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Abstract 
From the results of a test of numerical analyses of Soo-mb charts over an ocean area 

it is concluded that the number of ocean station vessels is a minimum and that supple- 
mentary upper air data is required to ensure continuously reliable upper air analyses. 
A method of determining the mean lapse rate by interpolation is presented by means 
of which heights of upper pressure surfaces can be extrapolated from observed values of 
surface pressure and temperature. An attempt is made to determine statistically the true 
mean error in the numerical analysis of upper-air charts. 

Introduction 
Internal consistency in analyses of the many 

u per-level charts has always been the aim 

multi-level models for numerical forecasting 
has made this a definite requirement. In the 
past decade the density of radiosonde observa- 
tions has been greatly increased but the density 
of upper-air stations over the ocean areas is 
still insufficient to ensure a continuously reli- 
able anal sis of the upper atmosphere which 

weather ships in the North Atlantic has been 
repeatedly shown by the differences in conven- 
tional analyses when ship re orts were missing. 
The numerical analyses, as B eveloped by BERG- 
THORSSON and DOOs 1955, seemed to be 
another good basis for measuring the adequacy 
of the upper-air data over the ocean area and 
at the same time furnish a check on the 
reliabilit of such analyses.~Figure I silows a 
series o r  numerical analyses of the Soo-mb 
level for 1500 GMT, 16 April 1956. The 

o P the analyst but the recent development in 

is interna Y ly consistent. The importance of the 

Part of the research reported in this document has 
been sponsered by the Geophysics Rerearch Directorate 
of the Air Force Cambridge Research Center, Air 
Research and Development Command, United States 
Air Force, under contract No, AF 61 (514) - 648 - C, 
through the European Office ARDC. 

* Commander, U.S. Navy, attached to the Office 
of Naval Research, Branch Office, American Em- 
bassy, London. 

solid contours denote the analysis computed 
with all available radiosonde data including 
the eight weather ship reports. The analyses 
resulting from the removal of one weather 
ship are shown by the dashed contours. Figure 
Ia was made without weather ship C (52.7N- 
35.5W), figure Ib without weather ship D 
(44.0 N-41.0 W), figure IC without weather 
ship E (35,o N-48.0 W) and figure Id with- 
out weather ship K (45.0 N-16.0 W). The 
removal of the remaining weather ships influ- 
enced the analysis to a much less degree and 
therefore are not shown here. Whereas the 
conventional analyses might not show such 
radical differences by the removal of weather 
ship reports, the importance of these ocean 
station vessels is clearly emphasized in the 
above numerical analyses. 

Since the autumn of 1955 the Royal Swed- 
ish Air Force has used numerical analyses in 
conjunction with a pro ram in routine com- 
putations of barotropic B orecasts. As a measure 
of the reliability of these analyses over an 
area of the North Atlantic Ocean a comparison 
was made between the numerical analyses and 
the conventional analyses of the Swedish 
Weather Bureau covering a period of five 
months. The average of the root mean square 
of the differences (RMS) between the heights 
of the Soo-mb surface of the two analyses at 
corresponding gridpoints (one grid unit = 
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a b 

C d 

Fig. I .  Numerical analyses of the Soo-mb chart, 16 April 1956, 1500 GMT. Solid contours represent the analysis 
with all radiosonde data. Dashed contours represent analyses without a weather ship observation. 

300 km) in the area shown in fig. 2 are given 
in table I. 

It was found that the root mean square 
differences were fairly consistent except for 
occasional fluctuations. Further investigation 
revealed that the oorest analyses were usually 
due to missing L a  from the regularly re- 
porting weather ships but that in some in- 
stances there was simply insufficient coverage 
of upper-air data to provide a reliable analysis. 

Table I. The average of the root mean square 
of the differences between the numerical anal- 
yses (N) and the conventional analyses (C) from 

the Swedish Weather Bureau 

RMS (N-C) 

Tellur IX (1957), 2 

The upper-air data regularly available over 
the North Adantic consist of radiosonde and 
reconnaissance flight observations. Since the 
commercial aircraft flight reports are not reg- 
ularly available nor is their exactness suffi- 
cient for direct use, the only remaining means 
of supplementing upper-air data is to use 
the hei hts of upper-level pressure surfaces 

of the emphasis on the barotro ic model at 

is natural that the 500-mb chart should be of 
special interest, and investigations reported 
here were limited to this pressure level. The re- 
sults and conclusions are generally ap licable 
to pressure surfaces below the Soo-m! level. 

