Foreword
The Center for Global Environmental Research (CGER) at the National Institute for
Environmental Studies (NIES) was established in October 1990. CGER’s main objectives are
to contribute to the scientific understanding of global change and to identify solutions for
pressing environmental problems. CGER conducts environmental research from
interdisciplinary, multi-agency, and international perspectives, provides an intellectual
infrastructure for research activities in the form of databases and a supercomputer system, and
makes the data from its long-term monitoring of the global environment available to the
public.
CGER installed its first supercomputer system (NEC SX-3, Model 14) in March 1992.
That system was subsequently upgraded to an NEC Model SX-4/32 in 1997, and an NEC
Model SX-6 in 2002. In March 2007, we replaced that system with an NEC Model
SX-8R/128M16 in order to provide an increased capacity for speed and storage. We expect
our research to benefit directly from this upgrade.
The supercomputer system is available for use by researchers from NIES and other
research organizations and universities in Japan. The Supercomputer Steering Committee
evaluates proposals of research requiring the use of the system. The committee consists of
leading Japanese scientists in climate modeling, atmospheric chemistry, ocean environment,
computer science, and other areas of concern in global environmental research. In the 2007
fiscal year (April 2007 to March 2008), sixteen proposals were approved.
To promote the dissemination of the results, we publish both an Annual Report and
occasional Monograph Reports. Annual Reports give the results for all research projects that
have used the supercomputer system in a given year, while Monograph Report presents the
integrated results of a particular research program.
This Monograph Report presents the results following the 11th publication (Part I) which
was published in 2006. The new process-based catchment model, called the NIES Integrated
Catchment-based Eco-hydrology (NICE) model, was applied to Japanese catchments in which
Nature Restoration and Urban Area Regeneration Projects have newly started. The results
obtained in this research will allow us to clarify the various kinds of interactions among
human activities and water–heat–mass cycles and their impacts on environmental degradation
for sustainable development of human society in catchments.
In the years to come, we will continue to support environmental research with our
supercomputer resources and disseminate practical information on our results.
June 2008

Yasuhiro Sasano
Director
Center for Global Environmental Research
National Institute for Environmental Studies
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Preface
This volume of CGER’S SUPERCOMPUTER MONOGRAPH REPORT series is the
14th publication of research outcomes achieved by users of the supercomputer facilities at the
Center for Global Environmental Research (CGER), National Institute for Environmental
Studies (NIES). The author has so far developed the new process-based catchment model,
called the NIES Integrated Catchment-based Eco-hydrology (NICE) model, to evaluate
ecosystem dynamics in the catchments of East Asia.
East Asia encompasses various ecosystems and is undergoing rapid economic
development. Because realization of a society harmonious with nature and conservation of the
global environment have recently become important challenges in Japan, the government
recently initiated a series of new projects called the Nature Restoration and Urban Area
Regeneration Projects. The Kushiro Mire Conservation Plan and plans for Conservation and
Restoration of Lakeshore Vegetation at Lake Kasumigaura and Urban Area Regeneration in
the Tokyo Metropolitan Area are examples of these projects.
This monograph (Part II) succeeds the 11th publication (Part I), which was published in
2006. This volume reviews the NICE processes newly developed since Part I was published
and describes how these models have been applied to Japanese catchments in which Nature
Restoration and Urban Area Regeneration Projects have newly started. The NICE model is
now being expanded to include urban process, regional atmospheric models, land ocean
models for evaluation of urban ecosystems and their relationship to surrounding regions. This
subsequent research will be reported in the next monograph (Part III) in the near future. The
author hopes that the publication we present here will facilitate further research on the
sustainable development of human society in catchments. In particular, the author hopes that
it will help to clarify the various kinds of interactions among human activities and
water–heat–mass cycles and their effects on environmental degradation.
June 2008

Tadanobu Nakayama
Senior Researcher
Asian Environment Research Group
National Institute for Environmental Studies
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1.1 Background
Human activity has dramatically changed the ecosystem dynamics of East Asian
catchments. In particular, the change from rural or wilderness to urban or agricultural uses has
greatly affected the ecosystems in and around these catchments. Conservation of the global
environment and realization of a society in harmony with nature have recently become
important challenges (Ministry of Environment, 2002a). To facilitate sustainable development,
it is necessary to quantify the mechanisms of ecosystem change and to perform restoration
work that will actively recover local natural environments that have been damaged in the past.
Numerical models are very powerful tools in this river-basin–wide process. Japan’s natural
environment is also undergoing drastic changes, particularly in the following areas of study
(Fig. 1.1).

Changjiang & Yellow River catchments
䌾Impact of anthropogenic activity on ecosystem䌾

Kushiro Mire
䌾Possibility of mire
recovery䌾

China
Yellow Riv.
Upscaling

Japan

Changjiang Riv.

Kanto Plain
䌾Eco-Harmonious River Basin &
Urban Area Regeneration䌾

Tokyo

Pointscale
Megalopolis
䌾Asian Group䌾

Up-scaling
Lake Kasumigaura
catchment
䌾Effect of groundwater䌾

Up-scaling

Fig. 1.1 Evaluation of ecosystem degradation by water-heat-mass cycle changes.

The Kushiro Mire (the largest mire in Japan) has been changing since 1884 through
conversion to urban or agricultural uses. The rivers meandering through the mire have been
altered by water works, and especially by channelization, a process that was introduced in the
1980s in the northern part of the mire to smoothly drain runoff and protect farmlands from
flooding. Because of this channelization, runoff containing nutrients from farmland and
sediments from short-cut channels flows directly into the mire, where it deposits flood-borne
sediments. Sediment deposition in the mire has changed the mire’s topography, lowering the
groundwater level and causing some of the soil to dry out. Consequently, alder (Alnus
japonica [Thunb.] Steud.), a deciduous tree approximately 15 m tall, has invaded the mire
around the lower Kucyoro River and has increased in distribution. Alders, which require drier
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conditions and more nutrients than previously existed in the Kushiro Mire, have propagated
widely there since channelization, mainly because of the lowering of the groundwater level
and the increased nutrient input; this has resulted in gradual shrinking of the mire. This
change illustrates the effect of human activities on the water cycle in the Kushiro Mire and
thus on the vegetative succession. Water dynamics in the Kushiro River catchment, including
in the Kushiro Mire, are changing spatially. Deep groundwater levels in forested areas and
shallow groundwater levels in the mire, for example, change because of the sudden
topographic fluctuations over short distances and seasonal variations in vegetation. When a
hydrological model is applied to this area, it should take into account
surface-unsaturated-saturated water processes, and land-surface processes assimilated with
satellite data to describe temporal variations in vegetative growth and phenology (Nakayama
and Watanabe, 2004, 2006a; Nakayama, 2008a).
Lake Kasumigaura, the second-largest lake in Japan (surface area: 220 km2), is located on
the eastern part of the Kanto Plain, approximately 60 km northeast of the Tokyo metropolitan
area. The lake, which lies only 0.16 m above sea level, has an average depth of only 4 m and a
maximum depth of 7 m. The lake has become eutrophic because of the large inflow of
nutrients from intensive agricultural production in the flat catchment area (2135 km2). The
land uses in the catchment are 30% forest, 25% paddy fields, 25% cultivated fields, 10%
residential, and 10% other. Intensive pig- and cattle-raising farms and orchards cover the
northern and northeastern shores of the lake (the Mt. Tsukuba side). During the last four
decades, the lake’s environment and morphology have changed greatly because of rapid
population rise; the 1963 construction of the Hitachigawa Water Gate downstream from the
lake; the building of lakeshore concrete dikes and embankments for flood control and water
resource development; and the construction of waterworks, wastewater treatment plants, and
public sewerage systems. Previous studies of the nutrient input into, and the water quality in,
Lake Kasumigaura have considered the lake to be “closed”, i.e., having no interaction with
the groundwater; these studies have therefore treated the effects on the lake of nutrient input
from rivers and wastewater treatment plants, but not those of groundwater. There have been
few studies of the hydrologic interaction between the lake water and the groundwater in Lake
Kasumigaura (Nakayama and Watanabe, 2008a).
The Tone River on the Kanto Plain is one of the longest rivers in Japan (322 km) and has
the largest drainage basin (15,760 km2); the river flowed into Tokyo Bay before the 1600s. As
a result of numerous construction efforts by the Edo shogunate in the 1600s, the river’s course
was changed to flow into the Pacific Ocean to prevent flooding of the city and promote grain
crop productivity. Tokyo Bay borders the Kanto Plain and was formerly a typical eutrophic
coastal area. The Tokyo metropolitan area has been widely and quickly developed and
urbanized. The environment and morphology have changed greatly because of the rapid rise
in population and industrial development, the building of seashore concrete dikes and
embankments on former tidelands for reclamation and shipping, and the construction of
wastewater treatment plants and public sewerage systems. As a result of the heavy industrial
use of groundwater during the high-development periods of the 1970s and 1980s,
groundwater degradation occurred across the Kanto Plain, causing serious problems. The
government has recently prohibited groundwater use, and groundwater levels have recovered
considerably; however, the rising groundwater levels have caused another serious problem:
the “floating” of subway lines, stations, and buildings in the urban area. Another serious
problem on the Kanto Plain is the infiltration of groundwater contaminants such as nitrate and
ammonia to the aquifer from agricultural fields and industrial complexes; this contamination
may damage human health and the catchment ecosystems, including Tokyo Bay. Some




──

CGER-I083-2008, CGER/NIES

studies have been conducted on the seepage of fresh groundwater from the Kanto Plain into
the sea and the associated nutrient transport, but only some locations on the plain have been
studied. Therefore, the groundwater flow system of the plain has not yet been fully described.
To evaluate the effect of groundwater on Tokyo Bay, the groundwater system of the Kanto
Plain, including that of the entire Tone River catchment, must be studied, because the
groundwater tends to follow the previous channels of the Tone River (Nakayama et al., 2007).
The Japanese government initiated a new series of projects—the Nature Restoration
Projects—in 2002. “Nature restoration” was defined in accordance with the following three
policies (Ministry of Environment, 2002b):
(i) Nature restoration shall be carried out for the purpose of restoring the ecosystem and other
natural environments that have been damaged or destroyed by socioeconomic activities in the
past, thereby realizing a society in harmony with nature where indigenous biodiversity is
protected and a sound and bountiful nature for future generations is maintained, thus further
contributing to the conservation of the global environment.
(ii) As it is an effort to restore the ecosystems and other natural environments inherent to an
area, nature restoration shall be undertaken with respect for regional autonomy, and ensuring
transparency, with the participation and cooperation of the various proponents in the region.
(iii) Nature restoration shall be undertaken with an adaptive approach from a long-term
perspective, using scientific knowledge, and based on an understanding that a project deals
with complex and ever-changing ecosystems and other natural environments.
The Kushiro Mire Conservation Plan is one such nature restoration project. Its aim is to
stop sediment loading and nutrient influx and aid the recovery of the Kushiro Mire by the
re-meandering of channelized rivers, establishment of a riparian buffer, and creation of a
sediment-retention pond. Similarly, the aim of Conservation and Restoration of Lakeshore
Vegetation at Lake Kasumigaura is to preserve the lakeshore environment, which includes a
boggy area, to restore lakeshore views, and to regenerate the connection between humans and
the lake. The project for Urban Area Regeneration in the Tokyo Metropolitan Area is a little
different from the other two projects, because the target area includes a dense population and
because some elderly infrastructures have to be reconstructed. Eco-harmony of the catchment
and its aquatic areas needs to be created if we are to solve serious environmental degradation
problems such as the eutrophication of Tokyo Bay and groundwater contamination.
This monograph (Part II) is the successor to the 11th publication (Part I), which appeared
in 2006 (Nakayama and Watanabe, 2006b). The catchments described here are representative
of areas in Japan where human activity has greatly affected the environment. In Japan,
regulations promoting nature restoration took effect on 1 January 2005. They included various
measures to promote symbiotic relationships between humans and ecosystems The
development of a process-based model and the simulation of ecosystem dynamics in these
catchments are therefore very important for the quantitative evaluation of catchments.
1.2 Model Description of NICE Series
I previously developed a new process-based catchment model, called the NIES Integrated
Catchment-based
Eco-hydrology
(NICE)
model,
which
simulates
surface-unsaturated-saturated water processes and assimilates land-surface processes
describing variations in phenology with satellite data such as MODIS (Nakayama and
Watanabe, 2004). This model is a 3-D-grid-based eco-hydrology model in which the water
flux between the recharge and groundwater layers is calculated to combine the soil moisture
model and the groundwater flow model at each time step. The model includes effective
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precipitation and seepage between river and groundwater. Therefore, the model can reproduce
both long-term and short-term components of hydrologic change. I have also expanded the
original NICE model with the following modules (Fig. 1.2):
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Fig. 1.2 Process-based NICE (NIES Integrated Catchment-based Eco-hydrology) model.

NICE-SNOW includes the effects of local topography on snow cover, the frozen-thawed soil
layer, and spring snowmelt runoff in the catchment (Nakayama and Watanabe, 2006a).
NICE-LAKE includes the interaction between the eutrophic lake and groundwater in the
Lake Kasumigaura catchment (Nakayama and Watanabe, 2008a).
NICE-AGR incorporates agricultural models for wheat and maize production and was
applied to the North China Plain and the lower Yellow River catchment in China (Nakayama
et al., 2006).
NICE-SEA includes the density, flow, and solute transport processes of groundwater and
incorporates the effects of water-table and tidal fluctuations, to enable the evaluation of
underground urban structures on the coastal environment (Nakayama et al., 2007).
NICE-VEG iteratively simulates the water-heat budget, sediment and nutrient transport, and
vegetative succession processes in the Kushiro Mire (Nakayama, 2008a, 2008d).
NICE-FLD refines the model so that it can be applied to broader catchments and thus enable
the evaluation of large-scale flooding in the Changjiang River catchment in China (Nakayama
and Watanabe, 2008b).
NICE-CNL includes water transfer in dam and canal systems and was applied to the North
China Plain and the lower Yellow River catchment in China (Nakayama, 2008b).
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NICE-MASS includes mass transport processes such as sediment and nutrient.(Nakayama,
2008c).
The NICE series is being expanded to include urban process, regional atmospherics, and
ocean models to enable the evaluation of urban ecosystems and their relationship to
surrounding regions. Details of the existing NICE series are presented in the reference list
below.
1.3 Objectives and Methods
I have so far developed a method of combining the grid-based numerical model,
ground-truth observation data, and satellite data (Fig. 1.3) to study the ecosystem dynamics of
the catchments of East Asia. In this monograph (Part II), I review the NICE processes that
have been newly developed since the publication of Part I (Nakayama and Watanabe, 2006b)
and describe how these models have been applied to Japanese catchments where new Nature
Restoration and Urban Area Regeneration Projects have been started. The main study areas
are the Kushiro Mire (Nakayama and Watanabe, 2004, 2006a; Nakayama, 2008a), Lake
Kasumigaura (Nakayama and Watanabe, 2008a), and the Kanto Plain (Nakayama et al., 2007)
(see Fig. 1.1). The final objective of this monograph is to evaluate the effect of human activity
on ecosystem degradation caused by water-heat-mass cycle changes. Model development and
the results of simulations of ecosystem dynamics in these catchments are urgently needed to
enable the establishment of regulations promoting nature restoration.
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Fig. 1.3 Combination of grid-based model, observation, and satellite data.
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Abstract
I developed a new process-based model, NICE-LAKE, which includes interactions
between surface water, canopy, unsaturated layer, aquifer, lake, and rivers, and used it to
model the shallow and eutrophic Lake Kasumigaura, in Japan. By estimating the spatial
distribution of the hydrologic cycle, the model shows that groundwater withdrawal greatly
affects groundwater distribution and seepage and indirectly influences lake water level. The
simulated seepage agreed excellently with the budget-derived value calculated from the
observed groundwater level, lake level, and isotope analyses. The model showed that
groundwater seepage and the concentrations of nutrients in groundwater are important
contributors to the eutrophication of Lake Kasumigaura—this is an important contribution not
recognized in previous studies of the lake. Groundwater entering the lake from the north side
is contaminated with high concentrations of nitrate and ammonia from intensive pig and cattle
raising and cultivated fields. The simulation showed that this high nitrogen load plays an
important role in eutrophication of the lake (the nitrogen load in inflowing groundwater is
30% of that in river inflow and four times that from wastewater treatment plants) despite
government policies to prevent only overland flow of nutrients into the lake. The results
showed that NICE-LAKE is a powerful tool for forecasting whether or not the lake’s water
quality will recover in response to the recent legal prohibition of disposal of animal excreta in
the surrounding open fields.
Keywords: Integrated catchment-based eco-hydrology model, Groundwater seepage,
Hydrologic budget, Nutrient loading, Shallow eutrophic lake




