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Abstract

A nitrogen-based, pelagic ecosystem  m odel has been coupled w ith an eddy-perm itting ocean general circulation m odel o f  
the A rabian Sea, and the results are com pared w ith observations. The seasonal variability sim ulated by the m odel is in good 
agreem ent w ith observations: during the southwest m onsoon season, phytoplankton increases in the w estern A rabian Sea due to 
upw elling along the coast; during the northeast m onsoon season, phytoplankton abundance is large in the northern A rabian Sea 
because o f  the enhanced nitrate entrained by relatively deep vertical mixing. Two m ajor differences are, however, found in the 
basin-wide com parison betw een m odel results and observations: an unrealistic nitrate m axim um  in the subsurface layer o f  the 
northern Arabian Sea and too low prim ary production in oligotrophic regimes. The form er m ay be attributed to the lack o f  
denitrification in the model. Possible causes for the latter include the present m odel’s underestim ation o f  fast nutrient recycling, 
the neglect o f  carbon fixation decoupled from nitrogen uptake and o f  nitrogen fixation, and inadequate nitrate entrainm ent by 
m ixed layer deepening. The rate at which sim ulated nitrate increases in the northern Arabian Sea is 1 1 -2 4  TgN/year, and 
should correspond to the denitrification rate integrated over the northern A rabian Sea assum ing that the loss o f  nitrogen through 
denitrification is balanced by  advective input. The m odel does not reproduce the observed phytoplankton bloom  in the late 
southwest m onsoon season. Possible causes are that the m ixed layer m ay be too shallow in sum m er and that the horizontal 
transport o f  nitrate from  the coast o f  Om an m ay be too weak. Sensitivity experiments dem onstrate a strong dependence o f  the 
sim ulated prim ary productivity on the vertical m ixing scheme and on the inclusion o f  a fast recycling loop in the ecosystem  
model.
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1. Introduction

The distinct seasonality in physics and biology in 
the Arabian Sea provides scientists such a unique field 
that it inspired them to conduct a number of observa
tional programs under the framework o f the Joint 
Global Ocean Flux Study (JGOFS), which aims at 
quantifying biogeochemical fluxes in the ocean with a 
particular emphasis on carbon (cf., Smith et al., 1998).
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To assess and improve our understanding o f pelagic 
ecosystems, the extreme meteorological forcing in the 
Arabian Sea makes this region an ideal testbed. 
Numerical modeling forms an indispensable part of 
a project like JGOFS because it may enable us to fill 
the temporal and spatial gaps which inevitably exist in 
observational data, and thereby may allow us to infer 
causality in observed phenomena more strictly. It is 
also hoped that results from a numerical model will, in 
the future, help setting up observation plans by 
identifying the optimal temporal and spatial setting.

Zero or one-dimensional water column models, 
which are relatively economical in terms o f computa
tional cost, have frequently been used for ecosystem 
studies. Owing to their compactness, one can carry 
out many experiments, and therefore can adopt a trial- 
and-error approach to minimize discrepancies be
tween model results and observations. Recently, this 
type o f models has often been used for inversion 
studies, which can be considered as a mathematically 
formulated trial-and-error approach (e.g., Hurtt and 
Armstrong, 1996; Prunet et al., 1996a,b; Giuison et 
al., 1999; Schartau et al., 2001).

In contrast, three-dimensional models cost much 
more, but they can yield a more realistic physical 
environment for the embedded ecosystem model. 
Pioneering works using a model o f this type on a 
basin scale were accomplished by Fasham et al. 
(1993 ) and Sarmiento et al. (1993 ). They illuminated 
the importance o f the physical environment, showing 
that most o f the differences in biological variables 
between the model results and observations could be 
ascribed to the model’s failure in reproducing the 
appropriate physical structure in the upper ocean. 
Kawamiya et al., (2000a,b) also illustrated the impor
tance of the physical environment using an ecosystem 
model for the Pacific Ocean; they demonstrated that 
the varying physical environment has the power to 
create the observed diversity in biological provinces 
described by Longhurst (1995).

A number o f earlier three-dimensional coupled 
ecosystem-circulation modeling efforts have focussed 
on the Arabian Sea. Young and Kindle (1994) pointed 
out that the coastal upwelling and the subsequent 
horizontal advection are important for the silicate 
supply off the coast o f Oman. Keen et al. (1997) 
obtained the related result that the horizontal advec
tion is important for nitrate as well, and showed that

the effect o f horizontal advection is also reflected in 
the simulated chlorophyll distribution. Gallacher and 
Rochford (1995) studied the interannual variation of 
phytoplankton biomass using a proximate tracer for 
phytoplankton. It was shown that changes in the 
strength o f wind stress and its curl can result in 
significant changes in phytoplankton biomass. They 
also pointed out that the satellite-measured interan
nual variation o f chlorophyll reported by Brock and 
McClain (1992) may be an artifact caused by the 
timing of satellite measiuements. In all o f the above 
modeling studies, the reduced gravity (RG) model by 
Wallcraft (1991) was used for the physics. Using an 
RG model with 2.5 layers, McCreary et al. (1996) 
(referred to as MKHO) described the dynamics of the 
seasonal cycle in the Arabian Sea ecosystem. Based on 
the phytoplankton blooms simulated by their model, 
they proposed a classification into three types of 
bloom s, namely, entrainm ent, detrainm ent, and 
upwelling bloom. Using basically the same model 
with the number o f layers increased to 4.5, McCreary 
et al. (2001 ) discussed the importance o f intraseasonal 
and diurnal variations in model forcing. The character
istics o f seasonal variation in their model displayed 
high sensitivity to short-term variations in the atmos
pheric forcing. Ryabchenko et al. (1998) (referred to as 
RGF) performed a simulation with an ecosystem 
model coupled to a quasi geostrophic model forced 
by climatological data. Their results are in many 
aspects similar to those of MKHO, in spite o f many 
differences in both the physical and the ecosystem 
model. Swathi et al. (2000) developed a coupled 
physical-biological-chem ical model with a coarse 
resolution based on the GFDL primitive equation 
(PE) model, and obtained the result that the entire 
Arabian Sea is an outgassing region for CO 2 , which is 
consistent with the global map o f a ir -s e a  CO 2  

exchange by Takahashi et al. (1999).
Recent development of computer architecture has 

made it feasible to nui a PE model at higher, eddy- 
permitting resolution, as in the experiments for the 
Atlantic by Oschlies and Garçon (1998, 1999) and 
Oschlies et al. (2000). It is expected that this type of 
model provides a more realistic physical environment 
to an ecosystem model concerning, for example, 
nutrient injection to the siuface due to eddies (Yoshi- 
mori and Kishi, 1994; McGillicuddy et al., 1998). 
Here we present results o f such an ecosystem-circu-
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lation model, which is a first application of a PE- 
based, eddy-permitting model to the Arabian Sea. The 
goal o f our modeling exercise is to identify the points 
for which our current knowledge is sufficient or 
insufficient to explain dynamics o f the Arabian Sea 
ecosystem, clarify the mechanism o f simulated phe
nomena for which the model behaves realistically 
enough, and suggest some directions to which future 
efforts ought to be devoted. In this paper, as an 
essential first step to achieve the above goal, we 
compare the model results with observations in order 
to perceive the model’s ability and inability to repro
duce observed features. One can thereby obtain a 
sense o f applicability o f the model to more specific 
problems, e.g., the nitrate supply route during the 
southwestern monsoon (SWM) bloom (Kawamiya, 
2001) or seasonal variations o f the export ratio 
(Kawamiya and Kriest, submitted for publication), 
both o f which require the perception o f the model’s 
ability to reproduce, among others, phytoplankton 
blooms and nitrate supply near the coast of Oman 
during SWM.

The model description is given in Section 2, 
followed by the comparison o f the model results with 
observations for the physical fields in Section 3. The 
simulated biological fields are extensively compared 
with both climatological data sets and in situ measure
ments in Section 4. Section 5 puts oiu model results in 
perspective with earlier model studies and also dis
cusses the results o f sensitivity experiments. Summary 
and outlook are then provided in Section 6.

2. Model description

2.1. Physical model

The physical model is based on the Modular Ocean 
Model, version 2.1 distributed by the Geophysical 
Fluid Dynamics Laboratory (Pacanowski, 1995). It is 
a level model which solves the primitive equations. 
The settings specific to this study are exactly the same 
as used by Rix (1998). The model domain extends 
from 30°S to 26°N and from 30°E to 110°E, cover
ing the entire Indian Ocean. The horizontal resolution 
is 1/3° both meridionally and zonally, permitting 
mesoscale eddies to exist in the model. Vertically it 
has 35 levels, 10 o f which are situated in the upper

110 m (Table 1). Below this depth, level thickness 
increases gradually to 260 m at 5150 m. A realistic 
topography is incorporated in the model after regrid- 
ing and smoothing the original data from ETOP05.

