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ABSTRACT. A scheme for objective analysis of wind field over Indian region was drawn up using optimum
interpolation method. For this the autocorrelation functions and the structure functions of the wind field over
India have been computed for 850, 700 and 500 mb levels.

These statistical structure functions were used in calculating the weighting factors for the observing stations with
respect to the given grid point and objective analyses were made at 850 and 700 mb levels for eight days from 24
July to 31 July 1969. In order to evaluate the objective analyses quantitatively RMS errors were computed by
interpolating the winds at the observing stations from the objectively analysed field and comparing with actually
observed winds. Also, centres of the monsoon system obtained in objective analyses were compared with those in

subjective analyses.
1. Introduction

Meteorological variables observed at random-
ly situated observing stations have to be inter-
polated to equally spaced grid points for various
prognostic as well as diagnostic studies by num-
erical methods. Data from satellite, commer-
cial ships, aircrafts and from other non-con-
ventional platforms, observed at non-synoptic
hours also have to be utilised in the interpolation
of the data. In opder tp make use in the analysis
a large amount §f dat@ which arc from different
sources both nvengional and non-conventi-
onal types, suipble objective analysis scheme
is required. One of the most popular schemes of
objective analysis is based on the successive corre-
ction method formulated by Cressman (1959).
In this method, the anomaly or the deviation of
a meteorological variable at a given grid point from
the initial guess field is computed as the linear
combination of those anomalies at the surro-
unding observing stations giving weightage to

the inverse of distances of the stations from the
grid points. Although the weighting functions in
this scheme are empirically determined, the scheme
provides fairly acceptable results. However, it
is logical that the weighting functions should be
obtained on the basis of characteristic functions
of the statistical structure of the given variable
over the given region as stated by Gandin (1963)
and Eddy (1967).

Several workers, like Thicbaux (1973, 1974),
Schlatter (1975), Peterssen (1973), Rutherford
(1973), Kruger (1969), Bergman (1979) and otheie
have since then computed the weighting funct.-
ions on the basis of statistical structure functions
of the given meteorological variable following
varying procedures. For tropical regions, Alaka
and Elavander (1972A, 1972B) and Ramanathan
et al. (1973) have made studies respectively over
Caribbean region and Indian region. The latter
study has been on the computation of structure
function and autocorrelation function of wind
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fields at 500 mb for winter period. The authors
(1980 made a preliminary study by computing
statistical structure functions for 850, 700, 500 mb
levels for the monsoon period over Indian region
and drawing up an analysis scheme using the
weighting functions based on these computations.
This analysis from the optimum interpolation
method was compared with two versions of the
Cressman’s method for a single case for 850 mb
level. In the present study, the objective analysis
scheme was tested further by making analyses of
wind field at 850 and 700 mb levels for eight situ-
ations from 24 July to 31 July 1969 and comp-
aring with subjective analyses. RMS errors were
also computed by interpolating winds at the ob-
serving points from the objectively analysed wind
field at the surrounding grid points and com-
paring with actually observed winds.

2. Methed

Gandin (1963) has derived an expression for
the weighting functions for the observing stat-
ions with respect to the grid points incorporating
physical characteristics of the parameter over the
given region. This is done by computing auto-
correlation functions and structure functions as

follows. If we consider f;, fi.?: and J;
to be the true value, the observed value, the in-
itial guess value and the anomally or the devia-
tion of the observed value from the initial guess
value at the station i ,we have the following
relations :

{2
Li =L+«
where ¢; is the total error in the observed value

ﬁ of the parameter. This can be instrumental
or observational or that is introduced during
coding, decoding and transmission of the data.

The anomalies of the observed values at the
observing stations are better correlated with
those at the grid points than the actual values.
Hence the anomalies at the grid points are com-
puted as the linear combination of the anomalies
at the stations (Eqn. 1).

n

fu‘ = Z ?,'r Pi ‘*‘ ]ll (l)

i=1
where, P; is weighting function, n is the total
number of the stations around the grid point
and Iy is the error in the interpolation which

becomes zero for exact calculation of fy' . Now,
we have
: n_‘ s
I = (1 — Z 7P )
i=1
I =1 —Z{f + P 3)

Now, two important assumptions ar: made,
firstly ¢ ,the total error in the valur at the station
i, is independent of the anomaly of the true
value, f;’ at that place and also independent
of the total error € at other stations

i.e., f.";.' =0 1

— I

Ge6=0 whenisj} 4

rici = o' when i=j]
Here o®,; denotes the mean square random obser-
vational error or simply random error. The
second assumption implies that the random
error do not effect the values of covariances
but increase the true variances by an amount
o’e; (Gandin 1963, Alaka and Elvander 1972 A).

