Abstract
The role of physical environments in forming the seasonal variation of chlorophyll in the North Pacific is investigated. An ecosystem model is developed
and embedded in an ocean general circulation model (OGCM).
The ecosystem model is first calibrated by applying its vertical one-dimensional
version to the Ocean Weather Station (OWS) Papa and the Bermuda Atlantic Time-series Study (BATS) site. The two sites have extremely different
oceanographic characteristics to each other because the former is located in
a eutrophic, subpolar region while the latter is in an oligotrophic, subtropical
region. With only a few parameters changed, the model can reproduce the contrast between the sites that nitrate is far more abundant at OWS Papa than at
the BATS site, while chlorophyll abundance and primary production are only
moderately higher at the former. The parameter changes are justifiable on the
basis of observation.
The ecosystem model is then incorporated into an OGCM and the combined
model is applied to the North Pacific. The OGCM shows a good skill in providing realistic physical environments concerning the mixed layer depth (MLD)
and the vertical flow except for the MLD off Sanriku and on both sides of
the equator. The model results for nitrate, chlorophyll, zooplankton, and net
primary production are well compared to the observations. However, discrepancies between the model results and the observations are found. Some of them
may be ascribed to the photoadaptation process which is not included in the
model or the simple extrapolation of the temperature dependence of photosynthesis. In spite of these defects, the model results are acceptable because the
orders of the values are within those of the observations and the overall pattern
is that the values are low in the subtropical region and high in the subpolar
and the equatorial region, as the observations show.
According to the seasonal variation pattern of chlorophyll in the model, the
North Pacific can be divided into seven areas. It is shown that the physical
factors determining the modeled seasonal variations are the vertical flow, the
vertical mixing, and less importantly, the solar radiation. Various combinations
of these factors result in diverse patterns, but it is possible to classify them
comprehensively in terms of the amplitude of the seasonal variation of MLD

and the annual mean vertical flow. The areal division and the seasonal variation

Acknowledgments

of each area are similar to the observations, suggesting that the differences in
physical environments are able to yield most of the diversity of the observed

I would like to express my heartfelt gratitude to Prof. Nobuo Suginohara and Dr. Michio

seasonal patterns.
The results of the model are encouraging also for its future application to

J. Kishi for the stimulating discussions, their continuous encouragements, and their critical

reading of the manuscript. I would also like to appreciate the helpful comments of Dr.

the decadal variation of the ecosystem, since it is demonstrated that the model

Yasuhiro Yamanaka. Thanks are also extended to Mr. Ryo Fume, Dr. Hiroyasu Hasumi,

is able to reproduce the regional differences in response of the ecosystem to

Mr. Hiroyuki Tsujino, Mr. Hideyuki :'-Iakano, Ms. Midori Miki, l\Ir. Hideki l\Iizukami, and

changes in MLD.

Mr. Tomohiko Tsunoda in the Ocean Modeling Group of the Center for Climate System
Research. My gratitude should be devoted to Prof. Takashige Sugimoto, Dr. Hideaki
:'-Iakata, Dr. Shingo Kimura, Dr. Kazuaki Tadokoro, Dr. M. D. Kawser Ahmed, Ms.
Susana Sainz-Trapaga, Ms. Yuko Oshima, and other members in the Division of Fisheries
Environmental Oceanography of Ocean Research Institute for receiving me as a participant
to their seminar, where I learned a lot on biological oceanography. Discussions with Dr.
Tsuneo Ono increased my understanding on ocean chemistry. Messrs. lvIasahiro vVatanabe
and Fuyuki Saito helped me prepare the manuscript.
Some of the figures were produced "'ith Dennou Club Library.

Contents
General Introduction

1

1.1

Role of the oceanic ecosystem in forming the earth's climate

1

1.2

Modeling studies on the biogeochemical cycling

2

1.3

1.2.1

Models with a simplified ecosystem

3

1.2.2

Models with a more realistic ecosystem

-!

Objectives and contents of this thesis

6

Application of the vertical one-dimensional ecosystem model to ocean
weather stations in different oceanic regimes

11

2.1

Introduction.

11

2.2

~Iodel

13

2.3

2.4

2.5

Description

2.2.1

Description of the ecosystem model

13

2.2.2

Settings

20

Simulation at OWS Papa.

22

2.3.1

Time integration and results of the mLxed layer model.

2.3.2

Time integration of the ecosystem model

2-!

2.3.3

Results of the ecosystem model

24

Simulation at the BATS site

22

30

2.4.1

Time integration and results of the mLxed layer model.

30

2.4.2

Time integration of the ecosystem model

32

2.4.3

Results of the ecosystem model

32

Conclusions

36

Characteristics of spatial distributions of biological variables in the threedimensional model
3.1

iv

Introduction.

45
45

3.2

Model Description

..........

Description of the OGCM

47

3.2.2

Description of the ecosystem model

49

3.2.3

Time integration
Comparison of results of the OGC I with observations

51

3.2.4
3.3 Comparison of results of the ecosystem model with observations

3.4

3.5
4

47

3.2.1

52

3.3.1

. itrate .

59

3.3.2

Chlorophyll

59

3.3.3

Zooplankton .

66

3.3.4 Net primary production
Discussion on the distribution of the primary production

70

Production minima in the subtropical region .

70

3.4.2

Production m3."'{imum along 35°)1

70
75

Characteristics of the seasonal variation of chlorophyll in the three-dimensional
83
model
4.1

Introduction.

83

4.2

Areal division of the domain
-1.2.1 Procedure of the areal diyision and description of each area.

85

.1.2.2

90

Comparison \\'ith observations .

4.2.3 Comparison "'ith satellite data
4.3 Mechanisms of forming the seasonal variation of each area

General Introduction

66

3.4.1

Summary and conclusion .

Chapter 1

59

1.1

Role of the oceanic ecosystem in forming the
earth's climate

The biota in the ocean surface layer plays an important role in the cycling of chemical
matters in the ocean including green house gases, and thus it participates in forming the
climate. The "biological pump" is the most prominent of the ways it affects the climate,
and its effect is readily seen in Fig. 1.1. The figure displays a vertical distribution of
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Fig. 1.1. Vertical distribution of EC0 2 . The data were taken at GEOSECS station 214 in
the North Pacific (32°N, 176°W). (adapted from Broecker and Peng, 1982)
total dissolved inorganic carbon (EC0 2 ) which can be regarded as equivalence of CO 2
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in a rough sense. The profile shows a characteristic feature that EC02 concentration is
significantly reduced near the sea surface. This peculiar distribution is due to effects of the
ocean circulation and biological activities with the latter having the major contribution.
Fig.1.2 explains the way biological activities form the profile in Fig. 1.1. Dissolved inorganic

Photosynthesis

carbon is uptaken by phytoplankton to form organic matters through photosynthesis in
the euphotic layer ,where ample light is available for photosynthesis: after their formation,
they sink out of the euphotic layer to deeper layers where they are remineralized to become
inorganic carbon. The existence of these processes means that there is a sink for EC02
near the sea surface and a source in deeper layers, and thus it forms the profile in Fig.1.1.
This function of the surface ecosystem to reduce EC02 is called biological pump' , and is
contributing to keeping atmospheric C02 concentration low through gas exchange between
the atmosphere and the ocean. If it were not for the pump, the equilibrium concentration of
atmospheric CO 2 would be more than 1.5 times as high as the present value (e.g .. Shaffer,
Decomposition

1993).
It is important for studying this role of the ecosystem to grasp the cycling of nutrients

Fig. 1.2. Schematic explanation of the biological pump.

such as phosphate and nitrate. This is because these chemical matters, which are also
necessary for photosynthesis as well as inorganic carbon is, are relatively depleted in the
surface layer compared with carbon itself. For this reason, many studies on the biogeochemical cycling emphasize on behavior of nutrients (e.g ... Hayward, 1987: Takahashi et al..
1993: and most of the modeling studies cited below).
In Section 1.2, studies on the role of the oceanic ecosystem in the biogeochemical cycling are briefly reviewed putting an emphasis on modeling studies. After clarifying their
contributions as well as problems which need to be soh·ed. the objectiws of this study are
stated in Section1.3 together with the contents of this thesis.

1.2.1

Models with a simplified ecosystem

Bacastow and l\Iaier-Reimer (1990). in their pioneering work. demonstrated that overall
distribution of chemical tracers including nutrients can be reproduced by incorporating the
function of the biota in an extremely simple way into an ocean general circulation model
(OGC f). The sinking flux of organic matters is determined as a direct function of the
nutrient concentration in the uppermost layer and the solar radiation at the sea surface.
Subsequently. Bacastow and Maier-Reimer (1991) and ='lajjar et al. (1992) demonstrated

1.2

Modeling studies on the biogeochemical cycling

Along 'hith observational efforts, numerical models have contributed to understanding of
the role of the ocean biota especially on a large scale. Because of difficulties to carry out
observation with satisfying resolution in time and space, numerical models can be of great
help to grasp the functioning of the marine biota on a large scale.
~ Also, biological activities in the surface layer affects ~C02 concentration by the "alkalinity pump"
which functions through formation of calcium carbonate. But its effect on the vertical change of ::C02 is
minor compared with that of the biological pump.

that the modeled distribution can be improved by including the effect of dissolved organic
matters (DOM), conventionally defined as the organic matters whose size is less than 1 /lm,
as a mechanism of nutrient transport. In particular, DOM was shown to be effective for
eliminating the unrealistic maximum of nutrient concentration at the intermediate depths
in the equatorial region, which is often referred to as "nutrient trapping". Although the rich
abundance of DOM reported by Sugimura and Suzuki (1988) has been corrected to smaller
values by Suzuki (1993), some studies show that DOM is still significantly contributing to
the biogeochemical cycling even at the modest concentration (Anderson and Sarmiento,
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1995: Yamanaka, 1996). Moreover, some of these models are adopted to calculate the

oceanic absorption of anthropogenic C02 (ef., Siegenthaler and Sarmiento, 1993).

pie ecosystem model, that the change can have an impact on biological activities, meaning
that the strength of the biological pump is changing. On the other hand, Falkowski and

While these models have added our insight into the geochemical cycling especially in the

Wilson (1992) claimed based on accumulated Secchi disk data that there is no indication of

deep or the intermediate layer, some of important features of the surface ecosystem are

the ecosystem change on the decadal scale in the North Pacific, thereby complicating the

totally lost or only poorly treated. In these models, the ecosystem is tremendously simpli-

problem. Numerical models may be powerful tools for this kind of problem, but the models

fied. For example, how the ecosystem responds to a change in mi.xed layer depth (MLD)

discussed in Section 1.2.1 can not deal with this feature because the relation between the

is largely distorted: when the mi.xed layer deepens, the uptake of carbon by phytoplankton

biological pump and the ecosystem behavior is not expressed.

may be enhanced because nutrients such as phosphate and nitrate become enriched in the
euphotic layer as their concentrations are higher in the deeper layer; on the other hand,

An ecosystem model which can potentially treat such an issue has been developed by

it may be suppressed because phytoplankton individuals are swept away from the surface

embedding the model of Fasham et al. (1990) into an OGCM. The model includes phyto-

layer where the light condition is suitable for photosynthesis. ',"hether the increase of

plankton, zooplankton. nitrate. ammonium. particulate organic nitrogen, dissolwd organic

lvILD acts to fuel or diminish primary production is determined by a subtle balance among

nitrogen, and bacteria. Phytoplankton in the model is vulnerable to changes in vertical

various factors. This delicate relation between the mixed layer and biological activities can

mixing arising from deepening and shallowing of IVILD, meaning that the effect of inhibit-

not be represented in the above mentioned models: their productions always become higher

ing photosynthesis of the deep lvILD is working here. It was demonstrated by Sarmiento

when the mi.xed layer deepens. This is because the effect of suppressing photosynthesis by

et al. (1993) and Fasham et al. (1993) that this model bears reasonably good results with

vertical mixing is not incorporated as the components of the ecosystem like phytoplankton

most of the discrepancies between the model results and the observations attributed to the

are not explicitly treated in those models.

problems of physical environments in their

1.2.2

Models with a more realistic ecosystem

OGC~I.

Although the model needs many imprO\'ements in order to deal "'ith the problems as

A model \\'hich overcomes these defects is nO\\' desired eagerly because otherwise some of

stated above (for example, an increasing trend of surface nitrate can not be eliminated).

the problems which have been proposed recently can not be solved. In the ~orth Pacific,

these sorts of models have been applied to other problems. Toggweiler and Carson (1995)

for instance, some researchers found changes in lvILD associated with the decadal climate

used the model of Sarmiento et al. (1993) and Fasham et al. (1993) in order to examine

variations and suggested their influence on the biogeochemical cycling through subsequent

the nitrate budget in the equatorial Pacific; they speculated that the oxygen minimum

changes of the oceanic biota. Venrick et al. (1987) reported a significant increase of chloro-

lying underneath the euphotic layer in this region may be a significant sink of nitrate.

phyll, an index of phytoplankton, in the central North Pacific. Using in situ data collected

Chai et al. (1996) also studied the equatorial Pacific by using their own model: they in-

during 1964 - 1985, they showed that cWorophyll concentration had almost doubled dur-

vestigated the role of iron for maintaining the high nitrate concentration in this region,

ing this period, though the spatial extent of the collected data (about 5° x 5°) is narrow.

and showed that the nitrate-rich plume in the equatorial Pacific is made greatly smaller

They speculated that this change is due to deepening of MLD which the decadal climate

when the photosynthetic rate is doubled in the model: they state that this result has e\'-

variations in the :"lorth Pacific are associated with: because surface nutrients are scarce

idenced the significance of iron on maintaining the abundant nutrient in this area. Six

while light is plentiful in this region, a deep rvILD will stimulate phytoplankton growth by

and Maier-Reimer (1996) also developed their ecosystem model embedded in an

bringing nutrients up to the surface layer rather than reduce it by spoiling light condition.

as an extension of the model of Bacastow and

Polovina et al. (1995) showed MLD is indeed changing over the North Pacific, deepening in

the incorporation of ecosystem dynamics can improve t,racer distributions by reducing the

the subtropical gyre and shallowing in the subpolar gyre. They also suggested, using a sim-

magnitude of "nutrient trapping".

~laier-Reimer

OGC~1

(1990): they showed that

1.3

Objectives and contents of this thesis

The way the ecosystem responds to changes in physical environments such as MLD is a
central issue when variations of the intensity of the biological pump are investigated. The
effect of the physical factors on the ecosystem is most noticeable in its seasonal variation.
Changes of the ecosystem even on the decadal scale are often stated in terms of modification
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Chapter 2
Application of the vertical
one-dimensional ecosystem model to
ocean weather stations in different
oceanic regimes
2.1

Introduction

Primary production and subsequent processes occuring in the ocean surface layer play an
important role in the biogeochemical cycling.

~umerical

models, together with obsen'a-

tions, can serYe to help understand the cycle. Indeed. many studies haye been carried out
for understanding the role of the surface biota using numerical models. most of which are
on a much smaller scale than global (e.g .. , Doney et al., 1996: Fasham et al., 1990: Radach
and Moll, 1993). Recently, however, the model of Fasham et al. (1990) was embedded
in an oceanic general circulation model (OGClvI) to simulate basin scale behavior of the
surface biota in the

~orth

Atlantic (Sarmiento et al., 1993; Fasham et al., 1993). Before

making such a coupling, it is obviously needed to verify the model using observations at
some particular sites. Fasham et al. (1990) and Fasham (1993) showed that the model produces fairly good results when compared with data from Hydrostation S
from Ocean vVeather Station COWS) India

(59°~, 19°W),

(32°~,

64°\\") and

respectively. It is very logical to

choose those sites for testing the model because the two sites lie in the completely different
oceanic regimes from each other, as is easily seen, for instance, in Le\"itus et al. (1993).
Recently procedures to validate numerical models were discussed by the numerical modeling gToup of Joint Global Ocean Flux Study (JGOFS): there the importance to compare
the numerical results and the time series data in different oceanic regimes was also pointed
11

13
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out (Evans and Gar<;on, 1997).
Furthermore, using a box model slightly different from that mentioned above, Fasham (1995)
explored the causes for the difference in seasonal variation between the. orth Atlantic and
the ~orth Pacific. By changing only physical conditions such as mixed layer depth (I\1LD)
and solar radiation, he successfully reproduced the distinct contrast between these areas.

2.2

Model Description

Two sub-models are needed for this study; one is a mixed layer model and the other an
ecosystem model. The mixed layer model adopted here is that of Kantha and Clayson (1994)
who improved the Mellor and Yamada (1982)'s level 2.5 scheme. The ecosystem model is
the one developed by Kawamiya et al. (1995), details of which are described below.

