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Sea Level Variations at Kerguelen Island in the South
Indian Ocean by the Satellite Data(ARGOS) and
Meteorological Data(METEO)
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Abstract : We studied the sea level variations at Kerguelen island in the South Indian Ocean with
ARGOS data and meteorological data during about 1 year(May 1993~April 1994) through using filter,
spectral analysis, coherency and phase, and found characteristics for the two oceanic signal levels(detided
oceanic signal level, hgerided and seasonal oceanic level, heorr.ip). The forms of atmospheric pressure
variations are good agreed to between ARGOS data and meteorological data in the observed periods.
This Kerguelen area shows the inflow of an air temperature(gain of a radiant heat) into the sea water and
the stagnation of high atmospheric pressure bands in summer, and the outflow of a sea water
temperature(loss of sensible and latent heat) toward the atmosphere and the stagnation of low
atmospheric pressure bands in winter. The seasonal difference of sea level between summer and winter is
about 1.6cm. Both the detided oceanic signal level(hgetided) variation and the inverted barometer level(hyy)
variation have a strong correlation for T>1day period bands. The characteristics of hgeyigeq variation are
not decided by the influence of any meteorological distributions {atmospheric pressure), but the influence
of other factors{bottom water temperature) for T>2days periods bands. heerr. i plays a very important role
of sea level variation in the observed periods (especially T>about 180days period bands).
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1. Introduction

Altimetric radar satellite in space provides
measurements of the exact shape of the sea’s
surface and give an image not only of the
seafloor’s topography but also of the earth’s
interior. They can thus help to give a better
understanding of the planet’s internal dynamics.

In the course of history of oceanography, the
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above results give also very important meaning in
this field. That is to say, there are most recently the
two scientific programs in relation to the
utilization of satellite altimetry. The spatial
missions of ERS1, Topex/Poseidon and Jason are
good exemples. Especially altimetric data is
utilized to understand many oceanic phenomena;
for example, there are the investigations of both
Tropical Ocean and Global Atmosphere(TOGA),
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Fig. 1. Space-time relationship of sea level variations(by D. T. Pugh, 1990).

Tropical Atmosphere Ocean(TAQ) and World
Ocean Circulation Experiment(WOCE). These
studies put emphasis on a more improvement of
our knowledge for the hydrodynamic phenomena
and on a more comprehension of an important
role of their phenomena for the evolution of
climate and global environments. The utilization
of altimetry gives a global and repeated
information for the study of basic parameters of
sea level variations.

Sea level variation with the lapse of time shows
the spatial and temporal scales in the ocean. This
presents many various phenomena with hourly,
daily, seasonal, annual and centurial, and the
range from 10km to several 1000km(Fig. 1). A
regular tidal phenomena, a remarkable and
frequent upwelling according to the meteoro-
logical distributions and a wave due to a typhoon
in small-scale, a wind and pressure in relation to
circulation of the ocean in meso-scales, a wave
which is occurring to extend over all the space in
sea level variation, a phenomena of El Nino in

connection with the evolution of climate in the

annual sea level variation of water temperature
(the steric variation} and of water volume(the
eustatic variation) due to a freezing or melting of
continetal glaciers in sea level variation of the long
term, and a geometric variation of the basin of
ocean in sea level variation of the very long term.
Several sea level variation due to various
phenomena as mentioned above becomes oceanic
signal levels which have directly or indirectly an
influence on sea level variation in the
oceans(Table 1).

A striking climatological characteristic is
occurred at Kerguelen island in the South Indian
Ocean and a huge continental Self is located in the
northern area of this island(Fig. 2). This area
presents a Sea Surface Temperature(SST) of minus
anomalies, a high heat losses of -200W/m? in the
Austral Winter, and a wind stress and its curl of
maximal values(Taljaard and Von Loon, 1984). On
the oceanic environments of this area, several
hydrological and dynamical studies had carried
out in detail by Park et al.(1992, 1993).

