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Abstract 

We describe the software implementation of the Physical-space Statistical Analysis 
System (PSAS) version v1.5.1 at the NASA Data Assimilation Office (DAO). This soft- 
ware implements a statistical algorithm that combines irregularly spaced observations 
with a gridded forecast to produce an optimal estimate of the state of the atmosphere. 
We describe how the observational data, and their attributes, as well as the error co- 
variance matrices are managed during the life cycle of the algorithm: this is the main 
source of softwore complexity of the PSAS. This is mainly due to the diversity of data 
types and sources, as well as the use of the multivariate formulation. 

An on-line version of this document can be obtained from 

ftp://dao.gsfc.nasa.gov/pub/office,notes/oni998O5vl.i.ps.Z (postscript) 

Visit also the Data Assimilation Office’s Home Page at 

http://dao.gsfc.nasa.gov/ 
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1 Preface 

This article describes the software implementation of the Physical-space Statistical Analysis 
System (PSAS) version v1.5.1. The software is used in the production GEOS DAS algorithm 
at  the DAO. The articles describing the PSAS are as follows: 

1. da Silva, A., and J. Guo, 1996: Documentation of the Physical-Space Statistical 
Analysis System (PSAS) Part I: The Conjugate Gradient Solver Version, PSAS-1.00. 
DAO Office Note 96-02. 

2. Guo J., J. W. Larson, G. Gaspari, A. d a  Silva, and P. M. Lyster, 1998: Documenta- 
tion of the Physical-Space Statistical Analysis System (PSAS) Part 11: The Factored- 
Operator Formulation of Error Covariances. DA 0 Ofice Note 98-04. 

3. Larson J. W., J. Guo, G. Gaspari, A. d a  Silva, and P. M. Lyster, 1998: Documenta- 
tion of the Physical-Space Statistical Analysis System (PSAS) Part 111: The Software 
Implementation. DAO Ofice Note 98-05. 

4. daSilva A., M. Tippett, and J. Guo, 1999: The PSAS User’s Manual. To be published 
as DAO Oftice Note 99-XX. 

Future documents will discuss versions of PSAS under development. These will include: 
forward observation operators, advanced covariance models, advanced Fortran 90 features, 
and the ability to run on parallel distributed-memory computers using the Message Passing 
Interface (MPI). 

1 
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2 Introduction 

We describe the software implementation of the Physical-space Statistical Analysis System 
(PSAS) version v1.5.1 [Cohn et al., 1998, Staff, 19961. The PSAS combines the forecast 
wf E R" and observations wo E RP to produce an  optimal estimate of the true state state 
of the atmosphere. The PSAS performs this analysis using the following equations: 

The innovation equation: 

and 

The analysis equation: 

( H P f H T  + R ) x  = W O  - H w f ;  

wa - wf = Pf HTx, 

where Pf is an n x n forecast error covariance matrix, R is a p x p observation error 
covariance matrix, H is a p x n matrix that maps gridded forecast vectors to  observations 
on an unstructured grid, wo is a p-vector of observations, wf is a n  n-vector of the gridded 
forecast, and wa is an analysis n-vector. The right hand side of Eqn. (1 is called the 

Eqn. (2) is called the analysis increment (AI). Equation ( 1 )  is solved using a preconditioned 
conjugate gradient (CG) algorithm [Golub and van Loan, 1989, da Silva and Guo, 19961. 
With the current system ( n  = lo6 and p = lo5 are the approximate values) setting up 
and solving Eqn. (1) costs about half the computational effort in the PSAS. The remaining 
effort is taken by the transformation in Eqn. (2) of x from observation to state space 
[Cohn et al., 19981. A discussion of the computational complexity of the PSAS and the end- 
to-end Goddard Earth Observing System Data Assimilation System (GEOS DAS) is given 
in [Lyster, 19981. 

This article describes the control flow and data flow of the software implementation of the 
PSAS version v1.5.1. The PSAS uses a factored-operator formulation for the error covari- 
ance matrices as described in the companion document [Guo et al., 1998 . This formulation 

matrices are managed during the life cycle of the algorithm: this is the main source of soft- 
ware complexity of the PSAS. This is mainly due to the diversity of data types and sources, 
as well as the use of the multivariate formulation. 

innovation vector or the observed-minus-forecast (OMF) residual, and the le 1 t hand side of 

determines how the observational data, and their attributes, as well as t h e error covariance 

The PSAS performs the following functions: 

1. Construction of the matrix H P f H T  + R and solution of Eqn. (1) for x by a precon- 
ditioned conjugate gradient method. 

2. Construction of the matrix P f H T  and calculation of the AI (wa - wf) from x using 
the mapping defined in Eqn. (2). 

3. Calculation of forecast and observation error covariance data for use in functions 1 
and 2. 

4. Partitioning, sorting, and other processing of input observational data. 

The functions labeled 1 and 2 are handled together by the analysis interface routine 
getAIall0. This subroutine is modified at compile time to  generate three subroutines 
which are called by the application driver for the PSAS and which handle the three com- 
ponents of the analysis: the sea-level pressure-wind analysis getAIpuv( 1, the upper-air 
height-wind analysis getAIzuv0, and the water vapor mixing ratio analysis getAImix0. 
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Function 3 above involves the covariance data life cycle, a concept introduced in Section 
3.4.2, and developed throughout the remainder of this document. Function 4 is needed in 
support of the higher level functions 1 to 3. 

In Section 3 we introduce the basic concepts behind the PSAS software, including coordinate 
systems and the covariance data life cycle. 

In Section 4 we present a discussion of the data and control flow for the analysis interface 
getAIall(1. 

In Sections 5 and 7 we describe the initialization and tabulation stages of covariance data 
life cycle. 

In Section 6 we describe the observational data processing steps described in Function 4 
above. 

In Section 8 we describe the software implementation of the preconditioned CG solution of 
Eqn. (l), including the control software used to  form H P f H T  and R. 

In Section 9 we describe the software implementation of the analysis equation Eqn. (2), 
including the control software used to  form P f H T .  

In Section 10 we describe the lower-level routines called to calculate H P f H T ,  R,  and P f H T .  

How t o  read this document: 
The document [Guo et al., 19981 provides the theoretical basis for this software description 
and should be read first. The software of the PSAS is best understood through the control 
flow (or calling tree) and the data pow - the PSAS is partly asynchronous (e.g., data 
can arrive in any order) so a thorough understanding of both aspects of the algorithm 
is important. The control flow is relatively “easy” to understand and a course-grained 
representation is shown in Figure 1 - it may be used throughout this paper as a reference. 

3 
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GENERAL CALLING TREE FOR GEOS-2 PSAS 
Analysis Interface 

AI transformation 

of Observations 

Database 
for Matrix 
Elements 
(IMATs) 

IMAT 
Indexing Grid Points 

Matrix-Vector Multiplication 

Interpolation to 
Analysis Grid 

Matrix-Vector Multiplication 

,,.ise Matrix Block Operatic.., 

7 

Figure 1: The Control Diagram, or Calling Tree, of the PSAS. 

Factored Operators 
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3 Basic Aspects of the PSAS 
Version 1 Dated 12/06/1999 

3.1 Coordinate Systems Used in the PSAS 

3.1.1 Geographic Spherical Coordinates 

In the PSAS v1.5.1, locations of forecast and observational data are defined in terms of 
geographic spherical coordinates latitude cp and longitude A, with a pressure vertical coor- 
dinate p .  The radial coordinate r is fixed, with r = a = 6.376 x 106m. The unit vectors 
in the directions r ,  A, and cp are t,, 61, and e,, respectively. The longitudinal unit vector 
61 points to the East, while the meridional unit vector 6, points to  geographic North, as 
illustrated in Figure 2. The set of unit vectors (e,., tl, 6,) form a right-handed triple, since 

The horizontal error correlations between observation or forecast values at locations (vi, A;) 
and (cpj ,  X j )  are computed using the polarity index rij which is defined as 

More details of the coordinate system of the PSAS are presented in Section 3.2 of [Guo et al., 19981. 

3.1.2 Observation Attributes 

Observational data are input to the PSAS in the form of the observed minus forecast (OMF) 
vector wo - Hwf E RP. This input OMF vector and the following data form the set of 
input observational attributes: 

0 Variable type index k t  (INTEGER), one of the set {1,2,.. .,ktmax}, where the value of 
ktmax is defined in the include file ktmax . h. 

0 Instrument index kx (INTEGER), one of the set {1,2, ..., kxmax}, where the value of 
kxmax is defined in the include file kxmax . h. 

0 Region index k r  (INTEGER, assigned at run-time), one of the set {1,2,.. .,maxreg}, 
where the value of maxreg ( = 80 for PSAS version v1.5.1) is defined in the include 
file maxreg . h. 

0 Latitude cp (REAL), in degrees (-90,90). 

0 Longitude X (REAL), in degrees (-180,180). 

0 vertical pressure level (hPa) (REAL). 

0 The OMF value wo - Hwf (REAL). 

The PSAS returns the following output observational attributes: 

0 Forecast error standard deviations at observation locations of (REAL). 

- 
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Figure 2: The spherical coordinate system used in the PSAS. 

0 Correlated observation error standard deviations ooc. 

0 The set of input attributes, after: 

- observations not used in the analysis have been eliminated 
- they have been sorted 
- their number has been reduced by superobbing (discussed in Section 6.4). 

During the analysis, the PSAS calculates derived observation attributes: 

0 Sounding index ks (INTEGER), corresponding to fixed (q, A). 

0 Correlated and uncorrelated observation error standard deviations CY,, and bo%, re- 

0 Forecast error standard deviations at observation locations of. 

spectively (REAL). 

0 Cartesian components of the unit vectors Gv,  61, and i,, evaluated at observation 
locations (REAL). 
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0 Observation elimination flag kl (LOGICAL). 

0 Vertical and latitudinal indices to covariance data look-up tables used to compute 
H P f H T ,  R, and P f H T  (INTEGER). 

All the above attributes are represented by pvectors. The OMF values lie on an unstruc- 
tured grid in the so-called observation space, with a typical distribution corresponding to six 
hours of observations shown in Figure 3. The mapping of observational attribute vectors to  
memory is described be lowsee  Figure 5 below. In what follows, the expression “pointer” 
refers to an  integer index into a n  array, e.g., of observations or their attributes. 

The PSAS partitions the sphere into maxreg non-overlapping regions. An icosahedral 
decomposition (Figure 4) with maxreg = 80 is used v1.5.1 [Pfaendtner, 19961. The re- 
gions are labeled by the index kr from 1 to maxreg, where maxre is defined in the in- 
clude file maxreg.h. Each of the above attribute pvectors is sortef into maxreg regional 
segments numbered kr, according to which region number the observation is located in. 
Given kr from the set of {1,2, ..., maxreg}, the integer iregbeg(kr) points to  the begin- 
ning of region kr, and ireglen(kr1 is the number of observations in region kr. Thus, 
iregbeg(kr) + ireglen(kr1 -1 points to the end of region kr. The points in region kr 
are then sorted by data type kt, yielding a set of kr/kt segments. Given kr from the 
set of {1,2,. . .,maxreg) of regions, and kt from the set of {1,2,.. .,ktmax} of data types, 
the integer itypbegckt ,kr) points to  the beginning of the data type segment region kt 
in region kr, and ityplen(kt,kr) is the number of points in this segment. The index 
itypbeg(kt,kr) is rarely used, since for kt = 1, itypbeg(1,kr) = iregbeg(kr), and for 
kt one of {2,. . . , ktmax}, 

k t - 1  

itypbeg(kt, kr) = iregbeg(kr) + ityplen(i, kr). 
i=l 

Each of these kr/kt segments is then sorted in lexicographic order by data source index kx, 
latitude, longitude, and level (Figure 5). No indexing arrays are used for the lexicographic 
sorting scheme. 

3.1.3 The Regular Latitude/Longitude Grid 

The PSAS reads in forecast error standard deviations on a regular three-dimensional lati- 
tude/longitude grid with vertical pressure coordinate. The AI that the PSAS calculates are 
also output on this grid. The grid dimensions are defined in the include file gridxx.h, and 
are currently: 

0 jdimx: the number of latitude bands. Currently jdimx = 91, and A y  = 2 O .  For 
j = 1,. . ., jdimx the latitude yj for band j is 

yj = -90. + (j - i)AV. (4) 

0 idimx: the number of longitude bands. Currently idimx = 144, and AX = 2.5’. For 
i = 1,. . . , idimx the longitude X i  is 

X i  = -180. + (i - 1)AX. ( 5 )  

0 kdimx: the maximum number of vertical levels. Currently kdimx = 29, with these 29 
pressure levels ranging from 1000 hPa to  0.01 hPa. 

7 
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Figure 3: Typical geographic distribution of observations over a six-hour interval that are 
input into the  PSAS. 

The number of pressure levels on which the upper-air analyses are performed, and level 
values are read from the PSAS resource file. A complete description of the PSAS resource 
file is presented in the PSAS Users' Guide [da Silva et al., 19991. Sea-level pressure is set in 
the include file pres4slp .h, and defined by the parameter pres4slp. Currently, pres4slp 
= 1000 hPa. 

3.1.4 The Quasi-Equal Area Grid 

PSAS calculates analysis increments by applying Eqn. (2) to  the solution x of Eqn. (1). This 
transformation is from observation space to  a quasi-equal area (QEA grid whose vertical 

the &EA grid to the regular 2' by 2.5' analysis grid. In this section we discuss the horizontal 
distribution of the QEA gridpoints. 

levels correspond to the analysis levels. AI values are then horizontaly I interpolated from 

The horizontal QEA grid has the following properties: 

0 The number of latitude bands is jdimx, with the latitude values ( P I , .  . . , (pjdimx defined 

0 The QEA and analysis gridpoints coincide for latitudes 191 5 eaytresh, where eaytresh 

in Eqn. (4). 
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I 

00 SP SP SP SP SP 

Figure 4: Icosahedral decomposition used in the PSAS, with region numbering. 

is a threshold, input at runtime from the PSAS resource file. These latitude bands 
have index j in the set { j south,. . . , j north}. 

0 QEA and analysis gridpoints in the latitude bands at the North and South poles 
coincide. These latitude bands have index j = 1 and j = jdimx for the South and 
North poles, respectively. 

the number of longitude points nlon is 
0 For latitude bands with index j one of (2, . . . , j south - l} or { j north + 1, . . . , j dimx - l}, 

nlon = nint(npo1e + (idimx - npole) cos'pj), (6) 

where nint() is the nearest integer function, idimx is as in eqn. (4), and npole is 
a parameter defined (with value npole = 4) in the include file qea.h. The longitude 
values in the band have equal spacing dlon = 360.0/nlon, and for i = 1,. . . , nlon, 

X i  = -180. + (i - 1) * dlon. 
The QEA grid parameters and are stored in the common blocks gridprm and gridarr, 
defined in the include file qea.h: 

common / gridprm / eaytresh, j-south, j-north 
common / gridarr / lea,beg(jdimx),lea,len(jdimx),ea,lon(idimx*jdimx) 

The horizontal &EA grid is initialized using the following procedure: 

1. The latitude threshold eaytresh is read from the PSAS resource file by the routine 
gridxx00. 

9 
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obs-attribute(l:npieces) 
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Figure 5: Regional decomposition and sorting hierarchy that is applied to each observation 
attribute vector. 

2. The routine ea r i d 0  uses the value of eaytresh to  calculate the number ngrid  

the array e a l o n .  The array ea lon  is indexed by the arrays lea-beg(1: jdimx) and 
l e a l e n (  1 : jdimx) , which define latitude band starting indices and lengths, respec- 
tively (Figure 6). 

of horizontal Q J!! A gridpoints, and calculates their longitude values, storing them in 

The construction of the multivariate three-dimensional QEA grid vector used in Eqn. (2) 
is described in Section 9. 

3.2 Block Decomposition of Matrices 

The two level kr/kt segment decomposition applied to the data vectors (described in Sec- 
tions 3.1.2 and 3.1.4) is used to  block decompose the matrices in Eqns. (1) and (2) (Figure 7). 
The first, coarser level of decomposition of the rows and columns is based on the regional 
decomposition of the attribute vectors. This yields a set of maxreg2 blocks. The black grid 
in Figure 7 represents regional block boundaries. The rows and columns of these regional 
blocks are sorted by k t  as in Figure 5 .  This sorting by kr followed by k t  yields a set of 
maxre 2ktmax2 kr k t  matrix bbock8. The white lines in Figure 7 represent boundaries of 

k t  by (kri, kt;, krj, kt j ) ,  where i = 1,. . . , maxreg * ktmax and j = 1,. . . , m a r e g  * ktmax 
are the row and column indices, respectively. The dimensions of the ( i , j ) t h  kr/kt block 
are: 

kr/kt % locks. Eac l kr/kt block is uniquely specified by row and column values of kr and 

ityplen(kt;,  kr;) rows 
i typlen(ktj ,  krj) columns 

i typlen(kti ,  kr;)*ityplen(ktj,  krj) elements. 
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lea-be5 .- . - -  . 

7 
I 

lea len(l:3 

Version 1 Dated 12/06/1999 

ea lon(1:ngrid) - 

Figure 6: QEA horizontal grid longitude vector and indexing arrays. 

Sparsity is introduced using compactly supported error covariance models [Gaspari and Cohn, 19991. 
In the the PSAS v1.5.1, error covariance matrix blocks for regions separated by distances 
greater than 6030km are set to  zero, and thus are not calculated. This assumption renders 
the matrices used in the multivariate upper-air analysis Ch, C4, and C X  defined below 
approximately 40% full. 

3.3 Operator Formulation of PSAS 

The PSAS solves Eqns. (1-2) without explicitly forming the matrices H P f H T ,  R,  and 
P f  H T :  these matrices are represented using the factored-opemtor formulation described 
in [Guo et al., 19981. The matrix-vector products H P f H T x ,  Rx,  and P f H T x  are im- 
plemented as succession of operators acting on the vector x. This approach reduces the 
computational complexity compared with the direct computation of the matrices H P f H T ,  
R ,  and P f H T .  

The factored-operator formulation of the fit x fit matrix H P f H T  for the upper-air height- 
wind analysis is written as 

H p f H T  = rh-&+@TrhT + r4-@@@Tr+T 
+ r x x x c x x x T r x T  1 (7) 

where fit is the number of observations in the upper-air height-wind analysis. The first 
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Figure 7: Block decomposition of matrices in the PSAS. 

term in Eqn. (7) includes the multivariate u per-air height h and wind u, v forecast error 

sea-level pressure par and wind (usl,vsl) forecast error covariances. The second term in 
Eqn. (7) is the multivariate upper-air wind and multivariate sea-level wind forecast error 
covariances derived from forecast errors modeled using a streamfunction $. The third term 
in Eqn. (7) is the multivariate upper-air wind and multivariate sea-level wind forecast error 
covariances derived from forecast errors modeled using a velocity potential x. 

covariances. Appendix C of [Guo et al., 1998 shows a similar expression I h  or t e multivariate 

The univariate water mixing ratio forecast error covariance matrix is written 

H P f H T  = CqCqCqT. 

The factored-operator formulation of the observation error covariance operator R is 

The first and second terms in Eqn. (9) are the horizontally correlated and horizontally 
uncorrebated observation error covariances, respectively. 

Each of the factors in the terms in Eqn. (7) are fit x fit matrices, and the ordering of their 
rows and columns is defined by the kr/kt decomposition and lexicographic sorting scheme 
shown in Figure 5.  This sorting scheme, and the definitions of the operator factors from 
[Guo et al., 19981 have the following implications: 

1. The factor rh is kr/kt block-diagonal, and has three nonzero bands in each of the 
diagonal kr/kt block. Multiplication of a fit-vector by rh requires O(fit) operations. 

and r x  in Eqn. (7) are Irr/kt block-diagonal, and each have two nonzero bands. 
Multiplication of a fit-vector by I'4 or rx requires O(fit) operations. 

2. 
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Variable 
Sea-level zonal wind u , ~  

Sea-level meridional wind w , ~  
Sea-level pressure pSl 

Upper-air zonal wind u 
Upper-air meridional wind u 

Upper-air water vapor mixing ratio q 
Upper-air geopotential height h 

Version 1 Dated 12/06/1999 

kt -value 
1 
2 
3 
4 
5 
6 
7 

Table 1: Data type index kt values 

3. C h ,  E$, and CX are diagonal. Multiplication of a fit-vector by Ch, C4, or CX requires 

4. The matrices Ch, C4, and CX are dense matrices (currently about 40% of their ele- 

O(fit) operations. 

ments are nonzero), with block structure discussed in Section 3.2. 

5 .  The matrices E: and Et  are diagonal. 

6. The matrix C: applies only to  vertically correlated observations, and thus is profile- 
diagonal. Multiplication of a fit-vector by Cz requires << O(p;,) operations. 

7 .  The matrix C: is a dense matrix. Multiplication of a pkt-vector by C: requires O(& 
operations. 

The factored-operator formulation of the nkt X pkt matrix P f H T  for the upper-air height- 
wind analysis is 

where ?zk,t is the number of grid points in the analysis. The individual forecast error co- 
variance terms in Eqn. (10) are defined as in Eqn. (7) .  The matrices with subscripts L and 
R in Eqn. (10) have dimensions nkt x nkt and fit x pkt respectively. The matrices Ch,  
C*, and CX have dimension nkt x fit. The above implications numbered 1 and 2 apply to 
the fit x fit matrices, multiplication of an nkt-vector by each of the nkt x nkt matrices in 
Eqn. (10) requires O(nkt) operations, and the multiplication of a n  pkt-vector by each of the 
nkt x fit matrices in Eqn. (10) requires C?(nktpkt) operations. 

The definitions of the kt values used in these tables are given in Table 1. The non-zero 
elements of rhl I?, Ch,  C4 ,  CX, Ch ,  C*, and CX are shown in Tables 2 - 10. We use 
notation that is consistent with [Guo et a]., 19981. 
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Row kt-value kt; Column kt-value k t j  Value 
1 1 Qum (9, par) 
1 2 Qul ( c p l  P a l )  

2 1 * v m ( q , ~ s l )  , 

2 2 Qvl(cp1 P S I )  

3 3 1 

Version 1 Dated 12/06/1999 

1 
2 
4 
5 

2 1 
1 1 
5 1 
4 1 

1 
2 
4 
5 

Table 3: Nonzero elements of the multivariate operator I'+ 

2 1 
1 1 
5 1 
4 1 

4 4 -1 
5 5 1 

Table 4: Nonzero elements of the multivariate operator rx 

1 Row kt-value kt; I Column kt-value k t j  I Value I 
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Table 5 :  Elements of the diagonal matrix C h  

Version 1 Dated 12/06/1999 

Table 6: Elements of the diagonal matrix 

4 

Table 7: Elements of the diagonal matrix CX 
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Row kt-value kt; 
1 
1 

Version 1 Dated 12/06/1999 

Column kt-value k t j  Value 
1 4 A r n  
c) n 

'Fable 8: Nonzero elements of the operator Ch 

Row kt-value kt; I Column kt-value k t j  I Value 
1 I I -h 

Table 9: Nonzero elements of the operator C4 

11 
1 l m  2 

2 2 
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Row kt-value kt; Column kt-value k t j  

Version 1 Dated 12/06/1999 

Value 

Table 10: Nonzero elements of the operator CX 

3.4 Data Management in PSAS 

3.4.1 PSAS Data Flow 

The analysis and library interface routines in PSAS have the following characteristics: 

0 Input from and output to routines calling the PSAS analysis and library interfaces is 
via the interface routines of the PSAS. 

0 Apart from the data structures in the subroutine interfaces of the PSAS, necessary 
data is input to the PSAS from either the PSAS resource file (Section 3.4.3), or a data 
file defined by a PSAS resource. 

0 Diagnostic output is directed to stdout. 

0 Parameter data used to calculate error covariance operators is stored in data structures 
defined within modules. Often, these data structures then enter routines via USE 
statements, though sometimes they are passed to lower-level routines via interfaces. 

0 Some parameter data is stored in COMMON blocks defined in include files. 

3.4.2 The Covariance Data Life Cycle 

Calculation of operators in Eqns. (7-10) requires the following quantities: 

0 Horizontally correlated and horizontally uncorrelated observation error standard de- 

0 Observation error horizontal correlations poc. 

0 Horizontally correlated and horizontally uncorrelated observation error vertical corre- 

viations IS,, and oou. 

lations v,, and and uou. 

0 Forecast error standard deviations oh, o P s 1 ,  d, 04,  and o x .  

0 Elements of the coupled mass-balance operator for forecast height/wind errors sum, 
Qvm, Q,I,  and aVi. 
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0 Forecast error vertical correlations . 
0 Forecast error horizontal correlations. 

These quantities progress through the Covariance data life cycle shown in Figure 8. In 
this cycle the covariance data exist in a sepies of states, and each state is the result of a 
processing stage. 

The covariance data states are: 

0 State  I: Variables representing resources. These are data input from the PSAS re- 
source file (Section 3.4.3), and include 

tables of observation error standard deviations. 
tables of observation error vertical correlations. 
level-dependent tables of parameters used to evaluate observation error horizontal 
correlation functions. 
the name of the data file from which gridded forecast error standard deviations 
are input. 
tables of forecast error vertical correlations. 
level-dependent tables of parameters used to evaluate forecast error horizontal 
correlation functions. 
level-dependent tables of parameters for functions used to calculate the multi- 
variate parameters aUm , avm , a , ~  , and av[. 
level-dependent tables of parameters for functions used to model u* and ux. 

0 State  11: Look-up tables. These data are calculated from the State I data, and are: 

- attribute vectors of the elements of the diagonal matrices C h  in Eqn. (7) and 
and E; in Eqn. (10). 

- attribute vectors of u,, and u,,, which form the diagonals of E: and ,E:, respec- 
tively. 

- Indikct Matrix (IMAT) tables used to calculate: 
* Forecast error vertical correlation coefficients. 
* Forecast error horizontal correlation functions and their first and second 

derivatives with respect to the polarity index 7 defined in Eqn. (3) above. 
* Observation error vertical correlation coefficients. 
* Observation error horizontal correlation functions. 
* Forecast error standard deviations u* and ux. 
* The geostrophic balance parameters a,,, avm, and a,[. 

0 State 111: Block matrix operators. These are individual kr/kt blocks of the operators 
in Eqns. (7-10). 

The covariance data processing stages are: 

0 Stage Z Processing is the parsing of input data from the PSAS resource file. This 

0 Stage IZ Processingis the refinement and tabulation of State I data, resulting in State 

Stage ZZI Processing is use of IMAT tables and attribute vectors to calculate block 

processing stage is discussed in Section 5 .  

I1 data. This processing stage is discussed in Section 7. 

matrix operators. This processing stage is discussed in Sections 8 - 10. 

Detailed data life cycle diagrams for the operators in Eqns. (7-10) are presented in A p  
pendix D. 
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\ 
Lesource File , 

Figure 8: Data life cycle for parameters used in PSAS. 
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3.4.3 The PSAS Resource File 

The majority of Stage 11 processing is the input of secondary resources from the PSAS 
resource file. The entire resource file (default name psas . rc) is read into memory, and 
parsed using I90 functions’. Data in the resource file have character resource ZabeZ, followed 
by the actual data. 

Example 3.4.3.1: The latitude threshold eaytresh at which the gridpoints on quasi- 
equal-area grid are no longer the default analysis grid locations has this entry in the resource 
file: 

latitude,treshold,for,equal,area,grid: 45 

The routine gridxx00 uses the following block of code to  read the value of eaytresh: 

call LABLIN ( ’latitude,treshold,for-equal-area,grid:’ ) 
eaytresh = abs(FLTCET ( 90. ) )  

The call to LABLIN( ’latitude_treshold40r_equalor_equalarea_grid: ’ ) tells I90 to find this 
string in the block of memory where the resource file resides., The function call FLTGET ( 
90. ) means “convert the next string to a real number,” in the absence of a string before 
the carriage return, return the default value of 90.0.” A sample resource file psas .rc is given 
in Appendix C. Further description of resource files can be found in the I90 documentation 
and the PSAS Users’ Guide [da Silva et al., 19991. 

‘The I90 library and its documentation are available at the URL 
ftp://niteroi.gsfc.nasa.gov/pub/packages/i90 
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4 Top Level Control Flow - getAIall0 

4.1 Analysis Interfaces to the PSAS 

The analysis increments (AI), i.e., the quantities denoted wa-wf in Eqn. (l), are computed 
from OMF’s by calling one of the routines getAIpuv0, getAIzuv0, getAImix0, and 
getAIall0. The routine getAIzuv0 returns AI for upper air winds u and w, and upper 
air geopotential heights h. The routine getAIpuv0 returns AI for sea-level winds u , ~  and 
w,l, and sea-level pressure psi. The routine getAImix0 returns AI for upper-air water vapor 
mixing ratio g. The routine getAIall0 returns AI for all the aforementioned quantities. 

Since the logic in getAIpuv0 , getAIzuv0, and getAImix0 is contained in that of getAIall0 , 
this section explains the routine etAIall() in detail. Appendix A contains a discussion of 
how analysis routines getAIzuv (! ) , getAIpuv0 , and getAImix0 differ from getAIall0. 

The major subroutines called by getAIall0 are: 

0 solve4x(): Solves Eqn. (1) for x. 

0 getAinc0: Uses Eqn. (2) to x to produce AI. 

The interface to getAIall0 is 

subroutine getAIall( npieces, lat-list, lon-list, pres-list, & 
time-list, kx-list, kt-list, dels-list, & 
sigF-list, sig0-list, & 
im, jnp, mleu, pres-lev, & 
psl-sigF, usl-sigF, vsl-sigF, & 
z-sigF, u,sigF, v-sigF, & 
mix-sigF, & 
psl-inc, usl-inc, vsl-inc, % 
z-inc, u-inc, v-inc, & 
mix-inc , & 
psl-sigA, usl-sigA, vsl-sigA, 6 
z-sigA, u,sigA, v-sigA, & 
mix-sigA 1 -  

Table 2 specifies the arguments to getAIall0. The analysis interface routines (below 
getAIall0) share the same calling tree, shown in Figure 9. 

In Section 4.2 we describe the variables used in getAIall0 , as well as the include files and 
modules it uses. In Section 4.2 we trace through the execution of getAIall0, describing 
the function of the routines called by getAIall0. 

4.2 Description of Variables and Include Files used in getAIall() 

Some of the data used in getAIall() are defined in separate Fortran 90 modules and enter 
this routine via USE statements. Functions from the inpack module m-inpak90 are also used 
in getAIall0. The variables in getAIall0 are: 

0 veclats (REAL): IMAT latitude values. Defined in the module rlat-imat. 
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0 MXveclat (INTEGER): maximum size of veclats,  the array of IMAT latitudes. Defined 

0 nveclat (INTEGER): the number of IMAT latitudes. Defined in the module rlat-imat. 

0 p levne  (REAL): pressure levels in State I observation error statistics tables. Defined 

in the module config. 

in the module OEclass-tbl. 

0 nlevae  (INTEGER): the number of pressure levels in State I observation error statistics 

0 pres4slp (REAL): sea-level pressure. Defined the module conf ig .  

0 stdout (INTEGER): Standard diagnostic output device number. Defined in the module 

0 stderr (INTEGER): Standard diagnostic error device number. Defined in the module 

tables. Defined in the module OEclass-tbl. 

conf ig. 

conf ig. 

Header files included in g e t A I a l l 0  are: 

0 psasrc .h  This file contains CHARACTER parameters defining t h e  software name, ver- 
sion, and default name of the PSAS resource file psas.rc. The resource file name is 
stored in the common block rsrcf i l e :  

common/rsrcfile/psasrc 

0 ktmax.h: The number of defined values of the variable index kt is the INTEGER pa- 
rameter ktmax. The k t  index values for the variables a,[, v , ~ ,  p,~, u, v ,  h, and q 
are given by INTEGER parameters ktus, ktvs, ktslp,  ktuu, ktvv, ktHH, and ktqq, 
respectively. 

0 kxmax.h: The number of defined values of the data source index kx is the INTEGER 
parameter kxmax. 

0 ktmax.h: The number of defined values of the data type index k t  is the INTEGER 
parameter ktmax. 

0 ktwanted. h: the LOGICAL control array ktwanted, controlling the data types for which 
AIS are computed. This variable resides in the common block ktcontrl: 

common /ktcontrl/ ktwanted(ktmax) 

0 1vmax.h The maximum number of vertical analysis levels is determined by the pa- 

0 1evtabl .h the number nveclev of IMAT vertical levels, and IMAT vertical level 

rameter lwax. The maximum number of IMAT vertical levels MXveclev. 

values pveclev. Both variables reside in the common block lertabl: 

B ' 

P 
common/levtabl/ nveclev, pveclev(MXvec1ev) 

0 maxreg.h: the maximum number of regions used in the kr-decomposition of the 

0 bands .h: variables and common blocks used by the conjugate gradient solver. 

observation attribute vectors, defined by the INTEGER parameter maxreg. 

Some of the workspace used by g e t A I a l l 0  is dynamically allocated: 
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0 s i g u l i s t  (npieces) : Horizontally uncorrelated observation error standard devia- 
tions o,, (REAL). 

0 xvec(npieces1: The intermediate vector x (REAL). 

0 k l  (npieces) : A LOGICAL flag array that determines whether or not certain entries in 
observation attribute arrays are to be used in the analysis. 

4.3 Control Flow through g e t A I a l l 0  

4.3.1 Stage I Processing of Covariance Data 

The first execution of getAIall() is a unix call to getenvo to  load the shell environment 
variable PSASRC, if defined. If no value of PSASRC is defined, the default resource file name 
defined in psasrc .h is used. This resource file, tagged by the CHARACTER variable psasrc, 
is loaded into memory by a call to  the inpak routine ISOLoadFO. 

The routine initFLSRC is called to  initialize run-time data: 

0 Data type information, including data type names, data type units, data type descrip 

0 Data source information, including observation error class, data source rank, and data 

tions, and a table of data type dependencies in multivariate covariance models. 

source description . 
0 State I covariance data tables. 

0 Conjugate gradient solver control parameters. 

0 Icosahedral region definitions and names. 

0 Control parameters for the proximity-elimination package proxel0 .  

0 Tabulated values of trigonometric functions used by subroutine q t r i g o .  

0 Values of data type index k t  for which AI’S are to  be computed. 

The variable pres-list(n) = pres4slp for each n = 1,. . .+pieces where kt-l ist(n)  is 
one of k t s l p ,  ktus, or ktvs. 

Root-mean-square observation error standard deviation (correlated and uncorrelated) are 
log-linearly interpolated to  observation locations from the tables sigOu and sigOc in the 
routine intpsigO (1 : 

c a l l  i n t p , s i g O ( n p i e c e s , k x , l i s t , k t , l i s t , p r e s , l ~ l i s t )  

The tables sigOu and sigOc are defined in the module OEclas-tbl. The interpolated 
sigOu is returned in sigU-list  (1 :npieces) and the interpolated sigOc is returned in 
s ig0- l i s t  (1 :npieces). 
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Table 2: Data passed into getAIall0 via its interface. 
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Figure 9: Top-level control flow below analysis interfaces getAIall0. 
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4.3.2 Processing of Observational Data 

A call to the  routine restrict0 selects the observations used to calculate the analysis 
increments. 

call restrict ( verbose,stdout ,npieces ,prtdatl , 6 
la t , l i s t , lon , l i s t ,pres , l i s t ,kx , l i s t ,kt , l i s t ,  & 
dels,list,sigU,list,sigO,list,sigF,list, & 
time,list,nnobs 1 

Vectors of length npieces enter restrict 0. The routine restrict 0 selects observations 
whose attributes fall within analysis boxes (defined in Section 6.1), or are otherwise 
needed for analysis. Using a call to tofront0, restrict sorts the attribute arrays so that 
their first mobs entries are the values to be used in subsequent analysis. Further discussion 
of restrict0 can be found in Section 6.1. 

