall from 1971 to 2000 is about 1,300  mm (Japan Meteorological 
Agency official website). Osaka is situated at the mouth of the Yodo River of which 
tributaries have been used as navigation channels. With geographical advantages 
for trade, Osaka began to develop as an industrial and commercial city. Both 
surface water and groundwater were used by many factories for their operations. 
As modern technologies were imported and production level increased, demand for 
water, especially demand for groundwater, also increased rapidly (Osaka City 
Waterworks Bureau 1966).

Land subsidence in western Osaka was first reported in the late 1920s by the 
Department of Land Survey in the Japanese Imperial Army. At the time, there were 
various opinions about the cause of land subsidence. However, during the Second 
World War, an increasing number of factories closed, and these closures corre-
sponded with a cessation of land subsidence, which revealed that excessive ground-
water pumping by factories was the main cause of land subsidence in Osaka. This 
opinion was confirmed when land subsidence resumed once again in western 
coastal areas after the Second World War as economic activities increased (Osaka 
City Waterworks Bureau 1966; Council 1972).

At the time, primary groundwater users in Osaka were factories and commercial 
buildings. While groundwater was mainly used for cooling in the industrial sector, 
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it was primarily used for air conditioning in the commercial sector. For example, 
when the volume of groundwater abstraction peaked in 1962, 43% of groundwater 
in the industrial sector was used for cooling purposes and 65% of groundwater in 
the commercial sector was used for air conditioning (Fig. 14.1). Later, the main 
water supply for industry changed from groundwater to surface water and recycled 
water. This change was possible because the water used by industry for temperature 
control purposes was not required to have a high quality (Kurosawa et al. 1962).

14.3.1.2 � Industrial Water Law

Serious attention was first paid to land subsidence after the Muroto typhoon of 1934, 
which caused serious high tide damage in the Osaka area (Osaka City Waterworks 
Bureau 1966; Council 1972). Additionally, the government of Osaka enacted a local 
ordinance on civil engineering construction to regulate groundwater pumping as 
early as 1948. However, this act was not executed because groundwater was believed 
to be privately owned and there was no alternative water supply (Osaka City 
Waterworks Bureau 1966). Nevertheless, the government of Osaka recognized that 
switching from groundwater to surface water was essential to stop land subsidence 
(Osaka City Waterworks Bureau 1966). In 1950, the Osaka area was hit by another 
typhoon (Typhoon Jane), which triggered construction of an industrial water supply 
system that began to operate in 1955 (Osaka City Waterworks Bureau 1966, 1983).

Osaka was not the only city in Japan that suffered from land subsidence. Indeed, 
economic development after the Second World War was often accompanied by 
excessive groundwater pumping, which resulted in similar problems occurring 
throughout the country. As a result, the Japanese government enacted the industrial 
water law in 1956. The purpose of this law was to regulate groundwater pumping 
for industrial uses and to promote the development of industrial waterworks 
systems (Osaka City Waterworks Bureau 1966). Under this law, some areas were 
classified as “designated area” by cabinet order and every factory owner who 
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intended to pump groundwater in such locations was required to obtain permission 
from the Minister of International Trade and Industry. Osaka was classified as a 
designated area on December 4, 1958 and installation of wells that did not meet the 
requirements of the standard have not been allowed since January 4, 1959 (Osaka 
Waterworks 1966) (Fig. 14.2). Although conversion of the water supply is an effec-
tive method of stopping land subsidence, it will not be successful if the price of the 
water supplied by the industrial waterworks is high. Therefore, a national subsidy 
system was established by the industrial water law to help reduce the price of water 
supplied by industrial waterworks (Kurosawa et al. 1962).

This law was the first attempt at regulation of groundwater pumping in Japan, but 
there were some problems. For example, the objective of this law was limited to 
groundwater pumping for industrial uses. As a result, groundwater pumping for air 
conditioning and toilets in commercial buildings was not regulated. Moreover, cre-
ation of designated area had to meet one of the following conditions: (1) land subsid-
ence must have already been observed in the concerned area; (2) industrial 
waterworks must have already been constructed in the area or scheduled to be con-
structed within a year. Based on these conditions, the industrial waterworks law 
could not prevent land subsidence. Finally, the objective of the regulation was lim-
ited to newly installed wells; therefore, existing wells were not subject to the regula-
tion (Osaka City Waterworks Bureau 1966, 1983; Endo et al. 1975; Yanagi 2002).

14.3.1.3 � Revised Industrial Water Law and Building Water Law

Land subsidence was again regarded as an urgent problem after the second Muroto 
typhoon hit Osaka in 1961 (Fig.  14.3). After the typhoon, the governments of 
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Osaka Prefecture and city and business organizations appealed to the national  
government to create new regulations. As a result, a revised industrial water law and 
building water law were enacted in 1962 (Osaka City Waterworks Bureau 1966).

The revised law included revisions to the original law. First, stopping land subsid-
ence was ranked as the top priority of the revised law (Osaka City Waterworks 
Bureau 1983) Second, the guidelines for the installation of wells became so strictly 
regulated that it was nearly impossible for new wells to be built. Finally, regulations 
regarding existing wells were strengthened. Specifically, existing wells in designated 
areas in which industrial waterworks had already been constructed that did not fit the 
standard set by the government were required to be removed within 1 year. These 
changes promoted conversion of the water supply from groundwater to surface water 
(Osaka City Waterworks Bureau 1983).

The purpose of the building water law was to regulate groundwater pumping for 
building uses such as air conditioning and toilets in locations that had been speci-
fied as a designated area by cabinet order. The building water law differed from the 
industrial water law in that an area could be classified as a designated area even if 
industrial waterworks were not constructed there. All of Osaka was specified as a 
designated area on August 24, 1962 (Osaka City Waterworks Bureau 1966; Yanagi 
2002) (Fig. 14.4).

