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ABSTRACT

A system for continuous data assimilation described recently (Bengtsson & Gustavsson,
1971) has been further developed and tested under more realistic conditions. A balanced
barotropic model is used and the integration is performed over an octagon covering
the area to the north of 20° N. Comparisons have been made between using data from
the actual aerological network and data from a satellite in a polar orbit. The result
of the analyses has been studied in different subregions situated in data sparse as well
as in data dense areas. The errors of the analysis have also been studied in the wave
spectrum domain. Updating is performed using data generated by the model but also
by model-independent dats. Rather great differences are obtained between the two
experiments especially with respect to the ultra-long waves. The more realistic appro-
ach gives much larger analysis error. In general the satellite updating yields somewhat
better result than the updating from the conventional aerological network especially
in the date sparse areas over the oceans. Most of the experiments are performed by a
satellite making 200 observations/track, a sidescan capability of 40° and with a RMS-
error of 20 m. It is found that the effect of increasing the number of satellite observa-
tions from 100 to 200 per orbit is almost negligible. Similarly the effect is small of
improving the observations by diminishing the RMS-error below a certain value.
An observing system using two satellites 90° out of phase has also been investigated.
This is found to imply a substantial improvement. Finally an experiment has been
performed using actual SIRS-soundings from NIMBUS 1V. With respect to the very
small number of soundings at 500 mb, 142 during 48 hours, the result can be regarded

as quite satisfactory.

1. Introduction

Conventional meteorological observation syst-
ems based on simultaneous, or synoptic observa-
tions at regular time intervals are now being
planned to be replaced by non-synoptic observa-
tion systems. Non-synoptic observations in the
form of aircraft reports as well as observations
from reconnaissance flights have been available
for many years but they have only been of a
marginal importance and have never been
included in any scheme for objective analysis.

The difficulty of including aircraft reports in
a scheme of objective analysis is due to the
fact that these reports are distributed over
very limited areas in space. The quality of the

1 This work was mainly done during the authors’
stay at the National Center for Atmospheric
Research, Boulder. The National Center for Atmos-
pheric Research is sponsored by the National
Science Foundation.
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aircraft reports is also very unsatisfactory
(Bengtsson, 1967).

The advent of earth-orbiting weather satel-
lites has made a vast impact on meteorological
observation, the most promising being the
possibility of receiving the vertical temperature
structure through the entire depth of the
atmosphere. Since these satellites pass over
most of the earth’s surface in a 12-hour period
the global distribution of temperature will be
provided almost continuously in time.

An investigation of the accuracy of the
temperature measurement from the satellites
has been published by Smith (1971), which
shows that the temperature error during clear
air conditions in the troposphere is between
1°C and 2.5°C with a minimum value around
500 mb. The error will be greater in the case
of clouds and the error is increased by about
50 % when there are middle clouds. It is not
very probable that the minimum accuracy will
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be improved very much in the future except
for the relatively great errors around the
tropopause and in the boundary layer. There
will, however, be a substantial improvement in
the horizontal resolution which 1s assumed to
increase from more than 100 km to about 30 km
and the probability to find cloudless areas will
therefore be improved.

In the operational procedure there are two
different kinds of retrieval procedures used by
NOAA in the processing of SIRS radiance
data which are both making use of a dynamical
12-hour forecast in the determination of
temperature and water vapor profiles. One of
them makes use of a reference level, the other
one computes the geopotential by a statistical
method, Smith (1970). The derived temperature
profiles are those which have a minimum devia-
tion from the forecast in order to satisfy the
radiance observations. However, it seems to
follow from the numerical retrieval procedure
that the computed temperature will not be
completely independent of the temperature
prediction or any kind of first guess. This
may be serious since there is an extensive and
systematic interaction between successive ana-
lyses and predictions.

Another method for deriving the temperature
from the radiation has been presented by
Chahine (1968, 1970). Chahine’s method is
based on an iterative technique which converges
to the same result independent of the first
guess. It also follows from Chahine’s discussion
that any temperature variation related to
observable variations in the emerging radiance
can be reconstructed. There are apparent
advantages with an inversion technique that is
independent of the prediction. If this is not
the case, there will be a correlation between
the prediction and the observations that can
easily create serious problems in areas where
we only have access to data of that kind. A
similar situation may easily be developed in
conventional systems for numerical weather
predictions if the weight of the forecast as a
preliminary field for the analysis is made too
large in data sparse areas.

To assimilate non-synoptic data by the aid
of a model based on the complete equations
creates serious problems. Measurements in the
real atmosphere are not perfect nor would they
fit the normal modes or quasi-geostrophic
modes of any approximate model of the atmos-
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phere and as a result spurious gravity waves
are generated. Another problem is the systema-
tic errors of the model due to physical and
numerical deficiencies.

