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ABSTRACT

This paper describes an analysis scheme for over-land surface
winds in the Netherlands. The analysis scheme chosen is based
on an optimum interpolation method. The covariances and clima-
tology of wind observations needed in this method are modelled,
and model parameters are chosen to fit the sub-synoptic scales
encountered in the Netherlands. The optimum interpolation
method and the covariance and climatology models are verified
simuitaneously. The method gives a root-mean-square error in
wind speed estimates of 1.5 m/s; the error is more or less
normally distributed with maximum values of about 7 m/s. These

maximum values are often associated with heavy shower systems.
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SURFACE WIND ANALYSIS OVER-LAND IN THE NETHERLANDS
BASED ON AN OPTIMUM INTERPOLATION METHOD

G.J. Cats

INTRODUCTION

Surface wind is a meteorological quantity with many interests.
One of the main problems in describing surface winds is the
variability, both in space and in time. The variability in
time, which for a great deal is due to small-scale turbulence,
is greatly reduced by averaging wind observations during an
interval of 10 minutes, in conformity with WMO-requirements.

In the Netherlands, a program has been carried out to
investigate the space variability of the wind. A fairly dense
routine observation network is available (see figure 1). The
average distance between the stations is about 4O km. Wieringa
(1976) developed an objective method to reduce the influence
of anemometer sheltering by nearby obstacles, thereby extending
the representativity range of the wind observations.

This report describes a subsequent step in this research,
namely an objective wind analysis, for which a version of the
optimum interpolation method developed by Gandin (1963) was
chosen because of its performance, which is optimal in a least-
square-error sense. This method has already been applied
frequently to height and wind analyses in synoptic-scale models
(e.g. Schlatter, 1975), and an application to surface wind ana-
lysis has been given by Nordlund (1976), who, however, did not
concentrate on the small-distance behaviour.

In the second chapter the theory of the optimum interpolation
method is briefly outlined, and a special formulation applicable
for the situation in the Netherlands is given. The third chap-

ter describes the models for climatological averages of wind
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observations and their covariances. Then follow the verification
of the method and the conclusions.

Throughout this report the term "surface wind" denotes the
wind at a height of 10 metres, with wind speeds corrected for

local sheltering, according to the method developed by Wieringa
(1976).

THEORY OF THE OPTIMUM INTERPOLATION METHOD

List of symbols used '

covariance of observations

[=7

distance to the coast (i.e. the smallest distance to
the coast-line)

correlation length

number of observation stations

wind component in W-E direction

wind component in S-N direction

weighting factor

coordinates

«

correlation of observations

standard deviation of observations

O H <X ¥ = 4 £ B3 =

=1 if i=j
=0 if i}j

deviations

(Kronecker delta)

(=]
.

length scale: A= 20 km
root-mean-square error
latitude

€ q ¥»

Indices:

subscripts:

a in the analysis point

i,J in the stationmn i,j, iyj=1e.en

r,s denote the subset of values taken by i,Jj corresponding

to stations with missing observations
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superscripts:

estimated value

value of the guess field
observed value

true value

for observations of u

for observations of v

N 4 &8 & 0 & o

> denotes a long-term time average

The equations of the optimum interpolation method

An excellent derivation of the analysis equations has been given
by Lorenc et al. (1977). Some formulae are restated here.

An analysis procedure is a way to obtain estimated values Qz for
some meteorological quantity & in a certain point (analysis point a)
from observations of ¢ and/or other meteorological quantities at a
and/or at other observation points. It is assumed that one has a
guess-field for @, &% in all points (both in a and in the obser-
vation points i). This guess-field may be obtained from clima-
tology, or from model calculations. (If such information is not
available, one could start with a guess-field identically equal

to zero). 1In the following an analysis scheme for the u-component
of the wind field is described.

