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Upwelling of the Cold Slope Water around the Shelf Edge of the
East China Sea

Atsuyoshi Manpa, Atsuhiko Isose”!, Takeshi Marsuno™? In-Seong Han"?,
Kouichiro Kamio™!, Tetsuo Yanaci”?, Hideaki Nisuma, Yasuhiro Morr,
Nobuhiro Yamawaki, Hirhoshi YosumvMura, Hisao KANEHARA

and Takeshi AosHiMA

In order to determine the vertical velocity around the shelf edge of the East China Sea, the

assimilation of the ADCP (acoustic Doppler current profiler) and CTD (conductivity-

temperature-depth profiler) data is performed. The result of the assimilation shows the strong

upwelling of about 10”” c¢cm s”” with shoreward motion during the passage of the Kuroshio fron-

tal eddy. The Lagrangian particle tracing experiment is also conducted to examine the movement

of the nutrient-rich cold slope water. The result of the experiment indicates that most of the

upwelled cold slope water penetrated onto the shelf moves in the deep layer near the bottom, not

in the euphotic layer near the sea surface, in contrast to the upwelling induced by the Gulf

Stream frontal eddy.
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1. Introduction

A warm filament with a cold-core eddy termed
"frontal eddy" has been frequently observed in both
Kuroshio and Gulf Stream frontal regions”™™ . The
upwelling in frontal eddies can transport nutrients in
the cold slope water into the shelf. This transport of
new nutrients from the slope provides a major food
source for a succession of biological responses™ .
Phytoplankton and bacterioplankton production of the
middle and outer southeastern U.S. shelf is controlled
principally by the upwelling-intrusion events of the
cold slope water associated with the Gulf Stream fron-
tal eddy™.

model for the southeastern U.S. shelf ecosystem and

Ishizaka™ developed the physical-biological

performed the numerical experiments to reproduce the
chlorophyll field derived from the Coastal Zone Color
Scanner (CZCS) data. He concludes that the upwelling
term 1is essential to reproduce the surface chlorophyll
field derived from the CZCS data in his physical-
biological model, and that the upwelling is an impor-
tant process for the vertical transfer of nutrients and
other materials. In the shelf region of the East China

Sea (ECS), the upwelling due to the Kuroshio frontal
eddy is also considered to be an important process to
control the primary production™.

In order to determine the vertical transfer of nutri-
ents from the shelf slope to the shelf, an accurate de-
of the

However, it can be hardly obtained directly from obser-

termination vertical velocity 1s essential.
vation, since the vertical velocity of ocean currents is
much smaller than the accuracy of instruments in gen-
eral. Estimating the vertical velocity from the horizon-
tal divergence is thought to be an alternative. However,
sufficiently accurate determination of the horizontal di-
vergence directly from observation is often impossible
because each term of the horizontal divergence is fre-
quently of the same order of magnitude but opposite in
sign™, i.e., the cancellation of the significant digit ex-
tremely reduces the accuracy of the horizontal diver-
gence.

In this study, the vertical velocity is obtained as a
solution of an inverse problem, i.e., the assimilation of
the ADCP (acoustic Doppler current profiler) and CTD
(conductivity-temperature-depth profiler) data with a

numerical model is performed to estimate the vertical
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velocity field in the Kuroshio frontal eddy. Moreover,
in order to examine the movement of the cold slope
water during the passage of the Kuroshio frontal eddy,
the Lagrangian particle tracing experiment is also con-
ducted.

This paper is organized as follows. Results of the
field observations are briefly discussed in Section 2. In
Section 3, the numerical model used in this study and
the method of the assimilation are described. Results of
the assimilation are given in Section 4. In Section 5, re-
sults of the Lagrangian particle tracing experiment are
discussed. Conclusions are given in Section 6.