─ 10 ─

CGER-I083-2008, CGER/NIES

2.1 Introduction
The interactions between lakes and groundwater are extremely complex and varied in
both time and space. In particular, groundwater seepage plays an important role in the
hydrologic and nutrient budgets of lakes when evaporation exceeds precipitation or when
there are no streamflows into or out of a lake. Previous researchers have evaluated the
relationship between lake levels and the surrounding groundwater levels by observation
(Winter, 1986; Cherkauer and Zager, 1989; Anderson and Cheng, 1993), and between lake
levels and solute concentration changes and their relationship to plankton (La Baugh, 1986;
Wentz et al., 1995). Seepage also affects nutrient transport between lake and aquifer and
changes solute concentrations and biogeochemical responses in both zones, as do river
discharge, precipitation, and evaporation (Brock et al., 1982; La Baugh, 1986; Pollman et al.,
1991; Sacks et al., 1992). In some regions of Japan—notably the Lake Kasumigaura
catchment (Fig. 2.1)—aquifers have been highly contaminated by infiltration of nutrients
from fertilizer applied to farmland and from animal excreta disposed to open fields. There is
an urgent need to estimate the overall hydrologic and nutrient budgets in catchments, to
clarify the spatial distribution of groundwater seepage into lakes, and to separate the water
flux from the groundwater into the lakes from that in the opposite direction in order to
evaluate whether highly contaminated aquifers affect the surrounding lakes and to set
reasonable government policies for preventing environmental degradation in catchments
(Ministry of Environment, 2004).
Although some previous studies have directly measured differences in hydraulic head
between groundwater and lake levels by the use of hydraulic potentiomanometers (Winter et
al., 1988; Cherkauer and Zager, 1989; Krabbenhoft et al., 1990b; Sacks et al., 1992), this
method is applicable only to shallow lakes or to the shallower, near-shore parts of deep
lakes (a few meters depth), because of the difficulty of pushing these devices into the
sediments in deep water, and can be used to take measurements at only a few points on the
lake bottom because of the cost of buying a large number of them. The isotope mass balance
method can be used to estimate inflow and outflow only when water is sampled (Krabbenhoft
et al., 1990a), but this method is very powerful if combined with the hydrogeological
approach for identifying groundwater seepage and uncertainties in chemical fluxes (La Baugh
et al., 1997). Other techniques for the measurement of local water fluxes through lake
sediments—e.g. the use of an automated dye-dilution-based seepage meter (Sholkovitz et al.,
2003) or a combination of natural helium (He) concentration profiles and an
advection-diffusion equation (Stephenson et al., 1994)—might be of special interest for the
analysis of the spatial and temporal characteristics of groundwater seepage. These methods
are effective only for evaluation of the local water flux, and only with difficulty can they be
used to estimate the spatial distribution of hydrologic and nutrient budgets. Estimating net
groundwater seepage as the residual of the total lake budget (Pollman et al., 1991; Lee, 1996)
is a powerful method for evaluating total hydrologic and nutrient budgets, but it does not
calculate the correct values of inflowing and outflowing groundwater components separately,
and the accuracy of budget-derived net groundwater seepage depends on the observed errors
of other components. Therefore, more sophisticated model solutions are required for correct
evaluation of the spatial distribution of the water and nutrient inventory.
Cheng and Anderson (1993) developed an approach to lake-aquifer interaction from the
groundwater model originated by McDonald and Harbaugh (1988). The approach is based on
the evaluation of a lake’s water budget as not completely dependent on the groundwater
budget. Merritt and Konikow (2000) further refined the method to take into account the
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resistance to flow within the aquifer. In light of the abovementioned difficulties of direct
observation and estimation of groundwater seepage, the implementation of a separate water
budget that accounts for seepage losses to, and gains from, the aquifer allows these models to
be used to make a separate estimate of lake water level and its relationship to groundwater
level, and to simulate the spatial distribution of groundwater seepage (Sacks et al., 1992).
However, these previous models include only the lake-aquifer interaction. The Lake
Kasumigaura area has complicated topography (Fig. 2.1b) and various forms of land use, both
natural and agricultural (Fig. 2.1c). Surface-unsaturated-saturated water processes and the
effects of agricultural water withdrawal are indispensable for the reproduction of water and
nutrient cycles in the entire catchment and for their inventory in the lake.
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Fig. 2.1 Study area in the Lake Kasumigaura catchment (area: 2135 km2) showing (a) location of the study
area, (b) mean elevations, and (c) land uses. Sample data from the Kanto Regional Development Bureau (1994,
1995), and Ministry of Land Infrastructure, and Transport (2002) at 11 points of geological structure (䂾: Fig.
2.1c) were input to the NICE model. Data from the Japan Meteorological Agency (1994, 1995) observed by
AMeDAS (Automated Meteorological Data Acquisition System) at 11 points (䂰: Fig. 2.1c) were used in the
simulation for forcing of meteorological data. Data observed by the Kanto Regional Development Bureau at 12
groundwater level points (䂦: Fig. 2.1b) and 4 lake level points (䂔: Fig. 2.1b) were used for validation of the
model. Detailed information on these observation data is given in Table 2.1. Lake water quality and temperature
data observed by the National Institute for Environmental Studies (2001) at 4 points (䃩: Fig. 2.1b) are plotted in
Fig. 2.2.
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I have developed the National Institute for Environmental Studies (NIES) Integrated
Catchment-based Ecohydrology (NICE) model, which includes surface-unsaturated-saturated
water processes and assimilates land-surface processes describing phenological variation with
MODIS satellite data (Nakayama and Watanabe, 2004, 2006, 2008; Nakayama et al., 2006,
2007). The authors previously evaluated the water cycle around the Kushiro Mire in northern
Japan but did not include the effect of temporal variation of lake levels on the seepage in the
surrounding aquifer, instead assuming that the lake water level does not change (Nakayama
and Watanabe, 2004, 2006). For large eutrophic lakes it is necessary to simulate both the
surface-unsaturated-saturated water processes and the lake-aquifer interaction in the
catchment in order to separate the inflowing and outflowing groundwater components and
evaluate the water and nutrient inventories.
The objective of the current research was to characterize the spatial and temporal
variability of groundwater seepage in the eutrophic Lake Kasumigaura, and to quantify the
associated fluxes of nutrients and pollutants between the aquifer and the lake. Therefore, I
extended the NICE model to include the interaction between the lake and surrounding
groundwater (NICE-LAKE) and to simulate the inflowing and outflowing groundwater
seepages separately in the grid-based model. I validated the simulated results against point
data on the observed lake water level and groundwater level and against the spatial
groundwater flux estimated by G18O stable isotope analysis. I also compared the simulated
seepages with hydrologic budget-derived values and evaluated the relationship between the
hydrological budget and solute concentrations in the lake and groundwater by using a nutrient
transport model. The simulation showed that heterogeneities of groundwater seepage and
solute concentrations sometimes affect lake eutrophication beyond expectation, and that it is
necessary to take comprehensive political measures in the overall catchment in order to
restore the lake’s environment.
2.2 Study Area
Lake Kasumigaura, the second-largest (220 km2) lake in Japan, is located on the eastern
part of the Kanto Plain, approximately 60 km northeast of the Tokyo metropolitan area (Fig.
2.1a). The lake lies a mere 0.16 m above sea level and has an average depth of only 4 m and a
maximum depth of 7 m. Fifty-six rivers flow into the lake, but only one flows out, from a gate
at Hitachitone. The geology around the catchment consists mainly of Pleistocene deposits in
the mountain areas and alluvium in the lowland areas. The main source of the alluvium is
debris from the Tone River and sediments from coastal plateaus eroded by waves. The
alluvium is composed of sandy soil and gravel in the coastal and river areas and clayey soil in
the center of the lake. The lake has become eutrophic because of the large inflow of nutrients
from intensive agricultural production in the lake’s flat catchment area (2135 km2). The land
use in the catchment is 30% forest, 25% paddy fields, 25% cultivated fields, 10% residential,
and 10% other. Intensive pig- and cattle-raising and orchards cover the northern to
northeastern shore of the lake (Mt. Tsukuba side). Paddy fields cover the southern to
southwestern shore, where groundwater is withdrawn during the rice growing period. The
annual average temperature is about 14 °C, the area’s average annual rainfall is about 900 mm,
and the average evaporation is about 600 mm.
During the last four decades, the lake’s environment and morphology have changed
greatly because of the rapid rise in the number of residents; the building of the Hitachigawa
Water Gate in 1963 downstream of the lake; the constriction of lakeshore concrete dikes and
embankments for flood control and water resource development; and the construction of
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waterworks, waste-water treatment plants, and public sewerage systems (National Institute for
Environmental Studies, 2001). Although many government policies have been designed to
prevent environmental degradation in the lake’s catchment—such as through the construction
of sewerage systems and reduction in the number of non-point sources in agricultural
fields—the lake’s quality has not recovered greatly during the last 30 years (Fig. 2.2). In
particular, total nitrogen levels have remained almost constant, and total phosphorus levels
have continued to increase. Previous studies of nutrient inputs have considered the lake to be
‘closed’, having no interaction with groundwater (Muraoka and Hosomi, 1981; Matsuoka et
al., 1986; Takamura and Iwakuma, 1991; Fukushima et al., 2000; Havens et al., 2001; Imai,
2003); most of these studies have therefore focused on the effects of nutrient inputs from
rivers and wastewater treatment plants, ignoring groundwater. There are few studies of the
hydrologic interaction and nutrient cycle between the lake water and the groundwater in Lake
Kasumigaura.
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Fig. 2.2 Time-series of observed annual-averaged water quality in Lake Kasumigaura (Nishiura Bay) over
the last 30 years (National Institute for Environmental Studies, 2001). T-N and T-P are total nitrogen and
total phosphorus, respectively. The observed points are shown in Fig. 2.1b ( )ڏand Table 2.1 (nos.W-1 to W-4).

2.3 Description of NICE-LAKE Model
2.3.1 Addition to Seepage Rates
NICE was combined with the lake model (Merritt and Konikow, 2000) to evaluate the
interaction between the lake and the surrounding groundwater (Fig. 2.3). Seepage between the
lake and the aquifer, Qsl (m3 s–1), is expressed by the mutual head difference in an application
of Darcy’s Law:
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Qsl c(hl  ha ) ,
(2.1)
2 –1
where hl (m) is the lake level; ha (m) is the aquifer head; c (m s ) is the equivalent
conductance (= cacb/(ca+cb)) of the aquifer material ca (= KaA/'l) and the lakebed cb (=
KbA/bl); Ka (m s–1) is the aquifer hydraulic conductivity (either horizontal, Kh, or vertical, Kv);
Kb (m s–1) is the hydraulic conductivity of the lakebed material; A (m2) is the cross-sectional
area in a plane perpendicular to the direction of flow; 'l (m) is the length of aquifer section
(the distance between the edge of the aquifer grid cell just below the lakebed and the aquifer
grid cell center); and bl (m) is the lakebed thickness. This assumption of equivalent
conductance provides a mathematically correct estimate of the conductance of flow between
the lake and the aquifer, though the actual verification is limited by the accuracy with which
the parameters in the formula can be quantified from field data (Merritt and Konikow, 2000).
This equivalent conductance, c, includes the colmation effect (leakage reduction by
sedimentation in the lakebed), and Kb is an important parameter for calibration of the correct
seepage simulation.
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Seepage rates computed for each interface between a lake cell and a horizontally or
vertically adjacent cell by the lake model of equations (2.2) and (2.3) are added to the
appropriate elements in the RHS and HCOF matrices, as follows (McDonald and Harbaugh,
1988):
RHS ijk RHS ijk  c m hln 1 , ha ! hbot in vertical column
(2.2a)
RHS ijk

RHS ijk  c m hln 1  hbot , ha  hbot at horizontal interface

(2.2b)

RHS ijk

RHS ijk r 0 , ha  hbot at vertical interface

(2.2c)

HCOFijk

HCOFijk  c m , ha ! hbot

(2.3a)

HCOFijk HCOFijk r 0 , ha  hbot ,
(2.3b)
where ijk designates the particular matrix term; m denotes a particular cell interface; cm (m2
s–1) is the conductance across that interface; hbot (m) is the lakebed elevation; and n–1 denotes
the previous time step. Equations (2.2) and (2.3) include the process of groundwater seepage
both at the side and at the bottom of the lake.
2.3.2 Lake Model

For a transient simulation of the lake, the lake grid is set surrounded by the aquifer, and
the lake level is simulated and updated at each time step, 't (s), by using water balance
equations (2.1) and (2.4) (Merritt and Konikow, 2000):
p  e  Qh  w  Qsl  Qri  Qro
hlnew hlold  't
,
(2.4)
Al
where hlnew and hlold (m) are the lake levels at the new time step and the previous time step;
p (m3 s–1) is the rate of precipitation into the lake during the time step; e (m3 s–1) is the rate of
evaporation from the lake surface during the time step; Qh (m3 s–1) is the rate of surface runoff
to the lake simulated by the surface runoff process of NICE during the time step; w (m3 s–1) is
the rate of water withdrawal from the lake during the time step (a negative value indicates
augmentation); Qsl (m3 s–1), as above, is seepage between the lake and the aquifer; Qri (m3 s–1)
is the river discharge flowing into the lake during the time step; Qro (m3 s–1) is the river
discharge flowing out from the lake during the time step; and Al (m2) is the surface area of the
lake at the beginning of the time step. After enough iterations of the groundwater submodel
have been performed for the aquifer heads to converge to a solution, the lake level ( hlnew ) is
recomputed one more time for each lake with equation (2.4).
Although NICE-LAKE includes highly accurate depictions of the complicated physical
processes of surface water-canopy-unsaturated layers-aquifer-lake-river interactions (Fig. 2.3),
it takes longer to run and needs greater data storage than some kinds of empirical models. It is
therefore very important to set optimum spatial and temporal scales and dimensions for the
simulation by considering the available input data and the final objective.
2.4 Input Data and Boundary Conditions for Simulation
2.4.1 Input Data

Observation data and points are listed in Table 2.1 (Japan Meteorological Agency 1994,
1995; Kanto Regional Development Bureau 1994, 1995; National Institute for Environmental
Studies, 2001; Ministry of Land Infrastructure and Transport of Japan, 2002). Representative
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model parameters used in NICE-LAKE are shown in Table 2.2.
Table 2.1 Observation data and points (Kanto Regional Development Bureau, 1994, 1995; Japan
Meteorological Agency, 1994, 1995; National Institute for Environmental Studies, 2001). Meteorological
and geological structure data were used as input data for the simulation, and groundwater level and lake level
data were used for calibration of the simulation. These data are plotted in Fig. 2.1.

No.
A-1
A-2
A-3
A-4
A-5
A-6
A-7
A-8
A-9
A-10
A-11
B-1
B-2
B-3
B-4
B-5
B-6
B-7
B-8
B-9
B-10
B-11
G-1
G-2
G-3
G-4
G-5
G-6
G-7
G-8
G-9
G-10
G-11
G-12
L-1
L-2
L-3
L-4
W-1
W-2
W-3
W-4



Point name
Kasama
Mito
Kakioka
Mt.Tsukuba
Minori
Hokota
Tsuchiura
Edosaki
Kashima
Ryugasaki
Sawara
Taiei
Asahi
Ushiku
Kitaura
Miho
Hokota
Kashima
Ryugasaki
Edosaki
Itako
Asahi
Toride
Tsuchiura
Yasato-minami
Ami
Dejima
Ishioka
Ushiku
Ryugasaki
Edosaki
Asou
Kitaura
Hokota
Hitachigawa Water Gate
Ga (Sotonasakaura Bay)
Shirahama (Kitaura Bay)
Koshin (Nishiura Bay)
Takahama-iri (Nishiura Bay)
Tsuchiura-iri (Nishiura Bay)
Koshin (Nishiura Bay)
Tennozaki (Nishiura Bay)

Type
Meteorology
Meteorology
Meteorology
Meteorology
Meteorology
Meteorology
Meteorology
Meteorology
Meteorology
Meteorology
Meteorology
Geological structure
Geological structure
Geological structure
Geological structure
Geological structure
Geological structure
Geological structure
Geological structure
Geological structure
Geological structure
Geological structure
Groundwater level
Groundwater level
Groundwater level
Groundwater level
Groundwater level
Groundwater level
Groundwater level
Groundwater level
Groundwater level
Groundwater level
Groundwater level
Groundwater level
Lake level
Lake level
Lake level
Lake level
Water quality/temperature
Water quality/temperature
Water quality/temperature
Water quality/temperature
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Lat.
36°22.9'
36°22.7'
36°13.9'
36°13.4'
36°14.1'
36°9.9'
36°5.6'
35°57.5'
35°57.7'
35°53.3'
35°54.4'
35°50.5'
36°11.0'
36°0.3'
36°6.3'
36°0.1'
36°9.0'
36°0.4'
35°56.1'
35°57.5'
35°58.9'
36°12.0'
36°6.9'
36°7.0'
36°12.6'
36°1.9'
36°6.3'
36°10.5'
35°58.8'
35°54.7'
35°58.4'
35°59.7'
36°4.8'
36°10.1'
35°50.5'
35°53.5'
36°1.0'
36°1.5'
36°7.1'
36°2.5'
36°2.0'
35°58.4'

Long.
140°14.5'
140°28.3'
140°11.6'
140°6.1'
140°19.7'
140°31.8'
140°12.7'
140°19.4'
140°37.5'
140°13.0'
140°29.7'
140°26.6'
140°33.8'
140°8.1'
140°28.2'
140°22.5'
140°30.4'
140°36.7'
140°14.1'
140°17.4'
140°33.7'
140°29.0'
140°8.6'
140°13.8'
140°11.4'
140°12.7'
140°19.7'
140°17.1'
140°8.9'
140°11.4'
140°18.9'
140°29.4'
140°31.5'
140°27.7'
140°42.4'
140°36.8'
140°33.8'
140°24.4'
140°22.9'
140°18.2'
140°24.4'
140°28.5'

Elev.
(m)
65.0
29.0
27.0
868.0
25.0
32.0
26.0
25.0
37.0
4.0
7.0
30.0
74.8
20.0
33.8
2.8
5.0
4.0
25.0
28.0
35.0
30.0
5.0
27.4
21.5
25.5
25.6
21.0
23.7
6.3
29.1
32.6
35.9
24.4
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
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Table 2.2 Representative parameters used in the NICE-LAKE model.
Symbol Physical definition
bl
Kh
Kh/Kv
Ss
Sy
ca
cb

Qsl
Qsr
hl
Qh

Thickness of the lakebed sediment
Horizontal hydraulic conductivity
Anisotropy ratio of hydraulic conductivity
Specific storage
Specific yield
Aquifer hydraulic conductance
Lakebed hydraulic conductance
Equivalent conductance of seepage
between lake and aquifer
Riverbed hydraulic conductance
Recharge rate in the aquifer
Groundwater withdrawals
Lake evaporation rate
Total drainage by wastewater treatment
plant
Residual term of groundwater flow model
Head coefficient of groundwater flow
model
Seepage between lake and aquifer
Seepage between river and aquifer
Lake water level
Surface runoff inflowing to lake

Qri

River discharge inflowing to lake

Qro

River discharge outflowing from lake

c
cr
qf
w
e
D
RHS
HCOF

Value

Units

Fig. 2.4b
Table 2.3
5.0
Table 2.3
Table 2.3
KaA/'l
KbA/b

m
m s-1
m-1
m2 s-1
m2 s-1

cacb/(ca+cb)

m2 s-1

300.0
Eq.(23) in Nakayama and Watanabe (2004)
Fig. 2.4c,d
Priestley-Taylor method

m2 s-1
m s-1
m3 s-1
m3 s-1

0.55

m3 s-1

Eq. (2.2)

m3 s-1

Eq. (2.3)

m2 s-1

Eq.(2.1)
Eq. (25) in Nakayama and Watanabe (2004)
Eq. (2.4)
Eq. (16) in Nakayama and Watanabe (2004)
Eq. (17)-(18) in Nakayama and Watanabe
(2004)
Eq.(17)-(18) in Nakayama and Watanabe
(2004)

m3 s-1
m3 s-1
m
m3 s-1
m3 s-1
m3 s-1

Table 2.3 Geological parameters used in the numerical simulation.

Type

Soil type

Horizontal
hydraulic
conductivity
Kh (m h-1)

1

Gravel
(aquifer)

5.0 x 101

1.0 x 101

5.0 x 10-6

5.0 x 10-2

4.2 < Kh < 4.2 x 102
(gravel)

5.0 x 100

1.0 x 100

5.0 x 10-5

5.0 x 10-2

2.0 x 10-2< Kh < 2.1 x 101
(sandy soil)

5.0 x 10-2

1.0 x 10-2

5.0 x 10-4

2.5 x 10-2

4.2 × 10-9< Kh < 2.1
(silty and clayey soils)

5.0 x 10-6

1.0 x 10-6

5.0 x 10-4

1.3 x 10-2

4.2 × 10-7< Kh < 4.0 x 10-2
(sandstone)

2.4 x 10-4

4.8 x 10-5

-

-

-

2

3

4

5



Fine to
medium
sand
(aquifer)
Finer
than silt
(aquifer)
Basement
rock
(aquifer)
Fine
lakebed
sediment
(lakebed)

Vertical
hydraulic
conductivity
Kv (m h-1)

Specific
storage
Ss (m-1)