His conclusion basically supports the notion of Evans and Parslow (1985) that the shallow
winter mixed layer in the North Pacific prevents a bloom by maintaining the relatively large

2.2.1

Description of the ecosystem model

photosynthetic rate of phytoplankton even in winter. The studies referred to above, that
is, Fasham et al. (1990), Fasham (1993), Fashanl (1995), and Evans and Parslow (1985),
proved that, at least within the scope of box models. a single ecosystem model can be
applied to various sites if sufficient care is paid on external conditions such as MLD and
light intensity. A subsequent step will be to see whether or not success can be achieved
with a more complex model in which parameters prescribed in the above-mentioned models

Structure

The model is nitrogen based. and is composed of following si...x compartments.
• Phytoplankton (Chi)
• Zooplankton (ZOO)

are determined internally.
In this chapter. a vertical one-dimensional ecosystem model coupled with a mixed layer
model, which is also intended to be coupled with an OGC~I, is applied to two OWSs.
that is. OWS Papa (50 N, 145°W) and the Atlantic Time-series Study (BATS) site (ef..
0

Michaels and Knap, 1996). The oceanic regimes differ greatly in the two sites. ~amely,
concentrations of nutrients are far higher in t,he former. while chlorophyll concent.ration
and primary production in the t,yO sites are of the same order. This distinct contrast will
enable to conduct an effective test of our model.
In this model, ~ILD and nutrient concentration at the bottom of the mi...xed layer are

• Particulate Organic. itrogen
• Dissolwd Organic

(PO~)

~itrogen (DO~)

In the parentheses are their mathematical symbols. As for Particulate Organic. itrogen
and Dissolved Organic

~itrogen,

symbols

PO~

and

DO~.

respectively. will be used as

acronyms also in the text.. itrogen based material flows are shown in Fig. 2.1.

obtained as model output, in contrast to Fasham et al. (1990), Fasham (1993), and

Bacterial biomass and size distribution of planktons are neglected. This is partly due

Fasham (1995), where they are given as model input. Both quantities are important for

to difficulties in obtaining reliable data for constructing a model in which those effects are

determining biological activities in the surface layer. In particular, the latter is governed

taken into account. The role of microbial loop cannot be explicitly included in our model;

by both physical and biological processes. Therefore it is still meaningful to see whether

but it can be implicitly expressed by tuning zooplankton mortality because microbial loop

acceptable results can be obtained at different sites with this model.

means material flux from bacteria to zooplankton. It will be worthwhile to know to what

In Sedon 2.2. model description is given. The model is applied to OWS Papa and the
BATS site in Sections 2.3 and 2.4, respectively: the model resutls are compared with observations and the implications of the model results are discussed. In Section 2.5, conclusions

extent this simple model can reproduce ecosystem behavior.
Formulation of each process

are provided and how the work in this chapter is related to the subsequent chapters is

To obtain time evolution of the compartments, all the processes described in Fig. 2.1 have

argued.

to be formulated. The following are explanation of the formulation.
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Photosynthesis

Photosynthesis is assumed to be a function of phytoplankton concen-

tration, temperature, nutrient concentration, and intensity of light. For the dependence
on nutrient concentration, Michaelis-Menten formula is adopted. A=oniuID inhibition is
taken into account (Wroblewski, 1977). To express the dependence on light intensity, the
formula used by Steele (1962), by which light inhibition can be expressed, is employed.
As for the dependence on temperature, it is assumed that photosynthetic rate is nearly
doubled when temperature increases by 10°C (Eppley, 1972). Almost the same assumption
is adopted for other processes that depend on temperature.
Photosynthesis

(Photosynthesis)
GPP(Chi. )1H 4. )10 3. T. 1)

N03

I'max

x

A

..o

{)103-+0;{~03 exp( -'I1)1H4) + )1H4~;'''~H4}

exp(kT)~exp (1- -II )

I opt
10 exp( -1\1=1).
at

ChI.

(2.1)

opt

(2.2)

+ uzChi.

(2.3)

c

~

where T is temperature. z depth (positive upward and is zero at the sea surface). I light

t

intensity, 10 light intensity at the ocean surface, !\ light dissipation coefficient. )1otation

g

of parameters is given with their values in Table 2.1. Other parameters are also tabulated.

~
~Mortality
~DeComposltlon~

The first term in the braces represent.s nitrate uptake and the second amIllonium uptake.

--.-.

Here. the rat.io of the nitrate upt.ake t.o the nitrogen uptake.

R~03'

is defined as follows for

the simplicity of later description.

(2.4)

Fig. 2.1. Compartments and interactions between them in this model. Boxes represent nitrogen based standing stocks and arrows represent nitrogen flows in the ecosystem. Dashed
arrows represent the exchange with deep layer through diffusion and adyectlOn.

Extracellular Excretion Extracellular excretion is assumed to be proportional to the
photosynthesis.
(Extracellular Excretion) = ')'GPP(Chi. )1H 4. )10 3 . T. 1).

(2.5)

Respiration of Phytoplankton In this model. the process of respiration is included
although this is nitrogen based. This "respiration" does not have a counterpart in reality,
but is included just to prevent the situation where net primary production has a positive

16
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sign even at a depth which is obviously below the compensation depth. The same kind of
process is also included in the model of Horiguchi and Nakata (1995).
Table 2.1. Notation used in the ecosystem model and parameter values.

"Respiration" of phytoplankton is assumed to be proportional to phytoplankton concentration and be dependent on temperature. Then, respiration can be expressed as follows;

Maximum Photosynthetic Rate at O°C
Temperature Coefficient for Photosynthetic Rate
Half Saturation Coefficient for Inorganic Nitrogen
Optimum Light Intensity
Light Dissipation Coefficent of Sea Water
Self Shading Coefficient
Ammonium Inhibition Coefficient
Ratio of Extracellular Excretion to Photosynthesis
Respiration Rate at aoc
Temperature Coefficient for Respiration
Phytoplankton ~Iortalit)' Rate at O°C
Temperature Coefficient for Phytoplankton ~'lortaJity

kR

.:\Ia..ximum Grazing Ra.te at aoc
Temperature Coefficient for Grazing
Ivlev Constant
Threshold Valne for Grazing
Assimilation Efficiency of Zooplankton
Growth Efficiency of Zooplankton
Zooplankton ~Iortalit)' Rate at O°C
Temperature Coefficient for Zooplankton :Mortality
POI\" Decomposition Rate at DOC (to Inorganic Nitrogen)
Temperature Coefficient for POX Decomposition (to Inorganic Xitrogen)
POX Decomposition Rate at O°C (to DOX)
Temperature Coefficient for POX Decomposition (to DOX)
DOX Decomposition Rate at O°C
Temperature Coefficient for DOl\" Decompotion
~itrification Rate at DOC
Temperature Coefficient for Xitrification
Vertical Current Velocity

Chi'

Mzo
VP10
VP1T

w

1.000
0.063
2.0
0.07
0.035
0.0281
1.5
0.135
0.03
0.0519
0.0281
0.069
0.30
0.0693

fday

1.4

l!lullolX
I'molNfl

0.043
0.70
0.30
0.0585
0.0693
0.030
0.0693
0.030
0.0693
0.030
0.0693
0.030
0.0693
0.36

j"C
I'molfl
Iyfmin
fm
I!lLmolXm
lfl'mol

(Respiration of Phytoplankton) = R o exp(kRT)Chl.

(2.6)

The parameter value for this "respiration" is assumed to be about the same as the real
respiration.

fday

j"C
l!lunolX day

Mortality

Following Steele and Henderson (1992), mortality of phytoplankton and zoo-

j"C

plankton is assumed to be proportional to the second power of plankton concentrations

fda)"

and be dependent on temperature. That is:

j"C

(Mortality of Phytoplankton) = MPoexp(k MP T)ChI 2 :

(2.7)

(Mortality of Zooplankton) = .\IZoexp(kMZT}Z002.

(2.8)

I!lLmo!X day

j"C
fda)'

j"C
fda)'

j"C

Grazing Grazing is expressed as a function of temperature, phytoplankton concentration,
and zooplankton concentration.

fda)"

j"C

(Grazing)

fda)'

j"C
mfyr

Table 2.2. Parameters different between the simulations of OWS Papa and the BATS site.

GR(T. ChI. ZOO}

II lax { O.GRma.xexp(kgT){I-exp(A(Chl" - Chi))} ZOO } .(2.9)

where Max{ a,b} equals to the larger one of a and b. In this formulation, grazing rate is
saturated when phytoplankton concentration is sufficiently large, while no grazing occurs

5

Half saturation constant for nitrate
Half saturation constant for ammonium
Sinking velocity of PO~'

The smkmg velOCIty

IS

Papa

BATS

2.0
0.6
20 ~ 100

0.03
0.1
6.5

when phytoplankton concentration is lower than the critical value (Chr).
).lmol/l
).lmol/l
m/day

Excretion and Digestion by Zooplankton

Excretion and Digestion are assumed to

be proportional to grazing.

allo"ed to yaIY "lth depth at OWS Papa
(Excretion) = (a - fJ)GR(T. ChI. ZOO).

(2.1O)

(Digestion) = (1 - a)GR(T, ChI. ZOO).

(2.11)

Cbapter 2
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Decomposition of Organic Matters, Nitrification
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+ (,

Decomposition rates of PON and

DON and nitrification rate are assumed to depend on temperature. Thus,
(Decomposition of PON into Ammonium)
(Decomposition of PON into DON)
(Decomposition of DON into Ammonium)
(:-Jitrification)

VPIO exp(VP1TT)PON

(2.12)

-

(Nitrification) + (Decomposition of PON into Ammonium)

VPDO exp(VPDTT)PON

(2.13)

(Decomposition of DON into Ammonium)

VDlO exp(VDlTT)DON

(2.14)

+
+

kNO exp(k NT T)NH 4 .

(2.15)

the mi...xed layer. But Ward (1987) suggested that vigorous nitrification occurs near the
bottom of the mixed layer. where significant photosynthesis is still occurring. It is not very

dChl

Letting C; be one of the compartments in this

model, effects of vertical diffusion(Dif(C;)) and advection(Adv(C;)) are formulated as follows:

(Mortality of Phytoplankton) - (Grazing)
Dif(Chl) + Adv(Chl)
(Mortality of Phytoplankton)

Adv(C;)

(Digestion)

-

(Decomposition of PO:-J into Ammonium)

+ (Sinking of PO:-J)

-

(Decomposition of PO)) into DO)))

+

Dif(PON)

+ Adv(PO)))

-

(Decomposition of DO. intoammonium)

+ Dif(DO))) + Adv(DO)))

where I~'\ is the vertical diffusion coefficient. and vI-" vertical current velocit~·. For all
compartments the sanle I-i:,· is adopted assuming that phytoplankton and zooplankton are

(2.22)

(Extracellular Excretion)

+ (Decomposition of PO. into DO. )

(2.17)

0:;'

(2.21)

+ (Mortality of Zooplankt.on)

+

dDON

(216)

(2.20)

-

~

!...
(I{/JC;)
.
a:;
a:;
_wac.

+ (Excretion)

+ Adv(:-JH 4 )

+
dPO.

---cit

Dif(:-JH 4 )

(Photosynthesis) - (Extracellular Excretion)

lit

unrealistic to assume that modest nitrification is occurring throughout the water column.

Dif(C;)

+ Adv(N0 3 )

-{(Photosynthesis) - (Respiration)}(l - R N o3 )

In many models, it is assumed that, unlike in this one, nitrification does not occur in

Vertical Diffusion and Advection

itrification) + Dif(N0 3 )

(2.19)

dZOO
(it

subject to mixing in exactly the same way as passive tracers are. The values of vertical
velocity are specified externally as stated in Section 2.2.2.

(2.23)

(Grazing) - (Digestion) - (Excretion)
-

(lvIortality of Zooplankton)

+

Dif(ZOO)

+ Adv(ZOO)

(2.24)
(2.25)

Sinking of PON

Letting 5 be sinking velocity of PO:-J. sinking of PO:-J can be written

in the form,
(Sinking of PO:-J) =

-~(S. PO.

).

(2.18)

Parameters
The parameter values are given in Table 2.1. Some of them are different between the

Governing Equations

simulations of OWS Papa and the BATS site. Such values are displayed in Table 2.2

Combining those processes formulated. how each compartment evolves with time t can be

separately. Readers can be referred to Kawamiya et ai. (1995) and I-i:awamiya et ai. (199/)
on the choice of these values.

described as follows.

Between the two sites, the half saturation constants for nitrate and ammonium are
-{(Photosynthesis) - (Respiration)}R NoJ

changed rather dramatically by order(s) of magnitude. This change can be justified because

20
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:

5meach,20layers

Table 2.3. Boundary conditions at the bottom of the model(z = -330 m). The Value for
nitrate was taken from Levitus et al. (1993).

10m
10m
10m
20m

Temperature(°C)
Salinity(psu)
Phytoplankton(/-lmol. II)
Zooplankton(/-lmol~ II)
Ammonium(/-lmol/l)

Papa BATS
4.5
18.0
33.91 36.55

~itrate(/-lmol/l)

37

Fig. 2.2. Grid intervals.
Temperature, salinity, and ecological "ariables except

PO~

and

DO~

are fixed to

the two are located in very different oceanic regimes, i.e.. OWS Papa is in a eutrophic region

constant values close to observational ones (Table 2.3), while it is assumed that

and the BATS site in an oligotrophic region. This constant is known to be far smaller in the

and

oligotrophic than in the eutrophic region (e.g., Eppley et al., 1969; Parsons et al., 1984;
Harrison et al., 1996). Also, the larger sinking velocity of particulate organic nitrogen
(PON) in OWS Papa is qualitatively justified due to the fact that the subpolar region is
dominated by relatively large phytoplankton compared with the subtropical region (e.g ..
Ishizaka et al., 1994).

2.2.2

Settings

The domain extends to the depth of 330 m and is di"ided into 28 levels: the grid intervals

DO~

PO~

have no vertical gradient. Horizontal velocities in the mixed layer model

is fixed to zero.
The background viscosity for the mixed layer model is set to 1cm2 /sec at both locations,
while t,he diffusivity is 0.3 cm 2 /sec at OWS Papa and 1 cm 2 /sec at the BATS site. The
larger diffusivity at the BATS site is justified by l\Iusgrave et al. (1988) and Spitzer and
Jenkins (1989) who argued that this large value is needed for a realistic simulation of
chemical tracers near Bermuda.
The wrtical profile and the temporal variation of "ertical current wlocity are specified
in the following way; the absolute values of vertical velocity become largest at the depth of

are 5 m in the upper 100 m then become gradually larger with depth to 60 m in the bottom

30m (Price et al., 1987) then linearly become smaller as the depths get either shallower or

layer (Fig. 2.2).

deeper, so that they vanish at the top and the bottom of the domain: the ma.,imum values

Boundary conditions are as follows:
• Top
Temperature and salinity are fixed to time-dependent observational values; specific
ways of imposing them are different between the two locations and will be explained

are prescribed using cosine curves so that they fit the Ekman velocities derived from the
dataset of Hellerman and Rosenstein (1983), that is,
W30 = Wmean

+ Wampcos (27rF)
yt ,

(2.26)

later. Wind stresses are calculated from objective analysis data provided by European

where W 30 is the vertical velocity at 30 m depth, W mean its annual mean. Wamp its amplitude

Centre for !,dedium-Range Weather Forecasts (ECl\IvYF) whose time interval is twelve

of seasonal variation, Y a constant whose value is 1 year, F the number of oscillation per

hours. Ecological variables are not allowed to be exchanged between the atmosphere

year. The values of vVmean , W'amp , and F are given in Table 2.4.
Diurnal variation of solar radiation is incorporated following Ikushima (1967):

and the ocean.
• Bottom

10 = Max{Iomaxsin3((7rIDlt),0}

(2.27)
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Table 2.4. Parameter values for the vertical velocity at OWS Papa and the BATS site.

Wmean (m day')
Warnp (m day 1)
F

Papa
0.064
-0.043
2

(a)

BATS
-0.16
-0.095
1

TEMPERATURE

:2 -100

where

lOmax

I

is the maximum light intensity at the sea surface and D the day length which is

f-

calculated using an astronomical formula. The values of lomax are calculated from monthly

0...

mean radiation

o

(JOmean)

w

given by Oberhuber (1988) using the following equation:

r,=24houc
lomax )'=0

{(

Max sin

27r) .0} dt =
-.ot

10mean.

-200

(2.28)

J F M A M J J A SON 0
1980

Initial eonditions and time integration are different between the two sites, and will be
described separately in later sections corresponding to each station.

2.3

Simulation at OWS Papa

INTERVAL = 1.000E+00

CONTOUR

(b)

TEMPERATURE

In this section. model results for O"YS Papa are compared \\'ith corresponding obserYations.
Implications obtained from the comparison are discussed.
:2

2.3.1

Time integration and results of the mixed layer model

-100.0

I

The initial values for temperature and salinity aTe taken from the aveTage vertical profiles

f0...

observed in 1980. Initial values of horizontal velocities are set to be zero everywhere.

0

w -200.0

Temperature and salinity imposed at the sea surface aTe also taken from the data in 1980.
Boundar)' conditions at the bottom are given in Table 2.3. The year 1980 is chosen because
of availability of the good data.

J F M A M J J A SON 0
1980

Integration is performed for two years from January 1 under the eyclic forcing of 1980.
Fig. 2.3 shows the seasonal variation of temperature in the second year of the model and

CONTOUR

INTERVAL = 1.000E+00

that from the obsen·ation. The model and the observation show overall agreement.
Temperature and the diffusion coefficient obtained during the second year are used in
the ecosystem model.

Fig. 2.3. Seasonal variation of temperature at OWS Papa in 1980 for (a) the model and
(b) the observation. 31-day running averaged data are used for the observation. The unit
is in nc.
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2.3.2

25

Time integration of the ecosystem model

For the compartments other than phytoplankton and zooplankton, values equal to those
at the bottom (Table 2.3) are given throughout the domain as the initial values. For

(a)

former, 0.15 IlmoiN/1 is given for
the latter, 0.4 IlmoiN/1 for

0~120

0~120

m , and 0 IlmolN/l for the rest of the domain; for
-50.

m and 0 Ilmol:\i/l for the rest. Preliminary experiments

2

showed that there is almost no dependence on initial conditions in the ecosystem model.

-100. 0

The ecosystem model is integrated for 101 years using the vertical diffusion coefficient

I
I0W
0

and temperature calculated by the mixed layer model. Such a long integration period is
necessary to achieve a steady cycle of nitrate, whose profile is governed by diffusion process
in the deeper part of the model domain and thus needs a long time to reach a stationary
state. The results obtained during the last. year will be displayed and discussed in the

-200. 0

J F M A M J
CONTOUR

Results of the ecosystem model

chlorophyll

-150. 0

-250. 0

following sections.