2. Field Observation

The intensive field observations with the CTD
(Mark IIIB, Neil Brown) and the ADCP (RD-SC0150,
R/D Instruments) were conducted across the shelf edge
of the ECS by the T/V Kakuyo-Maru of Nagasaki
University. The lines of the ADCP data-tracks and the
CTD observation sites are presented in Fig.l. The
ADCP surveys were carried out three times per day
along the line AA' during the period of 22 to 26 May
1998 and along the line BB' during the period of 24 to
28 May 1999. The ADCP data were obtained with a
four-meter vertical bin resolution and a one-minute

sampling interval. The open circles on the lines AA'
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Fig. 1 Map of the East China Sea. The 500-m and 1000-
m isobaths are shown as solid contours; dashed
contours (unlabelled) are at 1000-m intervals.
Inset figure shows the observation area with
open circles representing the observation sites of
CTD and the lines representing the ADCP-data
tracks in 1998 (AA") and 1999 (BB").

and BB' show the CTD observation sites in 1998 and
1999, respectively. The CTD casts were carried out at
each site once per day. The distance between two adja-
cent CTD observation sites was five nautical miles (9.26
km). In this section, results of the observations are

discussed briefly. Details are given in Manda et al.”.

2.1. Temperature

Figure 2 shows space-time diagrams of water tem-
perature at a depth of 25 m where the warm filament
of Kuroshio frontal eddy was observed Yanagi et al™.
The abscissa shows the distance measured from the
most shoreward observation site of the CTD (marked
by A in 1998, and B in 1999 in Fig.1) along the obser-
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Fig. 2 Space-time diagrams of water temperature (0O)
in 1998 (a) and 1999 (b) at a depth of 25m.
Shaded areas indicate the areas where tempera-
ture is less than 230 .
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vation line, henceforth referred to as the "cross-stream
distance." The ordinate shows the date of the observa-
tion. In Fig.2(a), we can see the cold water mass and
the warm filament indicated by C and W, respectively.
Because of the similarity to the Gulf Stream frontal
eddy, Yanagi et al” referred to this structure as the
Kuroshio frontal eddy. On the other hand, the iso-
therms run relatively parallel to the isobaths in 1999
(Fig.2(b)) compared with those in 1998. This result in-
dicates that the Kuroshio frontal eddy did not appear
during the period of the observation in 1999. Figure 3
shows the vertical distributions of temperature. The
strong upwelling appeared to occur in 1998 inferred
from the elevations of the isotherms. These elevations
are not considered to be due to internal tides, since
they are not coherent in the cross-stream direction as
seen in the tidal currents discussed below. The vertical
velocity estimated from the elevations of the isotherms
is 30 to 50 m d"“, that is, of order 10°” cm s””. The es-
timation will be verified with the assimilation of the
ADCP and CTD data with a numerical model in the

following sections.
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Fig. 3 Vertical distributions of temperature in May 1998.

2.2. Tidal Currents

Tidal currents are strong especially in the shelf re-
gion of the ECS™ and must be removed before the as-
similation. We at first describe tidal currents in the
study area and then make a comparison of the data be-
fore and after the tides are removed.

For the estimation of the tidal currents, the raw
records of the ADCP data are divided into 2-day over-
lapping segments, the lags of which are two hour.
Next, the tidal currents of each segment are estimated.
Finally, if two or more estimates of the tidal currents
are present in different segments at the same time,
these estimates are averaged. The method of the esti-

mation of the tidal currents is the same as that by

Candela et al.”’. Their method is based on a spatial in-
terpolation scheme, using arbitrary functions, that
allow for the temporal variability of tidal currents; it
is suitable for the current data obtained from a moving
platform such as the ADCP. Details of this method can
be found in Candela et al.”’. Candela et al.”’ succeeded
to resolve the semidiurnal tide from 5-day current
measurements along a one-way ship's track in the East
China Sea. In the present study, one-minute interval
data were used for the harmonic analysis with this
method. Thus, we obtain the data with an enough in-
terval to resolve the tidal currents.