Some successful experiments have, however,
been performed, but in those cases artificial
data sets generated by the model itself have
been used. Such artificial data belong to the
subspace of quasi-geostrophic modes and
consequently cannot generate gravity waves.
As has been shown by Morel et al. (1971) great
differences are obtained if data sets from
another model are used for the updating. The
same will be valid to a higher degree for real
data.

For the time being we will eliminate the
problem with spurious gravity waves simply
by performing the data assimilation by a
quasi-geostrophic model. When the mass field
has been established for a given time we may
obtain initial data for a primitive model by the
solution of the balance equation.

In a recent article by Bengtsson & Gustavsson
(1971), hereafter referred to as I, a system for
the analysis of non-synoptic data was presented.
In that study the experiments were performed
by the aid of a quasi-geostrophic barotropic
model and the integration domain was a zonal
channel cireling the globe with the northern
and the southern boundaries at 70°N and 30°N
latitudes. In the following investigation we
have introduced a number of generalisations.
Firstly we have performed the computations
for a polar-stereographic area covering the
area to the north of 20°N and we have also
made use of the actual synoptic network as
well as correctly computed satellite orbits.
Secondly we have simulated cases where the
“observational’”’ data have been obtained from
actual analyses and thus inconsistent with the
model which has been used for the updating.
Finally experiments have been undertaken whera
actual SIRS-soundings have been used.

It is the purpose of this investigation to see
if the results obtained in I during idealized
conditions are valid also when we perform
realistic experiments.

2. The objective analysis

The method of objective analysis has been
described in detail in I. Optimum interpolation
(Eliassen, 1954; Gandin, 1963) is used to
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analyse the deviation of the observations from
the forecast. It will also be shown that the
scheme easily can be modified in such a way
that also the space correlation of the observa-
tional error can be taken into account. A similar
modification was recently proposed by Gandin
(1971).

We recall some of the definitions and equa-
tions from the derivation of the method. The
analysis zp,’: in gridpoint 7 at time ¢ is expressed
as a linear combination of the forecast yf
and the deviations of the observations from the
forecasts (yh —wi;) in the vieinity of the
gridpoint: (subscript k refers to the observation)

N
yit = v+ 2 Dilyke - wie) {2.1)
K=1

The weights p, are determined by minimizing
the mean square error of interpolation:

E=(py—vit)

N 2
= (wn—wﬁ— 2 Pk('l’?cz—wft)) 2.2)
k=1

yy; being the “‘true’ analysis.

A necessary condition for E to have a mini-
mum is that the partial derivatives with respect
to the weights p, must vanish. This condition
together with the assumption that the observa-
tional errors are independent of the errors of
the forecast will give the following system of
linear equations for the weights:

N
2 (Mg + ) Bp=my, (1=1,...,N) (2.3)

k=1

where

My = P~ Wie) Qe — it)

is the autocovariance function for the forecast
error

and i = (e — W) (e — i)
is the corresponding function for the observa-
tional error.

The bar operator denotes ensemble averages.
Inserting (2.3) into (2.2) yields an expression
for the mean square interpolation error:
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N

E=my— 3 My Dy (2.9)
K=1

where

Myie = (‘Pkt_'/’ll:t)z

denotes the variance of the forecast error.

The variance m,, is continuously updated
during the analysis-forecast. The expression
(2.4) is used to compute the new variance
estimate after the analysis is performed. The
variance is assumed to grow linearly in time
from zero to & maximal value m; ., during a
timeperiod 7'.

Thus

At

Myt +At) = My + T i} max

Assuming the auto correlation function gy =
Myre/ mGktm”t to be independent of time
{1 = px;) the autocovariance function can be
written

My = leckt Moy Pt (2.5)

The relevance of this assumption was discussed

in I.
We also introduce

2 0 2
Ot = (Wes — Yie)

being the variance of the observation error, and

which is the autocorrelation function for the
observation error.

Agsuming v to be independent of time (1, =
Ty the system (2.3) can be written:

N
;2 (mGkt My P+ Ot O1g Tret) P ="My (2.6)
1

One may well expect that the existence of
large scale cloud systerns will influence the
emitted radiance in a systematic way and that
therefore the derived temperatures from the
satellite will have errors which are correlated
on & scale similar or less than the scale of the
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correlation of the forecast error. If we assume
T;,; to be equal to y, it is found that this yields
a very small increase of the error unless we have
a dense network and a small variance of the
forecast error. This will not be the case in this
study where we are using a relatively crude
model in our simulation experiments.

The system (2.6) is used in the computations,
but we have assumed that 1., only take the
values 0(=Fkl) or 1{k =1).

