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SYSTEM AND METHOD FOR CORRECTING A MODEL-DERIVED VERTICAL STRUCTURE OF
OCEAN TEMPERATURE AND OCEAN SALINITY BASED ON VELOCITY OBSERVATIONS

TECHNICAL FIELD
[6001] Methods and systems disclosed herein relate generally to using ocean velocity measurements
to correct ocean forecast models.

BACKGROUND ART
[6602] Ocean forecast model corrections have historically been done using salinity and temperature

profiles and satellite sea surface height (SSH). Correcting initial conditions of ocean velocity measurements
can correct the vertical structure of the ocean temperature and salinity. Corrections te the initial conditions for
a forecast can be made through ensemble methods. These methods typically require on the order of thirty
mstantiations of the forecast system, require substantial work to ensure the ensemble properly represents and
spans the error probability density function of the state and thus requires large cornputational resources.
Corrections to the initial conditions for the forecast can also be made through four dimensional variational
methods. These methods require constructing a tangent linear model, the adjoint of the model, and the methods
require runming both the linear model and the adjoint several times in the analysis cycle to initialize the model
forecast. This solution requires a substantial investment in developing the models and meeting the
computational requirements to run the models. What is needed is a system that enables velocity observations of
ocean currents from sources such as drifters at the surface or under water, and/or current meters either moored
or on ships, to correct an ocean forecast model by using historical observations saved in a database to relate the
observed velocity to temperature and salinity structure throughout the water column. The needed system could
relate velocity measurements to salinity and temperature using historical observations. The needed system
could enable the use of a plethora of existing, worldwide sources, for example, but not limited to, drifters and
current meters, of current measurements for ocean model correction. The needed syster could make use of the
existing historical data to develop region specific velocity/salinity-temperature correlations. What is further
needed is a computationally efficient method that is compatible with existing super-computer ocean forecasting
systems operated daily to enable operational use.

DISCLOSURE OF THE INVENTION
[6003] The system and method of the present embodiment can correct a vertical structure of the
ocean temperature and salinity based on velocity observations. The system of the present embodiment can
enable the use of ocean velocity measurements to correct ocean forecast models. In the present embodiment,
three relatious that can be precomputed are exploited: (1} the relation between temperature and salinity
throughout a water colunn, (2) the relation between temperature/salinity and geopotential, and (3) the relation
between geopotential and velocity. The relations are stored in a form that allows efficient application through a
cross-correlation matrix. In the present embodiment, historical observations can be used to construct the
relation between temperature (T) and salinity (S) variations throughout the water column. The cross-correlation
between T and S and geopotential, the height change of constant pressure surfaces, can be computed.
Geopotential is computed through specific volume expansion of the fluid below a given depth due to T and 8§

variations. For example, as temperature increases in lower water, the lower water expands. The position of
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geopotential (constant pressure) moves upward due to volume expansion. The cross-correlation matrix
between T and S and geopotential is decomposed through an eigenvector reduction, and the most significant
modes are retained. Velocity is related to geopotential through a geostrophic balance in which the Coriolis
force balances horizontal pressure gradients that are horizontal slopes in the geopotential. Thus, given
geopotential at any depth, the relation to T and S within the water column is known. Historical observations can
provide the relations between velocity and T/S, which can prevent errors due to model drift in previously
available methods.

