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ON THE INFERENCE OF OCEANIC CURRENTS
OR EDDIES BY SPACEBORNE ALTIMETRY THROUGH
THE DYNAMIC METHOD FOR THE DETERMINATION
OF THREE DIMENSIONAL DENSITY (TEMPERATURE) FIELD

o ———

I. INTRODUCTION

The majority of oceanic features such as currents and eddies not
only exhibit measurable temperature gradients at both the surface and
subsurface level [Stommel, 1966; Stommel and Yoshido, 1972; Bruce, 1979;
Halliwell and Mooers, 1979; Richardson, et al., 1979; Vukovich and

|
|
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Crissman, 1979], but also possess measurable dynamic heights and slopes

'y [Stommel, 1966; Stommel and Yoshido, 1972; Vukovich and Crissman, 1979].

These dynamic heights and slopes are the results of different demsity
and current profiles in the horizontal and vertical directions through
the currents and the eddies. These dynamic heights and slopes are the
deviations from the local geoid heights and slopes which, theoretically,
represent a motionless ocean. The dynamic slopes as well as the varia-
tions of dynamic heights can induce horizontal pressure gradients.
Under the steady state situation, by neglecting the effects due to
friction and removing the effects due to wind set-up and atmosphere
pressure, one may relate the geostrophic current velocity orthogonally
ﬁ to the horizontal pressure gradient by the dynamic method. In the case
of eddies the horizontal pressure gradient is further balanced by the
centrifugal force. Therefore, under the geostrophic approximation, one
is able to evaluate the current velocity field if the dynamic heights

and slopes over the current are known.
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A éatellite microwave altimeter obtains its range measurement by
determining the round trip travel time of a narrow pulse of electro-
magnetic energy from the radiating antenna to the scattering surface and
back [McGoogan, 1975; Cutting, et al., 1977]. In practice, the round
trip travel time is determined by the separation, on the time axis,
between an arbitrarily chosen reference point and an identifiable point
on the return, usually the midpoint of the ramp section of the return
pulse. The determined range should be corrected for atmospheric and
ionospheric propagation errors. The instantaneous ocean surface
topography is determined by subtracting the altimeter range measurement
from the (precisely determined) satellite position. The local dynamic
height is derived from the instantaneous ocean surface topography after
corrections attributed to the marine geoid, tides, barometric pressure,
wind set-up and storm surges [Chen, et.al., 1980]. Therefore, space-
borne altimeter measurements can be used to infer current and eddy
systems and delineate their boundaries [Huang, et al, 1978; Leitao, et
al., 1979].

Theoretically, a complete set of conditions required for a
mathematically and physically unique and bounded current velocity field
are well defined. These conditions, derived from the Euler's equation of
motion and the equation for continuity of fluids, are the known bottom
topography, the known vertical and horizontal density profiles, and the
known surface kinematic and dynamic conditions. In other words, if the
current velocity field is known the unknown three-dimensional density
field can be uniquely determined. Although the spaceborne altimeter
measurements can only be used to infer, within the instrument's pre-
cision, those geostrophic currents whose physical locations are outside
the latitude band of 20° south to 20° north this all-weather spaceborne
altimeter can provide global information on the majority of current
systems and eddies. Furthermore, with the additional information on the
sea surface temperature provided by the synoptic two-dimensional space-
borne infrared sensor, the chance of obtaining the complete conditions
or field equations is greatly enhanced globally and synoptically.

Obviously useful information can be derived readily. For example, one




can assQﬁe an initial three-dimensional density field over an area and
be confident that these assumed density profiles (which constitute the
density field) will converge uniquely to the desired actual density
profiles at the end of his mathematical manipulations. Information on
the synoptically detected currents, eddies, and their physical locations
by the spaceborne altimeter will benefit acoustic propagation predic-

tions.

It is indeed important that one should not only know how this
dynamic method is derived theoretically, but also know the limitations
and the errors of this method in deriving the current velocity field
from the known dynamic heights or slopes. These two areas of concern

will be described briefly in the following sections.

The determination of a three dimensional density (temperature)
field by using the altimeter measurements will also be discussed. The
interchangeable use of density field and temperature field is valid only

when the salinity 1s assumed to be constant.

