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SELENE

023-0861 2-12
matumoto@miz.nao.ac.jp

Abstract. Present lunar gravity models have large uncertainty in the far-side because they are
basically based on Doppler satellite tracking data in the near-side only. Lunar gravimetry in
SELENE includes 4-way satellite-to-satellite Doppler tracking of a low-altitude lunar orbiter
by means of a high-altitude relay satellite, which will provide the first direct gravity
measurement in the far-side. Differentia VLBI technique will also be used for accurate
satellite tracking. A result of covariance analysis is shown to demonstrate the capability of
SELENE gravimetry.
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Kauld's rule of thumb

(Kaula, 1966)
{CGmSm~a F?
Cnm Snm m
a
a
1
LP100J 165 LP165P 110
Konopliv et a., 2001 LP100J
GLGM-2  LP100J
3 4

Billsand Ferrari (1980) 16x16 LLR, LO (50-100km), Apollo (100km)

LUNG60d 60x60 LO, Apallo

Konopliv et d. (1993)

GLGM-2 70x70 LO, Apoallo, Clementine (415km)

Lemoine et d. (1997)

LP100J 100x100 LO, Apallo, Clementine, LP (100km, 30km)

Konopliv et d. (1998)

LLR: Lunar Lasr Ranging  LO : Lunar Orbiter  LP : Lunar Prospector
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Satellite Gravimetry and Satellite Laser Ranging
Present Status of SLR observations to low-orbiting satellites

Mariko Sato and Arata Sengoku
Hydrographic Department, Japan Coast Guard
5-3-1, Tsukiji, Chuo-ku, Tokyo 104-0045, Japan

Abstract
SLR (Satellite Laser Ranging) is a technique of measuring round-trip time of
laser pulses between a ground station and a satellite. By using SLR data, we can
determine the geocentric positions of the station and the satellite precisely. The
results are used for the study of gravity, earth tide, plate motion and so on.
In this report, we show the present status of SLR observation and how SLR
observations will be performed when a loworbiting satellite like CHAMP is

launched.
SLR
Fig.1 SLR
SLR LAGEQS
SLR

Fig.1 Satellite Laser Ranging (SLR)
(after CDDIS)
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Fig. 3 Number of observed passes by satellite (Jan.2000 — Dec.2000).
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Satellite CHAMP Starlette Ajisai LAGEOS1
Altitude [km] 474 815 1485 5850
Observable time

Max EL 40° [min] 4 11 13 40

Max EL 60° [min] 5 12 15 45

Max EL 80° [min] 5 12 16 50
Number of passes 868 7629 10496 6536
Number of NP 21002 78037 157485 66076
Number of NP per pass 24.2 10.2 15.0 10.1
BIN size [s] 5 30 30 120
Tracking time per pass [min] 2.0 5.1 7.5 20.2
Tracngr;e 6[2;0] ; 403 42,6 50.0 44.9

Table.l Average tracking time per pass (Jan.2000 — Dec.2000).
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Fig.6 LAGEOS NP RMS (Apr.2001 - Jun. 2001). (after ILRS)

Table.1

500km

SLR

7

2000
Table.2

100

CHAMP

Table.2

12

868

20

CHAMP

2000

SLR

500km

GPS

GPS

SLR

SLR
SLR

18


ootake yoshiyuki
18


CDDIS SLR Data Information
Station Site Name Start Date End Date NEZ::;:fN’ilrjrr::leFr’ooi;t
1824 Kiev 25-Jul-2000 31-0ct-2000 4 55
1884 Riga 17-Jul-2000 18-Dec-2000 82 2143
1893 Katzively 18-Jul-2000 20-Jul-2000 2 93
7080 Mcdonald 26-Aug-2000 03-0Oct-2000 6 24
7090 Yarragadee 20-Jul-2000 30-Dec-2000 151 4329
7105 Greenbelt 21-Jul-2000 18-Dec-2000 39 833
7110 Monument Peak 20-Jul-2000 31-Dec-2000 44 762
7124 Papeete 24-Jul-2000 29-Dec-2000 4 77
7210 Haleakala 21-Sep-2000 20-0Oct-2000 2 8
7231 Wuhan 03-0ct-2000 03-0Oct-2000 1 27
7237 Changchun 21-Jul-2000 02-Nov-2000 21 553
7249 Beijing 23-Sep-2000 14-0ct-2000 122
7335 Kashima 11-Dec-2000 12-Dec-2000 9
7339 Tateyama 12-Dec-2000 27-Dec-2000 51
7343 Beijing 08-Sep-2000 14-0ct-2000 8 125
7403 Arequipa 20-Jul-2000 17-Nov-2000 16 227
7501 Hartebeesthoek 16-Aug-2000 16-Aug-2000 1 9
7806 Metsahovi 26-Aug-2000 04-0ct-2000 25 700
7810 Zimmerwald 21-Jul-2000 13-Nov-2000 28 538
7811 Borowiec 19-Aug-2000 22-Sep-2000 6 116
7824 San Fernando 20-Jul-2000 19-Dec-2000 56 1425
7835 Grasse 18-Jul-2000 18-Dec-2000 113 3745
7836 Potsdam 24-Jul-2000 28-Dec-2000 75 1351
7837 Shanghai 04-Aug-2000 13-Aug-2000 69
7838 Simosato 03-Aug-2000 21-Dec-2000 107
7839 Graz 20-Jul-2000 30-Nov-2000 44 1766
7840 Herstmonceux 19-Jul-2000 30-Dec-2000 61 1001
7849 Mount Stromlo 27-Jul-2000 28-Dec-2000 56 711
7939 Matera 31-Jul-2000 31-Jul-2000 1 26
Totals: 868 21002

Table.2 Tracking to satellite CHAMP (Jan.2000 — Dec.2000). (after CDDIS)

References

Satellite Laser Ranging
http://cddisa.gsfc.nasa.gov/slr_brochure/belmont_rpt.html

ILRS network map http://cddisa.gsfc.nasa.gov/slrmap.qgif

CDDIS SLR Data Information http://cddisa.gsfc.nasa.gov/slrsat_query.html

SLR Global Performance Report Card (2001 2nd Quarter)

http://ilrs.gsfc.nasa.gov/perf _2001g2.html

19



ootake yoshiyuki
19


General Relativistic Effects on Motion of Artificial Satellites

Toshio Fukushima (NAOJ, Public Relation Center)

We derived the parametrized post-Newtonian equation of motion of satellites. The
relativistic corrections are classified into 4 categories; the self term, the rotational
term, the tidal term, and the mixed term. Since their magnitudes range from a
few microgal to nanogal, the introduction of these terms will be necessary in the
detailed orbital analysis of the current and near-future artificial satellites for the
study of Earth gravity field such as CHAMP, GRACE, and GOCE.
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Polar Regions and Satellite Gravity Missions

Shigeru Aoki (Center for Antarctic Environment Monitoring,
National Institute of Polar Research)
Kazuo Shibuya (Center for Antarctic Environment Monitoring,

National Institute of Polar Research)
Abstract.
Satellite gravity missions can have significant contributions on earth sciences,
especially in polar regions where conventional observations have much logistic
difficulties. Possible outcomes from the future gravity missions in Antarctica are
briefly reviewed. In relation to the ground observations for satellite missions, the
present status and near-future plan of the Japanese Antarctic Research
Expeditions (JARE) will be reported, and their problems are considered.
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GRACE

email furuya@eri.u- tokyo.ac.jp

113- 0032

Abstract Satellite gravity mission in the past is briefly
reviewed, and the future satellite gravity mission is
previewed. The outcome of the future satellite gravity
mission is characterized by its high spatial resolution for
the static part and its time-variability for the dynamic part.
The author previews how the future gravity mission data
will be geophysically used, and conceptually discusses how
the temporal variations in satellite gravity data is validated
by ground measurement data. Comparison with pole tide
effect observed by super conducting gravimeters is first
stressed.  Another plausible way is to compute the
load-induced ground displacements and compare them with
those derived by GPS and DORIS network.
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GGP(Global Geodynamics Project)
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Possible Utilization of Along Track Satellite Gravity Data

Yoichi Fukuda
Graduate School of Science, Kyoto University
Kitashirakawa Oiwake-cho, Sakyo-ku, Kyoto 606-8502, Japan
E-mail: fukuda@kugi.kyoto-u.ac.jp

Abstract

This report presents some of the simulation results of level-1 SST data, which
are given as the range rate data on a satellite orbit. The simulation was
conducted assuming a typical GRACE like orbit and its specifications. Static
gravity fields, time variable gravity fields due to the atmospheric effects and
the gravity change due to the water mass loading are calculated, and they are
figured on the assumption that they are sampled along a satellite orbit. The
results help us to consider future utilization of satellite gravity mission data
and related problems.

1
2001 GRACE (Gravity Recovery and Climate
Experiment)
NRC,1997; 2000
level-2 Stokes
Wahr et al, 1998; Foldvary, 2001
GRACE  Low-Low Satellite to Satellite (L-L SST) Level-0
K-
Level-1 5 10 range rate
Level-0 Level-1 rangerate

Leve-1

GRACE
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Fig. 1. Geoid heights calculated using EGM-96 model.
(a): on the surface of the Earth, (b): at a height of 450km.
Contour interval is 10 m.
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Fig. 2. Gravity anomalies calculated using EGM-96 model.
(a): on the surface of the Earth, (b): at a height of 450km.
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(@) ci: 20em

Fig. 3. Short wavelength geoid height near Japan.
(a): on the surface of the Earth,
(b): at a height of 450km.
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Fig. 4. Gravity field recovery after
(a);30 days, (b);90days,(c);365 days sampling.
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360 days

90 days

30 days

Fig. 5. Gravity field recovery after
(a);30 days, (b);90days,(c);365 days sampling.
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Fig. 6. Geoid height variations due to the atmospheric effects.
(a): NIB case, (b): IB case.
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Fig. 7. Geoid height changes due to water mass loading. The areas of loaded mass (shown by
blue rectangles) and the depth of the loaded water are; 10° x 10° and 100 cm for (a); 30° x30° and
10cm for (b) ; 1° x1° and 10cm for (c), respectively. The contour intervals are 1mm for (a) and (b),
and 1p m for (c). The maximum value in (c) is 0.017 mm.

54


ootake yoshiyuki
54


KTERXE &, FH

ERAK[ETIVICL B

PEKETE R ENE DHE

(AN

Tosiyuki NAKAEGAWA

ITREWFEFT MIFEE (T 305-0088 D L XK 1-1, tnakaega@mri-jma.go.jp)

Land water storage is a important variable in the water cylce of the Earth system that has never
been adequately monitored globally. Since variations in water storage on land affect the time dependent
component of Earth’s gravity field, a satellite which can accurately monitor the gravity field at montholy
scale intervals, may soon provide global data on temporal changes in land water storage such as the NASA
Gravity Recovery and Climate Experiment (GRACE) satellite mission. The present study explore the
water storage changes at 280km spatial resolutioin with different time scales. It reveals that most part of
the land have a significant signals in both sesonal and interannual variation.
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GRACE
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Abstract

The precious contributions of the altimetry to oceanographic researches are
first reviewed. Then, some difficulties in use of the altimetry data are examined
whether they can be resolved by forthcoming GRACE mission data; these
difficulties are, capturing fast-moving signals, description in the absolute sea

surface dynamic topography field, and estimation of vertical density structure of
the ocean.

1.
GRACE
2.
1978 Seasat

1986 1989 Geosat Exact Repeat Mission (ERM) 1992
TOPEX/POSEIDON (T/P) ERS-1 ERS-2
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Glacial Rebound
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Abstract

It is very important to investigate the present mass balance of the Antarctic and Greenland
ice sheets. In these regions, however, the postglacial rebound (viscous deformation) and
the elastic deformation due to the recent melting cause crustal movement and gravity
change. It is therefore important to estimate the magnitude of geophysical signals for
each phenomenon. In this study, we show that the separation is possible by using both the
gravity change and the change of crustal movement.

2 Glacial Rebound
Mitrovica et al. 2001; Thomas,
2001

Wahr et al. (1995)

2. Postglacial rebound

postglacial phase A
solid surface gravity postglacial phase
(h,) z,
X, X, h, free-air gravity
0.3086nGal/mm Bouguer
0.154nGal/mm (Wahr et al., 1995) A
dh,/dt dg./dt (1)
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dg,/dt=-0.15dh,/dt
1 2 ARC3+ANT4b(Nakada and Lambeck, 1988)
PREM (H)  100km
5x10%° Pa s (h,) 10%Pa s
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Postglacial rebound

free-air gravity
free-air gravity

(2)
dg;. /dt=0.15dh /dt
3 free-air gravity

1 4
1/3
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glacial rebound

Milne et al., 2001
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3.
postglacial rebound
Bedrock A
kernel [-1/2-(n+1)k.F]/2h,F (0.1 0.2)
(3) ht, K" n
dg./dt=-0.25dh./dt (3)
3 free-air gravity 56
5° disk
load 200 mm/yr
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0.5 mm/yr ©)) disk load
dh/dt = 6 mm/yr, d/dt=-1.5nGal/yr

\

3

( contint. = 0.5 p Gal/yr)

free-air gravity
Z, 4) Z,
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dg,,/dt=0.3dz./dt + 0.05dh,/dt (@)

Z 2mm/yr,
h, emm/yr  free-air gravity 0.9 nGal/yr
4. Postglacial rebound
West Antarctica Greenland -
postglacial rebound
bedrock solid surface gravity Jobs
vertical uplift ~ h,,s free-air gravity gq, s 5) @)

d(gens)/dt = d(g,)/dt + d(g.)/dt  (g,:viscous, g.:elastic) (5)

d(hy)/dt = d(h,)/dt + d(h,)/dt (6)

d(gfa,obs)/dt = d(gfa,v)/dt + d(gfa,e)/dt (7)
1) @ ©) 8)

d(gops)/dt = -0.15d(h,)/dt - 0.25d(h,)/dt (8)
) ©

postglacial
(2).(4) (7) 9)
d(Qta.00s)/dt = 0.15d(h,)/dt + 0.3d(z.)/dt + 0.05d(h,)/dt 9)
tide gauge Xobs
h, (he +z,)

z>0 dx,,./dt (10)

dx,,/dt=d(h,)/dt + d(h.)/dt + d(z,)/dt (10)
5.
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postglacial rebound

postglacial rebound
postglacial rebound
Milne et
al., 2001)
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Seasonal variation of sealevel along the coasts of East
Antarctica,and its impact on vertical crustal deformation
Shigeur Aoki (Center for Antarctic Environment Monitoring,

National Institute of Polar Research)
Kaoru Ichikawa ( Research Institute of Applied Mechanics,
Kyushu University)
Taku Ozawa (National Institute of Polar Research)

Abstract

Seasonal variations of sea surface height and current and their possible on
crustal displacement have been studied for the continental margin of East
Antarctica. Tide gauge data at four coastal stations and offshore satellite
altimetry data were used. Atmospheric observations were also used.