By invoking the above assumptions (Eqn. 4),
the Eqn. (3) can be written as

n n n
B, = Z z 5 Ji PiP; +Z o'e Pt

i=1 j=1 i=1
n

ﬂzjiﬁwﬂwm )

i=1

In order to have the best interpolation, the
mean square interpolation error, 7,2 has to be
minimum over the given region. This is achieved
by the following condition (Eqn. 6) :

ol _ o
3 P; (6

As aresult of this condition (Eqn. 6), we get

the following set of equations :

n
Zf,—'_f,' piotap = 1T, i=1,2,3....1) (7)
J=1

where p;’s are the optimum values of the weight-
ing functions P;’s  when I is minimum.

It can be proved easily that f,r" f,-; = I

and f', 1) = [ Iy’ (Alaka and Flvander 1972 B).
Hence the set of equations (Eqn. 7) can be written
as,

n

e e

Z i1+ ot =?.' 1t (=1,2,3.,..n0)(7a)
j=1
Also we get an expression, for the minimum
error, I, from Eqns. (5) and (7).

n
F-lfwa=od= DK S ®

=1
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Fig. 1. Structure function of » and v components of wind

Assuming that over the area of synoptic scale,
the variances are homogeneous and the covarian-
ces are both homogeneous and isotropic, ghc
set of Eqns. (7a) can be normalised by dividing
by the corrected mean variance, ¢, which
is constant for the given region

‘702 in ""—i: = U!‘i
The set of Eqns. (7a) and Eqn. (8) respectively
become

pr,- + X'p;, = py; (i=1,2,3....n) (9)
ji=1
and

n
Ewdf s Z sai P3) (10)

III
—

g B = B0 ang p= e

where, pij i Hoi p= =

(11)

The random error o' required in Eqn. (11)

in calculating A* is obtained indirectly from the

computations of structure function. The struc-
ture function, by is given by :

by (p) = (fi' — 5 (12)
where,
p=|Vi—Vj| (13)

v; and v; are the position vectors of the stations
i and j. The estimated structure function is,

b (p) = (' —17) (14)
As shown by Gandin (1963), iy(p) is given as
by(p) = by(p) +20% (15)

by(p) becomes zero as p becomes zero whereas
by (p) need not become zero at the same station,
since, if the observations are made by different
individuals using differcnt instruments, observed
values need not be identical (personal eirors in the
observations and the instrumental errors are pre-
sent). So, we have

by (0) = 2 0% (16)

In other words, the curve of the estimated struc-
ture function, py extrapolated to zero distance
gives twice the mean random error 2o%;.

3, Data and computations

As the interest of this study is on the mon-
soon period, the statistical structure functions
were calculated for 850, 700 and 500 mb levels
for the month of July and only for 850 mb level
for the monsoon period, viz, from June to sep-
tember. For this daily upper wind data of three
July months (1969, 1970 and 1971) from radiosonde
stations and pilot balloon stations over Indian
region and these wind data from 1 June to 30
September for three years are utilised. Wind
field being vectorfield, has been resolved into
u and v components and considering them as
two separate parameters, the autocorrelation
functions and the structure functions were com-
puted separately.

3.1. Structure function and autocorrelation
Sfunction

The structure function, 7y (observed) given
by Eqn. (14) were computed at the three levels
for u and v components separately and plotted
against the distance, p (Fig. 1). The mean
random errors o’ at the various levels for
both ¥ and v components were obtained from
Fig. 1 (Eqn. 16) by extrapolating the structure
function curves to zero distance (p = 0) and these
mean random errors were given in Table 1. The

covariances 4’; »’j and %' »; were computed for

every stations with respect to every other stations

in the region. They were normalised by divid-
ing by o% before plotting them against dis-
tance between the two stations i and j. Although
the autocorrelation function curve reached zero
after certain distance, there was scatter of points.
As observed by Alaka and Elvander (1972A),
the scatter of points was partly due to an isotropy
and non-homogeneity of the true correlations.
Hence points within 1° segment were averaged
using Eqn. (17) to represent the mid-point of the
segment. These auto-correlation function cur-
ves are given in Fig. 2. Then, these values of
normalised covariances or auto-correlation func-
tions p are fitted to a curve represented by
Eqn. (18).
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Fig. 2. Autocorrelation function of # and v components of wind

TABLE 1

Estimates ol random errors

Extrapo-

lated

value of |

Level structure O e Random

function (m®s—*)  error
at dis- T
tance (ms—)
P:U

Period

w-Component June-Sept 850 21.5 10.75 3.28

July 850 26.0 13.0 .61
July 700 35.0 17.5 18
July 500 41.5 20.75  4.55

v-Component June-Sept 17.5 8.75 .96
July 12.5 .50
July . i .00
July 5 i .41

NT

w(d) = Zp (0D —7

i1 Z Nj
el

Np is the total number of covariance values con-
tributing to p.