IT. DYNAMIC METHOD

Subtracting the corrected spaceborne altimeter range measurements,
corrections for the atmospheric and the ionspheric propagation errors
from the independently measured satellite orbit, the remainder is the
altimeter-sensed sea level. Referring to the geoidal reference ellip-
soid [Chen, et al., 1980], the altimeter-sensed sea level CS can be ex-

pressed as:
2™ = g 0, @0 @B 3@ AE) + ¢ (2.1)

where G is the Geoid, T is the position vector, CR is the sea level as
the perturbation to the Geoid, pa is the atmospheric pressure, p is the
density of the water column directly under the sea surface,'a is the
surface wind vector, q is the current velocity and A is the astronomical
CR in Equation (2.1)
is certainly a complicated one. Nevertheless, the effects on ;R due to

forces (which generate tides). The expression for




pa,‘ﬁ, and'x such as barometric, wind set-up, storm surge, and tidal

sea level variations can be removed with independent measurements.

Therefore, Equation (2.1) does reduce to
5o () > @) = 2 ®),3() (2.2)

where [ is the mean sea level in the traditional sense. Physical
oceanographers would like to call 7 the mean sea level with respect to 1
an arbitrary datum. However, one would be legitimately concerned about
the effectiveness of reducing Equation (2.1) to Equation (2.2) for Z,
especially the higher order terms. Fortunately, most of the parameters
for CR act on different time scales, and proper averaging can lead to
meaningful interpretations for Z in Equation (2.2). For example, the
astronomical forces have well defined periods of days or months.
Therefore, the influences of transient events on [ due to pa,'m, andjﬁ
can be removed and the contributions to I by the quasi-permanent features

of p and'a as shown in Equation (2.2) along the major ocean current :

system remain in the data. This procedure has been demonstrated suc-
! cessfully by the GEOS~3 investigation on the Gulf Stream [Huang, et al.,
1978]1.

In most cases, the ocean density structure, which requires in situ
measurements for unique determination can be related to the current by
geostrophic assumptions. But if barotropic motion is further assumed,

the current can be related directly to mean sea level slope or the mean

dynamic slope.

Assuming a linear constitutive law for the surface strain rate
tensor the basic hydrodynamic equations describing oceanic circulation

in a general time dependent case are [Hill, 1962], the Euler's equation

of motion,
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and, the equation of continuity,

e e

2L 4 9 a@) = 0 (2.3b)

with the associated kinematic and dynamic boundary conditions. In

Equations (2.3a) and (2.3b),'a is the velocity,.ﬁ is the angular veloc-
ity of the earth,.m is the angular velocity of the eddy, T is the posi-
tion vector of the fluid, p is the density of sea water, p is the pres-
sure,-% is the body force, and v is the kinematic viscosity of the sea
water. The position vector'? is a function of time t. The third term
on the left hand side, iﬁ X'a, of Equation (2.3a) is the Coriolis force
induced by the fluid motion a and the fourth term,?hxﬁzi;), is the

centrifugal force induced by the eddy motion. In the absence of eddy
motion the centrifugal force term always vanishes. Notice that Equa-
tions (2.3a) and (2.3b) are differential equations for the geometric
components for the steady state situation, Equations (2.3a) and (2.3b) j

become

@@ Va@E) + 2xq (@) + (1) (o wir

= - 5%.;)—’5;,(’;) + () + Wi (2.4a)
and
WV @) + 0DV . q(®) = 0 i (2.4D)

With the Boussinesq, the hydrostatic, the Rectangular Cartesian Coordi-
nates', and the scale approximations and, also, the eddy term assump-
tion, Equations (2.4a) and (2.4b) are further reduced to the component
form as

-t
= = -2 1 3p(x) _
2sinA|Q|q2(x) Wy ox w t |w] Y ¢) axl , 1=1, 2, 3,

(2.5a)
- T T 10
Zsinklﬂlql(x) + Wy X5 Wy |w] X, = °Ye3) 8x2 , 1=1, 2, 3,
(2.5b)
e
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3q, ®) , 39, ()

