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1. Introduction

[1] In a recent paper, Nagano et al. [2007] (hereafter
N2007) discussed the variation of current structure and
volume transport of the Ryukyu Current System (RCS) east
of the Ryukyu Islands using an inverse technique with
hydrographic-section data collected from three cruises.
Their paper appears to be important for understanding this
western boundary current, since it is based on repeated
hydrographic surveys in the region east of the Ryukyu
Islands. But acquiring meaningful results from inverse
calculations requires great care. Fiadeiro and Veronis
[1982, p. 160] say “Because inverse analysis always
supplies a solution, it appeared that the assumed reference
level matters less in inverse theory than in the hydrogra-
pher’s [level-of-no-motion] approach. Actual computations
have shown that is not true. A bad assumption leads to bad
results. The ‘advantage’ of inverse theory is that one sees
how bad the results are.” The inverse technique minimizes
the velocity at the reference level, and that point is indeed
raised in the final paragraph of N2007, which used the
reference level of 100 dbar. To determine whether this
shallow reference level is an appropriate condition or not,
one should investigate the effect of choosing other reference
levels, in particular deeper levels. In this note, we perform
two inverse calculations to calculate the current east of the
Ryukyu Islands from the same data as one of the N2007
cruises but using a reference level of 2000 dbar. The
resulting RCS circulation field is, we believe, more realistic
than that of N2007.

[2] Three hydrographic surveys were carried out during
May—June, September and October 2002 along three lines
(AE, E, OS) east of the Ryukyu Islands (Figure 1). May—
June and September cruises used XCTD/XBT casts along
the E line, but the October cruise collected CTD casts along
all three lines. Surprisingly, absolute geostrophic velocity
sections, determined by N2007 with a 100-dbar reference
level, revealed large values up to 30—40 cm s~ ' at 1000
dbar, the deepest level shown (Figures 2, 3b and 4c in
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N2007). We have calculated full-depth absolute geostrophic
velocity sections using the inverse results of N2007 and
plotted them to 3000 dbar (Figures 2a, 2b, 3a, 3b, 4a and
4b). Figures 2b, 3b and 4b show strong deep currents with
maximum speeds of 20—50 ¢cm s~ ' on each line. In each
case, note the contour lines of velocity are nearly vertical
and strong currents extend to the bottom. For example, a
current velocity of —57 cm s~ touches the bottom near
3100 dbar in the AE section. Is the computed strong deep-
current field real, or is it an artifact of the shallow reference
level? We address this question by carrying out the inverse
calculation using a reference level of 2000 dbar instead of
100 dbar, and compare results using the two reference
levels. We present results for the October cruise data only,
because the XBT/XCTD casts reached only ~1000 dbar;
also the CTD measurements provide more accuracy in the
inverse calculations.

2. Inverse Methods

[3] We use two inverse methods to calculate the absolute
geostrophic velocity: one is a typical inverse method using
tapered least squares [e.g., Wunsch, 1978; Kaneko et al.,
2001; Zhu et al., 2005] (hereafter Method 1) and the other is
a modified inverse method (hereafter Method 2) developed
by Yuan et al. [1992].

[4] To determine the optimum reference level, we first
examine the initial state of the volume residuals for the
computational box as a function of the reference levels
(Figure 5). The norm residual volume transport (NRT)
reaches a maximum value (45.0 Sv) at 100 dbar. At
increasing depths it decreases monotonically to about
2000 dbar and thereafter it becomes almost constant
(2.1 Sv). For each station pair, we have chosen our reference
level to be the lesser of 2000 dbar and the deepest common
level. Note that 100 dbar (chosen by N2007) has the highest
NRT, and therefore appears to be a worst-choice level
(Figure 5).