The value of npieces is set to M o b s  for subsequent processing. 

Using a call to subroutine s o r t 0 ,  the observation attribute arrays are sorted as in Section 
3.1.2 and illustrated in Figure 5: 

call sort ( myname,verbose,stdout,npieces,lat,list,lon-list, & 
pres,list,kx,list,kt,list,dels,list,sigU-list, & 
sig0,list,sigF,list,time~list,maxreg,ktmax, & 
iregbeg,ireglen,ityplen 1 

Further discussion of the routine sort0 is given in Section 6.2. 

The sorted attribute arrays are are scanned for duplicate observations. These duplicates 
are eliminated from the analysis by the routine dupelimo: 

call dupelim (verbose,stdout,npieces ,kx, l ist ,bt , l ist ,kl ,  % 

sigU,list,sigO,list,sigF,list,time,list, % 
lat-l ist , lon,l ist ,pres-list ,dels, l ist ,  % 

maxreg,iregbeg,ireglen,ktmax,ityplen 1 

The LOGICAL array kl(1 :npieces) contains flags determining data used in the analysis. If 
for some index i, kl(i) = .TRUE., entries in the other attribute arrays with index i are 
used. The value of npieces is changed by dupelimo to the number of distinct observations. 
Using a call to tofront 0, dupelim( 1 sorts the attribute arrays so that their first npieces 
entries are the values to be used in subsequent analysis. Further discussion of the routine 
dupelimo is given in Section 6.3. 

The next step is to reduce the number of observations through superobbing. This is imple- 
mented as follows using the proximity elimination routine proxel0 : 

nprox = 0 
n = l  
do while(n.eq.1 .or. nprox.ne.O.and.n.le.5) 

call proxel (verbose,stdout,npieces,kx-list ,kt,list,kl, Bt 
& 

sigO,list,sigU,list,sigF,list,time,list, % 
lat-list , lon-list ,pres-list ,dels-list , 
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marreg, iregbeg, ireglen,ktmax, ityplen,nprox 
n m +  1 

end do 

The number of observations eliminated in one call to proxel0 is nprox. Using the routine 
tofront(), prore10 sorts the attribute so that their first npieces-nprox entries are the 
values to  be used in subsequent analysis. Each time proxel0 returns, the value of the 
variable npieces is reduced by nprox, so that npieces is the number of remaining obser- 
vations, including the super-ob values. The attribute indexing arrays iregbeg(1 :maxreg) , 
ireglen(1 :mareg), and ityplen(1: ktmax, 1 :maxreg) are modified accordingly. Further 
discussion of the superobbing process is presented in Section 6.4. 

&EA gridpoint locations are calculated by a call to gridxx00. The QEA grid parameters 
and gridpoint data structures were described in Section 3.1.4. The call to  gridxx00 reads 
in the REAL QEA latitude threshold eaytresh from the resource file. 

4.3.3 Stage I1 Processing of Covariance Data 

The initialization of the IMAT structures for the forecast and observation error covariances 
now occurs. The IMAT pressure levels and latitude values must first be determined. The set 
of IMAT pressure levels is the union of the sea-level pressure pres4slp, the analysis levels 
preslev(1 :mlev), and the observation pressure level values preslist (1 :npieces). This 
union is found through a pair of calls to the routine merge-plevs0: 

call merg-plevs (mlev,pres,lev, 1 ,pres4slp ,MXveclev ,nveclev ,pveclev) 

call merg,plevs(npieces,pres_list,nveclev,pveclev,MXveclev,nveclev,pveclev) 

The first call to  merg-plevs() combines the set of analysis pressure levels with the one sea- 
level pressure value, resulting in the combined set of nveclev levels in pveclev(1 :nveclev) . 
This is done by eliminating redundant pressure level values. The second call combines this 
set of nveclev levels stored in pveclev with the set of observation pressure level values. 
Upon return from this call to  mergeplevs0, the values of nveclev and pveclev are now 
for the complete union set. If the union contains more than MXveclev elements, a subset of 
levels is determined by merge-plevs (1. Further discussion of merge-plevs (1 is presented 
in Section 7.2.1. 

Next, the jnp analysis grid latitude values are merged with the npieces observation latitude 
locations latlist (1:npieces) to  arrive at a non-redundant set of latitude table values 
veclats(1 :nveclat). This is implemented in a call to the routine merglats0. 

call merg,lats( jnp,npieces, lat-list ,MXveclat ,nveclat ,veclats) 

The number of imat latitudes nveclat 5 MXveclat. Further discussion of the routine 
merglatso is found in Section 7.2.2. 

Once the IMAT pressure levels veclevs(1 :nveclev) and latitudes veclats(1:nveclat) 
are determined, the IMAT entries can be computed. IMAT quantities calculated are: 

0 IMAT data for the forecast height, sea-level pressure, and wind error correlations. 
These data are contained in the IMATs hf ecHH, hf ecRR, hf ecTT, vf ecHH, vf ecHD, 
and vfecDD, and calculated by a call to setfecHH0 (see Section 7.3.1). 
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0 IMAT data for observation error correlations. These data are contained in the IMAT’s 
hoecHH and voecHH, and calculated by a call to  set-oecHH0 (see Section 7.4). 

0 IMAT data for forecast water vapor mixing ratio error correlations. These data are 
contained in the IMAT’s hfecqq and vfecQQ, and calculated by a call to setfecQq() 
(see Section 7.3.2). 

0 IMAT tables of upper-air and sea-level height/wind coupled balance parameters aUmr 
aUl, a,,, and a,~. These data are contained in the IMATs Am-imat, Aul-imat, 
Am-imat, and Avl-imat, and computed by a call to  imatalpha0 (see Section 7.5). 

and o x .  These data are con- 
tained in the IMATs FEsigS-imat and FEsigV-imat, and are computed by a call to 
imat_sigWO (see Section 7.6). 

0 IMAT tables of forecast error standard deviations 

Gridded forecast geopotential height and upper-air mixing ratio error standard deviations 
are read from a binary file. The gridded upper-air heights are used to calculate forecast 
sea-level pressure error standard deviations. These operations are performed by a call to  
getsigF0 (see Section 7.7.1): 

call getsigF(im,jnp,mlev,pres-lev,psl,sigF,z,sigF,mix-sigF) 

Th routine getsigF0 returns: 

0 Forecast sea-level pressure error standard deviations in psl-sigF(1: im, 1 : jnp). 

0 Forecast upper-air height error standard deviations in zsigF(1: im, 1 : jnp , 1 :mlev) . 
0 Forecast upper-air mixing ratio error standard deviations in mixsigF(1: im, 1 : jnp, 1 :mlev). 

For the sea-level analysis, gridded fields of the quantity gPs14ph’(l)/2Rpa are required in 
order to calculate the forecast error covariance operator. For the sea-level analysis, this 
quantity is calculated by calling dervsigFslD0 (see Section 7.7.2): 

call dervsigF,slD(im,jnp,psl,sigF,usl,sigF,vsl-sigF) 

For the upper-air analysis, gridded fields of gah4phh’(l)/2Ra are calculated by a call to 
dervsigF-upD0 (see Section 7.7.3): 

call dervsigF,upD(im,jnp,mlev,pres,lev,z,sigF,u-sigF,v,sigF) 

The forecast error standard deviations at the locations of the observations are calculated 
by interpolation from the arrays z_si F, u-sigF, vsigF, pslsigF, usl-sigF, vslsigF, 
and mixsigF. This is done using a cal f to  intp-sigF(): 

call intp,sigF(im, jnp,mlev,pres,lev,psl-sigF,usl-sigF, & 
vsl-sigF,z,sigF,u,sigF,v,sigF,mix-sigF, b 
maxreg,iregbeg, ireglen,ktmax,itypbeg,ityplen, & 
npieces,lat,list,lon-list,pres-list,sigF-list 

The forecast error standard deviations at observation locations are returned in the array 
sigF-list (1:npieces). The routine intpsigF() is discussed in detail in Section 7.7.4. 
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4.3.4 Stage I11 Processing of Covariance Data-Calculation of Analysis Incre- 
ments 

The innovation equation (1) is solved for x by calling the routine solve4xO: 

call solve4x(maxreg,iregbeg,ireglen,itgplen,npieces, & 

sigU,list,sigO,list,sigF,list,l,npieces, & 
kx,list,lat,list,lon-list,pres-list, % 

dels,list,npieces,xvec 1 

The solution x is returned in the array xvec(1 :npieces). A detailed discussion of solve4xO 
can be found in Section 8, and in [da Silva and Guo, 19961. 

The solution x to Eqn. (1) is transformed from observation to state space using Eqn. (2), 
thus producing the AI wa - wf. The AI are returned by the routine getAinc0: 

call getAinc(verbose,stdout,nbandcg,npieces,iregbeg,ireglen, & 

im, jnp,mlev,pres,lev,usl,inc,vsl,inc,psl,inc, & 

u,sigF,v,sigF,z,sigF,mix,sigF,ktwanted(ktus), 6 
ktwant ed( ktvs) , ktwanted (kt slp) , ktwant ed( ktuu) , 
ktwanted(ktvv) ,ktwanted(ktHH) ,ktwanted(ktqq) , ier 

ityplen,xvec,lat,list,lo~list,pres,list,sigF~list, & 

u-inc , v-inc ,zinc ,mix,inc , usl-s igF , vsl-s igF ,psi-sigF , & 

% 
Y 

The AI are returned on the analysis grid in the following arrays: 

0 usl-inc (1 : im, 1 : jnp) : Sea-level zonal wind u,~. 

0 vsl-inc(l:im,i: jnp): Sea-level meridional wind v,~. 

0 psl-inc(1: im, 1: jnp): Sea-level pressure psi .  

0 u-inc (1 : im, i : jnp , 1 :mlev) : Upper-air zonal wind u. 

0 v-inc(l:im,i: jnp,i:mlev): Upper-air meridional wind 2). 

0 zinc( 1 : im, 1 : jnp, 1 :mlev) : Upper-air geopotential height h. 

0 mix-inc(i : im, i : jnp , 1 :mlev) : Upper-air water vapor mixing ratio q. 

The forecast error standard deviations for the windfield components is calculated on the 
analysis grid for output. Forecast error standard deviations for the sea-level winds are 
calculated by calling dervsigFslW(1: 

call dervsigF-slW (im, jnp ,psl-sigF ,usl-sigF , vsl-sigF) 

The resulting u and v elements of these standard deviations are returned in the arrays 
usl-sigF( 1 : im, 1 : jnp) and vsl-sigF (1 : im, 1 : jnp) , respectively. 

The upper-air wind forecast error deviations are calculated by calling dervsigF-upW 0 : 

call dervsigF-upW (im, jnp ,mlev ,pres-lev,z,sigF ,u,sigF ,v,sigF) 
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The resulting u and w elements of these standard deviations are returned in usigF(1: i m ,  1 : jnp , 1 :mlev) 
and v-sigF(l:im,l: jnp,l:mlev), respectively. 

The routine gatAIall() returns the analysis increments and forecast error standard de- 
viations through its interface. The value returned by getAIall0 for the analysis error 
standard deviations are zero. 
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5 Stage I: Initialization and Processing of Covariance Data 

5.1 Overview of the Initialization Routine initRSRC() 

The resources used by the PSAS are initialized by a call from the analysis interface routines 
to  the routine initRSRC0. No arguments are passed to  initRSRC0, since initRSRC0 is a 
driver for other subroutines that initialize the PSAS State I covariance data and other data. 
The data initialized by initRSRC0 are defined and accessed in include files or modules. 
The calling tree for initRSRC0 is illustrated in Figure 10. 

The routines called by initRSRC0 perform the following tasks: 

0 qtrig00: Initializes look-up table of the sine function values for use by the routine 
qtrigOL This table is stored in the REAL array trigtab(l:lentab), defined in the 
header file trigtab. h. 

0 ktname00: Fills in the entries of the arrays stored in the common blocks defined in 
the header file kttabl .h. Discussed in Section 5.2. 

0 kmame00: Initialize arrays of data source attribute labels, correlation masks, and 
correlation table indices stored in common blocks defined in the header file kxtabl .h. 
Discussed in Section 5.3. 

0 setllEclas0: Determine the set of distinct observation error classes and initialize 
State I data for observation error standard deviations. Discussed in Section 5.4. 

0 setDEhCor(): Initialize State I tables for observation error horizontal correlation 
functions. Discussed in Section 5.5.2. 

0 setllEvCor() : Initialize State I tables for observation error vertical correlation coef- 
ficients. Discussed in Section 5.5.1. 

0 setEEhCor0: Initialize State I tables for forecast error horizontal correlation func- 
tions. Discussed in Section 5.6.2. 

0 setEEvCor0: Initialize State I tables for forecast error vertical correlation coeffi- 
cients. Discussed in Section 5.6.1. 

0 tablEEsigW(): Initialize State I data for model functions for streamfunction and ve- 
locity potential forecast error standard deviations ts+ and o x ,  respectively. Discussed 
in Section 5.7. 

0 tablEEalpha0: Initialize State I data for model functions for the geostrophic bal- 
ance parameters a!,,, auil avm, and aut. Discussed in Section 5.8. 

0 bandso(): Initialize parameters used by the conjugate gradient solver conjgr0. Dis- 
cussed in Section 8. 

0 krname00: Initialize the array krname with the icosahedral region names. 

0 seticos 0: Set parameters for t h e  icosahedral decomposition. 

0 proxelO 0 : Initialize parameters for the proximity elimination superobbing scheme. 

0 iniAInc0: Reset values of LOGICAL requested AI flags ktuanted(1:ktmax) based on 
settings read from the resource file. 
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set-OEclas 

set-FEvCor 
- 

L 

I'igiirr 10 :  ('iilling tree for the initialization ro~itine i n i t R S R C ( ) .  Thc roiitines called from 
i n i t R S R C 0  arc listcd i n  l h c  ord r r  i n  which they arc callcd. 
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Observation T y p e  and Source Attribute Tables-ktnameO 0 

The routine ktname00 (Figure 11) initializes CHARACTER arrays containing the data type 
name (ktname), data type units (ktunit), data type description (ktdesc), and a LOGICAL 
mask array (ktmvar). The elements of ktmvar (1 : ktmax , 1 : ktmax) are set to  .TRUE. when 
pairs of data types are correlated. These arrays are defined in the common blocks kttabliO 
and kttablcO defined in the header file kttabl .h: 

common/kttabliO/ktmvar (ktmax , ktmax) 
common/kttablcO/ktnae(ktmax) ,ktunit(ktmax),ktdesc(ktmax) 

This initialization is accomplished by a call to rdkttbl(1: 

call rdkttbl(RC,kt,ktmax,ktname,ktunit,ktdesc,ktmvar,istat~ 

The routine rdkttblo which uses the resource label RC-kt (defined with value ‘DataTypeTable: : ’ 
in kttabl .h) to  locate the this resource: 

DataTypeTable:: 

# 
# k t  name unit desc 

ktmvar 
k t  = 1 2  3 4 5 6 7 

1 u-SeaLev m/sec Sea Level East-West Yind $ 1  
2 v-SeaLev m/sec Sea Level South-Iorth Wind $ 1 1  
3 p-SeaLev hPa Sea Level Pressure $ 1 1 1  
4 u-UprAir m/sec Upper Air East-West Yind $ 0 0 0 1  
5 v-UprAir m/sec Upper Air South-north Wind $ 0 0 0 1 1  
6 H-UprAir m Upper Air Qeopotential Hight $ 0 0 0 1 1 1  
7 q-UprAir g/kg Upper Air Water Vapor nixing Ratio $ 0 0 0 0 0 0 1 

The first column above is the kt-value, the  second ktname(kt), the third ktunit(kt), and 
the fourth ktdesc(kt). The values of ktmvar are given at the right. The array ktmvar is 
symmetric, so only the lower-triangular portion of the array is given. If ktl and kt2 are one 
of { 1,. . . , ktmax}, then ktmvar(kt1 ,kt2) = 1 whenever the forecast error covariances of 
ktl and kt2 are both nonzero. In the values of ktmvar shown above, error covariances for 
sea-level pressure and winds are calculated from a multivariate model, error covariances for 
upper-air geopotential heights and winds from another multivariate model, and upper-air 
water vapor mixing ratio error covariances are from a univariate model, all in defined in 
[Guo et al., 19981. 

The routine rdkttblo returns an INTEGER status flag istat, which is zero unless an error 
occured. 

The resulting arrays are echoed to stdout and ktname00 returns. 

5.3 Observation Data Source Tables-kxnameO 0 

The routine kwame00 (Figure 12) initializes the CHARACTER array containing the data 
source name (kxclas), an INTEGER data source rank array (kxrank), and a CHARACTER 
data  source description array kxdesc. The elements of kxrank( 1 : kxmax) define a n  order 
in which data sources are subjected to the superobbing process (see Section 6.4). These 
arrays are defined in the common blocks kttablcO and kttabli0 defined in the header file 
kttabl . h: 
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Figure 11: Calling tree for ktnameO 0. 

common/kxtabli0/kxrank(kxmax),kxtmask(kxmaxyktmax) 
common/kxtablcO/kxclas(kxmax),kxdesc(kxmax) 

The variable kxtmasko is initialized by set4Eclas 0 (Section 5.4). 

The values of kxclas, kxdesc, and kxrank are set by calling subroutine rdkxtbl0 

call rdkxtbl(RC-kx,kxmax,kxclas,kxrank,kxdesc,istat) 

The input CHARACTER resource label RClrx (defined with value 'DataSourceTable: : ' in  
the header file kxtab1.h) is used to  locate the data source table, which contains values 
of kxclas, kxdesc, and kxrank. A section of this table is shown in Example 5.3.1. The 
INTEGER status flag istat is returned with value zero unless a n  error occurred in rdkxtblo. 
The resiilting arrays are echoed t,o stdout and kxname00 returns. 

Example 5.3.1: A sample from the section of the resource file read by kxtbl0 is shown 
below. The first column contains the kx value, the second observation error class 
kxclas(kx1 (the type of observation error covariance model used for this data source), 
the third the value of kxrank(kx), and the fourth a short description of the data source 
kxdesc(kx1. Note that some kx values share the same observation error class. For example, 
the kx values 19 through 23 are all cloud track wind measurements, and have t h e  same 
observation error class (and error covariance model) named CLDTRKWD. 

II kx clas 
10 DROPYSBD 
11 RADAR-YD 
12 ROCKTSID 
13 BALLOOI 
14 AIR-ASDR 
15 AIR-AIDS 
16 AIR-AIRP 
17 AIR-CODR 
18 AIR-ALPX 
19 CLDTRKYD 
20 CLDTRKYD 
21 CLDTRKYD 
22 CLDTRKYD 
23 CLDTRKYD 
24 CLDTRKYD 
25 CLDTRKYD 
26 CLDTRKYD 
27 CLDTRKYD 

rank desc 
-500 Dropwinsonde 
-200 Radar-tracked Rawinsonde 
-400 Rocketsonde 
-800 Balloon 
-3000 Aircraft - Air/Sat Relay 
-3100 Aircraft - Int. Data Sys 
-3200 Aircraft Report 
-3300 Aircraft Coded Report 
-3400 Aircraft - ALPX 
-3500 Cld Trk Wind - Yisc El 
-3600 Cld Trk Wind - Yisc E2 
-3700 Cld Trk Wind - Yisc Y 
-3800 Cld Trk Wind - Yisc Ocean 
-3900 Cld Trk Wind - Repr. Jap. 
-4000 Cld Trk Wind - IESS East 
-4100 Cld Trk Wind - BESS West 
-4200 
-4300 

Cld Trk Wind - European 
Cld Trk Wind - Japanese 
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I U I I I W U  

I c.2 
Figure 12: Calling tree for kxnameO (1. 

5.4 Determination of Observation Error Classes and State I data for aOu 
and a,,-setLIEclas 0 

The PSAS constructs State I observation error standard deviation tables using a call to  
the subroutine setaEclas () (Figure 13). This routine determines the number of distinct 
observation error classes nOEclas, assigns an error class index to each data source, and reads 
appropriate data  from the resource file to  initialize the State I data for the observation error 
standard deviations. 

Determination of Observation Error Classes: 
error classes is determined by a call to  tabSlist 0 : 

The number of distinct observation 

call tabSlist(kxmax,kxclas,kxmax,nOEclas,OEclas) 

Subroutine tabSlist () scans the array kxclas, and returns the number of distinct observa- 
tion error classes nOEclas, and a CHARACTER array of the error class names OEclas (1 :nOEclas) , 
see Example 5.3.1. For kx = 19,. . . ,27, the observation error class kxclas is CLDTRKWD, 
and these data sources share the same error covariance model, keyed by the OEclas value 
CLDTRKWD. 

Once the set of distinct observation error classes has been determined, each data source 
kx must be indexed to  its observation error class entry in OEclas. A call to  inxSlist 0 
returns for each kx a n  index ikxclas (kx) to the appropriate observation error class in the 
array OEclas: 

call inxSlist(nOEclas,OEclas,kxmax,kxclas,i-kxclas) 

The routine inxSlist () returns the INTEGER index array i-kxclas (1 : kxmax) that contains 
a value between 1 and nOEclas corresponding to the appropriate error class. For the cloud- 
track winds in Example 5.3.1 the output ikxclas from inxSlist0 is i_kxclas(19:27) 
= i, where OEclas (i) = CLDTRKWD. 

The observation error table vertical levels are read in from the resource file by calling the 
routine rdlevels () : 

call ~dlevels(RC,OEplev,lvmax~oe,nlev_oe,plev~oe,levtype,~Stat~ 

The input CHARACTER resource label RC-OEplev is a parameter defined in the module 
OEclass-tbl (for v1.5.1, RC-OEplev = ‘ObsErr*Levels: ’). The input maximum number of 
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levels lvmax-oe is an INTEGER parameter defined in the module conf ig, where it is set to  the 
parameter lvmax, defined in the header file 1vmax.h. The routine rdlevelso returns the 
number of observation error levels nlev-oe, a REAL array of their values plev-oe(1 :nlev-oe), 
and a CHARACTER level type levtype. The INTEGER status flag istat is zero unless an error 
occurred in rdlevelso. The section of the resource file read by rdlevels0 is: 

ObsBrr+Levels: Pressure 1000 850 700 500 400 300 250 200 150 100 70 50 30 10 5 2 1 0 . 4  

Determination of State I Data for u,, and bo,: The State I observation error 
standard deviation tables for o,, and u,, are contained in the arrays s i g h  and sigOc 
respectively (Figure 14). These arrays are defined in the module OEclass-tbl, and enter 
set-OEclas through a USE statement. Both sigOu and sigOc are three-dimensional arrays, 
with the first dimension indexed by vertical level, the second by data type kt, and the third 
by observation error class. For some observation error class and data type values, no, and uOc 
are defined for only a subset of the observation error levels contained in the array plev-oe. 
The first vertical levels for which u,, and ooc are defined are specified by INTEGER start- 
ing level indices locliigOu(l:ktmax, 1:nOEclas) and loc-sig0c(l:ktmax,l:nOEclas), 
respectively. The number of vertical levels for which do, and uoc are defined is stored in the 
INTEGER arrays lengigOu(1: ktmax, 1 :nOEclas) and len-sigOc(1 :ktmax, 1 :nOEclas), re- 
spectively. 

The names of the horizontally correlated and uncorrelated observation error horizontal 
and vertical correlation functions used for each observation error class are stored in the 
CHARACTER arrays voecH-u (v,,), voecH-c (voc), and hoecH-c (pot). 

The initialization of State I data for u,, and CY,, proceeds as follows: 

1. Initialization of the aforementioned observation error standard deviation and correla- 
tion variables: 

voecH-u ( 1 : nOEclas)=’ ’ 
loc,sig0u(l:ktmax,l:nOEclas)r0 
len,sigOu(l:ktrnax, 1 :nOEclas)=O 
sig0u(l:lvmax~oe,l:ktmax,l:nOEclas)o-i. 

hoecH-c (1 :nOEclas) = ’ ’ 
voecH,c(l :nOEclas)=’ ’ 
loc,sigOc(l:ktmax, l:nOEclas)=O 
len-sigOc (1 : ktmax , 1 :nOEclas)=O 
sigOc (1 : lvmax-oe , 1 : ktmax , 1 :nOEclas)=-l. 

The ‘-1.’ values assigned to the elements of s i g h  and sigoc signify “undefined.” 

2. Read in the table values for each observation error class. This is implemented as a 
loop over the index iClass with values between 1 and n0Eclas. For each value of 
iClass, the following steps are taken: 

(a) Creation of a temporary CHARACTER resource label rc-tmp: 
rc,tmp=’0bsErr*’//0Eclas(iClass)(l:l)//’::’ 

This label will be used to parse the resource file for the appropriate tables of 
values for the observation error class. There are up to  mxOEt = 2 * ktmax tables 
to be read, a table of go, and CY,, for each data type kt for this observation error 
class. 

(b) This temporary resource label is used in a call to  rdoetblo: 
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call rdoetbl(rc,tmp, mxOEt,n-OEt,name,OEt, & 
lvmax,oe,lc,OEt,ln,OEt,sig,OEt, & 
ivcHHu,ivcHHc,ihcHHc, iStat 1 

The routine rdoetblo uses the  resource rc-tmp to  find and read in the n-OEt 
sets of observation error standard deviation tables si OEt for this class; the 

INTEGER flags indicating the type of observation height error correlation function 
tables ivcHHu, ivcHHc, and ihcHHc for this class. The flag iStat is nonzero only 
if there was an error in rdoetblo. 

starting vertical level lc-lev(1:naEt) and number of 7 evels lnlev(1 :nOEt); 

(c) For each of the n4Et error types the following steps occur: 
i. The CHARACTER data type name name-OEt is trimmed of leading and trailing 

blanks to  its length 1 characters and stored in eName(1:l). The datatype 
index kt is determined by comparing eName with a list of datatype names 
using the function lstins 0 : 

kt=lstins(ktmax,ktname,eName(l:l),.true.) 
ii. Nonzero INTEGER values of the error correlation function classes ivcHHu, 

ivcHHc, and ihcHHc are stored in the CHARACTER arrays voecH-u( iClass), 
voecH-c(iClass), and hoecH-c(iClass), respectively (this is done using an  
internal write). 

iii. The n4Et observation error standard deviation types that are used in the 
error correlation model are stored based on the index iClass and the value of 
kt determined by Istins(). The uou values are stored in sigOu(: ,kt ,iClass), 
their lensigOu(kt, iClass) nonzero values beginning with index 
locsigOu(kt , iClass). The uOc values are stored in sigOc( : ,kt , iClass) , 
their lensigOc (kt , iClass) nonzero values beginning with index 
locsigOc(kt, iClass). 

(d) For each kt = 1, . . . , ktmax the following steps are taken: 
i. If lensigOu(kt,iClass) = 0, set locsigOu(kt,iClass) = 0 

ii. If lensigOc(kt ,iClass) = 0, set loc-sigOc(kt ,iClass) =O 
iii. If either loc-sigOu(kt ,iClass) > 0 or locsigOc(kt ,iClass) > 0, then 

the observation error class iClass has defined values for either u,, or uoc, 
or both. This is signified by setting the LOGICAL flag KTclas(kt ,iClass) 
to  .TRUE. 

The final computational step in set-OEclasO is to set the elements of the LOGICAL ar- 
ray kxtmask(l:kxmax,l:ktmax) to .true. if KTclas(kt,ikxclas(kx)) = .TRUE., and 
.FALSE. otherwise. 

The resulting observation error standard deviation tables are then echoed to  stdout. 

Example 5.4.1: Consider the case where kxclas(kx1 in Example 5.3.1 is CLDTRKWD, 
i.e., kx is in the set (19,. . . , 27). For this observation error class, the value of rc-tmp is 
'ObsErr*CLDTRKWD: : ', which refers to  the  following entry in the resource file: 

ObsErr8CLDTRKUD:: 1 kx = 19--27 

7.00 7.00 

7.00 7.00 

u-UprAir.u 4.64 4.62 4.13 3.60 5.80 6.00 6.50 6.50 6.50 7.00 7.00 7.00 

v-UprAir.u 4.64 4.62 4.13 3.60 5.80 6.00 6.50 6.50 6.50 7.00  7.00 7.00 

. .  . .  

The routine rdoetblo interprets th i s  as follows: 
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0 uou is defined for u and v, u,, is not defined. 

0 Values of upper air zonal wind u,, for 14 vertical levels follow the label u-UprAir.u. 

0 Values of upper air meridional wind do, for 14 vertical levels follow the label v-UprAir .u. 

0 No values for ivcHHu, ivcHHc, and ihcHHc are defined, meaning that observation 
errors belonging to the class CLDTRWD are uncorrelated. 

Example 5.4.2: 
This class has value of rc-tmp = 'ObsErr*RAWIHSND: : ', which refers to the following entry 
in the resource file: 

Consider the observation error class for rawinsonde measurements (kx = 7). 

ObsBrr*RAYI1S1D: : 1! kx = 7 
q-UprAir.n 0.76 0.71 0.61 0.24 0.09 0.03 
u,UprAir.n 1.7 2.0 2.2 2.4 2.9 3.2 3.4 3 . 3  2 . 1  2.7 2.7 2 .1  

r,UprAir.n 1.7 2.0 2.2 2.4 2.9 3 .2  3.4 3.3 2.7 2.7 2.7 2.7 

R,UprAir.u 4.01 6.10 6.66 7.01 9.32 10.69 12.07 14.00 16.80 10.90 21.31 22.81 2 

rCor-HH .n I 

2.7 2.7 2.7 2.7 2.7 2.7 

2.7 2.7 2.7 2.7 2.7 2.7 

4.29 26.69 27.02 20.28 39.60 30.68 

The routine rdoetblo interprets this as follows: 

0 uou is defined for q, h, u and v. 

0 u,, is not defined. 

0 Values of upper air zonal wind u,, for 6 vertical levels follow the label q-UprAir.u. 

0 Values of upper air zonal wind u,, for 18 vertical levels follow the label u-UprAir.u. 

0 Values of upper air meridional wind u, for 18 vertical levels follow the label v-UprAir .u. 

0 Values of upper air geopotential height u,, for 18 vertical levels follow the label 
H-UprAir .u. 

0 The value 1' is stored in ivcHHu, signifying the class horizontally uncorrelated ver- 
tical correlation coefficient table used for this observation error class. 

0 No values for ivcHHc and ihcHHc are defined, which is consistent with the fact 
that rawinsonde observation errom are horizontally uncorrelated [Guo et al., 1998, 
Staff, 19961. 

38 



DAO Ofice Note 1998-05 Version 1 Dated 12/06/1999 

ta bSlist inxSlist 1 rdlevels 

Figure 13: Calling tree for setOEclas0. 

0 0  oc ou 

kt, kx 
level 

I rdoetabl 

level - kl 
4 A  

'I' kt 

4- kxmax -W 
sigOc (kl, kt, kc) 
sigOu(kl,kt,kc) 

Figure 14: Observation error standard deviation data structures. 
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5.5 Initialization of State I Observation Error Vertical Correlation Tables 

5.5.1 State I Observation Error Vertical Correlations-set-OEvCor () 

State I data for the vertical correlation coefficients u,, and uoc are initialized from the PSAS 
resource file by the routine set-OEvCor() (Figure 15). The State I tables for the observation 
error vertical correlation coefficients u,, and u,, are (Figure 16): 

0 n-voscH (INTEGER): The number of distinct vertical correlation tables needed to  com- 
pute you and u,, for all the observation error classes determined by the routine 
set4Eclas  0. 

0 name-voecH (CHARACTER): An array of names for each vertical correlation coefficient 

0 type-voecH (CHARACTER) : An array of vertical correlation coefficient table types. 

0 desc-voecH CHARACTER) : An array of short descriptions for each vertical correlation 

table. 

coefficient ta 6 le. 

0 nlev-voecH (INTEGER): An array containing the number of pressure levels used in 

0 plev-voecH (REAL): An array containing the pressure levels used to  define each vertical 

0 corr-voecH (REAL): The set of State I vertical correlation coefficient tables for u,, 

each vertical correlation coefficient table. 

correlation coefficient. 

and uoc. 

These data are defined in the module voecH-tbl and are accessed by a USE module state- 
ment. 

The routine set-OEvCorO (Figure 15) determines the number n-voecH of vertical correla- 
tion tables required to  compute uou and u,, for each observation error class, creates indices 
between kx values and the vertical correlation tables contained in corr-voecH, and reads 
from the resource file the values of name-voecH, type-voecH, desc-voecH, nlev-voecH, 
plev-voecH, and cam-voecH. 

Subroutine set-OEvCoro performs the following steps to  initialize the State I data for u,, 
and uoc: 

1. Sets the integer variable nvc to the number of defined values in the CHARACTER arrays 
voecH-c and voecH-u (nvc 5 2 * n0Eclas). The defined values of voecH-c and 
voecH-u are stored in the CHARACTER array kxvoecH (1 : nvc) . 

2. The array kxvoecH is scanned for redundant entries, implemented in a call to tabSl i s t  0: 

c a l l  tabSlist(nvc,kxvoecH,MX-voecH,n,voecH,name-voecH) 

Subroutine tabSl i s t  () returns the CHARACTER array name-voecH( 1 :n-voecH) of n-voecH 
non-redundant observation error vertical correlation table class names. 

3. Create an index between the data source index kx and the appropriate entry in 
name-voecH: 

(a) For values of kx for which u,, is defined, assign the appropriate vertical correlation 
coefficient name: 
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do kx=l,kxmax 
kcxi-kxclas (kx) ! its OE class index 
kxvoecH (kx) = a - ’ 
if(kc.gt.0) kxvoecH(kx)=voecH,c(kc) ! its voecH-c name 

(b) Compare the CHARACTER array kxvoecH with the non-redundant set of table 

call inxSlist(n,voecH,name,voecH,kxmax,kxvoecH,i-voecHc) 

end do 

names in the CHARACTER array name-voecH by calling the routine inxSlist0: 

The output from inxSlist (1 is the INTEGER index array i-voecHc(1: kxmax). 
For given kx in (1,. . .,kxmax}, kxvoecH(kx) = name-voecH(i-voecHc(kx)). 

4. Steps 3 (a-b) above are repeated for v,, by storing defined values of voecH-u in 
kxvoecH, and calling inxSlist 0: 

call inxSlist (n-voecH ,name,voecH, kwax , kxvoecH , i-voecHu) 

The output from inxSlist0 is the INTEGER index array i-voecHu(1:kxmax). For 
given kx in (1,. . . , kxmax}, kxvoecH(kx1 = name-voecH(i-voecHu(kx)). 