The standards for the installation of new wells in the building water law were 
similar to those in the revised industrial water law. This made construction of new 
wells nearly impossible (Osaka City Waterworks Bureau 1983). Additionally, the 
regulation covered newly constructed wells and existing wells, with existing wells 
being abolished after a moratorium if they did not meet the standard requirements. 
This moratorium ended on August 31, 1964 and groundwater abstraction for build-
ing uses was prohibited throughout Osaka (Osaka City Waterworks Bureau 1966). 

Fig. 14.3  Inundation caused by the second Muroto Typhoon. Source: Osaka Urban Engineering 
Information Center
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In sum, the expansion of industrial waterworks and legal regulations prompted 
conversion of water supply from groundwater to surface water in Osaka, which 
resolved the land subsidence problem (Fig. 14.5).

14.3.2 � A Case Study: Bangkok

14.3.2.1 � Land Subsidence in Bangkok

Bangkok, which is the political and economic center of Thailand, comprises 
1,569 km2 and has a population of 5.7 million as of 2005 (Bangkok Metropolitan 
Administration, official website). Bangkok forms a huge urban area called Bangkok 
Metropolitan Area with its adjacent provinces including Nonthaburi, Pathumthani, 
Samut Prakan, Samut Sakhon, Nakhon Pathom (Tasaka 1998; Hashimoto 1998). 
But, in this paper, Ayutthaya province is added to those provinces for the sake of 
convenience (Fig. 14.6).

Bangkok is located in climatic zone of Monsoon Asia. The annual average rainfall 
is 1,190 mm and relatively high precipitation can be expected as compared to other 
dry areas. However, in Chao Phraya basin where Bangkok is situated, the river run-off 
concentrates during the wet season and the river flow is not frequently sufficient to 
meet the demand in dry season. Groundwater development has been one of the solu-
tions to cope with water shortage problem mainly in dry season (MWA (Metropolitan 
Waterworks Authority) 1994; Das Gupta 2001; Das Gupta and Babel 2005).

Fig.  14.4  Designated area in Osaka under Building Water Law and the year of designation. 
Source: Osaka City Waterworks Bureau (1966), Yanagi (2002)
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Intensive groundwater use in Bangkok dates back to 1954, when it was used to 
supplement the public water supply (Das Gupta and Babel 2005). Groundwater use 
increased dramatically due to the lower cost of development and the availability near 
its place of utilization (Das Gupta 2001). In 1970s land subsidence in Bangkok was 
first quantitatively estimated (Das Gupta and Babel 2005). Additionally, an increased 
risk of flood was reported after a comprehensive survey of groundwater conducted 
from 1978 to 1981 that revealed rapid land subsidence was occurring in Eastern and 
South-Eastern part of Bangkok. The city is located on the bank of the Chao Phraya 
River and its elevation is only 0.5–1.5 m above mean sea level. Therefore, it was 
assumed that land subsidence would cause serious flood and high tide risk (Asian 
Development Bank 1994; Ramnarong 1999; Buapeng et al. 2006).

Fig. 14.5  Conversion of industrial water supply in Osaka. Source: Osaka City General Planning 
Bureau (1965, 1966, 1967, 1968, 1970), Osaka City Waterworks Bureau (1966, 1983), Council on 
Comprehensive Countermeasures against Land Subsidence in Osaka (1972, 1985), Osaka City 
Environment and Health Bureau (1973)
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14.3.2.2 � Groundwater Act

In 1977, the groundwater act was established and public regulation of groundwater 
pumping was introduced. The purpose of this act was to regulate groundwater 
pumping by the private sector in Bangkok Metropolitan Area (Ramnarong 1999; 
Das Gupta and Babel 2005). This rule introduced a permitted abstraction system in 
areas that were designated as “Groundwater Area” within Bangkok Metropolitan 
Area. According to this rule, anyone who wants to drill a well or inject wastewater 
into the ground in Groundwater Area must obtain permission (JICA and Kokusai 
Kogyo Co., Ltd 1995; Ramnarong 1999).

Subsequently, the Cabinet Resolution on Mitigation of Groundwater Crisis and 
Land Subsidence in the Bangkok Metropolis was generated in 1983. This is a long 
term plan for 1983–2000 that was designed to reduce groundwater pumping in 
areas newly designated as “Critical Zone” (Ramnarong 1999; Buapeng et al. 2006) 
(Figs.  14.7 and 14.8). Regulations in Critical Zone are severer than the ones in 
Groundwater Area in the following points. First, the total volume of groundwater 
that can be pumped is capped. Therefore, an application for new well is not always 
permitted. Second, as noted later, groundwater charge system has been introduced 
in Groundwater Area. In addition to this, another system called groundwater con-
servation charge has also been applied to Critical Zones, regardless of whether 
water supply of waterworks is available or not in the concerned areas (Interview 
2009a; 2009b).

Fig. 14.6  Bangkok and the adjacent provinces
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Critical Zones were classified into three groups depending on their subsidence 
rate. In Critical Zones 1 and 2, where land subsidence was relatively severe, groundwater 
abstraction by the Metropolitan Waterworks Authority (hereinafter referred to as 
MWA) for public water supply was to be reduced to zero by the end of 1987 
(Ramnarong 1999). Moreover, well installation and existing wells were also prohib-
ited or abolished where the MWA waterworks were available (Asian Development 
Bank 1994). Finally, this resolution included countermeasures against groundwater 
pumping in the private sector and planned to reduce it from 1988, when the construc-
tion of waterworks by the MWA was expected to be completed (Ramnarong 1999).