One assumes the deviation of the estimated value u: from a

guessed value ui to be a linear combination of the observed devia-

tions at the stations i, i=1...n:
n o
ug mug o= oW (uf - uf), (1)

where wia are the weights to be determined. Thus:

W, - u8 (2)
ia i i

<
)
=
1]
[
®
!
=
+
I M

1

where superscripts t denote true values,
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The method is based on a minimalization of the variance of

the left hand side of equation (2); this variance reads:

ey2 _ e tya g | .8 2 n g ty, o g
(O'a) = <(ua - ua) > = (o’a) + 2 E L < (ua - ua)(ui - ui)> +
o o g o g
+ i‘§=1 wiawja<(ui - ui)(u:j - uj)> (3)

In the following the guess-field is chosen to be the climato=~
logical average (e.g. ug =< uZ) ), being the most practicle
at the moment.

Now, under the assumption that the observational error at the
analysis point u: - u: is not correlated with (uz - u?), the
observed deviation from the guess~field at station i, equation
(3). can be transformed into

n
@2 =082+ I W W.c . -o» W. ¢ (4)
a a i,3=1 ia ja“ij

where cij is the covariance of the observations at the stations
i and j, and . the covariance of the observations at the

station i and the analysis point:

S 5 <(ui°-<u§>)(u§-<ug>)> and

C.
la

<(u‘i’ -<ui°> )(u;’- <u:>)> .

Minimizing the right hand side of equation (4) with respect

to wia we find the system of n linear equations in wia:

n
c. = Z W
ia .

3=1

jacij (i=1...n) (s5)

which can be solved for Wig (i=1...n), if the C;, are known.

In general, at the analysis point no observations will be
available. Therefore the cia have to be modelled from the

measured cij' This modelling is described in the third chapter.
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If the analysis point coincides with a measuring point, say
ja’ then still the Cia do not coincide exactly with the ¢, . ,
due to measuring errors. For, the C.a in principle could bé
obtained by performing observations at the point a; another
anemometer at the same place ja would not yield exactly the same
wind speed and direction. Otherwise stated: the Cia do not in-
clude variances due to measuring errors, whereas the C; s do.

If, however, it is assumed that’the measuring errors are zero,
then ¢, = c¢,. for all i, when the analysis point a

ia ij
coincides with®the point j,+ Equation (5) then has the trivial

solution:

W, = 8. . (8 = Kronecker-delta),

and equation (1) becomes u: = ug .
a
Therefore, the analysis scheme exactly reproduces the observed

values in the observation points, apart from the observational

errore.

The analysis described above applies of course equally well
to the S-~N component of the wind, v. It is even possible to use
the observations of v to analyze u, and vice versa. E.g.,

equation (2) will then read:
e t _ .8 t o o g ' o g .
u_ =u_  =u2 =-u_+ I (W, (u; = u?) + W (v, = v2)) (2")
a . ia 1 i ia

a a a i
1i=1

The subsequent equations are all changed in an obvious way.

The situation in the Netherlands

In the Netherlands a fairly dense observational network exists,
and on the whole very few observations are missing or unreliable.
To obtain the weights wia equation (5) has to be solved, which
requires inverting the n x n matrix cij' This matrix depends only
on long-term averages of products of observations at the stations,

and not on the analysis point or on the actual observations at
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the stations. It therefore saves computation time, if the matrix

cij can be inverted once and for all., This indeed can be done,

if provisions are made for the rare cases of missing observations.
Missing observations can be incorporated into the formulae

1 to 4, if it is imposed that they are given zero weight. We

use the Lagrange undetermined multipliers technique. Thus, in-

stead of the left hand side of equation (4),

- m
«T:)L -212 Xr wra has to be minimized. 1In here, the summation,
r

denoted by r, is over stations with the missing observations; m
is the number of missing observations; kr is a Lagrange multiplier.
This leads to:

j=1 wjacij T %ia i Apbpy = 0 (6)

which indeed can be solved by inverting the matrix Cij'