5.  The observation error vertical correlation coefficient tables are now read from the re- 
source file. This is implemented as a loop over the index i=l ,n-voecH. The CHARACTER 
resource label rc-tmp is formed from name-voec€I(i), and the table is read by calling 
rdvctbl0 : 

call rdvctbl(rc,tmp ,type,voecH(i) ,desc,voecH(i) , 6 
lwax,vc,nlev,voecH(i) ,plev,voecH(l, i) , & 
corr,voecH(l,l,i) ,istat 1 

Example 5.5.1.1: For rawinsonde data (which have only no, defined), the appropriate 
entry in name-voecH is ‘-la, and the value of rc-tmp created by setaEvCor() is rc-tmp = 
’ ObsErr*vCor_HH-1 : : I .  Below an excerpt is shown from the resource file that is read by 
rdvctbl() : 

ObsErr+vCor,H11-1:: 
X p r e s  1000 850 700 500 400 300 250 200 150 100 70 50 30 10 

1000 

700 
500 
400 
300 
250 
200 
150 
I00 
70 
50 
30 
10 
5 
2 
I 

.4 

850 
1. 

.36 .64 1. 

. I 5  .24 .70 I. 

.OS . I 4  .55 .79 I. 

.03 .14 .42 .60 .74 .SO 1. 

.08 .22 .44 .52 .60 .73 .79 

.07 .21 .41 . 5 1  .58 .68 .72 

.03 . I1  .33 .47 .53 .64 .67 

.OO .04 .24 .40 .48 .59 .61 
-.01 .02 .04 .OS .07 .16 .21 
-.01 -.01 .Ol .04 .05 .OS . I O  
.OO -.03 -.01 .02 .02 .04 .04 
.oo -.02 - .02 -.01 .oo .oo .oo 
.OO .OO - . 0 2  - .02 -.03 - .04 - .05 
.OO .02 .OO - .03 - .04 -.  10 -.  I 1  

.4a I. 

.os .IS .40 .e3 .ao i. 

.02 .06 .2a .a2 .so .60 .63 

I. 

.7? 

.72 

.68 

.44 

.26 

.li 

.05 

. 00 
- . 07  

. a? 

5 2 1 . 4  

1. 
.aa i. 
.ao .aa 1. 
.74 .a2 .as I. 
.56  .65 .72 .7a I. 
.2ti .44 .sa .67 .ao .a8 I. 
.i2 .27 .45 .60 .72 .79 .a7 I. 

.oo .06 .IS .33 .56 .64 .69 .74 .a4 i. 

.43 .57 .66 .73 .88 1. 

.06 .13 .28 .49 .65 .71 .77 .86 I. 

It p r e s  1000 850 700 500 400 300 250 200 150 100 70 50 30 10 5 2 ‘ a 

. .  . .  
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Figure 15: Calling tree for set-OEvCorO. 

dvcterbl 

The routine rdvctbl0 reads this data one line at  a time, storing the first entry as a pressure 
in the array plev-voecH, reading the remaining data into corr-voecH, and incrementing 
the value of nlev-voecH. Input continues until rdvctbl() encounters the delimiter ‘ : : ”. 
Since no value of desc-voecH is defined in the resource file, it is returned blank. 

5.5.2 State I Observation Error Horizontal Correlations-set-OEhCor (1 

State I data for the observation error horizontal correlations are initialized from the PSAS 
resource file by the routine set-OEhCorO (Figure 17). The State I tables for the observation 
error horizontal correlations poc are (Figure 18): 

0 nloecH (INTEGER): The number of distinct observation error horizontal correlation 
funct,ions tables needed to  compute poC for all the observation error classes determined 
by the routine set-OEclasO. 

0 namehoecH (CHARACTER) : A n  array of horizontal correlation function names. 

0 typehoecH (CHARACTER) : An array of horizontal correlation types. 

0 deschoecH (CHARACTER) : An array of short descriptions for each horizontal correla- 
tion function. 

0 nlevhoecH (INTEGER): An array containing the number of pressure levels on which 
parameters for the observation error horizontal correlation functions are defined. 

0 plevhoecH (REAL) : The pressure levels on which parameters for the observation error 
horizontal correlation functions are defined. 

0 nparhoecH (INTEGER): The number of parameters for each observation error hori- 

0 parshoecH (REAL): The set of parameters for the observation error horizontal corre- 

zontal correlation function. 

lation functions. 

The routine set-OEhCorO (Figure 17) determines the number nAoecH of observation error 
horizontal correlation functions for poc for each observation error class, creates indices be- 
tween kx valiics and the horizontal correlation function parameters contained in pars-voecH, 
and reads from the resource file the values of namehoecH, typeAoecH, descAoecH, nlevloecH, 
plevhoecH, nparhoecH, and parshoecH. 

Subroutine set-OEvCorO performs the following steps to  initialize the State I data for pot: 

‘See the I90 library and its documentation at f tp: //niteroi . gsf c. nasa. gov/pub/packages/i90 
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I 
i- 

voecH(i)) 

1 
c- I I 

Figure 16: Data structures containing State I tables for u,, and uoc. 
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, 
set OEhCor 

tabslist ] 
I 

I 

rdaam 

Figure 17: Calling tree for set-OEhCorO. 

1. Sets the integer variable nhc to  the number of defined values in the CHARACTER array 
hoecH-c (nhc 5 n0Eclas). The defined values of hoecH-c are stored in the CHARACTER 
array kxhoecH(1:nhc). 

2. The array kxhoecH is scanned for redundant entries, implemented in a call to tabSlist 0 : 

call tabSlist(nhc,kxhoecH,MX~hoecH,n-hoecH,nae-hoecH) 

Subroutine tabSlist () returns the CHARACTER array name_hoecH( 1 :n_hoecH) of n-voecH 
non-redundant observation error horizontal correlation table class names. 

3. Create an index between the data source index kx and the appropriate entry in  
namehoecH. This is a two-step process: 

(a) Set the array kxhoecH(1:kxmax) so that kx values for which pOc is defined for 
the error correlation model are set with the appropriate observation error vertical 
correlation coefficient name: 

do kx=l,kxmax 
kc= i, kxclas (kx) ! its OE class index 
kxhoecH(kx)=’-’ 
if(kc.gt.0) kxhoecH(kx)=hoecH-c(kc) ! its hoecH-c name 

(b) Compare the CHARACTER array kxhoecH with the non-redundant set of table 

end do 

names in the CHARACTER array namehoecH by calling the routine inxSlist 0: 
call inxSlist(n~hoecH,name~hoecH,kxmax,kxhoecH,i~hoecHc~ 

The output from inxSlist (> is the INTEGER index array iloecHc(1: kxmax). 
For given kx one of (1,. . ., kxmax}, kxhoech(kx) = name_hoecH(il?oecHc(kx) 1. 

4. The observation error horizontal correlation function parameter tables are now read 
from the  resource file. This is implemented as a loop over the index i=l,n_hoecH. 
The CHARACTER resource label rc-tmp is formed from name_hoecH(i), and the table 
is read by calling rdpars (1 : 

call rdpars(rc,tmp ,type-hoecH(i) ,desc,hoecH(i) , & 
Ivmax,nlev,hoecH(i),plev,hoecH(l,i) , & 
MXpar-hc,npar-hoecH(i) ,pars-hoecH(l, 1 ,i> istat 

rhe restilting set of data structures is shown in Figure 18. 

44 



DAO Ofice Note 1998-05 

/ 

Version 1 Dated 12/06/1999 

plev hoecH(1:n hoecH,l:nlev-hoecH(i)) 

pars_hoecH(l:npar_hoecH(i),l:nlev_hoecH(i),n-hoecH) 

- nparhoecH (i 1 ---+ 

Figure 18: Data structures containing State I Data for pot. 
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5.6.1 State I Forecast Error Vertical Correlations-setJEvCor() 

The State I tables for the forecast error vertical correlation coefficients are: 

0 State I data for upper-air geopotential height and wind forecast errors and sea-level 

- MXSecH (INTEGER): The maximum number of forecast error vertical correlation 

pressure and wind forecast errors (Figure 20): 

tables. Defined in the header file MX1fecH.h. Currently, 
MXfecH = 3. 

cient table. 

cient table. 

lation coefficient table. 

in each State I vertical correlation coefficient table. 

- name-vf ecH (CHARACTER) : An array of names for each vertical correlation coeffi- 

- type-vfecH (CHARACTER): An array of types for each vertical correlation coeffi- 

- desc-vfecH (CHARACTER): An array of short descriptions for each vertical corre- 

- nlev-vf ecH (INTEGER) : An array containing the number of pressure levels used 

- plev-vfecH REAL): An array containing the pressure levels used to define each 

- corr-vfecH (REAL): The set of State I vertical correlation coefficient tables. 
vertical corre '1 ation coefficient. 

The above data are defined in the module vfecH-tbl, and are accessed by a USE 
statement. 

0 State I data for upper-air water vapor forecast error vertical correlations (Figure 21): 

- name-vfecQ (CHARACTER): Name of the vertical correlation coefficient table. 
- type-vfecQ (CHARACTER): The type of vertical correlation coefficient table. 
- derc-vfecQ (CHARACTER): A short description of the vertical correlation coeffi- 

- nlev-vfecQ (INTEGER): The number of pressure levels used in the State I vertical 

- plov-vfecQ REAL): An array containing the pressure levels used to  define the 

- corr-vf ecQ (REAL): The set of State I vertical correlation coefficient tables. 

cient table. 

correlation coefficient table. 

vertical corre I ation coefficients. 

The above data are defined in the module vfecQ-tbl, and are accessed by a USE 
statement. 

State I data for the forecast error vertical correlation coefficients are initialized from the 
PSAS resource file by the routine setJEvCor0 (Figure 19). 

Subroutine setSEvCor0 performs the following steps to initialize the State I forecast error 
vertical correlation data: 

1. Read each of the MXfecH vertical correlation tables from the resource file. This is 
implemented as a loop over the index km, with a call to the routine rdvctb l0  for 
each value of km: 

46 



DAO Ofice Note 1998-05 Version 1 Dated 12/06/1999 

Figure 19: Calling tree for setFEvCor 0. 

end do 

The vertical correlation model parameters are returned in the array corr-vf ecH, with 
the dimensions of the tables of defined entries given by nlev-vf ecH, and the vertical 
levels for which the parameters are defined by plev-vfecH (Figure 20). 

2. The table of vertical correlation model parameters for the forecast upper-air mixing 
ratio errors are read using a call to  rdvctbl0 : 

call rdvctbl( name,vfecQ,type,vfecQ,desc-vfecQ, 6 
lvmax,vc,nlev,vfecQ,plev-vfecQ,corr-vfecQ,istat ) 

The resource label name-vf ecQ is defined in the module vf ecQ-tbl. This key is used by 
rdvctblo t o  locate and load the State I vertical correlation data. The parameters 
are returned in corr-vf ecQ(1 :nlev-vf ecQ, 1 :nlev-vf ecQ), and the pressure levels 
on which the parameters are defined in plev-vfecQ(1:nlev-vfecQ). The name of 
the vertical correlation model and a short description are stored in the CHARACTER 
variables type-vf ecQ and desc-vf ecQ, respectively (Figure 21). 

5.6.2 State I Forecast Error Horizontal Correlations-set1EhCor 0 

The State I data for the forecast error horizontal correlations are: 

0 State I data for upper-air geopotential height and wind forecast errors and sea-level 

- MXfecH (INTEGER): The maximum number of forecast height/wind error corre- 

pressure and wind forecast errors (Figure 23): 

lations. Defined in the include file MXbf ecH .h. Currently, 
MXfecH = 3. 

horizontal correlation function. 

horizontal correlation function. 

error horizontal correlation function. 

- namehf ecH (CHARACTER): An array of names for each forecast height/wind error 

- typekfecH (CHARACTER): An array of types for each forecast height/wind error 

- descdf ecH (CHARACTER): An array of short descriptions of each forecast height/wind 
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name-vf ecH (1 : 3 
type_vfecH(1:3) 
desc_vfecH(l:3) 
nlev_vfecH(1:3) 

'I 

Version 1 Dated 12/06/1999 

corr~vfecH(l:nlev~vfecH(i),l:nlev~vfecH(i),3) 

A 

Figure 20: State I data for upper-air height/wind (sea-level pressure/wind) forecast error 
vertical correlations. 

Plev-vfecQ(1:nlev-vfecQ) 

nameyf ecQ 
I 

Figure 21: State 1 data for water vapor mixing ratio forecast error vertical correlations. 
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- nlevhfecH (INTEGER): An array containing the number of pressure levels on 
which parameters for each forecast height/wind error horizontal correlation func- 
tion are defined. 

- plevhf ecH (REAL) : An array containing the pressure levels on which parameters 
for each forecast height/wind error horizontal correlation function are defined. 

- parshfecH (REAL): The set of parameters used in the height/wind forecast error 
horizontal correlation functions. 

The above data are defined in the module hfecH-tbl, and are accessed by a USE 
statement. 

0 State I data for upper-air water vapor forecast error horizontal correlations (Fig- 
ure 24): 

- namehf ecq (CHARACTER) : Name of the forecast water vapor mixing ratio error 
horizontal correlation function. 

- typslfecq (CHARACTER): The type of forecast water vapor mixing ratio error 
horizontal correlation function. 

- deschf ecq (CHARACTER) : A short description of the forecast water vapor mixing 
ratio error horizontal correlation function coefficient table. 

- nlevhf ecq (INTEGER) : The number of pressure levels on which parameters for 
forecast water vapor mixing ratio error horizontal correlation function are de- 
fined. 

- plevlf ecq (REAL): An array containing the pressure levels on which parameters 
for forecast water vapor mixing ratio error horizontal correlation function are 
defined. 

- parshfecq (REAL): The set of parameters used in the water vapor mixing ratio 
forecast error horizontal correlation functions. 

The above data are defined in the module hfecq-tbl, and are accessed by a USE 
statement. 

State I data for the forecast error horizontal correlations are initialized from the PSAS 
resource file by the routine setYEhCor0 (Figure 22). 

Subroutine setSEhCor() performs the following steps to  initialize the State I forecast error 
horizontal correlation data: 

1. The horizontal correlation model parameters are read in by the routine setYEhCor0 
Figure 22). The parameters associated with the upper-air wind and height fields I sea-level wind and pressure) are read in the loop shown below. The resource labels 
namehf ecH are defined in the module hf ecH-tbl 

end do 

The horizontal correlation function parameter tables are returned in the array parshf ecH, 
with the dimensions of the tables of defined entries given by nparhf ecH and nlevhf ecH, 
and the vertical levels for which the parameters are defined by plevhf ecH (Figure 23). 

2. The horizontal correlation function parameter tables for the forecast upper-air mixing 
ratio errors are read using a call to rdpars () : 
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I I 

nam_hfecH(1:3) 
type-hfecH (1 : 3 ) 
desc_hfecH(l:3) 
nlev-hfecH(1:3) 

I 

Version 1 Dated 12/06/1999 

1 
Figure 22: Calling tree for setFEhCor0. 

pars-hfecH(l:npar-hfecH(i),l:nlev-hfecH(i).3) 

Dlev hfecH(l:3,l:nlev hfecH(i)) 

f--- npar-hf ecH ( i) - 
Figure 23: State I data for upper-air height/wind (sea-level pressure/wind) forecast error 
horizontal correlations. 

call rdpars( name-hfecQ,type-hfecQydesc-hfecQy & 
lvmax-hc,nlev,hfecQ,plev~hfecQ, & 
MXpar-hc ,npar,hf ecQ ,pars,hf ecQ, istat 

The resource label namehfecQ is defined in the module hfecQ-tbl. This variable 
is used by rdpars0 to  locate and load the model parameter tables. The parame- 
ter tables are returned in parsbf ecQ (1 : nparhf ecQ 1 :nlevhf ecQ) and the pres- 
sure levels on which the parameters are defined in plevhf ecQ( 1 :nlevhf ecQ). The 
name of the horizontal correlation function and a short description are stored in the 
CHARACTER variables typehf ecQ and deschf ecQ1 respectively (Figure 24). 
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nlev-hfecQ 1 
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plev-hfecQ (1:nlev-hfecQ) 

a 
+- npar-hf ecQ-b 

nlev-hfecQ 

Figure 24: State I data structures mixing ratio forecast error horizontal correlations. 

5.7 State I Data for a4 and ax-tabl_FEsigW() 

The State I data for the stream function and velocity potential forecast error standard 
deviations 04 and ax are (Figure 26): 

0 FEsigWname (CHARACTER): The name of the functions for ,* and o x .  

0 FEsigW-type (CHARACTER): The type of functions for o* and ox. 

0 FEsigW-desc (CHARACTER) : A short description of the functions for 04 and ox. 

0 FEsigWnlev (INTEGER): The number of pressure levels on which parameters are de- 
fined for the functions for ,$ and gX.  

functions for 04 and ox. 
0 FEsigWqlev (REAL): The pressure levels on which parameters are defined for the 

0 FEsigWnpar (INTEGER): The number of parameters in the functions for u* and ox. 

0 FEsigW-pars (REAL): The set of parameters used in the functions for 04 and O X .  

The above data are defined in the module FEsigW-tabl, and are accessed by aUSE statement. 

The  State I data for 04 and ,X are initialized by the routine t ab lSEs igW0 (Figure 25). 
This routine issues a call t o  the routine rdpa r s ( )  to  read in the State I data from the 
resource file: 
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set-F Esi gW 

Version 1 Dated 12/06/1999 

Figure 25: Calling tree for t a b l J E s i g W 0 .  

c a l l  rdpars(  FEsigW-rsrc,FEsigW,type,FEsigW,desc, 6 
lvmax, FEsigW,nlev,FEsigW,plev, & 
FEsigW-Mpar, FEsigW-npar ,FEsigW-pars, i s ta t  

The input CHARACTER resource label FEsigWisrc is defined (with value FEsigWlsrc = 
'FcstErr*Sigma-Wind: : ') in the module FEsigW-tabl. The routine r d p a r s o  parses the 
resource file and returns the State I data for o i  and ux. The INTEGER flag is ta t  is returned 
with value zero unless an  error has occurred in r d p a r s o .  

5.8 State I Data for the Geostrophic Balance Parameters a,,, a,l, a,,, 
and a,l-t a b l J E a l p h a 0  

The State I data for the geostrophic balance parameters sum. o,i, o,,, and o,,i are (Fig- 
ure 28): 

0 FEalphaxame (CHARACTER): The name of the funct,ions for a,,, a,i, a,,,, and %I.  

0 FEalpha-type (CHARACTER): The type of functions for a,,, a,i, cy,,, and ~ , i .  

0 FEalpha-desc (CHARACTER): A short description of the functions for a,,, ad7  

0 FEalphanlev INTEGER): The number of pressure levels on which parameters are 

0 FEalpha-plev (REAL): The pressure levels on which parameters are defined for the 

and aula 

defined for the i unctions for a,,,  CY,^, cy,,,, and awl. 

functions for a,,,, a,l, a,-, and a,l. 

0 FEalphanpar (INTEGER): The number of parameters in  the functions for o,,, Q u i ,  

and cy,,/- 

0 FEalpha-pars (REAL): The set of parameters used in the functions for a,,, a,,, 
and o,l. 

The above data are defined in the module FEalpha-tabl, and are accessed by a USE state- 
ment. 

The State 1 data for o,,, o,i, a,,, and a,[ are read from the resource file by the routine 
t a b l J E a l p h a 0  (Figure 27) .  This routine issues a call to  the routine r d p a r s o ,  which 
inputs the State I data from the resource file: 
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FEsigWglev (1 : FEsigW-nlev) 

4- FEsigW-nlev 

Figure 26: State I data for the streamfunction and velocity potential forecast error standard 
deviations u4 and ax. 

53 



DAO Ofice Note 1998-05 Version 1 Dated 12/06/1999 

c a l l  rdpars (FEalpha-rsrc ,FEalpha,type ,FEalpha,desc , 6 
lvmax,FEalpha-nlev,FEalpha,plev, % 
FEalpha-Mpar , FEalpha-npar , FEalpha-pars , istat 

The input resource label FEa lpha r s rc  passed to  rdpars  () is defined (with value FEa lpha i s r c  
= "FcstErr*Aref : :" ) in the module FEalpha-tabl. The routine r d p a r s o  parses this 
resource and returns the State 1 data for aum1 aulr avm, and awl. The INTEGER status flag 
is ta t  returned from r d p a r s 0  is zero if no error has occurred. 

I 
FEalpha-deec 

set-FEalpha I 

m 

Figure 27: Calling tree for t a b l 9 E a l p h a O .  

FEalphaglev(l:FEalpha-nlev) r 

1 
FEalpha-npar 

! 
+- FEalpha-nle- 

Figure 28: State I data for the geostrophic balance parameters a,,, cvtLll Q,~, and 
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6 Processing of Observation Attributes 
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6.1 Selection of Observations for Analysis-restrict 0 

PSAS uses observational data located within ana2ysis boxes defined in the resource file. An 
analysis box is defined by maximum and minimum: 

0 Latitude 9. 

0 Longitude A. 

0 Pressure p .  

0 Time increment from the analysis time At. 

0 Data type index kt. 

0 Data source index kx. 

Processing of the analysis boxes, and the restriction of observations to  those within the 
analysis boxes is implemented in the subroutine restrict 0 (Figure 29): 

subroutine restrict (verbose, luverb ,nobs, turnoff, & 
rlats,rlons,rlevs,kx,kt,del, & 
s igU , s ig0, s igF , t s t amp, nnobs 1 

The arguments to restrict (1 are summarized in Table 4. 

The routine restrict() reads the number of analysis boxes nboxes from the resource file. 
The value of nboxes must be less than or equal to the parameter nbmax, the maximum 
number of analysis boxes. The box dimensions are read from the resource file and stored 
in the array boxes (Table 3 . Observations with attributes lying outside the analysis boxes 

are retained for further processing. If kl(i) = .TRUE., observation attributes with index 
i are included in subsequent processing. After all the observations have been checked for 
exclusion or inclusion in the analysis, the observation attribute arrays are rearranged to  
separate the retained and excluded observations. 

are excluded. A LOGICAL a1 ? ocatable array kl ( 1 :nobs) is used to  record which observations 

The routine setboxo: 

call setbox ( nbmax,nboxes,boxes 

reads the resource file data selection box settings and returns the number of requested 
analysis boxes nboxes, and a REAL array boxes(2,6,l:nboxes) of analysis box attributes, 
listed in Table 3. 

The LOGICAL array kl(1:nobs) of flags is initialized with the data wanted for the current 
experiment by kx and kt value through a call to the routine initklo: 

call initkl ( verbose,luverb,nobs,kx,kt,kl ) 

The set of observations for which kl is .TRUE. are compared with the analysis boxes defined 
by the array boxes using the routine llboxes(): 

55 



DAO Ofice Note 1998-05 Version 1 Dated 12/06/1999 

Table 3: Data box attributes boxes returned by setbox(). 

call llboxes ( verbose,luverb,nboxes,boxes,nobs, & 
rlons ,rlats , rlevs , kx, kt , tstamp, kl ) 

The elements of kl corresponding to  observations lying outside the dimensions defined in 
the array boxes are marked .FALSE. 

Finally, the arrays sigU (oozL) and sig0 (ooJ are scanned for negative values. This is 
implemented in a call to marknsigo: 

call marlt,nsig( nobs,sigU,sigO,kl ) 

If a n  observation has  kl(i) = .TRUE., but has either sigU(i1 or sigO(i) negative, kl(i) 
is set to .FALSE. 

The attribute arrays are all sorted by the routine tofront(): 

call tofront ( nobs,kx,kt,kl,rlats,rlons,rlevs, & 
del, sigU, sig0, s igF , t stamp ,mobs 

The number of observations with kl = .TRUE. are counted and returned as nnobs. Upon 
return from tofront(), kl(1:nnobs) = .TRUE. and kl(nnobs+l:nobs) = .FALSE. The 
other attribute arrays are sorted accordingly. 

6.2 Regional Domain Decomposition and Sorting of and Observation 
At tribut es-sort (1 

Attribute arrays are sorted in the following order as preparation for the block matrix de- 
composition and for the preconditioning required by the conjugate gradient solver: 

0 Region index kr. 
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verbose 
luverb 
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LOGICAL IN 
INTEGER IN 

Figure 29: Calling tree for restrict 0. 

Table 4: Data passed into restrict 0 via its interface. 

I Variable 1 Intent Description 

Verbosity control 
Diagnostic output device 

Input number of observations 
Latitude y 

Longitude X 
Pressure level p 

Data source 
Data type 
wo - Hwf 

oou 

Doc 

Observation time stamp 
Input number of observations 
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Data type index kt .  

Data source index kx. 

Latitude 'p. 

Longitude A. 

0 Vertical level p. 

The sorting methodology is explained in Section 3.1.2 (see Figure 5 ) ,  and is implemented 
in t h e  subroutine s o r t ( )  (Figure 30): 

subroutine sort(expid,verbose,luverb,nnobs,rlats,rlons,rlevs, & 
kx,kt,del,sigU,sigO,sigF,tstamp,maxreg,ktmax, & 
i regbeg, i reglen, i typlen 1 

The arguments to s o r t  0 are summarized in Table 5.  

In the sort over the index kr ,  the attribute arrays are arranged into maxreg regional seg- 
ments. Each of these regional segments are then sorted according to data type k t ,  data 
source kx, latitude 9, longitude A, and level p. 

The sort over k r  is implemented in a call to the routine regsor t  03: 

c a l l  regsor t (  verbose,luverb,nnobs,kx,kt,rlats,rlons,rlevs, & 
del,sigU,sigO,sigF,tstamp, & 
maxreg,iregbeg,ireglen,ierr 1 

Upon return from regsor t  0, the attribute arrays are arranged into maxreg regional seg- 
ments. The starting indices of the segments are defined in the array iregbeg(l:maxreg), 
and the length of each segment in i reg len(1  :maxreg). 

Each regional segment is sorted by data type k t ,  data source kx, latitude cp, longitude A, 
and level p using the routine typsor t  0: 

c a l l  typsor t (  verbose,luverb,nnobs,kx,kt,rlats,rlons,rlevs, % 
del,sigU,sigO,sigF,tstamp, & 
maxreg,iregbeg,ireglen, ktmax,ityplen 1 

The number of elements in each kr/kt-segment of the attribute arrays are returned in the 
array ityplen(l:ktmax,l:maxreg). 

6.3 Elimination of Duplicate Observations-dupelimo 

The elimination of duplicate observations is implemented in the routine dupel imo (Fig- 
ure 31): 

31n the current general implementation of PSAS, the globe is divided into 80 regions using an icosahedral 
grid. The icosahedral decomposition, and the algorithm used in regsort () to assign observations to regions 
is described in [Pfaendtner, 19961. 
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Figure 30: Calling tree for s o r t  0. 

Table 5: Data passed into sort 0 via its interface. 

I Variable I I Intent 1 Description 
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subroutine dupelim (verbose,luverb,nnobs,kx,kt,kl,rlats,rlons,rlevs, & 
del,sigU,sigO,sigF,tstamp, & 
maxreg, iregbeg, ireglen,ktmax, ityplen 1 

The arguments to dupelim0 are summarized in Table 6. 

The attribute arrays enter dupelim0 after they have been sorted by the routine sort(). 
Within each regional segment, the routine sort()  arranges the observations so that dupli- 
cates are in consecutive elements of the arrays rlat, rlon, and rlev. Observations are not 
duplicates if any of the following conditions hold: 

0 The observations are not colocated: 

- Their pressure level values p differ significantly: 

Irlev(n) - rlev(n - 1)1 > TOL 

- Their longitudes X differ significantly: 

Irlat(n) - rlat(n - 1)1 > TOL 

- Their latitudes cp differ significantly: 

Irlon(n) - rlon(n - 1)1 > TOL, 

where TOL is a tolerance, currently, set to  

0 Their data source indices kx differ: 

kx(n) # kx(n - 1) 

0 Their data type indices kt differ: 

If the above test shows that observations n and n-1 are distinct, then kl(n) = .TRUE., 
otherwise klb) = .FALSE. During this elimination process, the region and data type 
indexing arrays iregbeg, irrglen, and ityplen are updated accordingly. 

The attribute arrays are rearranged so that all distinct observations are grouped together 
at the beginning of the arrays, followed by the duplicates. This separation is done so that 
the region, data type, data source, and profile sorting hierarchy is retained. This operation 
is implemented in a call to the routine tofront(): 

call tofront ( nnobs,kx,kt,kl,rlats,rlons,rlevs, 0 
del, sigU,sigO, sigF,tstamp ,nobs 

The routine tofront() counts the number nobs of distinct observations. The attribute ar- 
raysreturnedfrom tofront0 arearranged sothat kl(1:nobs) = .TRUE. and kl(nobs+l:nnobs) 
= .FALSE. The set of attributes with kl = .TRUE. remain sorted as shown in Figure 5.  
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maxreg 
iregbeg 
ireglen 
ktmax 
ityplen 
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INTEGER IN Maximum number of regions 
INTEGER(maxreg1 INOUT Region start  index 
INTEGER (maxr eg ) INOUT Region length 

INTEGERCktmax ,maxreR) INOUT kr/kt segment lengths 
INTEGER IN Maximum number of data  types 

duaolim 

tofront L 
perrnuri permurr 

Figure 31: Calling tree for dupelimo. 

Table 6: Data passed into dupelimo via its interface. 

psrrnurr 

I I I Intent I Description 
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6.4 Superobbing-proxel0 

The number of observations PSAS uses in an  analysis is reduced by consolidating clusters 
of data with the same data source kx and data type kt into a single observation. This pro- 
cedure is commonly referred to as superobbing, and is implemented in the routine proxel0 
(Figure 32): 

subroutine proxel (verbose,luverb,nnobs,kx,kt,kl,rlats, & 
rlons,rlevs,del,sig,Oc,sig,Ou,sigF, b 
tstamp,maxreg,iregbsg,ireglen, & 
ktrnaxl,ityplen,nprox 1 

The arguments to proxel0 are summarized in Table 8. 

The input to proxel0 are observation attribute vectors sorted by region, data type, data 
source, latitude, longitude, and pressure level. The routine proxel0 scans the observations 
sequentially, treating each as a reference observation for a scan of all subsequent observa- 
tions. For each reference observation, proxel0 checks first whether it has been eliminated 
by a scan for a previous reference observation. If not, subsequent observations are scanned 
for inclusion in the blacklist. The blacklist is the set of observations targeted for possible 
elimination through superobbing. A new blacklist is constructed for each reference obser- 
vation. The observations on the blacklist have the same data type kt as the reference 
observation, and are within chordal distance Rkm of the reference observation. The blacklist 
is complete once all observations subsequent to the reference observation have been scanned 
for inclusion in the blacklist. 

The completed blacklist is scanned by proxel for kx values to  determine the highest ranked 
data source as defined by the array kxrank. The variable kxrank is defined in the header file 
kxtabl .hand initialized by the routine kxnameO(). Observations for the highest-ranked kx- 
value are averaged level-by-level, including observations within log-p distance dellnp of each 
level. The average superob position is calculated in Cartesian coordinates, and subsequently 
converted to latitude and longitude (cp, A) .  Blacklisted observations used to  calculate the 
superob are then eliminated, and the superob attributes are inserted at  the appropriate 
places in the attribute arrays. The region and data type indexing arrays iregbeg, ireglen, 
and ityplen are updated accordingly. 

The main variables used in the superobbing process are: 

0 Variables defined in the header file proxe1.h: 

- Horizontal threshold for superobbing Rkm. 
- Vertical log-p threshold for superobbing dallnp. 
- Angular separation of region centroids to be included in blacklist search seplim 

- Blacklist data structures listed in Table 7. 
(parameter). 

The variables Rkm and dellnp are initialized from the resource file by the routine 
proxel00, which was called by initRSRC(). 

0 Allocatable workspace arrays: 

- LOGICAL array tagbobs), used to record blacklisted observations. For obser- 
vation i, tag(i) is .TRUE. if the observation is not blacklisted, .FALSE. if it is 
blacklisted. 
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- REAL Cartesian coordinate arrays xobs (nnobs) , yobs b o b s )  , and zobs (nnobs) . 
These variables are used to  calculate chordal distances between observations, and 
for use in determining superob locations. 

- INTEGER region lengths workspace array ireglenl (maxreg). 

The superobbing is initialized by t h e  following steps: 

0 The Cartesian coordinates on the unit sphere corresponding to  each observation’s 
latitude and longitude are calculated through a call to  112xyz (1 : 

call 112xyz ( r lons ,rlats ,mobs ,xobs ,yobs ,zobS ierr 

The Cartesian coordinates x , y ,  and z are returned in xobs (1 :nnobs), yobs (1 :nnobs) , 
and zobs( 1 :nnobs) , respectively. 

0 The number of surviving observations nobs is initialized with the input number of 
observations nnobs. 

0 The number of observations eliminated through superobbing nprox is initialized to  
zero. 

Any observation subsequent to the reference observation is added to  its blacklist if all of 
the following criteria are met: 

0 The chordal distance between the observation and the reference observation is less 
than Rkm. 

0 The observation has the same data type kt as the reference observation. 

0 The observation has  not been previously eliminated kl = .TRUE. 

0 The observation is not already a member of the blacklist; Le., tag is .TRUE. 

Observations are added to  the blacklist by copying their attributes to corresponding blacklist 
attribute arrays, and incrementing t h e  total number of blacklist observations ilist. The 
reference observation is added to  the blacklist when the first subsequent observation has 
been found suitable for inclusion in the blacklist. 

Once a blacklist associated with a given reference observation has been constructed, the 
highest ranking data source value in the blacklist array kxli is determined. Data in the 
blacklist of type kxhi are consolidated in a superob through a call to the routine prxsobo: 

call prxsob ( ierr,kx-hi,did-it,tag,nnobs 

The routine prxsobo returns a LOGICAL flag did-it indicating whether or not any obser- 
vations were eliminated. If did-it is .FALSE., no observations were slated for elimination. 
If did-it is .TRUE., observations on the blacklist with .FALSE. values in the array kllst 
are to be eliminated. The elimination of observations proceeds, and the region index arrays 
are updated accordingly. The number nprox is the number of observations eliminated. 

Once the superobbing is complete for all the reference observations, the eliminated obser- 
vations are separated from the surviving observations by calling tof ront 0 : 
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Table 7: Black list data structures from proxel .h 

LOGICAL (nlist) Elimination flag 
REAL (nl ist 1 Latitude (o 

REAL (nlist Longitude X 
REAL(n1ist) Pressure p 
REAL (nlist 1 wo - Hwf 
REAL(nlist1 00,  

REAL (nlist) 00,  

REALhlist) 

call tofront ( nnobs,kx,kt,kl,rlats,rlons,rlevs, & 
del ,sig,Ou,sig,Oc ,si&F,tstaq ,nabs 1 

The routine tofront (1 counts the number of surviving observations (for which kl = .TRUE .), 
returning the count as nobs. The attribute arrays are re-arranged so that kl(1:nobs) = 
.TRUE. and kl(nobs+l:nobs) = .FALSE. This is done so that the sorting hierarchy shown 
in Figure 5 is retained. If nprox # 0, the value of m o b s  is reset to nobs. 

Upon completion, proxel () returns the superobbed observation attribute arrays, adjusted 
kr/kt-indexing information contained in iregbe ireglen, and ityplen, the number of 
eliminated observations nprox, and the number o 7 surviving observations nnobs. 

6.5 Separation of Eliminated and Retained Observations-tof ront 0 

The routines restrict(), dupelimo and proxel0 require that attribute arrays be re- 
organized to separate surviving data from eliminated data. This operation is implemented 
in the routine tofront(): 

subroutine tofront (nobs,kx,kt,kl,rlats,rlons,rlets, & 
del, sigU, sig0, sigF, tstarnp ,neunr 1 

The arguments to tofront0 are listed in Table 9. 

The attribute arrays enter tofront() sorted by region, data type and source, and profile. 
The LOGICAL argument kl determines which observations are eliminated. Observations are 
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I I I 

Figure 32: Calling tree for proxel0. 

