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SYSTEM AND METHOD FOR CORRECTING forecast model by using historical observations saved in a 
A MODEL - DERIVED VERTICAL database to relate the observed SSH to temperature and 

STRUCTURE OF OCEAN TEMPERATURE salinity structure throughout the water column . The needed 
AND OCEAN SALINITY BASED ON SEA system could enable the use of a plethora of existing , 
SURFACE HEIGHT OBSERVATIONS 5 worldwide sources of SSH for ocean model correction . The 

needed system could make use of existing historical data to 
CROSS - REFERENCE TO RELATED develop region - specific SSH / salinity - temperature correla 

APPLICATIONS tions . What is further needed is a computationally efficient 
method that is compatible with existing super - computer 

The present application is related to U . S . patent applica - 10 ocean forecasting systems operated daily to enable opera 
tion Ser . No . 14 / 023 , 030 , filed on Sep . 10 , 2013 , entitled tional use . What is still further needed is a system that allows 
System and Method for Correcting a Model - Derived Verti - the direct assimilation of SSH data from satellites to 
cal Structure of Ocean Temperature and Ocean Salinity improve efficiency and reduce representativeness errors . 
Based on Velocity Observations , incorporated herein by What is even still further needed is historical observation 
reference in its entirety . 15 data to provide the relations between T , S , and geopotential 

( ø ) to prevent errors due to model drift in ensemble methods . 
BACKGROUND 

SUMMARY 
Methods and systems disclosed herein relate generally to 

correcting numerical models and more specifically to using 20 The system and method of the present embodiment can 
sea surface height ( SSH ) data to correct ocean forecast enable the use of SSH measurements to correct ocean 
models . forecast models . In the present embodiment , two relations 

Systems exist that enable velocity observations of ocean that can be precomputed are exploited : ( 1 ) the relation 
currents from sources such as drifters at the surface or under between temperature and salinity throughout a water col 
water , and / or current meters either moored or on ships , to 25 umn , and ( 2 ) the relation between temperature / salinity and 
correct an ocean forecast model by using historical obser - geopotential . Further , it is recognized that surface geopo 
vations saved in a database to relate the observed velocity to tential equals the sea surface height . The relations are stored 
temperature and salinity structure throughout the water in a form that allows efficient application through a cross 
column . These systems relate velocity measurements to correlation matrix . In the present embodiment , historical 
salinity and temperature using historical observations , and 30 observations can be used to construct the relation between T 
enable the use of a plethora of existing , worldwide sources , and S variations throughout the water column . The cross 
for example , but not limited to , drifters and current meters , correlation between T and S and ø , the height change of 
of current measurements for ocean model correction . These constant pressure surfaces , can be computed . Geopotential ø 
systems make use of existing historical data to develop is computed through specific volume expansion of the fluid 
region specific velocity / salinity - temperature correlations , 35 below a given depth due to T and S variations , except at the 
and are computationally efficient and compatible with exist - ocean surface where geopotential ø is equal to SSH . For 
ing super - computer ocean forecasting systems operated example , as temperature increases in lower water , the lower 
daily to enable operational use . water expands . The position of geopotential ( constant pres 

SSH is a measure of the difference between the actual sure ) moves upward due to volume expansion . The cross 
SSH at any given time and place , and that which it would 40 correlation matrix between T and S and ø is decomposed 
have if the ocean were at rest . Satellite altimeters measure through an eigenvector reduction , and the most significant 
the round - trip travel time of a radar pulse to estimate SSH . modes are retained . Thus , given geopotential at any depth 
Ocean forecast model corrections have historically been and the SSH , the relation to T and S within the water column 
done using salinity and temperature profiles and satellite is known . Historical observations can provide the relations 
SSH . Another method for using SSH to correct ocean 45 between ø and T / S , which can prevent errors due to model 
models uses data assimilation through the construction of drift in previously available methods . Using the system and 
synthetic ocean profiles . This method can be inefficient , can method of the present embodiment , model increments for 
introduce representativeness errors , and can potentially SSH observations now have the appropriate subsurface 
damp out information from profile observations . Yet another response . The system and method of the present embodi 
method uses data assimilation through model - derived error 50 ment do not require synthetic profiles , and allow the direct 
covariances according to Eq . ( 1 ) . assimilation of SSH data from satellites , making it possible 

to make corrections to predictions in locations that were not 
possible to correct through the use of systems of the prior art . 

UTBTU? 0 ( 1 ) The computer system of the present embodiment for { ( x – ( x ) ) ( x – ( x ) ) " ) = 0 UsBsUS correcting a grid of predicted ocean temperature and ocean 
salinity in a water column based on sea surface height 
observations can include , but is not limited to including , a 

where x ? = [ T ] . . . Ty , S , . . . Sn ] , T = Temperature , S = Salinity correlations processor that can compute , by a special pur 
n = number of vertical levels pose computer , vertical correlations between historical tem 
< > = average operator 60 perature values and historical salinity values at various 
Ur or s = vector of standard deviations for T or S depths . The historical temperature vertical profiles have 

