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Abstract

Using numerical simulations, this study aimed to promote the comprehension of
rivers’ nutrient transport and the circulation patterns of discharged freshwaters in coastal
areas. Characterizing river watersheds and coastal regions is fundamental for maintaining,
recovering, and balancing human activities with natural ecosystems. The Kako River
accounts for 40% of the freshwater and inland nutrients in Harima Nada, so its influence in
the region is of considerable importance for all the biogeochemical processes in the coastal
and marine surrounding areas. The Harima Nada region was chosen for its sustained
oligotrophication processes during the past 25 years, the strong influence of rivers’
discharges, and its socioeconomic importance in western Japan. All the research background

and introduction are detailed in Chapter 1.

Chapter 2 of this work developed a general methodology to quantify nonpoint sources
of total nitrogen (TN) and total phosphorous (TP) in the Kako River watershed using an
approach that combines simulation and empirical tools for estimating export coefficients.
This methodology is simple to implement, reduces the amount of observed data needed, and
can be extended to any other river watershed or river catchment area of similar characteristics
with minimum modifications. A Hydro-Chemical Model was tuned and validated in the study
area, and export coefficients for TN and TP nonpoint source estimation were estimated and

validated in the Kako River watershed.

Chapter 3 involved the development of an atmospheric-marine model coupling the
WRF and ROMS components of the COAWST Model System to study the Kako River’s
seasonal circulation patterns and mean residence times in the sea as the starting point for the
future development of a high-resolution coastal biogeochemical model. Atmospheric and
marine variables were validated in Harima Nada and at different points of WRF and ROMS

domains, and seasonal circulation patterns were studied by tracer experiments in the region.

In Chapter 4, the export coefficients methodology from the 1% part was used to
estimate freshwater discharge and TN loads from all the ten rivers that discharge in the

Harima Nada area and the Yoshino River, which discharges next to the southern-east border
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of Harima Nada next to the Naruto Strait. The obtained results are expected to be added as
forcing fields to the atmospheric-marine model to be used in the future development of the

biogeochemical model for the area.

Finally, conclusions are summarized in Chapter 5 being among the most important
ones, that the export coefficients performance for nonpoint source estimation of total nitrogen
were validated and verified for the Kako River TN and TP loads between April 2010 and
March 2012 using a physically distributed hydrochemical-transport model with very good
results and high performance in describing the observations. The developed coupled
atmospheric-marine model performed well at the studied horizontal resolutions in simulating
the characteristics of West Japan and the Seto Inland Sea. It was found that circulation
patterns in Harima Nada do not seem to vary much with depth, but they showed significant
seasonal differences. The river’s water distribution and mean residence times were also found
to be seasonally affected, and the results agreed with the biomass production and growth rates
of Harima Nada waters. The findings for freshwater discharge and total TN loads discharged
showed that the Kako River is the most important contributor of nutrients and freshwater in
the region, followed by the rivers of the northern coast in the Hyogo Prefecture. Additionally,
it was found that the Yoshino River can export as much TN and freshwater into the sea as all
the rivers of Harima Nada combined. To date, many efforts and research have been conducted
in the entire Seto Inland Sea and its marine basins and Nadas to help in reverting and
assessing the environmental problems that affect it. Still, most approaches have not used a
coupled model of the presented characteristics. This work sets an antecedent for developing
a biogeochemical model for the Harima Nada and the surrounding areas using online 2-way
coupled high-resolution models that can help assess how to revert the environmental

problems of one of Japan’s most important coastal regions.
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1.1 Research background

1.1.1 General considerations on water pollution

The management of water resources has been historically one of the biggest problems
in the history of humans. Water is necessary for the survival of all the species in the Animal
and Plantae Kingdoms. It is also a source of uncountable resources and the inhabitant of
extremely rich ecosystems. The deterioration of water resources and their ecosystems has
anthropogenic causes (Vitousek et al., 1997), the reason why efficiently managing water
resources, as well as solving water pollution issues, is one of the biggest challenges of modern
societies (Arenas-Sanchez et al., 2016).

Freshwater represents less than 3% of the total water resources of the planet, and its
accessibility is considerably restricted for humans. The ice of the polar regions and the
glaciers, plus the underground aquifers, account for almost 99% of the planet’s freshwater
resources (Fig. 1). Because of this, surface waters availability and their security are essential
for human life and the development of our societies. However, water is not only used for
direct consumption; most human socio-economic activities are directly linked with it, from
agriculture to manufacturing industries. On the other hand, seas and oceans are not only the
home of extremely rich ecosystems but also a source of food and many other natural

resources.

World’s water resources distribution

T 1
Freshwate G ater :
2.5% : 30. |

L. _68.7%

Other Saline :
1.0% | Atmoshpheres
. 0 ! 3%
Modified from:

NHpS:/WWW.USGS e
and-above-earth-0

Fig. 1- Distribution of natural water resources in the World
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The water reservoirs usually more affected by environmental and pollution problems
are the superficial reservoirs (lakes, rivers), the shallow groundwater aquifers, and the
estuaries and coastal areas, like harbors and ports. Depending on the extent of the pollution
problems, they can provoke severe consequences in human health, the detriment of the

biodiversity of a region, or the destruction of the natural ecosystems affected.

One of the most common and extensively used classifications for water pollutants
(Moeller et al., 1980) is in:

- Toxic and harmful: all those substances that can harm humans and animals by
causing disease or physical damage, like most of the heavy metals and
carcinogenic organic substances.

- Indirectly harmful: they are non-poisonous substances that make water unpleasant
to use or destroy ecosystems’ “beauty”, as sediments from industries or speeded
up by human activities, oil spilled in accidents, high salt concentrations, etc.

- Oxygen depleting: substances that demand oxygen from the water and promote
the anaerobic decay of organic matter and the death of living organisms; in this
category are all the substances that are also major nutrients in terrestrial and

aquatic ecosystems.

The first type is easy to identify because toxic substances can be easily tracked and
are not a natural constituent of ecosystems, directly linking them to industrial activities. The
second type is less easy to target since human activities can indirectly provoke it, but it is less
potentially harmful and easy to revert in the short or mid-term. The third type of pollutant is
the most challenging type to address, and its importance is from medium to high in superficial
waters. Major nutrients like nitrogen or phosphorous are critical for maintaining ecosystems
and are common constituents of agricultural fertilizers, sewage waters, and industrial waters,
but their unbalance in natural waters has the potential to provoke severe environmental
problems like eutrophication or oligotrophication processes (Conley et al., 2009; Fuhrer et
al., 1999).

Water pollution can also be classified from the source of pollutant into:

20
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- Point source (PS) pollution

- Nonpoint source pollution

The first one was defined by Carpenter et al. (1998) as the type of pollution that can
be easily tracked because its characteristics make it easy to identify and quantify (e.g., toxic
and harmful substances). On the contrary, nonpoint source pollution is a diffuse type of
pollution, impossible to particularly identify, driven by human activities and changes in land
use (Novotny, 2003). Pollution driven by indirectly harmful pollutants and most oxygen-
depleting substances (e.g., sediments, nutrients) is considered mostly nonpoint source

pollution.

Because nonpoint source pollution is difficult to estimate, many strategies have been
developed to help with its determination. Watershed modeling is one of the most used tools
for assessing environmental issues and solving water environmental problems, including the
transport of pollutants and their estimation. Export coefficients are numerical relations to
quantify the amount of pollutant (in concentration or load) that a particular land use can
“export” per unit of extension and time to a water body by runoff mechanisms, which makes
them the core of many numerical models for nonpoint source estimation of pollutants at the
basin or catchment area level. Johnes (1996) proposed and tested the effectivity of the Export
Coefficient Model (ECM) under the idea that nutrient loads are the sum of individual sources
in a basin, an idea extended later as a part of more complex hydrological and physical models.
The usage of export coefficients has many limitations, most closely related to their
determination and the extent of their validity, which is why much effort has been put into

improving their estimation in the past decades.

Because water supply is vital for human life and economic development,
governments usually put big efforts into developing combined management strategies for
conserving and restoring water resources and securing freshwater supplies. Among the
multiple tools that governments and contemporary societies use for “handling” the water
pollution problems are: the control of the socio-economic activities in an area, the

development of strict laws and environmental policies, the design and construction of
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monitoring networks, the development of restoration plans for affected areas, and the
education of their inhabitants. Still, identifying pollution sources is usually not a simple task,
and the weight or the extent to which these tools can be effectively applied depends not only
on how severe the environmental problems are but also on the economic development and
resources of a country or region. This makes finding solutions to address water pollution
environmental issues not general and difficult in most cases since the problems can be very

similar, but the solutions are necessary, local, and particular.

1.1.2 The Seto Inland Sea and the Harima Nada region

The Seto Inland Sea is the biggest and most important of all the enclosed seas of
Japan. With an area of approximately 22.200 km?, 30% of the Japanese population living in
its surrounding and coastal regions, and 1/3 of Japanese manufacturing industries, it is one
of Japan’s most environmentally affected regions(Yanagi, 2015). It is located in west Japan
and connects with the Sea of Japan on the northern west side by the Kanmon Strait and with
the Pacific Ocean by the Bungo Channel on the southern west side and the Kii Channel in

the southeast. It allocates over 700 islands, straits, and basins/nadas of all sizes on its waters
(YYanagi, 2015).
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The Seto Inland Sea is a shallow sea with an average depth of 40 to 45 meters, except
for the channels that connect it with the Pacific Ocean. Because of its enclosed geography
and mountainous shoreline, the area has special climatological conditions responsible for a
high and rich biodiversity. In addition, numerous rivers that transport essential nutrients from
the inland to the sea surround its coasts and are responsible for the historically high
productivity per unit of area of fishery products and seaweed. However, this situation has
been changing during the past three decades due to the environmental issues the region has
faced since the late ‘60s when the Japanese economy rapidly grew and reconverted.

The rapid development of numerous and large industrial areas in the region, plus the
reclamation and sand mining activities that occurred during the 70s, rapidly contributed to
the deterioration and destruction of many ecosystems all around the Seto Inland Sea (Abo et
al., 2018; Yanagi, 2015). During that period, the lack of strong environmental policies and
controls for wastewater discharges or sediments disposition into the rivers and the sea
promoted the rapid deterioration of the region’s environmental conditions. Between the end
of 1960 and 1990, eutrophication problems were the most significant environmental issue in
the Seto Inland Sea, with a continued increase of nutrients and organic matter in the waters
that led to an excessive enrichment of the existent ecosystems. The number of individuals in
the ecosystems considerably grew, benefiting fishery and seaweed production during this
period until the peak of production was reached in 1980 (Fig. 3) (Abo & Yamamoto, 2019;
Yanagi, 2015).

With the uncontrolled increase of nutrients, red tide problems started becoming more
common and severe around the region, particularly in places where the population was
considerably large, like Osaka Bay, Hiroshima Bay, Fukuoka coasts, etc. This caused the
establishment and development of some special laws from 1973, that derived in the year 1979
in the Law Concerning Special Measures for Conservation of the Environmental of the Seto
Inland Sea, a general law that intended to regulate the nutrients discharge in the region (Abo
& Yamamoto, 2019; Yanagi, 2015). However, the implementation of the law was not enough
to revert the damage to the ecosystems and their imbalance, and the concentration of nutrients

became inhibitory for many species of algae and phytoplankton during the following years.
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Those species with a better adaptability to high nutrients concentration became predominant,
and their uncontrolled growth was responsible for continuous red tide events, hypoxia
conditions in many areas, and the aggravation of the biodiversity loss between the ‘80s and
‘90s. The severe environmental problems led to the reinforcement of environmental policies
and existent laws to remediate the situation. Since the mid-‘90s and due to the reasons above,
the concentration of nutrients and organic matter started decreasing in a sustained manner in

the entire Seto Inland Sea.

Iz

m

= 1980
g /
o
=]
<
(1]
=
@
<
k=]
]
Q
o
f=4
[a]
=
s‘ @
g —

Y

=

Low

! High
Nutrients

Fig. 3 — History of Eutrophication and oligotrophication in the Seto Inland Sea

In the past three decades, many areas were restored with the reduction of nutrients
discharge, but others started suffering from oligotrophication problems. With
oligotrophication, a new change in the algae and phytoplankton populations occurred, which
affected fishery, seaweed production, and other related socio-economic activities (Abo et al.,
2018; Yanagi & Tanaka, 2013). The oligotrophication processes occurred in many areas of
the Seto Inland Sea at a different extent, but the most problematic areas were identified in the
south of Osaka Bay and Harima Nada, where the sustained decrement of dissolved inorganic
nitrogen (DIN) per year reached values of 0.2 uM from the late’90s to nowadays (Abo &
Yamamoto, 2019; Yanagi, 2015).

Harima Nada is located on the eastern side of the Seto Inland Sea. Its limits are the
Bisan Strait in the west, Osaka Bay in the east on the Akashi Strait, and the Kii channel on

the southern east side on the Naruto Strait (Fig. 1). The northern and eastern shorelines belong
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to the Hyogo Prefecture and are densely populated and industrialized due to its proximity to
Osaka, the 2" biggest city in Japan. On the other hand, the southern shoreline corresponds
with the northeast part of Shikoku Island, where the Kagawa and Tokushima Prefectures are
located. This area is less populated and industrialized, and the main activities are related to

the primary sector.

The enclosed geography of the region, a shallow bathymetry (average of 30 m), and
eleven rivers of different watershed and streamflow sizes directly discharging on its waters
are responsible for some unique characteristics in Harima Nada. Rivers are the link between
inland activities and the sea by transporting pollutants, nutrients, and sediments in their
waters, and the larger they are, the more important their influence is. All the biogeochemical
processes of the area are dependent on rivers’ water and nutrients load distribution, and are
strongly linked with the water circulation patterns in Harima Nada (Abo & Yamamoto, 2019;
Yanagi, 2015), the reason why its understanding is essential to assess on solutions for the

environmental issues of the region.

The most important among all the rivers that discharge into Harima Nada is the KaKo
River, located in the center of the northern coast in Hyogo Prefecture. The Kako River, with
approximately 1730 km? of catchment area, is one of the largest rivers of western Japan. It is
the most important contributor of freshwater and land-derived nutrients to the region (Harada
& Tanda, 2011; Yoshida et al., 2010), particularly during spring and summer (March to
September) when the rainy and typhoon seasons occur in Japan. The Kako River is the
representative river of Harima Nada, and this work aimed to help describe and clarify its

watershed and discharge dynamics.

For those above, the region’s waters have historically been a source of seafood and
seaweed production due to their high productivity, with fish farming and nori cultivation the
oldest and most important activities. Since the mid-90s, the situation started shifting, and a
continuous decrease in fish catchment has affected the region and its productivity (Fig. 4-a).
Additionally, many seaweed farms have seen their production affected by discoloration

problems. As a result, much research has been conducted by prefectural and the Japanese
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National Government to elucidate which phenomena or processes are affecting the Harima
Nada waters. Most of those research findings pointed at the decrement of DIN in the region
and changes in the ratio DIN — dissolved inorganic phosphorous (DIP), as well as changes in
the ratio total nitrogen (TN) — total phosphorous (TP), as the main causes for the present
situation (Abo et al., 2018; Abo & Yamamoto, 2019; Naito et al., 2011; Nishikawa et al.,
2010, 2011; Yanagi, 2015).
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Fig. 4 - Historical DIN concentration and fish catchment tons in Harima Nada waters (a) and
evolution of DIN, phosphorous (PO4- P), and silicic acid (Si(OH)4- Si) concentrations and their averages in
Harima Nada (b, from Nishikawa et al., 2010)

Fig. 4 — b shows the time series evolution of DIN, phosphorous (POs-P), and silicic
acid (Si(OH)4— Si) in Harima Nada. DIN concentration reached its peak during the years that
promoted the severe oligotrophication of the entire Seto Inland Sea (‘70s and ‘80s), stabilized
during the ‘90s, and started decreasing since the reinforcement of environmental policies and
controls from the year 2000 (Fig 1 - a and 1- b). Phosphorous concentration did not vary
considerably after remediation measures were taken, which shows that it is not the cause of
the oligotrophication problems since its availability is not limiting biomass production. On
the other hand, silicic acid concentrations have grown in the past decades. The changes in the
silicic acid concentration and its more recent accumulation were studied by Nishikawa et al.
(2010) and attributed to changes in the silicon cycle in Harima Nada. Changes in
phytoplankton species of the area and the reduction of biomass production due to episodes

of limiting nitrogen availability have caused the accumulation of silicic acid that goes out of
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the ecosystem cycles and accumulates in the water as another sign of oligotrophication
problems and loss of biodiversity (Naito et al., 2011; Nishikawa et al., 2010, 2011).

1.2 Research objectives

The main objective of this work is to help with the numerical assessment of land-
derived nutrients from the inland into the sea and the clarification of the seasonal dynamics
of the Kako River discharge in Harima Nada as the 1% step in the development of a high-

resolution biogeochemical model for the region.

To achieve the main objective, this research was divided into the following three

secondary goals:

1) The development of a methodology to improve export coefficients determination
and nonpoint source estimation of nutrients at the river basin level in the Kako
River, the most representative river of the Harima Nada and one of the most
important rivers of western Japan.

2) The development, configuration, and validation of a coupled atmospheric-marine
model and the study of the Kako River dynamics to help determine
biogeochemical parameters and processes as the 1% antecedent for a future high-
resolution biogeochemical model for the study area.

3) The estimation of the TN and TP loads from all the rivers of the study region by
extending the methodology applied to the Kako River to quantify freshwater and
inland nutrient loads into the sea.

1.3 Research extent
This research aims to help clarify the processes that led to oligotrophication problems
affecting the Harima Nada region and many other recovered/remediated coastal areas in

Japan and worldwide using numerical tools.

To accomplish the three main objectives, first, an improvement on one of the general
methodologies for nonpoint source nutrient estimation was developed and validated in one

of the most important rivers of West-Japan to enhance land-derived nutrients estimation at
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the river basin level. For doing so, a river watershed physically-distributed hydrological
model was coupled with a chemical transport model, tuned and validated for nutrient loads
and streamflow in the Kako River, and its results were used in combination with observed

data to estimate nutrients general export coefficients.

Secondly, a coupled atmospheric-marine model was proposed and validated to allow
the reproduction of the study area conditions. This sets a precedent for the Harima Nada area,
where most of the developed numerical models use offline atmospheric assimilated data. The
coupled approach improves the quality of the results by avoiding some of the scaling
problems that assimilated datasets have for small areas, giving the proposed model a better
definition and more realistic significance. The obtained results in the 1% part for the Kako
River were forced in the atmospheric-marine model, and the circulation patterns of the river’s

waters and nutrients distribution were seasonally studied and analyzed for the study region.

Lastly, the developed methodology for estimating riverine nutrient loads was
extended to all the rivers that discharge in the Harima Nada region to calculate the total
nutrient loads and the discharged freshwater in the sea. The results confirmed the importance
of the Kako River in Harima Nada, and can be used to complete the rivers’ water circulation

and nutrients study in the region, and unfinished task in this work due to the lack of time.

Numerical simulations have the advantage of helping and assessing the
characterization of river watersheds and coastal regions at a relatively fast and “low” cost.
Understanding coastal dynamics is fundamental for maintaining, recovering, and balancing
human activities with natural ecosystems. To date, many efforts and research have been
conducted in the entire Seto Inland Sea and its marine basins and Nadas to help in reverting
and assessing the environmental problems that affect it. This work aimed to cover the first
steps in developing a biogeochemical model for the Harima Nada and the surrounding areas
that can help assess how to reduce the environmental problems of one of Japan’s most

important coastal regions.
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2.1 Introduction

Phosphorous and nitrogen are major elements in the living cycle of animals and plants
as natural constituents of terrestrial and aquatic ecosystems, soils, and sediments. They are
also connected with human activities and settlements because of their presence in sewage
and industrial waters, fertilizers, wastes, etc. These two elements are essential for life, but
their excess in nature leads to severe environmental problems, particularly for superficial and
shallow groundwaters. Because of their natural presence and sources, phosphorous and
nitrogen pollution sources are hard to identify and are classified as nonpoint source pollutants.

Export coefficients (EC) are an easy-to-implement and valuable tool for estimating
nonpoint source pollutant loads by numerical models, but their determination usually entails
many challenges. Many theoretical and practical considerations need to be addressed for their
estimation because they are not “multipurpose” coefficients, and their estimation is linked
with the conditions in time for the place they are estimated and their direct application. Some
of the biggest challenges in the obtention of ECs are: obtaining long series of observed water
quality and mainstream discharge in many points along the area of interest, the isolation of
the water catchments from each land use, and scaling the coefficients for an entire basin or
area of interest (Shrestha et al., 2008). Because the conditions of their determination influence
them, their generalization and scaling are difficult, representing one of this method’s most
significant limitations. Identifying pollution sources, their weight, and the representability of
the resultant ECs remains challenging despite all the efforts and strategies suggested over the

past decades.

