Tutorial 9:
Normalization Factors for Prior
Error Correlations
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Prior Error Covariance Modeling

Recall: B, =K, ZCZ'K;

Cis acorrelation matrix for the unbalanced
increments, and is modeled as the solution of a
diffusion equation:

oxfot-xv’x=0 — Cx
But, C" is arbitrary at this stage, and must to be
normalized to ensure that the range is 1 as required
for a correlation function. Therefore we define:
C=ACAT

where A is a diagonal matrix with elements (c; ) **

Finally: B, =K,EAC'ATE'K]

Computing A
(define NORMALIZATION)

Following Weaver & Courtier (2001) we employ two
methods for computing the elements of A:
(i) Exact method (Nmethod=0):
C'e, — i"column of C’; save ¢;
where ¢ =(0,0,...,0,1,0,---,0)
i" element

Requires Ngq runs of diffusion operators:
impractical for v. large grids.




Computing A

(ii) Randomization method (Nmethod=1):

Estimate the diagonal elements ¢/ of C” from:
¥ -
Cr~—>ee =C
M i=1
where § is arandom vector: & — N(0,I)

M is the sample size.As M >, €C—C’
(Nrandom)

Uncertainty in elements of A= (2M)™?

Practical requirement: M << Ngqq

(Fisher and Courtier, 1995)
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Computing A

Practicalities:
-choose M and run normalization driver
- choose another seed and run again
- compare the estimates — are they similar
- compute means of the two M samples
- repeat as necessary until mean does not
change significantly

Normalization Tutorial Wiki Page
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WC13 C-preprocessing Options
(Basic Configuration)

Momentun_Equations Options: Model_Configuration Options:
#define SOLVESD solve 30 ive equations
#define CURVGRID curv
#define WASK an
#define SPH spherical or
#define PROFILE time profiiing

#define SPLINES parabolic splines
reconstruction

Lateral Boundary Condi

#define EASTERN WAL

salinity
nonlInear equation of stats ##define WEST_FSCHAPWAN

ideTine mn.lN.Eos

#define WEST W2FLATHER
#define ANA_BTFLUX Tlux #dsTIne WEST_W3CLANPED
#define ANA BSFLUX snalytical botton Safe Fii #define WEST_TCLAWPED
Vertical Turbulent Mixing Parameterization: #deTine NORTH_FSCHAPMAN

#define NORTH_M2FLATHER
#define GLSN Generlc Length Scale Mixing ine NORTH KSCLAWPED
#iTdet a.sJuxms #dsTIne NORTH_TCLANPED

# define N252_HORAVG
KANTHA_CLAY

fine #define SOUTH FSCHAPMAN
eTine SOUTH MOFLATIER
SOUTH_MSCLAWPED 30 momerrtum,
Atmospheric Boundary Layer Parameterization: N!ﬁm SOUTH_TCLAMPED  tracer, clamped
#define BULK_FLUXES Air/sea COARE bulk fluxes #define SPONGE enhanced viscosity/diffusion
areas

#deflne DIURNAL SRFLUX  Inposing local diurmal cycle
#define SOLAR SOURCE solar radiation source tern
#define LONGNAVE_OUT conputs outgolng long weve red

#define BN INUSP conpute E-

WC13 C-preprocessing Options
(Error Covariance Normalization)

Algorithm:

#defline Normallzatlion compute 4D-Var error covarlance normallzatlon coefficlents
Control Vector:

#define ADJUST_BOUNDARY open boundary conditions increments

#defline ADJUST_STFLUX surface tracer flux Increments
#define ADJUST_WSTRESS surface wind stress increments

Error Covariance Modeling:

#deTline CORRELATION model error covarlance correlation with diffusion operators
#deflne FULL_GRID conslider both Interlfor and boundary polnts
#define VCONVOLUTION Verti

co ing
#defline IMPLICIT_VCON implicit vertical diffuslon operator
#define BALANCE_OPERATOR  Multivariate balance constraint
#ITdeT BALANCE_OPERATOR

# deflne ZETA_ELLIPTIC SSH elllptic equation method

#endif

Prior:

#deflne FORWARD_READ read baslc state IInearlzatlon In TLM and ADM flles

#define FORWARD_WRITE

wriiting basic state by th

#deTine FORWARD_MIXING processl c state verllml Ing coeffl

#deflne NL_BULK_FLUXES surface klnemtlc Fluxes from nonlinear model

1/0 -

#define OUT_DOUBLE double precision data in output NLM, TLM, RPM, and ADM
WC13 C-preprocessing Options

