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Abstract 
 

 

Rivers transport nutrients and suspended sediment matter (SSM) as well as fresh water 

from land to coastal regions, where the biological productivity is high.  In the coastal 

area, the buoyancy of fresh water leads to the formation of horizontal anticyclonic gyres 

and vertical circulations, which affect the variation of biological production such as 

plankton blooms.  However, the primary production caused by the three-dimensional 

dynamics have not been quantitatively discussed, and observations can hardly capture 

the daily temporal variations of phytoplankton blooms.  We developed an ocean 

general circulation model (OGCM) including a simple ecosystem model, to investigate 

the three-dimensional and temporal changes in phytoplankton blooms caused by 

riverine input such as flooding. 

We first conducted ideal setting-simulations.  The distribution patterns of nutrients 

and phytoplankton differ significantly from that of fresh water.  The phytoplankton 

maxima shift from the downstream (right-hand side of the river mouth) to the upstream 

regions (left-hand side of the river mouth).  The shift from the downstream to the 

upstream region (D-U Shift) is categorized by the different nitrate origins: (1) 

river-originated nitrate (RO-nitrate) is dominant in the downstream region; (2) 

subsurface-originated nitrate (SO-nitrate) is dominant in the upstream region, and is 

transported by upwelling associated with vertical circulation and horizontal anticyclonic 

gyre; and (3) regenerated nitrate (R-nitrate) is dominant in the upstream region.  The 

total primary production in phytoplankton blooms is maintained not only by RO-nitrate 

but also by SO-nitrate that is 1.5 times larger than the river-originated. 
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Next, we conducted the realistic simulation of Ishikari Bay and a few ideal 

setting-simulations.  The phytoplankton maxima shift toward the left-hand side of the 

river mouth during the early time, but the shift does not keep going to the left-hand side 

all the time.  This is because much SO-nitrate does not come from the subsurface to 

the surface layer after the middle simulated time, due to weak upwelling forced by 

vertical circulation in the left-hand side.  The gentle angle of bottom slope weaken the 

vertical circulation and SO-nitrate supply from the subsurface, and the NPP is small. 

It is natural that D-U Shift of phytoplankton maxima often occurs in the real situation 

like Ishikari Bay when high riverine input such as flooding.  The conclusion that the 

shift is categorized into three stages by the different nitrate origins, RO-, SO- and R- 

nitrates in turn depends on the bottom slope angle and the way of inputs and the 

amounts of fresh water and nutrients.  Bottom slope angle and the way of fresh water 

input change the behaviour of plumes, nutrient supply from the subsurface with the 

change of vertical circulation, and the rate of regeneration. 
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Chapter 1 General Introduction 
 

 

1.1 Region Of Freshwater Influence (ROFI) 

Nutrients and suspended sediment matter (SSM) are derived from river discharge (Le 

et al., 2006; Usui et al., 2006).  River discharge has influence on coastal areas, where 

biological productivity is high (Costanza et al., 1997).  Fresh water is supplied as a 

buoyant input into large areas of the shelf seas adjacent to estuaries where was termed 

regions of freshwater influence (ROFIs) by Simpson (1997).  In ROFI, freshwater 

inputs induce horizontal river plumes with anticyclonic gyres due to geostrophic 

adjustment, and vertical circulation composed of the surface water flows from the coast 

to offshore and a subsurface counter-flow with upwelling occurs near the coast (Rattray 

and Hansen, 1962).  The strength of circulation depends on the density difference 

between the river derived fresh water input and the coastal sea water.  These horizontal 

and vertical flows transport nutrients and SSM from the river mouth into ROFI.  

ROFIs in the subarctic regions have seasonal changes in nutrients in the surface water, 

which are abundant from winter to spring but depleted from summer to autumn (Kudo 

et al., 2007; Yoshimura and Kudo, 2011).  Phytoplankton blooms occur due to 

regularly large amounts of riverine discharge by snowmelt and/or a few days pulse of 

riverine discharge due to heavy rains (e.g., Agboola et al., 2009). 