There are three main approaches to determining EC: empirical, physical-based, or a
mix of both. With the necessity of better EC values for a better watershed and superficial
waters management and the development of more powerful computational tools, the initial
EC Model proposed by Johnes (1996) has considerably evolved. Shrestha et al. (2008)
proposed a methodological framework using routine quality data in the mainstream to
empirically estimate EC and their integration in water catchment modeling. The effect of
precipitation and terrain heterogeneities to reduce the scaling problems and give a more
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generalized EC was proposed by Ding et al. (2010). Hua et al. (2019) studied and identified
individual agricultural nonpoint sources at the sub-basin level, and Wang et al. (2020)
proposed the use of dynamic EC to represent watershed heterogeneities and reduce the
scaling problems that global ECs have. Regardless of the above, ECs determination requires
large amounts of observed data to reduce uncertainties, and the mathematical expressions of

the empirical models that link variables are relatively complex.

Hodge & Armstrong (1993) proposed that there is a direct relationship between
stormwaters, land use, EC, and concentration of a nonpoint source pollutant in the
mainstream. Their main idea is that pollutant loads can be estimated from river streamflow,
land runoff discharge, and pollutant concentrations at any mainstream point as a function of

the land use and the water catchment area upstream of the observation point.

In this work, the idea proposed by Hodge & Armstrong (1993) was modified, and the
incidence of rain events was added to consider the strong correlation between rainfall and
nutrients in the mainstream (Haygarth et al., 2004; X. Yang et al., 2017). Using a combination
of observed datasets for water quality and streamflow in the mainstream near the estuary with
river direct runoff simulations discretized per rain even, a multiple linear regression (MLR)
was constructed to estimate the EC of the entire Kako River watershed. Direct runoff was
defined as the water that runs over the first 30 cm of soil after rain or snowmelt. The MLR
was constructed by applying a robust regression method to avoid data transformations and
excessive data filtering of outliers originated from long periods of rain or heavy rainfall (rainy

season and typhoon events) that are characteristic in east and southeast Asia.

2.2 Methods

2.2.1. Study site

For this work, the Kako River, located in the center of Hyogo Prefecture, west Japan,
was chosen (Fig. 5). As was previously mentioned, the Kako River is one of the most
important rivers in western Japan, and its estuary is located in Harima Nada, the Seto Inland
Sea, a region of environmental interest. The Kako River watershed has an area of

approximately 1730 km? and a land use distribution of more than 60% mountainous forests.
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The land use in the basin was divided into five classes according to the geographic
information from the Ministry of Land, Infrastructure, Transport, and Tourism of Japan
(MLIT - 1). ECs were estimated for the following five classes of land use: mountain (66.4%),
paddy fields (18.7%), city (111.3%), farm (1.0%), and water bodies (2.6%).
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Fig. 5 - Location of the study site
2.2.2. Computational domain framework and datasets
The Kako River basin was represented as a mesh of 1x1 km cells. Geographic
information system (GIS) datasets for digital elevation maps (DEM), land use, watershed
boundaries, and river channels from the National Land Numerical Information System of
MLIT were used in this work (MLIT - 1). Forestation datasets were obtained from the
Biodiversity Center of Japan. Fig.6 shows the location of the different observatories used in

this work (a) and the land use distribution of the four classes chosen to estimate the ECs.

Streamflow observatories’ location and datasets correspond to the Water Information
System (MLIT - 2), which collects and monitors mainstream discharge and water levels
hourly. Because of data availability during the study period, only observatories D2 and D3
(Fig. 6 - a) were used for tuning and validating the hydrological model. Observed river
concentration for total nitrogen (TN) and total phosphorous (TP) used corresponded to the

chemical observatory (CO in Fig. 6 — a). This point is close to the river estuary, receiving
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more than 90% of the watershed waters and integrating nutrients from the entire basin to a
similar extent. From the observed data, it was found that the average rain event concentration
on the mainstream of the Kako River was 1.0 mg/L for TN and 0.10 mg/L for TP, with a
standard deviation of 0.2 and 0.04 mg/L, respectively, for the entire study period.

Mainstream

Secondary stream
Watershed border
Chemical observatory (CO)
Discharge observatory (D;)
AMeDAS station

River estuary

Kilometers
0 5 10

wown| ||

% of land use
distribution

<10%
110 - 20%
20 -30%
30 -40%
40 -50%
50 - 60%
60 - 70%
170 -80%
[ 80 - 90%
I 90 - 100%

. O
SN PSR 24

Fig. 6 - Mainstream discharge and chemical observatory stations in the Kako River watershed (a),
and % of occupation of the four land use types, mountain (b), paddy fields (c), city (d), and farm (e) used in
the hydrogeochemical model

Water samples in the CO were collected daily and analyzed by the Hyogo Institute of
Environmental Sciences (HIES) from April 2010 to March 2012. The sampling and analysis
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techniques were conducted following the “Examination Plan to Restore Materials Circulation
in Sea Areas - Study in the Northeastern Harima Nada” (2013).

Atmospheric and meteorological datasets for atmospheric pressure, precipitation,
solar irradiance, temperature, water vapor pressure, and wind speed datasets from the
Meteorological Observatories and Automated Meteorological Data Acquisition System
(AMeDAS) (Japan Meteorological Agency (JMA)) were used to force simulations and in the
formal data analysis. Meteorological variables were gridded by interpolating them in the river
basin using the Thiessen polygon method. All the dataset information is summarized in Table
1.

To handle the differences in altitude that the Kako River watershed has (more than
60% was classified as mountainous regions) and consider the orographic influence of rain
and temperature (Goovaerts, 1999), corrections for temperature and precipitations were made
on each cell according to the DEM. Equations 2.1 and 2.2 were used to correct temperature
and precipitation. In Eqg. 2.1, T; accounts for the temperature in the i cell (K), T, is the
observed temperature at the corresponding station (K), I is the lapse rate (K m™), and z is
the difference in altitude between the elevation of the cell and the observatory station (m).
For Eq. 2.2, precipitation in the j-cell r; (mm) was estimated by adding to the observed
precipitation value at the station r,, (mm), an extra term for correction using the coefficient

c,, (m™) multiplied by the difference in altitude z (m).
y ( plied by

Tj=Ty—T*z (Eq.2.1)

rj = rso(l + ¢y * z) (Eq.2.2)

37



Numerical Assessment of Land Derived Nutrients and Their Seasonal Circulation Patterns in Harima Nada

Valentina Pintos Andreoli Doctoral Dissertation December 2023

Table 1 Information on the input datasets used in the model simulation

Dataset Resolution Source

Elevation 1km MLIT-a

Land use 1km MLIT-a

River channel * MLIT-a

Forestation 1km Biodiversity Center of Japan
Hydrological Precipitation Hourly Hourly data at AMeDAS stations
Module i _ (IMA)

Air temperature, wind

speed, water-vapor Data from meteorological

pressure, atmospheric ~ Hourly observatories and AMeDAS

pressure, solar stations (JMA)

irradiance

Hourly data at meteorological
Precipitation Hourly observatories and AMeDAS
stations (JMA)

Regression Discharged water
Model g Result from the hydrological
(total and from each Hourly
model
land use)
TN / TP concentration  Daily HIES
Chemical Land use 1km MLIT-a
Module Export coefficients Yearly Result from the regression model
Model Freshwater flow Hourly MLIT-b
Validation TN / TP concentration  Daily HIES

(* - does not correspond)

2.2.3. Study period and rainfall events discretization

The 24 months between April 2010 and March 2012 were used in this study. To
evaluate differences in the annual rainfall patterns and validate the EC coefficients
performance using simulation, the observed datasets were split into two subsets of 12 months
each for TN and TP. Year I correspond to the 1% 12 months of the period (April 2010 — March
2011), and Year Il to the rest (April 2011 — March 2012). For the case in which ECs were
calculated using Year I TN and TP series (CASE 1), Year Il subsets were used to validate the
results, and when ECs were calculated from Year Il subset (CASE 1), Year | observations

were used in the validation.

Firstly, annual cumulative precipitation and the average for the area were checked to
evaluate if significant differences in rainfall patterns existed between 2006 and 2015 (Fig. 7

—a). Additionally, total cumulated monthly precipitation was estimated for Year | and Year
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Il and compared with the monthly average for the same period (Fig. 7 — b). This analysis
found that for Year I, total precipitation was 1470 mm, a value very similar to the annual
average in the Kako River watershed area (1510 mm/year). For the Year I, the situation was
considerably different. Annual cumulated precipitation in Year 1l was approximately 30%
higher than the average (1924 mm), an outlier for the region in the ten years evaluated. The
analysis of monthly deviations between Year | and Il found that the months with higher
precipitation in Year Il corresponded with May (rainy season) and September (typhoon
season), which pointed to the occurrence of more extreme meteorological events during that
year. These observations reinforced the idea of separately studying CASE | and 11 to evaluate
the incidence of rainfall in the ECs coefficients and test the proposed methodology’s

robustness.

a b

]zooo T ) )
EiCumulated annual rain ™
2010

—Annual average (2006 - 2015) w2011

g

#Monthly average (2006 - 2015)

g

Cumulated monthly rain (mm)

Cumulated annual rain (mm)
=3 o
=3 =]
o Qo

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 A M J 1 A H o N D J F M

Year Month of the year

Fig. 7 - Annual and averaged cumulated precipitation (Apr. — March) between 2006 and 2015 (a),
and monthly cumulated rainfall and ten years average for years | and 11 (b) in the Kako River watershed

The construction of the MLRs needed to estimate direct runoff contribution from each
land use per rain event in the entire basin as regression variables since it adds rain duration
and intensity to the current model approach. To do this, the hourly weighted average value
of precipitation on the entire basin was calculated, and rain events were defined from the 1%
hour of precipitation (average value #0) until the previous hour of rainfall started again. The
intensity and duration of the identified rain events were calculated as the summation of the

rain mm and the duration hours of each event. Using this approach, a total of 821 rain events
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were identified in the 24 months of this analysis, 399 during Year | and 422 in Year Il. The

hourly direct runoff from each land use was discretized using these rain events and regressed
in the MLR.

2.2.4. Lineararization and ECs model
2.2.4.1 Data handling

The direct runoff from each land use was hourly estimated in the point CO (Fig. 6 —
a) by simulations. The methodology used for this was to add (posterior to the validation of
the physically distributed hydrological model) an inert tracer to each land use, and the tracer
load in the control point was estimated and correlated with the water contribution of that
particular land use. Total direct runoff contribution into the mainstream was calculated hourly

in the CO, and monthly results per land use and the ratio contribution can be seen in Fig. 8.
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Fig. 8 - Estimated monthly total direct runoff in the chemical observatory (a) and ratio contribution
per land use (b) in Year I and Year Il

As previously mentioned, land use direct runoff was discretized per rain event and
used as a regression variable of the MLR models to obtain the ECs. The stochastic nature of
rain events and their chaotic distribution in intensity and duration breaks the most important
hypothesis for constructing a linear model: the variance distribution of the variables is not
homogeneous. The heteroscedasticity problem is very common when linearizing natural

variables with random distributions and strong outliers in the data population. To address this
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problem and avoid unnecessary data transformations that make difficult the understanding

and significance of the regression coefficients, a robust regression method was chosen.

Daily values of observed TN and TP concentration in the mainstream were
interpolated hourly to smooth the hourly loads for the rain event discretization. The linear
relationship between nutrient load and discharged water per rain event was verified by
plotting the average total load of TN and TP in the mainstream vs. the total direct runoff from
each rainfall event between April 2010 and March 2012 (Fig. 9). The obtained results
validated the linearity of the relationship between the chosen variables to regress in the MLR
without the necessity of any data transformation.
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Fig. 9 - Verification of the linearity assumption between the rain event’s nutrient load in the river
and total direct runoff for TN (a) and TP (b) at the chemical observatory

2.2.4.2 Robust Regression model — Iterative Reweighted Least Squares Method
(IRLS)

Because of the particularities of the Japanese climate and the seasonal occurrence of
particular extreme rainfall events during rainy and typhoon seasons (from April until the end
of October every year), a good estimation of ECs necessarily needed to consider as many

“outliers” as possible, to describe the watershed’s conditions the most accurately possible.
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The IRLS was chosen in this work because, like all the robust regression methods, it
can handle unequal variance distributions, buffering outliers’ strong effect on the intercept
and the slope of the MLR (Kutner M.H et al., 2005). In addition, it is one of the methods that
can be used in multivariate systems. The method’s main idea is to evaluate residuals and
normalize their distribution by calculating an estimated weight from the entire population
distribution. Its implementation requires the usage of two combined weight functions, the
Huber and the bisquare functions, to adjust the regression weights and increase sensibility
(Fig. 10). The weight functions’ tunning values were chosen to provide a 95% efficiency of

the regression estimator (1.345 for the Huber function and 4.685 for the bisquare function).

\ 1 :l L 4
1345 0 1345 o O 4685 0 4.685U

1 lu| < 1.345 [1 ( u )zr | < 4685
=11.345 _ - ul < 4.
w lul > 1.345 w 4.685
[l 0 lu| > 4.685

Fig. 10 - Huber (a) and bisquare (b) weight functions for 95% efficiency of the regression estimator
(w= weight, u=scaled residual)

The first step of the method’s implementation is constructing an ordinary least square
regression (OLS) to obtain its first set of scaled residuals. The weight functions are designed
to be used with scaled or studentized residuals, but to scale the residuals, it is needed to
estimate the terms s{e;} and h;;. (Eq. 2.4 and Eq. 2.5). In this work, it was chosen to use

scaled studentized residuals to increase fitting sensitivity from the direct runoff outliers.

The term s{e;} accounts for the standard deviation of the i-residual. Because the
mean square error (MSE) is not a robust estimator of the error term in the presence of strong
outliers or when the distribution is far from normal, the median absolute deviation (MAD)
was used to scale the studentized residuals (Eq. 2.9 and Eq. 2.10). The usage of the MAD to
calculate s{e;} increases the method’s robustness and the regression’s sensitivity to the

outliers, mainly when the leverage is significant in the x values (Kutner et al., 2005). The
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constant 0.6745 in Eq. 2.9 provides an unbiased estimator of the error for independent
observations from a normal distribution when calculating the MAD. The value h;;
corresponds with the i"-element in the diagonal of the hat matrix and represents the leverage
of the i-observation to the entire pool of observations. It can be calculated from Eq. 2.6
using the matrix of Eq. 2.7 and the design matrix X (Eq. 2.8) or directly extracted from the
diagonal of the hat matrix H (H = X(X'X)"1X').

The iterative process was conducted in this work until the MLR coefficients for the
j"and (j""+1) iteration steps had a difference of less than 5%. All the equations for the method
implementation are summarized in Table 2, and Fig. 11 shows the flowchart of the method

implementation.

An MLR is constructed using OLS (no data filtering)

¥

Scaled studentized residuals are calculated

¥

The Huber function is used to calculate the 1% set
of weights

v

New MLR is build using the weighted values
(1% iteration)

i | New setof scaled The bisquare New MLRis build | }
1 . - ¢ H
functionis used to using the new

i sttfdentnzed I, —p- using ol

I residuals are calculate the new weighted values (*) | |

i calculated set of weights H

i i

1 [

i T If not convergence, Check on 1 If convergence Finish Iterative
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. . - . .. - 1 . . . .

l‘ repeat until criteria is attained W ) s attained last iterative MLR
N S as a result (*)

Fig. 11 - Implementation flowchart for the IRLS
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Table 2 — Parameters and equations used to implement IRLS

Parameter Equation
Residual e, =Y, -7 (Eq. 2.3)
T = S(e] (Eq. 2.4)
s{e;} = VMSE(1 — hy) (Eq. 2.5)
hi; = X;(X'X)7'X; (Eq. 2.6)
1
. . Xi
Studentized residual X,-pX1 ="t (Eqg. 2.7)
xip—l
1 X11 e x1 p—l
X e X p—
x=[1 ™ 2pt (Eq. 2.8)
1 xpq - Xnp-1
«_ &
u = e} (Eq. 2.9)
ol =/ — h. Eq.
Scaled studentized residuals s'te = yMAD(L = hy) g_lqo)
1 E
MAD = ——— j - ] . (Eq.
06745 median{|e; — median{e;}|} 211)

2.2.4.3 The MLR definition and construction

Hodge & Armstrong’s (1993) assumption described by Eq. 2.12, in which the total
load of pollutant in the mainstream TL (kg s) can be estimated as the summation of each of
i land use types contributions (m: mountain, p: paddy, c: city, and f: farm), calculated as the
pollutant concentration from the i land use a; (kg m™) multiplied for the runoff discharge
QS; (m® s1) from that land use during the the k™ rainfall event was modified to define the
MLR models developed in this work as in Eq. 2.13. The intercept PS accounts for other
contributions (point source, runoff erosion contribution, etc.), and ¢ is the error term.

TL, = Z a;QS;, (Eq.2.12)

l
TLx = (0t QSm + 4, QS, + ac4¢(QSc + QSp))x + PS + ¢ (Eq.2.13)

To validate the assumption that the relationship between the average nutrient load in
the mainstream and the direct runoff from each land use (QS;, ) was linear per rain event,

plots were made for TN and TP (Fig. 12). Additionally, a scatter plot matrix for the direct
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runoff variable was made to check if there were internal correlations between the variables,
and if the MLR coefficients were independent between them (Fig. 13). The predictor
variables were shown to be linearly correlated with nutrient’s load, as well as no significant

trends were found in the scatter plot matrix, validating the selected approach.

Initially, land use was classified into four major sources of TN and TP in this approach,
but because of the small basin percentage that farm land use represents in the entire watershed
(only 1%), the overlap of city and farm land uses in the same regions, and the small
occupation ratio of farms in the cells they are distributed (see Fig. 6 —d and 6 — e) it was
chosen to collapse both variables in the construction of the MLR, and jointly estimate a
unique EC for representing them. The extent of this assumption, considering that farming
activities are minimal and do not represent one of the main activities of the study area,
reduced the error in estimating regression coefficients and, consequently, improved the ECs
for the entire watershed. The combined variable’s direct runoff was expressed as the

summation of the direct runoff from each land use.
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Fig. 12 - TN (a) and TP (b) average load in the mainstream vs. direct runoff discharge from each
land use of the MLR per rain event at the chemical observatory to verify the linearity assumption
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Fig. 13 - Scatter plot matrix of average direct runoff discharge at the chemical observatory per rain
event from each land use for years I and 11

Two MLRs and sets of regression parameters «; were obtained for each nutrient; one
pair of MLRs was constructed by regressing the data subsets from Year I, and the other one
corresponded to Year Il. From the a; coefficients, annual ECs were calculated as in Eq. 2.14.
The EC of the i'" land use W; (kg ha-1 y-1), was estimated as the annual summation of the
hourly nutrient load from the the i"" land use (a; * QS; (kg h-1)) divided by the total area A;
of the i land use in the basin (ha).

1

h

2.2.4.4 Model performance and results evaluation tools

Model performance and results were evaluated using the statistics recommended by
Moriasi et al. (2007) for hydrological simulations. The coefficient of determination (R?),
Nash-Sutcliffe efficiency (NSE), root mean square error — observation standard deviation
ratio (RSR), and the percentage of bias (pBIAS) were selected and are summarized in Table

3. R? helps evaluate the variance distribution between observations and calculated values.
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NSE is a dimensionless statistic that measures how good the plot 1:1 for observed values is.
pBIAS is an error index used to evaluate how far apart simulation results are from the
observations and can be positive (underestimation) or negative (overestimation). Finally,
RSR is also an error index that standardizes the root mean square error (RMSE) by using the
observed data’s standard deviation; lower values of RSR correlate with a better reproduction

of the observations.

There are extensive recommendations for the model’s performance statistical
parameters evaluation, mainly reported for monthly or yearly time resolutions. Because of
differences in the bibliographic recommendations, the monthly benchmarks for model

performance evaluation were taken from Moriasi et al. (2007).

Table 3 — Statistics used for evaluating the river model’s performance

Zn(ot B O_)(Pt - 13)
RZ B . .

VEn (0, — 0)2 T, (P, — P)?) (Eq. 2.15)

_ 2
wE=tT % (Eq. 2.16)

(O —P)

Zn ——==x 100

pBIAS = ( Otn ) a1

RMSE = /M (Eq. 2.18)
n

[ 2n(Pe — Ot)z]

RMSE
RSR = = LI (Eq. 2.19)
STDEV,,, l Zn(Ot—O)ZJ
n

P,= Predicted value at t time, 0,= Observed value at t time, 0= Mean of observed values, P= mean of
predicted values, n= number of values considered

2.3 The Simulation Models

Numerical and simulation models have become, in the past decades, a trustable tool

for evaluating and assessing many environmental problems. The accessibility to a wide
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variety of meteorologic and geographic datasets with high-resolution (DEM, GIS datasets,
etc.), complemented with the interest of national governments and agencies of sharing time
series of meteorological observations, land use, population distribution, etc., gives to the
obtained results practical use and significance. In this work, a physically distributed model
based on the Hydrological River Basin Environment Assessment Model (Hydro-BEAM)
developed by Kojiri (2006) was coupled to a chemical transport model to estimate nutrients
concentration in the CO near the river estuary. The layout of the Hydro-Chemical Model is
represented in Fig. 14.

