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ABSTRACT 

 

Lake Biwa is the largest lake in Japan ranked 130th among the world's freshwater lakes. The 

lake is separated into two parts, the northern main and deeper basin and the southern small and 

shallower one. There are many rivers of various sizes flowing into the lake. However, only one 

outflow from the lake (the Seta River), apart from canals constructed during early modern times. 

The difference in the physical structure and nutrient status between the two basins have given rise 

to a valuable diversity of biological and chemical ecosystem in the lake. In the North basin, with 

the deep averaging 44 m, thermal stratification occurs from spring to autumn, typically monomictic 

with the turnover period between February and March, creating a specific ecosystem and 

biogeochemical processes. 

Currently, Lake Biwa has undergone progressive eutrophication in the past few decades. It 

is facing the issues of toxic algal blooms and may be affected by eutrophication and global 

warming. Nutrients hold key roles in the water quality of lakes while Chlorophyll-a (Chl-a), on 

the other hand, is well-known as an indicator of phytoplankton biomass. Increasing nutrient 

loading to the aquatic eco-system results in an enhanced primary production that leads to 

undesirable changes in aquatic resources. Moreover, physical, chemical, and biological processes 

and water quality formation processes are closely affected by water currents. There are mainly 

currents caused by great gyres and periodic currents caused by internal waves in the lake. However, 

the effect of both biological and physical factors on the fluctuation of nutrients and Chl-a. 

Therefore, the overarching objective of this thesis was to improve understanding of the seasonal 

and vertical dynamic of nutrient cycle and phytoplankton change under the effect of biological and 

physical processes in Lake Biwa. 

In the first study, the external loading process to Lake Biwa was described using a 

hydrological tank model and a loading-discharge curve. The model was applied to collective 

drainage basins of the lake’s Imazu (northwest), Hikone (northeast), and Otsu (south) areas. The 

hourly model was conducted using particular discharges from the Kita (Ado) river, Takatoki (Ane) 

river, and the trunk of Yasu River to obtain loading curves for phosphate (PO4) and silica (SiO2) 

by assimilating the collected concentrations (2002-2003). The model was updated by adding an 

evapotranspiration routine and direct paths to lacustrine groundwater discharges of the lake floor. 
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The daily model was calibrated through an analysis of water budget among the basin, inflow, lake, 

and outflow (1991-1995), then validated. The daily tank model was established and combined into 

a loading-discharge curve to determine the long-term external nutrient loads entering the lake. 

However, the relationship between nutrient loading and nutrient concentration offshore station was 

still unclear and the role of seasonal fluctuation of loading on the lake nutrient was questioned.  

The second study describes nutrient patterns using biochemical and physical measurements 

in Lake Biwa. Seasonal variation in profiles of water temperature, pH, silicate, total nitrogen, total 

phosphorus, dissolved oxygen, and Chl-a was compiled and analyzed. By using the flux profiles 

which were the monthly averaged flux profiles from 1980 to 2015 consisting of five successive 

periods of averaged for seven years each, temporal evolution could be elucidated, including 

decomposition in winter, blooming in spring, sustaining in summer, and settling in autumn. The 

downward flux value showed the sedimentation rate of biomass. It was inferred that nutrients and 

Chl-a fluxes in the North basin were influenced by the gyre in summer and internal seiches in 

autumn. On the other hand, the relationship of external loading and lake water quality showed that 

the flows affected the distribution of phosphorus and silicate concentrations in the epilimnion and 

metalimnion while strong sedimentation was observed in the hypolimnion. It is suggested that 

phytoplankton composition and reed biomass has been related to the fluctuation of nutrient supply 

from rivers surrounding Lake Biwa. 

 The final study focuses to analyze the physical transport including the gyres-internal wave 

effect on the distribution of Chl-a and nutrients. Water temperature profiles were recorded at 

stations, 17B-North and 12B-South in the north basin of Lake Biwa. Buoyancy fluxes at the 

stations were of opposite phases, and amplitude was higher at the South for which representative 

area is narrower than the North. The summer lake became stably stratified, and the internal seiches 

period was shortest at 46 hours in July to August before increasing to 54 hours in September, and 

66 hours in October as the literature suggested. The stability at 17B is due to the first gyre, 

established in July to suppress internal seiches, while the third gyre at 12B was advective, causing 

vertical mixing. On the other hand, the surface data of Chl-a and nutrients in several inshore (A 

and C) and offshore stations (B) surrounding the Lake were compared. It found that phytoplankton 

was transported from inshore to offshore, south to north. The Chl-a was kept within the epilimnion 

by the gyre activity in summer. Then convective Chl-a fluxes downward were seen in the 
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thermocline in September to October when the stirring efficiency of water was highest in the deep 

lake with basin-scale internal waves, and destratification of the monomictic lake was shown with 

a frequency modulation due to a reduction in internal celerity.  

 Finally, we infer that the nutrient cycle and phytoplankton dynamics in Lake Biwa are 

complicated which be affected by not only internal processes (thermal mixing, gyres, internal 

waves, resuspension nutrient supply) but also long-term external process (nutrient loads and 

accumulation). From our results, we suggest the BSMS (Blooming – Sustaining (Gyre) – Mixing 

(Internal waves) – Sedimentation) processes with the concept as blooming in spring, sustaining in 

summer, mixing in autumn, and sedimentation in winter. This concept could partly explain the 

seasonal and vertical change of nutrient transport and biochemical succession in Lake Biwa.  
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CHAPTER 1. GENERAL INTRODUCTION 

 

1.1 Eutrophication status and nutrient loading in Lake Biwa 

Lake Biwa is the largest lake in Japan ranked 130th among the world's freshwater lakes. 

The lake is separated into two parts, the northern main and deeper basin and the southern small 

and shallower one. In terms of age, the lake is the world's third oldest, with a history of some four 

million years. There are many rivers of various sizes flowing into the lake, however, only one 

outflow from the lake (the Seta River), apart from canals constructed during early modern times. 

The difference in the physical structure and nutrient status between the two basins have given rise 

to a valuable diversity of biological and chemical ecosystem in the lake. In the North basin, with 

the deep averaging 44 m, thermal stratification occurs from spring to autumn, typically monomictic 

with the turnover period between February and March, creating a specific ecosystem and 

biogeochemical processes. While the South Basin is warm polymictic due to the shallowness 

(Tezuka, 1992). In the North Basin, regarding the current trophic status, TN and TP assessed by 

Sakamoto (2011) the grade is mesotrophic in terms of TN but oligotrophic in terms of TP. 

The catchment area of Lake Biwa reaches 3,174 km2, the majority belonging to Shiga 

Prefecture, the remainder to Kyoto Prefecture. Land use in the catchment has been changing, 

driven by increasing population, ongoing urbanization, and changing industrial structures. Today, 

forests comprise about half the total land area of Shiga Prefecture; farmlands, mainly comprising 

paddy fields, comprise less than one-seventh of the total land area. Forests and farmlands help 

conserve the lake's environment, since they recharge groundwater, prevent sand/soil erosion, and 

retain/purify water. The area of forests and farmlands, however, is decreasing in Shiga Prefecture 

even more rapidly than the national average. In coming years, more forests and farmlands are 

predicted to be converted, though slowly, into roads and housing zones. 

Currently, Lake Biwa has undergone progressive eutrophication in the past few decades. 

It is facing the issues of toxic algal blooms and may be affected by eutrophication and global 

warming. Because of rapid urbanization and industrialization in the Lake Biwa watershed, the lake 

water quality began deteriorating during the 1960s and 1970s, thus, eutrophication accelerated 

rapidly in this time (Hsieh et al. 2010; Tsugeki et al. 2010). Along with urbanization, Lake Biwa 
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has experienced increasingly nutrient loading since the 1960s and subsequently suffered from 

blooms of Urolena Americana since 1977 and cyanobacteria since 1983 (Kumagai, 2008). It was 

caused by external loading and then internal loading of nutrients from the catchment and aquatic 

ecosystem. Nutrients as phosphorus (P) and Silicon (Si), in particular, hold key roles in the water 

quality of lakes (Goto et al., 2007; Kowalczewska-Madura et al., 2018). It is a strong requirement 

for primary production through elucidating phytoplankton biomass - nutrients relationship in lakes 

(Filstrup and Downing 2017; Kuczyńska-Kippen N. 2010; Sondergaard M., 2001). Increasing 

nutrient loading to aquatic eco-system results in enhanced primary production leads to undesirable 

changes in aquatic resources such as degraded water quality, hypoxia, harmful algal bloom, losing 

biodiversity, and affected food web structure.  

Nutrient concentration in rivers is particularly important to river ecology, and riverine 

transport of nutrients is also relevant to any receiving water body: lake, wetland, lagoon, and 

estuary. To measure nutrient inputs to a lake is necessary to relate the trophic status of the lake to 

its drainage basin. Previous projects have been carried out mainly to improve water quality or 

survey eutrophication status in Lake Biwa (Maeda 1992; Ishikawa et al. 2002; Kishimoto et al. 

2013; Ichise et al. 2013). However, there are only a few studies on nutrient loading from rivers 

into Lake Biwa. (Kunimatsu and Kitamura, 1981) surveyed water quality of several rivers into 

Lake Biwa while Morii et al. (1993) discussed the relationship between the water quality of rivers 

flowing into the lake and the geological environment of the river heads. Based on water quality 

data at 75 points in the lake, Nagare et al. (2001) implemented 3 dimension surveys to estimated 

nutrient mass from 1995 to 2000. It was reported that nutrient discharges into Lake Biwa by rivers 

flowing into the eastern area of the lake were larger than those in the western area of the lake 

because of the high density of population in the urbanized area and many agricultural fields 

(Taniguchi and Tase, 1999). However, in most cases, water quality assessments are done based on 

short-term observations at limited environmental sampling points, which can’t quantitatively 

assess the amount of the long-term external loads nor describe mechanisms of spatial-temporal 

water quality changes under comprehensive functions of hydrology, climate, and lake condition. 

Available data about nutrient levels from river discharge to the lake in the basin are sparse. 

Furthermore, the relationship and distribution of water quality in lake considered of external loads 

from its catchment basin have not been clarified enough so far and the effect of river loading on 

nutrient concentration in the water column are not identifed.  
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Eutrophication of most lakes is linked to the rate at which nutrients are added to the 

system. Nutrient loading is a generic term for which the definition varies depending on the 

context in which it is used. In a broad sense, loading is the rate of supply of a particular entity to 

receiving waters; it is expressed frequently as a rate (e.g., tons N y-1). Ecosystem responses depend 

on several critical physical-chemical characteristics and processes. Estuary size (surface area), 

depth, volume, flushing rate, water residence time, tidal exchange, vertical mixing, and 

stratification are all factors that affect the transport, transformation, retention, and export of 

nutrients. 

 Although there are many methods for calculating loading, the simplest approach is to 

multiply the nutrient concentration (gN m-3) by the river discharge rate (m3s–1), groundwater flow 

rate (m3 s-1), or rainfall amounts (cm m-2). The accuracy of loading rate estimations is therefore 

related to the accuracy of measurements of two variables: flow rate and entity concentration. 

Nutrient loading rates, calculated on an annual basis, can be highly variable from year to year. The 

frequency of the measurements becomes especially important during episodic events that add large 

volumes of water to the system (rainstorms, hurricanes). During these events, nutrient and organic 

matter loading over just a few days can exceed the total loading for an entire year. Although 

concentrations of organic matter or nutrients may be low because of dilution by large volumes of 

water, the actual loading rates may be very high because of the total volume of water flowing into 

the estuary. Unfortunately, during extreme weather events, remote instrumentation (for measuring 

discharge rates) is frequently damaged and field collections of water samples for chemical analyses 

are postponed because of personnel safety concerns. Therefore, some of the largest loading events 

are frequently missed, or approximated with low accuracy, during such periods. 

 

1.2 Tank model and loading curve 

Mathematical modeling approaches could be used to describe the flow dynamics and solute 

transport. However, the hydrological model in most applications has been used in numerous 

projects. The tank model is an accounting model that tracks the flows of water into and out of the 

particular hydrologic system. Besides, a tank model has demonstrated satisfactory performance in 

depicting characteristics and vertical and horizontal water movement for the watershed, sub-

watershed, and wet rice fields (Setiawan et al. 2003). With the practice of a tank model, vertical 
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and horizontal water distribution can be easily and simply demonstrated and could be modeled, 

hence it can exhibit flow distribution at a certain time for each layer of the watershed area (Arifjaya 

et al., 2012). In other words, several studies on the reliability of mass load estimates demonstrate 

that no individual estimation method is advantageous and superior while poor accuracy can be 

obtained using individual estimation method on a specific stream or river for a year or period 

(Kronvang and Bruhn, 1996). However, the tank model is an appreciation to use for long-term 

runoff and water table analysis. The advantage is the time series of streamflow behavior and 

solution can be determined by fitting the model parameter in applying this hydrological model. 

Other methods also have been often used for example GIS, the soil and water assessment tool 

(SWAT), but requires a huge amount of spatial information and is composed of complicated 

processes. 

A simple L-Q curve is more popularly used for the estimation of nutrient transport (Alexander 

et al., 2002; Amano & Kazama, 2012; Clarke, 1990; Galat, 1990). Adaptability or accuracy of the 

loading curve is a remarkable topic  (Phuong et al., 2018). The loading curve between nutrient load 

L and discharge Q simply provides a correlation as Q=LC although the loading curve sometimes 

has a bias (Ferguson, 1986). Numerous attempts have been made by researchers to demonstrate 

the relationship between L and Q through field observations in various basins.  Amano and Kazama 

(2012) developed the loading curve to analyze the monthly data of discharge, ammonium, total 

phosphorus, and potassium in the lower Mekong River, Vietnam. Meanwhile, Hartmann et al. 

(2010) demonstrated the DSi-flux predicting model by using first-order controlling factors for the 

516 Japanese catchments based on the chemical data collected.  The data were also compiled by 

Harashima et al. (2006) to verify the silica deficiency hypothesis in a lake-river-bay system, and 

the upstream process in the lake was detected by collecting water samples to compare with the 

present situation of phosphate and silica concentrations flowing rivers into Lake Biwa, which 

would be discussed later in the present study. Lacustrine groundwater discharge (LGD) is one of 

the important pathways of nutrients from catchments to a lake. Onodera et al. (2018) described 

LGD and nutrient flux into Lake Biwa not only in beach sides with shallower depth but in deeper 

zones to indicate spatial and seasonal variations of LGD and to compare with the results of seepage 

observations.  
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1.3 Gyres and internal waves in Lake Biwa 

 Physical, chemical, and biological processes and water quality formation processes are 

closely affected by water currents. There are mainly currents caused by great gyres and periodic 

currents caused by internal waves in the lake. During the stratified period, Lake Biwa supports 

many basin-scale internal wave modes, as well as the Rossby wave modes which have very long 

periods, and effectively represent quasi-geostrophic flows such as strong and persistent gyres. It is 

well known that three Gyres namely First (counterclockwise), Second (clockwise), and Third 

(counterclockwise) occurred in the surface area of Lake Biwa during the stratification period from 

1926. Endoh and Okumura (1993) propose a new gyre system in Lake Biwa during summer with 

the mean surface circulation was found to consist of two large gyres, one counterclockwise and 

the other clockwise. The gyre is continuously present from May to December each year. The gyres 

induce circular currents above thermocline with a typical velocity of 0.1 m s-1
. Its disappearance 

in winter implies that its existence depends on stratification (Toda, 2013). On the first gyre of the 

same basin, the anti-clockwise circular current appears between Funaki and Hikone, which is 

mostly noticed in the stratified seasons by the field, analytical, numerical, and laboratory studies 

(Okamoto & Morikawa 1961; Oonishi 1976; Okumura & Endoh 1985; Endoh 1986; Kumagai et 

al. 1998; Ookubo et al, 1984). Okamoto & Morikawa (1961) conducted to record temperature 

profiles along the survey lines to estimate geostrophic currents, showed that the first gyre in Lake 

Biwa is almost in geostrophic balance. Oonishi (1976) demonstrated that the gyre could be induced 

by surface heat flux within three months while the gyres can be induced by both winds. Later, 

Ookubo et al. (1984) conducted laboratory experiments of the gyres on a rotating turntable 

considering the similarity for both Rossby and vertical Ekman numbers. Okumura and Endoh 

(1985) compiled the existing current measurements at several stations to show the current roses. 

