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The variance-covariance matrices

• Product EGM_GVC_2 

• Eight full variance-covariance matrices: DIR1/2/3;TIM1/2/3;SPW1/2

• Available from virtual archive

• Ascii format with XML header

• Individual files for each order

File size (GB)

Model Filename: GO_CONS_EGM_GVC_2__* d/o Order Form *.TGZ *.TAR *.DAT

DIR1 20091101T000000_20100110T235959_0001 240 I e20.14 11 35 13

DIR2 20091101T000000_20100630T235959_0001 240 I e20.14 11 35 13

TIM1 20091101T000000_20100111T000000_0002 224 B e25.20 13 10

TIM2 20091101T000000_20100705T235500_0001 250 B e25.20 20 52 16

SPW1 20091030T005757_20100111T073815_0001 210 B e11.8 3 13 8

SPW2 20091031T000000_20100705T235959_0001 240 B e11.8 5 22 13



Variance-covariance matrix file structure

GO_CONS_EGM_GVC_2__20091101T000000_20100705T235500_0001.TGZ     (20.4GB)

GO_CONS_EGM_GVC_2__20091101T000000_20100705T235500_0001.HDR (0.6MB)

GO_CONS_EGM_GVC_2__20091101T000000_20100705T235500_0001.TAR   (51.6GB)

L+1 x GO_CONS_EGM_GVC_2__20091101T000000_20100705T235500_0001.M (<316MB)

Contents of IIH file:

product_type Variance-covariance matrix

modelname GO_CONS_EGM_GVC_2__20091101T000000_20100705T235500

earth_gravity_constant 3.9860044150000000E+14

radius 6.3781362999999998E+06

max_degree 250

errors formal

covariance_matrix_type full

sequence_number_entries 62997

C_002_000

C_003_000

C_004_000

C_005_000

Contents of data file:

meta_data_file_name 

GO_CONS_EGM_GVC_2__20091101T000000_20100705T235500_0001.IIH

order 106

number_entries 12172025

begin_data 

-1.0033634591164263E-26

:

:

end data

GO_CONS_EGM_GVC_2__20091101T000000_20100705T235500_0001.IIH (0.6MB)

M=1,..,L









Error propagation – geoid 
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The gridded geoid is given by

where
Spectral coefficients of gravity field

and

The corresponding error variance is given by 

Γwhere is the variance-covariance matrix

Issues:

Size of

No. of operations 

Γ

For one point: 1secGflops3 ≈≈

1x1 degree global grid: 64800 points = 18hrs

0.5x0.5 degree global grid: 3 days

(13GB)



Error propagation – geoid 

Full geoid error covariance matrix C for a global 1x1 degree grid:

For one entry: 1secGflops3 ≈≈

1x1 degree global grid: 

648002 entries = 0.5x64800x18hrs=67yrs!
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18hrs for the error covariance associated with one point



• e_covhsmp for computing error variances: 

• e_covhs2p for computing error covariances:

– q is any linear function of the gravity field coefficients

– Y are the corresponding basis functions evaluated at grid points

( ) ΓYY T=q2σ

( ) 2121 ,cov ΓYY
T=qq

( ) ( )
( ) ( ) 








=









2212

2111

2

2

21

211

2

,cov

,cov

ΓYYΓYY

ΓYYΓYY
TT

TT

qqq

qqq

σ
σ

Balmino software

• Written in fortran 90

• Employs partial sums and longitude regression to improve performance

• Only one row variance-covariance matrix needs to be held in memory (assuming 

full square matrix)



• Can compute error variances/covariances for:

– geoid heights

– free-air gravity anomalies Δg

– gravity distrubances

– radial gravity gradient

– vertical gradient of Δg

– equivalent water thickness (with load effects)

• Built in filters

– Pellinen, Hanning, Gauss, cap-limited Gauss

– tapering functions (by degree and/or order)

• Balmino, G., Efficient propagation of error covariance matrices of gravitational 
models: application to GRACE and GOCE, Journal of Geodesy, 83, 989-995 (2009). 

Balmino software



Issues with the variance-covariance 

matrix files

• Size!!!

