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ABSTRACT 

In numerical weather prediction most error statistics with respect to forecasts of air 
pressure systems suffer from an intrinsic blending of “shape” errors with location err- 
ors. Separation of both effects is desirable. A method is presented which appears to be 
suited to meet this objective as far as short-term predictions are concerned, neglecting 
possible rotational effects. The scheme has not yet been in use operationally, but the 
results of some test cases are discussed in this paper. No reference is made to probability 
predictions nor to any economic purposes of evalution from the users’ point of view, 
since the only aim is the scientific one of checking the behaviour of numerical models. 

1. Introduction 

For many years attention has been given to 
the evaluation of weather forecasts. For a cri- 
tical survey see Bleeker (1946). A general treat- 
ment of the problem may be found in the paper 
of Brier & Allen (1951). A review of the litera- 
ture about this subject has been given by 
Johnson (1957). A more recent account of vari- 
ous measures of accuracy in forecasting with 
mathematical models of the atmosphere has 
been published by Holyoke (1965). 

Referring in particular to probabilistic predic- 
tions, Murphy & Epstein (1967) distinguish be- 
tween operational evaluation concerning “util- 
ity”, i.e. the value of forecasts for the user, 
and empirical evaluation or verification in re- 
gard of the “perfection” or “accuracy” of pre- 
dictions. 

This paper deals with the verification of 
deterministic predictions of meteorological sca- 
lar fields with dynamical methods through nu- 
merical computation of values a t  gridpoints. 
The usual verification procedure of geopotential 
height predictions of some pressure-surface 
consists in calculating statistical quantities such 
as: 

1. The correlation coefficient between the 
predicted height changes and those actually 
observed. 

1 Present affiliation: IBM, Development Labora- 
tory, Uithoorn, Netherlands. 

2. The root-mean-square height error. 
3. The root-mean-square geostrophic vector 

wind error. 
For a proper interpretation the results may 

be compared with scores yielded by some 
“blind” forecast such as a climatological or a 
“persistence” forecast. In  this way a verifica- 
tion program can provide for each forecast or 
a number of forecasts some “figures of merit” 
(Holyoke, 1965). 

Such figures tell us that one model “works 
better” than the other. But in which respect 
does it work better? one cannot get a clear no- 
tion about the answer unless by visual, and 
therefore subjective, inspection. Obviously, all 
detailed information has been compressed into 
just one handy figure. For example, not a single 
indication is given about the spatial distribution 
of errors. 

In  order to avoid this difficulty one some- 
times prepares scalar error fields. Daily inspec- 
tion of error maps may be advisable, otherwise 
one feels inclined to reduce such (time-averaged) 
error charts to a single objective statistical 
measure. 

A disadvantage of most scalar statistics is 
that the scalar error measure may be seriously 
affected by a superimposed long wave error (or 
a constant), whereas the-from the forecaster’s 
point of view much more importantpredicted 
gradients behave fairly well. This is a spectral 
problem that could be solved by decomposing 

Tellus XXII (1970), 1 



DETERMINISTIC PREDICTIONS OP METEOROLOGICAL SCALAR FIELDS 33 

the geopotential height fields into their Fourier- 
components. But wave number statistics are 
produced by spatial averaging, so that no error 
information can be provided for certain areas as 
distinct from other areas. Another aspect is the 
combined effect on both the scalar and vector 
error measures of the displacement and of the 
development of air pressure systems. 

The purpose of this paper is to introduce a 
separation method for both these effects, so 
that location and shape can be verified inde- 
pendently. The method might be said to pro- 
duce two coupled “fields of figures of merit”: 
one scalar field representing the areal distribu- 
tion of the “goodness of shape” (a), and one 
location error vector (E) field. A third field might 
be added to represent scalar deviations in geo- 
potential height. This is not an error chart in 
the ordinary sense, but one from which displace- 
ment errors have been eliminated. 