(Error Covariance Normalization)
Algorithm:
#define Normalization compute 4D-Var error covariance normalization coefficients

Control Vector:

#deTline ADJUST_BOUNDARY open boundary conditlons Increments

#define ADJUST_STFLUX surface tracer flux increments

#define ADJUST_WSTRESS surface wind stress increments

Error Covariance Modeling:

#deflne CORRELATION model error covarlance correlation with diffuslon operators
#deflne FULL_GRID rtes

#deTline VCONVOLUTION
#define IMPLICIT_VCON mmplicit vertical diffusion operator
#define BALANCE_OPERATOR Multivariate balance constraint

# define ZETA_ELLIPTIC SSH elliptic equation method

#endif

Prior:

#define FORWARD_READ read basic state linearization in TLM and ADM files
#define FORWARD_WRITE writing basic state by the

#deflne FORWARD_MIXING processing baslc state vertical mixing coefficlents
#define NL_BULK_FLUXES surface kinematic fluxes from nonlinear model

1/0 =

#deflne OUT_DOUBLE doublle precislion data In output NLM, TLM, RPM, and ADM




Include File: wc13.h

J*
** svn $1d: wcl3.h 476 2010-06-26 20:25:30Z arango $

** Copyright (c) 2002-2010 The ROMS/TOMS Group o
** Licensed under a MIT/X style license =
**  See License_ROMS.txt o

** options for the California Current System, 1/3 degree resolution.

** Application flag:  WC13
** Input script: ocean_wc13.in
e sddvar. in

** Available Drivers options: choose only one and activate it
o build.sh script (MY_CPP_FLAGS definiti

**  AD_SENSITIVITY Adjoint Sensitivity Driver
**  AFT_EIGENMODES Adjoint Finite Time Eigenmodes
**  ARRAY_MODES ed representer matrix array modes

** CLIPPING d representer matrix clipped analysis
**  CORRELATION Background-error Correlation Check
**  GRADIENT_CHECK TLM/ADM Gradient Check

**  FORCING_SV r Vectors

**  FT_EIGENMODES inite Time Eigenmodes

** 1S4DVAR Incremental, strong constraint 4DVAR
**  NLM_DRIVER Nonlinear Basic State trajectory

** OPT_PERTURBATION Optimal perturbations

**  PICARD_TEST Picard Iterations Test

** R_SYMMETRY Representer Matrix Symmetry Test

**  SANITY_CHECK Sanity Check

** SO_SEMT Stochastic Optimals: Semi-norm
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4D-Var Error Covariance Normalization Files

« Four different error covariance normalization coefficients NetCDF files
are required in ROMS 4D-Var algorithms to ensure that the diagonal
elements of the associated correlation matrix (C) are equal to unity:

Model error normalization file, if weak constraint

Initial conditions normalization file

Open boundary conditions normalization file, if ADJUST_BOUNDARY

Surface forcing normalization file, if ADJUST_WSTRESS and/or

ADJUST_STFLUX

« These normalization NetCDF files are specified in 4D-Var input script
as:

NRMnameM == ._/Data/wcl3 nrm_m.nc
NRMnamel . ./Data/wcl3 nrm_i.nc
NRMnameB == ../Data/wcl3 nrm_b.nc
NRMnameF == ._/Data/wcl3 nrm_f.nc

Model Error and Initial Conditions Metadata

conditins error covarlance nomallzation” ;




Open Boundary Conditions Metadata

doublle zeta_obc(ocean_tine, boundary, lord)
ong_nane = free-surface, open boundarlies condl tlons error covarlance noral Izatlon” ;
reter-

mm.u u-nomentu component, apen boundarles conditions error covarlance normallzatlon” ©
. tord)

ty Intagrated v-posentun coaponent, apen boundaries conditions error covarlance normallzation” ;
o
Componunt. ‘apen boundarlos conditions error cavarlancs rormalIzatiar” §

‘Cosponent, ‘apen boundarlss conditions error cavartance normatizetlon

douste w-w_wu(m._um -_m “soundary. tor2) :
long_nane
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Surface Forcing Metadata

dinensione:

ITED 3 /7 Q1 currently)

st Coeman thv. ata <)

u-monentn stress. error covartance nomalization”

o Tty ccsan_tive” ¢
dowsle -vnr oo e ety Y
g_name

v-noasntun stress, error covarlance nomalization™

guaalsas "iggg

i
t
i

'RONS/TOMS 4D-Var surface forcing error covarlance normal

‘CatHfornla Current Systen, 1/3 degree resolutlon (VC13)
=GR

"eaEt/WC1A/DAta/MCIS_ord.ne

Standard Input File: ocean_wc13.in

RONS/TOMS Standard Input parameters.

svn $1d: ocean_wcl3.in 476 2010-06-26 20:25:30Z arango $

Hernan G. Arango
Copyright (c) 2002-2010 The ROMS/TONS Group
Licensed under a MIT/X style license

See License_ROMS. txt

Input parameters can be entered in ANY order, provlded that the parencter
KEYWORD (usually, upper case) is typed correct d by
symbols. Any comment lines are allowed and et beg n with an exclanat
mark (1) in column one. Comnents nay
ti to prove documentai be
reading. B £ Gl U e (et Gt o D
a parameter cation are alloyed and must be pr
et D et Gao G G v
1 Teuer values are provited, the last value is ass
REIEED choag Wi il Syl ©), WG i s i
betuee wed for a parameter specification. For example, in a two
SELE (arian e he

n.

AKT_BAK

2*1.0d-6 2*5.0d-6 1 m2/s

indicates that the first two entries of array AKT_BAK, in fortran column-
major order, have the same value of "1.0d-6" for grid 1, whereas the
next two enéries will have the same value of “5.0d-6~ For grid 2.

le levels of nesting and/or multiple connected domains step-ups,
ntries are expected for some of these parameters. In such case,
the order of the entries for a parameter is extremely important. It must

In nult
N i




c4dvar.in

Nmethod == 0
Nrandom == 5000

LdefNRM == T T T T
LWwrthRM == T T T T

Cnorml (isFsur)

Important Parameters

! normalization method (0: exact, 1:randomization)
randomization iterations

Create a new normaliza
Compute and write norma
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T 2D variable at
Cnormi(isUbar) = T 2D variable at
Cnormi(isvbar) = T 2D variable at
Cnormi(isUvel) = T 3D variable at
Cnorml (isvvel) T 3D variable at
Cnormi(isTvar) = T T 1 NT tracers
CnormB(isFsur) = T 2D variable at RHO-points
CnormB(isUbar) = T 2D variable at U-points
CnormB(isVbar) T 2D variable at V-points
CnormB(isUvel) T 3D variable at U-points
CnormB(isvvel) = T 3D variable at V-points
CnormB(isTvar) = T T 1 NT tracers
CnormF(isUstr) = T surface U-momentum stress
CnormF(isVstr) T surface V-momentum stress
CnormF(isTsur) = T T NT surface tracers flux
NRMnameM == wcl3_nrm_m.nc ! model error (weak constraint)
NRMname I wcl3_nrm_i.nc initial conditions
NRMnameB wcl3_nrm_b.nc open boundary conditions
NRMnameF wcl3_nrm_f.nc 1 surface forcing (wind stress and net heat flux)

Normalization Method

The exact method is very expensive on large grids.

The normalization coefficients are computed by perturbing each
model grid cell with a delta function scaled by the area (2D state
variables) or volume (3D state variables), and then convolving with
the squared-root adjoint and tangent linear diffusion operators.

The randomization method is cheaper (Fisher and Courtier, 1985).

The normalization coefficients are initialized with random numbers
having a uniform distribution (drawn from a normal distribution with
zero mean and unit variance). Then, they are scaled by the inverse
squared-root of the cell area (2D state variables) or volume (3D state
variables) and convolved with the squared-root adjoint and tangent
linear diffusion operator over a specified number of iterations,
Nrandom.

The normalization coefficients need to be computed only once for a
particular application provided that the grid, land/sea masking (if
any), and decorrelation scales remain the same.