One of the problems using optimum inter-
polation is the occasional ill-conditioning of the
system (2.6) resulting in very large values in
the solution for the weights. Even for relatively
small observation errors this can cause very
serious errors in the analysis. One way of
treating this ill-conditioning has been deseribed
by (Kriiger, 1970).

The ill-conditioning is likely to occur when
the observations are closely situated. To avoid
this an averaging of closely situated observa-
tions is performed. The analysis area is divided
into subareas of equal size and a mean observa-
tion is constructed by averaging the observed
values and coordinates. The error of this mean
observation includes an interpolation error,

The variance of this error can be computed
from the valid autocorrelation function. For
middle tropospheric heights it turns out that
an averaging over distances up to about 400
km will result in an error smaller than the
observation error. Further, if uncorrelated, the
observation error will be reduced.

This averaging procedure counteracts the
ill-conditioning but it does not in all cases
guarantee that it will not occur. For safety
a test for ill-conditioning is performed after
the solution of the system. If the value of any
weight is larger than a given tolerance the
system is considered ill-conditioned and a
further averaging is performed between the
two observations within the system that are
closest together. The reduced system is solved
and if necessary reduced again.

Since, in some of our experiments, we have
used real data, transmitted over the tele-
communication lines, it was necessary to in-
clude an additional control in the system,
which was also performed by optimum inter-
polation. For every observation an interpolated
value is computed from the observations in
the vicinity of the observation point. The
observation is rejected if the difference between
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the observed and the interpolated values is
greater than a tolerance which is proportional
to the square-root of the mean-square interpo-
lation error (2.4).

3. The numerical model

Similarly to the experiment described in I
we have used also here the quasi-geostrophic
barotropic model for the updating. In order to
improve the prediction of the very long waves
a correction term has been added. The baro-
tropic equation then reads:

% oy 2
- ng —-q— ‘J V Y + W)= 0

(3.1)
J is here the Jacobian operator and f the Corio-
lis parameter. According to practice in routine
numerical forecasting ¢=0.75 x10-12 m-2,

A polar-stereographic projection has been
used and the integration has been performed
over a regular octagon covering the area to the
north of 20°N (see Fig. 1).

The grid length of 300 km at 60° N has been
used and the time-step in the integration was 30
minutes.

4. Simulation of observational updating

The simulation experiments have been per-
formed in a similar way to those described in I,
but we have also tried to simulate the satellite
updating in a more realistic manner. As can be
seen from Fig. 1 the computations of the
satellite tracks are performed in the same way
as for satellites in polar orbits. The basic purpose
has been to compare the properties of the
actual synoptic network with an observational
system based on SIRS-soundings from satellites
in polar orbits.

4.1. The use of normals

As a consequence of the very sparse network
in some areas especially over the Pacific the
analysis error can be very large (see Fig. 2).
A successive updating every 12th hour can
therefore create serious problems if we only
are using running predictions and observations.
The reason for this is that there are isolated
areas that will never be updated by any new
information. The prediction error will thus

Tellus XXIV (1972),5
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. Forecasting and
- verification areas
© SiRS 500 mb-data
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May 11, 1971 07z-
May 12, 1971 23z
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Fig. 1. Forecasting area and 5 different verification areas. Satellite tracks and distribution of 500 mb
observations from Nimbus IV for the interval May 11, 1971 07z—May 12, 1971 23z. Observations for the
interval May 12, 1971 18z—May 12, 1971 23z, which are associated by the indicated tracks, are indicated

by @, the other observations by A.

grow continuously and after a number of days
the whole area will be influenced as can be
seen from the full curve in Fig. 2. One way to
eliminate this is to combine the forecast field
with the monthly mean field, each time the
updating is performed.

The dashed and the dotted curves in Fig. 2
show the results when we have used the monthly
normal field in this way. The dotted curve
corresponds to the case, in which the variance

Tellus XXIV (1972), 5

of the forecast error is constant in time and the
dashed curve shows the results of the variance
of the forecast error if the variance of the
forecast error is assumed to vary according
to the description in section 2. When updating
from the synoptic network has been performed
we have therefore used a combination of
analyses of the deviation from the monthly
field and analyses of the deviation from the
forecast.
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Borotropic updating from independent analyses

Verificotion orea = Whole areg

RMS- Anolysis cgainst forecast field
-ecror Updating every---- Opt. mixture of onalysis against forecast and
inm 12th hours anolysis agoinst nermal tield

120 ---=- Anclysis ogainst mixture of forecast and
normol field

100,

--~— obs. error

24 8 72 96 120 t
Time in hours
December 6 1967 12z - December 11, 1967 12z

Fig. 2. Time variation for the RMS-error of the
analysis for three different kinds of successive
analyses every 12th hour using observations from
the synoptic network. Full line indicates analysis
of the deviations from current forecasts. Dashed
and dotted lines show mixtures of analyses of the
deviations from the current forecasts and deviations
from the monthly field. See text for further informa-
tion.

