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FOREWORD

Traditional surface-based meteorological observations
are taken, as nearly as possible, simultaneously over the
world, to give a "synoptic" view of the state of the
earth's atmosphere. Such observations are evidently
well suited for the construction of analysis maps and for
the initialization of numerical models. However, with
the advent of space-based systems, a large number of
observations are no longer synoptic. Geostationary
satellites provide information essentially continuously.
Low orbiters collect their information at the time of
transit. In addition, data from aircraft of opportunity
are taken at the time of opportunity.
The assimilation of these data into numerical models is
evidently a task of some consequence, and one whose
importance increases as a larger and larger fraction of
the total data base is obtained non-synoptically.
Its importance is particularly acute for the GARP
Global Experiment, where a whole series of special

observing systems will be employed, few of which will
yield data synoptically. However these problems are
only highlighted by the Global Experiment. They already
exist for those meteorological services now wishing to
make operational use of non-synoptic data, which will be
still more accentuated in the future.
For these reasons Dr. Bengtsson's work, which
describes the problems involved and the solutions which
are being sought, makes a particularly timely and valuable
addition to the GARP Publication Series.

R. W.

STEWART.
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SUMMARY

With a regular distribution in time and space of observations with no errors or with small random errors, the
analysis of the state of the atmosphere is a very laborious
but not very complicated task. However, the data network
and even more the quality of the data are far from ideal
and the data problems for FGGE will therefore be very
difficult to solve. It is important that considerable efforts
are made to develop systems which take care of all
problems involved in the data handling and that the
planning is based upon realistic assumptions about the
quality of the data.
To develop proper schemes for 4-dimensional data assimilation is the major part of this undertaking but it is
also important to obtain more knowledge about the
statistical structure of the atmosphere, especially in the
tropics and in the southern hemisphere, and to work out
efficient schemes for observational error control.
In this publication the author has made a survey of
different kinds of data-assimilation experiments carried
out by research groups in various countries.
After an introductory chapter, in Chapter 2 the author
makes a review of the different observational systems to
be used during FGGE. In particular, emphasis is placed
upon the accuracy and error characteristics of the different
data sources. This discussion is followed up in Chapter 3
where the effects of systematic errors are studied. Chapter 3 also contains a description of a general and efficient
method of checking meteorological information. One of
the most serious problems is the comparatively large
number of systematic errors of the temperature soundings
from satellites.
The assimilation of data in four dimensions can in
principle be carried out in two different ways. The notation dynamical data assimilation is used when we replace
observed data by predicted data during the course of a
numerical integration. Similarly the notation statistical

data assimilation indicates that the data are assimilated
by statistical structure functions. In Chapter 4 the different limitations for each of these two approaches are
discussed and it is also mentioned how they can be combined by including a local statistical adjustment during
the course of the dynamical data assimilation. Chapter 4
also presents a number of assimilation experiments carried
out during the last years. It is evident from the most
recent experiments that statistical adjustment procedures
have to be included in the data assimilation in a way very
similar to what is used in operational numerical weather
prediction. Large efforts are however necessary before we
will have a reliable system for the assimilation of global
data.
Chapter 5 is devoted to the problem of observing systems simulation experiments. The author stresses the
importance of performing such simulation experiments as
close to real conditions as possible. If the experiments
are simplified too much, both with respect to coverage
of data and to the error structure of the observations,
wrong conclusions can be drawn.
Chapter 6 addresses the problem of initialization. One
of the merits of the 4-dimensional data assimilation is
that the initialization is incorporated. The major problem
is that the dynamical assimilation takes too long a time
and the statistical assimilation is not accurate enough. It
is therefore necessary to investigate more powerful initialization procedures such as dynamical initialization and
calculus of variation, which have to be incorporated into
the data assimilation systems.
Finally, Chapter 7 presents some results of impact
studies of assimilation of satellite observations. Some
minor improvement is obtained when satellite information is included in the operational schemes. One of the
major problems, however, is the lack of satisfactory and
simple verification methods to test the forecasts properly.
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RESUME
Si l'on dispose d'observations regulierement distribuees
dans le temps et l'espace et que les donnees de ces observations sont exemptes d'erreurs ou entachees uniquement
de petites erreurs aleatoires, l'analyse de l'etat de l'atmosphere est une tache extremement laborieuse mais
relativement simple. Toutefois, le reseau d'observation et,
plus encore, la qualite des donnees sont loin d'etre ideaux
et la PEMG va donc poser des problemes de donnees qui
seront tres difficiles a resoudre. n importe donc de cousacrer enormement d'efforts a la mise au point de systemes
qui tiennent compte de tous les problemes poses par l'utilisation des donnees et de proceder a la planification de
l'experience se fondant sur des hypotheses vraisemblables
quant a la qualite des donnees.
A cet effet, il est essentiel de mettre au point des
schemas appropries d'assimilation quadridimensionneUe
des donnees mais il importe egalement d'approfondir nos
connaissances sur la structure statistique de l'atmosphere,
notamment dans la zone tropicale et dans l'hemisphere
Sud, et de prevoir des dispositions efficaces pour eliminer
ou, tout au moins, minimiser les erreurs d'observation.
Dans cette publication, l'auteur presente un panorama
des differentes sortes d'experiences d'assimilation des
donnees qui ont ete effectuees dans differents pays par
des groupes de recherche.
Apres un chapitre d'introduction, l'auteur passe en
revue dans le chapitre 2les differents systemes d'observation qui seront utilises pendant la PEMG. En particulier,
l'auteur insiste sur les caracteristiques des differentes
sources de donnees en ce qui concerne la precision et les
erreurs. 11 poursuit cette analyse dans le chapitre 3, Oll
il etudie les consequences des erreurs systematiques avant
d'exposer une methode generale et efficace de verification
des renseignements meteorologiques. L'un des problemes
qui causent le plus de soucis est le nombre relativement
important des erreurs systematiques qui entachent les
sondages de temperature effectues par satellite.
Pour proceder a l'assimilation quadridimensionneUe
des donnees, on peut, en principe, utiliser deux methodes
differentes. Lorsque, au cours d'une integration numerique, on remplace les donnees d'observation par des
donnees prevues, on dit qu'on procede it une assimilation
dynamique des donnees. De meme, si l'on a recours pour
l'assimilation des dohnees a des fonctions de structure

statistiques, on dit qu'il s'agit d'une assimilation statistique des donnees. Dans le chapitre 4, l'auteur analyse
les differentes restrictions qui limitent l'application de ces
deux methodes et mentionne egalement comment il est
possible de combiner ceUes-ci en procedant a un ajustement statistique local pendant l'assimilation dynamique
des donnees. Le chapitre 4 expose egalement un certain
nombre d'experiences d'assimilation qui ont ete effectuees
au cours des dernieres annees. Les experiences les plus
recentes mettent en evidence que les procedures et
methodes d'ajustement statistiques doivent etre appliquees a l'assimilation des donnees d'une maniere tres
voisine de ceUe dont eUes sont utilisees pour la prevision
numerique du temps aux fins de l'exploitation. Toutefois,
d'enormes efforts devront encore etre deployes avant que
nous disposions d'un systeme sur d'assimilation des donnees globales.
Le chapitre 5 est consacre au probleme des experiences
de simulation de systemes d'observation. L'auteur souligne combien il est important d'executer de teUes experiences de simulation dans des conditions aussi proches
que possible de la realite. Si les experiences sont trop
simplifiees, tant en ce qui concerne la repartition des
observations que la structure des erreurs de ces observations, eUes peuvent conduire a des conclusions erronees.
Le chapitre 6 traite du probleme de l'initialisation. L'un
des avantages de l'assimilation quadridimensionnelle des
donnees est qu'eUe incorpore l'initialisation. Le probleme
essentiel est que l'assimilation dynamique exige trop de
temps et que l'assimilation statistique n'est pas suffisamment exacte. 11 est donc necessaire de chercher a
etablir des methodes d'initialisation plus efficaces, teUes
que l'initialisation dynamique et le calcul de variation,
dans le but de les incorporer aux systemes d'assimilation
des donnees.
Enfin, le chapitre 7 expose quelques resultats obtenus a
la suite d'etudes sur les resultats obtenus grace a l'assimilation des observations par satellites. On a constate
certaines ameliorations mineures lorsque l'on tient compte,
dans les systemes utilises en exploitation, des renseignements obtenus par satellites. L'un des problemes majeurs
est toutefois le manque de methodes de controle satisfaisantes et qui soient simples a utiliser pour verifier
convenablement les previsions.
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RESUMEN

Con una distribuci6n regular, en el tiempo y en el
espacio, de observaciones sin errores 0 con muy pequefios
errores aleatorios, el analisis del estado de la atm6sfera
es una tarea muy laboriosa pero no demasiado complicada. Sin embargo, no s6lo la red de datos sino incluso
aim mas la calidad de los mismos distan mucho de ser
ideales, por 10 que los problemas en esta materia en 10 que
respecta al FGGE seran muy dificiles de resolver. Por
ello, es de gran importancia que se lleven a cabo esfuerzos
considerables para crear sistemas que tengan en cuenta
todos los problemas que intervienen en el despacho de
datos, y que la planificaci6n se funde en hip6tesis realistas en 10 tocante a calidad de los datos.
Establecer esquemas adecuados para la asimilaci6n
cuatridimensional de los datos es la principal parte de
esta tarea, aunque tambien es importante obtener mas
informaci6n sobre la estructura estadistica de la atmosfera, especialmente en los tropicos y en el hemisferio sur,
y elaborar programas eficaces de control de errores en las
observaciones.
En esta publicaci6n el autor ha efectuado un analisis
de diferentes tipos de experimentos de asimilaci6n de
datos realizados por diversos grupos de investigadores en
varios paises.
Despues de un capitulo de introducci6n, el autor hace
un examen en el Capitulo 2 de los diferentes metodos de
observaci6n que se utilizaran durante el FGGE. En
especial, se insiste en las caracteristicas de precision y de
error de las diferentes fuentes de datos. El tema continua
en el Capitulo 3 donde se estudian los efectos de los
errores sistematicos. Este capitulo tambien contiene una
descripci6n de un metodo general y eficaz para verificar
la informaci6n meteorologica. Uno de los problemas mas
importantes es el numero relativamente amplio de los
errores sistematicos que presentan los sondeos de temperatura efectuados desde los satelites.
La asimilaci6n de datos en cuatro dimensiones puede,
en principio, realizarse de dos maneras diferentes. La asimilaci6n dinamica de datos se utiliza cuando se sustituyen los datos observados por datos previstos durante
el proceso de una integraci6n numerica. Anilogamente,

la asimilaci6n estadistica de datos indica que los datos se
asimilan segun sus funciones estructurales estadisticas.
En el Capitulo 4 se analizan las diversas limitaciones que
presentan cada uno de estos sistemas, indicindose igualmente como pueden combinarse incluyendo un ajuste
estadistico local durante el proceso de la asimilaci6n
dinamica de datos. En este mismo capitulo tambien se
resefian diversos experimentos de asimilacion realizados
durante los ultimos afios. Los experimentos mas recientes
han puesto de manifiesto que hay que incluir procedimientos de ajuste estadistico en la asimilaci6n de datos de
forma muy similar a como se hace en la predicci6n
meteoro16gica numerica operativa. Sin embargo, aun
habran de realizarse importantes esfuerzos antes de que
podamos disponer de un sistema seguro para la asimilacion de los datos mundiales.
El Capitulo 5 trata del problema de los experimentos
de simulaci6n de sistemas de observacion. El autor
subraya la importancia de efectuar estos experimentos de
simulaci6n en condiciones que se aproximen en la mayor
medida posible alas reales. Si se simplifican demasiado
los experimentos, tanto en 10 que respecta a la cobertura
de datos como a la estructura de errores de las observaciones, pueden sacarse conclusiones erroneas.
En el Capitulo 6 se estudia el problema de la inicializaci6n. Una de las ventajas de la asimilacion cuatridimensional de datos es que incorpora la inicializacion.
El principal problema es que la asimilacion dinamica
lleva demasiado tiempo y que la estadistica no es 10
suficientemente precisa. Por 10 tanto, es necesario investigar procedimientos de inicializaci6n mas energicos, tales
como la inicializaci6n dimimica y el calculo de variaciones,
que deberan incorporarse en los sistemas de asimilacion
de datos.
Finalmente, en el Capitulo 7 se presentan algunos
resultados de los estudios sobre las consecuencias de la
asimilaci6n de las observaciones de los satelites. Cuando
en los programas operativos se incluye informacion de
los satelites se obtienen algunas ligeras mejoras. Sin
embargo, uno de los principales problemas es la falta de
metodos satisfactorios y sencillos de verificaci6n para
comprobar convenientemente las predicciones.
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1. INTRODUCTION