B ors = correlation matrix for T or S historical temperature values at the various depths , and the 
This method can lead to undesirable model self - confirmation historical salinity vertical profiles have historical salinity 
effects . Ocean data assimilation systems require a method to values at the various depths . The various depths are selected 
correlate observations at two vertical locations in the ocean . 65 from depths between a pre - selected lowest depth to the 
What is needed is a system that enables SSH measure - ocean surface . The computer system can also include a 

ments from sources such as satellites to correct an ocean variability processor that can compute , by the special pur 
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pose computer , significant vertical variability of the tem - deviations of salinity values . The computer method can also 
perature vertical profiles and significant vertical variability determine , by the special purpose computer , significant 
of the salinity vertical profiles based on an empirical vertical variability of the temperature vertical profiles and 
orthogonal function ( EOF ) analysis of the historical tem significant vertical variability of the salinity vertical profiles 
perature vertical profiles and the historical salinity vertical 5 based on an empirical orthogonal function ( EOF ) analysis , 
profiles . The variability processor can also compute signifi - and can compute , by the special purpose computer , signifi 
cant vertical variability of specific volume anomaly vertical cant vertical variability of specific volume anomaly vertical 
profiles based on the significant vertical variability of the profiles based on the significant vertical variability of the 
temperature vertical profiles and the significant vertical temperature vertical profiles and the significant vertical 
variability of the salinity vertical profiles . The specific 10 variability of the salinity vertical profiles . The specific 
volume anomaly vertical profiles include specific volume volume anomaly vertical profiles include specific volume 
anomaly values . The variability processor can further com anomaly values . The computer method can still further 
pute significant vertical variability of geopotential vertical compute , by the special purpose computer , specific volume 
profiles based on the significant vertical variability of spe - anomaly standard deviations of specific volume anomaly 
cific volume anomaly vertical profiles . The geopotential 15 values from the temperature standard deviations and the 
vertical profiles include geopotential values . The computer salinity standard deviations , and can compute , by the special 
system can even still further include a standard deviation purpose computer , significant vertical variability of geopo 
processor that can compute , by the special purpose com - tential vertical profiles based on the significant vertical 
puter , temperature standard deviations of temperature values variability of the specific volume anomaly vertical profiles . 
and salinity standard deviations of salinity values . The 20 The geopotential vertical profiles include geopotential val 
standard deviation processor can also compute specific ues . The computer method can also compute , by the special 
volume anomaly standard deviations of specific volume purpose computer , geopotential standard deviation of the 
anomaly values based on the temperature standard devia geopotential values based on the specific volume anomaly 
tions and the salinity standard deviations , and geopotential standard deviations , and can modify , by the special purpose 
standard deviation of the geopotential values based on the 25 computer , the geopotential values to incorporate sea surface 
specific volume anomaly standard deviations . The computer height ( SSH ) observations at the ocean surface . The com 
system can also include a correction processor that can puter method can also compute , by the special purpose 
modify , by the special purpose computer , the geopotential computer , covariances based on the vertical correlations , the 
values to incorporate sea surface height ( SSH ) observations temperature standard deviations , the salinity standard devia 
at the ocean surface . The correction processor can also 30 tions , and the geopotential standard deviations , and can 
compute covariances based on the vertical correlations , the correct , by the special purpose computer , the grid of pre 
temperature standard deviations , the salinity standard devia - dicted ocean temperature and predicted ocean salinity based 
tions , and the geopotential standard deviations . The correc - on the covariances and the modified geopotential values . 
tions processor can also correct the grid of predicted ocean The computer method can optionally produce a matrix of 
temperature and predicted ocean salinity based on the cova - 35 eigenvectors based on decomposing the vertical correlations 
riances and the modified geopotential values . The correc through eigenvalue decomposition , tore a set of most sig 
tions processor can optionally include computer code that nificant eigenvectors of the matrix of eigenvectors , the set 
can produce a matrix of eigenvectors based on decomposing being sized up to a pre - selected value , and reconstruct the 
the vertical correlations through eigenvalue decomposition , vertical correlations based on the set of most significant 
store a set of most significant eigenvectors of the matrix of 40 eigenvectors , the temperature standard deviations , the salin 
eigenvectors , the set being sized up to a pre - selected value , ity standard deviations , and the geopotential standard devia 
and reconstruct the vertical correlations based on the set of tions . The computer method can further optionally execute 
most significant eigenvectors , the temperature standard a numerical ocean prediction model using the corrected 
deviations , the salinity standard deviations , and the geopo - predicted temperature and the corrected predicted salinity to 
tential standard deviations . The computer system can 45 produce a numerical model forecast , and predict location of 
optionally include a numerical model processor executing a eddies based on the numerical model forecast , or predict 
numerical ocean prediction model using the corrected grid to locations and strengths of ocean gradients based on the 
produce a numerical model forecast and predict locations of numerical model forecast , or provide mission management 
eddies based on the numerical model forecast , or predict based on the predicted locations and strengths of ocean 
locations and strengths of ocean gradients based on the 50 gradients . 
numerical model forecast , or provide mission management 
based on the predicted locations and strengths of ocean BRIEF DESCRIPTION OF THE DRAWINGS 
gradients . 

A computer method for correcting a grid of predicted This patent or application file contains at least one draw 
ocean temperature and ocean salinity based on sea surface 55 ing executed in color . Copies of this patent or patent 
height observations can include , but is not limited to includ - application publication with color drawing ( s ) will be pro 
ing , determining historical temperature vertical profiles and vided by the Office upon request and payment of the 
historical salinity vertical profiles at various depths from a necessary fee . 
pre - selected lowest depth to the ocean surface . The historical FIG . 1 is a graphical representation of the long term mean 
temperature vertical profiles include temperature values , and 60 during January of T and S at 275º E , 24° N ; 
the historical salinity vertical profiles include salinity values . FIG . 2 is a graphical representation of the cross correla 
The computer method can also include computing , by a tion of T , S and o at 275º E , 24° N for January ; 
special purpose computer , vertical correlations between the FIG . 3 is a graphical representation of the cross covari 
historical temperature values and the historical salinity val - ance of T , S and o computed from correlation using the 
ues between the various depths , and computing , by the 65 standard deviation matrix U at 275º E , 24° N for January ; 
special purpose computer , temperature standard deviations FIG . 4A is a graphical representation of corrections avail 
of temperature values and computing salinity standard able with the use of SSH observations ; 
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5 