[5] Asin N2007, the inverse techniques are applied to the
computational box bounded by the three hydrographic lines
plus the Ryukyu-Island-bearing Nansei-Shoto Ridge
(through which flow is assumed negligible), and the water
column is divided into five potential-density layers. The
water masses are assumed to be conserved in these five
layers and the salt masses are assumed to be conserved in all
layers except the top one. The equation system, including
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Location map of hydrographic stations. Solid circles and crosses indicate CTD and XCTD/

XBT stations, respectively. Red pluses indicate the current meter mooring positions. OS, E, and AE are
the names of hydrographic lines. Bathymetric contours are in meters.

the mass and salt conservation equations can be written in
the form

Axb=-T, (1)

where A is a 9 x 18 matrix, b an unknown 18-element
vector of reference velocities at 18 station pairs, and I" a 9-
element vector of the initial imbalances of mass and salt
with a reference level at 2000 dbar or the deepest common
level. We obtain the inverse solution to this underdeter-
mined system by Method 1 with a tapering parameter o> =
0.012 to keep mass imbalances below 0.3 Sv. Solution
reference velocities are 1.9 cm s~ on average for the deep
station pairs, and about 20—25 cm s~ ' for the shallow
station pairs (about 600 dbar, near Okinawa and Amami-
Ohshima Islands). For more details on Method 1 see Zhu et
al. [2005, 2006].

[6] The equation system for Method 2 is same as equation
(1), but A is a 9 x 22 matrix, b an unknown 22-elements
vector. The first 18 elements of b are the reference velocities
at 18 station pairs and the remaining 4 elements of b are
average upwelling velocities between each of the adjacent
layers. A detailed description of Method 2 is given by Yuan
et al. [1992].

3. Results and Comparisons

[7] The inverse calculation output is the velocity vector b.
Absolute geostrophic velocity profiles are obtained by

adding the station-pair reference velocities contained in b
to the hydrographically determined geostrophic velocity
shears. Wrong values in b will contaminate the absolute
velocity profile not only at the reference level but through
the entire water column. The best way to determine whether
or not an obtained solution is realistic is to check velocity in
the lower layers. This is because erroneous velocities are
often masked by strong, complex structures in the upper
layer. We will therefore focus on deep velocity structures at
1000- to 3000-dbar levels, which N2007 did not show.

[s] Remarkably, the results from our two inverse-method
calculations using a 2000-dbar reference level show no
strong currents in these deep layers while the results from
using a 100-dbar reference level (as in N2007) do
(Figures 2—4). In our results, velocities deeper than 1500
dbar are less than 10 cm s™' on all three lines, while the
largest-magnitude current velocities from the N2007 inverse
calculation are —57 and 46 cm s~ ' at 3100 dbar and 2315
dbar on the AE and OS lines, respectively. The northeast-
ward RCS velocities from our inversions are stronger than
those from N2007 in the AE and OS sections at the RCS
core layer near 100—800 dbars. The areas of northeastward
current from our results are larger than those from N2007.
The maximum northeastward core velocities in the AE and
OS sections from our results are 65/63 and 36/36 cm s~
(Method 1/Method 2), while those from N2007 are 56 and
30 em s .
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Figure 2. Absolute geostrophic velocity at the AE line. Black contours filled with color indicate current
velocity with 10 cm s~ ' interval. Positive value indicates northeastward velocity. Red contours indicate
potential density with 1 oy interval. Shown are (a) 0—1000 dbars and (b) 1000—3000 dbars from N2007
inverse calculation results; (c) 0—1000 dbars and (d) 1000—-3000 dbars calculated by Method 1; (e) 0—
1000 dbars and (f) 1000—3000 dbars calculated by Method 2; and (g) 0—1000 dbars and (h) 1000—3000
dbars calculated by Method 1 using 1000-dbar reference level. Thick contours show 0 velocity. Inverted
triangles indicate the locations of inverse computational points. Crosses indicate the positions of current
meters PK1-4, PK2-4, and PK3-4 along the AE line.
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meter ACMO031.
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Figure 4. Same as Figure 2 except for the E line.

[9] The volume transports estimated by our inverse
methods are quite different from those of N2007. For
example, net transport and northeastward transport across
the AE line in the upper 1000-dbar layer are respectively
22.4/21.5 and 20.9/20.1 Sv from Method 1/Method 2
calculations, but only 2.2 and 11.4 Sv from N2007. The
full-water-column countercurrent transports across the AE
and OS lines are —1.9/—1.9 and —5.2/—3.6 Sv from
Method 1/Method 2 calculations, but —39.4 and —19.7 Sv
from N2007. Note that the N2007 full-water-column inflow
and outflow transports across the E line reach the large
values of 46.1 and —81.3 Sv. Table 1 gives detailed
comparisons between our inverse results and those of
N2007, of volume transports above and below 1000 dbar
across each line. Table 2 similarly compares volume trans-
ports in layers separated by isopycnals.