2. Outline of the method 

Rarely the observed and predicted positions 
of depressions, troughs etc., coincide and there- 
fore the underlying thought of the verification 
method to be developed here is to fix a system 
in the verifying chart f i r s t  and then to search 
in the forecast chart for the system that shows 
the greatest geometrical resemblance to the 
reference system. In doing so some “pattern re- 
cognition” technique has to be applied. 

For the purpose of this study it is convenient 
to define a system, or a pattern, as the informa- 
tion contained in an arbitrary rectangle of 
m xn gridpoints. An interpolated system is 
defined as an equally-sized rectangular part of 
the continuous field, though approximated by 
interpolation from gridpoint values. The size 
of the rectangle is assumed to be constant during 
each verification, but remains for the moment 
unspecified . 

Next, some measure for “pattern similarity” 
must be provided, preferably ranging from - 1 
to + 1. For trial attempt it was decided to work 
with the linear correlation coefficient (p) as a 
similarity coefficient ( S.C. ) . 

Now the observed system, once fixed, can be 
correlated with the predicted system having 
the same location. The S.C. may be thought of as 
stored in the geometrical centre of the predicted 
system. Furthermore, the observed system is 
correlated with predicted systems in the neigh- 
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bourhood, with the S.C. stored in their respective 
centres. This is done until a maximum value 
(em) has been found, using a sub-gridscale 
interpolation procedure (see Appendix A). In  
this way a vector is defined pointing from 
the position corresponding with the centre of 
the observed system to the position of the 
centre of the “best” interpolated system in the 
forecast chart. This vector may be interpreted 
as the local “location error” t. The value p, 
represents by definition the “goodness of 
shape”, irrespective of location, in short: 
em* 

Theoretically u may have the value + 1, which 
means that of the observed system, though 
maybe not at  the right place, the direction of 
the winds was perfectly predicted. On the other 
hand any zero vector E indicates a correct loca- 
tion, no matter how high, or low, the degree of 
resemblance u may be. 

The process is to be repeated for all other 
observed systems within the verification area. 
The E-field obtained in this way and isolines 
drawn for u, provide the areal distributions of 
location errors and shape errors, respectively. 

The method may be illustrated by the follow- 
ing example. Let some mathematically ideal- 
ized low in the topography of the 500 mbar 
pressure-surface be given by the circles 

( x c ~ 5 ) 8 + ( Y - 7 7 - ~ k ) * = ( ~ c l l c + v l r ) *  ( l )  

where 

x, y are Cartesian grid coordinates, 
(, are constants, 
,uk, vk are parameters with index k. 

The parameter pk defines with 11 the position of 
the centre point of each circle on the line x =( 
and also its radius together with vk. pk is suitably 
chosen as 

where 1 is taken as a constant. 

instance by 
If k is related to the geopotential height, for 

z = zo + 4k (geopotential decameters) (3) 

where z, is a constant, then with any chosen vk 
from (l) ,  (2) and (3) several different situations 
may be defined. Suppose that an “observed” 
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Table 1 

5 rl v k  1 ZO 

OBS 0 0 6 k  15 500 

PRD + 1.2 -0.7 >, 18 480 

situation (OBS) is given by 5 = q  =0, vk = 1/2k, 
I = 15, zo = 500, and that a “predicted” situation 
(PRD) shows the values [ = + 1.2, = -0 .7 ,  

vk = 1 / B k ,  1 = 18, zo =480 (see Table 1 ) .  
For Iz 1, I y I < 5 these two situations are dis- 
played in Fig. 1 ,  where the isohypses correspond 
to allowable integer values of k (see ( 2 ) ) .  

It will be clear that any reasonable checking 
must take into consideration: 

I. The location &ift (due to [ and 7). 
11. The shape disparity (associated with vk 

and I). 
111. The difference in height a t  the centre 

(caused by zo) .  
Possible rotational effects are neglected 

throughout this paper. 
Taking for the dimensions of the rectangle 

m = n = 7, let the central part of the OBS-low, 
given by the values a t  the 49 gridpoints of 
square EFGH in Fig. l a ,  constitute the refer- 
ence system. Then with respect to this system 
the S.C. for each possible PRD-system within 
the area Iz1,lyl 4 5  (always of course with 

3 
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a 
Fig. 1 a. Mathematical example 500 mbar contours. 
“Observed” situation (OBS) with reference system 
EFQH. 