GIS datasets Meteorological datasets
(elevation, land usage, (daily precipitation, air ) L,
L © o IS « Nonpoint source contribution
river’s channel, watershed temperature, solar irradiance, . i}
boundaries, forestation, etc.) atmospheric pressure, etc.) (dry and wet nitrogen and phosphorous
. B — deposition, direct runoff contributions)
I | « Point Source
(sewage treatment plants, industrial and
commercial waters)
————— - mm o omm,
I Heat Balance Model I |
| .
I I L T——— LI
. )
. * River Water Level + Total Nitrogen
Flow Analysis Model | * River Discharge I — Load Discharged
I (Kinematic Wave Model, Total Nitrogen .
Paddy Double Tank T Transfer g
Model, Linear Storage | I
I Model) I

I River Channel Model I 1

Hydrological Model Water Quality Model

Fig. 14 - General layout of the Hydro-Chemical Model used

2.3.1 Hydrological Model

Kojiri’s (2006) model was developed to estimate water quantity and quality by
combining GIS and meteorological data. It is a four-layered runoff model in which the river
watershed is divided into cells representing two different water processes: soil hydraulics and
river channel hydraulics. Each cell is represented with a straight inner water channel, whose
direction is defined by the DEM. The soil hydraulics depend on the land uses and are
determined by weighting land use occupation ratios to estimate their infiltration values
(Kojiri et al., 2008).
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Fig. 15 shows a layout of the cell design and the representation of the four layers (A
to D). Direct runoff only occurs in layer A (first 30 cm). There is horizontal flux into the cell
river channel from layers A to C. The vertical exchange is possible between the four layers,
but the bottom of layer D marks the non-flux frontier of the model. The model additionally
contemplates each cell’s evapotranspiration, snow-fall and snow-melting process,

intake/release flux in the channel, heat transfers, etc.
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Fig. 15 - Layout of the hydrological model
The runoff processes from mountains, urban areas, farms, and paddy fields are

modeled using the Kinematic Wave Model, and a Linear Storage Model is used for the
vertical exchanges between all the underground layers (Kojiri & Park, 2002). Paddy fields
are modeled separately using a Tank Model approach because of their particular operating
conditions. The paddy model consists of a double tank model with three holes connecting it
with the rest of the system at different depths. The upper hole represents the surface direct
runoff discharges; the second hole is the link between the base flow in the upper layer of the
hydrological model, and the bottom one represents the exchange flow with the groundwater
layers (Fig. 15). All the equations describing the physical process in the model are presented
in Appendix 1.
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2.3.2 Nutrients Load Model

The nutrients model is a modification of the transport model developed by Ikenoue
et al. (2020). It allows the conservative estimation of nutrient loads by using a method that
integrates advection, diffusion, emission, and lateral runoff processes derived from the terrain
slope and information from the DEM. This model does not contemplate chemical reactions
or physicochemical processes like absorption or adsorption in soils or sediments during
transport. The physical transport processes are represented in Eg. 2.20, where A, is the cross-
section area of the river channel (m?), Cry accounts for nutrient concentration in the river
channel (g m?3), U is the average cross-sectional flow speed (m s?), Dy is the diffusivity
coefficient of the nutrients (m? s), and f;y is the lateral nutrient inflow from the terrain
slope (g ms™).

d d d aCTN
T (A.Cry) + o (A,UCry) = Ix (ArDTN W) + frNn (Eq.2.20)

The term fr5 is responsible for the surface load in the river watershed, accounting for
the surface runoff contribution from each land use. Its calculation is performed on each cell
j™" of the domain and added to the entire watershed mesh, and it is represented by Eq. 2.21.
w; is the average exported concentration from each i land use (g m), QS; accounts for the
direct runoff from each land use (m®s™), and bl is a geometrical parameter that corresponds
to the length of the river channel in each cell. Concentration values w; were calculated from
the ECs calculated using the MLRs results described by Eq. 2.22. The EC value of the i land
use W; (g mis?), was divided between the quotient of dividing the total direct runoff
discharged in a year from the i land use (m® s%) and the total area A; occupied in the entire

basin for that land use (m?).

% (0m@Sn() + 0p08,() + 0cQS:() + wrQS; ()
TN — bl

(Eq.2.21)

4

(QSiyear)
A

w; = (Eq.2.22)
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2.4 Results and Discussion

2.4.1 Discharged water simulations

The Hydrological model was previously tuned and validated before estimating
mainstream and land use direct runoff. For its validation, two observatories located in the
mainstream of the Kako River (D2 and D3 Fig. 6 — a) were used from April 2010 to December
2011 (observed datasets for the observatory D1 were not continuous, and for the year 2012
were not available in any point). Daily, weekly, and monthly average streamflow on the

mainstream were calculated from the MLIT (MLIT - 2) hourly dataset at the selected points.

Table 4 — Mainstream discharge performance in stations D2 and D3 at different
time resolutions

April 2009 — Dec 2011 R? NSE pBIAS RSR
D2

Daily 0.85 0.82 -14.8 0.42
Weekly 0.96 0.94 -15.4 0.25
Monthly 0.97 0.92 -14.7 0.21
D3

Daily 0.81 0.77 -8.36 0.48
Weekly 0.94 0.91 -8.96 0.30
Monthly 0.94 0.91 -8.34 0.22

Performance rating (Moriasi et al., 2007)
Very good: RSR<0.50, 0.75<NSE<1.00, pBIAS<+10 (streamflow) pBIAS<+25 (nutrients)
Good: 0.50<RSR<0.60, 0.65<NSE<0.75, £10<pBIAS<+15 (streamflow) £25<pBIAS<+40 (nutrients)

Satisfactory: 0.60<RSR<0.70, 0.50<NSE<0.65, +15<pBIAS<+25 (streamflow) +40<pBIAS<+70 (nutrients)

Table 4 summarizes the results of the statistics used for evaluating performance and
the benchmark values proposed by Moriasi et al. (2007), and Fig. 16 shows the hyeto-
hydrographs for daily, weekly, and monthly observed data and simulation results between
April 2010 and December 2012. Results showed that the model has very good performance
for all the evaluated statistics in both observatories at all the studied time resolutions. NSE
values are in all the cases higher than 0.75, showing that simulation results are in high
agreement with the observations. pBIAS values are negative in both observatories, showing
atendency to slightly overestimate streamflow discharge more significantly in D2 than in D1.
RSR values are smaller at weekly and monthly resolutions, indicating that the value of the

error in the estimation is buffered for the average.
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The obtained results validated the usage of the hydrological model and showed that

model setup and tunning effectively reproduce the Kako River streamflow for the study

period.
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2.4.2 MLR and export coefficient analysis

The current approach calculates ECs from direct runoff, so they depend on rain.
According to Eqg. 2.14, and under the consideration that land uses did not vary their
corresponding area during the time of this study, changes in the values of the ECs can be
only caused by changes in the annual direct runoff over the land uses. Because of the
significant difference in rain patterns observed between Year | and Year Il (Fig. 7), the
variability of the ECs values and their performance to describe the Kako River watershed in
conditions slightly different than those corresponding to their calculation could be studied.
CASE I and Il (defined in 2.2.3) were used to discuss, compare, and visualize the results

obtained.
2.4.2.1 TN export coefficients

The construction of the MLR using the IRLS method for CASE | and CASE Il
converged in both cases in the 3™ iteration step, filtering five rain events over 399 in CASE
I and three rain events in 422 in CASE Il. These results showed that the chosen method could
effectively handle the differences in data variance and avoid excessive filtering for the

selected discretization.

Table 5 summarizes the obtained ECs, the regression coefficients from the MLR
models, and the intercept values for TN and TP in the Kako River basin. Table 6 does the
same for the contribution ratio per land use on the mainstream for each nutrient. It was found

that ECs for mountain and city-farm land uses positively correlate

with their values for Year | and Year Il. Also, the regression coefficients maintain
their values almost unchanged for these two land uses, besides the behavior of the ECs. In
the case of mountain land use, the magnitude of the ECs remained practically constant, while
for the city-farm land use, the corresponding value for Year Il was double that for Year I.
This difference in the ECs for city-farm land use can indicate a substantial difference in the

direct runoff from this land use during Year II.

Variations between both study cases were also found for the regression and ECs of

the paddy land use. In this case, there was also a positive correlation between years, but the
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magnitude of the change was 4:1 for the regression and 2:1 for the ECs between Year I and
Year Il. It is reported that the value of paddy ECs can be easily affected by rain in East Asia,
particularly during the fertilization period (May to June). Large amounts of rainfall during
this period can quickly stabilize nutrient concentration inside the paddy field or provoke the
leaching of nutrients into superficial waters (Liao et al., 2021; J. Wang et al., 2015). During
Year Il, abnormally high precipitations occurred (Fig. 7 — b) in the fertilization months, which
can explain the differences found. As an additional point, because of paddy’s special
operating conditions and the differences in the hydraulic model used to represent it, it is

expected that the correlation with rain events will have differences in other land uses.

The annual TN load was found to be 20% higher during Year Il than in Year I, but
the corresponding ratios followed the same trend in contribution per land use (city-farm >
mountain > paddy) (Table 6). Still, besides the trend in contribution remained the same,
important differences in the values of TN exported from each land use were observed. For
Year Il, mountain and paddy land use contribution was reduced by approximately 24% and
55%, respectively, while an increase of 65% was found in the corresponding city-farm land

use in the same year.

The values of the MLRs' intercept also showed differences (100.4 and 115.5 kg h*
for Year I and Year Il, respectively), but their contribution ratio remained constant (Table 6).
Because the intercept of the MLR accounts for other types of nutrient load contribution,
considerable changes between years were not expected since the economic and demographic
conditions during the study period did not change in the area of the Kako River watershed.
The 15% difference between years could be produced, among other things, for an increment
of the nitrogen wet deposition in the area and the soil runoff and fertilizers leaching due to
the additional 30% extra precipitations registered for that year.
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Table 5 - MLR regression and export coefficients (W;) for TN and TP
TN
Export coefficients
Wi (kg ha-1 y-1) Wm Wp Wece+f
Year | 4.597 8.798 22.896
Year Il 4,182 4,712 42.141
TN regression am (kg m?) ap (kgm?3)  actf (kgm?®)  a0(kg h?)
Year | 1.25x1073 1.77x10°3 2.24x10° 100.36
Year || 1.11x10* 4.82x10™ 2.54x1073 115.45
TP
Export coefficients
Wi (kg ha-1 y-1) Wm Wp Wece+f
Year | 0.510 0.519 3.460
Year Il 0.696 0.659 3.646
TP regression am (kg m?) ap (kgm?3)  actf (kgm?®)  a0(kg h')
Year | 1.39x10* 1.05x10 3.38x10* 6.73
Year Il 1.84x10*  16.73x10*  2.20x10™* 10.63

Table 6 - TN and TP contribution ratio from each land use and other sources
TN

;Ir':;)tl?: ?lllgﬁxged Mountain (%)  Paddy (%) Clty(%F)arm Othelz (;Surces
Year | 263.2 25.2 13.6 23.1 38.1
Year Il 313.8 19.2 6.10 37.9 36.8
TP

;Ir':;)tl?: ?lllgﬁxged Mountain (%)  Paddy (%) Clty(%F)arm Othelz (;Surces
Year | 25.3 28.9 8.30 36.3 26.5
Year |l 33.0 30.3 8.20 29.4 32.1

2.4.2.2 TP export coefficients

In the case of TP, MLR models converged on the 7" iteration in both cases, and ten
rain events were filtered for each data subset. Fewer variations were found among the
obtained ECs and the contribution ratios per land between years | and Il than for TN (Tables
5 and 6). The ECs for mountain and paddy showed a 30% increase in Year Il to Year I,
whereas the city-far land use values remained practically unchanged. These results indicated
that the magnitude of the direct runoff had to have increased per land use to maintain the ECs
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values constant. When comparing the values of the MLR coefficients, a 30% increase was
found for the mountain land use, and a decrease of the same extent for the paddy and city-
farm was observed during Year Il. These observations can be associated with a higher
availability of phosphorous sources because of soil runoff in the mountain land use provoked
by the additional precipitations during Year Il. On the other hand, soil runoff may not be so

important for paddy and city-farm land because of the type of coverage.

As for TN, the contribution trend remained the same for TP (city-farm > mountain >
paddy) between years. An increase of 30% in the total TN load exported from land was found
for Year I, but the contribution ratios varied to a lesser extent than for TN between years.
The mountain and paddy land uses contribution ratios remained almost constant in Year Il
(+5% and -1.4% ), but there was a 20% reduction in the city-farm land use contribution ratio

over the total.

Same as for TN, it was expected that the intersect of the MLR models did not change
substantially for phosphorous because point source contributions and chemical availability
are more limited than in the case of TN, but the results showed that the intercept increased
by 40% for Year Il. This change in the intercept value was correlated with 20% more
contribution from other sources over the TP load exported, which evidenced the presence of
soil runoff and other mechanisms that affect the amount and intensity of TP loads in the Kako
River basin with rain. Phosphorous wet deposition values are in the order of 20 to 30 times
smaller than for TN (Anderson & Downing, 2006; He et al., 2011), so its contribution is
insignificant to explain the differences found. On the contrary, soil runoff and dry deposition
are significant in evaluating TP contribution to superficial water bodies (He et al., 2011,
Riemersmaetal., 2006; Y. Y. Yang & Toor, 2018). In the case of the Kako River watershed,
more than 60% of the land use corresponds to steep mountains that can be easily affected by
soil runoff and erosion for extreme rainfall events, which can easily increase the availability
of phosphorous species and their transport into the mainstream. Additionally, the
concentration of TP in rivers can be affected by damn operation during rainy and summer

seasons in East Asia (Bao et al., 2020; Nukazawa et al., 2017). The most important dam of
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the Kako River is closely located upstream from the CO, which could have affected the TP

on the mainstream, pulling the intercept of the MLR in Year Il to higher values.

2.4.3 ECs performance and nutrients model validation
2.4.3.1 TN performance

The calculated ECs for TN showed good and very good performance in simulating
TN load in the mainstream for the twelve months of verification and validation in CASE |
and CASE IlI. The benchmark scores were also referred to Moriasi et al. (2007). At daily
resolution, the NSE and RSR for CASE | values were in the satisfactory benchmark for the
validation period, indicating that the ECs perform better at weekly or higher time resolutions
when rainfall conditions substantially differ from those they were estimated. For CASE I
statistics, it was observed that at daily resolution during the verification period, the NSE value
was lower in comparison (good performance benchmark), but it was less of a problem than
for CASE I. However, the performance was very good for the validation period and at weekly

and monthly time resolutions.

The performance on simulating average magnitudes (pBIAS) was found to be very
good in both cases at all the time resolutions for TN estimation. Nonetheless, the absolute
values of pBIAS were higher in CASE I, and their positive sign showed the tendency to
underestimate average TN loads in the mainstream. On the contrary, for CASE II, the pBIAS
sign was negative, and showed the tendency to overestimate values during the validation
period, which can be easily seen in Fig. 17. Fig. 17 also shows the high correlation between
observed and simulated data for the time series, and the strong relationship between total
rainfall and TN load in the Kako River basin at all the time resolutions. In Fig. 17, daily
resolution graphs are not shown because their resolution due to the large amount of points
represented is not good. These graphs were added together with the TP daily charts in
Appendix 1.
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Fig. 17 - - Hyeto-load graphs of weekly (a) and monthly (b) average TN load under cases | and 11
in the chemical observatory for the 24 months of data collection. The vertical dashed line separates years |
and 11, and the validation period for each case is represented using colored dashed lines
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Table 7 - Export coefficients verification and validation at different time resolutions

TN Verification Validation
R? NSE pBIAS RSR R? NSE pBIAS RSR

CASE | April 2010 — March 2011 April 2011 — March 2012

Daily 0.92 0.81 +18.1 0.43 0.80 0.61 +10.6 0.63
Weekly 0.83 0.85 +16.1 0.39 0.97 0.89 +12.3 0.33
Monthly 0.95 0.83 +15.6 0.39 0.9 0.79 +11.4
CASE |1 April 2011 — March 2012 April 2010 — March 2011

Daily 0.82 0.66 -1.93 0.28 0.89 0.88 -7.60 0.34
Weekly 0.97 0.92 +0.03 0.28 0.91 0.87 -8.10 0.35
Monthly 0.94 0.87 -1.38 0.34 0.90 0.80 -8.45 0.43

TP

R? NSE pBIAS RSR R? NSE pBIAS RSR

CASE | April 2010 — March 2011 April 2011 — March 2012

Daily 0.84 0.83 +12.4 0.41 0.79 0.62 -30.5 0.61
Weekly 0.88 0.86 +13.1 0.37 0.92 0.69 +29.5 0.55
Monthly 0.92 0.92 +5.55 028 0.94 0.68 +29.3 0.54
CASE 11 April 2011 — March 2012 April 2010 — March 2011

Daily 0.78 0.70 +7.74 0.54 0.85 0.84 -14.5 0.40
Weekly 0.91 0.81 +6.50 0.43 0.89 0.85 -14.0 0.40
Monthly 0.94 0.86 +6.43 0.36 0.92 0.88 +12.5 0.34

2.4.3.2 TP performance

For TP, the calculated ECs showed less annual variation with rainfall, but the
contribution from other sources substantially increased. The statistical evaluation for CASE
| showed a very good performance during the verification period at all the considered time
resolutions, but the performance was lower for the validation, with daily time resolution
showing to be the one with higher associated errors and deviations from the observations
(satisfactory benchmark). During the validation time, weekly and monthly results showed
that the model is good at reproducing trends (higher value of NSE) and reducing residual
variations (smaller RSR results). The ECs from CASE Il also performed very well in the
verification and validation period at all the time resolutions (Table 7). The same was true for

TN. It was found that the ECs perform better at weekly or higher time resolutions.

Higher values of pBIAS were obtained for TP load estimation in CASE I, in which
the model underestimated TP loads in the mainstream by up to around 30%. This was less of
a problem for the ECs from CASE Il, where the differences were minor and a slight
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overestimation in TP loads occurred (negative sign of pBIAS, see Fig. 18). The main
performance for CASE Il showed that observed values are better reproduce with the ECs
calculated from Year Il subset data at weekly and monthly time resolutions. Still, significant
differences between observations and simulation results can be appreciated in the peaks of
the time series, which indicates that other processes not considered in this work affect TP

load in the mainstream. Daily resolution charts are presented in Appendix II.
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Fig. 18 -Hyeto-load graphs of weekly (a) and monthly (b) average TP load under cases I and Il in
the chemical observatory for the 24 months of data collection. The vertical dashed line separates years |
and 11, and the validation period for each case is represented using colored dashed lines

60



Numerical Assessment of Land Derived Nutrients and Their Seasonal Circulation Patterns in Harima Nada

Valentina Pintos Andreoli Doctoral Dissertation December 2023

2.4.4 General considerations on the MLR model performance and
its limitations

Extreme rainfall events, such as those that occur during typhoons or significant
rainfall episodes during the rainy season in Japan, are responsible for substantial peaks of
runoff and nutrient loads in the mainstream driven by multiple mechanisms. During these
episodes, soil dynamics change for oversaturation, and the complex processes of soil runoff
and erosion occur. Only these two processes have particular physical mechanisms that vary
depending on the type of soil and coverage, which are out of this work’s scope but can
strongly affect the performance of any numerical model. In addition, the dynamics of
nutrients availability in soils depend on the aqueous solution properties of the involved
substances, which makes them complex and multivariant-dependent. This phenomenon was
not considered in this work to keep the MLR approach as simple as possible because of the
lack of observed data to account for soil runoff in the transport model or the MLR. The
obtained results showed that without this consideration, the model and the estimated ECs
could efficiently reproduce the Kako River watershed exported nutrients without problems
and considerably small errors. However, the methodology and the model may need to be
adjusted before their application in areas where conditions are different.

The use of a robust regression for constructing the MLR models and, in particular,
the IRLS method applied for that also need some considerations in their application. The
selected method normalizes the residual distribution by weighting the regression variables
against the entire data population. Weights are assigned from 1 (mean of the population
distribution) to 0 depending on the leverage of the outlier. In constructing the MLRs, around
1% and 2.5% of the rain events presented a leverage high enough to be considered outside
the linearity conditions of the linear model. The IRLS method is good at maximizing the
points used in the regression but pulls down the regression coefficients to normalize the
distribution of the regressed variable, an effect that can be undesired if its extension is too
large because the model tends to underestimate outliers to a similar extent as the weight of

their relative leverages.
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The application of this methodology has some additional limitations related to the
simplifications of the approach. Its use can be extended to similar-sized river basins or river
catchments to the one of the Kako River, but the estimation of fixed ECs can be unsuitable
and needs to be revised. Fixed ECs calculated using a single point near the estuary may not
be representative of large river basins with well-defined catchment areas and significant
differences in their land uses that vary with time (W. Wang et al., 2020). Additionally, basins
or catchment areas with clustered land uses need more observation points and a rigorous
definition of the water catchments. Higher resolution GIS datasets are required to categorize
the sources of particular land uses and differentiate special contributions, a point not

considered in this approach.

