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Effects of Upwelling/Downwelling' on Suspended Particulate
Matter Distributions over Shelf Mud Areas:
Numerical Experiments
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The mud deposit located to the south of Cheju Island, the East China Sea, is characterized by an
upwelling system or, on occasions, a combined upwelling-downwelling system. The water mass here
is associated with relatively high suspended matter concentrations. In the present study, a vertical 1-
D model is used to undertake numerical experiments for evaluating the upwelling and downwelling
effects on the suspended particulate matter distribution patterns within the water column. The results
show that: (1) because the upwelling or downwelling velocity tends to be of the same order of
magnitude as the settling velocity of suspended particles, a number of different patterns of suspended
matter concentration distribution are possible, depending on the relative importance of the velocities;
(2) the presence of upwelling can enhance the suspended particulate matter concentration; and (3) in
an upwelling-downwelling system, maximum concentrations may or may not lie in the middle of the
water column, depending on, once again, the interrelationships between the upwelling/downwelling
velocities and the settling velocity. Hence, the physical processes associated with upwelling/
downwelling appear to be relevant to the suspended material distribution over shelf mud areas.
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INTRODUCTION

Investigations into the processes and mechanisms
of the formation of continental shelf mud deposits
are important to shallow sea sediment dynamics,
nutrient cycling studies and ecosystem dynamics
(Dronkers and Miltenburg, 1996; Lesueur et al., 1996,
Friedrich ef al., 2000). In the East China Sea region,
a distinct feature for suspended particulate matter
(SPM) concentration distributions is the formation of
high concentration centers that can be observed over
a mud deposit. This phenomenon has been observed
also by other researchers on different occasions (e.g.
Milliman et al., 1989; Guo et al., 1997) and, there-
fore, is associated with a high frequency of occur-
rence. For example, during the summer of 1998, on
a profile along the 32°N parallel, a concentration
maximum was located at 32°N, 126°E, within the mud
deposit area to the south of Cheju Island (Gao et al.,
2000). Here, maximum concentrations of more than
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30 mg L~! were found in the middle layer of the water
column (Fig. 1).

It has been proposed that the mud deposits are
related to upwelling systems (Hu, 1984) and/or weak
tidal currents (Dong et al., 1989). Recently, it has
been found that in the mud area to the south of Cheju
Island the upper and lower parts of the water column
are occasionally (in the summer season) controlled
by cyclonic circulation (which is associated with
upwelling) and anticyclonic circulation (i.e. down-
welling), respectively (Yanagi et al., 1996a). This pat-
tern may be associated with differential tidal mixing
over the area, in response to summer heating of the
water mass (Xu, 2000). Thus, it is likely that the mud
deposit, the high concentration centers and the
upwelling-downwelling system are inter-related. One
of the resultant problems is: what are influences of
the upwelling and downwelling on the suspended
matter distribution within the water column over the
mud areas? In the present contribution, we intend to
deal with this problem using numerical experiments,
with special reference to the mud deposit to the south
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of Cheju Island.

The mud deposit in consideration covers an area
of 15000 km? with a maximum deposition rate of
3 mm yr' (DeMaster et al., 1985). The sediment here
is derived from different sources, including the
eroded material from the Old Yellow River delta
(Milliman et al., 1985) and the modern material input
from the Changjiang River (Milliman et al., 1989).
In situ observations have shown that the SPM con-
centration is relatively high, forming a secondary
high concentration center over the region (Gao et al.,
2000). The seabed material here consists of clay
(accounting for about 40%) and silt (around 60%);
the concentration is higher in the bottom layers than
in the surface layers, but bio-generated particles tend
to be concentrated in the upper layer of the water
column (Lei et al., 2001). It should be noted that,
although the secondary high concentration center is
present for all the seasons, the patterns of the SPM
concentration distribution within the water column
vary considerably, as can be shown by a comparison
between the different investigations (e.g. Jin, 1992,
p.207; Yang et al, 1992; Guo, et al., 1997, 2000;
Gao et al., 2000; Lei et al., 2001).