• Format not compatible with Balmino routines
– full square vcm; unformatted binary; sequential access; 1 row = 

1 record  

• Not in a consistent format:
– DIR model interleave Clm and Slm

– TIM/SPW model blocks Clm and Slm

– SPW inc. C00,C10,C11,S11

• TIM1 VCM corrupted
– “IIH” replaces “nnn” at random points

• *.DBL = *.TAR



Generating the variance-covariance matrix

• Read ascii file and write L-triangular matrix as 

unformatted binary; sequential access; 1 row = 1 

record; single precision (30->13Gb)

• Generate square matrix

•



• Create blank direct access file

• Determine max block size within 

memory limits (user defined)

• Fill rectangular block from sequential 

file containing L-tri

• Read in rows of direct access file, 

append corresponding columns of 

rectangular block and write back to file 

from first row to last before new block

• Complete upper triangular part of 

rectangular block and write rows to   

direct access file.

• Repeat until complete (1GB ram = 13 

loops

Generating the full variance-covariance matrix



Generating the variance-covariance matrix

• Read ascii file and write L-triangular matrix as 
unformatted binary; sequential access; 1 row = 1 
record; single precision (30->13Gb)

• Generate square matrix as direct access file

• Convert direct access file to sequential access

• First two steps have now been combined into one 
operation

• Process validated using Balmino simulated VCM

• Conversion to int*2 (Christian) reduces file size to 
approx 6.5 GB







Balmino routines



Balmino routines

Balmino routine directing files





covhsmp: the directing file

GDIR240             (GOCE DIR) : name given to model = 15 first characters (max.)

meanponc=1    0 : grid of mean values  ;  1 : grid of point values

gm=0.39860044150000e+15,a=0.63781364600000e+07,uapl=0.29825765000000E+03,om=0.72920905111492E
-04

lmin=002 min. degree taken into account

lsup=240 max. degree ...

mmin=000 min. order ...

msup=240 max. order ...

m=-99,ldebp=000,lfinp=000  for specific orders (m=...) : min. and max. degree (end if m=-99)  

s0=+1.48547e+00               variance factor, will multiply the covariance matrix (read in e12.5)  

kf=1            function type : 1=n(geoid),2=deltag(FA),3=dg=trr,4=d2T/dr2,5=dFA/dr,6=water eq.,0=other

kse=2           key for type of latitudes (1:geoc. , 2:ellip.)

h=0.0000000000  altitude (km): in effect according to function type: for kf =3,4, or 5 (read in f12.0)

unit=0          iunit for lat./lon. steps   (0:degree  , 1:minute)

fimin=-90.00,fimax=+90.00,dfi=+01.00,xlmin=-180.00,xlmax=+180.00,dxl=+01.00  grid limits (deg.)

f0=000000000.00    factor depending of function type (effective only if kf = 0)    , read in f12.0

kfilter=00,dfilter=300000.00,psi0=5.000,fract0=0.500 filter parameters (no filtering if kfilter=0)             

l1=002,l2=240,lstp=00 step by step cumulated errors from deg. l1 to l2, by step lstp (if =0 : l1 to l2)

0               end of file (for PC)



VCM generation



Install script

















Error variance maps



VCM file



Specific

directing file

VCM file



Default config file

Specifc config file





Part II: Geoid Errors



Geoid errors: d/o=50
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Geoid errors: d/o=100
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Geoid errors: d/o=150
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Geoid errors: d/o=200
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Geoid errors: d/o=224

DIRECT

TIMEWISE

SPACEWISE

1st gen dashed



Geoid errors: d/o=240
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Formal geoid errors

DIR
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1st gen (2 mnths) dotted

2nd gen (6 mnths) dashed

3rd gen (1 yr) solid



Formal geoid error over North Atlantic 

(TIM3)

formal geoid error



Heuristic errors as a function of L
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An MDT error budget for the North 

Atlantic

formal geoid error

MSS error



Informal vs. formal errors (TIM3)

Upper bound informal error 

Lower bound informal error 
Both corrected for MSS contribution 

η U

slope = 3.8



An MDT error budget for the North 

Atlantic

adjusted formal 

geoid error

formal geoid error

correction



Informal vs. formal errors (TIM3)

η U

Upper bound informal error 

Lower bound informal error 
Both corrected for MSS contribution 



Inter-comparison of error estimates

Informal error

Formal geoid+MSS error

Formal geoid error



An MDT error budget for the North Atlantic

Geoid errors 

dominate
MSS errors 

dominate

L = 150 ≈133 km

formal geoid 

error

MSS error



The issue of geoid commission error

Accuracy at 100 km = 4.5-5.5 cm

Formal geoid error (NA average)

GOCE is still someway short of the desired accuracy of 1 cm at 100 km



Assessment of formal errors

•Relative magnitudes of formal geoid errors (left) and informal MDT errors (right) similar