Lastly, because ECs strongly depend on the selected approach to estimate them, their
application is restricted, and the quality of their assessment can substantially vary. It was
observed that those ECs calculated in a year of abnormally high precipitation (Year II)
showed a better performance in reproducing nutrients export in years of average rainfall, but
they tend to slightly overestimate the nutrient loads in the mainstream (Table 7). On the
contrary, ECs estimated under average precipitation conditions have lower performance,
particularly for TP estimations. In this work, it was observed that an increase in rainfall
affects the values of the ECs and their performance, but to evaluate the extent of this
observation, it would be necessary to extend the study to dry years, a task that could not be
accomplished in this instance because of the lack of observed datasets.

2.5 Conclusions

A hydrological model was effectively tuned and validated to calculate the Kako
River’s mainstream and direct runoff discharges. TN and TP nonpoint source ECs were
estimated and validated in the study site for the four primary land uses. By combining
observed quality datasets and simulation results, it was possible to reduce the number of
observation points to only one near the river estuary. The application of a robust regression
method was tested to be suitable for avoiding data transformations and the excessive filtering
of the outliers, giving more significance to the regression model and its coefficients. High
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reproducibility was found to estimate mainstream nutrient loads with the obtained ECs using
numerical simulations, particularly for time resolutions of weeks or higher. Special
considerations must be taken when applying the present methodology in places significantly
different climatologically, geologically, and geographically since modifications may be
needed. Differences in rainfall of more than 30% significantly downgrade the performance
of the ECs obtained, underestimating nutrient loads to a greater extent depending on the

chosen time resolution.
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3.1 Introduction

All human activities have some environmental influence in coastal areas, regardless
of whether they are performed inland or on the shoreline (Powell et al., 2019; Stein et al.,
2013), but the most significant deterioration issues are closely related to the economic growth
and development of a country or region (Elliff & Kikuchi, 2015; Horstman et al., 2009; Stein
etal., 2013). For this reason, during past decades, extensive efforts in preventing, remediating,
and promoting good practices for river watershed management and coastal protection have
developed worldwide (Barbier et al., 2008; Bayraktarov et al., 2016; Powell et al., 2019).

As was previously detailed in Chapter 1, Harima Nada is a shallow basin of the Seto
Inland Sea with present oligotrophication problems and is easily affected by river discharges.
The Kako River is the major contributor of fresh water and inland nutrients to the entire
region (Harada & Tanda, 2011; Pintos Andreoli et al., 2021; Yoshida et al., 2010) as it was
shown in Chapter 3, one of the reasons why a better understanding of its dynamics is essential

to define the biogeochemical process that affect Harima Nada.

In this chapter, to numerically evaluate the Kako River dynamics and nutrient
distribution in Harima Nada, a coupled atmospheric-marine model was developed using the
Coupled Ocean-Atmospheric-Wave-Sediment-Transport (COAWST) Modeling System
developed by the United States Geological Survey (Warner, Armstrong, et al., 2010; Warner
et al., 2008). The atmospheric (WRF — Weather Research and Forecasting Model) and ocean
(ROMS — Regional Ocean Modeling System) components of COAWST were coupled to
reproduce the conditions in the entire Seto Inland Sea. Several inert tracer simulations were
forced from the Kako River estuary to study seasonal water distribution and circulation
patterns, mean residence times, and surface water age in Harima Nada as the first step in
determining essential parameters to define and characterize the biogeochemical processes of
the region necessary for the development of a high-resolution biogeochemical model of these

characteristics for the area.
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3.2 Methodology

3.2.1 The models

The COAWST model system was developed to help with the assessment of coastal
processes and changes derived from natural disasters or extreme meteorological events
(Warner et al., 2008, 2010), and it combines multiple high-resolution models and tools that
allow the user to develop single or coupled applications. This work used ROMS v 3.9
(Rutgers), WRF Model v 4.2.2, and the Model Coupling Tool (MCT) v 2.6.0 distributed with
version 3.7 of COAWST. Additionally, to simulate the Kako River discharge in the estuary,
results from the hydrological model described in Chapter 2, section 2.3.1 were used.

3.2.1.1 The Atmospheric Model

The WRF Model (Skamarock et al., 2005) is a 3D terrain-following model widely
used for atmospheric research and weather forecast applications because of its extensive
range of horizontal and vertical resolutions. WRF applications can be configured and
personalized to predict atmospheric variables such as wind momentum components, dew
point, air temperature, relative humidity, long and shortwave radiative fluxes, etc., on a
sigma-pressure coordinated grid. The WRF Model distributed with COAWST has a modified
algorithm for bottom roughness when computing bottom stress over the ocean to include the

effect of waves (Warner, Armstrong, et al., 2010).
3.2.1.2 The Marine Model

ROMS is a free-surface terrain-following model system based on using a combination
of specially adjusted time-stepping algorithms for solving the 3D Reynolds-averaged Navier-
Stokes equations by hydrostatic approximations (Haidvogel et al., 2008; Shchepetkin &
Mcwilliams, 1998; Shchepetkin & McWilliams, 2003, 2005). ROMS allows the
personalization of many model options for boundary conditions, turbulence models,
advection scheme algorithms, biological models, etc., and has an adjoint model for
computing model inverses and data assimilation. Like the WRF Model, the ROMS version

distributed with COAWST is modified to allow grid refinement based on a composed grid
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formulation approach (Warner, Armstrong, et al., 2010; Warner, Rockwell Geyer, et al.,
2010).

3.2.2 Model configuration and data sets

The period of the simulations was from March 2010 to February 2011, and it was
seasonally split as: March—May (Spring), June-August (summer), September -November
(autumn), and December — February (winter). Spin-up lasted eight months for WRF and

ROMS models and twelve months for river simulations.

WRF’s domain was designed to cover Central and West Japan with a horizontal
resolution of 6.0 km and a grid that extended 120 cells N-S and W-E, respectively (Fig. 19 -
a). The physic options were defined the same as in Chatani et al. (2020), and 30 sigma-
pressure coordinated layers were chosen from the surface to 100 hPa. Boundary conditions
and forcing data used corresponded to ERAD, the fifth-generation European Center for
Medium-Range Weather Forecast (ECMWF) reanalysis (Hersbach et al., 2023).

The ROMS domain was chosen to cover the entire Seto Inland Sea, and it was
extended around 60 km from the Bungo Channel into the Pacific Ocean. ROMS’ domain was
centered in the WRF Model domain, 32 layers were defined in the vertical direction, and a
horizontal resolution of 3.0 km, covering 100 cells in the N-S direction and 200 in the E-W,
was chosen (Fig. 19 — a). Three-dimensional momentum, temperature, and salinity were
configured to follow a nudged-open boundary condition following the radiation approach
proposed by Orlanski (1976). Datasets from the Hybrid Coordinate Ocean Model
(HYCOM)(Metzger et al., 2017; Naval Research Laboratory, 2021) were used to define 3D
boundary conditions, initial conditions, and climatological fields. The 2D tidal boundary
conditions were estimated by extracting the harmonic components from the barotropic tide
model TPXO9 Atlas v.5 (Egbert & Erofeeva, 2002) for the entire Seto Inland Sea. Because
of the chosen coupled configuration, the additional meteorological fields needed to force
ROMS were forced from WRF Model results.

71



Numerical Assessment of Land Derived Nutrients and Their Seasonal Circulation Patterns in Harima Nada

Valentina Pintos Andreoli

130°30'0"E

36°0'0"N

132°0'0"E

Doctoral Dissertation

133°30'0"E

December 2023

135°0'0"E 136°30'0"E

)
S

36°0'0"N

33°0'0"N 34°30'0"N

31°30'0"N

Harima

Nada

133°30'0"E
Himeji 4

.5
5
E
5

0 35 70 140
e Kilometers

33°0'0"N 34°30'0"N

31°30'0"N

135°0'0"E 136°30'0"E

Osaka
Bay

Naruto
Strait

=== WRF domain
=== ROMS domain
Secondary rivers in Harima Nada

Kako River

® JMA Observatories and Meteorological stations
used to validate WRF model in the entire domain

A JMA Observatories for SSH validation
* Kako River estuary

*

Hyogo Prefecture observatories in Harima Nada
Observatories selected for ROMS model
Validation

Boundary of control domain in tracer applications
Control points in seasonal tracer evaluation

JMA — AMeDAS stations used for verificate WRF
model in Harima Nada

Fig. 19 - Calculation domains for WRF and ROMS (a) and Harima Nada region. JMA stations
selected for sea surface height (SSH) evaluation are A) Takamatsu, B) Kobe, C) Sumoto, D) Osaka, E)

Matsuyama, and F) Kochi

72



Numerical Assessment of Land Derived Nutrients and Their Seasonal Circulation Patterns in Harima Nada

Valentina Pintos Andreoli Doctoral Dissertation December 2023

Ten rivers directly discharge into Harima Nada waters, and the most important river
from Shikoku Island, the Yoshino River, is next to the region's southern border, the Naruto
Strait (Fig. 19 — b). Using the results obtained in Chapter 2 for river discharge and TN load
in the Kako River, the river estuary was forced into ROMS using a vertical influx algorithm
to avoid Courant-Friedrichs-Lewy ratio (CFL) violations derived from high velocities in the
discharge during the rainy or typhoon seasons in Japan. In addition, because the Harima Nada
region has a shallow bathymetry, and the Kako River estuary is in a shallow area (~ 10 m
depth), temperature, salinity, and TN concentration were uniformly distributed in all the

vertical river column.

In order to study seasonal water distribution, mean residence times, and concentration
patterns in Harima Nada, two types of tracer experiments were performed. In the first
experiment, an inert tracer was injected into the Kako River for the entire simulation period
(including spin-up months) to study water distribution patterns. Tracer concentration was
chosen for this experiment as the average Kako River TN concentration of the corresponding
year (1.0 kg m=). For the second analysis, to estimate seasonal mean residence times and
concentration distribution, an inert tracer with a concentration of 5.0 kg m=was injected for
24 hours during the 1% day of each season and followed for 60 days in a particular control
domain. Tracer concentration was observed in the points that delimited the control domain
(H09, H27, H29, and H30) and in a point in front of the estuary HO1 (see Fig. 19 — b). For
this analysis, it was defined that the tracer totally flushed out from the control domain when
its concentration became lower than 1x10® kg/m? (three orders of magnitude smaller than
the maximum concentration value discharged), which occurred for all the seasons during the

first 30 — 35 days after the injection.

Seasonal mean residence times were estimated using the water age method developed
by Zhang et al. (2010), which refers to the constituent-oriented age and residence time theory
(Deleersnijder et al., 2001; E. Delhez et al., 2003; E. J. M. Delhez, 2006; E. J. M. Delhez et
al., 1999; E. J. M. Delhez et al., 2004; E. J. M. Delhez & Deleersnijder, 2006), and uses two

tracer released together to estimates the mean age of the water in a targeted area.
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Table 8 — WRF and ROMS models’ setup and summary of the river forcing and
tracer experimental conditions

WRF model
Analysis period March 2010 — February 2011
Spin-up 8 months (June 2009 — February 2010)
Horizontal grid cells (X xY) 120 x120
Horizontal resolution 6.0 km
Vertical layers 30
Time step 25 seconds
Boundary and initial conditions ERAS5S
ROMS model
Analysis period March 2010 — February 2011
Spin-up 8 months (June 2009 — February 2010)
Horizontal grid cells (X xY) 200 x 100
Horizontal resolution 3.0 km
Vertical layers 32
Baroclinic time step 60 seconds
Boundary and initial conditions HYCOM
Tidal boundary conditions TPXO9 Atlas v.5
Rivers in the domain 11 (5 northern coasts, 2 center, 4 in the southern coast)
Rivers considered for calculation 1 (Kako River, largest freshwater contribution)
River input algorithm Volume vertical influx
River and tracer experimental conditions
Analysis period March 2010 — February 2011
Spin-up 12 months (March 2009 — February 2010)
Horizontal resolution 1 km
River discharge temporal resolution 1 hour
Vertical levels of the estuary 32 layers
River vertical fractional distribution Homogeneous
(Temperature, salinity, tracer)
River temperature 15 °C, constant for the entire period
River salinity 0.0 PSU
Tracer concentration - 0.1 kg/m3 (for seasonal distribution
analysis)
- 0.5 kg/m3 (for mean residence time
seasonal analysis)
Tracer discharge injection - Entire period for seasonal distribution

analysis
- 24 hours for mean residence time in
seasonal analysis

The concept of water age was chosen in this work because its significance is more
critical in estimating and defining parameters for biogeochemical models than the usual
residence time approach, which is more important for ecological studies. The method

computes the meant tracer age by estimating the mass-weight arithmetic average time since
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the tracer left the source point and the mean residence time, defined as the time needed for
the tracer to leave the control domain of interest. The mean residence time is determined by
this method as the relationship between the mean age of the water in a location x (a,) and
tracer concentration at the same location (C,), as shown in Eg. 3.1. The mean residence times
estimated by this method agree with the residence time (Zhang et al., 2010) despite the
physical significance and calculation differences.

F= &
T—Cx Eqg. 1

The model’s validation and performance were evaluated using observed datasets for
the period of March 2010-February 2011. Atmospheric fields were validated with AMeDAS
datasets from the observatories contained in the WRF domain (JMA). The marine model was
validated for sea surface temperature and salinity using monthly observed datasets from the
observatories of the Hyogo Prefecture in Harima Nada (Hyogo Prefectural Technology
Center for Agriculture). The sea surface height (SSH) value was also verified at some points
using biweekly information from coastal observatories of the JMA (see points A, B, C, D, E,
and F in Fig. 19 — a). Table 8 summarizes the WRF and ROMS models setup, river forcing,

and tracers’ experimental conditions used in this study.

3.3 Results and Discussion
3.3.1 Models validation

3.3.1.1 Atmospheric model validation

The location of the WRF stations used to validate the simulation results is shown in
Fig. 19 — a. Because the area of interest is relatively small compared to the entire extension
of the WRF model, it was chosen to separately validate the whole domain from the study
area. The comparison was punctual for validating the entire domain, and datasets from
different stations across it were compared with the simulation results at the same geographic

point. In the case of the Harima Nada area, observed datasets from the three AMeDAS
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observatories shown in Fig. 19 — b were averaged and compared with the average of the

simulation results for the region.

Because of the chaotic nature of atmospheric and ocean systems, the non-linear
characteristics of the processes that represent them, and the broad time scale of the processes
involved in their forecasting (“Encyclopedia of Applied and Computational Mathematics,”
2015), statistical analysis of the results needs some extra considerations. In the scale of time
of this work, variables like temperature or atmospheric pressure can be well described by
normal distributions, but others like wind direction, rain, waves, or SSH have a higher
random probability distribution, and their determination is affected by more significant errors.
Because of this, a set of generalized statistics was selected for the validation, and only those
more suitable for the particular variable were used. The bibliography's benchmarks for wind
components, temperature, and relative humidity (Emery et al., 2001; WRAP, 2013) were

extended to other variables that behave similarly to assess the model’s performance.

Fig. 20 shows the observed and simulated average time series for zonal (u) and
meridional (v) wind components, surface pressure, temperature, and relative humidity in the
Harima Nada region. High reproducibility was found for the region's zonal wind components
(u-wind), temperature, relative humidity, and surface pressure. On the other hand, the model
showed lower performance in simulating the meridional wind component (v-wind) and wind

speed, which can be associated with the complex geography of the study area.

Table 9 — Statistical results for WRF’s validated variables in the Harima Nada area

Observed  Simulated R pBIAS MAE RMSE 1A

average average

u-wind (m/s) 0.74 0.92 0.96 --- 0.49 0.62 0.93
v-wind (m/s) -0.26 -0.41 0.72 - 1.05 1.31 0.62
Wind speed (m/s) 2.9 3.2 0.80 --- 0.53 0.73 0.83
Surface pressure(hPa) 1010.3 1010.5 1.0 <0.1 0.37 0.50 1.0
Temperature (°C) - - 0.97 0.3 0.65 0.82 0.99
Relative humidity (%) -—- -—- 0.97 4.1 0.48 0.64 0.99
R: Correlation; pBIAS: Percentage of BIAS; MAE: Mean absolute error; RMSE: Root mean square error; IA: Index of

agreement

Benchmarks: Wind - RMSE<2.0; 0.6 <IA
Temperature - [pBIAS| < 1.0; MAE <2.0; 0.8 < 1A
Relative humidity - IMAE| < 2.0; 0.6 <IA
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In Table 9 are presented the results of the statistics used for evaluating performance
and validating the WRF Model results, as well as the literature benchmarks for those
variables that have them reported. For all of the selected variables (that are part of the
atmospheric set of variables that force the ROMS Mosel System), good reproducibility and
agreement with the reported benchmarks were found, which validated the proposed
atmospheric model for the region. Monthly punctual validation for some of the stations

shown in Fig. 19 - a is presented in Appendix I11.
3.3.1.2 Marine model validation

Monthly and biweekly datasets were used for the marine model because of their
availability. This time resolution may be unsuitable for efficiently evaluating some of the
ocean variables, particularly those with high temporal variability or those strongly associated
with other physical variables. In addition, the same considerations for validating the

atmospheric model were taken in this case.

Validation was made punctually in the observatory stations H28, H01, H11, and H13
of the Hyogo Prefecture in Harima Nada (Fig. 19 - b). These points were selected among all
the observatories because of their location and because they have time series at three different
levels of depth, while for the rest of the cases observations corresponded only to the surface
layer. The depth of the layers varies from point to point because of differences in the
bathymetry of the region (see Table 10), and it was used as given in the observations for the
comparison (Hyogo Prefectural Technology Center for Agriculture). Points HO1 and H28
were selected because of their proximity to the estuary, while H11 and H13 are both far from

the coast and located in the deepest area of Harima Nada.

The statistical performance results for water temperature and salinity are presented in
Table 10. Regarding water temperature, the model showed high performance in reproducing
the observations. Correlation coefficients and the agreement indexes were found to be close

to 1 at the three depths for all the observatory stations that were considered.
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Positive values of pBIAS for temperature comparison showed that the model tended
to underestimate water temperature, particularly in the surface layer and in the points closer
to the coast during the summer months (Fig. 21), which may be a consequence of the selected
model setup in the conditions for the river forcing (see Table 8). These differences were not
so pronounced in the center of Harima Nada, indicating that river discharge effects are more

critical and have a higher impact on the processes of the area near the shoreline.

For salinity results, the model did not show substantial problems in describing the
observations, but some extra considerations in the model setup should be taken to improve
the model’s performance. The very enclosed geography of the study area makes it very
sensitive to freshwater discharges, particularly during spring and summer (March to
September) when rainy and typhoon seasons occur. The Kako River is the most important
freshwater contributor to the region (Abo et al., 2018; Abo & Yamamoto, 2019), but it is not
the only one, and the salinity results confirmed the importance of the other river discharges
in Harima Nada. The higher variations between simulation and observations were found to
be, the same as for water temperature in the surface layer, while the middle and bottom layers
showed not to considerably vary and seem not to be seasonally affected, particularly in the

center region (points H11 and H13), were both time series overlap.