Horizontal subgrid-scale mixing is resolved through 
a biharmonic operator with diffusion coefficients set 
to 2.5 X  IO19 cm4 s 1 for both mixing and dissipation. 
This formulation, proportional to the fourth partial 
derivative with respect to space, is highly scale- 
selective in that it applies stronger smoothing on 
smaller scales than on larger scales. This feature is 
desirable for an eddy-permitting model, where hori-

Table 1
Vertical levels o f the model

Model
level

Depth of 
grid point

Depth of grid 
box bottom

Thickness of 
grid box

1 5.00 10.00 10.00
2 15.00 20.00 10.00
3 25.00 30.00 10.00
4 35.00 40.00 10.00
5 45.00 50.00 10.00
6 55.00 60.00 10.00
7 65.00 70.00 10.00
8 75.00 80.00 10.00
9 85.00 91.85 11.85
10 98.69 110.95 19.10
11 123.20 144.07 33.12
12 165.94 197.02 52.95
13 229.10 274.25 77.23
14 319.40 378.56 104.31
15 437.73 510.92 132.36
16 584.10 670.35 159.43
17 756.60 854.07 183.72
18 951.54 1057.62 203.55
19 1163.69 1275.18 217.56
20 1386.67 1500.00 224.82
21 1613.34 1726.85 226.85
22 1840.37 1954.42 227.57
23 2068.47 2183.40 228.98
24 2298.32 2414.42 231.02
25 2530.51 2648.01 233.59
26 2765.51 2884.60 236.59
27 3003.69 3124.49 239.89
28 3245.28 3367.82 243.33
29 3490.36 3614.60 246.78
30 3738.84 3864.67 250.07
31 3990.51 4117.75 253.08
32 4244.99 4373.40 255.65
33 4501.81 4631.09 257.69
34 4760.37 4890.10 259.01
35 5020.00 5150.00 259.90

Units are in m.
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zontal mixing on a scale larger than that o f mesoscale 
eddies should be explicitly resolved as advection by 
eddies. In the vertical, we have adopted the parameter
ization by Pacanowski and Philander (1981) with the 
background diffusivity and viscosity set to 0.1 cm2/s. 
This parameterization calculates diffusivity and vis
cosity through a Richardson number criterion and was 
originally developed for equatorial regions where 
vertical current shear is large.

At the southern and eastern boundary o f the model 
domain, open boundary conditions by Stephens 
(1991) are applied. For the restoration o f salinity 
and temperature, monthly mean data by Levitus and 
Boyer (1994a,b) are used with a restoring time scale 
of 25 days. For nitrate, annual mean data by Conk- 
right et al. (1994a) are used. Restoration is necessary 
also for the other biological variables, which are 
simply damped to zero everywhere along the open 
boundaries. The barotropic part of the flow, which 
must be specified along the open boundaries, is taken 
from the global eddy-permitting model o f Stammer et 
al. (1996) for the simulated year 1990, and its monthly 
mean is imposed along the boundaries.

The model is forced with climatological data sets. 
For the wind stress, monthly mean data compiled by 
Barnier et al. (1995) are used. Surface salinity is 
relaxed to the monthly mean values o f Levitus and 
Boyer (1994a) with a damping time scale of 25 days. 
Heat flux at the sea surface is diagnosed by the 
method devised by Haney (1971). Data for heat fluxes 
and sea-level air temperature required for its imple
mentation are taken from Bamier et al. (1995). Solar 
radiation is allowed to penetrate into the upper ocean, 
where the absorption occurs according to the formula 
by Paulson and Simpson (1977) for the water type I as 
defined by Jerlov (1968).

The advection scheme is based on central differ
entiation. A flux correction is applied for the variables 
of the ecosystem model to ensure positive values. This 
modified central differentiation was first introduced 
by Lafore et al. (1998 ) and is called multidimensional 
positive definite centered differences (MPDCD). A 
detailed description of MPDCD is also provided by 
Oschlies and G arçon (1999). This scheme has an 
advantage over upstream differentiation in that it bears 
much less computational diffusion for typical biogeo
chemical tracer distributions in the ocean (Oschlies 
and Garçon, 1999). However, the inherent problem

with central differentiation, namely, overshooting, 
cannot be totally eliminated by the flux correction 
made by MPDCD.

2.2. Ecosystem model

The ecosystem model used here is almost the same 
as employed in a series of experiments for the North 
Atlantic by Oschlies and Garçon (1998, 1999) and 
Oschlies et al. (2000), with the difference being a 
lower value for the maximum grazing coefficient 
(1 day-  1 ). In the North Atlantic experiments, a some
what high rate (2 day-  x) was assigned for grazing 
process to suppress an unrealistically strong spring 
bloom. This bloom is associated with a sudden 
shallowing o f the mixed layer in the northern North 
Atlantic in spring when the simulated mixed layer 
depth (MLD) changes its value from >300 to < 50 m 
within — 10 days. Such a large and rapid change of 
MLD does not take place in the Arabian Sea, leaving 
us no reason to maintain the high grazing pressure in 
the present model. Here we will only briefly summa
rize the model structure. A more complete description 
of the model is provided by Oschlies and Garçon 
(1999).

The ecosystem model consists o f four compart
ments, that is, nitrate, phytoplankton, Zooplankton, 
and detritus. These variables are expressed in terms 
o f nitrogen concentration. Their time evolution is 
governed by the advection-diffusion equation with 
a source-minus-sink (sms) term, which describes the 
biological interactions:

sms(P) =  7(z, t,N )P  -  G(P)Z  -  ¡.ipP, (1)

sms(Z) =  )\G (P )Z  -  y2Z  -  ¡.iz Z 2, (2)

sms(-D) =  (1 — )’i)G (P )Z  + (.ipP + f.iz Z 2

sms(A) =  lidD + y2Z  — J ( z , t, N )P , (4)

w h e r e  P  d e n o te s  p h y to p la n k to n ,  Z Z o o p la n k to n ,  D 
d e t r i tu s ,  a n d  N  n i t r a t e ;  J  i s  t h e  d a i l y  a v e r a g e d
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For the phytoplankton growth rate J , we follow Hurtt 
and Armstrong (1996) who used the minimum of 
light- and nutrient-limited growth rate instead of the 
product among nutrient- and light-limitation factor 
and the maximum growth rate. The daily-mean light 
limited growth rate is calculated following Evans and 
Parslow (1985). The nutrient-limited growth rate is 
described by the Michaelis-M enten formula. The 
maximum growth rate increases with temperature 
according to Eppley (1972). For Zooplankton grazing, 
we adopt a Holling type III function which gives a 
dependence of grazing rate on phytoplankton abun
dance with an S-like shape (cf., Fasham, 1995). The 
parameter values used in the standard experiment are 
listed in Table 2.

2.3. Integration

The physical model was spun-up by Rix (1998) 
with an integration of 25 years using the climatolog- 
ical wind stress. The spin-up was started from rest in 
January, with temperature and salinity taken from 
Levitus and Boyer (1994a,b). After the incorporation 
of the ecosystem model, the coupled model has been 
run for another 8 years (on-line integration). The 
initial nitrate concentration field was taken from 
Conkright et al. (1994b). For the initial concentrations 
of the other biological variables, values have been set 
to 0.1 mmolN/m3 everywhere above 500-m depth,

Table 2
Parameters of the ecosystem model

Parameter Symbol Value Units

Initial slope of P - I  curve in the Evans and Parslow 
(1985) formulation

- 0.025 day“ 1 W-  1 m2

(Photosynthetically active radiation)/(Total irradiance) - 0.43 -
Light attenuation due to water - 0.04 m“ 1
Light attenuation by phytoplankton - 0.03 m2 mmol-  1
Maximum growth rate parameters in the Eppley (1972) a 0.6 day-1

formulation abcT (T: temperature in Celsius) b 1.066 -
c 1.0 °C-  1

Half-saturation constant for N uptake in the Michaelis-M enten formula - 0.5 mmol/m 3
Specific mortality rate of phytoplankton fip 0.03 day-1
Assimilation efficiency 7i 0.75 day-1
Maximum grazing rate in the Holling type III function - 1.0 day-1
Prey capture rate in the Holling type III function - 1.0 day-  1 mmol-  2 m6
Quadratic morality of Zooplankton Jz 0.20 day-  1 mmol m3
Excretion rate of Zooplankton 72 0.03 day-1
Remineralization rate of detritus Jd 0.05 day-1
Sinking velocity of detritus ws 5.0 m/day

upwelling, 
turbulent mixing

J*P

w*dD/dz

Sinking particles

Fig. 1. Compartments and interactions of the biological model.

phytoplankton growth rate as a function of depth z  
and time t, and G is the grazing function. Fig. 1 gives 
a plain view of the interactions among the variables.
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and zero below. Results are presented for the average 
over the third to eighth year of the coupled integration 
unless otherwise specified.

In the third year o f integration, the ecosystem 
model already establishes the stationary cycle except 
for nitrate which still has a long-term trend in the 
subsurface depths o f ~  100-300 m. This can be 
partly accounted for, as will be shown later, by the 
neglect o f denitrification in the model. Regarding this 
trend, physical processes with a long time scale such 
as vertical diffusion of nitrate are also important, and 
reaching the complete equilibrium state would require 
an integration period o f several hundred years, which 
is not feasible at eddy-permitting resolution. However, 
since the initial nitrate field is taken from a climatol
ogy, the first few years o f integration should give a 
realistic estimate o f the amount o f nitrogen available 
for the siuface ecosystem. We believe that it is mean
ingful and, because o f the neglect o f denitrification, 
even preferable to analyze the model results before the 
model reaches complete equilibrium.