FIG . 4B is a graphical representation of corrections avail p = pressure 
able without the use of SSH observations ; dp - infinitesimal pressure difference 

FIG . 5 is a schematic block diagram of the system of the z - depth at p 
present embodiment ; and Given T and S values at fixed levels , a vector x = 

FIGS . 6A and 6B are flowcharts of the method of the 5 [ T , . . . Ty , S . . . Sy ] , where N is the number of vertical 
present embodiment . levels , can be defined . There can be a specific volume 

functional a , linearized about an initial temperature and 
DETAILED DESCRIPTION salinity that operates on x . Also a linear functional operator 

G can be defined that provides a vertical integral from the 
The problems set forth above as well as further and other 10 reference depth to all depths and thus provides the geopo 

problems are solved by the present teachings . These solu tential at all depths . Thus the geopotential computed from 
tions and other advantages are achieved by the various the T and S vector is : 
embodiments of the teachings described herein below . 

ø = Gdx ( 3 ) The system and method of the present embodiment can 
correct ocean temperature and salinity structure given SSH G is an NxN matrix , and d is an Nx2N matrix . The vector 
observations . The correction constructed uses historical in X can be extended by appending the geopotential at each 
situ observations to first compute the covariance of tem - depth so that y ' = [ x " , 01 . . . PN ] so that the length of y is 3N . 
perature and salinity throughout the water column , and then If the covariance of x is defined as UBU ' where U is the 
extends the covariance to relate temperature and salinity to 20 diagonal matrix containing the standard deviations of x and 
geopotential . modifies the geopotential information to B is the cross correlation matrix , the covariance of y is then 
include SSH observations , and relates the covariance of 
modified geopotential to temperature and salinity via the 
reverse application of the constructed covariances . The UBUT ( 4 ) UBUT ST GT ] 

( ( y – ( y ) ) ( y – ( y ) ) ) = 
relation between geopotential and subsurface temperature 25 | GSUBUT GSUBUT & GT ] 
and salinity has not been constructed previously from in situ 
SSH observations , and thus it has not been possible for SSH The vertical integration of specific volume anomaly is observations to influence the temperature and salinity struc accomplished by the matrix G . If the ordering of T and S ture as historically observed . A derivation of the system and 
method of the present embodiment is given below . 

within x is the top of the water column in position 1 and the 30 bottom of the water column in position N , and if pressures 
The system and method of the present embodiment use at the depths of the T , S , ø and d are given by the vector p " , 

the fact that SSH is the geopotential at the surface . The the vertical integral can be expressed in a summation that 
derivation starts by computing the cross covariance of computes a trapezoidal integration : 
geopotential ø , 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 z . Pressure 
is an integral of density multiplied by gravitational accel 
eration 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 40 Thus ø , is given by : 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 , and , at the ocean 9 = [ 0 , 0 , 0 , . . . , 8 ; Pith , Pi 
surface , the geopotential is equal to the SSH . To determine 43 ( Pi + 2 – Pi + 1 ) + ( Pi + 1 - Pi ) ( Pk + 1 – Pk ) + ( Pk – Pk - 1 ) 
how this parcel of fixed pressure moves vertically , it is only , . . . , 84 ^ * 2 * * * 
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 30 
determined by the specific volume anomaly d ( z ) integrated 
from the ocean bottom to the pressure level of the parcel 
prior to displacement . Given that the T and S variation is The coefficients of pressure for each 0 ; are the elements of 
assumed to be 0 below a reference level , geopotential ø can the G matrix . In the case of ø , for i = N , G ; is a null vector 
be expressed as a vertical integral from the reference level » el 55 since the geopotential anomaly at the reference level is zero . 

This is a simplifying assumption as an initial step , i . e . to a specified depth : assuming the model background solution below the refer 
ence depth is correct . 

The covariance for T and S is based on the Improved 
de 8 ( z ) dp 60 Synthetic Ocean Profile ( ISOP , Helber et al . , ISOP VTR 

NRL formal report , submitted 2013 ) that provides the matrix 
B of equation ( 4 ) . The extension here is provided by 

where appending the geopotential covariance based on equation 
Ø = geopotential ( 6 ) . 
d = specific volume anomaly = as . T . n = C35 , 000 65 Referring now to FIG . 1 , an example of the vertical 
a = specific volume = reciprocal of density computed at S , covariance structure is provided during January at 275º E , 

T , and p from an equation of state for seawater 24° N . The vertical scale is separated into two portions to 

fi = ( 0 , 5 - 1 , 78 ) ( p ; - Pj - 1 ) 

( 6 ) 

Oi + 1 

. . . , Óx PN = Px - 1 ) = [ 0 , 0 , 0 , . . . , di Piul PI , 
diu , Pit2 , PI . . . , Qi PE + 17 PAI . . . . , On PN „ PN = 1 ] 