[10] Ichikawa et al. [2004] report direct current measure-
ments from an AE line current-meter array that was in
operation during the October hydrographic cruise (see
locations of PK1-4, 2-4 and 3-4 in Figure 1). Additionally,
in situ currents were measured near the OS line (see location
of ACMO31 in Figure 1). The ACMO031 data were provided
by the Kuroshio Transport and Surface Flux Group/
JAMSTEC, from their web site http://www.jamstec.go.jp/
iorgc/ocorp/ktsfg/data/index.html.

[11] Except for a few brief periods, measured currents at
the AE line show positive flow toward the northeast
(Figure 6). During the October cruise, all of the current
meter measurements at PK1-4 (589 m), PK2-4 (654 m) and
PK3-4 (834 m) show northeastward currents (see arrow on

Positive value indicates northwestward velocity.

the x axis in Figure 6). The currents estimated by our
inverse calculations at the three current meter moorings
are all positive, and hence their directions are consistent
with those observed by the current meter moorings. How-
ever, the currents estimated by N2007 at PK1-4 and PK3-4
are negative, and hence their directions are opposite from
those observed by the current meter moorings.

500

1000

1500

P [dbar]

2000

2500

3000

0 10 20 30 40 50
Norm Residual Volume Transport[Sv]

60

Figure 5. Norm residual volume transport (in Sverdrups)
as a function of different reference levels with a 100-dbar
interval. Cross shows the 100-dbar reference level used by
N2007.
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Table 1. Comparison of Upper 1000dbar/Full-Water-Column
Volume Transports Across the AE, OS, and E Lines®

Section Method Net (Sv) NE (Sv) SW (Sv)
AE N2007 2.2/—14.1 11.4/25.3 —9.2/-39.4
Method 1 20.9/23.2 22.4/25.3 —1.4/-1.9
Method 2 20.1/22.0 21.5/23.9 —1.4/-19
oS N2007 0.1/13.7 7.6/33.3 —7.5/—19.7
Method 1 4.4/4.3 7.9/9.5 —3.5/-5.2
Method 2 4.2/4.7 6.8/8.3 —2.6/-3.6
Section Method Net(Sv) NW (Sv) SE (Sv)
E N2007 2.2/-352 16.6/46.1 —14.4/-81.3
Method 1 16.9/19.1 26.7/34.0 —9.8/—14.8
Method 2 15.8/17.2 23.8/27.4 —8.0/—10.2

“Top part of the table gives net, northeastward (NE), and southwestward
(SW) volume transports across the AE and OS lines. Positive value
indicates northeastward volume transport. Bottom part of table gives net,
northwestward (NW), and southeastward (SE) volume transports across the
E line. Positive value indicates northwestward volume transport.

[12] Current velocity normal to the OS line observed at
ACMO031 shows a week deep current at 1352 m depth
(Figure 7). During the October cruise, the observed current
velocity is —3.9 cm s, close to our inverse calculation
results of —1.8/—2.3 cm s~' (Method 1/Method 2), but
quite different from the N2007 result of —25.6 cm s '. Note
that the horizontal distance between ACMO031 and the
velocity computational point is about 14.7 km. Compari-
sons of velocities from our inverse calculations and from
N2007 with in situ current meter measurements are sum-
marized in Table 3.

4. Discussion

[13] In the region southeast of Amami-Ohshima, 4 years
of current-meter measurements along the AE line at nominal
depths of 454-2317 m showed current flowing almost
always northeastward, and in particular doing so during
the three cruises, except at PK1 in May—June. Moreover
there is no strong southwestward current at 1500—3000
dbars in the yearly mean velocity sections [Ichikawa et al.,
2004, Figure 7]. Using inverse methods (2000-dbar refer-
ence), absolute geostrophic velocity deeper than 2000 dbar
was estimated to be less than 5 cm s~ in the fall of 2000
[Zhu et al., 2005, Figure 2] and had a maximum of about
10 cm s~' in September 1987 [Nakano et al., 1994,
Figure 9]. In the region southeast of Okinawa, absolute
velocity sections from inverse calculations (reference levels
from 1500 to 2500 dbar) also showed values smaller than
5 cm s ! in the layer deeper than 2000 dbar [Yuan et al.,
1994, 1995, 1998; Liu and Yuan, 2000; Zhu et al., 2005].