3. Physical fields

3.1. Salinity, temperature, and density

Simulated and observed annual mean distributions 
of salinity, temperature, and density are depicted in 
Fig. 2 along 65° E for the upper 300 m in order to see 
whether the model properly reproduces the water 
mass structure in the Arabian Sea as described by 
Shetye et al. (1994), Morrison et al. (1998), and 
references therein. The model captures the southward 
penetration o f a water mass with high salinity at the 
depth o f ~  80 m. This high salinity water in the 
model may correspond to Arabian Sea Water, which is 
produced by evaporation and cooling caused by the 
northeast monsoon (NEM). At greater depths, how
ever, the model fails to reproduce the high salinities 
north o f 10°N. A possible reason is that the model 
lacks the formation of Red Sea Water (RSW) and 
Persian Gulf Water (PGW), both of which have high 
salinity ( ~  35.5 and 36.0 psu, respectively). Because 
the core of RSW is on a relatively deep isosiuface 
(27.2 Oft), its absence in the model has probably less 
impact on upper ocean biology than that o f PGW, 
which is centered at 26.6 cr .̂

Temperature at depths greater than 200 m in the 
model is higher than the observed north of 10°N. This 
may again be caused by the absence o f PGW. Because 
the discrepancy in temperatiue is compensating that in 
salinity in terms o f density anomaly, the vertical 
section for density is quite similar between the model 
and the observation. The pycnocline is, however, 
sharper in the model which might be due to overly 
strong smoothing in the climatological data. Although 
no explicit smoothing has been applied vertically to 
create the climatology, time averaging may loosen the 
vertical gradient in a density profile with a sharp 
pycnocline whose depth changes every year. The 
problem would be less serious for the 6-year mean 
model results, since the model is driven by the same 
forcing data every year and the differences in pycno
cline depth over years would be much smaller than in 
reality.

3.2. Mixed layer depth

MLD influences light conditions for phytoplankton 
and its acciuate representation is thus very important 
for the ecosystem model. Fig. 3 shows the MLD 
computed from the model and from climatological 
data for January and August, corresponding to the 
maximum phase o f the NEM and the SWM, respec
tively. The observational fields for the MLD are 
derived from climatological data sets for temperatiue 
(Antonov et al., 1998) and salinity (Boyer et al., 
1998 ). Here, MLD is defined as the depth in the water 
column at which the density difference with respect to 
the sea siuface first exceeds the critical value corre
sponding to temperatiue difference o f 0.5 °C. In 
January, it is well reproduced that MLD is large in 
the northwestern part, though mixed layers are deeper 
by some 10-20  m in the model. In August, the model 
results again resemble the observation in that the ML 
is deepest in the central Arabian Sea and is moderately 
deep near the coast o f Somalia; the maximum values 
o f ~  100 m also agree well with observations, 
although the exact location o f the maximum is shifted 
to the south in the model compared with the obser
vation.

As Oschlies et al. (2000) pointed out, calculating 
MLD from climatological temperatiue and salinity 
data may underestimate maximum values because of 
the smoothing out o f extreme events arising from, for
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(a) Salinity (psu), model (b) Salinity (psu), obs.
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Fig. 2. Annual mean fields along a vertical section at 65°E for (a) simulated and (b) observed salinity, (c) simulated and (d) observed 
temperature, and (e) simulated and (f) observed density. The data are taken from Antonov et al. (1998) and Boyer et al. (1998). Units are 
indicated in each panel.

example, interannual variability in the time of deepest 
mixing. Rao et al. (1989) created a climatology of 
MLD for the Indian Ocean based on values derived 
from each individual profile. Their map, which should

be free from this smoothing error, shows values 
similar to those in Fig. 3c for February, and higher 
by ~  20 m than in Fig. 3d for August. Unfortunately, 
this does not remove the problem of the model’s
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Fig. 3. Mixed layer depth for (a) the model averaged for January and (b) August, and (c) observations in January and (d) August. The 
observational fields are derived from the data o f Antonov et al. (1998) and Boyer et al. (1998). Units are in m. The location of the WHOI 
mooring site (15.5 °N, 61.5°E) is indicated by a star.

overestimate of MLD in February and even adds a 
new one o f a possible underestimate in August. The 
data for MLD from the WHOI mooring site (15.5°N,
61.5 °E, indicated by a star in Fig. 3 ) exhibit values of 
8 0 -1 0 0  m in January and 3 0 -4 0  m in August 
(Dickey et al., 1998). They agree well with the model 
in January but are deeper by 20 m in August, which is 
consistent with the above comparison between the 
model result and the data by Rao et al. (1989).

4. Biological fields

4.1. Basin-wide comparison

4.1.1. Nitrate
Fig. 4 shows the annual mean nitrate distribution 

averaged over the upper 150 m. The model reproduces

the main features seen in the observations (Conkright 
et al., 1998 ): nitrate concentrations are extremely high 
(>15 mmol/m3 ) along the coast o f Oman, moderately 
high ( — 10 mino I/in') near the tip o f Somalia and 
along the western coast o f India, and they are lowest 
( ~  6 mmol/m3) in the central Arabian Sea. The 
upwelling along the coasts during SWM seems to be 
the main cause for the high abundance o f nitrate in the 
western Arabian Sea.

Conspicuous differences between the two figures 
include the following: the simulated nitrate concen
tration is higher in the northern end o f the domain; 
the width o f the area with high concentration along 
the coast of Oman is much narrower in the model; 
and the isolated maximum in the observation around 
Seychelle Bank ( ~  5°S, 55 °E) is not found in the 
simulation. Because the spatial extent o f the Ara
bian Sea is not large, these differences can at least
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partly be attributed to the strong smoothing in the 
data o f Conkright et al. (1998). Concerning the 
discrepancy near Seychelle Bank, the peculiar nitrate 
distribution on a vertical section crossing Seychelle 
Bank (figure not shown) suggests that the rough 
topography around there may have an effect to in
crease surface nitrate through, for example, tidal

mixing, which is not accounted for in the present 
model. The overestimation in the northern end is 
most evident in the Oct.-D ec. season (figure not 
shown), and is definitely related to the overestimated 
nitrate maximum in subsiuface waters which is seen 
in Fig. 5, where annual mean nitrate along 65°E is 
depicted.
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Fig. 5. Annual mean nitrate distribution along a vertical section at 65 °E for (a) the model simulation and (b) the data of Conkright et al. (1998). 
Contour intervals are 3 mmol/m3.

The simulated distinct nitrate maximum shown in 
Fig. 5 centered at — 150 m, north of 20 °N is not 
found in the observations. Instead, there is even a 
nitrate minimum below the depth of the simulated

maximum. The observed minimum is known to be 
caused by denitrification (e.g., Naqvi, 1994), a proc
ess which is presently not incorporated in the model. 
Because denitrification can take place only when
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Table 3
Estimates o f the denitrification rate for the Arabian Sea

Study Rate
(TgN/year)

Method

Naqvi (1987) 29.5 Box model
Mantoura et al. 11.9 ± 5 Nitrate deficit +

(1993) residence time
Naqvi and Shailaja 24-33 ETS (direct measurement)

(1993)
Howell et al. (1997) 21 ± 7 Nitrate deficit+ CFC age
Yakushev and 34.1 One-dimensional model

Neretin (1997)
Bange et al. (2000) 6 -6 0 Nitrate deficit + residence time
This study 11-24 Trend in nitrate increase

dissolved oxygen is depleted, the occurrence of this 
process often coincides with abundant organic matter. 
Without the denitrification process, simulated nitrate

will continue to increase through remineralization 
when the ambient water is extremely rich in detritus. 
In reality, on the other hand, nitrate would not be 
allowed to increase in this region and would even 
decrease by denitrification. This may be one reason 
why the simulation reveals a nitrate maximum near 
the place where a minimum is found in the observa
tions.

The amount o f nitrate integrated over the Arabian 
Sea to the north o f 10 °N and down to 670 m 
increases steadily by — 16 TgN/year over the third 
to eighth year o f integration. This trend should give 
an approximate estimate o f denitrification over the 
northern Arabian Sea, if  the loss of nitrate through 
denitrification is largely in balance with advective 
input o f nitrate in reality (Bange et al., 2000). One 
may argue that this number may be biased to the
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larger side because o f the relatively slow sinking 
velocity o f detritus in the model (5 m/day) and the 
consequential remineralization that is almost com
pleted within the upper few hundred meters. There 
is, however, a significant increasing trend of subsur
face nitrate (11 TgN/year) also in a sensitivity experi
ment with a much faster sinking (10 m/day in the 
upper 144 m, instantaneous sedimentation following 
the Martin et al. (1987) curve below), as will be 
shown in Section 5.2. For a number o f sensitivity 
experiments, the rate varies within the range o f 11- 
24 TgN/year (Section 5.2). The values are within the 
range o f past estimates of the integrated denitrifica
tion rate in the northern Arabian Sea (Table 3). An 
effort to explicitly incorporate the denitrification

process in the present model is underway. Denitrifi
cation in the northern end of the Arabian Sea, and the 
formation process of the corresponding nitrate mini
mum, have been the subject of many earlier studies 
(Naqvi, 1994; Morrison et al., 1999, and references 
therein).