2.3.3

CHL

O. 0

phytoplankton and zooplankton, characteristic values for each variable are given: for the

J A S 0 N 0
1 . OOOE-O 1

INTERVAL

(b)

Figs. 2.4(a) and (b) show the modeled and the observed seasonal variation of chlorophyll.
respectiwly. In Fig.2..J.(a), nitrogen based phytoplankton concentrat,ion is conwrted to
chlorophyll concentration using the C:_ rat,io of 133:17 (Takahashi et al.. 1985) and the
common C:Chlorophyli ratio of 50.
The maximum appearing in March is reproduced by the model though it is more intensi\'e. Fig. 2.5 demonstrates that this ma..xinlUm is strongly related with the seasonal
variation of the diffusion coefficient. The shaded area represents the region where the
vertical diffusion coefficient is larger than 10 cm 2 /sec. It can be seen that phytoplank-

200

ton concentration increases as the shaded area retreats in February, and decreases as the
shaded area deepens at the beginning of April. This is because when diffusivity is large,
it is impossible for phytoplankton to aggregate to the depths where light environment is

2~ L,--.--,----,--,--,--A-,-.---,--,----,---,-J--'-r-'---'
1980

1981

suitable. In turn, the retreat of the area with large diffusivity is associated with weakening
of the imposed wind during this period (Fig. 2.6).
In summer, a weak subsurface chlorophyll ma..ximum (SC 1) appears in the model. This

SCM is formed due to the light inhibition. The light environment is best, for phytoplankton
at these depths. The SCM can be seen also in the observation.

Fig. 2.4. Seasonal variation of chlorophyll for (a) the model and (b) the observation. The
figure for the observation is redrawn from Clemons and Miller (1984). The unit is in Ilg/l.
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The model can not reproduce the maximum that appears from fall to winter in Fig.
2.4(b). Fall phytoplankton ma..'dma are often related to the enhanced vertical mixing and

KV

)

1 0 . 0 c m 2 / sec

0.0

the subsequent increase of nutrient concentration. But at OWS Papa, nutrient concentration is always high

(~ 10

/-lmol/l) compared with the observed half saturation constants

(Anderson et al., 1977). Thus, contribution of the enhanced mixing to phytoplankton
growth cannot be so large as to form the maximum. Reasons for the discrepancy must be

::: -100.0

sought from other aspects.

:r:

Possible reasons for this discrepancy are as follows:

I-

~ -200.0

• Clemons and Miller (1984) report that the dominant species changes in fall and

o

photosynthetic rate is still around the ma..'<imum in October while the solar radiation
- 3 0 0 . 0 '---'----'------'---'-----L---l.-----'_-'----'------'---'-------J

J F M A M J J A SON D
1980

is decreasing in this season. Thus, one possible explanation for the discrepancy is that
seasonal variation of species compositions (namely seasonal variation of parameters)
is not incorporated in the model.
• It is known that the dominant zooplankton species move into the deeper place (say,

Fig. 2.5. Seasonal variation of the diffusion coefficient. The shaded area indicates where
K" > 10 cm2 /sec.

below 250 m) at about the end of August to prepare for spawning (Miller et al., 1984).
Thus, another explanation for the discrepancy is that the life history of zooplankton
is neglected in the model.
Incorporation of one/both of the effects mentioned above may improve the matching of

Wind Speed (Absolute value)

the model with the observation. However, because the main purpose here is to see to
what extent this general model can reproduce ecosystem behavior at certain locations, no

24

further improvement has been added concerning this problem, which may be related to the
features specific to this location.
Nitrate
Figs. 2.7(a) and (b) show, respectively, the modeled and the observed seasonal variation
of nitrate. The model does reproduce the feature that nitrate concentration is extremely
high throughout the year although the gradient of the nitracline is less steep in the model.

J

F M A M J J A SON 0
1980

Fig. 2.6. Seasonal variation of wind speed (= (u 2 + V 2 )1/2 where u and v represent the
eastward and the northward wind velocity, respectively) at OWS Papa.

It also yields the minimum in fall, just before the winter mixing brings up nitrate from the

underlying layer.
The cause for the maintenance of the high nitrate concentration at OWS Papa is often
argued. Ammonium inhibition can be a candidate but plays only a minor role; the an1monium inhibition factor (exp{ -wNH 4 } in Eq. (2.1)) has a value of only ~ 0.75 tal,ing

28
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(a)

N03

(Il-ma 1/1)

NH4

0.0

.2

.2

-50.0

:r:

-50.0

:r:

~

~

0..

0.... -100.0

-100.0

W

w

0

0

-150.0

- 1 5 0 . 0 '----'----'---'-----.l_-'----'---'-----.l_-'----'---'-----'

J F M A M J J A SON D
CONTOUR

J F M A M J J A SON D

INTERVAL = 2500E+00

CONTOUR

INTERVAL

2.000E-02

(b)

Fig. 2.8. Seasonal variation of ammonium obtained by the model.

.2

:r:

0.2 Ilmol/l as a characteristic concentration of ammonium (Fig.2.8). Changing the param-

30

eter value for photosynthesis by this amount does not affect the simulated order of nitrate
concentration (Kawamiya, 1994). In this model, the ultimate cause is that nitrate concen-

60

tration is extraordinarily high in the deep layer. Due to the high concentration in the deep

~

0....
W
0

layer, nitrate is supplied vigorously by diffusion even when its concentration is high at the

90

sea surface: phytoplankton can not spend up the nitrate because constraint from grazing

120

pressure becomes large before phytoplankton increases enough to do so.
It is often said that high nitrate concentration may be due to iron limitation. But the

150
J

F

Ii

A

Ii

J

A

N

0

value of maximum photosynthetic rate (Vmax ) used in this model is not lower than the
values found in the subtropical

g)'Te

where iron limitation is said to be not working: this

implies that iron limitation is not considered in our model. Thus, the result of our model
Fig. 2.7. Seasonal variation of nitrate for (a) the model and (b) the observation. The figure
for the observation shows the seasonal variation averaged over years, and is redrawn from
Anderson et al. (1977)

suggests that iron limitation is not necessarily essential for maintaining the high nitrate
concentration.
It can not be said, however, from the model result that iron is playing no role in the

30

Cbapter 2

31

marine ecosystem. What the result shows is that the high nutrient concentration and the
low chlorophyll concentration are not necessarily incompatible even if the iron limitation
is not taken into consideration. It is highly probable, for example, that iron is playing an

(a)

TEMPERATURE

important role in determining the size structure of plankton in this region (Morel et al.,
1991; Price et al., 1991).
:2 -100

Primary production

:r::

Annual primary production obtained by the model is 128 gC m- 2 yr- J (using a C:N ratio

f-

of 133:17), 28 % of which is exported across the 100m depth by sinking of paN. The

CL -200

calculated production is not much different from the estimate of 140 gC m- 2 F- J by

o

w

Wong et al. (1995) which is obtained by averaging data over years. but is rather 10"'er
- 300

than the estimate of 170 gC m- 2 yr- J by Welschmeyer et al. (1993) ,,'hich is based on the

'------'--'--L------'_-'---'--L------'_-'---'--L----'

J F M A M J J A SON 0

observations in 1987 and 1988. The agreement is satisfactory considering that the model
is not capable of reproducing the fall chlorophyll maximum and that the main objective

CONTOUR

INTERVAL

1.000E+00

here is just to see whether the model can bear the distinct contrast between OWS Papa
and the BATS site.

2.4

(b)

Simulation at the BATS site

a.
so.

The model is next applied to the BATS site. This site has a very 10'" nitrate concentration
but the comparable chlorophyll concentration and the annual production to those of O',,\'S

100.

Papa. The main interest here is reproduction of this apparently incoherent situation.

E

2.4.1

=

150.

Time integration and results of the mixed layer model

Four simulations are made separately for the years 1989-1992. Taking the initial condi,
tions from annual mean profiles of temperature and salinity, each integration is started on
November 24 in the previous year. Temperature and salinity data for the surface boundary
conditions are taken from the World Wide Web (WWW) site of the BATS project (l'RL:

200.

7 9.0

250.

300

J

F M A M J J A SON D

http://'''''''·.bbsr.edu/bats/). Boundary conditions at the bottom are given in Table 2.3.
The mean temperature for the four years of the seasonal cycle calculated by the model is
displayed in Fig.2.9(a). Fig.2.9(b) shows the climatological cycle of temperature for 19611970 at Hydrostation S

(32°~,

64°W) located very close to the BATS site. The model

Fig. 2.9. (a) Seasonal variation of temperature at the BATS site (31°~, 64°W) averaged
over the years 1989-1992 for the mixed layer model and (b) Climatologic-al (1961-1970)
seasonal variation of temperature for Hydrostation S (32°N, 64°W). (b) is adapted from
Doney et al. (1996). The unit is in °C.
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result grasps the features in the observation such as the occurrence of the relatively deep
convection in February.

2.4.2

(a)