[0004] The system of the present embodiment for correcting a vertical structure of ocean temperature
and ocean salinity based on velocity observations can include, but is not limited to including, a matrix processor
computing a historical covariance matrix of the vertical structure at each grid point using in situ temperature and
in situ salinity. The system can further include a geopotential processor computing a vertical geopotential
structure, the geopotential processor including the vertical geopotential structure in the historical covariance
matrix to form a historical geopotential and T/S covariance matrix. The system can still further include a
correction processor computing a horizontal geopotential structure based on the geostrophic relationship and the
velocity observation. The correction processor can compute temperature and salinity in the water column based
on the covariance relation between the historical geopotential and historical covariance matrix. The correction
processor can still further correct a predicted temperature and a predicted salinity based on the horizontal
geopotential structure, the historical geopotential, the historical covariance matrix, and the velocity
observations. The geopotential processor can optionally produce a matrix of eigenvectors based on
decomposing the historical covariance matrix through eigenvalue decomposition, and can store a set of most
significant eigenvectors of the matrix of eigenvectors, the set being sized up to a pre-selected value. The
geopotential processor can still further compute a TS standard deviation matrix of the in situ temperature and the
in situ salinity, and can compute a geopotential standard deviation of the vertical geopotential structure. The
geopotential processor can reconstruct the historical covariance matrix based on the set of most significant
eigenvectors, the TS standard deviation matrix, and the geopotential standard deviation. The pre-selected value
can be, for example, but not limited to, 6. The system can optionally include a numerical model processor
executing a numerical ocean prediction model using the corrected predicted temperature and the corrected
predicted salinity to produce a numerical model forecast. The numerical ocean prediction model can predict

eddies based on the numerical model forecast.

[0005] The method of the present embodiment for cotrecting a vertical structure of ocean temperature
and ocean salinity based on velocity observations can include, but is not limited to including, computing a
historical covariance matrix of the vertical structure at each grid point using in situ temperature and in situ
salinity, computing a vertical geopotential structure, including the vertical geopotential structure in the historical
covariance matrix to form a historical geopotential and a T/S covariance matrix, computing a horizontal
geopotential structure based on the geostrophic relationship and the velocity observation, computing
temperature and salinity in the water column based on the covariance relation between the historical
geopotential and the historical covariance matrix, and correcting a predicted temperature and a predicted salinity
based on the horizontal geopotential structure, the historical geopotential, the historical covariance matrix, and
the velocity observations. The method can optionally include producing a matrix of eigenvectors based on

decomposing the historical covariance matrix through eigenvalue decomposition, storing a set of most
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significant eigenvectors of the matrix of eigenvectors, the set being sized up to a pre-selected value, computing a

TS standard deviation matrix based on the in situ temperature and the in situ salinity, computing a geopotential
standard deviation of the vertical geopotential structure, and reconstructing the historical covariance matrix
based on the set of most significant eigenvectors, the TS standard deviation matrix, and the geopotential
standard deviation. The pre-selected value can optionally be 6. The method can optionally include executing a
numerical ocean prediction model using the corrected predicted temperature and the corrected predicted salinity
to produce a numerical model forecast, and predicting eddies based on the numerical model forecast.
[6806] In another embodiment, a method for predicting eddies can include, but is not limited to
including, applying the method for correcting a vertical structure of the ocean temperature and salinity to a
numerical model forecast, and executing a numerical model including the computed temperature and the
computed salinity to predict ocean eddies.

BRIEF DESCRIPTION OF DRAWINGS
[6007] This patent or application file contains at least one drawing executed in color. Copies of this
patent or patent application publication with color drawing(s) will be provided by the Office upon request and
payment of the necessary fee.
[0008] FIG. 1 is a graphical representation of specific volume anomaly as a function of absolute
salinity and constant temperature in units of m*/kg;
[0009] FIG. 2A is a graphical representation of the derivative of specific volume anomaly with
respect to absolute salinity;
[00010] FIG. 2B is a graphical representation of the derivative of specific volume anomaly with
respect to constant temperature;
[00011] FIG. 3A is a graphical representation of the etror in linearized specific volume anomaly for
the derivative with respect to absolute salinity;
[00012] FIG. 3B is a graphical representation of the error in linearized specific volume anomaly for the
derivative with respect to constant temperature -- the absolute error is first computed, and this is then
normalized by the local value of specific volume anomaly;
[00013] FIG. 4 is a graphical representation of the mean T and S for January from the Improved
Synthetic Ocean Profile (ISOP) data base;
[00014] FIG. 5 is a graphical representation of the cross correlation matrix constructed by extending
the existing ISOP T and S to include geopotential;
[00015] FIG. 6 is a graphical representation of the distribution of velocity observations on August 1,
2012 from the GLAD experiment; The red line denotes the vertical slice used for the graphics in FIGs. 7A-7C;
[00016] FIGs. 7A-7C are graphical representations of the temperature, salinity, and geopotential

analysis increments provided by the velocity observations;