 

 

1.2 Anticyclonic gyres spreading and propagating towards the 

upstream region 
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related to this propagating of anticyclonic gyres (e.g., Chapman and Lentz, 1994; 

Yankovsky, 2000). 

 

 

1.3 Objective of this study 

There are a lot of previous studies discussing the physics of horizontal anticyclonic 

gyres (e.g., Garvine, 2001; Nof and Pichevin, 2001; Pimenta et al., 2011), but limited 

quantitative studies focusing on the primary production increased by gyres.  The 

relationship between the vertical circulation and primary production has been studied 

using a box model (Yamamoto and Hashimoto, 2007).  Observations of phytoplankton 

blooms in ROFI have been also conducted (e.g., Beman et al., 2005; Agboola et al., 

2009; Yoshimura and Kudo, 2011).  However, box models cannot represent 

three-dimensional dynamics, and observations can hardly capture the daily temporal 

variations of phytoplankton blooms. 

In this study, we applied an OGCM with simple ecosystem model to investigate 

three-dimensional and temporal variations of plankton bloom caused by flooding in 

ROFI.  The OGCM was set to have fine resolution (~1 km) near the river mouth to 

represent the spatial variation in detail, although conventional models have been often 

had coarse resolution (about 10 km).  The sensitivity of ecosystem process depends on 

each region, and we assume the region as a subarctic, due to the affinity to Hokkaido, 

Japan.  In the next chapter, we discuss the phytoplankton bloom in the case of a simple 

rectangular simulation.  In chapter 3, we also present the simulation results based on 

the real situation such as the Ishikari Bay in the spring, 2007.  In chapter 4, we have 

the general conclusion.  
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Chapter 2 Along-coast shifts of plankton 
blooms driven by riverine inputs of 
nutrients and fresh water onto the coastal 
shelf 
 

 

2.1 Introduction  

Simpson (1997) termed large areas of the shelf seas adjacent to estuaries as regions of 

freshwater influence (ROFI) and classified into them four types: open coast, corner 

source, gulf and gulf with sill.  Open coast ROFI, assumed in this study, is the simplest 

situation that the estuarine discharge enters the sea on a straight coast.  The Tokachi 

River, for example of the open coast ROFI, the second largest discharge in Hokkaido, 

had steady large amounts of discharge in spring (April to June) and two pulses of 

discharge in August and October in 2006 (Figure 2.1), and the river mouth of 1 km 

width.  The daily mean discharge on 19th August, 2006 amounted to 1865 m3/s.  In 

the ROFI of Tokachi River, the Oyashio current flows off the Hokkaido coast from 

northeast to southwest.  The Oyashio flow and wind-driven flow have influences on 

the temporal and spatial variations of river plumes (Lihan et al., 2008), but effects of 

background flows were not considered in this chapter.  Before applying the realistic 

simulation, we introduce a simple simulation such as no tides and background flows, as 

a first step, in order to focus on the response of ecosystem and biogeochemical cycles to 

river flows. 

Fresh water from the river is muddy due to SSM (e.g., sand, silt, and other terrestrial 
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Upstream Interpolation for Convective Kinematics with Estimated Streaming Terms 

(QUICKEST; Leonard, 1979) and the Uniformly Third-Order Polynomial Interpolation 

Algorithm (UTOPIA; Leonard et al., 1993) as the vertical and horizontal tracer 

advection schemes, respectively.  The diffusion coefficient along and across the 

isopycnal was set to 1.0 × 106 cm2/s with a maximum slope of 0.01.  The horizontal 

diffusion coefficient was set to 1.0 × 106 cm2/s and the vertical diffusion coefficient was 

0.5 cm2/s.  These values are defaults in the model (COCO ver.4) except the vertical 

diffusion coefficient.  The somewhat large coefficient relative to the default value 

(about 0.1 cm2/s; Tsujino et al., 2000) was determined due to the effects of vertical 

mixing in coastal regions.  A biharmonic friction with a Smagorinsky-like viscosity 

(Griffies and Hallberg, 2000) was used for momentum with a scaling constant C = 3.0 

in their notation.  The initial salinity was assumed to be constant (33.5 g/kg) 

throughout the region, and the initial temperature was constant horizontally (Figure 2.4 

(e)). 