Hei hts of upper ressure surfaces extrapo- 

used to supplement observational data since 

extrapo B ated from surface ship reports. Because 

the International Meteorologica P Institute, it 

lated B rom known P ower surfaces have been 
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Error in 

Surface Pressure I mb.  . . . . . 
Surface Temperature IT.. . . 
Mean lapse rate o.z°C/~oo mb 

beginning of upper-air analysis. 

the same in that they are all based on the 
assumption of hydrostatic equilibrium. Any 
variations in these techniques stem from the 
differences in the method of selecting the 
proper mean lapse rate or mean tempera- 
ture of the atmospheric layer in question. 
In the literature it is generally suggested that 
the mean lapse rate can be estimated from 
local indications in the surface observations 
of cloud and weather types and from the his- 
tory of the air mass. It is a parent that an 

such considerations is very subjective and the 
accuracy d depend chiefly on the skill and 
experience of the analyst. 

A preliminary study of the cloud and 
precipitation types and the corresponding lapse 
rates showed such a random relationship that 
further investigations along this line were not 
continued. In an investigation of the rela- 
tionship between the mean lapse rate and the 

namic features of the joo-mb chart it was 

rate pattern associated with features of the 
joo-mb chart was insufficient to be used as a 
criterion for determining the mean lapse rate 
at s ecific points. It was concluded that some 

rates would be the most practicable and t at 
an investigation of this method should be 
made. Results of the investigation are de- 
scribed in the following section. 

the Extrapo Verir ation techniques are fundamentally 

approximation of the mean P apse rate from 

o db: served that the conservatism of the lapse 

fl met K od of interpolation between known la se 

Error in 
extrapolated 

goo-mb height 

& 5 meters * 20 D 
f 10 D 

Method 
The height z1 of the pressure surface p1 is 

obtained by integrating the hydrostatic equa- 
tion 

P O  

where T is the temperature, R* the universal 
gas constant, m the apparent molecular weight 
of atmos heric air, g the acceleration of gravity 

temperature in terms of the mean la se rate 
y between the pressure surface p1 anithe sea 
level pressure po and the sea level tempera- 
ture To, we obtain after integration 

and p o  t R e sea level pressure. Using the mean 

Fig. 2. Location of the grid used in numerical analyses. 
The Atlantic Ocean area is defined by the inner solid 

lines. 

2.1 = - To - - (Po  -pl) logPo ( 2 )  R*[ mg : 1 P1 

Thus knowing po ,  To and y it is possible to 
calculate the height of the pressure surface p1 
= 500 mb. Both p o  and To are observed 
quantities while a proper value for y may be 
interpolated between computed lapse rates at 
nearby reference stations (soundings). At the 
reference stations zlr p o  and To are observed 
quantities. The lapse rate can therefore be 
obtained from (2 ) .  It is obvious that for the 
present purpose, a lapse rate calculated in t h s  
way is more accurate and representative than 
a lapse rate calculated from the temperatures 
To and Tl and the surface pressure po. 

The magnitude of the errors in the extra- 
polated heights of the soo-mb surface obtained 
with the aid of (2 )  corresponding to errors in 
the surface pressure and temperature and mean 
lapse rate are shown in table 2.  Another source 
of error in extrapolating from ship reports is 
the time difference between surface and upper- 
air observations. Without a frontal passage it 
is reasonable to assume no temperature change 

Table 2 
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reference station at a distance r plus a differ- 
ence which has a normal frequency distri- 
bution. Due to observational errors the true 
value of the la se rate at the reference station 
is not known B ut the observed value can be 
written 

O V E R  O C E A N  A R E A S  

during this three-hour interval but the change in 
pressures with some synoptic situations may 
introduce large errors. These may be reduced 
by modlfication of the surface pressure by an 
amount based on pressure tendency and con- 
tinuity between synoptic charts. Fortunately 
this difficulty will be removed when the times 
of surface and upper-air observations become 
synchronous. 