N; is the number of points within 1° segment.
p(p)=(AdeBF 41— A)cosDp  (18)

where A, B, C and D arc constants. The u(p)
curve becomes 1 at p=0 and it decreases exponen-
tially and reaches zero after certain distance,
The constants 4, B, C and D were evaluated
separately for u# and v components at 850, 700
and 500 mb levels. These constants for various
cases are given in Table 2.

3.2, Weighting functions and objective analysis

As we have assumed earlier that the autocorre-
lation function to be homogeneous over the
region, u (p) for any given distance, p could be
computed from Eqn. (18), knowing the constants
A, B, C and D forzand v components separately.
Thus ;i for the pair of stations / and j and Hoi
for the station i and the grid point, ‘0’ were
obtained, o%; was obtained from structure fun-
ction curves b, and 6. for v and v com-
ponents (Fig.l) and subsequently, A*. Thus the
set of Equations (EqnY) was formed and then
solved to get the weighting functions, pi* of the
stations (i~ 1,2. .n) with respect to eachof the grid
points in the region. As there is no restriction
on the number of station considered around the
grid points, there has to be a constraint on the
sum of the weighting functions and hence the sum
of the weighting functions of the stations with
respect to a grid point is not allowed to exceed one

n

i e, Z J R (19)

i=1

(20

Knowing the weighting functions, the ano-
malies at the grid points were computed as the
lincar combination of anomalies at the surrounding
stations giving appropriate weights to them (Eqn.1).
The climatological values at the grid points were
the initial guess field. The u and v components
were separately analysed daily from 24 July 1969 to
31 July 1969 at 850 and 700 mb levels. During
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TABLE 2
Values of the constants of the empirical curves fitted for auto-correlation functions

No. Period/ Level Constants for #-component Constants for v-component Distance where p
Month  (mb) ————— Y — A — becomes zero
A B C D A B C 5 S ST
u-comp. v-comp.

Jéme- 0.789 0.688 0.402 0.920 0.770 1.145 0.860 1.140 14.8° 12.6°
ept

July 1.250 1.180 .0.560 1.140° 0.825 2.240 0.350 1.680 13.0° B:5°
Juiy 700 0.975 2.400 0.410 1.080 1.060 1.100 0.420 2.030 12.8° 7.0°
July 500 1.028 1.170 0.210 1.890 1.080 3.410 0.920 2.370 7.6° 6.0°
July* 850 0.895 2.120 1.060 0.441 1.070 2.050 1.500 0.000 — =
July* 500 1.020 1.710° 1.360 [0.190 1.140 2.130 1.830 0.342 o -

*(After Alaka and Elvander 1972 A)

TABLE 3

Centres of moasoon depression/low in subjective and objective analysls and the vaztor diference of centres in both cases

Analysis at 850 mb Analysis at 700 mb
— A

No. Date i _— Y r -
Subjective  Objective  Vector Subjective  Objective Vector
diff. diff.
(km) (km)
24 July 1969 19° 3N 20° 30N 124 20° 30N 21° O'N 124
86° O'E 85° 30'E 86° OE 85° 0'E
25 July 1969 20° O'N 21° O'N 110 20° 30’N 21° O'N 55
84° 30'E 84" 30'E 85- OE 85° 0'E
26 July 1969 26° O'N 25° O'N 248 —_ —
80° O'E 32° OE
* 20° 30'N — o 20° 30'N 22° O'N
87° 30'E 87° 30°E 87° O'E
27 July 1969 21° 30'N - 23° ‘N 20° O'N 20° 30'N
88° O’E 86° 30'E 88° OVE 87° 30'E
28 July 1969 207 30'N 21° O'N 19° 30'N 19° 30N
89° O'E 88" 0'E 89¢ O'E 87° 30v'E
29 July 1969 20° N 21° O'N 20" O'N 19° O'N
89° OE  89° 0 88° 0'E 88° (/E
30 July 1969 21° 30'N  21° 30'N 55 21° 30N 22° (*N
87° O'E 87¢ 30°E 86" 30’E 87° (VB
31 July 1969 2° 3N 22° 3N 55 22° ON 22° 30'N
85° 30'E 85° OE 85° 0'E 85° 30'E

* There were two systems in subjective analysis at 850 mb.