Seasonal variations of sea surface height at the coasts showed basically
the same pattern with high in autumn-early winter and low in spring. The
range of the variation increases westward. Offshore sea surface height
showed the variations well out of phase (high in summer and low in winter)
with those at the coasts. These temporal and geographical patterns of
seasonal variations were qualitatively consistent with those expected from
Ekman convergence due to the alongshore wind stress over the coasts from
around 150 ° E to the west.

Seasonal vertical displacement at Syowa, derived from DORIS data, was
compared with the oceanic variations. The pattern was consistent with that
expected with loading effect of coastal sea surface height. However,
contributions should be studied quantitatively together with the loading
effects of atmospheric pressure and snow.
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Deacon, 1937; Gill, 1973
Antarctic Surface Front Ainly and Jacobs,1981

Fahrbach et al.,1994
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Abstract

This study examines high-frequency sea level variations forced by changes in surface
atmospheric pressure and wind by way of numerical simulation and data assimilation using a
barotropic ocean model. Optimal model performance, defined in terms of the explained
variance in satellite altimeter and bottom pressure data, is found when using relatively strong
friction, equivalent to a damping time scale of only a few days over the deep ocean, and
topography with minimal smoothing. Spatial variations of the optimal friction parameter seem
to reflect the roughness of bottom topography. The satellite atimeter data is then assimilated
into the barotropic ocean model to estimate the high-frequency signals as a consistent
component between the data and the model. The simulation/assimilation demonstrates high
skill by simulating and assimilating the wind-driven response as well as the nonequiliblium
response to atmospheric pressure variations.

1. Introduction

High-frequency (HF) sealevel signals at periods shorter than several weeks have been the
focus of recent studies. Fukumori et al. [1998] noted that sea level variability associated with
wind-driven barotropic motion could be aiased in altimeter observations at high latitudes
based on their model and data comparisons. Fukumori et al. [1998] also reported that the HF
variability is not uniform in space but can be enhanced in some semi-enclosed regions.
Stammer et al. [2000] showed that a wind-driven ocean general circulation model can
successfully simulate a significant part of the HF sea level signas measured by
TOPEX/POSEIDON (T/P).

Besides wind forcing, air pressure variations can aso drive HF signals. Ponte [1993]

simulated the barotropic ocean response to redlistic pressure forcing and found large
deviations from a static (or inverted barometer, IB) response at periods shorter than a few
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days and at large spatial scales. Ponte and Gaspar [1999] and more recently Mathers and
Woodworth [2001] showed that the larger deviations from IB in the tropics seen in the T/P
data are indeed related to a dynamic oceanresponse to pressure. Tierney et al. [2000] used a
pressure- and wind-driven ocean general circulation model to predict HF sea level signals and
found better consistency with T/P data when using pressure plus wind forcing rather than
wind forcing done, for periods between 5 and 20days.

The HF variability is clearly present and of detectable amplitude in the atimeter
observations, but the satellite's sampling pattern will aias it in a complicated way into longer
periods. Thus, one cannot easily distinguish the HF signals from lower frequency variability
in the dtimeter data. The HF signd includes three digtinct components:

hye =hg + hp +h, «y

where h is the sea level, subscripts HF , IB, p, and w indicate high-frequency,
inverted barometer, pressure- and wind-driven dynamic components, respectively. The IB
signal (h,;) will be estimated from local air pressure minus the average pressure over the

global ocean as in Ponte [1993]. This study aims at estimating h, and h, particularly
their HF signals, using a barotropic ocean modd.

This study examines the sensitivity of the barotropic model to several important factors.
How much variance of the HF signals is explained by the wind and/or pressure forcing?

Does the pressure-drivencomponent (h ) realy help in explaining the altimeter observations?

How is the simulation improved by the use of finer resolution topography? What is the
optimal friction parameter for the barotropic model? While addressing these questions, we
seek model solutions that maximize the explained variance in T/P and bottom pressure
records (BPRS).

The HF signals can be more accurately estimated by way of data assimilation that is a
combination of the observation and the model. This study tackles to the assimilation of T/P
data into the barotropic model with near-optimal method. Successful estimation of HF sea
level variations will contribute to dealiasing signals at frequencies higher than the Nyquist
frequency in altimetry (e.g., T/P, Jason-1, ERS-2, and ENVISAT) or gravity missions (e.g.,
GRACE). The concept is similar to the treatment of tidal aliasing. A relatively simple,
shallow water model is chosen for this study. Previous studies concluded that the density
stratification does not make much difference in modeling sea level HF signals because the
response is essentialy barotropic [e.g., Tierney et al., 2000].

2. Model

The barotropic, shallow water model of Ponte [1993] is used in this study. The modd is
forced by 12-hourly surface wind stress and/or pressure from the National Centers for
Environmental Prediction (NCEP) operationa analysis. The 10-m wind speeds are
converted to stresses using the bulk method of Kondo [1975]. The simulation is performed
from July 1992 to December 1995 to overlap with the firg few years of the T/P misson.
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The horizontal viscous terms have a Laplacian form with a coefficient of 10°cm?/s.
No-dip boundary conditions are refined to incorporate the subsurface sde topography effect.

The model covers most of the global oceans from 65°N to 75°S. Excluded from the
model domain are the Mediterranean Sea, other margina seas, as well as large shallow
regions such as the Patagonian Shelf and Hudson Bay; thus the results generaly reflect
behavior in deep waters. Bottom topography is given by ETOPO5 from the National
Geophysicad Data Center. The origina 1/12° mesh data is smply averaged over every
1.125°box according to the model grid resolution. The land-ocean distribution of Ponte
[1993] is used but with mininum depth set at 50m; with the subsurface no-dip condition in
Appendix A, large gradients in depth, as often seen near the coast, can be represented in the
model. The maximum depth is limited to 6000m to keep the model time step as long as
possible (1 minute); the time step is usudly determined by the fastest gravity wave speed.

Dissipation is given by a linear drag form with coefficient b/H , where b is constant
and H isdepth. A number of smulations are carried out with various values of the friction
parameter b, ranging from 0.25 to 16cm/s, to find an optimal value that minimizes the
resdua variance in the observations after subtracting mode solutions.

3. Data

Sea level data from T/P and BPRs are used in this study. The former covers the entire
global oceans except the regions shallower than 1000m or affected by seaice, and the latter is
located in the Southern Ocean as shown by Figure 1. Although a few more BPR records
exist (see http://www.pol.ac.uk/psmslih/gloup/gloup.html) than the ones used in this study, at
the time these were the only ones we had access to for the time period of interest. Most of
the bottom pressure gauges are located at depths deeper than 1000m. Measurement intervals
of T/P and BPRs are 9.9days and 1hour, respectively.

° B NS

'30': '+ “) i

o ++ +
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6 60 120 180 2£l10 300 360
Longitude

Latitude

Figure 1. Bottom pressure gauge locations used in this study.

Oceanic tides are corrected using the University of Texas (CSR3.0) model [Eanes and
Bettadpur, 1996] for both T/P and BPRs. Residual variabilities at tidal frequencies and
trends are further removed from the BPRs by a least-squares fit. The T/P data is corrected
for the IB effect estimated from the NCEP pressure data.  No IB correction is applied to the
BPRs since that effect on bottom pressure should be negligible.
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Another dominant signal, steric height change, is also not of interest to this study. To
focus on the barotropic signals, the steric effect is removed from the T/P data using NCEP
surface heat fluxes. Mixed layer temperature changes are computed at each grid point by
integrating the surface heat flux. Initial depth of the mixed layer is determined from Levitus
[1982] climatology. Density (or volume) changes are then computed from the temperature
changes assuming that salinity remains unchanged. The steric height correction reduces the

sealeve vaianceby 2.46cm? on agloba average.
4. Sensitivity Experiments
4.1. Dependence of Friction

The amount of friction (or dissipation) is an unknown parameter in the model. This
section trysto optimize the friction parameter b.

Figure 2 shows the globally averaged model sealevel and explained variances as a function of
b. The explaned variance is a measure of the mode’'s skill that is given by
&*h- {d- m)’A where d and m represent data and model, respectively, and the
brackets indicate averages.. The model using fine topography explains more T/P variance than
that with the smooth one for friction parameter b smaller than4cm/s.  The optimal friction
parameter seems to fall between 1 and 4cm/s with either fine or smooth topography, with the
maximum explained variance found at b~ 2cm/s. Similar result is also obtained from BPR
comparison The dependence of model performance on b is further examined in the next
section.

—
o
T

Variance ("smooth")

‘~ Variance ("fine")

Variance [cm2)
(%]
T

Exp. Var. ("fine")
\ Exp. Var. ("smooth")

0.8 1 2 4 8
Friction parameter {cm/s)

Figure 2. Dependence of model sealevel skill with respect to the fine and smooth topographies and the different
values of friction. The figure shows globally-averaged model sea level variance (triangles) and the T/P
data variance explained by the model (circles). Units are cn.

or .

The horizontal variation of the optimal friction parameter appears to depend on
topographic roughness. Figure 3 compares the standard deviation of the bottom topography
with the optimal friction estimated at each model grid point. The topography's standard
deviations are computed within bins defined by the model grid (1.125°) from the 1/12°
ETOPOS data. The optimal b vaues are chosen among the seven different cases tested
that yield the smallest residual variance in the T/P data. The results show that optimal
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friction coefficients are smaller (larger) in regions of smoother (rougher) bottom topography
in the Southern Ocean where the barotropic signals are dominant; e.g., optimal friction
coefficients are small in the vast smooth regions south of Australia and are large along the
Eadt Pacific Ridge in the South Pecific.

. |

20 1 :
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Standard Deviation of Topography (m}
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20 g
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-30 . Figure 4. Optimal friction parameter versus
e0 I8 ] standard deviation of the bottom topography for
) i latitudes south of 30°S. Bars denote twice

0 80 120 180 240 300 380 uncertainty of the averages.

Figure 3. (a) Standard deviation of the bottom topography
in every 1.125° latitude-longitude box. Original
1/12°-meshed data is from ETOPO5. Unit are meter. (b)
Friction parameter b (cm/s) that minimizes the residual
variance in the T/P data. Only the friction estimates with
positive explained variance are plotted. White color
indicates values above the maximum values shown on the
color bars.

The relationship between friction and the small-scale topography can be quantitatively
assessed in Figure 4. The standard deviation of the bottom topography is plotted as a
function of the optimal friction parameter for the Southern Ocean. In general, the optimal
friction parameter is larger (smaller) for larger (smaler) topographic variability, for
0.5<b<8m/s. The reason for the different tendency at the smallest and the largest values
(b=0.25and 16cnVs) isnot clear.

Our findings support the idea of parameterizing frictional dissipation in terms of the local
bottom roughness, as attempted for example by Mathers and Woodworth [2001]. The
optimal parameter distribution may be sought by a data assimilation scheme such as the
adjoint method or adaptive estimation. The variation of the bathymetry optimal for the model
could aso be adjusted by the assimilation. However, further optimization of the friction
parameter is beyond the scope of the present study, and, for simplicity, the friction parameter
is retained as a globa constant in the following experiments. The challenging parameter and
depth estimations as a function of space will be addressed in a future study.
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4.2 Forcing

Model experiments discussed so far have been forced by both atmospheric pressure and
wind stress. Further insights may be gained by analyzing the model response to pressure ard
wind separately. Figure 5 shows total variance accounted for by the model with b =2cm/s
forced by either surface pressure or winds alone. The result for the pressure run is IB
corrected. The spatial variation of the explained variance with different valuesof b (e.g., 1
4cm/s) is not much different from Fig. 5. Note that the total variance explained by the
combined effect of pressure and wind forcing is not simply equal to the sum of the variances
explained by each rcing due to the weak but non negligible correlation between pressure-
and wind-drivensgnas.
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Figure 5. Variance accounted for by the model using friction parameter b=2cm/s with either (a) pressure or (b)
wind forcing.

The wind-forced sea level h,, explains more observed variability than that explained by
pressure-forced sealevel h  (non1B component). Thus the explained variance for the case

of pressure and wind forcing is similar to that for the experiment with only wind forcing (Fig.
53). The model forced by wind demonstrates skill in simulating sea level signals at latitudes
higher than 30°.

The pressure-driven sealevel h helps to account for the observed sea level in most of

the deep oceans. Negative values of explained variance indicate the model not having
measurable skill in ssimulating the observations.  Such negative values are found in shallow
regions and in the southernindian Ocean in Fig. 5 (b), which suggest model inaccuracies such
as inadequate friction parameterization, crude bottom topography data, and/or erroneous
surface forcing at these locations.