An interpolated value for the lapse rate yt  
at a point can be determined by a weighted 
mean of the computed lapse rates yo (rk) at 
the surrounding reference stations. This can 
be expressed as 

N 

k - 1  
wkyo(rk) 

(3) Yi = N 
x w k  

k - I  

where the subscript o denotes observed values, 
N the number of reference stations, the sub- 
script i denotes interpolated values, the argu- 
ment r denotes the distance of the reference 
station from the point, and wlr w, . . . W, are 
the weights. As can be found in books of 
statistics (e.g. WHITTAKER and ROBINSON 1954) 
the weights which give the most probable 
value of yt are 

w1 = ch:, W, = chi, . . . . wN= c h i  
where c is an arbitrary constant and h,, h,, . . . 
h, are the corresponding moduli of precision 
of the observed lapse rates yo (rJ, yo (r3 . . . . . 
yo (rJ. Considering the variation of y in space 
and the variation of y due to observational 
errors the weights have been determined as 
a function of r in the following way. De- 
noting the true value of the lapse rate at the 
reference stations by y(r) and the true value 
of the lapse rate at other points by y, the 
deviation is 

5 = 7 - y(r) (4) 
From the Central Limit Theorem one can 
assume that the deviations should have a gaus- 
sian distribution. An inspection of the devia- 
tions showed that this is a reasonable assump 
tion, therefore 

or in words, the true value of the lapse rate 
at any point is equal to the true value at the 
Tellur IX (1957). 2 

where yo(r) is the lapse rate at a reference 
station calculated from the observed values 
according to (2) and nl(o, uo) is a variable 
with normal frequency distribution with 
a mean value zero and a standard deviation 
a,. Combining ( 5 )  and (6) the deviation will be 

5 = y - y o ( r ) = n ( 0 ,  G)--n,(o, 0 0 )  (7) 

with the mean value m and the standard 
deviation u expressed by 

or 
U=(4+g 

The relation between the standard deviation 
and the modulus of precision is 

or 

Here 4 is a function of r and 4 is constant. 
Since w, = ch:, w, = chi, . . . . w, = chi ,  from 
(12) the weights as a function of r are 

The function w (r) was obtained in the following 
way. From upper-air observations over the 
Atlantic Ocean and the British Isles, la se 
rates were determined for every fifth l ay  
during one year and the differences between 
values at pairs of stations were computed. 
The difference between two observed lapse 
rates may be written 

51 =yo - ro(r> (14) 
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According to (6) the observed value at r = o 
can be expressed as 

Yo = Y + n2 (01 0,) 

51 = Y + a2 (0, a,) - r&) 
so that (14) can be written 

(15) 

Together with (7) the difference between the 
lapse rates at stations is then 

(16) t l=n (o ,  a,) -n,(o, u,)+n,(o, a,) 

As with (9) the standard deviation is 

d(r) = E {5 ; }  = 4(r) + 24 (17) 

Combinin (13) and (17) the weighting func- 
tion w(r)  B or different values of r w d  be 

C1 w ( r )  = 
%((I) - 4 

With a, estimated to be 0.6"C/100 mb and 
with the standard deviation a,(r) obtained 
from observed values at hfferent values of r, 
then the function w(r) was approximated to be 

I 0  
+O.I (20) 

4 w (r) = - + - 
re+  10 r 4 + 2 0  

A graphical representation of this weighting 
function is shown in figure 3 .  To test the 
sensitivity of extra olated heights to the shape 
of this weighting P unction, another weighting 
function was tested where w was twice as large 
for r = 0. In recomputing 25 extrapolated 
heights for one day the hfference between the 
corresponding heights were, at the most, 10 
meters. 

The relative topogra hy 1000-500 mb at 

interpolation between the surrounding upper 
air stations using the same wei hting function. 

a surface station can a f so be determined by 

The hei ht of the Soo-mb sur 8 ace can then be 
obtaine 8; by adding the height of the Iooo-mb 
surface, determined from the reported surface 
pressure, to the relative topography 1000- 
500 mb. 