Time integration of the ecosystem model

CHL
0 .0

~~~

The ecosystem model is also separately integrated for four years starting on January l.

-50 .0

The initial conditions for each run are taken from the model profiles on January 1, which

:2

are picked up from the steady cycle obtained by an preliminary experiment under the cyclic

-100. 0

usage of vertical diffusivity and temperature in the year 1989.

:r::
f-

2.4.3

0-

Results of the ecosystem model

W
0

Figs. 2.10 - 2.12 sho"· the modeled seasonal variations for chlorophyll. nitrate, and net
primary production averaged over the four years: the corresponding observation is also giwn

(,ug/ I )

O?O~O.10

-150 .0
-200 .0
-250 .0

J

(Doney et al., 1996). In this section. the C::'< and C:Chlorophyll ratios used in Section 2.3.3
are again adopted. Some characteristic features seen in the observation are well reproduced

F M A M J J A SON 0

CONTOUR

in the model, i.e .. the high abundance of chlorophyll in winter season throughout the water

INTERVAL = 5.000E-02

column, the deep chlorophyll maximum in summer at the depths of the nitracline, the
nitrate depletion in the surface layer, and the extraordinarily large primary production in

(b)

early spring. The high chlorophyll concentration and primary production in late February
are. like the chlorophyll maximum in :\.Iarch at OWS Papa. due to the retreat of the mixed
layer. However. this shallo,,·ing of the mixed layer is a result of sUlface warming instead
of weakening of the wind. Strengths of the ,,·ind at the BATS site are <5 m/sec for most
of the integration period and are not so strong as to create a large variation in the :\.ILD
(as shown in Fig. 2.6, typical wind speed at OWS Papa is much stronger than that at the
BATS site).
:'vlodeled annual primary production averaged over the four years is 115 gC m- 2
This is in good agreement "ith the estimate of 110

~

140 gC m- 2

yT-

1

)T-l.

by Lohrenz

et al. (1992).
3.7 % of the total annual primary production is exported across the 150m level by the
sinking of PO_ . This value can be directly compared ,,·ith data from sediment traps, and

o.

60.

120.

180.

240

300.

360.

Time (doys)

3

BATS Chlorophyll (mg/m )

turned out to be lower but not very much different from the obsen·ational value of 5-7 7c
by :vIichaels and !-Cnap (1996).
Although the model results showed basically good agreement with the observations,
a closer look can of course reveal some differences between the model results and the

Fig. 2.10. Seasonal variation of chlorophyll for (a) the model and (b) the observation
(redrawn from Doney et al., 1996). The observation is for the BATS site.
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(a)

N03
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(a)
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1.000E+00

(b)
(b)
50.

I

100.

~ 150.

200.

60
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180

240

300

360

Time (days)

(c)

BATS Nitrate (mmol/m 3)
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250. +--r--r-,---,---r--r---,-,--.---r--r-r'360
120
180.
240
300
60.
Time (days)

BATS Primary Production (mg e/m 3 /day)

~tmol/l

for the range
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observations. For example, most vigorous production in the model occurs at the bottom

for the values of the parameters will be sought again on the spatial scale of the model

of the euphotic zone in summer, ,,-hile the observations show that primary production is

domain which is far larger than that considered in this chapter. This strategy is somewhat

higher in the upper portion of the euphotic zone in this season. The model of Doney

like that adopted in embedding a bulk mixed layer model in an OGCYl: first, a bulk

et al. (1996) also suffers from a similar discrepancy and gives some possible explanations:
• The species composition at the BATS site may change during summer so that nutrients are rapidly recycled. High production is thus supported even at the extremely

10"- level of nutrients.

_ itrogen fixation is a candidate for such a source. There is strong observational
evidence of deviation of C:::'l ratio from the common Redfield ratio during summer in
oligotrophic regions. suggesting that nitrogen fixation is indeed occuning.
Moreover, the modeled trend of decreasing chlorophyll concentration to\vard the sea
surface is not strong enough compared with the observation (Figure 2.10). The extremely
low chlorophyll concentration in the uppermost layer of the subtropical region is, however,
believed to be a result of increase in NjChlorophyli ratio due to photoadaptation (Winn
et al., 1996): the low chlorophyll at the sea surface does not necessarily reflect the decrease
of biomass itself. Therefore. this discrepancy might be a minor defect as long as the cycling
of nitrogen is concerned.

Conclusions

It has been demonstrated that the model used here, on the "'hole, can reproduce the
contrast between the subpolar and subtropical regions, i.e.. nitrate concentration is far
higher in the subpolar region than in the subtropical region, while chlorophyll concentration
and primary production are not as high as in the case of nitrate. The only differences in
model settings, except for external forcings such as solar radiation, are the values of the half
saturation constants, the sinking velocity of PO::'l, and the background diffusivity. Each of
the difference has some supporting evidence from observational or modeling efforts. The
model is sho""11 to be able

to

mixed layer model is tested at a couple of specific locations; after demonstrating that the
model is capable of reproducing the seasonal variation of MLD at these sites, the model
is incorporated into an OGC:\-I with some modifications in model structure and parameter
values so that it bears a realistic distribution of :\-ILD on a scale of the model domain (e.g.,
Oberhuber, 1993).

• A source of nitrate other than transport from below may exist near the sea surface.

2.5

37

yield reasonable results for very different oceanic regimes with

appropriate choices of the parameters.
In the next chapter, the ecosystem model is combined with an OGCNT. Because it is
very difficult to directly incorporate spatial variations of the parameters, a suitable set

The choice of parameter values for embedding the ecosystem model in an OGC:\-I and
its justification ",ill be given in Chapter 3.
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Chapter 3
Characteristics of spatial
distributions of biological variables
in the three-dimensional model
3.1

Introduction

How the pelagic ecosystem in the ocean responds to changes in its environments is an
urgent problem awaiting an answer. The response may lead to variation in the strength of
the biological pump, and thereby it may have an impact on the climate. However, due to
the insufficiency of reliable data on the "ariation of the biological pump. and for tilE' sake of
simplicity. the present ocean models for predicting the future CO 2 change (e.g .. Sarmiento
and Orr, 1992) have assumed that there has been no variation in the biological pump over
the whole ocean. This assumption is partly supported by Falkowski and Wilson (1992)
who showed that chlorophyll concentration inferred from Secchi disk data collected in the
North Pacific do not suggest any significant change over the past 70 years. There are,
however, some indications that the ocean biota is indeed experiencing changes on the
decadal time scale: Venrick et al. (1987) suggested that in the subtropical gyre of the
- orth Pacific, chlorophyll concentration may have been doubled since 1968: Brodeur and
Ware (1992) reported that in the northeastern Pacific doubling took place in zooplankton
biomass between the periods 1956 - 1962 and 1980 - 1989: Roemmich and McGowan (1995)
stated that zooplanktoll biomass has decreased by 80 percent off southern California. In
addition, decadal changes on the higher trophic level (e.g .. Beamish and Bouillon. 1993)
may be reflecting some changes on the lower trophic level. which may alter the strength of
the biological pump.
45
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It is recognized that, in many cases, the causes of ecosystem changes can be attributed to

47

their model to the . orth Atlantic and obtained fairly good results. Although there are

those in physical environments. One of the most important physical factors that may affect

many points that should be improved, their model demonstrated potential to deal with the

the oceanic ecosystem is vertical mixing: it may enhance phytoplankton growth by bringing

issue of the ecosystem variation.

nutrients up to the surface layer from under the euphotic zone where they are abundant,

In this chapter, the ecosystem model which explicitly includes ecosystem components

or it may suppress photosynthesis by carrying phytoplankton away from the surface layer

is embedded in an OGCM. The combined model is applied to the North Pacific, where

where light is replete; whether strengthening of the vertical mixing acts positively or neg-

many researchers have reported ecosystem variations. The ecosystem model is the one

atively to the oceanic biota depends on a delicate balance amongst various conditions as

calibrated in Chapter 2 using its one-dimensional version. It was shown in Chapter 2

stated in Chapter 1. Indeed, many authors reporting the ecosystem changes have argued

that the one-dimensional model bears fairly good results even if it is applied to the totally

the relation between the ecosystem changes and changes in the mixed layer depth (:YILD);

different oceanic regimes. .A.s a subsequent necessary step of developing the model, the

for exanlple, Venrick et al. (1987) speculated that associated ",ith the decadal climate

distributions of ecosystem variables are compared with observations. :Ylechanisms deter-

variation in the :'Iorth Pacific (e.g .. :'Iitta and Yamada, 1989) the mi..xed layer deepened

mining distributions in the model are also investigated. especially on the distribution of

and that the biological activities in the subtropical Pacific were enhanced. Furthermore.

primary production. This kind of investigation will be able to provide basis for studying

Polo\'ina et al. (1995) showed that "'inter :\ILD is changing on the decadal scale over the

the corresponding observed distributions through discussion on the possibility that those

:'Iorth Pacific and suggested that there is a possibility that biological activities are deeply

mechanisms are functioning also in the real world.

affected.

In Section 3.2, model descriptions are given and the results of the OGCM are compared

A nnmerical model can be a powerful tool for investigating the role of the oceanic biota
in the biogeochemical cycle and the impact of the variation of the biological pump on the
climate. To work on this problem. processes occurring ""ithin the mi..xed layer should be
faithfully represented in the model in both

ph~'sical

and biological aspens. The model of

Bacasto"· and :Ylaier-Reimer (1990) is not very suitable for this kind of problem: because
their main interest is in reproducing the distribution of tracers in the deep layer, the ecosystem in the surface layer incorporated in their ocean general circulation model (OGevl) is

with observation to confirm that the physical model offers realistic environments for the
ecosystem model. In Section 3.3. we compare the results of the combined model \vith
observations on the annual mean basis. Comparisons 011 seasonal variation are made in the
next chapter. In Section 3.4, mechanisms determining the spatial patterns in the model
are discussed "'ith the focus on primary production. "'hich is the starting point for all of
the biological activities in the ocean. Lastly, summary and conclusion of this chapter are
provided in Section 3.5.

terribly simplified so that the relation between the MLD and the biological activities is only
poorly resolved. Improvements were made with their model or other approaches were taken
in the subsequent studies (e.g., Bacastow and :vIaier-Reimer, 1991: :'Iajjar et al., 1992: Anderson and Sarmiento, 1995: Yamanaka and Tajika, 1996: Fasham et al., 1993; Sarmiento
et al., 1993), but many of them are for a better reproduction of tracer distribution in the
deep layer, not for a more elaborated representation of the pelagic ecosystem. Among
them. however, the approach taken by Fasham et al. (1993) and Sarmiento et al. (1993)
is essentially different from the others: they incorporated ecosystem components such as
phytoplankton and zooplankton as explicit model variables in an OGCM so that they are

3.2

Model Description

Here description of the OGCM and the ecosystem model is provided. The OGC:YI is the
one developed at the Center for Climate System Research with some modifications. The
ecosystem model is basically the same one adopted in Chapter 2. Thus it is only briefly
described focusing on the modifications.

3.2.1

Description of the OGCM

directly subject to the vertical mixing. This means that the relation between the mixed

The OGC:vI employs the primitive equations with hydrostatic. Boussinesq. and rigid-lid

layer and the ecosystem is far better represented than in the other models. They applied

approximations. Convective adjustment is achieved by setting the vertical diffusion coef-
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Table 3.1. Diffusivity and viscosity in the OGC:Vl. The unit is in cm2 /sec.
Isopycnal diffusivity
Horizontal diffusivity
Horizontal viscosity
Vertical diffusivity
Vertical viscosity

1

Table 3.2. Vertical grid spacing

X 10 7

Grid number

0.3
1.0

32
35

10
20
30
50
80

42
45

150
200
300
500
600

22
23
24
33

ficient to 1000 cm 2 /sec when a water column is statically unstable. For the mi..xed layer

~
~

model, the :Vlellor-Yamada's level 2.5 closure scheme (:Vlellor and Yamada. 1982) which was
ing the method proposed by Redi (1982) and simplified by Cox (1987). The background
40
43

diffusivity and viscosity are given in Table 3.1 together with the isopycnal diffusivity.
The model domain extends from 122°E to 72°v'i and from 23°5 to 63°N corresponding

~
~

Depth of grid point (m)
10
200
220
250
700
940
1050
1200
1400
1100
3200
5000

no

36
37
38
39

improved by Kantha and Clayson (1994) is used. Isopycnal diffusion is introduced adopt-

Grid interval (m)

to the North Pacific. A realistic bathymetry is incorporated within the present resolution
described below. The horizontal grid interval is 2° x 2°. There are 45 levels in the vertical,

model integrations are made with seasonal variations: the amplitudes are, however, made

and the grid spacing is displayed in Table 3.2. From the sea surface to the intermediate

smaller over the three meridional grids ,,·ith approaching the southern boundary so that

depths. the grid intervals are very small compared to those adopted in other modeling

they become zero at the southernmost grids.

studies. This fine resolution enables the model to reproduce ,,·ell the stratification in the

At the southern boundary, temperature and salinity are restored to the annual mean

surface layer and thus the seasonal variation of the mi..xed layer. which has a significant

values of Levitus and Boyer (1994). The damping time is 50 days at the southernmost

impact on the ecosystem model as was shown in Chapter 2.

grids.

At the sea surface, monthly mean wind stress of Hellerman and Rosenstein (1983) is
imposed as the boundary condition; for temperature and salinity, surface values are restored
to the monthly mean data of Levitus and Boyer (1994). The damping time is 0.2 days. This

3.2.2

Description of the ecosystem model

The governing equations of the ecosystem model are the same as in Chapter 2 except

value is extremely small even if the thinness of the top level is taken into consideration.

that the diffusion and advection terms include the horizontal contribution. To express the

The value corresponds to about 1.5 days when the top level has a thickness of 25 m. The

distribution of sinking flux of particulate organic nitrogen (PO:"/), the formula of Ylartin

typical value in OGCMs is about 30 days for the top layer of 25 m. This value is introduced

et al. (1987) is adopted. That is, sinking flux of PO:"/ below the depth of 100m is described

to prevent the development of :Y1LD from having a large time lag: the value, 30 days. causes

as follows:

a delay of more than one month in seasonal variation of :Y1LD at places where the "inter

F(.::) = F IOO

C~O) -0858 ,

(3.1)

:\1LD is relatively deep: this delay should be avoided in this study ,,·here the time \·ariation

where F denotes sinking flux of PO:"/, .:: depth. and F IOO sinking flux of PO. across 100m

of :Y1LD is of great significance. As for time interpolation of these sea surface data, the

depth. Above that depth, it is assumed that PON sinks "ith a constant velocity, 20.0

method of Kill,,·orth (1996) is used so that the values imposed on the model equal to those

m/day. This value corresponds to that adoted for the simulation of OWS Papa in Chapter

of the original monthly datasets when averaged over a month. As will be explained later, all

2, and is larger than that for the BATS site. This larger value is necessary to reproduce

50
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a realistic nitrate distribution: preliminary experiments showed that, if the value is set to

nutrient concentration easily penetrate into the subtropical region. The incorporation of

the one corresponding to that for the BATS site, the high nitrate concentration in the

K N03 variation introduces an undesired positive feedback mechanism. We concluded that

equatorial region spreads out to the subtropical region due to the Ekman transport and

it is better to let K N03 be constant for the present.

the nitrate distribution becomes totally unrealistic.
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The choice of the value of the half saturation constant for ammonium (1<NH4) is not

The large sinking velocity may act to reduce nutrients from the ocean surface in the

very straightforward because ammonium concentration is similar to values of K NH4 even

oligotrophic region too rapidly. Considering the fact that the subsurface chlorophyll mILxi-

in the eutrophic region. Here, considering the relative importance of regions with high

mum (SCM) is fonned at the depth where the light and nutrient condition balance (as will

productivities, it is set to 1.0 j.Lmol/l, which is the value adopted in the simulation in the

be discussed in Chapter 4), this large sinking velocity can cause deepening of the SCM in

eutrophic region, OWS Papa.

the oligotrophic region. Looking at the chlorophyll profiles obtained by the model in the

Furthennore, the decay rate of DO. is changed rather drastically from the value in

oligotrophic region, however, the SC),! is not extremely deep (el, Fig. 4.19 and Fig. 4.21).

Chapter 2 to 0.01 day-I. This change corresponds to taking the role of semi-refractory
DON into consideration (Eirchamn et al.. 1993), in contrast to the experiments in Chapter

The harmful effect seems not to be very serious.
The half saturation constant for nitrate (1\1\03) is set to 0.03 pmol/l which is the same
value adopted in the simulation at the BATS site, ·i.e.. the oligotrophiC" region. This choice is
justified because the sensitivity to changes in

f{ N03

is far higher in the oligotrophic region

than in the eutrophic region; we can easily understand this from the fact that nitrate
concentrations in the eutrophic region often have much higher values than those of

1,'N03

while in the oligotrophic region they have similar or smaller values compared with those
of K N03 : in many cases, the Ylichaelis·Y!enten formula is well saturated in the eutrophic
region. and thus making
Although the small

l\x03

l\x03

"ill not do any harm in most of the eutrophic- region. it may

have some significant effect in froms of nitrate concentration between the eutrophic and
the oligotrophic region or in the mesotrophic region of the central equatorial region because
f{ N03

values.

However, it is difficult to incorporate the spatial variation of K N03 . One way to include it
follo~ing

vanishes from the :\Torth Pacific. Preliminary experiments showed that this parameter
change affects only on the nutrient concentration near the equator: it had only minor
effects on the dynamics of the model in other regions. Together with the incorporation
of the production of DO:\T. the photosynthetic rate' ;"ax is increased to 1.2 day-l from
the value in Table 2.1 of Chapter 2 (1.0 day-I), and the ratio of extracellular excretion to
:\Titrate concentrations near the southern boundary are restored to the ,'alues of Le,'itus
et al. (1993) in the same way as for temperature and salinity.

3.2.3

Time integration

We take two steps to spin up the OGCM. First, we integrate it using the acceleration

I\N03

method of Bryan (1984) for 2000 deep water years (DvVYs) with time step of six hours.

the suggestion of

This integration period corresponds to 200 years for the depths above 1000 m. For this

in the model is to make K X03 be a function of ambient nitrate concentration so that
becomes large when the concentration is high and vice versa,

concentration from spreading out to the subtropic-al region so that an "oligotrophiC" region"

photosynthesis is also increased to 0.3 from 0.135.

smaller does not affeer the uptake of nitrate.

the nitrate concentrations in these regions are comparable to the observed

2 where it is neglected. This is incorporated in order to prevent the region with high nutrient

Harrison et al. (1996) that the value of K N03 shows an excellent positive correlation with the