[00017] FIG. 8 is a graphical representation of the sea surface height (SSH) errors from two
experiments showing the impact of velocity assimilation on forecast accuracy;

[00018] FIG. 9 is a schematic block diagram of the system of the present embodiment; and
[00019] FIG. 10 is a flowchart of the method of the present embodiment.
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MODES FOR CARRYING OUT THE INVENTION
[00020] The problems set forth above as well as further and other problems are solved by the present
teachings. These solutions and other advantages are achieved by the various embodiments of the teachings
described herein below.
[00021] The system and method of the present embodiment can correct ocean temperature and salinity
structure given velocity observations. The correction is constructed uses historical in situ observations to first
compute the covariance of temperature and salinity throughout the water column, and then extend the
covariance to relate temperature and salinity to geopotential, relate the covariance of geopotential to velocity
through a geostrophic balance, and then relate the geopotential to temperature and salinity via the reverse
application of the constructed covariances. The relation between geopotential and subsurface temperature and
salinity has not been constructed previously from in situ observations, and thus it has not been possible for
velocity observations to influence the temperature and salinity structure as historically observed. The derivation
of the method is given below.
[00022] The derivation starts by computing the cross covariance of geopotential &, temperature T, and
salinity S. Geopotential anomaly is related to T and S by integrating the specific volume anomaly from a
reference level to depth =. Pressure is an integral of density times gravitational acceleration above a particular
depth. The fixed vertical position is translated to a fixed parcel of material. The total mass above this fixed
parcel of material is constant regardless of the variation in specific volume either below or above this parcel.
Thus the pressure is constant when following this material parcel. The geopotential height is the height of this
parcel that represents a particular pressure. To determine how this parcel of fixed pressure moves vertically, it
is only necessary to consider the specific volume anomaly beneath the parcel. Thus, the geopotential height
anomaly (height of a particular pressure level due to deviations in T and S from 0°C and thirty-five parts per
thousand, respectively) is determined by the specific volume anomaly §{§} integrated from the ocean bottom

to the pressure level of the parcel prior to displacement:

(D
[00023] Given that the T and S variation is assumed to be 0 below a reference level, geopotential can

be expressed as a vertical integral from the reference level to a specified depth:

E b
o8
S ®)
[00024] The reasoning behind this assumption is not necessarily physically based but rather motivated

by the available historical data set, which is only capable of extending to a depth of about 1000m on a regular
basis. There is vertical structure of the ocean mesoscale field relating the T and S variations below 1000m to the

variations above 1000m, and there are horizontal relations between the vertical structure such as the trailing
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cyclonic vortices related to the surface manifestations. Given T and S values at fixed levels, a

= g s o : (T . . .
vector " = [?1 sen f’\\}:«‘ sex § ﬁg where ¥ is the number of vertical levels, can be defined. There can be a
specific volume functional &, linearized about an initial temperature and salinity that operates on ¥. Also a
linear functional operator & can be defined that provides a vertical integral from the reference depth to all

depths and thus provides the geopotential at all depths. Thus the geopotential computed from the T and S vector

is:

W o ATREL A
§; 3)
[00025] 7 is a & & &N matrix, and ¢ is a &Y 3 2 matrix. The vector X can be extended by

appending the geopotential at each depth so that }‘* - { o @iy e %‘53 so that the length of ¥ is 3N. If the
covariance of X is defined as $&FE* where & is the diagonal matrix containing the standard deviations of X

and & is the cross correlation matrix, the covariance of ¥ is then

oo ‘-.
“.R a. i
vy — 7 i UEE el et
MF e T ETNET T *\.; T
LWeallBLY Gelipld @
[00026] The transformation from ¥ to specific volume anomaly is provided by the operator ¢,

Formally, computation of specific volume anomaly from temperature and salinity is a nonlinear operation using
the Thermodynamic Equation of Seawater — 2010 (TEOS-10) The international thermodynamic equation of
seawater — 2010: Calculation and use of thermodynamic properties, I0C, SCOR and IAPSO, 2010:

Intergovernmental Oceanographic Commission, Manuals and Guides No. 56, UNESCO (English), 196 pp.
Because the transposition of & is necessary, it is easiest to provide ¢ and its transpose by constructing a linear
operator that relates temperature and salinity to specific volume anomaly. The data assimilation cycle of a
numerical model forecast computes analysis increments from observation increments. The observation
increments are relative to the prior forecast. If the prior forecast is relatively accurate, it can be used as the state
around which the operator ¢ is linearized. However, linearizing «a is a computationally intensive process. If the
linearization about the historical monthly climatology is used to linearize a then the computations can be
conducted once and are applicable for all time. This linearization about the monthly climatology contains
errors, and the error in the linearization must be considered.
[00027] Referring now to FIG. 1, at pressure 10,153 KPa (given a density of 1035 kg/m’ at a depth of
1000m), the relation between specific volume anomaly 27 and S, 29 and Tp 25 computed by TEOS-10 is
presented. From TEOS-10 specific volume anomaly 27 is computed as a function of absolute salinity & ; 29,
constant temperature ¥~ and pressure. If the ocean models use potential temperature 25 rather than constant
temperature, the datasets computed and shown in the plots are shown as functions of potential temperature 25.
Conversions to constant temperature are performed for calculations in TEOS-10.
[00028] Referring now to FIGs. 2A and 2B, the derivatives with respect to S; 29 and Tp 25 are shown.
Specific volume anomaly derivatives 31 (FIG. 2A) and 33 (FIG. 2A) with respect to 54 29 and Tx 25 are

computed numerically using the TEOS-10 routines. With numerically computed derivative, it is possible to

5



10

15

20

25

30

WO 2014/163953 PCT/US2014/019254

NC 102393 WOl

consider the accuracy of a linear approximation over a given temperature or salinity increment. This is
computed by using the anomaly derivatives 31 (FIG. 2A) and 33 (FIG. 2A) with respect to S, 29 and Tp 25 with
a specified temperature or salinity change (either 1°C or 1 absolute salinity unit) and comparing to the value
computed at the changed temperature and salinity using TEOS-10. That is, the error in assuming a local first
derivative approximation is compared to the actual values.

[00029] Referring now to FIGs. 3A and 3B, the normalized specific volume anomaly errors 35 (FIG.
3A) and 37 (FIG., 3B) (error divided by the specific volume anomaly) are shown. Errors 35 (FIG. 3A) and 37
(FIG., 3B) in using the first derivative with respect to either 3 35 (FIG. 3B) and T 37 (FIG. 3B) are typically
well below 1% of the specific volume anomaly. The area in which errors 35 (FIG. 3A) and 37 (FIG., 3B) are
larger is where the specific volume anomaly is O.

[00030] The vertical integration of specific volume anomaly is accomplished by the matrix g. Ifthe
ordering of T and S within X is the top of the water column in position 1 and the bottom of the water column in
position N, and if pressures at the depths of the T, S, geopotential and specific volume anomalies are given by

the vector 22 T, the vertical integral can be expressed in a summation that computes a trapezoidal integration:

(%)
[00031] Thus ; is given by:
o
™y
: @Y. ) { — Y Y 3 o k1 5% s b4 f@q — 3 . ",
Pt TH o W TRl T B T W Pt TR YW TRt L BT R
Tl T H 5 g
M
2
[00032] The coefficients of pressure for each &; are the elements of the g matrix. In the case of g

for £ m8 & =. is a null vector since the geopotential anomaly at the reference level is zero. Thisis a
simplifying assumption as an initial step. It assumes the model background solution below the reference depth
is correct.

[00033] The covariance for T and S is based on the Improved Synthetic Ocean Profile (ISOP, Helber
etal., ISOP VTR NRL formal report, submitted 2013) that provides the matrix & of equation (4). The extension
here is provided by appending the geopotential covariance based on (6). In the typical ocean analysis data
assimilation, velocity is related to surface geopotential through a geostrophic balance. However, there has not
been a means to relate the geopotential to the T and S structure throughout the water column. By relating
geopotential to the underlying T and S structure, a velocity observation is able to extend its influence range
under the assumption of geostrophic balance in accordance with historical variability in T and S.