With the introduction of new observing systems based
on asynoptic observations, the analysis problem has
changed in character. In the near future we may expect
that a considerable part of meteorological observations
will be unevenly distributed in four dimensions, i.e. three
dimensions in space and one dimension in time.
The term analysis, or objective analysis in meteorology,
means the process of interpolating observed meteorological observations from unevenly distributed locations
to a network of regularly spaced grid points. Necessitated
by the requirement of numerical weather prediction
models to solve the governing finite difference equations
on such a grid lattice, the objective analysis is a threedimensional (or mostly two-dimensional) interpolation
technique.
As a consequence of the structure of the conventional
synoptic network with separated data-sparse and datadense areas, four-dimensional analysis has in fact been
extensively used for many years. Weather services have
thus based their analysis not only on synoptic data at
the time of the analysis and climatology, but also on the
fields predicted from the previous observation hour and
valid at the time of the analysis (Fig. 1.1). The inclusion
of the time dimension in objective analysis will be called
00
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four-dimensional data assimilation. From one point of
view it seems possible to apply the conventional technique
on the new data sources by simply reducing the time
interval in the analysis-forecasting cycle. This could in
fact be justified also for the conventional observations.
We have a fairly good coverage of surface observations
8 times a day and several upper air stations are making
radiosonde and radiowind observations 4 times a day.
If we have a 3-hour step in the analysis-forecasting cycle
instead of 12 hours, which is applied most often, we may
without any difficulties treat all observations as synoptic.
No observation would thus be more than 90 minutes off
time and the observations even during strong transient
motion would fall within a horizontal mesh specified in
the GARP requirements.

From another point of view it may be difficult to reduce
the interval of the analysis-forecasting cycle. Before we
can start a numerical integration from an analysis of a
given time, the analysis has to be adjusted to attain an
initial state which is compatible with the prediction model.
This process is called initialization. The initialization so
far applied in practice is only using the analysed quantities
which are valid initially. During the initialization the
atmospheric parameters are forced to fulfil certain
00

Figure 1. 1 The arrangement of operational numerical weather prediction.
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dynamical constraints, the most important being a
diagnostic relation between the mass field and the wind
field (geostrophic equation, balance equation). Since this
constraint is valid approximately only in the atmosphere,
where the wind is varying around the geostrophic wind,
it will take some time for the model to establish a
wind field which is adjusted to the time history of the
mass field. It will also take some time for the model to
generate its own structure patterns (frontal structures,
small-scale areas of vertical motion and humidity, etc.)
which cannot be inferred satisfactorily from the observations. The model-consistent mechanisms for transporting heat, moisture and momentum and generation
of precipitation mechanisms take considerable time to
establish as well, especially in areas where the dynamic
activity is low.
It is evident from this that the four-dimensional data
assimilation not only means a blending of observations
with predicted values but also implies that we take care
of the necessary adjustment between new observations
and predicted values. The objective of the four-dimensional assimilation is thus to determine a sequence of
fields of the dependent variables, consistent with the
observations as well as with the physical prediction
equations governing the evolutions of the field in time.
The observed variables of primary importance for
definition of the large-scale motion are the surface pressure
(or pressure at any level), temperature, the horizontal
wind components and humidity. For the hydrostatic
system this information is sufficient to close the system
of equations since the vertical motion is a derived quantity
and need not be observed. An additional source of
information is climatological statistics.
With this information the continuous fields of variables
may be obtained with the aid of a four-dimensional
interpolation method, thus providing the values of the
dependent variables in a three-dimensional grid or in a
spectral representation.

Four-dimensional data assimilation has attracted
considerable interest among research workers and significant progress has been made in the field. During the first
phase in the development the research work was mainly
devoted to assimilation experiments with model-generated
observations, but during the last years data assimilation
experiments have also been carried out with real data.
Several problems have emerged in this connexion mainly
due to insufficient information on the error structure of
the observations and to unsatisfactory knowledge of the
process of adjustment taking place in the numerical
models and in the atmosphere. The results of the experiments with real observations are even more modeldependent than the experiments with simulated data and
there is still some work to be done before an optimum
way is found to assimilate data in four dimensions.
Since a detailed knowledge of the quality and the
representativeness of the different observations to be
used during the FGGE is necessary for developing an
optimum data assimilation scheme, we will start this
report with a careful study of the different observations
to be made during the FGGE. Special attention will be
devoted to the effect of observations with correlated
errors and how this will influence the overall quality of
the initial state.
Four-dimensional data assimilation will be studied both
as a dynamical process and as a statistical process
because a certain combination between these two processes may assimilate observations in time and space in
a better way than either one of them alone.
We will also review different schemes which are planned
at some organizations to include asynoptic observations
in their operational models. A summary of recent impact
studies of satellite soundings will also be presented.
Finally, this report will include some suggestions for
the future planning of data-assimilation schemes to be
developed for the FGGE.

2. REVIEW OF OBSERVATIONAL SYSTEMS
2. 1 Observational Requirements For The First GARP
Global Experiment (FGGE)
The observational requirements for the FGGE have
been stated in the First GARP Global Experiment,
Objectives and Plans (GARP Publications Series No. 11).
The fundamental principle for the observational system
is that the observations must convey sufficient information to permit the attainment of the basic goal of the
Experiment.
The observational requirements are further based on
the principle that they should be considered as minimum
for those regions of the globe where observations with
better resolution and higher accuracy are not available.
Over currently data-sparse regions the requirements are
regarded as necessary.
In the specification of the observational requirements
account has also been taken of the fact that various
parameters which describe the large-scale state of the
atmosphere are dynamically coupled.
Some parameters have been found to be more fundamental in defining the state of the atmosphere while
others are of secondary importance and to some extent
dynamically redundant. Temperature (the mass field) at
middle and high latitudes is regarded as a primary parameter but humidity is only a secondary one. This is not
to be interpreted that humidity observations are of no
use for forecasts. It means only that the model with a
well specified mass field creates, during a period of about
a day or two, a humidity field which differs very little
from a humidity prediction based on real humidity
observations.
The horizontal and vertical resolutions have been
roughly specified so that the error of the initial state at
any point in the atmosphere is about equal to the observational error. It is thereby assumed that the observational
error has a random structure.
The observational requirements are different at middle
and high latitudes than in the tropics; by the tropics we
will understand the equatorial region and the tropical
summer region.
In the tropics it is not only the weak coupling between
the mass field and the wind field which is of importance
in specifying the observational system but also the very
small variance of some parameters (especially temperature) and the difference in the statistical structure of the

atmospheric parameters in general from those in midlatitudes.
This means essentially that for a given observational
error we need a dense network in the tropics if we want
the same error of the initial state all over the globe. This
has not been regarded as of major importance since the
density of the network for the Global Experiment will be
the same everywhere.
Table 2. 1 summarizes accuracy and resolution requirements for the Global Experiment (data-sparse regions).
The different parameters are in order of their relative
importance.
TABLE 2.1
Middle
and high
latitudes
T
Ps

V
Ts

r
Tropics

V
Ps
T
r
Ts

Time
resolution

Horizontal Vertical
resolution resolution

Accuracy

12 hours
12 hours
12 hours
3 days
average
12 hours

500 km
500 km
500 km
500 km
500 km

400mb

±30%

12 hours
12 hours
12 hours
12 hours
3 days
average

500 km
500 km
500 km
500 km
500 km

200mb

±2 m/sec
±lmb
±l°C
±30%
±l°C

200mb

200mb

-

200mb
400mb

-

±l°C
±lmb
±3 m/sec
±l°C

In addition to the basic meteorological parameters it
has also been recognized that certain other measurements
are necessary; part of this information is qualitative. The
other proposed measurements include:
- snow and ice cover
- soil moisture
- cloud cover
- zones of precipitation
- short-wave radiation (reflected and scattered)
- long-wave radiation (total emitted)
- oceanographic observations
There is no strong requirement that the observations
should be synoptic (observed simultaneously). In fact if
local conditions dictate, observations can be equally
useful to the Global Experiment if made at non-synoptic
times.
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2.2 Accuracy of Different Data Sources
By observational errors we will here not only mean
measurement errors but also that part of the observation
which is associated with fluctuations on a small scale.
Thus every observation should be accompanied by a welldefined time and or space averaging procedure. Unfortunately this is practically impossible to achieve unless
the averaging is included in the sensors. Errors in wind
observations are especially difficult to estimate since the
wind has large amplitudes also for small scales and there
are also difficulties to define a reasonable and consistent
averaging procedure.
Generally we can say that the characteristics of the
wind field strongly favour Lagrangian type observational
systems (e.g. drifting balloons) which easily make it
possible to compute averages consistent with those scales
of motion we will analyze.
The accuracy and resolution requirements for GARP
are summarized in table 2.1. Corresponding estimated
values are given in table 2.2. As can be seen from
table 2.2, some of the observational sub-systems do not
meet the GARP requirements.
2.2. 1 Synoptic observations
The conventional observing system consists of upperair soundings using a variety of instruments and observational and computational techniques. The upper-air
soundings do not meet GARP requirements completely
for temperature and wind. The accuracy for temperature
is fulfilled in the troposphere but the temperature error in
the lower part of the stratosphere is of the order of 2°C
and increases to 3 - 4°C above 20 mb.
(The error of 2°C in the stratosphere is in fact already
assumed in the way the significant points are decided
according to WMO's instruction).
The wind observations will in general meet the requirements, but in cases of strong winds in the same direction
the balloon is transferred over large distances and will
thus be observed at low height angles. During such
occasions the wind error can deteriorate from ± 1 m/sec
to ± 10 m/sec.
When the OMEGA wind finding system comes into
use the large wind error will most probably be eliminated.
Observations from surface stations as well as from
merchant ships are fulfilling the GARP requirements.
The error structure from the conventional observing
system is random which makes these observations very
useful in objective analysis.
This means that in areas with a dense network we can
reduce the analysis error below the observational error.
(See Section 4.3). Analysis experiments in areas of a

dense aerological network show that the ratio between
the analysis and the observational error is about 0.6.
2.2.2 Commercial aircraft reports

The errors of wind measurements from commercial
aircraft (AIREPS) are difficult to estimate and few
systematic studies are available on this subject. Most
observations are in the form of spotwinds which means
that only the instantaneous wind is measured. Even if
the actual observation may have a high accuracy we do
not know what scales of motion the observation can be
associated with. The subjective experience from some
weather services does indicate a quality improvement
during recent years. In spite of this it is important to
estimate the error more systematically. Estimation of
errors can best be made by intercomparison since wind
observations most often are made at fixed points.
Since AIREPS are distributed over a limited area in
space (both vertically and horizontally) the inclusion in
any data-assimilation scheme is rather cumbersome.
However, aircraft reports are becoming much more
useful (Steinberg, 1973). The wide-bodied jets (Boeing
747, Douglas DC-IO' etc.) are equipped with inertial
navigation systems and onboard computers coupled with
advanced data storage systems. This makes it possible
to have direct readout of latitude, longitude, altitude as
well as meteorological parameters such as windspeed,
temperature and pressure. This effectively eliminates the
need for pilot participation in correlating onboard
measurements with position, which has been a major
limiting factor in developing commercial aircraft monitoring systems. Registrations can be performed every
600 milliseconds but at present recordings are made
every 400 sec at cruise altitude except during ascent and
descent when recording is continuous. The high frequency
of registrations makes it possible to compute averages
and thus obtain observational values consistent with
those scales of motion in which we are interested.
By 1976 there will be over 500 commercial aircraft
flying global routes equipped with inertial navigation
systems which, with the addition of some supplementary
equipment, will be capable of supplying meteorological
data.
At the moment collection of the data offers some
problems. The digital data are stored on a tape cassette
on the aircraft. From that they can be put on a magnetic
tape and are then ready for computer processing and
transmission on the GTS-network. For the future the
most feasible systems would be to let the stationary
meteorological satellite interrogate the aircraft so the
data can be submitted in real time.