=0 ’ (2.5d)
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respectively, where'; = (xl, Xys x3) is the position vector, A is the
latitude (positive in northern hemisphere) and g is the gravitational
acceleration. The Cartesian Coordinates X1 Xy, and x5 are in the local

east, north, and vertical downward directions. However, since usually

® = (0, O, w,) (2.6)
Equations (2.5a), (2.5b), (2.5¢), and (2.5d) can be simplified as
= 2. _ 1 3p&
251nl|9|q2(x) + wy” Xy = —5T§y axl . (2.6a)
-
- 22 __ 1 3°p(®
2sinA|Q]q1(x) wy" Xy = - 5&y o, , (2.6b)
-k -
p(x) =p(x)g > (2.6¢)
Ix
3
and
39,0 39,()
P + = 0 . (2.6d)

1 2

Equations (2.6a) and (2.6b) are the typical differential equations for
dynamic systems, which can readily be solved by the method of complex
variables. Equation (2.6c) is nothing but the hydrostatic equation and

equation 72.6d) is the continuity equation in the horizontal plane.

In the actual case of eddy motion,

2 - 220 1/2
wy L% q ®) +q, (x) Q.7
2 + 2
S B
where w, can either be positive'or negative according to the right hand

rule. For the sake of discussion, let Wy be positive. Equations (2.6a)
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and (2.6b) then have the forms of

ZSinAlQ!qZ(x) + T, .2 - % = W—M—axl , (2.8a)
1 2

and
2 2~
ql (X) + q2 (X)

2 2
X + x2

L &) (5 8)

2sinA[Q[ql(x) - 2 T o® ox,

»
1

With a coordinate transformation from the Rectangular Cartesian Coordi-
nates to the local cylindrical coordinates Equations (2.8a), (2.8b),
(2.6c) and (2.6d) become, under the assumption of'ﬁ ='a(x1),

. Repl? )

251nk|9||q(xl)l + = 5 e s (2.9a)

1

1 9p _

> 3 = 0 s (2.9b)
2

1 9p _

o x. " 8 , (2.9¢)
3

and
Bla(xl)l
— = 0 (2.94)
X

where Xy is in the radial direction from the center of the eddy, X, is

in the counterclockwise angular direction and X4 is in the vertical
downward direction. It is quite obvious that the current is in an

axisymmetric pattern and

N sz
Qx| = %) 575 = %0, (2.10)

with respect to Equation (2.7).
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Nevertheless the second terms at the left hand sides of equatioms
{(2.8a) and (2.8b) are high order terms, for current systems other than

eddies, these terms can be dropped as

oA 1 &)
ZSmAmlqz(x) alye) %, , (2.11a)
and
2sin}|R]q, GO = -5-%—3{;)—31;—}?‘1 : (2.11b)
2

Equations (2.1la), (2.11b), (2.6¢c), and (2.6d) are the governing equa-
tions for the geostrophic current system. Although these equations do
not include the centrifugal terms which render them unfit for eddy
systems, these equations will be used, henceforth, without the loss of
generality and rigor. The method which uses Equatioms (2.1la), (2.11b),
(2.6c), and (2.6d4) for inferring current from the dynamic heights or

slopes is called the dynamic method.

Several important comments concerning the use of this dynamic
method are required to be made:
1. From Equations (2.1la) and (2.11b) it is quite important to bear in
nind that the effects on the current system due to frictional forces
such as those induced by wind have not been considered. The wind effect
is assumed to be in the form of wind set-up which has been assumed to be

removed by independent means. However, wind action on the sea surface

lead to the horizontal inhomogeneity of water density and to the appear-
ance of a gradient current {[Fomin, 1964]. The total steady gradient
current is computed by the dynamic method also.

2. The gradient component of a steady current is computed by the
dynamic method from the distribution of sea water density. This com-
ponent of current velocity is induced by the horizontal pressure gra-

dient. From Equation (2.6c),
x .
p(x) —'Ea(x) =g 5 p(;c)dx3 (2.12)
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where'B; is the reference atmospheric pressure at the mean sea surtace

. Using Leibniz rule

X
- 3 -
p(x) _ 3p (%) _ oL
o, g . —3x—l"dx3 go (%) T (2.13)

where p(Z) is water density at the sea surface. Equation (2.13) shows
that the horizontal pressure gradient consists of two components. One
is due to the horizontal inhomogeneity of the water density field and
depends largely on the vertical coordinates, while the other results
from the slope of the free surface of the sea and does not change along
the vertical. It is quite easy to see that the spaceborne altimeter is
capable of measuring the second term of the right hand side of Equation
(2.13). The horizontal inhomogeneity of the water density field is
required to be provided by independent means such as those provided by
the combination of infrared and acoustic. sensors.