[14] Figure 5 shows 100 dbar to be the worst reference
level, because it has the largest initial water mass imbalance.
We performed inverse calculations using a 100-dbar refer-
ence level, and obtained a solution with strong deep flows
that disagree with current-meter measurements. Large errors
in the N2007 results are apparently caused by the shallow
reference level of 100 dbar.

[15] In N2007, the mass imbalance from the inverse
calculation is O(10™> Sv), almost zero (see Table 2 in
N2007). But for a general ocean inverse problem such as
equation (1), the mass is not accurately balanced in a real
ocean model. The errors due to observations will influence

ZHU ET AL.: COMMENTARY
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the inverse solution b in equation (1). A large magnitude of
initial mass imbalance (I') can generate a large error
deviation b in Method 1 (see equation (31) of Wunsch
[1978] for details), which can make the strong deep currents
extend to the bottom through the dynamic calculation. In
their concluding remarks, Fiadeiro and Veronis [1982] state:
“An inverse solution that eliminates all residuals will
require large barotropic corrections and noise will dominate
the final solution, rendering it meaningless. Even an ap-
proximate solution that starts off with a bad initial reference
level will require large corrections with a concomitant
amplification of noise. That is one reason why earlier
inverse analyses led to equivocal results. It is necessary to
make the correction near the best possible assumed refer-
ence surface to insure that the required correction is small.
Our analytical search procedure, based on the minimum
possible b”, helps to locate the vicinity of the optimum
surface and the trade-off completes the task. It is important
also to make the minimal correction required to force the
imbalance to lie within acceptable (noise) limits and thereby
avoid the sensitivity to noise”. This prophetically describes
the poor choices made in N2007’s inverse calculations, and
also explains how N2007 presented such strong deep
currents in the RCS from their inverse results.

[16] N2007 discuss the reliability of their inverse calcu-
lation by comparing the results with the R/V Chofu-maru
shipboard ADCP-referenced geostrophic velocity. But those
ADCP data are unsuitable for two reasons: (1) since only
the processed data were recorded, it was not possible to
postprocess the raw ADCP measurements in order to
remove bad data resulting from variations of ship’s heading
in the deep-water region where bottom-track mode could
not be used [Zhu and Ichikawa, 2003], and (2) ageostrophic
velocity components due to tides, inertial motions, etc., are
included in the ADCP measurements.

[17] N2007 say they selected 100 dbar as a reference level
because the level must not be in the velocity core of the
RCS (see paragraph 14 in N2007); their inverse results
show the 100-dbar level is at the upper boundary of this
core (Figures 2c¢ and 3c in N2007). But they could have
chosen a level below the core instead. During the other two
cruises (May—June and September), XBT/XCTD casts to a
maximum depth of about 1000 m, were taken along the E
line. We therefore tested our inverse calculations for the
October cruise data using a 1000-dbar reference level
(Figures 2g, 2h, 3g, 3h, 4g and 4h). Allowing a mass
imbalance of up to 1 Sv for each layer, the velocity
structures in the top 1000-dbar layer were similar to those
estimated using a 2000-dbar reference level, while the

Table 2. Comparison of Volume Transports Across the AE, OS,
and E Lines for Upper and Lower Potential-Density Layers®

Layer Method AE (Sv) OS (Sv) E (Sv)
242609 N2007 6.0(3.1) 3.1(0.2) 8.2(2.8)
Method 1 11.0(10.2) 4.02.4) 14.1(7.8)
Method 2 10.6(9.9) 3.3(2.0) 13.3(8.4)
26—280¢ N2007 42(—1.4) 4.2(0.0) 6.3(—1.4)
Method 1 9.8(9.8) 3.2(1.5) 14.3(8.2)
Method 2 9.6(8.9) 3.5(2.3) 10.8(6.7)