Another contribution to the m odel’s too high 
nitrate concentrations in this region may arise from 
the above-mentioned lack o f PGW production in the 
model. This water mass is known to have lower 
nitrate concentration and lies at the isosurface of
26.6 rrtl. To obtain an idea on the extent to which 
PGW dilutes concentrations in the nitrate maximum 
region, we have conducted an experiment in which 
the production o f PGW is emulated using restoration

(a)

20°N  

10°N 

0 °

40°E 50°E 60°E 70°E 40°E 50°E 60°E 70°E 80°E80°E

20°N 

10°N 

0 °

10
2
1.9

.8.7

.6.5

.4.3
1 . 2
1 . 1
1
0.9
0.8
0 .7
0.6
0 .5
0 .4
0 .3
0.2
0.10

(c)

20°N 

10°N

0 °

40°E 50°E 60°E 70°E 80°E

(d)

20°N 

10°N 

0° 

40°E 50°E 60°E 70°E 80°E

Fig. 7. Chlorophyll distribution based on SeaWiFS measurements during Oct. 1997-Sep. 2000, averaged over the period (a) Jan.-M ar., (b) 
Apr.-Jun., (c) Jul.-Sep., and (d) Oct.-Dec. Contour intervals are 0.2 mg/m3 for contour lines and 0.1 mg/m3 for shades. SeaWiFS data are 
provided by the Earth Observing System Data and Information System (EOSDIS), Distributed Active Archive Center at Goddard Space Flight 
Center which archives, manages, and distributes this data set through funding from Earth Observing System of NASA's Mission to Planet Earth.
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toward observations in the area to the north o f 24° 
and the west o f 60 °E. The resultant reduction in 
nitrate concentrations is, however, not more than 
~  2 mmol/m3 (figure not shown). It seems therefore 
unlikely that the lack o f PGW production is the main 
cause for the unrealistic nitrate maximum in oiu 
model.

While this discrepancy in the northern part o f the 
Arabian Sea is obviously an issue that will need to 
be fixed, it should be noted that other features, like 
the depth at which nitrate begins to increase and its 
northward shoaling, are reproduced well in the 
model. For example, the depth o f the contoiu line 
for 3 mmol/m3 is ~  70 m at 10 °N in both the 
model and the climatology, and it shoals up to ~  40 
m to the north o f 20°N. Besides, the nitracline is 
slightly steeper in the model. This may be again due

to the smoothing applied when creating the clima
tology.

4.1.2. Chlorophyll
The seasonal variation o f siuface chlorophyll 

obtained from the model is displayed in Fig. 6. 
Chlorophyll values are calculated by multiplying 
the nitrogen-based concentration o f the modeled 
phytoplankton by a factor o f 1.59 gChl/molN, which 
corresponds to a chlorophyll to carbon mass ratio of 
1:50 and a C/N mole ratio o f 106/16. This conver
sion factor will be used throughout this paper. For 
comparison, SeaWiFS satellite measiuements for the 
period Oct. 1997-Sep. 2000, and in situ data com
piled by Conkright et al. (1998) based on long-term 
historical in situ data, are shown in Figs. 7 and 8, 
respectively. The main temporal and spatial patterns
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of the surface chlorophyll distribution are well repro
duced by the model: chlorophyll concentration is 
high in summer (Ju l.-Sep .) in the northwestern 
region o f the domain and is quite low in spring 
(Apr.-Jun.) throughout the basin except for some 
coastal regions. Values are generally high in coastal 
regions and low in the central Arabian Sea.

For a more quantitative perspective, significant 
differences can be found between the different obser

vations. Firstly, chlorophyll is much more abundant in 
regions very close to the land throughout the year in 
the SeaWiFS data. Large errors in the satellite meas
urements near coasts and the strong smoothing by 
Conkright et al. (1998) may be the cause(s) for the 
difference. We will not pay too much attention to this 
issue because the model does not include processes 
such as tidal mixing or nutrient supply from the land 
that can enhance biological activity in coastal regions.
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Secondly, during summer, phytoplankton blooms are 
far more intense in the SeaWiFS data than in the data 
of Conkright et al. (1998) (Figs. 7c and 8c). In the 
former, the concentration can reach up to ~  4 mg/m3 
while it is at most —0.5 mg/m3 in the latter. While it is 
again possible that the smoothing by Conkright et al. 
(1998 ) obsciued the blooms, one should also be aware 
of the fact that the extreme summer coastal blooms 
have not been directly confirmed yet by in situ ob
servations. Latasa and Bidigare (1998), for example, 
found chlorophyll concentrations observed diuing

SWM much lower than expected from SeaWiFS 
measiuements. Though it may be the case that all 
the observations carried out so far have missed the 
blooms, it is also possible that chlorophyll concen
trations during SWM have been overestimated by 
SeaWiFS. Indeed, the satellite measiuements can be 
erroneous in this season because of almost constant 
cloud cover and high sea salt aerosol concentrations 
(Tindale and Pease, 1999). The model simulates chlor
ophyll moderate values between those measiued by 
SeaWiFS and reported by Conkright et al. (1998).
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Fig. 11. (a) Observation line of the German JGOFS R/V METEOR’s cruise M32/5 during Jul. 18-Aug. 11, 1995. (b) Vertically integrated 
primary production observed during the cruise (asterisks, data courtesy o f Klaus v. Bröckel at IfM Kiel) and retrieved correspondingly from the 
model result (circles).
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A model-data comparison for the annual mean 
vertical chlorophyll distribution is shown in Fig. 9. 
It is seen that the model reproduces the depth of the 
deep chlorophyll maximum (DCM), though the simu
lated concentrations are larger by ~  40%. In both the 
model and the observations, the depth o f DCM 
becomes shallow toward the north and follows the 
latitudinal variation of the nitracline (Fig. 5). As a 
result, the chlorophyll concentration at the DCM is 
highest at the northern end. The model fails, how
ever, to simulate the very low concentrations at the 
equator which is seen in the observations throughout 
the water column. This model-data misfit can be 
related partly to the modest chlorophyll maximum 
in the model along the equator in northern winter 
(Jan.-M ar.), which is caused by equatorial upwelling 
exerted by the westward component of wind stress. 
While it should be kept in mind that the number of 
observations near the equator is quite small especially 
in northern winter, some overestimation of chloro
phyll concentration along the equator is a typical 
problem of current basin-scale ecosystem models 
(e.g., Fasham et al., 1993; Oschlies and Garçon,

1999; Kawamiya et al., 2000a), the cause of which 
has not been clearly identified so far.

4.1.3. Primary production
Various estimates o f primary production on a 

global scale are available based on CZCS satellite 
data, e.g., those by Longhurst et al. (1995), Antoine et 
al. (1996), and Behrenfeld and Falkowski (1997). 
Results from the latter two groups are shown in Fig. 
10b and c. In Fig. 10a, the simulated annual primary 
production is displayed.

Note that there are considerable differences even 
between Fig. 10b and c, although both estimates are 
based on the same satellite data. Behrenfeld and 
Falkowski (1997) found a tendency that the estimate 
by Antoine et al. (1996) is larger in oligotrophic 
regimes with low primary productivity than that 
observed by them and vice versa. Behrenfeld and 
Falkowski (1997) ascribed this mainly to the different 
consideration of temperature effects in the respective 
primary production models. Satellite-derived estimates 
by Longhurst et al. (1995) show higher values through
out the Arabian Sea than the other two data sets. In
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Fig. 12. Locations of the two selected stations of the U.S.JGOFS Arabian Sea Process Study, S04 and SI 5 (stars). Also shown are the areas over 
which averages have been computed for Fig. 18.
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spite of these variations in satellite-based estimates, the 
model constantly yields lower primary production, 
both in regions with high (northwestern part and west 
coast o f India) and low (the rest) annual primary 
production. The underestimate in the northwestern part 
may be attributed to the possible overestimate of 
chlorophyll by ocean color measurements mentioned 
before. This can, however, not account for the model’s 
too low values in the central Arabian Sea. Indeed, a 
comparison o f the model results for the SWM period 
with in situ data, e.g., those observed during a German 
JGOFS cruise (Fig. 11), reveals that the model gives 
relatively good estimates near the coast of the Oman 
while simulated primary production is too low in the 
central Arabian Sea.

Oschlies et al. (2000), in their model of the North 
Atlantic, identified a similar problem o f too low pri
mary production in oligotrophic regimes. The problem 
was even more serious in their case because their 
simulated primary production in oligotrophic regions 
was almost two orders o f magnitude lower, while it is 
“only” by several times lower in the present case. This 
difference is caused by the fact that the nitracline is 
located at much shallower depths in the Arabian Sea 
than in the subtropical North Atlantic. Hence, modeled 
phytoplankton in oligotrophic regimes in the Arabian 
Sea can find more nitrate near the bottom o f the 
euphoric zone than in the Atlantic. To improve simu
lated levels o f  primary production in oligotrophic 
regimes, Oschlies et al. (2000) suggested to include a 
loop for very fast recycling o f  nitrate within the 
euphoric layer. An experiment with this modification 
showed dramatically improved agreement between the 
model and the satellite-based observations (Oschlies, 
2001). Results from the experiment in which this 
modification is applied to the present model will be 
shown in Section 5.2.1.