Endoh (1986) also revealed eddy viscous effects on the convective circulation by using measured 

temperature profiles on a computational grid. Kumagai et al. (1998) succeeded to show the current 

structure and gyre pattern by using an acoustic Doppler current profiler. Ishikawa et al. (2002) first 

described the ecological relationship with the flow field of the gyre. Akitomo et al. (2004) showed 

the annual process and mechanisms of the gyre under the annual heat flux.  

After the inclination of the thermocline of the North Basin of Lake Biwa by strong winds, 

oscillations in the thermocline occurs as it attempts to return to its original horizontal position. 
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These oscillations are called internal waves. The rotating internal seiche is known as the internal 

Kelvin wave corresponding to the longitudinal, uni-nodal internal seiche in the non-rotating system. 

Gyres and seiches are two prominent features of lakes. Gyres largely transport sediments, nutrients, 

and algae in the horizontal direction. Seiches, on the other hand, can contribute to the vertical 

mixing in lakes. Shimizu et al. (2007) implied the importance of internal waves as energy sources 

for mixing and gyres for long-term horizontal transport. However, the role of Gyre and internal 

seiches to phytoplankton activities and nutrient dynamics is still unknown and become an 

interesting topic for recent studies. The distributions of dissolved or suspended materials in water, 

as well as sedimentation processes, was studied, for example, a high concentration of Chlorophyll 

a was observed near the center of the First Gyre (Saijo and Kamoto, 1970) and found very fine 

bottom sediment in this area (Kamitani, 1988) and the horizontal convergence of surface water 

associated with the gyre (Endoh, 1986). Gyre should play an important role in the transportation 

and selection of suspended materials. The current speed of the gyres is critical for problems arising 

from the transportation of materials related to water pollution. 

 

Figure 1.1 Gyre system in Lake Biwa was exhibited (a) radar tracking by Endoh and Okumura 

(1993)  and (b) broken line by Suda et al. (1926), solid line by Endoh and Okumura (1993) 
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1.4 Aims of the thesis 

The overarching objective of this thesis was to improve understanding of the seasonal and 

vertical dynamic of nutrient cycle and phytoplankton change under the effect of biological and 

physical processes in Lake Biwa. With that overarching goal, the study was conducted to estimate 

the external nutrient loading from the river and groundwater system surrounding the Lake (i), 

analyze the nutrient flux to assess the seasonal time lag fluctuation, calculate the vertical and 

seasonal mass in the water column (ii), calculate the water currents and horizontal, vertical 

transport to evaluate the distribution of phytoplankton and nutrient by Gyres and internal wave 

(iii). To archive those objectives, the following steps were conducted:  

 The first study combined the L-Q equation and tank model to estimate external nutrient 

loading into Lake Biwa. It would be focused to discuss the applicability of the loading curve 

through the relationship between river discharge and nutrient loads, calculate long-term discharge 

and change of nutrient fluxes from river and groundwater system into the lake. (Chapter 2).  

 The second study concentrated on seasonal and annual changes of nutrients and chlorophyll-

a in Lake Biwa over 35 years period, to compile and analyze historical water quality data collected 

by the prefecture. On the other hand, it will focus on monthly vertical flux profiles based on the 

time change in nitrogen, phosphorus, and chlorophyll-a, clarify the supply and removing dynamics 

in the lake with the production rate of through nitrification and gross metabolic rate of through 

assimilation and denitrification (nitrogen) or uptake, recycle and sedimentation (phosphorus) 

(Chapter 3) 

The last study was aimed to obtain records of successive temperature profiles at stations of 

opposite phases for the internal Kelvin wave, and relationship to thermally- or wind-induced gyres 

and difference from the topographic Rossby wave. The internal seiching in autumn was of finite 

amplitude and both the evidence from Gyres and the internal seiches were obtained in the summer. 

Seasonal surface water quality data including temperature, nutrient, and Chl-a concentration were 

compared to show the result of horizontal transport from inshore to offshore stations under the 

effect of Gyres and internal waves (Chapter 4) 

Chapter 5 was discussed the relationship of previous chapters. It analyzes lasting 

eutrophication by nutrient through the relationship between external nutrient concentration and in-
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lake nutrient concentration (chapters 2 and 3). Discussing the effects of current (Gyres) and the 

mixing process to vertical and horizontal Chl-a change (chapters 3 and 4). It also showed general 

conclusions and suggestions for further studies. We also would like to suggest a new concept to 

explain fully the seasonal and vertical nutrient and phytoplankton dynamics in the water body. 

 

Figure 1.2 The schematic - overview of the dissertation composition 
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CHAPTER 2. EVALUATION OF THE EXTERNAL NUTRIENT LOADING FROM 

WATERSHEDS INTO LAKE BIWA BY THE COMBINATION OF RAINFALL-

RUNOFF MODEL AND LOADING CURVE APPROACH 

 

2.1 Introduction 

 Lake Biwa is the largest lake in Japan, providing water resources to more than 14 million 

people in Western Japan (Kumagai, 2008). It is a body of water known worldwide for its massive 

sink of silica (Goto et al., 2007) and has been classified as one of the phosphorus-limited lakes 

(Tezuka, 1986). Also, the level of silica (Si) sink is related to a load of phosphorus (P) from the 

watershed of Lake Biwa (Goto et al., 2007). External supply rate is one of the biogeochemical 

processes effect on nutrient limitation of primary production (Howarth, 1988), and this may lead 

to an expansion in the silica sink and phosphorus retention causing a subsequent alteration of the 

aquatic ecosystem. Therefore, an evaluation of the external nutrient loading to the lake is important 

to understand the eutrophication condition in the lake and the impact on algal biomass and 

phytoplankton community composition (Ding et al., 2019; Longley et al., 2019). Previous work 

has reviewed the role of external loading to water quality or eutrophication status in Lake Biwa 

(Hsieh et al., 2011), as well as analyzed the water quality of several rivers that exit into Lake Biwa 

(Kunimatsu and Kitamura, 1981; Taniguchi and Tase, 1999); and discussed the relationship 

between the inflow river water quality and geological environment of the river heads (Morii et al., 

1993). However, the available data of nutrient levels, including phosphorus and silica from river 

discharge and groundwater discharge into Lake Biwa are sparse and still lack a quantitative 

assessment that reveals the long-term external loads. Furthermore, estimating nutrient loading 

from all rivers surrounding Lake Biwa requires a huge amount of spatial information and 

complicated processes. Nevertheless, the simultaneous application of these approaches has rarely 

been mentioned in previous hydrological studies. Therefore, this paper focuses on and A loading 

curve simply provides the correlation between nutrient load (L) and discharge (Q), which has been 

popularly used for the estimation of nutrient transport (Galat, 1990; Alexander et al., 2002; Salvia-

Castellví et al., 2005; Amano and Kazama, 2012). Tank model commonly used for long-term 

runoff analysis and can exhibit flow distribution at a certain time for each layer of the watershed 
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area (Arifjaya et al., 2012). discusses the applicability of a combination method, which includes 

the rainfall-runoff model and the L-Q curve to evaluate long-term external nutrient fluxes from the 

surface and groundwater discharge into the lake. 

 

Figure 2.1 The river systems of three catchments in Lake Biwa. (Sampling rivers were divided 

into three catchments, Imazu (I), Hikone (H) in North Basin, Otsu (O) in South Basin) 

 



11 
 

2.2 Methods 

Lake Biwa consists of a monomictic North Basin (616 km2, 45.5 m), and a warm polymictic 

South Basin (58 km2, 3.5 m) (Tezuka, 1992) that are surrounded by about 115 rivers of various 

sizes that flow into the lake (see Figure 2.1) but only the Seta River and the Kyoto Canal are 

outflows from the lake. The collective basin was divided into three parts, namely Otsu, Hikone, 

and Imazu sub-basin (table 2.1). Discharges increase during snowmelt (March - April), Eastern 

Asian summer monsoon (June - July), and typhoon season (September, October), respectively.   

 

Table 2.1 Dimensions of the divided sub-basins 

Basin Otsu Imazu Hikone Total 

Total Area (km2) 613 673 1,915 3,201 

Sampling area 384 421 1,197 2,002 

Sampling/Area 62.6 62.6 62.5 62.5 

Rivers (sampling site) 37 (15) 38 (19) 40 (20) 115 (54) 

 

2.2.1 Tank model 

Hydrological tank models (Sugawara, 1979) were used to trace the local water cycle in and 

around Lake Biwa. The model includes four serial storage tanks, which is a simple and efficient 

method to convert rain into discharge and flux paths for nutrients. Each basin has been given 

different rainfall and evapotranspiration rates using meteorological data on precipitation and air 

temperature that were provided by the Ministry of Land, Infrastructure, Transport and Tourism 

(MLIT, 2020) at Otsu, Imazu, and Hikone, respectively. Because rainfall was considered uniform 

in each sub-basin, the local rain was given according to the areal fraction to the partial sum of 

sampling rivers in each sub-basin.  

The discharge for the output of each tank is defined as the surface (top tank: q11+q12), 

intermediate (upper-middle tank: q2), sub-base (lower middle tank: q3), and base (bottom tank: q4), 

as in Figure 2.2. Parameters of the models are presented in Table 2.2, 2.3. The fourth tank was 

diverted to connect to a certain depth of the lake floor in this study. Evapotranspiration is 
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incorporated via subtraction from the top tank. The runoff from side outlets of a storage tank (q) 

is proportional to the water head over the outlet, and infiltration (p) is proportional to the water 

depth.  Water balance and its component can be described as: 

△ Q ൌ 𝑄 െ 𝑄௨௧ ൌ 𝑑𝑉 𝑑𝑡⁄ ൌ 𝑆 𝑑𝐻 𝑑𝑡⁄          (1) 

𝑑ℎଵ 𝑑𝑡⁄ ൌ P െ E െ 𝑞ଵଵ െ 𝑞ଵଶ െ 𝑝ଵ                       (2) 

𝑞ଵଵ ൌ 𝛼ଵଵሺℎଵଵ െ 𝑧ଵଵሻ                                                       (3) 

𝑞ଵଶ ൌ 𝛼ଵଶሺℎଵଶ െ 𝑧ଵଶሻ;  𝑝ଵ ൌ 𝛽ଵℎଵ                                 (4) 

𝑑ℎଶ 𝑑𝑡⁄ ൌ 𝑝ଵ െ  𝑞ଶ െ 𝑝ଶ                          (5) 

𝑞ଶ ൌ 𝛼ଶሺℎଶ െ 𝑧ଶሻ;  𝑝ଶ ൌ 𝛽ଶℎଶ           (6) 

𝑑ℎଷ 𝑑𝑡⁄ ൌ 𝑝ଶ െ  𝑞ଷ െ 𝑝ଷ          (7) 

𝑞ଷ ൌ 𝛼ଷሺℎଷ െ 𝑧ଷሻ;  𝑝ଷ ൌ 𝛽ଷℎଷ                           (8) 

𝑑ℎସ 𝑑𝑡⁄ ൌ 𝑝ଷ െ  𝑞ସ                       (9) 

𝑞ସ ൌ 𝛼ସℎସ                          (10) 

𝑄 ൌ 𝑄  𝑄                        (11) 

𝑄 ൌ ∑ 𝑞
ଷ
ଵ 𝐴/Δt,  𝑄 ൌ 𝑞ସ𝐴/Δt                      (12) 

where Q is discharge; Qr is river discharge; Qg is ground water discharge [m3s-1]. V: lake 

volume [m3];  A and S: drainage and lake surface areas [km2]; H: water level of the lake [m]; ∆𝑇: 

time interval [s/h/d]; p and q: infiltration and discharge (𝑚𝑚/𝛥𝑇); P and E: precipitation and 

evaporation (𝑚𝑚/𝛥𝑇); ℎ : water depth of the i-th tank; z is the height of outlet above the base of 

a tank; 𝛼 𝑎𝑛𝑑 𝛽  are the runoff and infiltration coefficient. 

Following Dalton’s model (Korzukhin et al., 2011), the evaporation rate has been established 

as: 

𝐸 ൌ ρ𝐶ா𝑈ሺ𝑒௦ െ 𝑒ሻ/𝑝                     (13) 
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where 𝐸 is evapotranspiration rate (mmday-1); 𝜌: air density (kgm-3);  𝐶ா ∶ bulk coefficient; 

𝑈: average wind speed (ms-1); 𝑒௦, 𝑒 : saturated and actual water vapor pressure (hPa), p is air 

pressure (hPa), respectively.  

Basic parameters are defined as: 

𝑟ா ൌ Σ𝐸/Σ𝑃;  𝑟 ൌ Σ𝑄/Σ𝑄; 𝑅 ൌ 𝑉/Σ𝑄/86400/365    (14) 

to check budgets in the fraction of river water, groundwater ሺ𝑟ா , 𝑟 ሻ and residence time of water 

ሺ𝑅ሻ in year.  

 

Figure 2.2 Structure of the tank model. The surface discharge (q11+q12), intermediate discharge 

(q2), sub-base discharge (q3), and base discharge (q4). p is infiltration to the lower reservoir. α 

and β are the coefficients. h is the water level. z is the out height 
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Table 2.2 Parameters of the tank model (hourly scale) 

Runoff 

coefficients 
unit Otsu Imazu Hikone 

α11 1/day 0.02 0.02 0.02 

α12 - 0.02 0.01 0.02 

α2 - 0.002 0.002 0.001 

α3 - 0.002 0.002 0.0005 

α4 - 0.0002 0.0005 0.0005 

Infiltration     

β1 1/day 0.02 0.02 0.02 

β2 - 0.01 0.001 0.003 

β3 - 0.001 0.001 0.001 

out heights     

z11 mm 15 15 15 

z12 - 5 1 1 

z2 - 0.005 0.005 0.005 

z3 - 0.005 0.005 0.005 

z4 - 0 0 0 

 

Table 2.3  Parameters of the tank model (daily scale) 

Runoff 

coefficients 
unit Otsu Imazu Hikone 

α11 1/day 0.025 0.029 0.025 

α12 - 0.095 0.094 0.093 

α2 - 0.006 0.006 0.006 

α3 - 0.004 0.004 0.004 

α4 - 0.0002 0.0005 0.0003 
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Infiltration     

β1 1/day 0.01 0.01 0.01 

β2 - 0.01 0.01 0.01 

β3 - 0.001 0.001 0.001 

out heights     

z11 mm 2 2 2 

z12 - 1 1 1 

z2 - 1 1 1 

z3 - 1 1 1 

z4 - 0 0 0 

 

2.2.2 L-Q curve 

In this study, we built the L-Q curve based on hourly consistent data of nutrients and discharge. 