3. In the dynamic method, it is assumed that at a certain depth the
horizontal pressure gradient and current velocity are zero. This depth
can also be defined at where the two components of the horizontal
pressure gradient, shown by Equation (2.13), are mutually compensated.
To underline the importance of having such a depth, but without knowing
where it is, let us introduce the Helland-Hansen and Ekman Theorem
[Fomin, 1964] of the Parallelism of Solenoids in the sea. The dynamic
method is based on this theorem. Helland-Hansen and Ekman Theorem of

the Parallelism of Solenoids says: If the motion of the sea water is

stationary, the heat content, salinity, and amount of movement in a

volume of water remain constant during motion and the water moves

along an isobaric (or equipotential) surface, then the isotherms,

isohalines, isotachs, and dynamic isobaths lying on the isobaric (or

equipotential) surface are streamlines at this surface. If these iso-

lines are orthogonally projected from one isobaric (or equipotential)

surface on another, they will coincide with the isolines on the latter

surface. Haiami, et al., [1955] have shown that the computation of

currents by the dynamic method does not require preliminary determi-

nation of the depth of the no motion layer or knowledge of current




velocity at some surface if this Theorem is satisfied.

IITI ACCURACY OF THE DYNAMIC METHOD

The absolute error in the computation of current velocity from
Equations (2.1la), (2.11b), (2.6c) and (2.6d4) can be estimated by the

exact differentials to be, numerically,

dlaGy, )l = ZSinKmI%i_‘_l T, | ARGy
glex) - tx,, D01 L
+ L i+l 2 4l% %, (3.1)
Zsinl|Q||Xi+l - xil

where the position vectors';'ci+1 and"z?i are in the finite difference
sense and the symbol "d" denotes measurement errors. These measurement
error terms at the right hand side of Equation (3.1) are readily avail-
able from the spaceborne altimeter and tracking instrument specifica-
tions such as those provided for SEASAT-A Oceanographic Satellite
[Cutting, et al., 1977; Colquitt, et al., 1979; Tapley, et al., 1979].

The error induced in the current calculation increases with increasing

| distance between the reference, i.e. the "zero" current depth, and the
given mean sea surface, and with decreasing geographical latitude of the

-—h -~
area \ and distance between r2asurements |x —xi]. In their study,

i+1
Chen, et al., [1980] assume uniformly distributed errors in the position
determination, the second term on the right hand side of Equation (3.1)

is, thus, identically zero.

The absolute error in the computation of current velocity as such
can not characterize the degree of accuracy of the result obtained. The
same absolute error will confirm the great reliability of the pattern of
horizontal circulation when current velocities are high, whereas with
low velocities it indicates that it is impossible to obtain an idea of
currents by the dynamic method. Therefore, it is more realistic to use
the relative error in the computation of current velocity when estimat-

ing the reliability of the computed current velocities. The relative

10




error is defined as dla(§i+l)|//ra(§i+l)| where the numerator is given
by Equation (3.1) and the denominator comes from Equations (2.1la),
(2.11b), (2.6¢), and (2.6d).

IV. DETERMINATION OF THREE DIMENSIONAL DENSITY (TEMPERATURE) FIELD

Recent observations [MODE GROUP, 1978) have demonstrated, signi-
ficantly, that most of the kinetic energy of the ocean circulation is
associated with variability on a relatively small scale, the mesoscale,
of the order of 100 km. In other words, the current field which trans-
ports heat, nutrients, and salt contents in the ocean not only varies
quite a bit in amplitude, but also varies in a spatial dimension which
is comparable to 100 km in length. These types of variability and
spatial dimension exhibited in the current field have important impli-

cations in weather prediction, and undersea technology such as sound

propagation [Shear, 1971; James, 1972; Vastano and Owens, 1973; Lavenson
and Doblar, 1976]. By assuming constant salinity it becomes necessary !
to quantify the ocean by four independent physical parameters which are i‘
the current velocity'ﬁ(?), the pressure p(?), the density p(?), and the '
temperature T(r). The physical parameters q and T together with the
energy exchange between the ocean and the atmosphere are the critical
elements involved in weather prediction while the physical parameters p,
p and T are the important quantities for undersea acoustics, for ex-
ample. In order to quantify mesoscale phenomena, of 100 km in dimen-
sion, with an acceptable error for the various applications, a hori-
zontal resolution of 5 km and a vertical resolution varying from 1 m to
1 km are required. The definite vertical resolution [Clancy and Martin,
1979] depends, however, on the magnitude of vertical demnsity gradient.
In the mixing layer, for example, where the vertical density gradient is
not very large, the vertical resolution can be 5 m at the top and is

reduced down to 1 m where the mixing layer meets the thermocline.