We incorporated a simple ecosystem part, based on the four-compartment version in 

Yoshikawa et al. (2005), into OGCM (Figure 2.3).  The four state variables are 

composed of nutrient assumed to nitrate, phytoplankton, zooplankton and detritus.  

The concentrations of components are calculated by individual biological processes (i.e., 

photosynthesis, grazing, etc.) as nitrogen fluxes, except physical processes of diffusion 

and advection.  The biological parameters used in this study are summarized in Table 1, 

most of which were based on those in Yoshikawa et al. (2005).  The time step of the 

hydrodynamic model was 2 minutes.  After a spin-up of 10 years with the ecosystem 

model, we used the distributions of nitrate, phytoplankton, zooplankton and detritus as 

initial conditions of the experiments driven by river input (Figure 2.4 (a)-(d)).  The 10 
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geostrophic adjustment.  The horizontal salinity distributions with current velocity in 

the surface layer (5 m depth) in the control case are shown in Figure 2.5 (a).  The 

buoyant water in the anticyclonic gyre continues downstream as a coastal current 

trapped against the wall as a Kelvin Wave (e.g., Bowden, 1983).  The anticyclonic gyre 

spreads and propagates towards the upstream region with time.  It is natural to 

propagate to the upstream occurring, because the width of the river mouth is 3 km in 

this study, which is smaller than the internal deformation radius (~ 10 km).  The flow 

of gyres determines both distributions of salinity and nitrate (Figure 2.5 (b)).  Both 

distributions are similar until Day 6.  Nitrate-rich freshwater spreads from the river 

mouth, bends to the right, and is transported to the downstream while being trapped 

against the coast.  However, the distribution pattern of nitrate gradually becomes 

different from that of salinity as time progresses.  Nitrate maxima tend to locate in the 

upstream region rather than the river mouth.  This is because upwelling, forced by 

vertical circulation, occurs in the upstream region due to the anticyclonic gyre.  The 

upwelling supplies nutrient-rich water from the subsurface layer to the surface (Figure 

2.6 (a), (b)).  As an advantage of the three-dimensional model, we can obtain 

upwelling in the upstream region as a combination of horizontal anticyclonic gyre and 

vertical circulation.  The horizontal anticyclonic gyre transports coastal surface water 

to the offshore in the upstream region where upwelling forced by vertical circulation is 

formed.  Therefore, upwelling occurs mainly in the upstream region, and the coastal 

upwelling region spreads to the upstream with horizontal anticyclonic gyre propagating 

toward the upstream region (Figure 2.7). 

Phytoplankton bloom occurs (Figure 2.5 (c)), which is maintained by nitrate supplied 

from the river at its first stage and from the subsurface layer at its subsequent stage, as 
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D-U Shift can be explained by the shift of nitrate origins as the geographically 

different sources.  D-U Shift is observed in total NPP (Figure 2.9 (a)).  The maximum 

of total NPP located in downstream region is mainly made up of the RO-NPP in the first 

stage (Day 2 and 6 in Figure 2.9 (b)), which is caused by nitrate-rich freshwater 

spreading from the river mouth and transported to downstream by the anticyclonic gyre.  

There is a small area where the SO-NPP is less than that in the no flux-case in the first 

stage (the purple-colored region in Day 2 in Figure 2.9 (c)), due to the spread of 

discharged water without phytoplankton near the river mouth.  In the second stage 

(after Day 6), the SO-NPP mainly appears in the upstream region.  The bloom in the 

upstream region is dependent on SO-NPP associated with upwelling, as discussed in the 

previous section (Figure 2.10).  In general, the R-NPP gradually increases where the 

concentration of phytoplankton is high.  Therefore, the distribution of R-NPP follows 

the plankton bloom with D-U Shift (Figure 2.9 (d)): the R-NPP maxima are located in 

the downstream region in Day 10, and shifts to the upstream region in Day 22.  As a 

result, D-U Shift is induced by the different nitrate origins: RO-nitrate in downstream at 

the first stage, SO-nitrate at the second, and SO- and R-nitrates in the upstream region. 