Since the observational periods are less than 15
days (the shortest period to resolve the four principal
tides (Mo, Su, Ko and O tides) in this area), we re-
solve the semidiurnal and diurnal tides in this study.
Figures 4 and 5 show the examples of the calculated
tidal ellipses during the periods from 22 to 26 May
1998 (along the line AA") and from 24 to 26 May 1999
(along the line BB'), respectively. These figures indi-
cate the semidiurnal tides are dominated in this area.
Moreover, tidal currents seem to be almost barotropic

and vertically in phase in the cross-stream direction.
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Fig. 4 Examples of the calculated tidal ellipses of
semidiurnal (left) and diurnal (right) tides in
1998. Date, month, year, and time in each panel
indicate the reference time of each segment for
the estimation of the tidal currents.
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Fig. 5 Same as Fig.4 except for 1999.

Thus, the horizontal distributions of the currents at
one depth are presented here. Figures 6 and 7 show
space-time diagrams of the raw and de-tided horizontal
velocity field at a depth of 25 m during the periods
from 22 to 26 1998 and from 24 to 28 May 1999, respec-

tively. In both periods, tidal period fluctuations ap-
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Fig. 6 Space-time diagrams of the raw (a) and the de-
tided (b) horizontal velocity at a depth of 25 m
in 1998.
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Fig. 7 Same as Fig.6 except for 1999.

peared in the raw records are well removed.
3. Estimation of Vertical Velocity

In order to obtain the vertical velocity field in the
Kuroshio frontal eddy, the assimilation of the ADCP
and CTD data with the numerical model is performed.
The fundamental concept of the method used in this
study is described in Sarmient and Bryan™. In addition
to estimating the unknown property not directly meas-
ured such as the vertical velocity, the assimilation is
expected to reduce the measurement error in the rela-
tively noisy ADCP data so as to satisfy the model dy-

namics.

3.1. Method
a. Governing Equations

The numerical model used in this study is the
three-dimensional primitive equation model on a beta-

" ynder hydrostatic and

plane developed by Tabeta
Boussinesq approximations for an incompressible fluid.
The governing equations of the numerical model are

modified for the assimilation as follows:
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where x, y, and z are right-handed Cartesian coordi-
nates in the cross-stream (positive offshore along the
observation line), downstream, and vertical (positive
upward) directions, respectively, u, v, and w represent
velocity components in x, y, and z directions, respec-
tively, t is temperature, s is salinity, p is pressure, o is
density. Notations of parameters in Eqs. (1)-(7) are as

follows:
el reference density, kg m"".
g acceleration due to gravity, m s"°.
f Coriolis parameter, s”".
B, beta parameter, m”" ",
An  horizontal viscosity coefficient, m” s"".
Ki  horizontal diffusivity coefficient, m"” s”".

Ay vertical viscosity coefficient, m" s””.

Ky vertical diffusivity coefficient, m" s"".

T damping coefficient for the horizontal compo-
nents of velocity, d"”.

7. damping coefficient for

Salinity, d"".

temperature and

Unless specified otherwise, the parameter values used in
the model are listed in Table 1.

The last terms in Egs. (1), (2), (5), and (6) are
correction terms for u, v, T, and S, respectively. We
refer to these terms as "7 terms." Values of 7, and 7,

are discussed in the next section. The space-dependent

Table 1. Parameters for the standard case.

Symbol Value

00 1025 kg m”

g 9.806 m s

fo 6.962X107 51 6.873x107°51°
B 2.005 X102 m's'® 2.012X 10 m's!®
An 20m*s?

Ky 20 m* st

Av 1.0X10* m? 5!

Ky 1.0X10%* m? 7

Yt 1 d_l

Ym 104d?