Although a high recycling rate in oligotrophic 
environments helps to increase primary production, 
it is o f  coiuse possible that other processes are

responsible for the m odel’s underestimation. For 
example, Kriest (2000) proposed the production of 
dissolved organic matters (DOM) with high C/N 
ratios as a possible reason for the apparent discrep
ancy between carbon-based primary production meas
iuements and nitrogen-based model results; a part of 
the DOM production could be detected by the com
mon 14C method (Karl et al., 1998), and the resultant 
carbon-based primary production could take on values 
much higher than those converted from a nitrogen- 
based estimate by the Redfield ratio. Kriest (2000) 
further made a first attempt to include such production 
in her model and obtained a better fit for carbon-based 
production between the model and the observations in 
oligotrophic situations. The results suggest, however, 
that the fast recycling o f nitrate is still required though 
to a lesser extent.

If the production o f DOM with high C/N ratios 
accounts for the discrepancy between high values 
o f measiued carbon-based primary production and 
lower simulated nitrogen-based primary production, 
the simulated nitrogen-based export ratio should be 
approximately the same as observed nitrogen-based 
^ratios (the ratio o f nitrate-based primary produc
tion to total nitrogen-based primary production). 
Available data do not support this DOM hypothesis; 
McCarthy et al. (1999) report that ^ratios during 
NEM are —0.15, while the simulated export ratio 
across 110-m depth, averaged over NEM and the 
Arabian Sea, is 0.38. This disagreement does not 
exclude the possibility that the DOM production 
with high C/N ratios is occurring in other seasons. 
In addition, nitrogen fixation, which may contribute 
to the total primary production particularly in oli
gotrophic regimes during intermonsoon seasons, is 
not accounted for by the present model configura
tion.

The simulated annual primary production integrated 
over the domain shown in Fig. 10 is 0.716 PgC (70.1 
gC/m2). As expected, this is significantly lower than

Fig. 13. Model results averaged over the area 16.7-17.7°N, 59.3-60.3°E for (a) nitrate, (b) chlorophyll, and (c) detritus flux at 110-m depth 
(solid line). This area corresponds to the station S04 in U.S.JGOFS Arabian Sea Process Study. Dashed lines in (c) show the range of the 
standard deviation within the area. Units for (a) and (b) are in mmol/m . In (c), crosses denote observations of nitrogen flux taken at 800-m 
depth, which have been converted to that at 110 m using the empirical equation by Martin et al. (1987). The nitrogen flux data are available at 
http://wwwl.whoi.edu/arabian.html by courtesy of Susumu Honjo. Asterisks are the data by Buesseler et al. (1998) for the sinking flux across 
100 m derived from 234Th measurements. The horizontal error bars denote the durations o f cruises corresponding to the respective flux data, 
which are also similar to the underlying time scale o f the Th method, i.e., the half value period of Th (24.1 days).

http://wwwl.whoi.edu/arabian.html
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the values that correspond to the estimates by Behren
feld and Falkowski (1997) and Antoine et al. (1996), 
namely, 1.55 PgC (153 gC/m2) and 1.87 PgC (184 gC/ 
m2), respectively. The simulated detritus flux exported 
across 110-m depth is 0.276 PgC (27.6 gC/m2) when 
integrated over the area. Watts et al. (1999) estimated 
new production by multiplying satellite-based primary 
production by an /ra tio  measured in situ. The obtained 
annual new production is —0.5 PgC for an area similar 
to that shown in Fig. 10, and is twice as large as the 
detritus export in the model. Their average /ra tio  o f 0.3 
is similar to the simulated export ratio calculated at 
110-m depth (0.39). Considerably lower /-ratios were 
obtained by McCarthy et al. (1999 ) ( — 0.15 for NEM ), 
and the carbon-based export ratios by Lee et al. (1998 ) 
and Buesseler et al. (1998) are even lower ( — 0.25 for 
SWM, — 0.05 for other seasons). Possible reasons 
why /ra tio s  may take on higher values than export 
ratios include nitrification near the bottom o f the 
euphoric zone reported by Ward et al. (1989), who 
investigated the pathways o f nitrogen transformations 
following the nitrogen isotope ratio in surface and 
subsurface waters in the Southern California Bight. 
The DOM production with high C/N ratios mentioned 
earlier may also result in nitrogen-based/ratios being 
higher than carbon-based export ratios.

4.2. Comparison at JGOFS stations

Here we present comparisons between the model 
results and observations at two stations o f  the 
U.S.JGOFS Arabian Process Study, together with a 
description of the behavior o f the modeled ecosys
tem. Stations S04 and S15 are chosen for the com
parison, whose locations are shown in Fig. 12. S04 is 
located close to the coast o f Oman and strongly 
affected by horizontal nitrate transport subsequent 
to the coastal upwelling caused by SWM. S15 lies 
in the central Arabian Sea and is not subject to the 
influence o f the coastal upwelling. These stations

were also selected as the sites o f ecosystem simu
lation with a vertical one-dimensional model by 
Kriest (2000).

4.2.1. Comparison near the coast o f  Oman
Fig. 13 shows the modeled temporal variation of 

nitrate, chlorophyll, and sinking flux of detritus. The 
model results have been averaged over a 1 ° x 1 ° area 
centered at station S04. Here, the spatial extent is 
chosen rather arbitrarily but is not quite different 
from the first baroclinie Rossby radius at these 
latitudes (cf., Chelton et al., 1998). In Fig. 13c, the 
standard deviation (SD) o f the simulated particle 
export within the 1 ° x 1 ° area is indicated so that 
the reader can obtain some sense o f fluctuations 
caused by processes with relatively small scales such 
as eddies and fronts.

Fig. 13b shows a modest increase o f chlorophyll in 
winter. This is caused by entrainment o f underlying 
nitrate through mixed layer deepening (see Fig. 3 ). A 
much more distinct increase is seen during the SWM 
season. This increase cannot be a direct consequence 
o f the coastal upwelling because Station S04 is 
located too far away from the coast. To see what 
process is important in bringing nitrate to the surface, 
we have calculated the contribution of each term in 
the governing equation in the top 50 m for the period 
Jul.-Sep. (figure not shown). In the sum o f physical 
nitrate inputs, namely, those by horizontal/vertical 
advection/diffusion, horizontal advection accounts 
for — 98% when averaged over the area. Rather 
surprisingly, horizontal advection o f nitrogen in par
ticulate forms, that is, phytoplankton, Zooplankton, 
and detritus, is not negligible at all; the sum of these 
three contributions even exceeds that o f the horizontal 
advection o f  nitrate. Therefore, the chlorophyll 
increase in the SWM season is caused by horizontal 
transport o f nitrogen in both inorganic and organic 
form following the coastal upwelling along the coast 
o f Oman. Open ocean upwelling through Ekman

Fig. 14. Comparison between the model and observation for (a) nitrate and (b) chlorophyll; solid lines: model, crosses: observation, dashed 
lines: nitrate climatology by Conkright et al. (1994b) used to initialize the model. The model results are averaged over 16.7-17.7°N, 59 .3- 
60.3 °E, and the data are from the station S04 of the U.S.JGOFS Arabian Sea Process Study. The date o f observation is indicated above each 
panel. Corresponding model result is taken from the 10-day period centered at the observation date. Error bars for the model result show the 
range of the standard deviation within the spatial and temporal extent. The nitrate and chlorophyll data are available at http://wwwl.whoi.edu/ 
arabian.html by courtesy of Lou Codisposi and Barber et al. (2001), respectively.

http://wwwl.whoi.edu/
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divergence is not a major mechanism responsible for 
the SWM chlorophyll increase at this site in the 
model. The large SD around the second chlorophyll 
is a consequence o f a distinct front in biological 
tracers caused by nitrate transport through the coastal 
upwelling and the subsequent lateral advection (see 
Figs. 6 c and 10a).

A comparison between the model and the obser
vations taken at S04 in 1995 is given in Fig. 14. 
Model results are retrieved from the area above and a 
time span o f 5 days before and after the date of 
observation. Averaging has been applied over that 
period of 10 days as well as over the area. The time 
scale of 1 0  days is again a subjective choice, but 
roughly corresponds to that required for a water 
particle with a typical advection velocity o f 0 . 1  m/s 
to pass through the I o x I o area. SD within the 
spatial and temporal extent is shown by the error 
bars. The simulated chlorophyll concentrations have 
on average the same magnitude as the observed ones, 
although large deviations o f an order o f magnitude 
occur in the individual profiles. It seems that the 
model reproduces the nitrate values around the depth 
of 2 0 0  m, although this may be partly because the 
integration period ( 8  years) is not long enough to 
affect nitrate distribution at this depth.