The accumulated RO-, SO-, and R-NPP until Day 40 are 0.84, 1.26, and 1.42, 

respectively, to the total amount of river nitrate input.  It is interesting that SO-NPP is 

1.5 times larger than RO-NPP, i.e., NPP in ROFI is maintained not only by RO-nitrate 

but also by SO-nitrate which is transported by vertical circulation, also with R-nitrate. 

 

 

2.4.2 The case of freshwater flux without nutrient input 
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Even without a nutrient input, a phytoplankton bloom occurs caused by the vertical 

circulation (Figure 2.8 (b)), although the NPP maximum is less than that in the control 

case.  Note that SO-NPP is also smaller than that in the control case, because the 

vertical circulation is the same as the control case but the phytoplankton concentration 

is lower.  R-NPP is also less than that in the control case.  The R-NPP is greater than 

the SO-NPP after Day 26 (Figure 2.8 (b)). 

We found no local maximum NPP in the downstream region without nutrient 

discharge from river.  That is, the local maximum of NPP is located in the upstream 

region all the time with a gradual propagating towards the more upstream region with 

time (Figure 2.11 (a)).  Total NPP almost consists of SO-NPP until Day 14 (Figure 

2.11 (a), (b)).  High R-NPP domain appears after Day 10 due to R-nitrate increased by 

biological production where NPP is high at that time or was 4-5 days before that time, 

and propagates with time in the upstream region (Figure 2.11 (c)).  Comparing these 

results with those in the control case, the phytoplankton bloom in the first stage of D-U 

Shift is made by nutrient-rich water input from the river mouth.  Even without nutrient 

input from the river, vertical circulation and anticyclonic gyre forced by freshwater 

inputs make propagation of NPP distributions in the second stage of D-U Shift. 

 

 

2.4.3 The difference between long and short durations of river discharge 

Rivers in the subarctic zone often have flooding due to snowmelt and heavy rain in 

spring.  D-U Shifts in the long-term input case are much slower than that in the control 

case (Figure 2.12 (a), (b)).  In the case of long-term input, river input keeps a 

quasi-steady large flow until Day 40.  High NPP region (over 4.0 mmol/m2/day) 
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High concentrations of SSM tend to shade sunlight and prevent phytoplankton from 

photosynthesis, as mentioned in the introduction. 

During the first week (Day 0 to Day 8), NPP in SSM case is significantly lower than 

that of the no flux-case (Figure 2.8 (d)).  This is because river-originated water with 

SSM spreads over the sea surface near the river mouth and covers phytoplankton 

already existing in the subsurface water.  As a result, NPP in SSM case is low due to 

the effect of shading sunlight.  The shift of the maximum peak of phytoplankton 

concentration to the upstream is delayed compared to that of the control case (Figure 

2.13 (a), (b)), and the maximum peak arrives at the upstream region on day 24 (not 

shown).  D-U Shift also occurs in the SSM case, but the shift differs from the control 

case as follows.  As shown in Figure 2.8 (d), phytoplankton mainly utilize RO-nitrate, 

and do not exhaust it until the concentration of SSM is very low (Figure 2.14).  

Therefore, the duration of the first stage in D-U Shift is extended by around 4 days, and 

the situation of the high phytoplankton concentration in the downstream region is also 

kept for more days (Figure 2.13 (a)).  Sunlight shading occurs due to high 

concentration of SSM (Day 2 and Day 6 in Figure 2.14 (a)).  The surface concentration 

of phytoplankton is lower than that of the no flux-case near the river mouth and in the 

downstream region (Day 2), and the relatively low region (i.e., the concentration of 

phytoplankton is lower than that of the no flux-case) spreads towards a more 

downstream region in Day 6.  In Figure 2.14 (a) during Day 2 to Day 6, the domain 

where light reaches deeper (A-region; yellow ~ green) occurs surrounded by high 

shading domain (B-region; blue ~ purple), because the subsurface clear water comes 

due to strong upwelling.  After Day 14, the small shading domain remains close to the 

river mouth associated with the high concentration of SSM in river water.  The area 
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and (3) after subsurface-originated nitrate is also exhausted, NPP (Net Primary 

Production) is kept high by regenerated nitrate in upstream region. 