The essential point of our study gains a better
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Table 1. Various oceanic signal levels in sea-level variations

Signal Amplitude Periods
Tides 100-200cm 12-24 hours, month, year, 19-yrs day-week
Inverted bermeter effects 1-10cm (-1.01 cm/mbar)
Effects of winds
* Wave due to tempest 10-100cm 2-10 days
« Coastal upwelling 10-20cm 2-10 days
* Geostrophic current slope < 10-3 >27 / . interannual
- Large scale Im/ 100km interannual
- Meseo scale 10cm / =~ 100km 10-100 days
Seasonal effects
* modulation of metelogicaleffects 40cm annual - pluriannual
» Steric change 1-10cm
Interannual effects
+ Bl Nino 10-50cm
Eustatic Variation Steric variation mm/year very low frequency
SO'E 539/@' _ 70 j;}mjujo hg=h; + hy +hy, + he +hg + he + hg + 7 (1)
55%/3 . f’ ? “ @ where, hy is sea level, ht is oceanic signal level
~ CROZET BASIN vl o
sy zﬁ“‘fgf __________ N }4 ° },5 A0S by tidal influence(the high frequency tides), h, is
ALy \ § 3T o (e oceanic signal level by atmospheric pressure
By o DN\ (invirted b.arometer effects; ~1.0lcm/mbar, hy, =
hy=h,), I is oceanic signal leve] by winds(mainly
50 " the storm), he is oceanic signal level by eustatic
L ) 5) changes(the global variation of water volume due
WE 60 to glaciers and oceanic basins), i is oceanic signal

Fig. 2. Observation location of Port-Aux-Francais(70°14'E,
49°21'S) at Kerguelen island in the South Indian
Ocean by METEO FRANCE.

understanding on characteristics both of detided
oceanic signal level(hgeriges) and of seasonal
oceanic signal(fior) among oceanic signal levels

that contribute to sea level variations in this area.

2. Oceanic signal levels

The absolute sea level which is measured from
the reference of geodetic surface gives generally
expression to the sum of various kinds of oceanic
signal levels as follows(Chelton and Enfield, 1986);

level by steric changes(the cause of changes of the
sea water temperature and the salinity), h is
oceanic signal level by circulation of the ocean(the
origin of dynamic effects), 1, is oceanic signal level
by coastal subsidence or tectonic effects from the
geological motion and y is oceanic signal level by
human activites(the residual oceanic signal level
for anthropogenic effects), respectively.

Seasonal oceanic signal level by steric changes
is occurred by the expansion and contraction of
water volume in the upper part of seasonal
thermocline due to the variations of water flux or
heat, but seasonal oceanic signal level by wind
stress due to the horizontal and vertical

movements(the Ekman flux and pumping) can be
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neglected in seasonal time scales(Gill and Miller,
1973). Also h,, he and y which are a global and
centurial oceanic signal level variation do not
nearly contribute to as seasonal oceanic signal
level variation in seasonal time scales. But the
contribution of h(oceanic signal level due to
various currents in relation to the circulation of
ocean in a Neighborhood Seas) could not be
ignored in this observed station because this
station is nearby located in the area which is being
formed the Polar Front with the Antarctic Surface
water. On the other hand, considering a geological
situation of this station(see Fig. 2), it should be
thought that oceanic signal level variation by
currents is greatly defectived in this station. Thus
from various obvious facts of the above in our

study, equation(1) can be simply reduced to
hg = h + hip + hy 2
hdetided = st — 3

= hip + hy @
with hip = hy ~ 7 5)

14

also equation(3) and (4) can be again written

heorr.ib = Mderided — hib (6)
= hy N

where, Hgetigeq is detided oceanic signal level when
h; is only removed from kg, h;p is inverted
barometer level, that is say, this is anomaly of
atmospheric pressure, and hc,.jp is seasonal
oceanic signal level when h; and /1, are removed

from hsl, respectively.