Figure 4 illustrates the actual use of the 
interpolation techque  to determine an 
approximation of the la se rate over a shp, S, 

ships, A, B, C and D. The observed lapse 
located between the P our weather station 

300 600 900 1200 IS00 km 

Fig. 3 .  A graphical representation of the weighting 
function. 
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Fig. 4. Illustration of the method used to determine the 
lapse rate over a ship by interpolation between the 

ocean station vessels A, B, C, and D. 

rates are plotted at each reference station and 
the interpolated lapse rate at S is shown in 
parentheses. 

Results 
Because the upper-air analysis over the 

Atlantic Ocean is of special importance for 
forecam over the European continent, tests 

Tellus IX (1957), 2 
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Figure 5 .  Surface synoptic chart, 25 January 1956, 1200 
GMT. 

of the extrapolation technique described 
above were limited to the Atlantic Ocean area. 
The mean lapse rates over ships reporting 
surface observations were determined by in- 
terpolation between the computed mean 
lapse rates at the eight weather ship stations 
Lagens, Azores (08509)  ; Funchal, Madeira 
(08521); Bermuda (78016); Sable Island 
(72600); and at dropsonde positions. Because 
the reduction of tem eratures and pressures 
to sea level can res uf t in nonrepresentative 
values, mean lapse rates computed from 
coastal radiosonde stations cannot be con- 
sidered reliable. The elevations and exposures 
to the sea at the four island stations above 
are such that sea level temperatures and 
pressures were considered to be representative. 
The stee lapse rate gradients generally 
existing abng the eastern coast of continents 
make it impracticable to determine by inter- 
polation the mean lapse rates within approxi- 

Figure.6. Lapse rate chart, 2s January 1956, 1500 GMT. 
Tellur IX (1957), 2 

O V E R  O C E A N  A R E A S  1 8 9  

mately 10' of lon itude from the coast of 

the coastal re ion it was found that interpolated 

and Sable Island were more accurate with the 
inclusion of the latter as a reference station. 

The surface synoptic chart for 1200 GMT, 
2s January 1956, is shown in figure 5 .  The 
temperature-pressure curve at each of the 
eleven reference stations has been determined 
from the 1500 GMT radiosonde observations. 
The mean lapse rates in degrees/Ioo mb 
have been computed hydrostatically from 
the known values of the sea level temperature 
and pressure and the height of the soo-mb 
surface, and are lotted at each of the refer- 
ence stations. T K e encircled number above 
each ship report is the difference in deca- 
meters between the extrapolated heights of 
the Soo-mb surface and the values at the 
correspondin points on a conventional anal- 
ysis prepare! by the Swedish Weather Bu- 
reau. The difference is positive if the extra- 
polated hei ht is greater than that of the 

extrapolated height is less. The average root 
mean square of these differences is 43 meters. 
Ins ection of figure 5 shows that the largest 
diLrences between extrapolated heights and 
conventional analysis values are not necessarily 
near frontal zones but tend to be within the 
same air masses. These differences can be due 
to errors in the surface temperatures and 
pressures, the time difference and/or to the 
interpolated values of the mean lapse rates. 

The mean lapse rate map in figure 6 is 
constructed from the values of the 500-mb 
heights and corresponding surface tempera- 
tures and pressures taken from the Swedish 
Weather Bureau analyses. Note that the mean 
lapse rates are in units of degrees centigrade 
per IOO mb. Mean lapse corresponding to the 
moist adiabatic lapse rate have the approxi- 
mate values 5.7,7.0, 8.0' C/IOO mb for surface 
temperatures of 20, 10 and 0' C respective1 . 
com uted from radiosonde data are plotted 
at t K e reference stations. The interpolated 
mean lapse rates are shown in parentheses. 
The lapse rates are encircled at the five ships 
where the difference between the extrapolated 
height and the height from the conventional 
analysis was greater than 40 meters. From 

North America. A P though Sable Island is in 

lapse rate va Y ues at points between Bermuda 

conventiona ii analysis and negative if the 

The mean lapse rates, sea level to 500 m l , 
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Fig. 7 a. Numerical analyses of the Soc-mb chart, 2 5  
January 1956, 1500 GMT. Solid contours represent 
the numerical analysis with the addition of extrapolated 
heights of the 500-mb surface. Dashed contours (every 
80  meters) represent the numerical analysis without 

extrapolated heights. 