In the case of freshwater input without nutrient, the maximum peak of phytoplankton 

concentration in the downstream part of D-U Shift does not occur, although a weak 

phytoplankton bloom occurs.  Nutrient-rich water input has a significant impact on 

phytoplankton bloom in the first stage of D-U Shift.  The buoyant flows due to 

freshwater input play an important role in the second stage.  The vertical circulation by 

buoyant flows generates the upwelling from the nutrient-rich subsurface layer. 

In the case of SSM input, NPP is significantly low during the first week, because 

river-originated water with high concentrations of SSM spreads over the sea surface 

near the river mouth, shades sunlight and prevents phytoplankton from photosynthesis.  

As SSM removal time form sea water increases, the time to recover from the low NPP 

is delayed more, and the peak of plankton bloom is delayed.  D-U Shift occurs in the 

SSM case, although the shift to the upstream is delayed. 

Effects of tide and background flow were not included in this chapter.  If tide is 

included, the river plume spreading and propagating is horizontally suppressed, but the 

NPP is higher (see Appendix). 

As the sensitivity of tide and background flow much depends on each region, we need 

the observation data in situ about tides and background flows in order to conduct more 

realistic simulations in specific ROFI. 
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Fig. 2.1:  River discharge at Moiwa near the river mouth of the Tokachi River in 
Hokkaido, Japan observed in 2006 (Ministry of Land, Infrastructure and Transport, Japan: 
http://www1.river.go.jp/). 
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Fig. 2.2:  Horizontal geography and vertical topography used in the model.  The width of 
the river mouth is about 3km, the depth of ocean floor varied from 30 m near shore to 200 
m in the offshore area.  The dashed area shows the area drawn in figures 2.5, 2.6, 2.7, 2.9, 
2.10, 2.11, 2.12, 2.13 and 2.14. 
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Fig. 2.7:  Simulated image of the river-plume front, upwelling region, and induced flow by horizontal 
anticyclonic gyre in the surface layer in the control case, respectively.  The black contour shows the salinity 
of 34.5 g/kg at the depth of 10 m on 12 day.  The regions surrounded by color contours (red; 7 day, orange; 
12 day, purple; 17 day) show vertical upwelling at the depth of 10 m of over a speed of 0.001 cm/s.  The 
arrow shows the main stream of horizontal gyre on 12 day at the depth of 5 m.  Upwelling region spreads to 
the upstream with horizontal anticyclonic gyre propagating toward the upstream. 
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Fig. 2.8 (1): (a) Time series of normalized Net Primary Productions, NPPs, driven by river input in the 
calculation domain, that is, NPPs in the control case subtracted by that in the no flux case.  NPPs are 
categorized into three origins: river-originated (solid line), subsurface-originated (dashed line), and 
regenerated (dotted line) and normalized by the nitrate input, i.e., nitrate of 1.0 mg/l in fresh water of 2000 
m3/s in Day 1 in the control case.  (b) Same as (a) except those in the only freshwater case.   

(NPP: nodim.) 
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Fig. 2.12:  Time series of NPP in (a) the long-term input case, (b) the control case, along the coast with 1.5 
km distance with contour of velocity along the coast (solid and dashed lines are toward upstream and 
downstream, respectively).  (c) the ratio of NPP as (NPPlong-term - NPPcontrol)/(NPPlong-term+NPPcontrol) 
accumulated from Day 0 to Day 50, where NPPcontrol is NPPs driven by river input in the control case and 
NPPlong-term is NPPs driven by river input in the long-term input.  Red shaded area shows the NPP in the 
long-term input is higher than that in the control case (blue shaded shows lower values than the control case). 
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salinity and temperature to form geostrophic background flow, and the time step was 1.4 

minutes.  The region except the Ishikari Bay was restored to the observed salinity and 

temperature value for 4 days during all the simulated time. 