Nevertheless, on the mathematical and the physical grounds, in

order to guarantee the uniqueness and the convergence of these four

physical parameters, a set of conditions are required to be satisfied

11
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[Hil1l, 1962; Neumann and Pierson, 1966]:

1. The three dimensional descriptions of the field is required to be
specified: Based upon the principles of conservation of momentum and
conservation of mass, Equations (2.3a) and (2.3b) are derived for the
four physical parameters'ﬁ, P, P, and T. However, since‘E is a vector,
six independent equations are required to specify the field. Besides
the four equations provided by Equations (2.3a) and (2.3b) two more
equations should be added. One equation is called the equation of

state,

o (@ = p(s(®), T(r)) (4.1)

where the salinity S(r) has been dssumed to be constant. And the other

equation describing the change in temperature is

3T (z)

5 4 @@ -1

\

- &1 + v {TGE D@ - 20D?

. Q(-r:') (4.2)

Where K is the coefficient for the molecular diffusion of heat, v is

the coefficient of kinematic viscogity and Q is the source strength

for the energy that causes the fluid to change its temperature. Equa-
tions (2.3a), (2.3b), (4.1), and (4.2) are complicated equations to be
solved indeed. With the multiple layers approach, quite a few numerical
modelling techniques are proved to be partially successful in solving
these equations. The problem area remaining at present, however, is the
lack of adequate description of energy transfer at the air-sea interface.
The multiple-layered model, described and analyzed by Clancy and Martin
[1979], has the potential to overcome this problem by using satellite-
observed information on the ocean surface temperature. By the way, if
the salinity cannot be assumed as a constant, one more equation is

required to be added to fully describe the field. A mean Temperature-

12
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Salinity curve [Emery, et al., 1979] for the area surveyed can also be

used to delineate density profiles from temperature profiles as the
opportunity arises.
2, The energy exchange at the air-sea interface must be specified: The

energy exchange at the air-sea interface involves two types. The first

type is the exchange of kinetic and potential energy. The other type is
the exchange of heat energy. With the removal of the effects due to
wind set-up, storm surge and atmospheric pressure by the method men~
tioned in Section II for this interface, the first type of energy ex-~
change is reduced to that involved in the wind-current and wind-wave
interactions. The physical mechanisms involved in the wind-current and
wind-wave interactions are quite complicated. By assuming a flat
ocean surface, statistical descriptions which require the assumptions
for the eddy terms in Equation (2.3a) have been used successfully
[Neumann and Pierson, 1966] in describing the energy exchange between
the wind and the current.

The second type of energy exchange is also complicated [Jacobs,
1951]. Not only the incident, reflected, and refracted solar energy at
this interface are required to be known, but also the temperature
profiles at both sides of the interface as well as the atmospheric
moisture content are required to be known. Several model equations are
currently under investigations for this type of energy exchange.
Measurements required for these parameters are very difficult to make
and obtain. Because of these difficulties the progresses in modelling
this type of energy exchange are slow and limited. The Fleet Numerical
Oceanographic Center in Monterey, California, has tested several models
and it is quite difficult even to evaluate the results.

3. The energy exchange between the ocean and its bottom and margin is
required to be known: The energy included here is the thermal energy

and the kinetic energy associated with volcanic actions, and the coastal
runoff. Because of the small amount of energy involved, this particular
item is usually neglected.

4. The net gain and loss of mass at the air-sea interface, the margin and

the bottom of the ocean is required to be known: The net gain and loss

13




of mass included are the coastal runoff, sinks and sources of water at
the bottom of the ocean and the evaporation and the rainfall at the air-
sea interface. This type of quantity is usually represented by a term at
the right hand side of Equation (2.3b), the equation of continuity. The
positive and the negative values for this term represents net gain and
net loss of mass, respectively. Unless the area of ocean under in-
vestigation is very close to a river the term is usually set to be zero.
In other words, Equation (2.3b) is an approximation.