Specific yield
Sy

Kh in previous research
(Anderson and Woessner
1992)
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The mean elevation of each 500-m grid-cell was calculated from the spatial average of a
digital elevation model (DEM) with a 50-m grid (Geographical Survey Institute of Japan,
1999) throughout the Lake Kasumigaura catchment (Fig. 2.1b). Lakebed elevation data on a
500-m grid (Public Works Research Institute of Japan, 2001) were also input into the model.
The vertical dimension was divided into 20 layers with a weighting factor of 1.1 (finer at the
upper layers). The upper layer was set at 2 m depth, and the 20th layer was defined as an
elevation of –150 m from the mean water level of Tokyo Bay (= 0 m). About 50 vegetation
and soil parameters were calculated in each cell on the basis of vegetation class and soil
texture data obtained from the Digital National Land Information GIS data of Japan for 1993.
The major parameters were vegetation cover, green fraction, albedo, surface roughness length
and zero displacement height, soil conductivity, and soil water potential at saturation; there
were also some parameters for stomatal resistance that were related to environmental factors.
By using 11 sample data points inside the study area (Table 2.1) and 24 points outside the
area (Ministry of Land Infrastructure and Transport of Japan, 2002), I divided the geological
structure of the aquifer into five types (types 1 to 5) on the basis of hydraulic conductivity (Kh
and Kv), specific storage by porous materials (Ss), and specific yield (Sy) after calibration for
fitting the simulated hydraulic heads to the observed heads, while keeping these values in the
range of those in previous research (Anderson and Woessner, 1992) (Table 2.3). For example,
the Kh in type 1 is 50 m h–1 (range from previous research for gravel: 4.2 < Kh < 420 m h–1),
that in type 2 is 5.0 m h–1 (sandy soil: 0.02 < Kh < 21.0 m h–1), that in type 3 is 0.05 m h–1
(silty and clayey soils: 4.2 u 10–9 < Kh < 2.1 m h–1), and that in type 4 is 5.0 u 10–6 m h–1
(sandstone: 4.2 u 10–7 < Kh < 0.04 m h–1); this shows that the parameter values of the
simulation are reasonable.
The geological structure of the lakebed (type 5) is very important for the simulation of
correct seepages. Previous research at this site has shown considerable spatial variation due to
differences in sediment types; these differences are in turn due to difference in sedimentary
regimes in the lake (Ibaraki University, 1977; Iuchi and Saito, 1993). I subdivided the lakebed
into two homogeneous and anisotropic zones, i.e., coarse (more permeable) gravel sediment at
the shore shelf (flat plain at water depths shallower than 2 to 3 m), and fine-grained (more
impermeable) sediment in the center plain at the bottom of the lake (flat plain at water depths
of about 5 to 6 m in the center and 3 m at inlets) (Fig. 2.4a). The coarse gravel sediment
corresponded to the geology surrounding the lake, and the fine-grained sediment was
categorized as type 5 in Table 2.3. The hydraulic conductivity of type 5 was adjusted to yield
a good fit of the simulations with the field data in the Results section. The thickness of the
lakebed sediment, bl (m), was determined as the sediment thickness of noticeable
accumulation after Asama-A tephra (1783 A.D.) when the ocean area was freshened and the
lake developed, as determined from previous boring data (Iuchi and Saito, 1993). I scanned
and discretized these data into each grid cell, setting up the simulation with spatially variable
permeability of the lakebed (Fig. 2.4b). Because I found no data on lakebed thickness in two
bays (Kitaura and Sotonasakaura; Fig. 2.1b), I used the average value for Nishiura Bay (L-4
in Table 2.1) for the values in these bays. The thickness of the lakebed sediment is about 30 to
50 cm. The simulation also includes the spatial variability of the hydraulic conductivity of the
rocks below the lake sediment (type 4 in Table 2.3), about 40 to 50 m below the lakebed at
the center of the lake (Iuchi and Saito, 1993). This variability plays an important role in the
modeling of groundwater seepage.
Six-hour observation data on downward short-and long-wave radiation, precipitation,
atmospheric pressure, air temperature, air humidity, and wind speed at a reference level were
calculated and interpolated from AMeDAS (Automated Meteorological Data Acquisition
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System) data collected from 11 points in the catchment by the Japan Meteorological Agency.
The data were used in each grid cell of the simulation.
Lake evaporation rates in each grid cell were estimated from the meteorological data and
the observed water temperature data (National Institute for Environmental Studies, 2001) by
using the Priestley-Taylor method (Stewart and Rouse, 1976). River inflow into the lake and
artificial augmentation of waterworks and sewerage systems were input to each grid cell
around the lake from statistical data on domestic and industrial water use (Public Works
Research Institute of Japan, 2001). The volume of river outflow at the Hitachigawa Water
Gate (Kanto Regional Development Bureau, 1994, 1995) was also input. Groundwater
withdrawals for agricultural use were input to the groundwater submodel (Fig. 2.4c, d).
Annual groundwater use data for agriculture in each of 45 cities, towns, or villages in the
Lake Kasumigaura catchment (Ministry of Agriculture, Forestry and Fisheries of Japan, 1985)
were digitized to a 500-m grid (Fig. 2.4c); the annual average value in the catchment is 1062
mm year–1—about 66% of total water use by agriculture (Nakayama and Watanabe, 2008).
Groundwater is commonly used on paddies and cultivated fields around the lake that are at a
lower elevation than the lake itself. The annual time-series of groundwater use for agriculture
per unit area were estimated from the total reported water use (Public Works Research
Institute of Japan, 2001) (Fig. 2.4d). There are two peaks of water withdrawal: late March to
early April and late June to early July; overall, the period of groundwater withdrawal for
agriculture runs from mainly from spring through summer.
At the upstream boundaries where there were no observed data, the reflecting condition
on the hydraulic head was used for the groundwater flow submodel on the supposition that the
groundwater flow forms a watershed at the ridge in the same way as surface hydrology
(Nakayama and Watanabe, 2004). At the downstream boundary, the observed water level and
discharge data at the Hitachigawa Water Gate were input to the model (Fig. 2.1b, 2.3; L-1 in
Table 2.1). At the sea boundary, a constant head was set at 0 m (eastern part of the simulation
area). Groundwater levels at 12 sampling points were used in the well cells (Table 2.1) (Kanto
Regional Development Bureau, 1994, 1995). The hydraulic head values parallel to the ground
level were input as the initial conditions for the groundwater flow submodel. In the river cells,
outflows from riverbeds of –1 m mean elevation from ground level were considered.
2.4.2 Estimation of Hydrologic Budget

Because the net groundwater flow, Qsl (m3 s–1), to a lake is evaluated as a residual term of
the hydrologic budget for a lake in equation (2.5), the associated cumulative error is then
calculated from the variance of the total error in the measured components in equation (2.6)
(Pollman et al., 1991; Lee, 1996):
(2.5)
Qsl 't Qsl ,i  Qsl ,o 't 'V   p  e  Qri  Qro  I  D 't
EQsl

e'2V  e 2p  ee2  eQ2 ri  eQ2 ro  e I2  e D2 ,

(2.6)

where Qsl,i (m3) is the volume of groundwater inflow; Qsl,o (m3) is the volume of lake seepage
(groundwater outflow); 'V (m3) is the change in lake volume for the period of interest 't (s);
I (m3 s–1) is the total intake volume by industrial, agricultural, and domestic water use; D (m3
s–1) is the total drainage volume by wastewater treatment plants and public sewerage systems;
and ei (m3) represents the error inherent in measuring term i. Because the errors Qf each term
are estimated by multiplying the budget value by the percentage error ascribed in the literature
to the measurement technique (Winter, 1981), the error of Qsl is the aggregate of
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Fig. 2.4 Input data used for simulation. (a) Geological structure of the lakebed sediment discretized onto a grid
by using previous research (Ibaraki University, 1977; Iuchi and Saito, 1993); (b) thickness of the lakebed
sediment after Asama-A tephra (1783 A.D.) discretized onto a grid from previous research data (Iuchi and Saito,
1993); (c) annual total values of groundwater withdrawals for agriculture for each of 45 cities, towns, or villages
in the lake’s catchment (Ministry of Agriculture, Forestry, and Fisheries of Japan, 1985), digitized to 500-m
mesh; and (d) annual time-series of groundwater withdrawals per unit area, as estimated from the total reported
usage values (Public Works Research Institute of Japan, 2001). In Fig. 2.4d, the solid line is total water use and
the dashed line is groundwater use.
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errors inherent in estimating each term in equation (2.6). This approach assumes that the
measurement of each term is independent of the other terms and that no intercorrelations or
covariances exist between measurement errors. Although Winter (1981) pointed out that the
estimate of net groundwater flow to lakes, as derived from the residual in the hydrologic
budget, provides no information on the magnitudes of the inflow and outflow, the error of this
method can be kept small if accurate, short-term estimates of evaporation, precipitation, river
discharges, water usage, and changes in lake volume are used (Lee, 1996). Thus, the
budget-derived groundwater flow can provide fundamental insight into groundwater fluxes,
and it can be used as data for validation of the simulation results.
First, I estimated the water budget of the lake by the lumped method (Table 2.4). I
calculated the total river inflow and outflow by using the observed river-discharge data
(Kanto Regional Development Bureau, 1994, 1995), and the total precipitation by using
AMeDAS precipitation data at Tsuchiura (beside the lake; Fig. 2.1); these latter data were
collected by the Japan Meteorological Agency (1994, 1995). Lake evaporation rate was
estimated from the meteorological data and water temperature data (National Institute for
Environmental Studies, 2001) by using the Priestley-Taylor method (Stewart and Rouse,
1976). Intake and drainage volume associated with industrial, agricultural, and domestic water
use and drainage by wastewater treatment plants were calculated from statistical data on
domestic and industrial water use (Public Works Research Institute of Japan, 2001). Change
in lake volume was calculated from the observed lake level data (Table 2.1) and the lakebed
elevation data. The net groundwater seepage was finally estimated by the residuals of the total
lake budget in equation (2.5). Although it is clear that river inflow and outflow are dominant
and that net groundwater seepage did not play a greater role than river flow in the annual
hydrologic budget of the lake during 1994–1995 (Table 2.4), it is not clear whether both
groundwater inflow and outflow are small or large in both the lake water budget and nutrient
transport. From this point of view, this budget-derived method is not better because it does
not calculate groundwater inflow and outflow separately. In contrast, NICE-LAKE is very
powerful because it simulates each component of groundwater through combination with the
stable isotope method, as shown in the Results section.
2.4.3 Water Sampling and Stable Isotope Analysis

The lake and groundwater for stable isotope analysis were sampled at 126 points inside
the Lake Kasumigaura catchment from January to February 2004. Samples were collected in
250-mL polyethylene bottles, immediately cooled in an ice cooler and brought back to the
laboratory. The water was then filtered through a precombusted Whatman GF/C or GF/F glass
fiber membrane filter (Whatman Japan Ltd., Tokyo, Japan: diameter, 47 mm; nominal pore
size, 0.7 or 1.2 µm). The filtrate was kept at 3 °C in a precombusted glass bottle until analysis.
Values of G18O were determined by the CO2 equilibration method: equilibration was
performed with a CO2 atmosphere over the water samples, which were placed in sealed flasks
at 20 °C for 48 h (Yoshida and Mizutani, 1986). The equilibrated CO2 was analyzed with a
Finigan-Mat/251 mass spectrometer. Analytical precision of the G18O analyses was ±0.05‰.
The 18O value is expressed as the per-mil difference between the isotope ratios of a sample
(SP) and a standard (STD), which is usually referred to as SMOW (standard mean ocean
water). This is defined as follows (Krabbenhoft et al., 1990a):
(2.7)
G 18 O > R SP R STD  1@u 10 3 ,
18
16
where R is the ratio of the heavy to the light isotope (abundance ratio), i.e., R = O/ O. This
stable isotope method is very powerful for validating the spatial distribution of simulated
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groundwater flow, as described in the Results section (Krabbenhoft et al., 1990a; La Baugh et
al., 1997).
Table 2.4 Monthly hydrologic budget for the lake’s catchment in 1994–1995, and estimation of the lake’s
inflowing nutrient loading (nitrogen). The inflow and outflow river discharges were observed values (Kanto
Regional Development Bureau, 1994, 1995). The intake/drainage data and wastewater treatment plant data were
statistical data (Public Works Research Institute of Japan, 2001). The lake evaporation rate was calculated from
the meteorological data (Japan Meteorological Agency, 1994, 1995) by using the Priestley–Taylor method
(Stewart and Rouse, 1976). Net groundwater seepage was estimated from the residuals of the daily total lake
budget and from the model simulation in this study. Average nitrogen concentration of wastewater from
treatment plants was the permissible value under the water pollution regulation (Ibaraki Prefecture, 1985), that of
inflow river water was estimated from statistical data (Ibaraki Prefecture, 2000, 2001, 2002), and that of inflow
groundwater was calculated from the lake–aquifer interface data for interpolated values (see Fig. 2.11a).
㩷

Lake
level
(m)

Hydrologic flux (mm)
Budget

㩷

Model

Evaporation

Net
groundwater

Net
groundwater

Inflow
groundwater

Month

㩷

Inflow
river

Outflow
river

Intake/
drainage

Wastewater
treatment

Jan.

0.14

241.7

-255.6

-102.3

6.7

33.8

-22.5

57.9

76.4

80.3

Feb.

0.14

243.2

-288.5

-92.4

6.1

38.3

-24.3

75.4

52.6

56.5

Mar.

0.16

523.0

-547.7

-105.1

6.7

122.5

-27.0

97.2

53.9

65.7

April

0.14

414.1

-194.0

-236.8

6.5

63.5

-44.8

-63.9

-32.7

28.9

May

0.15

1023.8

-561.6

-417.3

6.7

135.1

-56.5

-74.1

-54.7

24.7

June

0.19

850.5

-580.2

-353.9

6.5

104.3

-56.1

3.8

-53.6

24.0

July

0.17

775.1

-467.8

-380.9

6.7

88.2

-74.6

-1.3

-72.6

20.8

Aug.

0.10

620.3

0.0

-418.6

6.7

35.3

-100.2

-140.3

-92.2

5.9

Sept.

0.27

1012.9

-837.3

-107.9

6.5

184.0

-63.8

27.6

12.7

45.1

Oct.

0.21

307.9

-511.0

-102.3

6.7

44.9

-44.9

94.9

90.3

92.3

Nov.

0.14

207.2

-157.1

-99.0

6.5

33.8

-27.2

-9.3

73.5

74.1

Dec.
Annual
average
㩷

0.16

148.1

-29.7

-102.3

6.7

10.1

-19.3

24.4

44.5

49.2

0.16

6367.7

-4430.2

-2518.6

79.3

893.8

-565.1

92.3

99.5

568.0
㩷

-1

Average nitrogen concentration (mg L ) *

㩷
Annual
average
㩷

3.0

20.0

7.0
㩷
-1

Inflowing nitrogen loading (kg year )

㩷
Annual
average

Precipitation

㩷

4.18 x
106

㩷

㩷

3.47 x
105

㩷

㩷

㩷

㩷

1.25 x
106

* Average nitrogen concentration of the lake was about 1.0 mg L-1.

2.4.4 Simulation and Validation

The simulation area is 50 km wide by 50 km long, covering almost all of the Lake
Kasumigaura catchment. This area is discretized into a grid of 100 u 100 blocks, with a grid
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spacing of 500 m. The NICE-LAKE simulation was conducted on an NEC SX-6
supercomputer in the NIES. Simulations were performed for 2 years from 1 January 1994 to
31 December 1995. The first 6 months were used as a warm-up period until equilibrium water
levels were reached, and model parameters were estimated by comparison of simulated values
with observed values published in the literature (Clapp and Hornberger, 1978; Rawls et al.,
1982) (Tables 2.2 and 2.3). The semi-implicit method was used to achieve a stable solution in
the simulation because of a relatively high permeability in the study area (Merritt and
Konikow, 2000). A time step of 't = 6 h was used. Observed data for groundwater level at 12
points and lake level at 4 points (Kanto Regional Development Bureau, 1994, 1995) and
analyzed G18O values were used for validation of the simulations (Table 2.1).
2.5 Results and Discussion
2.5.1 Lake Levels

Lake levels simulated by NICE-LAKE using equation (2.4) were compared with the
observed values at Nishiura Bay (L-4 in Table 2.1) from 1 January 1994 to 31 December
1995 (Kanto Regional Development Bureau, 1994, 1995) (Fig. 2.5 and Table 2.5). AMeDAS
precipitation at Tsuchiura (beside the lake; Fig. 2.1) is also plotted in Figure 2.5 (right y-axis).
The correlation between observed value and simulated value (Cor) is also plotted. The lake
water level (a.s.l.) is higher when the precipitation was higher from May to June (rainy
season) and from September to October (typhoons), although outflow is controlled at the
Hitachigawa Water Gate. When the interaction between the lake and the aquifer is neglected
(lakebed hydraulic conductance cb = 0 m2 h–1), the simulated value underestimates the
observed value, particularly from spring to fall. This is because during the agricultural season
the simulation result at cb = 0 m2 h–1 cannot reproduce the seepage flowing into the lake (Fig.
2.4d). However, the simulated value reproduces the observed value well in the agricultural
off-season, which means that the simulation takes into account almost all of the components
of the water budget.
The simulated lake level increases as cb becomes larger; this shows that the vertical
hydraulic conductivity of littoral lakebed sediments exerts a great influence on simulated
seepage rates. The simulated lake level for cb = 30 m2 h–1 (average value of the lake) agrees
excellently with the measured value (Cor = 0.920), and the standard deviation (SD) and the
coefficient of variation (CV) for cb = 30 m2 h–1 show a remarkable goodness of fit with the
observed values (Table 2.5). Therefore, this cb value was used in the following simulations.
This cb value is much smaller than the value for the riverbed (cr = 300 m2 h–1) (Nakayama and
Watanabe, 2004), because the finer sediments from the surrounding rivers flow into the lake
and are deposited at the bottom. The hydraulic conductivities of type 5 were calculated from
this conductance on the assumption that the anisotropy ratio of hydraulic conductivity (Kh/Kv)
in the lakebed is the same as that in the aquifer (Table 2.3). This result also agrees with
previous results that the vertical hydraulic conductivity of fine-grained lake sediments is
much less (sometimes about three or four orders of magnitude less) than that of aquifer
material (Krabbenhoft et al., 1990b; Anderson and Cheng, 1993; Wentz et al., 1995; Lee,
1996). Simulated lake levels in three bays (Nishiura, Kitaura, and Sotonasakaura; Fig. 2.1b)
were also compared with the observed values from 1 January 1994 to 31 December 1995. The
lake levels in the three bays and at the Hitachigawa Water Gate were almost the same,
because these points are located at almost the same elevation near sea level and the hydraulic
gradients between them are very small. The simulated values reproduced very well the
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observed values at each bay (correlation between observed value and simulated value; CorL-2
= 0.895, CorL-3 = 0.865, CorL-4 = 0.920; subscripts are the sampling point numbers listed in
Table 2.1), except at the downstream boundary of the drainage control at Hitachigawa Water
Gate (L-1).

Pumping
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40
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2 -1
Cal.cb=0m h (Cor=0.744)
Cal.cb=1.5 (Cor=0.756)
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Fig. 2.5 Time-series of precipitation (right y-axis) and lake water level (left y-axis) from 1 January 1994 to
31 December 1995. cb is the spatially averaged hydraulic conductance of the lakebed. For water level: circles,
values observed by the Kanto Regional Development Bureau; solid line, simulated values at cb = 0 m2 h-1; dotted
line, simulated values at cb =1.5 m2 h–1; dashed-dotted line, simulated values at cb = 3.0 m2 h–1; bold line,
simulated values at cb = 30 m2 h–1. Precipitation is shown along the right y-axis. Shaded areas show periods of
groundwater pumping as described in Fig. 2.4d. The zero on the left y-axis is the mean water level in Tokyo Bay
(a.s.l.). Cor is the correlation between observed and simulated values.

2.5.2 Groundwater Levels

The simulated groundwater level for cr = 300 m2 h–1 agreed closely with the measured
value (Nakayama and Watanabe, 2004), and therefore this cr value was used in the following
simulations. The areal head distribution around the lake is defined by the elevation of the
water table in the surrounding surficial aquifer. Temporal variations in groundwater
fluctuations in the overall Lake Kasumigaura catchment from 1 January 1994 to 31 December
1995 are plotted against the measured values (Kanto Regional Development Bureau, 1994,
1995) in Fig. 2.6 and Table 2.5. The correlations between observed and simulated values
(Cor) are also plotted in Fig. 2.6. The groundwater level varies more farther from the coastal
area in the agricultural off-season, and the zone that is sensitively affected by the fluctuation
in lake water level lies in the plain several hundred meters inside the lake’s shoreline. The
groundwater level decreases gradually from spring to fall owing to the withdrawal of
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Table 2.5 Statistical comparison between observed and simulated values for lake water level (Fig. 2.5) and
groundwater level (Fig. 2.6) at some of the points listed in Table 2.1.

Lake water level
L-4







obs.

cal.
2



-1

2

-1

cb = 0.0 (m h )

cb = 1.5 (m h )

cb = 3.0 (m2 h-1)

cb = 30.0 (m2 h-1)

MV

0.164

0.090

0.156

0.134

0.187

SD

0.083

0.164

0.158

0.155

0.095

CV

0.508

1.827

1.011

1.158

0.510

Groundwater level
G-1







obs.



cal.
2



-1

cb = 0.0 (m h )

cb = 30.0 (m2 h-1)

MV

2.623

4.049

3.062

SD

0.927

0.953

1.438

CV

0.353

0.235

G-2

obs.