CHAPTER

2.2.3
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Vertical temperature profiles from satellite
sounders

error. The instrument noise itself has no serious impact
on the accuracy.

Recently a special report on the performance of space
observing systems for FGGE has been published
(Bengtsson and More1, 1974). We shall therefore here
only summarize the most important results of that study.

Other errors due to erroneous calibration of channel
transmittance or to contamination effects by clouds or
water vapour are, however, very noticeable since the
RMS temperature errors (standard levels) in actual
operation of the VTPR sounder are still larger by
about 1°C.

When we try to infer the atmospheric temperature
profiles from remote radiation measurements, three
major sources of errors will be involved:
-

uncertainty of the mathematical solution of the
inverse problem
uncertainty of molecular absorption data
contamination of radiance measurements by clouds
and minor gaseous constituents.

It is necessary to stress that there cannot exist a unique
continuous T(P) solution of the inverse problem and
many different functions can in fact fit the observed
radiance data. The number of possible solutions is
restricted by specifying a particular inversion scheme and
selecting a first guess solution. The first guess can be
based on:

-

climatology (NESS)
persistence from the last l2-hour analysis (GISS)
l2-hour forecast (NESS, GISS)
current analysis based on simultaneous radiosonde
observations (GISS),

It is quite evident that the accuracy of the inferred
profiles depends upon the choice of the first guess
temperature field. The better the guess, the better the
final result up to a point where any further improvement
is impossible. It is also found that the resulting errors are
significantly correlated with the first guess error
('" 0.5-0.7). This is a very serious deficiency if the actual
forecast is used as the first guess. The running forecast
will then be correlated with the observations and so on.
The error could consequently grow to very large values
in areas where we have no access to independant observations. In section 3.1 we will discuss the problem of
observations with correlated errors in more detail.

Fritz (NESS) has reported the results of numerical
experiments with the NESS operational inversion scheme.
These experiments consisted of applying the standard
inversion procedure to ideally accurate radiance data
computed for the VTPR channels with a known temperature profile, assuming exactly known atmospheric
transmittance functions. The result shown in Fig. 2. 1
indicates only a modest improvement over the first guess
(12-hour forecast). It can also be seen that the resulting
retrieval error is highly correlated with the forecast

Another numerical experiment (Baumhefner and
Julian, 1974) supports Fritz' results even if it is based
upon more optimistic assumptions with a known sea
surface temperature and a simplified cloud coverage. The
result can thus be summarized as follows:
-

-

the ultimate accuracy of inversion may not be better
than 1° to 2°C for any reasonable choice of first guess
and combination of radiometric channels.
the vertical structure of the error is not random but
the mean temperature error of an atmospheric layer
of 200 mb is reduced by about 25-50 % compared to
the errors at the discrete standard levels (Hayden 1973,
personal communication).

The error from the inversion process is correlated with
the first guess error. This effect contributes to the greater
errors found in regions where large changes occur and
where initial guesses (forecast or climatology) are likely
to be less accurate. Evidence has also been reported of a
significant correlation of the retrieval error and weather
patterns (Baumhefner and Julian, 1974; Fig. 2.2.).
The measured radiances are affected not only by the
atmospheric temperatures but also by clouds. The effect
of clouds must be taken into account in order to retrieve
the clear column radiances which would have been observed in the absence of clouds.
If we have a single layer of broken cloud, which is often
the case, clouds can be taken into account successfully
if we know two additional parameters: (1) the fractional
amount of clouds in the field of view and (2) the altitude
of the cloud tops.

There is, however, no way of finding clear column
radiances in the presence of a solid overcast completely
opaque to infrared radiation, nor is it possible in the
presence of multiple layers of dense clouds.
The serious limitation of infrared sounders with regard
to cloudiness is not so much a matter of reduced accuracy
as reduced yield in cloudy areas (see Fig. 2.3). The error
introduced by cloudiness is also of a systematic nature.
Fig. 2.2 shows the difference in a 6-km pressure field
between the clear and cloudy retrieva1s when the temperature profiles are hydrostatically integrated from a known
surface pressure. Systematic errors can be found in the

0'1

TABLE 2.2
Characteristics of observational sources (available during FGGE)

Observing system

Surface stations

Type of
observation

synoptic

I

Error
Parameter

synoptic

I

Other
errors

-

rB

±O.l mb
±loC
±l m/sec
±5%

T

±loC

-

PB
TB

V.
Upper-air soundings

Random
error

-

V

±l m/sec

-

r

±5%

-

I

Remarks

-

Time
resolution

3 hours
3 hours
3 hours
3 hours

Coverage

WWWnetwork

www-

-

6-12 hours

.......50mb

-

~

.......200 mb

30-50 km

global

.......200 mb

60-100 km

~

30-60 km

'"~

Vertical temperature
sounder

nonsynoptic

T

±2°

VT

0.6°/
100 km

space corr.
errors
not known

larger errors
in clouds
larger errors
in clouds

cont.
(6 hours)
cont.
(6 hours)

VT

OS/
10 km

I

o>'l:j

2)

global

commercial
air routes

±1-2°

~~

5001000 km

cont.

TB

~

-

very variable quality,
frequent
very large
errors

nonsynoptic

-

-

.......50mb

not known

Sea surface temperature

i

1)

-

6-12 hours

±3 m/sec

20-30%

-

Remarks

network

V

r

-

-

6-12 hours

nonsynoptic

nonsynoptic

Horizontal
resolution

.......50mb

> ±2°C in
stratosph.
up to
10 m/sec
not useful
<-40°C

Commercial aircraft
reports

Vertical water vapour
sounder

Vertical
resolution

!
~

.......400 mb

possible
space corr.
errors

larger errors
in clouds

cont.
(6 hours)

global

possible
space corr.
errors
possible
space corr.
errors

no observations in
clouds
no observations in
clouds

cont.
(6 hours)

global

-

2-10 km

cont.
(6 hours)

global

-

2-10 km

~

::l

~

... /

~

~

TABLE 2.2 (contd.)
I

Winds from sequential
cloud images

nonsynoptic

Constant level balloons
at 200 mb

nonsynoptic

(non-)
synoptic

Drop-sondes from
carrier balloons

(non-)
synoptic

Buoys

VS50

±2 m/sec

-

V250

±3 m/sec

-

T

±O.soC

-

V

±1.5 m/sec

T

much larger
in complex
cloud situations
possible
only useful
over sea

500 km

3)

55°N-55°S

-

500 km

3)

southern
hemisph.

-

500 km

4)

-

500 km

5)

100-200 mb

not spec.

-

100-200 mb

not spec.

-

-

5001000 km
5001000 km

-

55°N-55°S

1-2 hours

-

2 hours

-

-

2 hours

±l°C

-

12-24 hours

V

±2 m/sec

-

mean value
over 2 km
mean value
over 2 km

Ps

±1 mb

-

-

6-12 hours

equator.
belt

12-24 hours

6-12 hours

Ts

I

-

1-2 hours

southern
hemisph.
>20 0 S

!
......

V

1

Includes ship stations.

2

Observations only between 200 and 300 mb.

3

Can "observe" ~V, ~V, V.
oS on

V,~.

4

Can "observe" VT, V2 T.

5

Can "observe" ~V, ~V, V.
oS on

V,~.

....:l

r
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RMS temperature errors at standard levels of (a) first guess (full line), (b) retrieved profile with perfect computed radiances
(dashed-dotted line), (c) retrieved profile with perfect radiances including instrumental error (dotted fine line), (cl) retrieved
profile in actual operational practice with VTPR data (dotted coarse line). (According to S. Fritz, NESS.)

warm sectors of the baroclinic waves. The increase error
is usually a factor of 2 or 3 over the clear case.
There is no doubt that the lack of useable measurement
in the regions of the atmosphere where weather is actually
developing constitutes a severe limitation of infrared
soundings from space. It is possible that the situation
can be improved by refined cloudiness compensation
schemes based on measurements with higher spatial or
spectral resolution. However, the only truly reliable
method to obtain a homogeneous distribution of unbiased
temperature determination appears to be microwave radiometry in the 60 GHz absorption band of 02' Results of
experimental temperature profile retrieved using various

combinations of the infrared (ITPR) and microwave
(NEMS) instruments on Nimbus-5 have been reported
by Smith (Fig. 2.3). For the short period studied
(1-6 April 1973) the profiles inferred from microwave
measurements alone are of the same quality as profiles
inferred from infrared radiances alone, while a combination of both measurements yields a definite improvement
(about O.S°C) in clear air situations. Since microwave
sounders are planned for the next generations of satellites
to be operating during FGGE we can hope that neither
the accuracy nor the spatial coverage of the retrieved
temperature profiles will be seriously affected by cloudiness. However, we have to expect an increase of the error
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Figure 2,2 (a) 3-km vertically averaged temperature (thickness) centered at 1.5 km; contour interval 5°C.
(b) Subjectively derived cloudiness distribution; scalloped areas indicate opaque clouds at 3 km; stippled areas indicate opaque
clouds at 9 km.

(0.5° - 1°C) in cloudy areas due to the reduced vertical
resolution for the microwave sounder alone.

2.2.4

Water vapour sounder

Determination of the water vapour distribution may be
considered as a second step if the temperature profile has
been derived. Accuracy of the humidity calculation
depends upon the accuracy of the temperature profile
determination. According to estimates by W. L. Smith,
a systematic temperature error of 2°C results in a relative
humidity error ranging from 12 to 25 %. The conclusion
is therefore that the GARP accuracy requirements on
water vapour distribution can be fulfilled. In cloudy areas
where the temperature errors are large the water vapour
can be estimated qualitatively from the cloud distribution.

2.2.5 Sea surface temperature
To measure sea surface temperatures from satellites may
not be so critical since we are only looking for 3-day averages. With that criteria, data gaps may arise in areas

with persistent cloud coverage. An approximate solution
on such occasions would be to extend the mean period
to more than 3 days with no harmful affects. The accuracy
of current observations from space is about I-2°C.

2.2.6

Wind observations from sequential cloud images
(geostationary satellite pictures)

The first step in satellite wind extraction consists of
measuring the displacement of selected cloud targets
against a fixed geographical background or against known
navigational elements of the satellite. The second step
concerns the degree to which cloud displacements represent the air flows at a given scale and at a determined
altitude.
Extensive development efforts have been devoted to
perfecting the displacement measuring techniques ranging
from the use of film loop or image sequences to different
automatic procedures. An interesting and potentially
efficient approach is based on a conversational mode
allowing an interaction procedure with a human analyst
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selecting targets for computer processing. With these
techniques it is possible to determine cloud target displacements with an accuracy of 3-6 km or better. Figs. 2.4
and 2.5 compiled at Wisconsin University 0/. Suomi,
1974; personal communication) show the number of wind
vectors at a given time (low and high clouds respectively).
There are still some navigation problems due to incompleteness in the attitude control and spin synchronization
system of the space crafts but it is expected that these
problems will be satisfactorily solved for the next generation of geostationary meteorological satellites. Thus, the
technical part of the wind extraction will not be a critical
factor limiting the retrieved wind accuracy for the FGGE
data set.
To interpret the observed cloud displacements in terms
of wind velocities offers a very intricate problem. In
contrast to constant level balloons which represent flows
at a single level, the cloud winds will more likely represent
the motion of a layer. Many cloud layers are mixed by
convective overturning throughout a layer in which vertical shear exists. Cloud motion will thus be affected by
the force of the mixing processes and the magnitude and

direction of the shear. The cloud wind should be interpreted as an integrated effect of the vertical and horizontal
motions within a layer of some kilometers depth and for
a period of an hour and more.
The problem is to identify clouds with a reasonable
size and a reasonable life time. For the low level clouds
homogenous boundary layer conditions are necessary and
we can therefore only hope to get sufficient accurate
observations over the tropical oceans.
A statistical investigation has been compiled by Hubert
and Fritz by comparing cloud displacement velocities
computed or normally measured from geostationary satellite images with either local radiowind observations or
analyzed wind fields. The comparison was usually made
between "low level clouds" appearing on the satellite
picture and the 850 mb wind reports.
Point to point comparison with rawinsonde winds (100200 km distant and up to 3 hours removed in time) gives
an RMS vector difference of about 6 m (sec-l ). This
large figure is mainly due to the fact that we are measuring
different scales of the wind field. Rawinsonde winds are
averaged over 1-2 minutes and over a depth of 300-500 m,

CHAPTER

100

t

(150-100)

150

~

f

2

11

. . . . . . . ' . . . . . 11111

_._._._.