The relationship among instantaneous nutrient load L (gs-1), weight concentration C (gm-3), and 

instantaneous discharge Q (m3s-1) following the suggestion of Amano et al. (2012) as: 

𝐶 ൌ 𝑘𝑄                       (15) 

Multiplying discharge with the above, the nutrient load is 

𝐿 ൌ 𝑘𝑄ାଵ ൌ k𝑄           (16) 

where k, m, and p are the parameters for normalized discharge 

𝑄 ൌ ሺ𝑄  𝛾𝑄ሻ/𝑄ଵ,                      (17) 

Equation (17) represents the dimensional intercept of the regime curve at Q=Q1, the unit 

discharge where Q1 is taken 1 m3s-1 so dimensionless discharge keeps value as dimensional one. 

In equation (16), the exponent p is close to unity and it is possible to separate the loading by 

groundwater discharge as: 

𝐿 ൌ 𝑘𝛾𝑄           (18) 
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The actual path of the lacustrine groundwater discharge might be different. The gamma ሺ𝛾ሻ is 

used to express extra loads due to the groundwater discharge at the floor in the lake. There are 

particular cases: 

γ ൌ 0: No extra loading other than rivers  

γ ൌ 1: No difference in concentration with river water 

γ  1: The higher concentration in groundwater 

       Tsurumaki and Kobayashi (1989) reported that PO4-P in groundwater at the three sites in Lake 

Biwa was more than 0.1 mgL-1. In this study, we assumed that γ ൌ 3 for the PO4-P estimation and 

γ ൌ 1 for the SiO2 estimation.  

Only 54 among the 115 rivers were selected as sampling sites during the 2002-2003 field trips 

(Table 2.1). A partial drainage area of sampled rivers in sub-basins was summed up to 2,002 km2, 

which were around 63% of the total drainage area of 3,601 km2. PO4 and SiO2 were determined 

using a colorimeter for the three sub-basins bimonthly: July (preliminary), September, and 

November of 2002; January, March, May, and July of 2003 during the project of the Ministry of 

Environment (Harashima et al., 2006). Discharge corresponding with sampling time in the rivers 

was calculated as 𝑄 ൌ ሺ𝐴/𝐴ேሻ𝑄ே  using an hourly scale tank model where Qi, Ai, AN and QN are 

calculated discharge, sampling area, sub-basin area, and initial discharge, respectively. Instead of 

155 basin-wise models given individual river discharges, we considered a virtual river of the sub-

basin that was calculated for the partial discharge of the individual sampling river where the 

nutrient concentration sample was taken.  

The tank model (daily) was set up to evaluate long-term inflow discharge (1980-2017) and 

time change in water level.  The difference between outflow or runoff in Equation (1) from the 

North Basin to the South Basin and runoff of Otsu sub-basin can be compared to the measured 

water level of the lake to determine water balance and the reliable capability of the model. 

Measured water level data were collected from 1991 to 2015 at Mihogasaki station (South part). 

Observed outflow discharge at Toriigawa was only obtained from 1991 to 1995.   
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2.2.3 Evaluation criteria 

Statistical parameters were applied to measure the model performance: Nash–Sutcliffe 

efficiency coefficient (NSE), the percentage of bias (PBIAS), and the root mean square error or 

observations standard deviation ratio (RSR), according to (Gupta et al., 2009; Moriasi et al., 2007). 

The equations were set as follows: 

𝑁𝑆𝐸 ൌ 1 െ
∑ሺொ್ೞିொೌሻమ

∑ሺொ್ೞିொത್ೞሻమ
                                      (19)  

𝑅𝑆𝑅 ൌ ඥ∑ ሺொ್ೞିொೌሻమ

భ

ඥ∑ ሺொ್ೞିொത್ೞሻమ

భ

                               (20)  

𝑃𝐵𝐼𝐴𝑆 ൌ
∑ ሺொ್ೞିொೌሻ

భ

∑ ொ್ೞ

భ

 x 100                                         (21) 

where 𝑄௦ is the observed daily discharge, 𝑄 is the calculated daily discharge, 𝑄ത௦ is the 

mean observed daily discharge and n is the total number of observation.  

 

2.3 Results and Discussion 

The hourly model calculation was established using hourly streamflow data across 2 years, 

2002 and 2003, and is presented in Figure 2.3. The calibration period is from July 11st of 2002 until 

December 31st of 2002 and the validation period is from January 1st until July 31st of 2003. Due to 

the limited availability of discharge data in the catchment surrounding Lake Biwa, the observation 

data obtained from MLIT are from the Yasu river for the Otsu sub-basin, Kita river of the Ado 

river for the Imazu sub-basin, and Takatoki river of the Ane river for the Hikone sub-basin. The 

precipitations at Otsu, Imazu, and Hikone were used in the model by the standard precipitation R 

and is expected as the average of the local precipitation ri and Σሺ𝑟/𝑟ሻ ൌ 𝑅/𝑅. Statistical 

analysis revealed the acceptability performance of the tank model during the calibration period at 

the Otsu station (NSE = 0.7, RSR = 0.29, PBIAS = 9.7%), Imazu station (NSE = 0.98, RSR = 0.01, 

PBIAS = 14.9%) and Hikone station (NSE = 0.9, RSR = 0.09, PBIAS = 13%). The NSE, RSR, 

and PBIAS values during the validation period for the North basin at Imazu station were 0.98, 0.01, 

and 9.4%, respectively. The corresponding values for Hikone were 0.91, 0.08, and -5.0%, 

respectively. Meanwhile, the validation values at Otsu were 0.78, 0.22, and -3.6%, respectively. 

Normally, early peaks of floods were seen only in the calculated hydrograph. 
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Figure 2.3 The hourly tank model application as a hydrograph for each catchment:(a) Otsu, (b) 

Imazu, (c) Hikone from July of 2002 until July of 2003 

The second approach was applied in estimating the discharge from 2002 to 2003 using an 

hourly model to investigate the L-Q curve. The concentration of P and Si were plotted against 

instantaneous discharge. The external loading to Lake Biwa was assessed using the L-Q curve 

equation in Figure 3.4, which exemplifies a basic component of phosphorus and silica that was 
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identified in the three rivers’ systems around Lake Biwa. The relationship between the hourly river 

discharge and nutrient loading is shown. From this regression, the mean L was calculated from the 

mean Q. Furthermore, the result showed that the incline of the SiO2 line is greater than that of PO4. 

These results reveal the equation for calculating the loading base on discharge as: 

Otsu sub-basin: 

𝐿ଵ ൌ 0.08𝑄ଵ
.ଽ଼ଽଷ   𝑅ଶ ൌ 0.95                                                                (22)                  

𝐿ଶ ൌ 11.7𝑄ଵ
.ଽଶ    𝑅ଶ ൌ 0.98                                                     (23)  

Imazu sub-basin: 

𝐿ଵ ൌ 0.05𝑄ଶ
.ଽ    𝑅ଶ ൌ 0.97                                         (24) 

𝐿ଶ ൌ 10.7𝑄ଶ
.ଽଽଷ   𝑅ଶ ൌ 0.99                                         (25) 

Hikone sub-basin: 

𝐿ଵ ൌ 0.07𝑄ଷ
.ଽ଼ହସ   𝑅ଶ ൌ 0.98                                                    (26) 

𝐿ଶ ൌ 10.4𝑄ଷ
.ଽ଼ଵ଼  𝑅ଶ ൌ 0.99                                                      (27) 

Total three sub-basins: 

𝐿ଵ ൌ 0.07𝑄.ଽ଼ଶହ   𝑅ଶ ൌ 0.97                                                     (28) 

𝐿ଶ ൌ 10.7𝑄.ଽଵ  𝑅ଶ ൌ 0.99                                         (29) 

Where L1 is PO4 load, L2 is SiO2 load, and Q, Q1, Q2, Q3 are the total discharge, partial 

discharges at Otsu, Imazu, and Hikone, respectively. SiO2 and PO4 loads increased with an 

increasing river flow as a power function of SiO2 loads in the North Basin.  
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Figure 2.4 The loading curve for PO4 and SiO2 which regarded as unified for the nutrients. The 

coefficient correlation between nutrient loads and river discharge was performed as R2 = 0.99 

(SiO2) and R2 = 0.97 (PO4) 

After establishing the loading L-Q curve as equations (28) and (29) for a total of 3 sub-

basins, the riverine nutrients loading was estimated. The nutrient discharge from Imazu and Hikone 

sub-basins were used to integrate the result of external nutrient from inflows into the North basin 

of Lake Biwa. Meanwhile, the nutrient loads into the South basin were based on the calculation 

from the Otsu station. Ferguson (1986) mentioned that the loading method that used a log-log 

loading curve can underestimate rivers’ loads from a statistical point of view. However, the log-

log equation was found to minimize the deviation from the logarithmic data set, although there 

exists a negligible scattering about the regression equation in the low region for PO4 and SiO2, 

which is illustrated in Figure 2.4. Each straight line, which indicates a regression equation, fits the 

distribution of the point well. The load-flow relationship for SiO2 is higher than PO4 indicating the 

sensitive effect of water discharge on PO4. 
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Table 2.4 Daily calibration and validation results of water level 

 Lake Biwa- Mihogasaki station 

Indices n NSE RSR PBIAS % 

Calibration 

(1991-2003) 
4,747 0.98 0.15 -0.01 

Validation 

(2004-2015) 
4,383 0.94 0.25 0.25 

Total period 

(1991-2015) 
9,130 0.97 0.19 0.1 

 

The runoff rate (mm day-1) into the North and South basins was estimated and compared 

with the water level in Lake Biwa. The performance of the daily scale model concerning the 

simulated water level was further examined using statistical criteria applied to the calibration and 

validation periods. Model calibration and validation statistics, which compared observed and 

simulated water levels for the daily time intervals are displayed in Table 3.4. Daily water level 

data across 13 years (1991 to 2003) were used to calibrate the remaining data from 2004 to 2015 

and were used to validate the model performance (Figure 2.5). 

The results during the calibration and validation periods indicated that the simulated water 

level matches well with observations. A statistical comparison revealed NSE, RSR and PBIAS 

indices for the calibration (0.98, 0.15, and -0.01%) and validation (0.94, 0.25, and 0.25%) periods. 

The performance is a good category for both of the cases according to the suggestion of  Moriasi 

et al. (2007). The coefficient of determination (R2) between the simulation and observed data was 

0.98 and 0.93, respectively. Outflow through the Seta River was first estimated as the total inflow 

minus the volumetric change rate of the water level at Mihogasaki. The observed water level, 

especially in the South Basin, would be affected by the surface seiche. The outflow at Toriigawa 

midstream has been regulated by Nango Araizeki (old weir) in Seta River since 1905, and the new 

weir was constructed in 1992. Therefore, the discharge at Toriigawa was under the operation of 

the weir and less variable than the discharge calculated by the local rate of change in the water 



22 
 

level. The formers have two and the latter has three sluices to adjust the crest height. For total 

discharge and water level, various cases depend on opening gates (Figure 2.6). 

 

Figure 2.5 Daily water level from 1991 to 2015 with the calibration period (1991-2003) and the 

validation period (2004-2015) 

 

Figure 2.6 Comparison of water level and water discharge in Lake and Toriigawa outflow from 

1991 to 1995 

Figure 2.7 shows the annual variation of  PO4-P increased from 1980, drop dramatically in 

1994 due to the drought, and then fluctuated after 2000. Meanwhile, Silicate loading fluctuated 

from 1980, decreased in 1994 and 1998 and then increasing onwards. A high concentration of 

PO4-P in groundwater discharge contributed to the increasing trend of total loading into Lake 

Biwa. Hsieh et al.(2010) reported that the PO4 and SiO2 concentrations in the North basin of Lake 



23 
 

Biwa increased during the 1980-2005 period. The change of nutrient loading from the river and 

groundwater system surrounding the lake has an apparent relationship to the trophic status of the 

lake. Besides, it also exhibited the seasonal change in nutrient loading from rivers and groundwater. 

The flux increasing from spring to summer and reach a maximum in July, then decreasing in winter.  

The application of agricultural fertilizers might be one of the reasons for increasing nutrient loads 

in rivers and groundwater during the spring and summer seasons. Rainy periods from the end of 

May and until July also contributed to the increased nutrient loading into Lake Biwa. 

 

 

Figure 2.7 Long-term annual variation (a) and seasonal variation (b) of nutrient loading into 

Lake Biwa 

By using the results of the L-Q curve and the daily tank model, external nutrients from 

rivers into Lake Biwa were estimated and the water budget was established. Table 2.5 shows the 

annual river budget was 3.1 km3year-1 while the annual groundwater budget was 0.8 km3year-1. 
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Fujino (1980) and Tsurumaki and Kobayashi (1989) reported the river water and groundwater 

inflows were 3.02 km3year-1 and from 1 to 1.5 km3year-1, respectively. On the other hand, PO4-P 

(converted from PO4) loading into the North basin of Lake Biwa ranged from 217 to 296 tons year-

1 while loading in the south part averaged around 63 tons year-1, ranging from 45 to 76 tons year-

1. PO4-P loading in the North basin is also considered as a source of nutrients for the South basin. 

Another report revealed that the P budget removed from outflow is 26% in the pelagic site in the 

North basin of Lake Biwa, and the inflow rate of P from the watershed corresponds to 56% of the 

algal P uptake rate (Yoshimizu et al., 2002). However, according to Nagare et al. (2001), P mass 

measured from 1995 to 2000 was around 190 to 340 tons, and the output of P occupied 15% of the 

total budget (North and South Basin). In this study, the total PO4-P loading from the river in the 

North basin occupied 81% of the total PO4-P loading. 

Besides, Goto et al. (2007) reported that the inflow discharge of Si was calculated to be 

25,000 tons year-1, while the output was approximately 5,000 tons year-1. These findings are quite 

similar to our estimation of 30,244 tons year-1 average SiO2 inflow (Table 2.5) in which Si loading 

of the North part was found to be 82% of the annual Si input to the watershed, ranging from 16,000 

to 33,000 tons year-1. SiO2 loading from the South ranged from  2,500 to 8,000 tons year-1. The 

estimation for the Si sink represented by Goto et al. (2013) showed that 20,000 ton Si year-1 was 

retained in Lake Biwa, which accounts for 80% of the annual inflow discharge. The remaining 

fraction of Si sedimentation was removed from the water by the outflow of biogenic silica from 

Lake Biwa to the Seta river and/or physicochemical processes (Goto et al., 2007). Lake Biwa 

becomes a trap, retaining most Si input and reducing the Si-flux to the Seto Inland Sea by 

38,000 tons SiO2, and also the total Japanese output by about 0.46% according to Hartmann et al. 