0.470

cal.
2



-1

cb = 0.0 (m h )

cb = 30.0 (m2 h-1)

MV

6.345

6.385

6.413

SD

1.433

1.244

1.337

CV

0.226

0.195

0.208

G-4

obs.

cal.
2



-1

cb = 0.0 (m h )

cb = 30.0 (m2 h-1)

MV

2.331

3.639

2.575

SD

1.402

1.269

1.449

CV

0.602

0.349

0.563

G-5

obs.

cal.
2



-1

cb = 0.0 (m h )

cb = 30.0 (m2 h-1)

MV

2.823

4.096

3.201

SD

0.673

1.464

0.836

CV

0.238

0.357

0.261

G-9

obs.

cal.
2



-1

cb = 0.0 (m h )

cb = 30.0 (m2 h-1)

MV

2.904

0.359

3.164

SD

1.366

2.385

1.310

CV

0.470

6.651

0.414

G-11

obs.

cal.
2



-1

cb = 0.0 (m h )

cb = 30.0 (m2 h-1)

MV

3.143

3.792

2.917

SD

0.974

1.157

1.013

CV

0.310

0.305





MV = mean value, SD = standard deviation,
CV = coefficient of variation (= SD/MV)
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Fig. 2.6 Temporal variations in groundwater levels in the lake’s catchment from 1 January 1994 to 31
December 1995. Circles, values observed by the Kanto Regional Development Bureau; dashed line, values
simulated in cal (calculation)-1 (cb = 0 m2 h–1); solid line, values simulated in cal-2 (cb = 30 m2 h–). Observation
points are shown in Fig. 2.1b (ٌ) and Table 2.1 (nos. G-1 to G-12). Cor is the correlation between observed and
simulated values.

groundwater for agricultural use, which affects lake level (Fig. 2.5). Although the observed
groundwater level varies locally in a daily cycle owing to evapotranspiration and water
abstraction for agricultural use in irrigation periods, the simulation cannot reproduce this
characteristic, because there are no detailed data on water withdrawal (Fig. 2.4d) and this
daily withdrawal has little effect on the overall catchment. The values simulated with the
groundwater seepages (cal-2; cb = 30 m2 h–1) reproduce the observations much better than the
values without the seepages (cal-1; cb = 0 m2 h–1) in terms of the statistical values of Cor, SD,
and CV (Table 2.5). Because a three-dimensional groundwater sub-model was used in the
current study, the simulated values of groundwater level agree strongly with the measured
values, which depend on precipitation, local topography, and water withdrawal. In the
lower-elevation areas from the western to the southern regions beside the lake (the towns of
Toride, Ami, and Edosaki), the groundwater level decreases greatly from spring to fall, down
to the lake’s level of 0.16 m a.s.l. The simulated groundwater levels reproduce actual levels
very accurately, both in the mountainous areas and near the lake, owing to the use of the
recharge rates simulated by NICE (Nakayama and Watanabe, 2004).
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2.5.3 Comparison of Simulated Groundwater Flow and G18O Value

Simulated groundwater flow was validated by using the analyzed G18O values (Fig. 2.7).
Groundwater flow was estimated by the gradient of the G18O value (Fig. 2.7a) on the
assumptions that the G18O value becomes heavier as the groundwater flow streams downward
(Krabbenhoft et al., 1990a) and the shallow aquifer is predominant in the entire catchment.
The mixing of precipitation-derived recharge and lake water outflow controls the distribution
of the G18O value in the aquifer (Fig. 2.7a). The annual-averaged simulation result shows
excellent agreement with the G18O-estimated value, and the surrounding groundwater
generally flows into the lake (Fig. 2.7b). The gradient of G18O value has a linear relationship
with the simulated value (Fig. 2.7c), and the directions of both values are in good agreement
(Fig. 2.7d). The simulated groundwater flow has high accuracy, and the spatial variability of
groundwater flow predicted by the model reflects the real-world situation. These comparisons
show that the G18O-estimated flow indicates a seasonally averaged flow direction, because
some of the recharged precipitation is mixed with the previous precipitation in the infiltration
process and the averaged values finally reach the groundwater surface (Clark and Fritz, 1997).
Furthermore, the use of the above-mentioned assumptions to approximate the groundwater
flow vector is valid for the Lake Kasumigaura catchment, where the shallow aquifer is
predominant.
2.5.4 Interaction between Lake Water and Groundwater

Simulated seasonally averaged groundwater levels in the catchment during 1994–1995
are plotted in Fig. 2.8. Hydraulic gradients are steepest around the northern mountain region
and relatively flat near the lake. Because the groundwater level is higher than the lake level in
the northern region all year round, groundwater always flows into the lake there. However,
the groundwater level decreases greatly around the southern region from spring to fall, mainly
because of water use for agriculture. This region has a lower elevation (Fig. 2.1b) and consists
of paddy and cultivated fields (Fig. 2.1c). Because the groundwater level is much lower than
the lake level around the southern region, the lake water seeps out to the groundwater there.
The water interaction between lakes and aquifers is greatly affected by human activities
(Fig. 2.8). NICE-LAKE simulated the seasonally averaged groundwater seepage in the lake
and the surrounding horizontal vectors (Fig. 2.9a, b). Only the vertical flow through the lake
bottom is counted (Fig. 2.9a), because the simulated horizontal seepage between the lake and
the aquifer is very small—about 0.5% of the vertical seepage in this simulation, which is
consistent with the previous finding that most seepage through lakebed sediments occurs
vertically (Munter and Anderson, 1981). The outflowing groundwater seepage is greater
around the southern part of Nishiura and Sotonasakaura bays in the agricultural season (spring
to summer), and it is greatly affected by groundwater withdrawal for irrigation. The simulated
result for the anisotropy ratio of hydraulic conductivity Kh/Kv = 5 (Table 2.3) shows that the
inflow of groundwater decreases exponentially away from the shore in winter, when
groundwater withdrawal is almost zero (Fig. 2.9a); this is similar to previous results that
groundwater discharge is highest near the shore and decreases towards the middle of the lake
(Munter and Anderson, 1981; Cherkauer and Zager, 1989). The horizontal vector patterns
show that groundwater generally flows into the lake all year (Fig. 2.9b). Water flows out
locally around the southern part of the lake in the agricultural season.
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Fig. 2.7 Comparison of groundwater vectors between values estimated by using the stable isotope
concentration of oxygen 18 (18O) and the simulated values. (a) G18O values and groundwater vectors estimated
from gradients of the G18O values; (b) annual-averaged simulated spatial groundwater vectors of 3 × 3
grid-averaged values; (c) magnitudes of velocity vectors (vertical axis is gradient of G18O value, per-mil km–1);
and (d) direction of velocity vector (counterclockwise direction is positive, degrees).
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Average groundwater seepages between the lake and the aquifer, as determined by the
simulation, were compared with those estimated from the residual term in the daily
hydrologic budget in equations (2.5) and (2.6) for 1 January 1994 to 31 December 1995 (Fig.
2.10 and Table 2.4). The correlation between observed value and simulated value (Cor) is
also plotted. The lake water flows out predominantly to the surrounding aquifer from spring
to fall owing to agricultural withdrawal, whereas groundwater flows into the lake at almost a
constant rate during the rest of the year. The simulated values agree very well with the
budget-estimated values (Cor = 0.783), except in periods of higher precipitation and in the
transitional periods between the agricultural season and the off-season. The budget-estimated
seepages are much more sensitive to precipitation, evaporation, and water intake and drainage
than the simulated values, and they fluctuate more in these periods. This is because the
measured river discharge, lake intake or drainage, and the evaporation data often have poor
accuracy, which increases the total error in equation (2.6) (Pollman et al., 1991); moreover,
the water dynamics in the unsaturated layers may have a more important role in groundwater.
The estimated values of inflow or outflow are zero at each time step because they are the
residuals of the total budget. The simulated values cannot reproduce rapid change and
therefore underestimate the budget-derived values, mainly because of underprediction of the
head gradients away from the lake, which are more similar to those in the wetter and drier
periods than those in the average periods (Lee, 1996). The inability of the simulation to
reproduce the transient water table mounds close to the lake is due mainly to the steep head
gradients associated with these mounds and the antecedent soil moisture distribution
(Krabbenhoft et al., 1990b; Lee, 1996). Nevertheless, the simulation well reproduced the
seasonal water interaction between the lake and the aquifer.
Spring

Summer
G.W.L.
(m)

G.W.L.
(m)

Fall

Winter
G.W.L.
(m)

G.W.L.
(m)

Fig. 2.8 Simulated results for seasonally averaged groundwater level in the lake’s catchment during
1994–1995. Dark color corresponds to higher value and bright color to lower value. Dashed line shows averaged
lake level 0.16 m above sea level.




─ 30 ─

CGER-I083-2008, CGER/NIES

(a)

Spring

Summer

Fall

(b)

Winter

Spring

Summer

Fall

Winter

Fig. 2.9 Simulated results of seasonally averaged (a) groundwater seepage in the lake per unit area of each
500 × 500 m cell, and (b) surrounding horizontal vectors of 3 × 3 grid-averaged value during 1994–1995.
In Fig. 2.9a, positive values correspond to inflowing groundwater seepage and negative values with outflowing
groundwater seepage. Dashed line shows 0 mm/month of seepage. In Fig. 2.9b, the flow occurs away from the
lake from spring to fall (dashed areas).
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Fig. 2.10 Averaged groundwater seepages between the lake and the aquifer from 1 January 1994 to 31
December 1995. Positive seepage reflects water flux into the lake and negative seepage reflects flux out of the
lake. Circles, budget-derived estimates obtained from data of the Kanto Regional Development Bureau; line,
values simulated at cb =30 m2 h–1. Shaded areas are periods of groundwater pumping, as described in Fig. 2.4d.
Standard error bars have been added to the budget-derived seepage fluxes. Cor is the correlation between
observed and simulated values. Monthly seepages are compared in Table 2.4.

2.5.5 Role of Groundwater in Water and Nutrient Cycles

The distribution of annual average inflowing nitrogen loading to the lake was simulated
(Fig. 2.11a–c). The 38 points of observed nitrogen concentration in the groundwater (Ibaraki
Prefecture, 2000, 2001, 2002) were interpolated by the Kriging method (Fig. 2.11a). Nitrogen
concentrations in the groundwater are one order of magnitude higher than those in the lake
(about 1.0 mg L–1), in particular around the northern part of the lake, where the groundwater
has been contaminated with high concentrations of ammonia and nitrate from chemical
fertilizer input to fields and from the disposal of animal excreta on fields as organic nutrients.
This value is also greater that that of inflowing rivers (about 3.0 mg L–1; Ibaraki Prefecture,
2000, 2001, 2002). NICE-LAKE simulated the annual average groundwater seepage in the
lake (Fig. 2.11b). Because the inflowing seepage in the northern areas of the lake is greater
than 1000 mm year–1 (greater than the annual precipitation in this area), a greater nitrogen
loading occurs there and contributes to eutrophication of the lake (Fig. 2.11c), as supported by
the result that the nitrogen concentration of the lake is greater where the inflowing seepage is
greater. The total inflowing nitrogen loading to the lake was estimated from these simulated
values (Table 2.4). Because there were no observed data on nitrogen concentration in water
from wastewater treatment plants, I used the maximum permissible value in the water
pollution regulation (20.0 mg L–1; Ibaraki Prefecture, 1985); this value was estimated as the
maximum value that would occur if the regulation were correctly obeyed. Although the
simulated inflow of groundwater into the lake is approximately 10% of the observed river
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inflow (1.03% in the previous research by Muraoka and Hosomi, 1981), the inflowing
nitrogen load in the inflowing groundwater is 30% of that in the river inflow (0.3% to 2.0%
according to Muraoka and Hosomi, 1981) and four times that from wastewater treatment
plants (Table 2.4). This indicates that the groundwater is a relatively large source of nitrogen
loading to Lake Kasumigaura because of its high nitrogen concentration, even though the
volume of groundwater seepage is not as large as that of the overland flow.

(a)

(b)
mg L-1
mm yr-1

(c)
1.03

kg yr-1
0.90

1.06

0.87

0.90

0.87
0.95

Fig. 2.11 Distribution of annual-averaged (a) interpolated groundwater quality (nitrogen concentration,
mg L–1) in the lake’s catchment, as determined by using data observed at 38 points (open circles) (Ibaraki
Prefecture, 2000, 2001, 2002); (b) simulated groundwater seepage in the lake per unit area of each 500 ×
500 m cell; and (c) simulated total inflowing nitrogen loading of each 500 × 500 m cell. Numerical values
are observed nitrogen concentrations in the lake (mg L–1) (Ibaraki Prefecture, 2000, 2001, 2002).

2.6 Conclusion

I developed a new process-based model incorporating the interactions of surface water,
canopy, unsaturated layer, aquifer, lake, and rivers (NICE-LAKE) and applied it to the
shallow and eutrophic Lake Kasumigaura in Japan. NICE-LAKE revealed that the withdrawal
of groundwater for agricultural use greatly affects water and nutrient movement between the
lake water and ground water. Despite the construction of water treatment plants and public
sewerage systems to improve water quality, the lake’s water quality (in terms of nitrogen and
phosphorus levels) has not been improved greatly (Fig. 2.2), and the lake continues to
experience blue-green algal blooms (dominant species, Microcystis) (National Institute for
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Environmental Studies, 2001). In the past, the inflowing groundwater seepage has been
considered negligibly small compared with the river flow, and this contribution of nutrient
input into the lake has been completely neglected (Muraoka and Hosomi, 1981; Matsuoka et
al., 1986; Fukushima et al., 2000; Havens et al., 2001). However, the simulation results
showed that groundwater always flows into Lake Kasumigaura around the northern shoreline.
Nitrogen concentrations in the groundwater are one order of magnitude higher than those in
the lake, particularly around the northern part of the lake, where the groundwater has high
concentrations of ammonia and nitrate from chemical fertilizers and the disposal of animal
excreta on fields (Fig. 2.11). This indicates that groundwater seepage and groundwater
concentrations are important contributors to the eutrophication of Lake Kasumigaura; this is
an important contribution not recognized in previous studies of the lake.
Although the disposal of animal excreta in open fields has been prohibited in Japan since
1 November 2004, nitrogen concentrations in the groundwater have shown no change. This is
mainly because there is no effective regulation of fertilizer inputs into agricultural fields, and
because the very long retention time in the groundwater system means that environmental
recovery will take a long time. When seepage is greater around regions of higher
concentration in the groundwater, the nitrogen loading to the lake areas nearby is much larger
than the average value. Although the simulated inflow of groundwater into the lake (568 mm
year–1) was estimated as approximately 10% of the observed river inflow (6368 mm year–1),
the load of nitrogen from inflowing groundwater (1.25 u 106 kg year–1) was simulated as 30%
of that in the river inflow (4.18 u 106 kg year–1) and four times that from wastewater treatment
plants (3.47 u 105 kg year–1) (Table 2.4). Muraoka and Hosomi (1981) underestimated the
groundwater seepage into the lake (water flux = 1.03%; nitrogen loading = 0.3% to 2.0%) for
two main reasons. First, they estimated the groundwater seepage only by using observation
points for hydraulic conductivity (= 0.2 to 0.5 m h–1), aquifer thickness (= 6 m), and head
gradient between the annual-averaged lake level and the adjacent groundwater level around
Lake Kasumigaura, even though the groundwater flow is actually three-dimensional and time
dependent, and this method assuming potential flow gives only a first-order approximation. In
particular, Miho Village, the detailed study area used by Muraoka and Hosomi (1981) (Fig.
2a), is in the southern lakeside region, where groundwater seepage and inflowing nitrogen
loading are not very large (see Fig. 2.11b, c). Second, they estimated the inflowing nitrogen
loading by the product of the above-estimated groundwater seepage and the averaged
groundwater (nitrogen) concentration (= 8.42 mg L–1). Because a greater inflowing seepage
occurs around areas of higher nitrogen concentration in groundwater (higher than 10 mg L–1),
the total inflowing nitrogen loading becomes greater than the estimated value of Muraoka and
Hosomi (1981) (see Fig. 2.11). Use of a finer model resolution nearer the lake will increase
the groundwater seepage values (Fig. 2.10) because the more transient seepage can be
simulated correctly (Lee, 1996). This indicates that groundwater is a relatively large source of
nitrogen loading to Lake Kasumigaura, even though seepage is less than overland flow.
Groundwater may transport dissolved substances from lakebed sediments into lakes,
because considerable input of nutrients to lakebed sediments has occurred beneath shallow
eutrophic lakes. Because this effect of transportation on solute exchange between
groundwater and lakes is not well understood, it is necessary to clarify the groundwater–lake
interaction by including the mass transfer process and biogeochemical reactions in the
NICE-LAKE model. To improve the water quality of Lake Kasumigaura, it will be necessary
to consider the whole catchment as a closed system. It will also be necessary to evaluate the
spatial distribution and number of non-point sources, and, in particular, the chemical fertilizer
input into paddies and cultivated fields and the disposal of animal excreta in open fields,
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because nutrients are transferred by overland flow to the lake and infiltrate into the
groundwater. The lake’s quality will recover not only through quantitative control of fertilizer
inputs, but also by improvement of fertilizer quality. Further improvement of NICE-LAKE,
including the coupling of water, heat, and biogeochemical cycles, is strongly recommended
for future work in order to allow adaptive strategies for management of water–environmental
policy.
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Abstract
The NIES Integrated Catchment-based Eco-hydrology (NICE) model was expanded to
include the density current and solute transport processes of groundwater on the Kanto Plain,
Japan, and to incorporate the effects of water table and tidal fluctuations around the eutrophic
Tokyo Bay (NICE-SEA). The simulation reproduced excellently the observed values of river
discharge and groundwater level in the catchment. The simulated groundwater level had a
negative value (below sea level) in the region surrounding the Tokyo metropolitan area,
reflecting excessive withdrawal from this surrounding area in the past. Application of the
model showed that the installation of underground urban structures, sewerage pipes, seashore
concrete dikes and embankments has changed the hydrologic cycle in the catchment and the
nutrient supply to Tokyo Bay. In particular, the groundwater flow has been interrupted and
seasonal phases of flow delayed, resulting in an increase in groundwater level and a decrease
in rates of groundwater seepage into Tokyo Bay. I proposed four political scenarios for the
promotion of infiltration at provisioning human ecosystem service sites. The simulation
results forecast that the groundwater level would increase in the region surrounding the
metropolitan area predominantly by a maximum value exceeding 40 cm in a scenario for the
redevelopment of farmland and productive green areas, and that the level would recover in
some parts of the urban area. This phenomenon is related to the cut-off of groundwater flow
by underground urban structures and the leakage of sewage into the aquifer; these events also
play a role in the decline in submarine groundwater discharge around the western side of
Tokyo Bay.
Keywords: Groundwater, NICE-SEA, Political scenario, Underground urban structures
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3.1 Introduction
The direct discharge of groundwater into the coastal zone through porous rocks and
sediments, known as submarine groundwater discharge (SGWD), has received increased
attention in the last few years because it is now recognized to represent a potentially
important pathway for material transport. Some researchers have pointed out that groundwater
in volumes comparable to river flows may flow underground directly into coastal waters
(Church, 1996; Moore, 1996; Taniguchi et al., 2002). Groundwater containing inorganic
nutrients can have a significant influence on coastal ecosystems, especially when nutrient
concentrations are high or the relative contribution of SGWD is large. However, nutrient
runoff due to groundwater flow is much more difficult to estimate directly than that in
riverine systems.
There are two basic distributed-parameter approaches to numerical modeling of aquifers
that contain zones of freshwater and transition to saltwater (Reilly and Goodman, 1985; Kooi
and Groen, 2001). The first approach disregards the mixing zone between fresh and saltwater
and replaces it with a sharp interface, so that the system is modeled as two coupled,
immiscible fluids. The second approach uses coupled groundwater flow and solute transport
to simulate a dispersed transition zone. When vertical flow and/or dispersion become
important, the sharp interface approach may not be adequate (Galeati et al., 1992).
Furthermore, Li et al. (1997, 1999) have shown in a simulation that the groundwater
circulation and oscillating flow caused by wave setup and tides may constitute a large part of
SGWD, in addition to the net groundwater discharge.
It is also known that anthropogenic activities in coastal catchments increase the nutrient
concentrations in groundwater. The resulting nutrient loading rates can be significant, because
nutrient concentrations in coastal groundwater may be several orders of magnitude greater
than those in the coastal waters that receive it (Giblin and Gaines, 1990; Valiela et al., 1990).
This nutrient loading has a marked impact on the quality of coastal water and the shallow
coastal ecosystem (Valiela et al., 1990; Reay et al., 1992). Therefore, it is very important to
evaluate the effect of groundwater seepage and seawater intrusion on the coastal environment.
The objective of this study was to simulate and clarify the effect of groundwater seepage
and seawater intrusion on the coastal environment in Tokyo Bay. Previously, a colleague and
I developed the NICE (NIES Integrated Catchment-based Eco-hydrology) model (Nakayama
and Watanabe, 2004), which includes surface-unsaturated–saturated water processes and
assimilates land-surface processes describing phenological variations with MODIS (Moderate
Resolution Imaging Spectroradiometer) satellite data. This model was expanded to include the
interaction between the eutrophic Lake Kasumigaura and the groundwater in the lake’s
catchment (NICE-LAKE) (Nakayama and Watanabe, 2005, 2008), and was further developed
to couple NICE with agricultural models (NICE-AGR) (Nakayama et al., 2006). This NICE
series is applicable to lakes, but not to the ocean. Therefore, the NICE series (Nakayama and
Watanabe, 2004, 2005, 2008; Nakayama et al., 2006, 2007) has been expanded to include the
density current and solute transport processes of groundwater and to incorporate the effects of
water table and tidal fluctuations (NICE-SEA). This study evaluated the relationship of the
hydrological budget with solute concentrations in groundwater and seawater.
3.2 Study Area
The geological history of the study area on the Kanto Plain (Fig. 3.1) is characterized by
transgressions and regressions, often caused by tectonic and volcanic activity (Arai and Sun,
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1996). Many inflowing rivers, such as the Tone, Edo, Ara, Sumida, Tama, and Tsurumi, have
created alluvial and marine terraces. The Tone River is one of the longest rivers in Japan (322
km) and has the largest drainage basin (15,760 km2). Before the 1600s it flowed directly into
Tokyo Bay, but its course was changed to flow into the Pacific Ocean by numerous
construction projects organized by the Edo shogunate in order to prevent flooding in the city
and promote crop productivity on the Kanto Plain, which was the main granary at the time
(Kanto Regional Development Bureau, 2001). Tokyo Bay lies in the center of the Kanto Plain
and is a eutrophic coastal area typical of those found in Japan. Bordering Tokyo Bay is the
Shitamachi lowland in the east and the Musashino upland in the middle and west. The
Musashino upland is covered by relatively permeable volcanic ash, the so-called Kanto loam,
with a thickness of 5 to 10 m. This terrace is underlain by a sand and gravel layer, which
constitutes a shallow unconfined aquifer system in the upland region. Pleistocene sediments,
consisting of alternating layers of silt, sand, and gravel, form a large semi-confined aquifer
system beneath the unconfined aquifer. The Shitamachi lowland is covered by alluvial delta
clay with a thickness of 10 to 40 m and is underlain by alternating layers of silt, sand, and
gravel, which constitute a semi-confined aquifer system. The bedrock underlying the
semi-confined aquifers was formed from massive silt deposits.
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Fig. 3.1 Study area in the Kanto Plain and Tokyo Bay, including the Tone River catchment (area: 15,760
km2). (a) Mean elevations, (b) land cover, and (c) sewerage pipe network in the Tokyo metropolitan area. Data
on geological structure sampled at 206 points (Digital National Land Information GIS Data of Japan, 2002) were
input to the NICE-SEA model. River discharge data observed at 20 points (٤: Fig. 3.1a), groundwater level data
observed at 50 points (ٌ: Fig. 3.1a), river quality data at 77 points (ٖ: Fig. 3.1b), and groundwater quality data
at 41 points (٠: Fig. 3.1b) (Kanto Regional Development Bureau, 2000, 2001) during 2000–2001 were used for
validation of the model. In Fig. 3.1a, the larger ٤ and ٌ symbols correspond to the points used for validation
of river discharge and groundwater level in Fig. 3.5. The red box in Fig. 3.1a corresponds to the area enlarged in
Fig. 3.1c. In Fig. 3.1c, the green, blue, black, and red lines are, respectively, sewerage pipe networks, rivers, the
border between land and sea, and a grid spacing of 1 km for the NICE-SEA simulation.
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The Tokyo metropolitan area has seen widespread and rapid development as the
urbanized capital of Japan (Fig. 3.1b). The environment and morphology have changed
greatly because of the rapid rise in the numbers of industries and residents, the construction in
tidal areas of seashore concrete dikes and embankments for both reclamation and shipping
needs, and the construction of wastewater treatment plants and public sewerage systems (Fig.
3.1c). Because the groundwater was intensively utilized as a water resource for industries
during the period of rapid development from the 1970s to the 1980s, ground degradation
occurred below sea level in a broad area of the Kanto Plain, and this phenomenon became a
serious problem (Endo, 1992). The government has recently prohibited the use of
groundwater, and as a result the groundwater level has recovered substantially, causing a
further serious problem in the “floating” of subways and subway stations, and buildings in the
urban area. Another issue of concern is groundwater contamination due to infiltration of the
aquifer by nitrate and ammonia from agricultural and industrial areas; this has the potential to
damage human health and the ecosystem of the catchment, including that of Tokyo Bay,
because it can reduce the quality of drinking water (Ministry of Environment, 2004).
There have been a number of studies on groundwater seepage and associated nutrient
transport in the Kanto district (Tsunogai et al., 1996; Taniguchi et al., 1999, 2002; Uchiyama
et al., 2000), but these studies have evaluated freshwater seepage into the sea only at specific
locations; the nature of the groundwater flow system has not been fully clarified. In order to
evaluate the effect of groundwater on Tokyo Bay, it is necessary to study the process of
groundwater flow on the Kanto Plain, including the entire Tone River catchment, because the
groundwater tends to follow previous channels of the Tone River.
3.3 Description of NICE-SEA Model
3.3.1 Density Current and Solute Transport Model
I expanded the groundwater submodel of NICE to include the effect of vertical density in
the equation:
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where Kxx, Kyy, and Kzz are values of hydraulic conductivity (m/s) along the x, y, and z
coordinate axes, respectively; x, and y are horizontal coordinates (m); z is a vertical coordinate
(positive upwards) (m); hg (m) is the aquifer head simulated by the groundwater model; W is
volumetric flux per unit volume(L/s), representing sources and/or sinks of water; Ss (L/m) is
specific storage; U (mg/L) is water density; and Uf (mg/L) is freshwater density. Equation (3.1)
can reflect the density effect forming the front between freshwater and seawater. The density
U is given as a linear function of the salt concentration C in the coastal regions, by Mamaev’s
formula:
U 1028.14  (0.0735  0.00469T )T  (0.802  0.002T )(C / 1000  35.0) ,
(3.2)
where T (ºC) is the water temperature. The three-dimensional solute-transport equation is
written as (Konikow et al., 1996):
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where C (mg/L) is the solute concentration; H is the effective porosity; V (m/s) is the
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interstitial fluid velocity; D (m2/s) is the second-rank tensor of dispersion coefficients; Cc
(mg/L) is the concentration in the sink/source fluid; O (1/s) is the decay rate; Rf is the
U C
retardation factor ( 1  b ); Ub (mg/L) is the bulk density of the aquifer material (mass of
HC
solids per unit volume of aquifer); C is the mass concentration of solute absorbed on, or
contained within, the solid aquifer material (mass of solute per unit mass of aquifer material);
and xi (m) is a Cartesian coordinate.
The solute concentration in a lake is given by the mass conservation, whereby the sum of
all solute mass entering the lake minus the sum of all solute mass leaving the lake equals the
change in solute mass stored in the lake during any given time increment (Merritt and
Konikow, 2000):
C si Qsi  C so Qso  C spi Qspi  C spo Qspo  C rnf Qrnf  C w Qw  C p Q p 't  C lold Vl old
new
Cl
, (3.4)
Vl new