The model overestimates salinity in the region (negative values of pBIAS and positive
values of MAE) during all the seasons. The overestimation is percentage-wise small and in
the order of 1 to 2 PSU units (Fig. 21), occurring more significantly in the central region
(points H11 and H13), where the influence of the Kako River waters seems not to reach.
These results reinforced the idea of larger amounts of freshwater (or with lower salinity)
entering the study region and affecting salinity in the central part. Correlation values were
good at all the observatories, indicating that the trends are well reproduced at the considered
levels. The agreement indexes showed to be acceptable near the coast (HO1 and H28), but
the performance and reproducibility are lower in the central area, where the differences
between observations and simulation results are more prominent due to the reasons

previously mentioned.
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Table 10 — Statistical results for ROMS’ validated variables in the Harima Nada

area
Temperature
R pBIAS MAE RMSE 1A
sfc (~0.5 m) 0.99 9.4 -1.71 2.05 0.98
HO1 mid (~10.0 m) 1.00 6.1 -1.04 1.48 0.99
bott (~20.0 m) 1.00 4.2 -0.70 0.88 1.00
sfc (0.5 m) 0.99 8.6 -1.54 1.97 0.98
H28  mid (~5.0m) 1.00 53 -0.90 1.09 0.99
bott (~10.0m) 1.00 4.3 -0.72 0.86 1.00
sfc (~0.5m) 1.00 5.4 -0.98 1.24 0.99
H11 mid (~10.0m) 0.99 6.5 -1.13 1.49 0.99
bott (~32.0m) 0.99 1.6 -0.25 0.71 1.00
sfc (0.5m) 0.99 3.5 -0.62 0.97 0.99
H13 mid (~10.0m 1.00 4.4 -0.76 1.08 0.99
bott (~32.0m) 0.99 3.7 -0.63 1.02 0.99
Salinity
Observed Simulated
average average R pBIAS MAE RMSE 1A
(PSU) (PSU)
sfc (~0.5m) 31.0 32.3 0.90 -4.2 1.30 1.62 0.71
HO1 mid (~10.0 m) 31.8 329 0.83 34 1.07 1.48 0.61
bott (~20.0 m) 31.9 33.0 078  -3.4 1.07 112 0.56
sfc(0.5m) 306 31.8 0.76 -39 1.20 1.44  0.71
H28 mid (~5.0m) 31.5 32.2 0.82 2.2 0.71 0.81 0.71
bott (~10.0m) 31.6 322 081 2.0 0.63 073  0.72
sfc (~0.5m) 32.0 33.2 084 -36 1.16 121 054
H11  mid (~10.0m)  32.1 33.3 086 -39 1.24 127 0.50
bott (~32.0m) 323 33.5 083 -3 1.19 123 0.48
sfc (0.5m) 31.9 332 091  -4.0 1.27 129 047
H13  mid (~10.0m 31.9 334 089  -45 1.45 148 041
bott (~32.0m) 31.0 31.0 087 -4.0 1.28 131 040

R: Correlation; pBIAS: Percentage of BIAS; MAE: Mean absolute error; RMSE: Root mean

square error; 1A: Index of agreement

Average values for water temperature are not shown for their strong seasonal variability
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The analysis of the relative SSH was conducted in the stations from A to F, shown in
Fig. 19 — a. The comparison showed that the model and its configuration can effectively
reproduce trends for the area (R~0.7) with errors that are in the order of 10 to 15%. The
simulation of waves has implicit difficulties because of the geophysical processes involved,
and it is strongly dependent on the geography or the study site, which is extremely complex
in this case. For this reason, performance was considered sufficiently good in this first

approach at the horizontal resolution of the study.

3.3.2 The Kako River discharge dynamics

Fig. 26 shows the seasonal averages of concentration and horizontal velocity in the
Harima Nada region obtained from the first tracer simulations at the surface and 10m depth.
Daily concentration and horizontal velocity component values are presented in Fig. A3.1 in
Appendix I11. The results agreed with the global water circulation of the Seto Inland Sea and
the study area (W-E), showing that water enters into Harima Nada mostly from the Bisan
Starit, and the outflux occurs mainly in the Akashi Strait (towards Osaka Bay), and the Naruto
Strait (towards the Kii Channel).

Significant seasonal differences were found in the water distribution and the
circulation patterns in Harima Nada. These differences are substantially more noticeable in
the central region of Harima Nada, where the maximum average values for the magnitude of
the speed occur during summer (Fig. 23 — B1 and Fig. A3.1 — H09), reaching values as high
as 0.3 m/s, while in the rest of the months is around 20% lower. In the rest of Harima Nada,
the magnitude of the speed does not seem to vary much seasonally. The most noticeable
changes in circulation patterns seem to occur in summer and winter for the entire study area,
when the highest and lowest river discharges occur, respectively. During summer, the high
velocities and the circular patterns that occur in the central area promote vertical mix at all
the levels to a more considerable extent than the rest of the seasons (Fig. 23). During the
months of winter, the circulation is strongly driven from W-E in the entire area, particularly

the northern coast, where during the other seasons tends to be E-W.
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The tracer tends to distribute from the Kako River towards the west-northern coasts
from spring to fall, following the global pattern of the horizontal velocities. The maximum
dispersion occurs the same as the more noticeable changes in the circulation pattern during
the months of summer and winter. This seasonal tracer distribution agrees with the observed
data analysis of many environmental variables monitored in the region, which shows that the
higher concentrations of nutrients and biomass production seasonally occur over the west-
northern area during spring and summer (Japanese Ministry of Environment). During spring,
tracer distributes primarily centered in the Kako River estuary on the direction of the coast,
but in summer, the divergence of horizontal velocities promotes its dispersion and mix
towards the center and the west-northern shoreline. In autumn, when the differences in water
temperature seem to promote convection mechanisms, the tracer tends to distribute more
homogeneously, and its concentration becomes lower than for the rest of the seasons in the
entire Harima Nada. This situation changes in winter again, when the river discharge is the

lowest, and the Kako River waters are dispersed towards Osaka Bay.

The same analysis at 10 m depth (second column in Fig. 23) found that the trend in
circulation patterns and tracer distribution was mainly maintained. Concentration values and
the magnitude of the horizontal speed decreased from one layer to the other. While in the
surface layer concentration has a maximum value of 5x10-3 kg/m®, at 10 m depth, the
maximum values were in the order of 30% lower. Regarding the magnitude of the horizontal
speed, values were found to be around 20% lower at 10 m than on the surface.

In Fig. 24, the daily concentration and remaining tracer fraction results from the
second type of tracer experiments were seasonally plotted on the points that define the control
domain and HO1. Table 11 summarizes the results of the seasonal mean residence times, the
maximum values for concentration, the location in the control domain, and the days necessary
to reach the peak in concentration. The results showed that the calculated mean residence
times correspond with the tracer's temporal distribution (Fig. 24). The higher mean residence
times occur during spring and winter (28 and 25 days, respectively) when the water
temperature is lower and circulates slower (see Fig. 21 and Fig. A3.1). The mean residence

time in summer is 20 days (30% lower than in spring), and it was found to be 12 days (the
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lowest) in autumn. It was found that the lower peaks in concentration also occur during spring
and winter. In summer, the concentration peak becomes the highest due to a more significant
load of tracer discharged because of the increase in rivers’ streamflow. Also, the changes in
the circulation pattern promote horizontal mixing and the dispersion of Kako River waters
towards the west-northern coast and the entire Harima Nada. In autumn, vertical mechanisms
promote the faster dilution of the tracer, which is also accompanied by surface winds of E-S

direction, contributing to the horizontal dispersion in the entire area.

Table 11 — Results of 60 days of seasonal tracer simulations in Harima Nada at the
surface layer

Spring Summer Fall Winter
Mean residence time (days) 28 20 12 25
Maximum concentration (kg/m3) 2.4x107 5.0 x107 4.4x107 3.3x10°
Location and days where the H09 H09 H30 H09
concentration peak is reached last 9 days 23 days 8 days Never

From the results presented in Fig. 24, it was found that for the points located in the
eastern and central part of Harima Nada (H27 and HQ9, respectively), the concentration of
tracer was the lowest at all the seasons in around one order of magnitude when comparing it
with the western points of the control domain (H29 and H30), which can also be seen in the
seasonal distribution patterns of Fig.23. The tracer concentration was the lowest at all the
seasons in the central part of Harima Nada (H09), with concentrations that vary in the range
of 1x10 kg/m? during summer, to a minimum of 0.0 kg/m? in winter. It was also observed
for point HO9 that the maximum seasonal concentrations have a range of time distributions
from five to ten days in fall and spring to twenty days in summer, while no tracer is detected
in winter. At point H27, on the eastern side of Harima Nada, the maximum concentration
occurred in winter. This point also showed the higher time distribution for the remaining
fraction of tracer during winter, confirming that it is the season in which more river waters
reach the area. In addition, maximum concentration peaks appeared between the 4" and 7t
day in all the seasons, and the concentration and ratio contribution patterns have a similar

trend for the seasons of cold (winter and spring) and warm (summer and fall) waters.
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For the point located next to the river estuary (HO1), the higher concentrations tend
to occur in summer and fall (~5.0x10-3 kg/m®). At this point, the maximum concentration
peaks are reached in one to two days, and the remaining tracer fractions showed the shortest
seasonal time distribution. The western boundary points of the control domain (H29 and H30)
reached the peaks of higher concentration in winter (two to three days). Concentration
patterns were found to have the same trend in cold and warm water seasons, same as for point
H27, but for the farther point from the Kako River estuary H30, the concentration showed to
be in the order of three times smaller than for H29. The time distribution of the remaining
tracer fraction was also found to be broader in H30 than in H29 for all the seasons except

autumn.

3.4 Conclusions

A coupled atmospheric-marine model based on COAWST was successfully
developed for the Seto Inland Sea region. The model showed high performance in
reproducing atmospheric variables punctually and for the area of Harima Nada and was
successfully validated. In the case of the marine model, performance was also evaluated, and
showed to be good in reproducing water temperature, salinity, and SSH, but model setup
conditions need to be adjusted to increase the model’s performance, particularly at the surface
layer. Results showed that the developed model could effectively describe the regional
circulation patterns in the Seto Inland Sea and Harima Nada, and they adjust to the seasonal
biomass production of the study area. Seasonal differences were found in circulation patterns
and the distribution of Kako River waters in Harima Nada. These differences also extended
to the seasonal mean residence times, ranging from a month in spring, to less than two weeks
in autumn. No significant differences were found in water distribution and circulation

patterns with depth, which can be a consequence of the shallow bathymetry of the region.
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4.1 Introduction

As mentioned in Chapter 1, the Harima Nada region is very enclosed and strongly
affected by river discharges. Because of the current oligotrophication problems and the
sustained decrement in DIN concentration (Fig. 4), many efforts and research have been
conducted to help with solutions for reverting the situation. Some previous approaches used
to clarify nutrient loads and dynamics focused on numerical estimations, others based on
empirical relationships from observed data series, and some used a combination of both
techniques (Abo et al., 2018; Ikeno & Miwa, 2014; Kobayashi et al., 2019; Naito et al., 2011,
Yanagi, 2015; Yanagi & Tanaka, 2013) However, a detailed assessment of the river’s

contributions is still challenging and a problem that needs to be addressed.

The previous estimations of river discharges and nutrient loads in Harima Nada used
observed datasets in which the influence of the annual heavy rain events in the study region
was not considered, representing the reality but up to a certain extent. During the rainy season
(between June and July) and typhoon season (from late July to October), extreme
meteorological events frequently happen all over Japan. As a consequence of heavy rain and
flood episodes, soils’ hydraulics change (due to the soil layers’ oversaturation), which affects
the processes and mechanisms in which nutrients are exported from land to superficial waters,
causing in a short period the input of big nutrients loads into river mainstreams that are

discharged into the sea.

There are ten rivers (besides the Kako River) that directly discharge their waters in
the study area: four on the northern coast, two on the east side, and four on the southern side
(Fig. 25. In this chapter, the same physically distributed Hydro-Chemical Model described
in Chapter 2 and the methodology used for ECs determination in the Kako River were
extended to these other rivers to calculate the total freshwater and TN loads riverine derived.
Additionally, the estimation for discharged water and TN load was extended to the Yoshino
River, the largest river of Shikoku Island, and discharges next to Harima Nada’s southern

border in the Naruto Strait
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Fig. 25 - Rivers considered in this study
In addition to the approach used in Chapter 1, point source data was added to estimate

TN loads in the northern and eastern coast of Harima Nada (Hyogo Prefecture rivers). For
the southern area, no datasets were available, and the estimation was performed exclusively

for nonpoint source TN loads.

The obtained results are expected to assist in identifying particularities in the area's
rivers and their categorization as sources of nutrients and freshwater. In addition, the same
as the results from Chapter 2 were used for forcing the Kako River in the atmospheric-marine

model, the obtained results from this analysis aimed to be input datasets to complete the
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analysis of freshwater discharge dynamics in the region, helping in the development of a

future biogeochemical model for the area.

4.2 Methodology

4.2.1 Study site and modeling framework

The entire Harima Nada area was split into two sub-areas for this study: North - for
all the Hyogo Prefecture rivers that discharge in the northern and eastern coasts, and South —
for the rivers that discharge from Shikoku Island. Simulations were conducted between
January 2009 and December 2016, giving the Hydro-Chemical Model 12 months of spin-up
for discharged water and TN load.

4.2.1.1 Computational domains and datasets

For the eleven rivers that directly discharge into Harima Nada and the Yoshino River,
the computational domains were defined in the same way and using the same considerations
described in Chapter 2, section 2.2. The main characteristics of the rivers are summarized in
Table 12, and the description of the datasets is presented in Table 13. Point source datasets

were added to the Hydro-Chemical Model for six of the seven rivers of the northern region.

The computational domain of each river is shown in Figs. 26 and 27. In Fig. 26, point
source information was provided for the HIES (unpublished data), and it corresponds with
the economic activities and population density of each of the watersheds. The point source
datasets include sewage and water treatment plants, and industrial and commercial waters,
and their time resolution varied from daily to monthly or bimonthly. For the points where the
time resolution was lower (monthly or bimonthly), values were considered constant for the

periods between them for the entire study period.

Meteorological datasets from AMeDAS and JMA observatories were handled
similarly to Chapter 2, section 2.2.2 described. The same correction by elevation (Eg. 2.1 and
Eqg. 2.2) was done on each of the studied watersheds for temperature and rainfall to consider

the drop in temperature and the increase in rain with altitude.
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Table 12 - Harima Nada Rivers and their most representative characteristics

Number of
Average meteorological Number of
. Watershed verag Number . g point
River name 5, discharge stations and
area (km?) 3 of cells . sources
(m°/s) observatories of considered
the watershed
Kako 1730.0 45.9 1852 20 165
Ibo 810.0 214 777 14 67
Chikusa 730.0 6.6 720 10 63
North Ich; 496.0 6;:3 448 9 67
Region Yul\rr/ﬁiakl 205.0 197 6 17
ihara %
(Awaii Island) 123.7 136 4 18
Gunge " "
(Awaji Island) 263 36 3
Yoshino 3750.0 107.7 3701 28 ®
Kasuga/Shin “ "
South System 131.9 222 4
Region Kamobe 68.0 * 87 5
Minato 51.6 * 67 4
Tsuda 43.7 * 55 5
* . No information available
a- b-
‘\
: A
c -
.
i ‘/:I-\i\,\ E 3 3 ( J ,zf;)//‘nh N —— G0 meters
N e £ 0510 20
PR B¢ ,_/V?',,: E
T B Vil _Vl

Fig. 26 — River domains in the south region of Harima Nada. a-Kasuga/Shin System and Tsuda
River (from left to right), b- Kamobe and Minato Rivers (from left to right), and c- Yoshino River
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Fig. 27 - River domains in the north and east sides of Harima Nada and location of the
considered point sources. a- Kako River, b- Ibo River, c- Chikusa River, d- chi River, e- Yumesaki River, f-
Mihara and Gunge Rivers (from left to right)
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Table 13 - Information on the input datasets used in the model simulation

Dataset Resolution Source
Elevation 1 km MLIT - 1
Land Usage 1 km MLIT -1
River’s watershed MLIT -1
100 m
boundary
. River’s Channel * MLIT -1
Hydrological Forestation 1 km Biodiversity Center of Japan
Module o
Precipitation Hourly IMA
Air temperature, wind
speed, water-vapor 10 - min IMA
pressure, atmospheric
pressure, solar irradiance
Land Usage 1 km MLIT -2
Point source information
Chemical (location, discharged Monthly HIES (Unpublished data)
Module volume, and load)
Nitrogen monthly wet- Monthly Ministry of Environment of
deposition Japan (MOEJ)
Model Freshwater flow Hourly MLIT -2
Validation TN load Monthly/seasonal MLIT -2
1daty TN load Hourly HIES (unpublished datasets)

(* - does not correspond)

The land use information from the MLIT (MLIT — 1) was standardized in the four

main categories used in Chapter 2 (mountain, paddy, city, and farm), plus water bodies for
all the watersheds studied. The ratios of occupation in each river domain are shown in Table
14. As was seen for the Kako River, the mountain land use is predominant in all the
watersheds of the study region, representing around 60% or more, except for the Kasuga/Shin
system in the wester-south area. Urban areas are primarily located near estuaries, and their
ratio mainly varies with the population density of the particular place and its production
activities. Paddy and farm land uses are more extended in the eastern and south river basins.
As an additional observation, the Yoshino River watershed is mainly occupied by mountains

(> 80%), while the rest of the land uses represent a very small part of it.
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Table 14- Land usage distribution per river watershed

% Land use distribution

Region River name Mountain- Urban Water
Paddy Farm .
forest area bodies
Kako 66.4 18.7 11.3 1.0 2.6
Ibo 82.5 8.3 6.7 0.4 2.1
Chikusa 85.0 8.0 4.7 0.7 1.6
North Ichi 77.2 11.0 8.5 0.3 3.0
(Hyogo Prefecture) Yumesaki 74.9 6.6 16.6 0.3 1.6
Mihara (Awaji 5, o 23 123 282 26
Island)
Gunge
(Awaii Island) 44.6 44.4 5.0 4.4 1.7
Yoshino 83.3 4.8 5.0 4.2 2.7
Kasuga/Shin
South System 344 253 324 3.1 4.8
(Shikoku Island) Minato 83.1 9.4 4.6 0.5 2.4
Kamobe 56.8 24.5 13.2 2.7 2.9
Tsuda 65.7 21.1 9.0 2.1 2.1

4.2.2 Model description

The same Hydro-Chemical Model explained in Chapter 2, section 2.3, was used in
this study's rivers. Additionally, the input of point source contributions for the North region
was added, and Manning’s or roughness coefficients were adjusted. Manning’s coefficients
significantly impact the numerical simulation of hydrological variables. These coefficients
are strongly dependent on land use and soil coverage, and because the activities performed
in the north and south regions of Harima Nada are considerably different, a literature review
was conducted to set representative Manning values for Japanese land use classes (Bricker et
al., 2018; Kimaro et al., 2004, 2005; Kometani et al., 2014, Ryuhey et al., 2012).

Coefficients were tuned during the validation of the hydrological module of the
Hydro-Chemical Model in the Kako and the Yoshino rivers, which are the most
representative of both regions. The fitting was made by adjusting the bibliography reported
values by comparing the performance of the discharge simulation results with observed data.
The better-fitting coefficients were extended in their use for the rest of the rivers of the
corresponding region. Table 15 summarizes the values for each land use in the northern and

southern areas.
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Table 15 - Manning’s Coefficients used for the north and south regions of Harima
Nada

Manning’s coefficient for different soil usage

Harima Nada Region Mountain-forest Urban area Paddy/farm Water bodies
North (Kako River) 0.030 0.060 0.020 0.025
South (Yoshino River) 1.00 0.010 3.50 0.020

4.3 Results and Discussion

4.3.1 Model validation

Model validation for discharged water and TN load was performed in the same
manner and using the same statistics and benchmarks detailed in Chapter 2, subsections
2.2.4.4 (Table 3) and 2.4.1 (Table 4), respectively. Validation for stream flow was conducted
in the Kako and Yolshino rivers since they are the most representative of both regions and
the ones with long time series of observation datasets. The estimation of TN was previously
validated in Chapter 2 for the Kako River, and it was extended to the rest of the rivers of the
study area. Because datasets were unavailable to estimate different values of ECs, the values
obtained in the Kako River were extended in this study for all the rivers that discharged in

Harima Nada.
4.3.1.1 Mainstream discharge

Streamflow validation was performed jointly with Manning’s coefficients adjustment
in the north (Kako River) and south (Yoshino River) regions separately. Three stations with
different catchment areas were used on each river’s mainstream, as shown in Fig. 28. Daily
and monthly average discharged water was calculated from the hourly datasets of the Water
Information System of Japan (MLIT — 2) in the six chosen observatories for the period
January 2009 — December 2012. In the case of the Kako River observatories, data for the
year 2012 was unavailable, and that year is not represented. Daily and monthly charts of
observed and simulated streamflow are presented in Fig. 29 for the Kako River and Fig. 30

for the Yoshino River in the corresponding validation points.

The results of the statistics showed that the hydrological model is effective in

reproducing the trends at different time resolutions and catchment areas. RSR values, used
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to quantify the simulation error, are for both regions in the benchmark of very good (<0.5),
except for the daily values in the Funamachi station for the Kako River. In addition, from
NSE values, it can be inferred that the model performs very well in reproducing observations,
particularly for monthly time resolution in all the observatories in both rivers.

Ikeda Mutei .«
(ith B (fE12))

Funamachi  (HHT]

O itaba (IRi)
st w Saijo Bridge
(AR KHE)

| °'W’Ooshlma ) Toyonaga (22k)

- edr(BR) . .