(2010). 
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Table 2.5 PO4-P and SiO2 loading from rivers and groundwater and water budget in Lake Biwa 

 Unit Otsu Imazu Hikone Lake Biwa 

Drainage area km2 613 673 1915 674 

Precipitation mmyr-1 1,604 1,907 1,628 1,640 

Evaporation mmyr-1 563 610 501 771 

PO4-P loading tonsyr-1 63 61 211  

SiO2 loading tonsyr-1 5,490 7,290 17,464  

River water km3yr-1 0.5 0.8 1.8  

Ground water km3yr-1 0.1 0.2 0.5  

Annual yields km3yr-1 0.6 1 2.3  

𝒓𝑬 ൌ 𝚺𝑬/𝚺𝑷 0.4 0.32 0.31  

𝒓𝑮 ൌ 𝚺𝑸𝒈/𝚺𝑸𝒓 0.2 0.25 0.28  

𝑹𝑳 year                                                         5.8 

 

2.4 Conclusions 

The external loading process into Lake Biwa was described using a hydrological tank 

model in three steps. The hourly tank model has been calibrated on a discharge basis by replacing 

the central rain data with the local rain. The loading curves were obtained by using local discharges 

of individual rivers, however, these were used for the total discharge of each sub-basin. The 

exponents of loading curves were close to unity, which suggests the load is proportional to the 

discharge (Step 1). The daily tank model was calibrated on a water-level basis and the stage-

discharge rating curve for the outflow (1991-1995) showed that it was highly controlled and less 

variated. The second model was validated by using water level data (1991-2015) under the natural 

outflow condition. Evaporation and lacustrine groundwater discharge were also considered (Step 

2). The daily-basis tank model was extended (1980-2017) and established to determine the long-
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term external nutrient loadings into the lake and was also used to analyze the water budget among 

the catchments. The results from these studies indicate the seasonal change of nutrient loads 

increasing in spring and summer, fluctuated in autumn but decreasing in winter. The average PO4-

P loading was 336 tons year-1, while the average SiO2 loading was 30,244 tons year-1, respectively. 

These values compare favorably to other recent studies.  
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CHAPTER 3. SEASONAL AND VERTICAL DYNAMICS OF NUTRIENT AND 

CHLOROPHYLL-A IN THE NORTH BASIN OF LAKE BIWA 

 

3.1 Introduction  

Nutrient concentration in rivers is particularly important to river ecology, and riverine 

transport of nutrients is also relevant to lake water. Increasing nutrient loading to the aquatic eco-

system results in an enhanced primary production that leads to undesirable changes in aquatic 

resources such as degraded water quality, hypoxia, harmful algal bloom, losing biodiversity, and 

affected food web structure.  Lake Biwa is the largest lake in Japan and provides great ecological 

and economic value (Kumagai, 2008) but over the past few decades, as with many lakes worldwide, 

Lake Biwa has undergone progressive eutrophication which is an example of the impact of 

anthropogenic factors such as agriculture activity, tourism, wastewater, and global warming on the 

lake ecosystem (Hsieh et al., 2010; Tsugeki et al., 2010). Lake Biwa’s phytoplankton biomass has 

decreased and the dominant phytoplankton species has changed from net phytoplankton to nano-

phytoplankton (Kishimoto et al., 2013). However, the primary productivity, otherwise, has 

increased because picoplankton has increased in Lake Biwa which showed small biomass, but 

higher productivity. Changes to the phytoplankton biomass (composition and size) and the 

fluctuation of nutrients have been recorded annually for decades. According to Nagata (1990), 50- 

90% of the primary production was occupied by picoplankton and Kishimoto et al. (2015) reported 

that the primary production in the North Basin of Lake Biwa increased from 1980 to 2008 while 

Chl-a concentration exhibited an inverse trend. Cyanobacteria produce the majority of the lake’s 

organic matter and largely determine the chemical oxygen demand (Ichise et al., 2013). The 

blooming cyanobacteria were observed such as Synechococcus spp. in the north basin of Lake 

Biwa during early summer in 1989 and 1990 (Maeda et al., 1992). Until now, nutritional status 

was found to track eutrophication and phytoplankton abundance closely. Nutrient levels, including 

total phosphorus (TP), total nitrogen (TN) have been used extensively to assess the degree of 

eutrophication and to predict the productivity of virtually all of the biological components of lakes 

and ponds (Peters, 1986). Previous reports have attempted to diagnose the nutritional status mainly 

in the upper 20 m of Lake Biwa and used this metric to represent changes to the lake’s trophic 

status annually (Hsieh et al. 2010, 2011; Kishimoto et al. 2013). Only a few studies mentioned the 
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seasonal supply rate or metabolic rate. Tsunogai et al. (2011) estimated both the average 

nitrification rate and average assimilation rate of nitrate in the lake successfully, assuming that the 

metabolic rate of nitrate through denitrification was much less than in the highly oxic lake. 

Yoshimizu et al. (2002) determined the budgets for P nutrients in Lake Biwa and estimated that 

input via inflows occupied 56% of the total P metabolized in the lake’s water column; thus, 

remineralized P occupied only 44%. Besides, Tsunogai et al (2018) found most NO3 that was 

metabolized in spring and summer was supplied through in situ nitrification within the epilimnion 

and upper thermocline. However, the methods to quantify nutrient dynamics are complicated and 

often can be inaccurate. The nutrient mass gradient fluctuated by time change was an interesting 

way to calculate the nutrient gradient by time change in the lake which could be given the 

information of the nutrient cycle process (supply and use). Furthermore, the change of seasonal 

nutrient gradient could be linked with the succession of phytoplankton biomass and species in the 

seasonal and annual assessment through the flux profile of Chl-a. 

 Therefore, this study focuses to investigate the long-term and seasonal changes in the 

chemical and physical water quality data in Lake Biwa over 35 years. To compile and analyze the 

seasonal fluctuation of N, P, and phytoplankton (using Chl-a) gradient, the vertical nutrients flux 

profiles were evaluated. 

 

3.2 Site description 

Lake Biwa is located in the center of the Honshu Islands in the Shiga Prefecture, northeast 

of Kyoto, Japan with an area of 674 km2 and a maximum depth is 104 m. It contains two basins, a 

large north basin (616 km2, mean depth 45.5 m) and a small south basin (58 km2, mean depth 3.5 

m) (Figure 3.1). The north basin is a warm monomictic lake with a circulation period from January 

to March, while the south basin is polymictic due to its shallowness (Tezuka, 1992). The trophic 

status of the north basin was determined by Kishimoto et al. (2013) as mesotrophic in terms of TN 

and oligotrophic in terms of TP.  
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Figure 3.1 Map showing the sampling location at Imazuokichuo (I point) with layers of 

measurement in Lake Biwa. Filled circles along the coastline are river mouths 

 

3.3 Materials and Methods 

The environmental data from 1980 to 2015 used in this study, including the concentration 

of TN, TP, Chl-a, silicate (SiO2), pH, Dissolved Oxygen (DO), and temperature measures, were 

collected by Lake Biwa Environmental Research Institute (LBERI) at the station named 

Imazuokichuo (35o23’41” N, 136o07’57” E). The samples were taken every other week during the 

day at depths of 0.5, 5, 10, 15, 20, 30, 40, 60, 80, and the bottom (88 m) in the north basin in Fig.1. 

The monthly average values of the layers were calculated. Furthermore, the 35 years of serial data 

were divided into five periods of seven years each (Period I-V). Because the resident time of Biwa 

Lake is around 5.5 years, this way, the data can be ordered in a reasonable description, and the 
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change in seasonal of all factors could be described clearly and with more accuracy. To visualize 

water quality, we created contour plots for each of the three aforementioned factors. This method 

also enabled the following eutrophication trends in the north basin of Lake Biwa. In addition to 

nutrient concentration, TN, TP, and Chl-a fluxes were estimated to demonstrate the nutrient 

fluctuation according to vertical and seasonal changes. Although the changing rate of Chl-a is 

determined by both vertical transportation and production by phytoplankton on-site, the downcore 

distribution of Chl-a could calculate with a random diffusive model (Boon & Duineveld, 1998). 

The flux profiles 𝑞௫ሺ𝑧ሻ  for  x = TP, TN, and Chl-a were determined by 

𝑞௫ሺ𝑧ሻ  ൌ  
డ௫

డ௧

௭


𝑑𝜁                                                              (1) 

where x is the monthly concentration of TP, TN, or Chl-a; t is time; ζ (m) is depth interval. 

The flux qx (0) at the surface was assumed to be zero for both nutrients and Chl-a. To visualize the 

Chl-a response concerning TN and TP, ordinary regression was used to model Chl-a as a function 

of TN and TP where linear, squared predictor was included; these relationships were also 

considered in the vertical and seasonal valuations. Seasons were defined as spring (March-May), 

summer (June – August), autumn (September – November), and winter (December – February). 

TP, TN, and Chl-a flux are represented by average monthly values and the change between the 

monthly integrals is represented by the value at the end of the former month or the first of the latter 

month. With local smoothing to grid data, this smoothing scheme begins by setting X1 to x1, where 

Xi stands for smoothed observation and x stand s for original observation. The subscripts refer to 

the period, the smoothed series started with the smoothed version of the second observation. For 

time interval d between the closest measurements, the smoothed value is found by calculating:  

𝑋  ൌ
ｘషభ ௗశభ    ା ｘ ൫ௗ  ା ௗశభ  ൯ ା ｘశభௗ

ଶሺௗ  ା ௗశభ  ሻ
                                             (2) 

with i ≥2.  

Mass of nutrient and Chl-a in each water column was estimated from flux profile 

Mass = Flux (mgm-2day-1) * Area of North Basin (m2) * 365 (day/year) 

 



31 
 

3.4 Results and Discussion 

 

3.4.1 Seasonal environmental status 

  All the panels show total mixing in the water column due to monomictic turnover that 

happened from February to March.  The events were followed by thermocline and in the lower 

hypolimnion, with higher concentrations of TP, TN, and SiO2, or with lower values of Chl-a, pH, 

WT and DO until the turnover in the next spring. From the second period, this import was reduced, 

and TP concentration decreased, high value only observed from June to August. TP was lowest in 

the thermocline and accumulated in the bottom, especially in winter during the given periods. The 

average values are 0.0074, 0.0059, 0.0098 mgL-1 for epilimnion, thermocline, and hypolimnion, 

respectively. In recent years (period V), interestingly, the resuspension of TP from lower to upper 

water layers was observed again in spring although the concentration is not higher than before. 

However, the accumulated nutrient in the bottom still is higher than in another period, from autumn 

to winter. Other studies reported the TP trend was thought to be oligotrophic (Hsieh et al., 2010; 

Kishimoto et al., 2013). The time series of TN in Lake Biwa revealed that TN increased rapidly 

from period II onward, the highest TN concentration was observed in period IV, however, the 

concentration decreased after period V. In the upper layer, TN increased from January to June but 

dropped from July, lowest value in October. In contrast, TN accumulated in hypolimnion from the 

first period to the last one, particularly in autumn and winter. Period IV revealed that TN 

concentration was up to 0.45 mgL-1 from last August to December before decreasing the same 

level with other previous years in period V. In period IV, it reached the highest concentration of 

TN compare to other periods. Kishimoto et al. (2013); Shrivastava (2014) found that TN trended 

toward eutrophication before 2000 but seemed to reverse after 2003. Due to a successful 

governmental water treatment regulation enforced in 1982, nutrient loading progressively declined 

and then stabilized since 1985 (Kumagai, 2008). Those reports are similar to the trend seen in our 

data. In period II, the nutrients were depleted in the epilimnion; this can be explained by the little 

rainfall and well-developed thermocline (Sohrin et al., 1996). Chl-a data show that the 

concentration varied greatly in the period I compared to periods IV and V; however, periods II and 

III looked stable trend. Overall, the Chl-a concentration decreased during time observation, from 

3.63 µgL-1 in the first period to 1.44 µgL-1 in recent investigating. In vertical analysis, Chl-a is 
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high in water surface and decreased in lower layers, average 3.95 µgL-1 for epilimnion and 0.97 

µgL-1 for hypolimnion. Moreover, Figure 3.2 reveals the transition of Chl-a concentration which 

represents phytoplankton biomass during the 35 years. It is increased gradually from spring and 

then reached a peak in October before decreasing in winter (period I and II). From period III 

onwards, the shift changed as follows: increasing from spring, the highest value in summer and 

then decreased in autumn and winter. The trend of silicate concentration is totally increased and 

looks different during the time. It is high value in spring and decreased in another season from 

period III while increasing gradually from spring in the period I, II. On the other hand, silicate 

from Figure 3.2 shows that the accumulated budget is increasing from the beginning time and 

reached the highest value in the last period (4-4.5 mgL-1) from September to December.      

 

Figure 3.2 Monthly-vertical patterns of variable contours of TP, TN, Chl-a, SiO2, WT, pH, and 

DO. Average were done in periods of 7 successive years for successive five periods, which are 

Period I (1980-1986), II (1987-1993), III (1994- 2000), IV (2001-2007), and V (2008- 2015)  

(Le Tien Huu and Okubo, unpublish data) 
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Figure 3.2 continuously shows the water quality data exhibited significant seasonal 

variability in the north basin of Lake Biwa for every seven years (Period I–V). pH was very stable 

across the five periods and fluctuated according to the season: high in the summer, reach the peak 

in July-August, and low in the winter and spring. Vertical value also indicated the difference 

among water layers, high in the epilimnion, and low in the hypolimnion, average 7.3. The figure 

revealed that pH was increased in period III compared to other periods. The DO increased in the 

spring and summer (highest value in March and April), fluctuated around 8.54 mgL-1 to 9 mgL-1, 

and then decreased gradually in autumn and winter (November and December), with high values 

at the surface and low values at the bottom, with little fluctuation from year to year. However, DO 

concentration increased in Period III and Period V but decreased in period I and IV. The water 

temperature ranged between 6.31°C and 28.4°C, highest in August. The average photic zone 

temperature was 14.3°C in Period I and 15.3°C in Period V. According to Kishimoto et al. (2013), 

the annual mean water temperature increased steadily at a rate of 0.045°C per year during two 

decades from 1980 to 2010. The mean increase in water temperature in the stratification period is 

higher than in the circulation period (0.058°C and 0.037°C per year, respectively).  

 

3.4.2 Seasonal variation of phytoplankton biomass  

Population densities of phytoplankton species were recorded by using the method of Ichise 

et al, (1999), the total bio-volume density was transformed into wet weigh biomass by multiplying 

the biovolume and water density. The total biomass in annual was analyzed from 1979 to 2009, 

named S-nano for small nano phytoplankton (<100 µm3cell-1), L-nano for large nano 

phytoplankton (100-4000 µm3cell-1), Net for net phytoplankton (≥4000 µm3cell-1), followed by 

Kishimoto et al., (2013). Figure 3.3 shows the variation in wet weight biomass of phytoplankton 

and reveals an apparent decrease in phytoplankton occurrence during the study period. The 

biomass decreased rapidly in the 1980s before increasing gradually during the 1990s and finally 

displayed a decreasing trend from 2000.  
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Figure 3.3 Long-term annual phytoplankton biomass in the North Basin of Lake Biwa 

The inter-annual variation in seasonal biomass during the study period is indicated in 

Figure 3.4. The result summarized that the trend in seasonal biomass fluctuated differently due to 

each season. During the study period, the biomass tended to slightly increase while the biomass in 

summer remained almost constant but decreased in autumn. In general, biomass in summer and 

autumn was higher than in spring and winter. Especially, it can be seen that the biomass in seasonal 

fluctuation side was seemed similar observation in the recent year compared to the past excluding 

blooming time in summer.   

