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2. OO

Oooooopooopooo+«opoooooopOog sSeyyybooobOooooOoon

S(r,t) = ((r,t) + {N(r) + en(r)} + {es(r) + 2:(t)} + 2n(t) (1)

D000r00000000000000000000O¢r,)00000000
c(r)+e)0ooooooofo00o0ooo00e,)000000N() 000000
D0HpOoooooo000pooo0ooo00000000 sy(r)0000000
N+ey OOODODOOQOOOOODODOOOO0OOOO0OO000D0OO0O000O0O0O
D00000000000000000000000 S(r,)00000000000
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D0000D0000D0D0DDDDDOD (000000000 ¢(r,t) =(r,t) - {(r)
0000000000000 Mmoooooobg

R(r,t) = H(r) + E(r, 1), (2)
gog
R(r,t) = S(r,t)— N(r)
H(r) = ((r)+zn(r) +e4(r),
E(r,t) = (v,t) +2,.(t) +enlt),
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000 ¢(x)00000¢00000000000000000000¢000000
0o0+,00000(@)00000

R(r,t,) = Hy(r) + Ey(r,1,), (3)
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R(r,t,) = S(r.t,) — N(r),
Hy(r) = ((r)+r) +=n(r) + <i(r),
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(@

R(r,t,) = H)(x) + E(r,1,), (5)
ogoogdooao
R(r,t,) = S(r.t,) - N(r) = H(r),

Hi(r) = ¢r),

E1I3<rvtp) = Cll)/(rﬂ tp) +en(ty) +enlty),
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00000000000000000000000000000000000000
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WiJs]) = wy? exp [~(Isl/L)?] (6)

O0000U0D0OD |s|boo0U0200000000L0DD00O0OOOOOODORDO
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O00Up000000000D000D00D0 (Thiébaux and Pedder, 1987)00 0 OO
O0ooob0oo0L0ooodo0oo20000000000O00O00OO0ODOO0OO
OD00x00000DoO0ooooDobUobpooooooo0DOox)0D0D00O00
OoobUoorcooobooooooboood
Y C(si;x)W([s;

o0 =2 ooy v
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U0ooooooo A0 00D000

O(AL) = 0,2 (M) + 0,2 exp [~(ADY/TY] cos [2r(A8)/Ty], (8)

OO00DO000000O0oOOodooobooboog e,(yODO0b0DOO0OLODDOpODO
DDDDDDDDDDDDDDDDDDDDDDDDDDDDCg(r./t)DDDDDD
OoU00D0ODO000D0O00000D0 e(t)DO00O0DODOOOODO (Wunsch, 1986;
Wunsch and Zlotnicki, 1984) 000 Oeo0 0000000000 O000ODODO0ODOO
O0At=0000 100000 0000000000000D0000000 rms O
ODUAtO02000000000007T, 000000000000 OO0DOOOOO0O
O@Wooodgooooooodoooodooo)nboobooooooooo
O0000ooooUdooo0ooooooooooooooblboo yrn,oood
Ooobooooooobooynnoooooood

0oo0000ODD00D (6)0(8)0000000p000nn00ononn
O00ooo0U0000000000000 06y =02m0e; =1 m0O7, = 6041 s

(100.7 min)0 Ty = 207, O O O (Lerch et al., 1982; Tapley et al., 1982; Wunsch and
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Zlotnicki, 1984; Haines ef «/., 1990)U0 (3) 0 0000000000000 000 wy