METHOD

Numerical experiments have been designed for two
situations: (1) upwelling throughout the water col-
umn; and (2) upwelling for the upper part of the
water column and downwelling for the lower part.
The model is formulated on the basis of a 3-D advec-
tion-dispersion equation for suspended particulate
matter, which can be written as:
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where (U, ¥V, W)=current velocity vector (W=upwelling/
downwelling component of the vector), W, = settling
velocity of particles, C = SPM concentration, (4,, 4,
A,) = dispersion coefficients for the suspended matter,
S = source term from the water column (e.g. organic
particles generated by biological activities). Assum-
ing that in the upwelling/downwelling area variations
in the SPM concentrations are more significant in
the vertical direction than in the horizontal direction,
the gradient of horizontal advective transport of sus-

pended material is small, and the source term can
be neglected, Equation (1) becomes
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Equation (3) means that the vertical distribution of
suspended material can be determined numerically if
the velocity of upwelling/downwelling, particle set-
tling velocity and dispersion coefficient are known.
Upwelling (and downwelling) currents tend to be
much smaller that horizontal currents, with orders of
magnitude of 107> to 10~ mm s~ (Apel, 1987, p.102).
Thus, two values, 0.005 and 0.2 mm s~!, are used
in the numerical experiments for the modeling of
upwelling effects. In order to compare with the sit-
uation of non-upwelling areas, the patterns under the
condition of W=0 are also calculated. In the numer-
ical experiments for combined upwelling-down-
welling effects, four values i.e. 0.005, 0.05, 0.1 and
0.2 mm s~! for both W, and W, were adopted in the
calculations, but the sign differs between the
upwelling and downwelling currents. It is assumed
that upwelling occurs in the upper part and down-
welling in the lower part within the water column.

The settling of particles is usually described using the
Stokes law, but in marine environments the particles are
subjected to flocculation. Observations show that the set-
tling velocity ranges between 0.03 and 0.3 mm s, if the
SPM concentration is below 40 mg L™ (Eisma et al.,
1997). Thus, three values of the settling velocity, i.e. 0.03,
0.1 and 0.3 mm s7!, are used.

The dispersion coefficient for suspended matter has
orders of magnitude of 1072 to 10~' m? s (Shi and
Zhou, 2000). In the present study, the coefficient is
obtained according to (Dyer, 1986, p.159)

H-
1, = phus - 22 @)

where B=constant, k=Karman-Prandtl parameter (=0.4),
usx=friction velocity, z=seabed elevation (with the ori-
gin being set at the bed, positive upwards) and F=water
depth (taken as 80 m).

The boundary condition, i.e., the SPM concentra-
tion at a given level, should be specified. Of course,
to maintain such a boundary condition, some source
of sediment supply is required. The source can be
the near-bed nepheloid layer (McCave, 1983; Yanagi
et al., 1996b) in an upwelling system, or the sus-
pended matter input from the mid-water column in
a combined upwelling-downwelling system, with the
material originated from coastal shallow water masses (e.g.
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Milliman et al., 1985; Yanagi and Inoue, 1995; Sun
et al, 2000). For the boundary condition for the
upwelling situation, the near-bed SPM concentration is
taken as a constant; three values i.e. 20, 40 and 80 mg
L' were used for the various experiments. In the sit-
uation of combined upwelling and downwelling, the
water column is divided into two parts. The upper part
(0-40 m) is assumed to be characterized by upwelling,
for which the SPM concentration is assumed to be con-
stant at the depth of 40 m, being set to be 40 mg L~
!, a representative value based upon field measures
(Gao et al., 2000). The lower part is characterized by
downwelling; here the suspended matter has two
sources i.e. the material settled from the upper part and
the material imported from outside at the height where
upwelling and downwelling waters separate. Thus, the
boundary condition for the lower part is taken as:

2C, W+ Cog 7,
B W+ W,

)

where C'=the concentration at the top of the lower
water column, C,~=the concentration at =40 m for
different experiments, W, =velocity of downwelling,
and Cy=the concentration of the imported material
from surrounding waters, taken as 5 mg L.

In order to evaluate the cross-sectional distribution
(passing through the core of the upwelling system
over the mud area), the horizontal distribution of the
upwelling (or downwelling) velocity is defined as:

W= Wmax(l + ;os(x) (6)
where W,,, = maximum upwelling (or downwelling)
speed at the core. With an interval of /10, 21 vertical
profiles of the concentration can be plotted between
the domain (—x, 7) so that the cross-sectional dis-
tribution can be obtained.