Fig. 28 - Monitoring stations from the MLIT- 2 used to validate discharged water in a) the Kako and b)
the Yoshino rivers. (a) Funamachi, Itaba, and Ooshima are streamflow validation stations, and Ikeziri is
the CO for TN validation (b)Toyonaga, Nakayabu, and Saijo Bridge are exclusively streamflow validation
points

Table 16 — Performance validation and statistic results for the Kako and Yoshino
rivers discharge

Average of Average of

Monitoring Time observed simulated pBIAS

Station resolution data (m%s) data(m’s) R? RSR NSE (%)
Kako River

. Daily 0.75 0.58 0.66 -31.5
Funamachi g 219 288 088 045 079  -313
Daily 0.67 0.63 0.61 -22.0
Taba — \pnmty 200 439 080 050 075  -22.0
. Daily 0.85 0.55 0.83 -24.3
Ooshima  //my 486 60.4 093 037 081  -243

Yoshino River

Daily 093 052 073 24.4

Toyomaga — y\iopqyy 716 89.2 097 040 087  +15.0

_ Daily 094 035 088 -20.1

Tkeda Mutei Monthly 114.2 137.2 098 027 093 -20.2
o Daily 091 046 079  -23.0
Saijo Bridge Monthly 152.6 187.6 099 028 093 -23.6
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Fig. 29 - Daily and monthly averages for observed (orange) and simulated (green) values of discharged
freshwater in the three monitoring stations of the Kako River
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Fig. 30 - Daily and monthly averages for observed (orange) and simulated (green) values of discharged
freshwater in the three monitoring stations of the Yoshino River
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The obtained values of pBIAS showed that the model tends to overestimate
streamflow discharge in both watersheds, but in particular, for the Kako River is more
important in the smaller catchment area. The obtained values were in the range of satisfactory
performance for this analysis at both time resolutions, indicating that the reproduction of
average magnitudes is more sensitive than the other statistics. pBIAS values are easily
affected by the quality of the observations and the associated uncertainty of the datasets.
There were missing data for the datasets used in streamflow validation (from days to months
or years in some cases), and since it does correspond to external data sources, the quality was
considered unknown, which is the reason why pBIAS values were considered good enough

to support the model’s validation.

Daily time resolution shows lower performance for all the statistics, indicating that
estimations are more easily affected by meteorological phenomena in both regions, in
particular during rainy and typhoon seasons, an effect that is smoothed by monthly averages,

same as it was observed during the model validation for the Kako River in Chapter 2.
4.3.1.2 TN loads

The results from Chapter 2, section 2.4.3.1, were used to validate the TN load in this
study. Because of the lack of datasets in the other rivers with enough quality and a good time
distribution, the transport model and the ECs calculated for the Kako River were considered

representative of the region.

4.3.2 Total discharged freshwater

Total freshwater discharges are presented in Fig. 31 —a and b, for the northern and
southern regions of Harima Nada, and the comparison between Yoshino River discharge and
the entire Harima Nada is shown in Fig. 31 -c. Table 17 summarizes the obtained values for
each river and the contribution ratios. Substantial differences in the discharged values
between regions were found due to the differences in the river basins' size. South region

discharges are in the order of 1/7 of the northern river ones (~1 mill vs ~ 7 mill. m%/day).
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Fig. 31 -Annual average of TN load discharged into Harima Nada from the north (a) and south (b)
regions, and (c) comparison between the Yoshino River and the entire Harima Nada’s freshwater results

The Kako River was found to be the most significant contributor of the entire,
accounting for approximately 40% of the entire freshwater discharged into Harima Nada,
verifying the assumption made in Chapter 2 and the validation of the hydrological model.
The correlation between river basin size and discharged water is direct for all the rivers in
both regions. Some yearly variations in the discharge trend of the rivers in both areas can be
associated with extreme rainfall events during the rainy and typhoon seasons during a

particular year.
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The results for the Yoshino River show that its average freshwater discharge is 1.1
times the volume of freshwater directly discharged into Harima Nada. The Yoshino River
basin’s size covers around 80% of the total river basins that directly discharge into the study
region, which is why a comparatively significant discharge was expected. Yearly fluctuations
in freshwater discharges are also more noticeable for the Yoshino River than for the entire
Harima Nada, from which it can be inferred that meteorological characteristics vary between
regions. The Yoshino River discharge estimation is important because it can help set
boundary conditions for the southern border of Harima Nada.

Table 17 - Annual average discharged freshwater into Harima Nada (2009-

2016)
Average Total volume
discharge discharged into
Region River name Total cells (x10°m’/day) Harima Nada (%)
Kako 1852 6.55 38.3
Ibo 777 3.30 19.3
Chikusa 720 2.53 14.8
North Ichi 448 2.08 12.2
Yumesaki 197 0.71 4.2
Mihara (Awaji Island) 136 0.65 3.8
Gunge (Awaji Island) 36 0.06 0.40
Kasuga/Shin System 222 0.60 3.5
South Karpobe 87 0.23 1.3
Minato 67 0.22 1.3
Tsuda 55 0.15 0.9
1.1
Yoshino 3701 18.70 (regpect the entire
Harima Nada total)
Total volume discharged into Harima Nada 17.08 100%

(x10° m*/day)
4.3.3 Total discharged TN load
The estimated average TN load discharged from rivers into Harima Nada was

estimated at 5000 tons/year for the study period. Because TN load is affected by river
discharge, the higher contributions also corresponded to the northern area of Harima Nada.
The Kako River discharges around 50% of the total, confirming the importance of its

circulation water dynamics and nutrients transport inside Harima Nada.
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TN loads are more associated with the type of land use, population density, and
economic activities of the river basin than its size. Hence, the correlation between size and
TN load was not found to be direct as in the case of discharged freshwater. In those
watersheds where paddy and farm land uses are more extended (like the Mihara River in the
north region and the Kasuga/Shin System in the south), TN loads showed to be comparatively
high with respect to the watershed size, evidencing the fact that nutrients are exported in a
more significant manner from those land uses in accordance with their ECs (see Table 5,
Chapter 2).

a) TN load from north region b) TN load from south region
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Fig. 32 - Annual average of TN load discharged into Harima Nada from the north (a) and south
(b) regions, and (c) comparison between the Yoshino River and the entire Harima Nada’s TN load results
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Point source contributions were exclusively evaluated for the North region, and the
extent of this contribution accounts for around 35 % of the estimated TN input. The northern
area has a higher population density and is more industrialized, so it was expected that point
source contribution loads per river were correlated with the size of the cities on their

watersheds.

Table 18 - Annual average of TN load discharged into Harima Nada (2009-2016)

PS Ratio of TN
Land TN Land TN - load
Region River name Total - Number load load+ PS contribution discharged
cells of PS’ to TN load . i
(ton/year) (ton/year) (%) into Harima
Nada (%)
Kako 1852 273 1748.5 2411.0 32.2 48.1
Ibo 777 63 437.9 481.6 10.0 9.7
Chikusa 720 63 386.3 420.0 8.8 8.4
Ichi 448 67 305.4 362.0 18.6 7.2
Yumesaki 197 17 120.8 125.6 4.0 2.5
North  Mihara
(Awaji 136 18 517.2 521.6 <1.0 10.2
Island)
Gunge
(Awaji 36 23.5 0.5
Island)
Kasuga/Shin 999 414.4 8.3
System
South  Kamobe 87 44.5 1.0
Minato 67 132.9 2.7
Tsuda 55 711 1.4
69.0
Yoshino 3701 --- 3451.0 T - (rgspect t_he
entire Harima
Nada total)
Total TN load discharged into Harima
Nada 42025 5008.2 100%

(ton/year)

The results obtained for the Yoshino River showed that only from nonpoint sources
can its basin export almost 70% of the TN load (nonpoint + point source) discharged in
Harima Nada. The Yoshino River watershed covers an extensive area in Shikoku Island, but
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the main land use in the basin is mountains (Table 14), which has the smaller value of all the
ECs and accounts for the minor nonpoint source contribution (Table 5). Additional
information on point source contributions could not be integrated into this work for the
Yoshino River, nor datasets on TN load in any particular mainstream observatory, but on its
estuary is located one of the biggest cities of the Shikoku Island, which could provoke
deviations from the estimated values. However, as a first approach to describe the capacity
of the river basin to export TN, it was considered that the obtained results could be a realistic

estimation of it.

Annual variations in the TN loads discharged per year in the entire Harima Nada and
the Yoshino River seem to not vary much independently of the differences in the total annual
discharges (Fig. 32). Same observation can be extended between regions in Harima Nada,

which shows the capacity and availability of the rivers for exporting TN is limited.

4.4 Conclusions

The hydrological model could be effectively adjusted and validated in the Yoshino
River as the representative river of the Shikoku island for estimating TN load and freshwater
discharged from the rivers in the southern region of Harima Nada. The methodology for
estimating TN from nonpoint sources, developed in Chapter 2, was reproduced in all the
rivers of the study region and confirmed the importance of the Kako River as a source of
freshwater and nutrients in Harima Nada. Substantial differences were found between the
freshwater and TN loads discharged from the north and south regions, which is directly
related to the size of the river watersheds and the population density. Differences in
discharged freshwater were found to be significant between years and are affected by the
climatological events that occur in the area, but TN loads seem to not follow the same trend.
TN loads remain mostly unchanged for the study period, indicating that nutrients and their
availability is limited. TN point source contribution from the northern region was 35% of the
total contribution, showing that industrial and economic activities play a key role in the
nutrient loads discharged into the sea. Validation of the TN load released for the Yoshino is

necessary, as well as the extent of the point source contribution to its watershed TN load.
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5.1 General Conclusions

In the present work, one methodology for nonpoint source nutrients estimation, a
physically distributed watershed Hydro-Chemical Model, and a coupled atmospheric-marine
model based on the COAWST Model System were effectively developed and validated for
the Harima Nada region of the Seto Inland Sea for the period between April 2010 and March
2012.

TN and TP nonpoint source estimations were successfully calculated and validated in
the Kako River, one of the most important rivers in West Japan. The developed methodology
for estimating ECs in the river watershed, which combines observed and simulated datasets
discretized per rain event, was proven to reduce the number of necessary observation points
to only one near the estuary. A robust regression method was applied to obtain an MLR in
which the ECs for each land use corresponded with the regression coefficients. The chosen
regression method effectively avoided data transformations and the significant problems
derived from them and reduced the number of extreme rainfall events (outliers) filtered from

the entire dataset population.

The obtained TN and TP ECs' performances were verified and validated, showing
good reproducibility of the observations at different time resolutions, but it was found that
they tend to underestimate the results due to the simplifications of the approach. The
developed methodology requires careful consideration of its application because the
applicability of the ECs estimated cannot be suitable in certain conditions. It was found that
when deviations in the annual precipitation exceed 30%, ECs and the model performance are
reduced, and the underestimation of nutrients occurs to a greater extent. The differences in
rainfall affect nutrient exported loads to the mainstream differently, depending on the
particular land use. Paddy ECs were shown to be more sensitive to rainfall variations for
nitrogen and phosphorous, evidencing that operating conditions and the differences in the
hydraulic model may affect the obtained values to a different extent than for the other land
uses. The intercept of the MLR considered accounting for other types of contributions
substantially varied under different rainfall conditions, showing that TP loads in the
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mainstream are more sensitive to rainfall variations. Mechanisms of soil runoff, erosion, and
damn operations that occur as a consequence of extreme rainfall events can significantly

impact nutrients contribution, particularly TP loads.

The atmospheric-marine model described atmospheric and marine variables well at
the selected horizontal and time resolutions. The previously calculated TN load and
freshwater discharge were forced into the ROMS Model component, and it was found that
seasonal mean residence times and circulation patterns agreed with the observations and
previous research findings in biomass production, its growth rate, and its seasonal

distributions.

The analysis of the results showed that tracer concentration and the magnitude of the
horizontal speed decrease with depth, but no substantial differences in circulation patterns
and tracer distribution were found between the surface and 10 m depth layers for the same
season in Harima Nada, probably as a consequence of the shallow bathymetry and the
enclosed geography of the region. On the contrary, between seasons, the mean residence
times, water circulation patterns, and river waters distributions are strongly seasonally
affected, and they govern many of the biogeochemical processes that occur in the study

region.

To improve the estimation of freshwater and nutrient loads, the ECs estimated for the
Kako River were used in the Hydro-Chemical model on the other 11 rivers that directly
discharge into Harima Nada and in the Yoshino River, which discharges next to the southern
border. Validation on the south coast of Harima Nada was effectively conducted for
discharged water in the Yoshino River, showing very good agreement with the observations.
Results showed that because of its extensive area, the Yoshino River discharges 1.1 times the
total freshwater that Harima Nada receives, which can be significant in setting the boundary

conditions for the study area and the exchange of water in the Naruto Strait.

It was found that the volume of freshwater discharged is directly correlated with the
size of the watershed, which confirmed the importance of the Kako River and the northern
rivers (bigger river basins) in the study area. Significant differences in the total discharged
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water with years were found, evidencing that river discharges are similarly directly affected
by rainfall variations. Meteorological events seemed to have a higher impact on Shikoku
Island, where the annual variations seemed to be higher than in the northern region of Harima
Nada. In the case of TN discharged loads, no direct correlation was found with the area of
the watershed. However, TN loads are more sensitive to the population density and the
activities performed in the watershed. Particularly in those river basins with a higher
occupation of city-farm or paddy land uses, the TN loads did not follow a size-discharge
direct relation. Point source contribution from the northern region of Harima Nada was
estimated to be around 30% of the study region's total, representing more than the

contribution from the southern rivers (~20% over the total TN load).

Annual fluctuations in TN load were found to be smaller than for discharged
freshwater for Harima Nada and the Yoshino River, which evidences that land exported
nutrients are limited by other physical and physicochemical processes not considered in this
approach, and the extent of their direct correlation with direct runoff does not increase over
a certain amount. Validation for TN load in the Yoshino River could not be performed, the
same as for any of the other rivers in the south region, but previous research concluded that
around 20% of the TN load of Harima Nada corresponds to Shikoku Island contributions,
which agreed with the obtained results. The results for the Yoshino River reinforce the idea

of considering it for better-defining boundary conditions in the southern region.

From the results obtained in Chapters 2 and 4, it can be concluded that the Kako River
is the most important contributor to freshwater and TN load into Harima Nada waters, being
responsible for 40% and 30% of the total contributions, respectively. The northern coasts of
the study region directly received the maximum contribution of nutrients and fresh water,
which makes it an area of higher biomass productivity, two premises confirmed by the
obtained simulation results. Seasonal variabilities on the average circulation patterns and
mean residence times were also consistent with the region's observations, showing that the

developed coupled model effectively reproduces the conditions in the study area.
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The presented approach has limitations in each of its components. The EC
methodology has limitations that need to be considered when applying it to a river watershed
in which the size, land use distribution, or geological characteristics are too different from
the ones the Kako River has and may be unsuitable or need modifications. The
underestimation of the TN and TP loads is directly linked with the simplifications made in
the definition of the approach and the type of method used for obtaining the MLR models.
Improving the transport model to consider point source contributions, physical, and
physicochemical processes like soil runoff can increase performance, which is a task for
future works. In addition, the performance of the ECs and the simulation results are lower,
and they underestimate nutrient loads to a bigger extent when rainfall exceeds 30% or more
of the conditions of their estimation, but for those years in which precipitation is considerably
lower the quality of the results needs to be evaluated.

In principle, the horizontal resolution of the ROMS module in the coupled
atmospheric-marine model needs to be increased to define the Kako River plume precisely
and describe its dynamics. The model needs some adjustments in the conditions set up to
boost its performance, particularly for river forcing (temperature series, more superficial
stratification, etc.) and tracer experimental conditions. More freshwater and nutrients must
be forced inside Harima Nada to effectively describe the region before setting up parameters
for developing a biogeochemical model. Lastly, the estimation of TN needs to be validated
in the southern region of Harima Nada, and representative export coefficients may be
estimated in this area. This first approach tried to solve the lack of nutrient datasets for
validation by improving the definition of the hydrological module of the river model and the
discharge of freshwater, but as was previously mentioned, the relation between direct runoff
and land-derived nutrients is not linear in all the range, and more research needs to be

conducted.

The extent of this work sets an antecedent for a better understanding and more
accurate description of the study area conditions, and it is the first step in developing a
complete high-resolution model in the Harima Nada of these characteristics. The numerical

tools presented in this work can potentially assess the influence of particular meteorological
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events or environmental accidents in the area by modifying its configuration. They can also

contribute to a better understanding of the biogeochemical processes of Harima Nada and

many other places inside the Seto Inland Sea or Japan of similar characteristics.
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Appendix 1 - Hydrological Model Equations
A.1.1.Heat balance methodology

Surface energy balance model

The expression of the conservation of energy law,

Rl+Q,=0Tf+H+IE+G
(2.1)

R | © Net incoming radiation flux [ s-1 m-2], Q, - Anthropogenic heat flux [] s-1 m-2],
oT¢ © Outgoing longwave radiation [J s-1 m-2], H : Sensible heat flux [] s-1 m-2],

lE : Latent heat flux [] s-1 m-2], G * Ground heat flux [] s-1 m-2],

o: Stefan - Boltzman coefficient [[ s-1 m-2 K-4], T - Surface temperature [K]

R !, H, and [E are calculated according to:

Rl=(1-a)S!+L1!

2.2)

H = cpp,CyU(Ts — T,) 2.3)
I =2.50 x 106 — 2.4 x 103 x (T, — 273.15)

2.4)

E = 1pBCyU(qssat — qa) 2.5)

a * Albedo [-], S | : Incoming shortwave radiation [J s* m],

Ll : Incoming long-wave radiation [J s m?],

cp © Specific heat of air at constant pressure [J kg K], p,  Air density [kg m?],

Cy * Bulk transfer coefficient [-],
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U : Near-surface wind speed [m s?], [ : Latent heat of vaporization [J kg™],
E : Rate of evaporation [kg s m?], g : Evaporation efficiency [-],
qssqe © Saturation-specific humidity [kg7, g, © Near-surface specific humidity [kg kg™]

The heat storage amount G is expressed using a force restore model [20]:

N| =

C,D,|0T, 2m 2k
g"u |91s g
= + (T, = Tyn) |, Dy = |2
2 |ot 1, (7 yM)] # [ w ] 2.6)

Cy * Volumetric heat capacity of soil [ m-3 K-1], D,, * Considered depth [m], 7, : Period [s],

T,y * Average soil temperature [K], k, * Thermal diffusivity of the soil [m? s-1], w * Angular

frequency [s-1]

Saturated soil’s specific humiditygcc,¢:

The saturation vapor pressure egg,; iS calculated using Tetens’ formula (2.7) to

estimate the saturated specific humidity of the soil g¢g,; as:

a54¢(Ts—273.15)

€ssqr = 6.1078 X 10sat+Ts—273.15) .