4D-Var Parameters: Decorrelation Scales

Horizontal and vertical stability and accuracy factors (< 1):

! 1c Model 0BC Sur For
Hgamma = 0.5 5 0.5 5 1 horizontal operator
Vgamma = 0.0005 0.0005 0.0005 0.0005 ! vertical operator
Mod Error correl ons (m):
HdecayM(iisFsur) 50.0d+3 ! free-surface
HdecayM(isUbar) 50.0d+3 1 2D U-momentum
HdecayM(isvbar) 50.0d+3 12D V-momentum
HdecayM(isUvel) 50.0d+3 1 3D U-momentum
HdecayM(isvvel) 50.0d+3 13D V-momentum
HdecayM(isTvar) == 50.0d+3 50.0d+3 ! 1:NT tracers

30.0d0
30.0d0
30.0d0 30.0d0

3D U-momentum
3D V-momentum
1:NT tracers

VdecayM(isUvel)
Vdecayl(isvvel)
Vdecayl(isTvar) ==




4D-Var Parameters:

Decorrelation Scales

ial _conditions correlations (m):

50.0d+3
50.0d+3
50.0d+3
50.0d+3

Hdecay 1 (isFsur)

50.0d+3
Hdecayl (isTvar) 50.0d+3  50.0d+3
Vdecay 1 (isUvel) 30.0d0
Vdecay 1 (isvvel) 30.0d0

Vdecay I 30.0d0 30.0d0

Tvar)

Surface forcing correlations (m):

HdecayF(isUstr)
HdecayF
HdecayF

100.0d+3
100.0d+3
= 100.0d+3 100.0d+3

free-surface
2D U-momentum
2D V-momentum
3D U-momentum
3D V-momentum
1:NT tracers

3D U-momentum
3D V-momentum
1:NT tracers

! surface U-momentum stress
! surface V-momentum stress
1 1:NT surface tracer flux
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4D-Var Parameters:

Decorrelation Scales

Open boundary conditions correla

ns (m):

! 1: west 2: south 3: east 4: north

== 30.0d0 30.0d0
30.0d0  30.0d0
4*30.d0  4*30.d0

100.0d+3 100.0d+3 100.0d+3 100.0d+3
100.0d+3 100.0d+3 100.0d+3 100.0d+3

100.0d+3 100.0d+3 100.0d+3 100.0d+3
) == 100.0d+3 100.0d+3 100.0d+3 100.0d+3
HdecayB(isTvar) == 4*100.0d+3 4*100.0d+3

free-surface
2D U-momentum
2D V-momentum
3D U-momentum
3D V-momentum
1:NT tracers

30.0d0  30.0d0
30.0d0  30.0d0

3D U-momentum
3D V-momentum
1:NT tracers

Boundary edges to adjust (logical switches):

1 1 2 3 4

T T F T

T T F T

T T F T

T T F T

Lobc(isvwel) == T T F T
Lobc(isTvar) == T T F T \

T F T

North
1 free—surfaoe -
12D U~ H
1 2n Vi un @1 3
13D U
13DV um 7
South

East

Normalization Parameters File: c4dvar.in

1 4pvar ass
1

lation input parameters.

Isvn $1d: sadvar.in 1256 2010-06-12 21:59:26Z arango $

Hernan G. Arango

1" copyright (c) 2002-2010 The RONS/TONS Group '
' censed under a MIT/X style license '
H License_RONS. txt '

Input parameters can be entered in ANY
KEYWORD (usually, upper case) is typed
symbols. Any comment lines are allowed
mark (1) in column one. Comments may
spec
reading. Blank lines are also allowed
a parameter spe
(V). In some instances, more than one
I fewer values are provided

parameter array. The mu

grids nested application:

AKT_BAK == 2*1.0d-6 2*5.0d-6

major order the same value o

next two enti

s

nult
"Ngrlds entries are expected for some

follow the same order (1:Ngrids) as in

inprove documentation.
ication are allowed and must be preceded by a backslash
last v:

cation symb n
between, is allowed for a parameter specification. For example, in a two

indicates that the flrst two entries of o) AKT_BAK, |n fortran column-
"1,

I have the same Value of "5.0d-6" for grid 2.

le levels of nesting and/or mul

the order of the entries for a parameter is extres

order, provided that the paran
correctly followed by "=" or
and must begin with an exclanation
appear to the right of a parameter

Comments will be ignored during
and ignored. Continuation lines in

value s required for a paraneter.
‘or the entire
@), withaut blank spaces

1 m2/s

0d-6""for grid 1, whereas the

ple camnected domains _step-ups,
of these param such case,
t. It must
the state varlahle declaratlon. The