Fig. 7 b. Conventional analysis of the 500-mb chart, 
2 5  January 1956, 1500 GMT, from the Swedish Weather 

Bureau. 

Fig. 7 c. Conventional analysis of the Soo-mb chart, 
25  January 1956, 1500 GMT, from the Deutsches Wet- 

terdienst. 

the la se rate analysis it can be seen that, al- 
thoug R part of these differences may be due to 
temperature errors and/or time difference in 
observations, errors in the lapse rates are largely 
responsible for the differences. The three 
ships located in the area between 40 and 25 
degrees west longitude are nearly centered in 
an unstable air mass. Since the lapse rates 
have been obtained by interpolation between 
reference stations situated on the outer bound- 
aries of this air mass, it is readily seen why 
the interpolated values are in error. Similarly, 
the ships at 48" N-48" W and 40" N - 6 3 " W  
are so situated with respect to the lapse rate 
gradients that the interpolated values show 
relatively large errors. Attention is called to  
the fact that these two ships are within IOO 

longitude from the coast and therefore should 
be expected to have inaccurate interpolated 
lapse rates but are included here to illustrate 
the situation under which any method of 
interpolation is limited. 

To  measure the value of the extrapolated 
Soo-mb heights two numerical analyses (BERG- 
THORSSON and DOOs 1955) were computed 
for the Soo-mb chart of ISOO GMT, 2s Jan- 
uary 1956. The first analysis utilized only 
the radiosonde and reconnaissance flight data 
while the second was based on the same 
data plus the extrapolated values of the 500- 
mb heights. Figure 7a has the numerical anal- 
ysis with extrapolated data in solid contours 
and the numerical analysis with only the radio- 
sonde and aircraft data in dashed contours. 
The conventional analyses of the Swedish 
and German Weather Bureaus are shown in 
Figs. 7b  and 7c for comparison. Addition 
of the extrapolated values for the nume- 
rical analysis has produced the double low 
structure in the region of Newfoundland 
similar to the Swedish Weather Bureau anal- 
ysis. Over the remaining areas the analysis 
remains essentially unchanged. 

The numerical analysis of the 500-mb chart, 
1500 GMT, I November 1956, shown in 
figure 8 a again illustrates the influence which 
extrapolated values of the soo-mb heights 
have on a numerical analysis. As in figure 7 a, 
the numerical analysis with extrapolated data 
is shown in solid contours and the dashed 
contours at 80 meter intervals show the 
numerical analysis without the extrapolated 
data. Observed heights of the soo-mb are 

Tellus IX (1957). 2 
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Fig. 8 a. Numerical analyses of the goo-mb chart, I No- 
vember 1956, 1500 GMT. Solid and dashed contours 

represent analyses as denoted in figure 7 a. 

Fig. 8 b. Conventinal analysis of the goc-mb chart, 
I November 1956,1500 GMT, from the Swedish Weather 

Bureau. 

plotted in decameters at the radiosonde sta- 
tions and reconnaissance flight positions in- 
dicated by the solid points. The extrapolated 
heights are shown at the encircled points. 
Wind reports are plotted in the conventional 
manner. The Swedish Weather Bureau con- 
ventional analysis is shown in figure 8 b for 
comparison. Addition of the extra olated 

ridge to a more north-south orientation 
similar to the conventional analysis. Note 
also that the numerical analysis in solid con- 
tours conforms more closely with the ob- 
served height values than the original analysis 
shown by dashed contours. 

Figures 9 and 10 are additional examples 
of numerical analyses made with and without 
the extrapolated heights. The most noticeable 
effect of the addition of the extrapolated 
heights is the adjustment in the positions of 
the troughs and ridges. The smaller scale 
features on the final analysis is better described 
as seen in figure 10 where the trough off 
the east coast of North America has been 
sharpened and intenslfied. 