pressure level 

Jocean bottom 
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better show the upper water column . The vertical structure depth 45 , it is straightforward to determine the correlation to 
of mean 11 and one standard deviation 13 of temperature 15 any other variable at any other depth 45 . 
and salinity 17 are shown . Mean 11 is based on all historical Referring now to FIGS . 4A and 4B , temperature incre 
in situ data taken during January . Each month has an ments at 186 meters depth in the Gulf of Mexico for a data 
equivalently constructed set of information on the mean and 5 assimilative ocean circulation numerical model are shown . 
variances information . The location , 275º E , 24° N , is The increments represent the correction applied to the model 
northeast of Cuba in the Gulf of Mexico . Salinity 17 shows during a data assimilation cycle . Chart 46 shows correlations 
the characteristic subsurface maximum at about 200 m created with the system and method of the present embodi 
depth . Mean 11 is subtracted from historical in situ data , and ment that are used to relate SSH observations with subsur 
the cross correlation between T and S at all depths is 10 face T , S , and 0 . The same correlations are also used to relate 
constructed . This provides the B matrix at every latitude and T observations with T , S , and at other vertical location in 
longitude point . The B matrix is decomposed through an the ocean . Chart 48 shows a prior method for data assimi 
eigenvalue decomposition to produce B = TAT ? where I is lation that only produces model temperature corrections at 
the matrix of eigenvectors and A is a diagonal matrix of 186 meters depth near subsurface profile observations . Spot 
eigenvalues . To significantly reduce the data storage require - 15 52 is a location ( approximately 27 . 5° N , 89° W ) where 
ments , the most significant eigenvectors are computed and subsurface profiles were assimilated . Model corrections 
stored . In an exemplary embodiment , temperature and salin - from SSH and surface T observations do not create model 
ity are stored at forty - seven standard depths . In this example , corrections at 186 m in the prior method for data assimila 
to fully store B would require 47x47 values at every latitude tion . The existence of more model corrections in chart 46 
and longitude . If the most significant eigenvectors are 20 indicates that a more accurate model forecast can be pro 
retained up to a maximum of six , storage requirements can duced using the system and method of the present embodi 
be reduced by a factor of eight . Choosing the most signifi ment . 
cant eigenvectors does not fundamentally change the deri - Referring now to FIG . 5 , computer system 100 executing 
vation of the cross covariance matrix between T , S , and o in on special purpose computer node 101 for correcting a grid 
equation ( 4 ) , but it does change how the information is 25 of predicted ocean temperature and predicted ocean salinity 
formulated and stored . For example , the term in equation ( 4 ) based on sea surface height observations 141 can include , 

but is not limited to including , correlations processor 105 GAUBU QTGT = GaUTATTU ? Q GT computing , by special purpose computer 101 , vertical cor 
is stored as the vertical pressure integration and specific relations 119 between historical temperature values 125 and 
volume anomaly operating on the T and S eigenvectors : 30 historical salinity values 127 at various depths . Historical 

temperature values 125 are part of historical temperature Gal ( 8 ) vertical profiles 121 , and are found at various depths in 
which is possible since the standard deviation matrix U is historical temperature vertical profiles 121 . Historical salin 
diagonal . Thus the cross correlation matrix between T , S and ity values 127 are part of historical salinity vertical profiles 
o can be reconstructed based on stored eigenvectors and 35 123 , and are found at various depths . The various depths are 
eigenvalues . chosen from a set of depths that span from pre - selected 

Referring now to FIG . 2 , cross correlation matrix 39 at lowest depth 111 to the ocean surface . Historical tempera 
275º E , 24° N for January is shown computed from the ture vertical profiles 121 , historical salinity vertical profiles 
eigenvector and eigenvalue information stored in the ISOP 123 , and pre - selected depth 111 can be received directly 
data files . In the exemplary embodiment , each month of the 40 from historical database 120 , or through electronic commu 
year can be stored as a separate file , and the eigen informa - nications 129 . Computer system 100 can also include vari 
tion can be stored on a 0 . 5º grid covering the globe . ability processor 109 computing , by special purpose com 
Correlation scale 79 is shown as a color bar range from - 1 puter 101 , significant vertical variability of historical 
( blue ) to + 1 ( red ) . Cross correlation matrix 39 includes T - T temperature vertical profiles 121 and significant vertical 
cross correlation 61 , T - S cross correlation 63 , T - o cross 45 variability of the historical salinity vertical profiles 123 
correlation 65 , S - T cross correlation 67 , S - S cross correla - based on an empirical orthogonal function ( EOF ) analysis of 
tion 73 , S - o cross correlation 77 , 0 - T cross correlation 69 , historical temperature vertical profiles 121 and historical 
0 - S cross correlation 71 , and o - o cross correlation 75 . Cross salinity vertical profiles 123 . Variability processor 109 can 
correlation matrix 39 provides the relationship between any also compute significant vertical variability of specific vol 
of the three variables T , S and o at any depth 45 . Thus , given 50 ume anomaly vertical profiles based on the significant 
one variable at a particular depth 45 , it is straightforward to vertical variability of temperature vertical profiles 121 and 
determine the correlation to any other variable at any other the significant vertical variability of historical salinity ver 
depth 45 . tical profiles 123 . The specific volume anomaly vertical 