step, the vertical diffusivity and viscosity above 50 m depth are set to a large constant

ambient nitrate concentration. A preliminary experiment showed, however. it was difficult

,'alue, 10 cm 2 /sec ~ithout the closure model. :\Text. the mixed layer model is incorporated.

to prevent the equatorial high nitrate concentration from penetrating into the oligotrophic

and the OGCM is integrated for 50 years without the acceleration method. The time step

region if the 1\1\03 variation is incorporated as in the way described above. It is not very

is one hour. In the year 50. the upper layer above several hundred meters almost reaches a

diffucult to understand the reason: when the nitrate concentration rises in the frontal

steady cycle, and it shows only negligible trends. Then, the ecosystem model is integrated

region between the equatorial eutrophic region and the subtropical oligotrophic region, the

together with the OGCM taking the results in the year 50 as the initial conditions for the

value also rises and the uptake rate of nitrate decreases; thus, the equatorial high

physical fields. The time step is two hours for the ecosystem model and one hour for the

1\N03
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OGC:'vI. The averaged values of the variables in the OGC:'v! over the two time steps are

Trend in nitrate concentration

provided to the ecosystem model. The initial values for nitrate are taken from Levitus
et al. (1993). For other biological variables except phytoplankton and zooplankton, the

(a)

3.3

initial values are set to zero everywhere. The initial values for phytoplankton are 0.053
J.lmol~

/1 (corresponding to a chlorophyll concentration of 0.1 J.lg/l using the ratios adopted

2.7

in Section 2.3.3) above 100m depth and zero below that depth: for zooplankton, 0.12
J.lmol~

/1 above 100m and zero below.

2.4

The integration period is six years. There still exists
2.1

a trend in nitrate concentration but a steady cycle is established for other variables in the

"e

"01.8

ecosystem model (Fig. 3.1). Although the nitrate trend is a subject we have to work on

~1.5

in the future, we decide to proceed to analysis of the chlorophyll seasonal variation, which

1.2

have already established a steady cycle.
Monthly averaged data are created in the model. Results in the sixth year, comprised of

0.9

the twelve datasets for each variable, will be analyzed.

0.6
0.3

3.2.4

Comparison of results of the OGCM with observations

0

0

Before comparing the results of the ecosystem model with observation, it will be helpful to

3
Year

see to what extent the OGCy! offers realistic environments to the ecosystem model.
Fig. 3.2 shows temperature and salinity structures from the sea surface down to the
depth of 1000 m along 180°. The modeled temperature structure bears overall resemblance

Trend in chl.a concentration

0.4

(bl

0.3

with the observation but sho,,·s the feature that waters at intermediate depths are too "·arm
compared "ith the observation, which is common to all modeling effOlts (e.g .. Hirst and

0.3

Cai. 1994). The model yields salinity minima at intermediate depths though the strength is
weaker than the corresponding minima in the observation. The modeled salinity minimum
whose center is around

23°~

and 600 m depth seems to be isolated but is actually connected

to the low salinity water to the east of it.
~ext

we look at the circulation near the surface.

Fig. 3.3 shows the annual mean

current averaged over the upper 100m. :Main features of the surface current are basically
reproduced: the Kuroshio and the Oyashio flow along the western boundary of the domain,

0.2

~0.2
~

0.1
0.1

the strongly divergent flow is found along the equator, and the Alaskan gyre is seen in the
northeastern part of the domain. A closer look can, of cource, reveal some defects of the
current field; the separation point of the Kuroshio is located further north than that of
observation (e.g., Wyrtki, 1975); the complicated flow along the northern side of the equator

0.0
0.0

0

is only partly reproduced by the model. (for example, the Equatorial Counter Current does
Fig. 3.1. Time variation of (a) nitrate and (bl chlorophyll in the uppermost layer averaged
over the whole domain.
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aurface current (O-100m)
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Fig. 3.2. Annual mean structure along 180 from the sea surface to the depth of 1000 m
for (a) the modeled and (b) the observed temperature, and (c) the modeled and (d) the
observed salinity. The observations are taken from Levitus and Boyer (1994). The units
are in °C and p.s.u for temperature and salinity, respectively.

Fig. 3.3. Annual mean current averaged over the upper 100m.
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not exist in the western part of the equatorial region.) These defects are inevitable in this
kind of model with such a coarse resolution. In practice, however, the horizontal flow does
not directly affect the growth of the phytoplankton, i.e., the contribution from horizontal
advection in the governing equation of phytoplankton (Eq. 2.21) is small compared with
other terms such as photosynthesis and grazing. It indirectly affects the phytoplankton
growth mainly through its impact on the MLD distribution and by generating vertical flow

(a)

(b)

(c)

(d)

though its divergence and convergence. Thus, how well the model reproduces the MLD
distribution and the intensity of vertical flow is dicussed next.
MLD needs to be realistically reproduced for the purpose of this study, i.e., modeling
of the oceanic ecosystem. Here, the :vILD is defined as the depth at which the density
difference from the sea surface first exceeds the critical density difference corresponding to
a temperature difference of 0.5 °C at each point. The distributions of :vILD are displayed in
Fig. 3.4 for March, when the mi.,,,ed layer is deepest at most locations, and August, when
it is shallowest. In March, the model well reproduces the feature that the MLD is deep in
the eastern part of the domain at middle latitudes. The maximum value of the :vILD is,
however, much larger in the model than in the observation

(~

500 m in the model while

~

200 m in the observation). This discrepancy arises from the problem of the separation of

the Kuroshio: in this kind of coarse resolution model, the Kuroshio penetrates much further
north than in reality. carrying warn1 water up to the north: the water is then cooled by
the imposed temperature originating from the real Oyashio. thus causing the :\ILD ,Yhich
is too deep. Adopting a longer damping time for the surface boundary condition will ease
this problem, but we consider that avoiding the lag in :YILD variation is more important
because the goal of this thesis is to analyze seasonal variations. Besides, the modeled
:vILD is deeper on both sides of the equator. The reason for this discrepancy is not clear
but presumably it is also due to the coarse horizontal resolution: it is recognized that a
much finer meridional resolution

(~

0.3°) is necessary to realistically reproduce the thermal

structure near the equator (e.g.. Rosati and :vIiyakoda, 1988). In August, the decreasing
tendency of :vILD toward the north is well reproduced in the model. The unrealistically
deep mixed layer near the equator, howe"er, still remains.
Vertical velocity near the sea surface is also important for the ecosystem model because
it contributes to the yertical transport of nutrients. At mid- and high- latitudes, it is
determined by the Ekman velocity, and is not strongly dependent on the model. In the
equatorial region, however, it is determined through rather a complicated process and is

Fig. 3.4. :vIixed layer depth (MLD) for :vIarch in (a) the model and (b) the observation,
and for August in (c) the model and (d) the observation. See text for the definition of
:vILD. The :\ILD in the observation is derived from the data of Levitus and Boyer (1994).
The units are in meter.
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model dependent. It will be needed to check the vertical velocity in the model. Fig. 3.5

3.3

depicts its distribution along the equator. Upwelling dominates almost all through the
region and it takes the maximum value of ~ 350 cm/day around 150 W at the depth of 60
0

m. Halpern et al. (1989) calculated the equatorial upwelling between 140 W and 1l0oW
0
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Comparison of results of the ecosystem model
with observations
Nitrate

on the basis of mooring current meter data from 1983 to 1984; they reported that it takes
the maximum value of ~ 250 cm/day near 1400 W at the depth of 50 m, and that there is a
decreasing trend toward the east. Bryden and Brady (1989) also estimated the equatorial
upwelling based on mooring current meter data from 1979 to 1981: they showed that the
average profile of upwelling between 152°W and 110 W takes the maximum value of ~ 400
0

cm/dayat the depth of 70 m. Comparing the model result with these observations, it can
be said that the intensity of the model upwelling is well "ithin the range of data, and that
its distribution shows the decreasing trend from 150 W toward the east.
0

Although the integration period of the ecosystem model (six years) is not long enough to
modify the initial condition of nitrate over the whole domain including the deep ocean, it
is sufficient to affect the nitrate distribution at depths above

~

200 m. Comparison of the

nitrate distribution with observation serves as a test of the model performance.
Fig. 3.6 plots annual mean nitrate concentrations averaged over the surface 100 m. The
model maintains the overall pattern that nitrate is more abundant in the equatorial and
the subpolar region, where the Ekman upwelling transports nitrate upward. It also keeps
the high concentration due to the coastal upwelling along California coast. In the northeastern part of the domain, however, the concentration is lower in the model. That the
modeled MLD is too shallow in March (Fig. 3.4) seems to be a reason for the disagreement,
although it is difficult to identify the ultimate cause because the surface nitrate concentration is determined by combination of various factors such as upwelling, vertical mixing.
and sinking of PON. In the eastern part of the domain. nitrate is too scarce at

50

~

10°;.1.

This is presumably because the upwelling induced by wind stress curl along this latitude
is only poorly resolved due to the coarse horizontal resolution.

100

:§:

i

As shown in Fig. 3.1. the nitrate concentration has not yet reached a steady state. The
tongue of the high concentration along the equator is still gradually spreading out while

150

the nitrate in the subpolar gyre is also gradually increasing. The magnitude of the trend

200

can be grasped in Fig. 3.7.

250

3.3.2

300 .u......lJLr-llL~-.--~,-----,.-.-l.L.L)c..L-"""T_---,l_
140E 160E 180 160W 140W 12011" 10011" 80W

Comparison with satellite data

Fig. 3.5. Annual mean Yertical velocity along the equator. The unit is in em/day. Positive
Yalues indicate upwelling.

Chlorophyll

In Fig. 3.8, the modeled chlorophyll abundance near the sea surface is compared with the
satellite observation by Coastal Zone Color Scanner (CZCS) during 1978 - 1986. In this
figure, nitrogen based phytoplankton abundance is converted to chlorophyll concentration
using the same ratio as in Section 2.3.3. The model data are aYeraged over the surface
10 m so that they can be directly compared with CZCS data, which can provide averaged

information only for the surface layer of about 10 m (e.g.. Gordon et al., 1982).
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Annual mean nitrate ("mol/I]. mean Cor O-IOOm
red: 6th ,ear: blue: 6th ,ear
eoN

(a)

Annual mean nitrate [JLmol/I], mean for 0-100m, model
eoN
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Fig. 3.7. Annual mean Ilitrate concentration averaged over the surface 100 III for the fifth
year (red cOlltourlines) and the sixth year (blue contourlines). The llllit is in rHnol/1

(b)

The model bears the overall tendency that the concentrMiou is high in the subpolar
and the equatorial regiou, and low ill the subtropical regiou cOITespouding to the uitrate
distributiou. Also, the high couceutration illduced by the CalifoIllia upwellillg is reproduced
iu the mode!.
There are, of course, disagreements betweeu the model aud the observation; the model
couceutratiou is too high ill the equatorial and the subtropical regioll, aud too low in
the subpolar regiou; uear the equator, the highest abuudanee occurs on both sides of
the equator along about 5° latitudes, uulike ill the observatiou where it occurs aloug the
equator.
The problem of lower chlorophyll ill the subpolar region is p81ily due to the error ill the
satellite measurement, as well as inadequacy of the model; CZCS tends to overestimate
Fig. 3.6. Annual mean nitrate concentration averaged over the surface 100 m for (a) the
model and (b) the observation (Levitus et al., 1993). The unit is in tlmol/!.

chlorophyll abulldallce at latitudes higher thau

~

40°='/ especially in fall (Yoder et al.,

1993). According to Andersou ct al. (1977) who summarized surface chlorophyll data at

Ocean Weather Station (OWS) Papa (50°=,/, 145°"V) during 1959 - 1976, the anuualllleau
surface eOllceutration is about 0.3 /.I.g/I while it is about 0.6 IJ.g/1 ill the CZCS observation
at this location.
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Chlorophyll (jtg/l]
model, annual mean
~~
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The higher concentrations in the subtropical and the equatorial region are brought about
perhaps because the model does not incorporate the photoadaptation process; as discussed
in Section 2.4.3, the :'>l/Chlorophyll ratio of phytoplankton tends to increases near the sea
surface in the subtropical and the equatorial region to adapt to the intense light. The low

50N

chlorophyll concentration in the observation does not necessarily reflect correspondingly

40N

low phytoplankton biomass.
The chlorophyll maxima on both sides of the equator are caused by the vertical mixing

30N

there, which is too strong as is evidenced by Fig. 3.4.

20N

~ear

the equator, chlorophyll is

more abundant at the depth of about 60 m. Beside the equator, however, the chlorophyll
maximum at that depth is destroyed by the strong vertical mi..xing so that the high con-

ION

centration appears at the sea surface. If the chlorophyll is integrated over the upper 100

EQ

m, the maximum exists exactly along the equator (cf. Fig. 4.2).

lOS

As a whole, it can be said that the model result is reasonably well compared with the

20S

observation: the obtained values are within the order of the observation; it can reproduce

140E 160E 180 160W 140W 120W 100W 80W

the overall pattern that chlorophyll is abundant in the subpolar and the equatorial region
and scarce in the subtropcal region. The same level of agreement as in the physical model
can not be expected in the ecosystem model; there is no undoubted governing equations in

(b)

ecosystem modeling unlike in physical modeling.

60N

Comparison with in situ data

50N

Chlorophyll data along 175°W has been extensively observed by the ~orthwest Pacific Car-

40N

bon Cycle Study

30N

1992) are displayed in Fig. 3.9 with the corresponding model result.

(~OPACCS,

Ishizaka and Ishikawa. 1991). The data in 1992 (:\OPACCS.

The model captures some of the features in the observation: The depths of the subsur-

20N

face chlorophyll maximum (SC:vI) in the model agree well \\'ith those in the observation;

ION

the SCM in the model deepens in the subtropical gyre as in the observation: an isolated
maximum at the equator exists in both the model and the observation.

EQ

~Ioreover,

the ab-

solute values of the model concentration are well compared with those in the observation.

lOS

0

The extremely large value at 40 N is not a permanent feature as it is not found in the

20S

observation of another year (Ishizaka et al., 1994). On the other hand, the isolated ma..xi-

140E 160E 180 160W 140W 120W 100W BOW

mum at the equator seems to be persistent except during the period of EI Nino (Bidigare

Fig. 3.8. AlIlIuallllCau chlorophyll cOllcclltratioll obtaillcd by (a) thc modcl aud (b) thc
satcllitc obscrvatioll. Thc lllodcl data ,U'C avcragcd ovcr thc uppcrmost 10 111. Thc unit is
iu II.g/1. Thc obscrvatiou shows thc lllcan for thc obscrvatioll pcriod 1978 - 1986.

obtained by the model is presumably the photoadaptation as is explained above and also

and Ondrusek, 1996). Besides, the cause for the higher concentration near the sea surface

Chapter 3

64

65

in Section 2.4.3.
Chavez and Smith (1995) collected chlorophyll data in the eastern Pacific and provided
the distribution of integrated chlorophyll abundance. Fig. 3.fO shows the data and the
corresponding model result. It lies within the range of the data scattering and reproduces
the trend that the concentration is high in the equatorial and the subpolar region and low

(a)

chlorophyll concentration, 175W, Aug.-Sep.
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in the subtropical region. Interestingly, the overestimation by the model is not as large as
it looks in Fig. 3.8.
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Fig. 3.8. Chlorophyll concentration along l75°W obtained by (a) the model and (b) the
observation conducted as a part of the orthwest Pacific Carbon Cycle Study (NOPACCS)
from August 7 to October 5 in 1992. Correspondingly, the model result is a mean for August
through September.

108

Eq.

10N

20N

30N

40N

50N

Latitude
Fig. 3.10. Latitudinal distribution of depth-integrated (0 - 200 m) chlorophyll obtained by
the model (annual mean, solid line) and observations (Chavez and Smith, 1995, crosses).
The data are collected within a longitudinal range of 1600 W - 1000 W in various seasons.
The observation points are shown in Chavez et al. (1995). The model result is also averaged
over the longitudinal range.

The model shows better similarity with the observations in Figs. 3.9 and 3.10 than in
Fig. 3.8. Considering that the integrated phytoplankton biomass is more important for
the geochemical cycling than that in the shallow surface layer, the extent of the agreement
is satisfactory.
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Zooplankton

Bogorov et at. (1968) and Reid (1962) summarized data on zooplankton bioIDass from

(a)

many literatures as shown in Figs. 3.11 (b) and (c). The unit of the original data of
Bogorov et at. (1968) (mg wet weight per m3 ) has been converted into !Lmol Kitrogen per
liter (!LIDol:\"/I) by Glover et at. (1994) so that a direct comparison can be made with the
model result (Fig. 3.11 (a». The model zooplankton biomass is averaged over the surface
150 m, below which no significant biomass is found at any point of the domain. Although a
conversion factor between the unit in Figs. 3.11 (a) and (c) has not been firmly established,
qualitative dicussion is possible and the conversion is not forcibly made.
It can be seen that the model biomass is of the same order as that in Fig. 3.11 (b). In

addition, as in the case of chlorophyll, the model represents the feature that the biomass

H~

(b)

0

120

140

0

160·

160

0

abundance is high in the subpolar and the equatorial region and 10"· in the subtropical
region. Although the high abundanee in the model along

~

42°1\ does not exist in Fig.

60·

3.11 (b), it does exist in Fig. 3.11 (c). The abundance along the equator is much higher
in the model comparing Figs. 3.11 (a) and (b), but the problem seems less serious if we

40·

compare Fig. 3.11 (a) with Fig. 3.11 (c); the abundance along the equator is of the same
order as in the subpolar region in Fig. 3.11 (c), which is also the case for the model.
20·

From the comparison between Figs. 3.11 (b) and (c), it can be recognized that the observations themselves are not very reliable. We should be satisfied here to see that the model

o·

result is not very far from the observations. The rough agreement in the zooplankton distribution between the model and the observations suggests that the model phytoplankton

(e)

is under a proper grazing pressure. The grazing is the major sink for the model phytoplankton and thus it is very important for the phytoplankton seasonal variation, which ,,-ill
be analyzed extensively in the next chapter.

3.3.4

Net primary production

Fig. 3.12 (a) shows the annual net primary production (:\"PP) obtained by the model. In
the model, net primary production is defined as the phytoplankton growth term (DO:\""
formation is excluded) minus the ·'respiration" term, both of which are deseribed in Section
2.2. For the conversion from nitrogen based values to carbon based ones, the same ratio
as in Section 2.3.3 is used. As for observational estimation of NPP, global maps of KPP
"Dissolved Organic Nitrogen

.

//

Fig. 3::tl'l. Distribution of zooplankton biomass based on (a) the model and the data
compiled by (b) Bogorov et al. (1968) and (c) Reid (1962). The model result is the averaged
over the surface 150 1l1. The units are in ~!moIN/1 for (a) and (b) and in ml/(10 3 m3 ) for
(c). Darkest shading in (c) indicates values approaching 11l11/1l1 J.
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derived from the CZCS measurement plus empirical laws have been proposed by some
researchers (Longhurst et al., 1995; Antoine and

(a)

~10rel,

1996; Behrenfeld and Flakowski,

1997). Although some minor differences can be found among the three maps cited above,
the overall patterns and the approximate values are similar to one another. A detailed
comparison among the three maps is made in Behrenfeld and Flakowski (1997). Here we