4.2. Experiments with simulated and real data

A necessary condition for an efficient system
for the assimilation of non-synoptic observa-
tions is a model that can give accurate short-
range predictions. So far most of the data
asgimilation experiments have been performed
by simulated model-dependent data, i.e. the
model has generated its own data. This can be
regarded as equivalent to experiments per-
formed by a perfect model using real data.

Some experiments have shown (Morel, 1971)
that updating with model-dependent data
differs considerably from updating using data
inconsistent with the current model. If the
updating is performed with a primitive model
using a neutral or a very small damping time-
integration scheme even numerical instability
may occur. In order to investigate to what
extent the deficiencies in the model are influen-
cing the error in the analysis we have per-
formed the updating experiment both with
observations generated by the barotropic model
and observations generated from successive inde-
pendent 500 mb analyses (NMC, Washington).

A 5-day barotropic forecast was first com-
puted from an initial state taken from the
500 mb flow of the 6th of December 1967
12 GMT. This was a situation characterized
by a highly baroclinic state. The error growth
in the barotropic model was therefore very fast
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and the error variance approached that of
climatology after 48 hours. In our first experi-
ment a 5-day period of forecasts was generated.
This solution was then regarded as a reference
forecast, assuming that this time sequence
ropresented the true 500 mb flow. Synthetic
“synoptic observations” were then generated
for every 12th hour at locations corresponding
to the actual network of aerological stations.
A random observation error with a normal
distribution was then added to the observations.
The statistical mean of the error was zero and
the standard deviation 15 m.

Also a non-synoptic observational set was
computed. These observations were assumed to
consist of SIRS-soundings. In order to simulate
in a very crude way the influence from small
scale cloud systems they have been generated
at random along the orbital track. The width
of the area where the observations have been
distributed has been chosen to be somewhat
more than 2 000 km. This corresponds roughly
to the performance of NIMBUS IV which has a
sidescan capability of almost 40° (see Fig. 1).

In the basic experiments 200 observations
have been generated per track (according to
personal communications with NOAA Satellite
Center this is likely to be the case already from
the summer of 1872).

This yields about 1 000 observations a day
distributed over the forecast area. A random
error has also in this case been added to the
observations with a standard deviation of 20 m.
This is an error which is representative for
cloudless areas or areas only covered with low
clouds (Smith, 1971).

The analysis error has been studied over the
whole area as well as over 5 different subregions
(see Fig. 1). Two of these regions have been
placed in areas where we have a relatively
dense aerological network. Two other regions
have been placed in data sparse areas over the
oceans. The fifth covers the area to the north of
60°N. Due to the form of the satellite tracks
(see Fig. 1) this area will have a satisfactory
coverage by the satellite soundings. Fig. 3
yields the result for synoptic updating (dashed
lines) and satellite updating (full lines). Every-
where, except over areas where we have a
good observational network, Europe and North
America (not shown here}, the satellite observa-
tions will give a more accurate analysis than the
observations from the aerological network.

Tellus XXIV (1972), 5



*02—01 Ioquuu easm (p) pus
‘6~L Joqunu oABM (0) ‘g—~F Jequmu eAvM (q) ‘G-T
loqumu oa®p\ (v) Bunepdn (eur [my) onydouds
-uou pus (our] poysep) onpdouds 10} N .09— N .0£
suordex [8a30eds JueleyyIp $ Ul Joaye sisA[sur oyj JO
uo1gelaBA ewLy, *¢ “Siq ul 8 syuowstiodxe ewreg *F bt

271 (861 ‘Il wQqwed3Q - 271 L96L ‘B JeqwadaQ
sihoy ut Wi
o 96 w 8y 24

(Y
-— T v T v 0

10419 sqo{

02-0L J19qwnu Isom o

10133 'sqo{ B

6-L JIQWnU ADM 09

wu
FLYPERS
~SWY

9-9% J3qWNU 3IADM 409

w oyl
10403~
“SWY

0453 ‘sqo{

£-1 J9GWNY anom 09

w g
a4113105 }1quo Jojod D £g Gurjopdn UBYM [})SNY—— —muaA
sinoy Yizl As9a3 Builnpdn LAYM(HSWY —em= Sk

NoDS - NoOf WNJIIIAS JIQWNAU IADM U] JOIIF-SWH

aJaydsowyp sidosjosng o woly Buijepdn 9190430108

6 ‘(3L6T) AIXX P[0,

1 ‘31 UI UMOYS eJB8 §BOIB UCIJBOIJUISA Y[,
-edomny (p) pus ‘on0Iy (o) ‘oyweg YuoN (q) vers
o[oys () Joy pewutoprod s1 UOMBOHIIGA ‘ZGI LY
‘11 Jequiove(f —ZZ[ L961 ‘9 Jequeve( ‘Suryepdn
(ourf [n3) onydouds-uou pus (eui] poysep) orgdouds
20} Joaze swsA[BUB 6Y) JO UOTJBLIBA owil], ‘eloydsouise
oidoxjoreq v woay Suryepdn ordorjoreq g “Hrg