Table 8: Data passed into proxel0 via its interface. 

I Variable 1 1 Intent 1 Description 
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retained if kl = .TRUE., and eliminated if kl = .FALSE. The number of observations with 
kl = .TRUE. are counted, and this  result is stored in the variable newnr. The array kl and 
the other observation attribute arrays are rearranged so that kl(1:newnr) = .TRUE. and 
kl (newnr+l :nobs) = .FALSE. 

The separation process uses a REAL array mort (1 :nabs) and an  INTEGER array iperm(1 :nobs) . 
Both rsort and iperm are dynamically allocated. 

The elements of rsort are calculated using the following procedure: 

1. The number of surviving observations newnr is initialized to zero. 

2. The array kl(1 :nobs) is scanned for .TRUE. values. If kl (n) = .TRUE., the obser- 
vation is to be retained in further processing. 

if ( kl(n) ) then 
nevnr = newnr + 1 
rsort(n) = - float(newnr1 
rsort(n) = float(n) 

else 

endif 

The elements of rsort are negative for surviving observations, positive for eliminated 
observations. The negative elements of rsort are in reversed order from the sorting 
hierarchy the observation attributes possess. 

3. The ordering of the elements of rsort corresponding to .TRUE. values of kl is reversed 
to the desired order: 

flip = - float(newnr) 
do n = 1, nobs 

continue 
if ( kl(n) ) rsort(n) = flip - rsor t (n)  

The array rsort  is heapsort indexed by a call to indexxro: 

call INDEXXR ( nobs,rsort.iperm 1 

The index permutation that will place rsort (1 :newnr) in the order shown in Figure 5 is 
returned in the array iperm. 

The index permutation iperm is applied to each of the attribute arrays via calls to permuti (1 , 
permutr0, and permut10: 

call permuti ( kx , iperm,nobs ,kx ) 
call permuti ( kt,iperm,nobs,kt ) 

call permutl ( kl,iperm,nobs,kl ) 

call permutr ( rlats , iperm,nobs ,rlats ) 
call permutr ( rlons,iperm,nobs,rlons ) 
call permutr ( rlevs,iperm,nobs,rlevs ) 
call permutr ( del, ipenn, nobs, del 
call permutr ( sigU, ipenn, nobs, sigU 
call permutr ( sig0, iperm, nobs, sig0 
call permutr ( sigF, iperm, nobs, sigF ) 
call permutr ( tstamp , iperm, nobs, tstamp) 
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Table 9: Data passed into tofront0 via its interface. 

The final result returned by tof ront 0 is the attribute arrays all sorted so that kl(1 :newnr) 
= .TRUE. and kl(newnr+l:nobs) = .FALSE. The two separate segments of the attribute 
arrays retain the sorting hierarchy shown in Figure 5.  
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7 Stage 11: Processing of Covariance Data 

7.1 Interpolation of Observation Error Standard Deviations from State I 
Tables - i n t p s i g 0 0  

The State I1 data for the operators E: and E: are: 

0 s i g 0 l i s t  (REAL): Horizontally correlated observation error standard deviation E,,, 

0 s i g u l i s t  (REAL): Horizontally uncorrelated observation error standard deviation o,,, 

evaluated at observation locations. 

evaluated at observation locations. 

The array s igo- l i s t  is defined statically in the analysis interface routine (e.g. in g e t A I a l l 0 ) .  
The array si@-list is defined dynamically in the analysis interface routine. 

The arrays of aoU and o,, are calculated by interpolation from the State I tables s i g h  and 
sigOc defined in the module OEclass-tbl and initialized by initRSRC0 (see Section 5.4). 

The interpolation of o,, and ooc is performed by the subroutine intp-sigOO (Figure 33): 

subroutine intp,sigO(nobs ,kxobs ,ktobs ,r levs  ,sigC ,sigU> 

The arguments to  i n t p s i g 0 0  are summarized in Table 10. The interpolated values of 
o,, and o,, are returned in sigO(1:nobs) and sigU(l:nobs), respectively. The State I 
observation error standard deviation tables sigoc and s i g h  enter intpsigO (1 through 
USE of the module OEclass-tbl. The routine intp-si  0 0  performs log-linear vertical 

The State I tables of aoU and ooc in sigOc and s i g h  are organized by vertical level, data 
type k t ,  and error class. The routine intp-s ig00  uses the input array kxobs to  determine 
the observation error class, the array ktobs to  determine the observation data type, and 
the array rlevs to determine the observation pressure level. The calculation of o,, and o,, 
from the State I to observation locations is done by log-linear vertical interpolation. 

interpolation from the State I tables to observation level va 7 ues contained in r levs  (1 :nobs). 

The routine in tps igO0 performs the following steps: 

1. Checks on variables from OEclass-tbl: 

0 The number of levels in the observation error standard deviation tables nlev-oe 
> 0. 

0 The number of observation error classes nOEclas > 0. 

If either of these conditions are violated, an error message is written to  stdout, and 
execution stops. 

2. Two temporary work arrays are allocated: 

0 klev(nobs) (INTEGER), an index table used in the log-linear vertical interpola- 

0 wlev(nobs) (REAL) , a weight table used in the log-linear vertical interpolation. 
tion. 

3. A call to slogtab() indexes the observation pressure attribute array r levs (1  :nobs) 
against the State I table pressure levels plev-oe(1 :nlev-oe): 
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Figure 33: Calling tree for intpsigO0. 

call slogtab(.not.nearest,nlev~oe,plev,oe,nobsyrlevs,klevywlev) 

The indices of the nearest table pressure levels are stored in klev(1 :nobs) , and the 
log-linear interpolation weights in wlev( 1 :nobs) . 

4. The output arrays sigO(1:nobs) and sigU(1:nobs) are initialized with the ’unde- 
fined’ value of -1. 

5. For each observation, vertical log-linear interpolation of the values of ooc and ooU is 
performed. Below we outline the the interpolation procedure for ooc (the steps for oou 
are nearly identical). The index i = 1,. . .’ nobs refers to  an individual observation, 
for which the following steps are taken: 

(a) Determination of the observation error class kc and instrument class kt: 
kc = i-kxclas (kxobs (i) 
kt = ktobs(i) 

The index array ilxclas is accessed by inclusion of the header file kxtabl .h. 

table to  be used for interpolation: 
(b) Determination of the starting index IC, length In, and ending index le of the 

lc=loc,sigOc(kt ,kc) 
ln=len-s igOc (kt , kc) 
le=lc+ln-1 

(c) For surface quantities, sigC is set directly: 
sigC ( i) =s igOc (lc , kt , kc) 

(d) For upper-air quantities, the log-linear interpolation is carried out using the table 
index klev and log-linear weight wlev: 

kl=klev(i) 
sigC(i)=sigOc(kl , kt , kc) 
if (kl. It. le) then 

wt=wlev (i) 
sigC(i)=sigC(i) + wt*(sigOc(kl+l,kt,kc)-sigC(i)) 

endif 
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INTEGER IN Number of observations 
INTEGER(nobs) I10 Data Source 
I~GEFt(nobs) II Data type 
REAL (nobs) I10 Vertical level 
REAL (nobs ) OUT 6 0 ,  

REAL (nobs) WT U O l L  

Table 10: Data passed into intpsig00 via its interface. 

I Variable I Type I Intent I Description 

7.2 Determination of the Characteristics of the IMAT Tables 

7.2.1 Vertical Level Entries - merg-plevso 

All IMAT tables used in the PSAS have at  least one vertical dimension. The vertical 
pressure level values are the same for all the IMATs, and these nveclev levels are stored in 
the vector pveclev. Both nveclev and pveclev are defined in the include file levtabl .h. 
The number of IMAT pressure levels nveclev, and their values pveclev(1:nveclev) are 
determined by calls to the subroutine mergqlevs0 (Figure 34): 

subroutine merg-plevs (nolav,olevs ,nalev,alevs ,mxlev,nplev ,plevs) 

The arguments to  mer -plevsO are summarized in Table 11. The number of IMAT pressure 
levels nveclev, and t a eir values pveclev are returned from rnergql~rs0 through the 
arguments nplav and plevs, respectively. 

The routine mergplevs0 merges distinct pressure levels given by the two input lists, 
olevs(1:nolrvs) which contains the values of the levels for the input observations, and 
alevs(1:nalevs) which contains the values of the analysis levels, to create a set of distinct 
pressure levels plevs(1:nplev). The returned list plevs is the union of the elements from 
these two input lists that lie in the range from p i n  to  pmax. Only distinct elements within 
a given precision pres from olets and alevs are returned in plevs. 

The routine merg-plevs 0 uses two allocatable work arrays ilevs(nolev+nalev) and 
lndex(nolsv+nalev), which are the integral multiple of the minimum step size and a 
sort permutation array, respectively. 

The merge process is a loop that terminates when the number of working levels is less than 
the maximum number of levels (nulev < mxlev), or the working pressure level spacing 
rstp 5 0. The maximum and minimum pressure values are given by the REAL parameters 
pmax and pmin, respectively. For the first iteration, the value of working minimum level 
resolution rstp is determined from the REAL parameter pres (currently, pres = 0.01). 

For each iteration of the merge process, the following steps occur: 

1. Determination of the range of values for merged level resolution: 

(a) The pressure level truncation step size smax is calculated from the current value 
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of rstp: 
smax = rstp * 10. * *f loor(loglO(999.)). 

(b) Calculation of the table resolution step size smin, which is based on the minimum 
pressure level value of pmin and working table resolution rstp: 

smin = rstp * IO. * *f loor(logio(pmin)). 
2. Initialization of the number of merged levels 1 = 0. 

3. The level list olevs(1:nolevs) is scanned for valid values that lie between pmin and 
pmax. Valid values are truncated using the following scheme: 

(a) For a given element olevs(i), a truncation granularity sf ix is determined: 

sf ix = min(smax, rstp * 10. * *floor(logiO(olevs(i)))). 
(b) The value of olevs(i) is rounded to pf ix, the nearest integral multiple of sf ix: 

pf ix = sfix * nint(olevs(i)/sf ix). 
(c) The rounded pressure value pfix is scaled to  the current minimum level reso- 

lution smin. This yields the number ilevs(1) of units of smin in the rounded 
pressure pf ix: 

ilevs(1) = nint(pf ix/smin). 

4. The above process is repeated for the level list alevs(l:nalevs), and the current 
count of the number of valid pressure levels for the merged set is 1, which is stored in 
the variable nulev. 

5.  The set of integer multiples of smin contained in ilev(1 :nulev) is heap-sort indexed 
by a call to indexxi 0 : 

call indexxi(nwlev, ilevs ,Index) 

The permutation that will put the entries of ilevs in ascending order is given by 
Index( 1 : nulev). 

6. The set of levels ilev( 1 :nulev) is sorted by applying the permutation lndex(1 :nulev) , 
implemented in a call t o  permut i (1 : 

call permuti(ilevs,lndex,nwlev,ilevs) 

The entries of ilevs are now in ascending order. 

7. The level counter 1 is reset to  zero, and the sorted array ilevs is scanned to  remove 
redundant entries, with the value of 1 incremented for each distinct level value. The 
number of distinct level values is now given by the counter 1, whose value is stored in 
the variable nwlev. 

8. The number of working levels nwlev is compared with the maximum allowable value 
mxlev. If nwlev > mxlev the working pressure level step size rstp must be increased, 
and the merge process is repeated. The set of values by which rstp is increased are 
(0.01, 0.02, 0.05, 0.1, 0.2, 0.5). If rstp = 0.5, and nwlev > mxlev, rstp is then set to  
-1.0, thus terminating the merge process. 

After the merge process, the merged pressure levels are specified by the minimum level 
spacing smin and the array ilevs of level values in units of smin. The merged pressure 
levels plevs are calculated using the formula below: 

plevs(1:nplev) = smin * ilevs(1:nplev) 
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Figure 34: Calling tree for merg-plevs () . 

Table 11: Data passed into merg-plevs() via its interface. 

7.2.2 Latitudinal Entries - merg la t so  

The IMAT structures for the geostrophic balance parameters a,,, a,i, a,,, and o , ~ ,  and 
the mass-decoupled forecast wind error standard deviations a4 and ax have a latitudinal 
component. These IMAT structures share a common set of nveclat latitudes stored in the 
array veclats(1:nveclat). The variables nveclat and veclats are both defined in the 
module rlat-imat, and are accessed through a USE module statement. 

The IMAT latitude values veclats are determined by merging the analysis grid latitude 
values and the observations’ latitude values. This merge is implemented in the routine 
merg-lats0 (Figure 35): 

subroutine merg-lats (ngrdlat ,nobslat ,obslats, MXveclat ,nveclat ,veclats) 

The arguments of merg la t s0  are summarized in Table 12. 

The routine merg-lats0 uses the input number ngrdlat of analysis grid latitudes to  cal- 
culate grid latitude values, and merges this set with the nobslat observation latitudes 
obslats(1 :nobslat). The result is the set of nveclat distinct latitudes (nveclat 5 MXveclat), 
rrturned in the array veclats. 

The merge process comprises the following steps: 

1. Allocation of the workspace array of grid latitudes grdlats (ngrdlat) 
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Figure 35: Calling tree for rnerg-latsO. 

2. Calculation of the grid point interval dlat from the input number of grid latitudes 
ngrdlat: 

dlat = 180. / (ngrdlat-1) 

3. Calculation of the grid latitude values: 

do j=1 ,ngrdlat 

end do 
grdlats(j1 = (j-1) * dlat - 90. 

4. Calculation of an assigned IMAT latitude resolution res, which is based on the 
INTEGER argument MXveclat: 

res ~ 1 8 0 .  / (MXveclat - 1) 

5. The list of grid latitudes grdlats is merged into the array veclats by a call to  the 
subroutine tabRlist 0: 

call tabRlist(res,ngrdlat,grdlats,MXveclat,nveclat,veclats) 

6. The observation latitudes obslats(1 :nobslat) are merged into the array veclats 
by a second call to  tabRlist0: 

call tabRlist (res ,nobslat ,obslats ,MXveclat ,nveclat ,veclats) 
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Table 12: Data passed into merglats0 via its interface. 

7.3 Calculation of Forecast Error Correlation IMAT Tables 

7.3.1 State I1 Forecast Height and Wind Error Correlation Tables - setfecHH0 

The State I1 data for the univariate forecast height and wind error correlation functions p h ,  
p$, and px and their derivatives with respect to  the variable 1 - 7 are: 

0 Horizontal IMATs and related data defined in the include file hfec8.h: 

real hfecHH,hfecHR,hfecRR,hfecTT 
common /hfecHHO/ hfecHH(MXveclev,nHHtab,MX,fecH) 
common /hfecHHl/ hfecRR(MXveclev,nHHtab,MX,fecH) 
common /hf ecHH2/ hf ecTT(MXvec1ev ,nHHtab ,MX,f ecH) 
real HHbeg2,Hcoslim,qxHtbl,qxHtb2 
common /hf ecHH3/ HHbeg2,Hcoslim,qxHtbl,qxHtb2 

The IMAT hf ecHH is the univariate forecast error horizontal correlation function, 
hf ecRR and hf ecTT are its first and second derivatives with respect to  1 - 7, respec- 
tively (Table 13). These IMAT tables are organized by pressure level, the variable 
1-7, and function type (Le., h, T), or x). The variables in the common block hfecHH3 
are described below. 

0 Vertical correlation IMATs and related data defined in the include file vf ecH.h: 

common/vf ecHHO/ vf ecHH (MXveclev ,MXveclev ,MX,f ecH) 
common/vfecHHl/ vfecHD(MXveclev,MXveclev,MX,fecH) 
common/vfecHH2/ vfecDD(MXveclev,MXveclev,MX,fecH) 
common/vfecHH3/ norm,HH(MXveclev,MX,fecH) 
common/vfecHH4/ norm-DD(MXveclev,MX,fecH) 

These IMATs are organized by pressure level and function type. The IMAT vfecHH 
is the univariate forecast error normalized vertical correlation coefficients (Table 14), 
and nonnHH and normDD (Table 15) are normalization factors. The IMAT normHH 
is used to normalize the IMATs vf ecHD and vf ecHH. The IMAT normDD is used to  
normalize vf ecDD and vf ecHD. 

The IMAT tables for the horizontal and vertical forecast height and wind error correlation 
functions are constructed by the subroutine setfecHH() (Figure 36). This routine uses 
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the State I data defined in Sections 5.6.1 and 5.6.2 to  calculate the elements of the forecast 
height/wind error correlation IMATs. 

The IMAT tables are input to setdecHH0 by inclusion of the include files hfecHH.h 
(horizontal) and vfecHIi.h (vertical). The State I height and wind data defined in Sections 
5.6.1 and 5.6.2 are input by USE of the modules hf ecH-tbl and hf ecH-tbl, respectively. 

The IMAT elements are calculated by interpolation from function values calculated using 
State I tables initialized by initRSRC0. These tables are: 

0 Horizontal correlation functions: 

- The horizontal correlation function name name-hf ecH, and type typehf ecH. 
- The horizontal correlation function has npardf ecH parameters, stored in the 

array parsMec8. These function parameters are level-dependent, and defined 
on a set of n l e v h f  ecH pressure levels stored in the array plevMecH. 

These variables are input through USE of the module hf ecH-tbl. 

0 The vertical correlation coefficients are defined in the array corr-vf ecH. The number 
of levels in each vertical correlation coefficient table are stored in the array nlev-vf ecH, 
and the level values are stored in plev-vf ecH. These variables are input through USE 
of the module hfecH-tbl. 

The univariate forecast error horizontal correlations are functions of the variable 1 - . . 
There are two ranges of tabulated values of 1 - 7 in each horizontal correlation IMAT: 

0 A fine-scale range of nHHtb1 values with spacing 1 / qxHtb1 for 

0 A coarse-scale range of nHHtb2 values with spacing 1 / qxHtb2 for 

0 5 1 - r < HHbeg2. 

HHbeg2 5 1 - 7  < 1 -  Hcoslim. 

The inverses HHincl and HHinc2 are stored in qxHHtb1 and qxHHtb2, respectively. 

The routine setfecHH0 performs the following steps: 

1. The values of HHbeg2, Hcoslim,.qxHHtbl, and qxHHtb2 are calculated using the REAL 
variables H H m x l ,  HHmx2, and dlim. The steps in this calculation are: 

(a) Calculation of the value of HHmxl:  

HHmxl = 0.036 * (1. - cos(6030. / rade)) 
where rade is the Earth’s radius, and enters setSecHH0 by a USE statement. 

(b) Determination of the value of dlim. The maximum value of the correlation cutoff 
distance value for each class on each vertical level for which function parameters 
are defined resides in parsAfecH. This set of elements is scanned to determine 
their maximum value, which is assigned to  the variable dlim: 

d l  im=O . 
do km=l,MX,fecH 

do l v = l  ,nlev,hf ecH(km) 

end do 
if (pars-hf ecH( 1 ,  lv ,km) . g t  . dlim) dlim-pars-hf ecH( 1, l v  ,km) 

end do 
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(c) The value of dlim is used to calculate HHmx2: 
HHmx2=l.-cos(dlim/rade) 
HHmx2=max(3. *HHmxl ,HHmx2) 

(d) Calculation HHincl and HHinc2, the increments of 1 - -7 for the fine and coarse 
ranges, respectively : 

HHincl=HHmxl/nHHtbl 
HHinc2=(HHmx2-HHmxl)/nHHtb2 

(e) The tabulated values of 1--7 for the IMATs are calculated by calling intpxtaus 0: 
call intp,ctaus(nHHtbl,HHincl,nHHtb2,HHinc2,nHHtab,ctaus) 

The tabulated values of 1 - -7 are returned in ctaus (1 :nHHtbl+nHHtb2). 
(f) Determination of the variables HHbeg2 and Hcoslim from the array ctaus: 

HHbeg2rctaus (nHHtbl+ 1) 
Hcoslimml .-ctaus(nHHtab1 

(g) Calculation of the values of qxHtbl and qxHtb2: 
qxHtbl=l./HHincl 
qxHtb2=l./HHinc2 

2. The calculation of the IMATs is implemented in a loop over the index k m = l  ,MXlecH, 
one value for each of the univariate correlations (h ,  +, x). The following steps occur 
in the calculation of each correlation function IMAT: 

(a) The function type typehfecH(km) is checked to  ensure it is defined. If not, an 
error message is written to stderr and execution stops. 

(b) Tabulated values of the forecast error horizontal correlation function and its first 
and second derivatives with respect to 1-.r are calculated by calling intp-hCor 0: 

Ilt 
& 

npar-hf ecH(km) ,pars,hf ecH(1,l ,km), & 

& 

call intp-hCor ( name-hf ecH(km) , type-hf ecH(km) , 
nlev-hf ecH(km) ,plev,hf ecH(1 ,km), 

nveclev,pveclev, nHHtab, ctaus, & 
2 ,MXveclev ,hf ecHH(1,l ,km) , 
hf ecRR(1,l ,km) ,hf ecTT(1,l ,km) 

MXpar-hc, 

1 .  
The horizontal correlation function IMAT is returned in hf ecHH(1 :nHHtab, 1 :nveclev,km), 
itsfirst derivative with respect to 1-7 in hfecRR(l:nHHtab,l:nveclev,km), and 
its second derivative with respect to  1 - -7 in hf ecTT( 1 :nHHtab, 1 :nveclev,km). 

(c) The IMATs representing horizontal correlation functions index non-separable 
forecast error correlation functions described in [Gaspari and Cohn, 19991. The 
IMATs calculated above are normalized by a factor .5 since cross-correlation 
functions in the horizontal are formed by averaging horizontal autocorrelation 
functions (see [Gaspari et  al., 19981 Section 3): 

hfecHH(1:nveclev,l:nHHtab,km)~.5*hfecHH(l:nveclev,l:nHHtab,km~ 
h f e c R R ( l : n v e c l e v , l : n H H t a b , k m ) = . 5 * h f e c R R ( ~  
hfecTT(l:nveclev,l:nHHtab,km)=.5*hfecTT(~ 

(d) The vertical correlation IMAT table vf ecHH is calculated by a call to  intp-vCor0 : 
call intp,vCor( name,vfecH(km), & 

lvmax,vc,nlev,vf ecH(km) ,plev,vf ecH(1 ,km), & 
& 

MXveclev,nveclev,pveclev, vfecHH(l,l,km) 
corr-vf ecH ( 1 , 1 , km) , 

The vertical correlation function values for this class are returned in the array 
vfecHH(l:nveclev,l:nveclev,km). 
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p@‘( ~ i j ;  pi) 
px’( ~ i j  ; pi) 
p h ” ( ~ ; ; ;  : P ; )  

Table 13: Forecast Height/Wind Error Horizontal Correlation IMATs 

IMAT Structure I Quantity 1 

hfecTT(1 :nveclev, 1 :nHHtab ,2) 
hfecTT(1 :nveclev,i:nHHtab,B) 

hfecHH(1:nveclev.l:nHHtab.l) I D ~ ( T ; ; :  71;) I 

p4”(r; j ;  p ; )  
px’ ’ (Ti j ;p; )  

hf ecHH( 1 :nveclev , 1 :nHHtab $2) I o@fT;i: 71;) I 
hf ecHH ( 1 : nvecl ev , 1 : nHHt ab ,3) I pX (7-i i : 1 

(e) Calculation of the normalization factors normHH and normDD: 
do k=l,nveclev 
norm,HH(k,km) = l./sqrt( vfecHH(k,k,km)*2.*hfecHH(k,l,km) 
norm,DD(k,km) = l./sqrt( vfecHH(k,k,km)*2.*hfecRR(k,l,km) 

(f) The normalization factors normHH and normDD are used to compute the nor- 
end do 

malized vfecHD and vfecDD: 
do 14,nveclev 
do k=l ,nveclev 
vfecHD(k,l,km) = vfecHH(k,l,km) * norm,HH(k,km) * norm,DD(l,km) 
vfecDD(k,l,km) = vfecHH(k,l,km) * norm,DD(k,km) * norm-DD(l,km) 

end do 
end do 

(g) Normalization of vf ecHH: 
do l=l,nveclev 
do k=l,nveclev 

end do 
vfecHH(k,l,km) = vfecHH(k,l,km) * norm,HH(k,km) * norm-HH(1,km) 

end do 

7.3.2 State I1 Forecast Water Vapor Mixing Ratio Error Correlation Tables 
- set2ecQQO 

The elements of the operator Cq associated with forecast water-vapor mixing ratio error 
correlations are calculated using tabulated values of the forecast water-vapor mixing ratio 
error correlation function pq. The State I1 data for pq are: 

0 The forecast water vapor mixing ratio horizontal error correlation function tables and 
related data defined in the include file hf ecqq. h: 

common /hf ecqQO/ hf ecqQ(MXvec1ev ,nqqtab) 
common /hfecQql/ Qqbeg2,qcoslim,qxQtbl ,qxqtb2 
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Table 14: Forecast Height/Wind Error Vertical Correlation IMATs 

IMAT Structure 

vfecHH(l:nveclev,l:nveclev,l) 

vf ecHH( 1 :nveclev, 1 :nveclev ,2) 

vfecHH(l:nveclev,l:nveclev,3) 

vfecHD(1:nveclev,l:nveclev,l) 

~ 

vf ecHD (1 : nveclev, 1 : nveclev, 2) 

vfecDD(l:nveclev,l:nveclev,l) 

vfecDD(l:nveclev,l:nveclev,2) 

vfecDD(l:nveclev, 1 :nveclev,3) 

Quantity 
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normHH( 1 : nveclev ,1) 

normHH ( 1 : nvecl ev ,21 

normHH(1 :nveclev,3) 

normDD(1 :nveclev, 1) 

norrnDD ( 1 : nveclev ,2) 

Version 1 Dated 12/06/1999 

[vh (p i ,  p ; ) p h (  1; p;)]-’12 

[vi (p; , p ; )  p i  ( 1; 

[ v X ( p ; , p ; ) p X ( l ;  p;)]-’ / ’  

[ v h ( p ; , p ; ) p h ( l ;  p;)]-1/2 

[vi (p i ,  p;)pi’(  1 ; 

Table 15: Forecast Height/Wind Error Correlation Normalization Factors 

normDD(1 :nveclev,3) 

IMAT Structure I Quantity 

[vX(p;,p;)pX’(l; 

intn ctaus 

slogtab 1 

vinuox 

richxtr 

Figure 36: Calling tree for setfecHH0, setfecQQ0, and set-oecHHO. 
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The IMAT horizontal correlation table is stored in hf ecqq. This table has dimensions 
nveclev vertical levels by nqqtab values of 1 - T. The tabulated values of 1 - T are 
divided into two ranges of uniformly spaced values: 

- A fine-scale range of nqqtbl values with spacing l/qxqtbl and 

- A coarsescale range of nqqtb2 values with spacing l/qxqtbl and 
0 5 1 - T < qQbeg2. 

Qqbeg2 5 1 - T  < 1 -  qcoslim. 
The variables qxqtbl and qxqtb2 are the inverses of the coarse and fine scale 1 - T 
increments qqinci and qqinc2, respectively. 

0 The forecast water vapor mixing ratio vertical error correlation function tables and 
related data are contained in common blocks from vf ecqq . h: 

common/vfecqqO/ vfecqq(MXveclev,MXveclev) 

The vertical correlation IMAT table is stored in vf ecqq. 

The IMAT tables are calculated using the State I function parameter tables and vertical cor- 
relation coefficient tables initialized by initRSRC0. The calculation of the IMATs hf ecqq 
and vfecqq is implemented in the routine setfecqq0 (Figure 36). 

The State I data for the water vapor mixing ratio forecast error correlations setfecqq0 
by USE of the modules hfecq-tbl (horizontal) and vfecq-tbl (vertical). 

The routine setlecQq0 performs the following steps: 

1. The values of qqbeg2, qcoslim, qxqtbl, and qxqtb2 are calculated using the REAL 
variables qqmxl, 99mx2, and dlim. The steps in this calculation are: 

(a) Calculation of qqmxi and an initial value of qqmx2: 
qQmx2nl.-cos(6030./rade) 
qqmXi=. 036*qqm~2 

where rade is the Earth’s radius, and enters setfecqq0 through USE of the 
module conf ig. 

(b) Determination of the value of dlim. The maximum value of the correlation cutoff 
distance value for each class on each vertical level for which function parameters 
are defined resides in pars-hfecq. This set of elements is scanned to determine 
their maximum value, which is assigned to  the variable dlim: 

dl im=O . 
do lv=l,nlev-hfecq 

end do 
if (pars-hfecQ(1 ,lv) .gt .dlim) dlim=pars,hfecq(l ,lv) 

(c) The value of dlim is used to  calculate qQmx2: 
qqmx2=1.-cos(dlim/rade) 
~Qmx2=max(3.*~~mxl,~Qmx2) 

(d) Calculation of the 1 - T increments qqincl and Qqinc2: 
99incl=qqmxi/nqqtbl 
qqinc2=(qqmx2-qqmxl)/nqqtb2 

(e) The tabulated 1 - T values are calculated by a call to intp-ctaus0: 
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The tabulated values of 1 - 7 are returned in ctaus(l:nqqtbl+nqqtb2). 
(f) Determination of the variables Qqbeg2 and qcoslim from the array ctaus: 

qqbeg2nctaus (nHHtbl+l) 
qcoslim=l . -ctaus (nHHtab) 

(g) Calculation of the values of qxqtbl and qxqtb2: 
qxqtbl=l. /Qqincl 
qxqtb2=l./qqinc2 

2. Once the 1 - 7 ranges and increments have been determined, The horizontal IMAT 
interpolation is performed by a call to intphCor (1 : 

call intp,hCor(name,hfecq, 6 
type-hf ecq ,nlev,hf ecq ,plev,hf ecq , & 
MXpar-hc, npar-hf ecq ,pars,hf ecq , & 
nveclev,pveclev, nqqtab, ctaus, & 
O,MXveclev,hfecqq,hfecqq,hfecqq ) . 

The argument hf ecqq is repeated three times in this call. This is to  retain a common 
interface to  intp_hCor 0. The second and third appearances of hf ecqq are normally 
used to calculate the first and second derivatives of the IMAT with respect to 1 - 7. 
Since these derivatives are not needed in the calculation of Ch (as indicated by the 0 
in the argument list to  intphCorO), only the horizontal correlation function table 
is returned in hfecqQ(1 :nQQtab,l :nveclev). 

3. The table hfecqq is normalized for use in non-separable correlation functions by 
division by two: 

hfecqq(l:nveclev,l:nqqtab) = .5 * hfecqq(l:nveclev,l:nqqtab) 
4. The vertical correlation table is calculated by a call to  intp-vCorO: 

call intp,vCor(’vfecQq’,lvmax,vc,nlev,vfecq,plev,vfecQ, & 
corr,vfecQ,MXveclev,nveclev,pveclev,vfecqq ) 

The coarse-grained vertical correlation coefficient table is contained in corr-vf ecq, 
which is defined for the nlev-vf ecq pressure levels stored in plev-vf ecq. The verti- 
cal correlation coefficient IMAT is vf ecqq, which is defined for the IMAT nveclev 
pressure levels stored in pveclev. 

7.4 Observation Error Univariate Correlation Tables - set-oecHH() 

The elements of the dense matrices Cg and Cz are obtained by the grid evaluation of the 
observation error correlation functions. The matrix Cz requires only a set of vertical correla- 
tion coefficients, while C: requires vertical correlation coefficients and values of observation 
error horizontal correlation functions. These quantities are all stored in State I1 IMAT 
tables. 

The State I1 data for C: and Cz are: 

0 The observation error horizontal correlation function data structures defined in the 
include file hoecHH . h: 
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common /hoecHHO/ hoecHH(MXveclev,nHHotab,MX,hoecH) 
common /hoecHHl/ Ocoslim(MX,hoecH) ,OObeg2(MX,hoecH) 
common /hoecHH2/ qxOtb1 (MX-hoecH) ,qxOtb2(MX,hoecH) 

- The horizontal correlation IMAT table is hoecHH, which is organized by pres- 
sure level, polarity index T, and function class. The variables Ocoslim, OObeg2, 
qxOtb1, and qxOtb2 are discussed later in this section. 

0 The vertical correlation function IMAT table is voecHH, which is organized by vertical 
level and table class. It is defined in the include file v0ecHH.h: 

conunon/voecHHO/ voecHH(MXveclev,MXveclev,MX-voecH) 

The observation error correlation IMATs are calculated by the routine set-oecHH() (Fig- 
ure 36). The State I data for the observation error correlations enter set-oecHH() via use 
of the modules hoecH-tbl (horizontal) and voecH-tbl (vertical). The IMAT vertical levels 
are input through inclusion of the include file levtabl .h. 

The univariate observation error horizontal correlations are functions of the variable 1 - T .  
Let i = 1, . . . , nhoecH be the index of a given observation error horizontal correlation 
IMAT. There are two ranges of tabulated values of 1 - T in each observation error horizontal 
correlation IMAT: 

0 A fine-scale range of nOOtbl(i) values with spacing l/qxOtbl(i), corresponding to  

0 A coarse-scale range of nHHtb2(i) values with spacing l/qxOtb2(i), corresponding to  

0 5 1 - T  < OObeg2(i). 

OObeg2(i) 5 1 - T < 1 - Ocoslim(i). 

The routine set-oecHH0 performs the following steps: 

1. The calculation of the n-hoecH observation error horizontal correlation function tables 
is implemented in a loop over the index i = 1 ,n-hoecH. Each value of i corresponds 
to  a function class. For each value of i, the following steps are taken: 

(a) The values of 00be92(i), Ocoslim(i), qxOtbl(i), and qxOtb2(i) are calculated 
using the REAL variables HHmxl, HHmx2, OOincl, OOinc2, corlen, and dlim. The 
steps in this calculation are: 

i. Calculation of the value of corlen: 
corl&n=O. 
do lv=l,nlev,hoecH(i) 
corlen=corlen+pars~hoecH(2,lv,i) 

end do 
corlen=corlen/nlev,hoecH(i) 

HHomxl=l .-cos (2. *corlen/rade) 
00incl=HHomxl/n00tbl 

dl im=O . 
do lv=l,nlev,hoecH(i) 

end do 
HHomx2=1.-cos(dlim/rade) 

ii. Calculation of OOincl: 

iii. Calculation of OOinc2: 

if(pars,hoecH(l,lv,i).gt.dlim d im=pars,hoecH(l,lv,i) 

if (HHomx2 .le.HHomxl) HHomx2=1 .-cos(8.*corlen/rade) 
OOinc2= (HHomx2-HHomxl) /n00tb2 
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iv. Calculation of tabulated 1 - T values for this  observation error class. This 
is accomplished by a call to ctaus(): 

call intp,ctaus(n00tb1,00incl,nOOtb2,OOinc2,nHHotab,ctaus) 
The spacings for the fine and coarse 1 - T ranges are returned in OOincl and 
00 inc2 , respectively. 

v. Calculation of qxOtbl(i1 and qxOtb2(i) from OOincl and OOinc2: 
qxOtbl(i)=1./00incl 
qxOtb2(i)=l./OOinc2 

(b) The observation error horizontal correlation IMAT table for error class i is cal- 
culated for IMAT level and tabulated l - T values using a call to intp_hCor() : 

call intp,hCor(name,hoecH(i) , & 

nveclev,pveclev, nHHotab, ctaus, & 
0, MXve clev , hoecHH ( 1 ,1, i , hoecHH ( 1,l , i 
hoecHH (1 , 1 , i) 

type,hoecH(i) ,nlev,hoecH(i) ,plev,hoecH(l ,i) , & 
MXpar-hc, npar,hoecH(i),pars,hoecH(l,l,i)s& 

& , 
1 .  