Fig. 14.7  Critical Zones in Bangkok Metropolitan Area in 1983. , ,  corresponds to Critical 
Zone 1, 2, 3 respectively. The observed annual rate of land subsidence is high in order of , , 
. Source: Buapeng et al. (2006)
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14.3.2.3 � Waterworks in Bangkok Metropolitan Area

The waterworks in Bangkok are currently operated by the MWA, which is a state 
enterprise under control of the Ministry of the Interior that is responsible for sup-
plying industrial and domestic water within Bangkok, Nonthanburi and Samut 
Prakan. The MWA was established in 1967 by integration of separate waterworks 
in the aforementioned provinces. The main water supply for the MWA is the Chao 
Phraya River, but it also uses groundwater to supplement the surface water. In 1970, 
the volume of groundwater pumping by the MWA accounted for almost half of the 
total abstraction in Bangkok (Babel et al. 2006), but this was gradually reduced to 
prevent land subsidence. Although the waterworks have expanded, groundwater 
pumping increased in the early 1990s because the expansion of the waterworks 

Fig. 14.8  Critical Zones in Bangkok Metropolitan Area in 1995. , ,  corresponds to Critical 
Zone 1, 2, 3 respectively. The observed annual rate of land subsidence is high in order of , , 
. Source: Buapeng et al. (2006)
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could not catch up with the rapid population increase (Phien-wej et  al. 2006). 
However, as the water supply from the waterworks has kept increasing, groundwa-
ter abstraction has decreased (Fig. 14.9).

14.3.2.4 � Groundwater Charge System

The groundwater charge system is a countermeasure that is unique to Bangkok. As 
mentioned before, if everyone is free to pump, excessive abstraction often occurs. 
Therefore, the groundwater charge system was implemented to reduce abstraction 

Fig.  14.9  Conversion of water supply in Bangkok. Source: Data provided by Metropolitan 
Waterworks Authority and Department of Groundwater Resources, Ministry of Natural Resources 
and Environment, Thailand
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by increasing the cost of pumping. However, the effectiveness of this system depends 
on the price elasticity of demand and the existence of alternative water sources.

The groundwater charge system is based on the groundwater act of 1977. The 
system has been in place since 1985 to regulate private groundwater users in 
Groundwater Areas comprised of six provinces: Bangkok, Nonthaburi, Pathumthani, 
Ayuthaya, Samut Prakan, and in parts of Samut Sakhon (Babel et al. 2006). Initially, 
the price was set at 1 bahts/m3; however, this rate was increased to 3.5 bahts/m3 in 
1994. Additionally, the charge was further increased to 8.5 bahts/m3 between July, 
2000 and April, 2003 (Ramnarong 1999; Babel et al. 2006; Buapeng et al. 2006). 
Despite these increases, groundwater pumping did not stop because the cost was 
still less than the tariff on water supplied by MWA (Das Gupta and Babel 2005).

In 2004, an additional charge system known as the groundwater conservation 
charge was introduced. This system charges every groundwater user in the critical 
zone. The groundwater fee was first set at 1 baht/m3 in September, 2004 and then 
gradually increased to 8.5 bahts/m3 in 2006. As a result, the total groundwater fee 
reached 17 bahts/m3 in 2006. Because the price of tap water provided by MWA has 
been 15.81 bahts/m3 since December, 1999 (a case business enterprises or governmental 
organizations use more than 200 m3 of water), groundwater is now more expensive 
than surface water, which should induce groundwater users to change their water sup-
ply (Babel et al. 2006; Buapeng et al. 2006; MWA 2009) (Fig. 14.9).

14.4 � Lessons

14.4.1 � Treating Groundwater as a Unit

The first lesson that can be learned from these cases is the importance of treating 
groundwater as a unit. In other words, artificial boundaries may have negative 
impacts on groundwater management. As mentioned before, industrial water law 
was applied to stop land subsidence in Osaka. However, the objective of the 
regulation was limited to groundwater pumping for industrial uses. As a result, 
groundwater pumping for commercial buildings was not regulated, which limited 
the effectiveness of the water law. This was caused by drawing artificial lines such 
as “groundwater for industrial uses” and “groundwater for commercial building 
uses.” Accordingly, these results indicate that the unit of groundwater management 
should be decided with attention to the whole groundwater flow system.

14.4.2 � Existing Wells and Newly Built Wells

The distinction between existing wells and newly built wells is another example of 
an artificial boundary. The process of regulation began by restricting the installation 
of wells in both cases. In the case of Osaka, the industrial water law prohibited the 
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construction of new wells in designated areas if the wells did not satisfy the standard. 
In the case of Bangkok, a permitted abstraction system was introduced by the 
groundwater act of 1977. Although the limitation of new wells had some positive 
effects, they were insufficient to prevent excessive abstraction. This is because 
groundwater is a common resource for existing and potential users. Without regulat-
ing the behavior of the former, groundwater pumping will not stop. Accordingly, the 
industrial water law in Osaka case was revised to strengthen the regulation of exist-
ing wells and abolish wells that did not meet the standard set by the government. 
Similarly, in Bangkok, the 1983 resolution gradually abolished existing wells that 
were located in areas in which MWA waterworks have already been constructed.

14.4.3 � Geographical Distinction of Groundwater

The third example of an artificial boundary is geographical distinction. In both 
Osaka and Bangkok, regulation started in areas in which severe land subsidence 
had been observed. However, to avoid regulation, users could move to areas in 
which the groundwater is less stringently regulated. Should this occur, land subsid-
ence may simply shift from one area to another. Indeed, this is likely to happen, 
especially when the regulated area is much smaller than the natural groundwater 
flow system. Accordingly, it is desirable that areas with regulation coincide with the 
natural groundwater flow system. However, it is difficult to understand the structure 
of the groundwater flow system precisely. Therefore, the only practical way to 
address this issue is to change the areas that are regulated in accordance with the 
movement of the area of subsidence.