We incorporated the same ecosystem part in Chapter 2 into the OGCM.  The initial 

concentrations of phytoplankton and nitrate were determined from the complemented 

observation data (Fig. 3.3 (c), (d)).  The observation data have vertical resolution per 5 

m at least.  The concentration of chlorophyll-a at the nearest point from the river 

mouth (point A in Fig. 3.3 (c)) is smaller than that of the left-hand side of the river 

mouth (point B).  The situation is consistent with the result of D-U Shift in Chapter 2.  

After a spin-up of 3 months with the ecosystem model simulated with the above fixed 

nitrate and phytoplankton value, we also used the distributions of zooplankton and 

detritus as initial conditions of the experiments driven by river input. 

In the Ishikari Bay case (Table 3.1), we put the freshwater input as the real Ishikari 

River discharge in May to June, 2007 (Figure 3.4), with the same surface temperature, 

into river mouth region of 2 km × 2 km for 50 days.  Regularly large amounts of 

riverine discharge by snowmelt occur in the spring season, and it rained a few days ago 

from the initial day (5/9).  The same nitrate concentration of 1.0 mg/l in the Chapter 2, 

in the fresh water was also used, and the case demonstrated above was called 

experiment #1. 

 

 

3.2.2 Ideal settings 

The similar ideal settings in Chapter 2 are introduced to discuss the effects of bottom 

slope angle and to compare the conclusion in Chapter 2 with primary production of the 
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Ishikari Bay.  The physical setting, ecosystem part and initial state are the same in 

Chapter 2 except that the model has 28 vertical layers with thickness increasing from 2 

m at the surface to 40 m at the bottom, and the river mouth is about 2 km width. 

We conducted four ideal setting cases for 50 days (Table 3.1).  In experiment #2 

(hereafter referred as the I-I case), we initiated the model with the similar slope angle to 

that in the Ishikari Bay and the same riverine inputs as the Ishikari Bay case (Fig. 3.4).  

Experiment #3 (S-I case) was the similarly steepen slope angle to that in Chapter 2 and 

the same riverine inputs as the Ishikari Bay case.  Experiment #4 (I-P case) 

demonstrates the similar slope angle to that in the Ishikari Bay and the same riverine 

input as the control case in Chapter 2 (2000 m3/s), i.e., for the first 2 days of pulse input 

and no discharge for the other 48 days.  The total amount of freshwater discharge for 

50days was 3.5×108 m3 in the pulse case, but the amount in the Ishikari Bay case was 

1.8×109 m3 five-times larger than that of the pulse case.  Experiment #5 (S-P case) was 

the similarly steepen slope angle to that in Chapter 2 and the same riverine pulse inputs 

as the control case in Chapter 2. 

 

 

3.3 Results 

Tsushima Warm Current forced by geostrophic balance of the temperature and the 

salinity flows from southwest to northeast in the offshore of the Ishikari Bay (Figure 3.5 

(a)).  The main axis does not penetrate into the inside of the Ishikari Bay.  

Anticyclonic gyre exists in the Ishikari Bay, and low salinity water from the Ishikari 

River spread with the clockwise flows to left-hand side of the river mouth.  The low 

salinity region (~ 25.3 g/kg) spreads with the time until Day 13, but the region becomes 
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3.4.1 Small nitrate supply from the subsurface layer 

In the Ishikari Bay case, horizontal distribution pattern of nitrate is similar to that of 

salinity all the time.  On the other hand, in Chapter 2 (Fig. 2.5 (a) and Fig. 2.5 (b)), 

these distribution patterns become different from each other with time.  This is because 

upwelling of subsurface water with high nitrate concentrarion in the upstream region 

causes the difference, as discussed in Chapter 2. 

We also introduced nitrates categorized into three origins as same as Chapter 2.  High 

concentration of SO-nitrate is widely distributed over the surface in the Ishikari Bay on 

Day 1 (Figure 3.7).  The surface SO-nitrate is used by phytoplankton, and gradually 

decreases with time.  The SO-nitrate maximum shifts toward the left-hand side of the 

river mouth (around x = 60 km) until Day 5, because SO-nitrate is supplied from the 

subsurface layer to the surface near the coast in the left-hand side region of the river 

mouth on Day 5 (Figure 3.8 (a)).  The concentration maximum in the left-hand side 

reduces with time, due to small SO-nitrate coming from the subsurface (Figure 3.8 (b)), 

and the maximum shifts to the right-hand side of the river mouth after Day 9 (Fig. 3.7).  