As a check of the accuracy of the heights 
extrapolated from ship re orts the values 
were compared with the geights taken at 
the corresponding points on analyses from the 
Swedish Weather Bureau and the Deutsches 
Wetterdienst. The root mean squares of the 
differences between the values are tabulated 
in Table 3 where q denotes the number of 
extrapolated heights, SWB denotes the values 
from the Swedish Weather Bureau analyses, 
and D W  denotes the values from the Deutsches 

data has shfted the trough west of the b P ocking 

Fig. 9. Numerical analyses of the soo-mb chart, IZ 
October 1956, 1500 GMT. Solid and dashed contours 

represent analyses as denoted in figure 7 a. 
Tellur IX (1957). 2 

Fig. 10. Numerical analyses of the Soo-mb chart, 15  
October 1956, 1500 GMT. Solid and dashed contours 

represent analyses as denoted in fig. 7 a. 
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Date q 

38 
51 
51 
49 
39 
42 
55 
39 

Table 3 

34 33 
38 35 
58 51 
46 46 
45 44 
45 45 
76 65 
42 36 

35 
43 
61 
45 
42 
45 
58 
41 

46  
- 
- 

*K/1-56 15 . . . 
”/,-56 15 . . . 
18/4-56 15 , . . 
“/10-5~ I5 . . 
“/lo-56 15 . . 

‘111-56 15 . . 
16/10-56 15 . . 

Mean 

21  
26 
22 

37 
39 
24 
2 

28 

18 
19 
30 

25 
24 
37 

25 

22 

21 - 
- 

38 40 
30 30 
52 50 
37 32 
39 31 
61 43 

Wetterdienst analyses. As previously men- 
tioned, Soo-mb heights might be determined 
by interpolating values of the rehtive topog- 
raphy I 000-joo mb. A si& check of the 
joo-mb heights determined by this method 
was made and the results are also tabulated 
in Table 3 where RT denotes the height of 
the joo-mb surface determined from inter- 
polated values of the relative topography. 
From Table 3 it is seen that where the root 
mean square of the difference between the 
extrapolated heights and the heights from 
analyses are large, there is also a large differ- 
ence between the conventional analyses. 
Heights determined by interpolation between 
either mean lapse rates or relative topog- 
raphies show no significant differences. Since 
the surface temperature is not a critical factor 
in the latter method, it would probably be 
more adaptable to areas where coastal radio- 
sonde stations are required for reference sta- 
tions, e.g. Eastern North Pacific Ocean. 

The question arises “IS an extrapolated 
height thus obtained closer to the correct 
value than a height determined by straight 
interpolation of the joo-mb heights?” To an- 
swer this question the joo-mb heights were 
calculated by interpolation when actual values 
of the soo-mb height were substituted for 
the computed mean lapse rates at the reference 
stations. Since the root mean square of the 
differences between these values and the 
heights taken from conventional analyses was 
70 m it was concluded that the proposed 
method of extrapolation is a definite im- 
rovement over simple interpolation of 

Eeights. 

31 
25 
31 
36 
27 
23 

The reliability of numerical analyses was 
tested by comparing with conventional anal- 
yses and from these comparisons an estimate 
of the true error was obtained. The root mean 
square of the differences between the numeri- 
cal analyses without extrapolated heights 
(N), numerical analysis with extrapolated 
heights ( N J ,  and two independent conven- 
tional analyses (Cl and C,) from the Swedish 
Weather Bureau and the Deutsches Wetter- 
dienst were used as a basis for judging the 
reliability of the numerical analyses over an 
ocean area. The root mean squares of the 
differences (N - N,) , (N - CJ , ( NE - Cl), (N - 
C2), (NE - C,) and (Cl - C,) at correspondmg 
gridpoints over the Atlantic Ocean area shown 
in figure 2 are tabulated in Table 4. 

Over continental regions where the network 
of upper-air observations is dense, the root 
mean square of the differences between nu- 
merical analyses and conventional analyses 
RMS (N- CJ varies between 10 and 20 me- 
ters. It is not surprising that, over an area 
where the density of the upper-air network is 
small, the differences between numerical and 
conventional analyses is much greater as seen 
by the values in columns 2 and 4, Table 4. 
From column 6,  Table 4, it is seen that even 
the difference between conventional analyses 
is relatively great. The values in columns 3 
and 5 show that in general the addition of 
extrapolated heights has improved the nu- 
merical analyses Where the numerical anal- 
ysis, (N), is already relatively good the 
addition of extrapolated heights gives only a 
slight inprovement but where the numerical 
analysis is relatively poor the addition of 

p5/1-56 15 . . . 20 

11/10-56 15 . . 14 
1a!10-56 15 . . 16 
“110-56 15 . . 20 

’/11-56 15 . . 28 

I8l4-56 K5 . . . I2 

Table 4 

34 34 

42 41 
40 38 
53 43 
63 45 

32 3I 

Mean 

4 1 5 1 6  

18 I 44 I 39 
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supplementary data makes a marked inprove- 
ment of the analysis, (NJ. 