# values in 1998.

® Values in 1999.

constants u*, v*, T* and S* are the input data for the
assimilation as described below. Density o is a rather
complicated function of temperature, salinity, and pres-
sure; it is calculated from Eq. (7) which represents the
equation of state described in Gill'.

b. Input Data

Yanagi et al.”’ observed the three-dimensional struc-
ture of the Kuroshio frontal eddy along a single
transect for 6 days in the same way as in the present
study. They assumed that the observed structure of the
Kuroshio frontal eddy was advected in a "frozen pat-
tern" along isobaths at a constant phase speed during
the short time compared with the period of the frontal
meander (about 14 days™®). With this assumption,
they translated the temporal variation of the Kuroshio
frontal eddy into the spatial structure. As a result,
they succeeded in reproducing the observed drifter
tracks by using of the Lagrangian particle tracing
method with the observed ADCP data. Since the obser-
vational period in this study is shorter than that in
Yanagi et al. (1998), we adopt the same method as in
Yanagi et al.”.

Details of the method of Yanagi et al.” are as fol-
lows. The horizontal velocity field is taken as an exam-
ple to explain the methodology. The same procedure is
applied to both temperature and salinity fields. At
first, the ordinate in Fig.8(a) is converted to the down-
stream distance multiplying the phase speed by the
time (measured from the end to the start of the obser-
vation) as shown in Fig.8(b). In this study, the magni-
tude of the phase speed is set to 30 cm s”” (26 km
d”?) as in Yanagi et al.”’. The validity of this value
will be discussed later. Second, the horizontal velocity
field is objectively interpolated with the spline technique™
on a grid of the numerical model as shown in Fig.8(b).
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Fig. 8 (a) Space-time diagram of the de-tided horizon-
tal velocity at a depth of 25m.
(b) Interpolated horizontal velocity field for the
input data of the robust diagnostic model.

The horizontal velocity field below a depth of 250
m was not obtained by the ADCP. Thus, it is extrapo-
lated through the dynamic calculation using tempera-
ture, salinity, and pressure obtained by the CTD with
the reference of the de-tided horizontal velocity field at
a depth of 250 m.

Since the main purpose of this study is to estimate
the order of the vertical velocity of the Kuroshio fron-
tal eddy, we do not deal with the problem arising from
the uncertainty of the assumption (e.g., variations of
the vertical velocity in the downstream direction).

c. Model Domains and Boundary Conditions

The numerical model domains are schematically
shown in Fig.9. Cross-shelf variations of bottom topog-
raphy are determined from the results of soundings
during the CTD observations. The domains are coupled

with sponge boundary layers as shown in the shaded

regions in Fig.9. We refer to the region inside the
sponge boundary layer as the "assimilation region." In
the assimilation region, the datasets described above
are assimilated. Thus, the point at which both cross-
stream and downstream distances are zero corresponds
to the point at which x and y equal 40 and 60 km, re-
spectively.

Boundary conditions are described as follows. The
periphery of the model domain is treated as an open
boundary. On the open boundary, gradients of T, S, u,
and v normal to the boundary are set to zero. In the

u*, and v* need to be

sponge boundary layer, T S*
specified. These are obtained by extrapolation with use
of the spline technique'. In the sponge boundary layer,
values of Ay and K, are ten times as large as those in
the assimilation region (those are specified in Table 1).
There is no heat and salinity flux through the bottom
and the sea surface. Bottom stress (z,,, 7y,) is applied as,
(Toxs Toy) = 00CyVuy +vi (uy, vy), ®
where (w, v») is the horizontal velocity just above the
bottom, Cs4 (O2.6x 10°") is the drag coefficient. No

stress is applied on the free surface.

d. Numerical Method

The equations (1)-(8) are differenced in the rectan-
gular Arakawa staggered C grid system'. Vertical rep-
resentation of the model is so-called 2z-coordinate
system. Temporal integration is performed by the leap-
frog stepping with the intermittent use of the Matsuno
or Euler-backward scheme'®

The horizontal resolution in the finite different
model is 2.5 kmx 2.5 km. The thickness of the upper
six layers is 20 m. That in the rest of water column is
30, 50, 50, 70, 90, 90, 150, and 160 m. The time step for

temporal integration is 10 s.

e. Initial Conditions
Each experiment begins from a state of rest.
Temperature and salinity at an initial state are objec-

tively interpolated as described above.