In the numerical experiments, the spatial step (zi.,—z) is
taken as 1 m.

It should be noted that these numerical experiments
do not represent a simulation of the natural pattern
observed over the mud area; rather, because the real
upwelling and/or downwelling field is not known, they
should be viewed as a preliminary investigation into the
controlling factors for suspended matter distributions.

RESULTS

Distributions of SPM concentration in response to
upwelling

The vertical distributions of SPM concentration at
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Fig. 1. Vertical distributions patterns of SPM concentrations (in
mg L) across the continental shelf (along the 32°N parallel),
observed in the summer of 1998 (after Gao et al., 2001)

Table 1. Results of numerical experiments for the cases of
the absence and presence of upwelling (the concentration at
bottom is set to be constant)

Experiment W, W, C(mgL™)
Number (mms™) (mms™) Syrface Middle Bottom
1 0.03 0 17 19 20
2 0.03 0 35 39 40
3 0.03 0 71 78 80
4 0.03 0.005 18 19 20
5 0.03 0.005 36 39 40
6 0.03 0.005 73 78 80
7 0.03 0.2 36. 22 20
8 0.03 0.2 73 45 40
9 0.03 0.2 147 90 80
10 0.1 0 13 18 20
11 0.1 0 27 37 40
12 0.1 0 55 74 80
13 0.1 0.005 14 18 20
14 0.1 0.005 28 37 40
15 0.1 0.005 56 74 80
16 0.1 0.2 28 21 20
17 0.1 0.2 57 42 40
18 0.1 0.2 114 85 80
19 0.3 0 6 16 20
20 0.3 0 13 32 40
21 0.3 0 26 64 80
22 0.3 0.005 6 16 20
23 0.3 0.005 13 32 40
24 03 0.005 27 64 80
25 0.3 0.2 13 18 20
26 0.3 0.2 27 37 40
27 0.3 0.2 55 74 80
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the center of the upwelling system, in the case of
the absence and presence of upwelling, derived from
the numerical experiments are listed in Table 1. The
results show that: (1) the concentration is enhanced
in the upper and middle layers, with the presence
of upwelling, indicating that upwelling is able to con-
centrate the suspended material; (2) with the presence
of upwelling, if the upwelling velocity is smaller than
the settling velocity of particles, then a maximum
concentration occurs at the bottom of the water col-
umn; and (3) if the upwelling velocity is larger than
the settling velocity, then the maximum concentration
occurs at the water surface.

Using the data sets obtained, the cross-sectional
distributions of the concentration for Experiments
5, 8, 17 and 26 are shown in Fig. 2. These patterns
indicate that: (1) if the upwelling velocity is
smaller than the particle settling velocity, and both
of the velocities are small, then there is an insig-
nificant effect of upwelling in the central area (Fig.
2a) (2) if the upwelling velocity is larger than the
settling velocity, then a relatively turbid water
mass occurs at the water surface (Fig. 2b, 2c¢),
which would be shown on a remotely sensed image
as a high concentration center; and (3) if the
upwelling velocity is smaller than the settling
velocity, but the velocities are both relatively large,
then there is a significant effect of upwelling in
the central area (Fig. 2d).

Because the upwelling velocity and the particle set-
tling velocity are often of the same order of mag-
nitude, the frequency of occurrence of the former
being larger than the latter, and vice versa, may not
be small. Thus, there would be many possible pat-
terns of the concentration distribution within the
water column. The exact form will depend upon the
relative importance of, and the difference between,
the two velocities. In a real world, both velocities
can vary considerably according to the physical fac-
tors (the intensity of anticyclonic circulation, water
temperature, salinity, etc.); therefore, even without
taking the biological and biochemical factors into
account, complex concentration distribution patterns
may be generated.