Oo04mU0O () 000000000 O00000O0O0O0DOO0w, 002mO0000
OoooooO0OobobooooooooobOooooOoOoooOOoOoobOoooOon
) 00000 gx)003m 0000000 (B)00000 e(x)0016m0O000
0000000000 0O00O0o0ooooodoo
D0000000000000000000 ¢(x)0000000000 ¢(x)00
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DDDDDDDDDf(x)DDDDDDDDDDDDDDC;(X)DDDDDDDDDD
DDDDD5p(x):5(x)+C;(x)DDDDDDDDDDDDDDDDDDD ((x)00
0J00oooodbOoooooOUOobDOooOOoobobUpoooooobOOooOoOoDOoDO
O0000000 (Tai, 1990; Qiu et l., 1991) 000 0000000000000 O0
D000000000000000000000000000 {((x)0000000
0000 (Willebrand et al., 1990; Ichikawa and Imawaki, 1992) 00000000000
D00 (x)0000000D0000000o0obDooooooooo0onoa
oU0o0o000000000000000o00ob00000000oonooooon
0000000000000 00000000000O {((x)000000ooan
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100000000 1a0000000 1700000000 (19860 110 8240)0
obooo0ooooOoooooon ¢(x)00b0b0oooooooooooooo
OoOo0ooooooooUodgoooooooooooooooooooooooo
oooboboooooOOO0OOoOoOoOoOoooooooooooooooooooo
¢ (x) (O la)J0000000000000 ¢((x)(01h)0D000000000oQ
D00000000000000000000 {(x)000000(01c)00 1c00
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OoooooooOoOoOoOo000la00000000000O000O000000COO0
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ODo000Do0oD0oDooooooooo H(X)DDDDDDDDDDDDDE(X)DD
ooo

H(x) = ((x) = ({(x) = {(x)) + en(%) + £.(x) (9)
DDDDDDDDDDDDDDDDDDDDCN(X)DDDDDDDDDDZ(X)DDDD
DoDo0o0obo(¢-uoo0000000D000D00d0e(x) 0000000
DDDDDDDDDDDDDDQ\I(X)DDDDDDDDDDDDDDDDDDDDD

D0HUo0o Nx)OONX) +H(x)-{x)000000000000000
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00000 (6)00000000000 ®)ooooooooobodddpbodno
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ooooodod
D0000o0ooooooooooobOodd0bpobobooootbooooog
00000000000 +0000r=(2,y) 000000000000 OO0DOODO

N
> aicos2m(x/(L,); + 0;) cos 2m(y/(Ly); + 6) + GR(t), (10)
i

0000000000000 000000000000000000000000
D0000NOODOODDOOOO0O0O00i000000000(L,);0(L,);0i0
00000000000 (xHoo (y)0000000004,0 ¢000000000
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0000000000000000000000(2004000)000000000
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L=150kmO0000000000000O00000O00O0O0OOoOoOoOoo0ooogo
o0poooooooooooo0oooooOoo0000OoooonD 20000 L,
00 L,=c00000000N,L,,L,,q,5000000000000000 w0
oo DO0UDODDOODOODOODOOOODO0OOO

N, L, L,000000000000003000000000000000000
0000000000 0000000000000 msO0000000000000
000000000000 0000000000000000 L, 00 L,00000
2L (300 km)0000000000D0DDDO00OO0OOOOOOOOOOOL, OO0 L,
0000000000000 0000000000000000000000000
000000000000 000000000(@O00)000000 (0 2a)00)
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00000000000000000000000000000000000000
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D000000000000000000000000000 H,(x)0000000
0000000000000 0000000000000000000000000
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Table 1. Comparisons of reconstruction errors between the conventional collinear orbit
reduction method and the present optimal interpolation method. Numbers shown are
rms differences (in meter) between the true fields and the reconstructed fields; their ratios
to the rms height of the true field (0.2 m) are also shown in brackets. Case A is for a
zonally-gradient field as in Figure 5, or B=C=0 in the formula (11); similarly, Case B is

for a meridionally-gradient field (A=C=0), and C for a constant field (A=B=0).

Case Conventional Method Present Method

A 0.199 (99.3%) 0.026 (13.1%)
B 0.199 (99.7%) 0.021 (10.4%)

C 0.200 (100.0%) 0.182 (91.0%)
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Table 2. Number of data points (after 10-point averaging), and start and end dates of

each cycle.