Job Script: job_normalization.sh
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1. Set path definition to one directory up in the tree. 6. Modify 4D-Var template input script and specify
above Tlles.
set DIr = “dimname ${PW}"
cadvar.
2. Set string menlpulations perl script. i (< QVKRM) Itnn
/bIn/rm SNORM
88t SUBSTITUTE = ${RONS_ROCT}/ROMS/Bin/subst i tute
cp sddvar.in SNORM
3. Copy nonlinear model Initlal conditions file.
$SUBSTITUTE $NORM ocean_std_i
P ${DIr}/Data/wel3 .nc
4. Set model error, initial conditions,
conditions and surface forcing error covarlance
standard deviations files.
$SUBSTITUTE SNORM ocesn_err.nc  wcl3_err.nc
5. Set model error, itial conditions,
conditions and surface forcing error covarlance
zatlon factors files.
Job Script File: job_normalization.sh
#1/bin/csh -f
#
# svn $1d: job_normalization.sh 474 2010-06-25 20:19:44Z arango $
# Copyright (c) 2002-: 2010 The ROMS/TDMS Group #
# Licensed under a MI #
# See License_ROMS. txt #
# #
# 4D-Var error covariance normalization coeficients job script: #
# #
# This sci t NEEDS to be run before any run: #
# #
# (1) It copies a new clean non near model initial conditions #
# file. The nonlinear mode! tialized from the #
# background or reference stﬂte #
# (2) Specify model, initial conditions, boundary conditions, and #
# surface forcing error convariance input standard deviations #
# #
# model al cond ns, boundary cond ons, and #
# surface forcmg error convariance input/output normalization #
# factors - #
# (4 Create 4D var mput cript “cddvar.in" from a template ancl #
# he error covariance standard deviation, and errol #
# covarlance normalization factors files to be used. #
# #
# Set path definition to one directory up in the tree.
set “dirname ${PWD}"
Compile: build.sh
1. Set a local environmental variable to ﬂeflne ﬂ!e path to the
rectories where all this project’ re kept.
smm MY_ROOT_DIR /home/arango/ocean/tons/reposi tory
setenv MY_PROJECT_DIR ${PWD}
2. Locatlon of your RONS source code.
‘setenv MY_ROMS_SRC ${MY_ROOT_DIR}/branches/arango
2. Buld script invoked CPP options.
‘setenv MY_CPP_FLAGS "-DNORMALIZATIO!
~ N N ~ Libraries for PGI
4. Compiller selection variables.
If ($7USE_WY_LIBS) then
setenv USE_WPI on switch (SFORT)
‘setenv USE_WPIFB0 on |"
- T R ————
if (smsE WPI) then
5. Use custom library paths. setenv PARPACK_LIBDIR  /opt/pgisoft/mpich/PARPACK.
endif
et WSz WLaBS on
if ‘then

setenv NETCO IR /opt/pgisoft/mpich/netcdfa/!
setenv HDFS_LIBDIR  /opt/polsoft/mpich/hdfs/1Ih
else

NETCOF_INCDIR  /opt/p Loatctta/Include
LIEDIR Iw!lnulsm‘xlserl 1/netcats/
Jopt/p /hdfs/

setenv NETCDI
prsid HOFS_LTBDIR

etodfa/include
Iopt/pwsoﬂlsen \netcdrariin




Build Script: build.sh

#1/bin/csh -
#
# svn $1d: build.sh 474 2010-06-25 20:19:44Z arango $

ensed under a
See License_ROMS

MIT/X style
>t
Hernan G. Arango

ROMS/TOMS Comp|

S¢

pt to compile an user application where the application-speci
es are kept separate from the ROMS source code.

Q: How/why does this script work?

A: The ROMS makefile configures user-defined options with a set of
flags such as ROMS_APPLICATION. Browse the makefile to see these.
ion in the makefile uses the syntax ?= in setting the
check whether an environment
variable by that name is set in the shell that calls make. If so
the environment variable value overrides the default (and the
user need not maintain separate makefiles, or frequently edit
the makefile, to run separate applications).

Usage:
-/build.sh [options]

Options:

HEARRRR AR R B R AR AR AR R R R R AR

-i M Compile in parallel using N CPUs
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Error Covariance Normalization Coefficients
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