TABLE 4 this period, on the first two days there was a weak

i lsn dhairvidwinls ail system and on 26th another low was formed at
RMS errors °b‘°g',fj§d':{e,§°';‘,',’,f,‘.,5§d field north Bay, then intensified into deep depression
. and moved inland. Thus we have different situa-
RMS Error in mps tions for making the objective analysis and ex-
r = 700 Y aminig how the monsoon system has been depicted
x L = on different days. The objective analyses and the
S v-  wind u- v- wind corresponding subjective analyses for three typical
comp comp comp comp cases at 850 mb and for two typical cases at
24 July 1969 g8 2.6 135 4.5 31 700 mb are given in Fig. 3 (a-e).

25 July 1969 250 2.6, 3.6 50 2.7
26 July 1969 22 0 037 5.2 , A28
27 July 1969 2.5 52.3° 3.4 3.1 125
28 July 1969 70 T e i 4.6 3.7
29 July 1969 20N 8 4.3 - R
30 July 1969 28735 14.2 5.1 W38
31 July 1969 2.8 26 3.9 §9/ 3.9

For examining the objective analyses quanti-
tatively, rms errors were computed by interpolating
the values at the observing stations from the
objectively analysed field at the grid points, and
comparing them with the observed values. The
rms errors for all the days at the two levels are
given in Table 4.
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Fig. 3(a). Objective and subjective analyses for 24 July
1969 at 850 mb level

4. Discussion of results
4.1.  Statistical structure functions

The autocorrelation curves show that for » andv
components, they decrease with distance and
become zero respectively at 13.0° and 8,657
at 850 mb level, at 12.8° and 7.0° at 700 mb
levels and at 7.6° and 6° at 500 mb level. In
other words, this means that waves of wave-
length of about 2500 km afiect 850 and 700 mb
levels whereas much smaller waves affect 500 mb
level. Ramanathan et al. (1973) have computed
autocorrelation functions and found that in winter
period at 500 mb, the auto-correlation function p
becomes zero at greater distance. Also they have
obtained the correlation coefficient patterns to
be elliptic whereas the authors (1980) have obtained

Fig. 3(b). Objective and subjective analyses for 26 July
1969 at 850 mb level

the correlatoin coefficient patterns to be almost
circular at this level (500 mb). Hence it may be
inferred that whereas in winter at 500 mb longer
waves affect the region and the atmosphere is
not isotropic, in July shorter wave affect the
region and the atmosphere is nearly isotropic.
It is relevant to mention here that in the monsoon
season 500 mb level is a transition level since the
lower level southwesterlies/westerlies change to
easterlies around this level.

The mean random errors, o’ obtained from
the structure function curves, vary from 1.5 to
5 mps. The structure functions as well as the auto-
correlation functions for this period July are
also different from those obtained by Ramanathan
etal.(1973) for winter period over Indian region
and by Alaka and Elvander (1972A) for winter
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Fig. 3(¢). Objective and subjective analyses for 31 July
1969 at 850 mb level

and summer periods over north American tro-
pics. This suggests that these functions are different
for different regions and different periods and hence
have to be determined separately for each region
and for every season for using them in the com-
putation of weighting functions.

4.2. Analyses

The analyses of wind field at 850 mb and 700 mb
levels obtained by this optimum interpolation
scheme for the days from 24 July to 31 July 1969
compare fairly well with the corresponding sub-
jective analyses. To illustrate this, a few cases
of the analyses at 850 mb and 700 mb levels are
given in Fig. 3(a-e). Although, in most of the
cases both analyses agreed well, on 26 July, the
subjective analysis at 850 mb level shows two
systems whereas in the objective analysis only

WIND FIELD 49
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Fig. 3(d). Objective and subjective analyses for 26 July
1969 at 700 mb level

one system has been depicted (Fig. 3b). The ob-
jective analyses in other cases Fig. 3 (a, c, d),
agree well with subjective analyses. The positions
of the centres of the systems in both analyses
and their vector differences are given in Table 3.
This shows the vector differences are in gencral
about 100 km (about 1°) with maximum value
250 km (2. 5°) and minimum value 55 km (0.5°).
From this, it may be inferred that the analyses
of both the methods agree fairly well. The ob-
jectively analysed wind field was compared with
actually observed winds by computing rms errors,
which vary from 3mps to 7mps (Table 4).

5. Concluding remarks

For optimum interpolation method, it is ne-
cessary that the statistical structure functions and
weighting functions are separately calculated
for each level, each region and for each season.
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