The largest difference between observations and 
model results is seen in the nitrate profile on day 
250, which is in late SWM season. The observed 
nitrate concentration near the surface is much higher 
than in the model. Possible causes for this difference 
include short-term variations in nature or a peculiar
ity in the year o f observation (1995). It seems, 
however, unlikely that short-term variation is the 
cause because SD is quite small in the model, though 
even SD in the model might be underestimated. A 
peculiarity in the year 1995 does not appear to be the 
cause either; Shi et al. (2000) found that the upwell
ing in 1995 was not much stronger than in some 
other years. We therefore conclude that nitrate trans
port is not large enough in the model. In this regard, 
Kawamiya (2001) demonstrated that the model may

underestimate lateral nitrate transport to the offshore 
region by mesoscale currents, whose importance has 
been demonstrated by Dickey et al. (1998). Interest
ingly, the discrepancy in the nitrate profile is not 
reflected in the chlorophyll profile on day 250. The 
modeled nitrate concentration in the lower euphotic 
zone is already o f the order o f the half saturation 
constant (0.5 mmol/m3); thus the sensitivity to errors 
in the simulated nitrate concentration is low. Chlor
ophyll near the siuface is also fairly high because of 
the horizontal advection o f chlorophyll mentioned 
above.

The observed nitrogen-based detritus flux is shown 
in Fig. 13c. The original data were taken at a depth of 
800 m, and have been converted to the flux in 1 1 0  m 
by applying the empirical equation by Martin et al. 
(1987):

A iio = A 8oo(110/800)-°'858, (5)

where _F1 1 0  and / 'Ml(l are the fluxes at 1 1 0  and 800 m, 
respectively. This is done because virtually no detritus 
can reach depths as deep as 800 m in the present 
model configuration (detritus sinks at a constant speed 
of 5 m/day and is remineralized at a rate o f 0.05/day). 
Also shown are the data by Buesseler et al. (1998 ) for 
the sinking flux across 100 m derived from 234Th 
measiuements. Fig. 13c reveals that the observed 
values compare well with those from the model, 
indicating that a reasonable amount of organic matter 
leaves the siuface layer in the model. A sensitivity 
experiment with a different formulation o f detritus 
sinking will be presented in Section 5.2.

4.2.2. Comparison in the central Arabian Sea
Fig. 15 shows an annual cycle o f nitrate, chlor

ophyll, and sinking flux o f detritus averaged over an 
area 9.5-10.5°N , 64.4-65.4°E  corresponding to the 
station S15. It is seen in Fig. 15a that the nifiacline is 
deepened diuing SWM. This is primarily due to 
Ekman downwelling in this season. Corresponding 
to the movement o f the nifiacline, the DCM changes 
its depth (Fig. 15b). Chlorophyll concentrations are

Fig. 15. As in Fig. 13 but for the area 9 .5 -10 .5°N, 64.4-65.4°E corresponding to the station S I5; (a) nitrate, (b) chlorophyll, (c) simulated 
detritus flux at 110-m depth (solid line), observations o f particulate organic nitrogen converted to that at 110 m (crosses), and the sinking flux 
across 100 m derived from 234Th measurements (asterisks). The contour intervals for (a) and (b) and the vertical scale o f (c) are the same as in 
Fig. 13 to facilitate the comparison. The horizontal error bars denote the durations o f cruises corresponding to the respective flux data.
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lowest in August when the nitracline is deepest and 
thus light conditions for phytoplankton are worst. The 
sinking flux o f detritus is, as expected, much lower 
than at SO 4.

A comparison between the model and the data 
taken at S15 is given in Fig. 16. The model repro
duces the observed feature that surface nitrate is 
depleted throughout the year (Fig. 16a). Agreement 
can be found also in the depth of the nitracline. A 
notable difference between model and observations is 
that the model’s vertical nitrate gradient is less steep. 
This is a rather surprising result considering the fact 
that the parameter values in the model favor a steep 
gradient below the nitracline: the sinking velocity is 
small throughout the water column (5 m/day) and the 
background vertical mixing coefficient is small as 
well (0.1 cm2 /s). Indeed, Oschlies et al. (2000), who 
applied almost the same coupled model to the Atlan
tic, found that their model often yielded subsurface 
nitrate concentrations higher than observed. Possible 
causes for the difference include that the vertical 
mixing coefficient may be still too high for the 
Arabian Sea and that the problem of smoothing in 
the nitrate climatology, used as the initial condition, is 
more serious in the Arabian Sea than in the Atlantic. 
Concerning the smoothing problem, it can be seen in 
Figs. 5, 14a, and 16a) that nitrate gradients in the 
model are in fact becoming steeper than in the 
climatology.

The modeled chlorophyll compares rather well 
with the observation in that it is low near the 
surface and has a DCM for most o f the time. An 
exception is found at day 2 1 1 , when the observation 
shows enhanced siuface chlorophyll, whereas the 
modeled chlorophyll still remains low near the siu
face. It is possible that the observed increase in 
chlorophyll is caused by nitrate entrainment follow
ing the deepening o f the mixed layer in this season. 
The mixed layer becomes deep in the model as well 
(Fig. 3), but does not penetrate to the depth where 
nitrate is abundant enough to stimulate phytoplank
ton growth. This problem may be associated with 
that o f a too weak gradient in the simulated nitrate 
profile.

The nitrogen-based detritus flux is shown in Fig. 
15c. The model result compares well with the data 
except for a single point in September, which may 
reflect the absence o f the fall bloom in the central

Arabian Sea in this model (see Section 5.1). This 
relatively good agreement is apparently not in accord
ance with the fact that the modeled primary produc
tion is too low (Fig. 10). This may indicate that the 
fast recycling discussed in Section 4.1.3 is indeed in 
effect, since it would increase primary production 
without much change in the simulated export pro
duction.

4.2.3. Nitrogen cycling at the two stations
Seasonal and annual integrals o f nitrogen fluxes 

among the ecosystem compartments are shown in Fig. 
17 for the areas corresponding to the two selected 
stations S04 and S 15, so that one can grasp the 
simulated cycling o f nitrogen at the two stations (note 
the difference in scale between Fig. 17a and b). Fluxes 
were integrated over the depth range 0 - 1 1 0  m as 
proxy for the euphotic zone. Here the SWM season is 
defined as Jun. 1-Sep. 30 and the NEM as Jan. 1 -  
Feb. 28 plus Nov. 1-D ec. 31. SD within the areas is 
shown by error bars.

In the area around S04, biological activity is most 
vigorous in the SWM season. As explained in Section
4.2.1, this is primarily due to the horizontal advection 
o f nitrogen, though SD for the horizontal advection of 
nitrate is even larger than its absolute value when 
integrated over the upper 110 m. When the integration 
is performed, as in Section 4.2.1, over the upper 50 m 
where most phytoplankton grows in the SWM season, 
SD is considerably smaller. The fact that SD is 
extremely large is consistent with the ubiquitous 
existence o f mesoscale features in this region close 
to the energetic coastal jet.

In the area around S15, nitrogen cycling rates are 
generally smaller than at S04 by a factor o f ~  5. 
Primary production is lower in the SWM season due to 
Ekman downwelling prevailing in the central Arabian 
Sea during this season. In the NEM season, the net sign 
o f nitrate supply by vertical advection is difficult to 
determine, again due to the effect o f mesoscale fea
tures. A noticeable feature is that the contribution from 
horizontal advection o f nitrate has always a significant 
positive value. Horizontal nutrient supply to offshore 
regions in the Arabian Sea has been a subject o f some 
studies after Banse (1987) postulated that nitrate is 
transported away from the upwelling region along the 
coast o f Oman (cf., Young and Kindle, 1994; Keen et 
al., 1997).
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Fig. 16. As in Fig. 14 but for the area 9.5-10.5°N, 64.4-65.4°E, corresponding to S15; (a) nitrate and (b) chlorophyll.
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5. Discussion

5.1. Comparison with other models

MKHO and RGF also performed model simula
tions o f the pelagic ecosystem in the Arabian Sea 
covering an annual cycle. A comparison o f the results 
o f the present model with those o f the above studies 
will shed some light on the robustness o f the model 
results. Fig. 18 shows the simulated annual cycles of 
MLD and the ecosystem compartments in the mixed 
layer, averaged over the areas in Fig. 12 which have 
been chosen and named following MKHO. Fig. 18 
can be directly compared with Fig. 4 by MKHO and 
Fig. 1 by RGF.

Common features can be found among the three 
models such as the long-lasting phytoplankton increase 
dining the SWM season in the areas Somalia and 
Oman. Among noticeable differences, the most con
spicuous one is the absence o f the fall bloom in the 
Central Basin found in both Fig. 4 by MKHO and Fig. 1 
by RGF. Satellite measinements of sinface chlorophyll 
are in favor o f the existence o f the fall bloom (Banse, 
1994). MKHO classified this bloom as “detrainment 
bloom” , caused by an abrupt mixed layer shallowing 
following nutrient accumulation. In the model by RGF, 
the same type o f bloom appears to be occurring in other 
areas as well. However, the mixed layer shallowing 
during SWM observed by Dickey et al. (1998) at the 
WHOI mooring site (15.5°N, 61.5 °E) is not large nor 
abrupt; MLD was ~  80 m in early July and gradually 
shoals to ~  50 m over a month.