14.4.4 � Groundwater Charge System

Groundwater charge is a method of controlling groundwater pumping by increasing 
the cost of abstraction. This kind of policy can play a role in reduction of 
groundwater pumping, but it is not perfect. First, when groundwater is the sole 
water source, it will be abstracted regardless of the price. Conversely, when there 
is an alternative source of water, the groundwater fee must be higher than the fee 
for the alternative water to induce groundwater users to change supply sources. 
Second, it is legally and politically difficult for this system to be introduced 
where groundwater is regarded as a part of land ownership. Because a private 
landowner can determine the use or non-use of underlying groundwater in such a 
case, s/he is not likely to approve an institution that interferes with the decision-
making. This explains a reason why groundwater charge system was used only in 
Bangkok. While groundwater is basically considered as a part of land above in 
Japanese legal system, the ownership of all water resources is vested in the State 
in Thai legal system (Miyazaki 2006; Economic Commission for Asia and the Far 
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East 1967). Of course, it does not mean that groundwater charge system can 
always be implemented within such a legal system as can be seen in Thailand, but 
it can be a foundation of the policy.

14.4.5 � Alternative Source of Water Supply

The most effective method to stop groundwater pumping is to create an alternative 
water supply. In Osaka and Bangkok, waterworks were constructed to create an 
alternative water source. Practically speaking, economic and technical regulation 
may work to some degree, but it is difficult to reduce groundwater abstraction with-
out providing another source of water. However, the construction of such systems 
does not always lead to a reduction in groundwater abstraction. The price of water 
supplied by the waterworks must be kept lower than the cost of groundwater pump-
ing. In Osaka, this was accomplished through a governmental subsidy for industrial 
water, while it was accomplished mainly by increasing the groundwater charge in 
Bangkok.

14.5 � Conclusion

The purpose of this chapter was to compare land subsidence policies in Osaka and 
Bangkok and provide some lessons from these two cases. Land subsidence can be 
regarded as an example of a social dilemma. Prevention of land subsidence is a 
common benefit for people who suffer flood or high tide risk. However, a group of 
people that share such a common benefit often fail to realize it voluntarily because 
each individual has an incentive to be a free-rider, who enjoys the benefit generated 
by the contribution of others without making any contribution themselves. 
Governmental intervention is an effective way to address this situation, because the 
government can force groundwater users to change their behavior. Indeed, this was 
why government intervention in Osaka and Bangkok was implemented to address 
the land subsidence problem. Various policies were implemented by the governments 
of each city, including designation of critical areas, development of a permitted 
system of groundwater pumping, enforcement of technical standards, construction 
of waterworks and implementation of a groundwater charge system. Among these 
options, the most effective solution was the construction of waterworks because 
without such systems groundwater users would have no choice but to continue 
abstraction.
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Abstract  Economic growth of urban area induces the huge water demand for the 
city production and this creates the groundwater related disasters in many Asian 
cities. This situation has started from 1960s to 1970s Japan. After, many coastal 
cities in South East Asia had experienced similar problems later 1980s–2000s. This 
was caused by over-pumping of groundwater in the urban area and the related local 
city governments had tried to make countermeasures to protect such groundwater 
disasters by adapting the groundwater pumping regulation with the help of their 
national government. In the case of Japan, it has good success and the dropped 
groundwater level has clearly recovered by the help of the worm humid hydro-
logical condition of Japanese island. Similar recovery has confirmed in Taipei and 
Bangkok, but it has not yet succeeded at Jakarta.

At the planning stage of the present project, we believe that those groundwater 
over-pumping situations must create the forced groundwater flow in the related 
aquifer and the chemical information on the environmental change of those urban 
areas should be remained as the precise time series information along the ground-
water flow line in that aquifer like the paleo-hydrology record in aquifer. For this 
particular purpose, we have developed the young age tracer of groundwater such as 
CFCs and 85Kr for the recent 100 years historical data analysis. However, we have 
confirmed that it could not use CFCs age tracer in the urban aquifers because of 
man-made local CFCs contamination especially dominated at urban area. Instead, 
we showed that the CFCs contents at urban area can be useful to understand the 
induced relatively young vertical flow flux through shallower aquifers caused by 
the man made depressed groundwater potential under the city area. This kind of 
situation has been confirmed at Tokyo, Bangkok and Jakarta area and these vertical 
induced fluxes are much more than the natural lateral groundwater flow along the 
aquifer. The 3D groundwater flow simulation clearly showed this kind of induced 
vertical flux (‘induced recharge’) dominated at the groundwater depression area 
where was created by the over-pumping of the groundwater resources in city area.
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In spite of these severe situations, our comparative study clearly shows that the 
potentiality of the positive groundwater recharge in the coastal Asian city aquifer. 
It works effectively to recover the depressed groundwater level, if the groundwater 
pumping regulation works perfectly with the help of infrastructure construction of 
the additional surface water supply system and the steady legal system for the 
groundwater resources.

15.1 � Introduction

Most Asian coastal cities has experienced serious groundwater disasters during 
recent 50 years caused by the over-pumping of regional groundwater related with 
the abrupt demand of groundwater resources linked with the urban economic 
growth (Fig. 15.1). These situations have started initially at Osaka area, Japan in 

Fig. 15.1  Change in (a) groundwater level and (b) amount of subsidence in major coastal cities 
in Asia (Taniguchi et al. 2009)
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1960s, then after Tokyo and Nagoya areas in 1970s. As these economically important 
Japanese cities developed on the alluvial coastal sediments, the related groundwater 
disasters are either huge land subsidence or salt-water intrusion in the coastal areas. 
As there was no unified national groundwater law in Japan, the groundwater 
disaster-related prefectures cooperated to establish the groundwater regulating 
audiences over the problem area. National governments helped to construct the 
alternative infrastructure of surface water supply system for the industrial and city 
water demands. Because of those countermeasures, the groundwater disasters in the 
previous Japanese three large cities has almost disappeared within 30 years periods, 
which is surprisingly quicker than the most hydro-geologist’s prediction. This 
quick recovery of the depleted groundwater potential can be explained by the posi-
tive groundwater recharge potentiality of Japanese island, which belongs to the 
warm humid hydrological region.