3.2. Results and Discussion
a. Sensitivity to Parameters

In order to determine the optimal values of the
damping coefficients, 7. and 7., sensitivity analyses are
conducted using the datasets in 1998. Same values of 7.
and 7. obtained here are applied to the datesets in
1999. Only one parameter was changed from its stan-

dard value in each experiment.
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Fig. 9 Model domains in 1998 (a) and 1999 (b). Shaded regions indicate sponge boundary
layers. Dashed lines indicate isobaths in meters.
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Fig. 10 Variations of RMSE with changes in 7. (a) and 7. (b).

The variations of root-mean-square error (RMSE)
with changes in 7. are shown in Fig.10(a). RMSEs of
horizontal velocity, temperature and salinity decrease

as 7. increases. However, they do not significantly

decrease when 7. is larger than 1 d””. Increasing the
damping coefficient provides a better fit to the data,
but it also indicates a poorer fit to the model. Thus,

we adopted 1 d”” for 7., since the smaller damping



88 Manda et al.00 Upwelling and Intrusion of the Cold Slope Water

coefficient is desirable to minimize the distortion of the
model.

The variations of RMSE with changes in 7. are
shown in Fig.10(b). The different parameter range for
7w from that for 7. is adopted, since changes in 7. in
the same range as that for 7. result in a poorer fit to
the data of the horizontal velocity. This figure shows
that RMSEs do not significantly decrease wheny m is
larger than 10 d"”. Thus we adopted 10 d"” fory m for
the same reason as 7.

The sensitivities to Ax, Av, Ky, and Ky are also ex-
amined. The examinations span a range of parameter
variation of two orders of magnitude. The Results
show that changes in these parameters do not change
RMSEs significantly.

b. Dependence on the Phase Velocity

As mentioned above, we assume that the phase
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speed of the Kuroshio frontal eddy is 30 cm s”” in the
present calculation. In order to examine the effect of
the value of the phase speed on the calculated vertical
velocity, additional model runs in the cases that the
phase speeds are half and twice as that of the present
calculation are conducted. The results show that the
magnitudes of the calculated vertical velocities in the
additional runs are the same order as that in the pre-
sent calculation. This implies that the variations of the
phase speed of the Kuroshio frontal eddy do not sig-
nificantly affect the estimation of the vertical velocity
in the present calculation.

c. Velocity Filed

Figure 11(a) shows the horizontal distribution of
the calculated vertical velocity at a depth of 180 m in
1998. The shaded region indicates the upwelling region.

We can see the strong upwelling of about 10"" cm s””

Fig. 11 Horizontal distributions of the vertical velocity (w) at a depth of 180 m in
1998 (a) and 1999 (b). Shaded regions indicate the upward motion. Vertical
distributions of the offshore velocity (u) in 1998 (c) and 1999 (d) along the
thick dashed lines as shown in (a) and (b), respectively. Shaded regions in-

dicate the shoreward motion.
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along the shelf edge. It coincides with the vertical ve-
locity estimated from the elevations of the isotherms as
described above. Regions of the relatively large velocity
more than 10"” ecm s”" are also found, though they are
located in limited areas. Figure 11(c) shows the vertical
distribution of the calculated offshore velocity (u)
along the thick dashed line in Fig.11(a). The shaded re-
gion indicates the shoreward motion. The magnitude of
the shoreward motion is 5-15 c¢cm s"”. These figures in-
dicate that the upwelled cold slope water moves onto
the shelf. On the other hand, in 1999 (Figs 11(b) and
11(d)), the strong upwelling as seen in 1998 is not
found. Furthermore, the cross-stream flow is in the

offshore direction.