0.622 (%)

a

1-0.378 (%) 2.8)

a

qssat =

essqr - Saturation vapor pressure [hPa], p, : Ground atmospheric pressure [hPa], ag,; * Tetens’

constant [-], bgq: * Tetens’ constant [K]

Air density p,:

Air density distribution is expressed over the soil considering the water vapor

pressure of it (e,) as:

_1203x 2315 Fa (1 0.378 e“)
Pa = = T, ~ 1013.25 =%p 2.9)

e, - water vapor pressure in the soil [hPa]
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Specific soil’s humidity g,:

0.622 (;—Z)

1-0.378 (;—a) 2.10)

a

4a =

Long-wave radiation fluxL !:

L ~L= (0.74 + 0.19 10g10 WTtop + 0.07(10g10 (UTOP)Z)GT;

10810 Wrop = 0.0315(Typ, — 273.15) — 0.1836 [21]

e 211
bsat 10810 (57375) )

+273.15
_ s
asar — 10810 (51575)

Toew =

wyop + Effective amount of water vapor [m]. Ty, * Dew point temperature [K]

Snow-fall and snow-melting processes

When the air temperature (T,) is lower than the defined snow-fall temperature
T;(2.12), the precipitation is considered snow. The equivalent water input w,,;,, and the snow

temperature Ty, are calculated using the air temperature (2.13)

T, = (11.01 — 1.5¢,) + 273.15

2.12)

Wegn = PwTs — Wen ) 13)
. {0.0Spwrs ifT, > 27315 .. _ {273.15 if T, > 273.15

1o otherwise st T, otherwise 2.14)

T, * Boundary temperature between rain and snow [K], w,q, * Equivalent water as snow [kg m],
pw - Water density [kg m®], r, © Precipitation volume [m],

w., - Water content in fresh snow [kg m?], T, : temperature of fresh snow [K]
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The equivalent water expressed as fresh snow w,,, the effective snow water

content w,, the snow surface temperature T and the snow height Hy,, are expressed for the
equations (2.15) to (2.18) as follows:

Weq = Weq + Wegn

2.15)
W, =w, +w, 2.16)
W, W,
T, = =27, + =2T,, + 273.15
Weq Weq 2.17)
w,
Hyy = —
Pn 2.18)
Weq - Equivalent amount of water in the snow layer [kg m-2],
w, . Moisture content of the snow layer [kg m-2],
Hgg o Snow height [m]
pn - Snow density [kg m-3], ~ : Superscript to indicate updated values
The snow-melting heat Q,,, it is calculated with the heat balance shown in equation
(2.19):

Qm=R l _0'T54 —-H-IE+ Q,, Q= Cw(Ta - Ts)prs 2.19)

Q,, * Snow-melting heat [Js* m?], Q, : Rain heat [Js* m?], R, : Precipitation intensity [m s],
c,, - Water’s specific heat [J kg™ K]

Five different processes express snow accumulation/melting phenomena: (a)
consolidation, (b) temperature rising, (c) snow-melting, (d) re-freezing, and (e) cooling. The

following equations are the ones used to model all of them.
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Consolidation Process

— Weq
Pn = pn+—pnlt
n 2.20)
n = 3.44 x 10°A4,exp(0.0253p,, — 0.0985(T; — 273.15)) 2.21)
4, = {10—<0-179<Ta—273-15)+2-15) +0.0015 if T, > 261.25
1.0 otherwise 2.22)
n + Compressive viscosity coefficient [kg s m?]. At : Time step [s]
Temperature rising
Qn = IT; — 273.15|cW,q if @ = 0, T, < 273.15
2.23)
T, + O if Qn < Qn
7= CsWeq
=
[T, + On otherwise 2.24)
U® Coweq

Qy, : Heat needed to keep snow temperature at 0°C (273.15 K) [J m?],
cs : lce’s specific heat[J kgt K1
When Q,,, > Qj the heat balance change sign and (Q,, — Q) becomes a snow-

melting process

Snow-melting

Cm =~ On I = 3.34 X 105 + 2500.0 X (T, — 273.15)

Ht i —

lp
2.25)
ifQ, >0, T,=273.15

H, * Amount of snow melted per unit area [kg m?], [ : Ice’s melting latent heat [J kg]

The water content w, and the equivalent water content w,,change depending on the

amount of snow melted as it is expressed in equations (2.26) and (2.27):
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{ We =wWe +weq ifHy = wgq
w, =w, + H, otherwise 2.26)

{V’vzq=0 if Hy 2 weq
Weq = Weq — H otherwise 227)

During the snow-melting process, the water excess that cannot be retained in the snow

layer w,,, is percolated to the soil as:

P.=w, —w,, whenw, > w,,

2.28)
Wem = WheWeq 2.29)
_ {0.111 x 0.131p,, if p, > 0.4
Yhe =10.025 x 0.040p,, otherwise 2.30)
w=w.—PF
° 2.31)

W * Possible amount of water that can be retained [kg m?], B.: : Percolation amount [kg m?],
wy, - Possible water retention rate [-]

Re-freezing

When the amount of snow-melting heat Q,,, becomes negative, the amount of snow

melted per unit area H, also becomes negative. If additionally there is water presence in the

snow layer (w,), the amount of re-freezing snow can be calculated as:

H =— 1ifQ,<0, w.>0

ol " ‘ 2.32)
{ w,=0 ifH, = w,

We = w, + H, otherwise 2.33)
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{W:qIWeq+WC ifH, = w,
Weq = Weq — H otherwise 2.34)

Cooling

In the same way, the re-freezing process occurs when the snow-melting heat Q,,
becomes negative, but there is no presence of water in the snow layer (w. = 0), there is a

decrement in the temperature of the snow layer T; as:

T, =T, + Cm

= ifQn —lpH, <0,  w,=0 2.35)
A.1.2.Canopy interception for forest
When precipitation events occur in a forest area, a portion of the water reaches the
soil directly, while trees’ foliage retains another one and redistributes it to the different parts
of the tree, or it re-evaporates to the atmosphere. Depending on the tree species of a forest,
the type of phenomena that occurs in more significant extension to the water “retained” by

canopy interception.

In this study, tree species are determined to the whole grid, and it is considered only
one equivalent species (the dominant one) on each constituent square of the grid. The
parameters a;,b; on the right side of the equation (2.36), used to estimate canopy
interception P,, are estimated depending on the dominant species and the presence or
absence of foliage [22]. The model also assumes that all the amount of precipitation that

exceeds canopy interception reaches the soil and infiltrates.

P = a;py1s + by 236)

P, : Canopy interception [kg m?], a;, b, : Breakage evaporation parameter [-]

A.1.3.Flow analysis model
For the soil layers considered in this model and the four different types of land usage

considered in layer A (Error! Reference source not found.), the Kinematic Wave Model isu
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sed on three of them (farming, urban, and mountain forest) to describe water flow in and

between layers. Paddy soils are defined using a double tank model.

For the Kinematic Wave Model, the depth of layer A, the amount of intermediate
runoff between different land-use types, and the water penetration in layer B are estimated
using the amount of water entering the system. Paddy’s double tank model estimates water
exchange using paddy ridge paths’ overflow and their lateral infiltration. The Linear Storage
Method for groundwater is applied for layers B to D. However, when any of these layers
reaches saturation, the water returns to the upper layers as an overflow flux (backflow shown
in red in Fig.15. Evapotranspiration flux is calculated based on the amount of water entering
the system on layer A, and any other shortfall in the total amount of water entering the system

is considered in the layer B.

Kinematic Wave Model

ahal aQal
ot ox T T 237)

3
qu = {a(hal - da)3 + ahal} when hg; {2 da}

ahg <d, 2.38)

d, = A,D, 239)
_ Vsin @

*= 2.40)

X _ kpsin®

RIS Aa 2.41)
= kygh

Qv va'tal 2.42)

h : Water depth [m], g : Outflow rate per unit width [m?s?], v : Rain rate [m s%],

Gy * Penetration’s speed into the lower layer [m 5]
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0 : Slope angle[-], n : Equivalent slope’s roughness[m™" s],

k,q * Vertical hydraulic conductivity [m s]

knq * Horizontal hydraulic conductivity [m s?], A : Porosity [-], D : Layer thickness [m],
d : Water storage’s saturation height [m]

a * Asubscript for layers, k;.rr : Effective horizontal hydraulic conductivity [m s]

[ : Subscript depending on land usage (paddy, mountain forest, urban, and farming)

Paddy Double Tank Model

In this model, besides the tank structure, water from the river channel is provided as

an input to maintain the paddy field’s necessary depth.

doh

ap
= + —_
ot | " Pas T ap 2.43)
Qap = Z apmax (hap = Zap;,0)
; 2.44)
p * Subscript for paddy field, q,, : Paddy water’s outflow [m s],
Pqs: Required supply inflow [m s!]
a, * Constant outflow from the paddy [s7], Z,,: : Limit height for the paddy outflow [m],
j + Subscript for tank’s exchange hole
Linear Storage Model
dh
ac @ 2.45)
i =qptqyt+u
q; qn Qv 2.46)
=k,max(h—Z,0
an h ( ) 247)
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Z=D(1-2
-4 2.48)
= k,h
B = 2.49)

u= {h N d} when h {i Z} 2:50)

2.51)

q; * Inflow rate [m s1], u : return flow rate [m s?], 4,, : Porosity that contributes to the inflow [-],
Z - Apparent layer thickness

River Channel Model

The Kinematic Wave Model is applied to represent river channel hydrodynamics,

considering that the river’s cross-section is triangular, as shown in Error! Reference source n
ot found. A.1.

\\\ d

-

River section //

IR

Fig. A. 1 - Scheme of the river cross-section geometry considered in the River Channel Model

04, 00, _
ot " ox I 2.52)
4
QT = a?"qu'§ 253)
1
=)
a,=—||——
oA/ \evi+m2)* 2.54)
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g =2 Ziiep Qat + QapAp + (@np + qne) X1 A
" Diiep Al bl 2.55)

A, River channel cross-section area [m?], Q,.: : Flow rate [m® s7],

q, * Lateral slope’s inflow [m? s?], I : River gradient [-]

n * Equivalent roughness of the river channel [ms], m : Slope angle of the river channel [],

bl : River channel length [m], A : Watershed area[m?]

b, c - B, C layer’s subscript
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Appendix Il — Supplementary materials to Chapter 3
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Appendix 111 — Supplementary materials to Chapter 4

Table A3.1 — Monthly validation of WRF results in different AMeDAS stations of
the domain for temperature, wind speed, and relative humidity

Temperature (°C)

Fukuoka
N obs ave sim_ave R MBE MAE RMSE 1A
2010/03 744  10.8407 11.1955 0.9301 0.3548 1.157 1.5792 0.9596
2010/04 720 13.7851 14.456 0.9312 0.6709 1.2314 1.615 0.9481
2010/05 744 19.2297  20.2961 0.9081 1.0664 1.3965 1.9428 0.9261
2010/06 720 2349  25.2251 0.8545 1.7351 1.9122 2.3202 0.8319
2010/07 744  27.6606  29.0387 0.8894 1.3781 1.5189 1.8938 0.8851
2010/08 744  30.3095 31.4481 0.866 1.1386 1.3517 1.7549 0.881
2010/09 720 26.3061 27.1081 0.9518 0.802 1.1819 1.5254 0.9629
2010/10 744  20.0118 20.5822 0.9387 0.5703 1.0866 1.3577 0.9598
2010/11 720 13.1989  13.7889 0.8954 0.59 1.1689 1.5297 0.9363
2010/12 744 8.7493 9.0553 0.9406 0.306 1.082 1.3632 0.9679
2011/01 744 3.7753 3.9477 0.8404 0.1724 0.8888 1.142 0.9134
2011/02 672 8.1749 8.4734 0.9468 0.2985 1.0151 1.3576 0.9696
all 8760 17.1786  17.9372 0.9884 0.7586 1.2498 1.6448 0.9918
Hiroshima
N obs_ave  sim_ave R MBE MAE RMSE 1A
2010/03 744 9.0634 9.0106 0.9046  -0.0529 1.2827 1.6561 0.9501
2010/04 720 13.0058 13.0793 0.9329 0.0735 1.111 1.4062 0.9652
2010/05 744 18.47 18.542 0.9132 0.072 1.2438 1.5439 0.9546
2010/06 720 23.3139 23.5128 0.8841 0.1989 1.1214 1.3987 0.9367
2010/07 744 272352  26.8445 0.8489  -0.3907 1.2106 1.479 0.9119
2010/08 744  30.3329 29.1122 0.9146  -1.2207 1.3922 1.6018 0.9014
2010/09 720 26.1672 25.4344 0.9617  -0.7328 1.1717 1.4101 0.9687
2010/10 744  19.2515  19.2382 0.9478  -0.0133 0.9804 1.26 0.9731
2010/11 720 11.9494 11.9816 0.9156 0.0321 1.1961 1.4732 0.9541
2010/12 744 7.3008 7.1945 0.9199  -0.1063 1.3194 1.6385 0.9579
2011/01 744 2.8687 2.2801 0.9099  -0.5885 1.133 1.4012 0.9325
2011/02 672 6.6167 6.4204 0.9386  -0.1963 1.1522 1.4301 0.9679
all 8760 16.3522  16.1066 0.988  -0.2456 1.1937 1.4801 0.9937
Kagoshima
N obs ave  sim_ave R MBE MAE RMSE 1A
2010/03 744 9.9921 9.852 0.9339  -0.1401 1.1793 1.4901 0.963
2010/04 720 13.4388  13.4935 0.9354 0.0547 1.1084 1.3984 0.9648
2010/05 744 18.691  18.3638 0.906  -0.3272 1.2865 1.6023 0.9474
2010/06 720 23.4257  23.5542 0.9086 0.1285 1.0455 1.2878 0.9484
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2010/07 744 271165  26.7843 0.8597  -0.3322 1.079 1.3254 0.916
2010/08 744 294478  28.7312 0.874  -0.7166 1.0984 1.2964 0.9053
2010/09 720 26.2022  25.6661 0.9529  -0.5361 1.2148 1.4346 0.9605
2010/10 744 19.6843  20.3608 0.9137 0.6765 1.2147 1.5726 0.9455
2010/11 720 13.0482  13.1609 0.8721 0.1127 1.2825 1.6089 0.9296
2010/12 744 9.0574 8.9053 0.8947  -0.1521 1.4878 1.8427 0.9439
2011/01 744 4.2582 3.8152 0.8279 -0.443 1.1502 1.3921 0.8953
2011/02 672 7.1874 7.232 0.946 0.0446 1.0644 1.3756 0.9723

all 8760 16.8503 16.7121 0.986  -0.1382 1.1855 1.4784 0.9928

Kochi
N obs ave sim_ave R MBE MAE RMSE 1A

2010/03 744 114407  11.4875 0.9154 0.0467 1.3174 1.6049 0.9559
2010/04 720 147792  14.7544 0.9101  -0.0247 1.2365 1.5494 0.9512
2010/05 744 19.3755 19.616 0.8535 0.2404 1.4614 1.8183 0.9138
2010/06 720 23.2818 23.7735 0.9151 0.4917 1.1254 14 0.9345
2010/07 744 27.0065  27.1375 0.8544 0.131 0.9386 1.1905 0.9108
2010/08 744 29.0664  28.8437 0.8652  -0.2227 1.0638 1.2392 0.9016
2010/09 720 26.425  26.3749 0.9189  -0.0501 1.2105 1.4472 0.954
2010/10 744 20.6676  21.0016 0.8789 0.334 1.3692 1.6617 0.9341
2010/11 720 13.5071  14.0022 0.8978 0.4952 1.4875 1.7643 0.9356
2010/12 744 8.7152 9.0489 0.9212 0.3337 1.5575 1.8827 0.9576
2011/01 744 4.2507 3.8262 0.933  -0.4244 1.2851 1.5209 0.9463
2011/02 672 8.9092 8.6604 0.9338  -0.2489 1.4243 1.6966 0.9619

all 8760 17.33  17.4231 0.9833 0.0931 1.2889 1.5778 0.9915

Nagoya
N obs ave sim_ave R MBE MAE RMSE 1A

2010/03 744 9.084 10.402 0.9424 1.318 1.4387 1.8232 0.9386
2010/04 720 13.2939  14.4682 0.9412 1.1743 1.3988 1.7824 0.9483
2010/05 744 18.6645  20.1528 0.9692 1.4883 1.5413 1.8177 0.9533
2010/06 720 23.9228  25.8141 0.9599 1.8913 1.9157 2.1393 0.9134
2010/07 744 27.8321  29.9264 0.9492 2.0943 2.1107 2.3658 0.8932
2010/08 744 29.3614  31.3064 0.9362 1.945 1.9845 2.1891 0.859
2010/09 720  26.0636  27.8868 0.9759 1.8232 1.8465 2.0923 0.9473
2010/10 744 19.4146  21.2389 0.9546 1.8242 1.8971 2.1421 0.9211
2010/11 720 12.0426  13.2416 0.9484 1.199 1.3723 1.5957 0.9409
2010/12 744 7.8526 8.3459 0.9621 0.4933 0.9677 1.2519 0.977
2011/01 744 2.7742 2.4667 0.9196  -0.3075 0.86 1.1162 0.9551
2011/02 672 6.6037 6.7166 0.9372 0.1129 1.1841 1.5109 0.966

all 8760 16.4632  17.7244 0.9924 1.2611 1.5451 1.8589 0.9909
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Nobeoka
N obs ave sim_ave R MBE MAE RMSE 1A
2010/03 743 11.1802 11.078 0.9123  -0.1022 1.4633 1.8332 0.9544
2010/04 720 14.1997 14.5013 0.9196 0.3016 1.3277 1.6575 0.9565
2010/05 744 18.8647  19.6277 0.8637 0.7631 1.6403 2.087 0.9083
2010/06 720 22.1306  23.4752 0.8965 1.3446 1.6 1.9866 0.905
2010/07 744 26.2079  27.4129 0.8612 1.205 1.4334 1.7581 0.8714
2010/08 744 279157  28.3856 0.7834 0.4699 1.3795 1.7083 0.8704
2010/09 720 252125  25.7847 0.9127 0.5722 1.3151 1.6036 0.9477
2010/10 744 19.5001  19.7307 0.861 0.2306 1.4987 1.8355 0.9248
2010/11 720 12.7678  13.4319 0.8951 0.6641 1.6435 1.9914 0.9253
2010/12 744 8.653 8.718 0.9116 0.065 1.5638 1.9349 0.9541
2011/01 744 4.1817 3.518 0.9215 -0.6637 1.2439 1.497 0.9477
2011/02 672 8.654 8.7563 0.9047 0.1023 1.6485 1.9551 0.9482
all 8759 16.667  17.0789 0.9786 0.4119 1.4785 1.8278 0.9883
Totori
N obs ave sim_ave R MBE MAE RMSE 1A
2010/03 744 7.9973 8.1835 0.9437 0.1862 1.1548 1.5012 0.9635
2010/04 720 11.6389 12.1506 0.93 0.5117 1.4701 1.9453 0.9435
2010/05 744 17.0681 17.982 0.9148 0.9138 1.5707 2.1341 0.9423
2010/06 720 22.1056  23.4691 0.9009 1.3636 1.8012 2.2867 0.8945
2010/07 744 26.728  27.4627 0.9156 0.7347 1.2393 1.532 0.9331
2010/08 744 29.8306  30.0057 0.838 0.175 1.3938 1.7123 0.8988
2010/09 720 24.6797 25.438 0.953 0.7583 1.4713 1.7661 0.9597
2010/10 744 17.7598  18.7874 0.9266 1.0276 1.5079 1.8573 0.9363
2010/11 720 11.1808 12.0754 0.8957 0.8946 1.6578 1.9923 0.9158
2010/12 744 7.104 7.3314 0.8972 0.2274 1.6371 1.9572 0.9453
2011/01 744 1.5379 1.4271 0.6395  -0.1108 1.3444 1.7936 0.7957
2011/02 672 5.0402 5.529 0.8851 0.4888 1.5986 2.0602 0.9351
all 8760 15.2824  15.8778 0.9828 0.5954 1.4851 1.8887 0.9904
Wakayama
N obs ave sim_ave R MBE MAE RMSE 1A
2010/03 744 9.9921 9.852 0.9339  -0.1401 1.1793 1.4901 0.963
2010/04 720 134388  13.4935 0.9354 0.0547 1.1084 1.3984 0.9648
2010/05 744 18.691  18.3638 0.906  -0.3272 1.2865 1.6023 0.9474
2010/06 720  23.4257  23.5542 0.9086 0.1285 1.0455 1.2878 0.9484
2010/07 744 27.1165  26.7843 0.8597  -0.3322 1.079 1.3254 0.916
2010/08 744 29.4478  28.7312 0.874  -0.7166 1.0984 1.2964 0.9053
2010/09 720 26.2022  25.6661 0.9529  -0.5361 1.2148 1.4346 0.9605
2010/10 744 19.6843  20.3608 0.9137 0.6765 1.2147 1.5726 0.9455
2010/11 720 13.0482  13.1609 0.8721 0.1127 1.2825 1.6089 0.9296
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2010/12 744 9.0574 8.9053 0.8947  -0.1521 1.4878 1.8427 0.9439
2011/01 744 4.2582 3.8152 0.8279 -0.443 1.1502 1.3921 0.8953
2011/02 672 7.1874 7.232 0.946 0.0446 1.0644 1.3756 0.9723