The Lagrange multipliers Ap follow from wra=o, thus

n
— -1 —
0 = 51((c )rj [cja + 2 kssjs]) =

(7
2 -1 -1
= & (¢ ). ,c., +& (™ =
rs s
= )
The index s also runs through the missing stations indices.
Note that the first term on the right hand side of equation (7)

would equal the weight wia’ if no constraints were imposed (see
equation (5)),

Equation (7) can be solved by inverting the matrix (0-1)r

. . -1 . . . .,
1s a m x m submatrix of ¢ ', The inversion of this matrix is

s? which
much cheaper than the inversion of C5 50 when m << n. Therefore
the procedure described in this section is attractive only in
cases where many stations are present which never change their
observational methods or position significantly and seldom fail

to make observations.
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MODELS OF COVARIANCE AND CLIMATOLOGY

Introduction

The covariance c, .= < (u® «<u®>)® -<u®>)> is usually
ij i i J J

written as
cij = I‘irjrij ' (8)

where Pi is the standard deviation of the observations at
station i, -and ?ij is the correlation.
The Netherlands are situated on the coast. Covariances c, s
are expected to depend on the distance between the stations i
and j and on the distances of the stations i and j to the coast.
In fact, it appeared possible to incorporate the influence of
the mutual distance of the stations into the correlation Y5 5o
and the influence of the distance to the coast into the varianees

P?. Therefore the models describe the variances Pi and the cor-

relations Yﬁj separately.

Climatological averages are used as the gueés-field in the
present version of the optimum interpolation technique. There-

fore some attention is paid to these in the fourth section of
this chapter.,

The correlation model

In figure 2 the correlations between 1200 GMT observations

2 2
(r; = <(ug-<uf>) (ug- <u§ >)> /\/<<u‘.1’- <u?>)°>< (u‘J?- <u§>) >)

of the u-components at 19 stations (see figure 1) are plotted as
a function of the distance rij between the stations. The number
of observations was 1389, In order to detect a dependence of Yi

on the distance to the coast, the stations have been divided

J

into three classes, according to their distance to the coast.
From figure 2 it is inferred that the influence of this distance
is not great, Furthér, the correlations between the v-components

did not differ much from the u-component correlations.
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Two equations were tried to fit the observations of Yij:

a) Y5

Y, exp(-rij/l)

(9)
b) Y

R exp(-(r; /1" )

Both equations were fitted by a linear regression between 1n Yij
and r resp. ra. Both regressions explained 80 % of the variance

of 1n Yij' The regression constants are:

a) Y,

0.955 and 1 1150 km

(10)

b) Y; 0.911 and 1

[t}

520 km

In synoptic-scale problems an equation of the form (9b) is
used, because Yij is derived from heights correlations by means
of a geostrophic relation. Therefore Yij is differentiable in
the origin. '"Correlation distances" 1, then, appear to be of the
order of 1280 km (Lorenc et al., 1977).

A correlation distance 1, which is of the same order of
magnitude, is found here for the equation (9a). Therefore both
equations have a feature in common with the corresponding large-
scale equation. The first equation was preferred, because the

analysis-results turn out to be slightly better (see chapter 1V),

As surface wind is highly correlated with synoptic-scale
weather systems, it is not surprising to find a large correlation
distance. Yet, this does not imply that subsynoptic-scale
phenomena are smoothed out by the analysis method: if they are
significantly present in the observations, they will be detected,

conformable to the statements following equation (5).

The correlation Yij is not equal to unity for zero distances
due to measuring errors. From the fact that Y ,=0+955 it follows
that the root-mean-square measuring error amounts to 20 % of the

standard deviation of the observations from the long-term average

r..
i
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In this research the correlations between u-components as well
as between v-components were modelled as Yo exp(-rij/l), with
1=1150 km and Yo=0.955. Thus the correlations are isotropic.

The correlation between u and v:j was observed to be small,
therefore it was assumed to be zero. With this assumption, the

w{a in equation (2') are also zero.

The variance model

The variance of the wind observations at a station is among other
things determined by the position of the station (e.g. Oort and
Rasmusson, 1971, give a dependence on latitude). Usually winds
are stronger near the coast, and consequently the variance of u-
and v-components will be higher in coastal regions than inland.
It is felt that the influence of the coast disappears almost
entirely at distances to the coast greater than about 50 km.
For this reason we chose the influence of the distance to the
coast to be modelled as tgh(d/A), where tgh(x)=-§§§%§%§§§§%§§% .
d is the distance to the nearest coastline, and A= 20 km.