3. Data and Processing Method

Atmospheric and bottom pressure, bottom
water temperature(ARGOS data with dt = Thour
at ARGOS satation; 70°13'E and 49720'S, Fig. 3),
and atmospheric pressure and winds(METEO

tidal gange's tube Bottom Pressure
Water temperature

Fig. 3. Permanent sea level observation( @, 70°13'E, 49°20°S) by ARGOS system.
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FRANCE data with dt = 3hours at Port Aux
Francais station; 70°14'E and 49°21'S) were used in
our study during May 1993~April 1994.

Fig. 4 shows a brevity schema for data
processing method. Fig. 5 presents sea level
variation with the time changes. If bottom
pressure(Py,) depends on atmospheric pressure
(P(9a) and its relationship is constant during all the
observed times, a good equation can be leaded by

using hydrostatic equation.
Piyp = pg(H+h(pys)) + Pna ®)

where, p is density in sea water, g is gravity, H is
mean sea Jevel and h is sea level variation with
the lapse of time, respectively. If mean value of
i is zero(hps = 0), then mean sea level can be

obtained from equation(8).

_ Puop—Puya
=T e ©)

both the sea level variation with the time

H

data:
atmospheric and
bottom pressure

hydrostatic harmonic
equation > analysis
sea-level A harmonic
hyst constants
4 tidal level
~ (o) o~
A
detided coeanic tidal
> signal level prediction
Nityericed
atmospheric
pressure
spectral analysis: vered
- power spectrumy €< barometer
density level
- coherency hoin
- phase

hydrostatic
equation

seasonal oceanic

—>|  signal level

(Ncorr.ib

changes on the basis of mean sea level and the
oceanic signal level by inverted barometer effects

can be calculated as follows, respectively;

f(,t)b -k

_ W _
haysi = re H (10)
— Bop = Boa _ Fow = Boa (11)
P8 3
dP,, —dP,
= Hop—aa 1
P8 (12)
PP
hipis = —Lﬁ(i (13)
__ Y (14)
Pg
with dR,, = R, ~F,, (15)
dP(t)a = P(t)a - P(x)a (16)

In order to determine the amplitude of tides at
this station, tidal prediction model(Le provost C.,
1981; Cartwright and Ray, 1990) had calculated

through harmonic analysis which is
oy =, filh cos(@, + (v, +u) +;) (17)
i=1

# is the index number of harmonic constants, f; is the
relative nodal correction, u;, is the nodal correction
factor with 18.16, A; is amplitude, w; is angular

velocity, (g + ;) is phase(the equilibrum argument)

Y (height)
Pa=Pa Py = P,+AP,
hgy=h by = h+Ah
sea- (t‘X )
level ime
eve t=t t=t+At
H
L
Py, = pg(H+h)+P()a Pieyp = pg(H+ha 4P
pg(H+h)+P, pe(H+h+Ah)+P+AP

Fig. 4. Data processing method.

Fig. 5. Sea level variation with the time changes.
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at Greenwich Merdian as =0, and g; is the difference
of phase from Greenwich Merdian, respectively.

variations with the time changes are good agreed
between satellite data(ARGOS) and meteoro-

4. Results and Consideration

Their shapes for atmospheric pressure

logical data(METEO) during the observed periods
(Fig. 6a). Where the differences of between
ARGOS and METEQ appears dP = (Parcos —
PuerE0), and dP does not show the parallel line as
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Fig. 6. Variations of (a) atmospheric pressure(—: ARGOS data, - -: METEOQ data), (b) deviations between ARGOS data
and METEOQ data for atmospheric pressure and (c) bottom water temperature.
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a constant form at the observed periods(Fig. 6b).
Bottom Water Temperature(BWT) seasonally
varies with a range of about 0~10°C(Fig. 6c¢).