Cycle Start and End Number of
Number Dates Data
1 Nov. 8 — 24, 1986 727
2 Nov. 25 — Dec. 11, 1986 1015
3 Dec. 12 — 28, 1986 974
4 Dec. 29, 1986 — Jan. 14, 1987 935
) Jan. 15 — 31, 1987 921
6 Feb. 1 - 17, 1987 715
7 Feb. 18 — Mar. 6, 1987 701
8 Mar. 7 — 23, 1987 790
9 Mar. 24 — Apr. 9, 1987 827
10 Apr. 10 — 27, 1987 865
11 Apr. 28 May 14, 1987 959
12 May 15 31, 1987 900
13 Jun. 1 17, 1987 753
14 Jun. 18 — Jul. 4, 1987 734
15 Jul. 5 - 21, 1987 454
16 Jul. 22 — Aug. 7, 1987 607
17 Aug. 8 — 24, 1987 636
18 Aug. 25 — Sep. 10, 1987 489
19 Sep. 11 — 27, 1987 601
20 Sep. 28 — Oct. 14, 1987 664
21 Oct. 15 — 31, 1987 909

22 Nov. 1 - 17, 1987 858

Ut



Table 3. Statistics of the fluctuation SSDT determined from the tide gauge records
(G ltiae) and from the Geosat altimetry data (¢)) (Fig. 9) at each tide gauge station (Fig.
8). They include number of data (n) used in this comparison, rms of |4 (VT), that of
. (VA), rms of their differences (VD), mean errors (error bars in Fig. 9) of ¢ |iiqc (ET),
those of ¢, (EA), correlation coefficient (r) between () [iqc and ¢, tilt (@) and bias (b) of
regression lines; C]’) = aX C]/g|tide + b. All values are in centimeter except for nondimensional

values of 1, r and a.

Station n VI VA VD ET EA T a )

A 19 11.2 116 103 44 109 058 1.11 1.6
B 20 104 68 6.7 3.7 114 0.79 0.55 -1.6
C 18 101 93 87 42 106 059 0.69 -3.4

14 104 11.1 10.3 56 127 048 0.81 -4.0
19 70 121 127 6.3 122 0.05 13.86 18.7
33 87 74 64 129 060 3.77 3.7
22 16.2 139 16.2 120 11.2 0.43 0.69 -1.6
H 22 9.1 78 85 44 10.7 050 0.74 -0.0
Total 140 10.8 10.5 109 59 114 047 088 -1.7
Subtotal for
ACandH 79 102 90 86 42 109 059 079 -09

O = = J
o
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Table 4. Statistics of the comparison of surface velocities determined from the composite
SSDT v, and these from the drifting buoy trajectory v,. They include the number of data
(1) used in this comparison, root-mean-squared difference (VD), correlation coefficient
(r), tilt (@) and bias (b) of regression line; v. = axvy, + b; the unit of VD and bis m/s.

Comparison is made for zonal (u-) and meridional (v-) components individually.

Total (67-321)
u-comp. 239 0.14 0.56 0.52 0.01
V-comp. 239 0.20 0.48 1.20 0.08

Subtotal (67-90)

u-comp. 21 025 0.22 0.10 0.16

V-comp. 21 027 094 041 -0.09
Subtotal (120-210)