RADe
ITPR
NEMS
ITPR+NEMS

(200-150)

2.00

.~

(250-200)

:0E
.........
Q)
~

250

(300-250)

300

::J

en
en

!

t

(400-300)

Q)

~

c.

±
.1

400

~

~

(500-400)

500

t

t

(700-500)

~

700

r
(850.700)

850

!

1000

0.5

April 1·6, 1973

4.0

Standard Error of Layer Mean Temperature re)
Figure 2.3

RMS difference between mean layer temperatures derived from radiosonde observations (RAOB), inversion of infrared
(lTPR) and/or microwave radiances (NEMS) and the corresponding field analysis (According to W. L. Smith, NESS).

while the cloud winds are averaged over 1 hour and over
a depth of about 2 km.
On the other hand, if we compare cloud displacement
vectors with the analysed wind field, the RMS vector
difference is reduced to 1. 6 m sec-I. Fig. 2.6 gives the
result for a material of 526 manually retrieved vectors
and 724 computed vectors.
In general we have the same problem with cloud winds
as we have with infrared soundings, namely the difficulties
of getting usable measurements in regions of the atmosphere where we have intensive weather systems. In such
areas we have mostly a compact or complex cloud cover
and strong veering wind shear. Height determination of
an identifiable cloud object will be very difficult and
uncertain. What we can hope for is infrared high resolu-

tion images and patterns of relative humidity in certain
layers.
Upper clouds (cirrus) are much more difficult to
identify than lower clouds due to large variations in the
thermal emissivity of individual cirrus clouds. It appears
that one can identify, in any cirrus cloud field, thicker
cloud cores where the emissivity is as large as 0.8-0.9.
The accuracy of the altitude determination is ± 100 mb.
So far there are varying opinions of the accuracy of
cloud winds. A rather optimistic value would be
2-3 m sec-I in areas where we can identify the cloud
objects. Much larger errors are found in areas of complex
cloudiness. We may notice, however, that the error due
to the inaccuracy of the cloud height determination is
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mainly a result of a wind speed error. The error in wind
direction is certainly much smaller.

2. 2. 7 Constant level balloons
The GHOST and the Eole experiments have proved
that super-pressure balloons floating on isopycnic surfaces
are reliable long-lived vehicles for tracing winds and
carrying sensors for in situ measurements.
The measurement error for the wind in the Bole
experiment is only 0.5 m sec-I, which is due to balloon

location errors. In addition to this the balloons undergo
diurnal oscillations and bobbing motion due to gravity
waves and/or clear air turbulence. This will have the
effect that the horizontal velocity of a representative air
parcel cannot be measured by one discrete Lagrangian
tracer with an accuracy better than about 1.5 m sec-I.
As far as is known, a corresponding temperature error
has been estimated at OSC.
The excellent quality of the Bole wind observations
also makes it possible to analyze the horizontal derivatives
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Figure 2.7 (a) Typical hemispheric 200 mb divergence map south of 20°8 obtained for 25 January 1972 by observations from Eoleballoons. Units are 10-6 (sec)-l.
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(b) Mid-latitude (40-50°8) zonal section of the 200 mb divergence
corresponding to (a). (From P. Morel and G. Necco, 1973.)

of V and T. Fig. 2.7 (Morel and Necco, 1973) presents
the analysis of divergence at 200 mb from the balloon
trajectories along the latitude 40°-500 S. The divergence
patterns are excellently correlated with tropospheric
weather systems.
At operating levels the constant level balloons will
amply fulfil GARP requirements.
2.2.8 Other observations
No special comments will be made on dropsondes and
buoys since they will appear in the data assimilation
schemes as conventional observations. As far as is known
they will fulfil the GARP accuracy requirements.
The accuracy of the observations is a crucial factor for
a successful accomplishment of the FGGE. The quality
of conventional observations is rather easy to estimate
since the error is mainly random. Such observations are

r
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thus relatively easy to incorporate in a data-assimilation
scheme. As we have found in this chapter, observations
from satellites have systematic errors of different kinds
and they must be treated somewhat differently from conventional observations. In the next chapter we will study
the effects of correlated (systematic) errors on the quality
of the analysis.
Automatic checking of observations is more complicated for observations with systematic errors and we will
address that problem also in the next chapter.
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3. ERROR STRUCTURE AND ERROR CONTROL
3.1

Effects of Correlated Observational Errors

In order to estimate the effect of observational error on
the objective analysis we will make use of the optimum
interpolation technique. Optimum interpolation is based
upon multiple linear regression and the value of an element at a grid point is computed from the observational
values with minimum RMS-error in a statistical sense.
Optimum interpolation has been used operationally in
U.S.S.R. for many years. It has also been used recently
in research application in 4-dimensional data assimilation
experiments. Since we will make use of optimum interpolation in the discussion on the effect of observational
error and also later in this report, we will introduce some
of its basic elements.
The analyse 1jJ1 at a gridpoint are expressed as linear
combinations of the normal value 1jJIJ (or the forecast
value) and the deviation of the observations from the
normal value (1jJ~ -1jJZ;) in the vicinity of the grid point
(subscript k refers to the observation):
N

1f11 =

1fI!J

+ ~ Pk (1fI~-IfI~

(3.1.1)

k~l

The weights Plc are determined by minimizing the mean
square error of interpolation:
N

E=(IfI,-IfI~)2= [1fI~-IfI!J-

L Pk(IfI~-IfI~)]2 (3.1.2)
k~l

where IfIt is the "true" analysis.
The bar operator in the expression above denotes
ensemble averages.
A necessary condition for E to have a minimum is that
the partial derivatives with respect to the weights Pk must
vanish. This condition, together with the assumption
that the observational errors are independent of the
normal field, will give the following system of linear
equation for the weights:

is the corresponding autocovariance function for the
observational error. If we have an uncorrelated observational error, dkl is reduced to ~klO"~' where O"l is the RMS
error of the observations, ~kl - Kronecker's delta.
An expression for the mean square interpolation error,
E, can be derived from equation (3. 1.2) and (3.1.3).
This expression reads:
N

E, = mu-

L

mtkpk

(3.1.4)

k~l

where mu = (1jJt - 1jJIJ)2 is the variance. We divide (3 . 1.4)
with the variance and thus get an expression for the
relative interpolation error, et
(3.1. 5)
We will now try to estimate the relative interpolation
error for 2 different cases:
Case 1: no error (perfect observations)
Case 2: observations with a space correlated error
In case 2 we will further assume that the observational
error has the same autocorrelation as the parameter itself.
This means that the observational error is correlated
with the synoptic weather systems and has the same structure as these. It is quite probable that temperature derived from satellite sounders may have a structure of
this nature. This implies:

Case 1 will thus be governed by the equations:
N

L

mkl

P~

= mu

1= 1,2, ... N

k~l

e;

(3.1. 6)

N

=

1.0 -

LP

ik

P~

k-l
N

L (mkl + dkl) Pk

= mll; 1= 1,2, .. N

and case 2 by the equations:

L (mkl + dkl) p~I = mu

where
n1kl = (lfIk-IfI~) (lfIl-lfI~

is the covariance function
and

(3.1.3)

N

k-l

k=l

eII
i

N

= 1 •0 - L
~. J
P i kpkII

1= 1,2, .. , N

(3.1. 7)

k-l

Subscripts I and II refer to the two cases respectively.
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We will further assume that the variance as well as the
standard deviation of the observational error is the
same over the influence area around the grid point.
We thus have
mkk

=
ak

mu

=

mu

=

al

=

=

m

a

Pr:

The weights
and the relative interpolation error ey
can now easily be expressed in terms of the corresponding
quantities for case 1.
(3.1. 8)
(3.1.9)
The root-mean square for the interpolation error for the
two different cases reads
(RMSY =.~
V rn" ei
(RMS)II

=

A

V

I-U

m" e,

TABLE 3.1
1:

y';;=
a

0
0.025
0.050
0.100
0.250

2:

y';;=

2°

a = 2°

3: y'm=4°
a =2°

(RMS)I

(RMS)"

(RMS)I

(RMS)"

(RMS>,

(RMS)"

0
0.3
0.4
0.6
1.0

0.9
0.9
1.0
1.1
1.3

0
0.3
0.4
0.6
1.0

1.4
1.4

0
0.6
0.9
1.3
2.0

1.8
1.9
2.0
2.1
2.5

4:

y';;=

WO

a = 2°

eF

0
0.025
0.050
0.100
0.250

2°

= 1°

1.5
1.5

1.6

5: y'm= WO
a = 4°

(RMS)I

(RMS)II

(RMS)I

(RMS)"

0
1.6
2.2
3.2
5.0

1.9
2.5
2.9
3.7
5.3

0
1.6
2.2
3.2
5.0

3.7
4.0
4.3
4.7
5.9

(3.1.10)
where a and b are the weights given to the forecast and
to the observation. a + b = 1.
It can now be shown that

The following table presents for a number of values of
m and O'z how sensitive the interpolation error is to a
correlated observational error. The values are given in QC.

ei I

be produced even with an extremely dense network
(e,-+O).
The ratio of (RMS)II and (RMSy increases when the
ratio between the error and the variance increases (compare examples 1 and 2 in the table).
One of the basic elements of 4-dimensional data assimilation is to obtain an optimum combination of forecasted values and the running new observations in time.
For that reason it is important to study the effects of
updating forecast information with observations whose
errors are correlated with the errors in the forecasts.
Let us suppose we have, at a particular location, i, a
forecast lfI~ and an observation lfI¥ with some unknown
error. Let us further suppose that we wish to estimate the
true value lfI' at this location from the simple linear
relationship:

6:

y';; =

20°

a = 4°

(RMS)I

0
3.2
4.4
6.4
10.0

(RMS)"

3.9
5.0
5.9
7.3
10.6

It follows from table 3.1 that we need a much denser
network (smaller e,) if we have a correlated systematic
observational error. It can further be seen that if a
systematic error is present almost no improvement will

(3.1.11)

a:

where a~ is the error variance of lfI, ai and
the error
variances of lfIF and lfIo respectively. r is the correlation
between forecast and observational errors.
We can now study, in an approximative way, how the
analysis error 0'0 depends on the errors a 1 and a z and the
correlation between these errors.
In this comparison we will let the weights a and b be
inversely proportional to the error variances ai and
which will be the best estimate if lfI~ and lfI~ were independent and we will also let the sum of the weights be
equal to 1.
This yields the following expression for the ratio of
analysis and forecast error

a:

a~

a~=

1+ a!a z (1 + 2rala z)

(1+:iY

(3.1.12)

Fig. 3.1 gives a graphical representation of the expression (3.1.12) for the correlation coefficients of 0, 0.5 and
0.8. The ordinate is the ratio of analysis to forecast error;
the abscissa is the ratio of observational to forecast
error.
It can be seen from the figure that if the forecast and
observation errors are independent, observations still add
usable information even when observational errors are
several times larger than the forecast error. For example,
if the observational error level is 4°C and the error level
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TABLE 3.2

Analysis error (oC) as function offorecast error
and observational error and the correlation (r) between them,

----=

1.2

.1.1

r

= 0.8

r

0.5

-

Forecast
error

Observational
error

1.5
1.5
1.5
4
4

2
3
1
4

r

Analysis
error

System

0.5
0
0
0.5
0

1.5
1.3
0.8
3.5
2.4

VTPR
ITPR
Radio-sonde
VTPR
ITPR

1.0
0:
0
0:
0:
lrJ

.9

.8

f-

Ul

U

lL

3

.7

........
0:
0

0:

~

~+
~

b'Y;

~

forecast bias (if forecast values are used as first guesses in
the analysis).