Y 

t 

X 

b 
Fig. 1 b. Mathematical example 500 mbar contours. 
“Predicted” situation (PRD) with systems E’F’Q‘H’ 
and E”F”O”H”. 

m = n  = 7)  is calculated. So, for example, the 
systems E’F’G‘H’ and E”F”G”H” (Fig. l b )  
show a S.C. of + 0.766 and + 0.224 respectively, 
stored in their geometrical centres 0 and P 
(Figs. 1 b and 2 ) .  From Fig. 2 it  is seen that Q 
is the gridpoint with the greatest S.C. and there- 
fore the interpolation procedure (Appendix A) 
is applied to the surrounding square KLMN. 
From this, (I is found to be +0.984 in point A’ 
with grid coordinates ( + 1.27, -0.48), whereas 
the true position of the centre of the PRD-low 

Y 

I 

y 7  . 6 ? 4  *.7? *.7?4 *.7!6 

Fig. 2 .  Values for the similarity coefficient (s.c.) with 
interpolated maximum value (em = + 0.984) at point 
A’. The isolines represent equal values of the S.C. 
according to the polynomial fitting of the values la- 
belled with an %-symbol, m discussed in Appendix 
A. The vector OA’ is thought of as the location 
error, whereas the “goodness of shape” is measured 
by em. All this refers to the system EFQH shown 
in Fig. 1 a. 
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Fig. 3. Forecast area with verification area and inner verification area, in polar stereographic projection. 
26 x 32 gridpoints with gridsize d = 375 km at 60' N. 

coincides with the point A ( +1.2, -0.7). This 
slight inconsistency, due to the discrete repre- 
sentation, is quite irrelevant. The value a = 

+0.984 is high but not exceptional, as the re- 
sults mentioned later on in this paper will show. 
The process should be repeated in the same way 
for all other possible reference systems lying 
within the area 1x1, Iyl  < 5 ,  but this is not car- 
ried out here. 

The example demonstrates the separation of 
both effects, called I and 11. If one is interested 
in the difference in height at the centre (111), 
this may easily be obtained from the data at 
gridpoints by using the interpolation procedure 
described in Appendix A. 

In the first experiments a problem presented 
itself: sometimes an extremely large shift had 
to be made in order to obtain only a slight 
improvement of the S.C. Ambiguities even arose 
when the pattern recognition procedure per- 
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formed shifts over the whole map, confusing 
systems which had nothing to do with each 
other. Obviously, the deficiency was that the 
shape error could be reduced slightly a t  the 
cost of a substantial increase of the location 
error. This difficulty could be overcome by im- 
posing restrictions on the shifts to be allowed. 
A kind of damping mechanism, which implies 
that the idea u?! em is modified, provides for a 
balance between shape error and location error 
and will be explained in Appendix B. It should 
be borne in mind that this mechanism has been 
applied to obtain the following results. 

3. Some preliminary results 

For February 18, 1965, 0000 GMT, 24-hour 
and 48-hour barotropic forecasts were made of 
the geopotential heights of the 500 mbar pres- 
sure-surface. Fig. 3 shows the forecast area 
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a 
Pig. 4 a. February 17, 1965, 0000 GMT: observed 500 mbar contourlines drawn for every 8 geopotential de- 
cameters. By dashed lines the system is delineated which shows the greatest geometrical resemblance to 
the system indicated in Fig. 4 b, with its location error vector and measure for the goodness of shape. 

map in polar stereographic projection, covered 
by 25 x 32 gridpoints with a grid size of 375 km 
a t  60” N. The map magnification was taken into 
account. 