Using the mean values of the root mean 
square differences (Table 4, an estimate of 
differences between the several analyses and a 
fictitious true analysis can be obtained. Denot- 
ing ahe true height of the 500-mb surface as Z,, 
the heights at a correspondin point on the 
two conventional analyses an f the numerical 
analysis, Z,,, ZcI and ZN, may be expressed as 

where n(o, a,), n(o, gC,) and n(o, aN) denote 
the analysis errors which are assumed to 
have a normal distribution with a mean value 
equal to zero for a finite number of points, 

and have the standard deviations acl, a,, and 
a?,. If one can assume that the errors of the 
dfferent analyses are uncorrelated the mean 
square of the dfferences between the several 
analyses can be expressed as 

E { ( Z C ,  - ZcJZ1 = &, + oacI 
E { (ZN - Z,Jz} = 4 + a:, 1 ( 2 4  

{(zN - zC,)2j =a”N -k 

Substituting the mean squares of the differ- 
ences given in Table 4 in these equations the 
standard errors, ac,, a,, and a, were deter- 
mined to be 

ac1=22, aCI=ig uN=38, 

There exists a similar set of equations involving 
numerical analyses with extrapolated heights 
(NJ. Substituting the corresponding mean 

Fig. 11. Numerical analysis‘ of the goo-mb chart, 28 
October 1956, 1500 GMT, as displayed on the screen 
of a cathode ray tube. The cathode ray tube attached to 
the electronic computer, BESK, has a resolving power 
of 512 x 512 points. For the construction of the map 
above, a grid of points 256 x 256 were used. At each 
of these points a height value was computed by bilinear 
interpolation between the descrete height values resulting 
from the numerical analysis. If this interpolated value 
satisfied one of the inequalities 

Z , + n * d Z - - S <  Z < Z o + n . d Z + 6  
where 

n = o ,  f r ,  rtz.... 
a point was displayed on the tube screen. The range, 6, 
was made proportional to the gradient of the height 
field in order to get the contour lines displayed with 
approximately constant width. In the actual case Z, = 
$040 meters and AZ = 80 meters. The time consumed 
to diplay the analysis over an area shown in fig. 11. is 

less than one minute. 
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squares of the differences given in Table 4 
results in the following values 

ucl = 21, uc, = 20, a,, = 33 

These values represent the mean errors of 
the several analyses. Because the amount of 
data is insufficient there is a slight difference 
between the two errors for C, and also for C2 
but in spite of this it may be possible to con- 
clude that the numerical analysis has been 
definitely im roved by the addition of heights 

face observations. 
Since numerical analyses have been used 

extensively during the above investigation it 
is considered appropriate here to mention 
an improvement in the presentation of these 
analyses recently developed by A. Bring, In- 
temational Meteorological Institute, Stock- 
holm. One disadvantage common to methods 
of numerical analysis has been the time gap 
which exists between the results of the machine 
computations and the resentation of the 

analysis is given by a set of values of the 

of the Soo-m \ surface extrapolated from SLU- 

analysis on an aerologic 9 chart. A numerical 

height of the pressure surface at each grid 
point over a rescribed area. Generally a 
presentation oP the analysis involves the 
plotting of height values at 1,230 grid points 
and drawing the contours. A graphical re- 
presentation of analyses and forecasts by type- 
writer output has been used (STAFF MEM- 
BERS, INSTITUTE OF METEOROLOGY, UNIVERSITY 
OF STOCKHOLM, 1g54), but unless a very high 
speed typewriter is available this method 
neither completely solves the time gap prob- 
lem and nor does it show a detailed represen- 
tation. Bring has developed a method whereby 
the values at the grid points are interpolated 
and displayed on a screen of a cathode ray 
tube as contours of the pressure surface. An 
illustration of this analysis display and a brief 
description of the method is shown in Fig. I I. 
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