The argument hoecHH is repeated three times in this  call. This is done to  retain 
a common interface to  intplCor0. All of the observation error correlation 
functions are univariate, and there is no need to calculate the derivatives with 
respect to  1 - 7 that were necessary for the forecast error correlation functions. 
The ‘0’ in the agrument list to intphCor0 (preceding MXveclev) indicates that 
derivatives are not calculated. 

2. The observation error vertical correlation coefficient IMAT structure voecHH is com- 
posed of n-voecH tables, which are calculated by n-voecH calls to  intp-vCor0, one 
for each observation error class: 

do i=l,n,voecH 
call intp-vCor (name-voecH (i) , & 

lvmax,vc,nlev,voecH(i) ,plev,voecH(l , i> , & 
& 

MXveclev,nveclev,pveclev, voecHH(l,l,i) ) 
corr,voecH(l , 1 , i) , 

end do 

The coarse-grained observation error vertical correlation coefficient tables reside in 
the array corr-voecHH, and for each class the pressure levels are defined by 
plev-voech(1 :nlev-voecH(i) , i). These values are interpolated to  tables whose di- 
mensions are nveclev by nveclev entries, corresponding to pressure levels contained 
in the array pveclev. The final product is the IMAT structure voecHH. 

7.5 Calculation of IMAT Tables for a,,, a,l, sum, and cq,~ - imatalphao 

The geostrophic balance parameters sum, aul, a!,,, and awl that appear in I‘* are stored 
in the IMAT listed in Table 16. These IMAT tables have dimensions the nveclat latitudes 
by nveclev pressure levels. 

The calculation of these IMAT tables is implemented in the subroutine imat-alpha0 (Fig- 
ure 37). The IMAT tables enter imatalphao - and are shared as needed by the PSAS 
- by USE of the module FEalpha-imat. The table latitudes enter via USE of the module 
rlat -imat. 

The PSAS supports a number of models for au,, aul, a!,,, and a,~. The model used is de- 
termined by the CHARACTER tag FEalpha-type, which was read from the resource file during 
the resource initialization by the subroutine tablJEalpha0. The routine imatalphao 
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Table 16: Objects from the module FEalpha-imat 

Avm-imat 
Aul-imat 
Avl-imat 

iXP-ALPHA-MODELS-Xl- 

EXPALPHA-MODEL- 

Figure 37: Calling tree for i m a t a l p h a o .  

comprises a s e l e c t  case(FEa1pha-type) block, with each case resulting in a call t o  a n  
internal procedure that calculates the cv IMATs: 

0 case (  'PSAS:XI'): A call is issued to  the internal routine EXPALPHASmodelilo 

0 case (  'EXP-ALPHAS' , 'PSAS:XO'): A call is issued to  the internal routine EXPALPHASmodel- 

0 case (  'EPSILONS'): A call is issued to  the internal routine EPSILONSmodel- 

0 ~ ~ ~ ~ ( ' G E o s / D A s - o I ' ) :  A call is issued to the internal routine OImodel- 

The models implemented in the routines EXPALPHASmodelxl() , EXPALPHASmodel-, and 
EPSILONSmodel- have level-dependent, parameters. Calculation of the TMATs using these 
models involves log-linear vertical interpolation. 

7.6 IMAT Tables for u* and ux - imat-sigW0 

The calculat,ion of E*, CX and their transposes is facilitated by IMAT tables of u+ and U X  
(Table 17). The calculation of the IMATs for 04 and O X  is implemented in the subroutine 
imat-sigW0 (Figure 38). 

The TMAT tables enter i m a t s i g W 0  - and are shared where needed by t h c  PSAS - by 
USE of the module FEsigW-imat. The table latitudes enter by USE of t h e  module rlat-imat. 
The TMAT levels are accessed by inclusion of the header file l e v t a b l  .h. Choice of the type 
of model used to calculate g$ and ox and tabulated values of the 04 and O X  mter  via the 
module FEs igW-tabl. 
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a+ 

! imat ainw 

Table 17: IMATs for a* and ax 

P.CA_C* 

Figure 38: Calling tree for imatsigW0. 

The choice of algorithm used to  calculate u4 and o x  is controlled by a select case block 
over the CHARACTER tag variable FEsigW-type, whose value was read from the resource file 
during the initialization routine tablSEsigW 0. The choices are: 

0 case (’PSAS1.1A’): The quantities & and ox are only level dependent. The cal- 
culation is carried out by t h e  internal routine PSASll-sigWa0. Log-linear vertical 
interpolation is used to  calculate crG and o x  on IMAT levels. 

0 case ( ’  ’ ’PSAS1.1’ 1: The quantities o* and U X  are only level dependent. The 
calculation is carried out by the internal routine PSASllsigW-0. Log-linear vertical 
interpolation is used to  calculate u4 and ox on IMAT levels. 

0 case ( ’ GEOS/DAS-OI ’ ) : Optimal Interpolation option. The calculation is carried 
out by the internal routine 01-sigW-0. Log-linear vertical interpolation is used to  
calculate a* and ax on IMAT levels. 

0 case ( NULL ) : Both a* and o x  are zero: 

FEsigS,imat(l:nveclevyl:nveclat)=O. 
FEsigV-imat (l:nveclev, l:nveclat)=O. 

7.7 Forecast Error Standard Deviations 

7.7.1 I n p u t  of Gridded Forecast Er ro r  Standard Deviation Data - getsigF0 

The PSAS calculates forecast error standard deviations using the sea-level pressure error 
standard deviation o p s l ,  the upper-air geopotential height error standard deviation oh, and 
the upper-air water vapor mixing ratio standard deviation oq. The PSAS reads the oh 
and oq fields from a GrADS binary file, and calculates o p s l  from oh using the subroutine 
getsigF0 (Figure 39): 
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Figure 39: Calling tree for getsigF0. 

subroutine getsigF(iaidim, jaidim,nlevai ,plevai , & 
slp-sigF,HH,sigF,qq,sigF 

The arguments to  getsigF0 are summarized in Table 18. 

The routine getsigF0 performs the following steps to determine o P ~ l ,  ohl  and 09: 

1. The name of the GrADS control file is determined from the PSAS resource file. A 
Fortran 1/0 device is assigned to  the control file. 

2. The contents of the control file are read using a call to  subroutine grads00: 

call gradsO(ier,tabln,isigFdim,jsigFdim,ksigFdim,lsigFd~m~ 

The input name of the control file is the CHARACTER variable tabln. This call re- 
turns the attributes of the GrADS data file: the number of latitude bands isigFdim, 
the number of longitudes jsigFdim, the number of vertical levels ksigFdim, and the 
number of variables IsigFdim. The dimensions isigFdim, j sigFdim, and ksigFdim 
are checked against the analysis grid dimensions iaidim, jaidim, and nlevai re- 
spectively, for compatibility (getsigF() exits if differences are found in the two sets 
of dimensions). The INTEGER variable ier is a n  error flag, and is zero if no error 
occurred. 

3. Individual 2-D horizontal slices of the fields oh and 0 9  are read using calls to  the 
routine rgrads (1. 

4. The geopotential height error standard deviation oh field corresponding to  sea level 
is read into the array slpsigF via a call to rgradso. The sea-level pressure error 
standard deviation field a P s l  is calculated by a call to  dervsigFslp0: 

call dervsigF-slp(iaidim,jaidim,slp_sigF,slp-sigF) 

The INTEGER arguments iaidim and jaidim are the horizontal dimensions of the 
analysis grid. The variable slp-sigF appears twice in this  call: the first argument is 
the INPUT qh values, the second the OUTPUT 0 P . l  values. 

5 .  Diagnostic output of the fields' statistics are calculated and written to  stdout using 
calls to the routines lvstat 0 and gdstat (1. 

6. The input files are closed by a call to GRADSIO. 

The gridded forecast error standard deviation fields U P - I  (slpsigF). oh (HHsigF), and o9 
(qq-sigF) are returned to  the calling routine through the interface. 
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Table 18: Data passed into getsigF0 via its interface. 

1 Variable 1 1 Intent I Description 

7.7.2 Gridded Fields of the Elements of C h  - dervsigF_slD() 

The diagonal sea-level windfield elements of C h  are the standard deviations of the latitudinal 
(9) and longitudinal (A)  gradients of the sea-level pressure errors @s’. These quantities are 
currently given by 

where p is mean sea-level air density, R is the Earth’s rotational angular frequency, a is the 
Earth’s radius, and Var(.) is the variance. This calculation is implemented in subroutine 
dervsigFslD0 (Figure 40), whose arguments are summarized in Table 19: 

The physical constants p ,  R, and a are stored in the variables rhobar, omega, and r-earth. 
The aforementioned physical constants enter dervsigFslD (1 through USE of the module 
const. The factor d z  is the inverse of the quantity stored in the IMAT normDD, which 
enters dervsigF_slD() through the include file vf ecHH .h. The IMAT table pressure levels 
pveclev(1 :nveclev) are input through levtabl .h. 

The calculation entails the vertical interpolation of IMAT values from normDD to  the 
sea-level value pressure value, and use of this interpolated value of d =  to calcu- 
late the diagonal elements, which are returned in the arrays sigF-pm(1: im, 1: jnp) and 
sigF-pl( 1 : im , 1 : jnp) . 
The procedure for calculating sigF-pm and sigF-pl is outlined below: 

1. Index the sea-level pressure pres4slp against the IMAT pressure levels by calling 
slogtab(): 

call slogtab( .not .nearest, nveclev,pveclev, 1, pres4slp, lv,wt) 

The IMAT level index is returned in Iv, the log-linear interpolation weight in ut. 
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Type Intent Description 

INTEGER IN Number of grid latitudes 
INTEGER IN Number of arid longitudes 

de rvs ia F A  D 

sigF-ps 
sigF-pm 
sigF-pl 

Figure 40: Calling tree for dervsigF-slD0. 

-~ 
REAL (im, j aidim) OUT Forecast error &',-I 

REAL(im, jnp) OUT d V a r  ( t lmd ' . * l )  

REAL(im, jnp) OUT 0-j 

Table 19: Data paqsed into dervsigFslD() via its interface. 

2. The normalization factor norm is calculated from the IMAT normDD by log-linear 
interpolation: 

norm = norm-DD(lv,kmat-HGHT) + ut * (norm,DD(lv+l,kmat-HGHT) & 
- norm-DD(lv,kmat,HGHT) 

The INTEGER index kmatHGHT indicates the h-portion (mass-coupled height/winds) 
of the IMAT normDD. This index enters dervsigFslD() through USE of the module 
conf ig. 

3. Calculation of sigF-pm and sigF-pl: 

sigF,pm(:, : 1 = sigF,ps(: , :) * scalar / norm 
sigF-pl(: ,:) = sigF,pm(: , :) 

The REAL parameter scalar is defined from input constants p ,  a, a,nd a: 

scalar = 100. / (rhobar * 2. * OMEGA * R-EARTH) 
Thc factor of 100 is a pressure iinits conversion from hPa to Pa. 
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7.7.3 Gridded Fields of the Elements of Ch - dervsigF-upDO 

The diagonal upper-air windfield elements of Ch are the standard deviations of cp and 
A gradients of the upper-air geopotential height forecast errors eh. These quantities are 
currently 

where g is the acceleration due to  gravity. This calculation is implemented in subroutine 
dervsigF-upDo (Figure 41): 

subroutine dervsigF,upD(im, jnp ,rnlev ,pres,lev, & 
sigF,H,sigF,Hm,sigF,Hl ) 

The arguments to  dervsigF-upD0 are summarized in Table 20. 

The physical constant g is stored in the variable g-earth, and enters dervsigF-upD0 
through USE of the module const. The normalization factor 4% is the inverse of the 
quantity stored in the IMAT normDD. The include file vfecHH.h contains normDD. The 
IMAT table pressure levels are stored in the array pveclev(i:nveclev), which is defined 
in levtabl . h. 

The calculation entails the vertical interpolation of IMAT values from normDD to  the 
analysis grid pressure values stored in preslev(l:mlev), and use of these interpolated 
values of 4% to calculate the diagonal elements, which are returned in the arrays 
sigFHm( 1 : im, 1 : jnp , 1 :mlev) and sigFEl(1: im, 1 : jnp , 1 :mlev). 

This is accomplished through the following steps: 

1. Allocation of temporary work arrays ilev(m1ev) and ulev(mlev), corresponding t o  

2. Index the analysis levels against the IMAT pressure levels by a call to slogtab(): 

IMAT pressure level indices and log-linear interpolation weights, respectively. 

call slogtab( .not .nearest ,nveclev,pveclev,mlev ,pres,lev, ilev, wlev) 

The input IMAT levels pveclev(1 :nveclev) enter dervsigF-upDO via the module 
rlatimat. The IMAT level indices are returned in ilev(l:mlev), the log-linear 
interpolation weights in wlev(1 :mlev). 

3. Interpolation of IMAT values to  the analysis grid levels, and calculation of sigFHm 
and sigFB1: 

do k=l,mlev 
lvtilev (k) 
wt=wlev(k) 
norm = norm,DD (lv , hat-HGHT) 
norm = norm + ut *(norm,DD(lv+l,kmat,HGHT) - norm) 
sigF,Hm(:,: ,k) = sigF,H(:,: ,k) * scalar / norm 
sigF,Hl(:,: ,k) = sigF-Hm(:, : ,k) 

end do 
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vindex 

Figure 41: Calling tree for dervsigF-upD0. 

Table 20: Data passed into dervsigFwpD0 via its interface. 

The INTEGER index kmatHGHT indicates the h-portion (mass-coupled height/winds) 
of the IMAT normDD. This index enters dervsigF-upD() throu h USE of the module 
conf ig. The quantity scalar is a REAL parameter equal to  yf261a: 

scalar = G,EARTH/(2.*OMEGA*R_EARTH) 

4. Deallocation of the temporary arrays ilev and wlev. 

The results are returned in the arrays sigFHm(1: im, 1 : jnp, 1 :mlev) and 
sigFHl(1: im, 1 : jnp , 1 :mlev). 

7.7.4 Interpolation of Elements of Ch - intp-sigF0 

Thc clemcnts of Ch corresponding to  forecast geopotential height, sea-level pressure, and 
upper-air water-vapor mixing ratio - oh, oP41, and oq were read and calculated through a 
call to getsi F O .  Gridded fields of the elements of C h  corresponding to  the wind compo- 
nents were ca 7 ciilated by calling dervsigFslD0 and dervsigF-upD0. 

T h p  solution of t h p  Innovation Equation (I)  requires the elements of Ch be evaluated at  
observation points. The calculation of the analysis increments (AI) ,  Eqn. (2), requires 
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values of the elements of C h  at both observation and QEA grid points. The calculation of the 
elements of C h  at the observation and QEA grid locations is accomplished via interpolation, 
implemented in subroutine intpsigF0 (Figure 42): 

subroutine intp,sigF( im, jnp, mlev, pres-lev, % 
sigF-ps , sigF-pm, sigF,pl , % 
sigF-Ha sigF-Hm, sigF-Hl, sigF-q, % 
n-kr, kr-loc, kr-len, & 
n-kt, kt-loc, kt-len, % 
n-x, rlat ,rlon,rlev, sigF 1 

The arguments to  intpsigF0 are summarized in Table 21. 

The routine intpsigF (1 performs interpolation of analysis grid data to  locations defined 
by the attribute vectors rlat, rlon, and rlev. Two types of interpolation are perfomed: 

0 Horizontal interpolation of sea-level pressure (case(ktps) below) and winds (case (ktpm,ktHp) 
below) to  sea-level locations listed in rlat, rlon, and rlev. Bilinear interpolation is 
used. 

0 Three-dimensional interpolation of upper-air geopotential heights (case (ktHH) be- 
low), upper-air winds (case(ktHm, ktH1) below and upper-air water-vapor mixing 
ratio (casecktqq) below) to locations listed in t k e arrays rlat, rlon, and rlev. The 
interpolation is performed using horizontal bilinear interpolation, followed by vertical 
log-linear interpolation. 

The input analysis grid data are stored in the arrays sigF-ps, sigF-pl, sigFqm, sigFH, 
sigFH1, sigFHm, and sigF-q. The n x  output forecast error standard deviations are 
returned in the array sigF. 

The interpolation proceeds through the following steps: 

I .  The initialization steps listed below: 

(a) Allocation of temporary work arrays: vertical level index for the output grid 
ilev(mlev,ni) and log-linear interpolation weights wlev(m1ev ,nx) ; nearest 
grid latitude index ilat (nlr) , and linear interpolation weight wlat (nx) ; nearest 
grid longitude index ilon(nlr) and linear interpolation weight wlon(n2). 

(b) Computation of the nearest grid longitude index ilon and grid latitude index 
ilat for each output grid location: 

do i=l,n-x 
ilon(i) = int ((rlon(i)+l80. )/dlon) 
ilat (i) = max(1 ,min(int ((rlat (i)+90. )/dlat)+l , jnp-1)) 

end do 
The output grid location referenced by index i has longitude X between ilon(i) 
* dlon -180. and (ilon(i) + 1) * dlon -180., and latitude 9 between ilat(i) 
* dlat - 90. and (ilat(i1 + 1) * dlat - 90. 
location: 

(c) Computation of the bilinear horizontal interpolation weights for each output grid 

do i=l,n,x ! with linear weights 
wlon(i)=(rlon(i)+l80. )/dlon - ilonci) 
wlat(i)=(rlat(i)+ 90.)/dlat - (ilat(i)-I) 

end do 
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(d) Index the output grid pressure level values rlev(1:nx) against the grid pressure 
levels preslev(1:mlev) by calling slogtabo: 

The index corresponding to the higher pressure level is returned in ilev( 1 :mlev, 1 : n i l .  
The log-linear interpolation weights in are returned in wlev(1 :mlev, 1 :nil. 

2. The interpolation is carried out as a loop over the kr/kt segments in the output grid 

(a) For each kr/kt segment, the beginning index IC, ending index le, and length In 

vector. The interpolation steps are: 

are determined: 
lc=kr,loc(kr)+kt,loc (kt ,kr) 
ln=kt-1 en (kt , kr) 
le=lc+ln-1 

(b) If In # 0, interpolation must be performed for this kr/kt segment. The type 
of calculation is governed by a select case(kt) block. The constant kt-values 
against which each value of kt is tested are input from the module conf ig: 

0 case(ktps) : This corresponds to sea-level pressure values. The interpola- 
tion in this case is bilinear: 

do i=lc,le 

end do 
sigF(i)=bilinear,(sigF,ps, ilon( i) , wlon(i) , ilat (i) ,wlat (i)) 

0 case(ktpm,ktpl) : This corresponds to the sea-level windfield components. 
Again, this is bilinear interpolation: 

do i=lc,le 

end do 
sigF (i) =bilinear, (sigF-pm, ilon( i) , wlonci) , ilat (i) , wlat (i) ) 

Note that  this assumes that sigF-pl = sigF-pm, which is currently what is 
produced by dervsigFslD0 (see Section 7.7.2). 

0 case(ktHH) : Upper-air geopotential heights. This is horizontal bilinear in- 
terpolation followed by vertical log-linear interpolation. The vertical index 
array ilev determines which grid levels lie immediately above and below 
the output grid point. Bilinear interpolation is used to calculate the values 
of sigF directly above and below the output grid location. The vertical log- 
linear interpolation is performed by combining these two values using the 
log-linear interpolation weight value from wlev: 

do i=lc,le 
sigF (i) = bilinear, (sigF,H( 1, I, ilev(i) , b 

ilon(i) ,wlon(i) ,ilat(i) ,wlat(i) 1 

ilon(i) ,wlon(i) ,ilat(i) ,wlat(i) 1 

if (ilev(i) .It .mlev) then 
s igmrbilinear- (sigF,H ( 1, I, ilev (i) + 1) , b 

s igF ( i ) =s igF ( i ) + wl ev ( i ) * ( s igm-s igF ( i ) ) 
endif 

end do 
0 case(ktHm,ktHl) : The upper-air winds. Both fields are calculated from 

gridded values of sigFHm. This is compatible with the current version of 
dervsigF-upDO (see Section 7.7.3). 

0 case(ktqq): The upper-air water vapor mixing ratio. Segments of sigF 
corresponding to uq are calculated using the gridded values of oQ stored in 
the array sigF-q. 

3. Upon completion of the interpolation, the temporary arrays ilev, wlev, ilat, wlat, 
ilon, and ulon are deallocated. 
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im 

mlev 
preslev 
sigF-ps 
sigF-pm 
sigF-pl 
siRFH 

j np 
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INTEGER IN Number of grid latitudes 
INTEGER IN Number of grid longitudes 
INTEGER IN Number of grid levels 

REAL(m1ev) IN Number of grid levels . 
REAL(im, jaidim) OUT Forecast error o p s i  

REAL (im , jnp) OUT dVar  ( i 3 m ~ ~ s i )  

REAL (im, jnp) OUT o a r  ( i 3 , c p s i )  

REAL(im,jnp,mlev) OUT Forecast error oh 

Table 21: Data passed into intp-sigFO via its interface. 

sigFHm 

sigFHl 
sigF-q 
n k r  
krloc 

Variable 

REAL(im, jnp,mlev) OUT Jvar (i3,eh) 

REAL(im, jnp,mlev) OUT Jvar (i3lch) 

REAL(im, jnp,mlev) OUT UP 

INTEGER IN Number of Regions 
INTEGER (n4r ) IN Region Starting Indices 

Intent 

krlsn 
n k t  

Description 

INTEGER (nlcr ) IN Region Lengths 
INTEGER IN Number of Data types 

ktloc INTEGER(n4t ,nkr) 
ktlen INTEGER(nlt ,nkr) 

n x  INTEGER 

IN 
IN Length of kr/kt segments 
IN 

Starting Indices of kr/kt segments 

Number of output grid points 
rlat 
rlon 
rlev 
s igF 

-~ 

REAL (n.xx> IN Output grid latitude cp 
REAL (nx) IN Output grid longitude X 
REAL (nx) IN Output grid pressure (hPa) 
REAL (nx) OUT Elements of C h  at output grid locations 

Figure 42: Calling tree for intp-sigF0. 
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8 Stage 111: Solution of the Innovation Equation - solve4x() 

8.1 Control Flow through solve4xO 

The innovation equation (1 is solved for x using a nested preconditioned conjugate gradi- 
ent algorithm described in t da Silva and Guo, 19961. Figure 44 shows the structure of the 
matrix H P f H T  + R for the global solver and its three levels of preconditioning. 

The driver routine for the nested preconditioned CG solver is the routine solve4xO: 

subroutine solve4x(n_kr,kr_loc,kr_len,kt,len, & 
nobs,kxX,rlatX,rlonX,rlevX, & 
sigU,sigO,sigF, & 
nvecs,ldD,Dels,ldX,Xvec 1 

The calling tree for solve4x() illustrated in Figure 43, and Table 22 is a summary of its 
arguments. 

The conjugate gradient solver and its preconditioners are implemented 
routines: 

0 con j gr () : global conjugate gradient solver 

0 con j gr2 ( ) : region-diagonal level 2 preconditioner 

0 conjgri () : univariatediagonal level 1 preconditioner, and its profilt 
preconditioner. 

n the following 

diagonal level 0 

Much of the workspace used in solve4x() is dynamically allocated and includes: 

0 kt-loc(ktmax,nkr): Indices of starting points in attribute vectors of kr/kt seg- 

0 qri(nobs1 , qr-y(nobs) , and qrz(nobs): Cartesian components of the radial unit 

0 qli(nobs1 and ql-y(nobs) : Cartesian components of the longitudinal unit vector 

ments. 

vector G,.. 

61. 

0 qmi(nobs) , qm-y(nobs) , and qmz(nobs): Cartesian components of the merid- 
ional uni t  vector 6,. 

0 ktab(nobs) and wtabbobs): INTEGER vertical level index for imat look-up tables 

0 jtabcnobs) and vtab(nobs): INTEGER polarity index ~ i . j  index for imat look-up 

and REAL log-linear interpolation weights, respectively. 

tables and REAL linear interpolation weights, respectively. 

There are some preparatory steps preceding the call to  conjgro: 

0 Generation of the kr/kt segment index table kt-loc (1 : ktmax , 1 :n_kr). This is ac- 
complished using the input array ofkr/kt segment lengths kt-len(1 :ktmax, 1 :n_kr). 
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0 Calculation of the Cartesian components of the unit  vectors (&, &I,  &) through a call 
to  112qvec () : 

0 Assign the sounding indices ks  to the innovations by calling the routine s e t p i x ( ) :  

call  setpix(nobs,kxX,rlatX,rlonX,ksX) 

The values of ks are returned in the array ksX(1 :nobs). 

weights wtab(1:nobs) through a call to the routine s log tab( ) :  
0 Determine the vertical level IMAT indices ktab(1 :nobs) and log-linear interpolation 

cal l  slogtab(roundoff,nveclev,pveclev,nobs,rlevX,ktab,wtab) 

0 Determine the polarity index ~ ; j  level IMAT indices j tab(1:nobs) and linear inter- 
polation weights vtab(1:nobs) through a call t o  the routine s l i n t a b o :  

call  slintab(roundoff,nveclat,veclats,nobs,rlatX,jtab,vtab) 

The conjugate gradient solution x (Xvec(l:nobs, 1 :nvecs>) is determined by calling c o n j g r 0 :  

call  conjgr( cgverb(nbandcg1 ,n,kr,kr,loc,kr,len,ktmax,kt,loc, & 
kt,len,nobs, kxX,ksX,ktab,jtab,sigU,sigO,sigF, & 
qr-x , qr-y , qr-z , qm-x, qm-y, qm-2 a ql-x I ql-y , & 
nvecs ,ldD ,Dels , 1dX ,Xvec , ierr 1 

The INTEGER scalar variable i e r r  is an error flag. If i e r r  # 0, an c o n j g r 0  has  returned 
with an error. 

8.2 The Conjugate Gradient Solver -conjgrO 

The conjugate gradient solver algorithm and preconditioning strategy used in the current 
version of the PSAS is described in [da Silva and Guo, 19961. The basic solver and precon- 
ditioning algorithm is 

0 Solution of the global problem by the routine conj r 0 .  This problem is precon- 
ditioned by a kr-diagonal (multivariate) problem. T f e matrix-vector multiplication 
( H P f H T  + R)x is performed by a call to the routine 0 ~ 3 x 0 .  

0 Solution of the kr-diagonal (level 2) problem by the routine c o n j g r 2 0 .  This prob- 
lem is preconditioned by a kr/kt-diagonal (univariate) problem. The matrix-vector 
multiplication ( H P f H T  + R ) x  is performed by a call to  the routine op_Mx(). 

0 Solution of the kr/kt-diagonal (level 1) problem by the routine c o n j g r l 0 .  This 
system is preconditioned by a ks-diagonal problem. The matrix-vector multiplication 
( H P f H T  + R ) x  is performed by a call to  the Basic Linear Algebra Software (BLAS) 
routine SSPMVO. The solution of the ks-diagonal (level 0) problem is accomplished 
by a Cholesky solver, implemented in  a BLAS call to the routines SPPTRF and SPPTRS. 

The levels of preconditioning are illustrated in Figure 44. The matrix-vector multiplications 
required in the solution of the global and level 1 and level 2 preconditioners are implemented 
in calls to the routine opMx(), which is described in Section 8.3. 
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I 
L 

f I I I 1 

I l- 

Figure 43: Calling tree for the routine solve4xO 

full operator 

~ regional diagonal 

I 

I 
con j gr ( 1 I & ! univariate diagonal _ _ _ _ _ _ _ _ _ - - -  

I I- - 
con jgr2 ( ) 

LAPACK calls 
SPPTRF (1  SPPTRS (1  

Figure 44: 1,evels of the nested preconditioner. 
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Type/Dimensions Intent Description 

8.3 Software Implementation of ( H P f H T  + R)x -opMx() 

The matrix-vector multiplication ( H P f H T  + R ) x  for the global solver and preconditioning 
level 2 is performed by the routine opJx0. The calling tree for 0 ~ 4 x 0  is illustrated in 
Figure 45, and its interface is presented below: 

subroutine op,Mx(kind,mat,kind,cov, 6 
n,kr,kr,loc,kr-len, n-kt,kt-loc,kt,len, 6 
n-x, kx, ks, ktab, jtab, sigU, sigC, sigF, 6 
qr-x, qr-y, qr-2, qm-x, qm-y, qm-2, qLx, ql-y,% 
nvecs, % 
Idx,x, % 
ldCx , Cx 1 

A description of the arguments to o p M x 0  is given in Table 23. The routine opJx() 
computes the elements of H P f H T  + R and calculates the product ( H P f H T  + R ) x .  The 
vector x and the product ( H P f H T  + R)x  are stored in the variables x and Cx, respectively. 

The calculation of Cx proceeds by successive application of lower-level operators to  inter- 
mediate vectors as described in Section 3.3. These intermediate vectors are represented by 
the dynamically allocated arrays Tx(l:ni,l:nvecs) and Ty(l:nx,l:nvecs). 

The output result array Cx(l:nx, 1:nvecs) is initialized with value zero. The factored- 
operator calculation of ( H P f H T  + R ) x  is outlined below. 
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The Observation Error Covariance Operator. The operator R is calculated using 
the factored-operator expansion Eqn. (9) by a call to  the internal procedure covOOxpy-(): 

call covOOxpy,(ldx, x, IdCx, CX> 

The calculation of Rvx is described below: 

1. Calculate Tx = CEx using a call to mv-diag(): 

call mv,diag(n,kr,kr,loc,kr,len,n,kt,kt,loc,kt-len, & 
n,x,sigU,nvecs,ldx,x,n,x.Tx > 

2. Set Ty(1 : n,, 1 : nvecs) = 0. Calculate Ty = CZTx using a call to sym-Cxpy(): 

call sym,Cxpy(kind,mat,kind-covU, sparse, 6 
n,kr,kr,loc,kr,len, n,kt,kt-loc,kt-len, & 
n-x, kx, ks, ktab, 6 
qr-x, qr-y, qr-z, qm-x, qm-y, qm-2, qLx, q L y ,  6 
nvecs, n-x, Tx, n-x, Ty, 1 istat 

3. Set Tx(1 : n,, 1 : nvecs) = 0. Calculate Tx = CETy using a call to mv-diag(): 

call mv,diag(n-kr,kr,loc,kr~len,n,kt,kt~loc,kt-len~ & 
n,x,sigU,nvecs,n,x,Ty,n-x,Tx 1 

This result is added to the output array y: 

y (1 :n-x, 1 :nvecs> * y(1 :n,x, 1 :nvecs) + Tx(1 :n,x, 1 :nvecs> 

The calculation and application of Rc follows a similar scheme: 

1. Calculate Tx = Czx using a call to mv-diago: 

call mv,diag(n,kr,kr,loc,kr,len~n~kt,kt,loc,kt~len~ & 
n,x,sigC,nvecs,ldX,x,n-x,Tx > 

2. Set Ty(1 : n,, 1 : nvecs) = 0. Calculate Ty = C,OTx using a call to sym-Cxpy(): 

call sym,Cxpy(kind,mat,kind,covC, sparse, & 
n,kr,kr,loc,kr,len, n,kt,kt-loc,kt-len, & 
n-x, kx, ks, ktab, & 
qr-x, qr-y, qr-z, qm-x, qm-y, qm-2, qLx, ql-y, & 
nvecs, n-x, Tx, n-x, Ty, > istat 

3. Set Tx(1 : n,, 1 : nvecs) = 0. Calculate Tx = CzTy using a call to mv-diago: 

call mv-diag(n-kr,kr-loc,kr_len,n-kt,kt,loc,kt-len, & 
n,x,sigC,nvecs,n,x,Ty,n-x,Tx 1 

This result is added to the output array y: 

y( 1 :n,x, 1 :nvecs> = y(1 :n,x , 1 :nvecs> + Tx( 1 :n,x, 1 :nvecs> 
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The Forecast Error Covariance Operator. 
the factored-operator expansion Eqn. (7) using the internal procedure covFFxpy-0 : 

The operator H P f H T  is calculated using 

call covFFxpy,(ldx, x, IdCx, Cx) 

The product rhChChChrhTx is calculated as follows: 

1. Initialize the temporary array Tx ( 1 :nx , 1 : nvecs) to zero. Calculate Tx = rhTx by 
calling the routine aj Alf 0: 

call aj,Alf (n,kr,kr,loc,kr,len, n-kt ,kt-loc,kt,len, 6 
n,x,ktab,jtab, nvecs, l d x ,  x, n-x, Tx ) 

2. Calculate Ty = ChTx by calling the routine mv-diag(): 

call mv-diag(n,kr,kr-loc,kr-len, n-kt ,kt,loc,kt-len, 
n,x,sigF, nvecs, n-x, Tx, n-x, Ty 

3. Set Tx(1 : n,, 1 : nvecs) = 0. Calculate Tx = ChTy by calling the routine sym-Cxpy 0: 

call sym,Cxpy(kind,mat ,kind,covF, sparse, & 
n,kr,kr,loc,kr-len, n,kt,kt,loc,kt-len, & 
n-x, kx, ks, ktab, & 
qr-x, qr-y, qr-2, qm-x, qm-y, qm-z, ql-x, ql-y, & 
nvecs, n-x, Ty, n-x, Tx, istat 1 

4. Calculate Ty = ChTx by calling the routine mv-diago: 

call mv-diag(n,kr,kr,loc,kr-len, n,kt,kt-loc,kt-len, 
n,x,sigF, nvecs, n-x, Tx, n-x, Ty 

& 

5.  Set the work array Tx(1 : nx, 1 : nvecs) = 0. Calculate Tx = rhTy by calling the 
routine mvAlf () : 

call mv,Alf(n,kr,kr,loc,kr,len, n,kt,kt,loc,kt,len, 
n,x,ktab,jtab, nvecs, n-x, Ty, n-x, Tx 

The term rhChChChrhTx is returned Tx(1 :nx, 1 :nvecs), which is added to the result y 
stored in y (1 :nx , 1 :nvecs) : 

y(l:n,x,l:nvecs) = y(l:n-x,l:nvecs) + Tx(1:n-x,l:nvecs) 

The mass-decoupled forecast wind error covariance terms are calculated using a similar 
approach to that outlined for the mass-coupled forecast wind error covariances. These 
operators act only on the components of the windfields. The lengths of the segments of 
x that contain variables that are either upper-air or surface wind components are stored 
in a dynamically allocated array kt -1enW (1 : n_kt ,1: n_kr). The forecast error standard 
deviations u+ and ox are stored in the sigW(l:nx), which is also an allocatable array. 
The windfield segment indexing information is set in kt-lenW as follows: 
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kt,lenW(: , :) = 0 
kt,lenW(ktus, : = kt,len(ktus, : ) 
kt,lenW(ktvs, : = kt,len(ktvs, : 
kt,lenW(ktuu, : 1 = kt,len(ktuu, : ) 
kt,lenW(ktvv,:) = kt,len(ktvv,:) 

The error covariance operator term r'+E+C+E+I'+Tx is calculated for both the upper-air 
and surface winds as follows: 

1. Set Tx(1 : n i l  1 : nvecs) = 0. 

2. Initialize the wind error streamfunction standard deviation temporary array sigW( 1 : ni) = 0. 
Fill in the necessary elements of sigW with their respective values of d' obtained from 
the indirect matrix structure FEsigS-imat. This is implemented as a call to the rou- 
tine get ivec (1. 