The globally-averaged variance accounted for in the sea level and bottom pressure data is

summarized in Fig. 6, respectively. The figures show the model skill in explaining T/P (Fig.
6a) or BPRs (Fig. 6b) asafunction of b. All experiments, whether forced by pressure and
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wind, or either alone, show maximum skill around b=2cm/s, consistent with results in
Section4.1. The weakest value of 0.5cm/s (or smaller) yields relatively small reduction in
variance or even add variance for the pressure-forced case.
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Figure 6. Dependence of explained (a) T/P data variance and (b) BPR on the value of b and the type of forcing.
Dashed line indicates variance at periods <20days.

The frequency spectrum of the model sea level is shown in Figure 7 for the near-optimal
vaueof b=2cm/s. Spectral anaysis was performed at every model grid point and the
power spectra were globally averaged. Some energy is present at frequencies higher than
1cpd due to linear interpolation of the 12-hourly forcing to the 1- minute model time-step. It
is interesting to note that the spectral shapes are very different between pressure- and
wind-driven components (h, and h,,) as shown by Ponte [1994].
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Figure 7. Globally-averaged power spectra of the Figure 8. Same as Fig. 7 but for the spectra of
simulated sealevel in variance preserving form for the  pressure forcing (red) and zonal (blue) and meridional
pressure-driven run (red curve) and for the (green)componentsof wind stress.

wind-driven run (blue curve).

Variability in h,, spreads over a wide range of timescales from afew days up to the
simulation period of 3 years. The shape of the spectrum for other values of b is not much
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different athough the total energy does depend on the magnitude of b. The dominant
energy is aways found at periods between 5 and 50 days, and local peaks are found at daily,
semiannual, and annual periods. The energy level of h, increases from the lowest
frequencies to about 0.1cpd, consistent with the increased energy level of the winds (Fig. 8).
However, sea level is relatively insensitive to winds at periods shorter than several days, and
reflects differences in the ocean's dynamics. As shown by Fukumori et al. [1998], long free
planetary waves do not exist at periods shorter than several days at high latitudes. These
high frequency winds instead generate (inertia-)gravity waves, which have kinetic to potential
energy ratios larger than those of long planetary waves and are more effectively damped by
friction.

High-pass filtered signalsin  h,,, obtained using a Hanning filter with 50% cutoff period

at 25days (~65% at 20days), still account for a fair amount of variability in the T/P data as
shown by the dashed linein Fig. 6. The explained variance is equivalent to the net reduction
in variance when the model sealeve is subtracted from the T/P data

In comparisonto h,,, the spectrumof h  has two separate energy containing bands; one

a ~1-2days and the other at 410days (Fig. 7). The spectral peak at 1lday is due to the
atmospheric § tide, which has a strong signal in atmospheric surface pressure. The higher

frequency band of h appears to reflect excitation of the normal modes of the global ocean

[Ponte, 1993], whereas the lower band contains the nonlIB response to the 5-day
Rosshy-Haurwitz wave and other large-scale pressure signals as discussed by Luther [1982],
Woodworth et al. [1995], Ponte [1997], and Hirose et al. [2001]. The IB response seems to
be quickly established in response to local pressure disturbances such as storms. The
elevated energy content of the lower frequency band also reflects a geostrophic response to
pressure forcing [Ponte, 1993] as evidenced by the near-geostrophic balance between the
smulated h, and velocity signals (not shown). Variations of h,  are negligible at periods

longer than 20 to 30days.

Simulated variability in h, at frequencies lower and higher than 1/2cpd (period of 2days)

explains 0.37 and -0.07cn? of the T/P data variance, respectively. The separation is again
performed by a Hanning filter with a 2-day cutoff period. There are several reasons for the
limited skill of the model at periods shorter than 2 days. The simulation may be limited by
the forcing interval (12 hour). The resonant nature of the response to pressure at periods <2
days may aso be more difficult to simulate correctly than ron-resonant signals. Ocean tide
correction might also remove from the T/P data part of the pressure-driven signals associated
with the atmospheric tides [Ponte and Gaspar, 1999]. Therefore, for the present model
configuration, removing from the datathe simulated h, signals with periods shorter than 2

days may not be desirable for purposes of dealiasing.
5. Data Assimilation

The data assimilation is expected to provide better estimation of the HF signals than the
simulation, even if the model has been tuned with respect to the friction parameter. The T/P

measurement is blended into the barotropic ocean model by way of Kalman filter as an
optimal method. Full application of the Kalman filter is still computationally too costly, and
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aseries of gpproximation is given by Fukumori [1995].
5.1. Error Estimation

Appropriate error covariances of data and model are required to perform the Kalman filter.
If their errors are uncorrelated each other, so-called “covariance method” often gives a good
measure of the error magnitude [Fu et al., 1993]. In the smplest form, the covariance

meatching may be given by

(y- x)*+x*- y?
2
2_(y_ X)Z- X2+y2

- 2

q* = )

r

©F

where g and r are the model and data errors and x and y are the model and data
themselves. However, this method does not work properly for the model error estimation in
this study. The mode error covariance (~O(10°cm?)) is 12 order smaller than the data

error (~ O(10"%cm?)) in the sea level and negative error covariances are estimated in many
regions. Uncertainty of the covariance matching estimation may exceed the magnitude of
the model error covariance. On the other hand, the data error covariance is estimated
reasonably by the covariance matching. It is noted that the data error includes real ocean
signals that is not interesting: model’s missing physics such as baroclinic variability in this

study.

The model’s error covariance is then estimated by following Gasper and Wunsch [1989].
Form of the model’s error covariance matrix is given by wind forcing covariance. Total
magnitude of the model error is empirically estimated by a number of preliminary
ass3milation experiment.
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Figure 9. Dependence of model’s explained variance on different magnitude of model’s error covariance.
Fudge factor indicates scale to forcing covariance. “ measup” and “dynup” stand for measurement updated
and dynamic updated, respectively.
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Figure 9 shows dependence of the model’s skill on the model’s error magnitude. The
factor 1 means that assumed model's error is the same as wind forcing magnitude.
Assimilated (or measurement updated) estimate X (t) can be as close as the observation if the

model's error is tuned to be large (or data error to small). However in such limit, the
observation is too much overweighted and the estimated state is strongly contaminated by the
observation error. By watching the forecast (or dynamically updated) estimate X(t,-),
model and data error may be regarded as independent and the skill of the assimilation can be
measured properly. In fact, the explained variance of x(t,-) takes maximum value near the

factor 0.2 (Fig. 9). The model's signal to noiseratio of 5 (=1/0.2) is areasonable order and
this study adopts 0.2 forcing covariance as amodd’s error covariance matrix.

Diagonal components (variance) of the estimated data and model errors are shown in Fig.
10. Model's eror that is equivalent to the measurement (i.e., sea level) is obtained by
integrating Riccati equation without measurement (i.e.,, Lyapunov equation) to reach
asymptotic steady solution using dowbling algorithm. See Fukumori et al. [1993] in detail.
Data error is close but dightly smaller than the data variance reflecting large missing physics
of the barotropic model. The model’s error pattern is nearly the same with the model's sea
level variance due to the assumption of wind form. Singal to noise ratio (Fig. 10c) tells that
the measurement information is practically assmilated to the model in high latitudes only
excluding Antarctic Circumpolar Current (ACC) region. Meso-scale variability elated to
ACC is hardly resolved by the coarse barotropic model and the strong signals of ACC
measured by T/P are treated as missing physics (or model’s representation error) in this study.
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Fig. 10. (a) Data and (b) model error magnitudes used in this study. Shown here is diagonal components of the

data error (R) and equivalent error of the model (H PsimHT). (c) Signal to noise ratio expected to
current assimilation.
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5.2. Results

Table 1 shows the explained variance of the simulation, forecast, and filtered estimates for
1993. Significant update from forecast to analysis (filtered) indicates the strong damping of
the HF signals where gravity wave is dominant. On one hand, much of the assimilated
information remained for the lower frequency signals (>20days). Geostrophic nature may
help to retain the measurement updated information for long time.

Horizontal plots of the explained variance for HF signals are shown in Fig. 11.
Difference between the simulation and te forecast estimate is difficult to see in the eye.
Only a small improvement may be found in southern end of the Pacific Ocean. Assimilated
information of the HF barotropic signals is dightly remained in the high-latitude regions
because T/P covers high-latitudes much denser than low-latitude and the repeat cycle can be
3days or shorter praectically.

The filtered estimate (Fig. 11c) captures sea level measurements at most of the high
latitude basins. Further analysis of the assimilated result, especially comparison to
independent observation to validate the assmilation, is expected in near future.

0 60 120 180 240 300 360

(cnP) HF LF Al 60
Smulation | 1.23 154 2.60 30
Forecast | 1.32 233 3.39
Filtered | 429 279 5.15

-30

Table 1. Explained variances of the simulation, -60
forecast, and filtered estimatesin 1993. “HF’ and

“LF" indicate the signals at the period higher and
lower than 20days. “ All” means total variance. 60
30
0
-30
-60
60
30
0
-30

0 60 120 180 240 300 380

Figure 11. Explained variance of HF part of (a) simulation,
(b) forecast, and (c) filtered estimatesin 1993.
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6. Summary and Discussion

This study has addressed several issues relevant to improving the predictive skill of a
barotropic shalow water model by comparing the model output to observations. The
globally-uniform optimal friction parameter b that minimizes the differences between
model and observations was found to be around 2cm/s. This friction, corresponding to a
damping time scale of a few days for an ocean 5000m deep, is a surprisingly large value in
comparison with values previoudy used, as discussed, for example, by Ponte [1993, 1997].

The smilarity in horizontal variations of the optimal friction parameter and the
topographic roughness suggests that the friction may reflect the damping effect of small scale
topography on the barotropic motion. This may be related to the scattering of barotropic
motion into baroclinic waves at steep topography [e.g., Bell, 1975]. The average estimated
strong damping coefficient (~2cm/s) is in sharp contrast to optimal values found in relatively
flat regions (0.5cm/s or smaller). Spatialy varying parameterizations of bottom friction
have been tried before [e.g., Mathers and Woodworth, 2001]. Parameter estimation
techniques such as the adjoint method or an adaptive technique may help to obtain the optimal
spatial distribution of the friction parameter as well as depth variations best suited for a given
modd configuration.

Wind-driven signals h, explain a large amount of the variability in the T/P data and
BPRs a mid- and high-latitudes. Model h, signals at periods shorter than 20days account

for 1.5cn? in T/P variance when averaged globally. As h,, signals have a richwavenumber
and frequency spectra, such modeling approach is likely to be more effective in correcting the
potential aliasing effects of high frequency h, variability in altimeter observations, as
compared to other methods based on andyticd filters.

The shallow water model driven by the NCEP atmospheric pressure accounts for a small
but positive portion of the T/P data variance. Considering only frequencies lower than
1/2cpd explains a larger amount of variance (0.37cnt when averaged globally) than otherwise.
The basin-scale nonIB response b the 5day Rossby-Haurwitz wave [Woodworth et al.,
1995; Ponte, 1997; Hirose et al., 2001] and the more general quasi-geostrophic response to
pressure seem to be well simulated. However, simulation of the shortest periods (<2days) is
not successful. The sealevel signals measured by the altimeter at periods shorter than a few
days consist of many elements. pressure-driven component, ocean tides, orbit error, etc.
These components require further study so asto distinguish h,; signds from other effects.

The present model ill leaves much room for improvement. The model domain is
limited to 65°N. The Arctic Ocean should be included considering possibly large barotropic
motion in this basin due to strong forcing and weak stratification. Other large margina
basins, such as the Mediterranean Sea, also need to be included to better account for the
effects of barotropic motion on satellite gravity measurements. The grid spacing and forcing
interval can be made much finer using modern high-end computers. Pressure and wind
fields from different weather centers, or remotely-measured scatterometer winds, may
produce better sea level smulations. The simulation period can be further extended to meet
the operationd needs of dedliasing satellite sealevel and gravity measurements.
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Preliminary results of T/P data assimilation with the barotropic model were also reported.
The assimilation using approximate Kalman filter successfully detects 4.29cnt HF sea level
variance on global average that is 3.5 times larger than the ssmulation. Smoother (backward
filter) is then expected to provide more consistent estimate because the current HF
assimilation quickly loses the assimilated information as demonstrated by similar skill
between the forecast (1.32cn?) and the simulation (1.23cn?). The comparison to
independent observation such as BPR or earth's angular momentum is aso interesting.
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Abstract
Eddy resolving cgpedity of dtimeter in terms of different orbit configurations is a sgnificant problem for

ocean research and for future plans of dtimeter missons. We evd uate space-time scales of eddy-induced sea
surface height disturbances datidticaly for globa ocean. The eddy-induced sea surface height disturbances are
detected from TOPEX and ERS, respectively, by dong-passfiltering. The smilar space-time scaes for eddy
disturbances are evduated from both TOPEX and ERS data. The spatid scales are ~60 km in high latitudes,

while those are alittle larger ~100 km in the mid latitudes. The timescaes are large in high latitudes >50 days
and very short in the equaor.  The peragent timescdes are larger than 50 days in modt regions  The
dtimeter data indudes random noise, which is dso detected in the present andysis  The random noise of the
ERS daais 1 am larger in roo-meansguare (RMS) vaues then that o the TOPEX data Magpping capacity

for bath the orbits are dso teted. Gridded sea surface heights are obtained by space-time optimum
interpolation (Ol) gpplied to the dong-pass sea surface height, using the estimated gpace-time scaes and the
RMS variability of eddy disturbances and the random noise of the data. The eddy fields obtained from the
TOPEX have smdler ructures than those from the ERS, which are derived by the large orbit spacing of

TOPEX and do not reved adequate eddies. Although the ERS dataindudes larger observation error than the
TOPEX data, andyss error from the ERS is edimated smdler and more homogenous than thet from the
TOPEX. Orhit configuration of the ERS is proven to be more gopropriate for mapping smal-scaeeddy
fields then thet of the TOPEX. Despite the large orbit spacing, however, the TOPEX has fairly well cgpadity
to cgpture eddy fidds ~ Additiondly, eddy resolving capacities for joint TOPEX-ERS orbit and
Jason-1-TOPEX tandem orbit are dso investigated. Analyss eror esimated amallest for the Jasont 1-TOPEX
tandem orbit in comparison with the orbits of the joint TOPEX-ERS, the TOPEX doneandtheERSaone.
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1. Introduction

Sadlite dtimeters have been providing useful information for ocean research and operations by messuring
sea surface height that reflects verticd dructure of ocean. The ERS-1, launched in 1991, the ERS 2, the
fdlow-on dtimeter of the ERS 1, and the TOPEX/POSEIDON, launched in 1992, have been contributing
recent progress of the oceanography, because of those excdlent accuracy for the measurement.  The current
dtimeter mesesures sea surface height just under the satdllite. Exactly repeating the same orbit, the dtimeter
can detect tempord variation of sea surface height dong the grand passes of the satdlite orbit. Spacing and
repeet period of the measurement depend on the orbit configuration.  In case of the TOPEX/POSEIDON,
repeet period isadmog 10 days and spacing of the doses, pardld orbitsis 315 km dong the equator, while, in
cae of the ERS 35-day-repeat misson, spacing is 80 km dong the equator. The repest period and spacing are
inversely proportiona to each other in principle.