A similar groundwater disaster has been expanding to the major Asian coastal 
cities, such as Taipei, Shanghais, Manila, Bangkok, Jakarta, etc., which grows 
under the framework of the delayed economical expansion of the Asian nations 
within the 40 years after 1970s. Some cities like Taipei and Bangkok has succeeded 
to control such groundwater disasters using the similar way as Japan. However, 
cities like Jakarta and Manila has still in the serious problem and has not found their 
correct way-out.

15.2 � Paleo-Hydrology in Urban Aquifer

Paleo-hydrology is the idea to use the chemical (including isotopic) information in 
the groundwater aquifer, as climatic or hydrological proxy along the re-constructed 
time-series record with the help of groundwater age tracer (Fig. 15.2). It has devel-
oped in 1990s mostly in the continental large aquifer of relatively small present 
recharge in the dry climatic condition. It can retrieve 50,000 to one million-year 
paleo-record in the inland part of the present earth.

Northern China Plain (NCP) is the representative crop production area of present 
China where cultivate maize in summer and wheat in winter to support the huge 
food demand of coastal China. For those crop productions, the intensive irrigation 
was introduced after 1950s Chinese independence and Yellow river water and the 
groundwater in the NCP aquifer was heavily used. The over pumping of NCP aqui-
fer creates the huge depletion of groundwater potential nearly 70 m down at maxi-
mum. Northern China Plane is relatively dry hydrological condition with 600 mm 
annual precipitation and this creates little recharge to the NCP aquifer. However, 
the previous man made over-pumping from NCP aquifer caused the accelerated and 
induced recharge in the recharge area of NCP aquifer which has been confirmed by 
the groundwater age tracer of 3H and 14C (Shimada et al. 2002).

Similar situation should be created in the recharge area of urban aquifers of 
coastal Asian area, where has experienced serious over-pumping problem shown in 
the former section. Compare to the NCP aquifer, the local aquifers of the urban area 
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of the coastal Asia are relatively small, but the potential recharge rate is relatively 
large because of their hydrological setting. This means that quite young recent 
recharge component should be induced into that urban aquifer by the accelerated 
recharge caused by the over-pumping at the city areas. To clarify this, we need to 
develop reliable young age tracer of groundwater instead of 3H, which has lost 
young age tracer activity after the 50 years absence of bomb tritium-peak radioac-
tivity. For this purpose, we start to set-up two groundwater-aging techniques: CFCs 
and 85Kr, which are believed to be ideal young groundwater age tracer after 1980s. 
CFCs which has composed by three components; CFC 11, CFC 12, and CFC 113, 
are the man made organic gases developed 1950s and widely used as refrigeration 
and air conditioning or spray-gas until 1990 when was stopped to use to keep the 
global Ozone layer. 85Kr is the man made radioactive isotopes with 10.7-year half-
life and originate from reprocessing plant of used nuclear fuels; its concentration is 
keep increasing after 1960s. The concentration trend of both age tracers and other 
groundwater age tracers are shown in Fig. 15.3.

The CFCs age method has introduced to follow the USGS method through this 
project, but this is the first trial in Japan. 85Kr age method has newly developed 
by this project for its on-site dissolved gas extraction system by using fiber mem-
brane method (Ohota et al. 2009), and for the radioactivity measurement by low 
level LSC system (Momoshima et al. 2010). The CFCs age measurement system 
has fixed until 2006 and applied our field study. The 85Kr method has completed 
its prototype system and start to check its applicability at some of our field 
sites.

Fig. 15.2  Concept of paleo-hydrology (paleo-information extracted from groundwater aquifer)
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15.3 � Change of Potential Distribution of Urban Aquifer

15.3.1 � Kanto Plain Including Tokyo Area

Figure  15.4 shows year to year change of groundwater level for the major 
observation well of Tokyo area. The long-term trend of groundwater level at the 
observation well in Tokyo University clearly shows groundwater depression caused 
by the economic production of Tokyo area; it has small draw down just before 
WWII (1945) and little recovery after the war, then abrupt down after 1950 and has 
the lowest peak in 1970s. The accumulated amount of land subsidence shown as 
dashed line in Fig. 15.5 becomes largest in 1970s. After 1961, the inter-regional 
groundwater regulatory audience for the industrial groundwater use and building 
groundwater use was established and applied from mostly depressed area to the 
surrounding area until 1972. Those regulatory actions are summarized in the com-
mentary part of Fig. 15.5.

After 1970s, the groundwater potential draw down has clearly stopped and start 
to recover by the effect of those groundwater regulation countermeasures. The average 
recovery rate is 2.0–3.5 m/yr and it is quite faster than the most hydro-geologist’s 
prediction. This is because of the relatively higher potential groundwater recharge 

Fig. 15.3  CFC 12 and 85Kr for modern groundwater age tracer



294 J. Shimada

Fig. 15.4  Change of groundwater level for the major observation well of Tokyo area

Fig. 15.5  Long term trend of groundwater level in Tokyo area and application of its regulatory 
countermeasures (Endo 1992)
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rate under the warm humid hydrological condition of Japan. In early 1990s, the 
most depressed area has showed as high as 40 m recovery to 10–15 years before. 
However, this situation caused another groundwater disaster; floating power 
problem of underground structures. In the case of Tokyo and Ueno Shinkansen 
underground station which was constructed 30 m below ground surface, and its 
groundwater level was lower than 30 m below surface when it was constructed. 
Now the groundwater level of Tokyo and Ueno station area are around 5 m below 
surface, and the underground station has already deep under the groundwater 
level. This situation creates not only huge amount of groundwater leakage into 
the station tunnel to be pumped up, but also makes the huge upward floating 
power to the underground structure itself. Normally this kind of upward floating 
power can be compensated by the building structure weight itself above ground, 
but station structure has not such weight because of the original surface railway 
system just above the underground station has already existed and could not make 
any high rise structure above ground. To compensate this huge floating power, JR 
east Railway Company must put heavy weigh under the platform and also make 
earth anchor connecting to the deeper base rock formation (Fig. 15.6).