'11 = ANALYSIS

lrJ

Ul
Ul

'1. = a '1

MODEL:

.6

0:

.5

l=

FORECAST

'l';=

OBSERVATION

~

>-

..J

« .4
z
«
.3

a
b

.2

3.2 Quality Control Checking Procedures

(J 2

2

= (J12

a + b

=

I

.1

0
0

2

3

4

OBSERVATION ERROR/FCST EHROR

Figure 3.1

Graphical representation of equation (3.1.12). For
further explanation see text. (According to W. Bonner,
NMC.)

for forecast is 2°C, the analysis error is 90 % of the forecast error or 1.8°C. If, however, the observation and
forecast errors are positively correlated, the observations
may not be useful at all.
Let us assume that we have available a 12-hour forecast
with an error of about 1.5°C in areas with radiosonde
data. Let us further assume that we have an error of 4°C
in data sparse areas. According to the experience of
NMC the errors in VTPR soundings are about 2°C near
radiosonde stations where the error in the first guess is
small. One may further assume that the errors may be 4°C
in regions of no other data.
Let us further assume that the ITPR errors are 3°C and
that they are uncorrelated with the errors of the forecast.
Analysis errors for these systems and for radiosonde
data with an assumed error of 1°C are given in table 3.2.
Even if this analysis is highly simplified it points out
clearly the importance of having an observational and data
processing system such that errors will be free of any

The available observational material for FGGE will
consist of many data bases of very different quality and
some of the observations will also be very irregularly
distributed in time and space. Since FGGE is going to
operate in quasi-real time we have to face many of the
practical problems which are well-known to operational
numerical weather prediction units.
The meteorological data contain, in addition to correct
information and what we may call natural errors (measurement errors, small scale deviation, etc.) also false errors
(human errors and telecommunication failures). The false
errors are due to instrumental errors, incorrect registration, coding and telecommunication errors.
At the moment about 5-10% of the radiosonde and
SYNOP information contain false errors and we may also
expect false errors in the information from space observing systems and other non-synoptic data sources for
FGGE, even if these will be reduced due to the higher
degree of automation. We must therefore use a reasonable amount of time and manpower to optimize and
standardize methods of quality control. Due to the very
large amount of information and the difficulties of correcting data manually, fully automatic procedures seem to be
the only reasonable alternative.
The possibilities of checking observations are based
upon redundancy in the meteorological information. The
redundancy arises because some of the elements reported
are not independent. Redundancy affects every value of
the meteorological elements as well as relations between
different values of different elements and values of the
same element in different points and at different times.
The possibilities to check observations improve as the
degree of redundancy increases since we will have more
physical and statistical relations to satisfy.
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From this point it follows that it is very difficult to
check a single value. We can only check that the data do
not exceed specified probable limits (for example, that
the 500 mb temperature must be less than +30°C and
higher than -100°C).
A probability test can therefore only help us to find
the gross errors but does not allow us to correct erroneous
values in a unique way. An efficient checking procedure
must therefore be based upon continuity and use surrounding (in time and space) observations. We can
thereby compare an interpolated value with the observed
value and then accept or delete the observation according
to prescribed tolerances. The interpolation can in principle be done in different ways but it is appropriate to use
a method which is based upon the statistical structure of
the field under consideration. The optimum interpolation
method described in 3. 1 is therefore very useful and we
will apply this technique in the fOllowing.
In an operational context, checking the time continuity
poses a special problem. Since at the time of operation
we have access to past data only, we have to use extrapolation instead of interpolation. For an observational
frequency of 12 hours this is not satisfactory and it is
therefore necessary to apply dynamical extrapolation in
time e.g., using a numerical forecast. For the FGGE
operations which will be run with a certain timelag we
could possibly use time interpolation in the checking
procedure.
Another efficient way to check the observations is to
use the relations between different meteorological elements. We can thus use dynamical relations based on the
equations of motion (hydrostatic relation, geostrophic
relation, balance equation, etc.) or statistical relations as
cross-correlation functions. A check based on agreement
with other observing elements should be deterministic and
a dynamical relation is therefore much more satisfactory
than a statistical one.
The asynoptic information is difficult to check since we
may not have independent observations with which to
compare. The main checking has therefore to be performed with the forecasted values. The most common
technique so far has been to perform the checking in a
number of steps. Hydrostatic control has been carried out
in the preprocessing phase, while the main part of the
checking procedure (horizontal check, check against
other elements and with the forecast) has been carried out
in connection with the objective analysis. It has been
shown (Gandin and Smirnova, 1973) that the checking can
be improved if the different steps can be performed
simultaneously (complex control). This will imply a complication in the data processing system since we need
mmediate access to large data bases. With modern

computer technology, however, this is no big problem.
Complex control can be carried out for all kinds of data
but the possibility of detecting and correcting erroneous
or non-representative observations will be easiest for
complete aerological observations. The observational
control will be carried out in the following steps:
1. geopotential and temperature at standard pressure
levels: hydrostatic and stability control, vertical and
horizontal interpolation;
2. wind: geostrophic wind relationship, vertical and
horizontal interpolation; .
3. humidity (dew point depression or relative humidity):
vertical and horizontal interpolation, consistency check
against temperature (no supersaturation).
Hydrostatic control

The hydrostatic control consists of a comparison between the observed geopotentials at two adjacent standard
levels and the geopotential computed from the hydrostatic
equation. The deviation ale;l will be given by the following
expressions:
le+l

le+l

le+l

6 le = Zle+l-Zle- A le -B le (Tle

+ Tle+l)

(3.2.1)

(Z is given in meters and T in Co, K denotes the standard
level). Numerical values for Ale;l and Ble;l are given in
table 3.3.
The interpolation is only performed for the deviation
from the normal values (monthly mean or, in regions
were there are no historic data, the best estimate), which
is why we can subtract the normal values from eq (3.2. 1).
It is necessary for the normal values to exactly satisfy the
hydrostatic equation. We thus get (Z = Z + Z' and
T= T+T')
k+l

'

,

k+l ( '

6 le = Zle+l-Zle-B le

I

c5le;l

I :; : : I

T le

+ Tle+D
,

(

3.2.2)

I

le

If
c5 ;l max (see table 3.1) an error indication is made.
(The prime will be dropped hereafter in this section.)
Horizontal control

Horizontal control of Z is carried out by computing
the difference c5n at a certain level between the interpolated value from a number (N) of surrounding observations and the observed value Z~. This yields
N

6n =

L

pin

Zi-Z~

(3.2.3)

i=1

The weights

Pin

are given by the system

N

L
i_I

f.lijPin

+ l1Pin =

f.lin

i = 1,2,3

(3.2.4)
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lc

fJ, is the autocorrelation of the geopotential and 11 is the

relative observational error.
0-

8lc

=

L

(3.2.7)

qlc/;Z/;-Zlc

h=1

2

where mn is the variance in the point n
mn
an, the deviation between the interpolated and the observed
value, can now be compared to the theoretical interpolation error for the actual observation
11 = -

On =

V

mn (l

+ 11-

t

pin fJ,in

(3 .2. 5)

i-I

If the ratio

rn = IOnl

K is the number of levels above and below k, and qlch are
the weights. Z is defined in the same way as above, namely
the deviation from the normal value. The weights qlch
can be computed once and for all from the covariance
matrix. Table 3.4 presents the numerical values for those
weights which have been found useful in the vertical
control at middle and high latitudes. In the tropics other
weights will certainly be necessary. The maximum
allowed deviation 18lc Imax is also given in the table.

(3.2.6)
TABLE 3.3

On

Parameters to be used in the hydrostatic control

is larger than a certain specified value which must be
chosen empirically (e.g. rn = 4) the quantity is probably
in error and should be examined.
Temperatures are checked in the same way.
Vertical control

Vertical control of Z or T is similar to the horizontal
control. The difference 8k at a certain level is computed
by the formula

Plc

(mb) 1000

850

700

500

400

300

200

180

Plc+l
Alc+l
lc
Ek+l
lc

(mb)

700

500

400

300

200

150

100

Io~+llmax

850

(m)

1300 1552 2690 1784 2301 3242 2301 3242

(m)

2.38 2.84 4.93 3.27 4.21 5.94 4.21 5.94

(m)

30

30

40

30

40

80

60

TABLE 3.4
Interpolation weights qkh for vertical control
mb
Plc

Influencing levels (Plc mb)
Parameter

1000

1000

Z
T

850

Z
T

0.472

Z
T

0.648
0.321

700

I

850

0.915
0.263

I

700

I

500

I

400

I

150

I

100

and °C
respectively

-0.117
0.135

-0.115
0.051

0.378
0.746

-0.006
0.011

0.112

-0.062

0.016
0.315

0.270
0.053

-0.193

0.878
0.706

-0.197
-0.026

0.124

0.389
0.311

-0.134
-0.042

50
8°C

0.426
-0.187

110
8°C

0.138
0.154

400

Z
T

0.113
0.049

0.700
0.625

300

Z
T

-0.029

-0.054

0.678
0.709

Z
T

-0.085

-0.023

150

Z
T

-0.204
0.021

0.077
-0.079

100

Z
T

-0.058

-0.186

200

I

200

0.167
0.109

Z
T

500

I

300

ISklmax in m

120
10°C
0.042

60
8°C

0.032

80
8°C

-0.044

0.470

-0.271

0.580
0.579
0.614
0.304
0.870
0.347

60
8°C

-0.162

110
10°C

0.490
0.569

110
10°C
170
12°C

60
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TABLE 3.5 (refers to example (a) in the text)

Level
k

Pk

7

mb

Jk+l
k

m

Bk

rz

m

Given Corrected

-271

200
-497

8

-221.0

492

150

13 310

13 810

+499
-432

100

9

A few examples may illustrate the presentation:
Ca) Erroneous value at one interjacent level. Errors of this
kind can be detected by hydrostatic control alone, but
the other control methods will make it much easier to
localize the error and correct it. Table 3.5 gives all
the data which are larger than the specified tolerances.
The hydrostatic check shows an error of - 498 m
at 150 mb. This is confirmed by a vertical and horizontal check of the geopotential. The vertical check
indicates the error very clearly since the adjacent
levels are also influenced.
Cb) We will next investigate a case where we have a
discrepancy which is due to errors in the measurement and telemetry equipment of the radiosonde.
This cannot be detected by a hydrostatic check since
the weight values have been computed from the
erroneous temperatures. Table 3.6 gives all the data
which are larger than the specified tolerances.
TABLE 3. 6 (refers to example (b) in the text)

r:}, m+r • I "m I
m

7
8
9

200
150
100

-230

BT

'C

+20. o C
-34. o C
+42. o C

I

z
-7.5
11.6

I

T

Since the statistical structure varies considerably between different areas, separate structure functions for the
horizontal and the vertical control must be computed for
each climatological region. It is absolutely necessary to
use different criteria in tropical and extra-tropical regions.
The checking described so far can be generalized in the
sense that we use the deviation between the observations
and an actual forecast instead of the deviations between
the observations and the normal. In doing so, asynoptic
observations can be checked by the same procedure.
(Bengtsson and Gustafsson, 1973).
Checking can still be a problem in data sparse areas or
in areas where we have observations with a large error
frequency. Two or more adjacent observations which
are all in error can then support each other. Different
ways of checking data in such situations have been tried
and are based upon structure studies of the resulting
analysis. One way is to develop the analysis locally or
over a larger area in empirical orthogonal functions and
inspect, and possibly delete, observations which deviate
very much from the value obtained by summing over a
reasonable number of modes (Craddock et aI, 1970)
(Sonechkin, USSR; personal communication).
Another possibility is to check if the analysis fulfil
certain dynamical constraints. Observations which make
the resulting analysis strongly hyperbolic should be
checked very carefully. It has been found on several
occasions that erroneous observations have been deleted
by checking that we do not have anomalous anti-cyclonic
flow (SMHI internal report).
Vertical temperature soundings must also be treated
with great care since the errors are correlated in space.
Groups of erroneous data can then easily support each
other and also imply that correct observations will be
deleted. It has therefore been found adviseable only to
check VTPR observations against radiosondes and not
vice versa.