•Except for 2nd and 3rd direct method solutions

•1st DIR solution least noise – external data 

DIR

TIM

SPW

GOCO

DIR

TIM

SPW

GOCO

Formal geoid errors Informal MDT errors

(GOCE solution: 1st gen (2 mnths) dotted; 2nd gen (6 mnths) dashed; 3rd gen (1 yr) solid) 



Assessment of formal errors
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1st gen (2 mnths) dotted
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3rd gen (1 yr) solid



Pointwise vs. Spectral methods

An estimate of MDT and GCS error as a function of d/o truncation (L) computed over the North 

Atlantic (solid) and globally (dashed). 

Pointwise MDT 

Spectral MDT

Pointwise MDT 

Spectral MDT

L L



Part III: Geoid Error Covariances



covhs2p: the directing file
directing file for covhs2p

GDIR240                   (GOCE DIR model) : name given to model = 15 first characters (max.) 

typgrid=0       0 : direct access     1 : sequential  (binary files)

meanponc=1      0 : grid of (pseudo) mean values  ;  1 : grid of point values

gm=0.39860044150000e+15,a=0.63781364600000e+07,uapl=0.29825765000000E+03,om=0.72920905111492E-04

lmin=002 min. degree taken into account

lsup=240 max. degree ...

mmin=000 min. order ...

msup=240 max. order ...

m=-99,l_beg=000,l_end=000  for specific orders (m=...) : min. and max. degree (end if m=-99) 

s0=+1.00000e+00         variance factor, will multiply the covariance matrix (read in e12.5) 

kf=1            function type : 1=n(geoid),2=deltag(FA),3=dg=trr,4=d2T/dr2,5=dFA/dr,6=water eq.,0=other

kse=2           key for type of latitudes (1:geoc. , 2:ellip.)

h=+0.000000000  altitude (m): in effect according to function type (if kf=3, 4 or 5), read in f12.0

iunit=0         iunit for lat./lon. steps   (0:degree  , 1:minute)

fimin=+20.00,fimax=+80.00,dfi=+01.00,xlmin=-060.00,xlmax=+030.00,dxl=+01.00 (limits of inner zone Z in deg.)

H=lath=020,K=lonk=020   window size : half-height, halh-width (in number of grid points)

f0=1.0000000000 factor depending on function type (effective or not) , read in f12.0  

kfilter=00,dfilter=300000.00,psi0=5.000,fract0=0.500 filter parameters (no filtering if kfilter=0)         

l1=001,l2=240   computation for degree between l1 and l2 (eventually: reduction of cov. matrix)

dpsi=01.000000  stepsize (in degree) for tables of covariance functions) , read in f9.0

kverif=0 key for verification by "brute force" at a few points (if cov. matrix fits in core), 0: no

interp_ex=1 key for testing the interpolation procedure (if DA file), 0: no; 1:yes, for pair below

zi_lat=+40.50,zi_lon=+000.50,v_lat=+48.50,v_lon=+003.50  pair of points (1 in Z ; 2 in W [1]) for interp.

0               end of file (for PC)



Error Covariance Functions
• Calculate error covariance function in 40x40 degree window for 

every point on a global 1x1 degree grid

• Expect functions to be zonally homogenous

• Form zonal mean ECF for each latitude

• At each latitude compute skill of zonal mean ECF in accounting for 
the variance in actual ECFs along line of latitude
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Zonal mean ECFs: d/o=50
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• Calculate error covariance function in 

40x40 degree window for every point on a 

global 1x1 degree grid

• Expect functions to be zonally 

homogenous

• Form zonal mean ECFs for each latitude



Zonal mean ECFs: d/o=50
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• Calculate error covariance function in 

40x40 degree window for every point on a 

global 1x1 degree grid

• Expect functions to be zonally 

homogenous

• Form zonal mean ECFs for each latitude

• At each latitude compute skill of zonal 

mean ECF in accounting for the variance in 

actual ECFs along line of latitude



Zonal mean ECFs: d/o=50
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Zonal mean ECFs: d/o=50
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Zonal mean ECFs: d/o=100

80N

60N

40N

20N

Eq

20S

40S

60S

80S



Zonal mean ECFs: d/o=150
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Zonal mean ECFs: d/o=200
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Zonal mean ECFs: d/o=200
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Zonal mean ECFs: d/o=200
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Error structure: Zonal and meridional ECF sections
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Error structure: Error correlation length scales
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