Although these unexpected quick recovery of groundwater potential caused such 
new groundwater disaster, the groundwater recovery plan itself has well succeeded. 
However the pumping regulation audience applied over the groundwater depression 
area and do not cover whole Kanto region where develops the major groundwater 
aquifer of Tokyo area and has the marginal recharge area of the groundwater flow 
toward Tokyo area. This situation caused the shifting of the groundwater depression 
area from Tokyo area toward northern Kanto where is no pumping regulation has 
established. As shown in Fig. 15.7, the depressed area in the major regional aquifer 
has moved toward northern inland part in recent 30 years and there happened 
another land subsidence problem caused by the new groundwater depression 
(Hayashi et al. 2009).

Fig. 15.6  Countermeasures to protect the floating power caused by the groundwater recovery
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Figure  15.8 shows the change of recharge area in Kanto plain during last 60 
years estimated from the 3D groundwater flow simulation. Because of the shifting 
of the groundwater depression area toward outside of the pumping regulation area, 
the recharge area of the groundwater also moved from eastern Tokyo in 1960s, then 
expanded to western Tokyo in 1970s. After the effective pumping regulation at 
eastern Tokyo and its surrounding coastal area in 1990–2000, the previous induced 
recharge at eastern and western Tokyo area has gradually disappearing as shown in 
Fig. 15.8. Instead, after 1970s, another recharge area has start growing at Northern 
part of Kanto Plain and gradually expanding until now.

Figure 15.9a shows the vertical cross sectional distribution of the groundwater 
potential, age components (14C, 3H, CFC 12) and stable hydrogen along the dashed 
line from recharge area to the central depression area of Kanto plain shown in the 
corner index map. As shown in Fig.  15.9b, stable hydrogen having relatively 

Fig. 15.7  Shifting of depressed area of groundwater potential during last 30 years (Hayashi et al. 
2009)
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depleted component, which reflect the much cooler climate than present, shows the 
age of last glacial maximum by apparent 14C age. These old age water mostly exist 
in the marginal recharge area, while the central potential depressed area shows rela-
tively young age component by relatively high CFC 12 concentration and relatively 
heavy stable hydrogen content as shown in Fig. 15.9b. These unexpected age dis-
tribution along the flow line from recharge area to the lower depression area means 
that the young shallow component has introduced to the depression part aquifer 
mostly from the upper shallower aquifer and the lateral flow through original aqui-
fer is not much dominant by this depression as we expected previously.

We consider that this situation is the clear evidence of the enforced young water 
intrusion caused by over-pumping potential depression and we could call this as 
‘induced recharge’. In this case, CFC 12 content in the groundwater does not tell 
its exact age because of the relatively higher contamination of CFCs content in the 
urban area but it can be applicable as the indicator of the modern groundwater 
component aged as 1960–1970s.

Fig. 15.8  Movement of major recharge area accompanied to the shifting of groundwater depres-
sion area caused by the application of regional groundwater regulation (Aichi and Tokunaga 
2008)
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15.3.2 � Bangkok Plain

The Bangkok Basin is filled with Quaternary sediments, and upper 600–650 m of 
which are subdivided conventionally into eight aquifers: the Bangkok (BK), Phra 
Pradaeng (or expressed as Phra Pradang; PD), Nakhon Luang (NL), Nonthaburi 
(NB), Sam Khok (SK), Phaya Thai (PT), Thon Buri (TB), and Pak Nam (PN) aqui-
fers. In the southern part of Chao Phraya delta, the Bangkok aquifer is covered by 

Fig.  15.9  Groundwater age distribution along the flow line from recharge area to the central 
depression area of Kanto plain
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the Bangkok clay (BC), while in the northern part the BC layer is nonexistent and 
the ground surface is covered by fluvial or alluvial deposits (Sinsakul 2000).

Although the exact year in which groundwater pumping from confined aquifers 
started is not known, the first large-scale exploitation of deep groundwater for 
public water supply began in 1954 (Das Gupta and Yappa 1982). Since then, 
groundwater pumping became excessive and induced land subsidence and ground-
water salinization in the Bangkok metropolitan area (BMA) and Ayutthaya 
Province. To address this groundwater crisis, the national government took various 
measures, and total groundwater pumping in the BMA has reduced since the late 
1990s. The piezometric levels in most wells have restored, responding to the reduc-
tion in groundwater pumping (Yamanaka et al. 2010a, b). Figure 15.10 shows the 
change of observed groundwater potential of NL aquifer, which is the major aquifer 
of Bangkok area.

Although it was nearly 30 years delay from the experience at Kanto Plain, the 
depression of groundwater potential was clearly caused by the over-pumping of the 
groundwater at the city of Bangkok and its surrounding area. This draw-down situa-
tion caused serious land subsidence in the urban Bangkok area and national govern-
ment of Thailand has establish groundwater regulation law which include the 
groundwater charge starting from 1985 and groundwater preservation charge starting 
from 2003. Also Central government developed the construction of the city water 
supply (MWA) by surface water from early 1980 as the alternative water source to the 
city. As was shown in Fig. 15.11, those countermeasures work clearly and the total 
groundwater abstraction of the Bangkok area has started to decrease from early 
2000s. After 2007, the unit groundwater abstraction cost by those charge settled 
17 Bah/m3, which is much expensive than the cost of MWA city water (16 Bah/m3) 
and this works to accelerate the decrease of groundwater abstraction rate drastically.