Capecity of representing eddy fields is expected to depend on the orbit configuraion of dtimeter. Chelton
and Schlax [1994] is the pioneer who investigated resolution cgpacity for dtimeter observation, and they
showed that the spatid and tempord resolving scdes are 3-degree and 30 days for Geost that takes
17-day-repeat orbit, conduding the Geosat orhit is not appropriate to mapping eddy fidds  Ichikawa and
Imawaki [1996] investigated SN ratio of optimdly interpolated fidds from data dong the Geosat pases and
showed that wavdength of sgnificantly detectable phenomena is >600 km.  Kuragano and Shibata [1997]
conducted a amilar test for the TOPEX/POSEIDON, and showed that mapped fidds have noise exceeding a
haf of given 9gnd for the wavdength of <700 km a the equator. Their mappings were conducted by
interpolation applied to the datain space coordinates or even space-time coordinates but artificidly limited time
span.

All thar results indicate that mgpping of smdl-scde (~100 km) eddy fidds from the TOPEX/POSEIDON
dore is quite difficult because of itslarge orbit gpacing.  Although the ERS may be preferable for mapping
eddy fidds a large repedting period of 35 days may causes inadeguate disturbance assodiated with repidly
varying eddy. It needs tempord interpolation for such sampling deta. Then sace-time Ol wasproposed and
goplied to the data in a few cydes for eddy-scde vaidbility.  The Ol, which provides andyds error and
makes it gatidicaly minimum, requires gdigtica information for obsarvation error and fird guess eror a
priori. Many of the sudies gave a Space-time scae as a goace scae function multiplied by an independent
timescae function [Hernandezet d., 1995; Larnicol et d., 1995; Le Traon et d., 1999]. It is ill impossible
for such Ol to mgpping eddy fidds usng TOPEX/POSEIDON done.  Larnicol et d. [1995] showed that
mapping eddy fidds from TOPEX/POSEIDON done losss 70 % of Sgnds between pesses  Therefore,
multi-atimeters are used jointly to obtain better eddy maps [Hernandez & d., 1995; Le Treon e d.,1998).
DeMay and Ménard [1989] succeeded to map eddy fidds from GEOS 3 done by taking account of theoretical
propagation speed of the Rossby wave. Kuragano and Kamachi [2000] (KK 2000 henceforth) adopted smilar
idea in mapping of sea surface height fram the TOPEX/POSEIDON. They used ddidicd propagetion
characteridics of disturbances, which are estimated by fitting an anisotropic space-time Gaussan function to
corrdation coeffidents of sea surface height from the TOPEX/POSEIDON. The spdid scale wes ds0
edimated and it is ~100 km in the region where eddy activity is large, such as in the western boundary current
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(WBC) and the Antarctic Circumpolar Current (ACC) regions. The sea surface height map by the space-time
Ol reveds eddy wdl in such region. This is due that they conddered ‘redidic’ propagetion of disturbances
and then took time difference of different cydes into account gppropriatdy. This spacetime Ol can provide
map a ay andyds time even from the ERS daa of a larger repeat period. 1t is a big intere how much
differences are caused on the resol ution capacity of the space-time Ol by the different orbit configurations.

The degtingtion of this paper is to compare the resolution cgpecity between TOPEX and ERS in
condderation of the orbit configuration and the redlidtic eddy disturbance. The daigticd gpacetime scaesof
eddy disturbance and obsarvation eror are cdculated from both dtimeter data by the method of KK2000.
Eddy-induced sea surface height fidds and its analys's errors are caculated using the spacetime OI. {The
gpace-time scale estimated by KK 2000 isthat of acomposite of various ocean phenomenaand strongly reflects
on a dominant phenomenon.  Therefore, the eddy fidlds cannat be andyzed in he region where eddy activity
isnot dominent.) Synthetic eddy fields are usad to investigate resolution capacity and vaidete the capacity for
red eddy fidds. Moreover, we will discuss capadity of multi-sadlite orbits, such as joint TOPEX-ERSand
Jason-1-TOPEX tandem mission.

Altimeter data and data processng method are explained in section 2. Space-time scdes are edimated
from TOPEX and ERS, respectivdy, and are compared with each other in section 3. Objectivedly andyzed
eddy fidds from TOPEX and ERS are compared in section 4. Section 5 devotes discusson induding the
capacity multi-satellite orbist.
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Figurel. Ground passesof the TOPEX (solid line) and ERS (dashed line) in the western North Pacific.
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2. Altimeter data and data processing method
2.1 TOPEX/POSEIDON and ERS altimeters

The TOPEX/POSEIDON takes an exact-repeat orbit, revalving the earth 127 times in 9.9156 days, and
observes sea surface height dong 254 passes between 66°S and 66°N (ground passes over the western North
Padfic ae shown by solid lines in Fgure 1). This one series of obsavaion is cdled ‘cyde. The
TOPEX/POSEIDON has two dtimeter sensors: the duafrequency dtimeter TOPEX was developed by the
NASA (Naiond Aeronautics and Space Adminidration), ad the Sngle-frequency dtimeter POSEIDON
developed by the CNES (Centre Nationd dEtudes Spatides). Because the two dtimeters share one antenna,
they do not work a the same time. The TOPEX works for most of the period, and the POSEIDON works one
cycle per aout 10 cydes. Though the accuracy of these two dtimetersis Smilar to eech other, thereisalittle
bias between them. Therefore, the TOPEX altimeter data alone are used for the present analysis.

The ERS 1 takes saverd orbit configurations It takes a 35-day-repest orbit from April 1992 to December
1993 and from March 1995 to May 1996, revolving the earth 501 timesin 35 days (ground passes are shown
by dashed lines in Fgure 1). The ERS 2 takes the same 35-day-repeet orbit from the beginning, April 1995.
The datafrom the ERS-1 and ERS 2 are trested as awhole. The data compiled in the CORSSH provided from
the AVISO (Archiving, Vdidaion, and Interpretation of Satdlite Oceanographic Data) are usad for the present
andysis[AVISO, 1997].

2.2 Data processing method

The TOPEX daa from cyde 11 to 272 (from December 31, 1992 to February 11, 2000) are extracted
fromthe MGDR-B [Benada, 1997]. The ERS 1 datafrom cyde 6 to 18 of phase-c (from October 5, 1992 to
December 23, 1993), ad from cycde 1 to 13 of phase-g (from March 24, 1995 to June 2, 1996), and the ERS -2
datafrom cyde01to 46 (from April 29,1995 to September 24, 2000) are extracted from the CORSSH [AVISO,
1997].

Medig, tide, and eectromagnetic bias corrections are gplied for the TOPEX data according to Benada
[1997], while the ERS data corrected for those vaues are compiled in the CORSSH. The meen sea surface
height is subtracted with the purpose of reducing the difference of the geoid heights between messurement
points. Inverse barometer is also gpplied.

To goply the callinear method and dso to save computer resources, 27-km averages are ca culated between
66°S and 66°N for the TOPEX and between 80°S and 80°N for the ERS, which is a complete span for eech
pass. The averaging yields a Nyquist wavelength of ~54 km.

A s urface haight anomay (SSHA), which is an anomaly from the meen sea surface, is cdculated &
each 27-km aong each cyde/pass with the collinear method. The mean sea surface is caculated for the
period 1993-1998 for the TOPEX data, and the period December 16, 1992 — December 16, 1993 and October 8,
1995 — October 7, 1999 for the ERS data. The mean sea surface height is determined & each pogition where
the data is obtained over 80 % of te period. If the mean sea surface height is not determined, no SSHA is
available at the postion.

The SSHA is smoothed aong the pass using the following function,
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where h° is the smoothed SSHA, h° the SSHA, | the coordinate dong the satdlite pass, L the cutoff scale for
the samoathing (4L represents the cutoff wavelength). The resdud SSHA, h(l) - h°(1), denotes eddy-induced
SSHA (induding random error as described in section 3.1). The length 400 km is selected for the cutoff scde
L, corresponding to the wavelength of 1600 km. The reasons of this selection are as follows.

Fgure 2 shows averaged wavenumber spectrum of SSHA dong al passes which have SSHA sies
continued for >13600 km. The spectrum has a dight depresson low a wavdengths 1000-2000 km on the
comparison with indination of k. The dight pesk of the spectrum a wavelength 400-900 km can be
corresponding to eddy activity. Wavenumber spectra for the smoothed SSHA and theresdud SSHA aredso
shown in the Figure 2. The resdud SSHA conserves the strong spectrum peek a waveengths 400-900 km.
KK?2000 egtimated the space-time scaes from TOPEX/POSEIDON data without scale decompogtion. The
edimated spatid scaes are <240 km (corresponding waveength is €200 km: waveength corresponds to
about 5time length of e-folding scale) inldituding direction in the regionswhere eddy activities are dominart,
as mid lditudes of the western North Padific and the North Atlantic, mid and high Iatitudes in the Southern
Hemisphere. The esimated patid scdes are >400 km (corresponding wavdength is >2000 km) in latituding
direction in the regionswhere seasona steric variability isdominant, asthe easternNorth Padficand subpolar
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Figure 2. Wavenumber spectra of SSHA aong passes. Bold line (thin and dashed lined) shows a spectrum of SSHA
(smoothed and resdud SSHAS). (8) Averaged spectrafor total 10103 passes of TOPEX (59 passes for each cycle). (b)
Averaged spectra for total 12118 passes of ERS (178 passes for each cycle).
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of the North Padific and the North Atlantic. The estimated eddy scdes are influenced by geric variahilities,

and the edimated scdes of deric vaidilities are by eddy activities The actud scdes of eddies (deric
vaidhilities) are amdler (larger) than the etimated vaues. Therefore, the filter which consarves varidaility of
wavdength <1000 km and diminates those of wavdength >2000 km is gppropriate. Moreover, dudiesdf in
Stu dataimply that the cutoff wavdength of 1600 km is proper to diminate large-scae variahility. Colos and
Barnett [1990] shows large-scale SST variability has an efdlding of 1600 km in the Southern Hemisphere
usng COADS and TOGA drifter data  They diminate eddy scale vaiability by averaging 4° lditude x 4°

longitude, which has the similar effect with the above smoothing.

Adopting a function Sin(2ys/L)/(30s/L) instead of Gaussian function in (1), the spectra are cut off sharply
for the resdud and smoothed SSHAs. Thisis ancther candidate for the smoothing function and ssems more
preferable for decompostion of ocean phenomena  However, the results of pacetime scdes are quite
sensible to length of cutoff scale. Therefore, we did not adopt it.

3. Statistical space-time scales of eddy variability
3.1 Calculation Method

The present udy isfocused on eddy variability, and the smoothed SSHA isnat discussed. Therefore, we
abbreviate resdud SSHA as obsarved SSHA heredfter. The obsarved SSHA is sum of eddy-induced vaue
(true SSHA) and obsarvation eror. We estimate efolding scae of eddy-induced SSHA using pacetime
Gaussian function fitted to correlation coefficients of the observed SSHA by gpplying themethod of KK 2000.

Fgure 3 shows geogrgphica digributions of longitudingl and latituding scales of true eddy-induced SSHA
edimated from the TOPEX and the ERS, Fgure 4 decorrdaion and peragent timescdes, Figure 5 phase
gpeads for longitudind and latitudina directions, and Figure 6 RMS variahilities of true SSHA and random
error in the obsarved SSHA.  See Figure 2 in KK2000 for definitions of the spatid scale, timescale and phese
Speed.

Fgure 3 shows that the gpaid scde is smdler as in higher lditudes, and minimum is <60 km, while it is
large in the low Iditudes, espedidly in latitudind direction. This anisotropic oetid scde may reflect on not
only eddy but dso seasondly varying zond currents sysem in the low aitudes The obsarved SSHA, the
resdud of the smoothing, contains zond current sructure thet is spatialy smal dong-pass direction but quite
large in zond direction. Therefore, it may not be proper to condude thet the present patid scale s reflected
on eddy variability done.  However, it is no doulot on thet eddy scde is larger in low lditudes then in high
latitudes, because latitudinal scale is larger as in the lower latitudes.