u-comp. 85 0.08 0.70 0.89 -0.01
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Figure 1. Example (for cycle 1) of the composite SSDT from the SSDT fluctuation
and the climatological mean SSDT based on geopotential anomalies AD. (a) SSDT
fluctuation; negative values are shaded. (b) Climatological mean SSDT; smaller values
are more heavily shaded. (c) Composite SSDT; smaller values are more heavily shaded.
Contour interval is 0.1 m. The dates shown in Figures la and 1c are the central dates of
the 17-day observation periods.
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Figure 2. An example of the optimal interpolation performance tests. The true field
superimposed on the data points (after 10-points averaging) (a) and the reconstructed
field (b) are shown. Note that the structure in panel (a) is almost correctly reconstructed
in panel (b) but with slight distortion. Parameters in formula (9) for panel (a) are N
=1, @ = 0.4 m (rms height of the signal is 0.2 m), L, = 490 km, L, = 600 km and
= 0.02 m (rms height of the noise is 0.02 m). Parameters for the optimal interpolation
for panel (b) are wp = 0.2 m, L = 150 km and oo = 0.02 m. Contour and shading
intervals are 0.1 m and lower values are shaded more heavily; zero level is indicated by
thick contour lines and negative values are shown with dotted contour lines. Resolution
of both panels is 0.25°x 0.25°. In panel (b), contours and shading are omitted at points
where the estimated error exceeds 0.05 m in order to exclude unreliable estimates.
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Figure 3. The rms difference (solid line) between the true field and the reconstructed
field plotted against various L, (in km) keeping the ratio L, /L, = 0.82; other parameters
used are the same as Fig. 2. Rms differences for cases of L, smaller than 300 km are not
plotted since their reconstructed fields are dominated by structures whose wavelengths are
different from those of the true field. Also in the figure, rms height of the reconstructed
field are plotted (crosses). In the calculations of both rms height and rms difference,
unreliable estimates indicated by higher estimated errors are not used.
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Figure 4. The rms difference between the true field and the reconstructed field plotted
against the ratio wg/oo. Solid line is for artificial input observation data with a = 0.2 m
and B = 0.02 m, whereas dotted line is for data with & = 0.2 m and 8 =0.2 m. Other
parameters used are the same as Fig. 2. Signal to noise ratios of the input data (after
10 point averaging) are indicated on the abscissa by open (for solid line) and closed (for
dotted line) triangles. In the calculations of rms difference, unreliable estimates indicated
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Figure 5. An example of the optimal interpolation performance tests with orbit errors.
The zonally-gradient true field (a) is reconstructed by the optimal interpolation as panel
(b). Parameters in formula (11) for panel (a) are A=1.56x10~% and B=C=0 (rms height
of the signal is 0.2 m) with d=1. Contour and shading intervals are 0.1 m and lower values
are shaded more heavily; zero level is indicated by thick contour lines and negative values
are shown with dotted contour lines. Resolution of both panels is 0.25°x 0.25°. In panel
(b), contours and shading are omitted at points where the estimated error exceeds 0.05 m
in order to exclude unreliable estimates.
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Figure 6. Data points distribution for Geosat ERM Cycle 2. Dotted line indicates the
boundary of the study area.
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Figure 7. An example (Cycle 2) of the fluctuation SSDT estimated on a 0.5°X 0.5°grid.
Contour and shading intervals are 0.1 m and lower values are shaded more heavily; zero
level is indicated by thick contour lines and negative values are shown with dotted contour

lines.
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Figure 8. Locations of tide gauge stations used in the comparisons of the altimetric
and tide gauge fluctuation SSDT’s in Fig. 9. They are Ishigaki (A), Naha (B), Naze (C),
Nishino-omote (D), Kushimoto (E), Minami-izu (F), Hachijo-jima (G) and Chichi-jima
(H).



Station A Station E
1 1 1 L 1 1 1 1 F: 1 il 1 1 1 1 1 1 1 1 1 1 3 1 1
40 - 40 —
i,
14
0 - — # 3 € :
.+ + @
_20_
—40 —40 - -
T T T T 1 1 T e T T T T L | | X T ¥ T 4 F R T 1§ T ' T % T T L T
2 4 (] 8 10 12 14 18 18 20 22 2 4 [} 8 10 12 14 18 18 20 22
Station B Station F
1 i 1 1 1 1 " | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
40 40 -

—-20 4

—40 —40
é l é é IIO ) 1'2 ‘ 1]4 ' 1]6 ' 118 210 ' 2l2 é 4Ir é é IIO 1I2 ‘ 1I4 1I6 ‘ llB 2IO 2|2
Station C Station G
40 —+ 40
20 20
## .¢+
‘ | e
: | 1 o_
0 T | 1 lﬁ) | i I |
tyegyelodh b1 ¢
-20 -20 |
—40 —40 4
é 4lz é é 1‘0 112 114 ' 1'6 1|8 ) ZIO . 2|2
Station D Station H
40 - 40 4
20 - 20 §+
®
| ege0 ] Py, 4
0 4 # I J}(‘L [ I 1 PR T +. +¢ 0 - & l * J)&
v i
T#l f ! Tf#%?”?
—-20 - —20 -
—40 - —40 -
2 4 6 8 10 12 14 16 18 20 22 "2 4 6 8 10 12 14 16 18 20 22