Distributions of SPM concentration due to com-
bined upwelling and downwelling

The distribution patterns of SPM concentrations,
for the various combinations of the particle settling
velocity and the upwelling and downwelling veloc-
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Fig. 2. Calculated SPM concentration (in mg L") distributions
in response to upwelling for (a) W, = 0.03 mm s, W, = 0.005
min s (b) W, = 003 mm s, W, =02 mm s7'; (c) W, =
0.l mms?, W,=02mms"; and (d) W, = 0.3 mm s, W,
= 0.2 mm s™

ities, are listed in Table 2. The results indicate that:
(1) minimum concentrations occur near the bottom;
and (2) in the upper part of the water column, if
the particle settling velocity is larger than the
upwelling velocity, then a maximum concentration
occurs in the middle of the water column (e.g. Exper-
iments 174, 17-24 and 33—48), otherwise maximum
values occur at the water surface (e.g. Experiments
5-16 and 25-32).

To illustrate the influences of the settling velocity
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Table 2. Results of numerical experiments for the combined
effect of upwelling and downwelling (the concentration at
the middle is set as 40 mg L")

Experiment W, W, w, SSC (mg L™)
Number (mms') (mms') (mms') Syrface Bottom

1 0.03 0.005 0.005 37.2 333
2 0.03 0.005 0.05 37.2 22.5
3 0.03 0.005 0.1 37.2 20.7
4 0.03 0.005 0.2 37.2 22.8
5 0.03 0.05 0.005 42 .4 333
6 0.03 0.05 0.05 42.4 22.5
7 0.03 0.05 0.1 42.4 20.7
8 0.03 0.05 0.2 42.4 22.8
9 0.03 0.1 0.005 48.9 333
10 0.03 0.1 0.05 48.9 22.5
11 0.03 0.1 0.1 48.9 20.7
12 0.03 0.1 0.2 489 22.8
13 0.03 0.2 0.005 65.4 333
14 0.03 0.2 0.05 65.4 22.5
15 0.03 0.2 0.1 65.4 20.7
16 0.03 0.2 0.2 65.4 22.8
17 0.1 0.005 0.005 30.5 29.4
18 0.1 0.005 0.05 30.5 26.0
19 0.1 0.005 0.1 30.5 25.0
20 0.1 0.005 0.2 30.5 26.7
21 0.1 0.05 0.005 34.7 294
22 0.1 0.05 0.05 34.7 26.0
23 0.1 0.05 0.1 34.7 25.0
24 0.1 0.05 02 34.7 26.7
25 0.1 0.1 0.005 40.0 29.4
26 0.1 0.1 0.05 40.0 26.0
27 0.1 0.1 0.1 40.0 25.0
28 0.1 0.1 0.2 40.0 26.7
29 0.1 0.2 0.005 533 29.4
30 0.1 0.2 0.05 533 26.0
31 0.1 02 0.1 533 25.0
32 0.1 0.2 0.2 53.3 26.7
33 0.3 0.005 0.005 16.7 16.5
34 03 0.005 0.05 16.7 17.2
35 0.3 0.005 0.1 16.7 18.2
36 0.3 0.005 0.2 16.7 21.0
37 0.3 0.05 0.005 19.2 16.5
38 03 0.05 0.05 19.2 17.2
39 0.3 0.05 0.1 19.2 18.2
40 0.3 0.05 0.2 19.2 21.0
41 0.3 0.1 0.005 22.4 16.5
42 03 0.1 0.05 22.4 17.2
43 03 0.1 0.1 224 18.2
44 0.3 0.1 0.2 22.4 21.0
45 0.3 0.2 0.005 30.0 16.5
46 0.3 0.2 0.05 30.0 17.2
47 0.3 0.2 0.1 30.0 18.2
48 0.3 02 0.2 30.0 21.0

and upwelling/downwelling velocities on the con-
centration distribution patters, using the data sets
from Table 2, the cross-sectional distributions of the
concentration for Experiments 5, 8 and 14 are shown
in Fig. 3, and those for Experiments 38, 40 and 46
are shown in Fig. 4.

The patterns in Fig. 3 represent the situation that
the settling velocity is relatively small, which shows
that: (1) if the upwelling velocity is equal to, or
smaller than, the downwelling velocity, then a max-
imum concentration occurs in the upper part of the
water column, and a minimum occurs in the lower
part; and (2) if the upwelling velocity is larger that
the downwelling velocity, then a maximum con-
centration occurs at the water surface, with an
increasing trend for the concentration from the
lower part towards the upper part of the water col-
umn.