[00034] Referring now to FIG. 4, an example of the vertical covariance structure is provided during

January at 275°E, 24°N. The vertical scale is separated into two portions to better show the upper water
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column. The vertical structure of mean 11 and one standard deviation 13 of temperature 15 and salinity 17 are

shown. Mean 11 is based on all historical in situ data taken during January. Each month has an equivalently
constructed set of information on the mean and variances information. The location, 275°E, 24°N, is just
northeast of Cuba in the Gulf of Mexico. Salinity 17 shows the characteristic subsurface maximum at about
200m depth. Mean 11 is subtracted from historical in situ data, and the cross correlation between T and S at all
depths is constructed. This provides the £ matrix at every latitude and longitude 47 point. The § matrix is
decomposed through an eigenvalue decomposition to produce & = FATT where T is the matrix of
eigenvectors and £\ is a diagonal matrix of eigenvalues. To significantly reduce the data storage requirements,
the most significant eigenvectors are saved and stored. In an exemplary embodiment, temperature and salinity
are stored at forty-seven standard depths. In this example, to fully store & would require 47x47 values at every
latitude and longitude. If the most significant eigenvectors are retained up to a maximum of six, storage
requirements can be reduced by a factor of eight. Choosing the most significant eigenvectors does not
fundamentally change the derivation of the cross covariance matrix between T,S and ¢* in Eqn. (4), but it does

change how the information is formulated and stored. For example, the term in Eqn. (4)
GaUBUTaTGT m QuUTArTuTaTs o

is stored as the vertical pressure integration and specific volume anomaly operating on the T and S eigenvectors:
e

el 8)

which is possible since the standard deviation matrix ¥ is diagonal. Thus the cross correlation matrix between

T, S and # can be reconstructed based on stored eigenvectors and eigenvalues.

[00035] Referring now to FIG. 5, an example of the cross correlation matrix 39 at 275°E, 24°N for
January is shown. Exemplary cross correlation matrix 39 is computed from the eigenvector and eigenvalue
information stored in the ISOP data files. In the exemplary embodiment each month of the year can be stored as
a separate file, and the eigen information can be stored on a 0.5° grid covering the globe. Shown is a color bar
range from -1(blue) to +1(red). The exemplary matrix provides the relations between any of the three variables
T, S and ¢ at any depth 45. Thus, given one variable at a particular depth 45, it is straight forward to determine

the correlation to any other variable at any other depth 45.

[00036] Referring now to FIG. 6, the distribution of velocity observations 21 on August 1, 2012 from a
drifter deployment during July through October 2012 is shown. The velocity observations were part of the
Grand LAgrangian Drifter (GLAD) experiment which was part of the Consortium on Advanced Transport of
Hydrocarbons in the Environment (CARTHE). For the GLAD experiment, three hundred drifters were
deployed in the northern Gulf of Mexico. A model experiment was run from May through July assimilating all
available public data streams including satellite sea surface temperature (SST) and sea surface height (SSH) up
to the time of the deployment. At the time of deployment a second experiment was started using the model
initial state at the time (July 20, 2012). The second experiment assimilated only the drifter inferred velocity.
Line 23 is a location at which increment fields 49 (FIG. 7A), 51 (FIG. 7B), and 53 (FIG. 7C) are plotted in
FIGs. 7A-7C.



10

15

20

25

30

35

WO 2014/163953 PCT/US2014/019254

NC 102393 WOl

[00037] Referring now to FIGs. 7A-7C, FIG. 7A shows temperature increment 49, FIG. 7B shows
salinity increment 51, and FIG. 7C shows geopotential increment 53 provided by the assimilation of only
velocity observations 21 (FIG. 6). These charts demonstrate the impact throughout the water column on
temperature and salinity due to the surface velocity observations 21 (FIG. 6). Velocity observations 21 (FIG. 6)
are used on a daily basis to correct the model initial conditions for the day using the geopotential to T and S
relations constructed in Eqn. (8).