Figure 15.12 shows the CFC 12 content along the flow line from the recharge 
area of plain margin to the depression part of the urban area of the Bangkok city 
(shown as A-B-C line in the index map) (Yamanaka et al. 2010a, b). Here again, 
CFCs as the modern age components of the urban area has been confirmed in the 
depressed area of groundwater potential, the young shallow component has been 
introduced to the depression part of the aquifer mostly through its upper shallow 
aquifer and the lateral flow through original aquifer is not much dominant by this 
groundwater potential depression. This situation is again the clear evidence of the 
enforced young water intrusion caused by groundwater over-pumping. Those 
‘induced recharge’ is also confirmed by the 3D groundwater simulation study 
(Yamanaka et al. 2010a, b) shown in Fig. 15.13.

15.3.3 � Jakarta Area

Jakarta, the capital city of the Republic of Indonesia, is bordered by the South China 
Sea in the north and has a surface area of approximately 652 km2 under the humid tropi-
cal climate markedly influenced by monsoon with 1,500–2,500 mm of annual rainfall.
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Fig. 15.10  (a) Long term groundwater potential record of NL aquifer, Bangkok. (b) Change of 
groundwater potential distribution of NL aquifer, Bangkok. a) to e) are model estimation using 
some observed data, and f) is observed distribution
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The Jakarta Groundwater Basin, in which the city of Jakarta locates, is one of the 
most developed basins in Indonesia. The aquifer system in this basin is classified 
into five zones as follows; Zone 1 as a shallow aquifer layer composed of sandstone, 
conglomerate and claystone, Zone 2 and 4 as an aquiclude layer composed of clay-
stone with sand infix, Zone 3 as deep aquifer layer composed of sandstone with infix 

Fig.  15.11  Change in groundwater abstraction, MWA supply volume and the Groundwater 
charge (Babel et al. 2007)
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groundwater flow line in the Bangkok aquifers
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of breccias and claystone, Zone 5 as the basement of Jakarta groundwater basin 
composed of impermeable rock such as limestone and claystone. Components of 
those aquifers such as sandstone, conglomerate are connected each other and the 
thickness of the deep aquifer below the urban area is about 150 m.

Urbanization has obviously had a marked impact on the water demand in this 
area. Since only 30% of the city’s potable water supply is met by surface water 
(Delinom et al. 2009), people are increasingly turning to the groundwater resources 
of the basin. Reliance on groundwater as a major water source is common and 
demand has been reported to reach 76% (Karen 2007). The amount of groundwater 
abstraction and the number of abstraction wells are shown in Fig.  15.14, which 
clearly shows that groundwater demand has increased in proportion to the develop-
ment of the city.

Those abrupt groundwater demand increase affect seriously to the local ground-
water aquifer system. Figure 15.15 shows the groundwater potential from 1985 to 
2008. In 1985, the depression area of the groundwater potential was located in the 
northeastern part of the DKI Jakarta and the groundwater potential was −15 m. The 
depression area then expanded, moving toward central DKI Jakarta before moving to 
the northwestern part of the city in 2008 when it was decreased to −25 m. Although 
the Indonesian government has tried to regulate the groundwater over-pumping of 
this area, it has not well succeeded until now. This is probably because the develop-
ment of the alternative water source by surface water is not sufficient to replace it.

Fig. 15.13  Movement of major recharge area accompanied to the groundwater depression caused 
by over pumping and its countermeasure regulation
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Figure 15.16 shows the distribution of 14C value (in pmC) and CFC-12 concentration 
along X-Y cross-section overlaid on the groundwater potential of 2008 (Kagabu 
et  al. 2010). Even in the deeper aquifer, it has some modern 14C component and 
which becomes higher than that of 1985 confirmed by the duplicated 14C measurements 

Fig. 15.14  Historical change of the groundwater abstraction amount and total number of abstrac-
tion well (Ministry of Energy and Mineral Resources, Republic of Indonesia 2007)

Fig. 15.15  Change of the groundwater potential distribution of Jakarata area from 1985 to 2008 
(Kagabu et al. 2010)
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for those sampling points. Those ‘apparent age rejuvenation’ are clearly related 
with the groundwater drawdown caused by the over-pumping. The intrusion from 
surface younger groundwater component becomes nearly 50% in the total abstrac-
tion at the urban area in 2008, which has confirmed by the 3D groundwater simulation 
of the Jakarta area (Kagabu et  al. 2010). This is also the evidence of ‘induced 
recharge’ by the over-pumping.

15.4 � Change of Groundwater Recharge Caused  
by Groundwater Abstraction

15.4.1 � Effect of Tunnel Construction to Change  
the Groundwater Recharge

When we construct the tunnel, the groundwater flow system in the surrounding host 
rock should be affected by the leakage to the tunnel. Figure 15.17 is the result of 
the 2D groundwater simulation case study to show the effect of tunnel construction 
to the groundwater system around the tunnel. The geology of the bedrock is granite 
and it has fixed homogeneous permeability with 10−6 cm/s. Before the tunnel con-
struction (Fig.  15.17a), the groundwater recharge is 0.5  mm/day to support the 
stream discharge just above the proposed tunnel site which is less than average 
specific river discharge rate of Japan. This is probably due to the relatively low 
value of the fixed permeability of the studied granite rock. After the tunnel 
construction as shown in Fig. 15.17b, the recharge rate of 1.0 mm/day is necessary 
to support the stream discharge above the tunnel. If the recharge condition after the 

Fig. 15.16  The distribution of 14C value (in pmC) and CFC-12 concentration along X-Y cross-
section overlaid on the groundwater potential of 2008 (Kagabu et al. 2010)
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tunnel construction is kept at the same rate (0.5  mm/day) as before the tunnel 
construction, the groundwater table has been draw-down toward the tunnel and the 
stream flow would disappear. In order to keep the stream discharge as same as even 
after the tunnel construction, this study showed that the groundwater recharge rate 
should be changed from 0.5 to 1.0  mm/day, which is the average specific river 
discharge rate in Japan. Although the stream discharge has decreased somehow but 
still kept on running even after the tunnel construction in the actual case, this can 
be considered that the recharge rate to the granite rock aquifer has changed shown 
as the simulation study and this is the good example of the ‘induced recharge’ by 
the tunnel construction.