Referring now to FIG . 3 , covariance matrix 42 at 275º E , profiles can include specific volume anomaly values 117 
24° N for January has been reconstructed given the standard 55 which are computed from historical temperature values 125 
deviation matrix U that can be , for example , but not limited and historical salinity values 127 through an equation of 
to , stored in the same data files as the eigenmode informa motion for sea water . Variability processor 109 can also 
tion . The covariance is the correlation multiplied by the compute significant vertical variability of geopotential ver 
standard deviation of both variables . Correlation scale 82 is tical profiles based on the significant vertical variability of 
shown as a color bar range from - 2 ( blue ) to + 2 ( red ) . 60 the specific volume anomaly vertical profiles . The geopo 
Covariance matrix 42 includes T - T cross covariance 62 , T - S tential vertical profiles can include geopotential values 118 . 
cross covariance 64 , T - o cross covariance 66 , S - T cross Computer system 100 can still further include standard 
covariance 68 , S - S cross covariance 74 , S - o cross covari deviation processor 113 computing , by special purpose 
ance 78 , 0 - T cross covariance 70 , 0 - S cross covariance 72 , computer 101 , temperature standard deviations 131 of his 
and o - o cross covariance 76 . Covariance matrix 42 provides 65 torical temperature values 125 and salinity standard devia 
the relationship between any of the three variables T , S and tions 133 of historical salinity values 127 . Standard devia 
o at any depth 45 . Thus , given one variable at a particular tion processor 113 can also compute specific volume 
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anomaly standard deviations 134 of specific volume Referring now primarily to FIGS . 6A and 6B , method 150 
anomaly values 117 based on temperature standard devia ( FIGS . 6A and 6B ) for correcting a grid of predicted ocean 
tions 131 and the salinity standard deviations 133 . Standard temperature and ocean salinity based on sea surface height 
deviation processor 113 can compute geopotential standard observations can include , but is not limited to including , 
deviation 135 of geopotential values 118 based on specific 5 determining 151 ( FIG . 6A ) historical temperature vertical 
volume anomaly standard deviations 134 . System 100 can profiles 121 ( FIG . 5 ) and historical salinity vertical profiles 
also include correction processor 114 modifying , by special 123 ( FIG . 5 ) at various depths from a pre - selected lowest 
purpose computer 101 , geopotential values 118 to incorpo - depth 111 ( FIG . 5 ) to the ocean surface . Historical tempera 
rate sea surface height ( SSH ) observations 141 at the ocean ture vertical profiles 121 ( FIG . 5 ) include historical tem 
surface . SSH 141 can be received , for example , either 10 perature values 125 ( FIG . 5 ) , and historical salinity vertical 
directly from sensor 140 or indirectly through electronic profiles 123 ( FIG . 5 ) include historical salinity values 127 
communications 129 . Correction processor 114 can compute ( FIG . 5 ) . Method 150 ( FIGS . 6A and 6B ) can also compute 
covariances based on vertical correlations 119 , temperature 153 ( FIG . 6A ) , by special purpose computer 101 ( FIG . 5 ) , 
standard deviations 131 , salinity standard deviations 133 , vertical correlations 119 ( FIG . 5 ) between historical tem 
and geopotential standard deviations 135 . Corrections pro - 15 perature values 125 ( FIG . 5 ) and historical salinity values 
cessor 114 can create corrected temperature and salinity grid 127 ( FIG . 5 ) between the various depths , and can compute 
152 based on predicted ocean temperature 143 , predicted 155 ( FIG . 6A ) , by special purpose computer 101 ( FIG . 5 ) , 
ocean salinity 145 , the covariances , and the modified geo - temperature standard deviations 131 ( FIG . 5 ) of historical 
potential values . temperature values 125 ( FIG . 5 ) and salinity standard devia 

Specific volume anomaly value 117 at depth z can option - 20 tions 133 ( FIG . 5 ) of historical salinity values 127 ( FIG . 5 ) . 
ally be computed as Method 150 ( FIGS . 6A and 6B ) can also determine 157 

( FIG . 6A ) , by special purpose computer 101 ( FIG . 5 ) , 
8 ( z ) = Qs , Tp - Q35 , 0p significant vertical variability of historical temperature ver 

where S = salinity values 127 . T = temperature values 125 . tical profiles 121 ( FIG . 5 ) and significant vertical variability 
p = pressure , a = specific volume values = reciprocal of density 25 of the historical salinity vertical profiles 123 ( FIG . 5 ) based 
computed at S , T , and p from an equation of state for on an empirical orthogonal function ( EOF ) analysis . Method 
seawater . 7 = depth at p . and S ( z ) = specific volume anomaly 150 ( FIGS . 6A and 6B ) can still further compute 159 ( FIG . 
117 at z . Geopotential values 118 can optionally be com 6A ) , by special purpose computer 101 ( FIG . 5 ) , significant 
puted as vertical variability of specific volume anomaly vertical 

30 profiles based on the significant vertical variability of his 
torical temperature vertical profiles 121 ( FIG . 5 ) and the 
significant vertical variability of historical salinity vertical 

* = ( z ) dp profiles 123 ( FIG . 5 ) . The specific volume anomaly vertical 
profiles include specific volume anomaly values 117 ( FIG . 

35 5 ) . Method 150 ( FIGS . 6A and 6B ) can compute 161 ( FIG . 
where ø = geopotential and dp = infinitesimal pressure differ - 6A ) , by special purpose computer 101 ( FIG . 5 ) , specific 
ence . The covariances can optionally be computed as volume anomaly standard deviations 134 ( FIG . 5 ) of specific 

volume anomaly values 117 ( FIG . 5 ) based on temperature 
standard deviations 131 ( FIG . 5 ) and salinity standard devia 

| UBU " UBU " 8 " GT 1 40 tions 133 ( FIG . 5 ) , and can computer 163 significant vertical 
variability of geopotential vertical profiles based on the 
significant vertical variability of specific volume anomaly 
vertical profiles . The geopotential vertical profiles include 