where C lnew and C lold (mg/L) are the solute concentrations in the lake at the new time step and
the previous time step; Vl new and Vl old (m3) are the lake water volumes at the new time step
and the previous time step; Q (m3/s) is the rate of fluid flow; the subscripts si and so refer to
streamflow into and out of the lake from each tributary stream; the subscripts spi and spo refer
to the flux from the aquifer into the lake and from the lake to the aquifer; the subscript rnf
refers to overland runoff directly into the lake; the subscript w refers to withdrawals directly
out of the lake or augmentation directly into the lake; and the subscript p refers to
precipitation directly onto the lake. The above equation is necessary for simulation of the
density-dependent seepage into the coastal area by using the spatial distribution of chloride
concentration in Tokyo Bay as a boundary condition, as described in the following section.
3.3.2 Water Interaction between Aquifer and Sea in NICE-SEA

Equation (3.4) is a simple mixing equation and is valid for the groundwater model
assuming that complete mixing of all water in a lake occurs during a time step. The solute
concentration in Tokyo Bay is heterogeneous, and the chloride concentration is about 25‰ at
the inner bay and about 32‰ at the mouth of the bay (Guo and Yanagi, 1996) because of the
many inflowing rivers and the strong current dynamic, the large size and depth of the bay, and
the fact that the time for complete mixing of water within the bay is much greater than the
length of the time step used in the model; this equation is therefore not directly applicable to
the study area.
I therefore expanded equation (3.4) to reflect the spatial variations in the water quality of
the bay by retaining the water/solute fluxes of seepage into the bay and into the aquifer in
each grid between the bay and the aquifer (Fig. 3.2):
(i) The original MOC3D solute-transport model yields the solute concentration in a lake as a
representative value by using the simple mixing equation in equation (3.4) (Merritt and
Konikow, 2000). I developed NICE-SEA to input the spatial distribution of chloride
concentration in each grid of Tokyo Bay as a boundary condition (Guo and Yanagi, 1996) in
order to include the effect of spatial chloride concentration in the bay on heterogeneous
seepage for the simulation of solute transport in equation (3.3).
(ii) The original MOC3D is applicable only to closed lakes (Nakayama and Watanabe, 2005,
2008). Therefore, I revised it to develop a simulation procedure that could be applied to
Tokyo Bay. NICE-SEA yields the water volume and water level in Tokyo Bay by addition of
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the tidal level and the water flux at the mouth of the bay as a boundary condition (see section
3.4.4). NICE-SEA can also simulate the seepage between the aquifer and the sea by taking
into account the density front between freshwater and seawater in equations (3.1) and (3.2).
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Fig. 3.2 Flow diagram of NICE-SEA model.

3.4 Input Data and Boundary Conditions for Simulation
3.4.1 Input Data

Accurate calculation of seepage into Tokyo Bay requires the input of parameters
describing precipitation, sea evaporation, overland runoff, inflowing and outflowing streams,
and the rate of any direct withdrawal from the aquifer. Six-hour observation data for
downward short-and long-wave radiation, precipitation, atmospheric pressure, air temperature,
air humidity, and wind speed at a reference level were calculated from AMeDAS (Automated
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Meteorological Data Acquisition System) data (Japan Meteorological Agency, 2000, 2001) at
126 points in the catchment for input to NICE-SEA. Because the model is used in a
distributed manner and the forcing meteorological data need to be determined for each 1-km
grid, the weighting of the data points in inverse proportion to their distance from the grid
point was back-calculated in each grid. Furthermore, the recharge rates were simulated by
using the SiB2 submodel of NICE-SEA at each time step and then input to the groundwater
submodel because of the scarcity of the actual observed data. Details are given by Nakayama
and Watanabe (2004, 2005).
Rates of evaporation from the sea were estimated from meteorological data by the
Priestley–Taylor method (Stewart and Rouse, 1976) for each grid cell. The artificial discharge
into the sea from waterworks and sewerage systems was input to the model in each grid cell at
the sea shore by using statistical data for domestic and industrial water use (Digital National
Land Information GIS Data of Japan, 2002). Annual groundwater-use data for 12 prefectures
covering the entire Tone River catchment and Tokyo Bay (Digital National Land Information
GIS Data of Japan, 2002) were digitized to a 1-km mesh and then input to the model. The rate
of water withdrawal for the Tokyo metropolitan area was about 650 000 tonnes/day in 2000.
Groundwater is commonly used for paddy and cultivated fields in the area surrounding the
urban zone (Fig. 3.1b). Because there were no annual time-series data for agricultural
groundwater use, I assumed that the time-series of water withdrawal would be similar for the
entire study area and used the data that had been reported inside the study area, in the same
way as I did for the Lake Kasumigaura catchment (Nakayama and Watanabe, 2005, 2008).
There are two peaks of water withdrawal: late March to early April and late June to early July;
thus groundwater for agricultural use is withdrawn mainly from spring to summer (Nakayama
and Watanabe, 2005, 2008).
At the upstream boundaries of the simulation area where there are no observed data,
conditions affecting the hydraulic head were used for the groundwater flow submodel on the
supposition that there was no inflow from the mountains in the opposite direction. At the sea
boundary (Tokyo Bay in the southern part of the simulation area, and the Pacific Ocean in the
eastern part), the time-series of the tidal level was input as a constant head, as described in
section 3.4.4. Groundwater levels at 50 sampling points were used in grid cells that included
wells (Fig. 3.1a; Kanto Regional Development Bureau, 2000, 2001). Hydraulic head values
parallel to the ground level were input as the initial conditions for the groundwater flow
submodel. In river cells, outflows from riverbeds at a mean elevation of –1 m from ground
level were considered, and the observed chloride concentration was input to each grid for the
simulation of solute transport.
3.4.2 Vegetation and Geological Properties

The mean elevation of each 1-km grid-cell was calculated by using the spatial average of
a digital elevation model utilizing a 50-m mesh (Geographical Survey Institute of Japan,
1999) covering almost all of the Tone River catchment and Tokyo Bay (Fig. 3.1a). The
geology around the catchment consists mainly of diluvium in the mountain areas and
alluvium in the lowland areas. The source of alluvium is mainly from the Tone River and
from wave erosion of coastal plateaus; it is composed of sandy soil and gravel in the coastal
and river areas and clayey soil in the center of the lake. The vertical dimension was divided
into 10 layers with a weighting factor of 1.1 (finer in the upper layers). The upper layer was
set at 2 m depth, and the bottom of layers (10th layer) was defined as an elevation of –500 m
from the sea surface. About 50 vegetation and soil parameters were calculated in each cell on




─ 46 ─

CGER-I083-2008, CGER/NIES

the basis of vegetation class and soil texture obtained from the Digital National Land
Information GIS data of Japan (2002). The major parameters were vegetation cover, green
fraction, albedo, surface roughness length and zero displacement height, soil conductivity and
soil water potential at saturation, and some parameters of stomatal resistance that relate to
environmental factors. By using a 206-sample database for the study area (Digital National
Land Information GIS Data of Japan, 2002), I divided the geological structure into four types
on the basis of hydraulic conductivity (Kh and Kv), specific storage by porous material (Ss),
and specific yield (Sy) after calibration for the fitting of simulated hydraulic heads to the
observed heads, while keeping these values in the initial estimated known range (Fig. 3.3).
Details are given by Nakayama and Watanabe (2004, 2005).
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Fig. 3.3 Vertical cross section of horizontal hydraulic conductivity Kh (m/h) in the simulation, estimated
from 206 points of sampled geological data (Digital National Land Information GIS Data of Japan, 2002)
at (a) 0 km, (b) 50 km, (c) 100 km, (d) 150 km, and (e) 200 km from the western side of the simulation area
(X0 = 249,500 m in the coordinate system of WGS1984 UTM Zone 54N).

3.4.3 Sewerage Pipe Network in the Tokyo Metropolitan Area

Because there are about 100,000 sewerage pipes in the Tokyo metropolitan area (Fig.
3.1c), it is very difficult to simulate each pipe flow by using urban drainage network models
such as InfoWorks (Wallingford Software Ltd., 2006), because of limited simulation time,
cost, and capacity. By using sewerage pipe network data (Tokyo Metropolitan Government,
2005) I calculated 730 catchment areas defined as areas upstream from sluice gates in the
urban area. I then calculated the total water volume of precipitation at each catchment and
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input this value at the downstream sluice gate into the river cell of NICE-SEA at each time
step. In the model, 10% of the sewage water was leaked from sewerage pipes and infiltrated
the aquifer at each grid cell, as determined from previous research (Saito et al., 2003).
Furthermore, groundwater quality data from 7816 observation points (Ministry of
Environment, 2000) were used to evaluate the effect of aquifers on the coastal environment,
because these observed groundwater quality data also included the contribution made by
sewage leakages.


3.4.4 Boundary Condition at the Interface between Land and Ocean

Temporal variations in tidal level and solute concentration were input to NICE-SEA at
each grid of the boundary between land and ocean (Pacific Ocean and the mouth of Tokyo
Bay). The tidal level K (m) at each point was estimated from the equation
K t ¦ f i H i  cos ^ V0i  u i  n  L  V i  S `  V i  t  N i  Z ,
(3.5)
i

where the subscript i indicates the type of component tide; Ȉ is the sum of each component
tide; Hi (m) is the tidal amplitude; Ni is the phase lag; Vi is the astronomical coefficient (the
subscript 0 means 0:00 UT (Universal Time)); fi is the correction coefficient of amplitude; ui
is the correction coefficient of phase; n is the subscript of each component tide; L is the
longitude (“+” means western); Vi is the angular velocity of each component tide; S is the time
difference (Japan Standard Time; S = –9); and Z is the average water level from the standard
water level. By using equation (3.5) at the boundary, the seawater flux can be simulated,
depending on the variations in tidal level. Table 3.1 is an example of harmonic constants for
the tide at the Harumi observation station on Tokyo Bay (Japan Coast Guard, 1992). A tidal
level with high resolution was created by including the higher modes up to the 60th degree
(from Sa: 1st to 2MN6: 60th; Table 3.1). The tidal level at each point was reproduced
excellently from daily to monthly levels (data not shown). The observed chloride
concentration (Kanto Regional Development Bureau, 2000, 2001) was input at the lower
reach of each river cell. The chloride distribution determined previously (Guo and Yanagi,
1996) was input to each grid in Tokyo Bay.
3.4.5 Running the Simulation

The simulation area was 230 km wide by 190 km long, covering almost all of the Tone
River catchment and Tokyo Bay (Fig. 3.1). This area was discretized into a grid of 230 u 190
blocks, with a grid spacing of 1 km. The NICE-SEA simulation was conducted on an NEC
SX-6 supercomputer. Simulations were performed for 2 years from 1 January 2000 to 31
December 2001. The first 6 months were used as a warm-up period until equilibrium water
levels were reached, and parameters were estimated by comparison of simulated steady-state
values under steady-state conditions with observed values published in the literature (Clapp
and Hornberger, 1978; Rawls et al., 1982). The implicit method was used for variable-density
flow and transport modeling. A time step of 't = 6 h was used. Observed data (at 50 points
for hourly groundwater level, 20 points for hourly river discharge, 41 points for seasonal
groundwater quality, and 77 points for seasonal river quality) (Kanto Regional Development
Bureau, 2000, 2001) were used to validate the simulations (Fig. 3.1). Furthermore, data on
annual-averaged nitrogen concentrations in groundwater (Ministry of Environment, 2000)
taken from 7816 sampling points were used to simulate the direct effect of groundwater flow
on the nutrient supply to Tokyo Bay, as described in the Results.
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Table 3.1 An example of harmonic constants of tide at the Harumi observation station on Tokyo Bay
(Japan Coast Guard, 1992).
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Chapter 3 Effect of Underground Urban Structures on the Hydrologic Cycle in the Tokyo Metropolitan Area

3.5 Results and Discussion
3.5.1 Scenario Options to Improve Infiltration at Provisioning Human Ecosystem Service
Sites

Various urban structures interrupt the infiltration of groundwater, making the return
period of the water cycle shorter because of increased surface flow. Because industrial,
agricultural, and domestic water demand has been increasing year by year in urban areas, the
use of groundwater for human activity, in addition to river flow, is very important because of
its constancy and magnitude. Because groundwater is constantly cool, it has recently received
attention as a potential means of controlling the urban heat island phenomenon (Ministry of
Environment, 2003), in addition to its potential effect on global warming. Therefore, it is
urgently necessary to prevent the over-pumping of groundwater and to promote its infiltration
into aquifers in order to avoid groundwater degradation, land subsidence, and saltwater
intrusion around urban areas.
I proposed four types of political scenario for redevelopment of provisioning human
ecosystem service (ES) sites (Millennium Ecosystem Assessment, 2005) in order to promote
groundwater infiltration through the positive utilization of wasteland and undeveloped areas
by using infiltration facilities such as seepage pits, trenches, and permeable pavements
(ARSIT, 2001) (Fig. 3.4, Table 3.2). It is appropriate to consider different options involving
the promotion of urbanization or natural restoration. One such option is redevelopment as an
urbanized area—for example, a residential area or a business district. Another option is to
redevelop an area as a natural zone—for example, a productive green area or a public open
space. The former option makes it possible to improve infiltration with the types of facilities
mentioned above. However, there is an apparent difference in terms of the space available for
setting up such facilities between high-rise buildings with low building coverage and low-rise
buildings withhigh building coverage. In the latter option, productive green and public open
spaces are equivalent to natural areas, but there is a difference in terms of groundwater
contamination.
Accordingly, this study focused on four options: urbanized areas with high building
coverage, urbanized areas with low building coverage, productive green areas, and public
open spaces (Table 3.2). Urban development or agricultural farmland consolidation was
treated as the standard type of land use for each option. Finally, I estimated the rates of
infiltration under the four scenarios if infiltration facilities were to be used (ARSIT, 2001).
Block renewal through high-rise building and that through low-rise building are the most
realistic scenarios but are less effective for promoting infiltration. The redevelopment of parks
and open spaces by using natural land in urban areas is effective for promoting infiltration.
Redevelopment of farmland and productive green areas gave the highest infiltration rates
among the four scenarios (583.5 mm/year; Table 3.2).
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Fig. 3.4 Proportions (%) of provisioning human ecosystem service (ES) sites redeveloped to promote
infiltration, as estimated in the scenarios of this study.
Table 3.2 Model input of infiltration coefficient at site for providing human ecosystem service (ES) in the
four scenarios.
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3.5.2 Validation of Hydrologic Budgets