 

Figure 3.4 Seasonal variation in phytoplankton biomass 
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Figure 3.5 demonstrated the transition in the seasonal variation of the biomass of each size 

phytoplankton species. The biomass of small phytoplankton very low in the first period but it 

tended to increase gradually and change the percentage of the population from autumn to summer 

from 1997 onward. Nevertheless, the large phytoplankton fluctuated its population during the 

study period and slightly decreased in the recent year. It can be seen the clear transition of 

blooming season from summer to autumn and spring started from 1998. In contrast, the net 

phytoplankton biomass was highest in the first decade but revealed a rapidly decreasing trend 

during the remaining period. Furthermore, it is apparent to see that the blooming season of this 

species changed from autumn to summer in the decade of 1990s and 2000s. In general, the biomass 

of a 3 sizes fraction of species was high in summer and autumn and low in winter and spring. 
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Figure 3.5 Seasonal variation in the different sizes of biomass for each species. (a) S－nano: 

small nano phytoplankton（＜100 µm3cell-1, (b)  L－nano: large nano phytoplankton（100－

4,000 µm3cell-1, (c) Net: net phytoplankton（≥ 4,000 µm3cell-1） 
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3.4.3 Vertical and seasonal variation in Chl-a and nutrients fluxes 

The monthly flux profiles are shown as a seasonal change of Chl-a, TN, and TP in Lake 

Biwa. The Chl-a flux is positive in the photic zone (0 - 20 m) from March to May as spring blooms 

with the thermal stratification development (Figure 3.6). The flux is weakly negative from June to 

August, which is possible due to a divergence of the convective circulation of the thermally 

induced gyre in the epilimnion and depletion of nutrients. The bloom of cyanobacteria is 

transported offshore and stays at the surface of the down-welling center of the gyre (Ishikawa et 

al., 2002). The flux is also positive from September to October and steepened gradually from the 

surface to the bottom. Organic matter sinks from upper to lower layers nearly constantly when a 

settling period initiates after this internal wave activity. The negative flux is observed when Chl-a 

decreased gradually by the decomposition process during winter from December to February.  In 

figure 3.6, A shows the blooming time that occurs leads to increasing biomass. B shows the strong 

activity of Gyre in epilimnion and thermocline which prevent the sinking of biomass and separated 

the density of phytoplankton. C shows the sinking process occurs from thermocline to the 

hypolimnion by a part of the effect of internal waves. D shows the decomposition process in a 30 

m depth of water column. 

 

Figure 3.6 Average vertical profile of Chl-a flux, the positive period from spring to early autumn, 

and a negative period from late autumn to winter during the 5 periods 
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Interestingly, the positive TN flux in winter showing an inverse trend compared with Chl-

a flux, it is positive in the upper layers from October to February and soon decreased from March 

to become negative during spring and summer. TN is consumed strongly from June to July from 

10 m to 20 m in depth (Figure 3.7). During the bloom, the TN is used by algae but then increased. 

The removal of N from lakes is usually dominated by denitrification concomitantly with the 

oxidation of organic matter, but in highly productive surface waters, high pH would favor N release 

to the atmosphere as NH3. The decrease from May to October could result from denitrification. 

Meanwhile, the TP flux exhibits a depth variation that decreases abruptly in the last 10 m during 

the winter, a minor increase at deeper layers (40 - 70 m), followed by a major decrease in the 

hypolimnion. The positive flux is observed in the upper layer (0 - 30 m) in spring and hypolimnion 

in summer and autumn (Figure 3.8). From June to November, especially September to November, 

TP is lost (negative) in the photic layer and gained (positive) in the anaerobic environment.  

 

 

Figure 3.7 Average vertical profile of TN flux, the positive period from mid-autumn to winter, and 

the negative period from spring to early autumn at 0 to 90 m during the 5 periods 
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Figure 3.8 Average vertical of TP fluxes divided into 2 parts, the positive period from winter to 

early summer and the negative period from late summer to autumn during the 5 periods 

The relationship between the fluxes of TP and Chl-a was evidenced in the epilimnion and 

hypolimnion (Figure 3.9). △Chl-a > 0 and △P > 0 in the surface layers are due to photosynthesis, 

which is elevated between March and May before reducing gradually in the thermocline. Positive 

values for both Chl-a and TP suggested active photosynthesis (production) and nutrient addition. 

Specifically, Chl-a and TP were both negative in the summer from the surface to the thermocline, 

which correlates to the activity of the thermally induced gyre in the epilimnion. From September 

to November, △Chl-a > 0 and △P < 0 at the surface and both were positive in the hypolimnion, 

suggesting that production occurred due to physical processes. The pattern was negative in the 

winter on the surface yet still produced in the bottom before undergoing the opposite fluctuation 

from top to the bottom during January and February. That both nutrients and Chl-a were negative 

in the bottom suggests that no major production or decomposition was occurring. Nutrients were 

stored or adsorbed in the water, but earlier in the top and later in the bottom.  
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Figure 3.9 The relationship between the fluxes of Chl-a, TN, and TP in water columns. Each 

point represents the water depth from 0 to 88m  

The results presented in Figure 3.9 also describe the season-dependent relationship 

between TN and Chl-a, similar to TP and Chl-a. In the summer, the Chl-a flux was negative 

when TN and TP were being lost and the concentration of nutrients grew in the hypolimnion. 

Biomass is dropped in the summer and causes a decrease in the total nutrients with the activity 

of strong physical process as gyres. The opposite trend was observed in the data during the winter 

when the nutrient flux was positive, but the Chl-a flux was negative. During the autumn and 

spring, the Chl-a flux was almost positive, while the TN flux was negative in the spring and 

positive in the autumn. The TP flux, in contrast, positive in the spring but negative in the autumn. 

When TP concentration decreased (negative flux) in the summer and autumn, the relationship 

between TN and Chl-a (R2 summer = 0.69, R2 autumn = 0.75; p<0.05) was significant weaker than 

cooling period (R2 winter = 0.98, p < 0.05) (Table 3.1). The effect of TP and TN on Chl-a was 

considered relevant, which indicated that TN was strongly related to Chl-a when TP was high 

and less so at lower TP concentrations. The effect of TN on the TP-Chl-a relationship was not 
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so much clear. During the summer and autumn, the concentration of TN decreased and then 

increased in the winter; the correlation among these three patterns of TP-Chl-a was similar (R2 

winter = 0.62, R2 summer = 0.69, R2 autumn = 0.46, p < 0.05) (Table 3.1). Taken together, these data 

indicate that while the effects of the TN and TP as nutrient resources on phytoplankton biomass 

are both considerable and relevant, but TP plays a larger role, suggests that TP rather than TN, 

limits Chl-a. (Filstrup et al. 2017) discussed that Chl-a and TN relationship differed depending 

on TP concentration and covaried with both TN and TP. Chl-a showed a stronger and novel 

relationship with TN for hypereutrophic condition (TP > 100 µgL-1) but little with increasing 

TN for mesotrophic or eutrophic condition (TP ≤ 100 µgL-1). The finding supports an argument 

that the effect of TN on Chl-a is little at low TP but stronger in TP-rich lakes (Canfield et al. 

1985; McCauley et al. 1989). 

 

Table 3.1 Spearman’s correlation at P<0.05 result between Chl-a and TN, TP during  

the study period 

Variables 
Chl-a 

Spring Summer Autumn Winter 

TN 0.97 0.69 0.75 0.98 

TP 0.78 0.69 0.46 0.62 

 

           3.4.4 Chl-a and nutrient mass remaining in the water column 

           After calculating the flux profile of Chl-a and nutrient, the difference of seasonal mass 

(ton/month) of them would be estimated to clarify the supply rate through nitrification process 

and removal rate through assimilation and denitrification processes. Fig 3.10 shows that the 

inventory of Chl-a, TN, TP remaining in the lake in the interval of each month was varied.  
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Figure 3.10 The monthly deposition and vertical distribution of the remaining mass  

of nutrient and Chl-a 
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           The vertical profile shows the interval difference of supply and removing TN mass was 

ranged from -0.18 to 177 ton month-1 in the epilimnion, from - 208 to 533 ton month-1 in the 

metalimnion, and -87 to 100 ton month-1 in the hypolimnion. It means the mass change was very 

different in the upper and middle layer while small in the lowest layer for TN.  In the same 

manner, the vertical profile of supply and removing Chl-a mass fluctuated from -8.7 ton to 10.8 

ton month-1 in the epilimnion, -19.4 to 22.5 ton month-1 in metalimnion and -16.4 to 21 ton 

month-1 in the hypolimnion. The highest mass exchange occurred in the thermocline. For TP 

mass, we estimated that -0.08 to 5.27 ton month-1 in the epilimnion, 0.4 to 17.5ton month-1 in 

metalimnion, and -0.89 to 22.5 ton month-1 in hypolimnion was remaining.  

           Regard the seasonal aspect, the TN mass was recovered during wintertime by nitrification 

before losing in early March for metabolism in the epilimnion during summer and early autumn. 

Meanwhile, the deposit of TP was high in winter and early spring but the shortage was seen in 

summer and late autumn. 

          Tsunogai et al. (2018) mentioned 75% of the N metabolism was via assimilation (primary 

production) and assume that nitrification in the surface 15 m (epilimnion and upper thermocline) 

supplied the N needed for the assimilation. This point expresses the gain and loss of mass in 

those layers are very strong. On the other hand, his study found the supplied/removed ratio was 

0.6 in spring, increased to 0.9 in summer, and 1.5 in autumn before decreasing 0.6 in winter. The 

areal assimilation rate increased from spring to summer and decreased in autumn and winter. It 

is reasonable with our result when the used mass rate was higher than the supplied mass rate 

from spring.  

           Yoshimizu et al. (2002) shown that only 44% P uptake by algae was recycled within a 

lake, the high mass observed in the bottom shows most of the P settled to the bottom and was 

fixed in the sediments of the lake. The P release from the bottom of the lake could be responded 

to the recovery of P.     

 

3.4.5 Seasonal-vertical N:P ratio in Lake Biwa   

Lake Biwa has been classified as one of the phosphorus-limited lakes (Tezuka, 1992).  To 

predict algal biomass and composition, the N:P ratio in lentic systems has been often used as a 

key indicator (Tilman, 1982). Nutrients are well known as the main nutrients for phytoplankton 

and usually the limiting factors in algal growth, thus, the ratio of N:P is used to compare the 



44 
 

availability of these nutrients. Moreover, this ratio can become a useful method which is one of 

the meaning components for the calculation of the trophic state index of lakes (Grzetic Ivan et al., 

2009). However, the N:P ratio has been a problematic and messy variable for limnology. It is a 

ratio variable and, therefore, is not a good state variable to study lake processes. It usually varies 

inversely with lake trophic state and biological standing stocks (Downing and McCauley, 1992; 

Quiros, 1990b).  However, the N:P ratio may be a good variable to study state change in lakes 

because the N:P ratio and the trophic status are closely and inversely related for lakes. The atomic 

ratio, 16N:1P, which is known as the Redfield ratio, has been used for generally marine and 

freshwater phytoplankton studies to describe the average elemental composition.   It has been 

suggested that a mass N:P ratio above 17 indicates P limitation, a ratio below 10 indicates N 

limitation, and values between 10 and 17 indicate that either of the nutrients may be limiting (Ulén, 

B.,1978; Hellström T., 1996). The corresponding molecular ratios are > 38, < 22 and 22–38, 

respectively. 

 

Figure 3.11 Seasonal-vertical N:P ratios in North basin, Lake Biwa 
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 A large number of theories have been proposed to reveal the N:P ratio may be explained the 

status of the lake. For instant, an N to P ratio ≤ of 10:1 appears to favor algal blooms, especially 

blue-green algae. On the other hand, one of the most recognized theories, the low N:P hypothesis 

(Bulgakov and Levich, 1999) predicts that cyanobacteria will dominate lakes. 

 Figure 3.11 shows N:P ratios in Lake Biwa as an indicator of phosphorus deficiency are 

normally higher than the Redfield ratio (16). Almost all values of the N:P ratio in the whole layer 

were higher than 50. The value of the N:P ratio increased at 40 m depth as P decreases then N:P 

ratios decrease to the normal value as P increase near the floor. Moreover, the N:P ratio was 

variated in each season, the value was highest in spring and lowest in autumn in the epilimnion 

but was converted in the hypolimnion. According to Ichise et al (2001), the mean of N:P ratios in 

the North basin increased from 67 to 104 from 1979 to 1999 with the decrease of the population 

of phytoplankton. Nakanishi et al. (2001) reported that those values were found to be 77 and 134 

during 1980-1992 and 1993-2000, respectively. Recently, Shrivastava et al. (2014) concluded that 

TN: TP in the Northern Basin is 76 from 1963 to 2008.  

 The ratio assumes that algal increase rapidly in the photic zone then the increasing trend of 

the N:P ratio in the metalimnion indicates that the input of nitrogen increase slightly or that 

phosphorus disappears from the water and could be the limiting factor for algal growth at this layer. 

Subsequently, this ratio decrease may be related to the rate of P liberation from sediments and 

increased rates of N loss (i.e. denitrification). Denitrification was the most important mechanism 

for reducing N:P ratios in the water column, whereas both nitrogen fixation and sediment 

resuspension raised N:P ratios. The ratio of the nutrient can markedly influence the community 

structure of the phytoplankton (Tilman, 1982). From the standpoint of the N:P ratio, it can be 

probably suggested that almost all phosphorus entering the lake is transported to the bottom 

sediment and fixed there without being recycled, the assimilation of P in the upper layers in spring 

and accumulation in lower layers in autumn. A level of phosphorus annually into and retained in 

lake Biwa falls as particulate phosphorus to the lake bottom.   

 The impact of the increase of N:P ratios on the lake ecosystem is unknown. However, this 

ratio was higher compared to the other lakes seemed to be one of the significant limnological 

characteristics of Lake Biwa (Nakanishi et al, 2001). Future studies should examine the response 

and adaptation of lacustrine organisms to the N:P increase. Previous ecological studies of the other 
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lake suggest that N:P ratios can affect the species composition and phytoplankton and zooplankton 

(Elser and Hass,1994; Jeppssen et al., 2000). 

 

3.5 Conclusions 

Seasonal series data of water quality of the North basin of Lake Biwa which was analyzed 

from 1980 to 2015, divided 5 periods, have been described, indicated that the trophic status in the 

Lake has been changed. As a result, it is found that TP and TN concentration were still decreased 

and the accumulation in the bottom area of nutrients is higher than before while the resuspension 

process occurred during springtime in term of TP, recently. Phytoplankton biomass indicated by 

Chl-a data revealed the collapse and response of phytoplankton species due to the fluctuation of 

nutrient changes and physical factors during the analyzing period. The season-specific Chl-a 

profile generated in this study concluded that the vertical flux profiles of TP, TN were compared, 

and a definite difference was found especially in the inversion of TN and Chl-a in wintertime. 

