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Altabet et al. (1991) investigated the source and transformation of large, fast-
sinking particles in the North Atlantic ocean using nitrogen isotope ratio ’N/*N as an in
situ tracer. The increase in 8"°N for suspended particles with depth is thought to result
from progressive decomposition and removal of dissolved nitrogen depleted in N.
Similarly, 8N values for sinking particles would be expected to increase with depth,
although less rapidly for suspended particles, as the large sinking speeds of the large
particle allow much less time for decay. However Altabet et al found that 8N values
for sinking particles actually decreased with depth during low-flux periods in the open
ocean, implying that the fine and large particle pools may not interact as intensely as
supposed. They suggested that micro-environments within large, sinking particles may
enhance microbial activity that leads either to the selective removal of “N-enriched
material or the addition of *N-depleted material. More studies are needed to identify

clearly the interaction between the suspended and sinking particles.

5.4 Embedding the 1-dimensional particle model in the 3-dimensional

circulation model

In this section, we couple the steady state 1-dimensional particle model (Eq.(5.1)-(5.3))
with the planetary geostrophic circulation model. The simulated zonally averaged
distribution of the vertical flux of large particles (F;) and concentration of suspended
organic carbon particles (P,) are shown in Figure 5.7. Both quantities have their largest

values in the upper few hundred meters. In the northern latitude band (50°-60°N), the
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formation of deep water leads to a downward transport of particulate matter, which in turn
results in a high concentration of suspended fine particles, and also a high particle flux
through aggregation at depths of 500-1000 m. A downward transport of nutrient in the
northern model domain is also found in simulations of nitrate distribution (Su et al.,
1994). Martin et al. (1987) showed results of a California-Hawaii carbon flux section:
in the open ocean area, the flux at depths of 100, 500 and 1000 m is about 18-24, 6-12
and 3.5-7.2 g-C m™ yr', respectively; these values are not for a zonally averaged
distribution. Nevertheless, the magnitude of our model flux at depth is comparable with
their results.

The horizontal distribution of the particle flux at the bottom at the euphotic zone
(z=-114 m) is shown in Figure 5.8(a). Throughout most of the mid-latitude band 15°-
35%N, the flux is less than 12 g-C m? yr', with the flux near the northern edge of the
domain being larger than in the mid-latitude band 15°-35°N. A similar pattern is also
found for the suspended particle field (Figure 5.8(b)). The high concentrations are
associated with the Gulf Stream circulation: the maximum in the northern half of the
domain (35°N-50°N) results from advection of the fine particles by the northward flowing
Gulf Stream. This high concentration of fine particulate organic matter in turn supports
a high large particle concentration through aggregation. The importance of the Gulf
Stream in lateral transport of dissolved and suspended nutrient has been studied through
both observational data analysis (Martin et al., 1987; Rintoul and Wunsch, 1991) and
model simulations (Bacastow and Maier-Reimer, 1991; Najjar et al. 1992; Su et al.,

1994).
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The magnitude of export flux simulated in our model (Figure 5.8(a)) is comparable
with some observational studies. The flux reaches a maximum of about 20.2 g-C m? yr™
at latitude of 45°N. In the northern part of the domain, the flux is above 12 g-C m? yr'l;
and in the 15°-40°N latitude band, it is in the range of 8-12 g-C m? yr”. The export flux
estimated by Martin et al. (1987) at six offshore stations (VERTEX 2, 4, 5, II, III and
NPEC) ranged from 13.4 g-C m? yr' to 85 g-C m” yr' at a depth of 100 m. In an open
ocean location such as VERTEX 4, located in the transition region between the California
Current and subtropical gyre, the flux was about 24.6 g-C m™ yr''. The flux at VERTEX
5, located in the subtropical gyre, was 14 g-C m? yr'! (Martin et al. 1987). Using Martin
et al’s function (Eq.(5.11)), we calculate the flux at the base of euphotic zone (z=-114 m)
to be 22 g-C m? yr'! and 12.5 g-C m? yr' at VERTEX 4 and 5 locations respectively.
Interpolating carbon flux data from Knauer and Martin (1981), gives a flux of 9.6 g-C m™
yr'! at a depth of 114 m.

The simulated concentration of suspended particulate organic matter (P,) at the
bottom of the euphotic zone is shown in Figure 5.8(b). The concentration reaches a
maximum of 22 mg-C m™ near 45°N. In the northern part of the model domain, it is
above 12 mg-C m™; and in the 15°-40°N latitude band, it is about 10 mg-C m™. Wakeham
and Canuel (1988) reported concentrations of 17 mg-C m™ at a depth of about 114 m in
the VERTEX II and III stations, which are located 400 km off Mexico. Karl and Knauer
(1984) reported suspended particulate organic matter concentrations of about 20 mg-C m”
at a depth of 100 m at VERTEX I, a station approximately 100 km off Point Sur,

California. Our simulated concentration magnitudes agree with these observational data.
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The domain averaged vertical profiles of total organic carbon (P+P,) and organic
carbon flux (F)) are shown in Figure 5.9. The profiles are consistent with simulated
results of the 1-dimensional time dependent model, which are in turn comparable with the
results of Clegg and Whitfield (1990). This result is expected as advection and horizontal
diffusion only redistribute particulate matter within the domain. The P, concentration can
be estimated by dividing the particle flux by the constant sinking rate S=100 m day™.
The P/P, ratio estimated in this way lies in the range of 2-5%. The corresponding ratio
for the 1-dimensional model presented in Section 5.3 is about 2-6%.