The direct cause for the absence o f the fall bloom in 
our model is clearly the lack of the nitrate accumulation 
preceding the shallowing o f the mixed layer. The nitrate 
concentrations simulated by MKHO and RFG reach as 
highas ~  1 0 mmol/m3rightbeforetheoccurrenceofthe 
fall bloom. In turn, this difference seems to result from 
the mixed layer of our model being shallower than that of 
MKHO and RGF in the Central Basin during the SWM 
season. While MLD in our model is ~  60 m in this 
season, both the models o f MKHO and RGF yield a

mixed layer well deeperthan 1 0 0  m, which is not the case 
in the observations (see Figs. 3 and 12). On the other 
hand, the possible underestimation of nitrate supply at 
S04, pointed out in Section 4.2.1, may lead to under
estimate the nitrate concentration in the Central Basin in 
our model. Indeed, the data by Morrison et al. (1998) 
show values o f  ~  2 mmol/m' in the Central Basin 
dining the SWM season, which are between those 
simulated by oin model and by MKHO and RGF. It 
app ears that the nitrate supply in the C entrai Ba sin during 
the SWM season is underestimated in oin model and 
overestimatedintheirmodels. In this regard, Kawamiya 
(2 0 0 1 ) reports that the nitrate supply to the offshore 
region during SWM is mainly achieved through hori
zontal transport by mesoscale features and that their 
activity is indeed underestimated by the model.

The model o f RGF has a problem similar to that of 
the overestimated subsurface nitrate maximum in our 
model. Their Fig. 8  shows that the modeled nitrate 
concentration is much too high. On the other hand, they 
do not have the problem o f too low primary production 
(their Fig. 9). Although the cause for the difference 
with respect to our model results is difficult to identify 
because o f the many differences in physics and biology 
between the two models, the large vertical mixing 
coefficient (1.0 cm2 /s) used by RGF may be one reason. 
The upstream advection scheme they adopted is dif
fusive as well. Primary production in the oligotrophic 
regimes is extremely sensitive to vertical diffusivity 
below the mixed layer. Observations suggest much 
lower diffusivities (e.g., Ledwell et al., 1993), which 
are closer to those used in our model (0 . 1  cm2 /s).

Another conspicuous difference is that Zooplankton 
biomass in our model is higher than that o f MKHO by a 
factor o f ~  4. As RGF discussed, the self-grazing term 
of Zooplankton adopted by MKHO may be one reason 
for their low Zooplankton standing stock.

5.2. Sensitivity experiments

An ecosystem model has typically considerable 
uncertainty in its configuration and parameter values.

Fig. 17. Seasonal and annual nitrogen fluxes among the compartments o f the model ecosystem integrated over the upper 110 m, for the area (a) 
16.7-17.7°N, 59.3-60.3°E, corresponding to S04 and (b) 9.5-10.5°N , 64.4-65.4°E, corresponding to S15. Units are in mmolN m_ 2. Note 
the difference in scale between (a) and (b). See text for the exact definition of the NEM and SWM season. Error bars show the range of the 
standard deviation (SD) within the area. Where SD is too large to be displayed with error bars, it is designated with numbers. HA, YA, HD, and 
VD denote horizontal advection, vertical advection, horizontal diffusion, and vertical diffusion, respectively.
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It is important to carry out sensitivity experiments to 
check the rigidity o f model results. In this section, we 
carry out four experiments that investigate the model’s 
sensitivities to changes in biological parameters and 
physical settings.

It turned out that main features o f the model results 
are mostly established already in the third year of 
integration. Therefore, the model is integrated for only 
3 years in the sensitivity experiments, and the results 
from the third year of integration are compared with 
those from the standard experiment in the same model 
year.

5.2.1. Biological parameters
Here, results are shown from sensitivity experi

ments in which the fast recycling loop introduced by 
Oschlies (2001) is incorporated and the formulation of 
detritus sinking is changed.

The fast recycling loop is introduced because 
drastic improvement was found in simulated primary 
production in oligotrophic regions in the North 
Atlantic (Oschlies, 2001). Further pursuing this issue, 
Oschlies (2002) compared the surface heat flux 
diagnosed from the model with data. The result 
indicated that over the oligotrophic subtropical gyre 
o f the North Atlantic, the simulated downward heat 
transport is relatively large compared with observa
tions, suggesting that upward nitrate flux would also 
be large. Together with direct comparisons o f upward 
nitrate flux at two points where observations have 
been carried out, he concluded that the model already 
provides enough upward flux o f nitrogen even in 
oligotrophic regions. Kriest (2000) performed experi
ments with a one-dimensional model for both eutro- 
phic and oligotrophic sites in the Arabian Sea. The 
results also suggest that a fast recycling is necessary 
to reproduce observed high primary production rates. 
Concerning the formulation o f detritus sinking, it has 
been pointed out by Oschlies et al. (2000) that the 
detritus sinking velocity in this model (5 m/day) may 
be too small. The focus will be on the two major 
basin-scale problems, that is, the subsurface nitrate 
maximum in the northern end o f the Arabian Sea, and 
the too low primary productivity in oligotrophic 
regimes.

In the first sensitivity experiment, a nitrogen return 
flow from phytoplankton to nitrate is added to the 
structure shown in Fig. 1, and the linear function for

the phytoplankton loss to detritus is replaced by a 
quadratic one (Oschlies, 2001). The nitrogen flow 
from phytoplankton to nitrate is proportional to the 
modeled phytoplankton abundance with the rate 0.05/ 
day, and the quadratic mortality rate is set to 0.05 
minoi 1 m 3 day-  1. In the second sensitivity experi
ment in which the nitrogen flows are returned exactly 
to the one in Fig. 1, the detritus sinking velocity is 
increased to 10 m/day above 144-m depth. Below that 
depth, the equation by Martin et al. (1987) is adopted 
to describe the vertical profile o f the detritus sinking 
flux:

where F  is the detritus sinking flux as a function of 
depth, /' i 4 4  the detritus sinking flux at 144-m depth, 
and z is the depth in meters. This formulation implies 
that a certain portion o f the detritus flux across 144-m 
depth can reach the bottom immediately. The down
ward transport of detritus is much faster than in the 
standard run, and can thus be expected to relief the 
unrealistic nitrate maximum. This treatment of the 
detritus sinking process is quite similar to that 
employed by Sarmiento et al. (1993) and Fasham et 
al. (1993). For the sensitivity experiments, the model 
was integrated in the same way as described in 
Section 2.3, and the results for nitrate distribution 
and primary production in the third year are displayed 
in Fig. 19c-f, along with those from the standard 
experiment in the same year (Fig. 19a and b).

In the experiment with the fast recycling loop, 
primary production in oligotrophic regimes becomes 
indeed higher by a factor o f 2 to 3. The simulated 
values are still substantially lower than those of 
Antoine et al. (1996), but fairly close to those of 
Behrenfeld and Falkowski (1997) (Fig. 10b and c). 
The annual export ratio calculated at 110-m depth 
(0.095) is now within the range of the observation- 
based estimates by Lee et al. (1998) and Buesseler et 
al. (1998) ( ~  0.25 for SWM, ~  0.05 for other 
seasons). The fast recycling loop is meant to embody 
the notion that small-size species o f phytoplankton 
tend to dominate the ecosystem in an oligotrophic 
regime, thereby reducing the sinking velocity aver
aged over the whole size spectrum. Though it is not 
very clear if  such behavior o f  the ecosystem is 
ubiquitous and if  it is faithfully represented by the
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fast recycling loop we introduced, it is instructive 
that such a moderate change in the model config
uration can considerably alter the simulated primary 
production.

Although the fast recycling loop is likely to be 
important to close the gap between the modeled and 
observation-based primary production, the increase in 
primary production in the Arabian Sea is not as
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et al. (1987), (g,h) wind stress by daSilva et al. (1994), and (i,j) the mixed layer model by Gaspar et al. (1990).
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Fig. 19 (continued).

dramatic as in the North Atlantic where it was more 
than an order o f magnitude (Oschlies, 2001). This is 
because the depths of the nitracline in oligotrophic 
regimes are shallower in the Arabian Sea, thereby 
supplying significant nitrate to fuel phytoplankton 
growth near the bottom of the euphotic zone even 
without the fast recycling loop.

With the faster sinking o f detritus, annual primary 
production is reduced by 33% (Fig. 19f). The concen
trations in the subsurface nitrate maximum are also 
reduced by ~  2 mmol/m3 (Fig. 19e). This is caused 
both by the more efficient removal o f detritus from the 
subsurface layer and by the smaller amount o f detritus 
formation in the surface layer due to the reduction in 
primary production. However, the reduction is too 
small to eliminate the unrealistic nitrate maximum. 
As discussed in Section 4.1.1, it is thus probable that 
this maximum is a result o f the neglect o f denitrifica
tion and not o f the particular settings o f the ecosystem 
model.

5.2.2. Physical settings
We saw in Section 3.2 that the location o f  the 

maximum MLD in August is shifted southward com
pared to the climatology (Fig. 3). Its exact location may 
be partly determined by the Ekman downwelling, 
which prevails in the central part of the Arabian Sea 
during the SWM. The distribution and strength o f the 
Ekman downwelling in the model are in turn deter
mined by the wind stress field applied. Also, the 
particular choice o f a vertical mixing scheme can be 
critical for the simulated MLD. In the following, we 
show results from sensitivity experiments with respect 
to these physical settings.