21 L5961 ‘WL 19QWaIQ - T LIGL ‘3 JAqweng
SiNOY Wi duil

Lo 96 w g m o
e T e T
Jous°5q0 { oz
407
0%
P
408
400t
021
3d0JN3 = DIID UDIIDINIIFA l w v
0050 -
“SwWH
3 ol 96 [45 87 ”
T — v T T 0
FITEELLY

021
21390y = DIIO UOIIDIHFLIA W
Jo1sa-
-ShY
Lo 35 2 (1) % o
o109 sqe{ 1% loz
"
H o7
)
'
1. 03
q
1
lo_n 108
\
N
\ ool
\
0l
2141904 YJ4ON = DIID UOIIDIIJLIIA w
J0u1a-
-SWY
) az 9% [ 87 bl4
L od %k ____ 7 9
Jossa sqo{ iy oz
[l P PO LAkl
T -
=""he--a ) dor
L
09
€
a8
<001
40zt
D2JD 2104M = 02D UOIIDI|J1IIA e
3013+
-SWY

238105 }1qlo ioj0d © Aq Buiiopdn UAYM (I)SWY=——
si00y Y32f As3a3 Busiopdn UIUM{I)SHWY=ww—

soydsowp dosjosoq o woy burjopdn adosjosegd

68¢ SNOLLVAYESEO OLLIONXS-NON A0 NOLLVTIINISSV



390

Borotropic updating from independent gnolyses

----- RMS{t) When updoting every 12th hours
RMS(t)When updoting by a polar orbit satellite

RMS-
-error
inm Veriticotion orea = Whole area

ol ,
3 8 72 6 201

RMS-

~error

"o Veritication area = North Pacific

Z__. }obs. error
T 8 7 36 20 ¢
RMS-
—error
nome Verification orea = Arctic
C
TT Jous.error
o . o s
24 48 72 96 120 t
RMS-
-error@
wmm Verification orec = Europe
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i
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60!
,
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i A
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w8/ ! \ t s Yobs. arror
Padt] J— 2
LA M O A
o) . . " .
24 48 72 96 120 t

Time in hours
December 6, 1367 12z - December 11, 1967 12z

Fig. 5. The same as Fig. 3 but barotropic updating
from an independent analysis.

We have performed a harmonic analysis of
the analysis error between 30°N and 60° N and
the error has been separated into different
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Borotropic updating from independent anolyses

RMS-error in wove number spectrum 30°N-60°N
----- RMS(t) When updating every 12th hours
RMS {t) When updoting by o polar orbit sotellite

RMS -
-error
in m

Wave number 1-3

Jovs. error

RMS-
~error
nm

Wave number 4-6

RMS-
~error
inm

Wave number 7-8

Jovs error

n L8 n 96 120 t
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- efror
nm
B0

10-20

Wave number

Jobs error

Time in hours
December 6, 1967 12z - December 11, 1967 122

Fig. 6. The same as Fig. 4 but barotropic updating
from an independent analysis.

spectral intervals. As can be seen from Fig. 4
the error is about the same for all spectral
intervals. It also follows that the analysis
based on satellite observations is better for
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almost all wave numbers, especially for the
ultra-long waves.

In the second experiment the updating was
performed with model-independent observa-
tions. These observations have been extracted
from the regular 500 mb analyses from NMC
in Washington. A continuous set of data for
the simulation of the satellite soundings was
obtained by a parabolic interpolation in time
from the NMC-analyses which were available
every 12th hour. As can be seen from Fig. 5
the analysis error is much larger in this case
and the benefit of the satellite system is not so
obvious as in the earlier experiment. The veri-
fication over the Pacific indicates a very rapid
increase in the error when the satellite moves
away from the area. As was mentioned earlier
the chosen situation was characterized by
strong baroclinic developments especially over
the Pacific.

Another reason for the rapid error growth
may also be insufficient accuracy in the time
interpolation. The mean analysis error is about
30 m and almost the same for the synoptic and
the non-synoptic updating.

An examination of the error as a function of
wave number (Fig. 6) shows fairly large errors
for the ultra-long waves especially in the case
of satellite updating. This is contrary to the
result in the earlier experiment. It probably is a
result of the incapability of the barotropic
model to predict the ultra-long waves. The
reason why the error is more pronounced for the
satellite updating seems to be the fact that the
stabilizing effect from the monthly normal field
has not been included in the satellite updating.