Fig. 7a shows the regression equation(Yp =
—0.53 X«c + 5.8558) between BWT and dP, and here

are the two groups on the basis of the mean values

of both X=4.856"C and Y=3.219mbar for all data in
the observed periods. As comparing BWT and 4P
after using the low-pass filter(gaussian filter) with
T= 3day-period cut-off, they represent completely
a anti-correlation with the correlation coefficient of
r=—0.8229(Fig. 7b). It could be devided by the

Y =—0.543X+5.8558, mean of dp = 3.2190mbar, mean of BWT = 4.8560°C

12 T T

dp=argos-meteo for atmospheric pressure(mbar)

T T T

4 -

6L 4

_8 1 H I t L ]
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BWT(°C), Ys = ~0.4518Xs+5.2045, Yw = -0.4325Xw+5.7230
argos - meteo for atmospheric pre. () and BWT (_ ), r=0.8299
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Fig. 7. In bottom water temperature and dP, (a) the regression equation and (b) the
comparison after using the low-pass filter with a cut-off at 3 day period.
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seasonal characteristics from the concentration as
group 1 and group 2; group 1 represents the
spring and summer in Southern Hemisphere
(October~December 1993 and January~March
1994) and group 2 the autumn and winter in
Southern Hemisphere(June~September 1993).
Then two regression equationsfor both group 1
and group 2 are Y,y = —0.4518 Xec + 5.2045 in

summer and Yy = —0.4325 Xoc + 5.7230 in
winter, respectively.

Fig. 8 shows the mean values of every factor
(atmospheric, bottom and dP pressure, and BWT
for ARGOS and METEOQ) in all the observed
periods, the spring and summer(group 1) and the
autumn and winter(group 2), respectively. Firstly

group 1is 2.1 times larger in BWT and about

Total (meanss of every factors
in the observed periods)

Group 1 (means of every factors
in Spring and Summer)

Group 1 (means of every factors
in Autumn and Winter)

- 994mbar

PairMETE0)=999.3mbar

PairaArG0S)=1002.5mbar
dP=3.22mbar

1013mbar

t 1117mbar

- 994mbar

Stagnation of a high atmospheric
pressure band during the long
times; a downward air current,
anticyclone (counter-clockwise
in the South Hemispere)

an atmospheric current

PairMETEO)=1001.0mbar

PairArG0s)=1003.3mbar
dP=2.47mbar

Movement of a rapided
convection; Inflow of a high
atmospheric temperature (effects
of a radiant heat from Sun)

Tair > Twater

4

1013mbar,

PruteraARGOs)=1115.1mbar
T warer(ARGOS)=0.06°C

L 1117mbar

- 994mbar

Stagnation of a low atmospheric
pressure band during the short
times; a upward air current,
anticyclone (clockwise in the
South Hemispere)

Piir(METEO)=996.36mbar

P;iarGos)=1003.9mbar
dP=4.53mbar

an atmospheric current

Movement of a slow convection;
outflow of a relatively high sea
water temperature (effects of a

sensible and latent heat)

g
Tajr < Twater
1013mbar,
I 1.6cm

Pyater(arGos)=1116.7mbar

TwaterARGOS)=2.76°C

L 1117mbar

Fig. 8. Mean values for atmospheric, bottom and dP pressure, and BWT, respectively.
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1.8times larger in Root Mean Square(RMS) against
to group 2. It should be explained that a high
atmospheric temperature which is increased by a
radiant heat from Sun(in the spring and summer;
group 1) inflows into sea water(movement of a
rapid convection; Tai>Tyater), and a relatively
high sea water temperature comparing to a
atmospheric temperature(in the autumn and
winter; group 2) outflows from sea water
(movement of a slow convection; Tair<Twater,
effects of a sensible and latent heat losses).
Secondly dP of group 2 is about 1.8times more
than that of group 1, and RMS of the two group
are nearly the same values. This should be
considered on the meteorological characteristics
that this Kerguelen area forms a stagnation of a
low atmospheric pressure bands(a upward air or
atmospheric current, cycle in the southern
Hemisphere) during the short times(4 months in
group 2), and a stagnation of high atmospheric
pressure bands(a downward air current,
anticyclone; counter-clockwise in the southern
Hemisphere) during the long times(7 months in
group 1). Finally the difference of sea level
between group 1 and group is about 1.6¢m.