Figure 4 shows thet the decorrdaion timescdes are large, >60 days, in the high latitudes. The persgtent
timescdes are ds0 large except for low lditudes and western boundary current (WBC) regions. The
decorrdation timescae is gmdler then the persstent timescale, because eddies propagates rgpidly. The
relaion between spaid scade and propagation speed determines decorrdation timescde The propagation
direction is generdly westward and its speed issmdler in high lditudes.  Eddies aso gppear to betransported
by strong currents, such asthe ACC, Kuroshio, Agulhas Current and Labrador Current, and the persistent
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Figure 3. Spatia efolding scdes of eddy-induced SSHA digurbance (km). (@) Longitudina scaes etimated from
TOPEX data, (b) latitudina scalesfrom TOPEX data, () Longitudina scalesfrom ERS data, and (d) latitudinal scalesfrom
ERS data.
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Figure4. Tempord efolding scales of eddy-induced SSHA disturbance (days). (8) Timescaes estimated from TOPEX
data, (b) persgtent timescaes from TOPEX data, (c) timescaes from ERS data, and (d) persgtent timescaes from ERS
data.
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Figure 5. Phase speeds of eddy-induced SSHA disturbance (cm/sec). (a) Phase speeds for longitudina direction
edimated from TOPEX data, (b) those for latitudind direction from TOPEX data, () those for longitudina direction from

ERS data, and (d) those for latitudinal direction from ERS data.
(a) Varfability of True SSHA cm) - TOPEX (c)

=

Figure6. RMS variability of eddy-induced SSHA (cm). () RMSvariahility of true SSHA estimated from TOPEX data,
(b) those of random noise among different TOPEX aong pass data, () those of true SSHA egtimated from ERS, and (d)

those of random noise among different ERS along pass data
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timescaes are amdl in these regions. The direction of propagation may be ungable under the influence of the
strong currents.

Chdton and Schlax [1996] edimated propagation speeds of SSH disturbances using time-longitudesection
of SSH of the TOPEX. Thar edimated soeed is larger than the theoretical gpeads of fredy propegating,
nondispersive, linear, fird-mode barodinic Rosshy waves which are estimated from the Rosshy deformation
radius of Emery [1984]. Chdton et d. [1998] caculated the Rossby deformation radius and the theoretical
speed using the recent grid aita condracted by the Nationd Oceen Data Canter.  The differences Hill reman
in the dgnificat leve, however. Killworth & d. [1997] showed the theoreticd Speeds of firg-mode
baroclinic Rosshy waves becomes smilar leve to the speed of Chelton and Schlax [1996] by taking account of
the influence of second-mode Rossby waves. The present propagation directions of the eddy disturbances are
generdly wesward and the gpeads are smdler as in higher latitudes (Figure 5). The presant speeds are rather
grdler then the theoretical speeds by Chdton & d. [1998]. This is due to the difference of estimating
methods.  Long lifetime, over one year, disturbances are subjectively detected from the time-longitudesection,
while Gaussian function is fitted © the daa for a few months lag. The esimated propagation speed from
Gaussian fitting may be modulated propagation speeds of fird-mode Rosdoy waves and higher-mode ones
The geogrgphicd didribution of the present gpeed has a amilar pattern with that of theoreticd speed of
Killworth et a. [1997] including eastward propagating regions, though the present valuesare much smdler.

Fgure 6 shows thet large variability appears in ACC and WBC regions, such as the Kuroshio, Kuroshio
Extension, Gulf Stream, Gulf Stream Extension, Agulhas Current, East Audtrdia Current and Brazil Current.
Sightly large vaues dso gppear a southern boundaries of subtropica gyres in the Southern Hemisphere. The
ocean condiition in these regionsis characterized by varying strong currents and pinch off eddies associated with
the large indination of sea surface dynamic height. 1t makes sea surface height variability large. The sable
eddies assodated with Cdifornia Current makes the SSHA variahility dightly large in the eestern North Pedific.
The vaiahility is however, quite amdl off west of the Cdifornia Current, showing these eddies disspate soon
as propagating westward. The large variahility with the Legeckiswave, indability wave, isssen dong just north
of the equator and Codta-Rica eddy are do edimated. The error is generdly large in the region where the
SSH vaiahility is large The aror is assodated with noise-levd as white spectrum a high frequency, which is
genardly large when the totd energy islarge. The eror for the ERS is alittle larger then the TOPEX, ~1 cm
in RMS. This can be presumed from the both spectrum in Figure 2, which show the larger energy in high
frequency for the ERS than the TOPEX.

4. Mapping of eddy field using Optimum Inter polation
4.1 Space-time Ol Method

The Optimum Interpolaion (Ol) is conducted in the pace-time domain with the spece-time scdes ad
obsarvation error datidicaly obtained in section 3 and shows differences of grid point values (GPV's) of SSHA
from the TOPEX and the ERS. The ERS-1and —2 hasatandem phase during April 1995 — May 1996. The
orbit configurations are discussad for the resolving cgpadity of eddy. Therefore, the ERS 2 datadoneis used
to avoid redundancy of the passes, if amapping time is induded in the period of the tandem phase. If SSHA
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of zero (cm) is adopted for the first guess, true SSHA isthe error of thefirg guess Therefore, the covariance
of the fird guess is compasad of the spacetime scde and RMS vaiahility of the true SSHA. Though the
indrumenta and correction errors are usudly adopted asthe observation error for the Ol, we adopt the random
eror esimated in section 3 as the obsarvation error, because it isaresdud of the true vaue in the observed
SSHA. Obsavation error has no corrdaion between the data on different passes and dso on different cydes
even inthe same pass. The observation error may have corrdation only between the data on the same pass of
the same cyde. One-dimensond Gassan function s fitted to the corrdation coefficients of the observed
SSHA dong pass  Then we can get a corrdation function for the totd variation of the true SSHA and a
correlated eror. Compaison of the one-dimensond corrdaion function and he space-time corrdation
function derives the corrdation function of the observaion error and its variance (see KK2000). The Ol is
goplied to the TOPEX SSHA using datigicsfrom the TOPEX, and to the ERS SSHA using datidicsfrom the
ERS. As the space-time scales from both the TOPEX and the ERS are amilar to each other, the Smilar ocean
phenomena must be andyzed for both dtimeters. Grid point values (GPVs) a every 0.5° x 0.5° are cdculated.
The data in the region where the firg-guess error has a corrdation coefficient >exp(-1) with the grid paint is
selected. Number of the selected data are 100 - 200 for each grid in the region around Japan.
FHgure 7 shows the SSHA maps and andysis error maps drawn on the bed's of the GPV's dbtained from the
TOPEX and ERS, respectively. The analysis error e, of gridded vaue calculated by the Ol is

egzsg_/l- éj,wiré ' 2

where s istheRMSvariahility of thefirst guesserror & thegrid point, w; the weight coefficient for detum
i, nf, the correlation coefficient of the first guess error between the grid point and detum point i, i is the deta
number and N is the total number of the data adopted for the Ol calculation for the grid point.

The mgp from the TOPEX indudes smdler sructures then thet from the ERS does  Andys's error map
from the TOPEX shows low vaues redtricted to pass location and rdative maximum a each center of the
diamond area endosed by the nearby passes Though the Smilar characteridtics are recognized on the error
map of the ERS, it is naot o large as the TOPEX and amid| error is not necessaxily restricted dong passes (see
Fgure 7d, rddive maximum error is propageting wesward).  Although the ERS SSHA hes larger
obsarvation error than the TOPEX SSHA has, andyss eror from the ERS is generdly smdler then thet from
the TOPEX. The smdl scde SSHA dructures in TOPEX migp (Figure 7a) are causad by large spacing of
TOPEX passes.
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Figue 7. Results of spacetime optimum interpolation (I). The eddy-induced SSHA maps are based on interpolated
vauesat 0.5° x 0.5° grids obtained by spacetime optimum interpol ation applied to a ong-passatimeter data. Andysisdate
is January 3, 1996, and unit iscm. (a) SSHA fields from TOPEX, (b) andysis error for (a), () SSHA fields from ERS,

and (d) analysiserror for (c).

4.2 Capacity of space-time Ol
The main target of the present peaper is to investigate how much actud eddy SSHA can be recondiructed

by the statistical Ol applied to the altimeter data. Figure 8 shows the globd distribution of the value g wit

(=(s2*- ¢, /s?*) in (2). The vaue means a variance ratio of the GPV to the first guess error, indicating

]

how much rate of the true SSHA is recongructed by the Ol. The recongruct rate isavaue like an inverse of
the andyss eror. Figure 8 shows tha SSHA is nat recongtructed wel in extrendy high latitudes, the
equatorid region, the coastd seasand northeest of the North Pecific.  Except low latitudes the recongtruction
rate for the TOPEX andys's shows meshtlike didribution.  In such regions the recongruction rates are >90%
aong the TOPEX passes and <60% a many midpoints of diamond arees. Suchmeshtlike digtribution cannot
be recognized for the ERS andlysis. In the comparison with Figure 8aand 8b, it is acceptable thet the ERS data
is preferable to andyze eddy-induced SSHA. 1t is confirmed by the globd mean andyss error, which is 2.15
cmfor the TOPEX and 1.96 cm for the ERS. The recongruct rate for ERSis, however, smdler then thet for the
TOPEX in the equetorid region and some aressin high laitudes. In the worst case, GPV is nat calculated as
blank in Figure 8b.

The recongruction rate depends on the gpace-time scale, the degree of Iditude and the orbit configurations

101


ootake yoshiyuki
101


In order to darify the dependency, synthetic eror covariance is assumed for the fird guess and the
recondruction rateis caculated for the TOPEX and the ERS. The test Ste isthe center of each diamond area
(amidpoint between passes a latitude of cross over point), where the recongtruction rete is expected to be a
minimum in the diamond area. No lack data is assumed dong dl passes as by land. The adydstimeis
sdected a every 12z of continuous 10 days for TOPEX and 35 days for ERS, and the minimum rete is adopted.
Figure 9 and 10 show the recongtruction rate as afunction of laitude, changing firs-guesserror covariance, i.e,
space-time scales and westward propagation speed. RM S variahility of the observation error is given asthe haf
of thefirst guesserror. Observetion error isassumed not to correlate with those for data.on different passesar

(a) Reconstruction Rate (%) — TOPEX

- = e
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Figure8. Global maps of reconstruction rate for realistic eddy obtained from (a) TOPEX and (b) ERS.
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Spatial scale and persistent timescale (e-folding scales)

are changed for each figures as indicated. Propagetion
Speed are selected westward 1 (dotted thinline), 2 (broken
thin line), 2.8 (thin line), 4 (dotted bold line), 5.7 (broken
bold line), 8 cnmysec (bold line) also indicated in each
figures. The ratio is caculated at the midpoint of
diamond area enclosed by nearby 4 passesin dl different
latitude. The spetia scaeis (8) 40 km, (b) 60 km, (c) 80
km and (d) 110 km with the same timescale of 80 days.
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in different cydes Hdf of the observation error isassumed to corrdate dong pass with e-folding scae of 200
km, and the rest no corrdation with those for data on the same pass of the same cyde. Natetha thisis not like
a meridiond section of the recondruction rate in Figure 8 but an envdoped ine of minimum those from
diamond to diamond.

For the TOPEX, the recongruction rate & each midpoint of diamond area changes regularly dong meridian.
It is lower in lower latitudes, for smdler propagation speed, for amdler spatid scde and dso fa smdler
timescde (difference for timescde is not shown in the Hgures). This shows thet the recondruction rate largdy
depends on the rddive dengty of data againg the scae of the first guess error.  The passes of the TOPEX
aray dmog continuoudy but with wide spacing in comparison with the spece-time scde of the eddy
disturbance (Figure 11aand 11b). The number of the data adopted for calculating GPV becomes large
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Figure1l. Time-longitude section of relative orbit locations for gpace-time optimum interpolation. Closed circlesindicate
ascending passes, and open circles descending passes. (a) Latitude of 37.12°N of the TOPEX orbit, and lineindicatestrail
of eddy propagating westward 8 crm/sec. (b) 41.18°N of the TOPEX, and line of westward 7.5 cnvsec. (€) 34.25°N of the
ERS, and line of westward 4cm/sec. (d) 35.47°N of the ERS and line of westward 4 cm/sec.
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when spatial scaeislarge, tempora scaleislarge, propagation scaeislarge, and degree of latitudeishigh.
The recongruction rate for the ERS is ds0 higher for amdler spacetime scde (Fgure 10). The
digribution dong lditude is not 0 Imple as that for the TOPEX. Ignoring jagged feeture dong latitude, the
recondruct rate has a locd minimum a different Hitude depending on the propagaion speed (Figure 10a).
For example, the minimum rate locates on the equator for propagation gpeed 5.7 cmvsec, Idtitude of ~30° for 4
cm/sec, ~50° for 2.8 anvsec, and ~60° for 2 crmvsec. Fgure 11c¢ showss that propagating dsturbance with 4
cm/sec passs dl crossover paints @ the same timing in a cyde a the lditude ~34°. Therefore, if the
disturbance locates between space-time sampling points, it cannot be detected well. As pacing between the
cross over point becomes amdler in higher latitudes, propageation speed of undetectable disturbance becomes
gamdler in higher latitudes Much fagter propagating disturbance aso happens to locate between soacetime
sampling points, especidly smdl spatid scde disurbance (see 8 cnv/sec in Fgure 108). The spacetime
sampling points (Figure 11c) indicate that disturbance with propagation speed multiplied by round number dso
can not be detected wdl a the same latitude. The hdf of 8 cmvsec is 4 crvsec, one third of 8 cm/secis2.7
cnvsec, and one forth of 8 cmvsec is 2 cmvsec. The recondtruction rete for propagation speed 8 amvsec has
locd minimums & ldaitudes ~26°, ~50° and ~64° where the recondruction rate hes a loca minimum for
propagation speed 4, 2.8 and 2 cm/sec, respectively (Figure 108).  In terms of jagged feeture, the latitude
34.25°N is where the rate has locd minimum for propagation speed of 4 cm/sec. At this Iatitude, the
ascending and descending passes dmogt overlie to each other (Figure 11¢), therefore the sampling dengity is
subgantidly ahdf of thet at latitude of 35.47°N (Figure 11d). The cross over laitude like Figure 11c and thet
like Fgure 11d are arayed dmog dterndively dong latitude. Such orbit configuration makes the jagged
feature of the recondruction rate. The Smilar Stuaion occursfor the TOPEX in case of amdlest spetid scde
of 40 km and larger propagation speed of 8 cm/sec (see Figure 11aand 11b in comparison with Figure 9a).
In generd, spatid scale and propagation speed be comes smdler asin higher laitudes (see Figure 3 and 5).
This fact makes the recongruction rate for the TOPEX low a midpoints of diamond aress in latitudes >20°.
Neverthdess the rate is quite high dong passes because of the shortly repeating observaion.  This results the
meshtlike didribution of the recongruction rate for the TOPEX (Fgure 8a), showing difficulty of mapping
eddy fields from the TOPEX observation.