[00038] Referring now to FIG. 8, shown is the impact of velocity-only assimilation 57 versus normal
assimilation 59 on forecast accuracy, in particular, the comparison of sea surface height (SSH) errors 55 from
two experiments from August 10-20, 2012. The normal assimilation experiment assimilated all publicly
available data, while the velocity-only experiment assimilated only the drifter data. Both experiments are
compared to the satellite SSH. The velocity-only experiment provides a better match to the satellite SSH than

the normal assimilation experiment and contains lower errors.

[00039] Referring now to FIG. 9, system 100 for correcting a predicted vertical structure of ocean
temperature/salinity (T/S) and velocity 129 based on velocity observations 118 can include, but is not limited to
including, receiver 103 receiving ocean data 119, predicted temperature, salinity, and velocity 129, and velocity
observations 118. System 100 can further include T/S database processor 107 receiving ocean data 119 from
receiver 103, and matrix processor 105 receiving in situ temperature and salinity 121 from temperature/salinity
database processor 107. Matrix processor 105 can compute historical covariance matrix 123 of from the vertical
structure of ocean data 119 at each grid point. System 100 can further include geopotential processor 109
computing a vertical geopotential structure, geopotential processor 109 can include the vertical geopotential
structure in historical covariance matrix 123 to form historical geopotential 125 and temperature/salinity matrix
123. System 100 can still further include correction processor 113 computing a horizontal geopotential structure
based on the geostrophic relationship and velocity observations 118. Correction processor 113 can receive
predicted T/S and velocity 129 from, for example, but not limited to, numerical model processor 115 and/or
ocean data 119, through, for example, but not limited to, receiver 103, which receives these parameters, for
example, but not limited to, directly from sensors or databases, and/or through electronic communications 124.
Correction processor 113 can compute temperature and salinity in the water column based on the covariance
relationship between historical geopotential 125 and T/S covariance matrix 123. Correction processor 113 can
correct predicted T/S 129 based on the horizontal geopotential structure, historical geopotential 125, T/S

covariance matrix 123, and velocity observations 118 to form corrected T/S and velocity 131.

[00040] Continuing to refer to FIG. 9, geopotential processor 109 can optionally produce a matrix of
eigenvectors based on decomposing historical T/S covariance matrix 123 through eigenvalue decomposition,
store the most significant eigenvectors up to a pre-selected value, compute a TS standard deviation matrix of the
in situ T/S observations 121, compute a geopotential standard deviation of the vertical geopotential structure,
and reconstruct historical covariance matrix 123 based on the most significant eigenvectors, the TS standard
deviation matrix, and the geopotential standard deviation. The pre-selected value can be, for example, but not
limited to, 6. System 100 can optionally include numerical model processor 115 executing a numerical ocean
prediction model using corrected predicted T/S and velocity 131 to produce a numerical model forecast, the

numerical ocean prediction model predicting eddies based on the numerical model forecast.
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[00041] Referring now primarily to FIG. 10, method 150 (FIG. 10) for correcting the vertical structure
of the ocean temperature and salinity based on velocity observations 118 can include, but is not limited to
including, computing 151 historical covariance matrix 123 (FIG. 9) of vertical ocean data 119 (FIG. 9) at each
grid point using in situ temperature and salinity 121 (FIG. 9), computing 153 vertical geopotential structure,
including 155 the vertical geopotential structure in the historical covariance matrix 123 (FIG. 9) to form
historical geopotential 125 and T/S covariance matrix 123 (FIG. 9), computing 157 a horizontal geopotential
structure based on the geostrophic relationship and velocity observations 118 (FIG. 9), computing 159
temperature and salinity in the water column based on the covariance relation between the historical
geopotential and T/S covariance matrix 125 (FIG. 9), and correcting 161 predicted temperature/salinity 129
(FIG. 9) based on horizontal geopotential structure, historical geopotential 125 (FIG. 9), T/S covariance matrix
123 (FIG. 9), and velocity observations 118 (FIG. 9). Method 150 can optionally produce a matrix of
eigenvectors based on decomposing historical covariance matrix 123 (FIG. 9) through an eigenvalue
decomposition, store a set of the most significant eigenvectors up to a pre-selected value, and compute a TS
standard deviation matrix of the historical temperature and salinity observations along with a geopotential
standard deviation of corresponding vertical geopotential structure, and reconstruct historical covariance matrix
123 (FIG. 9) based on the set of most significant eigenvectors, the TS standard deviation matrix, and the
geopotential standard deviation. Method 150 can further optionally include executing a numerical ocean
prediction model using corrected predicted temperature 131 and corrected predicted salinity 131 to produce a