all 8760 16.8503 16.7121 0.986  -0.1382 1.1855 1.4784 0.9928
Wind Speed (m/s)
Fukuoka
N obs ave sim_ave R MBE MAE RMSE 1A
2010/03 744 3.5372 3.8966 0.691 0.3593 1.2247 1.5719 0.8193
2010/04 720 3.1307 3.4932 0.7519 0.3625 1.0796 1.4125 0.8571
2010/05 744 2.9976 3.1499 0.7608 0.1523 0.9962 1.2868 0.8664
2010/06 720 2.3182 2.5981 0.5356 0.2799 1.0085 1.3093 0.7275
2010/07 744 2.5168 2.6898 0.5693 0.173 1.0119 1.3219 0.7546
2010/08 744 2.8968 3.0274 0.6078 0.1306 1.1103 1.4354 0.7829
2010/09 720 2.8299 3.1812 0.698 0.3514 1.0811 1.4196 0.8249
2010/10 744 2.6901 3.0978 0.743 0.4078 1.0354 1.3156 0.8468
2010/11 720 2.5117 2.6942 0.7639 0.1825 0.8656 1.1663 0.8688
2010/12 744 3.3001 3.932 0.7695 0.6319 1.256 1.654 0.8542
2011/01 744 3.1616 4.0465 0.7968 0.885 1.2646 1.6154 0.8498
2011/02 671 2.7508 2.8448 0.8187 0.094 0.9175 1.1975 0.8993
all 8759 2.89 3.2266 0.7321 0.3366 1.0729 1.4026 0.8465
Hiroshima
N obs_ave  sim_ave R MBE MAE RMSE 1A
2010/03 744 3.8493 3.1181 0.5234 -0.7312 1.6309 2.0465 0.6979
2010/04 720 3.6426 2.8964 0.5229 -0.7462 1.5538 1.9535 0.6865
2010/05 744 3.4406 2.8494 0.3003 -0.5911 1.6493 2.0957 0.5807
2010/06 720 2.9443 2.3652 0.2105 -0.5791 1.3412 1.7803 0.5368
2010/07 743 2.9027 2.8174 0.5239 -0.0853 1.1192 1.4673 0.7273
2010/08 744 3.2078 2.7909 0.624 -0.4169 1.106 1.3712 0.7691
2010/09 719 3.8127 3.032 0.6266 -0.7806 1.3151 1.6475 0.7355
2010/10 744 3.9327 2.7737 0.5678 -1.159 1.5298 1.9047 0.6728
2010/11 720 3.9799 2.4662 0.3382 -1.5137 2.019 2.4715 0.5569
2010/12 744 3.7672 2.7049 0.3315 -1.0623 1.9484 2.4314 0.5829
2011/01 744 2.9824 2.5471 0.1855 -0.4353 1.5846 1.9556 0.5129
2011/02 672 3.7266 2.4838 0.5618 -1.2428 1.6238 2.0626 0.6838
all 8758  3.5132 2.7396 0.4411 -0.7735 1.5342 1.9576 0.6487
Kagoshima
N obs_ave  sim_ave R MBE MAE RMSE 1A
2010/03 743 3.3903 3.5056 0.7054 0.1153 1.2172 1.5358 0.8367
2010/04 720 3.3472 3.468 0.5378 0.1208 1.2451 1.5907 0.7346
2010/05 744 3.0698 3.1034 0.5555 0.0337 1.1693 1.4747 0.7467
2010/06 720 3.026 3.0925 0.4983 0.0665 1.2436 1.614 0.692
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2010/07 744 2.7789 3.0595 0.6517 0.2806 1.0232 1.2688 0.7916
2010/08 744 3.3757 3.5701 0.716 0.1944 1.0344 1.317 0.8422
2010/09 720 3.0989 3.079 0.6984  -0.0199 1.067 1.3319 0.8303
2010/10 744 3.345 3.1103 0.5854  -0.2347  1.2244 1.551 0.7569
2010/11 720 3.1121 2.587 0.5044 -0.525 1.1677 1.4398 0.6954
2010/12 732 3.4148 3.1773 0.6175  -0.2375  1.3168 1.7058 0.7816
2011/01 739 3.5277 3.1158 0.6185 -0.412 1.2383 1.5657 0.7727
2011/02 671 3.1861 2.6896 0.4284  -0.4966  1.3929 1.6964 0.6486

all 8741  3.2234 3.1342 0.5986  -0.0892  1.1933 1.5122 0.7728

Kochi
N obs ave sim_ave R MBE MAE RMSE 1A

2010/03 744 1.7458 3.3087 0.3014 1.5629 1.8818 2.7716 0.4118
2010/04 720 1.7992 3.1324 0.4135 1.3333 1.6177 2.3522 0.4827
2010/05 744 1.745 2.5454 0.442 0.8004 1.1804 1.6575 0.5374
2010/06 720 1.6276 2.2762 0.3937 0.6486 1.0538 1.4744 0.5505
2010/07 744 1.5313 2.2509 0.3878 0.7196 1.0451 1.5047 0.5039
2010/08 744 1.7329 2.3519 0.4501 0.619 0.9693 1.2617 0.5982
2010/09 720 1.7706 2.5868 0.3918 0.8163 1.3256 1.9835 0.4754
2010/10 744 1.603 3.0069 0.3502 1.4039 1.704 2.381 0.3986
2010/11 720 1.7121 2.5043 0.3414 0.7922 1.2273 1.7504 0.4738
2010/12 743 1.7734 2.722 0.3964 0.9487 1.3304 1.9844 0.5108
2011/01 744 1.7337 2.6592 0.5122 0.9254 1.2777 1.667 0.6174
2011/02 672 1.6071 2.7419 0.4109 1.1347 1.3687 1.848 0.5018

all 8759  1.6989 2.6739 0.388 0.975 1.3318 1.9328 0.4929

Nagoya
N obs ave sim_ave R MBE MAE RMSE 1A

2010/03 743 3.2637 3.4462 0.7512 0.1825 1.0949 1.4318 0.8607
2010/04 720 3.4068 3.5777 0.7673 0.1709 1.0217 1.3428 0.8727
2010/05 744 3.4784 3.6268 0.7988 0.1485 0.9406 1.2326 0.8911
2010/06 720 2.5772 2.7291 0.6691 0.1519 0.8843 1.1336 0.8139
2010/07 744 2.704 2.9769 0.6575 0.2729 0.9138 1.184 0.8025
2010/08 744 2.7034 2.7451 0.6531 0.0417 0.8153 1.0985 0.8094
2010/09 720 2.726 2.8959 0.6992 0.1699 0.8682 1.1065 0.8291
2010/10 744 2.387 2.6603 0.697 0.2733 0.9311 1.1863 0.8242
2010/11 720 2.5987 2.7954 0.7668 0.1967 0.9002 1.1707 0.8712
2010/12 744 2.9187 3.2437 0.7016 0.325 1.1691 1.5519 0.8265
2011/01 744 3.1694 3.4788 0.6558 0.3095 1.1112 1.462 0.8015
2011/02 672 2.9153 2.7707 0.8222  -0.1446  0.8877 1.1479 0.9035

all 8759  2.9047 3.0822 0.7383 0.1775 0.9626 1.2643 0.8551
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Nobeoka
N obs ave sim_ave R MBE MAE RMSE 1A
2010/03 742 3.0655 3.728 0.4828 0.6625 1.7965 2.4113 0.6825
2010/04 720 2.7399 3.2265 0.4768 0.4866 1.5487 2.0328 0.6843
2010/05 744 2.3031 2.9369 0.425 0.6338 1.2374 1.6669 0.6505
2010/06 720 1.8507 2.6761 0.3954 0.8254 1.353 1.738 0.6047
2010/07 744 1.6634 2.56 0.2051 0.8966 1.3276 1.74 0.4778
2010/08 744 2.3656 2.9792 0.5058 0.6136 1.1048 1.4368 0.6895
2010/09 720 2.331 3.0192 0.6115 0.6883 1.2203 1.6639 0.7369
2010/10 744 2.7371 3.4616 0.6602 0.7245 1.4228 1.8569 0.7935
2010/11 720 2.7144 2.5688 0.3058 -0.1457 1.3782 1.877 0.5857
2010/12 744 3.4449 2.661 0.2991 -0.7839 1.7642 2.3946 0.56
2011/01 744 3.5163 2.8056 0.5135 -0.7106 1.6276 2.1909 0.6703
2011/02 672 2.7967 3.1399 0.5789 0.3431 1.292 1.6638 0.7558
all 8758  2.6283 2.9799 0.4539 0.3516 1.4243 1.9149 0.6772
Totori
N obs ave sim_ave R MBE MAE RMSE 1A
2010/03 742 3.6704 45191 0.7079 0.8487 1.5521 1.9922 0.8146
2010/04 720 3.2003 3.9325 0.649 0.7322 1.3391 1.767 0.776
2010/05 744 3.234 3.5923 0.6475 0.3583 1.2429 1.6 0.7945
2010/06 719 2.4922 2.2573 0.3796 -0.2349 1.1229 1.4137 0.6256
2010/07 744 2.6758 2.5773 0.538 -0.0985 1.0933 1.4013 0.7357
2010/08 744 3.246 3.2163 0.6489 -0.0297 1.0753 1.3825 0.8
2010/09 719 2.8243 3.1676 0.6188 0.3432 1.1267 1.4717 0.7733
2010/10 744 2.3755 2.9895 0.6092 0.6139 1.2193 1.6298 0.7435
2010/11 719 2.9229 3.4769 0.5649 0.5539 1.2775 1.7033 0.7327
2010/12 744 3.4739 4.1475 0.5758 0.6736 1.4823 1.9204 0.7413
2011/01 744 2.8741 3.7583 0.5138 0.8843 1.5226 1.9977 0.6794
2011/02 672 2.7808 3.4497 0.6045 0.6689 1.2701 1.6721 0.7428
all 8755  2.9837 3.4257 0.6172 0.442 1.2777 1.6772 0.7714
Wakayama
N obs ave sim_ave R MBE MAE RMSE 1A
2010/03 744 4.4499 4.8283 0.7215 0.3784 1.4471 1.8335 0.842
2010/04 720 3.8989 4.0614 0.6483 0.1626 1.3654 1.7868 0.7972
2010/05 744 3.9958 3.9678 0.6557 -0.028 1.276 1.7088 0.8048
2010/06 720 3.5344 3.3673 0.6798 -0.1671 1.2473 1.6835 0.8185
2010/07 744 3.8728 4.0833 0.7233 0.2104 1.433 1.8399 0.8382
2010/08 744 3.7638 3.6748 0.6936 -0.0891 1.2448 1.5687 0.8234
2010/09 720 3.5947 3.4202 0.6207 -0.1745 1.329 1.6296 0.7794
2010/10 744 3.1617 3.3751 0.5746 0.2134 1.1505 1.4636 0.7587
2010/11 720 3.5453 3.3863 0.5397 -0.1589 1.3725 1.7219 0.7406
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2010/12 744 4.6579 4.8997 0.6947 0.2418 1.5326 1.9511 0.8286
2011/01 744 4.5517 5.0916 0.7091 0.5398 1.3639 1.7477 0.828
2011/02 672 3.6668 3.7127 0.6105 0.0459 1.3055 1.62 0.7823

all 8760  3.8957 3.996 0.6808 0.1003 1.3394 1.7185 0.822

Realtive Humidity (%0)

Fukuoka
N obs ave sim_ave R MBE MAE RMSE 1A
2010/03 744 5.2744 5.1721 0.9521  -0.1023 0.4685 0.6383 0.975
2010/04 720 6.144 6.0729 0.9502 -0.0711 0.5717 0.7614 0.9723
2010/05 744 8.9012 8.4724 0.8992  -0.4288 0.8653 1.2036 0.9378
2010/06 720 13.3451  12.9555 0.9172  -0.3896 0.991 1.3719 0.9433
2010/07 744  16.9123  16.7089 0.6095 -0.2034 0.9644 1.2331 0.7473
2010/08 744 17.699  17.2972 0.6838  -0.4018 1.1929 1.6024 0.8038
2010/09 720 14.4601 13.9724 0.9117  -0.4878 1.0113 1.4851 0.9476
2010/10 744 9.5416 9.3118 0.9127  -0.2299 0.7921 1.0494 0.9525
2010/11 720 5.5896 5.5749 0.8887  -0.0147 0.4801 0.6036 0.9417
2010/12 744 4,5972 4,5553 0.9577 -0.042 0.4159 0.513 0.9775
2011/01 744 2.9164 2.9917 0.8453 0.0753 0.3288 0.4206 0.9013
2011/02 672 4.4124 4.304 0.9213  -0.1084 0.4132 0.5747 0.9575
all 8760 9.1803 8.9796 0.982  -0.2007 0.7097 1.0367 0.9906
Hiroshima
N obs ave sim_ave R MBE MAE RMSE 1A
2010/03 744 4.,5805 4.7353 0.8845 0.1548 0.5934 0.8909 0.9321
2010/04 720 5.7161 5.7554 0.9289 0.0393 0.6623 0.8868 0.9629
2010/05 744 7.7473 7.9221 0.8834 0.1748 0.8997 1.2913 0.9373
2010/06 720 12.3129 12.5249 0.9433 0.212 0.9574 1.1879 0.9642
2010/07 744  16.2432 16.7318 0.72 0.4887 0.9478 1.1423 0.7919
2010/08 744  16.7945  17.5397 0.7118 0.7451 1.0502 1.2381 0.7718
2010/09 720 13.4219 13.5381 0.9406 0.1163 0.9754 1.2512 0.9658
2010/10 744 8.9617 8.7019 0.9025 -0.2598 0.7735 1.0407 0.9466
2010/11 720 5.3533 5.2249 0.8646  -0.1284 0.5733 0.7663 0.9241
2010/12 744 4.2468 4.2361 0.9198  -0.0108 0.4613 0.5964 0.9583
2011/01 744 2.8421 2.7748 0.7447  -0.0673 0.3009 0.3912 0.8541
2011/02 672 3.7847 3.9622 0.9167 0.1775 0.4088 0.5726 0.9396
all 8760 8.5315 8.6689 0.9843 0.1374 0.7187 0.9838 0.9913
Kagoshima
N obs_ave sim_ave R MBE MAE RMSE 1A
2010/03 744 6.8565 6.4862 0.951  -0.3702 0.7347 0.9692 0.9699
2010/04 720 7.9552 7.4484 0.963  -0.5067 0.7599 0.9756 0.9729
2010/05 744 10.6956 9.9315 0.88 -0.7641 1.1138 1.5829 0.918
2010/06 719 14.6765 14.6151 0.9477  -0.0614 0.8073 1.0519 0.973
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2010/07 744 18.4681 17.924 0.7324  -0.5441 0.8886 1.1895 0.8167
2010/08 744 19.1944 185132 0.6515  -0.6813 1.0191 1.3148 0.7568
2010/09 720 16.8315  15.5368 0.9154  -1.2947 1.4429 1.9021 0.9067
2010/10 744 11.2317  10.3923 0.9342  -0.8394 1.0913 1.393 0.9475
2010/11 720 6.9747 6.2596 0.8879  -0.7152 0.9089 1.1561 0.9093
2010/12 744 5.7888 5.1701 0.9477  -0.6188 0.7557 0.9417 0.9539
2011/01 743 3.3228 2.8735 0.7762  -0.4493 0.5018 0.6507 0.7971
2011/02 672 5.5984 5.056 0.9324  -0.5424 0.6992 0.9169 0.9476

all 8758 10.6639  10.0479 0.9833 -0.616 0.8943 1.2152 0.9887

Kochi
N obs ave sim_ave R MBE MAE RMSE 1A

2010/03 744 5.8645 5.3967 0.9043  -0.4678 0.912 1.2046 0.942
2010/04 720 7.2923 6.4436 0.9234  -0.8488 1.115 1.4178 0.9399
2010/05 744 9.7174 8.7925 0.9105  -0.9249 1.2128 1.6292 0.9336
2010/06 720 145781  13.5853 0.9533  -0.9928 1.2049 1.4613 0.9556
2010/07 744 18.5064  17.4447 0.7275  -1.0617 1.2302 1.5395 0.7483
2010/08 744 19.496  18.4669 0.7121  -1.0291 1.2152 1.4898 0.7459
2010/09 720 15.844  14.3512 0.9339  -1.4928 1.6101 1.9929 0.9265
2010/10 744 10.7371 9.4673 0.8939  -1.2698 1.4617 1.8337 0.9001
2010/11 720 6.3883 5.3776 0.8599  -1.0107 1.1299 1.4222 0.8392
2010/12 744 4.7063 4.3467 0.9073  -0.3596 0.668 0.924 0.9402
2011/01 744 2.6221 2.5342 0.7883  -0.0879 0.2998 0.3982 0.8735
2011/02 672 4.4786 4.1669 0.9083  -0.3117 0.6448 0.8372 0.9451

all 8760 10.0538 9.231 0.9823  -0.8227 1.0598 1.4132 0.9858

Nagoya
N obs ave sim_ave R MBE MAE RMSE 1A

2010/03 744 4.4463 4.5166 0.9264 0.0703 0.5252 0.7574 0.9555
2010/04 720 5.5798 5.3921 0.94  -0.1877 0.5606 0.7832 0.967
2010/05 744 7.7594 7.3079 0.9257  -0.4514 0.7935 1.0211 0.953
2010/06 720  12.3655  12.2317 0.9437  -0.1338 0.9005 1.1784 0.9685
2010/07 744 159381  15.5878 0.6858  -0.3503 1.1206 1.4117 0.7965
2010/08 744 17.0994 16.8185 0.6456  -0.2809 1.0092 1.2768 0.7801
2010/09 695 13.5338 13.1863 0.9149  -0.3476 0.9605 1.2512 0.9512
2010/10 744 10.0538 8.8109 0.8967  -1.2429 1.3003 1.5931 0.8762
2010/11 720 5.5966 4.8815 0.9011  -0.7152 0.7719 0.9517 0.8902
2010/12 744 4.4493 4.0648 0.931  -0.3845 0.5259 0.667 0.9479
2011/01 744 3.0627 2.6618 0.6806  -0.4009 0.4952 0.6127 0.7356
2011/02 672 3.7679 3.5338 0.9443 -0.234 0.4597 0.5693 0.9648

all 8735 8.6569 8.2668 0.9821  -0.3901 0.7873 1.059 0.9895
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Nobeoka
N obs ave sim_ave R MBE MAE RMSE 1A
2010/03 743 5.9112 5.6263 0.9467  -0.2849 0.6681 0.8665 0.9684
2010/04 720 7.4669 6.8903 0.9588  -0.5766 0.833 1.0276 0.9682
2010/05 744 9.907 8.9575 0.9258  -0.9494 1.1964 1.5217 0.9373
2010/06 720 14737  13.5856 09166  -1.1513 1.3601 1.6737 0.9218
2010/07 744 18.6586 17.129 0.5231  -1.5296 1.6594 2.001 0.583
2010/08 744 19.783  17.9471 0.6341  -1.8359 1.8774 22131 0.595
2010/09 720 16.3714 14.555 0.9344  -1.8163 1.8454 2.1993 0.8982
2010/10 744 10.9551 9.9956 0911  -0.9595 1.2529 1.5647 0.928
2010/11 720 6.5495 59134 0.9166  -0.6361 0.8092 1.0156 0.9311
2010/12 744 4.9393 4.6277 0.9505  -0.3116 0.5537 0.7171 0.9685
2011/01 744 2.7301 2.5804 0.8136  -0.1497 0.3114 0.4206 0.8875
2011/02 672 4.8353 4.5383 0.9273 -0.297 0.6107 0.7869 0.9553
all 8759  10.2705 9.3927 0.9835  -0.8778 1.084 1.4595 0.9843
Totori
N obs ave sim_ave R MBE MAE RMSE 1A
2010/03 743 4.6247 4.6401 0.9244 0.0154 0.4626 0.6002 0.9583
2010/04 720 5.5081 5.4894 0.9382  -0.0187 0.5317 0.6873 0.9675
2010/05 744 8.0541 7.9154 0.9071  -0.1387 0.7126 0.9816 0.9503
2010/06 720 12.2979 12.163 0.9338  -0.1349 0.9255 1.2007 0.9626
2010/07 744 16.1616  16.2361 0.7331 0.0745 0.8242 1.0312 0.841
2010/08 744 17.4807 17.55 0.7486 0.0693 0.8835 1.1704 0.8595
2010/09 717  14.4585  13.6619 0.9222  -0.7966 1.1735 1.4757 0.9444
2010/10 697 10.055 9.4721 0.8954  -0.5829 0.8958 1.1413 0.9278
2010/11 720 5.8707 5.3995 0.8412  -0.4712 0.6866 0.8686 0.885
2010/12 744 4.5154 4.5011 0.9021  -0.0143 0.4941 0.6353 0.9478
2011/01 744 3.4205 3.3443 0.641  -0.0762 0.3337 0.4265 0.7957
2011/02 672 3.9888 4.0012 0.8739 0.0124 0.471 0.6022 0.9249
all 8709 8.8949 8.726 0.984  -0.1689 0.6988 0.9503 0.9917
Wakayama
N obs ave sim_ave R MBE MAE RMSE 1A
2010/03 744 4.7932 5.2347 0.9352 0.4415 0.6175 0.8636 0.9547
2010/04 720 5.6975 6.0071 0.9548 0.3096 0.5843 0.7531 0.9719
2010/05 744 8.7525 8.7011 0.9208 -0.0514 0.8119 1.0721 0.9587
2010/06 720  13.0965 13.07 0.9478  -0.0264 0.9756 1.2409 0.9645
2010/07 744 16,5179  17.0903 0.6947 0.5724 1.0054 1.2198 0.7925
2010/08 744 174943  18.1982 0.5997 0.7039 1.2019 1.433 0.7306
2010/09 720 13.826  14.4631 0.9361 0.6371 1.1638 1.4068 0.9558
2010/10 744 9.6269 9.7921 0.9277 0.1652 0.6555 0.8707 0.9603
2010/11 720 5.7547 5.8457 0.8165 0.091 0.6735 0.8897 0.9012
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2010/12 744 4.3911 4.8626 0.9167 0.4715 0.6583 0.8657 0.9354
2011/01 744 2.7575 3.2131 0.793 0.4556 0.4965 0.5655 0.7496
2011/02 672 3.7834 4.2097 0.9289 0.4263 0.5469 0.7421 0.9416

all 8760 8.9082 9.2584 0.9845 0.3501 0.7838 1.0296 0.991
N : Number of observations
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Fig. A3. 1 - Daily variations in concentration, u-velocity, and v-velocity in the surface layer for
points HO1, H09, H29, and H27 between March 2010 and February 2011
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