Seasonal events in the flux profiles are described. Although the mechanism of the relationship 

requires further study, Chl-a and TN, TP fluxes suggest that Chl-a flux negative or positive 

depending on the fluctuation of TN, TP fluxes. The effects of the TN and TP nutrient resources 

on Chl-a are both considerable and relevant, however, TP plays a more important role than TN to 

Chl-a. Finally, from the flux profile, we also can know how much amount of nutrients and Chl-a 

has remained in each layer and each season. The mass change was very different in the upper 

and middle layer while small in the lowest layer for TN, wide range in the metalimnion for Chl-

a, and varied in the hypolimnion for TP. N:P ratios in Lake Biwa were high in the metalimnion, 

ranged from 83 to 108, highest in spring, lowest in autumn - in surface area, but decreasing from 

57 to 103, highest in autumn, and lowest in spring - in bottom layers.   
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CHAPTER 4. INTERNAL WAVES, GYRES ASSESSMENT AND THE IMPACT ON 

DISTRIBUTION OF CHLOROPHYLL-A IN LAKE BIWA 

 

4.1 Introduction 

Lake Biwa consists of the shallow South basin that is 4 m deep and the north basin 50 m 

deep. Those basins are divided by the Grand Bridge at the narrowest Katata section, and the basin-

scale internal seiches are possible only in the North basin. Internal seiches, basin-scale internal 

waves of the longest period in the North basin of Lake Biwa, have been investigated mainly in 

numerical studies (Kanari 1975; Oonishi & Imasato 1975; Shimizu et al. 2007); only a few field 

studies have recorded the internal seiche process in situ. The earliest record was shown in the 

pioneering work of Kanari (1975), where the simultaneous measurements at Kido and Sugaura 

points in North Basin with nearly opposite phases of the seiche, lasted for a week in early October 

of 1971. Endoh (1978) measured in Lake Biwa to get bathy-thermographs covering the whole 

basin for successive four days in August 1973, which revealed two cycles of the internal seiche 

with a rotating nodal line and it was the first appearance of the internal Kelvin wave in Lake Biwa. 

Hayami et al. (1996) demonstrated the records in September 1993 from multiple current meters 

and thermistor chains in the southmost part of the North Basin including internal surges which 

were part of the internal Kelvin wave. 

In contrast, in the first gyre in the northern part of North Basin, the counter-clockwise rotating 

circular current appears between Funaki and Hikone in the stratified seasons, which has attracted 

to several field-based studies in which measurements were done to record vertical profiles of water 

temperature along the survey lines to estimate geostrophic currents forming the gyre. Akitomo et 

al. (2009a) considered the cyclonic first gyre from May to December assuming that it was wind-

driven, especially due to wind-curl, and described the annual process as monthly averaged current 

patterns. Toda (2013) reviewed these studies to show the prospects of energetics and the formative 

mechanisms. 

The current was thought to be wind-driven however Oonishi (1976) demonstrated that the 

gyre could be induced by surface heat fluxes within three months of summer, which was confirmed 

by Ookubo et al. (1984) in laboratory experiments of the gyres on rotating turntables considering 
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similarities of both Rossby and the vertical Ekman numbers. Akitomo et al. (2009b) discussed 

formative mechanisms of the gyre under the annual variation of surface heat fluxes. Endoh (1986) 

revealed the effects of eddy viscosity on the meridional convective circulation and the gyre by 

using measured temperature profiles to get numerical velocity field on the computational grid apart 

from the inviscid theories. Endoh et al. (1993) also compiled existing current data at several 

stations to show the gyre structure because of the current direction. Kumagai et al. (1998) 

succeeded in finding the current structure and gyre patterns by using the acoustic Doppler current 

profiler, then Ishikawa et al. (2002) discussed the gyre hypothesis suggesting a combination of 

physical and biotic processes whereby buoyant particles such as bloom-forming cyanobacteria are 

conveyed offshore and accumulate in surface waters at the down-welling center of the gyre and 

that the gyre ecosystem model could be possible as a good natural indicator to understand the 

offshore-inshore and physio-biological coupling processes.  

The uni-nodal internal seiche with an approximate two-day period, which is longer than 

the inertial time scale, and the Coriolis effect has an essential role for the fluid motion. It is the 

internal Kelvin wave of the basin scale, and the period is not affected by the Coriolis parameter. 

Kanari (1975) showed simultaneous measurement at two stations (Sugaura in the north and Kido 

in the south), and they were of antiphase in the internal seiches and with a period that ranges from 

46 hours to 53 hours and measured as 66 hours.  

The uni-nodal internal seiche is known as the uni-nodal internal Kelvin wave (UIKW) in 

Lake Biwa. The topography is important in the north basin of Lake Biwa, and it is deeper in the 

west and shallower in the east. Oonishi and Imasato (1975) described a topographic Rossby wave 

in which potential vorticity changes according to the local topography instead of the latitude.  

However, previous studies did not analyze the current and internal waves during a long 

period and the relationship between them. According to the concept that the gyre is thermally 

induced and a quasi-steady current, is the wind that sets up the internal seiches. Once a large-scale 

internal wave occurs, the gyre disappears and then recovers afterward. During temperature 

transects in field surveys of the gyre, evidence on the internal Kelvin wave was found and reported. 

We would like to examine this hypothesis. Therefore, this study aims to obtain records of 

successive temperature profiles at stations of opposite phases for the internal Kelvin wave, and 

relationship to the internal Poincaré wave or lateral internal seiches as well as coexistence with 
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thermally- or wind-induced gyres and difference from the topographic Rossby wave. The Interval 

time of internal waves and velocity of gyre would be calculated. The internal seiche in autumn 

could of finite amplitude and both the evidence from the gyre and the internal seiches would be 

obtained in the summer at two stations. 

 

4.2 Methods 

Two thermistor chains were anchored as close as possible to Sta.12B (Central off Minami-

Hira: 8 layers in 60 m) and Sta.17B (Central off Imazu: 10 layers in 90 m), as shown in Figure 4.1. 

This was done by the Research Vessel BIWAKAZE from Lake Biwa Environmental Research 

Institute (LBERI). Two arrays of temperature loggers were deployed twice from 14 October 2016 

and from 14 June 2017 for around three months each, where it was additionally expected to be 

used to interpolate the half-monthly measured data of the routine by the prefecture. Each location 

of the temperature stations was not far from Sugaura or Kido station used by Kanari (1975). The 

northern Sta.17B is close to the first gyre at its northern rim, and the southern Sta.12B is on the 

western rim of the third gyre.  

Arrays of temperature loggers (HOBO Water Temp Pro v2 ONSET) were set at the depths 

as the sampling in the monthly survey routine (0.5 m, 5 m, 10 m, 15 m, 20 m, 30 m, 40 m, and 50 

m at Station 12B with 60 m and 80 m at Station 17B). By doing this, it would become possible to 

understand the effects of stratification and internal seiching on properties of water quality such as 

dissolved oxygen or chlorophyll-a as passive tracers. This is the additional merit to interpret the 

results of half-monthly intermittent measurements as a temporally continuous record by using an 

hour interval, as in Table 4.1 

 

 

 

 

 



50 
 

Table 4.1 Temperature profile records measured in the present study 

Station Layers Depth Autumn 2016 Summer 2017 

17B 10 layers 86 m Oct 14, 2016 

to 

Jan 6, 2017 

Jun 14, 2017 

to 

Sep 13, 2017 
12B 8 layers 59 m 

 

On the first and the last day, the CTD profiler (AAQ-RINKO: JFE Advantech Co., Ltd.) 

was cast to detect limnological conditions on the days of install and uninstall of instruments.  

Simultaneous profiles of water qualities were also taken on the first and the last day of the first 

mooring for the record: 14 October 2016 and 6 January 2017 and of the second series: 14 June and 

13 September 2017.  

  

Figure 4.1 Location of limnological stations with Sugaura and Kido points (partially modified 

from Okubo et al. 2021) 
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Shimizu et al. (2007) compared several modes of the internal waves in the north basin of 

Lake Biwa, among which vertical mode 1, horizontal mode 1 (hear after V1H1) Kelvin (43 h), and 

V1H1 Poincare (11 h) according to their notation will be considered here. The former covers the 

total basin and is identified as the internal Kelvin wave on which Kanari is considered, and the 

latter is similar to V1H3 (or V1H4) Kelvin. The topographic effect in Lake Biwa is perhaps not 

easy to identify, and no data can be compared to the numerical results.  

Kanari (1975) reproduced the internal Kelvin wave in a two-layered numerical model of 

the square lake (50 km in altitude, 14 km in longitude, and a uniform depth of 50 m), which is the 

sum of the upper layer of h1=17.5 m and the lower layer of h2=32.5 m, leading to an internal 

celerity of C2=0.53 ms-1 by using the typical value of the relative density difference between the 

layers, ε ൌ ∆ρ/ρ. This resulted in a calculation of the period of the uni-nodal seiche: T2＝52.4 

hours. According to his records at Sugaura and Kido, the period of the internal seiche was 45.5 

hours in the mid of August, 53.0 hours in late September, while in the model it was 66.1 hours 

conducted under an autumnal condition in excellent accordance with the measurement. 

 

4.3 Results and discussion 

4.3.1 Vertical profiles in water temperature and dissolved oxygen 

On the days above, profiles of water temperature and dissolved oxygen at Imazu (solid 

lines) and Minami-Hira (dashed lines) are shown in Figure 4.2. Vertical profiles of water 

temperature and dissolved oxygen are shown on the first and the last day of the first series of the 

record: 14 October 2016 and 6 January 2017 and of the second series: 14 June and 13 September 

2017. Temperature profiles October 14 show a sharp thermocline, which is a 3 m shallower at 

Imazu, and a similar difference between the DO profiles. In the epilimnion, Chl-a was uniform 2 

gL-1 beneath which DO profiles took the local minimum, and a gradual decomposition in late 

summer of phytoplankton was likely occurring. All of the profiles are uniform in the upper 50 m 

on January 6, 2017. 

The thermocline was shallower at Imazu on June 14 but deeper on September 13, which 

seems certainly due to the internal seiche and it is considered to be the main reason for the variation 

in the profiles obtained in the monthly survey routine. The difference in the thermocline 
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displacements looks typical. The DO profiles showed the local minimum in September; however, 

the local maximum occurred during the blooming in June. The situation in the second term was a 

stratification and followed seasonally by the first term, monomictic destratification. 

 

 

Figure 4.2 Vertical profiles in water temperature and dissolved oxygen on the first and the last 

day of the measurements: 1) 14 October 2016 and 6 January 2017; 2) 14 June and 13 September 

2017 (partially modified from Okubo et al. 2021) 

 

4.3.2 Seasonal temperature record  

Temperature records from the two stations are shown for the autumn of 2016 in Figure 4.3 

and the summer of 2017 in Figure 4.4. The former shows the temperature records at the stations 

and wind speed squared in the autumn of 2016. Temperatures at 20 m and 30 m depths off Imazu 

(Sta. 17B) and 20, 30, 40 m off Minami-Hira (Sta. 12B) exceeded a variation of 5 degrees at those 

depths. Three dashed square frames showed “M” or “W” characters like temporal temperature 

variation patterns in 1.5 times the seiching period, and the squares become wider as the temperature 

difference reduces and the internal celerity falls.  The seasonal destratification shows a total mixing 

event with deepening thermocline as a modulation in the wave period. In contrast, Figure 4.4 shows 
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the temperature records at the stations of the forming stratification and established thermocline 

with maximum stability and wind speed squared (summer of 2017). Temperatures fluctuate over 

5 degrees at 15 m depth off Imazu and at 10 m, 15 m, 20 m and 30 m off Minami-Hira except for 

the typhoon event around August 8, before which the temperature fluctuations were calm for a 

month at Imazu, corresponding to the established gyre current. The squared wind often exceeded 

100 m2s-2 in the autumn but rare in the other summer. 

 

Figure 4.3 Temperature records at the stations and wind speed squared (2016 autumn) 

(Temperatures at 20 m and 30 m at 17B (Imazu) and 20, 30, 40 m at 12B (Minami-Hira) exceed 

variations of 5 degrees. Three dashed squares show “M” or “W” patterns for 1.5 times the period, 

and the squares get wider as the temperature difference reduces) (partially modified from Okubo 

et al. 2021) 
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Figure 4.4 Temperature records at the stations and wind speed squared (2017 summer) 

(Temperatures fluctuate over 5 degrees at 15 m at 17B (Imazu) and 10, 15, 20 m at 12B (Minami-

Hira) except for the typhoon event around August 8, before which temperature fluctuation was calm 

off Imazu, corresponding to the established gyre current) (partially modified from Okubo et al. 2021) 

 

4.3.3 Buoyancy flux calculation 

In Figure 4.3 and Figure 4.4, amplitudes of isotherm displacements are larger off Minami-

Hira Sta. 12B than off Imazu Sta. 17B. However, vertically integrated spectra are similar in 

magnitude at these stations of different depths 60 m and 90 m. On the other hand, the buoyancy 

flux could be shown as the vertical profile, and the surface value B(0) is converted to the thermal 

energy flux, H [Js-1m-2].  The unit of the depth-integrated spectra for temperature variation is 

[mK2d], which is proportional to the part of buoyancy flux as 𝐵 ൌ ሾ𝛼𝑔ሼ∆𝑇ℎ/∆𝑡ሽሿଶ/ሾ𝑚ଶ𝑠ିଷሿ.   

Buoyancy flux is the local time change in the fluid density multiplied by the gravity 

acceleration and divided by the reference density integrated over the depth. It would be discussed 

on the relationships with the gyre where it is necessary to calculate the vertical component of the 
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buoyancy flux. When B is buoyancy flux (m2s-3), g is gravity, ρ is the density of water. h is the 

thickness of the water column. By using instantaneous maximum density, and the positive flux 

stabilizes the water column. In case that the bottom temperature (density) is almost constant (e.g., 

at the deepest area in the north basin of Lake Biwa), the zero thermal flux is thought to be at the 

bottom. In other cases, especially in winter, the maximum density is disturbed by the dense bottom 

current on the sloping bottom. 

A ൌ
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డሺఘబିఘೌೣሻ
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ି

𝑑ζ                   

        where 𝜌  𝜌௫ is selected, then  

𝐵ሺzሻ ൌ


ఘబ


డሺఘబିఘሻ

డ௧

௭
ି 𝑑𝜁 ൌ 𝐵ሺ𝑧ሻ  𝐴     

The bottom temperatures in Fig. 4.3 and Fig. 4.4 are normally the lowest at around 8oC but 

varied somehow in late autumn, especially off Minami-Hira. Only minor effects are seen in the 

buoyancy flux when the internal seiching becomes dominant.  