30.9
6.0

3.3 Information Content in Meteorological Observational
Systems
We can find large discrepancies in the vertical control as
well as in the horizontal control which indicate a radiosonde error. This is confirmed by the fact that we obtain
large discrepancies for both elements which also start
from the same level. We therefore assume that the values
Z and T are both wrong at 150 and 100 mb.
Erroneous values are excluded after the checking and
are in most cases corrected on the basis of the results from
the vertical and horizontal control. After such a correction has been made the checking has to be repeated with
all the different control methods.

Based on the statistical structure of the meteorological
fields and on the observational errors, some general
conclusions can be drawn about the information content
in different observational systems. The results of such
studies will vary strongly from one atmospheric parameter to another as well as between different levels.
No comprehensive study is so far available but Gandin
et al (1972) have performed a detailed study for the 500 mb
geopotential. During the investigation a number of
numerical experiments were carried out using optimum
interpolation. The purpose of the experiments was to
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find the requirements for the density of the observational
network and for the accuracy of measurement. Albeit, the
results have to be interpreted with considerable care since
the study was made only for the 500 mb geopotential
field. The following conclusions may be valid for the
geopotential in general:
-

the observational network should be as regular as
possible;

-

for the existing network it is more important to
increase the number of stations than to increase the
accuracy of measurement;

-

no substantial increase in the accuracy of the analysis
is made if the distance between observation is reduced
very much below 400 km;

-

if the observational errors are correlated the interpolation error increases significantly, especially for
small distances between observational points. (See
also table 3.1);
satellite sounding systems should have higher measurement accuracy to achieve the same information
content as the radiosonde observational system;
the observational network in the tropics, unlike that
in middle and high latitudes, should not only be more
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dense but should have greater accuracy of measurement in comparison with the existing one.
However, if we are looking for an observational system
which will give us a homogeneous total error for the
whole globe, the observational network in the tropics can
be less dense than at high latitudes.
In order to get an interpolation error for the geopotential at 500 mb which is less than 20 m, we need the
following mean distances between observations at these
latitudes:
600 N
400 km
600 km
400 N
1200 km
20 0 N
REFERENCES
Craddock, J. M. and Flintoff, S., 1970. Eigenvector representation
of northern hemisphere fields. Qm~rt. J. R. Met. Soc., 96,
pp. 124-129.
Gandin, L. S., Kogan, R. L. and Polishchouk, A. 1., 1972. On
the estimation of the information content for the meteorological
observation system. Trudy No. 286, Leningrad, 1972, Gidrometeoizdat, pp. 120-140.
Gandin, L. S. and Smirnova, L. V., 1973. On automatic control
of operational meteorological information. Trudy No. 308,
Leningrad, 1973, Gidrometeoizdat, pp. 60-73.

4. 4-DIMENSIONAL DATA ASSIMILATION
4. 1 Introduction and Background to 4-dimensional Data
Assimilation
A good approximation of the instantaneous wind field
at middle and high latitudes is obtained from pressure
observations through the use of the geostrophic and
balance wind approximations. A small-scale, fast moving
pressure system can, however, produce a large deviation
between the instantaneous wind field and the wind field
computed from a mass field in steady state. It has been
shown (Godson, 1950) that the change of the mass field
in time can contribute substantially to the computation
of the wind. Thus a knowledge of the time-derivatives of
pressure (geopotential) contribute substantially to improving the computations.
It can also be shown generally and for all latitudes from
the linearized hydrodynamical equations (Charney et aI,
1969) that initial conditions on the velocity components
can be replaced by initial conditions on the first and
second time-derivatives of pressure (geopotential). The
pressure, in turn, is determined hydrostatically from the
temperature and the surface pressure. Since large-scale
atmospheric motions are coupled vertically, it is reasonable that only one space-time field of pressure will
correspond to a given space-time field of temperature.
It is therefore possible, if we have a reference level, to
determine winds as well as the surface pressure variations
from a known temperature field in space and time.
The determination of the state of the atmosphere in
intermediate layers, where we may have no knowledge of
the atmospheric variables, could be possible from the
knowledge of the time variations of the atmospheric
parameters above and below this layer. This is made
plausible by the fact that the governing differential
equations have sloping characteristic surfaces which will
permit vertical signal propagation.
Since all the time derivatives in principle can be computed from past (historical) data, we can thus specify the
initial state simply by collating the temperature history.
The existence of a solution to the linear problem does
not guarantee a solution to the non-linear problem which
must be investigated by numerical methods within the
framework of the finite difference form of the equations
of motion and discrete observations. During the last
5 years several numerical experiments have been performed to test Charney's original proposal with realistic
numerical models.

Before we make a more detailed presentation of the
4-dimensional data assimilation studies, we will introduce
some of the terminology which is frequently used.
Insertion, updating: These two terms are used to refer to
the process of replacing forecast with observed data.
Continuous insertion: The process by which asynoptic
observations are inserted at the model time which corresponds to the actual time of observation.
Continuous data assimilation: Continuous insertion of
observations into a running model (Fig. 4.1b).
Intermittent insertion: Insertion of observations at certain
separated times. (This is what is applied at the moment in
operational numerical weather prediction.)
Intermittent data assimilation: Intermittent insertion of
observations into a model (Fig. 4. la).
Direct insertion: The process of replacing a forecast value
at one particular grid point with an observed value taken
at or near the grid point.
Indirect insertion: Insertion of observations which are
affecting all grid points within a certain influence area.
Induction: Generation of model parameters through the
insertion of another basic parameter. By the process of
updating, the variables which are not updated will or will
not be induced to the "correct" state as the updating
continues.
In the most idealized form these experiments have been
performed with so-called model-dependent data. In these
experiments the models (mostly general circulation
models) have been run for a period of some weeks and
the mass field has been stored successively. These data
then represent a reference set and are regarded as true
observations with and without added RMS errors.
A random initial state is then chosen and temperature
data from the reference set are inserted with different
frequencies. It is generally found in these experiments
that the RMS errors in the wind and surface pressure
decrease rapidly for the first day or two, then more
slowly, and finally level off and approach an asymptotic
level after about 10 to 20 days. Fig. 4.2 shows the typical
behaviour of the change of the RMS-error with time.
This kind of data assimilation, where one replaces
successively predicted values by observed values in the
course of the numerical integration, will be called dynamical data assimilation. When other atmospheric variables
are induced, dynamical data assimilation will eliminate
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(a) The intermittent data assimilation scheme;
(b) The continuous data assimilation scheme.

(According to GPS No. 11, Figures II.2 and II.3.)

the objective analysis as well as the initialization procedures. The model will thus act as an integrator of all
data and asynoptic data will be assimilated as easily as
synoptic observations. Dynamical data assimilation is
therefore theoretically ideally suited for the new observing

system to be used during FGGE. We will examine
different aspects of dynamical data assimilation in the
next section.
The other way to take care of asynoptic observations
will be based on conventional objective analysis. Objec-

r

26

4-DIMENSIONAL ASSIMILATION OF METEOROLOGICAL OBSERVATIONS
10.0 r-r-r-r-rrrrrrrrrr..,--rrrrrrTTTTTTTTTTT"T."
8.0

Update 12 Hours
- - T, No Error
------- T. 1°C Error
_._.- Ps,T, No Error

6.0
4.0

'0::
~ 2.0
a:
o
a:
a:
w

:::>

(f)

1.0
0.8

~

a:

0.6

..J

«

~

0.4

..J
Cl

0.2

0.1 LL-L..LLLL..LLLLLLLLLLL.1....L.1....L.1....L.1....L.1....L..L.L..L.L.LL.L.J

o

5

10

15

20

25

30

35

DAYS

Figure 4.2

Global RMS wind error for updating temperature every
12 hours with and without error and using "observed"
and predicted surface pressure as a reference pressure.
(According to D. Williamson and A. Kasahara, 1971.)

tive analysis is still mainly based on (horizontal) 2-dimensional structure functions. The structure or weighting
functions are either analytical or computed from statistics
(observations and/or earlier predictions). The structure
functions can in principle be generalized to 3 (including
the vertical coordinate) and to 4 (including time) dimensions. With 4-dimensional functions we can interpolate
data in space and time. The structure functions are mostly
expressed in auto-correlation functions which can be
derived from the power spectrum of the actual parameter.
Cross-correlation functions can be used as well which
makes it possible, for instance, to assimilate geopotential
data to obtain winds, and vice versa. The use of statistical structure functions to assimilate observations will be
called statistical data assimilation and will be investigated
in section 4.3. For most purposes a combination of
dynamical and statistical methods seems to be the most
attractive and we will examine this in section 4.4.

model (Williamson and Kasahara, 1971). When the
correct temperature field is updated using "predicted"
surface reference pressure every 12 hours, the RMS error
of the reclaimed wind field is 0.9 m sec -1. When a correct
pressure field is included additionally at some reference
levels the RMS wind error is reduced to between 0.6 and
0.7 m sec-I. The asymptotic values are reached after
about two weeks of updating.
When the updating is performed more frequently, the
asymptotic error level is slightly reduced and it is also
reached somewhat sooner. The RMS wind error reaches
its asymptote in one week with 6 hour updating. Updating
every 2 hours reduces the RMS wind error even faster but
a final asymptotic value is not reached in this case. The
reason for this is probably that gravity waves created by
the updating are not eliminated fast enough during the
interval between updates when the interval is too small.
The model behaves in a similar way when correct wind
fields are introduced into the model every 12 hours. The
induced temperature fields have an RMS error of about
0.3°C and the asymptotic level is reached in about two
weeks. Updating of the wind field every 6 hours reduces
the RMS temperature error to about O.I°C and the error
is reduced twice as fast as in the 12-hour updating.
When the winds are updated every 12 hours with a
3 m sec-I (FGGE requirement) random error, the
asymptotic level of the RMS temperature error is between
0.8° and 0.9°C.
Updating of temperature has a strong latitudinal
dependence. Fig. 4.4 shows the results of an experiment
10.0 rrrrr-rrrrr"TT-rr-ro-rr-TTTT-rT-rT-r-rTT-r-r,.,
8.0
6.0
4.0