Each forecast was produced for two model 
versions: one without stabilization of the ultra- 
long waves (version a), the other in which the 
Cressman-term for correction of the retrogres- 
sion of the ultra-long waves had been incor- 
porated (version b). No terms accounting for 
the effects of topography and friction were in- 
cluded in both versions. The model used the 
complete balance equation. In Fig. 4 the actual 
situations of February 17 and 18, 1965, 0000 
GMT are shown. Fig. 5 presents the 24-hour 
forecast and Fig. 6 the 48-hour forecast, each 
for version b. 

Each forecast, and for comparison purposes 
also the situation of the 17th considered as a 

24-hour “persistence” forecast, was verified ac- 
cording to the above outlined method with 
rn = n = 9. Smaller values of m and n proved to 
make the method more sensitive to the small- 
s c n . 1 ~  phenomena, whereas greater values of m 
and n apparently stress the influence of the 
long waves. In choosing m = n = 9 the attention 
is focussed on an intermediate range of wave 
numbers, presumably coinciding with the scope 
of interest of the synoptic meteorologist. The 
results of such a small demonstration sample are 
not intended to serve as an ultimate judgement 
on whether inclusion of the Cressman-term 
would provide a significant improvement. 

In the actual chart of February 18 (Fig. 4b) 
the boundary of one system to be verified is 
marked by dashed lines. In the forecast maps 
of Figs. 5 and 6 the interpolated system is shown 
which the computer found to have the greatest 
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b 
Pig. 4 b. The same as in Fig. 4 a, for February 18, with one of the systems to be verified (m =a = 9). 

“resemblance” to the verifying system (apart 
from the slight reduction of the location error 
vector by the “damping mechanism” mentioned 
at the end of section 2). The arrows denoting E, 

with the figures representing the corresponding 
values of IT, confirm subjective observation that 
in that region persistence is the best forecaat 
and that the 24-hour forecasts are better than 
those for 48 hours, both in location and in 
shape. In  the same way for all other verifying 
systems lying within the verification area, with 
centre-points that fall in the inner verification 
area (see Fig. 3), u and E were calculated. Figs. 7 
and 8 represent the verifications referring to the 
respective maps shown in Figs. 5 and 6. 

The daily verifications, stored on cards or 
tape, might be used for further procesaing and 
statistics. For example, time-averaging of the 
daily results over a long period may reveal cer- 
tain types of qptematic errors of the model, if 
any. To illustrate this idea, Figs. 9 and 10 con- 
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tain verifications comparable to those of Figs. 
7 and 8, but now obtained by averaging per 
gridpoint over the period 18 to 21 February. 
The features become already more regular even 
though, the period being still very short, the 
verifications only reveal the model errors asso- 
ciated with the type of circulation during these 
four days and not yet any overall-systematic 
errors of the model. Therefore, verifications 
should in practice be averaged over a month, 
a whole season or over all days with the same 
type of circulation during a year or so. 

In Fig. 11 averaged verifications, some of 
which are shown in Figs. 9 and 10, have been 
summarized by means of frequency distribu- 
tions. Figs. 11 a, c and e show the distributions 
for IJ, Figs. 11 b, d and f for the length of the 
location error vector expressed in one-fourth 
of the gridsize d (A = 4 I E I /d). Figs. 11 a and b 
refer to the 24-hour forecasts, Figs. llc and d 
to the 48-hour forecasts, and Figs. lle and f 
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Pig. 5. 24-hours forecast with model version b, valid for February 18, 1965, 0000 GMT (cf. actual situa- 
tion in Fig. 4 b). (Dashed-line square: see Fig. 4 a.) 

to persistence. In  Figs. 11 a,  b, c and d the white 
blocks refer to model-version a and the dark 
blocks to version b. 

From the frequency distributions in Fig. 11 
Table I1 has been derived in which the bar de- 
notes an average calculated from frequencies 
per class. 