where y + = [ T , . . . In , Sm . . . . . . Øn ] , < > = average geopotential values 118 ( FIG . 5 ) . Method 150 ( FIGS . 6A and 
operator , U = vector of standard deviations for T and S , 45 6B ) can compute 165 ( FIG . 6B ) , by special purpose com 
B = correlation matrix for T or S , ø = Gdx , x = = [ T , . . . Ty p uter 101 ( FIG . 5 ) , geopotential standard deviation 135 
S , . . . Syl , and G = linear functional operator ( NxN matrix ) ( FIG . 5 ) of geopotential values 118 ( FIG . 5 ) based on 
providing a vertical integral from a pre - selected ocean depth specific volume anomaly standard deviations 134 ( FIG . 5 ) , 
111 to the ocean surface . Corrections processor 114 can and can modify 167 ( FIG . 6B ) , by special purpose computer 
optionally include computer code producing a matrix of 50 101 ( FIG . 5 ) , geopotential values 118 ( FIG . 5 ) to incorporate 
eigenvectors based on decomposing vertical correlations sea surface height ( SSH ) observations 141 ( FIG . 5 ) at the 
119 through eigenvalue decomposition , storing a set of most ocean surface . Method 150 ( FIGS . 6A and 6B ) can compute 
significant eigenvectors of the matrix of eigenvectors , the set 169 ( FIG . 6B ) , by special purpose computer 101 ( FIG . 5 ) , 
being sized up to a pre - selected value , and reconstructing covariances based on vertical correlations 119 ( FIG . 5 ) , 
vertical correlations 119 based on the set of most significant 55 temperature standard deviations 131 ( FIG . 5 ) , salinity stan 
eigenvectors , temperature standard deviations 131 , salinity dard deviations 133 ( FIG . 5 ) , and geopotential standard 
standard deviations 133 , and geopotential standard devia deviations 135 ( FIG . 5 ) , and can correct 171 ( FIG . 6B ) , by 
tions 135 . The pre - selected value can optionally be 6 . special purpose computer 101 ( FIG . 5 ) , the grid of predicted 
System 100 can optionally include numerical model proces - ocean temperature 143 ( FIG . 5 ) and predicted ocean salinity 
sor 115 executing a numerical ocean prediction model using 60 145 ( FIG . 5 ) computed by numerical model processor 115 
corrected grid 152 to produce a numerical model forecast . ( FIG . 5 ) based on the covariances and the modified geopo 
The numerical ocean prediction model can optionally pre - tential values . 
dict locations of eddies based on the numerical model Method 150 ( FIGS . 6A and 6B ) can optionally produce a 
forecast and locations and strengths of ocean gradients based matrix of eigenvectors based on decomposing vertical cor 
on the numerical model forecast , and can optionally provide 65 relations 119 ( FIG . 5 ) through eigenvalue decomposition , 
mission management based on the predicted locations and store a set of most significant eigenvectors of the matrix of 
strengths of ocean gradients . eigenvectors , the set being sized up to a pre - selected value , 

Jocean bottom 
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and reconstruct vertical correlations 119 ( FIG . 5 ) based on Although the present teachings have been described with 
the set of most significant eigenvectors , temperature stan - respect to various embodiments , it should be realized these 
dard deviations 131 ( FIG . 5 ) , salinity standard deviations teachings are also capable of a wide variety of further and 
133 ( FIG . 5 ) , and geopotential standard deviations 135 ( FIG . other embodiments . 
5 ) . Method 150 ( FIGS . 6A and 6B ) can optionally execute 5 What is claimed is : 
a numerical ocean prediction model using corrected grid 152 1 . A computer method for correcting a grid of predicted 
to produce a numerical model forecast , and predict location ocean temperature and ocean salinity based on sea surface 
of eddies based on the numerical model forecast , or predict height observations comprising : 

determining historical temperature vertical profiles and locations and strengths of ocean gradients based on the 
numerical model forecast , or provide mission management 10 historical salinity vertical profiles at various depths 

from a pre - selected lowest depth to an ocean surface , based on the predicted locations and strengths of ocean the historical temperature vertical profiles including gradients . temperature values , the historical salinity vertical pro Embodiments of the present teachings are directed to files including salinity values ; computer systems such as system 100 ( FIG . 5 ) for accom - 16 generating , by a special purpose computer , the grid of 
plishing the methods such as method 150 ( FIGS . 6A and 6B ) predicted ocean temperature and ocean salinity based 
discussed in the description herein , and to computer read on the historical temperature vertical profiles and the 
able media containing programs for accomplishing these historical salinity vertical profiles ; 
methods . The raw data and results can be stored for future computing , by the special purpose computer , vertical 
retrieval and processing , printed , displayed , transferred to 20 correlations between the historical temperature values 
another computer , and / or transferred elsewhere . Communi and the historical salinity values between the various 
cations links such as electronic communications 129 ( FIG . depths ; 
5 ) can be wired or wireless , for example , using cellular computing , by the special purpose computer , temperature 
communication systems , military communications systems , standard deviations of temperature values and comput 
and satellite communications systems . In an exemplary 25 ing salinity standard deviations of salinity values ; 
embodiment , the software for the system is written in determining , by the special purpose computer , significant 
FORTRAN and C . The system can operate on a computer vertical variability of the temperature vertical profiles 
having a variable number of CPUs . Other alternative com and significant vertical variability of the salinity verti 
puter platforms can be used . The operating system can be , cal profiles based on an empirical orthogonal function 
for example , but is not limited to , LINUX® . ( EOF ) analysis ; 

The present embodiment is also directed to software for computing , by the special purpose computer , significant 
accomplishing the methods discussed herein , and computer vertical variability of specific volume anomaly vertical 
readable media storing software for accomplishing these profiles based on the significant vertical variability of 
methods . The various modules described herein can be the temperature vertical profiles and the significant 
accomplished on the same CPU , or can be accomplished on 35 vertical variability of the salinity vertical profiles , the 
different computers . In compliance with the statute , the specific volume anomaly vertical profiles including 
present embodiment has been described in language more or specific volume anomaly values ; 
less specific as to structural and methodical features . It is to computing , by the special purpose computer , specific 
be understood , however , that the present embodiment is not volume anomaly standard deviations of the specific 
limited to the specific features shown and described , since 40 volume anomaly values from the temperature standard 
the means herein disclosed comprise preferred forms of deviations and the salinity standard deviations ; 
putting the present embodiment into effect . computing , by the special purpose computer , significant 
Methods such as method 150 ( FIGS . 6A and 6B ) of the vertical variability of geopotential vertical profiles 