The variance of the u-component was linearly fitted to the
latitude and tgh(d/A). The best fit was:

(r‘;)2 = 0.62 y;/A = 7.1 tgh(d,/\) + 24.7 (11)

(explained variance 64 %). (I‘?_)2 is measured in (m/s)°. The
coordinate system (x,y) is chosen such that the origin is at
51°58'N, #056'E, in the centre of the Netherlands. The x-axis
points east and the y-axis north.

The variance of the v-component PY2 was approximated by
0.86 0Y°, ;

i

According to the preceding section the observational error
amounts to 0.2 Pg. From equation (11) it follows that Pg and PI
are of the order of 5 m/s; thus the observations have a standard
error of about 1 m/s in each component. In table 1 P;, PZ and

their latitudinal derivatives are compared with synoptic-scale
observations. |
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Table 1 Order-of-magnitude comparison of variances and
long-term averages from this research and from
the tables of Oort and Rasmusson (1971).

Quantity Order of magnitude
Oort and gasmusson This research
(527N)
u2 2
Ti (m/s) 33 24
v2 2
Fi (m/s) ‘32 20
ar“2
1 i -1 .
— T (rad™ ') 5 8
r4
i
2
= T (rad™ ) 3 ?
rV
i
<:ui> (m/s) 1.5 15
A S b b
= rad - -
<ug >
a<<v. >
L 1" (raa™ ") -6 18
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Long-term averages of u and v

In this section the models for the climatological values
for u and v are given.

It appeared that <ui> and <vi> in the Netherlands
average 1.49 m/s and 0.65 m/s respectively. The 19 individual
station values of <ui> and <vi> had standard deviations of
0.20 m/s. 1Instead of using constant values for <:ui>> and

<:vf> y one could choose to use a somewhat more detailed model:

<:u£> = 0.03 x,/A - 0,02 yi/k - 0.49 tgh(di/x) + 1.79
(explained variance 45 %)

<:vi>

0.07 xi/x - 0.04 yi/x - 0.17 tgh(di/x) + 0.75

(explained variance 61 %)

(ui,vi in m/s), which fitted the observed '<u£> and <vi>
slightly better. Therefore this model was used 'in the present

analysise.

Use of the covariance and climatology models

The models that have been given for cij and <u§> and <:v<i)>
have to be applied in the optimum interpolation method only,
in order to obtain an estimate for these quantities in the
analysis point. However, usually the models are also used

for the description of the cij and <u§> and <vci>> in the
observation points themselves; it is hoped that this procedure
eliminates errors in the cij that arise from local influences,
from finiteness of data series, etc. It has the further
advantage that newly established stations can immediately be
incorporated in the analysis scheme. In the present case,

the same procedure has been followed.

In order to apply the analysis scheme outside the Nether-
lands, or improve the analysis in border areas, it is necessary
to use observatiqns at sea and in neighbouring countries.
Therefore the correlation, variance and climatology models

have to be extended to regions outside the Netherlands.
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VERIFICATION

The analysis system as described in Chapter IT, using the

models of Chapter III, has been verified in the following way:

For each day of the four years 1971-1974, at 1200 GMT and at
0000 GMT, 19 analyses were performed, in which each of the 19
stations in figure 1 was treated in turn as the analysis point.
The analyses were based on the observations at the other 18
stations. The basic analysis eqhation (1) has been applied for
both u- and V-components. The weights wia have been determined
from equation (6), with the covariances ¢, and s given by
equations (8), (9a), (10a) and (11). The Lagrange multiplier
lr followed from equation (7). In order to assess the sensi-
tivity for the particular correlation model used, also equations
(9b) and (10b) were applied to 0000 GMT. From the estimated
u- -and v-components wind speed and direction estimates were
obtained in the analysis point. These were compared with the
observations in the analysis point. This procedure was repeated
with a selection of 12 stations out of these 19 (with analyses
based on the observations at 11 stations). Estimation errors

generally turned out to be normally distributed, with standard
deviations as summarized in table 2,

The values in table 2 have to be compared with the observa-
tion error of 1 m/s in each wind component which corresponds to
a standard observation error of about 1 m/s in the wind speed,
and of about 150 in the wind direction. Maximum errors in wind
speed estimates can be as high as 7 m/s. A short investigation
showed that these high values are associated with local heavy
(thunder)storms.