The patterns in Fig. 4 represent the situation that
the settling velocity is relatively large, which shows
that for the different relationships between the
upwelling and downwelling velocities, a maximum
concentration occurs in the middle paer of the water
column. The patterns shown by Fig. 4, which rep-
resent the situations of the core area of the upwelling/
downwelling system, and the pattern over the mud
area (water depth 60—80 m) in Fig. 1 are comparable
in that maximum concentrations are placed in the
middle water column.

As a summary of the experimental results outlined
above, conceptual models of the effects of upwelling
and combined upwelling-downwelling on the distri-
bution of SPM concentrations can be formulated. Gen-
erally, complex concentration distribution patterns may
be present, simply because the interrelationships between
the upwelling/downweling velocities and the particle
settling velocity are highly variable. For instance, if the
upwelling velocity is smaller than the settling velocity,
then suspended material will be concentrated in
upwelling areas; likewise, in an upwelling-downwelling
system, the suspended material can be concentrated
in the middle layer within the water column. These
results provide an explanation for the complex con-
centration patterns observed in the East China Sea
shelves. It is worth pointing out that the experimental
results are based upon some physical processes only,
and the distribution of SPM is also influenced by other
processes. A full understanding of the patterns
requires knowledge about not only the physical pro-
cesses, but also biological and biogeochemical pro-
cesses involved.
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DISCUSSION: MUD AREA
SEDIMENT FLUXES

If suspended material can be concentrated by
upwelling, then the following question arises: in this
case can the vertical sediment fluxes be enhanced
near the seabed? In order to answer this question,
first of all we may need to consider the definition
of the vertical flux. Without upwelling or down-
welling, the flux can be expressed as:

aC
F=W,C-4,57 (7

m (¢) ;=02 mm s™', W,=0.05 mm s

Apparently, if the parameters W, and A4, are fixed,
then the flux depends upon the magnitude and the
vertical gradient of the concentration. In calm water,
with the settling of the suspended particles, both the
magnitude and the vertical gradient of the concen-
tration will be progressively reduced. When the water
mass eventually becomes clear, no further accumu-
lation of material will occur. However, with the pres-
ence of upwelling, the flux will be modified:

- 9C
F= (W, +W)C-4,5 (8)
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In this case, as indicated by the experimental results
from the present study, when W, < W,, no downward
net flux will occur, but with the occurrence of W,
> W, net downward flux will take place. Furthermore,
the water mass will be constantly exchanged with
the surrounding water masses through the lower layer
of the water column, providing the central upwelling
area with continuous material supply. As a result, the
accumulation of suspended matter will be in a sus-
tainable manner and, therefore, the presence of
upwelling can enhance the settling flux.

In a combined upwelling/downwelling system, within

=02 mm s, W=0.05 mm s

the lower part of the water column, #, in Equation
(8) should be replaced by W, In such a system,
because the suspended matter can be concentrated in
the core area and material is supplied by the middle
layers of the water column, continuous accumulation
will occur.

There is also an indirect effect of upwelling on the
flux. Upwelling brings with it nutrients, which enhance
biological productivity and the content of bio-gen-
erated particles in sediment. This has been observed
for the Cheju Island mud area (Milliman, et al., 1989;
Lei et al., 2000). The addition of the bio-matter
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should enhance the vertical flux and the content of
particulate organic carbon over the mud area. It has
been found that the organic carbon is relatively high
in the central part of the Cheju Island mud (Zhao
and Yan, 1994); this may be related to the upwelling
system.

SUMMARY

The numerical experiments undertaken in the present
study show that, because of the highly variable inter-
relationships between the settling velocity and the
upwelling/downwelling velocities, there are many
possible patterns the concentration distribution within
the water column. Thus, if the upwelling velocity
over a mud deposit area is smaller than the settling
velocity of suspended particles, then the suspended
particulate matter will be concentrated at the core of
upwelling. Likewise, in an upwelling-downwelling
system and under the condition that the upwelling
velocity is smaller than the settling velocity, the sus-
pended material will be concentrated at the middle
of the water column.

The presence of upwelling or combined upwelling/
downwelling drives continuous water exchange with
the surrounding waters and tends to concentrate sus-
pended materials. These processes provide a constant
material source for the seabed undernecath. As a
result, net accumulation of fine-grained material at
the seabed is enhanced.
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