I compared the simulated river discharges and groundwater levels on the Kanto Plain
from 1 January 2000 to 31 December 2001 with the observed values (Kanto Regional
Development Bureau, 2000, 2001) (Fig. 3.5). The simulated river discharges and groundwater
levels at a riverbed hydraulic conductance (kr) of 300 m2/h agreed closely with the measured
values (Nakayama and Watanabe, 2004); therefore, this value was used in subsequent
simulations. Precipitation data interpolated at each point are also plotted in the figures (Fig.
3.5a). The simulated river discharge and groundwater level reproduced the observed values
very accurately in the mountainous area, on the plain, and near the sea, owing to the recharge
rates simulated by NICE-SEA between the lowest unsaturated layer and the highest saturated
layer (Fig. 3.2) (Nakayama and Watanabe, 2004, 2005).
The river discharge (Fig. 3.5b) followed the precipitation (Fig. 3.5a), and the simulated
values reproduced excellently the observed values in the upper region (no. 1 in Fig. 3.5), the
middle region (no. 2), and the lower region (no. 3). The simulation reproduced the base flow
predominant in the mainstream of the Tone River (nos. 2 and 3), because NICE-SEA includes
lateral flow and groundwater seepage (Fig. 3.2). The groundwater level also depends
generally on the precipitation pattern and on water withdrawal for agricultural, industrial, and
domestic use (Fig. 3.5c). The results of the simulation without consideration of the
underground urban structure (cal-1; dotted line) had a smaller time-to-peak than the observed
value, indicating that the underground urban structure cuts off the flow and has a marked
effect on aquifer water cycles. The simulation results including the underground urban
structure for the natural mountainous region (no. 3) reproduced the observed values very well.
In cultivated fields (nos. 1 and 4), the groundwater level decreased gradually from spring to
fall owing to the withdrawal of groundwater. Although the observed groundwater level varies
locally in a daily cycle owing to water abstraction for agricultural use during irrigation
periods (Nakayama and Watanabe, 2005, 2008), the simulation was unable to reproduce this
characteristic because of the lack of detailed data on water withdrawal. However, the
simulated levels agreed well with the observed values because this daily withdrawal has little
effect on the overall catchment. The observed values indicated a rise in the groundwater level
in the urban area since the recent regulation of groundwater pumping (no. 2). NICE-SEA
reproduced this rise correctly by including underground urban structure (cal-2; solid line).
Because a three-dimensional groundwater submodel was used here, the simulated values of
groundwater fluctuation agreed closely with the measured values, which depend on
precipitation, local topography, and water withdrawal.
Observed and simulated annual-averaged groundwater levels were plotted (Fig. 3.6).
Hydraulic gradients were steepest around the northern and western mountainous regions and
relatively flat around the Kanto Plain toward the sea. Although the groundwater level
generally increases with increasing elevation on the plain (Fig. 3.1a), in the area surrounding
Tokyo the groundwater level is not related to elevation and takes a negative value (below sea
level). This is mainly because of excessive past groundwater withdrawal around the urban
area. NICE-SEA reproduced the observed value excellently (Kanto Regional Development
Bureau, 2000, 2001; Digital National Land Information GIS Data of Japan, 2002), because
the model includes irrigation from groundwater, the decrease in recharge rate in the urban
area, infiltration from urban rivers to the groundwater, and seepage from groundwater to
rivers around the alluvial fan in the upstream. There were trivial discrepancies outside the
urban area, because the data on agricultural, industrial, and domestic groundwater use are not
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necessarily reliable and because the groundwater flows are interrupted by urban structures
such as subways, high buildings, and concrete dikes around Tokyo Bay.
3.5.3 Effects of Underground Urban Structures on Water and Nutrient Dynamics

Groundwater flows into the rivers three-dimensionally (Fig. 3.7). The flow velocity is
higher in the mountainous region because of the steeper gradient of the hydraulic head. The
groundwater flow generally moves in an upward direction in the valleys, whereas it flows in a
downward direction in upland areas. The groundwater seeps into downstream river channels,
except in the Tokyo metropolitan area. In this area, the groundwater level is considerably
below sea level because of the excessive withdrawal that has occurred around the urban area
in the past (Fig. 3.6). The high base flow and the concrete dikes that have been placed in the
rivers for both water use and flood control have also drastically reduced the seepage in this
area.
The 7816 points at which nitrogen concentrations in groundwater have been measured
(Ministry of Environment, 2000) were interpolated by the Kriging method (Fig. 3.8a).
Nitrogen concentrations in the groundwater were much higher than those in rivers and lakes,
particularly around cultivated fields (red areas in Fig. 3.1b) and golf courses (yellow areas in
Fig. 3.1b), where the groundwater has been contaminated with high concentrations of
ammonia and nitrate because of the use of chemical fertilizer on cultivated fields and the
unlawful spreading of animal (pig and cattle) excreta on fields as organic nutrients. In
particular, the nitrogen concentration exceeded the environmental standard (10 mg/L) around
the upper reaches of the Tone River (cultivated fields and stock raising), the Kinu River
(cultivated fields), Mt. Tsukuba (orchards), Lake Kasumigaura (cultivated fields and stock
raising) (Nakayama and Watanabe, 2005, 2008), and Tokyo Bay (industrial area). NICE-SEA
simulated the annually averaged groundwater seepage into Tokyo Bay (SGWD) (Fig. 3.8b).
The averaged value for Tokyo Bay as a whole was 0.19 m/year, which is very similar to the
value observed at a few points around the bay (0.03 to 0.42 m/year) (Taniguchi et al., 1999,
2002). Because the seepage flowing into Tokyo Bay in some of the northern areas of the bay
exceeds 1000 mm/year (about 1/10 of the inflow from rivers), greater nitrogen loading occurs
there and plays a major role in eutrophication of the bay, in addition to the loading from the
rivers. This is supported by the fact that the nitrogen concentration in the bay is higher where
the inflowing seepage is greater. This indicates that groundwater is a relatively large source of
nitrogen loading to Tokyo Bay, even though the seepage volume is not as large as the
overland flow.
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Fig. 3.5 Comparison of simulated values with observed values (Kanto Regional Development Bureau,
2000, 2001). (a) Areal-averaged precipitation (AMeDAS) and withdrawal for irrigation in the catchment
(Nakayama and Watanabe, 2005), (b) river discharge, and (c) groundwater level from 1 January 2000 to 31
December 2001. In Fig. 3.5c, the dotted line is the result from simulation without underground urban structure
(cal-1), and the solid line is that from simulation including underground urban structure (cal-2). MV, SD, and

CV are mean value, standard deviation, and coefficient of variation (= SD/MV), respectively. The circled
numbers on the graphs are the numbers of the sampling locations shown in Fig. 3.1.
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(a)




(b)

Fig. 3.6 Annual-averaged groundwater levels (m) on the Kanto Plain during 2000–2001. (a)Values
interpolated from observed values (Kanto Regional Development Bureau 2000, 2001; Digital National Land
Information GIS Data of Japan, 2002), and (b) simulated values. In Fig. 3.6a, the open circles are observation
locations (247 points).
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Fig. 3.7 Simulated groundwater flows during 2000–2001. Vector values show horizontal flow and contour
values show vertical flow (positive values are upward flows).
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Fig. 3.8 Water interaction between groundwater and ocean. (a) Distribution of annual-averaged groundwater
nitrogen concentration (mg/L) on the Kanto Plain, interpolated from data observed at 7816 points (Ministry of
Environment, 2000); and (b) results of simulation of averaged groundwater seepage (m/year) into Tokyo Bay
(SGWD) per unit area of each 1 × 1 km cell.

3.5.4 Forecasting of Changes in Groundwater Level under Scenarios of Redevelopment of
Provisioning ES Sites

I forecast the changes in groundwater level under different scenarios for redevelopment of
provisioning ES sites (Fig. 3.9). The ES sites were located mainly in paddy and cultivated
fields, or on other types of land (Fig. 3.4). The simulation results showed that the groundwater
level increased around ES sites where infiltration was promoted. Redevelopment of
provisioning ES sites surrounding urban areas increased the groundwater level in the urban
area by about 0 to 10 cm. The maximum groundwater level increase predominantly exceeded
40 cm under the scenario involving redevelopment of farmland and productive green areas
(Fig. 3.9c). Block renewal by the redevelopment of high-rise or low-rise buildings was less
effective, although the groundwater level still was raised by up to 10 cm throughout almost
the Kanto Plain (Fig. 3.9a, b).
Under the scenario for the redevelopment of farmland and productive green areas, the
groundwater flow changes greatly (Fig. 3.10) in comparison with the groundwater flow
without the scenario (Fig. 3.7). More infiltrated groundwater seeps into the surrounding rivers
and lakes (horizontal flow exceeds 2.5 × 10-8 m/s) where upward flow is predominant
(vertical flow exceeds 5.0 × 10–10 m/s). This means that this groundwater infiltration scenario
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affects the increase in groundwater level and river discharge and that the hydrologic budget
changes in the catchment. The horizontal groundwater flow is also large around the eastern
side of Tokyo Bay, indicating that this groundwater infiltration scenario would affect the
SGWD around the sea (see Fig. 3.8). Groundwater flow in the horizontal direction does not
increase markedly in the urban area, because there are fewer ES sites there (Fig. 3.4).
Nevertheless, the important point is that the groundwater flow in the upward direction
increases and the groundwater level recovers in some parts of the urban area around Tokyo
Bay (see Fig. 3.9c). This phenomenon is related to the cut-off of groundwater flow by
underground urban structures, which also influences the decrease in SGWD around the
western side of Tokyo Bay.

(a)

(b)

(c)

(d)

Groundwater level
change (m)
– -0.3
-0.3 – -0.2
-0.2 – -0.1
-0.1 – 0.0
0.0 – 0.1
0.1 – 0.2
0.2 – 0.3
0.3 – 0.4
0.4 –

Fig. 3.9 Simulated groundwater level changes at the ES sites shown in Fig. 3.4. Four scenarios were used: (a)
block renewal by the redevelopment of detached houses, (b) block renewal by the redevelopment of collective
housing, (c) redevelopment of farmland and productive green areas, and (d) redevelopment of parks and open
space.
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Fig. 3.10 Simulated groundwater flow change in the scenario for redevelopment of farmland and
productive green areas. Vector values show horizontal flow change and contour values show vertical flow
change (positive values are upward flows).

3.6 Conclusion

NICE-SEA reproduces excellently the observed values of groundwater level and river
discharge and shows that the construction of underground urban structures, seashore concrete
dikes and embankments has changed the hydrologic cycle in the catchment and the nutrient
supply to the sea. In particular, groundwater flow has been interrupted and the seasonal
phases of flow are delayed, resulting in an increase in groundwater level in the urban area and
a decrease in groundwater seepage into Tokyo Bay. More detailed data on artificial
underground structures will be needed if we are to clarify the hydrologic budget in this urban
area.
Pavements and buildings made of materials such as concrete and asphalt cover most of
the urban area, and here many of the riverbanks and floors of the rivers have been covered by
concrete or some other artificial impermeable material, resulting in a decrease in infiltration.
However, the scenario-driven simulation result shows a moderate increase in groundwater
level and upward flow velocity even in urban areas without ES sites, in addition to these
increases in areas of infiltration in the surrounding rural region (Fig. 3.9). The moderate
increase in groundwater level demonstrated by NICE-SEA indicates that about 10% of the
water in waterworks and sewers leaks from underground pipes (Fig. 3.1c) and infiltrates the
aquifer. The model also shows that the groundwater level increases in the surrounding ES
sites and decreases in the urban area if leakage is almost zero in the urban area. The
groundwater level increases in urban areas where there is a moderate gradient to a greater
extent than in the surrounding agricultural and forest regions if the magnitude of leakage in




─ 58 ─

CGER-I083-2008, CGER/NIES

the urban areas is the same as that of the infiltration rate in the surrounding area.
It is assumed that the change in the hydrologic cycle in underground urban structures also
affects the change in the supply of nutrients to Tokyo Bay. Nitrogen concentrations in the
groundwater are one order of magnitude higher than those in lakes and rivers (Nakayama and
Watanabe, 2008; Nakayama et al., 2007), particularly around the northern part of the Kanto
Plain, where the groundwater has been contaminated with high concentrations of ammonia
and nitrate because of the input of chemical fertilizer to paddies and cultivated fields and the
unlawful spreading of animal (pig and cattle) excreta on fields as organic nutrient (Fig. 3.8a).
The spreading of animal excreta on open fields has been legally prohibited in Japan since 1
November 2004, but nitrogen concentrations in the groundwater have shown no change
because of the lack of effective regulation of fertilizer input to agricultural fields, the very
long retention time in the groundwater system, and the long period needed for the
environment to recover. Because these effects of transient groundwater flow on solute
exchange between groundwater and ocean are not well understood, it will be necessary to
clarify their interactions by including the mass transfer process and biogeochemical reaction
in the NICE-SEA model.
Because the water temperature in the aquifer is almost constant for the entire year, I am
convinced that the use of groundwater as a heat source would be very effective for tackling
the urban heat island phenomenon, particularly during the summer (Ministry of Environment,
2003). NICE-SEA shows that the groundwater level increases by a maximum value
predominantly exceeding 40 cm under the scenario for redevelopment of farmland and
productive green areas, and that the level recovers in some parts of the urban area (Fig. 3.9).
Instigation of a policy to promote infiltration into the aquifer by using infiltration facilities is
also important to prevent the ground degradation that has occurred in the past (Endo, 1992).
There is an urgent need to evaluate the relationship between the effect of groundwater use to
ameliorate the heat island phenomenon and the effect of infiltration on the water cycle in the
catchment. Combination of the NICE-SEA simulation with a political scenario for effective
selection and use of ES sites would be a very powerful approach for achieving sustainable
development in a megacity.
It has been about half a century since construction began on infrastructure in the Tokyo
metropolitan area. This area is low-lying, and some regions are below sea level (Fig. 3.1a).
Underground urban structures, such as the Tokyo and Ueno railway stations, and many of the
subway stations and buildings in the center of the city, are floating in the aquifer and fixed by
a system of anchors and steel plates. Furthermore, some elderly infrastructure does not work
smoothly; this causes serious environmental degradation, such as groundwater contamination
owing to leaks in the sewerage system. Therefore, correct simulation of the groundwater flow
by using NICE-SEA is urgently needed if we are to adequately reconstruct the elderly
infrastructure as efficiently as possible.
About 13% of the sewerage networks in the Tokyo metropolitan area and about 90% of
sewerage facilities in some regions near Ueno are now 50 years old. Some of the sewage
drains without disposal treatment into rivers, aquifers, and the ocean when it rains heavily.
There is an urgent need to reconstruct these facilities in order to prevent leakage of sewage
into waters and to promote efficient sewage disposal. One of my tasks is to quantify the effect
of sewage water on the hydrologic cycle in the catchment and on the nutrient supply to the
coastal environment. NICE-SEA simulation will be a very powerful tool for designing the
most suitable facilities for urban areas in the near future.
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Chapter 4 Influence of river channelization on vegetation change in Kushiro Mire

Abstract
The NIES Integrated Catchment-based Eco-hydrology (NICE) model was expanded to
include vegetation succession processes in the Kucyoro River catchment, Japan (NICE-VEG).
NICE-VEG simulated the water-heat budget and dynamic vegetation processes iteratively.
The simulation results indicated that the rate of spatial invasion by alder was positively
correlated with hydrogeological change. Some discrepancies were attributable to local
heterogeneity of changes in groundwater level, porosity, deposited sediments, and other
limiting factors (nutrients, soil moisture, light, temperature). Furthermore, simulation of river
channelization showed that the recharge rate of Kushiro Mire was greatly decreased. This
indicates that channelization will cause an increase in sedimentation and nutrient loading and
flooding in the downstream area, around the mire. NICE-VEG reproduced excellently the
invasion of the mire by alder over the last 30 years; this represents a dramatic advance in our
understanding of the drying phenomenon associated with alder invasion. The reproducibility
of these simulation results suggests that NICE-VEG includes some of the important factors
affecting vegetation succession in Kushiro Mire.
Keywords: Drying phenomenon, Alder invasion, Mire shrinking, Two-species competition,
NICE-VEG, Limiting factor
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4.1 Introduction
Since 1884, Kushiro Mire (the largest mire in Japan) and the Kushiro River catchment in
northern Japan (area: 2204.7 km2) (Fig. 4.1; Digital National Land Information GIS Data of
Japan, 1976, 1997) have undergone changes as a result of conversion to urban or agricultural
use. Because of the channelization of meandering rivers in the northern part of Kushiro Mire
in the 1970s and 1980s to control the drainage of runoff and protect farmlands from flooding,
runoff containing nutrients from farmland and sediments from short-cut channels have flowed
directly into the mire and deposited flood-borne sediment. The dominant species in this mire
include alder (Alnus japonica), reed (Phragmites australis), moss (Polytrichum spp.,
Sphagnum spp.), sedge (Eriophorum vaginatum), willow (Salix spp.), Japanese ash (Fraxinus
mandshurica var. japonica), and meadow sweet (Spiraea salicifolia). Alder has propagated
widely around Kushiro Mire since channelization, mainly because of lowering of the
groundwater level and increased nutrient input. This has resulted in gradual shrinkage of the
mire (Table 4.1) (Ministry of Environment, 2004). This drying phenomenon shows that
human activities have changed the water cycle, and thus the vegetation succession, in the mire
(Nakayama, 2008; Nakayama and Watanabe, 2004, 2006).

(a)

(b)

Hokkaido

Kushiro
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Kucyoro River
3

Kushiro
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Water flow depth (5 Points)
Groundwater depth (10 Points)
Water sampler
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3
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Legend

N43䉙4㫪
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Water flow depth (1 Point)
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Fig. 4.1 Land uses and observation points in the study area (Kucyoro River catchment, a tributary of the
Kushiro River catchment) in (a) 1976, and (b) 1997 (Digital National Land Information GIS Data of
Japan 1976, 1997). The simulation area in this figure is 22 km wide by 46 km long, covering the whole
Kucyoro River catchment. The dark blue lines are the Kucyoro River, and the light blue lines are the main
Kushiro River and other tributaries of the Kushiro River catchment. The black box is the downstream area of the
Kucyoro River catchment used for the vegetation succession simulation study. In Fig. 4.1(b), the river has been
channelized in this downstream area.
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Some previous studies have investigated the environmental factors and primary
succession of alder, mainly through field observations, field experiments, sampling, and
analysis. These have included (i) examination of the effect of environmental factors (soil
texture, soil depth, litterfall, accumulation rate, root density, organic content, moisture, and
nutrients) on primary succession (Chapin et al., 1994); (ii) experimental determination of
relative growth rates under different relative addition rates and of rates of nitrogen uptake and
fixation by seedlings (Burgess and Peterson, 1986); (iii) the finding of a biomass increase of
about 1.2 to 1.7 times in the presence of increased phosphorus levels and increased alkalinity
(Ministry of Environment, 2004); (iv) analysis of growth under submerged conditions, and the
determination of variations in water level, pH, EC (electrical conductivity), and DO
(dissolved oxygen) by using principal components analysis (PCA) (Yabe and Onimaru, 1997;
Hotes et al., 2001); (v) determination of oxygen uptake and nitrogen fixation from chamber
measurements and field investigations (Hendrickson et al., 1990; Grosse et al., 1993); and
(vi) examination of environmental factors related to reed and mire vegetation (Glaser et al.,
1990; Wassen et al., 1990, 1995; Yabe and Onimaru, 1997).
Table 4.1 Vegetation changes in the Kushiro Mire (Ministry of Environment, 2004).