4 . Particle Tracing Experiment

In order to examine the primary production in the
ECS, it is important to investigate the nutrient trans-
fer from the shelf slope to the shelf. Nutrients in the
cold slope water are abundant””. Thus the strong
upwelling accompanied with frontal eddies can trans-
port a large amount of the nutrient-rich cold slope
water to the shelf; e.g., the upwelling in the Gulf
Stream frontal eddies transports the cold slope water
with high nutrient concentrations into the euphotic
Thus, the

upwelled cold slope water is a major source of nutri-

zone (< 50 m) along the outer shelf”.

ents for the primary production in the outer southeast-
ern U.S. shelf. The upwelling accompanied with the
Kuroshio frontal eddy is also considered to be the im-
portant source of nutrients in the ECS™.

In this section, the Lagrangian particle tracing ex-
periment is conducted to examine the movement of the
upwelled cold slope water on the basis of the velocity
field obtained in the preceding section.

4.1. Method

The method employed here is the same as described
in Imasato et al.'”. The initial distribution of labeled
particles 1s schematically shown in Fig.12. They are
placed in the water column where 90 km < x < 120 km,
60 < y < 187.5 km, and -450 m < z < -250 m. The ver-
tical level of the distribution of particles is determined
from the result that the relatively high concentration
of POs-P (> 0.5 p mol 1”) was observed below 250 m
deep before the passage of the Kuroshio frontal eddy
(Yanagi et al., 1998). Horizontal and vertical distances
between two adjacent particles are 1.25 km and 10 m,
respectively. The period of particle tracing is 14 days,
which is determined from the period of the Kuroshio

-400

Fig. 12 Schematic view of the initial distribution of
particles. Vertical planes A-D indicate the
planes to determine the depth at which the par-
ticles pass through.

frontal meander™”. The particle that leaves the assimi-

lation region is not traced.

4.2. Results and Discussion

Figure 13 shows the histograms of the relative
depth at which the particles pass through each vertical
plane as shown in Fig.12. Open circles indicate the
points at 50% cumulative frequency counting from the
bottom. Half particles pass through the planes below a
relative depth of 70-80%. Open squares indicate the
points at a depth of 60 m. More than 70% of the parti-
cles pass through each plane below a depth of 60 m.
Over the outer shelf area near the observation lines in
May, the depth of the euphotic layer is roughly esti-
mated to be 50 m. This result indicates that more than
70% of the particles passed below the euphotic layer
during the period of the observation in May 1998.
Moreover, the observations around the shelf edge of
the ECS in 1996 show that the high concentration of
PO--P appears only below 50 m deep during the pas-
sage of the Kuroshio frontal eddy”. Thus in contrast
to the upwelling accompanied with the Gulf Stream
frontal eddy, it is considered that most of the nutrients
contained in the upwelled cold slope water in the outer
shelf of the ECS are not used in the primary produc-
tion immediately, but preserved in the deep layer near
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Fig. 12 Histograms of the relative depth at which the particles pass through the vertical

planes. See text for details.

the bottom of the shelf. The upwelling velocity due to
the Gulf Stream frontal eddy is unknown. However,
the above result is probably due to the difference be-
tween the depth of the ECS shelf (= 160 m) and that
of the Georgia continental shelf (= 50 m). In order to
elucidate the role of the upwelled cold slope water in
the primary production in the ECS, the amount of the
vertical transfer of the penetrated cold slope water into
the euphotic layer and its residence time in that layer
need to be investigated. Furthermore, study of the bio-
logical processes responding to the nutrient input by
the penetrated cold slope water is also needed.

5. Conclusions

The assimilation of the ADCP and CTD data is
conducted to determine the vertical velocity of the
upwelling during the passage of the Kuroshio frontal
eddy. The result of the assimilation shows that the
strong upwelling of about 10" cm s”” occurs, being

accompanied with shoreward motion. On the basis of

the velocity filed obtained by the assimilation, the
Lagrangian particle tracing experiment is also con-
ducted to examine the movement of the cold slope
water. The result of the experiment shows that most of
the upwelled cold slope water penetrates onto the shelf
in the deep layer near the bottom, not in the upper

layer near the surface.
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