Apparently, in this case version b has brought 
about an improvement in shape, but a deterio- 
ration occurs with respect to location in the 48- 

Table I1 

24-hr frcst 48-hr frcst 

a b  a b  Persist. 

a 0.964 0.970 0.868 0.918 0.886 
1 0.895 0.870 2.060 2.255 2.565 

hour forecasts. The 48-hour forecasts only 
slightly overclass persistence concerning loca- 
tion; with version a the shape aspect is not 
better than with persistence. 

4. Concluding remarks 

In attempting to assess the degree to which 
two scalar fields resemble one another, two new 
indices are constructed. The author is aware of 
the shortcomings of all such indices, and in this 
particular case of the inherent correlation be- 
tween the indices a t  neighbouring points. 

In  spite of this fact the method presented 
here might be helpful for the research worker 
in numerical weather prediction to give him 
more insight into the behaviour of his models 
with respect to the prediction of scalar fields. 
Varying the size of the “window”, defined by 
wa and n, could provide him with phase-infor- 
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Fig. 6. The same as in Fig. 5, but 48-hour forecast. 

mation for different ranges of wave numbers. An 
extension of the method would be to relate shape 
and locat,ion errors both to the earth’s topo- 

Legend to figs. 7-10. 
Classes for s: A = 1.00-0.95, B = 0.95-0.90 
C = 0.9@0.85, D = 0.85-0.80, E = 0.80-0.75. 

Fig. 7. Verification of the map shown in Fig. 5. The 
arrows denote location errors (see also Fig. 2), where- 
as klines for u are drewn. For further explanation 
see the legend to Figs. 7-10, which is shown aside. 
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graphy, to the temperature of the underlying 
surface or to vorticity-the parameter that is 
directly predicted. 

Another possible aim, apart from checking 
the behaviour of numerical models by the re- 
search worker, would be the use of daily and 
averaged verification maps in the daily weather 

Fig. 8. Verification of the map shown in Fig. 6. 
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Fig. 9.  Verification aa in Fig. 7, but averaged over 
the period 18-21 February. 

service. This might help synoptic meteorologists 
in making empirical corrections to the numerical 
prognoses, which at present is provided in a 
vague manner from practical experience. Ulti- 
mately, this adjusting procedure could be auto- 
mated by making it  a part of the forecasting 
routine in the computer. 
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Fig. 10. Verification as in Fig. 8, but averaged over 
the period 18-21 February. 

Fig. 11. Shape error ((I) and location error ( I )  fre- 
quency distributions for 4-day averaged verifica- 
tions. (a) and (b): 24-hour forecast. ( c )  and (d ) :  48- 
hour forecast. (e) and ( f ) :  persistence (24-hours). In 
(a), (b), (c) and (d )  the white blocks refer to version a, 
the dark blocks to  version b. 

P 

t 

Fig. 12. (e,&-diagram, if eo= +0.6, for a=0.0,  a =  
0.5 and a = 1.0, according to the formula (5 ) .  
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Appendix A 

The interpolation procedure to obtain em was 
set up as follows. Starting with the array of 
s.c.-values shown in Fig. 2, it is clear that a 
maximum will be found somewhere in the 
neighbourhood of Q, the gridpoint with the 
greatest value for the S.C. ( +0.930). Therefore 
the second-degree polynomial 

e(x ,  y) =f=a ,  +a,x  +a,y +a,xP +a,xy +a,y2 
(4) 

with x and y as grid coordinates and the origin 
in Q, is fitted to the values a t  Q and at the four 
nearest surrounding gridpoints. To these five 
points one of the points K, L, M, N must be 
added in order to solve from (4) six equations 
with the six unknowns a,, a,, ... a6. It is con- 
venient to take the point with the greatest s .~ . -  
value, in this case L, so that the polynomial fits 
the values at the gridpoints labelled with a 

cross-symbol, aa seen in Fig. 2. Then from the 
conditions af/ax = af/ay = 0, xo and y,, are easily 
found. The arrangement of the program is such 
that not all values shown in Fig. 2 are calculated, 
but only as many values as needed to apply the 
interpolation procedure. 