call getivec(MXveclev,MXveclat,FEsigS-imat, & 

n-x, ktab, jtab, sigW 1 
n,kr,kr,loc,kr,len, n,kt,kt,loc,kt,lenU, & 

3. Calculate Tx = I"LTx by calling the adjoint routine ajBet 0: 

call aj,Bet(n,kr,kr,loc,kr,len, n,kt,kt,loc,kt,lenW, & 
) n,x,ktab,jtab, nvecs, ldx, x, n-x, Tx 

4. Calculate Ty = C+Tx by calling mv-diago: 

call mv,diag(n,kr,kr,loc,kr-len, n,kt,kt,loc,kt,lenW, & 
n-x,sigW, nvecs, n-x, Tx, n-x, Ty 1 

5. Set Tx(1 : n,, 1 : nvecs) = 0. Calculate Tx = C$Ty. This is accomplished by calling 
the routine symXxpy0: 

call sym,Cxpy(kind,mat,kind-covS, sparse, & 
n,kr,kr,loc,kr,len, n,kt,kt,loc,kt,lenW, & 
n-x, kx, ks, ktab, & 
qr-x, qr-y, qr-2, qm-x, qm-y, qm-2, qLx, ql - Y, ,k 
nvecs, n-x, Ty, n-x, Tx, istat 1 

6. Calculate Ty = C+Tx by calling the routine mv-diago: 

call mv-diag(n-kr,kr-loc,kr,len, n-kt,kt-loc,kt-lenW, 
n,x,sigW, nvecs, n-x, Tx, n-x, Ty 1 

7. Set the work array Tx(1 : nz, 1 : nvecs) = 0. Calculate Tx = r4Ty by calling the 
routine mvBet () : 

call mv-Bet (n,kr,kr-loc,kr,len, n-kt ,kt,loc,kt,lenW, & 
n-x,ktab, jtab, nvecs, n-x, Ty, n-x, Tx 1 

The term r%+C4C41'+Tx is stored in the array Tx( 1 :nx, 1 :nvecs) , which is added to  
the result y stored in y(l:nz,l:nvecs): 
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y(l:n,x,l:nvecs) = y(l:n,x,l:nvecs) + Tx(l:n,x,l:nvecs) 

The final error covariance operator term IYZXCXCXrXTx is calculated for both the upper- 
air and surface windfields as follows: 

1. Set Tx(1 : nx, 1 : nvecs) = 0. 

2. Initialize the wind error velocity potential standard deviation temporary array sigW(1 : nx) = 0. 
Fill in the necessary elements of sigW with their respective values of OX obtained from 
the indirect matrix structure FEsigV-imat. This is implemented as a call to the 
routine get ivec (1. 

call getivec(MXveclev,MXveclat,FEsigV,imat, & 

n-x, ktab, jtab, sigU 1 
n,kr,kr,loc,kr,len, n,kt,kt,loc,kt,lenW, & 

3. Calculate Tx = P T x  by calling the adjoint routine aj-Gam(): 

call aj,Gam(n,kr,kr,loc,kr,len, n-kt ,kt,loc ,kt,lenW, & 
n,x,ktab,jtab, nvecs, ldx, x, n-x, Tx 1 

4. Calculate Ty = CxTx by calling mv-diago: 

call mv,diag(n-kr,kr,loc,kr-len, n-kt,kt,loc,kt-lenW, & 
n,x,sigW, nvecs, n-x, Tx, n-x, Ty 1 

5. Set Tx(1 : n,, 1 : nvecs) = 0. Calculate Tx = CXTy. This is accomplished by calling 
the routine sym-Cxpy(): 

call sym-Cxpy(kind,mat, kind-covV, sparse, & 
n,kr,kr,loc,kr,len, n,kt,kt,loc,kt,lenW, & 
n-x, kx, ks, ktab, & 
qr-x, qr-y, qr-2, qm-x, qm-y, qm-z, ql-x, ql-y, 6 
nvecs, n-x, Ty, n-x, Tx, istat 1 

6. Calculate Ty = CXTx by calling the routine mv-diagO: 

call mv,diag(n,kr,kr,loc,kr,len, n-kt,kt,loc,kt,lenW, & 
n,x,sigW, nvecs, n-x, Tx, n-x, Ty 1 

7 .  Set the work array Tx(1 : nx, 1 : nvecs) = 0. Calculate Tx = rXTy by calling the 
routine mv-Gam(): 

call mv,Gam(n,kr,kr,loc,kr_len, n-kt ,kt,loc,kt,lenW, & 
n,x,ktab,jtab, nvecs, n-x, Ty, n-x, Tx 

The term rXCXCXCXrXTx is stored in the array Tx(l:nx,l:nvecs), which is added to 
the result y stored in y ( 1 : n x  , 1 : nvecs) : 

y (1 :n-x, 1 :nvecs) = y(l :n,x, 1 :nvecs) + Tx( 1 :n,x, 1 :nvecs) 

This completes the calculation and application of the Innovation operator. The final step 
is to deallocate the temporary arrays Tx , Ty, ktlenW, and sigW and return. 
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kindmat 
kind-cov 

n k r  
kr-loc 
k r l e n  
n k t  
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INTEGER IN Matrix Type 
INTEGER IN Covariance Type 
INTEGER IN Number of Regions 

INTEGER(nkr) IN Index of Region Start 
INTEGER (nlrr  IN Region Lengths 

INTEGER IN Number of Data Types 

Table 23: Summary of arguments to opMx0.  

Type/Dimensions Description 
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Figure 45: Calling tree for o p J x 0 .  
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9 Stage 111: Solution of the Analysis Equation 

9.1 Calculation of Analysis Increments - g e t A i n c 0  

The solution vector x to Eqn. (1) xvec is transformed to state space using Eqn. (2) to  
produce AI (wa - wf). This is accomplished by calling the routine getAinc0 ,  whose 
calling tree is illustrated in Figure 46. The interface to  getAinc0 is given below, and 
Table 24 is a summary of the routine’s arguments. 

subroutine getAinc( verbose, luverb, nbandmx, nnobs, 8 
iregbeg, ireglen,  i typlen,  & 
xvec, r l a t s ,  rlons, & 
r levs ,  s igF,  a 
iaidim, j aidim, a 
nlevai ,  plevai  , 6 
usa i ,  v sa i ,  s l p a i ,  & 
uuai, vvai ,  HHai, qqai, a 
ussigF, vssigF, s lpsigF,  a 
uusigF, vvsigF, HHsigF, qqsigF, 8 
want-slu, want-slv, want-slp, want-uwnd, & 
want-md, want-hght , want-mixr , % 
i err  1 

The AI are returned in the arrays usai (u,~), vsai  (v ,~) ,  s lpa i  (psi), uuai (u ) ,  vvai 
(v), H H a i  (h) ,  and qqai (q ) .  The input LOGICAL variables want-slu, wantslv,  want-slp, 
wantnund, want-vwnd, wanthght, and wantmixr determine the variables for which AI are 
calculated. These variables were initialized from the resource file by the routine i n i a i n c 0 .  
For example, if wantslu = .TRUE. then AI for (psi) are calculated. If wantslu = .FALSE. 
then AI for (p , l )  are not calculated. 

The rows and columns of the matrix P f H T  are defined as follows: 

e The columns of PfHT are defined in observation space using the xvec and the obser- 
vation attribute vectors. 

e The rows of PfHT are defined in state space in using multivariate forecast 
attribute vectors, which are defined below. 

Multivariate forecast attribute vectors. The calculation of AI by getAinc0  uses 
data from the analysis grid stored in two different types of attribute vectors: ‘G-vectors’ 
and ‘V-vectors’ both of which are vectors on the Quasi-Equal-Area (&EA) grid, but which 
store data in different order. The G-vectors are sorted to  facilitate the interpolation of 
data back to the analysis (lat-Ion) grid, i.e., data on levels are contiguous in memory. The 
V-vectors are sorted so that they can be proper arguments for the covariance matrices, i.e., 
data are sorted like x vectors. Specifically: 

0 G-vectors: These multivariate forecast attribute vectors are calculated in getAinc (1 
and are passed into and returned from the routines intp-sigF() and mvPHx0. These 
vectors are sorted in lexicographic order by variable, level, region, and profile (cp, A) 
(Figure 47). The ordering of the variables in the G-vector is defined by the following 
rules: 
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- All the multivariate fields are packed first. The order in which they appear is: 
upper-air heights h, upper air zonal wind u, upper air meridional wind v ,  and 
upper-air mixing ratio q. 

- Within each upper-air field, the data is organized as a series of nlevai levels, 
with their respective pressure values in descending order. 

- The surface fields appear in the following order: sea-level pressure p, [ ,  sea-level 
zonal wind us[, sea-level meridional wind v,1. 

0 V-vectors: These multivariate forecast attribute vectors are calculated from G- 
vectors in the routine mvPHx0, and passed to and returned from the routine op9f (>. 
These vectors are sorted in lexicographic order by region, variable, level, and profile 
(q, A) (Figure 48). 

The routine getAinc0 performs the following steps: 

1. Determination of the number mxkvG of segments in the G-vector: 

(a) Initialization: mxkvG = 0 
(b) If wanthght = .TRUE. then mxkvG = mxkvG + nlevai 
(c) If want-uwnd = .TRUE. then mxkvG = mxkvG + nlevai 
(d) If want-vwnd = .TRUE. then mxkvG = mxkvG + nlevai 
(e) If wantmixr = .TRUE. then mxkvG = mxkvG + nlevai 
(f) If want-slp = .TRUE. then mxkvG = mxkvG + 1 
(g) If wantslu = .TRUE. then mxkvG = mxkvG + 1 
(h) If want-slv = .TRUE. then mxkvG = mxkvG + 1 

2. Allocation of workspace variables: 

0 INTEGER krbegG(maxreg) : Region start index for QEA attribute vectors 
0 INTEGER krlenG(maxreg1: Region lengths for &EA attribute vectors 
0 INTEGER kpmapG(mxkvG): Vertical level index for QEA attribute vectors. 
0 INTEGER ktmapG(mxkvG): Datatype index for QEA attribute vectors. 
0 INTEGER invperm(mxG): Inverse of the region sorting permutation for QEA grid 

0 REAL xgrid(mxG): Cartesian coordinate x for QEA point on the unit sphere. 
0 REAL ygrid(mxG1: Cartesian coordinate y for QEA point on the unit sphere. 
0 REAL zgrid(mxG): Cartesian coordinate z for &EA point on the unit sphere. 
0 REAL rlatG(mxG): QEA grid latitude values. 
0 REAL rlonG(mxG): &EA grid longitude values. 
0 REAL rlevG(mxG1: QEA grid vertical level values. 
0 INTEGER ktbegG(ktmax ,maxreg) : Beginning points of region/datatype segments 

0 INTEGER ktlenG(ktmax ,maxreg) : Lengths of region/datatype segments in QEA 

0 REAL Gout(mxG,mxkvG): Analysis increment values on the &EA grid. 
0 REAL GsigF(mxG,mxkvG): Forecast error standard deviations bf on the &EA grid 

3. Memory mapping of datatype and level segments of the G-vector. Once the workspace 
is allocated, indices for pressure levels kpmapG( 1 :mxkvG) and data type ktmapG(1 :mxkvG) 
are initialized using the following rules: 

locations. 

in QEA grid attribute vectors. 

grid attribute vectors. 
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0 If segment nkvG corresponds to  a surface quantity, kpmapG(nkvG) = 0. If segment 
nkvG corresponds to  a n  upper-air variable, the level number kp E { 1, . . . , nlevai) 
is stored in kpmapG(nkvG) . 

0 The appropriate datatype flag from the list {ktHH,ktuu,ktvv,ktqq,ktslp,ktus,ktvs} 
is stored in ktmapG (nkvG) . 

4. The initialization of the QEA horizontal grid is performed by calling the routine 
gr idxx ( : 

call gridxx ( iaidim, jaidim, nG, % 
krbegG, krlenG, invperm, rlatG, rlonG, % 
xgrid, ygrid, zgrid, ier 1 

The regular analysis grid is idaidim latitudes by jdaidim longitudes, and nG is the 
number of QEA gridpoints (nG < idaidim* jaidim) is returned. The attributes 
for the horizontal QEA gridpoints are returned in vector form, sorted into regional 
segments as shown in Figure 6. The horizontal QEA grid attributes vectors returned 
by gridxxo are: 

0 Index of the beginning of each kr-segment of the QEA grid vector krbegG(1 :maxreg) 

0 Latitudes and longitudes of the QEA gridpoints: rlatG(1 :nG) , and rlonG(1 :nG) 
0 Cartesian coordinates of the QEA gridpoints on the unit sphere: xgrid(l:nG), 

5.  Interpolation of forecast error standard deviations. This is done for each level of 
each field as a loop over kv = 1,mxkvG. For each value of kv the following steps are 
performed: 

and its corresponding length krlenG( 1 :maxreg) 

ygrid(l:nG), and zgrid(1:nG) 

(a) the kt-indexing arrays are initialized: 
ktbegG(l:ktmapG(kv) ,l:maxreg) = 0 
kt1enG(l:ktmapG(kv)-l,l:maxreg) = 0 
ktlenG(l:ktmapC(kv),l:maxreg) = krlen(1:maxreg) 
ktbegG(ktmapG(kv)+l ,ktmax,l:maxreg) = 0 
ktlenG(ktmapG(kv) +1 ,ktmax , 1 :maxreg) = krlen( 1 : maxreg) 

(b) Pressure values rlevG for each of the nG points in this kv-slice are assigned. For 
upper-air variables, rlevG(1 :nG) = plevai (kpmapG(kv1). Surface quantities 
have rlevG(1:nG) = pres4slp (currently set to  1000 hPa). 

(c) The actual values of aj for this kv slice are calculated by interpolating input 
values of aj that are on the analysis grid and stored in the arrays slpsigF, 
ussigF, vssigF, HHsigF, uusigF, vvsigF, and qqsigF. This is implemented as 
a call to  the routine intpsigF0: 

call intp,sigF(iaidim,jaidim,nlevai,plevai, a 

maxreg, krbegG,krlenG,ktmax,ktbegG,ktlenG, % 
slpsigF,ussigF,vssigF,HHsigFauusigFyvvsigFyqqsigFa & 

nG, rlatG,rlonG, rlevG , GsigF( 1 , kv) 
The forecast error standard deviations for a given value of kv are returned in the 
array GsigF ( 1 : nG , kv) . 

6. The computation of the matrix PfH* and calculation P f H T x  is accomplished by 
calling mvPHx (1 : 

call mvPHx( nbandmx, maxreg, iregbeg, ireglen, ityplen, % 

maxreg, krbegG, krlenG, nG, rlatG, rlonG, & 
% 

mxG, mxkvG, Gout ) 

nnobs, rlats, rlons, rlevs, sigF, % 

nkvG, ktmapG, kpmapG, nlevai, plevai, 
mxG, GsigF, 1, nnobs, xvec, % 
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Figure 47: Organization of the QEA “G-vector” grid 

The array Gout(l:nkvG*nG) contains the output AI on the QEA grid. A complete 
discussion of mvPHx0 is presented in Section 9.2. 

7. The horizontal interpolation of the analysis increments from the QEA grid back to  the 
analysis grid is accomplished using bicubic spline interpolation. This is implemented 
as a call to  the subroutine Gea2110: 

call Gea211( nG, nkvC, ktmapG, kpmapG, 1, mxG, mxkvG, Gout, % 
ia idim,  ja idim,  n l e v a i ,  6 
HHai, uua i ,  vva i ,  qqa i ,  s l p a i ,  u s a i ,  v s a i  1 

The output analysis increments are in the arrays H H a i ,  uuai ,  vvai ,  qqai ,  s l p a i ,  
u s a i ,  and vsa i .  

8. Deallocation of dynamical workspace arrays. 

9.2 Software Implementation of P f H T  - mvPHx() 

The global matrix multiplication P f H T x  is implemented in the routine mvPHx0: 

subroutine mvPHx( nbandmx, n-krX, kr-locX, kr-lenX, kt-lenX, % 
n-X, rlatX, rlonX, rlevX, XsigF, % 
n-krG , kr-locG , kr-lenG, n-G , rlatG , rlonG , & 
nkvG , ktmapG , kpmapG , nlevG , plevG , l d n G s  , GsigF , % 
nvecs,  IdnX, Xvec, IdnG, IdnkvG, Gout 1 

This routinc takes various inputs organized as G-vectors on the QEA grid and observation 
vectors, calculates wa - wf = P f H T x ,  and returns the AI (wa - wf) as a G-vector. The 
input G-vector is organized in the lexicographic ordering illustrated in Figure 47 and the 
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Table 24: Arguments to the routine getAinc0. 
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input vector x is sorted in lexicographic order, as illustrated in Figure 5. Block structure 
is imposed in P f H T  by organizing its elements in re ion-region blocks, which requires the 
input G-vectors to  be transformed into V-vectors fSFigure 48). Once the forecast error 
standard deviations and additional attributes necessary to  calculate Pf H T x  are stored in 
V-vector form, the actual matrix-vector multiplication is done by calling opPf 0. The 
result from op9f  () is AI in V-vector form, which are transformed back to G-vector form, 
completing the calculation. 

The routine mvPHx0 performs the following steps: 

1. The argument checks listed below: 

(a) The number of innovations nJ( is less than or equal to IdnX, the leading dimension 

(b) The number elements in a QEA 2-d slice n-G is less than or equal to  IdnG, the 

(c) The number kt/level segments nkvG is less than or equal to IdnkvG, the second 

If any of these conditions are violated, a diagnostic message is written to  stderr,  and 
execution is terminated via a call to  psasexit 0 .  

of Xvec. 

first leading dimension of the output G-vector Gout. 

leading dimension of the output G-vector Gout. 

2. Allocation of temporary workspace variables listed below: 

0 kr-locV (n_krG) and kr-lenV(n_krG) : Region index and lengths for V-vectors. 
0 kt-locV(ktmax,nkrG) and kt-lenV(ktmax,nlcrG): Index and lengths for the 

0 kv-locV(nkvG,nkrG) and kt-lenV(nkvG,nlcrG): Index and lengths of kr/kv 

0 qrvn (n-v) , qrv-y (n-v), q r v z  (n-v), qmvi ( n N ,  qmv-y (n-v), qmvz (n-v), qlVdn-V), 

kr/kt blocks for V-vectors. 

segments. 

qIV-y(n-V): Cartesian components of 6,, t i ,  and 6,  organized as V-vectors. 
The quantity n-V is the total number of forecast values in the V-vector; n-V = 
n-G * nkvG. 

0 qrGi (n-G), qrG-y (n-G), qrGz (n-G), qFGx (n-G), >mG-y (n-G), qmGz (n-G), q1Gi (n-G), 
qlG-y(n-G): Cartesian components of e,, 61, and e, organized as G-vectors. 

0 ktabV(n-V) and jtabV(n-V): level and latitude indices for imat structures, or- 
ganized as V-vectors. 

0 jtabG(n-G) and vtabG(n-G): latitude index and interpolation weight for imat 
structures, organized as G-vectors. 

0 kt-locX(ktmax,n_krX): the kt-index array for the input vector Xvec. 
0 qrxn ( n x ) ,  qrx-y (nJ0, q r x z  ( n x ) ,  q d i  (nx) ,  >mX-y ( n x ) ,  qmxz ( n x ?  , q l x i  ( n x ) ,  

qlX-y(n3): Cartesian components of C,, 61, and e, at observation locations. 
0 jtabX(nX) and vtabX(n2): latitude index and interpolation weights for obser- 

vation locations. 
0 ktabX(nl) and wtabX(n2) : vertical level index and interpolation weights for 

observation locations 
0 VsigF(n-V) : Forecast error standard deviations in V-vector form. 
0 Vout (n-V ,nvecs) : V-vector output result P f H T x  returned from op4f 0. 

3. Calculation of the Cartesian components of the unit vectors t,, 61,  and 6, for the 
horizontal QEA grid points are calculated by calling the routine 112qveco: 
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4. Initialization of IMAT latitudinal index and weight arrays for the G-vector by calling 
the routine slintabo: 

call slintab(roundof f ,nveclat ,veclats ,n,G,rlatG , j tabG ,vtabG) 

The imat latitude index is returned in jtabG(1:n-G) and the corresponding linear 
interpolation weight in vtabG( 1 : n-G) . 

5 .  Initialize the memory mapping between the G-vector and V-vector representations of 
the forecast attribute vectors. This information is contained in the arrays krlocV, 
krlenV, kvlocV, kv-lenV, ktlocV, and ktlenV, which are set by a call to the 
routine indexGvec 0 : 

call indexGvec(n-krG, kr-locG, kr-lenG, nkvG, ktmapG, % 
n,krG, kr,locV , kr,lenV , ktmax , kt,locV , kt,lenV , & 
nkvG, kv,locV, kv,lenV 1 

6. Mapping of the G-vector attributes qrGlt, qrG-y, qrGz, qmGx, qmG-y, qmGz, qlGx, 
qlG-y, jtabG, and vtabG into their respective V-vector attributes qrV-y, qrVz, qmVx, 
qmV-y, qmVz, qlVlt, qlV-y, jtabv, and VsigF. This is done by the following block of 
code: 

do kr=l,n-krG 
lcG=kr,locG(kr) 
lnG=kr,lenG (kr) 
leC=lcG+lnG-1 

do kv=l,nkvG 
lc=kr,locV(kr)+kv,locV(kv ,kr) 
ln=kv,lenV(kv ,kr) 
le=lc+ln-1 

VsigF(1c: le)=GsigF(lcG: leG,kv) 

qrV - x(1c: le)=qrG-x(lcG:leG) 
qrV,y(lc: le)=qrG,y(lcG: leG) 
qrV,z (lc : le) =qrG,z( 1cG : leG) 
qmV,x(lc: le)=qmG,x(lcG:leG) 
qmV,y(lc:le)=qmG,y(lcG:leG) 
qmV,z (lc : le) =qmG,z (IcG : leG) 
qlV,x(lc: le)=qlG-x(lcG:leG) 
qlV,y(lc: le)=qlG,y(lcG: leG) 

jtabV(1c: le)=jtabG(lcG: leG) 

end do 
end do 

7. The vertical level imat indices and weights are determined by calls to the routine 
setpindxo. This is done one value of kv at a time. For upper-air fields, the local 
pressure level value is kpmapG(kv) , and the call takes this form: 

call setpindx ( 1 , plevG (kpmapG( kv) ) , ulev , nveclev , pveclev) 

For surface variables, the sea-level pressure value is taken to  be 1000 hPa, and 
setpindxo is called as follows: 

call setpindx(l,lOOO.,vlev,nveclev,pveclev) 

111 



DAO Ofice Note 1998-05 Version 1 Dated 12/06/1999 

In both cases, the nearest pressure value is returned in the REAL variable wlev. This 
value is converted to  the appropriate INTEGER index klev as follows: 

klev-min ( int (wlev) , nveclev- 1) 
wler=wlev-klev 
klev-klev + nint (wlev) 

and the appropriate values of klev are stored in the array ktabV. 

8. Calculation of the observation grid attributes qrX_x, qrX-y, qrXz, qmX+, qmX-y, 
qmXz, qlXx, qlX-y, jtabx, and ktabX. The Cartesian components of the unit vectors 
&, 61, and &,,, are calculated using a call to Illqvec(): 

call 112qvec(n,X,rlatX,rlonX,qrX,x,qr~,y,qr~~z, & 
1 qa-x 9 qa-y, qmx-z , qlX-x , qlX-y 

9. The observation IMAT latitude table indices jtabx are calculated by calling slintabo: 

call slintab (roundoff ,nveclat ,veclats ,n,X, rlatX, j tabX ,vtabX) 

10. The observation IMAT level table indices ktabX are calculated by calling slogtab(): 

call slogtab(roundof f ,nveclev ,pveclev ,n,X ,rlevX ,ktabX ,wtabX) 

11. The computation P f H T x  is performed in this forecast V-vector/Observation Vector 
representation by calling the routine op9f 0 :  

call op,Pf(nbandmx,kind,covF.or.kind,covS.or.kind,covV, & 
n,krG, kr,locV,kr,lenV, ktmax, kt,locV,kt,lenV, & 
n,V, ktabV , jtabv ,VsigF, & 
qrV,x , qrv-y , qrv-z , qmv-x ,qmV,y , qmV-2 , q1V-x , q1V-y & 
n,krX, kr,locX,kr,lenX, ktmax, kt,locX,kt,lmX, & 
n,X , ktabX , j tabX , XsigF , & 

, qrx-z, W - x  ,qmX,y, W-2, qlLx, qlx-y , 
1 

The AI in V-vector form is returned in Vout(1:n-V,l:nvecs). 

12. The V-vector AI Vout is then mapped to its G-vector representation Gout: 

do kml,n,krG 
lcG=kr,locG(kr) 
lnG=kr,lenG (kr) 
leG=lcG+lnG-1 

do kva1,nkvG 
lc=kr,locV(kr) +kv,locV(kv ,kr) 
ln=kv,lenV(kv,kr) 
le-lc+ln-1 

Gout (I&: leG,kv, 1 :nvecs) = Vout (lc: le, 1 :nvecs> 

end do 
end do 

13. The temporary arrays allocated in this routine are deallocated. 

The routine mvPHx() returns the AI in G-vector form as Gout(lcG:leG,kv,l:nvecs). 
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Table 25: Arguments to  the routine mvPHx0. 
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Figure 48: Organization of the "V-vector" grid 

9.2.1 V-vector Calculation of @ H T x  - op4f () 

The calculation of Pf H T x  in  the forecast V-vector/observation grid representation occurs 
in  subroutine op4f (): 

subroutine op,Pf(kind,mat,kind-cov, & 
n_kri,kri-loc,kri_len, n_kti,kti-loc,kti_len, & 
n,i,ktabi, jtabi,sigFi, & 
qri,x,qri,y ,qri-z ,qmi-x ,qmi,y ,qmi-z,qli-x,q~i-y 6 
n-krj , krj-loc , krj-len, n-kt j , kt j - l o c  ,ktj-leny & 
n-j ,ktabj , jtabj ,sigFj , 6 
qrj ,x , qrj -y ,qrj -z , qmj Tx , qmj -y , qmj -2, ql j -x q1j -Y 9 8 
nvecs, ldxj, XJ, IdCxj, Cxj 1 

The arguments to o p 4 f  () are summarized in Table 9.2.1 and its calling tree is illustrated 
in Figure 49. 

Execution begins with a check of the argument kind-cov to assure that it is one of the 
following: kindxovF, kind-covS, or kind-covF. If it is not one of these values, kind-cov 
does not correspond to  any kind of forecast error covariance operator, and opPf 0 writes 
an error message to  stderr and terminates via a call t o  psasexit 0. 

The result V-vector array Cxj is initialized: 

Cxj (1 :n,i , 1 :nvecs> = 0. 

The calculation of the matrix-vector product Cxj is performed by an internal procedure 
covFFxpy-: 
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call covFFxpy,(ldxj, xj , ldCxj , Cxj) 

The workspace used is dynamically allocated and includes: 

0 Tx(ldT,nvecs) and Ty(ldT,nvecs): intermediate result arrays. 

0 ktilenW(nkti ,nhri) and ktjlenW(n_htj ,nkrj 1: kt/kr block dimensions for 
the rows (V-vector) and columns (obs. vector). 

0 sigWi(1dT) and sigWj (IdT): Vectors used to  store forecast CJG and ox values. 

The INTEGER parameter 1dT is the maximum of ldxj and ldyi. 

The calculation of P f H T x  is similar to  the calculation of ( H P f H T  + R)x described in 
Section 8.3. 

The first step in covFF y-0 is to initialize Tx( 1 :n-j 1 :nvecs) to zero. The term rhChChChrhTx 
is calculated using the T ollowing steps: 

1. Initialize the temporary array Tx(l:nx,l:nvecs) to  zero. 

2. Calculate Tx = rhTx by calling the routine aj Alf 0: 

call aj-Alf (n-krj ,krj,loc,krj,len, n-ktj ,ktj,loc,ktj,len, R 
n-j,ktabj,jtabj, nvecs, ldxj, xj, IdT, Tx 1 

3. Calculate Ty = ChTx by calling mv-diag0: 

call mv,diag(n,krj ,krj,loc,krj,len,n,ktj ,ktj,loc,ktj,len, R 
n-j, sigFj, nvecs, IdT, Tx, IdT, Ty 1 

4. Set Tx(1 : n-i, 1 : nvecs) = 0. Calculate Tx = ChTy by calling the routine rec-CxpyO: 

call rec,Cxpy(kind,mat,kind,covF, sparse, R 
n,kri,kri,loc,kri,len, n,kti,kti,loc,kti,len, R 
n-i, ktabi , 6 
qri-x,qri,y,qri-z ,qmi,x,qmi,y,qmi,z ,qli,x,qli-y, R 
n-krj , krj Jot, kr j ,len, n-kt j , kt j ,loc , ktj -1en , 6 
n-j , ktabj, R 
qrj -x , qrj -y , qrj -2, qmj J, qmj -y , qmj -2 ,ql j -x, ql j -y , R 
nvecs, IdT, Ty, IdT, Tx, istat 1 

5.  Calculate Ty = ChTx by calling the routine mv-diago: 

call mv,diag(n,kri ,kri , loc,kri , len,n,kti ,kt i_loc,kti , len,  6 
n-i,sigFi, nvecs, ldT, Tx, IdT, Ty 1 

6. Set the work array Tx(1 : n-i, 1 : nvecs) = 0. Calculate Tx = rhTy by calling the 
routine mvAlf (1: 

call mv-Alf (n,kri,kri_loc,kri_len,n,kti,kti,kti-loc,kti-len, R 
n,i,ktabi,jtabi, nvecs, IdT, Ty, n-x, TX 1 
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The term rhChChChrhTx is stored in Tx( 1 :nit 1 :nvecs> , and added to the result y stored 
in yi (1 :ni ,1 :nvecs> : 

yi(1 :n,i, 1 :nvecs> = yi( 1 :n,i, 1 :nvecs> + Tx(1 :n,i, 1 :nvecs> 

The mass-decoupled forecast wind error covariance terms are calculated in a manner similar 
to the mass-coupled forecast wind error covariance terms. The lengths of the segments of 
x that contain variables that are either upper-air or surface wind components are stored in a 
dynamically allocated arrays ktilenW(l:nlrti, 1:nlri) and ktj_lenW(l:nlrtj, l:n-krj>. 
The forecast error standard deviations u+ and ux are stored in sigWi (1 :nil and si Wj (1 :n-j 1 
The windfield segment indexing information is set in ktlenWi and ktlenWj as fo f lows: 

kti,lenW( : , : 1x0 
kti,lenW(ktus , : )=kti,len(ktus, : > 
kti,lenW(ktvs, : )=kti,len(ktvs, : > 
kti,lenW(ktuu, : )=kti,len(ktuu, : 1 
kti,lenW(ktvv, :)=kti,len(ktvv, :> 

ktj,lenW(: ,:>SO 
kt j ,lenW( ktus , : > =kt j ,len (ktus , : > 
ktj,lenW(ktvs, : )=ktj,len(ktvs, : > 
ktj,lenW(ktuu, :)=ktj,len(ktuu,:> 
kt j,lenW(ktw, : )=kt j,len(ktvv, : > 

The vector r'k%'hC$I'+Tx is calculated for both the upper-air and surface analyses as 
follows: 

1. Initialize the wind error streamfunction standard deviation temporary arrays sigWi( 1 : n-i) = 0 
and sigWj(1 :n-j) = 0. 

2. Fill in the necessary elements of sigWi and sigWj with their respective values of a* 
obtained from the IMAT structure FEsigSimat. This is implemented as a pair of 
calls to the routine getiveco. 

call getivec(MXveclev,MXveclat,FEsigS-imat, & 

n-i, ktabi, jtabi, sigWi > 
call getivoc(MXveclev,MXveclat,FEsigS,i~t, & 

n-j, ktabj, jtabj, sigUj > .  

n,~ri,kri,loc,kri,len,n,kti,kti-loc,kti-lenW, k 

n-krj ,krj,loc,krj,len,n,ktj ,ktj,loc,ktj,lenW, b 

3. Set Tx(1 : n-j, 1 : nvecs) = 0. 

4. Calculate Tx = J?x by calling the routine aj B e t o :  

call aj,Bet (n-krj , krj-loc, krj,len,n-ktj , ktj-loc, ktj ,led, b 
n,j , ktab j , j tabj ,nvecs ,ldxj ,xj ,ldT,Tx 1 

5. Calculate Ty = C+Tx by calling mv-diago: 

call mv-diagcn-krj , krj-loc, krj,len,n,ktj ,kt j-loc, ktj,lenW , b 
n, j , sigW j ,nvecs , 1dT ,Tx , 1dT ,Ty 1 
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6. Set Tx(1 : ni, 1 : nvecs) = 0. Calculate Tx = CqTy. This is accomplished by calling 
the rectangular operator routine rec-Cxpy() : 

call rec,Cxpy(kind,mat,kind-covF, sparse, & 
n,kri,kri,loc,kri_len, n-kti,kti-loc,kti-len, & 
n-i , ktabi, & 

qri,x,qri,y ,qri,z,qmi,x,qmi,y,qmi,z,qli-x,qli,y , 
n-krj ,krj,loc,krj,len, n-ktj ,ktj,loc,ktj,len, 
n-j, ktabj, 

- qrj-x,qrj,y,qrj,z,qmj,x,qmj,y,qmj,z,qlj,x,qlj-y, 
nvecs, ldT, Ty, ldT, Tx, istat 

7. Calculate Ty = C4Tx by calling the routine mv-diago: 

call mv-diagh-kri ,kri_loc,kri_len,n_kti ,kti,loc ,kti,lenW, & 
n,i,sigWi,nvecs,ldT,Tx,ldT,Ty 

8. Set the work array Tx(1 : n-i, 1 : nvecs) = 0. Calculate Tx = r4Ty by calling the 
routine mvBet 0: 

call mv,Bet (n-kri , kri-loc , kri-1 en ,n,kt i , kt i-loc , kt i-1 enW , & 
n,i,ktabi,jtabi,nvecs,ldT,Ty,ldT,Tx 1 

The term r$C4ChC41'~Tx  is stored in Tx(1 :n-i, 1 :nvecs) , and added to the result y 
stored in y (1 :ni ,1 :nvecs) : 

y(l:n,i,l:nvecs) = y(l:n,i,l:nvecs) + Tx(l:n,i,l:nvecs) 

The final error covariance operator term rXCXCXCXrXTx is calculated for both the upper- 
air and surface analyses as follows: 

1. Initialize the wind error streamfunction standard deviation temporary arrays sigWi( 1 : n-i) = 0 
and sigWj(1 :n-j) = 0. 

2. Fill in the necessary elements of sigWi and sigwj with their respective values of ax 
obtained from the IMAT structure FEsigSimat. This is implemented as a pair of 
calls to the routine getiveco. 

call getivec(MXveclev,MXveclat,FEsigV-imat, & 

call getivec(MXveclev,MXveclat,FEsigV,imat, & 

n,kri,kri,loc,kri,len,n,kti,kti,kti-locskti-lenW, & 
n-i, ktabi, jtabi, sigWi 

n-krj , krj ,loc , krj ,len,n-kt j , kt j-loc , kt j ,lenW, & 
n-j, ktabj, jtabj ,sigWj 

3. Set Tx(1 : n-j, 1 : nvecs) = 0. 

4. Calculate Tx = rxTx  by calling the adjoint routine aj -Gam() : 

call aj-Gam(n,krj , krj-loc , krj,len,n,ktj , kt j-loc, kt j ,lenW, 6 
n, j , kt ab j , j t ab j , nvecs , ldx j , x j , 1dT , Tx 1 .  