Fig. 9 shows variations of (a) sea level, hy, (b)
tidal level, I, (c) detided oceanic signal level,
Raetized =hs; — 1y, (d) inverted barometer level, hy, =
hy, - 71; and (e) seasonal oceanic signal level, i1
= Ngetided — hip, Tespectively. Fig. 10 shows power
spectrum density for (a) kg, (b) hy, () Hgetided and
(d) BWT. When setting on the basis of T=3days
period, kg variation shows high values of energy
in all the band and h; variation very low values of
energy in all the band except several stronger
peaks of energy in T<3days period bands. Thus
these results mean that tides(high frequency tides)
do not greatly contribute to hy variation in the

long periods as compared to hges404 variation in

the distribution of energy of all the period bands.
So to speak, this should be explained that BWT
with the seasonal and annual time scales
contributes to /iy variation in the long periods.

The above results show an important bearing
on the relations of Iyeiges to hyp. Thus giving
attention to both gz and hy, this two oceanic
signal levels appear a smilar form with the lapse
of time. In order to know exactly periodicity or
regulation of their relationship(Fig. 11), these two
oceanic signal levels were filtered by gaussian’s
the low-pass filter method(T=3days period cut-
off). We note that there is a strong correlation
between hy,i404 variations and hy, variations with
r=0.87. This means that oceanic signal level by
inverted barometer effects is the most superior
among all the oceanic signal levels for
contributions of sea level variations.

As comparing with hgeriges and hj, through
spectral analysis, cm, coherency, y* and phase, 6 in
Fig. 12. On spectral analysis, hgpigeq appears sea
level of about 4.8cm in T=about 10days period
and about 5.6cm in T=about 180days period, and
hip appears sea level of about 6.6cm in T=about
10days period, respectively(Fig. 12a). On
coherency squared, these two levels(fgesizeq and
hip) show a good relation with r?=0.46(the
confidence level is 95%) for T>1days period
bands(Fig. 12b). On phase, the response of Hgizes
to atmospheric forcing distributions is advanced
than the response of hj, response in the high
frequency with T<2days period bands, but the
response of hyyigeqs to atmospheric forcing
distributions is slower than the response of hy in
the low frequency variation with T>2days period
bands(Fig. 12¢). The above results mean that
characteristics of h.i4.¢ variation are decided not
by the influence of any atmospheric forcing

distributions(atmospheric pressure) but by the
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Fig. 9. Variations of (a) sea level, h, (b) tidal level, hy, (c) detided oceanic signal level, hgetiged = hs+hy, (d) inverted barometer
level, hjp = hp—h_p and (e) seasonal oceanic signal level, hgorip = haetigea—hip, respectively.
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Fig. 10. Power spectrum density for (a) sea level, (b} tides, (c) detided oceanic signal and (d) bottom

water temperature, respectively, the confidence intervals are 95%.
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Fig. 11. Variations of detiede oceanic signal level(—) and inverted barometer level(— —) after
low-pass filter(gaussian filter) with a cut-off 3 day period.
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Fig. 12. Comparing with detided oceanic signal leve! and inverted barometer level through (a) spectral analysis, cm, (b) coherency
squard, ¥ and (c) phase, 8. Here, the confidence intervals are 95% and the confidence level is 0.46, respectively.

influence of other factors(BWT) in the turning Seasonal oceanic signal level, 11, 3, variations are

point of T>2days period bands in the variations of basically caused by simutaneously seasonal

long periods.