present embodiment can be , in whole or in part , imple based on the significant vertical variability of the 
mented electronically . Signals representing actions taken by 45 specific volume anomaly vertical profiles , the geopo 
elements of the system and other disclosed embodiments can tential vertical profiles including geopotential values ; 
travel over at least one live communications network 129 computing , by the special purpose computer , geopotential 
( FIG . 5 ) . Control and data information can be electronically standard deviation of the geopotential values based on 
executed and stored on at least one computer - readable the specific volume anomaly standard deviations ; 
medium . System 100 ( FIG . 5 ) can be implemented to 50 receiving , by the special purpose computer , sea surface 
execute on at least one computer node in at least one live height ( SSH ) observations at the ocean surface directly 
communications network 129 ( FIG . 5 ) . Common forms of at from a satellite device ; 
least one computer - readable medium can include , for modifying , by the special purpose computer , the geopo 
example , but not be limited to , a floppy disk , a flexible disk , tential values of the geopotential vertical profiles to 
a hard disk , magnetic tape , or any other magnetic medium , 55 incorporate the SSH observations at the ocean surface ; 
a compact disk read only memory or any other optical computing , by the special purpose computer , covariances 
medium , punched cards , paper tape , or any other physical based on the vertical correlations , the temperature 
medium with patterns of holes , a random access memory , a standard deviations , the salinity standard deviations , 
programmable read only memory , and erasable program and the geopotential standard deviations ; 
mable read only memory ( EPROM ) , a Flash EPROM , or 60 correcting , by the special purpose computer , the grid of 
any other memory chip or cartridge , or any other medium predicted ocean temperature and predicted ocean salin 
from which a computer can read . Further , the at least one ity based on the covariances and the modified geopo 
computer readable medium can contain graphs in any form tential values ; 
including , but not limited to , Graphic Interchange Format executing a numerical ocean prediction model using the 
( GIF ) , Joint Photographic Experts Group ( JPEG ) , Portable 65 corrected grid of predicted temperature and predicted 
Network Graphics ( PNG ) , Scalable Vector Graphics ( SVG ) , ocean salinity to produce an ocean forecast ; and 
and Tagged Image File Format ( TIFF ) . predicting location of eddies based on the ocean forecast . 
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2 . The method as in claim 1 wherein the specific volume compute , by the special purpose computer , vertical cor 
anomaly at depth z comprises : relations between the historical temperature values and 

the historical salinity values at various depths , the 
d ( z = as , Ip - Q35 , 0 . historical temperature values being part of historical 

where S = salinity ; temperature vertical profiles having historical tempera 
T = temperature ; ture values at the various depths , the historical salinity 
p = pressure ; values being part of historical salinity vertical profiles 
a = specific volume = reciprocal of density computed at S , having historical salinity values at the various depths , 

T , and p from an equation of state for seawater ; the various depths being from a pre - selected lowest 
Z - depth at p ; depth to an ocean surface ; 
d ( z ) = specific volume anomaly at z . a variability processor configured to compute , by the 
3 . The method as in claim 2 wherein the geopotential special purpose computer , significant vertical variabil 

values comprise : ity of the temperature vertical profiles and significant 
vertical variability of the salinity vertical profiles based 
on an empirical orthogonal function ( EOF ) analysis of 
the historical temperature vertical profiles and the his 

0 = 1 ( z ) dp torical salinity vertical profiles , the variability proces 
sor computing significant vertical variability of specific 
volume anomaly vertical profiles based on the signifi 

where ø = geopotential cant vertical variability of the temperature vertical 
dp - infinitesimal pressure difference . profiles and the significant vertical variability of the 
4 . The method as in claim 1 wherein the covariances salinity vertical profiles , the specific volume anomaly 

comprise : vertical profiles including specific volume anomaly 
values , the variability processor computing significant 

25 vertical variability of geopotential vertical profiles 
| UBUT UBUT ST GT ] based on the significant vertical variability of specific 

( ( y – ( y ) ( y – ( y ) ) ) = | | | GSUBUT GSUBU 81 G ? ] volume anomaly vertical profiles , the geopotential ver 
tical profiles including geopotential values ; 

a standard deviation processor configured to compute , by 
where y ? = [ T , . . . Ty , S , . . . Snø , . . . ] the special purpose computer , temperature standard 

< > = average operator ; deviations of temperature values and computing salin 
U = vector of standard deviations for T and S ; ity standard deviations of salinity values , the standard 
B = correlation matrix for T or S ; deviation processor computing specific volume 
Ø = Gdx ; anomaly standard deviations of the specific volume 
X = [ T . . . Tn , Si . . . Sy ] ; 35 anomaly values based on the temperature standard 
G = linear functional operator ( N?N matrix ) providing a deviations and the salinity standard deviations , the 

vertical integral from the ocean depth to the ocean standard deviation processor computing geopotential 
surface . standard deviation of the geopotential values based on 

5 . The method as in claim 1 further comprising : the specific volume anomaly standard deviations ; 
producing a matrix of eigenvectors based on decomposing 40 a correction processor configured to : 

the vertical correlations through eigenvalue decompo receive , by the special purpose computer , sea surface 
sition ; height ( SSH ) observations at the ocean surface 

storing a set of most significant eigenvectors of the matrix directly from a satellite device ; 
of eigenvectors , the set being sized up to a pre - selected modify , by the special purpose computer , the geopo 
value ; and 45 tential values of the geopotential vertical profiles to 

reconstructing the vertical correlations based on the set of incorporate sea surface height ( SSH ) observations at 
most significant eigenvectors , the temperature standard the ocean surface , the correction processor comput 
deviations , the salinity standard deviations , and the ing covariances based on the vertical correlations , 
geopotential standard deviations . the temperature standard deviations , the salinity 

6 . The method as in claim 5 wherein the pre - selected 50 standard deviations , and the geopotential standard 
value is 6 . deviations , the corrections processor correcting the 