numerical model forecast, and predicting eddies based on the numerical model forecast.

[00042] Embodiments of the present teachings are directed to computer systems such as system 100
(FI1G. 9) for accomplishing the methods such as method 150 (FIG. 10) discussed in the description herein, and to
computer readable media containing programs for accomplishing these methods. The raw data and results can
be stored for future retrieval and processing, printed, displayed, transferred to another computer, and/or
transferred elsewhere. Communications links such as electronic communications 124 (FIG. 9) can be wired or
wireless, for example, using cellular communication systems, military communications systems, and satellite
communications systems. In an exemplary embodiment, the software for the system is written in FORTRAN
and C. The system can operate on a computer having a variable number of CPUs. Other alternative computer

platforms can be used. The operating system can be, for example, but is not limited to, LINUX®.

[00043] The present embodiment is also directed to software for accomplishing the methods discussed
herein, and computer readable media storing software for accomplishing these methods. The various modules
described herein can be accomplished on the same CPU, or can be accomplished on different computers. In
compliance with the statute, the present embodiment has been described in language more or less specific as to
structural and methodical features. It is to be understood, however, that the present embodiment is not limited to
the specific features shown and described, since the means herein disclosed comprise preferred forms of putting
the present embodiment into effect.

[00044] Methods such as method 150 (FIG. 10) of the present embodiment can be, in whole or in part,
implemented electronically. Signals representing actions taken by elements of the system and other disclosed
embodiments can travel over at least one live communications network 124 (FIG. 9). Control and data
information can be electronically executed and stored on at least one computer-readable medium. System 100

(FIG. 9) can be implemented to execute on at least one computer node in at least one live communications
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network 124 (FIG. 9). Common forms of at least one computer-readable medium can include, for example, but
not be limited to, a floppy disk, a flexible disk, a hard disk, magnetic tape, or any other magnetic medium, a
compact disk read only memory or any other optical medium, punched cards, paper tape, or any other physical
medium with patterns of holes, a random access memory, a programmable read only memory, and erasable
programmable read only memory (EPROM), a Flash EPROM, or any other memory chip or cartridge, or any
other medium from which a computer can read. Further, the at least one computer readable medium can contain
graphs in any form including, but not limited to, Graphic Interchange Format (GIF), Joint Photographic Experts
Group (JPEG), Portable Network Graphics (PNG), Scalable Vector Graphics (SVG), and Tagged Image File
Format (TIFF).

[00045] Although the present teachings have been described with respect to various embodiments, it

should be realized these teachings are also capable of a wide variety of further and other embodiments.

[00046] What is claimed is:
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1. A method for correcting a vertical structure of ocean temperature and ocean salinity based on velocity

observations comprising:

computing a historical covariance matrix of the vertical structure at each grid point using in situ
temperature and in situ salinity;

computing a vertical geopotential structure;

including the vertical geopotential structure in the historical covariance matrix to form a historical
geopotential and a T/S covariance matrix;

computing a horizontal geopotential structure based on the geostrophic relationship and the velocity
observations;

computing temperature and salinity in the water column based on the covariance relation between the
historical geopotential and the historical covariance matrix; and

correcting a predicted temperature and a predicted salinity based on the horizontal geopotential

structure, the historical geopotential, the historical covariance matrix, and the velocity observations.