This kind of situation can be happen at the groundwater over-pumping city area 
where the ‘induced groundwater recharge’ could be created up to the regional maxi-
mum potential recharge rate, which is P(precipitation)–AE(actual evapotranspira-
tion) of the concerned area.

15.4.2 � Potential Groundwater Recharge in Coastal Asia

Figure 15.18 shows the hydrological setting of Asian area confirmed by the observed 
meteorological data. Southeastern part of continental Asia and surrounding islands 
countries belongs mostly to the monsoon climate with higher precipitation and moder-
ate evapotranspiration. The residual component of the water budget, P–AE, is always 
positive in these area which means there is no water deficit throughout the year.

The target cities of this project, Tokyo, Osaka, Taipei, Bangkok, Jakarta, Manila, 
are mostly belong to this positive P–AE area as shown in Fig. 15.18, which means 
groundwater can be recharged up to local P–AE amount. That is why the ground-
water regulation of Japanese large cities and Taipei area effectively worked and to 
show the quick recovery of their groundwater potential under the effective pumping 
regulation periods. Although Bangkok is just starting its pumping regulation, it has 
already shown some gradual recovery of their groundwater potential. Although 

Fig.  15.17  Effect of tunnel construction to the groundwater flow and groundwater recharge 
(Shimada and Ishii 1986)
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Jakarta is not well regulated for their groundwater use at the present stage, it has a 
possibility to recover under the specified groundwater regulation because of their 
potentially positive P–AE.

15.5 � Comparison of Groundwater Development  
Steps in Coastal Asia

The groundwater use in the city area can be divided into several development steps 
depend on their economic situation. Most of Asian coastal city begin to locate along 
the riverside flatland because of the easy water access either for transportation or water 

Fig. 15.18  The hydrological setting of Asian area (modified from Kayane 1972)
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demand for life and production use. The groundwater was developed at the inland part 
of the city where is less accessibility to the river water but easy access to the shallow 
aquifer. At this step, groundwater resources are stable, clean, cheap and easy access for 
the city (Step 1). Then following the economic growth of the city, water demand is also 
became large and the groundwater related disasters; such as land subsidence, water 
salinization, oxygen gas deficit accident, etc., was found significantly in the urban area 
(Step 2). To countermeasure these disasters, groundwater-pumping regulation has been 
applied to the problem area with the help of infrastructure of surface water supply as 
the alternative city water source (Step 3). For the good success of this groundwater 
pumping regulation, the legal aspect on groundwater resources is also important. In the 
case of coastal Asian cities, most cities belong to monsoon climatic condition area and 
have the potential positive groundwater recharge rate as shown in the previous section. 
Because of this hydrological background, the groundwater drawdown can recover very 
quickly if the pumping regulation works perfectly (Step 4). This situation has been 
experienced in the major Japanese big coastal cities like Tokyo, Nagoya and Osaka in 
1970 and 1980s. However, unexpected another groundwater related disaster has 
appeared in the pumping regulation area, that is the floating power problem caused by 
the groundwater recovery explained in the previous section (Step 5). Those differences 
of the development steps in the coastal Asian cities are summarized in the Fig. 15.19. 
For the sustainable use of the city groundwater in the coastal Asia, it is important to 
manage the groundwater resources under the framework of hydrological circulation of 
the concerned area. When we have the information on the hydro-geological structure 

Fig. 15.19  The differences of the development steps in the coastal Asian cities
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of the aquifer, its precise flow system, potential recharge area and its rate, effective 
pumping regulation, it is possible to promote the sustainable management of their 
groundwater resources in the coastal Asia.

15.6 � Conclusions

In this project, we have conducted the comparative study of the coastal Asian cities 
for their groundwater problems. Japanese large cities has experienced severe 
groundwater disasters during 1960 and 1970s and succeeded to recover by the 
effective groundwater pumping regulations. Many Asian coastal cities like Taipei, 
Shanghai, Bangkok, Manila, and Jakarta have similar groundwater disasters 10 to 
few 10 years late after Japan. Some cities like Taipei and Bangkok has succeeded 
for the recovery of their groundwater potentials but many cities are still in the prob-
lem and seeking for the better solution. Although there exists the historical differ-
ence depend on the economical development steps for these cities, the groundwater 
problems in the coastal Asian cities shows the similar historical trends and it is said 
to be possible to recover based on their hydrological setting of coastal Asia. 
Followings are the concluding remarks of this section.

Over-pumping at urban area creates the groundwater disasters such as land subsid-
ence, sea water intrusion, oxygen air deficit problems, etc. and also ‘the induced 
groundwater recharge’ at the depression area of groundwater potential, these include;

	1.	 Forced recharge at the recharge area of the target aquifer
	2.	 Squeezing from the upper and lower confining bed of the target aquifer
	3.	 Intrusion of the shallow groundwater through the confining bed which has 

confirmed by the groundwater age component such as CFCs, 3H and 14C

Coastal Asia has the potential recharge capacity based on its hydrological setting 
and its maximum recharge rate should be P–AE. Because of this, it is possible to 
regulate and manage the groundwater resources in Coastal Asia. To succeed in the 
regulation, the infrastructure of surface water supply and the background of 
national groundwater act is key issue. Also understanding the hydro-geological 
setting of the local aquifer and the evaluation of the maximum recharge capacity of 
the area is important for the effective groundwater management. The historical 
groundwater disaster and its recovery experience of Japanese large cities can 
contribute much for the cities in coastal Asia.
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