 

Figure 4.5 The 35 years averaged monthly buoyancy flux profiles indicate total mixing 

processes among layers in Lake Biwa at 17B 
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On the other hand, by analyzing long-term seasonal buoyancy flux, the profile shows the 

result that the high temperature that happens in the surface layer was in May, June, and July before 

decreasing after August (Figure 4.5). The cooling period starts in September and prolongs until 

January. The temperature profile became almost uniform in February, reached minimum total heat 

budget, before slightly increasing from March, and the lake was again stratified. The buoyancy 

flux of temperature indicated that it is only considered in the epilimnion but into the upper 

thermocline by the turbid intrusion in early autumn. The surface process in the heating period 

because of biotic photosynthesis. Akitomo et al. (2004) revealed that cyclonic circulation was 

created by the combined effect of bottom topography and vertical diffusion with the heat 

accumulation effect. At the end of the stagnant period (September), the difference in the 

temperature between the epilimnion and the hypolimnion becomes small and the amplitude of the 

internal wave consequently increased. Sakai et al. (2002) reported that it is not only the availability 

of the released phosphorus compounds for biota but also internal wave-induced resuspension of 

the bottom sediment that could be a source of phosphorus other than the external sources such as 

stream water. Internal waves consequently occur in seasonally different water depths, range from 

5 m to 40 m during the stagnant period. Okubo et al. (1984) declared that an internal wave is likely 

to induce resuspension of a wide area of bottom sediment. Bottom sediments also include much 

higher amounts of nutrients and reduced substances, such as phosphorus and ammonium, than the 

water column, and resuspension of the sediment due to internal waves could influence chemical 

characteristics of lake water (Pierson and Weyhenmeyer, 1994).  Okubo et al. (1984) mentioned 

that the larger-scale currents in lakes such as the gyres in Lake Biwa are formed by heat 

accumulation due to solar radiation. The strongest gyre activity occurs at the peak time of the 

buoyancy flux in June to July and the established gyre decays and ceases from September to 

October. The first gyre in the north basin could be thermally induced, and its velocity is relevant 

to the buoyancy flux at the lake surface in July. The gyre should be in the balance of geostrophic 

or gradient currents where the configuration of the epilimnion is established in equilibrium and 

maintained algae ecosystem calm by the meridional circulations, which is convergent in the top 

epilimnion and divergent in the upper metalimnion. The gyre becomes strongest at the maximum 

buoyancy flux from June to July. Then the gyre decays and instead the internal seiches increase 

amplitude at the depth range of 10 m to 40 m in autumn from October to November. Detect the 
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local maximums showing “turbid intrusion” from August to November, which are the entrance to 

the eco-system for the nutrients due to flooding. From the result of buoyancy flux, the gyre 

formation and internal seiches effect on nutrient distribution during the stratified season were 

discussing together with analyzing nutrient and Chl-a fluxes.   

         The fluxes are normally higher than in seasonal heating or cooling reported in Figure 4.5, 

typically 

 |𝐵|  3.0 ൈ 10ି଼ሾ𝑚ଶ𝑠ିଷሿ                      

        Through the conversion, 𝐵 ൌ αgH/cρሾ𝑚ଶ𝑠ିଷሿ, the thermal energy flux, H could be 

|𝐻|  45 ሾ𝑊𝑚ିଶሿ 

for the value of thermal expansion, α ൌ 0.00028 ሾ𝐾ିଵሿ.   

The surface buoyancy fluxes off Imazu and off Minami-Hira at the top surface (the air-sea 

interface) are shown in Figure 4.6 and Figure 4.7 for the autumn of 2016 and the summer of 2017, 

respectively. In the figures, surface buoyancy fluxes at the stations during the measurement could 

variate between positive and negative values and the amplitude is described as follows: Except for 

the typhoon attack, it is usually higher in the stratified and mixing seasons,    

|𝐵|  3.0 ൈ 10ିሾ𝑚ଶ𝑠ିଷሿ                               

 

Figure 4.6 Surface buoyancy flux at the stations during the measurement in the autumn of 2016 

(partially modified from Okubo et al. 2021) 
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Figure 4.7 Surface buoyancy flux at the stations during the measurement in the summer of 2017 

(partially modified from Okubo et al. 2021) 

When the epilimnion increases its depth at a station, the heat content or the stored buoyancy 

at the water column reaches a local maximum and vice versa at the other station. Comparing with 

the other panel of each figure, positive buoyancy flux arose when the thermocline went down at 

the station as a result of advective buoyancy flux due to the internal Kelvin wave.  Figure 4.8 

schematically shows the functions with the time lag of /2 between thermocline depth and the 

surface buoyancy flux at a station, while the lags are  between the stations for the quantities.  

Isotherm depths and surface buoyancy fluxes at the stations were both of opposite phases between 

the north and the south stations. When the surface buoyancy flux takes a local maximum at one 

station, it takes a local minimum at the other station, the isothermal depth was around average 

toward the deepest at the former station and toward the shallowest at the other station. The surface 

buoyancy flux is thus a depth-integrated indicator of the phase of the internal seiches, which 

enables the analysis of transition in the periodicity. 
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Figure 4.8 Schematic of the buoyancy flux (BF) and the corresponding thermocline depth (TD) 

with opposite phases between the stations (partially modified from Okubo et al. 2021) 

 

Figure 4.9   Seasonal variation in the period of the UIKW, the rotating uni-nodal internal seiche 

in Lake Biwa (partially modified from Okubo et al. 2021) 
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4.3.4 Internal Kelvin waves and Gyre velocity calculation 

The results show that the IKW period before and after September 2 (J=245) are respectively 

as shown in Figure 4.9. The fluxes at the stations are of almost opposite phases, and there is a 

seasonal variation in the period depending on the day of the year. Data from the measurements in 

the autumn of 2016 and the summer of 2017 were used, where the periods were measured as the 

first positive peak of autocorrelation function in the surface buoyancy flux instead of temperatures 

of layers. Antenucci and Imberger (2003) described the seasonal change in the period of the 

internal seiches in a lake, cyclonic, and anti-cyclonic in Lake Kinneret. This may relate to the 

second gyre observed between the first and the third gyres in the case of Lake Biwa. Long lakes 

of a geophysical size such as Lake Geneva have multiple internal Kelvin waves of alternative 

rotations. 

𝑃ሾℎ𝑟ሿ ൌ 4 ൈ 10ିሺ𝐽 െ 245ሻସ  44     J<245             

   𝑃ሾℎ𝑟ሿ ൌ 5.0 ൈ 10ିଵሺ𝐽 െ 245ሻ  44     J> 245            

It is positive correlations of the full period, and negative correlations of half the period 

were also seen between 22 h to 33 h, where J denotes the Julian date. The latter is considered the 

diurnal internal Poincare wave, relating to the lateral scale shown in Figure 4.1 such as between 

Anegawa and Wani (35 km), Imazu - Hikone (22 km), Adogawa - Hikone (14 km), Omizo - 

Echigawa (11 km). It is possible to determine the internal celerity by using the longitudinal scale 

of UIKW as 44 km with the period. The celerity is calculated from the stratification as  

   𝐶 ൌ ඥ𝜀𝑔ℎଵℎଶ/ሺℎଵ  ℎଶሻ             or 𝑃 ൌ 2𝑙/3600𝐶                 

 for the northern part including Station 17B and the southern part including Station 12B of the 

north basin. The relative density difference ε was found in the average monthly profile data from 

LBERI. Thermal expansion and temperature difference scale T were selected by using the monthly 

averaged profiles over years. Thus, assuming the wavelength, the measured period was compared 

with the calculated celerity from monthly temperature profiles, and some parameters are seen in 

Table 4.2. 
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Table 4.2 Monthly conditions for the internal waves in Lake Biwa. S/NB, N/NB: Southern 

and Northern part of North Basin, Lake Biwa; KW/PW: Internal Kelvin and Poincaré Wave; B: 

Buoyancy flux at the air-water interface; V: Gyre velocity; Ro: Rossby number; F: densimetric 

Froude number; Rio: Overall Richardson number. (partially modified from Okubo et al. 2021) 

Month 
ℎଵ 

(m) 

ℎଶ 

ሺ𝑚ሻ 
 

Celerity 𝑐 

(ms-1) 

Period 

(h) 108 B 

m2s-3 

V  

ms-1 
Ro F 𝑅 

12

B 

17

B 

12

B 

17

B 

Ave KW PW 

May 20 20 30 1.3 0.36 0.39 0.37 65.4 32.7 2.4 0.15 0.12 0.30 11 

Jun 15 25 35 1.9 0.42 0.44 0.43 56.8 28.4 3.0 0.17 0.13 0.31 10 

Jul 12 28 38 3.4 0.53 0.55 0.54 45.3 22.6 3.0 0.17 0.13 0.26 15 

Aug 12 28 38 3.5 0.54 0.56 0.55 44.6 22.3 1.0 0.11 0.09 0.18 31 

Sep 15 25 35 1.9 0.42 0.44 0.43 56.8 28.4 -2.2 -0.15 0.11 0.28 13 

Oct 22 18 28 1.3 0.36 0.40 0.38 65.1 32.5 -2.7 -0.16 0.13 0.30 11 

Nov 25 15 25 0.9 0.29 0.33 0.31 78.9 39.5 -2.7 -0.16 0.13 0.34 8.7 

Dec 40 - 10 0.5 - 0.20 - - - -2.4 -0.15 0.12 0.35 8.3 

 

A considerable reason for the difference in amplitudes between the stations is in the Rossby 

number, which is higher due to the reduced width off Minami-Hira. For the same gyre velocity, 

the Rossby number is double in the south showing internal seiching but the gyre is more stable in 

the north as well as higher buoyancy frequency is seen in the forming process of the gyre current, 

and it was established in mid-July, especially at 17B off Imazu. The flux amplitude is more 

significant at 12B off Minami-Hira station due to the differences in area, width, shallower depth, 

or in a minor gyre. 

The Rossby number of the gyre is defined as by using gyre diameter D 

𝑅𝑜 ൌ 𝑉/𝑓𝐷 

       The velocity of the gyre is dimensional 

𝑉 ൌ 𝜒ሺ𝐵𝐷ሻଵ/ଷ        
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    where V is the gyre velocity, f the Coriolis parameter; D the diameter of the gyre or the width 

of the lake; χ: a coefficient close to unity; B is the buoyancy flux; and h1 is the epilimnion depth. 

      The buoyancy flux scales Bi [m2s-3] were shown in two temporal scales (in a day), hourly 

(B1/24), and bi-weekly (B14). The flux amplitudes and corresponding velocity scales for D=15,000 

m and χ ൌ 1 are, respectively 

 Hourly basis               𝐵ଵ/ଶସ ൌ 3 ൈ 10ି     𝑉ଵ/ଶସ ൌ 0.36 

Bi-weekly basis  𝐵ଵସ ൌ 3 ൈ 10ି଼         𝑉ଵସ ൌ 0.077 

As the geometric mean, 

On daily basis  𝐵. ൌ 3 ൈ 10ି:   𝑉. ൌ 0.17 

where the suffix denotes the corresponding days of the variable, and 

𝐵. ൌ ට𝐵ଵ/ଶସ𝐵ଵସ 

The condition was found due to finite-amplitude variations in the thickness of epilimnion 

within half the period of the internal seiche. For ∆ℎଵ ൌ 2 𝑚,𝑎𝑛𝑑 𝑃/2 ൌ 23 ℎ, 

 𝐵 ൌ εg∆ℎଵ/0.5𝑃 ൌ 0.001 ൈ 9.8 ൈ 2/23/3600 ൌ 2.4 ൈ 10ି, 

while condition B14 was estimated from the maximum among bi-weekly averaged 

buoyancy fluxes, and it is about half the observed gyre velocity of 0.15 ms-1. It is also possible to 

use the factor 10 to convert the monthly flux into the daily buoyancy flux or into the gyre velocity, 

which is to use the factor χ ൌ 10ଵ/ଷ ൌ 2.2 in the above.  The V0.76 gives a realistic gyre velocity 

and some deduced quantities are shown in Table 4.2. The negative gyre velocity corresponds to 

the negative buoyancy flux as surface cooling with the order of O(10-8) m2s-3 or seiche advection 

of O(10-6) m2s-3, however, the velocity conversion is not expected as the vertical profile of velocity 

under the unstable cooling situation, are the same as the neutrally stratified, homogeneous case. 

The overall Richardson number, as the inverse Froude number squared, is about 16, and 

the usual definition, 𝑅∗ ൌ 𝑔ᇱℎଵ/𝑢∗ଶ  could be more than 103, which is sufficiently stable. By 

definition, half the squared Froude number shows kinetic to potential energy ratio, which is  
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F2/2= 0.22/2 - 0.82/2 = 0.02 - 0.32 = 1: 50 – 1: 3 

in 8 months from May to December.  

It is possible to consider the envelope of the gyres is along the closed perimeter of the 

internal Kelvin wave rotating counterclockwise around the amphiprotic point. According to the 

deepening of the thermocline, the aspect ratio between the major and minor axis varies, and there 

would be two amphiprotic points when the internal seiche gets close to the bi-nodal internal seiche. 

The internal seiches and the gyres are temporally exclusive but share the space and the 

rotation. The hourly buoyancy flux is 3 ൈ 10ି [m2s-3], which is more than 100 times the annual 

maximum among monthly averaged flux of 3 ൈ 10ି଼ [m2s-3]. The ratio is simply explained by 

the presence of the horizontal heat flux due to internal seiche.  According to the vertical thermal 

buoyancy flux, thermal energy flux, and mass fluxes arise in a similar way across the thermocline, 

which is not simply vertical mixing but causes basin-scale horizontal transport of algae from 

south to north. From that viewpoint, we thought that physical processes may be related to the 

distribution of nutrients and Chl-a in the lake. The role of internal wave and gyre will be 

discussed in chapter 5.  

 

4.4 Conclusions 

Two thermistor chains were anchored as close as possible to Sta.12B (Central off Minami-

Hira: 8 layers in 59 m) and Sta.17B (Central off Imazu: 10 layers in 86 m). Two arrays of 

temperature loggers were deployed twice from 14 October 2016 and from 14 June 2017 for around 

three months each, where it was additionally expected to be used to interpolate the record about 

half-monthly measured data of the routine survey conducted by the prefecture. Each location of 

the limnological stations was not far from the stations used by Kanari (1975). The northern Station 

17B is close to the first gyre at its northern near Sugaura point, and the southern Station 12B is on 

the western rim of the third gyre near Kido point. Arrays of temperature loggers were set at the 

depths as for sampling in the monthly survey routine. By doing the measurements this time, it 

would become possible to understand the effects of stratification and internal seiche on properties 

of water quality such as dissolved oxygen or chlorophyll-a as passive tracers. This is the additional 
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merit to interpret the results of half-monthly intermittent measurements as a temporally continuous 

record by using an hour interval. 

Auto-correlation analyses of the surface buoyancy flux allowed a calendar showing the 

seasonal change in periods of internal seiches. Along with the thermal stratification, the gyre is 

formed, established, then weakened every year. The basin-scale internal waves become amplified 

in autumn, when destratification goes on, and followed by topographic Rossby waves and 

topographic gyres. Dominant geophysical processes containing anti-cyclonic were listed up with 

Rossby, Burger, and Froude numbers. 

The first gyre was seen during the term when the thermocline was most stable from mid-

July to early October. The internal Kelvin waves decrease the period in early summer, keep 

constant during the mid-summer, and getting longer in process of destratification and are followed 

by fully mixed conditions in winter showing an inertial sub-range at the higher frequency of 

homogeneous side of the surface or barotropic modes. The uni-nodal internal seiche, internal 

Kelvin wave is the main process and the mechanism of the seasonal monomictic destratification. 