㩷

㩷
Mire (A)
Alder (B)
Willow
Forest
Meadow
Farm
Residential
Road
Bare
River and lake
Mire䋫㪸lder (C)
A/C
B/C

1947
(ha)

1977
(ha)

1996
(ha)

22,476
2,097
712
11,218
1,452
2,165
33
498
0
1,742
24,573
0.91
0.09

19,586
2,941
873
8,976
2,263
3,789
780
822
676
1,684
22,527
0.87
0.13

12,303
7,127
976
10,479
552
6,024
1,655
1,061
432
1,782
19,430
0.63
0.37 㩷

1947㸢㩷 㩷 㩷
1977
(ha/year)
-96.3
28.1
5.4
-74.7
27.0
54.1
24.9
10.8
22.5
-1.9
-68.2

1977㸢
1996
(ha/year)
-383.3
220.3
5.4
79.1
-90.1
117.6
46.1
12.6
-12.8
5.2
-163.0
㩷

Because these previous studies have enabled effective classification of the characteristics
of alder and mire vegetation, by combining these results with numerical simulation we can
create a powerful tool to reproduce the drying phenomenon in the mire; evaluate the
relationships among water, heat, nutrient, sediment, and vegetation; and simulate or forecast
the influence of river channelization and meandering and land-cover change on vegetation
change downstream in the mire.
The objective of this study was to estimate the influence of river channelization and
land-use change on vegetation change downstream in the Kushiro Mire by adding the
interrelationships among water, heat, nutrients, sediment, and vegetation to the NICE (NIES
Integrated Catchment-based Eco-hydrology) model series (Nakayama, 2008; Nakayama and
Watanabe, 2004, 2006, 2008; Nakayama et al., 2006, 2007). I expanded this model to
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incorporate the vegetation succession processes, including competition between two species
in the Kucyoro River catchment, Japan (NICE-VEG). NICE-VEG simulated the water-heat
budget and vegetation succession processes iteratively by adding the environmental limiting
factor of control of vegetation succession in relation to submergence depth; this was the
newly developed part of the study. I conducted a simulation to reproduce the alder invasion
that has occurred up to now, and I evaluated the influence of river channelization and land-use
change on the vegetation changes that have occurred downstream in the Kushiro Mire. The
results showed that the new nature restoration project launched in this area should be very
effective in enabling recovery of the mire vegetation, which is now very seriously affected by
the drying associated with the invasion of alder.
4.2 Study Area
The Kucyoro River catchment (area: 123.0 km2), a tributary of the Kushiro River
catchment, is in Hokkaido, northern Japan (Fig. 4.1; Digital National Land Information GIS
Data of Japan, 1976, 1997). The annual mean temperature is about 5 to 6 °C, making it one of
the coldest regions in Japan. Mean annual precipitation is about 1100 mm. In summer, the
mean temperature is 17 to 19 °C, and fog is common. Kushiro Mire, in the downstream region
of the Kucyoro River, has been protected under the Ramsar Convention since 1980 and was
declared a national park in 1987. Nevertheless, the water cycle has recently changed and
drying has occurred in the mire (Fig. 4.1). This has occurred in close association with the
vegetation change caused by inflow of increased sediment load from the surrounding areas
through river channelization, conversion of the surrounding areas to urban or agricultural use,
and subsequent invasion of alder into the mire (Nakayama and Watanabe, 2004). These
phenomena are closely related to an increase in the incidence of river flooding, not only in the
typhoon season but also during spring snowmelt (Nakayama and Watanabe, 2006).
Previous studies have investigated the responses of gravel-bed rivers to meander
straightening and rectification (Brookes, 1985; Schilling and Wolter, 2000; Talbot and
Lapointe, 2002). When reaches are shortened and slopes are steepened at meander cut-offs,
increased sedimentation and flooding occur downstream (Talbot and Lapointe, 2002).
Modifications such as these to the Kucyoro River have caused drying of the Kushiro Mire
(Nakamura et al., 1997; Nakayama and Watanabe, 2004). To arrest sediment-load influx and
allow recovery of the mire, the Japanese government started a new project in 2002, the
Kushiro Mire Conservation Plan, to re-meander the channelized rivers in the catchment
(Ministry of Environment, 2002); this includes river restoration and assessment of ecological
integrity (Jungwirth et al., 2002). Therefore, it is very important that we assess the effect of
river channelization on Kushiro Mire if we are to clarify the factors controlling species
competition between alder, reeds, and willows. It is also important that we simulate the alder
invasion of the mire so far, in order to prevent loading of the mire with sediments from
riparian forests and promote future recovery.
4.3 Description of NICE-VEG Model
4.3.1 Vegetation Succession Model
The forest model used in this study is ZELIG (Urban et al., 1991, 1993; Cumming and
Burton, 1994), a recent reformation of the basic JABOWA (Bonan, 1989) and FORET
(Shugart and West, 1977) models. Although gap models have been applied to a variety of
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forests and differ in some details, they all share the same basic structure and logic (Urban and
Shugart, 1992), simulating the establishment, annual diameter growth, and mortality of each
tree. Studies comparing the simulation results of some models have shown that ZELIG is
more accurate and suitable, although it has some limitations (Busing and Solomon, 2004).
ZELIG simulates the establishment, annual diameter growth, and mortality of each tree
on an array of model plots (Fig. 4.2). The primary zone of influence of a single
canopy-dominant tree defines plot size. The plot is considered to be horizontally
homogeneous, but vertical heterogeneity (canopy height and height to base of crown) is
simulated in some detail. Adjacent cells interact through light interception at low sun angles.
Seedling establishment, mortality, and regeneration are solved stochastically by using Monte
Carlo simulations, whereas the growth stage is largely deterministic. The competitive
environment of the plot is defined by the height, leaf area, and woody biomass of each
individual tree, determined by allometric relationships with diameter as follows (Urban and
Shugart, 1992):
H  137
H max  137
H 137  b2 D  b3 D 2 , where b2 2 max
and b3
,
(4.1)
2
Dmax
Dmax
where D (cm) is diameter at breast height (DBH) and H (cm) is height. The crown diameter
CD (m) is derived by equation (4.2) (Garman, 2003).
C D exp>ln( D)b0  b1 @
(4.2)
The species coefficients were set as b0 = 0.5212634 and b1 = 0.6300169 for red alder (Garman,
2003). CD was used to calculate the simulated predominant species in each mesh, because
vegetation cover from GIS data (Fig. 4.1), which was compared with the simulated value in
the results of the study, was basically categorized from aerial photographs (Digital National
Land Information GIS Data of Japan, 1976, 1997). The tree diameter growth is given in
equation (4.3), assuming a logistic curve (JABOWA-derived gap model) and L = cD2
(Prentice and Leemans, 1990), where L is leaf area and c is a parameter (= 0.160694):
dD GD(1  DH / D max H max )
,
(4.3)
dt (274  3b2 D  4b3 D 2 )
where G is a growth rate scalar. The growth rate is calculated as a function of several growth
reduction factors, as described below. Several studies have pointed out that the multiplicative
approach in ZELIG, in the same way as in JABOWA, causes rapid convergence to zero and
results in unrealistically low growth rates when many growth factors are considered
(Bugmann, 1996; Bugmann et al., 1996; Yaussy, 2000; Bugmann, 2001). Although some
studies have applied Liebig’s Law of the Minimum (Kienast, 1987; Bugmann, 1996;
Bugmann, 2001) and have used only the smallest of all the growth factors in view of these
limitations, this approach is based on the unrealistic assumption that only the smallest factor
limits tree growth and that one single environmental factor explains all the variability of tree
growth during any given year. I applied a stepwise procedure developed by Bugmann (1996)
to satisfy the above two requirements for the environmental limiting factors r for light Qh,
nutrients F, soil moisture M, temperature T, and submergence depth SD, as follows (Urban and
Shugart, 1992):
1 3
G G max >r (Q h )r ( F )r ( M )r (T )r ( S D )@
(4.4)

r (Q h )
r(F )



c1 ^1  exp> c 2 Q h  c 3
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(4.5)
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1/ 2

ª M * M º
r (M ) «
(4.7)
»
¬ M* ¼
4(T  Tmin )(Tmax  T )
r (T )
,
(4.8)
(Tmax  Tmin ) 2
where Gmax is the maximum growth rate, Qh is the incident radiation at height h (1 = full sun),
h´ is the height greater than h, k is a light extinction coefficient (= 0.4), F is relative soil
fertility (dimensionless, range 0 to 1), M is soil moisture index (range 0 to 1), M* is maximum
soil moisture tolerable for a species, T is degree-day index (5.56-ºC base), Tmim and Tmax are
minimum and maximum degree-day limits for the species (Tmim = 1420, Tmax = 3084) used in
this study, and SD (m) is depth of submergence of vegetation from the ground surface. The
available light Qh falls off exponentially within the canopy according to the Beer-Lambert law
(Urban and Shugart, 1992). The parameters ci (i = 1–6) are fitted constants dependent on
shade-stress and nutrient-stress tolerance (c1 = 1.11, c2 = 2.52, c3 = 0.07, c4 = 0.2133, c5 =
1.789, c6 = –1.014).
I added the effect of submergence depth as a limiting factor r(SD) into equation (4.4)
because this effect is very different between the growth patterns of reed and alder (Hotes et al.,
2001; Ohmi Environment Preservation Foundation, 2001); I used previous data for reed
(Ohmi Environment Preservation Foundation, 2001) and alder (Hotes et al., 2001):
rr ( S D ) 0.01 for S D  0.0 or S D t 0.8
0.01  4.95S D
1.0

for 0.0 d S D  0.2

for 0.2 d S D  0.7

(4.9)

7.93  9.9 S D for 0.7 d S D  0.8
ra ( S D ) 1.0 for S D  0.06
2.98  33.0S D

for

0.06 d S D  0.09 ( 0.06  2V ) .

(4.10)

0.01 for S D t 0.09
The subscripts r and a in the above equations (4.9) and (4.10) denote reed and alder,
respectively. Although the above equation (4.4) lacks a mechanistic basis, this approach
yields intuitively reasonable results, probably superior to those from both the multiplicative
approach and Liebig’s Law (Bugmann, 1996).
4.3.2 Integration of Models

Because NICE-VEG simulates water–heat budget, mass transport (Itakura, 1984;
Nakayama, 2008; Shimizu and Arai, 1988; Kushiro Branch Office, 2002; Toda et al., 2002),
and vegetation succession processes iteratively (Fig. 4.2), it is possible to estimate the
influence of river channelization or meandering and land-use change on vegetation change
downstream, in the Kushiro Mire, by adding the relationships between water, heat, nutrients,
sediment, and vegetation to the model. This provided a very powerful method of simulating
spatial and temporal variations in the environmental factors controlling vegetation change,
such as soil moisture, submergence depth, nutrient loading, and sediment accumulation. I also
input the dynamic changes in these variables into the vegetation succession model as the
boundary of model expansion (Fig. 4.2).
In the first step, the model simulates water and heat values such as evapotranspiration,
river flow discharge and depth, soil moisture, soil temperature, and groundwater level in each
grid at each time step by the input of meteorological forcing data. In the second step, the
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model simulates the vegetation succession processes by input of the simulation results from
the first step and the meteorological data. These simulations do not include feedback from
vegetation change to climatic change; because the study area is not large this process can be
considered negligible (Nakayama, 2008).
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Fig. 4.2 Flow diagram of the NICE-VEG model in the expansion of the NICE model series (Nakayama and
Watanabe, 2004; Nakayama and Watanabe, 2006; Nakayama et al., 2006). Components inside the double
frames are environmental limiting factors for vegetation growth in equations (4.4) to (4.10).
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4.4 Input Data and Boundary Conditions for Simulation
4.4.1 Input Data

The hourly observation data for downward short- and long-wave radiation, precipitation,
atmospheric pressure, air temperature, air humidity, and wind speed at a reference level were
calculated from the AMeDAS (Automated Meteorological Data Acquisition System)
meteorological data (Japan Meteorological Agency, 1970–2003) obtained at Tsurui
observation station in the catchment (Fig. 4.1; 43°13c48sN, 144°19c30sE, mean elevation 42
m); these data were collected by the Japan Meteorological Business Support Center for the
forcing of the simulation data, and the values were input at each grid because the study area is
not large.
Mean elevation data (Geographical Survey Institute of Japan, 1999), soil texture data
(Hokkaido National Agricultural Experiment Station, 1985), vegetation class data
(Environment Agency of Japan, 1993) and land-use data (Digital National Land Information
GIS Data of Japan, 1976, 1997) were converted and input to the NICE-VEG at a resolution of
100 m. The simulation area in the vertical direction was divided into 20 layers with a
weighting factor of 1.1 (finer at the upper layers). The upper layer was set at 2 m depth, and
the 20th layer was defined as an elevation of –200 m from sea level. Geological structure was
divided into four types on the basis of hydraulic conductivity (Kh and Kv), specific storage by
porous materials (Ss), and specific yield (Sy) by using soil samples taken at two depths (0.1
and 1.0 m) and previous data from 150 sample data points in the Kushiro River catchment
(Ohara et al., 1975). Kushiro Mire consists largely of soils finer than silt, mainly peat
(Nakayama and Watanabe, 2004).
For the upstream boundaries, reflecting conditions on the hydraulic head were used,
assuming that there was no inflow from the mountains in the opposite direction. The
hydraulic head values parallel to ground level were input as the initial conditions for the
groundwater flow model. For the model simulating hillslope hydrology, the flow depth and
the discharge on the uppermost ridges of the mountains were set as zero throughout the
simulation. In river cells, outflows from riverbeds of –1 m mean elevation from the ground
surface were considered in the same way as in the study by Nakayama and Watanabe (2006).
Important alder and reed data used here in NICE-VEG were summarized from data in
previous studies (Burgess and Peterson, 1986; Chapin et al., 1994; Hotes et al., 2001; Ohmi
Environment Preservation Foundation, 2001; Ministry of Environment, 2004) (Table 4.2).
Because previous research has shown that the nutrient load to the mire has increased by about
20% during the past 30 years (Ministry of Environment, 2004), I increased the environmental
limiting factor for soil fertility in equation (4.6) from 0.5 to 1.0 linearly in consideration of
relative growth rates (Burgess and Peterson, 1986).
4.4.2 Observed Data

For model validation, I set up groundwater level meters at 10 points, flow depth meters at
5 points, and a water sampler/turbidity sensor at 1 point in the catchment area. Measurements
were made over a 3-year period (2000–2002). The water level was automatically recorded
(KADEC, MIZU-II) to data-loggers at hourly intervals. During winter, when the water level
meters were not set up, river discharge data (supplied by Hokkaido Regional Development
Bureau) at one point were used as the observed data. Details have been described by
Nakayama and Watanabe (2004, 2006).
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Water turbidity and water temperature (CTI, C105) were automatically recorded to
data-loggers at 10-min intervals from July 2002 to June 2003. Furthermore, samples of the
turbid water below the water surface were automatically taken in sample bottles (ISCO,
Model-3700) at hourly intervals six times during periods of high precipitation (July, August,
October 2002, and May, June, July 2003) to validate the water turbidity values and observe
the concentrations of various nutrients (total phosphorus and total nitrogen).
4.4.3 Running the Simulation

The simulation area for the water and heat budget and mass transport was 22 km wide by
46 km long, covering the whole Kucyoro River catchment (Fig. 4.1). This area was
discretized into a grid of 226 u 460 blocks with a grid spacing of 100 m, which was
sufficiently fine to describe the shapes of meandered channels. The time-step in the
water–heat budget simulation was 't = 30 min in order to facilitate numerical stability. The
simulation was conducted on an NEC SX-6 supercomputer in the NIES for the period 1970
(meandering channel, Fig. 4.1a) to 2003 (present channelized river, Fig. 4.1b) by using the
same data for soil texture, vegetation class, geological structure, but the different shapes of
the river channels. The first 6 months were used as a warm-up period until equilibrium
conditions were reached, and parameters were estimated by comparison of simulation results
with the observed values published in the literature. After simulation results for the water-heat
budget, such as those for river discharge, soil moisture, groundwater level, and soil
temperature, had been calibrated and validated against the observed data for 2001–2002
(Nakayama and Watanabe, 2004, 2006), the simulation was able to backcast the water–heat
budget for the period 1970–2000. Mass transport at the hillslope and the river was then
simulated (Itakura, 1984; Shimizu and Arai, 1988;Kushiro Branch Office, 2002; Toda et al.,
2002). The time-steps used in the hillslope and stream network models were 't = 50 and 10 s,
respectively, to facilitate numerical stability. The simulation results for nutrient and sediment
loads were validated against the observed data for 2002–2003.
The simulation area for vegetation succession was 5 km wide by 13 km long in the
downstream section of the Kucyoro River, in the mire (Fig. 4.1). Mesh size was 10 m u 10 m,
which was sufficient to represent a vegetation colony of plot size (Shinsho et al., 1988;
Shinsho and Tsujii, 1996). Simulation results for soil moisture, groundwater level,
submergence depth, nutrient loading, and sediment accumulation averaged for every month
were input to the vegetation succession model to simulate vegetation growth for every year
after a warm-up simulation of 300 years (Fig. 4.2). Simulated tree height was calibrated from
values obtained in previous studies. Finally, a simulation of vegetation succession was
conducted for the period 1970–2003, and the results were compared with the vegetation
distribution obtained from GIS data (Fig. 4.1), as described in the following section.
4.5 Results and Discussion
4.5.1 Validation of Ecohydrological Characteristics of the Mire

The simulated groundwater levels in 2001–2002 in the mire in the downstream area of the
Kucyoro River were compared and validated against the observed values by combining NIES
observation data (Nakayama and Watanabe, 2004, 2006) and data scanned and digitized from
previous research (Ministry of Environment, 2004) (Fig. 4.3). The relative groundwater level
takes a negative value downstream of the channelized river because sediment accumulation
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by coarser materials has increased the surface elevation (Nakamura et al., 1997; Nakayama
and Watanabe, 2004). The groundwater level recovers farther downstream of the channelized
river section, because most of the sediment is deposited in the upper area. The
annual-averaged simulation result reproduced these characteristics very well in the Kucyoro
River catchment, although the simulated value overestimated the observed data in the Kottaro
River catchment (the red area to the northeast in Fig. 4.3b). This simulated distribution is very
similar to that observed in a previous study by Nakayama and Watanabe (2004), which
directly input changes in meteorological forcing data and vegetation classes (Fig. 4.1)
between 1977 and 2001.
Simulated tree height H (cm) was validated against values obtained in previous studies
(Shinsho et al., 1988; Shinsho and Tsujii, 1996) (Fig. 4.4). The observed data are scattered
around the calculated data, because alder thickets show types of zonation and vegetation
growth that differ between natural river areas (germinated alder thickets show similar heights
and DBH) and improved river areas (alder thickets raised from seed show different heights
and DBH) (Shinsho and Tsujii, 1996). The simulated values depend greatly on the maximum
tree height Hmax (m); the following simulation uses Hmax = 9 (m) and assumes that there are no
differences in the types of zonation and vegetation growth of alder thickets in the mire.

(a)

(b)
G.W.L. (m)

Fig. 4.3 Averaged groundwater level relative to ground surface in the mire around the downstream area
of the Kucyoro River in 2001–2002. (a) Observed value combining the NIES observation data (Nakayama and
Watanabe, 2004, 2006) and the scanned and digitized data from previous research (Ministry of Environment,
2004), and (b) values simulated by NICE-VEG. The red region is the most deeply submerged area (G.W.L. =
groundwater level). White cells indicate the line of the meandering river before channelization in 1976, and
black cells the straightened river after channelization in 1997, as shown in Fig. 4.1.
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Obs. Onnenai (Shinsho et al., 1988)
Obs. Kucyoro (Shinsho et al., 1988)
Obs. Chiruwatsunai (Shinsho & Tsujii, 1996)
Obs. Kucyoro (Shinsho & Tsujii, 1996)
㩷
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Fig. 4.4 Comparison of simulated and observed value tree heights H (cm) vs. diameter at breast height
(DBH). Lines are the results of the NICE-VEG simulation and points are previously observed values (Shinsho et
al., 1988; Shinsho and Tsujii, 1996). The Onnenai and Chiruwatsunai rivers are outside the Kucyoro River
catchment; their data are also plotted as a reference to show the spatial heterogeneity of alder growth.