compare the model result with the map of Behrenfeld and Flakowski (1997) because it is
the latest (this map will be referred to as "observation" though strictly speaking it is not
based on the pure observation).
Again, the values are generally high in the subpolar and the equatorial region and low
in the subtropical region for both the model and the observation. The zone of high :\pp
between the subpolar and the subtropical region seen in the observation seems to be reproduced by the model though it does not extend to the eastern boundary in the model. This
ma..--cimum zone is particularly interesting because chlorophyll is more abundant at higher
latitudes for both the model and the observation (Fig. 3.8). The mechanism forming this
~pp

(b)

distribution is investigated in the next section.

The major discrepancy occurs in the equatorial region. The maximum value in the model
exceeds 500 gC m- 2 yr- I while in the observation it is only ~ 150 gC m- 2 yr- 1 . One of
the reason for this overestimation is probably the simple extrapolation of the temperature
dependence of photosynthetic rate; although the dependence is based on Eppley (1972). his
equation (incorporated in Eq. (2.1)) seems to become unreliable around

~27°C

because

the number of experimental data is small in this temperature range. In the model. the
annual mean temperature above 100 m is ca. 28°C where the :\PP is much higher than
the observation.
The uncertainty of :\PP estimation in the equatorial region is. however, quite large
because of the high variability there. Chavez et al. (1996) reported that the mean :\PP for
the equatorial Pacific from 90 0 W to 180°, 50 S to 5°N is 330 gC m- 2 yr- 1 , a far larger value
than that seen in Fig. 3.12 (b). The corresponding average of the model :"PP is 450 gC
m- 2 yr- 1 . Therefore, the :\PP in the model may not be as unrealistic as it looks in Fig.
3.12 though it is still higher than in the observation.
The photosynthesis is the major source for the phytoplankton. Thus, together with the
result shown in Section 3.3.3, it turns out that both the source and the sink (the grazing)
may be considered as having a proper order.
j>(

Fig. 3.n. Net primary production (a) obtained by the model and (b) derived from the
satellite observation and empirical laws (redrawn from Behrenfeld and Flakowski, 1997).
The unit is in g carbon per m2 per year (gC m- 2 yr- 1 ).
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Discussion on the distribution of the primary
production

71

Ekman pumping [em/day]
annual mean

(a)

Here, detailed analysis is conducted on the spatial patterns obtained by the mode!. The
focus is on the NPP because it is the starting point for all of the biological activities in
the ocean, and almost the only variable on which basin-scale, depth-integrated data are
available.

~Iechanisms

forming the patterns are examined and their applicability to the

real ocean is discussed.

3.4.1

Production minima in the subtropical region

In the subtropical region, there are two minima in the eastern and the western part of the

140£

gyre (Fig. 3.12 (a)). These areas of low NPP is formed by the Ekman downwelling, whose

160

160.

140.

120.

100.

60.

60N

distribution derived from the data of Hellerman and Rosenstein (1983) is shown in Fig.

55N

3.13 (a). It is seen that the locations of the KPP minima well correspond to those of strong

50N
45N

downwelling. The downwelling carries nitrate away out of the euphotic zone to the deeper

40N

layer. Low nitrate concentrations in the model can be found corresponding to the strong

35N
30N

downwelling (Fig. 3.13 (b)).
In the data of Levitus et al. (1993) shown in Fig. 3.13 (c), low nitrate concentrations

20N
15N1.::..."",,"-..LI'===~_-::';~_..J....1l=~=::'::""~_::::""-_-..,.L-"

at around 33°:\, 135°W and 25°:\. 160 E seem to be reflecting the downwelling ma.xima
0

though their spreadings are rather

160E

(b)

nalTO~·.

Thus it is possible that in reality the Ekman

downwelling is also acting to suppress photosynthesis by reducing nitrate.

(c)

In Fig. 3.12 (b), however, the "observed" :\PP shows the minimum only in the western

part of the subtropical region instead of the double minima found in Fig. 3.12 (a). The
"observed" :\PP in the eastern part is larger than that in the ~'estern part while the Ekman
downwelling is more intense in the eastern part. Going into detail on this problem will be
beyond the scope of this thesis because the inconsistency is outside the model, that is,
between Figs. 3.12 (b) and 3.13 (c). Here, we merely point out this apparent conflict
between the distributions of the Ekman velocity and the

3.4.2

~PP.

Production maximum along 35°N

In Fig. 3.12 (a), a belt of high NPP is extending to the east from the coast of Japan along
~

35°N. It seems to have a counterpart in the observation (Fig. 3.12 (b)). Thus it is very

intriguing to examine the reason the NPP is large here.

100.

Fig. 3.13. (a) Ekman velocity (em/day) derived from the data of Hellerman and Rosenstein (1983) and annual mean nitrate concentration averaged over 0 - 100 m in (b) the
model and (e) the observation (Levitus et at., 1993). The nitrate concentrations are expressed in logarithm of {tmol/!. In (b) and (c), contourlines out of the range from -2 to 1.2
are not drawn.
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First, we investigate why the high NPP belt exists along this latitude. In order to under-

Nutrient dependence

stand this, the term for photosynthesis in Eq. (2.1) is decomposed into three parts, namely,
dependence on nutrient ([N0 3 /{N0 3 +KN03 }] exp{ -wNH 4 } +NH 4 /{NH 4 +KNH4 }), tem-

(a)

Om
50m

perature (exp{kT}), and light ({I/Iopt }exp{l- I/Iopt}). Fig. 3.14 shows them together
with their product along 169°E. It is clearly seen that the nutrient condition is favorable

100m

for photosynthesis to the north and the temperature condition is so to the south. Besides,

28N

30N

32N

34N

38N

38N

40N

42N

44N

the light condition does not have distinct meridional gradient. After all, as can be seen
from Fig. 3.14 (d), the overall condition becomes most suitable for photosynthesis at

~

0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.6 0.65 0.9

Temperature dependence

35°N where both the nutrient and the temperature condition are modestly good. In other
words, this is the location where the nutrient and the temperature condition are balanced

(b)

50m

for photosynthesis.

100m

Next, we examine the mechanism forming the zonal distribution on this high NPP belt.
The maximum at

Om

~

170 E is brought about mainly because nitrate is vigorously trans0

150m
26N

28N

30N

1.5

1.6

2.1

32N

34N

36N

38N

40N

42N

44N

ported from under the euphotic zone in summer at this location. To see this, the photosynthetic term is again decomposed and the nutrient condition in August along 34°N is
The reason for this favorite condition can be found in Fig. 3.15 (b), where the vertical
diffusion coefficient is shown; right under the euphotic zone (to the depth of
a watermass with large diffusivity is lying at

~

~

2.4

2.7

3.3

100 m),

50m
100m

0

This watermass is. in turn, formed from winter to early spring when surface cooling forms

28N

30N

32N

34N

36N

a watermass with weak stratification and thus large diffusivity. By comparing Fig. 3.15
(b) with Fig. 3.15 (c), where the vertical diffusion coefficient in March is displayed, it is

0.09

0.12

0.15

0.18

40N

0.21

42N

44N

0.24

Product of the above three
Om

one with weak stratification in Fig. 3.15 (c).

(d)

Concerning the mechanism determining the zonal structure along

~

vigorous vertical mixing from winter to early spring is important. However, as can be seen
~

60m

35°N, the deep,

in Fig. 3.4, the depth to which the intense vertical mixing penetrates is much shallower in
~

38N

I
0.06

0.03

clearly seen that the watermass with large diffusivity in Fig. 3.15 (b) is a remnant of the

it is as deep as

3.9

Om

(c)

170 E and contributing to enrich nitrate.

the observation than in the model; in March, it is only

3.6

Light dependence

displayed in Fig. 3.15 (a). Around 170 o E, the condition is favorable for photosynthesis.

100m
160m
26N

28N

30N

32N

34N

36N

38N

40N

42N

44N

150 m in the observation while

300 m in the model. Thus, it is unlikely that this mechanism is also

functioning in the real world though the possibility can not be completely denied.
Meridionally, on the other hand, the high l\PP belt in the model seems to exist also
in the observation (Fig. 3.12 (b) as mentioned above. For creating Fig. 3.12, Behrenfeld and Flakowski (1997) have adopted an empirical relation between temperature and

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0.55

Fig. 3.14. Decomposition of the term for photosynthesis iu Eq. (2.1) aloug 169°E. The
upper three figures represent depeudence ou (a) lJutrient, (b) temperatme, aud (c) light,
respectively. The product of the three parts is displayed iu (d). The model results are
takelJ from January as au example.
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photosynthetic rate which is similar to that in our model, that is, the photosynthetic rate

(a)

Nutrient dependence, Aug.

o

::§:

50

:5

100

Flakowski (1997) is, however, based on a compilation of in situ data unlike that exploited in
agreement between Figs. 3.12 (a) and (b) on the existence of the high :,\PP belt provides
a certain observational basis for the mechanism forming the belt in the model.

200
140E

Besides, an area of high :\IPP is also found in the central equatorial region. The :,\PP of

150E

160E

170E

180

170W 160W 150W

0.26 0.32 0.3B 0.44 0.5 0.56 0.62 0.66 0.74 O.B 0.66 0.92

0-===-------==-------=--------,

::§:

50

:5

100

~

in detail. Here we will suffice it to say that the same mechanism forming the meridional
distribution around 35°:'\ is also in effect; the temperature condition is more suitable for
photosynthesis to the west because water temperature is higher in the west than in the
east, and the nutrient condition is so to the east as seen in Fig. 3.6: around 180°, the two

3.5

200
140E

Summary and conclusion

We have developed the three-dimensional ecosystem model embedded in the OGCM. The

150E

-0.5

:5

this area is, however, much higher than that in the observation, thus it Thill not be examined

conditions are best balanced.

~ 150

::§:

belt in Fig. 3.12 (b)

our model (Eppley, 1972), which is derived from laboratory experiments. In that sense, the

~

(c)

~PP

may not be independent from that in our model. The empirical relation in Behrenfeld and

~ 150

(b)

increases rapidly with temperature t . Therefore, the high

ecosystem model was calibrated in the previous chapter using its one-dimensional version
0.5

1.5

2.5

at a couple of ocean weather stations. The vertical resolution of the OGC:VI is very fine
compared with other OGCVls, from the sea surface

o

to

the intermediate depths. The rni..xed

layer model is incorporated in the OGC:Vr.
The OGCl\-! provides the basically realistic environments for the ecosystem model con-

50

cerning the :VILD and the vertical velocity. The overall distribution of the modeled NILD

100

is similar to that in the observation. Intensity of the equatorial upwelling is within the

~

~ 150

range of data and it shows the decreasing trend from 150°\\' toward the east like in the

200
140E
0.5

observation. The major defects of the model are the :vILD off Sanriku coast which is too

150E

160E
0.5

170E
1.5

180

170W 160W 150W
2.5

Fig. 3.15. (<1.) )lutriellt condition for photosynthesis based Oil the decomposition of thc
term for photosynthesis in Eq. (2.1), and vertical diffusion coefficiellt expressed in COllllllOIl
logarithm for (a) August and (c) :Vlarch.

deep in :vlarch and the MLD on both sides of the equator throughout the year. Caution
must be taken on these defects when the modeled seasonal variation is analyzed in the next
chapter.
The results of the ecosystem model are compared with observations. The model bears
tIn the relation adopted by Behrenfeld and Flakowski (1997). the increase of the photosynthetic rate
ceases at about 20°C. Nevertheless: it is possible that the same mechanism as in our model is working also
in their calculation because annual mean SST to the north of 35°l\ is less than 20°C.
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similar distributions of nitrate, chlorophyll, zooplankton, and KPP to those in the observations, in that their values are of the same order as in the observations and that the general
trend common to these variables (the values are small in the subtropical region and large
in the subpolar and the equatorial region) is reproduced. There are, however, notable discrepancies between the model and the observations. The chlorophyll concentration at the
sea surface in the model is higher in the subpolar region and lower in the subtropical and
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Chapter 4
Characteristics of the seasonal
variation of chlorophy11 in the
three-dimensional model
4.1

Introduction

Temporal variations of the oceanic ecosystem are affected by various factors.

Vertical

mixing, temperature, light intensity, nutrient composition, and species composition are,
among others, especially important when we seek the cause(s) for variations of the oceanic
ecosystem regardless of their temporal and/or spatial scale. Their effects on the ecosystem
are most clearly seen in its seasonal variations. For instance, vernal blooming, which is
a conspicuous feature in some oceanic regions, the North Atlantic, Bering Sea, etc., is
often associated with changes in the strength of vertical mixing (e.g .. Sverdrup, 1953;
Evans and Parslow, 1985; Fasham, 1995); the summer maximum of plankton biomass in
the California upwelling region has been explained by the fact that the upwelling becomes
strongest in that season (e.g., Thomas et al., 1994); seasonal variations in High NutrientLow Chlorophyll (HNLC) regions might be strongly controlled by silicate (Dugdale et al.,
1995) or iron (Martin and Fitzwater, 1988) concentration. Therefore, understanding the
mechanisms of seasonal variations will lead to grasping essential features of the oceanic
ecosystem.
Seasonal features of the oceanic ecosystem show different patterns depending on the
geographical position of the ocean. Colebrook (1979) demonstrated, by analyzing data
in the North Atlantic obtained by the Continuous Plankton Recorder (CPR), that there
are distinct differences in timing of the vernal blooming depending on the location. Us83
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ing chlorophyll data from satellite measurements by Coastal Zone Color Scanner (CZCS),

step will be to classify all the seasonal variations in the whole domain, and then to identify

Longhurst (1995) divided the world ocean into 56 provinces which can be classified into four

the physical mechanism(s) playing a central role in determining the spatial distribution of
the seasonal variation patterns.

main domains, and showed typical patterns of seasonal variation in some of the provinces.
Banse and English (1994) also used CZCS data to demonstrate the diversity of seasonal
variations.

85

In this chapter, by analyzing the results of the combined model, i. e., the three-dimensional
ecosystem model embedded in the OGCM for the North Pacific in Chapter 3, we will iden-

"'Iany investigators attribute the geographical differences in seasonal variation to physical

tify the seasonal patterns and their spatial distribution which emerge in the model to

environments, although some attribute them to differences in chemical and/or biological

examine how physical environments regulate seasonal variations of the ecosystem. In Sec-

conditions. Indeed, Colebrook (1979) related timing of the spring bloom to that of the

tion 4.2, the domain is divided into seven areas based on the seasonal variation patterns

sea surface warming based on the in situ data in the North Atlantic; Obata et al. (1996)

and the annual mean abundance of chlorophyll. It will be shown that the pattern and the

also showed, on the global scale. the spring bloom is tightly related to the surface warming

extent of each area are well compared to the observations. The mechanisms forming the

in the timing using the CZCS data and results from an ocean general circulation model

contrasts of such patterns in the model are then investigated in Section 4.3. The factors

(OGC:vI); Longhurst (1995) obtained 56 provinces based mainly on physical environments.

determining the overall distribution of the seasonal patterns are discussed in Section 4.4.

adopting the notion that physics determines the overall feature of ecosystem behavior as a

Finally, summary and conclusion are provided in Section 4.5.
We use the model data obtained in the Chapter 3, where the model performance has

premise.
However, the extent to which physical environments can produce the diversity in seasonal

been extensively examined. In Chapter 3, the model results for physical fields, nitrate.

variation, leaving chemical and/or biological processes out of consideration, has not been

chlorophyll, zooplankton, and primary production were compared with the observations

throughly examined. Here, we will investigate the role of physical environments in the

on the spatial scale of the Korth Pacific basin. In addition, the mechanisms determining

oceanic ecosystem by using the OGevl with realistic seasonal variations. The :\orth Pacific

the distribution of the primary production was also investigated. Thus. in the previous

is the studying area.

chapter. it was proved that the model products are not unrealistic and worth analyzing.

Sarmiento et al. (1993) and Fasham et al. (1993) used the same kind of model. that
is, an ecosystem model embedded in an OGC\1. to im'estigate the ecosystem dynamics
in the :\orth Atlantic. Their main purpose was, however,
biomass distributions

bet~'een

to

4.2

Areal division of the domain

identify discrepancies of

model results and observations and to clarify the causes of

the discrepancies. Seasonal variation in the model was not discussed in detail.
Some studies dealt in detail with the relation between differences in physical environments and seasonal variations of ecosystem. Evans and Parslow (1985) and Fasham (1995)
demonstrated, using a box model. that the difference in the dynamics of the mixed layer can

As explained in the previous chapter. all data for the analysis are the monthly averages in
the sLxth year of the integration: the twelve datasets comprise the annual cycle.

4.2.1

Procedure of the areal division and description of each
area

explain that between regions with and without a large spring bloom. :VIcCreary et al. (1996)

To obtain characteristic seasonal variation patterns and their distribution. Empirical Or-

investigated seasonal variations in the Indian Ocean with an ecosystem model embedded

thogonal Function (EOF) analysis is applied to chlorophyll (strictly equivalent to phyto-

in a 2.5 layer model of the ocean. They showed that the seasonal variations at some se-

plankton in the model) data averaged over the upper 150 m. In the analysis. data at

lected regions are deeply affected by the mixed layer depth (MLD). In the above mentioned

latitudes higher than 52°K are excluded, because too many modes are needed only to ex-

papers, focuses are on the causes for formation of the seasonal variations at some chosen

plain the variation in the high latitude region; amplitudes of seasonal variations are far

locations, but not on spatial extent of the region with the same seasonal variation. A next

larger in the high latitude region as shown later. Data near the southern artificial wall,
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23°S - 11oS, are also excluded.
The first two principal modes are displayed in Fig. 4.1 with their time coefficients. The

(a)

EOF 1 (75.6%)

first mode (EOF 1) shows that the amplitude of seasonal variations is higher in the middle

50N

and high latitude regions. It reaches its maximum phase in April. The peaks in the second

40N

mode (EOF 2) are located where the mixed layer becomes extremely deep in early spring

30N

(Fig. 3.4). The phase is opposite between the area off Sanriku coast and the one along the

20N

latitudinal line of about 30°:,\.

ION

The information from the EOF analysis is utilized for the areal division of the domain.

6011'
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-0.08
-0.1

6011'

0.1
0.08
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0.04
0.02
0
-0.02
-0.04
-0.06
-0.08
-0.1

EQ

The annual mean abundance of chlorophyll averaged over the upper 150 m (Fig. 4.2) is
also exploited because it is highly probable that, even if the seasonal patterns look alike,

lOS

16011'

14011'

1201\'

10011'

they are formed by different mechanisms in a eutrophic, chlorophyll-rich region and all
oligotrophic, chlorophyll-poor region.
Thus, all areal division is created as shown in Fig. 4.3 based on the EOF modes and the

EOF 2 (11.3%)

annual mean abundance. The areas are named by two alphabets. The origins of the names
are given in Table 4.1 along with the characteristic features of the areas. Regions of sharp

50N

fronts in Fig. 4.2 are not included in the division but treated as transition zones except

40N

the area KS where the front itself constitutes modal peaks. Each area contains one of

30N

the peaks in either the EOF modes or the annual mean abundance. Also, each boundary

20N

between the areas corresponds to a front in either the EOF modes or the annual mean

ION

abundance. Thus. this division is a highly objective one based only on the chlorophyll data
in the model.

EQ
lOS

Table 4.1. Features of the areas shown in Fig. 4.3
:'-lame of the area