A general conclusion from this experiment is
therefore that we need a model which can give
accurate short-range predictions for all scales of
motion if we really are going to be able to
use all the benefits from the non-synoptic
observations.

A second experiment in updating from an
independent set of analyses was repeated for a
geries of data from the period of the 15th of
August 00z GMT 1966 to the 20th of August.
During this period the barotropic model was
describing the 500 mb flow in quite a satis-
factory way. As can be seen from Fig. 7 there
is a comparatively good agreement between
this updating and the updating with the
model-dependent data.

For this case we have also combined the

Tellus XXIV (1972), 5
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Borotropic updoting from on independent onolyses

A----RMS{t)When updating every 12th hours
B.——RMS (t)When updating by a poler orbit sateliite
RMS= e A+B
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Time in hours
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Fig. 7. The same as Fig. 5 but for the period August
15, 1966 00z — August 20, 1966 00z. The dotted
line shows the analysis error when we combine
the synoptic and the non-synoptic observations.

synoptic and non-synoptic data. As can be
seen from Fig. 7 this reduces the analysis error
below 20 m.
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Borotropic updating trom independent anolyses

RMS-error in wove numiLer spectrum  30°N - 60°N

A =--~ RMS{t)When updating every 12th hours
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Fig. 8. The same as Fig. 6 but for the period August
15, 1966 00z — August 20, 1966 00z. The dotted
line shows the analysis error when we combine the
synoptic and the non-synoptic observations.
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Barotropic updating from independent anolyses
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Fig. 9. Time variation of the analysis error for the
whole area. Barotropic updating from independent
analyses. December 6, 1967 12z - December 11,
1967, 12z. Non-synoptic observations. Full line,
200 observations/track. Dashed line, 100 observa-
tions/track. Dotted line, 50 observations/track.

4.3. Dependance of the analysis on the available
amount of data

An experiment of great interest is to investi-
gate how sensitive the analyses are to the
number of non-synoptic observations.

Fig. 9 shows the result from three different
experiments where the number of observa-
tions have been varied. The experiments have
all been performed for the case described in
Figs. 5 and 6, that is a simulation based on
model-independent data from the December
situation. A reduction of the number of observa-
tions from 200/track to 100/track implies a
fairly small increase in the error of the analysis.

When the number of observations are
further reduced the error increases more rapidly.
A reduction from 100/track to 50/track increases
the error almost by 50 %.

4.4. The dependance of analysis error on
errors of observations

Another instructive experiment is to investi-
gate how the error in the analysis depends on
the error of the observations. For the aerological
network there are clear indications that the
observational error has a normal distribution
with a zero mean error. However, very little
is known about the structure of the observa-
tional error for the satellite measurements. In
general we may say that if there is a spatial
correlation for the errors of the observations
this is equivalent to a larger random error.

Tellus XXTIV (1972),5
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Barotropic updating from Indepandent analyses
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Fig. 10. Time variation of the analysis error for the
whole area for observational error of 20 m (full line)
and 40 m (dashed line).

Fig. 10 shows an increase in the mean ana-
lysis error from 30 to 35 m when the RMS-
error of the observations is increased from 20 to
40 m.

A comparatively large observational error can
thus be tolerated provided the error has no
space correlation. According to experiments
(Smith, 1971) the errors in the satellite sound-
ings seem to increase by about 50 % in areas
covered by middle and high clouds. Since such
areas can be fairly large they may influence the
analysis of medium and large scale systems.

There is no satisfactory way to simulate the
existence of clouds in a barotropic model. We
have therefore to postpone such an investiga-
tion of the effect of increased errors in cloud

Barotropic updoting from independent anolyses

Verification grea s Whole area

RMS- ———Updating by twa polar orbit satellites
e (40m RMS - errar af obs)
----- Updating by one polar orbit satellite
120] (40m RMS - error of obs}

100

—— obs. errar

e I 8 72 9% 2wt
Time in hours
December 6, 1967 12z- Decembar V), 1967 12z

Fig. 11. Time variation of the analysis error for an
observational system with one satellite (dashed line)
and two satellites (full lines).
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Table 1.

11.5.1971 12.5.1971
Time No. Time No.
07z 10 06z 6
09z 7 08z 2
10z 3 10z 5
11z 14 14z 6
12z 8 15z 4
13z 4 19z 10
14z 5 20z 2
16z 11 21z 12
21z 3 22z 4
22z 4 23z 6
23z 16

covered areas until we have a baroclinic model
available for updating experiments.

4.5. The use of data from two polar orbiting
satellites

If the satellite observing system consists of
two satellites in polar orbits and 90° out of
phase it is found that this implies a considerable
reduction in the error of the analysis (Fig. 11).
Two satellites making observations with an
RMS-error of 40 m yield better analyses than
one satellite with a corresponding observational
error of 20 m.