Sea level variations present usually a range of a
distinct variation of about semi-annual or annual
seasonal characteristics with amplitudes of 2~3cm
at low latitudes and of about 10cm at high

latitudes in monthly and annual time scales.

modulation of meteorological effects and thermal
structure of sea surface(warming up or cooling
down by seasonal variations in sea surface). As
thinking over Az, seasonal oceanic signal level,
there are a necessity to know their relationship
between horr 5 and BWT. Fig. 13a and 13b show
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variation of OSL II, Low-pass filter with a cut-off at 3day period
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Fig. 13. Variations of (a) seasonal oceanic signal level and (b) bottom water temperature after low-pass filter with a cut-off 3 day period,
(c) power spectrum density of seasonal oceanic signal level, and (d) theorical variations of seasonal oceanic signal level.
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Fig. 14. Comparing with (a) detided oceanic signal level and (b) seasonal
oceanic signal as energy percent in power spectrum density.

once more again the represented figure after low-
pass filtering with a cut-off at 3day period for both
heorr.iv(Fig. 9¢) and BWT(Fig. 6¢), and Fig. 13¢
presents the power spectrum density of figpyjp in
T>3days period bands. Here, we can know that
heorrip varies approximately with a form of sine
function in relation to seasonal variations of BWT
with a certain regulation during this observed
periods, and that then figr.3 has generally a high
peak of energy in the long periods. that is say, it
should be explained that seasonal oceanic signal
level(heorp = 6.2 sin(%t +%6), unit: cm) due to
steric changes(the seasonal variation of BWT) is
contributing to sea leve] variations in monthly and
annual time scales(Fig. 13d).

Fig. 14 shows the energy percent(PSD/total
PSD) in T>10days period bands for both hyeigeq

and horrin, then hyerigea and heorr.ip have about
12.3884cm and 7.4268cm for RMS, and about 30%
and 80% for energy percent, respectively. This
means that a contribution of /gy, is superior to
that of hypsided for sea level variations in T>100days

period bands.

5. Conclusions

We obtained the several results from the two
oceanic signal levels(hyeriged and hicorr.ip) on sea level
variations at Kerguelen island in the South India
Ocean by using filter, power spectrum density,
coherency and phase. Their spectral shapes for
atmospheric pressure variations are good agreed
with between ARGOS data and METEQ data in
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all the observed periods. Regression equation and
correlation coefficient between BWT and 4P is
Y par = —0.53 Xoc + 5.8558 and r=—0.8299 in the all
periods, respectively. This Kerguelen area appears
(a) firstly the inflow of a high atmospheric
temperature to sea water(effects of a radiation
heat by Sun) and the stagnation of a high
atmospheric pressure bands during the long times
in the spring and summer, and (b) secondly the
outflow of a relatively high sea water temperature
from sea water(effects of a sensible and latent heat
losses) and the stagnation of low atmospheric
pressure bands during the short times in the
autumn and winter, respectively, and (c) finally
the difference of sea level between spring-summer
and autumn-winter is about 1.6cm.

Also we found an important characteristic for
two oceanic signal levels(detided oceanic signal
level, hyeriged and seasonal oceanic signal level,
heorrp) due to the meteorological effects(inverted
barometer level, ;) and seasonal effects(bottom
water temperature), respectively. There is strong
correlation between hyerigeq and hy for T>1day

period bands in coherency, and characteristics of

hdetidea variations are decided not by the

influence of any atmospheric distributions
(atmospheric pressure), but by the influence of
other factors (bottom water temperature) for
T>2days period band in phase. The theological
variations of seasonal oceanic signal level(figyr.ip
~ 6.2 sin(%t +—76T~)) due to steric changes(the
seasonal variation of bottom water temperature) is
contributing to sea level variations in the monthly
and annual time scales. The signal level kit
plays a very important role of the sea level
variations of the long periods in comparison with
Petiged Decause figorr iy has the high energy percent
of 80%(PSD/total PSD) in T>10days period bands.

Both agricultural and industrial, human

activities, cause the emission of ploy-atomatic
molecules into the atmosphere. It is known that
the green house effects cause a global warming.
The augmentation of temperature brings about a
global rise in mean sea level resulting from
melting glaciers and polar ice caps and to the
thermal expansion of sea water. Generally an
upper limit of 60cm be estimated for the rise in
global sea level by the end of the 21C(Welander,
1990), but this estimate is fraugt with large
incertitudes. But whatever parameters contribute
to sea level rise, our deep interests should be paid
attention to sea level variations as a global

warning for the Earth’s environments.
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