The ERS has a high recongtruction capacity for smal propagetion speed even in high Iditudes (Figure 10a).
This makes the rate for the ERS remaning high. The large repesting time intervd does not make the rate
extremdy high. These facts make a homogeneous digribution of the rete, fortunatdly. The ERS obsarvation
is much better to detect the redidic eddy digurbance. However, the rate is quite low in the equetorid region,
where the large propagation speed and short timescale are recognized.  The other areawith low recongtruction
rate for both TOPEX and ERS ae manly where smdl spatid scdes are recognized.  Fortunatdly, eddy
activity in such areasis quite smal (Figure 6).
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5. Discussion

The am of the present study isto darify the capedity of the TOPEX and the ERS for detecting characteritics
of eddy variability and mapping eddy fieds on the rdaion with the orbit configurations. The spacetime
scdes of eddy vaidhility are obtaned by fitting gpace-time Gaussan function to corrdation coefficients of
aong-pass SSHAs didributed in the 2dimangond space and tdimendond time doman. The specetime
scdes are obtained as an averaged vaue for 2°-Idtitude x 4°-longitude & every 2° x 2° grids in the globa ocean.
The Gaussian function can reved dso propagation speed of the SSHA disurbance and SN raio of the
observed SSHA. The RMS variahilities of the true SSHA and random error of the observed SSHA, therefore,
can be detected by taking account of the RMS variability of the observed SSHA. The digtributions of spetid
scde, timescale, propagation speed and RMS of true SSHA vaiahility are quite Smilar between the results
from the TOPEX and the ERS. Thefitting method is tested for synthetic corrdlation coefficients distributed in
the gpace-time domain according to the orbit configurations. Far both TOPEX and ERS orbit configurations,
the fitting does not work well for eddy variability with smdler scales and fagter propagating than the redidic
eddy. Htting error may be caused in the margind sees, because the corrdaion coefficients are not obtained &
land. The propagation speeds have some differences in such margind sees between the TOPEX and the ERS.
Except such margind sees, the test shows that the differences of the orbit configuration do not influence much
to estimating statisticd characteristics of the redlistic eddy variability.

The mapping cgpacdities of the TOPEX and the ERS orhits are invedtigated for the redidtic eddy fidds and
ds gynthetic eddy fidds. The mgp of the redidic eddy fidds from the TOPEX is influenced by the orbit
locations.  Although the obsearvation error of the ERS is larger than the TOPEX, eror of the andyzed fidds
from the ERS is smdler than the TOPEX. The Ol with synthetic eddy scdes for the firg guess error dso
showsthat the ERS can mapmuch smdller and dower propageting eddy then the TOPEX can. The ERS orbit
is more appropriate for mapping eddy fields than the TOPEX orhit.

Improvement of mgpping capecity is expected by combining the TOPEX and ERS. Fgure 12 shows the
example of the mapped fidds by combined the TOPEX and the ERS, where the firgt guess eror covariance
from the TOPEX is adopted and the obsarvation error covariances edimated from each dtimeter are adopted
for the respective dtimeters. Though the obtained SSHA map does nat so much differ from that obtained
from the ERS done, the andysds error is esimated much amdler. 1t might be concluded that the rdiability
becomes large by combining two dtimeter data. However, there should be careful trestment for combining
the dtimeters. The obsarvation error and the firg guess eror in the observed SSHA should be complements
eech of the other. This fact requires that the gpace-time scde and the RMS of the true SSHA estimeted from
the TOPEX and the ERS should have the same vdue. These datidticd feetures do not completdly coincide
with eech other, however. The andyss eror in Fgure 12b is esimated with no account of thisinconsstency.
Mapping from the ERS done is Smple and reliable enough, rather than overcoming the difficulty to removethe
inconsistency.

The targets of the TOPEX/POSEIDON misson are to detect large-scde ocean drculation and mean sea
level change. The orbit configuration of the TOPEX/POSEIDON was determined not only to mach these
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Figurel2. ThesameasFigure7, but for TOPEX and ERS combined analysis. (a) SSHA map, and (b) analysis error for
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targets but dso to reduce dias error of tide modd, which was a big problem of the previous dtimeters The
TOPEX/POSEIDON has contributed to the development of excdlent tidd modds  The developed modds
improved an accuracy of sea surface height of the TOPEX/POSEIDON and the ERS. Moreover, the ERS
data compiled in the CORSSH refersthe TOPEX datato diminate orbit error corrdaed dong pass[Le Traon,
et d. 1995; Le Traon, and Ogor 1998]. Though the ERS orbit is more gppropriate to mgp eddy fidds even
teking account of its obsaveion earor, such excdlent mapping was never dtaned  without
TOPEX/POSEIDON.

Jesontl, the folow-on dtimeter of the TOPEX/POSEIDON, will teke the same orbit as the
TOPEX/POSEIDON. The obsarvetion error is expected smdler than the TOPEX/POSEIDON, 25 cm RMS,
which is totd of orbit eror and indrumentd noise. The impact of this amal obsarvetion error will be
esimated by the Gaussian fitting scde estimation in our future work. If the TOPEX/POSEIDON ill works
after the cdlibration phase of the Jason-1, the tandem mission of the TOPEX/POSEIDON and the Jason-1 will
be conducted. One of candidates for tandem orbit configuration is that locating the TOPEX/POSEIDON a
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center between the Jason-1 orbit and ddaying haf cyde from Jason-1. The Ol for this tandem orbit is dso
tested, where the observation error of the TOPEX is adopted for thet of the Jesonl Globd mep of
recongtruction rate is shown in Figure 13, with those from TOPEX-ERS joint data for the comparison. The
results indicate much improvement from the andyss of TOPEX done and ERS done, of course The
meshtlike distribution remainsfor the TOPEX-ERS joint orbit. The recongtruction rate is more homogeneous
and higher for the Jason-1-TOPEX tandem, showing to be improved well by combining the Jason-1 and the
TOPEX. Globd averaged andyss errors are 1.80 and 1.71 cm RMS for the TOPEX-ERS joint and the
Jason-1-TOPEX tandem, respectively, whilethose are 2.15 and 1.96for the TOPEX doneandtheERSdone,
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Figure 13. Globa maps of recondruction rate for redigtic eddy obtained from (@) TOPEX-ERS joint, and (b)
Jason-1-TOPEX tandem.
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respectively. The tandem orbit shows the best performance for eddy analysis in these four orbits.

New dtimeters are proposad for Jason-2 misdon to atan high resolution. One of them is Smultaneous
operdion of afew andl dtimeters taking ther orbits shifted. Space-time rddive location of these dtimeters
should be determined nat to hide eddy disturbance among satdlite passes. I these takes the same repesat
period and orhit indlination as the TOPEX, a leedt three dtimeters are gppropriate to be dlocated into evenly
shifted orbits  Ancther is a wide swath oceen dtimeter (WSOA) with messurement of 200 km across pass.
For this dtimeter the discusson in the presant sudy may be no more problem.  Though the data can provide
maps for various phenomeng, careful trestment of the data, such as obsarvation eror, should be required to
detect required phenomenon.  The authors recommend the pace-time Gaussian function fitting as one of the
effective methods for the error treatment.
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Abstract

Relation between mesoscale sea surface height (SSH) disturbances and
nature of baroclinic instability of the North Pacific Subtropical Countercurrent
(STCC) was investigated using altimeter-derived SSH anomaly data during
1992-1999 and historical hydrographic observation data. Climatological annual
and monthly mean maps of sea surface dynamic topography show two robust
bands of eastward flow. One extends typically along 24 N from the Philippine Sea
to around 200 E and slightly shifts to the north as it flows toward the east
(northern STCC), and the other is located typically along 20 N and extends from
around 150 E to just west of the Hawaiian Islands (southern STCC). It was found
that an annual cycle of surface geostrophic velocity associated with the two
STCCs is much different: the northern (southern) STCC is strong from winter
(summer) to summer (winter) and weak in fall (spring). On the other hand,
seasonal evolution of mesoscale disturbances has almost the same cycle in the two
STCC regions. The eddy kinetic energy (EKE) is maximum (minimum) in spring
(late fall and early winter), and dominant zonal wavelength (A ) is the shortest in
late winter and has a tendency to shift toward the longer wavelength. To
understand these features, we conducted a linear quasigeostrophic stability
analysis using a three-layer model. The results indicate that in both STCC
regions the winter condition with large vertical velocity shear and weak
stratification is the most favourable for baroclinic instability among the other
season conditions. It is speculated that the seasonal evolution of EKE andA is a
manifestation of increasing nonlinear characteristics of the unstable waves and
the inverse energy cascade process, respectively.
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Subtropical Countercurrent: STCC
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Table 1. Parameter values used in the stability analysis (see the text). On the
basis of the monthly mean hydrographic data (Figure 4), these were set to be
constant throughout a year.

Region Hi, m H2, m H3,m Uz msl @g'23, ms2
Northern STCC 125 525 4150 0 0.017
Southern STCC 125 375 4300 0 0.017
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Figure 1. Climatological annual mean sea surface dynamic height referenced to
1000 dbar on a 0.5 latitude by 2 longitude grid. Contour interval is5 cm.
Eastward geostrophic velocity relative to 1000 dbar is shaded.
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Figure 2. Surface geostrophic velocity relative to 1000 dbar, zonally averaged
between (a) 140 E and 160 E, (b) 160 E and 180 E and (c) 180 and 200 E.
Contour interval is 1 cms-1.
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Figure 3. Meridional sections ofs , (left panels) and eastward velocity relative to
1000 dbar (right panels) in February (upper panels), August (middle panels)
and November (bottom panels), zonally averaged between 140 E and 160 E.
Contour interval in right panels is 1 cms1. Color shading shows meridional
gradient ofs , . The dashed line in left panels indicates the mixed layer depth
defined as the depth at whichs , differs by 0.125 from the surfaces .
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Figure 4. Seasonal variations ofs , (upper panels) and eastward velocity relative to
1000 dbar (bottom panels) associated with (a) the northern STCC between
140 E and 160 E and (b) the southern STCC between 180 and 200 E.

Color shading shows meridional gradient ofs .
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Figure 5. Mean seasonal variations of the eddy kinetic energy (EKE) (upper
panels) and the dominant zonal wavelength (A )(bottom panels) in the
northern STCC region (left panels) and the southern STCC region (right
panels). The error bars indicate one standard deviation of the mean values.
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Figure 6. Parameter values used in the stability analysis for the northern STCC
region (left panel) and the southern STCC region (right panel). The red and
blue lines indicate the zonal velocity of the surface STCC (Ui) and its
underlying flow (U2), respectively. The black thick line indicates the vertical
shear, Ui-U2. The dashed line indicates the reduced gravity, gf (see text).

These values are based on the monthly mean hydrographic data (Figure 4).
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Figure 7. Growth rate (kg ) as a function of zonal wavenumber for March (thick

line) and August (dashed line). The e-folding time and the zonal wavelength
of the most unstable wave for March is 58 days and 314 km in the northern
STCC (left panel) and 74 days and 370 km n the southern STCC (right
panel).
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Figure 8. Maximum growth rates at each month in the northern STCC (red line)
and southern STCC (blue line).
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Abstract

Influences of mesoscale eddies on variations of the Kuroshio path south of Japan are
investigated by using time series of the Kuroshio axis location and altimeter-derived sea
surface height (SSH) maps for a period of 7 years from 1993 to 1999, when the Kuroshio took
nontlarge meander path. It is shown that both the cyclonic and anticyclonic eddies interact
with the Kuroshio and trigger meanders of the Kuroshio path. There is an anticyclonic eddy
revolving clockwise in a region south of Shikoku and the Cape Shionomisaki with a period
about 5 - 6 morths. The eddy propagates westward along about 30 N and collided with the
Kuroshio in the east of Kyushu or south of Shikoku. This collison sometimes triggers
meanders which propagate over the whole region south of Japan. Then the eddy is advected
downstream, and generates a meander on the downstream side of the eddy in the east of the
Cape Shionomisaki with a probability of about 50%. After the eddy passed the Cape
Shionomisaki, it is detached from the Kuroshio and starts to move westward again.
Sometimes, the eddy is merged with another anticyclonic eddies traveling from the east.
Coalescence of cyclonic eddies, which are generated in the Kuroshio Extension region and
propagate westward in the Kuroshio recirculation region south of Japan, into the Kuroshio in
the east of Kyushu, also triggers meanders which mainly propagate only in a region west of
the Cape Shionomisaki. This article will be submitted for publication in the Journal of
Oceanography.

1. Introduction

It is well known that the Kuroshio path in the south of Japan changes with various time
scales. Numerous studies by analyzing hydrographic and coastal tide gauge data have been
conducted to investigate the variations of the Kuroshio path. Taft (1972) reported two stable
paths, paths with and without a large stationary meander. Kawabe (1985) classified three
typica paths, typical large-meander path, nearshore nonlarge meander path, and offshore
nontlarge meander path. Kawabe (1986, 1989) investigated transitions between these paths.
Vaiations of the path, velocity, and volume transport of the Kuroshio and their relationship
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with formation of the large meander were discussed by Kawabe (1995). He showed
dependence of the Kuroshio path on the volume transport, velocity, and the position of the
axis in the Tokara Strait. Mechanisms of the transitions between the typical paths and the
formation of the meander have also been investigated by many authors using theoretical and
numerical models (e.g., Robinson and Taft, 1972; White and McCreary, 1976; Masuda, 1982;
Chao and McCreary 1982; Yasuda et al., 1985; Yoon and Yasuda, 1987; Yamagata and
Umatani, 1987; Sekine 1990; Akitomo et al., 1991; Kawabe 1996). Most of these studies have
been concentrated on relationship between the meander of the Kuroshio path and the velocity
and volume transport of the Kuroshio.