~
a:
o

Update Winds
No Error
--12Hours

2.0

-------- 6 Hours

a:
a:
w

4.2 Dynamical Data Assimilation
As was mentioned in the introduction to this chapter,
it has been demonstrated quite convincingly through a
large number of experiments (e.g. summarized by
Kasahara, 1972) that it is feasible to determine fairly
accurately the dynamic state of the global atmosphere
from a variety of initial data sets. (However, it should be
pointed out that this conclusion so far is valid only for
identical twill experiments.) The temperature field can
thus be updated by the wind observations as well as
vice versa. Figs 4. 2 and 4. 3 show the results of a typical
updating experiment with the NCAR general circulation
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Global RMS temperature error from updating winds
without error at 6- and 12-hour intervals. (According
to D. Williarnson and A. Kasahara, 1971.)
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by A. Lorenc at U.K. MO with a 5-level (3° resolution) inertia-gravity waves without affecting the Rossby waves.
general circulation model. Updating has been carried out When real observations are inserted into the forecasting
every 2 hours with a 1° RMS error in the temperature. model this will cause the excitation of unusually large
The asymptotic RMS error for the wind is around inertia-gravity waves, known as the initialization shock.
2 m sec-1 from 30° to the pole but in the tropics the error The main problem of the data assimilation is to eliminate
is much higher and exceeds the variability of the model in this shock and restore the quasi-balance between the mass
the equatorial region. Climatological wind information field and the wind field. The existence of this dynamic
has in the mean, therefore, more information about the balance is the basic reason that we can reconstruct a
wind field than actual temperature observations in the complete set of initial values from incomplete data. It is
tropics. Similar results have been obtained by other therefore a basic feature of all four-dimensional assimilagroups and it is therefore obvious that we cannot induce tion schemes to provide (explicitly or implicitly) a specific
the wind field in the tropics even when we are using damping mechanism for the inertia-gravity waves of the
model-dependent data.
forecast flow. The strong model dependence in updating
Experiments performed with artifical data sets generated with real data is certainly due to differences in the damping
by the forecasting model itself cannot, however, be used mechanism associated with different time differencing
in any final conclusion about the observing system for the schemes. (Some examples of this will be given in section
FGGE. If the generated observations are free of errors 4.2.2). Euler-backward and Matsuno schemes have been
the forecasting model is able to reproduce exactly the used very much (Morel et aI, 1971; Mesinger, 1972;
reference flow for an indefinite period of time and thus Jastrow, Halem, 1913) but the damping provided by this
the predictability of the model with respect to the refer- differencing scheme depends on frequency and is thereence flow is in principle infinite. These experiments are fore not actually selective since geostrophic disturbances
equivalent to those performed by a perfect model using are damped just as much as gravity waves if both have
the same frequency. A damping scheme (Sadourny,
real data.
1972) which consists of a modified eddy-viscosity dissipaIn designing an operational four-dimensional data
= K grad (div V) where only the part acting on the
tion
assimilation system, the balance between the growth of
divergent
flow is retained has a much smaller damping
error in the model and the frequency of insertion is
on
the
high
frequency Rossby waves.
certainly an important factor to be considered. Recently,
These results suggest that another important characterMorel and Talagrand (1913) have summarized various
results of simulation experiments in data assimilation. istic of dynamical data assimilation is the efficiency of the
Based on a combination of experimental results and geostrophic adjustment process. This efficiency can be
heuristic reasoning, they set up a relationship between measured by the time D which is necessary to damp
the error growth rate of the model, the frequency of spurious inertia-gravity waves down to the level which
insertion and the damping characteristic of the numerical they have in the atmosphere.
model. In the following we will give a presentation of
We should further emphasize that restoring of the
their ideas.
geostrophic balance between the flow velocity and the
If a difference exists between the model and the data mass field is not necessarily the only adjustment process
set of observations at any given time, the difference be- required to obtain the most precise reconstruction of the
tween two numerical integrations initialized from these missing field values. Such adjustment processes can be
two states will grow to eventually reach the variability of the reconstruction of characteristic atmospheric eigen
the model. Since the reference flow is never perfectly functions. (See, e.g., fig. 4.15.)
reconstituted in the course of a data assimilation there
The adjustment is much more rapid and much more
will always be an error growth of the forecast with respect
efficient at high and middle latitudes, where the geoto the reference flow. The error growth is, at least in the
strophic constraint is strong, than in tropical regions
beginning, roughly exponential and we can define a
(Gordon et aI, 1972; Williamson, 1972). But even near
characteristic time, E, for the forecast growth which is
the equator where the geostrophic constraint is weak
equal to the time constant of this exponential growth.
there is still an adjustment between the mass and the wind
A numerical model based on the primitive equations field which must be due to some other cause than the
has three different characteristic modes, one of them geostrophic adjustment.
consisting of quasi-geostrophic and quasi-non divergent
We can imagine two basically different steps in dynamRossby waves, and the other two consisting of inertiamical
data assimilation:
gravity waves with a strong divergent field. Since our
observations are assumed to measure the Rossby waves, - restoring the geostrophic balance after updating with
new observed values;
the purpose of the data assimilation is to damp the
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extrapolation of the new information forward in This could be done by repeatedly inserting the same
time to the next data acquisition period.
observations as the model (the adiabatic or reversible
In order to establish a geostrophic balance in extra- part of the model) is integrated forward and backward in
tropical regions we need only the horizontal wind com- time. This is a technique which has been tried in the
ponents and the geopotential height. Consequently the initialization of numerical models and we will discuss
initial response to the perturbation associated with this in detail in Chapter 6. The forward and backward
updating a general circulation model based on a three- integration artificially decreases the damping period reladimensional array of N grid points includes 3N inde- tive to the data acquisition period but requires considpendent degrees of freedom, since the other meteorolo- erable computational effort.
gical quantities can be obtained through diagnostic
The main objective with the data assimilation is to
relations. Furthermore, the energy sources and sinks obtain an initial state with a minimum prediction error
acting in the real atmosphere do not play any significant growth. Another objective which follows from the
role during the comparatively short period (,..., 12 hours) discussion above is to establish a data assimilation
which is needed for restoring the geostrophic balance.
scheme which reaches the asymptotic level as fast as
The desired state of motion after the introduction of possible.
new data should be a state which includes a minimum
In the following we will describe different ways to attack
amount of inertia-gravity waves. This means that the these problems and also give a short review on the "state
result of the data assimilation is one where 2 degrees of the art" with respect to data assimilation experiments
of freedom are effectively suppressed. Only one degree with real data.
of freedom per grid point is thus left free to respond to the
assimilation of new observed data.
4.2. 1 Local geostrophic adjustment
Now if more than one observation per grid point is
Bengtsson and Gustafsson (1971) and Hayden (1972)
inserted in the model it might well happen that the result have suggested that the shock effects in updating the mass
of the data assimilation is not an improved representation field could be reduced by correcting the wind field with
of the atmosphere state. This should not be observed in a value which could be computed by the balance equation
experiments with model-dependent data when the extra (or geostrophic relation) from the analysed change of the
data are redundant. It might even be worsened due to the mass field. McPherson (1973), McPherson and Kistler
larger amount ofinertia-gravity waves which are generated (1974) and Stone et al (1974) have reported successful
by the introduction of data.
experiments where this idea has been applied. Since the
Below we will analyse different methods to reduce the observing systems during FGGE will provide us with
amplitude of the inertia-gravity waves.
temperature observations with a global coverage, we are
We will now define a data acquisition period, A, which mainly interested in updating the mass field. It then folis equal to the time needed to acquire a non-redundant lows from the geostrophic adjustment theory that we
data set equivalent to one value of one basic dynamical will have problems to induce the wind fields for scales
parameter per grid point. It is a matter of course that the which are smaller than the critical wavelengths (see
period A cannot be larger than the error growth time section 6.3). A substantial part of the eddy kinetic energy
constant E. It also seems reasonable that the period A can be found in vortices smaller than the critical wavecannot be much shorter than the gravity-wave damping length and it is therefore necessary to have a data assimitime constant D, since then the successive initialization lation system which can induce these systems during their
shocks may accumulate too much and be too difficult to lifetime. In fact, there is a tendency for some ofthe inserted
eliminate effectively. If we wish to apply a pure dynamical mass field to come into balance with the model-generated
data assimilation consisting of direct insertions of new winds, rather than the reverse. To apply a local balancing
observations in a prediction model, the condition seems to be one way to accomplish this.
D <A <E ought to be fulfilled.
A similar reasoning can be applied to a wind updating
The damping period D is very sensitive to the diffusive system. In this case we will have problems with a system
mechanisms of the model. The higher the diffusion is, larger than the radius of deformation.
the shorter the period D will be and more data may be
inserted during a given time interval. It is important (a) Real-data assimilation experiments with implicit and
explicit integration methods (R. McPherson and
however, that the diffusive mechanisms are such as not to
R. Kistler, 1974, National Meteorological Center
extract too much energy from the meteorological waves
(NOAA), Washington, D. c., U.S.A.)
in time D (and, in fact, in time E).
A barotropic model based on the primitive equations
If the gravity wave damping period is too long, it may
be possible to artificially extend the period of adjustment. has been applied at the 500 mb level. The domain of
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integration has been a quasi-hemispheric rectangle of
27 X 29 grid points with a grid distance of 762 km at
60 o N. The explicit model has been integrated by the
Euler-backward method (~t = 10 min). The implicit
model has used the implicit-backward method (Kurihara,
1965; McPherson, 1973). (~t= 60 min). A slight timesmoothing has been applied for the implicit model.
Initial data were NMC operational analyses of 500-mb
heights and winds at 12 Z, 8 April 1973. Initialization
consisted of integration forward and backward over the
12-hour period centered on 12 Z for the equivalent of
5.25 days.
The last 12 hours of the initialization ("reference"
state) (i.e. 06 Z - 18 Z) were stored for later comparison.
Values of the 500 mb height as calculated from VTPR
temperature soundings during the period 06 Z - 18 Z,
8 April 1973, were taken as the observations to be inserted
in the model. The number of observations were 88 and
they were inserted every second hour. No observations
were used south of 20o N. The insertion was indirect.
The observations were influencing a surrounding area
according to the operational Cressman scheme.
In order to study the effect of a local balance the winds
were adjusted. The forecast winds were thus successively
replaced by winds computed by the expression
V= V(jcst)

+ ~ lk X

Whenever new temperatures and pressure data were
inserted, the difference between the inserted temperatures
or pressures and the model's temperatures or pressures
was calculated, and this difference was used to calculate
perturbations in the zonal and meridional wind components from the geostrophic equations and the hydrostatic
equation. These perturbations were then added to the
model-generated winds, and the resulting winds inserted
along with the temperature or pressure data. The wind
perturbations were inserted between the latitudes 24°N
and 76°N.
The two assimilation experiments were compared with
radiosonde observations, and Figs. 4. 6 a-c show the
error for the temperature, the zonal and the meridional
wind components respectively. Initially the control
study had smaller errors in the wind field but ultimately
the experiment had smaller errors in all the fields. Table
4. 1 shows the improvements in these average errors for
the last 2j1 days due to the dynamical balancing.
In carrying out the experiment it was noted that about
60 % of the reduction in error was due to the insertion of
balanced wind perturbation associated with the insertion
of surface pressure data, and about 40 %was due to those
associated with the insertion of VTPR data.
TABLE 4.1
Improvement in rms Errors

V {Z(insert)-z(jcst)}

The result shows a remarkable improvement when the
mass field and the wind field are updated simultaneously
with the above expression. The wind field error levels off
already after a day or two in comparison with the very
slow induction when geostrophic adjustment is not applied. (See Figs. 4.5 (a) and (b)).
(b) Balanced winds for assimilation of temperature and
pressure data (P. Stone, L. Tsang, D. Schneider, 1973,
Goddard Institute for Space Studies, New York, U.S.A).
In order to test the effect of local balancing at middle
and high latitudes, two data assimilation studies have been
carried out with the GISS general circulation model
(Somerville et aI, 1974) for the northern hemisphere.
Observations (VTPR temperature soundings and NMC
surface pressure analysis) were assimilated during a
6-day integration starting from 00 Z, 11 August 1973.
VTPR-soundings were assimilated at the time of the
observation and the surface pressure for every 12 hours.
The two experiments differed only in the wind insertion
during the integration. In the first study, called the control
run, no winds were inserted. In the second study, called
the experiment, winds based on the geostrophic relation
were inserted along with all inserted temperatures and
pressures.

I
Overall
18°N _90 o N

T (OC)

u (m/s)

v (m/s)

0.3

0.7

0.7

4.2.2

Reduction of assimilation shocks by finite
difference methods
It is rather obvious that the use of centered time differences will create shocks when continuous data assimilation is used. Such shocks will occur also when filtered
models are used for continuous data assimilation.
A very simple but efficient way of adjustment between
odd and even time-steps has been used by Bengtsson and
Gustafsson (1971). At every time step the observations
from the previous time step were re-analysed with the
addition of the predicted change during the elapsed
time. This method has also been tried, with success, by
McPherson (1973) for the shallow water equation.

Another method of adjustment is to make a centered
time step before the updating and then a non-centered
time step for the correction made. A more sophisticated
way to adjust between odd and even time steps has been
proposed by Thompson (1969).
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(a) Finite difference schemes and their role in asynoptic
data assimilation (1. Halberstam, 1973, Goddard
Institute for Space Studies).
An investigation has been undertaken to find out how
much the updating depends upon the finite difference
scheme.