5 .  Calculate Ty = CxTx by calling rnv-diago 
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MDcon 
fDDcon 

Figure 49: Calling tree for op4f 0. 

call mv-diaghkrj ,krj-loc,krj-len,n,ktj ,ktj,loc,ktj,lenW, 6 
n,j , sigWj ,nvecs ,ldT ,Tx , 1dT ,Ty 1 .  

6. Set Tx(1 : ni, 1 : nvecs) = 0. Calculate Tx = CXTy. This is accomplished by calling 
the rectangular operator routine rec-Cxpy(): 

call rec-Cxpy(kind-mat,kind,covV,sparse, a! 
n,kri,kri,loc,kri-len,n~kti,kti-loc,kti-lenW, & 

6 
qli-x , qli-y ,n-krj , krj -1oc , krj ,len ,n-ktj , kt j Jot, 6 

6 
6 

n-i , ktabi , qri-x , qri-y , qri-z , qmi-x , qmi-y , qmi-2, 

kt j ,lenW ,n-j ,ktabj ,qrj-x ,qrj,y,qrj-z , 
qmj -x , qmj -y , qmj -2 ,qlj -x , ql j -y , 
nvecs,ldT,Ty,ldT,Tx,istat 1 

7 .  Calculate Ty = CxTx by calling the routine mv-diag(): 

call mv-diag(n-kri,kri-loc,kri-len,n-kti,kti_loc,kti-lenW , 6 
n,i,sigWi,nvecs,ldT,Tx,ldT,Ty 1 -  

8. Set the work array Tx(1 : n-i, 1 : nvecs) = 0. Calculate Tx = P T y  by calling the 
routine mv-Gam(): 

call mv-Gam (n-kri , kri-loc , kri-1 en ,n,kt i , kt i-loc , kt i-lenW , & 
n,i,ktabi,jtabi,nvecs,ldT,Ty,ldT,Tx 1 

The term rXCXCXCXrXTx is stored in Tx(1:n-i,l:nvecs), and added to the result, y 
st,ored in y(l:n-i,l:nvecs): 

y ( 1 : n- i , 1 : nvecs ) = y ( 1 : n- i , 1 : nvecs ) + Tx ( 1 : n- i , 1 : nvecs . 

This completes the calculation of Pf HTx. The temporary arrays Tx, Ty, ktilenw, ktjlenW, 
sigWi, and sigWj are deallocated, and covFFxpy- returns the result y(  1 :n-i, 1 :nvecs) t o  
op9fo. l n  op9f0, the result P f H T x  is returned via the interface of covFFxpy- to  the 
space Cxj (1:ldCxj ,l:nvecs). and op9f () returns. 
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Table 26: Summary of arguments to o p 9 f  0. 
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10 Stage 111: Software Implementation the “Lower-Level” 
Operators in PSAS 

10.1 Mass-coupled Height/Wind Forecast Error Covariances rh 
The multivariate height/wind error covariance models used in the PSAS are described in 
[Guo et al., 19981 Sec. 4. 

The multivariate operator rh and its transpose rhT are implemented in the routines mv-alf (1 
and a j -alf ( 1, respectively. 

subroutine mv,Alf( n,kr,kr,loc,kr,len, 
n,kt,kt,loc,kt,len, 

nsize, ktab, jtab, 
nvecs, IdH, Hvec, 

ldx, Xvec 

An analytic description of the input vector Hvec and output vector Xvec appears in [Staff, 19961 
Sec. 5.2.7.2.2.1, cf. [Guo et al., 19981 Sec. 4. 

The routine mvAlf 0 performs the following steps: 

1. Checks that input data satisfies: 

(a) nsize > 1dH and nsize > IdX. 
(b) Surface wind variable blocks of unequal length, Le., kt-len(ktus ,kr) # kt-len(ktvs ,kr) 

(c) Upper-air wind variable blocks of unequal length, Le., kt-len(ktuu,kr) # ktlen(ktvv,kr) 
for any region index kr. 

for any region index kr. 

The routine mvAlf () exits if any of these conditions are violated. 

2. Allocation of local workspace variables: 

(a) The tunable aumk and a,lk are stored in the array a-u(l:nsize) and the c e  
efficients avmk and avlk are stored in the array a-v(l:nsize). The parameters 
a,,k, a,lk, a,mk, and awlk are defined analytically in [Guo et al., 19981 Sec. 4. 

(b) An integer array listiow(1 :n_kt*n_kr) contains indices of the starting points 
of distinct segments of the input array Hvec. 

3. The index structure listiow is filled in by looping over each kr/kt combination, 
counting the number of distinct kr/kt segments nrou, and filling the entry listiow(1 :nrow) 
with the index of the first element in the segment. As this index is constructed, the 
pairs of (ti, u )  segments are tested for proper alignment. The routine mvAlf 0 exits 
if alignment problems are detected. 

4. The calculation Xvec = l+Hvec is performed in the loop described below over the 
index ir E (1 ,. . .mow}: 
(a) For each value of ir, the value of kr and kt are determined for this kr/kt 

segment: 
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irow = list,row(ir) 
kr = (irow - 1) / n-kt t 1 
kt = mod(irow - 1, n-kt) + 1. 

(b) For non-wind values of kt, rh is the identity operator. The following steps are 

i. The beginning and end indices for this segment, IC and le, respectively, are 
taken to  calculate rhHvec for these kr/kt segments: 

determined: 
IC * kr,loc(kr) + kt,loc(kt,kr) 
le = IC + kt,len(kt,kr) - 1. 

Xvec(lc:le,l:nvecs) = Hvec(lc:le,l:nvecs). 
ii. The identity operator is applied to  this segment of each input vector in Hvec: 

(c) For wind values of kt, the calculation of rhHvec for the kr/kt segment proceeds 

i. The input storage map is defined by the indices IC-u and le-u for u and 
as follows: 

IC-v and le-v for v: 
IC-u = kr,loc(kr) + kt-loc(kt-u,kr) 
le-u = IC-u + kt,len(kt,u,kr) - 1 
IC-v = kr,loc(kr) + kt,loc(kt,v,kr) 
le-v = IC-v + kt,len(kt,v,kr) - 1. 

ii. The mapping indices 1c-u, lex, 1c-v, and IC-v are also used to  define 
indices to the IMAT tables Aum-imat, Avmimat, Aul-imat, and Avl-imat: 

lc-m = IC-u 
le-m = le-u 
IC-1 = IC-v 
le-1 = le-v. 

iii. The values of sum, a,,, O,Z, and  CY,^ are assigned from the IMAT tables 
Aumimat, Avmimat, Aulimat, and Avl-imat respectively: 

a,u(lc,m:le,m) = 
a,v(lc,rn:le,m) = 
a-u(1c-1:le-1) = 
a-v(1c-1:le-1) = 

(/ (Aum,imat(ktab(i), jtab(i>), i=lc,u,le,u) 
(/ (Avm,imat(ktab(i), jtab(i)), i=lc,v,le,v) 
(/ (Aul-imat (ktab(i) , jtab(i)), i=lc_u,le-u) 
(/ (Avl-imat(ktab(i), jtab(i)), i=lc,v,le-v) 

iv. Finally, the matrix-vector multiplication is applied to the input vector seg- 
ment Hvec in the following loop: 

.do ivec=l ,nvecs 
Xvec(lc-u:le-u, ivec) = % 
a,u(lc,m:le,m) * Hvec(lc,m:le,m, ivec) + % 
a-u(1c-1:le-1) * Hvec(lc,l:le,l, ivec) 

Xvec(lc,v:le,v, ivec) = 
a,v(lc,m:le,m) * Hvec(lc,m:le,m, ivec) + 
a-v(1c-1:le-1) * Hvec(lc,l:le-l, ivec) 

end do. 

% 
6 

The Transpose rhT: The transpose rhT is implemented in the routine aj41f: 

subroutine aj-Alf( n-kr, kr-loc, kr-len, 
n-kt, kt-loc, kt-len, 

nsize, ktab, jtab, 
nvecs, IdX, Xvec, 

IdH, Hvec 

% 
6 
% 
% 
1. 
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Table 27: Summary of arguments to mvAlf 0. 

Description 

The arguments for aj Alf  are as in Table 27, with the exception that intents of Xvec and 
Hvec are now IN and OUT, respectively. The only substantial difference between this routine 
and mvAlf is the matrix-vector multiplication. In aj Alf, the matrix-vector multiplication 
is implemented using the following loop: 

do ivec=l,nvecs 
Hvec(lc,m:le,m, ivec) = 
a,u(lc,m:le,m) * Xvec(1c-u 
a,v(lc,m:le,m) * Xvec(1c-v 
a-u(lc-1: le-1) * Xvec(1c-u 
a-v(lc-1: le-1) * Xvec(1c-v 

Hvec(1c-1: le-1 , ivec) = 

& 
le-u, ivec) + & 
le-v, ivec) 

le-u, ivec) + & 
le-v, ivec) 

& 

end do. 

10.2 Mass-decoupled Height/Wind Error Covariances I'4, and I? 

The mass-decoupled height/wind error covariance models used in the PSAS are described 
in [Guo et al., 19981 Sec. 4. 

The global operator I-'+ is implemented in the routine mvEet: 

subroutine mv,Bet( n,kr,kr,loc,kr,len, 
n,kt,kt,loc,kt,len, 
nsize, ktab, jtab, 
nvecs, ldH, Hvec, 
ldx,  Xvec 

a 
% 
& 
& 

1. 
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The argument list for mvBet0 is identical t o  that for mvAlf (1 - see Table 27. The 
indexing procedure using a temporary array irow(1 :nsize) identical to that for mvAlf 0, 
resulting in an index table with mow nonzero entries. 

This operator is applied by looping over the segments of Hvec referenced by the array 
irou(1 :nrow) , and acts only segments for which kt indicates a wind datatype. 

For each wind segment, the operator 

is defined symbolically in [Guo et al., 19981 is applied to  the input vector Hvec. Given 
region kr, this is done for each (u,  v) by first calculating input storage map indices 1c-u 
and l e a  for u and IC-v and le-v for v: 

lc-u = kr,loc(kr) + kt,loc(kt,u,kr) 
le-u = IC-u + kt,len(kt,u,kr) - 1 
lc-v = kr,loc(kr) + kt,loc(kt,v,kr) 
le-v = IC-v + kt,len(kt-v,kr) - 1. 

Output storage map indices to  Xvec are then calculated: 

lc-m = IC-u 
le-m = le-u 
IC-1 = IC-v 
le-1 = le-v. 

Finally, the matrix-vector multiplication is applied for each u and v segment in this region: 

Xvec(lc,u:le,u, 1:nvecs) = -Hvec(lc,m:le,m, 1:nvecs) 
Xvec(lc,v:le,v, 1:nvecs) = Hvec(lc-l:le-l, 1:nvecs). 

T 
The implementation of the transpose operator r4 is the routine ajBet(): 

subroutine aj-Bet( n-kr, kr-loc, kr-len, 
n-kt, kt-loc, kt-len, 
nsize, ktab, jtab, 
nvecs, ldx, Xvec, 
IdH, Hvec 

6 
6 
& 
6 

1. 

The arguments to this routine are summarized in Table 27 with the single difference that 
the argument Xvec has  intent IN and Hvec h a s  intent OUT. 

This routine is also similar to mvBet. The indexing scheme used above is employed, and the 
I'i acts only on kt-segments corresponding to  wind variables. The matrix-vector multiply 
is implemented using: 

T 

Hvec ( lc-m : 1 e-m , 1 : nvecs ) = -Xvec ( 1 c-u : 1 e-u , 1 : nvecs 
Hvec(lc,l:le-l, 1:nvecs) = Xvec(lc,v:le,v, 1:nvecs). 
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The global operator rx is implemented in the routine mv-Gam: 

subroutine mv,Gam( n,kr,kr,loc,kr,len, 
n,kt,kt,loc,kt,len, 
nsize, ktab, jtab, 
nvecs, IdH, Hvec, 
ldx,  Xvec 

& 
& 
& 
& 

1. 

The argument list for mv-Gam() is identical to that for m v M f  0 - see Table 27. The 
indexing procedure using a temporary array irow( 1:nsize) identical t o  that for mv-Gam(), 
resulting in an index table with nrow nonzero entries. 

The matrix-vector multiplication is applied by looping over the segments of Hvec referenced 
by the array irow(1 :mow), and acts only segments for which kt indicates a wind datatype. 

For each wind segment, the operator 

is defined symbolically in Guo et al., 19981 Sec. 4. is applied to the input vector Hvec. This 
is accomplished for each 1 U , V )  pair in a given region kr by first calculating input storage 
map indices 1c-u and l e x  for u and IC-v and le-v for v: 

IC-u = kr,loc(kr) + kt,loc(kt,u,kr) 
le-u = IC-u + kt,len(kt,u,kr) - 1 
IC-v = kr,loc(kr) + kt,loc(kt,v,kr) 
le-v = IC-v + kt,len(kt-v,kr) - 1. 

Output storage map indices to  Xvec are then calculated: 

lc-m = IC-u 
le-m = le-u 
IC-1 = IC-v 
le-1 = le-v. 

Finally, the matrix-vector multiplication is applied for each u and segment in this region: 

Xvec(lc,u:le,u, 1:nvecs) = Hvec(lc,l:le,l, 1:nvecs) 
Xvec(1c-v:le,v, 1:nvecs) = Hvec(lc-m:le,m, 1:nvecs). 

The transpose operator r X T  is implemented in the routine aj-Gam(): 

subroutine aj-Gam( n-kr, kr-loc, kr-len, 
n-kt, kt-loc, kt-len, 
nsize, ktab, jtab, 
nvecs, ldx,  Xvec, 
IdH, Hvec 
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INTEGER IN Number of vectors x 
INTEGER IN Number of elements in each input vector x 

REAL ( l d x  , nvecs) IN Set of input vectors x 
INTEGER IN Number of elements in each output vector y 

REAL (ldy , nvecs) OUT Set of output vectors y 

Table 28: Summary of arguments to mvdiag0 .  

Type/Dimensions Description 

and the description of its arguments is presented in Table 29. 

The routine sym-Cxpy() performs the following steps: 

1. 

2. 

Checks if input data satisfies the following conditions: 

(a) The leading dimension of the input vector 1-dx 5 n x .  
(b) The leading dimension of the output vector 1-dy 5 n x .  
(c) The matrix type flag kindmat E {kind-lmat, kind2mat, kind3mat, kind-rlmat, kinddmat}. 

The error flag returns with value i s t a t  = -1 if any of these conditions are violated. 

Allocation of workspace. For computational reasons, the matrices in Eqn. (1) are never 
explicitly formed in the software. Instead, the vector x is partitioned into segments 
(subvectors), and only those matrix elements needed to  act on these segments are 
considered. 
The following are used as workspace arrays: 

(a) The initial indices of the kr/kt  mesh elements l i s t iou(n lr t*n lrr )  and a status 
flag array list-err(n_kt*nlrr). Both are INTEGER arrays. 

(b) REAL temporary arrays Cxi(nxc,nvecs) and Cxj (nx ,nvecs) .  These arrays hold 
the matrix-vector product results; there are two of them to avoid memory con- 
tention on shared-memory parallel platforms. 

Diagonal Band: We define a nonzero matrix block by the conditions: 

0 The number of rows of the block kt-len(kt, kr) > 0. 

0 The logical function sparse (kindmat, kind-cov kr k t  , k r  kt)  is false. 
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region 
krl'1 2 3 

1 

2 

3 

maxreg-2 
maxreg-1 

rnaxreg 

\band 0 
(diagonal) 

Figure 50: Band structure of matrix operators in PSAS. 

The list of nonzero kr/kt blocks is constructed for the diagonal band by looping over the 
index mrow = n_kr * nit. For each nonzero block, the total number of blocks nrow is 
incremented, and the current row location irow is stored in listrow(nrow). 

The set of error flags in the array list-err is set to  zero: 

list,err(l:nrow) = 0 . 

The application of the diagonal band of t h e  symmetric operator is a loop over the irow = 1, 
nrow blocks indexed by listrow. For each value of irow, the local values of the region 
index kr and datatype index kt are calculated: 

kr= (irow-l)/n-kt + 1 
kt = mod(irow-l,n,kt) + 1 . 

Next, the starting index IC and ending index le are calculated for th i s  block: 

lc=kr-loc(kr) + kt,loc(kt ,kr) 
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Figure 51: Control flow for sym-CxpyO. 

h = k t  -1en (kt , kr) 
le=lc+ln-1 . 

The actual calculation of this block of the operator and its application to  x(1c : le, 1 :nvecs> 
is a call t o  the routine CprodlO described in Section 10.4.1 below: 

6 
6 

6 
6 
6 
6 
1. 

The result of the matrix-vector multiplication is returned in the vector Cxi(1c :le, 1 :nvecs> , 
and the status flag ier for this block is stored in list-err(irow). If ier = 0, then 
CprodlO returned successfully, and the partial product Cxi (IC :le, 1 :nvecs> is added 
to  the output vector y: 

y(lc:le,l:nvecs) = Cxi(lc:le,i:nvecs) + y(lc:le,l:nvecs). 

The type of operation requested is checked before proceeding to  the routine described below 
that computes the off-diagonal bands of the operator. If the operator requested is the uncor- 
related part of the observation error covariance matrix (&), then (kindmat = kind-Umat), 
to  indicate that there are no horizontal error correlations. In this casc only the diagonal 
kr/kt band is computed. and Cprodl() returns. 

Off-diagonal Bands: 
jband = 1 ,mband-1, where mband is the number of bands in the operator. 

The action of the off-diagonal bands is a loop over the index 

Thcre arc two loops internal to  this loop over j. The first internal loop over irow = 1, mrow 
indcxcs thc so-callcd nonzero blocks. The number of nonzero block is sct to  nrow in this  
loop. The second internal loop over ir = 1, nrow calls the routine Cprodx t o  carry out the 
covariance matrix-vcctor multiplication for each of the nonzero blocks located in the first 
internal loop. 

If the operator is the correlated part of thr  observation error covariance matrix (R:),  then 
kindmat = kindmat, to indicatc that thc error correlation model is currently univarlate 
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and the number of nonzero bands is mband = nkt. For kindnat # kindRmat, the 
number of nonzero bands is set to mband = nkr * nlt. 
For each band, the maximum number of row segments mrow is set, and the nonzero operator 
block counter nrow is initialized: 

mrow = n,kt*n,kr - jband 
nrow = 0. 

The action of off-diagonal bands is implemented in Steps I and I1 below. 

I. Indexing of nonzero bands: 

The list of nonzero kr/kt blocks is constructed for this band is accomplished by looping 
over the index irow = 1 ,miow. The local column index jcol is defined and the dimensions 
of each block are calculated: 

jcol = irow + jband. 

Row indices/dimensions: 

kr-i = (irow-l)/n,kt + 1 
kt-i = mod(irow-l,n,kt) + 1 
I n 3  = kt,len(kt,i,kr,i). 

Column indices/dimensions: 

kr-j = (jcol-l)/n-kt + 1 
kt-j = mod(jco1-l,n,kt) + 1 
In-j = kt,len(kt,j ,kr-j). 

The criteria for a nonzero block are: 

0 The number of rows in the block In- i  > 0. 

0 The number of columns in the block In-j > 0. 

0 The logical function sparse(kindrmat ,kind-cov,kr-i ,kt-i ,kr-j ,kt-j ) is false. 

For each nonzero block, the total number of blocks nrow is incremented, and the current 
row location irow is stored in listrow(nrow). 

At the end of the sweep through this band, the value of nrow is checked. If 
nrow = 0, there are no nonzero operator blocks in this band, and the calculation jumps to  
the next band. If there exist nonzero blocks in this band, then the status vector list-err 
and partial product arrays Cxi and Cxj are initialized: 

list,err(i:nrow) = 0 
Cxi(1:nrow) = 0.0 
Cxj(1:nrow) = 0.0 . 
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11. Covariance matrix-vector multiplication of nonzero blocks - Cprodx: 

The application of the off-diagonal blocks of the operator for this band are a loop over 
the index ir = 1,nrow. For each nonzero block in the band, indices of its location are 
calculated: 

irow - list,row(ir) 
jcol = irow + jband. 

For each nonzero block, the region and datatype row indices kr-i and kt-i are calculated, 
along with row pointer lc-i and block row dimension In-i: 

kr-i = (irow-l)/n,kt + 1 
kt-i = mod(irow-l,n,kt) + 1 
lc-i = kr-loc(kr-i) + kt,loc(kt,i,kr,i) 
ln-i = kt,len(kt,i ,krA . 

Region and datatype column indices kr-j and kt-j are calculated, along with column pointer 
IC-j and block column dimension ln-j: 

kr-j = (jcol-l)/n,kt + 1 
kt-j = mod(jco1-1,n-kt) + 1 
IC-j = kr,loc(kr,j) + kt,loc(kt,j ,kr-j) 
In-j = kt,lan(kt,j ,kr-j). 

Once the location and dimensions of this operator block are determined, the operator is 
calculated and applied using the routine CprodxO described in Section 10.4.2 below: 

The value of the error flag ier is stored in Iist-err(ir). Once the loop over the blocks in 
this band is complete, the status array list-err( 1 :mow) is scanned for nonzero elements. 
If any are found, sym-Cxpy() returns with a nonzero value of its status flag istat. 

If the application of the operator blocks were all successful for this band, then the output 
vector y is updated with the results stored in Cxi and Cxj: 

y( 1 :n-x,i :nvecs) = y(1 :n-x, 1 :nvecs) + cxi (1 :n-x, 1 :nvecs> 
+ cxj(i:n,x,l:nvecs). 
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Once the calculation is completed for all the bands requested, the local arrays l i s t r o w ,  
list-err, Cxi, and Cxj are deallocated, and sym-Cxpy() returns. 

10.4.1 The Diagonal Block Operator CprodlO 

The calculation and application of the individual blocks in the diagonal band of symmetric 
operators is implemented in the routine Cprodl 0: 

subroutine Cprodl(kind,cov, % 
k r , k t ,  In, kx, ks,ktab,  8 
qr-x~q~-y,qr-~,qm,x,qm~y,qm,z,ql,x,ql,y, & 
nvecs, IdX, x ,  IdCx, Cx, ierr  1. 

The arguments to CprodlO are described in Table 31. 

The following conditions are tested in the initial step in Cprodl(1: 

0 The input vector leading dimension 1dX 2 In. 

0 The output vector leading dimension ldCx 2 In. 
0 The requested covariance type kind-cov is one of the following: kind-covF, kind-covS, 

kind-covV, kind-cov0, kindxovU. 

If any of above conditions is violated, CprodlO returns with i e r r  = -1. If nvecs = 0 or 
In = 0, no action is necessary and CprodlO returns with i e r r  = 0. 

The operator blocks for the diagonal band are symmetric, and thus the In * In block is 
represented in upper triangular form in a dynamically allocated array Corr(ln* ( ln+l )  /2). 
The elements of the operator are calculated by a call to  the appropriate error correlation 
module. This decision is made based on the value of t h e  variable kind-cov. The routines 
called are shown in Table 30. 

Each of these functions returns: 

0 The type of correlation block in the CHARACTER variable Mtyp: ’U’ or ’u’ for upper 

0 The packed operator block Corr (In* (In+ 1) /2). 

triangular, ’1’ or ’i’ for the identity, or ’E’ if an error occurred. 

If Mtyp has value 1’ or i ’, then each output vector in Cx is assigned the respective input 
values from x: 

Cx (1 : In, 1 :nvecs) =x (1 : In, 1 : nvecs) . 
If Mtyp has value ’U’ or ’u’, then the each of the vectors in the output structure Cx is 
calculated using a call to the BLAS function SSPMV: 

do ivec=l,nvecs 

end do. 
cal l  SSPMV( ’U ’ , In, 1. , Corr ,x ( l  , ivec)  , 1 , 0.  ,Cx( 1 , ivec) , 1) 

The temporary structure Corr is deallocated and CprodIO returns. 
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Routine Called 

Table 29: Summary of arguments to sym-CxpyO. 

k ind-covF 
kind-covS 
kind-covV 
kind-covC 
kind-covU 

Variable Type/Dimensions Intent I i  - T  I 

diagcorF (1 Forecast h, Mass-coupled (u, v), q 
diagcorF0 Forecast Mass-decoupled Wind (+) 
diagcorF 0 Forecast Mass-decoupled Wind (x) 
diagcorO (1 Horizontally Correlated Obs. 
diancorU0 Horizontallv Uncorrelated Obs. 

Description 

Table 30: Error Correlation Calculation Calls from Cprodl 0 . 

Error Types 
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Table 31: Summary of arguments to Cprodl 0. 

133 



DAO Ofice Note 1998-05 Version 1 Dated 12/06/1999 

10.4.2 The Off-diagonal Block Operator Cprodx( 1 

The calculation and application of the individual blocks in the off-diagonal bands of sym- 
metric operators is implemented in the routine CprodxO : 

subroutine Cprodx(kind,cov, & 

qri,x,qri,y,qri,z, & 
qmi-x , qmi-y , qmi-z , 
qli,x,qli,y, 6 

kri,kti,leni,kxi,ktabi, & 

8t 

6 
% 
& 

nvecs,ldXi,xi,ldCxi,Cxi, & 

krj ,ktj ,lenj ,kxj ,ktabj, 
qr j -x , qr j -y , qrj -2, 
qm j -x , qmj -y , qmj ,z , 
qlj-x,qlJ-Y , & 

ldXj ,xj ,ldCxj ,Cxj, & 
ierr 1. 

The arguments to CprodxO are described in Table 33. 

The following conditions on input data are tested in the initial step in CprodxO: 

0 Input vector i-segment length ldXi 2 leni. 
0 Output vector j-segment length ldCxj 2 leni. 
0 Input vector j-segment length ldXj 2 lenj. 
0 Output vector i-segment length ldCxi 2 lenj. 
0 The type of error correlation block requested corresponding to  the variable kind-cov 

is one of the following: kind-covF, kind-covS, kind-covV, or kind-covC. 

If any of the above conditions is violated, Cprodx() returns with error flag ierr = -1. 

There are some special execution cases that require at most direct assignment of output 
data: 

0 If leni and lenj are both zero, no action is necessary; CprodxO returns. 

0 If leni = 0 and lenj > 0, set the output vector segments Cxi (1 : lenj , 1 :nvecs> and 
return. 

0 If lenj = 0 and leni > 0, set the output vector segments Cxj (1: leni, 1 :nvecs) and 
return. 

The error correlation block to be computed is stored in the dynamically allocated array 
Corr(leni*lenj). The elements of the operator block are calculated by a call to  the 
appropriate error correlation module. The module called is determined by the variable 
kind-cov. The routines called and their types are summarized in Table 32. 

The error correlation operator values are returned in Corr, along with the matrix type 
stored in a CHARACTER variable Mtyp. There are three possible classes of values for Mtyp: 
'T' or 't ' for a transpose block, 'N' or 'n' for a non-transpose block, and 'Z' for a zero 
block. 
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Routine Called 

Table 32: Error Correlation Calculation Calls from CprodxO. 

kind-covF 
kind-covS 
kind-covV 
kind-covC 

offdcorF0 
off dcorF0 
off dcorF0 
off dcorO 0 

Forecast h, Mass-coupled (u,  v), q 
Forecast Mass-decoupled Wind (+) 
Forecast Mass-decoupled Wind (x) 

Horizontally Correlated Obs. 

Error Types 

The application of the block operator and its transpose to each of the nvec input vectors 
proceeds in a loop over the index ivec, with the matrix-vector multiplication performed by 
a call to the BLAS function SGEMVO. 

Suppose that the operator block stored in Corr is a transposed block. The following pair 
of calls to SGEMVO perform matrix-vector segment multiplications of an  upper triangular 
block within Corr and of its transpose residing in the lower triangular block of Corr: 

call SGEMV( ’T’ a lenj a leni a 1. ,Corr, lenj , xj (1 a ivec) , 1 a & 

call SCEMV(’N’,lenj,leni,l. ,Corr,lenj, xi(1,ivec) ,l, & 
0. a 

0. a Cxi(1,ivec) ,I>. 

Cxj (1 a ivec) ,l> 

Suppose that the operator block stored in Corr is a non-transposed block. The following pair 
of calls to SGEMVO perform matrix-vector segment multiplications of an upper triangular 
block within Corr and of its transpose residing in the lower triangular block of Corr: 

call SGEMV(’N’,leni,lenj,l. ,Corr,leni, xj(l,ivec),l, & 

call SGEMV(’T’ ,leni,lenj ,l. ,Corr,leni, xi(1,ivec) ,la & 
0. a 

0. a Cxi(1,ivec) ,l). 

Cxj (1, ivec) a 1) 

For zero blocks, no multiplication is necessary: 

Cxi(1: lenj , ivec)=O. 
Cx j (1 : leni a ivec) =O . 

Upon completion of the multiplications for each vector, Corr is deallocated and Cprodx() 
returns with ierr = 0. 

10.5 The Rectangular Error Correlation Operator C,.,, 

The rectangular error correlation operator C,.,, is used to calculate the forecast error covari- 
ance operator Pf in the mixed forecast/observation representation. The implementation of 
this class of operator is the routine rec-Cxpy: 
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INTEGER 
REAL ( ldCx , nve cs 
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IN Leading dimension of Cxi 

IN Leading dimension of x 
OUT Output vectors Cjjx 

Table 33: Summary of arguments to CprodxO. 

REAL (ldx ,nvecs) 
INTEGER 

REAL(ldCx,nvecs) 
INTEGER 

5;' 
IN 
IN 
OUT Output vector segment Cijx 
OUT Return Status 

Input vectors for block ij 
Leading dimension of C x 

Variable 

l e n i  
kxi 

ktabi 
q r i x  
qri-y 
q r i z  
qmis  

qmiz 
q l i i  
qli-y 
krj 

l e n j  

ktabj 

Vi-Y 

M j  

W 

I ldCxi 

ldCx j 

ierr 

Type/Dimensions Intent I 1  Description 
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I 

fHHcorx 
fHDcorx 
fDDconc 
fQQcorx 

Figure 52: Calling tree for the operator rec-CxpyO . 

subroutine rec,Cxpy(kind,mat, kind-cov, sparse, & 
n-kri, kr,loci,kr,leni, n-kti, kt,loci,kt,leni, 6 
n-i , ktabi, & 

qri,x,qri,y,qri,z,qmi,x,qmi-y,qmi-z,qli-x,q1i-y, & 
n-krj , kr-locj ,kr,lenj , n-ktj , kt-locj ,kt-lenj, 6 
n-j, ktabj, & 

qrj ,x, qrj -y , qrj -2, qmj -x, qmj -y , qmj -2, qlj -x, qlj -y , 8 
nvecs, ldxj , xj , ldyi, yi, istat 1. 

The arguments t o  rec-Cxpy are summarized in Table 34, and its procedural calling tree is 
illustrated in Figure 52. 

The following checks are first applied to  input data: 

0 Output vector attribute lengths and vector lengths are compatible: n-i 5 ldyi. 
0 Input vector attribute lengths and vector lengths are compatible: n-j 5 ldxj. 
0 The requested operator type kindmat E {kind-Umat, kindhat, kind3mat, kind-4mat1 
kinddmat}. 

If any of the above conditions are violated, rec-CxpyO returns with istat = -1. 

Temporary workspace is allocated: 

0 listrow (n_kt j *nlwj ) , an INTEGER list of operator blocks. 

0 list-err(n_ktj *n_krj), an INTEGER success status for calculation/application of in- 
dividual operator blocks. 

0 correlated(n_kti*n_kri, n_ktj*n_krj), a LOGICAL table of flags determining whether 
or not a particular block needs to be calculated. 

0 Cxj (n-i ,nvecs), a set of temporary result vectors. 

Once workspace is prepared, the set of blocks that need to  be computed for this operator 
is determined. The number of nonzero blocks nrow is initialized to  zero, and the block list 
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is built using a nested scan of the rows i and within each row the columns j .  The rows are 
scanned is a loop over irow=l ,nAti*n_kri. The local re ion and datatype index for irow 
are calculated, as well as the length of this particular krbt segment of the rows: 

krio (irow-l)/n,kti +l 
kti=mod(irow-1, n,kti)+l 
lni=kt,leni(kti,kri). 

If the row segment dimension h i  is nonpositive, the calculation proceeds to the next value of 
irow. Within each row segment, the columns are scanned over the index j col=i ,n_ktj*n_krj. 
The local region and datatype index corresponding to jcol are calculated, as well as the 
length of this particular kr/kt segment of the columns: 

krj= (jcol-l)/n,ktj +l 
kt jmmod(jco1-1 , n-kt j +l 
lnjnkt-lenj (ktj ,krj) . 

If the column segment dimension lnj is nonpositive, the calculation proceeds to  the next 
value of jcol. If lnj > 0, then this block is evaluated based on the value of the array: 

correlated(irow,jcol) = .not. sparse(kind,mat,kind-cov, kri,kti, krj ,ktj). 

Once the scan over jcol is complete, a second scan over jcol is performed to build the list 
of nonzero blocks: 

do jcol=l ,n,ktj*n,krj 
if (correlated(irow, jcol)) then 
nrow=nrow+l 
list,row(nrow) =irow 
exit 

endif 
end do. 

This completes the row and column scan. The result is a set of row segment pointer 
indices listrow(1:nrow). A final preparation step is to initialize the error flag array 
list-err(1:nrow) = 0. 

Calculation/Application of the Operator: The calculation and subsequent appli- 
cation of the operator proceeds as a loop over the index ir = 1, nrow nonzero blocks. For 
each value of ir the following parameters are evaluated: 

0 the row segment irow = listiow(ir). 

0 the row region index kri = (irow-l)/n_kti + 1. 

0 the row datatype index kti = mod(irow-1, n_kti) + 1. 

0 the starting index in row of the block lci = kr-loci(kri) + ktloci(kti,kri). 

0 the extent in rows of the block h i  = kt-leni(kti,kri). 

0 the ending index in rows of the block lei = lci + lni - 1. 
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Within this strip in rows, there is a scan for nonzero column blocks over the index 
j col = 1 ,nit j *n&rj. The following column parameters for each block are computed: 

0 the column region index krj = ( j col-1) /nlt j + 1. 

0 the column datatype index ktj=mod(jcol-l, nltj)+l. 

0 thestartingindex in columnsforthe block lcj = krlocj (krj) + kt-locj (ktj ,krj). 

0 the extent in columns of the block lnj = ktlenj (ktj ,krj). 

A check is made t o  assure correlated(irow, jcol) = .true.; that is, this block needs 
to be calculated and applied. If this check is passed, the calculation of the block and its 
subsequent application are performed using a call to gCprodx0: 

The result of the application of this block of the operator to x is stored in Cxj (lci :lei, 1 :nvecs>. 
The error flag ier is stored in list-err(ir), and if it is nonzero, the routine exits the loop. 
If ier = 0, the operation was successful, and the output vector yi is updated accordingly: 

yi(lci:lei,l:nvecs)=yi(lci:lei,l:nvecs)+Cxj(lci:lei,l:nvecs). 

Outside of the evaluation loop, there is a check for nonzero values of listrow. If any exist, 
a message is written to stderr. 