“Volume transport positive toward northeast across the AE and OS lines,
positive toward the northwest across the E line. Numbers in parentheses are
net volume transports across each line.
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Figure 6. Stick diagrams of currents observed southeast of Amami-Ohshima (locations are shown in
Figure 1). Upward points north. The velocities are displayed every 10 days after smoothing by a low-pass
filter with 30-day-period half power gain. Ticks labeled by years on the x axis indicate 1 January of each
year [after Ichikawa et al., 2004]. Arrow on the x axis approximately indicates the time of the October

cruise.

northeastward velocities and volume transport of the RCS
became smaller, and southwestward countercurrents larger
than 10 cm s~ ' appeared at depths beyond 1500 dbar in the
AE and OS sections. Nevertheless, the inverse results with a
1000-dbar reference level showed RCS structures that are
much improved over those using a 100-dbar reference level.

[18] In the present inverse method, we considered the
conservation of salt and allowed a small mass imbalance
while N2007 did not. Of course, an inverse calculation with

different assumptions can obtain different results, although
the same reference level is used. We tested our inverse
calculations using a 2000-dbar reference level, without the
conservation of salt and almost no mass imbalance for
Method 1. The result shows no strong deep currents: root-
mean-square change of the solution for deep-water station
pairs is 2.5 cm s '. Therefore, the main reason for the
unrealistic strong deep currents in N2007 is the poor choice
of reference level. In fact, the assumptions used in the

15

=15 T T T
-50 0 50 100

Days Since Jan. 1,

T T T T
150 200 250 300
2002

350

Figure 7. Normal-to-OS-line component of 1352-m-depth current velocity (positive toward northeast)
observed by current meter at ACMO031 southeast of Okinawa (location is shown in Figure 1). Tides have
been removed and the data are smoothed by a 10-day low-pass filter. Black dots indicate time of the
October cruise during days 291-295 (18—-22 October 2002).
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Table 3. Comparison of Velocities From Inverse Calculations With Current Meter Measurements®

CM Station Name CM/Water Depth (m) N2007 (cm s )

Method 1 (cm s~ ")

Method 2 (cm s~ ") CM (Direction or cm s ")

PK1-4 589 m/1580 m —25.73
PK2-4 654 m/2170 m 19.08
PK3-4 834 m/3850 m —1.7
ACMO31 1352 m/2810 m —25.6

7.9 10.5 NE
27.3 25.8 NE
10.4 10.2 NE
—1.8 —23 -39

Positive value indicates northeastward current velocity. “NE” indicates northeastward current direction.

present inverse method, are appropriate for the real ocean,
and improve the accuracy of the inverse solution.

[19] Tt is well known that mesoscale eddies influence the
RCS both in velocity structure and volume transport [Zhu et
al., 2003]. A map of absolute sea level (ASL) shows an
anticyclonic eddy covered the E line and southern end of the
AE line during the October cruise (Figure 5S¢ in N2007). In
agreement with the ASL distribution, our upper-water-
column velocity sections exhibit respectively the northwest-
ward and southeastward currents at the southern and
northern ends of the E line (Figures 4c, 4¢ and 4g), and
northeastward and southwestward currents on the shore-
ward and seaward sides of the zero-velocity contour near
x = 110 km on the AE line (Figures 2c, 2e and 2g).
However, in this part of the N2007 AE velocity section a
reverse pattern is seen (Figure 2a), which differs with the
ASL distribution and which extends to the bottom. It should
be noted that mesoscale eddies observed in this region are
limited to the upper 1000 m [Zhu et al., 2002; Takikawa et
al., 2005], which is what our velocity sections show.

5. Conclusion

[20] In this note, we used two inverse methods to calcu-
late the current east of the Ryukyu Islands from hydro-
graphic section data collected in October 2002. We
compared our inverse calculation results with those of
N2007, and found that they are significantly different in
both velocity structures and volume transports. The differ-
ences were especially notable in the deep layer, where
results from N2007 showed strong currents with velocities
up to 50 cm s~ '. Comparisons of inverse calculation results
with in situ current-meter measurements and previous
observations indicate that our inverse calculation results
present more realistic velocity structures and volume trans-
ports of the RCS than those of N2007. We confirmed that
the unrealistic strong deep currents from the N2007 inverse
calculation result from a poor choice of reference level.
Through this example we would like to call attention to the
importance of appropriate choices when an inverse method
is used to calculate absolute geostrophic velocity.
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