Figure 9. Comparisons of fluctuation SSDT’s estimated from the tide gauge records
Cpltide (dots) and from the Geosat altimetry data Cz', (circles). Vertical lines are error
bars. Estimates of (, are not shown when any of the estimated errors at the closest four
grid points exceeds 0.16 m, and estimates of C{;ltide are not shown when the cycle mean
is estimated from less than 8-day records. Numerals in the abscissa are cycle numbers,
and those in the ordinate are height in cm.
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Figure 10. Differences (in cm) between the tide gauge and altimetric fluctuation SSDT’s
(Clltige — ) for Stations A (circles), B (squares), C (triangles) and H (crosses) plotted
against cycles (upper scale) or the time of observations (lower scale). Solid curve indicates
a least-squared-fitted sinusoidal curve of one-year period. Dotted curve indicates a
climatological mean seasonal variation of the areal averaged sea surface dynamic height.
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Figure 11. Scatter plots of the tide gauge and altimetric fluctuation SSDT’s for Stations
A (circles), B (squares), C (triangles) and H (crosses) before (a) and after (b) the
compensation of the seasonal variation of the areal averages. The regression lines are
also drawn in the figures.
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Figure 12. Daily positions of a drifting buoy released south of Kyushu (marked by a
cross) on yearday 67, 1987, and lost at 22.4°N, 144.2°E (marked by a star) on yearday
330, 1987; position data are missing during yeardays 205-209 around 25°N, 142°E.
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Figure 13. Time series of surface velocities determined from drifting buoy trajectory vs
(solid line), and from the composite SSDT v, (broken line) for zonal component (a) and

meridional component (b).
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Figure 14. Time series of the magnitude of velocity difference |v, —v,| (solid line). The
magnitude of the buoy-derived velocity v, is also plotted by a thick dotted line, while
the estimated error of the altimetry-derived geostrophic velocity v, is shown by a thin
dotted line.
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Figure 15. Temporal mean elevation field H(x) relative to the improved geoid model
(Imawaki et al., 1991) estimated on a 0.5°x 0.5°grid. Contour and shading intervals are
both 0.2 m, but they are gapped by 0.1 m; area of lower values is shaded more heavily.
Inside the thick broken line, contemporary hydrographic observation data were used in
the geoid model improvement. Contours and shading are omitted at points where the
estimated error exceeds 0.3 m.



45N

40N

30N

25N

fa 20N
120E 125K 130E 135E 140E 145E 150E

T

Figure 16. Possible errors in the improved geoid model for the area outside the thick
broken line in Figure 15. Contour interval is 0.1 m, and shading interval is 0.2 m; area of
lower values is shaded more heavily. Contours and shading are omitted at points where
the estimated error exceeds 0.3 m.
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Figure 17. Time series of surface velocities determined from the drifting buoy trajectory
v} (solid line), from the composite SSDT v, (broken line), and from the absolute SSDT
v, (dotted line) for zonal component (a) and meridional component (b) during the period
of yeardays 67-92; the drifting buoy was in the Kuroshio region in this period.
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Figure 18. Maps of the composite SSDT at 17-day intervals. The contour interval is
0.1 m; the lower composite SSDT is shaded more heavily. Contours and shading are
omitted at points where the estimated error of the SSDT fluctuation exceeds 0.16 m,
in order to exclude unreliable estimates near areas of no data. Cycle number and the
central date of the cycle are shown for each panel.
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Figure 19. (a) (left) Map of the Kuroshio Extension axis determined from in situ
oceanographic observations from November 19 to December 3, 1986 (partial copy of
“Prompt Report on Oceanographic Conditions” issued semimonthly by the Hydrographic
Department of the Martime Safety Agency, Japan); small arrows indicate GEK surface
velocities. (right) Extract of the composite SSDT for nearly corresponding cycle (cycle
2); contour interval is 0.1 m and lower SSDT is shaded more heavily. (b) Same as (a)
but for April 15-30, 1987 and cycle 10; (¢) July 16-August 5, 1987 and cycle 16.
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Figure 20. Enhanced AVHRR infrared band (channel 4) images taken by the NOAA 9
satellite on (a) June 1, 1987 and (b) October 28, 1987. Area of the images is 30°-38°N
and 140°-150°E. Colder areas appear brighter; note that clouds are present in the images