5. The depth of the ocean is required to be known: The ocean circu-
lation expressed by the physical parameter E is usually the sum of two
major types of currents which are the wind-driven current and the
geostrophic current. The other minor types of currents such as thermo-
haline current and tidal current are quite small in magnitude in the
deep ocean. Therefore, the primary concern for acquiring the infor-
mation on the depth of the ocean is for the calculations of geostrophic
and wind-driven currents. The wind-driven current, like the Ekman
current [Neumann and Pierson, 1966] which is significant only to a depth
not more than 100 meters, decays quite rapidly with increasing depth.
Based upon the physical argument by using the scale approximation the
wind-driven current can hardly exist beyond the thermocline. Morever,
the horizontal pressure gradient which is responsible for the geo-
strophic current is reduced to zero at some depth beneath the thermo-
cline. The depth can 5; of the order of 1000 to 1500 meters. Prac-
tically speaking the ocean bottom for current calculations can be set at
1000 to 1500 meters in depth. For the portion of ocean whose depth is
less than 1500 meters the actual depth of ocean bottom should be pro-
vided.

6. The current and the density at the surface of the ocean is required
to be provided: By using the satellite-borne radiometer observations in
the infrared range with 1°C resolution, Richardson, et al., [1973],
Scully-Power, et al., [1975], Voorhis, et al., [1976], Wyrtki [1977],
and Bruce [1979] have successfully demonstrated the correlation between
the satellite observed ocean surface temperature and the mesoscale

eddies, current fronts, and advection patterns. Resolution of 0.5°C

14
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over 10 km area will improve the capability for mapping out the finer
structures within the mesoscale features at the ocean surface. As to the
information on the ocean surface current, Huang, et al., [1978], and
Leitao, et al., [1978a, 1978b, and 1979] are successful, also, in
inferring the Gulf Stream, the eddies and their boundaries. The
satellite-borne altimeter can infer the geostrophic current at the ocean
surface. In the following section, examples will be presented to
further illustrate this particular space-borne technique.

However, using undersea acoustits alone, the condition described by
Item 2 (which is the energy exchange at the air-sea interface) is not
required to be specified. An inverse solution technique proposed by
Munk and Wunsch [1979] can be used in areas with large spatial varia-
tions in density profiles so that finer spatial resolution can be
obtained for these acoustic sensitive areas. In area with small hori-
zontal spatial variations in density profiles, however, this technique

tends to be over-determinated.

V. EXAMPLE OF OCEAN SURFACE CURRENT INFERRED BY SPACEBORNE ALTIMETER

MEASUREMENTS

From the previous section, Section IV, it is recognized, no matter
what numerical approach is taken, that the descriptions on the ocean
surface current is one of the required boundary conditions for the
determination of the three dimensional #ensity (temperature) field
uniquely. The spaceborne altimeter has been suggested, in Section IV,
and investigated [Chen, et al., 1980] to be the logical choice for the
provision of the required information on the ocean surface current
synoptically and globally.

Nevertheless, the basic idea of inferring current by the spaceborne
altimeter measurements has three important parts. The first part of
idea is the feasibility of observing the mean sea level 7 or the dynamic
height gz with the in situ measurements. The second part is the feasi-
bility of observing Z or gfZ from the spaceborne platform. The third
part, of course, is the feasibility of relating those [ or gi abserved

from the spaceborne platform to the ocean surface current. The last
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part of the idea has been explained in detail in Sections II and III
and, also, by Chen, et al., [1980].

As to the first part, there are many reports and papers, in the
open literature, on the evaluations of dynamic heights across currents,
and eddies. Vukovich and Crissman [1978] evaluate the two dimensional
dynamic topography at the 200 meters depth relative to the 450 meter
depth over an eddy. Because there is negligible amount of current
motion at the depth of 450 meters level, the 450 meters depth can be
considered as the motionless bottom for the geostrophic current cal-
culation. Furthermore, since the current is more or less constant for
the first 200 meters beneath the ocean surface at any given horizontal
position, the dynamic topography at the ocean surface should be almost
identical to that calculated at the 200 meters depth.