Now it will be clear that, if ek =eo + a(1 -Po), 
Q must be put equal to eo. Therefore, if  for each 
eo a linear relationship is assumed between e 
and 6, in a (e, @)-diagram belonging to a given 
value of e, the line should go through the point 
{eo + a(1 -eo), e.}. Passage of the line through 
{ - 1, - l} is trivial. The equation of this line is 

(5) 

Fig. 12 demonstrates, for el, = +0.60, how 6 
depends on e for some values of a. 

Appendix B 

Let ek denote a certain value of the S.C. as- 
sociated with a shift over a distance equal to k 
times the gridsize d (the index k, which is not 
necessarily an integer quantity, will sometimes 
be omitted if the size of the shift is irrelevant). 
In  order to suppress very large shifts, each 
value ek at gridpoints is weighted down to a 
new value, &, also ranging from - 1 to + 1. The 
greater k, the more ek is pressed down. 

Now the location error will not be coupled 
any longer with the position of em, the inter- 
polated maximum of the field of @-values, but 
with the position of the interpolated maximum 
of the field of @-values, 8,. The measure for the 
goodness of shape remains associated with the 
unmodified e-values, though not with their 
maximum value em, but with the @-value cor- 
responding with the rosition of d,. In other 
terms: &EEe(x;m, yiml. 
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This artifice balances enlargement of the loca- 
tion error against improvement in shape. This 
process depends on the nature of the damping, 
which must be specified as a function of k. 
Unfortunately, this can only be done in a sub- 
jective way. 

For example, if e, = +0.60, it could be re- 
quired that el ought to attain the value +0.80 
at least so as to justify longer shifts. In relation 
to the above this means that, if < +0.80, el 
may not exceed the value +0.60. In  this case, 
a t  least 50% of the greatest possible improve- 
ment (A) of the s . ~ .  with respect to go, where 
A = 1 -Po = +0.40, must be bridged to allow 
for a location error vector with length 2 3d. 

Generally it might be required that a shift 
over the distance k . d  must result in a S.C. im- 
provement of at least a fraction a of the possible 
improvement A, where a = a(k) .  Tentatively a 
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has been chosen in the following completely 
subjective way 

a = 1 -exp ( -kS/40). 

From this it follows that for shifts over 2d, 3d 
and 4d the improvement of the 8.c. with respect 
to eo must be a t  least about 18, 49 and 80 per 
cent of A, respectively, to justify any further 
shifts . 

This approach implies that an improvement 
from + 0.60 to + 0.80 is equally valued with an 
improvement from +0.80 to +0.90 or from 
+ 0.20 to + 0.60 etc. Possibly another approach 

or the use of a different function a(k) may prove 
more reasonable, though the author believes 
such modifications not to be essential for the 
method. 

HOBbIm METOA OUEHHM AETEPMMHMCTMYECKMX n P O I ' H 0 3 0 B  
CKAJIFIPHbIX METEOPOJIOI'MYECHMX IIOJIEm 

npll qHCJIeHHOM IIpOrHO3e IIOrOAbI 6onbrulia- 
CTBO CTaTIICTli9eCKAX XapaKTepHCTAK O I I I H ~ O K ,  
OTHOCRWliXCfl K IIpOrH03y AaBJIeHliR, OIIpeAe- 
JIRIOTCR CYMMaPHbIM AenCTBMeM O I I I A ~ O K  N@OP- 
M ~ I )  II O U I H ~ O K  MecTononomeHm. XenaTenb- 
HO pa3gena~b 3 ~ l i  ~ @ ~ ~ K T E J .  npeAnaraeTcn M e -  
TO& AaIOWHfi BO3MOECHOCTb CAeJIaTb 3 T 0  Anfl 
KpaTKOCpOqHbIX npOI'HO3OB, eCJIH npeae6pesb 
BO3MOH(HbIMH Bpa~aTWIbHbIMli a@#JeKTaMH. CXe- 
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