4.6. Ezxperiments with real satellite data

We shall finally describe an experiment
which has been performed using actual SIRS-
soundings from NIMBUS IV. These observa-
tions were received during a period in May
1971 in Stockholm over the ordinary tele-
communication network.

Table 1 gives the number of observations at
the 500 mb surface for every hour from the 11th
of May 1971 07 GMT to the 12th of May 1971
23 GMT. The total number of observations
were only 142 and the distribution of the
observations can be seen from Fig. 1. The
distribution of observations is not very good
since we did not receive any observations
between 00 and 06 GMT during anyone of the
two days. Very little information is thus avail-
able from America and Asia.

Fig. 12 shows the analysis at the 11th of
May 23 GMT based entirely on SIRS-soundings
during the preceding 16 hours. Fig. 13 shows
the corresponding analysis based on the observa-
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Fig. 12. Analysis for May 11, 1971 23z based on SIRS-data.

tions from the regular aerological network at
the 12th of May 1971 00 GMT. The 500 mb
monthly mean for May has been used as a
first guess in both cases. In general the kinetic
energy, especially the eddy part of it, is much
lower for the analyses based on the SIRS-
soundings since due to lack of observations the
monthly mean dominates the flow too much.
In areas where the non-synoptie observations
have been relatively frequent as for instance
over Europe and the Arctic region the resem-
blance is quite good.

Observe for instance the high over the middle
part of Europe and the low over the Baffin
Island. Figs. 14 and 15 show the corresponding
analyses 24 hours later. The high over Europe
has moved to the southeast and the low over
Baffin Island has slowly moved eastward. The
eastward movement of the small trough outside
the east coast of United States is also well
described. Yet there are differences between the
two analyses and the lows to the west of
France and over the Great Lakes cannot be
found in the satellite analyses. However, these

Tellus XXIV (1972), 5
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Fig. 13. Analysis based on the regular synoptic 500 mb observations for May 12, 1971 00z.

differences can easily be explained as due to
lack of data for the satellite updating. All
observations which have been assimilated by
the system have been checked according to the
description in section 2. It was found that only
a few observations were rejected.

5. Conclusions

We have found in this investigation that the
results obtained during very idealized conditions
in I are also valid in realistic situations. When

Tellus XXIV (1972),5

the updating is performed by data which have
been generated by the model itself it is found
that the satellite updating is better than the
updating from the actual aerological network
for all scales of motion. This part of our experi-
ment is not representative for the present situa-
tion but possibly reflects what will happen
when much more realistic models than the
barotropic will be used for the updating.
Assuming a 500 mb RMS-error of 20 m for the
satellite soundings and 15 m for the observations
the mean analysis error is 22 m for the satellite
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Fig. 14. The same as Fig. 12 but for May 13, 1971 00z.

updating and 28 m for the synoptic updating.
For the satellite updating the error is uniform
over the whole area but naturally varies very
much for the synoptic updating. Over the
oceans the error varies between 40 and 60 m,
but over Europe and United States it is as
small as 10 m.

When the updating is performed with model-
independent data (the regular 500 mb maps
from NMC Washington have been used) the
result differs very much especially for the
satellite updating, but still the satellite up-

dating is better than synoptic updating. The
mean analysis error for the satellite updating
increases to 30 m and the synoptic updating
to 33 m. There is a substantial increase of the
analysis error for the ultra-long waves especially
for the satellite updating. This is partly due to
inconsistencies in the time interpolation from
the NMC analyses, but also to the inability of
the barotropic model to predict the ultra-long
waves. The updating should therefore be per-
formed with a model making accurate short-
range predictions for all scales of motion. If

Tellus XXIV (1972),5
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Fig. 15. The same as Fig. 13 but for May 13, 1971 00z.

this is not the case it is likely that even the
most sophisticated system for objective analysis
will be of little aid.

For most of the experiments with the
satellite updating we have assumed the satellite
to perform 200 usable soundings/track. It is
found that the number of soundings/track can
be reduced to about 100 without any appreciable
deterioration of the analyses. Any further
decrease implies a more rapid deterioration and
for 50 soundings/track the error is almost twice
as large as for 100. If the RMS-error of the

Tellus XXIV (1972), 5

observations increases, the error of the analyses
increases slowly. If the RMS-error of the
observations increases from 20 to 40 m this
yields a 20 % increase in the error of the ana-
lysis.

It is also found that an observing system
using two satellites 90° out of phase implies a
substantial improvement.

The system of non-synoptic updating has
algo been tried on actual SIRS-soundings from
NIMBUS IV. In this case the soundings have
also been controlled by a modified system
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of optimum interpolation developed by the
authors.