Figure 5.1A shows sea lane used by o0il tankers en route between
Persian Gulf and Atlantic ports along which the expendable bathyther-
mograph (XBT) sections are obtained. Sections of temperature in °C
along the tanker sea lane from XBT's for three successive monsoons are
shown in Figures 5.1B and 5.1C for 1975, in Figures 5.1D and 5.1E for
1976, and in Figures 5.1F and 5.1G for 1977. The large Somali prime
eddy is clearly discernible at 4°N to 12°N, in latitude, with the
smaller Socotra eddy to the northeast. The shaded triangular areas off
Somali coast are the probable regions of upwelling. Figure 5.2 shows
the sea surface dynamic heights for those XBT sections shown in Figure
5.1. The mean salinity is used for the calculations of these dynamic
heights. The typical dynamic height shows a change of 5.7 mz/sec2 over
a distance of 1° in latitude.

Furthermore, over a typical area of ocean, Figure 5.3 shows the
two—-dimensional sea surface temperature in °C and the two-dimensional
surface dynamic height in meters, relative to 1500db, of the MODE area
[MODE GROUP, 1978]. The crosshatched area on the maps of dynamic height
show all surface water cooler than the mean for the period. The depth of
1500 db is chosen because Schmitz, et al., [1976] determined that 80% of

the geostrophic surface current is, on the average, due to density
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structure above 1500 m. The direction of geostrophic current is
indicated by the arrows and the magnitude can be estimated from the
geostrophic speed scale shown in the lower right corner. Therefore, not
only the dynamic heights are successfully evaluated one and two dimen-
sionally in the fields, but also these results of dynamic heights are
confidently used to calculate the geostrophic current. The first part
of the idea is indeed valid and proven.

The second part of idea is related to the spaceborne measurements.
Figure 5.4 shows the two dimensional mean sea surface in meters using
elevations obtained at each crossing, shown in inset, of the GEOS-3
satellite altimeter, for November 1975. The locations and boundaries of
the Gulf Stream are shown in the expected close relationship with those
provided by the climatological data. From this type of mean sea surfaces,
the geostrophic current speeds can be evaluated for different profiles.
Figure 5.5 shows the comparison of dynamic topography and derived
velocity component cross track for three repeated altimeter profiles
(satellite passes number 1795, 2321, and 2847) acquired over the same
ground track during three successive months. The asterisks indicate
the western boundaries of the Gulf Stream for these profiles as
determined by Experimental Ocean Front Analysis (EOFA) [Leitao, et al.,
1978a]. Figure 5.6 shows the Gulf Stream eddy (ring) movement sequence
as defined by satellite-borne surface infrared sensor and satellite
altimeter from April 1975 to February 1976. Clearly, from Figure 5.6,
the satellite altimeter has been shown to be capable in mapping the
mesoscale eddies. Therefore, the spaceborne altimeter has the cap-
ability to measure the dynamic heights or the mean sea surfaces from
which the ocean surface current can be calculated. These figures, from
Figure 5.4 to Figure 5.6, have actually confirmed the second part as
well as the third part of the idea.

The idea of inferring the ocean surface current from the satellite
altimeter measurements is then fully certified for providing the ocean

surface current condition for determination of the three dimensional

density (temperature) field. With the other conditions satisfied, the
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three dimensional (temperature) field determined is unique.

VI. CONCLUSION

In this report the dynamic method used in the field of Physical
Oceanography in inferring the geostrophic current and eddy systems has
been laboriously developed from its physical theoretical background and
its mathematical governing equations for the using of the spaceborne
altimeter-sensed dynamic heights or slopes. This method's absolute and

relative errors are also discussed briefly.

And, also, the conditions for the determination of the three
dimensional density (temperature) field uniquely are mentioned and
explained. The spaceborne altimeter is shown to be the instrument for
the provision of one condition, i.e., the ocean surface current con-
dition. The three-dimensional density (temperature) field and its
boundary conditions at the air-sea interface play dominant roles in the
weather prediction and the undersea technology. The interchangeable use

of the terms of density and temperature fields is valid only when the

salinity can be assumed as constant,

This report should be viewed as complementary to that by Chen, et
al., [1980] in which the requirements on the measurement error of the
dynamic heights or slopes by the spaceborne altimeter are defined. It
is hoped that this report, together with that by Chen, et al., [1980],
will help to clearly establish the mission priorities and requirements

for future satellite system such as NOSS-2 whose prime missions may

include the measurements of current and eddy systems by a spaceborne
microwave altimeter.
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