BO (Bering & Okhotsk Sea)
SP (SubPolar region)
PR (Purturbed Region)
CD (Coastal Upwelling region)
KS (KuroShio & Kuroshio Extension)
ST (SubTrophical region)
EQ (EQuatorial region)

Feature
Extremely large anlplitude of
seasonal variation
Positive peak in EOF 1
Positive peak in EOF 2
High abundance in annual mean
Negative peak in EOF 2
Lm\' abundance in annual meall
High abundance in annual mean

There are distinct differences in the seasonal patterns among the areas as shown in Fig.

(b)

Time coetllcients
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Fig. 4.1. (a) First two principallllodes of the EOF analysis applied to 1Il0dei chllorophyll
data averaged over the upper 150 and (b) their tillle coefficients. In the parentheses of
(a) arc the percentages by which the total variance is accounted fol'. In (ll), the solid line
represellts the tillle coefficiellts for the first mode and da.'3hed line for the second 1Il0de.
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4.4, which represellts the scasoual variatiolls averaged over the area allel the upper 150 m.
Cbl._ oonoentr_UoD ..er_ced over the upper 160m [PC/I]
anDuaJ mean

It is seell that the area BO has the maximum amplitude. PR has tlIe secolld largest olle
while SP,

eu, and

ES show moderate seasollal variatiolls. ST alld EQ illdicate oilly slight

variatiolls.

0.66

SeaSonal variation or chJ.a. ave. over 150m

0.60
0.46 .
0.40 .
0.35
=0.30 .
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Fig. 4.2. Alluualllleall couceutratioll of chlorophyll averaged over the upper 150 Ill.
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Fig. -l.4. \1odclecI seasollal variatioll of chlorophyll in each area showll in Fig. 4.3. The
cIata arc averaged over each arca allcI tlIe upper 150 nl.

Figs. 4.5(a) alld (b) show seasollal variations of:\-ILO anduitrate to understalld what is
takillg place in the model. PR alld

r-.:s go through large variations of \1LO due to the effect

of the Euroshio ill the model, rea.ching their maxllllulll pha.se ill early sprillg; the impacts of
the :\:1LO variatiolls cau be clearly seell ill the uitrate. llleallillg tlIat the ecosystellls will be
also affected by the :\1LO varia.tious. ST is llitrate depleted all through the year (here the
phra.se "uitrate depleted" mealls that the surface uitra.te couceutratiou is of the orcIer of or
less thau the value of the half saturatiou COllstaut for uitrate, which is 0.03 floinol/l).

r-.:s

becomes llitrate depleted frOlI1 SUllllller to fall but relatively ell1'iched in nitrate from wllltCl
to sprillg. The other areas llever becollle nitrate depleted because all of thelll arc located ill
regiolls with willd-illducedupwellillg, whiclI brillgs nitrate from lillder the euphotic ZOlle; it
Fig. 4.3. Areal division of the dOlllain based ou the model.

is worth poiutillg out that ST alld

r-.:s

lie iu all area with wind-illduced downwellillg. The

relatiou betweell the seasonal variatiolls of the lllodel chlorophyll alld the factors such

3.S
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90
:VILD, upwelling, and nitrate concentration will be discussed more in detail in Sections 4.3
and 4.4.

4.2.2

(a)
Om

Comparison with observations

Se8110nal variation of MLD

CU

~Om

Comparison with an areal division based on observations

100m

Fig. 4.6 depicts the ecological areal division for the Xorth Pacific proposed by Longhurst (1995).
This figure is created based on observations, and is used to classify seasonal variations of

I~Om

chlorophyll detected by CZCS (Longhurst, 1995), as well as to describe the variation of
200m

parameters for estimating primary production from CZCS data (Longhurst et al., 1995).
A remarkable resemblance can be found between this figure and the model result in Fig.

2~Om

·L3. BERS in the former corresponds to BO in the laUer, PSAG(vV) and PSAG(E) to SP,
,,:eRO to PRo \TST(W) to ES, '\PST(E) and ,\PTG to ST. and P,\EC together with

300m

PEQD to EQ. Although each of the model areas SP. ST. and EQ contains two areas of
the observation, similarity can be found between the two of each combination: the shallow

FEB MAR APR MAY JUN

JUL AUe SEP OCT NOY OEC

haloclines found in both NPST(E) and NPST(W) bring impacts on the ecosystem there;
in both '\PST(E) and

~PTG,

deep subsurface chlorophyll maxima are formed throughout

(b)

SeaSonal variation of nitrate

the year at depths deeper than 100 m. thus indicating a feature of oligotrophic regions;

20.0.,--~----------------,

wind-induced upwelling occurring in both P,\EC and PEQD transports nutrients to enhance biologi('al adi"ities (Longhurst. 1995). The striking agrepment bet\\'een Fig. -1.3 and
Fig. -1.6 !Pnds som(' supporr

4.2.3

to

15.0

thp rpality of the spasonal ,',uiations in the model.

Comparison with satellite data

In Fig. -1.7. model chlorophyll concentrations in pach area are compared with those detected

'-

~ 10.0

~

by CZCS. The satellitp dat'l arc also avpragpd owr each area. hown in Fig. -1.3. As stated
in Chapter 3, the satellite observation pro\'ides information awraged o\'er the depth of the
order of only 10 m (e.g .. Gordon et aI., 1982). Therefore the model seasonal variations are

5.0

cu

replotted using data averaged over the upper 10 m so that they can be directly compared
to the CZCS data. The satellite data in high latitude regions for October - February arc
excluded because they arc distinctly unreliable (Yoder et aI., 1993).
It is very easy to find differences between the two figures, bllt yet many common features

are found:
• The amplitude in 80 is much larger than that of any other area;

O.OJA*'N=--=F""EB:-:"lol·T:
AR=--A""PR:-:':I/A+.Y':"""":JU':':N:--m':':L-AU+.e=-=S""Ep:--O"CT::--N"COy'"""""'i
OEC

Fig. 4.5. :YIodcled seasonal variations of (a) :\ILD and (b) nitrate, <loS averaged over tllC
area shown ill Fig. 4.3. Nitrate data arc averaged over the upper 100 111.
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(a)

Seal/onal variation of ehl.a

1.5,.----------------------,

0.0

+:-:---::!=--,--~-.------.----r--....---.------.----r-~

JAN

fig. -I.G. Ecologinll areal division of the ocean based 011 observational fads (redrawn fmlll
Longhur~t, 1995). The 'iOlth Pacific is picked np fmlll the original figure for t.lle mnlcl
ocean.
• [(S reaches its maximnm in \larch and dedines to it.s minimum in late summer or
early fall;

(b)

2: .~0J;

FEB MAR APR MAY JUN

JUL AUG SEP

OCT NOV DEC

Seasonal variation of ehl.a

.'j

.~

1.5 - - - - - - - ' - - ' - - - - ' - - " ' - - - - - - ' - - - - - - - - 1.5 - r - - - - - - - r - - - - - . - - - - - - - - - - ,

• PR has a larger amplitude than SP though t.hey lie in the same range of latitnde;
t.his feature is somewhat wiped out in Fig. -I.I(a) but quite not.iceable in Fig. -1.-1;

1.0
PH has a larger amplitude than ](S though they both go though large variat.ionb of
\lILO (fig. -1.5) compared with those in t.he other regions;

0.5

• ell

reaches its maximum in summer though the concentration is much lower in t.he

model; this feature is hard t.o tell in Fig. 4.1 but dearly seen in Fig. 4.4;

0.0t:=E=s:=E=;:~~3~~~
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

• ST and EQ experience v('ry small variations.

These agre('ment.s are striking considering t.h(' simplicit.y of th(' ecobYbt.em model and t.he
fact t.hat. t.he areal divibioll is t.otally based

011

t.h(' model chlorophyll data.

Fig. 4.1. Seasonal variation of chlorophyll averaged over the area shown in Fig. 4.3 for (a)
model data averaged over the surface 10 III and (b)
data. The
data in high
latitude regions for October - February arc not slrowu because they cOlltain large elTor. .

ezcs

ezcs
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4.3

Mechanisms of forming the seasonal variation of
each area

95

extremely high chlorophyll concentration

(~

10J.Lmol/l) in May at several stations. How

is the bloom excited in the model? To answer the question, the terms in the governing
equation of chlorophyll (2.21) acting in the water column are averaged over a month and

Having seen that the seasonal variations in the model are not unrealistic, mechanisms of

plotted in Fig. 4.9. The balances are shown for April and May because they correspond

forming them are examined in this section with emphasis on points related to the similarities

to, respectively, immediately before and at the maximum phase of the bloom. In April, the

listed in Section 4.2.3.

contribution from vertical mixing is so large that the balance against net primary production (:-lPP) is supported by grazing and vertical mixing at the depth where )lPP takes the

4.3.1

BO (Bering & Okhotsk Sea)

maximum value; vertical mixing is playing a significant role in sweeping chlorophyll away

The seasonal variation of vertical structure of chlorophyll in BO is shown in Fig. 4.8. Here,

from the most suitable place for photosynthesis. In contrast, the contribution from vertical

instead of taking an average over the area, a specific point (56°N, 177°W) in BO is selected.

mixing is very small in May; the overall balance is kept between NPP and grazing. This

This is because the averaging process sometimes obscures characteristic features of interest,

qualitative difference in term balance between April and :V1ay means that a large imbalance
between NPP and grazing is produced by surface warming and subsequent weal,ening of

especially in the analysis of term balance, which is actually done below.

vertical mixing; the imbalance works to increase chlorophyll because it is generated by
disappearance of a term acting ag,tinst NPP. The bloom ceases when the grazing catches
up the chlorophyll increase.
The summer SCM is formed mainly by the effect of light. This is made evident in Fig.
-1.10 where the light dependence of photosynthesis ([1/ lop,] exp[l - 1/ lop,] in Eq. (2.1)
averaged over the day cycle) is plotted' . Due to the photoinhibition, the most favorable
light condition occurs at a depth of

~

40 m during summer. This depth is loc,tted very

dose to the one of SC:v[ in Fig. -1.8, suggesting that the light condition is most responsible
for the formation of the SC:\r. The small differences in depth of maxima between Figs.
4.8 and 4.10 are due to other factors, among which the ammonium inhibition is the most
dominant. The summer
100.l~N--:::!FE"-S""ycA=-R-:A:C::pR:-:-:'WA~Y-1J7N-'------:1J~L-----:AU""Q-S'-'E=-P ""O"'CT:-C-NO'-V----::-!DEC

sc:vr

after blooming is also fonnd in an obsen'ation (Sambrotto

and Goering, 1983), although it is hard to tell whether the forming mechanism is the same

Fig. 4.8. :vlodeled seasonal variation of chlorophyll at 56°. , 177°E, which is located in BO
in Fig. -1.3.

or not.
In Fig. 4.8, the extreme value exists only in May while in Figs. -1.4 and -1.7(a) it is also
seen in April. This is because the maximum may be reached in April at some other points

At this point. a distinct maximum appears in :'vIay at the shallow depths

(~

where the retreat of the mixed layer occurs earlier than at the present point. The shapes of
10 m). After

the variations in Figs. 4.4 and 4.7 result from the integration over the grids each of which

its disappearance, a relati\'ely weak subsurface chlorophyll maximum (SC1\·I) is formed at
deeper depths, being dearest in June. In winter. the concentration beeomes smaller ,tnd
independent of depth.
The high concentration in May has supporting evidence not only from the CZCS data
(Fig. 4.7), but also from the in situ d,tta of Smith and Vidal (1984) who observed the

"Strictly speaking, the plotted values of each month are monthly a\'eraged photosynthesis divided by
[{:\'03/(N0 3 + A'N03)} exp( -IJ!NH..) + ::-iH../(NIL, + I'"H4)) exp(kT)Chl (sec Section 2.2.1 and Table 2.1
for the notations), where mouthly mean \'alucs are used for each Y<.ll'iable. Therefore. they may contain
significant error when the time evolution rates of the variables become large. This is evidenced ill the
peculiar ma.ximum in January in Fig. 4.20 (a), which appears later. This kind of plotting is, 110WC\'C1',
enlightening if eIlough care is taken over the point.
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Fig. 4.10. Light dependece of photosynthesis at 56°:'01, 177°E. ::vIore specifically. a contour
of [IIIopt ]exp[l- IIIop ,] in Eq. (2.1) averaged over the day cycle.

(b)
-

NPP

Crnln.
-Wort.lIly
-Ver._Dlt.

The duration of the high chlorophyll concentration is not long enough in the model

20

Yer._Adv.

compared ,,,ith the CZCS data. The reason for this disagreement is not clear. It may

30

:!
~
~

takes the maximum value at different time in April or ::vlay.

10

be that the shallowing of the mixed layer occurs as late as in .June at some locations in

40

reality. Another possibility is the succession of species caused by the variation of silicate

60

concentration, which is not incorporated in the model: a bloom of dinoflagellates often

60
70
60

takes over one of diatoms after silicate becomes depleted thereby making the apparent
duration of the bloom longer (Tsunogai and :'oIoriki. 1(83).

4.3.2

SP (SubPolar region)

90
100

Seasonal variation of chlorophyll is shown in Fig. 4.11 for the point 48°N, 155°W, which
is located in SP. No pronounced blooming can be found here despite that this region is

Fig. 4.9. Balallce alllollg the selected tellus ill the govemillg equatioll of chlorophyll (2.1)
for (a) April alld (b) \fay at 56°:'01, 1TToE. The tellus for photosynthesis aud respiratiou
arc cOlllbllied as :'oIPP (uet primary procluetiou) for simplicity. Black wle represellts :'o!PP.
red gTazing, blue mortality, yellow vertical aclvectioll, allcl light blue veliical diffusiou.
Horizontal scalillg is differeut betweell the two plots to eulightell the relative coutributiou
of each tcrIll.

located near BO, where chlorophyll concentration takes an extremely high value in April
or YIay almost everywhere. This uniformity of chlorophyll concentration has been also
observed at OWS Papa (Fig, 2.4), v,hich is near the selected point t.
'The point exactly corresponding to OWS Papa is not chosen here because in the model it is located
close to the transition zone between nitrate depleted (ST) and nitrate rich region (SP). In reality, however.
the transition zone lie far more south than in the model. so that OWS Papa can be safely considered as in
a nitrate rich region.
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Fig. 4.11. Modeled seasonal variation of chlorophyll at 48°:'1. 155°\,". which is located in
SP in Fig. 4.3.
Fig. 4.12. As ill Fig. 4.9 but for :\:Iarch at .18°:'1, 155°W.
The reason for the absence of blooming can be seen in Fig. 4.12, where water column
term balance at the point is shown for March. Even in this month when vertical mixing
is most vigorous here, the contribution from vertical mixing is small at the depth of the
ma.ximal :'IPP compared with the one in the case of BO (Fig 4.9). Thus the grazing term
PootenUBt density

can be in balance against _ PP almost all through the year thereby suppressing bloom. In
turn, the inhibition of strong vertical mixing is caused by strong stratification due to a
shallow halocline. This is made evident in Fig.4.13 which represents the vertical profiles of
potential density. temperature, and salinity in :Ylarch. It can be seen that the halocline at
a depth of 40 m is so steep as to prevent convection due to the surface cooling suggested in

I

'00

the figure. The suppression on deepening of the mixed layer by the shallow halocline has

~

l~O

been also pointed out by many observational studies (e.g., Tabata, 1964) though it lies at
a deeper depth

(~

Q

.

100 m) according to observation. Furthermore, the banning of a bloom

by shallow winter mixed layer in the subarctic Pacific is also suggested by other modeling
studies (Evans and Parslow. 1985; Fasham, 1995).
The halocline exists throughout the area SP but it suddenly declines at the boundary
between SP and BO. This is clearly seen in Fig. 4.14(a); north of ~ 54°N where the
boundary is located. the halocline looses its steepness. This distinct difference in salinity
structure induces the contrast in the seasonal variations of SP and BO. The tendency of

260.

~

e

7

ee]

a II lO

2IU~t.6s:J".~~:JU311
(p.•. u.]

Fig, 4.13. Profilcs of potential clcnsity, temperature, anel salinity in :Vlarch at 48°:'{, 155°'vV.
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100

101

the halocline to rapidly decline toward the north is also seen in the data of Levitus and
Boyer (1994) (Fig. 4.14(b)). It is likely that in reality the gap in the halocline also causes
the difference in SP and BO.
Besides, the pronounced SCM in summer seen in Fig. 4.11 is formed by the same mechanism as in BO This is easily inferred from the fact that the two areas are both nitrate rich

Salinity (model), Mar.

( a)

so that the only process to strongly inhibit phytoplankton growth is the photoinhibition.
The SCM is also found in the observation at OWS Papa (Fig. 2.4) though the strength is

50

much weaker.

::§: 100
4.3.3

PR (Perturbed Region)

Fig. 4.15 shows the seasonal \'ariation of chlorophyll at 38°N, 157°E. As in the case of

:5

~ 150

Q

BO, r.onspicuons blooming is found in April, after which the SCY[ is formed. The high

200

chlorophyll concentn,tion in spring is detected by CZCS (Fig. 4.7) and also seen in Imaj
250+-'----L-L.,--L..,£-L~-,____L~~~----'-~-----'--~

et at. (1988), who compiled in s"itu data from 1913 to 1984 taken by the quarterly routine

36N

39N

42N

45N

46N

51N

observation around Japan.
The resemblance between PR and BO is also retained even if we look into the mechanism
of shaping the scasonal variations. The term b,,!ances shown in Fig. 4.16 tell the samp

(b)

54N

+

57N

60N

63N

Salinity (Levitus), Mar.

o ,----~--.--rrrr_,___,__------:=:-z---.---.---:-__,

story to that of BO; surface warming causes an imbalance between NPP and grazing, and
50

thns it results in the rapid phytoplankton growth.
A earl' mnst be taken e\'en though the model seasonal variation looks very similar to the

satellite observation (Fig. 4./); the deep mixed layer in March, the cause for the pronounced
blooming in this model, is brought about by the inability of the OGCM to reproduce the
separation of the Kuroshio (Chapter 3). In reality too, however, the mixed layer in Ylareh
is deep in this area (Fig. 3.4) though somewhat shallower than that in the model. The real

::§: 100
:5

~ 150

Q

200

oceanographic conditions in this area are, however. much more complicated than in the
model: the Kuroshio separates from the coast of Japan far more south: interactions among
warm core rings detached from the Kuroshio, the Oyashio intrusions, and heat and fresh
water exchange between the atmosphere and the ocean determine the density structure in
the surfac·e layer (e.g., Talley et aI., 1995). which has a drastically large time variation.
These interactions can not be expressed in this eoarse resolution model. Therefore, the
processes of the mixed layer deepening in the model and the real world differ, but yet the
results are similar. It is probable that the real blooming is also excited by this deep mixed
layer.

250+-~-'---+---r'--~~-~---'->--l,

36N

39N

42N

45N

48N

51N

54N

57N

80N

63N

Fig. 4.14. Salinity in March along 179°W for (a) the model and (b) the observation (Levitus
and Boyer. 1994). The arrow in (a) indicates the location of the boundary between SP and
BO
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:! 100
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i 160

250A+,N----:::yE~B-1I,.,..A::-RLAc:pR~lI,-cAY~1JN".----1J""L--CAU:c:G:-:;:,SE:::-P-:O'""CT~N'C::OV-=:!DEC
Fig. 4.15. :Vlodeled seasonal variation of chlorophyll at 38°=". 157°E, which is located in
PR in Fig. 4.3.

200

Besides, the reason for the existence of the summer SC:VI is also explained by the pho-

(b)

toinhibition, as in the case of BO and SP.

4.3.4

NPP
Cruln,
-),(orlalltJ
-Yer.DLr.
Ver.::::Adv.

CU (Coastal Upwelling region)
60

Chlorophyll concentration shows a modest seasonal variation in CL.; (Fig. 4.17 for the point
at 36°=", 125°·W). The feature that the cWorophyll concentration is high in early summer

:! 100

corresponds to that seen in the CZCS data although the absolute value of the concentration

~

is much lower in the model (Fig. 4.7). and is indirectly supported by Chelton et al. (1982),

i

who showed that in situ data of zooplankton biomass in this area take their maximum
value in summer.
Due to the absence of deep vertical mixing and the abundant nutrient transported by the

160

200

wind-induced upwelling, the chlorophyll concentration closely traces the variation of light
~o

condition (Fig. 4.18), which provides the most favorable condition in June. It is worth
pointing out that the best condition in June is brought about not by the intense light, but
the long duration of daytime: the daily averaged light intensity at the sea surface is well
above the optimal light intensity

(fopt

in Eq. (2.1)) all through the year, which is readily

inferred from Fig. 4.18 where the light condition is most suitable for photosynthesis always
at the subsurface, implying that the surface light is more intense than the value of

lopt·

.

-0.4-0.3-0.2-0.1 0

~ig ..
IS

.
0.1 0.2 0.3 0..4 0.6 0.8 0.7

(~&

1-' d"']

4.16. As in Fig. 4.9 but for (a) \farch aud (b) April at 38°:--J, 15/o E. Horizoutal scaliug
chffcrcut bctwccu thc two figurcs to culightcll thc relativc coutributiou of cach tcnu.
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Contrary to the model results, high chlorophyll concentration in summer is often associated with the seasonal variation of upwelling intensity in observational studies (Mann
leasonal variation of chlorophyll [lLg/1] (36N. 12611)

6~3

The low chlorophyll concentration is perhaps attributable to the parameter choice. It