After the launch of the TOPEX/POSEIDON in 1992, atimeter-derived sea surface
heights (SSH) have become widely available and enabled us to capture oceanic variations
with various temporal and spatial scales including the variations of the Kuroshio path and
mesoscale eddies south of Japan. Imawaki et al. (1996) showed that SSH variations observed
by the TOPEX/POSEIDON altimeter can be used to detect short-term fluctuations of the
Kuroshio axis south of Japan. Ichikawa (2001) found correlation with mesoscale eddies and
the surface volume transport at the Tokara Strait, and suggested that the coalescence of the
eddies to the Kuroshio in the east of Taiwan affects the Kuroshio transport. Kobashi and
Kawamura (2001) also reported that SSH variations with a period of 3 - 7 months related to
the mesoscale eddies propagate along the Subtropical Front region in the western North
Pecific to the Kuroshio region aong the southern coast of Japan.

Ebuchi and Hanawa (2000) investigated mesoscale eddies in the Kuroshio recirculation
region south of Japan using surface current data from Acoustic Doppler Current Profiler
(ADCP) measurement and SSH anomaly derived from the TOPEX/POSEIDON altimeter.
They found many cyclonic and anticyclonic eddies, which are circular in shape with a typical
diameter of 250 km, in the Kuroshio recirculation region. The typica maximum surface
velocity and SSH anomaly associated with the eddies are 15 - 20 cm/s and 15 cm, respectively.
The frequency of occurrence, tempora and spatia scales, and intensity are al nearly the same
for the cyclonic and anticyclonic eddies. The westward propagation speed of the eddies is
estimated to be 6.8 cm/s, which is much faster than the phase speed theoretically estimated for
the baroclinic first-mode Rossby wave with or without a mean current. Ebuchi and Hanawa
(2001) investigated trajectory of the mesoscale eddies in the Kuroshio recirculation region,
and suggested coalescence of the mesoscale eddies into the Kuroshio in the east of Kyushu
may trigger meanders which propagate along the southern coast of Japan. Mitsudera et al.
(2001) showed an example of the formation of a meander triggered by an anticyclonic eddy
using SSH data derived from the TOPEX/POSEIDON altimeter together with results of
numerica experiments.

In the present study we try to investigate relationship between the formation of the
meanders of the Kuroshio path and the mesoscale eddies in the Kuroshio recirculation region
using time series of the location of the Kuroshio axis and altimeter-derived SSH maps in a
period of seven years from 1993 to 1999. Since the Kuroshio took the nonlarge meander path
in this period, the generation of large stable meander is not discussed in the present paper.
Thisarticle will be submitted for publication in the Journal of Oceanography.

2. Data
2.1. Location of the Kuroshio axis

Time series of location of the Kuroshio axis south of Japan were provided by the
Climate and Marine Department of the Japan Meteorological Agency (JMA). The Kuroshio
axis was subjectively determined by using various sources of observations, such as
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hydrographic surveys, ship reports of the sea surface temperature (SST) and ship drift,
shipborne current measurements, and satellite observations of SST and SSH. Then location of
the Kuroshio axis was digitized with variable spacing preserving features of the path and
meanders. A typical zonal resolution is about 1 . Temporal interval of the time seriesis ten
days. The data have been published in the Monthly Ocean Report from the IMA.

In the present study the location of the Kuroshio axis is resampled in regular zona girds
of 1 . Figure 1(a) shows mean location of the Kuroshio axis with the standard deviations
calculated in a period of seven years from 1993 to 1999. At 132 E and 133 E the axisis
projected to lines perpendicular to the coast line as shown in Fig. 1(a), since the mean
Kuroshio path runs rather in the meridional direction. Figure 1(b) shows histograms of
pogition of the axis.

2.2. Sea surface height (SSH) maps

A data set of SSH in the North Pacific produced using observations of the
TOPEX/POSEIDON atimeter in a period of seven years from 1993 to 1999 under the
Subarctic Gyre Experiment (SAGE) is utilized in the present study. The SSH anomaly was
calculated using a space-time optimum interpolation method developed by Kuragano and
Kamachi (2000). The absolute SSH was derived by adding the SSH anomaly to the mean sea
surface dynamic height composed by Kuragano and Shibata (1997) combining the altimeter
observations with hydrographic data in a period from 1993 to 1998. The data set covers the
North Pacific between10 Nand60 Nand115 Eand95 W with aresolutionof 0.5 X
0.5 . Tempord interva is five days. The data set is distributed in a CD-ROM from the
Climate and Marine Department of the IMA.

2.3. Tide gauge data

The sea level difference between Naze and Nishinoomote, which are located south and
north of the Kuroshio at the Tokara Strait (see Fig. 1(a)), has been widely used as an index of
the surface transport of the Kuroshio (e.g., Kawabe 1988, 1989, 1995; Y amashiro and Kawabe,
1996; Ichikawa, 2001). In the present study we also utilize the sea level difference between
Naze and Nishinoomote in a period of seven years from 1993 to 1999 to represent the
Kuroshio surface transport. Hourly tide gauge data at the two stations were obtained from the
Japan Oceanographic Data Center (JODC). Diurnal and semi-diurnal tidal constituents are
eliminated using a tide-killer filter with a cut-off period of 48 hours designed by Hanawa and
Mitsudera (1985). Daily mean sea leve is calculated from the tide-free sea level data. Inverse
barometer correction is made by using daily-averaged sea level pressure observed at the
weather stations closest to the tide gauge stations. Running average over eleven days is
applied to the difference of the sea level (Naze minus Nishinoomote) to match with the time
scales of the Kurashio axis location and SSH maps described above.

3. Results and discussion
3.1. Variations of the Kuroshio axis and sea level difference at the Tokara Strait

Figure 1 shows (a) mean location of the Kuroshio axis with the standard deviations and
(b) histograms of position of the axis calculated in a period of seven years from 1993 to 1999.
Variation of the Kuroshio axis is relatively smaller at the Tokara Strait (130 -131 E) and
south of the Cape Shionomisaki (135 - 136 E). East of the Cape Shionomisaki (137 E-),
the variation increases largely. In aregion east of Kyushu, and south of Shikoku and the Cape
Shionomisaki (132 - 136 E), the location of the axis does not show a symmetrical Gaussian

124


ootake yoshiyuki
124


distribution but is more concentrated on the coastal side of the mean. Near the Izu Islands
(139 - 140 E), the Kuroshio axis shows a bimodal distribution with two peaks located
south and north of the Hachijojima Island. These features are very consistent with results of
the previous sudies (e.g., Kawabe, 1986).

Time series of the location of the Kuroshio axis normalized using the mean and the
standard deviation are shown in Fig. 2 together with that of the difference of the sea level
between Naze and Nishinoomote. As shaded in the figure, southward displacement of the axis,
which represents small meander, propagates eastward. Only sequences of the displacement
whose maximum amplitude exceeds twice the standard deviation in a region between 132
and 141 E are shaded in the figure. More details will be discussed later. Some of the
meanders propagate over the whole region south of Japan from the east of Kyushu (132 E) to
the east of the Izu Ilands (141 E). The others exist only on the upstream or downstream side
of the Cape Shionomisaki (136 E). No systematic relationship between the generation and
propagation of the meander and the sea level difference at the Tokara Strait, which represents
the Kurashio surface transport, is discernible in thisfigure.

Figure 3(a) shows lag correlation between the sea level difference at the Tokara Strait
with the location of the Kuroshio axis. It is confirmed that the correlation is low with any lag
time, and that no eastward-propagating signals are discernible. This result implies that
variation of the Kuroshio surface transport, represented by the sea level difference at the
Tokara Strait, does not directly affect the variation of Kuroshio path south of Japan at least
during the period from 1993 to 1999.

The result that the sea level difference at the Tokara Strait has no correlation with the
Kuroshio path is consistent with Kawabe (1988). On the other hand, Kawabe (1989)
concluded that the transition from the nearshore to offshore nonlarge meander paths occurs
when the Kuroshio velocity at the Tokara Strait is small or decreasing by analyzing tide gauge
data from 1965 to 1975. However, we cannot find the same relationship in Fig. 2.

Lag correlations of the position of the axisalong 129 E and 133 E with those along
the downstream longitudes are also calculated and plotted in Figs. 3(b) and (c), respectively.
Asseenin Fig. 3(b), variation of the Kuroshio axis west of the Tokara Strait does not seem to
affect the meanders which propagate south of Japan. In Fig. 3(c), on the contrary, there exists
arobust signal of the meanders propagating from the south of Shikoku (133 E) to the east of
the lzu Idands (141 E). On average it takes about 140 days to travel over 800 km along the
Kuroshio, and these numbers give an average propageation speed of 7 cm/s.

A longitude-time diagram of southward displacement of the Kuroshio axis which
exceeds the standard deviation is shown in Fig. 4 in order to recognize meanders of relatively
large amplitude. Open and solid boxes represent the southward displacement greater than one
and two times of the standard deviations, respectively. As indicated in the figure, we can
recognize 14 meanders whose maximum amplitude are greater than twice the standard
deviation in a period from 1993 to 1999. According to propagation region, the meanders can
be classified into three groups; (1) meanders which departed from the east of Kyushu or south
of Shikoku (131 - 134 E) and traveled to the east of the Cape Irozaki (139 E) over the
whole region south of Japan, (2) those which were generated in the east of Kyushu or south of
Shikoku and disappeared around the Cape Shionomisaki (136 E), and (c) those which were
generated in the east of the Cape Shionomisaki and propagated to the east.

In the following subsection, we will try to investigate relationship between these
meanders and mesoscale eddies, which may trigger the meanders, using atimeter-derived
SSH maps.
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3.2. Influences of mesoscale eddies on the Kuroshio path

Figures 5, 6, and 7 show examples of time series of SSH maps together with location of
the Kuroshio axis. Mean SSH calculated over the whole region for each map is subtracted in
order to remove gteric variation of SSH approximetely.

In Fig. 5, the meanders labeled 1 and 2 in Fig. 4 are shown in the panel dated 7 July
1993 (white downward triangles). Evolution and propagation of the meander 1 can be traced
in the panels dated from 19 March 1993 to 17 July 1993. An anticyclonic eddy (white upward
arrow) approached toward the Kuroshio (the panel dated 27 February 1993) and was advected
along the Kuroshio axis. The meander 1 was generated in the downstream side of the eddy
and propagated with it. Between 28 April and 18 May 1993, the eddy was detached from the
Kuroshio and merged with another anticyclonic eddy, which propagated from the east. Then
the merged eddy moved westward.

In Fig. 5, it is also shown that a cyclonic eddies (white upward arrow) propagated from
the east, passed south of the anticyclonic eddy (the panel dated 28 April 1993), and coalesced
into the Kuroshio (between 27 June and 17 July 1993). The coaescence generated a small
meander (white downward triangle) in the east of Kyushu around 7 June 1993 as labeled 2 in
Fig. 4. This meander disappeared in a short period less than two month and did not propagate
to the east of the Cape Shionomisaki (Fig. 4).

Figure 6 shows another example of the interaction of an anticyclonic eddy with the
Kuroshio axis. The eddy (white upward arrow) traveled westward along 29 N and collided
with the Kuroshio (the panel dated 25 September 1993). Then the eddy was advected along
the Kuroshio (from 4 November to 25 December 1995) and generated a meander (white
downward triangle), labeled 6 in Fig. 4, on the downstream side of the eddy in aregion east of
the Cape Shionomisaki. The eddy was detached from the Kuroshio and merged with another
anticyclonic eddy traveled from the east (from 14 December 1995 to 3 Jan 1996). Then the
merged eddy started to move westward again. It took about 6 months for the eddy to revolve
in the region. This revolving feature of the anticyclonic eddy will be further discussed in the
following subsections.

Another example of a large cyclonic eddy, which generated a meander, is shown in Fig.
7. Ebuchi and Hanawa (2001) traced the same eddy from generation in the Kuroshio
Extension region to coalescence into the Kuroshio in the east of Kyushu (see their Fig. 8).
They suggested the coal escence may generate a meander propagating from the east of Kyushu
to the east of Izu Islands. In Fig. 7 it is shown that the cyclonic eddy (white upward arrow)
traveled from the east, passed north of the clockwise-revolving anticyclonic eddy, and
approached toward the Kuroshio. A meander (white downward triangle), labeled 4 in Fig. 4,
started to propagate eastward after the coalescence of the eddy (the panel dated 23 January
1994). The meander propagated to the east of the Izu Idands (Fig. 4).

In a similar way to the exanples shown in Figs. 5, 6, and 7, we determined eddies
which were related to generate the 14 meanders recognized in Fig. 4 by using the SSH maps.
The result is shown by the labels L and H in Fig. 4, which denote cyclonic and anticyclonic
eddies, respectively. Table 1 summarizes number of meanders which are classified into the
three groups as described in the previous subsection and by the polarity of the related eddies.
It is shown that both of the cyclonic and anticyclonic eddies are related to generate meanders
propagating over the whole region south of Japan. The meander which propagated in aregion
east of Kyushu and south of Shikoku and did not reach to the east of the Cape Shionomisaki
are mostly related to the cyclonic eddies. All of the meanders generated in the east of the
Cape Shionomisaki are related to the anticyclonic eddies revolving clockwise in a region
south of Shikoku and the Cape Shionomisaki as shown in Figs. 5 and 6.
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3.3. Trajectory of anticyclonic eddy

The examples in Figs. 5 and 6 $iowed that an anticyclonic eddy, which revolves
clockwise in a region south of Shikoku and the Cape Shionomisaki, contribute to the
generation of meanders. Here, we try to trace the clockwise-revolving anticyclonic eddy in
the region. Center of the anticyclonic eddy is defined as the highest local maximum in a
region between28 -33 N,133 -139 E ineach SSH map. By the definition, the center
of the eddy can be traced in most of the period from 1993 to 1999, except a period from
December 1994 to May 1995. Figure 8(a) shows distribution of monthly mean location of the
anticyclonic eddy. Figures 8(b) and (c) show two examples of trgectory of the eddy. Cross (+)
in the panels represents the mean location of the eddy (30.4 N, 135.8 E) during whole
period from 1993 to 1999. In Figs. 8(b) and (c), it is shown that the anticyclonic eddy
revolves clockwise in this region with a cycle of 6 - 8 months. A rotary spectrum of the
position vector of the anticyclonic eddy is calculated and plotted in Fig. 9. It is clearly shown
that the eddy revolves clockwise in the region. The peak period is 160 days, i.e,
goproximately five months.