After the calculation is complete, the temporary arrays list-err, listlow, and Cxj are 
deallocated, and rec-Cxpy() returns. 

10.5.1 The Block Operator gCprodx0 

The actual calculation and application of the block operators discussed in Section 10.5 is 
accomplished by the routine gCprodx0 : 

subroutine gCprodx ( kind-cov, 
kri,kti, leni, ktabi, 
qri,x,qri-y,qri-z, 
qmi-x,qmi-y,qmi-z, 
ql i-x , ql i-y , 
krj,ktj,lenj,ktabj, 
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Table 34: Summary of arguments to rec-CxpyO. The ‘columns’ arguments n l r j ,  . . ., 
ql j -y are not shown for brevity. 

I Variable I Type/Dimensions I Intent I Description I 
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The arguments of gCprodx0 are summarized in Table 35. 

The first step taken in gCprodx0 is a set of sanity checks on its arguments: 

0 ldxj 2 lenj and 1dCxj 2 leni. 
0 kind-cov E { kind-covF, kind-covS, kind-covV} 

If any of these conditions are violated, gCprodx0 returns with ierr = -1. If either the 
number of vectors nvecs or the block row dimension leni are nonpositive, gCprodx0 
returns. In the case of a block with lenj = 0, the resultant operator product Cxj for this 
block is zero: 

Cxj(l:leni,l:nvecs) = 0. 

The block of the error correlation operator is stored in dynamic memory in the array 
Corr(l:leni*lenj). This block is calculated through a call to offdcorF0: 

call off dcorF(kind,cov, 
kt i , leni , 
qri-x,qri-y,qri-z , 
qmi,x,qmi,y,qmi,z, 
qli-x,qli-y, 
ktabi, 
ktj ,lenj ! 
qr j -x, qrj -y  a qr j -2 , 
qmj -x  , qmj -y # qmj -2 , 
ql j -x , ql j -Y a 

ktab j , 
Mtyp, Con, ierr 

The operator block is returned in the structure Corr(l:leni*lenj). The type of block 
calculated is returned in the CHARACTER variable Mtyp, which has value 'T' for a transposed 
block, 'N' for a non-transposed block, and 'E' in the event of an error. 

If Mtyp E {'TI, 't', IN', 'd}, the application of the forecast error correlation operator block to  
each of the input vectors in xj is done via a set of calls to  the BLAS routine SGEMV: 

do ivec=l,nvecs 
call SGEMV(Mtyp,lenj ,leni,l. ,Corr,lenj, xj(1,ivec) ,1, & 

0.9 Cxj(1,ivec) ,i) 
end do. 

The result of the product returned in Cxj (1 : ldCxj , 1 :nvecs) . 
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Variable Type/Dimensions Intent 

kind-cov INTEGER IN 
kr i INTEGER IN 
kti INTEGER IN 
leni INTEGER IN 
ktabi INTEGER(1eni) IN 

Version 1 Dated 12/06/1999 

Description 

Covariance Type 
Region index (rows) 

Datatype index (rows) 
Row Length 

Level Index (rows) 
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The Sea-level Pressure/Wind Analysis getAIpuv0 The PSAS interface that com- 
putes only sea-level pressure/wind analysis increments is the routine getAIpuv() , whose 
interface is shown below. 

subroutine getAIpuv( npieces, lat-list, lon-list, pres-list, & 
time-list, kx-list, kt-list, dels-list, & 
sigF-list, sig0-list, & 
im, jnp, & 
psl-sigF, usl-sigF, vsl-sigF, & 
psl-inc, usl-inc, vsl-inc, & 
psl-sigA, usl-sigA, vsl-sigA \ i 

The calling tree for getAIpuv0 is shown in Figure 9, and its arguments are summarized 
in Table 36. 

This routine is modified from getAIall0 in the following way: 

0 In order to keep the same interface to some routines called in the analysis (e.g., 
getAincO), some of the arrays are vestigial; that is, they are dimensioned as scalars. 
These arrays are: zsigF(1 , l,l>, usigF(1,l , 11, vsigF(1,l , 11, mix-sigF(l,l, 11, 
z-inc ( 1 , 1 , 11, u-inc (1 , 1 , 1) , v-inc( 1 , 1 , 1) , mix-inc (l,l, 11, z-sigA (1,l , 11, u-sigA ( 1 , 1 , 1) , 
v-sigA (l,l, 11, and mix_sigA( 1 , 1,l). 

0 The LOGICAL parameters w a n t z ,  want-u, want-v, and wantrmix are set to .FALSE. 

0 Since no upper-air AI’S are to  be calculated, calls t o  the routines dervsigF-upDO and 
dervsigF-upW0 are not made. 
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Table 36: Data passed into getAIpuv0 via its interface. 

I Variable I I Intent I Description 
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The Upper-air Height/Wind Analysis getAIzuv() The PSAS interface that com- 
putes only upper-air height/wind analysis increments is the routine getAIzuv 0, whose 
interface is shown below. 

subroutine getAIzuv( npieces, lat-list, lon-list, pres-list, & 
time-list, kx-list, kt-list, dels-list, & 
sigF-list, sig0-list, & 
im, jnp, mlev, pres-lev, & 
z-sigF, u-sigF, v-sigF, & 
z-inc, u-inc, v-inc, & 
z,sigA, u-sigA, v-sigA 1 

The calling tree for getAIzuv0 is shown in Figure 9, and its arguments are summarized 
in Table 37. 

This routine is modified from getAIall0 in the following way: 

0 In order to keep the same interface to some routines called in the analysis (e.g., 
getAincO), some of the arrays are vestigial; that is, they are dimensioned as scalars. 
These arrays are: psl_sigF(l,l, 11, usLsigF(1 , 1, 11, vsl-sigF( 1 , 1 , 1) , mix-sigF(l,l, 11, 
pslinc(l,l,l),usl_inc(l,l,l), vsl~inc(l,l,l),mix_inc(l,l,l),psl_sigA(l,l,l), 
uslsigA (1 , 1 , 11, vslsigA( 1 , 1 ,1), and mixsigA( 1 , 1 , 1) . 

0 The LOGICAL parameters want-psl, wantwsl, want-vsl, and wantaix are set to  . FALSE. 
0 Since no upper-air AI’S are to  be calculated, calls to the routines dervsigFslD0 and 
dervsigFslW0 are not made. 
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Table 37: Data passed into getAIzuv0 via its interface. 

Variable I I I Intent 1 Description 
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The Upper-air Water Vapor Mixing Ratio Analysis getAImix0 The PSAS in- 
terface that computes only water vapor mixing ratio analysis increments is the routine 
getAImix0, whose interface is shown below. 

subroutine getAImix( npieces, lat-list, lon-list, pres-list, % 
time-list , kx-list , kt-list , dels-list , & 
sigF-list, sig0-list, % 
im, jnp, mlev, pres-lev, % 
mix-sigF, mix-inc, mix-sigA 1 

The calling tree for getAImix0 is shown in Figure 9, and its arguments are summarized 
in Table 38. 

This routine is modified from getAIall0 in the following way: 

0 In order to keep the same interface to some routines called in the analysis (e.g., 
otAincO), some of the arrays are vestigial; that  is, they are dimensioned as scalars. 

these  arrays are: pslsigF(l,l, l),usl_sigF(l, 1,1), vsl_sigF(l,l, 11, z_sigF(l,l , 11, 
u_sigF( 1,l , 11, vsigF( 1,l , 11, p-l-inc(l,l, 1) , usl-inc (1 , 1 , 11, vsl-inc(l,l, 11, 
zinc(1 , 1 , 1) , u-inc(l,l,l> , vine( 1 , 1 , 1) , psl-sigA(l,l, 11, uslsigA(1 , 1 , 1) , 
vslAgA(l,l, 11, zsigA(1,l , 1) , u-sigA(l,l, 11, and vaigA(1 , 1 , 1). 

0 The LOGICAL parameters wantqsl, vant-usl, want-vsl, wantz, want-u, and want-v 
are set to .FALSE. 

0 Since no multivariate upper-air AI’S are to be calculated, calls to the routines dervsigFslD0 , 
dervsigFslW0, dervsigF~pD(), and dervsigF-upW0 are not made. 
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Variable 

nv i e cea 

Version 1 Dated 12/06/1999 

Type Intent Deacript ion 

INTEGER INOUT Number of Innovations 
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Appendix B: Complete Procedural Flow Diagram 

Here we give a complete control flow diagram for the static test driver program psasshell .F 
and trace its call activity through the analysis interface getAIall0. The diagram was 
generated from PSAS source code using the tools Fent and Ftr, both of which were created 
by Jing Guo of the NASA DAO. 

(psasshell .F) : 
I -1uavail (luavail . f ) 
I -lnblnk( lnblnk . f ) 
I -pZEITBEG(zeits .F) . I-syszeit h i t s  .F) . . I-second(?) 

, I -secondr (?I 
. I-time(?) . I-etime(?) 

. I -syszeit (-1 
I-getenv(?) 
I -19O,LoadF(m,inpakgO. f 90) . I-opntext(opntext .F) . I -asnunit (? 

I -i90,page (m-inpak90. f 90) 
. I-i90,trim(m,inpak90.f90) 
. I-i90,pad(m,inpak90.f90) 
I -psasexit (psasexit .f) 
. I-pzeitpri(zeits.F) . . I-syszeit(̂ ) 
. [-exit(?) 
I -pZEITBEG(-) 
I -GETDEL2 (getdeli!. f ) . I -luavail(-) 
. I-lnblnk(-) 

I-LABLIN(m,inpak9O.f90) 

i-STRGET(m-inpak9O .f90> 
. I -i90,gstr(m,inpak90. f 90) 
. . I-i90,trim(-) 
I -opnieee(opnieee .F) 

I -i90,label (m-inpak90. f 90) 

. . I-asnunit(̂ ) 
I -pZEITEND (zeits . F) . I -syszeit (-1 
I -psasexit (-1 
I-iniainc(iniainc.f) . I-LABLIN(’) 
I -iniaio(aio,grads .f 1 
. I -LUAVAIL ( -1 . I-amatch(amatch.f) . . I-lnblnk(̂ ) 
. I-listvals(listva1s.f) . I -psasexit (-1 
. 1 -LABLIN(-) . I -STRGET ( ) 
. I -psasexit (-1 . I -lablin(̂ ) 
. I -LABLIN (-) 
. I-rdlevels(rdleve1s.f) 
. . I-lnblnk(̂ ) . . I-lablin(-) 
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. .  I -getwrd(m,inpak90 .f90) 

. . . I-igO-trim(-) 
- . I-getwrd(-) . I -LABLIN ( ') 
. I -psasexit (-1 . I -LAELIN(') 
. I -psasexit (-) . I -LABLIN(') . I -psasexit (-) . l-opnieee(-) . I -psasexit (') 
I -psasexit (-1 
I-I90,Release(m,inpak90.f90) 
I -pzeitbeg(-) 
I -getAIall (getAIal1. F) 
. I-snrm2(?) . I -luavail(-) 
. I-lnblnk(') . I -psasrcbd(psasrcbd.f) 
. I -pzeitbeg('l 
. I -psasexit (') 
. I -getenv(-) . I -pzeitbeg(-) 
. I-I9O,LoadF(-) . I-pzeitend(-) 
. I -psasexit (-) . I-pzeitbeg(̂ ) 

. I-i9O,gtoken(m_inpak90 .f90) 

I-initRSRC(initRSRC.F90) . I -qt rig0 (qt rigO. f ) 
. I -ktnameO (ktname0. f ) 

. I-rdkttbl(rdkttb1.f) . . l-lnblnk(-) . l-lablin(-) 
, 

. . I-i90,gline(m,inpak9O.f90) . I-geturd(-) . . . I-igO-gstr(') . I -getwrd(-) 
. . I-rdnext(-) 
. I -psasexit (-1 . I -kxnameO (kxnameO . f ) . I-rdkxtbl(rdkxtb1.f) 

- . . l-lnblnk(-) 
. . . I-lablin(-) . . I-rdnext(-) . I -getwrd(') 

. I-getstr(-) . . I-rdnext(-) 
. . I-psasexit(-) . I -set,OEclas (set-OEclas .F90) 

. I -listvals(-) . . I-lstins(1stins.f) 
. . . I-lnblnk(-) . I -tabSlist (tabSlist .f90) 

I -rdnext (m-inpak90. f 90) 

I -getstr (m-inpakgo. f 90) 

. I -pasexit (-) . . I-getTab,(tabIlist .F90) 
I -indexxs (indexxs . f 90) 

Version 1 Dated 12/06/1999 
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. .  

. .  

. .  

. .  

. .  . .  . .  . .  . .  . .  

. .  

. .  

- .  
e .  

. .  . .  

. .  

. .  

. . I-nextTab,(tabIlist .F90) 

. . I-getVal,(tabIlist.F90) 

. . I-nextVal-(tabIlist .F90) 

. . I-getTab,(̂ ) 

. . I-nextTab,(-) . . I-nextVal-(-) . . l-getTab,(̂ ) 

. . I-nextTab,(-) . . I-getVal,(̂ ) . . l-nextVal,(̂ ) . I -psasexit (^)  . l-inxSlist(inxSlist .fso> . I -rdlevels (^) . I -psasexit (^) . I-rdoetbl(rdoetb1.f) 

. . I-lnblnk(^) . . l-lablin(-) . I-rdnext(-) . . I-getwrd(") 

. . I-rdnext(^) . I -psasexit ('1 
1 -set,OEhCor(set,OEhCor .F90) 
. I-tabSlist(^) . l-inxSlist(') . I -rdpars (rdpars . f 90) 
. . l-lablin(^) . . I-rdnext(^) 

. I -getwrd(-) 

. 1 -getstr(") . . I-geturd(^) 
. . I-rdnext(^) . I -psasexit (-1 
I -set,OEvCor (set-OEvCor .f 90) 
. I -tabSlist (-1 . I -inxSlist (^) . I-rdvctbl(rdvctbl.f90) 
. . I-lnblnk(^) . . l-lablin(-) 
. . I-rdnext(-> . I -getwrd(-) 

. I-getstr(-) . I -getwrd(-) 
. . I-rdnext(^) . I-psasexit(-) 
I-set,FEhCor(set,FEhCor.f90) 
. I -rdpars ( . I -psasexit (-1 
. I -rdpars (-1 
. I -psasexit (-1 
I -set,FEvCor(set,FEvCor .f90) 
. I -rdvctbl(^) . I-psasexit(^) . I -rdvctbl (-) 
. I -psasexit (-) 
I -tabl,FEsi W (tabl-FEsigW .f 90) 
. I -rdparslf^) 
. I -psasexit (^) 
I -tabl,FEalpha(tabl-FEalpha . f 90) . I-rdPars(^) 
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. . . I-psasexit(^> 

. . . I-LABLIN(') 

. . . I-exit(-> . . I-LABLIN(-) . I-exit(-> . I -LABLIN(-) . I -lablin(-) . . I-psasexit('1 
~ . I -kmameO (krname0. f 
. . I-seticos(seticos.f) . I -PROXELO(proxel .f . . I-LABLIN(-) 

. I -iniAInc (-1 

. I -bandsO(badsO .f) 

. I-pzeitend(-) . I-intp,sigO(intp,sigO.F90) . . I-listvals(^) . I -psasexit (-1 

. . I-slogtab(slogtab.f90) . . . I-vindex(vindex.f) . I -obstat (obstat .f) . . I-lnblnk(^) . I -0bstat (-1 . I -PARDISP (pardisp . f ) . I -0BSSMRY (obssmry . f) 

. I-pzeitbeg(-) . 1 -restrict (restrict .F) 
. I-setbox(setbox.f90) 
. . l-lablin(-) . . . I-rdnext(-) . . . I-psasexit(^) 

- . . I-geturd(-) . . I-psasexit(-) 
. . I-getwrd(-) . . . I-psasexit(") . . . I-rdnext(") . . I-psasexit(') . . I-psasexit(-) 

. . I-INITKL(initk1.f) 
. I-LLBOXES(1lboxes.f) . . 1 -mark,nsig(mark,nsig.f90) 

. . I-TOFRONT(tofront .F) . . I-psasexit(-) 

. . . I-INDEXXR(indexxr.f) 

. . . I-PERMUTI(permuti.f) 

. . . I-PERMUTL(permut1.f) . . . I-PERMUTR(permutr.f) 
I -PERMUTR ( - ) 

. i-PRTDATA(prtdata.f) . I-pzeitend(^) . I-pzeitbeg(-) 

. I -sort ( sort .  f) . . I -regsort (regsort .F) . . . I-psasexit(-) . . . I-LL2XY2(112~yz.F) 

. . . . I-qtrig(9trig.f) . . . . I-qtri (-1 

. . I-PERMUTI(-) 

. I -XYZ2REG$xyz2reg. f ) 
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. . . I-ipick(ipick.f) 

. . I-INDEXXI(indexxi.f) 

. . I-PERMUTI(̂ ) . . l-PERMUTR(̂ ) . I -psasexit (-1 . I -typsort (typsort .F) . . I-psasexit(̂ ) . . I-INDEXXI(') . . I-PERMUTI(̂ ) . . I-PERMUTR(̂ ) . . I -INDEXSR( index3r. f 1 . . I-PERMUTI(') 

. . I-PERMUTR(') 
I -pzeitend(-) 
I -pzeitbeg(̂ ) 
I-dupelim(dupe1im.f . I-TOFRONT(-) 
I -pzeitend(-) 
I -pzeitbeg(̂ ) 
I -proxel (proxel . f ) 
. I-sepang(sepang.f) 
. I-psasexit (-1 
. )-LL2XYZ(̂ ) . I -psasexit (-1 . 
. I -psasexit (^I  
. I-TOFRONT(-) 
I -pzeitend(-) 

I -PRXSOB (proxel . f ) 

. I-gridxxO(gridxx.f) 

. . I-LABLIN(-) . I -OBSSMRY(-) 

. I -obstat ('> 

. I -pZEITBEG (^) . . . l-psasexit(-) . . I-indexxi(-) 

. . I-permuti(̂ ) . I -merg,plevs (-1 

. I -merg,lats(merg,lats .F90) 

I -merg,plevs berg-plevs . F90) 

. I -psasexit (^) 

. I-tabRlist(tabR1ist .F90) . .  I-psasexit ( ^ I  
. I-tabIlist(tabI1ist .F90) . . I-psasexit(') 
. . I-indexxi(̂ ) 
. . I-getTab,(̂ ) . . . I-nextTab,(-) . . . I-getVal,(̂ ) 

. . . I-nextVal,(-) 
. . l-getTab-(̂ ) . I -nextTab,(̂ ) 

. I -nextVal,(-) . I-getTab,(̂ ) . . I-nextTab,(-) . . I-getVal,(-) . . . l-nextVal,(̂ ) 
. . I-tabRlist(-) . I-set,fecHH(set,fecHH.F90) . . I -intp,ctaus (intp-ctaus .F90) 
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. . . I-psasexit(-) . I -psasexit (-) . 
- . I-psasexit(-> 

. . I-corfun(hcorfuns.F90) . . . . I-damp,casine(hcorfuns.F90) 
. . . . I-gaussian(hcorfuns.F90) . . . I -exponential (hcorf uns . F90) 

. . . I -power,law (hcorf uns . F90) 

. . . I -gaspari,cohn(hcorfuns .F90) . . . I -win,powerlaw-(hcorfuns .F90) . . . I-psasexit(") 
. . I-intp,vCor(intp,vCor.F90) 

. . I-psasexit(-) . . . I-slogtab(-) 
. I-set,oecHH(set,oecHH.F90) 
. . I-intp_ctaus(-) 
. . I-intp,hCor(-) . . I-intp,vCor(-) . I-set,fecQQ(set_fecQQ.F90) 

. 1 -intp,ctaus (-1 

. I -intp,hCor (-) . I -intp,vCor(-) 
I-imat,alpha(imat,alpha.F90) 
. I -psasexit (-) . I-EXP,ALPHAS,model,xl(imat,alpha.F90) 

. . I-slogtab(-) . I -psasexit (-1 . 

. . I-psasexitc-) . . I-slogtab(-) 

. I -psasexit (-1 . I -EPSILONS,model,(imat-alpha .F90) 

. . I-psasexit(-) . . I-slogtab(̂ ) . I -OI,model,(imat,alpha.F90) 

. I -psasexit (-1 
I -imat,sigW (imat-sigW . F90) . I -psasexit (-1 
. I -PSASli,sigW,a(imat,sigW.F90) 
. . I-psasexit(-) . . I-slogtab(-) . I-PSASll,sigW,(imat,sigW.F90) 
. . I-psasexit(-) 
. . I-slogtab(-) . I-OI,sigW,(imat,sigW.F90) 
. . I-psasexitc-> . . I-slogtab(-) . I -psasexit (-) . I -slogtab(-) 
I -pzeitend(-) 
I -pzeitbeg(̂ ) 
I -getsigF(getsigF. f) . I -LUAVAIL (-) 
. I-lnblnk(̂ ) 
. I-LABLIN(-) . I -STRGET (^) 

1 -intp-hCor (intp-hCor . F90) 
. I -slogtab(-) 

. I -psasexit (-1 

I -EXP,ALPHAS,model, (imat-alpha . F90) 
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. . I -ISO-Release(') . I -psasexit (-1 . I-GRADSO(m-grads.fS0) . . I-luavail(^) . 1 -i90,loadf (-1 . I -i9O,label(̂ ) 
. I -i90,gtoken(̂ ) . I -i9O,label(-) . I -i90_gtoken(^) 
. I -i9O,labd(^> 
. l-i9O-gline(-) . . . I-i90,gtoken(-) . . . l-i9O,label(̂ ) . . . I-igO-gtoken(^) . . . I-i90,release(̂ ) . . . I-opnieee(^) 

. . I-psasexit('1 . . I -RGRADS (m-grads . f 90) . I -psasexit (-1 
. l-RGRADS(-) . . I -dervsigF,slp(dervsigF-slp .F90) . . I-RGRADS(-) . . I-psasexit(") . . I-RGRADS(-) . I -psasexit (-1 . I -1vstat (lvstat .f 1 
. I -GDSTAT(gdstat . f) 
. I-GDSTAT(-) 

. . I -GRADS1 (m-grads . f 90) . I -pzeitend(^) . I -pzeitbeg(-) 

. I -pzeitend(-) . I -1vstat (-1 . I-pzeitbeg(^) . I-dervsigF-upD(dervsigF-upD.FS0) . I -psasexit (-1 
. I -slogtab(^) 

. I -pzeitend(^) 
I -GDSTAT(-) 
I -pzeitbeg(-) 
I -intp,sigF(intp,sigF . F90) . I -psasexit (-1 
. I -slogtab(^) 
I -pzeitend(^) 

. I -obstat (-1 

. I -psasexit (-1 . I -makedelv(makedelv .F) 

I -dervsigF,slD(dervsigF-slD .F90) . I -slogtab (^I 

. I -~ZEITBEG(-) 

. I -psasexit (-1 

. I-112qvec(ll2qvec.f90) . I-setpix(setpix.f90) 
, . I-slogtab("> 
, . I-slintab(slintab.f90) . . I-vindex(-) 

. I -0p-M~ (0p-M~. F90) 

. . I-sparse(sparse.f90) . . I-sepang(^) 
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. .  

. . . I-snrm2(-> . I -psasexit (-1 . I -COVOOXpy~ (op-Mx. F90) 
. . I -mv,diag (mv-diag . f 90) . . I-psasexit(-) 

. I -sym,Cxpy (Sp-Cxpy. F90) . . I-sparse("> . . I-snrm2(-> . I -pzeitbeg(') . . I-pzeitend(-) 

. . I -Cprodl (Cprodl . F90) . . I -diagcorF (cordriv . f 90) . . . I -diagcorO (cordriv .f 90) . . . I-diagcorU(cordriv.f90) . . I-SSPMV(?) 

. .  I -pzeitend(-) . . I -Cprodx (Cprodm. f 90) . . I-pzeitend(-) . I -psasexit (-1 . I -mv,diag(-) 

. I -psasexit (-1 . I-mv-diaf(-) 
. I -covFFxpy, 0p-M~. F90) . I-aj,Alf (aj,Alf .f90) . .  I -psasexit (-1 . I -mv,diag(-) 

. I -psasexit (-1 . I -mv,diag(-) 

. I-mv,Alf(mv,Alf.f90) . .  I -psasexit (-1 . . . I-aj,Bet(aj,Bet .f90) . . . . I-psasexit(-> . . . I-mv,diag(-) 

. . . . I-psasexit(-) . . . . I-mv,diag(-) 

. . . . I -mv,Bet (mv,Bet .f 90) . . . .  I -psasexit (-1 . . . I-getivec(") 
. . I-aj,Gam(aj,Gam.f90) . .  I -psasexit (-1 . I-mv,diag(-) 

. I -psasexit (-1 

. I -mv,diag(-) 

. I -mv,Gam(mv,Gam. f 90) . . .  I -psasexit (-1 
. I -mv-diag(-) 

. I -psasexit (-1 
. . I-mv,diag(-) 

. . I-psasexit(-) 
. . . I-mv,diag(-) . I -obstat (-1 . l-solve4x(solve4x.F) 

f I -sym-cxpy (- 1 

. I -sym,cxpy (- 1 

I -get ivec (get ivec . F90) 

. . . . I-sym,Cxpy(-) 

- I -sym,cxpy (- 1 

. I -sym,cxpy (- 

. . I-sym-Cxpy(^) 
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. . I-snrmz(-) . . I-psasexitc-1 . . I-l12qvec(-) . . I-setpix(-) 
I -slogtab(*) 
I-slintab(’) 
I-conjgr(conjgr .F) 

. I-snrm2(’) . I-pzeitbe (-1 

. I-SCOPY(*) 

. I-conjgr2(conjgr .F) . . I-sparse(-) . . I-sdot(^) 

, . I-sdot(?) 

. I-SCOPY(?f 

. . . .  I-sxlrm2(*) . . . .  I-pzeitbe (-1 

. I -pzeitbeg(”) . . . I-sdot(^) . . .  l - s d ( - )  
. . .  I-lnblnk(*) . . I-luavail(*) . I-SCOPY(*) 

. . I-SCOPY(*! 

I -con j gr 1 (con j gr . F) 

. I  . I-diagcorM(diagcorM.F90) . .  . . I-psasexit(^) . . .  . I-diagcorO(*) 

. . .  . I-add,smat,(diagcorM.F90) . . . .  . I -add,iden,(diagcorM .F90) . . . .  . I -add,diag,(diagcorM. F90) . . . . . .  I-diagcorU(^) . . . . . .  1 -check,istat,(-) . . . . . .  l-add,corH,(̂ ) 

. . . .  . I -check,istat,(diagcorM . F90) . . . .  . I -adLcorM,(diagcorM.F90) 

. . . . .  I-diagcorD(diagcorD.f90) 

. . .  J-fDDcorl(-) . I -diagcorF(’) . I-check,istat,(-) 
. I-add,corM,(*) . . I-diagcorD(^) . . .  I-check,istat,(*) 

. . .  I-add,corM,(-) . . I-diagcorD(^) 

. I-scoPY(-) . I-srnex(smex.f) 

. I-SPPTRF(?) . . I-SPPTRS(?) . . .  I-SCOPY(*) . . .  I-SAXPY(?) 
. . I-SCOPY(-) 

. I-SSPMV(-) . I-SAXPY(^) 

. . . .  I-fDDcorl(cormats.f90) . . . .  I-fDDcorx(cormats.f90) 

. I-check,istpt,(-) . I-add,corM,(*) 

. I-CgnOrm(Cgn0rm.f) 
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. . . . . . I-lnblnk(-) 
. I-pzeitend(') 
. I-scoPY(-) . I-SAXPY(-) . l-scoPY(-) 
. I-op-Mx(-) 

- . I-SAXPY(-) 

. . I-pzeitend(-) 

. . I-cgnorm(') 

. . I-pzeitend(-) 

. . I-scoPY(-) . . I-SAXPY(-) 
. . . I-scoPY(-> 
. . . I-op,Mx(-) . . I-SAXPY(') 

. I-cgnorm(-) 

. I -pzeitend(') . . I-psasexit(-) . . I-conjgr(-) 
. . I-psasexit(^) . I -pZEITEND (-) 
. I -obstat (-1 
. I -pzeitbef(-) . I -getAinc getAinc .F) 

. I -gridxx(gridxx.f) 

. . I -EAGRID (gridxx . f ) . I -LL2XYZ (-1 
. I -XYZ2FtEG ( -) 

. . I-INDEXXI(-) . . I-PERMUTR(-) 

. I -intp,sigF(-) 
I -mvPHx (mvPHx . F) . I-snrm2(-) 
. I -psasexit (-1 . . I-112qvec(-) 

. . I-slintab(") 
. I-indexGvec(indexGvec.F90) . . . I-psasexit(-). . .  I -psasexit ('1 

. . . I-hnt(hnt.f) . . . . I-psasexit(") 

. . /-setpindx(-) . . . I-l12qvec(') . . . I-slintab(") 

. . I-slogtab(-) 

. I -setpindx(setpindx.f) 

. I -psasexit (-1 
- I -op,Pf (Op-Pf. F90) . I-sparse(-) . I-snrm2(-> . I -psasexit (-1 . I -covFFxpy- (^> . I -psasexit (-1 

. I-pzeitbeg(-) 

. I-aj-Alf (-1 . I-mv,diag(-) 

. I-rec-Cxpy(rec,Cxpy.F90) . . I-sparse(-) . I-snrm2(-) 
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. . . . . I-gCprodx(Cprodm.f90) 
, I -psasexit (^I  
. I-mv,diag(-> 
. I -mv,Alf (^> 
. I -pzeitend(') . l-pzeitbeg(-) . I-getivec(^) . I-aj-Bet (-1 . I -mv,diag(-) . . I-rec,Cxpy(̂ ) 

. . I-psasexit(-) . . I-mv,diag(-) 
. . . I-mv,Bet(̂ ) . . . I-pzeitend(-) . . I-pzeitbeg(-) 

. 1 -get ivec (-1 

. I-aj,Gam(-> . I -mv,diag(̂ ) . . . . l-rec,Cxpy(̂ ) 
. . . . I-psasexit(^) . . . I-mv-diag(^) 

. . I-mv,Gam(̂ > 
. . . I-pzeitend(^) . l-permutr(") . I -Gea211(Gea211 .F) . . I-ea2ll(gridxx.f) . . . I-psasexit(^) 
. . . I-SPLINE(sp1ine.f) . . . . I-SPLINE(-) . . . I-ea211(^) . I -psasexit (^I  

. I -1vstat (-1 . I -gdstat ('1 . I -pzeitend(^) . I -pzeitbeg(-) . I -dervsigF,slW(dervsigF-slW .F90) . I -psasexit (-1 
. I -slogtab(-) . I-slintab(^) 

. I-pzeitend(-) . I -1vstat (-1 

. I -pzeitbeg(-) 

. I -dervsigF,upW (dervsigF-upW .F90) . I -psasexit (-1 
. I -slogtab(^) . I-slintab(-) . I -pzeitend(-) 

. I -GDSTAT(-) . I -pzeitbeg(^) 

. I -intp,sigF(̂ ) . I-pzeitend(^) 

. I -obstat (-1 . I -pzeitend(^) 
I -pzeitend(^) 
I -pzeitbef(^) 
I-opnieee ^) 
I -psasexit (-1 
I -wrtxvec(wrtxvec .f) 
I -psasexit (-) 
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I-pzeitend(-) 
I -pzeitbeg(-) 
I -wrtaio(aio,grads .f 1 . I -psasexit (-1 . 
. I-WTBUF(^) . I -psasexit (-1 . I-WTBUF(^) . I -psasexit (-1 
. (-WTBUF(-) . I -psasexit (-1 . l-WTBUF(-) 
. 1 -psasexit (-1 . I-WTBUF(^) 
. I -psasexit (-) 
. I-WTBUF(^) 
. I-psasexit (-1 
I-urtaio(-) 
I -pzeitend(^) 
I -endaio(aio,grads . f 1 
. I -psasexit (-1 

i-pZEITEND (-1 
I -psasexit (-1 

I -WTBUF (aio, rads. f ) 
. l-psasexit(- k 

I -opntext (-1 
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Appendix D: Complete Covariance Data Life Cycle Diagrams 

Complete covariance data life cycle diagrams for the operators rh, Eh, E+, EX, Ch, 0, 
Cx, E:, E:, C,O, and Cz are presented in Figures 53-58 on pages 182 through 187. 
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DATA LIFE CYCLE FOR rh 
I 

Stage II 
Tabulation 

bat-alpha (1 

STATE I 
VARIABLES REPRESENTING 
RESOURCES 

CTATC II 
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DATA LIFE CYCLE For\* 

VARlAB 
RESOURCES 

Gridded Data File Name *( 

STATE II 
LOOKYP TABLES 

ed Fields of Forecast 
Standard Peviations 

Figure 54: Data life cycle for the operator Ch.  
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DATA LIFE CYCLE FOR CVAND 

I STATE I 
VARIABLES REPRESENTING 

1% 
Figure 5L. 3ata life cycle for uAle operators E4 and Ex. 
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DATA LIFE CYCLE FOR 
~~ 

Ch 
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cw ~ AND cx 

4 8  . 
STATE I 

VARIABLES REPRESENTING 
sat .prcWO u t - m r O  

-1 I 

111 

LOOK-UP TABLES 
IMAT pressure levels gwrclev (1 : nveclev) 
IMAT T values calculated by intp-ctaus () 

IMAT tables for  p p : p x  and their derivatives 
h f m ~ ~ l r n v e c l a v . l r ~ t . b . l r 3 ~  
hfoallll(l:n~cl.v.l:nHHt~,l:3) 
hf mcTT (1 :nvaclev, 1 x -tab, 1 : 3 

hfe~QQ(l:nvoclav,l:nQQtab~ 
IMAT table for p 

IMAT t p b b  WV v : v x and nor~~~sl l ta t i~n 

B 1  1 IMAT '5 indicer calculated in 
lowievel routines 
Dia onal b ocks stored in upper 
triaigular Am as vectors 

Figure 56: Data life cycle for the operators C*, C4, and CX. 

185 



DAO Ofice Note 1998-05 Version 1 Dated 12/06/1999 

DATA LIFE CYCLE FORZ: AND Z: 

E 

Stage I 
Pam Input Data 

3BSERVATION AlTRIBUTES 

RESOURCE4 
Obsewatlon Error Clm8 Names 
RQ., "gb8Brt*SBC_LWDl: I " 

STATE I 
VARIABLES REPRESENTING 
RESOURCES 

n 1 ev-oe 
plsv-oe (1:nlev-oe) 
nOBclae 
OBclae(1:nOEclae) 
eigOu(l:nlev-oerl:ktmax,l:nOEclae) 
eigOc (1:alev~oa,l:ktmax,l:nOEclae) 

STATE 111 
BLOCK MATRIX OPERATORS 

Figure 57: Data life cycle for the operators E: and E:. 
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DATA LIFE CYCLE FOR AND c," 

I 

I 

I 

STATE 111 
BLOCK MATRIX OPERATORS 

MAT vertical index ktab 
passed to low-level routines 
via interfaces 
IMAT z indices caicuiated in 
iow-level routines 
Diagonal blocks stored in upper 
triangular form as vectors 

Offdiagonal blocks stored in 2-D arrays 

corU(:) corn(:) 

corU(:,:) corO(:,:) 

Figure 58: Data life cycle for the operators CE and C:. 
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