The analysis scheme is not sensitive to the correlation

equation used. The equations (9a) and (10a) appear to be only
slightly better.

The analysis scheme took 0.05 seconds of computation time
for each analysis point, on the average 0.2 seconds for each

inversion of the matrix (c-1)ij and 1 second for the inversion

of the 19 x 19 matrix cij on a Burroughs B6700 computer,
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Table 2 Results of the verification of the analysis system.
19 stations 12 stations
1200 GMT 0000 GMT 1200 GMT 0000 GMT

equations equations

(7a),(8a) (7b),(8b)

Aff (m/S) 1o’+ 1."" 1.5 1.5 1-""
ry o

44 (%) 19 19 21 2k 21
AIE' (m/s) 1.8 1.6 1.7 2.0 1.7
max . (m/s) 6.8 6.0 6.5 6.9 6.9
Notations:

£f root-mean-square error in wind speed estimates.
Add - root-mean-square error in wind direction estimates.
AIEI average speed of the vector difference between measured

and estimated values.,

£f maximum error in wind speed estimates.

The figures in the table are averages over 19 resp. 12 tests,
in which one station was used as an analysis point; only the

observations at the other stations were used to form the analysis.

CONCLUSIONS

From the results in Chapter IV it follows that a modified optimum
interpolation method, developed by Gandin (1963), constitutes an
analysis scheme which gives good results on the average, especially
for wind speed. Occasionally, however, the deviation between
measured and estimated wind speeds can be as high as 7 m/s due to
heavy rainshower conditions. Surface wind direction can be estimated
only within a standard error of 20°.

The covariances needed in the optimum interpolation method are
given by

“i3 7 Fifyhyy
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with Pi the square root of the variance at station i, depending
on latitude and distance to the coast of station i, and Tij the

correlation between the observations at station i and station 3,

depending on the distance between these stations.

We chose to describe Yij as
Yig = Y, exp(=-r/1),

thus isotropic, and the same for u- and v-components of the wind.
By linearly fitting 1ln Yij tor it is found that Y, = 0.955 and
1 = 1150 km. This correlation distance 1 has the same order of

magnitude as the distances in large-scsle models.

From an extrapolation of the correlations to zero distances
between stations it was found that the observational error in
surface wind measurements has a root-mean-square value of 1 m/s
in each component after application of the shelter-correction for
wind speeds. (Wieringa, 1976).

The verification calculations with 12 stations do not show
much difference with the calculations with 19 stations. It is
concluded that the number of stations can be reduced without
losing much information on the average; this is connected with the
fact that the average distance between the stations (some 40 km)
is much smaller than the correlation distance 1 (1200 km).

Although the correlation distance is determined by synoptic-
scale phenomena, the analysis scheme detects subsynoptic-scale
phenomena if they are significantly present. Reduction of the
number of stations leads to a le§s significant determination of

such phenomena, and may therefore influence the analysis occasion-
ally.
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FIGURE CAPTIONS

Figure 1

Figure 2

The location of the 19 wind stations. The division
into three classes according to the distance to the
coast is indicated by the heavy dashed lines. The
12 selected stations (see Chapter IV) are denoted

by crosses.

Correlation coefficients of shelter-corrected

10-metre u-component observations as a function of

the mutual distance of the stations, for the combina-
tions of station/coast-distance classes (see figure 1).
Full lines denote linear best fits, for the left graph
to the correlation coefficients of stations from the
class combinations I-I, II-II and III-III, and for the
right graph for the other combinations. The broken

line is the simultaneous best fit to both graphs.
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