~~~
---~.3~

50

:! 100

and Lazier, 1991). But in fact, the explanation that the upwelling intensity determines the
chlorophyll seasonal variation is still a hypothesis (Thomas et aI., 1994).
is known that neritic species have more vigorous photosynthetic rates than oceanic ones
(Parsons et al., 1984). In the model, the photosynthetic rate characteristic for oceanic

:9

species is applied allover the domain and this value must be too small for the coastal

g160

upwelling region.
Though the concentration is low. the model amplitude of the seasonal variation relative
to the annual mean abundance is rather large (amplitude/mean ratio

~

O..! as calculated

from Fig. 4.4). The model result is indicative in demonstrating that the effect of light
25011N

FEB

MAR

APR

MAY

JJN

JJL

AUG

6EP

OCT

NOV

OEC

Fig. 4.17. Modeled seasonal variation of chlorophyll at 36°N, 125°W, which is located ill
CU in Fig. 4.3.

alone can generate such large annual variation.

4.3.5

KS (Kuroshio & Kuroshio Extension region)

The point 28°N. 141°E is chosen as a representative of I';:S and its seasonal variation is
plotted in Fig. 4.19. From January to :'1arch. chlorophyll ma.ximum is found at relatively
shallow depths (0 - 60 m) with rather high concentration: from April to December, it is
formed at deeper depths
Light dependence

::-JC:~
~

.0

of Imai et al. (1988). Longhurst (1995) suggests that in

~PST(\Y)

of his province dh'ision

(Fig. 4.6) which corresponds to KS of this study, relatively high chlorophyll concentration
is retained at the near-surface levels (0 - 50 m) in late winter and a deeper SC\I is found

.1

in other seasons. The agreement of his description with the variation shown in Fig. 4.19

~
~

100 m) with lower C'oncentration. The high concentration in

0.36
.3
0.26
.2

..•

:! 100

(~

,,;nter or early spring is also seen well in the CZCS data (Fig. 4.7) and the observation

adds an observational basis to the model calculation.
160

The deep

sc:vr is maintained by a different mechanism from that

in the cases of BO and

others. Shown in Fig. 4.20(a) is the light dependence of photosynthesis. It can be seen
that the most favorable light condition occurs at far shallower depths

(~

50 m ) than the

SCM. This is because nitrate is depleted where light condition is optimal. Fig. 4.20(b)
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Fig. 4.18. As in Fig. 4.10 but for the point 36°N, 125°W.

shows the nutrient dependence in the governing equation of chlorophyll ([. 0 3/ {~03
h'N03}] exp{ -wNH 4 }

+ NH 4 /{NH 4 + f{t\f14} in Eq. (2.1)).

+

It is clear that in summer,

nutrient environment is so ill-conditioned at the depths of optimal light condition. The
SCM forms where the product of the light dependence and the nutrient dependence takes
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Fig. 4.19. :'vlodeled seasonal variation of chlorophyll at 28°:'11, 141°E, which is located in
I--:S in Fig. 4.3.
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the ma.ximum value; in other words, the SClvl settles down at the depths where the light

150m +--~.I.........~...L_r_-~~-~~-~~-~~
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condition is balanced with the nutrient condition. The ultimate cause of the difference in
the mechanism of SClI,1 formation between KS and BO is the wind-induced vertical flow:

r--:s

is in the region with Ekman downwelling which strips nutrients of the surface layer,

while BO is in the region with Ekman upwelling which supplies nutrients to the sUlface
layer.
It can be also seen that from January to :vlarch. nitrate depletion is relaxed due to the

deep vertical mixing. Phytoplankton growth is thus enhanced, and it results in the high
concentration from late winter to early spring. It is interesting that the role of vertical
mixing is totally reversed compared with that in the case of BO and others, where vertical
mixing acts to reduce biological activities by damaging the light condition. On the contrary,
here in KS where nitrate is exhausted during warm seasons, deepening of the mixed layer
enhances photosynthesis by transporting nitrate to the surface layer. The deep mixed layer
can be found also in the observation (Fig. 3.4). It is likely that the mechanism described
above is in effect also in reality.

Fig. 4.20. Dependence of photosynthesis on (a) light and (b) nutrientat at 28°:'11.
141°E. :Vlore specifically. contours in (a) [1/ lop,] exp[l - 1/lop,] and (b) [:'110 3 / {:'I10 3 +
I'N03}] exp{-W:'I1H4} +. H4/{:'I1H4 + nN1I4} in Eq. (2.1). The product of the two is also
plotted in (c).
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4.3.6

ST (SubTropical region)

Fig. 4.21 depicts the seasonal variation of chlorophyll at 26°N, 149°W. The deep SCM is
by the same process, i.e., the balance between the light and the nutrient condition. The

9 ,--r_r----r-I_n,..-te....::g::..,r_a_te'T"d_c_hr-lo_r--r0..:...p_h~yl_,___I---.----r--._,
Model - 8
Observation .--

moderate variation is caused by the change in the intensity of light and vertical mixing: in

7

formed throughout the year with modest maxima in March and May. The SCM is retained

(a)

March, the vertical mixing can reach to a depth of about 100 m, thereby stimulating the

6

biological activities; in summer when the light is strong, the chlorophyll concentration is

"'5

5

i4

enriched because the light can penetrate more deeply so that the two conditions mentioned
above can be balanced at deeper depths, where more abundant nitrate is available for

3

photosynthesis. The maximum in summer is not in June when the light is strongest but in

2

:-"jay. This is because in May, the effect of vertical mixing to bring nutrient to the surface
layer still remains a little, so that the nutrient concentration at the depth of the SC:vj is
slightly higher than in June.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

teasonal variation of chlorophyll [/Lg/l] (26N. 1491r)
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Fig. 4.21. Modeled seasonal variation of chlorophyll at 26°N, 149°W, which is located in
ST in Fig. 4.3.

The seasonal variation of chlorophyll in the subtropical Pacific is extensively observed at
Station ALOHA (23°N, 158°W) by the Hawaii Ocean Time-series (HOT) Program since
October 1988 1 . The mean integTated chlorophyll abundance from 1988 to 1993 is provided
tHere, the selected point is not at exactly the same place as Station ALOHA. This is because the

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fig. 4.22. Chlorophyll abundance integrated over (a) 0 - 50 m and (b) 100 - 175m. The
model results (solid line) are taken from the point 26°N, 149°W, which is located in ST in
Fig. 4.3. The observation (dashed line with errorbars) indicates the averaged valnes over
1988 through 1993 obtained in the HOT Project (Winn et al., 1996). The errorbars show
the standard deviation.
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by Winn et al. (1996), and it is shown in Fig. 4.22 with the corresponding model results.
i

ear the sea surface (Fig. 4.22(a)), the chlorophyll abundance is fairly constant in the

model while it takes the minimum value in summer according to the observation. The
summer low values in the observation are due to the increase in N/Chlorophyll ratio caused
by the photoadaptation, as explained in Chapter 2. The seasonal variation near the sea
surface can not be reproduced by the model which does not include the photoadaptation
process. However, this fault might not be serious because the decreased chlorophyll does
not reflect reduced phytoplankton biomass, which is more important for the biogeochemical
cycle than chlorophyll itself is. On the other hand, the model and the observation show
the common feature at the deeper levels (Fig. 4.22(b)) that the integrated chlorophyll
increases in summer, though the modeled values are out of the ranges of errorbars. \Vinn

200

et al. (1996) state that the increase does reflect a change in phytoplankton biomass and

that it is brought about by the change in light intensity. which is also the cause for the
modeled variation.
Besides, the modest maximum from summer to fall at the depth of ~ 70 m is formed due

250ll-l-N-FE~B-II~A-R -A~PR-IIA~Y-1J~N-1J~L-AU~a-S~EP-O~CT-NO~V~OEC

Fig. 4.23. Modeled seasonal variation of chlorophyll at 0°, 139°W. which is located in EQ
in Fig. 4.3.

to the nutrients regenerated within the euphotic zone, while the stronger maximum below
is formed by spending the nitrate transported from under the euphotic zone by diffusion.

4.3.7

EQ (Equatorial region)

EQ does not seem to have a systematic seasonal yariation as shown in Fig. 4.23. where
chlorophyll concentration at 0°, 139°W is plotted. This view is supported by the CZCS
data (Fig. 4.7). The SC:vl in EQ is formed by the same mechanism as in BO and others.

i.e.. the depth of the SC:\I corresponds to that of the optimal light condition: o",ing to the
equatorial upwelling. there is plenty of nutrient in this area.
Small short term ,·ariations can be found in Fig. 4.23. They are caused by the variation

C1160

in vertical mixing (Fig. 4.24), which is in turn produced by that in temperature and wind
stress. By comparing Figs. 4.23 and 4.24, we can see that the chlorophyll ma.ximum in
:Vlay and June corresponds to the period when the vertical mixing is weal, at the depth of
the SCM and the minimum in November to that when it is strong: the vertical mixing acts
to interfere with phytoplankton growth in this nutrient replete area.
position of Station ALOHA is located at the edge of ST in the model so that it may not be considered as
a representative of the area. In reality, howeverl the station is well within the real counterpart of ST so
that it can be regarded as a typical point in the subtropical oligotrophic ocean.

200

260+--~---~---~--------<
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Fig. 4.24. Vertical diffusion coefficient (presented in common logarithm). The unit of the
coefficient is in cm/sec 2 .
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tively shallow depths. Therefore, even if MLD is somewhat shallow, phytoplankton
is subject to strong vertical mixing when the nutrient concentration is high.

In the previous section, the mechanisms for shaping the seasonal pattern of each area are
examined by selecting a specific point as a representative of the area. What determines

The second and the fourth item are obviously related to the shape of the seasonal variations.

the distribution of the patterns is, however, still not very clear. This section deals with the

Thus the nutrient concentration is a key to define it. The nutrient concentration is, in turn,

factors which draw the boundaries among the areas.
So far we have seen that the factors such as light, nutrient, and vertical mixing are

tightly related to the vertical velocity, which means that the vertical velocity should be one
of the physical factors for the classification.

combined in various ways to result in the diversity of seasonal variation. It is possible,

Fig. 4.25 shows the relation among the areal division, the vertical velocity, and the

however, to comprehensively classify the variations in terms of physical environments, which

seasonal variation of MLD. It is clearly seen that the contourlines of the vertical velocity

also define the extent of the area.

and the amplitude of the MLD seasonal variation define the boundaries, except for EQ

Obviously, seasonal variation of :VILD should be included in the physical factors for the

where the strong Ekman divergent flow spreads out the nutrient lifted up by the upwelling

classification; large variations of MLD always result in corresponding chlorophyll variations

and the deep lvILD (Fig. 3.4) is also acting to enrich the nutrient on both sides of the

as shown in the previous sect.ion.

equator. Considering the fact that the areal division is made based only on the model

To find other physical factors, it is helpful to remember that the ecosystem behavior
shows remarkable differences between areas with replete nutrient and ones with limited
nutrient. The influences of nutrient concentration can be summarized as below:

chlorophyll data and no information from physical variables is utilized, the agreement
between the boundaries and the contourlines is impressive.
On the basis of Fig. 4.25, the seven areas can be classified as in Fig. 4.26. Indeed, areas
sorted in the same quadrant show similar seasonal variations. The resemblance between

• abundance of phytoplankton:
Phytoplankton is more abundant in the eutrophic region than in the oligotrophic
region.
• how phytoplankton responds to changes in :YILD:
In the eutrophic region deepening of the mixed layer acts to suppress photosynthesis,

EO and PR has been, for example, already pointed out in Section 4.3.3; minor differences
between the two areas are attributable to other various factors such as the differences in
light and temperature. This diagram is demonstrating that the diversity in the seasonal
variations of chlorophyll is created basically by rather a simple relat.ion with the ambient
physical environments.

while in the oligotrophic region it st.imulates photosynthesis. This is because in the
oligotrophic region the vertical mixing causes the nutrient supply rather than the

4.5

Summary and conclusion

chlorophyll dilution, while in the eutrophic region the reverse is true.
We have investigated mechanisms of forming t.he seasonal variations of the oceanic ecosystem in the North Pacific by using the ecosystem model embedded in the OGCM. The ?'Jort.h

• mechanism of forming the SCM;
In the eutrophic region, the SCM is located at the depth of the most favorable light

Pacific can be divided into seven areas on the basis of the seasonal variation patterns of

condition, while in the oligotrophic region it is retained at the depth where the light

chlorophyll in the model. The factors shaping each pattern are the nutrient concentration

and the nutrient condition are balanced.

which is in turn determined mainly by the vertical velocity, the vertical mixing, and less
importantly the light condition. KS and ST in Fig. 4.3 both lie within the downwelling

• vulnerability of phytoplankton to changes in MLD.

region but can be separated due to the strong vertical mixing in KS from winter to early

As explained above, the SC:VI is formed at the depth of the optimal light condition

spring; chlorophyll concentration in KS shows the maximum value in March as the active

in the eutrophic region. This means that biological activities are vigorous at rela-

vertical mixing enriches the surface nutrient. The other areas are all related to the up-
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MLD amplitude
Large

PR

K5

51
MLD amplitude
Fig. 4.25. Relation among tlie areal division, tlie vertical velocity, and tlie seasonal variation
of mixed layer deptli (:\1LD). The red lines show the contourlines of 0 m/day for the alllmal
mean vertical velocity across the depth of 100 Ill. The blue lines reprcsellt the contourliues of
100 m for the amplitude of the sC<1.sonal variation of :\'ILD (difference between tlie maximuw
and the minimum :\'ILD). The red letter "DO' indicates upwelling, while "DO' represents
downwelling. Tlie blue letter "H" corresponds to the regions where the :\'ILD amplitude is
more tlian 100 Ill.

Small
Fig. 4.26. Classification of the areas shown in Fig. 4.3. The vertical axis shows the amplitude of the seasonal variation of mixed layer depth. while the horizontal a.xis represents
the vertical velocity.
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welling region, but show different seasonal variations depending on the dynamics of the
mixed layer; BO and PR which experience large seasonal variations of the vertical mixing
bear blooming when the surface warming leads to the shallow mixed layer; on the other
hand, SP, CD, and EQ go through only moderate variations caused by the variation of the
light condition and the modest change in the vertical mixing.
The areal division shown in Fig. 4.3 well corresponds to the one by Longhurst (1995)
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Chapter 5
General Conclusion
Seasonal variation of chlorophyll in the North Pacific has been investigated to clarify the
role of physical environments in forming its shape. Understanding of the seasonal variation
is definitely needed even for that of the variation of the ecosystem on a longer time scale.
For that purpose, the ecosystem model embedded in the OGev1 has been developed.
Firstly, the ecosystem model to be incorporated in the OGC:YI was calibrated with its
one-dimensional version. The data used were taken from the two OvVSs located in totally
different oceanic regimes: one is in the eutrophic and the other in the oligotrophic region.
The two sites show distinct contrast that the nutrient is more abundant by the order of
magnitude in the former \,"hile the chlorophyll concentration and the annual production
are of the same order. It turns out that the model reproduces the contrast by changing
some of the model parameters between the two sites. The changed parameters are the
half saturation constants for nitrate and ammonium, the sinking velocity of PO:--l. and
the background vertical diffusion constant. Each of the modifications has a basis from
observational or modeling efforts.
Secondly, the ecosystem model was embedded in the OGCNl for the :--lorth Pacific and
the model performance was examined. The parameter values which were changed between
the two sites were determined so that the model bears a good result on the basin scale. The
OGCM provides fairly good environments for the distribution of MLD and vertical velocity,
which are important for the ecosystem modeling. The major defects in the modeled physical
environments are the large ivlLD in :Ylarch off Sanriku coast and the persistent large :Y1LO
on both sides of the equator. The model results for nitrate, chlorophyll, zooplankton, and
net primary production were compared with observations on the annual mean basis. The
values of the model results are of the same order as in the observations and the overall
121
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feature is that the values of the variables are small in the subtropical region and large in

oligotrophic region are enhanced when the mixed layer deepens and the reverse is true in

the subpolar and the equatorial region. The model, of course, differs from the observations

the eutrophic region as discussed in Chapter 2; this realistic feature will remain on the

on some points such as: the chlorophyll concentration which is lower in the subpolar region

decadal time scale as it should be for studying the decadal ecosystem variation. Thus, the

and higher in the subtropical and the equatorial region than in the CZCS observation; the

results obtained in this thesis are encouraging for the future application to this issue.

equatorial. PP which is higher than in the observations; the :"IPP minimum in the eastern

There are, however, some problems in the model that need to be solved. The increasing

subtropical region where such a minimum can not be found in the observation. On the

trend of the nitrate concentration should be eliminated by seeking a better set of parameter

whole, however, the model shows acceptable performance for an ecosystem model and the
results are worth further analysis.

values. The density structure in the surface layer in the OGC:V[ also showed disagreements

Lastly, the modeled seasonal variation was analyzed. The North Pacific can be divided

mixed layer beside the equator that is too deep; the mixed layer off Sanriku coast that is

into seven areas on the basis of the seasonal variation pattern of chlorophyll. The areal

too deep in l\'[arch. Some of the defects in the OGC).![ will be overcome in a finer horizontal

division corresponds well to that based on observations. The modeled contrast among the

resolution model.

",;th observation such as: the halocline in the subpolar region that is too shallow: the

seasonal variation patterns also resembles that in the CZCS observation. The mechanisms
forming each of the patterns were examined in detail. It was shown that the key factors
determining the seasonal pattern are the nutrient condition and the seasonal variation of
the intensity of vertical mixing. The former is, in turn, determined by the annual mean
vertical flow. Thus, it is expected that the seasonal patterns can be sorted according to the
combination of the annual mean vertical velocity and the amplitude of seasonal variation in
MLO. Indeed, the patterns are comprehensively classified based on the two physical factors;
areas which have a similar combination of the two to each other do show a similar seasonal
variation to each other.

~[oreover.

the spatial extent of each of the patterns is tightly

correlated to the distributions of the two physical factors. It is found that the boundaries
among the areas coincide well with the selected contourlines of either the vertical velocity or
the amplitude of y[LO variation. Together with the resemblance between the model results
and the observation. the analysis suggests the dominance of the two physical factors over
chemical and/or biological factors in shaping the seasonal variation.
One of the problems the model is applied to in the future is the ecosystem variation on
the decadal time scale. lV[any observational studies on this subject suggest that the ).![LO
variation associated with the climate variation on this time scale is responsible for the
ecosystem variation. Thus, it is important for an ecosystem model to be able to reproduce
regional differences on how the ecosystem reacts to changes in

~,[LD.

The model results

did show the model's ability to reproduce them on the seasonal time scale. As stated in
Chapter 1, ability in reproduction of the seasonal variation is the basis for the prediction
of the variation on the decadal time scale: for example, the biological activities in the
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