The observations are rejected if the difference
between the observed and the interpolated
values is larger than a tolerance proportional to
the square-root of the mean interpolation error.
Only a few per cent of the soundings have been
rejected.

Preliminary experiments have started to
update a 5-level quasi-geostrophic model and
there are no indications that such a model will
present any further complications compared to
the barotropic model.

If the updating of the mass field is per-
formed by a primitive model shock effects
will be induced in the wind field every time
the mass field is changed. For model-independent
data this can yield serious errors as has been
demonstrated by (Morel, 1971) and by (Baum-
hefner, 1971, personal communication). A
possible way to eliminate such an effect, at
least at high and middle latitudes, is to introduce
a local balancing over the area for which satellite
soundings are available. Such experiments can
be performed by the system developed here and
experiments are planned for the near future.
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VCBOEHUE HECMHOIITUYECKUX HABJIIOJEHUNA

OnuncanHas HeTABHO CUCTEMA JJIfl HEIIPEPHIBHOI'O
ycBoeuuda paHHHX (Benrrccom u I'ycrasccown,
1971) o6ofmaerca u ucnsTeBaercA B Gojee
peamucTHdeckux ycaouax. Mcnoaeayerca cOa-
JaHCHpOBaHHas 6apoTPOIHAA MOJeNb, UHTETPU-
poeanue mpoBogurcA AaA 1/8 mosymapus ce-
Bepuee 20° c. m. Ilpomesano cpaBHeHHE MeHIy
UCIONb30BAHMEM MAaHHBIX (aKTHUeCKol aspo-
JIOTUYECKON ceTH M IAHHBIX CO CHYTHHKA HA IO-
nsipHoit opOGurte. PeaynbTaTel aHanuMsa usyua-
IMCHh A pasHRIX mojpobmacreil, KAk ¢ rycTol,

TAK U ¢ PeAKO ceTbio JaHHHX. OmubKn aHaauaa
M3y4aJauch TaKie CHEKTPAJBHEHIM METOJOM.
BocnosHeHUe JAHHBIX NPOH3BOJUIIOCH KAaK IIy-
TeM WCIOJb30BAHMA MAHHHIX, TeHepUPYEMBIX
caMolf MOJeNbl0, TAK M NYTeM KCIOJIbL30BAHUA
He3aBHCUMBEIX TAHHBIX. [[Ba 3KCIEpUMeHTA HaJkHu
3HAUKUTENbHOE PACXOMIeHMe, 0c00EHHO B OTHO-
IIeHNH YAbTPANJINHHEIX BodH. Bonee peanncru-
YeCKHUI IOJXOJ HPHUBEN KO 3HAYNTENbHO GOJIb-
mmM omubraM aHaausa. BocnodHeHnue RaHHBIX
€O CIOYTHMKA AAJ0 HECKONbKO Jy4lle pe3ylib-
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TATH, 4YeM HCMOJb30BaHNE JAHHHX OOLYHON
aspoornyeckon cetu, ocoGeHHo B 00iacTAXx ¢
PenKMMHU JaHHEIMM HAJ OKeaHaMn. BOJbIIMHCTBO
®KCIEPNMEHTOB POBOAMIOCH C MCIOJIb30BAHHEM
COyTHHKa, Renamirero 200 nabmoxenut Ha
BHUTKe, C IIMPOTOit CKAaHNpOBaHUA 40° U cpegHelt
KBajipaTHuHO#l omubkoit 20 . Hatigeno, uto
a@peKT yBeIMUEHHMA YHMCIA CNYTHUKOBHX Ha-
Gawogenuit co 100 mo 200 Ha BHTOK NOYTH Ipe-
HeOpesKNUM. AHAJOrMYHO dTOMY Mal addext
CHMKEHUA CpefHell KBagparnyHoft ommuOKM

Tellus XXIV (1972),5
26 — 722891

399

HaGmogennit. Taxxe amanmsupoBanack Habalo-
JaTeJbHAA CHCTEMa, WCHONB3YIOUIad NBA CIYT-
HUKA co caBurom ¢asul 90°. Haitneno, uro oHa
NPUBOAUT K BHAYUTEIBLHOMY YJYYIIEeHHMIO NIpO-
rHo3a. Hakxouenm, mMpoBOAMJICA 9KCHEPUMEHT C
HCNoab30BaHNeM PAKTHYECKUX Pe3yIbTaTOB 30H-
gmposaHua mnpubopom SIRS co chnyTHHKA
«HumOyc-IVs. IImea BBULY OuYeHb MaJjoe YHCIO
aoHgMpoBanmit Ha 500 wxd (142 sa 48 yac), pe-
3yJAbTAT MOMMHO pACCMATPUBATh KAaK BIOJHE
YIOBJIETBOPHUTENbHEIIA.