We close this discussion by noting that in the upper 30 m, the remineralization,
aggregation and disaggregation rates are much higher than the layers below (Table 2.2).
In the top 30 m, there are 5 levels for the 1-dimensional model, but only 1 level for the
3-dimensional model. This means that the vertical structure due to the layer rate
variations is better simulated in the former model. The vertical profiles simulated by the
1-dimensional model show a relative low flux and particulate concentrations at the
surface, and a maximum located at the about‘SO m depth. Due to the poorer vertical
resolution in the surface layers, the 3-dimensional model cannot resolve these fine vertical
structure resulting from remineralization, aggregation and disaggregation processes. The
particulate concentration and flux near the surface are thus higher in the 3-dimensional
model, compared to the 1-dimensional results. This can be seen by comparing Figure 5.4,
Figure 5.5 and Figure 5.9. At greater depths, the general decrease with depth is simulated
by both models. Our results suggest that coarse resolution models are able to reproduce

the major features of the particulate concentration and flux distribution.
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5.5 Summary

The 1-dimensional particle cycling model of Clegg and Whitfield (1990) has been
analyzed in detail. An analytical solution is obtained for the steady state model. The
solution shows that fast sinking particles may escape the upper few hundred meters of the
water column quickly, with little degradation. When these particles reach greater depths
and disaggregate there, suspended organic matter of surface origin has therefore been
transported downward. Our analysis shows that with an increase sinking rate, the particle
flux e-folding depth increases. This suggests the importance of fast sinking particles in
the vertical transport of undegraded organic matter to deep layers.

Based on the steady state Clegg and Whitfield model, a 1-dimensional time
dependent model was developed and tested. This model is forced by different values of
the primary production rate at the surface, with both the fine and large particle fields
initially set to zero. The simulated concentration of suspended organic particles and large
particle flux agree with observational studies, and with the steady state model results of
Clegg and Whitfield (1990). Aggregation and disaggregation occur throughout the water
column, with material being transferred between fine and large particle pools through a
continuous two-way exchange. The downward transport of organic material is mainly
accomplished by large, sinking particles. The latter have a small mass ratio relative to
the total particulate pool. The ratio of large to fine particle concentration (P/P,) ranges
from 5-6% in the upper 50 meters, to about 2.5-3% at depths below 1000 m.

The particle model has also been embedded in the 3-dimensional physical model.
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The simulated organic carbon flux and particulate organic matter concentration are
comparable with observational studies. The domain averaged vertical profile of
particulate concentration and vertical flux are comparable with 1-dimensional model
simulations and observational studies.

The particle model groups all types of particulate matter only according to two
size classes. Thus aggregation refers to the rate of production of fecal material and
formation of large aggregates through biological and physical processes, while
disaggregation refers to mechanisms of breakup, dissolution and grazing of large particles,
which are then reassimilated into the small suspended size fraction. Proper estimates of
aggregation and disaggregation rate constants (r;, r,), essential for modelling, are not
easily obtained through observations. Estimates from *°Th data (Nozaki et al., 1987)
show that although the ratio of r,/r, is almost constant, the value of r, and r, themselves
can vary over a large range. In addition, some spatial variation in r, and r, and the
remineralization rate can be expected. Such variation could lead to different results in

a more complete model.
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Figure 5.1 The normalized flux F/F,y and F(z)/F,y for the exponential formulation
of Eq. (5.10) with sinking rates S=100 (solid), 200 (asterisk), 300 (circle) m day”. The
dashed line is from Martin et al. ’s (1987) power law formulation, Eq. (5.11).
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Figure 5.2 Vertical profile of primary production with primary production rates (P,)
of 103 g-C m? yr' of Clegg and Whitfield (1990) (solid), 130 g-C m? yr' of Martin et
al. (1987) (dashed), and 245 g-C m™ yr' of Knauer and Martin (1981) (asterisk). The
open circles (0) represent the primary production used in Clegg and Whitfield’s (1990)
particle cycling model.
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rate. The observational data (o) are from Knauer and Martin (1981). The units are g-C
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Figure 5.4  The simulated large particle organic carbon flux (F)) using different primary
production rates (Py): (a) 103 g-C m™? yr' of Clegg and Whitfield (1990); (b) 130 g-C m™
yr'!' of Martin et al. (1987). The solid curves are the simulated flux, while the dashed
curves are the fluxes calculated by Clegg and Whitfield (their Table Al) in (a), and
Martin et al. (their Figure 5) in (b).
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the Clegg and Whitfield’s (1990; their Figure 8) estimate (dashed). (b) The percentage
of mass ratio P/P, simulated by the model. The maximum value of 6.2% is reached in
the upper 20 m. A primary production rate of 103 g-C m? yr"' from Clegg and Whitfield
(1990) is assumed.
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Figure 5.6  (a) The simulated aggregation (r,P,; solid) and disaggregation (r,P,; asterisk)
rates at steady state. (b) The simulated particulate organic carbon concentration (P+P))
using the aggregation and disaggregation rates of Table 2.2 (solid), and an increase of
these rates by a factor of 5 below 600 m, keeping their ratio constant (asterisk). The
primary production rate used is 103 g-C m? yr’, as in Figure 5.5.
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Figure 5.7 The simulated zonally averaged distribution of (a) large particle flux (F);
and (b) suspended particulate organic carbon concentration (P,).
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of the euphotic zone.
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Chapter 6