4.5.2 Evaluation of Hydrogeological Changes in the Mire

Hydrogeological changes from 1970–2000 were evaluated by performing a long-term
simulation (Fig. 4.5). The changes in elevation during this period were evaluated by using the
GIS database (Hokkaido Regional Development Bureau, 1975; Geographical Survey Institute
of Japan, 1999) (Fig. 4.5a). During this 30-year period, elevation predominantly increased in
the downstream areas of rivers flowing into the mire (the main Kushiro River and its
tributaries, such as the Kucyoro, Chiruwatsunai, Setsuri, Ashibetsu, Hororo, and Onnenai
rivers), particularly around the downstream area of the Kucyoro River. This indicates that the
increase in sediment delivery has caused morphological changes in the mire (Nakamura et al.,
1997; Nakayama and Watanabe, 2004).
The NICE-VEG simulation shows that the groundwater level has decreased
predominantly around the channelized rivers and downstream, in the mire (Fig. 4.5b). The
simulation result shows that the maximum value of groundwater degradation is more than 1 m.
The increase in river discharge caused by channelization results in a decrease in seepage
infiltration from the river to the aquifer, causing a decrease in the groundwater level
downstream of the channelized rivers. The change in groundwater level relative to the ground
surface (Fig. 4.5c) was calculated by summation of the elevation change (Fig. 4.5a) and the
absolute groundwater level change (Fig. 4.5b). It was assumed that the alder invasion (Fig.
4.1) and the decrease in groundwater level relative to the ground surface (Fig. 4.5c) have a
close correlation.
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(a)

(c)

(b)
Elev.
(m)

G.W.L.
(m)

G.W.L.
(m)

Fig. 4.5 Hydrogeological changes from the 1970s to 2000s. (a) Elevation change evaluated by using a GIS
database (Hokkaido Regional Development Bureau, 1975; Geographical Survey Institute of Japan, 1999), (b)
results of simulation of groundwater level change (above sea level) after river channelization, and (c) estimated
values of groundwater level change (relative to ground surface). White cells indicate the meandering river and
black cells show the channelized river. G.W.L. = groundwater level.

4.5.3 Reproduction of Drying Phenomenon and Alder Invasion in the Mire

The long-term NICE-VEG simulation for the period 1970 to 2002 reproduced
qualitatively and quantitatively the invasion of the mire by alder (Fig. 4.6a). Examination of
the GIS data shows that reed was predominant in 1976 (proportion of reed 85.3%; alder
14.7%), and that alder had spread by 1997 (proportion of reed 52.9%; alder 47.1%) (Fig. 4.1);
this was reproduced well by the NICE-VEG simulation for both 1976 (proportion of reed
84.0%; alder 16.0%) and 1997 (proportion of reed 67.0%; alder 33.0%) (Fig. 4.6a). The
model forecast that reed would be predominant and that alder would not have invaded the
mire in 1997 if the river had not been channelized in the 1970s (dotted lines in Fig. 4.6a:
proportion of reed 85.0%; alder 15.0%).
NICE-VEG also simulated the spatial distribution of alder invasion up to the present time
(Fig. 4.6b, c). Invasion of alder is very sensitive to submergence depth, nutrient input, and
other factors. The simulation result indicates that the reduction of groundwater level relative
to ground surface and optimum submergence depth are the predominant factors associated
with mire shrinkage, which is greatly affected by river channelization (Talbot and Lapointe,
2002) (Fig. 4.5). The increase in elevation agrees quantitatively with a previous in situ study
that, using cesium-137 fallout concentration analysis, found that the aggradation level was
about 2 m at the downstream end of the channelized reach of the Kucyoro River (Nakamura et
al., 1997; Mizugaki et al., 2006). Although the simulation result for alder invasion in 1997
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underestimates the GIS data (Fig. 4.1b) at the center of the mire, the simulation values
reproduce qualitatively the spatial distribution of alder invasion as demonstrated by the GIS
data (Fig. 4.1).

(a)

(b)

(c)

1976

1997

㩷

1.0

0.6
0.4

Alder:Channelized
Reed:Channelized
Alder:Meandered
Reed:Meandered

㩷

Areal ratio

0.8

0.2
0.0

1970

1980

Year
Year

1990

2000

Mire (reed etc.)
Alder

Fig. 4.6 Results of simulation of alder invasion of the mire. (a) Proportions of alder and reed over the period
1970–2000, (b) and (c) spatial distributions of alder and reed in 1976 and 1997, respectively. In Fig. 4.6(a), the
lines are actual simulation results for when the rivers were channelized in the 1970s and 1980s (solid line, alder;
bold line, reed), and the dotted lines represent the simulation results that would have been expected if the rivers
had not been channelized in the past (dotted line, alder; bold dotted line, reed). Circles and triangles represent the
proportions of alder and reed calculated from the GIS data (Fig. 4.1). In Fig. 4.6(b) and (c), the dark blue cells
represent the Kucyoro River. In Fig. 4.6(c), the downstream part of the river (in the northern part of the mire) has
been channelized. The simulation results in Fig. 4.6(b) and (c) reproduce well the GIS data shown in Fig. 4.1(a)
and (b), respectively.

4.6 Conclusion

The drying phenomenon in Kushiro Mire (Fig. 4.1) is closely related to the increased
influx of sediments from the surrounding area, where agricultural development, and
reclamation and channelization of the river have occurred (Nakayama and Watanabe, 2004).
The rate of spatial invasion by alder is positively correlated with hydrogeological changes
(Fig. 4.5). Some of the discrepancies in Fig. 4.6 are attributable to local changes in
groundwater level (Nakayama and Watanabe, 2004), heterogeneity of porosity associated
with differences in the particle-size distribution of deposited sediments (Nakamura et al.,
1997), and other limiting factors (nutrients, soil moisture, light, and temperature) (Urban and
Shugart, 1992). The higher nutrient concentration in the groundwater has also affected the
vegetation change in the mire (Ministry of Environment, 2004). Furthermore, it is noteworthy
that the simulation of river channelization showed a marked decrease in the recharge rate in
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the mire (Fig. 4.5). This indicates that channelization will also cause an increase in
sedimentation, nutrient loading, and flooding in the downstream area around the mire (Talbot
and Lapointe, 2002).
NICE-VEG reproduced very accurately the invasion of the mire by alder over the last 30
years (Fig. 4.6), as indicated by the pattern of vegetation cover derived from GIS data (Fig.
4.1) (Nakayama, 2008). This result represents a dramatic advance in our understanding of the
drying phenomenon associated with alder invasion. The reproducibility of the simulation
result implies that NICE-VEG incorporates some of the important factors associated with
vegetation succession in the mire. In particular, application of the model revealed that a
change in submergence depth (Yabe and Onimaru, 1997; Hotes et al., 2001) is one of the
crucial factors affecting alder invasion, accompanied by aggradation of sediment flowing in
from the surrounding catchments as a result of urban or agricultural land use (Nakamura et al.,
1997; Nakayama and Watanabe, 2004). The collection of data on various conditions affecting
mire species such as alder, reed, moss, sedge, willow, Japanese ash, and meadow sweet is
important for reproducing more correctly the actual vegetation change. This should include
the collection of data on hydrology (water level fluctuations; Hotes et al., 2001), water quality
(nitrogen, phosphate, potassium, pH, electrical conductivity, dissolved oxygen; Burgess and
Peterson, 1986; Chapin et al., 1994; Yabe and Onimaru, 1997) (Table 4.2), radiation, and
temperature in order to simulate or forecast with high accuracy the competition among
mixtures of plant species and preserve the biodiversity (UNEP, 2002) of the mire (Fig. 4.1).
There is a further need to clarify the interactions among water, heat, sediment, nutrients, and
vegetation by using statistical approaches such as canonical correspondence analysis and
cluster analysis to evaluate potentially more favorable environmental conditions for the mire
and reproduce the invasion of alder.
To stop sediment loading and nutrient influx, and to help in the recovery of Kushiro Mire,
several ministries in Japan initiated a new project in 2002 to re-meander the channelized
rivers, establish a riparian buffer, and create a sediment retention pond (Ministry of
Environment, 2002). This Japanese project will be very informative for clarifying certain
aspects of the controversy associated with river restoration in the United States (Palmer and
Bernhardt, 2006), because US practitioners rarely consider vegetation in their restoration
efforts. For effective policy making, we need to use NICE-VEG to forecast the effects of
re-meandering of channelized rivers and to assess whether the reed will recover if the current
channelized rivers are re-meandered and sediment and nutrient loads are reduced, because
currently there is a very serious drying phenomenon associated with the vegetation change
caused by alder invasion (Ministry of Environment, 2002). Possible mitigation measures to
preserve the mire include the establishment of riparian forests along the river to filter
suspended sediment from agricultural land (Jungwirth et al., 2002), the creation of channels
or side-channel ponds to retain suspended sediment, and the drainage of water into abandoned
channels to dissipate stream power (Nakamura et al., 1997).
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Table 4.2 Summary of NICE-VEG alder and reed data input from previous studies (Burges and Peterson,
1986; Chapin et al., 1994; Hotes et al., 2001; Ohmi Environment Preservation Foundation, 2001; Ministry
of Environment, 2004).
㩷
Soil texture (% of total)
㩷 㩷 Sand㩷

Alder

Reed

Reference
㩷
Chapin et al.(1994)

64.8±1.9

㩷
74.6±4.3

Silt

24.7±1.5

15.8±2.8

Chapin et al.(1994)

Clay

10.5±0.7

9.6±1.8

Chapin et al.(1994)

Soil depth (cm/horizon)

㩷

㩷

㩷

1.7±0.2

0

Chapin et al. (1994)

Organic horizon

2.8±0.8

0

Chapin et al. (1994)

A+B horizons

8.8±0.2

5.2±0.5

Chapin et al. (1994)

㩷 㩷 㩷 Litter㩷

Litterfall (g/m2/year)

㩷

Fine litter

203-260

1.3-1.8

Chapin et al. (1994)

45-47

0

Chapin et al. (1994)

1.3-1.8

Wood

㩷

248-307
㩷

㩷

Chapin et al. (1994)
㩷

298

㩷

Chapin et al. (1994)

N added

823

㩷

Chapin et al. (1994)

P added

1110

㩷

Chapin et al. (1994)

81

㩷

Chapin et al. (1994)

㩷

㩷

㩷

3.28-5.45

㩷

Chapin et al. (1994)

3.2-3.8

㩷

Chapin et al. (1994)

Aboveground production (g plant year )

0.3-0.8

㩷

Chapin et al. (1994)

Relative growth rate (g g-1 year-1)

0.3-0.8

㩷

Chapin et al. (1994)

Height increment after 3 years (cm)

2.1-9.2

㩷

Chapin et al. (1994)

Total litter
Biomass increase per plant (mg)
Control

Survivorship of seedlings (% of total)
Seedling growth rate
Height growth (cm)
Total biomass (g/plant)
-1

㩷 㩷 (Uninoculated) relative growth rate㩷

-1

㩷

㩷

㩷

㩷 㩷 㩷 㩷 㩷 㩷 㩷 㩷 㩷 㩷 㩷 㩷 5% N added㩷

3.8-4.9

㩷

Burgess and Peterson (1986)

㩷 㩷 㩷 㩷 㩷 㩷 㩷 㩷 㩷 㩷 㩷 㩷 10% N added㩷

9.2-10.1

㩷

Burgess and Peterson (1986)

㩷 㩷 㩷 㩷 㩷 㩷 㩷 㩷 㩷 㩷 㩷 㩷 15% N added㩷

15.1-17

㩷

Burgess and Peterson (1986)

㩷 㩷 (Inoculated) relative growth rate㩷

㩷

㩷

㩷

5.2-8.0

㩷

Burgess and Peterson (1986)

㩷 㩷 㩷 㩷 㩷 㩷 㩷 㩷 㩷 㩷 㩷 㩷 5% N added㩷

6.2-7.6

㩷

Burgess and Peterson (1986)

㩷 㩷 㩷 㩷 㩷 㩷 㩷 㩷 㩷 㩷 㩷 㩷 10% N added㩷
㩷 㩷 㩷 㩷 㩷 㩷 㩷 㩷 㩷 㩷 㩷 㩷 15% N added㩷

10.3-13.2
14.3-16.8

㩷
㩷

Submerged depth as a limiting factor (cm)

Eq. (4.10)

Eq. (4.9)

Burgess and Peterson (1986)
Burgess and Peterson (1986)
Hotes et al. (2001), Ohmi Environment
Preservation Foundation (2001)

㩷 㩷 㩷 㩷 㩷 㩷 㩷 㩷 㩷 㩷 㩷 㩷 0% N added㩷

Diameter at breast height (m)

2-16 (peak: 4-6)

㩷

㩷

㩷

Monitoring site (total dry weight; g)

0.05

㩷

Ministry of Environment (2004)

P added (total dry weight; g)

0.067

㩷

Ministry of Environment (2004)

Effect of P on living

Ministry of Environment (2004)
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5.1 Final Conclusions
I developed the NIES Integrated Catchment-based Eco-hydrology (NICE) model, which
simulates surface-unsaturated-saturated water processes and assimilates satellite data
describing changes in vegetation phenology. In this monograph (Part II; for Part I see
Nakayama and Watanabe, 2006b), I have shown how NICE is combined with the lake model
(NICE-LAKE), the density current and solute transport process (NICE-SEA), and the
vegetation succession process (NICE-VEG). I have demonstrated how these models have
been applied to catchments in Japan where Nature Restoration and Urban Area Regeneration
Projects have newly started (Ministry of Environment, 2002a, b).
Conservation and Restoration of Lakeshore Vegetation at Lake Kasumigaura is a project
aimed at preservation of the lakeshore environment, including a boggy area, the restoration of
lakeshore views, and the regeneration of a connection between humans and the lake.
NICE-LAKE modeling revealed that groundwater seepage and concentration of nutrients in
groundwater are important contributors to the eutrophication of Lake Kasumigaura; these
important contributions have not been recognized in previous studies of the lake (Nakayama,
2008h; Nakayama and Watanabe, 2008a). The model is a powerful tool for forecasting
whether or not the lake’s water quality will recover in response to the recent legal prohibition
of the disposal of animal excreta in the surrounding open fields.
Urban Area Regeneration in the Tokyo Metropolitan Area is a project aimed at creating an
eco-harmonious catchment and water body in the Tokyo area in order to solve serious
environmental degradation problems, including eutrophication of Tokyo Bay and
groundwater contamination. NICE-SEA forecast that the groundwater level would increase
predominantly to a maximum value exceeding 40 cm under a scenario for the redevelopment
of farmland and productive green areas, and that the level would recover in some parts of the
urban area. The groundwater problems currently being experienced in the Tokyo metropolitan
region are related to the cut-off of groundwater flow by underground urban structures and the
leakage of sewage into the aquifer (Nakayama et al., 2007).
The Kushiro Mire Conservation Plan is a project aimed at stopping sediment and nutrient
loading of the Kushiro Mire. The plan aims to help the mire to recover through the
re-meandering of channelized rivers, establishment of a riparian buffer, and creation of a
sediment retention pond. NICE-VEG reproduced excellently the invasion of the mire by alder
over the last 30 years; this represents a dramatic advance in our understanding of the drying
phenomenon associated with alder invasion (Nakayama, 2008a–d; Nakayama and Watanabe,
2004, 2006a).
The above results are very important for clarifying the effects of human activity on
ecosystem degradation in terms of water-heat-mass cycle changes. The model development
and the results of the simulations of ecosystem dynamics in these catchments will be effective
tools for formulating regulations promoting nature restoration in the future.
5.2 Future Work
The NICE model is applicable to natural, agricultural, and urban regions in many
catchments. There are numerous megacities in East Asia (e.g., Beijing, Shanghai, and Tokyo),
and the effects of these cities on the hydrologic and nutrient cycles of their catchments
become greater and more severe each year. NICE-CNL reproduces excellently the trend in
groundwater degradation over the previous half century, including the cone depressions that
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have occurred around the bigger cities (Nakayama, 2008e); previous research using
NICE-AGR (Nakayama et al., 2006) could not reproduce these phenomena.
Another severe environmental problem is the summer heat island phenomenon that is
developing with the expansion of cities and industrial areas in East Asian catchments. In the
Tokyo metropolitan area the positive cooling effect of pavements made of newly designed
materials (water-holding blocks) is becoming more important, as is the passive cooling effect
of lawns. I am now developing other NICE-series models, including the NICE-URBAN
coupling to an urban canopy model (Nakayama and Fujita, 2007) and the Regional
Atmospheric Modeling System (RAMS), in order to simulate the effect of this new symbiotic
pavement on hydrologic budgets and regional climates in urban areas (Fig. 5.1). The model
simulates the water and heat budgets in various types of natural and artificial pavements (lawn,
concrete, steel plate, synthetic rubber sheet, and infiltration and water-holding blocks). It is
used to evaluate the role of water-holding blocks in promoting evaporation and cooling to
counter the heat island phenomenon by comparison with a simplified empirical model; the
mean temperature at the surface of the blocks is 2 ºC lower than that at the surface of lawn.
Heat budget analysis of the observation data showed that the latent heat flux at the
water-holding pavement had a strong impact on the cooling temperature; this impact could be
reproduced well by the simulation. Because the water temperature in an aquifer is almost
constant throughout the year, it is estimated that the use of groundwater as a heat sink would
be very effective for tackling the urban heat island phenomenon, particularly during the
summer (Ministry of Environment, 2003). I am evaluating the relationship between the effect
of groundwater use in ameliorating the heat island phenomenon and the effect of infiltration
on the water cycle in the catchment. Integration of the model simulation with a political
scenario for the effective selection and use of ES sites, as suggested in this study, would be a
very powerful approach for creating thermally pleasing environments in the megalopolis
(Nakayama et al., 2008).
Evaluation of the water-heat-mass cycle in China is also very important in terms of
Japan’s national security and the international contribution to this security. The Changjiang
(Yangtze), Yellow (Huanghe), and Huaihe rivers (Fig. 5.2) are among the “seven big rivers”
of China whose lower reaches are affected by severe flooding almost every year, causing
serious damage to towns and farms. These catchments of these rivers are home to 50% of
China’s population and in value terms produce 70% of its industrial and agricultural products.
The Changjiang and Yellow rivers originate on the Qinghai Tibet Plateau and flow about
6000 km eastward to the East China Sea. The Changjiang River is the world’s fourth-largest
source of water flow to the ocean, after the Amazon, Zaire, and Orinoco rivers. The water
discharge of the Yellow River is relatively low, and the river is considered to be the most
turbid (i.e., with the highest silt content) in the world. The Changjiang and Yellow rivers
together represent 50% to 60% of the water discharge to the East China Sea and carry up to
80% of the sediment load of all Chinese rivers. The total drainage basin of these two rivers
accounts for 27% of China’s land area. In the river drainage basins, deforestation and land
reclamation have caused serious soil erosion, leading to even higher sediment loads in the
rivers. Although the large rivers of China are less influenced than the smaller rivers by human
activities, partly because of their very large water flows and high self-purification ability, they
are under threat from anthropogenic pollution (Nakayama, 2008e; Nakayama et al., 2006;
Nakayama and Watanabe, 2008b).
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{Prediction of water, heat, and material cycles of land and atmospheric regions
{Estimation of effects of human activity on ecosystems
{System supporting environmental policy by adopting land-use management and symbiotic technology
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Fig. 5.1 NICE-URBAN and other models: extensions of NICE applicable to urban areas.
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China is accelerating preparatory work on its ambitious project to transfer water from the
Changjiang River catchment to the Yellow River catchment (the South-to-North Water
Transfer Project) (Fig. 5.3). The chief objective of the transfer project is to remedy the basic
mismatch of China’s land and water resources. In the south, the Changjiang River, with an
annual volume of 980,000 million m3, flows through an area of poor and unproductive soil
(Nakayama and Watanabe, 2008b), whereas in the north, potentially high-quality land cannot
be cultivated because of the lack of water (Nakayama, 2008e; Nakayama et al., 2006). The
endemic water shortage of the north has been exacerbated in recent years by rapid industrial
development, which has also led to the contamination of many of the remaining water
reserves. New research has begun on the optimum amount of water that can be transferred;
the environmental consequences of the scheme for the Changjiang River; the overall
economic and social consequences of the project; and various individual technologies,
including the development of large pumps. Because few numerical model studies have been
conducted on the water-heat-mass dynamic changes caused by human activity in the entire
Changjiang and Yellow river catchments, it is important to evaluate the complicated
phenomena of water-heat-mass dynamics. Therefore, I urgently need to investigate the secular
changes in land and water use and to forecast the future distribution of water and heat
dynamics by using process-based models. Future goals of this study will be to evaluate
water–heat–mass dynamics by using the NICE model, to simulate the changes caused by
human activity, and to help decide on the amount of water to be transferred between
catchments (Nakayama, 2008f, g, i; Nakayama and Watanabe, 2008c). I plan to report this
research in another monograph (Part III) in the near future.
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Fig. 5.3 Dynamics of water-heat-mass cycles in the Changjiang and Yellow river catchments under a
land-atmosphere combined model.
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