3.4. Composite features of SSH and K uroshio axis

In the previous subsections, we pointed out the existence of an anticyclonic eddy
revolving clockwise in a region south of Shikoku and the Cape Shionomisaki. In order to
exhibit influence of the eddy on the generation of meanders of the Kuroshio axis, composite
SSH maps for the cases when meanders were generated are produced. We selected eight
meanders shown in Fig. 4 whose amplitude exceeded the standard deviation at the Cape
Irozaki (139 E). Composite SSH maps with various time lags with reference to the time
when displacement of the Kuroshio axis exceeded the standard deviation at 139 E are
calculated from the eight cases. The result is shown in Fig. 10. It is clearly shown that the
anticyclonic eddy (white upward arrow) exists on the upstream side of the meander (lag = 0,
-10, and -20 days). The eddy propagates westward along 30 N (lag = -110 to -70 days),
collided with the Kuroshio (lag = -60 days), and is advected downstream (lag = -50 to 0 days).
The meander grows as the eddy moves downstream. This sequence of propagation of the
anticyclonic eddy and evolution of the meander is consistent with that described in the
preceding subsections. The scenario has also been reported by Mitsuderaet al. (2001) for one
typical case with results of numerical experiments. The result in Fig. 10 confirms the
contribution of the clockwise-revolving anticyclonic eddy on the formation of meanders.

On the contrary, we aso tried to make composite feature of the Kuroshio axis with
reference to movement of the anticyclonic eddy. Table 2 is a list of dates when the
anticyclonic eddy was located in the northernmost position in its orbit and whether a meander
was generated or not. The interval between the dates varies from 2 to 10 months, and the
mean is 4.7 months, which is consistent with the result of arotary spectrum analysis described
in the preceding subsection.

It is shown that meanders are not generated for al the time when the anticyclonic eddy
is located in the northernmost position and approaches to the Kuroshio, but the occurrence is
about a half. In other words, we might predict formation of the meanders with a probability of
50 % by monitoring the clockwise-revolving anticyclonic eddy in the region south of
Shikoku.

Though we tried to investigate conditions causing difference between the cases whether
meanders were generated or rot, such as distance between the eddy and the Kuroshio axis,
and size or strength of the eddy, we could not find any significant and conclusive relationship
with them. It might be possible that other factors, such as the velocity or transport of the
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Kuroshio as discussed by Kawabe (1989, 1995), govern the difference. Also there is a
possibility that the resolution of the SSH maps used in the present study and spacing of the
ground tracks of the TOPEX/POSEIDON dtimeter may smear the relationship.

Figure 11 shows composite profiles of the Kuroshio axis with reference to the time
when the clockwise-revolving anticyclonic eddy was located in the northernmost position for
(@) dl the cases listed in Table 2, and (b) only the cases when meanders were generated. The
composite profiles are drawn by shifting downward with time in the figure. Thin lines with
circles and error bars represent the mean location of the Kuroshio axis with the standard
deviations shown in Fig. 1(a). Qualitative features are almost the same for the panels (a) and
(b), though the composite profiles for al the cases in Fig. 11(a) show less amplitude of the
meander.

Evolution of the meander of the Kuroshio axis is well exhibited in Fig. 11 (b). The
displacement of the Kuroshio axis has started 20 to 10 days before the anticyclonic eddy
reaches the northernmost position. In the south of the Cape Shionomisaki, the Kuroshio axis
shifts toward south greater than the standard deviation. On the contrary, the Kuroshio moves
to the north around the 1zu Islands before meanders arrive. After the anticyclonic eddy is
located at the northernmost position, the meander starts growing and propagating downstream.
Amplitude of the meander reaches the maximum around the Izu ISlands (140 - 141 E) in 40
- 60 days.

4. Summary and concluding remarks

Influences of mesoscale eddies on variations of the Kuroshio path south of Japan were
investigated by using time series of the Kuroshio axis location and atimeter-derived SSH
maps. We utilized a data set for a period of 7 years from 1993 to 1999, when no large stable
meander was observed and the Kuroshio took the nearshore and offshore nonlarge meander
paths.

By analyzing the time series of location of the Kuroshio axis south of Japan, it was
shown thet meanders propagates eastward along the Kuroshio south of Japan. According to
propagation region, the meanders could be classified into three groups; (1) meanders which
depart from the east of Kyushu or south of Shikoku and propagate to the east of the Cape
Irozaki over the whole region south of Japan, (2) those which are generated in the east of
Kyushu or south of Shikoku and disappear around the Cape Shionomisaki, and (c) those
which are generated in the east of the Cape Shionomisaki and propagated to the east. It was
also shown that the meanders are not directly affected by the variation of the Kuroshio surface
trangport, represented by the sealeve difference a the Tokara Strait.

Relationship between the meanders and mesoscale eddies, which may trigger the
meanders, was investigated using altimeter-derived SSH maps. Figure 12 shows schematic
pictures summarizing the interactions of mesoscale eddies with the Kuroshio axis revealed in
the present study.

There is an anticyclonic eddy revolving clockwise in aregion south of Shikoku and the
Cape Shionomisaki with a period about 5 - 6 months (Fig. 12 (a)). The eddy propagates
westward aong about 30 N and collided with the Kuroshio in the east of Kyushu or south of
Shikoku. This collison sometimes generates meanders. Then the eddy is advected
downstream, and may generate a meander on the downstream side of the eddy in the east of
the Cape Shionomisaki with a probability of about 50%. Amplitude of the meander of the
Kuroshio axis reaches the maximum around the Izu Idands in 40 - 60 days after the
anticyclonic eddy is located at the northernmost position in its orbit. Around the Izu Islands,
the Kuroshio shifts to the north just before the meander arrives.
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After the eddy passed the Cape Shionomisaki, it is detached from the Kuroshio and
starts to move westward again. Sometimes, the eddy coal esces with another anticyclonic eddy
traveling from the east. This coalescence may supply vorticity to the clockwise-revolving
anticyclonic eddy. The interaction of the anticyclonic eddy and the Kuroshio as described
above can account for eight cases of meanders, labeled 1, 5, 6, 7, 9, 10, 11, and 14 in Fig. 4,
out of 14 cases observed in the seven years from 1993 to 1999.

This scenario has been introduced by Mitsudera et al. (2001) for the formation of
meanders using a few snapshots of SSH maps and outputs from numerical experiments. In the
present study, we could confirm that the clockwise-revolving anticyclonic eddy plays
dominant role in triggering the meanders.

Figures 12 (b) and (c) schematically show effects of cyclonic eddies. The cyclonic
eddies are considered to be generated in the Kuroshio Extension region and propagate
westward to the region south of Japan (Ebuchi and Hanawa, 2001). In most of cases, the
eddies pass south of the clockwise-revolving anticyclonic eddy and coalesce into the
Kuroshio in the east of Kyushu (Fig. 12 (b)). After the coalescence, meanders are generated
and propagate eastward. However, most of the meanders generated by the cyclonic eddies in
the east of Kyushu disappear in the west of the Cape Shionomisaki. In the seven years from
1993 to 1999, five meanders, labeled 2, 3, 8, 12, and 13 in Fig. 4, out of 14 were caused by
the coalescence of cyclonic eddies.

Formation of the meander labeled 4 in Fig. 4 and traced in Fig. 7 is schematically
shown in Fig. 12 (c). A large and strong cyclonic eddy propagated from the Kuroshio
Extension region, passed north of the clockwise-revolving anticyclonic eddy, and coalesced
into the Kuroshio south of Shikoku. The coalescence generated a meander which propagated
over the whole region south of Japan. The time sequence of the propagation of the eddy and
the evolution of the meander was also described by Ebuchi and Hanawa (2001). This pattern
happened only oncein the seven years.

The results of the present study may suggest possibility of predicting formation of the
meanders in the Kuroshio path by monitoring the mesoscale eddies in a region south of
Shikoku. Especialy, it is shown that the clockwise-revolving anticyclonic eddy causes a
meander with a chance of 50 % when it approaches to the Kuroshio. Contribution of cyclonic
eddies is also pointed out. However, not all of the mesoscale eddies which approached to or
collided with the Kuroshio triggered the meanders. There still remains a big question, "what
governs the difference whether the meander is generated or not?' The data set of the time
series of the Kuroshio axis location and altimeter-derived SSH maps are probably insufficient
in accuracy and spatia resolution for the detailed investigations. Further studies including
insitu and remote sensing observations and numerical experiments are needed to establish
scientific bass for the prediction of meandersin the Kuroshio path.
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Tablel. Number of meanders which are classified into three groups according to the
propagation region and by the polarity of related eddies.

Related eddy
Propagation region o _;mi_cy_cl O_I’]i; - C_,y;o;lc_ - ;o:d_
© Wholeregion over south of Jpen s 2 5
Only the west of the Cape Shionomisaki 1 4 5
Only the east of the Cape Shionomisaki 4 0 4
-t s 6 14

Table2. Dates when the clockwise-revolving anticyclonic eddy was located in the
northernmost position in its orbit and generation of meanders

Apr. 1993 Yes 1
Aug. 1993 No
Jan. 1994 No
Mar. 1994 No
Jul. 1994 No
Nov. 1995 Yes 6
Apr. 1996 No
Nov. 1996 Yes 7
Feb. 1997 No
May 1997 No
Aug 1997 Yes 9
Jun 1998 Yes 10
Oct 1998 Yes n
May 1999 No
Oct 1999 Yes 14
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Figure 1. (a) Mean location of the Kuroshio axis with standard deviations, and (b)
histograms of position of the axis, calculated in a period of seven years from 1993 to
1999. The bin is 12' in latitude. a: Kyushu, b: Shikoku, c: Cape Shionomisaki, d: Cape
Irozaki, e Izu Idands, f: Hachijojima, g: Naze, h: Nishinoomote, and i: Tokara Strait.
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Figure 2. Time series of the location of the Kuroshio axis normalized by the standard

deviations at each longitude, together with the sea level difference between Naze and
Nishinoomote (top pand).
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Figure 5. An example of time series of the SSH maps and location of the Kuroshio axis
(open circles with athick black line) at an interval of 20 days for a period from January
18, 1993 to August 26, 1993. Mean SSH calculated over the whole region is subtracted.
Thick lines with white circles represent location of the Kuroshio axis.
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Figure6. Sameasin Fig. 5 except for a period from July 7, 1995 to February 12, 1996.
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Figure7. Sameasin Fig. 5 except at an interval of 25 days for a period from September 20,
1994 to June 22, 1995.
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Figure 8. (a) Monthly mean location

of the clockwise-revolving anticyclonic eddy, and two

examples of trajectory of the eddy ((b) and (c)). Cross (+) in panels represents the mean
location of theeddy (30.4 N, 135.8 E) during the whole period from 1993 to 1999.
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Figure 9. A rotary spectrum of the position vector of the clockwise-revolving anticyclonic
eddy. Error bar shows the 95% confidence interva of the pesk.
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Figure 10. Composite SSH maps for various time lags with reference to the time when
displacement of the Kuroshio axis exceeded the standard deviation at the Cape Irozaki

(139 E).
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Figure 11. Composite profiles of the Kuroshio axis with reference to the time when the
clockwise-revolving anticyclonic eddy was located in the northernmost position in its
orbit for (a) al the cases listed in Table 2, and (b) only the cases when meanders were
generated (thick lines). The profiles are drawn by shifting downward with time. Thin
lines with circles and error bars represent the mean location of the Kuroshio axis with
the standard deviations shown in Fig. 1(a).
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Figure 12. Schematic pictures summarizing interactions of mesoscale eddies and the
Kuroshio axis (see the text).
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113-0032 1-1-1
E-mail: araya@eri.u-tokyo.ac.jp

Abstract

A wideband seismometer using a laser interferometer has been developed at
Earthquake Research Institute (ERI), University of Tokyo. Advantages of laser
interferometry are its displacement sensitivity, small drift, and availability for
self-calibration referred to wavelength of light. The developed seismometer
comprizes a long-period vertical pendulum, a laser interferometer, and wideband
feedback circuits. The long-period pendulum serves to attain good resolution at
low frequencies, while the wideband feedback circuits provide high-gain servo,
resulting in stable response of the seismometer.

From parallel observations with two laser seismometers and a STS2
seismometer, amplitude accuracy of the laser seismometers was estimated to be
better than 1%. Judging from differential signal between the seismometers, we
have evaluated its good resolution with which even the lowest seismic noise, i.e.
Low Noise Model, can easily be detected at frequencies between 50mHz to 100Hz.
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— GRACE-Follow On
LISA —

E-mail: naito@miz.nao.ac.jp

Abstract
The GRACE Follow On Mission using satellite to satellite laser interferometer
ranging to obtain time varying global gravity field proposed by NASA and a
research and development project for inter satellite ranging technologies toward
observing global change being planned in Japan are briefly presented.

GPS

CHAMP GRACE NRC,1997
GRACE GPS

GRACE

GRACE Follow On NASA
ESA NASA LISA Laser
Interferometer Space Antenna

GRACE Follow On 2006
LISA 2010

National Research Council, 1997: SATELLITE GRAVITY AND THE GEO-
SPHERE, 1-112, National Academy Press, Washington, D.C.
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