Conclusions

In this thesis, we have coupled a physical model with a biological model to examine
nutrient cycling in the North Atlantic Ocean. The physical model is a 3-dimensional
planetary geostrophic ocean general circulation model (Zhang et al., 1992). Two different
formulations are used to represent new production in the biological model. The first is
based on new production being given by a restoring condition of surface nitrate to its
observed concentration (restoring model), and the other on nitrate limiting the rate of new
production (kinetic model). The latter formulation is an extension of the Michaelis-
Menton kinetics equation. The biological model includes both organic and inorganic
matter. Later, a particle model consisting of two particle size classes is included.

The restoring model is coupled with the annual mean mode of the physical model.

The coupled model is used to examine the hypothesis (Martin et al., 1987) that lateral
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transport and decomposition of slow or non-sinking organic matter causes a non-local
balance between remineralization rate and the overlying new production rate in some open
ocean regions. The model results agree well with the North Atlantic nutrient transport
calculated from observed nutrient and hydrographic data. There is a net northward
transport of inorganic nitrate in the mid-latitude band of 25°-40°N due to the strong
northward flowing Gulf Stream in the western part of the basin. This northward transport
is balanced by a southward flux of dissolved organic nitrogen in the Gulf Stream
recirculation gyre. Remineralization of dissolved organic matter during its transit in the
subtropical gyre supplies the required source of regenerated nitrate to the Gulf Stream.
These results support the hypothesis that lateral transport and decomposition of slow or
non-sinking organic matter contribute to the remineralization in the open ocean (Martin
et al. 1987).

The model results suggest that the thermohaline overturning circulation and the
Gulf Stream horizontal recirculation play important roles in the nutrient distribution of the
North Atlantic. An estimate of the global new production of 2.3-3.6 mol-C m? yr, or
9.5 to 14.9 Gt C yr'' is obtained.

The physical ocean circulation model is next tested in the seasonal mode, and then
coupled with the kinetic model to investigate the oxygen seasonal cycle in the North
Atlantic. The simulated temperature and density fields both show seasonal variation. The
simulated oxygen seasonal cycle agrees well with results of observational studies and 1-
dimensional model simulations. Photosynthetic processes produce oxygen supersaturation

within the euphotic zone, with the maximum being located at a depth of about 75-80 m.
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In the aphotic zone, most of the organic matter has been remineralized back to inorganic
matter in the depth of 114-600 m. The onset of vertical mixing in late winter (February-
April) brings up nitrate rich water to the surface layers, thus increasing new production.
At the same time, there is a downward transport of oxygen. The model results suggest
the oxygen utilization rate (OUR) below the euphotic zone provides a useful estimate of
basin averaged new production.

A 1-dimensional time dependent particle cycling with two particle size classes is
then developed, following Clegg and Whitfield (1990). The steady state solution of this
model is first examined. The simulated total organic carbon concentration and large
particle flux are consistent with observational studies and other 1-dimensional model
simulations. The simulated aggregation and disaggregation processes occur reversibly
throughout the water column, but mostly within the upper few hundred meters.

The large particles have a low mass ratio relative to the particulate organic carbon
pool. The ratio of large to small particle concentration ranges from 5-6% in the surface
layer in the upper 50 m, to about 2.5-3% at depths below 1000 m. The downward
transport of organic carbon is mainly accpmplished by the fast sinking large particles.
These particles may play an important role in the downward transport of organic matter
of surface origin to deeper layers.

" The steady state version of the particle model is coupled with the 3-dimensional
planetary geostrophic circulation model. The magnitudes of the simulated organic carbon
flux and total organic carbon concentrations are comparable with observations. The

domain averaged vertical profiles of total organic carbon and vertical large particle flux
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are consistent with 1-dimensional model simulations and observational studies. We note
that spatial variability of the model parameters, especially the aggregation/disaggregation

rate constants, could be important in future 3-dimensional modelling studies.
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