2. The method as in claim 1 further comprising:

producing a matrix of eigenvectors based on decomposing the historical covariance matrix through
eigenvalue decomposition;

storing a set of most significant eigenvectors of the matrix of eigenvectors, the set being sized up to a
pre-selected value;

computing a TS standard deviation matrix based on the in situ temperature and the in situ salinity;

computing a geopotential standard deviation of the vertical geopotential structure; and

reconstructing the historical covariance matrix based on the set of most significant eigenvectors, the TS

standard deviation matrix, and the geopotential standard deviation.

3. The method as in claim 2 wherein the pre-selected value is 6.

4. The method as in claim 1 further comprising:
executing a numerical ocean prediction model using the corrected predicted temperature and the
corrected predicted salinity to produce a numerical model forecast; and

predicting eddies based on the numerical model forecast.

5. A system for correcting a vertical structure of ocean temperature and ocean salinity based on velocity
observations comprising:

a matrix processor computing a historical covariance matrix of the vertical structure at each grid point
using in situ temperature and in situ salinity;

a geopotential processor computing a vertical geopotential structure, the geopotential processor
including the vertical geopotential structure in the historical covariance matrix to form a historical geopotential
and T/S covariance matrix; and

a correction processor computing a horizontal geopotential structure based on the geostrophic

relationship and the velocity observation, the correction processor computing temperature and salinity in the
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water column based on the covariance relation between the historical geopotential and historical covariance
matrix, the correction processor correcting a predicted temperature and a predicted salinity based on the
horizontal geopotential structure, the historical geopotential, the historical covariance matrix, and the velocity

observations.

6. The system as in claim 5 wherein the geopotential processor comprises producing a matrix of eigenvectors
based on decomposing the historical covariance matrix through eigenvalue decomposition, storing a set of most
significant eigenvectors of the matrix of eignevectors, the set being sized up to a pre-selected value, computing a
TS standard deviation matrix of the in situ temperature and the in situ salinity, computing a geopotential
standard deviation of the vertical geopotential structure, and reconstructing the historical covariance matrix
based on the set of most significant eigenvectors, the TS standard deviation matrix, and the geopotential

standard deviation.

7. The system as in claim 6 wherein the pre-selected value is 6.

8. The system as in claim 5 further comprising:
a numerical model processor executing a numerical ocean prediction model using the corrected
predicted temperature and the corrected predicted salinity to produce a numerical model forecast, the numerical

ocean prediction model predicting eddies based on the numerical model forecast.

9. A computer system for correcting a vertical structure of ocean temperature and ocean salinity based on
velocity observations comprising computer instructions stored on non-transitory computer readable media to:

compute a historical covariance matrix of the vertical structure at each grid point using in situ
temperature and in situ salinity;

compute a vertical geopotential structure;

include the vertical geopotential structure in the historical covariance matrix to form a historical
geopotential and T/S covariance matrix;

computing a horizontal geopotential structure based on the geostrophic relationship and the velocity
observation;

compute temperature and salinity in the water column based on the covariance relation between the
historical geopotential and historical covariance matrix; and

correct a predicted temperature and a predicted salinity based on the horizontal structure, the historical

geopotential, the historical covariance matrix, and the velocity observations.

10. The computer system as in claim 9 further comprising computer instructions stored on non-transitory
computer readable media to:

produce a matrix of eigenvectors based on decomposing the historical covariance matrix through
eigenvalue decomposition;

store the most significant eigenvectors of the matrix of eigenvectors, the set being sized up to a pre-

selected value;
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compute a TS standard deviation matrix of the in situ temperature and the in situ salinity observations;

compute a geopotential standard deviation of the vertical geopotential structure; and
reconstruct the historical covariance matrix based on the most significant eigenvectors, the TS standard

deviation matrix, and the geopotential standard deviation.

11. The computer system as in claim 10 wherein the pre-selected value is 6.

12. The computer system as in claim 9 further comprising computer instructions stored on non-transitory
computer readable media to:

execute a numerical ocean prediction model using the corrected predicted temperature and the
corrected predicted salinity to produce a numerical model forecast; and

predict eddies based on the numerical model forecast.
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