The SO-nitrate is supplied to the surface layer only for the early time in the left-hand 

side region. 

The net primary pruduction (NPP) is mainly made by river-originated NPP (RO-NPP) 

until Day 24, and is mainly made by R-NPP (regenerated NPP) after Day 25 (Figure 

3.9).  The rate of subsurface-originated NPP (SO-NPP) is much smaller than that of the 

control case in Chapter 2 (Fig. 2.8 (a)).  The accumulated RO-, SO-, and R-NPP until 

Day 34 are 0.87, 0.07, and 0.61, respectively, to the total amount of river nitrate input.  

Fig. 3.9 is drawn by the same as Fig .2.8 except NPPs in the Ishikari case subtracted by 

that in another case without riverine flux case from the river mouth.  The negative 
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SO-NPP from Day 9 to Day 18 in Fig. 3.9 suggests that the SO-NPP in Ishikari case is 

smaller than that in the case without riverine flux.  This may be because the growth 

rates of phytoplankton in the Ishikari Bay in both the cases are close to the saturation 

rate (i.e., NPPs in two cases are almost the same for each other), and the percentage of 

SO-nitrate in the Ishikari case becomes relatively smaller due to additional RO-nitrate 

than that in the case without riverine inputs. 

 

 

3.4.2 Effects of bottom slope 

Why do the nitrate-supply from the subsurface layer become smaller in the Ishikari 

Bay?  We conducted two cases changing in bottom slope: the similar slope angle to 

that in the Ishikari Bay (I-I case) and the same as Chapter 2 (S-I case).  In the I-I case, 

we did not find the shift in the three stages by the different nitrate origins: RO-, SO- and 

R-nitrates, as seen in Chapter 2 (Figure 3.10 (a) and Fig. 2.8 (a)).  The rate of SO-NPP 

in the NPP is smaller than that of the S-I case (Figure 3.10 (a), (b)), which is consistent 

with that in the Ishikari Bay case.  The NPP maximum of the I-I case is also smaller 

than that of the S-I case, due to the smaller SO-NPP. 

Small amount of nitrate comes from the subsurface in the I-I case, because the vertical 

circulation is weaker.  The area of strong upward flux (over 0.033 m3/s) is limited on 

the bottom near the coast in the I-I case, and the subsurface water with high 

concentration of SO-nitrate is not supplied to the surface (Figure 3.11 (a)).  Strong 

upwelling driven by deeper vertical circulation occurs in the S-I case, which induces 

much SO-nitrate supply from the subsurface layer (Figure 3.11 (b)).  This result is 

consistent with the previous study of that the strength of vertical circulation is 
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Table 3.1 Experiments in Chapter 3. 

Experiment No. 1 2 3 4 5 

Name Ishikari Bay I-I S-I I-P S-P 

Geography Realistic Ideal Ideal Ideal Ideal 

Angle of bottom slope Ishikari Ishikari Steep Ishikari Steep 

Freshwater input Ishikari Ishikari Ishikari Pulse Pulse 

Duration of discharge 50 days 50 days 50 days 2 days 2 days 
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Fig. 3.1:  Geography and topography off the west coast of Hokkaido. 
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Fig. 3.2:  Horizontal geography of Ishikari Bay used in the model.  The dashed 
area shows the area drawn in figures 3.5 and 3.7. 
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Fig. 3.4:  River discharge at Ishikari Ohashi located on 22.6 km above 
from the river mouth of Ishikari River in Hokkaido, Japan observed in 
May to June, 2007 (Ministry of Land, Infrastructure and Transport, Japan: 
http://www1.river.go.jp/). 
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Fig. 3.5 (a):  In the Ishikari B
ay case, the horizontal distributions of salinity in the surface layer (1 m
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