The buoyancy flux changes two orders of magnitude according to the time interval between 

the temperature profiles. The surface buoyancy fluxes variate to the Kelvin wave and estimate the 

gyre velocity by specifying the time interval of the fluxes. In winter, it becomes negative showing 

anticyclonic or cooling gyre. The advective fluxes of internal Kelvin waves also convey particles 

with a weak settling velocity. The kinetic energy fraction suggested by the densimetric Froude 

number of the gyre is from 2% in mid-summer to 32% in autumn. This should be the ecological 

role of the gyre (current) and the seiching (wave) of Lake Biwa. It is a central dome of cold water 

of the hypolimnion, dual points on the isotherm of the average temperature of the thermocline, 

which is the similar shape of the bi-nodal internal lateral seiche of the period of 10 hours. The 

variation of 10 hours period was also seen off Minami-Hira in the fall so it is rather true of the 

local internal Poincaré wave of the southern part of the North Basin. It has been reported before 

the first gyre in autumn is clockwise, which is supported by the thermally driven gyre however the 

internal Kelvin wave of counterclockwise rotation persists in late November.  
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CHAPTER 5. GENERAL DISCUSSION 

 

5.1 The relationship between external nutrient loading and water quality in the lake 

Kunimatsu (1979) surveyed the water quality of several rivers into Lake Biwa while Morii 

et al. (1993) discussed the relationship between the water quality of rivers flowing into the lake 

and the geological environment of the river heads. The relationship of external loading to lake 

water quality also was limited mention. Base on the calculated nutrient loads (in seasonal) from 

the river and groundwater into the lake (in chapter 2) and nutrient analysis (in Chapter 3), Figure 

5.1 revealed the relationship of nutrient loading and water quality in the lake which were analyzed 

in chapter 3. TP concentration and PO4-P loads have the same tendency in epilimnion during the 

summer when the activity of gyre occurs, this might be the effective phosphorus reuse in a 

microbial ecosystem resulting from the severe condition on phosphorus. Because phosphorus is 

supplied from watershed unsteady, phytoplankton enhanced the phosphorus recycling capability 

such as phosphorus mineralization with phosphatase under the starving condition (Nagare et al. 

2001). The high correlation coefficient between PO4-P loads and TP concentration is 0.8 and 0.6 

in epilimnion and metalimnion but low in hypolimnion could be suggested that PO4-P loads are 

more relative to TP in upper layers but the impact on lower layer due to phosphorus releasing from 

sediment. The result of increasing TP in the surface could represent increased external loading but 

also reflects mobilization of phosphorus from deeper sediment. The correlation between SiO2 loads 

and in-lake concentration is higher in metalimnion than other layers for SiO2 where the diatom 

assimilated dissolved silica and accumulated rapidly in the bottom sediment as Si concentration in 

the water column decreased. The phosphorus loads effect sharply to TP concentration in the 

surface area suggest P is mainly taken into the ecosystem by phytoplankton while the effect of 

SiO2 loads on internal nutrient is more visible in lower layers suggesting high efficiency of the 

silicate sink process. The size of the silica sink increasing during the circulation period through 

interaction between physical, chemical, and biological processes (Goto et al., 2007). In general, 

the contribution of phosphorus in the water column was large in epilimnion (38.3%), meanwhile, 

the distribution of silica was highest at 42.2% for hypolimnion. These findings have coincided 

with previous studies from Nagare et al. (2001); 39% phosphorus contributed to large epilimnion 

in a year. Goto et al. (2013) reported that the ratio of winter biogenic silica (BSi) flux to annual 

BSi flux was 52 to 53% in epilimnion but reached 62% in the hypolimnion. 
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Figure 5.1 The relative concentrations in limnological layers to the monthly-averaged river 

concentrations of TP and SiO2 
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Harashima (2006) reported that measured Si concentrations are weighted by discharge and 

averaged into 178 µM, while it is only 33 µM in the out-flowing Seta river. The 80% of the gain 

is kept in the stems of reed and rice, the cell wall of diatoms, and their cists and detritus in the 

muddy bottom. The recent observation of 30-year phytoplankton census data revealed that the 

biovolume of phytoplankton including diatoms tended to decrease with changes in their 

composition (Kishimoto et al. 2013) while most macrophyte species are invasive and their quantity 

seems to increase drastically over the years (Rabemanolontsoa and Saka, 2012). Mitamura and 

Tachibana (1999) investigated biogeochemical characteristics in reed zones and high 

concentrations of Si were observed in the Nishinoko reed zone in the North basin which was 

influenced by the river water from its watershed. They reported that the silicate concentration 

seems to be sufficient as a silica source for epiphytic algae and phytoplankton. Recently, it was 

shown that wetland vegetation has a considerable impact on silica biogeochemistry. Schoelynck 

et al. (2010) demonstrated that macrophytes contain significant amounts of BSi in the same order 

of magnitude as wetland species (especially grasses). They conclude that macrophytes have an 

overlooked but potentially vast storage capacity for Si. Furthermore, Si storage capacity is 

temporary owing to the annual decomposition of macrophytes in autumn and winter. The effect 

could be a seasonal cycle similar to that observed for spring and summer Si uptake by diatoms 

(Schoelynck et al. 2010). Figure 5.1 compares concentrations among the waters in rivers and lakes. 

The river and hypolimnion concentration revealed that external loading was just diluted by direct 

rainfall taking a peak in summer; while nutrients are sinking as liquid and solid including the 

season of internal Kelvin waves. It is commonly seen both in silica and phosphorus. In other words, 

epilimnion and metalimnion layers are mutual complementary for TP but strongly periodic and 

related to the macrophyte cycle described as, reed and macrophyte begins to sprout from the end 

of April, grows rapidly until about June, and the grass length continues to grow until the beginning 

time in late July.  The upper leaves grow much from May to August, but the leaves below begin 

to wither around the beginning of July, and in October, the number of dead leaves increases, and 

all the ground parts die around November. The fluctuation of Si is related to the growth and decline 

of macrophytes in Lake Biwa. The total biomass on a dried weight basis of macrophytes in the 

southern basin of the Lake Biwa was estimated to be 10,735 ± 3,030 tons (Rabemanolontsoa and 

Saka, 2012) while our average total Si loading from the river is 33,290 ton. Assuming 10% weight 
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of the plant for Si amount, we can estimate that only 2.3% to 3.9% Si is used for reed or macrophyte 

growth. The remaining Si is could take part in the sedimentation process in the lake. 

 

5.2 Comparing the N:P ratios variation at pelagic sites in Lake Biwa 

In chapter 3, the N:P ratios at 17B points have been analyzed in seasonal and vertical 

aspects. To compare the 17B data and other stations, we collected the surface concentration of TN, 

TP from stations 18 to 10 from Shiga Prefecture. The map point was shown in Figure 5.2. 

 

 

Figure 5.2 The sampling point of the surface concentration of Chl-a in the North basin of 

Lake Biwa (redpoint is the deepest point was studied in chapter 3) (partially modified from Shiga 

Prefecture, 2020) 
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It can be seen that the N:P ratios on the surface were high in winter and spring with the 

highest values about 126 but low in summer and autumn (around 60) but different in each site 

(Figure 5.5). In the north part, N:P ratios were highest at 15B and lowest at 12B. At station 12B, 

the TP concentration increased from February, reached a peak in May, and decreased after that. 

However, from station 15B to 18B, the tendency of TP was increased until July and kept stable 

after that. The TP concentration at 12B was higher than other stations (Figure 5.3) while the TN 

concentration was similar to other stations (Figure 5.4).    

 

Figure 5.3 Monthly TP concentration at the pelagic stations in Lake Biwa 
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Figure 5.4 Monthly TN concentration at the pelagic stations in Lake Biwa 

 

   

 

Figure 5.5 Monthly N:P variation at the pelagic stations in Lake Biwa 



71 
 

5.3 Physical processes impact the distribution of Chl-a 

Chl-a is commonly considered as a bio-indicator of phytoplankton biomass to assess the 

eutrophication status in lakes. It is a pigment that can be found in phytoplankton and directly 

involved in the photosynthesis process. However, Chl-a fluctuations are affected not only by 

biological processes such as the shift of phytoplankton succession, nutrient supply but also the 

interaction of physical factors, especially with water bodies with complex physical processes. 

Recently, the physical processes as the activities of gyres existed in the epilimnion of the lake 

during thermal stratification (Oonishi 1976, Endoh et al.1981, Okubo 1984; Akitomo et al. 2004) 

and the basin-scale internal waves and internal seiche (Kanari 1975, Oonishi and Imasato 1975, 

Shimizu et al. 2007) were attracted several field-based studies. A few studies recorded that the 

great influence of advection and turbulent mixing processes on phytoplankton distribution (Okubo, 

1978; Serra et al., 2003). Ishikawa et al. (1999) suggested that the wind-driven transport of 

phytoplankton by measuring the horizontal distribution of Chl-a concentration and cell density 

counting was different due to the varying physiology or morphology of these species. The 

distribution of dissolved or suspended material, as well as the sedimentation process, was 

associated with the gyres (Endoh and Okumura, 1993). Microcystis biomass increased at the center 

but was lower at the edge of the gyre (Ishikawa et al., 2002).  

In chapter 4, we found that the first gyre was seen during the term when the thermocline 

was most stable from mid-July to early October. The internal Kelvin waves, on the other hand, 

decrease the period in early summer, keep constant during the mid-summer, and getting longer in 

process of destratification. In chapter 3, the vertical and seasonal flux profile provides us the 

difference gradient of Chl-a by month. The little fluctuation in summer increasing in autumn of 

this difference gradient may be related to gyres and internal wave activity. To compare the 17B 

data and other stations. We collected the surface concentration of Chl-a from stations 18 to 10 

from LBERI. The map point was shown in Figure 5.2. 
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Figure 5.6 Chl-a distribution from inshore to offshore zone in Gyre-affected region 

 

Figure 5.7 Chl-a distribution from inshore to offshore zone in Gyre-less affected region 

Due to the effect of current in summer, the horizontal advection occurred and the 

concentration of Chl-a was lower in offshore areas than in inshore areas. The concentration of Chl-

a in C and A stations were higher than station B in the area of strong Gyres activity in summer 
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Figure 5.8  Monthly Chl-a distribution in the surface layer at the pelagic stations in North 

basin, Lake Biwa 

 

Figure 5.9 Monthly SS distribution in the surface layer at the pelagic stations in North basin, 

Lake Biwa  
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(Figure 5.6) while the difference was not clear in other seasons. However, the concentration of 

Chl-a in C and A stations were lower than station B in Gyre- less affected region in summer (Figure 

5.7). Figure 5.8 shows a monthly variation in the surface Chl-a, the concentration of Chl-a at 12B 

station was higher than 17B, the blooming was transferred to stations 12B and 17B due to the 

advective flux of the internal Kelvin wave. Meanwhile, the suspended solids (SS) concentration at 

12B also higher than at 17B (Figure 5.9). The peak of SS and Chl-a concentration reached in May 

and early November at 12B while it occurred at 17B in July and October. The horizontal fluxes 

are 100 times stronger than the seasonal vertical fluxes of heating or cooling was found in chapter 

4. It is not only advective but rotating from the south to the north.  

From 3 studies that have been conducted, we found that not only physical processes such 

as thermal mixing, gyres, internal waves but also external processes such as nutrient loads 

correspond to the in-lake nutrient and Chl-a cycle. We implied that physical processes such as 

Gyres activity and internal wave and nutrient external loading have an important role in the 

fluctuation of lake seasonal nutrient cycle and biomass shifting. The effect can be observed during 

the seasons and water layers.  Finally, it can be exhibited by a schematic diagram as below. 

 

Figure 5.10 Schematic diagram showing the impact of external and internal factors on 

nutrient and Chl-a cycle in Lake Biwa 
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CHAPTER 6. CONCLUSIONS 

 

This thesis has examined the topic of external nutrient loading to lake ecosystems, and, 

explored how such variations affect lake water quality, with a specific focus on the related topics 

of phytoplankton dynamic and physical processes. In general, the study contributes the simply 

combined methods by tank model and L-Q curves to calculate directly external nutrients loading 

from river and groundwater discharges surrounding Lake Biwa catchment. The vertical and 

seasonal flux of nutrients and Chl-a revealed the limnological characteristics and the relationship 

between in-lake nutrients and external nutrient loadings. Besides, the distribution of Chl-a and 

nutrients under the effect of physical processes was the first time discussed. The detailed results 

were shown as below: 

1. The external nutrient loading including groundwater to Lake Biwa was estimated using a 

hydrological tank model and loading-discharge curve in chapter 2. Average PO4-P loading was 

273 tons year-1
 in the North Basin and 63 tons year-1

 in the South Basin, while average SiO2 loading 

was 24,754 tons year-1
 and 5,490 tons year-1

 in the North and South Basins, respectively. The 

groundwater to river discharge ratio was from 0.2 to 0.28. The evapotranspiration rate was from 

0.31 to 0.4. Nutrient loading in Hikone (western side) was the highest, while PO4-P loading in 

Imazu (eastern side) was lowest and SiO2 loading was lowest in Otsu (southern side). Loadings 

increased from March to June and reached a maximum in July, then decreased in winter and 

possibly affected to in-lake nutrients. However, the seasonal relationship between external nutrient 

loading and nutrient concentration in Lake at 17B point is not high. The vertical water quality 

would be analyzed by the flux profile to understand the process of seasonal change in chapter 3. 

2. The monthly gradient change of nutrients and Chl-a has been analyzed in chapter 3. The 

accumulation of TP was observed in the hypolimnion from August to November while TN was 

high in the metalimnion and the hypolimnion but low in the epilimnion in autumn. Chl-a is high 

in summer and autumn. The flux profiles provide the information of nutrient and Chl-a cycle in 

Lake Biwa (loss or gain mechanism). From the flux, we suggest converting the flux to nutrient 

mass and biomass to find the remaining budget in the water column. The remaining mass was 

calculated based on fluxes profiles. However, it needs more further analysis in the future to identify 
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the quantifying dynamics of nutrients and biomass through production and metabolic rate, input, 

output factors. The change in gradient of nutrients and Chl-a may be affected by physical activities 

in the Lake in summer and autumn. The seasonal physical processes assessment is necessary to 

examine the hypothesis in chapter 4. 

3. Time interval of internal Kelvin waves and gyre velocity, buoyancy fluxes of temperature 

have been found in chapter 4. Buoyancy flux and Gyre velocity are the highest value in June and 

July (summer) while internal wave periods are longer in October and November (autumn). The 

variation patterns of surface buoyancy flux were opposite between the Gyre-affected region and 

the less-affected region. The horizontal advection that occurred is the reason for the concentration 

of Chl-a was lower in offshore areas than in inshore areas. The concentration of Chl-a in C and A 

stations were higher than station B in the area of strong Gyres activity in summer. The horizontal 

fluxes are stronger than the seasonal-vertical fluxes of heating or cooling caused not only advection 

but also rotating from the south to the north. The gradient of Chl-a change was affected by 

biological and physical processes. The distribution of Chl-a in the surface layer is not only relying 

on horizontal transport from inshore to offshore but also from the south to the north of the North 

basin of the lake.    

4. From the result in chapter 2,3 and 4, the BSMS (Blooming – Sustaining (Gyre) – Mixing 

(Internal waves) – Sedimentation) processes with the concept as blooming in spring, sustaining in 

summer, mixing in autumn, and sedimentation in winter for seasonal and vertical dynamics of the 

nutrient cycle were introduced. In a wider context, further examination of the long–term 

interactions between biological, physical and chemical processes that regulate nutrient 

bioavailability is an important and interesting topic. For future studies, the relationship of external 

loadings - in-lake nutrients - phytoplankton can be quantified by the ecological models. The 

vertical-horizontal model of the gyre and internal waves could be continuously analyzed based on 

the present results. 
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