7 . The method as in claim 1 further comprising : grid of predicted ocean temperature and predicted 
predicting locations and strengths of ocean gradients ocean salinity based on the covariances and the 

based on the ocean forecast . modified geopotential values ; and 
8 . The method as in claim 1 further comprising : 55 a numerical model processor configured to execute a 
predicting locations and strengths of ocean gradients numerical ocean prediction model using the corrected 
based on the ocean forecast ; and predicted temperature and the corrected predicted 

providing mission management based on the predicted salinity to produce an ocean forecast , the numerical 
locations and strengths of ocean gradients . ocean prediction model predicting locations of eddies 

9 . A computer system for correcting a grid of predicted 60 based on the ocean forecast . 
ocean temperature and ocean salinity in a water column 10 . The system as in claim 9 wherein the specific volume 
based on sea surface height observations comprising : anomaly at depth z comprises : 

a correlations processor configured to : 
generate , by a special purpose computer , the grid of d ( z ) = 2s , Ip - C35 , 0 . p 

predicted ocean temperature and ocean salinity based 65 where S = salinity ; 
on historical temperature vertical profiles and historical T = temperature ; 
salinity vertical profiles ; and p = pressure ; 
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a = specific volume = reciprocal of density computed at S , receive the SSH observations ; 
T , and p from an equation of state for seawater ; determine historical temperature vertical profiles and 

Z - depth at p ; historical salinity vertical profiles at various depths 
8 ( z ) = specific volume anomaly at z . from a pre - selected lowest depth to an ocean surface , 
11 . The system as in claim 9 wherein the geopotentials the historical temperature vertical profiles including 

temperature values , the historical salinity vertical values comprise : profiles including salinity values ; 
generate the grid of predicted ocean temperature and 
ocean salinity based on the historical temperature 

0 = vertical profiles and the historical salinity vertical 
profiles ; 

compute vertical correlations between the historical 
where ø = geopotential temperature values and the historical salinity values 

between the various depths ; dp - infinitesimal pressure difference . compute temperature standard deviations of tempera 12 . The system as in claim 10 wherein the covariances 15 ture values and salinity standard deviations of salin comprise : ity values ; 
determine significant vertical variability of the tem 

perature vertical profiles and significant vertical vari | UBUT UBU " S7 GT ] ( ( y = ( y ) ) ( y – ( y ) ) " ) = ability of the salinity vertical profiles based on an 
| GSUBUT GSUBUT 8 " GT | empirical orthogonal function ( EOF ) analysis ; 

compute significant vertical variability of specific vol 
ume anomaly vertical profiles based on the signifi 

where y = [ T . . . TN , S . . . S , 8 . . . 8 ] ; cant vertical variability of the temperature vertical 
< > = average operator ; profiles and the significant vertical variability of the 
U = vector of standard deviations for T and S ; salinity vertical profiles , the specific volume 
B = correlation matrix for T or S ; anomaly vertical profiles including specific volume 
ø = Gdx ; anomaly values ; 

compute specific volume anomaly standard deviations x = [ T . . . TN , Si . . . Sy ] ; of the specific volume anomaly values from the G = linear functional operator ( NxN matrix ) providing a 30 temperature standard deviations and the salinity vertical integral from the ocean depth to the ocean standard deviations ; 
surface . compute significant vertical variability of geopotential 

13 . The system as in claim 9 wherein the corrections vertical profiles based on the significant vertical 
processor further comprises : variability of the specific volume anomaly vertical 

computer code producing a matrix of eigenvectors based profiles , the geopotential vertical profiles including 
on decomposing the vertical correlations through geopotential values ; 
eigenvalue decomposition , storing a set of most sig compute geopotential standard deviation of the geopo 
nificant eigenvectors of the matrix of eigenvectors , the tential values based on the specific volume anomaly 
set being sized up to a pre - selected value , and recon standard deviations ; 
structing the vertical correlations based on the set of modify the geopotential values of the geopotential 
most significant eigenvectors , the temperature standard vertical profiles to incorporate the SSH observations 
deviations , the salinity standard deviations , and the at the ocean surface ; 
geopotential standard deviations . compute covariances based on the vertical correlations , 

14 . The system as in claim 13 wherein the pre - selected 45 the temperature standard deviations , the salinity 
value is 6 . standard deviations , and the geopotential standard 

15 . The system as in claim 9 further comprising : deviations ; 
a numerical model processor predicting locations and correct the grid of predicted ocean temperature and 

strengths of ocean gradients based on the ocean fore predicted ocean salinity based on the covariances 
cast . and the modified geopotential values ; 

execute a numerical ocean prediction model using the 16 . The system as in claim 9 further comprising : corrected grid of predicted temperature and pre 
a numerical model processor predicting locations and dicted ocean salinity to produce an ocean forecast ; strengths of ocean gradients based on the ocean fore and cast , the numerical ocean prediction model providing predict locations of eddies based on the ocean forecast . mission management based on the predicted locations 55 18 . The system of claim 17 , wherein the sensor is a and strengths of ocean gradients . satellite device . 
17 . A system for correcting a grid of predicted ocean 19 . The system of claim 18 , wherein the satellite device 

temperature and ocean salinity based on sea surface height comprises an altimeter , and wherein the satellite is config 
observations comprising : ured to measure the SSH observations using the altimeter . 

a sensor device configured to : 20 . The system of claim 18 , wherein the satellite device 
measure sea surface height ( SSH ) observations at the comprises an altimeter configured to measure respective 

ocean surface , and round - trip travel times of radar pulses , and wherein the 
transmit the SSH observations ; and satellite is configured to measure the SSH observations 

a special purpose computer device in communication with 65 based on the measured round - trip travel time of the respec 
the sensor device , wherein the special purpose com tive radar pulses . 
puter device is configured to : 

50 