Fig. 20c and d depict the MLD for January and 
August, respectively, in the experiment where the wind 
forcing data are switched to those by daSilva et al. 
(1994). Corresponding plots from the standard experi
ment are shown in Fig. 20a and b. Although the MLD 
maximum in August is slightly moved northward in 
this sensitivity experiment, it is still located to the south
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Fig. 20. Mixed layer depth in the third year of integration for the model averaged over (a.c.e) January and (b.d.f) August from different 
experiments with (a,b) the standard configuration, (c,d) wind stress by daSilva et al. (1994), and (e,f) the mixed layer model by Gaspar et al. 
(1990).

of that in the climatology. In January, the mixed layer 
becomes shallower than in the standard experiment by 
~  20 m near the coast o f Oman. This difference is 
caused by mesoscale features. Along the coast o f

Oman, warm-core rings are constantly found in both 
experiments but are more energetic in the standard 
experiment. This leads to a weaker stratification and 
thus a deeper mixed layer in the standard experiment,
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because warm-core rings are associated with down
ward excursion o f isotherms.

The overall distributions o f nitrate and primary 
production are essentially unaffected by a change in 
the wind field (Fig. 19g and h). The problem of the 
unrealistic nitrate maximum is, however, eased visi
bly. This is because the wind-driven transport of 
nitrate from the upwelling region along the coast of 
Oman to the northern end o f  the Arabian Sea is 
reduced in this sensitivity experiment. This results in 
a lower primary productivity in the northern end of the 
Arabian Sea leading to a weaker source of remineral
ized nitrate for the subsurface layer.

The model yields the MLDs displayed in Fig. 20e 
and f  when the vertical mixing scheme by Pacanowski 
and Philander (1981) is replaced by the mixed layer 
model o f Gaspar et al. ( 1990 ) as adapted by Blanke and 
Delechise (1993 ). This mixed layer model calculates 
the vertical diffusivity and viscosity from the turbulent 
kinetic energy (TKE), for which a prognostic equation 
is solved. The only changes made with respect to the 
implementation by Blanke and Delechise (1993 ) are a 
surface boundary condition (SBC) for TKE (e) and the 
lower limit o f TKE; the SBC is now K edë/'dz = 3ul 
where Ke is the vertical diffusivity for TKE and n* the 
friction velocity, and the minimum TKE is set to 
4 X  10~ 2  cm 2 /s2  (Oschlies and Garçon, 1999). The 
MLDs are deeper than in the standard experiment by 
~  20 m in January, thereby making the deviation from 
the climatology of Fig. 3c slightly larger. In August, the 
MLDs are 20 -4 0  m deeper than in the standard experi
ment, and the maximum value is now larger than that in 
the climatology o f Fig. 3d but similar to that in the 
MLD climatology by Rao et al. (1989). In the northern 
part, however, mixed layers are deeper than in the Rao 
et al. (1989) data by 3 0 -4 0  m in August, whereas the 
standard experiment bears better resemblance there. 
Overall, it is not clear which o f the MLDs in the two 
experiments is closer to reality.

The vertical diffusivity below the mixed layer is 
also enhanced from 0 . 1  cm2/s in the standard experi
ment to ~  0.3 cm2/s in this experiment due to the 
nature of the Gaspar et al. (1990) mixed layer model, 
which provides diffusivities proportional to the recip
rocal o f the Brant-Väisälä frequency in stably strati
fied regions. These moderate changes in the MLD and 
vertical diffusivity cause a drastic change in the an
nual primary production field (Fig. 19j). The deeper

mixed layer enables more nitrate entrainment, thereby 
enhancing primary production to the extent that the 
values are similar to those in the satellite-based esti
mate by Behrenfeld and Falkowski (1997), although 
lower than those by Antoine et al. (1996) (Fig. 10b 
and c). The simulated spatial pattern resembles that of 
the satellite-based estimates. The enhancement o f 
primary production is seen throughout the year, and 
is especially strong in the SWM season. The annual 
export ratio calculated at 1 1 0 -m depth remains rather 
high (0.38) compared to the observation-based esti
mates by Lee et al. (1998) and Buesseler et al. (1998) 
( ~  0.25 for SWM, ~  0.05 for other seasons). Sink
ing fluxes across 110 m at S04 and S15 are higher 
than those observed by a factor o f 2 -3  (figures not 
shown). Correspondingly, the subsurface nitrate max
imum takes on even higher values (Fig. 19i).

The increasing rate in integrated nitrate content is 
calculated over the domain to the north of 1 0 °N and 
down to 670-m depth for all the sensitivity experiments 
presented here, and ranges from 11 TgN/year in the 
experiment with the Martin et al. (1987) curve to 24 
TgN/year in that with the Gaspar et al. (1990) mixed 
layer model. This may give an idea on the uncertainty 
of the model-based denitrification rate evaluated in 
Section 4.1.1.

6. Summary and outlook

A nitrogen-based, four-compartment ecosystem 
model has been coupled into an eddy-permitting ocean 
general circulation model for the entire Indian Ocean. 
A second-order advection scheme, which bears much 
less computational diffusion than upstream differentia
tion, is used for the biological variables. The coupled 
model has been integrated for 8  years after spinning up 
the physical model. Comparison between the model 
results and the observations shows that the model 
reproduces many features observed in reality in both 
physical and biological variables, e.g., the deep sum
mer mixed layer in the central Arabian Sea, the increase 
in chlorophyll concentration during the SWM season 
along the coast o f Oman and Somalia, and the shoaling 
of nitracline toward the north.

Two major differences are found in the basin-wide 
comparison between the model results and the obser
vations. One is that the model produces an unrealistic
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subsurface nitrate maximum in the northern end o f the 
Arabian Sea, and the other is that the simulated 
primary production is too low in oligotrophic regimes. 
A comparison with in situ data reveals that the model 
sometimes simulates a too weak gradient o f nitrate 
profile in spite of the present model configuration 
being favorable for a strong nitrate gradient. The 
sinking flux of detritus out o f the euphotic zone shows 
good agreement when extrapolated data are used, 
leaving an apparent inconsistency between the mod
el’s too low primary productivity and sufficient sink
ing flux in oligotrophic regimes.

The problem o f subsurface nitrate maximum is 
probably caused by the fact that the model lacks the 
denitrification process. Nitrate is increasing in the 
maximum region with a rate o f 11 -2 4  TgN/year. This 
number may be used as a model-based indirect 
estimate for the denitrification rate integrated over 
the northern Arabian Sea if  the nitrogen lost through 
denitrification is compensated by lateral advection of 
nitrate, as suggested by Bange et al. (2000). Inves
tigation o f this subsurface maximum may provide 
some insight into the denitrification process taking 
place in almost the same area in reality.

The cause for the problem of too low primary 
production is not clear, while fast recycling of 
nitrate, carbon fixation decoupled from nitrogen, 
and nitrogen fixation have been proposed as possible 
explanations. The fast recycling loop o f nitrogen 
adopted by Oschlies (2001) has been introduced in 
the model and showed an increase by a factor o f 2 to 
3 in oligotrophic regions. Considering that the model 
works well regarding the sinking flux out of the 
euphotic zone and that the required increase in 
simulated primary production should thus be accom
plished through regenerated production, the fast 
recycling may be happening in reality.

Changing the vertical mixing scheme by Paca
no wski and Philander (1981) to that by Gaspar et al. 
(1990) also increases primary production and yields 
an even better agreement o f the spatial pattem than in 
the experiment with the fast recycling loop. Sinking 
fluxes are, however, larger than in observations by a 
factor of 2 -3 . It cannot be assertively concluded 
which o f the fast recycling loop and the adoption 
of the TKE model can better cure the problem. The 
drastic changes are impressing when one takes into 
account that the changes in the MLD are not

extremely large (20-40  m deeper with the Gaspar 
et al., 1990 scheme). The choice o f a vertical mixing 
scheme may be more critical in the Arabian Sea than 
in other basins such as the North Pacific where the 
patterns o f biological variables are primarily deter
mined by the Ekman upwelling field.

Comparison with the models by McCreary et al. 
(1996) and Ryabchenko et al. (1998) shows that our 
model does not produce a phytoplankton bloom in 
the late SWM season, while both o f the other two 
models do. This is because nitrate does not accumu
late in the relatively deep mixed layer during sum
mer in our model. In turn, possible reasons for the 
lack o f nitrate accumulation are that the mixed layer 
may be too shallow in summer and that horizontal 
transport of nitrate from the coast o f Oman may be 
too weak. The mechanism for the bloom should be 
investigated in more detail by both modeling and 
observations.

After identifying the model’s ability and inability, 
the model can be applied to more practical issues such 
as interannual variability of the ecosystem, mechanism 
of nitrate supply during the SWM bloom (Kawamiya, 
2001), and seasonal variation o f export ratio (Kawa
miya and Kriest, submitted for publication), taking 
enough care o f the model’s deficiencies.
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