as very bright areas.
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Figure 21. Extracts of the composite SSDT corresponding to Figure 20a (Figures 21a
and 21b) and to Figure 20b (Figure 21c). Observation periods and the cycle numbers are
shown for each panel. Contour interval is 0.1 m, and lower SSDT is shaded more heavily.
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Figure 22. (a) Map of the Kuroshio axis determined from in situ oceanographic
observations from August 19 to September 2, 1987; (b) September 2-16, 1987; (c)
September 16-30, 1987; (d) September 30-October 14, 1987; (e) October 14-November
5, 1987. Extracts of the composite SSDT during these periods are shown to the right of
the center line; asterisks indicate the center of the cyclonic ring. Positions of all panels
are shifted from top to bottom according to the central dates of the observation periods.
See the caption to Figure 19 for further details.
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Figure 23. Map of geostrophic velocity in Cycle 16 (the central date is July 30, 1987)
estimated from the composite SSDT. Subsatellite tracks along which the data were

obtained are superimposed on the figure.
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Figure 24. Synoptic maps of the composite SSDT during yearday 118 (a) to 219 (f)
superimposed on daily positions of the drifting buoy. The observation period (yeardays)
of each panel is indicated at the top. Beginning and ending positions of the drifting
buoy trajectory in each period are indicated by a cross and a star, respectively. Contour
interval is 0.05 m and shading interval is 0.1 m; the lower composite SSDT is shaded
more heavily. Contours and shading are omitted at points where the estimated error of
the fluctuation SSDT exceeds 0.16 m. Arrowheads indicate the direction of geostrophic
velocities, and letters “A”, “B” and “W” are drawn for the convenience of discussion.
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Figure 25. Maps of the Kuroshio axis determined from in situ oceanographic
observations for early November 1986 (a) to early February, 1987 (g) (partial copies of
“Prompt Report on Oceanographic Conditions” issued semimonthly by the Hydrographic
Department of the Martime Safety Agency, Japan); small arrows indicate GEK surface
velocities. Maps of the absolute SSDT (the mean elevation H(x) plus the fluctuation
SSDT (,(x)) from Cycle 1 (C1) to Cycle 6 (C6) are shown to the right of the center line;
contour and shading intervals are 0.2 m with 0.1 m gap for each other, and lower values
are shaded more heavily. Positions of all panels are shifted from top to bottom according
to the central date of the observation periods.
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Figure 26. Time-longitude plot of the fluctuation SSDT at latitude 31.5°N. In the
figure, seasonal variations at each longitude are removed in order to highlight meso-scale
variations. Contour and shading intervals are 0.1 m and lower values are shaded more
heavily; zero level is indicated by thick contour lines and negative values are shown with
dotted contour lines. Contours and shading are omitted at points where the estimated
error of the fluctuation SSDT exceeds 0.16 m. Left scale indicates the observation
dates and right scale indicates cycle numbers. Chain-line is plotted for convenience
of discussions. '
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Figure 27. Synoptic maps of the absolute SSDT during yearday 66 (a) to 99 (b)
superimposed on daily positions of the drifting buoy. The observation period (yeardays)
of each panel is indicated at the top. Beginning and ending positions of the drifting buoy
trajectory in each period are indicated by a cross and a star, respectively. Contour and
shading intervals are 0.1 m; the lower composite SSDT is shaded more heavily. Contours
and shading are omitted at points where the estimated error of the fluctuation SSDT
exceeds 0.16 m. Inside the dotted line, contemporary hydrographic observation data were
used in the geoid model improvement.
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Figure 28. Comparison of spatial covariance functions over the domain; they are the
covariance function C,p(s) (solid line) determined from the fluctuation SSDT field ¢,
Ceons(s) (dotted line) determined from the altimetry data 4:’, =+ E\,’J’ + €n processed with
along-track bias-and-tilt orbit removal, and C,,(s) (broken line) determined from the
fluctuation SSDT field with along-track bias-and-tilt oceanic signals excluded, (AI’,. All
functions are normalized by C,(0), (0.12 m)?; spatial resolution of those functions is
67 km.
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