The experiments consisted of initialization of a barotropic model with data derived from the Mintz-Arakawa
two-layer model. Data generated by the two-layer model
have been directly inserted at asynoptic times in the

barotropic model and the following three different schemes
have been investigated:
(1) The operational NMC scheme developed by Shuman.
This scheme also uses a specia19-point smoothing
but with little implicit damping.
(2) Matsuno-TASU scheme involving a predictioncorrector time sequence combined with an alternating
spatial differencing procedure which filters short
waves. This scheme is used in the GISS global model.
(3) A semi-implicit scheme (McPherson, 1971).
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The study indicates that the model will react differently
to insertion depending on the nature of the differencing
scheme employed. The Shuman scheme is sensitive to
inserted data, and adjustments have to be made to the
model in order for the insertions to prove beneficial.
It is found, however, that if a/Of'ward time step is applied
at the point and time of insertion the small scale oscillations are damped out completely (see Fig. 4.7).
For the Matsuno-TASU scheme, care must be taken
that the strong filtering mechanism does not damp out
completely the influence of insertion. Insertion of data
after the prediction step adjusts fairly well to the reference
step while insertion after the complete time step damps out
the influence of the insertion too much (cf. Fig. 4.8).
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The semi-implicit scheme behaves somewhere between
these two examples. It possesses a degree of sensitivity
to large amounts of insertion made during its larger time
increment but is capable of some filtering.
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The initial state for both the four-dimensional assimilation test and the simulation experiment was taken from
NMC global and hemispheric analyses valid at 12 Z on
13 August 1972. The GISS 9-layer global circulation
model was used during the experiment. The only data
used in the experiment apart from VTPR soundings were
surface pressure and temperature for every 12 hours.
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Four-dimensional assimilation of real data

VTPR derived temperature profiles were inserted
directly into the model at every time step in the integration, without any local balancing or smoothing. Analysed temperatures are used as the first guess.
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Four-dimensional assimilation of simulated data

The first step in the simulation involved the production
of a 636 day forecast from the initial conditions. At every
time-step during the test the simulated VTPR temperatures were inserted into the model. The simulated data
were produced from the forecast history file and replaced
the actual VTPR temperatures at their times and positions. Thus even the geographical distribution of the
simulation data was the same as for the real ones. A

I
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TIME STEP

Figure 4.7 Time history of u at the central grid point for the M-A
model, control, insertion of data while maintaining a
a central time differencing (CEN) and insertion of
data with a forward time differencing (FWD) for the
Shuman scheme. The time step is six minutes.
(According to I. Halberstam, GISS.)
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Cb) A comparison between data assimilation of modelgenerated data and real asynoptic data. (R. Jastrow
and M. Halem, 1973, Goddard Institute for Space 'G
l1J
Studies, New York, U.S.A.)
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It is clear from the earlier discussion that we may expect

3

unrealistically optimistic results when we update a model ~
with simulated observations generated by the model ::>
itself. Such experiments are equivalent to experiments
performed by a hypothetical perfect model using real 42.5
data. The following investigation is designed to compute
the magnitude of the "incompatibility effect" in an operationally meaningful case using VTPR data.
First, a four-dimensional assimilation has been carried
out using real data incorporating the raw unsmoothed
VTPR temperature profiles. Second, a simulation test is
performed by first generating a history file from the same
initial conditions and then repeating the four-dimensional
assimilation except replacing the actual temperature data

Figure 4.8 Time history of 11 at the central grid point for the M-A
model, control, insertion after the predictor step
(after 1) and insertion after the complete time step
(after 2) for the Matsuno-TASU scheme. (According
to I. Halberstam, GISS.)
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random error, with the same magnitude (",2°C) as the
observed error in the real data assimilation, was added to
the simulated temperature data.
The magnitude of the zonal wind errors in the simulation study is obtained by taking the RMS differences
between the history and the assimilation experiment.
The analogous statistics for the real four-dimensional
data assimilation are obtained by comparing the zonal
winds with the analysed wind fields. Table 4.2 shows
the statistics for the tropics, extra-tropics and the whole
global area for the last two days of the integration.
As can be seen from the table the overall difference between real and simulated VTPR data is about 3 m sec-I.
An extension of the experiment by another 5 days did not
change the errors significantly, thus indicating that these
errors are near the equilibrium values.
TABLE 4.2
Tropics
(25°8 to 25°N)

Extra-tropics
(25°N to 90 0 N)

Global

8.7

7.1

7.7

6.6

4.4

5.3

Real
VTPR Data
Simulated
VTPR Data

I

I

I

I

I

I

GLOBAL TEMP. ERRORS IN
4-0 ASSIMILATiON EXP.
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Figure 4.10 The curve shows the RMS temperature errors
obtained similar to the procedure for the wind
described in Figure 4.9. (According to R. Jastrow,
GISS.)

(c) A test of four-dimensional VTPR assimilation
(M. Halem and R. Jastrow, 1973, Goddard Institute
for Space Studies, New York, U.s.A.)

The following data sources were used:

6
-.

5
4

I

A data assimilation experiment has been undertaken
to test the accuracies of the temperature, winds and
pressure fields produced from the mix of four-dimensional
assimilation of VTPR data and synoptic assimilation of
conventional data. The experiment was aimed at a
realistic example of a possible operational four-dimensional assimilation system.

GLOBAL WiND ERRORS IN
4-D ASSIMILATION EXP.
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3. T(P), V(P) and q(p)
(synoptic)
NMC hemispheric analysis over land areas north of
18°N and over the Atlantic Ocean north of 400 N

3
2

4. T(P), V (p) and q(p)
(synoptic)
All available upper air soundings over all other
regions

I
t

I

I

14
Figure 4.9

1. Ps
(synoptic)
NMC analysis for the whole globe every 12 hours
2. T (Ps)
(synoptic)
NMC analysis north of 18°N every 12 hours

15

16

17

18
AUG (1973)

19

20

A wind is calculated at the position and pressure
levels of a station report by interpolation from the
grid points model value. The curve shows the average
RMS zonal wind error for all station reports in the
global radiosonde network at each synoptic time.
(According to R. Jastrow, GISS.)

5. T(P)
(asynoptic)
VTPR soundings. The VTPR soundings are derived
for all grid points and at each time step where VTPR
radiosonde measurements are available.
The model's predicted temperature is used as the first
guess for the temperature inversion and the cloud
correction scheme uses the model's forecast surface
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temperature. The data are inserted directly into the
model without any adjustment, provided its RMS
difference relative to the first guess is not greater
than 7°C.
The accuracies of the global temperature and wind
fields of the model produced by the assimilation experiment are shown in Figs. 4.9 and 4.10 before insertion of
any synoptic data. The RMS errors are obtained by
interpolation of the grid point values to locations of
radiosonde observation.

(d) Four-dimensional data assimilation experiments in the
southern hemisphere (D. J. Gauntlett and R. S. Seaman,
1974, Commonwealth Meteorology Research Centre,
Melbourne, Australia)
An attempt has been made to isolate some of the
problems likely to be associated with the practical
implementation of four-dimensional data assimilation
schemes in the southern hemisphere. In particular, the
requirement for a reference level specification over the
southern hemisphere and the importance of assimilation
frequency are studied.
The data assimilation study is performed in the following steps
1. Updating

Indirect insertion of temperatures by the use of the
correction methods (Cressman, 1959). The deviation
from the forecast is analysed and the analysis is
performed at the a-surfaces of the model. In connexion with the insertion, the wind field was computed
from the analysed temperatures and surface pressure
by the aid of the geostrophic or gradient wind
relation.
2 . Initialization
Dynamic initialization (backward and forward integgration) according to Nitta and Hovermale (1969)
was used to dampen inertia-gravity waves. All
variables are allowed to vary freely and no attempt is
made to force the direction of the adjustment process.

3. Forecasting
The time integration was performed by a 6-layer
primitive model (Gauntlett and Hincksman, 1971).
The model is based on the a-system with the levels
a = 0.1, 0.2, 0.3, 0.5, 0.75 and 0.95. The horizontal
resolution is about 300 km (N30 = 30 grid points
between the pole and equator) and the integration
domain is hemispheric.
The assimilation experiment considers only two types
of data. These are SIRS A data from the November 1969
GARP basic data set, and "reference level" surface

pressure compiled from conventional observations and
from satellite picture interpretation. The satellite temperatures are not assimilated individually but in batches
covering a period, ~t, about equal to the time of the
orbit of the satellite. Figs. 4.11 and 4.12 describe the
data assimilation arrangements. When used, surface
pressure was inserted every 12 hours.
The results of the assimilation experiments can be
summarized as follows:
- A considerable improvement of the results was
obtained when surface pressure analysis was introduced
(reference level). The assimilation without surface
pressure has failed to maintain the intensity and in
certain instances the identity of the synoptic system.
The eddy kinetic energy is considerably lower then
the reference level experiment, which in turn is lower
than the observed.
- No significant change could be observed if the assimilation frequency was varied. 2, 6 and 12 hours were
tried. The distribution of satellite temperatures was,
however, not very homogeneous in time (maximum
concentration around OOZ and 12Z). This part of the
experiment may not be of much significance.
- The introduction of gradient wind balance improved
the errors due to spurious deepening of intense
depressions during the dynamic initialization.

(e) Experiments in the four-dimensional assimilation of
Nimbus 4 SIRS data (C.M. Hayden, 1973, National
Environmental Satellite Service NOAA, Washington,
D.C., U.S.A.)
Temperature data derived from Nimbus 4 SIRS
radiance measurements have been used in four-dimensional assimilation experiments with an adiabatic 2-level
primitive equation model. The purpose of the investigation was to study different techniques for achieving
geostrophic adjustment and reduce the shock effects.
The assimilation was only performed for a 12-hour
interval. The experiments were performed in the following steps:
1. Updating

Temperature data were inserted indirectly by the use
of the correction method. The insertion was performed on an orbit-by-orbit basis so the flow was only
interrupted six times during a 12-hour forecast.

2. Initialization and adjustment
During the experiment geostrophic adjustment of the
model during the course of the updating was aided by
static and or dynamic balancing. The geostrophic
relation was used for static balancing in the same way
as described in 4.2. 1.
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Figure 4.11

Flow diagram for the inclusion of SIRS data in a 4-dimensional assimilation scheme at CMRC, Australia. See text for
further information. (According to Gauntlett, CMRC.)

For dynamic balancing, forward and backward
forecasting was applied with an amplitude of two
time steps forward, four backward and two forward
to return to the original value, as shown below.
3. Forecasting
The time integration was performed by an adiabatic
2-layer primitive model (Okland, 1972), The model
uses pressure coordinates (300 and 700 mb) as well
as an equation for surface pressure. The model is
integrated over a hemispheric domain and with a grid
length of 381 km at 60o N, The semi-momentum form
of finite differencing is used for space differences and
centered differences in time. During the forwardbackward initialization Euler backward time differencing is used.
The results were evaluated with respect to the following
three criteria:
- The efficiency to reduce assimilation shocks to the
model.

-

-

The efficiency to really assimilate the data and establish
them in the "memory" of the model. (This was
examined by reversing time-direction at the end of
the l2-hour assimilation forecast and hindcasting
back to the initial time. The smaller the differences
are between the data and the hindcast, the more
successfully have the data been assimilated).
The degree to which the inserted data can properly
induce other dynamical parameters sufficiently.
(This was measured by comparing at the end of a
l2-hour forecast/12-hour hindcast cycle, the change
in the initial state caused by the updating cycles
with the error of the initial state).

[V (updated) - V (initial)] VS [V(verification) - V (initial)]

Results
The results show that it was necessary to apply successive balancing if all the criteria for a satisfactory
adjustment were to be fulfilled. A suitable degree of

data insertion

----4l.J------1.--------t:----e---~t__---

h.t

...----e-------4.t-__.~t
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Figure 4.12 Assimilation of SIRS data at CMRC, Australia. See text for further information. (According to Gauntlett, CMRC.)

balance was achieved with either two applications of
dynamic balancing or one application combined with
static balancing (geostrophic wind correction). The
combination of static and dynamic balancing was found
to be most efficient and after the end of the second
cycle (+ 12h - 12h + 12h - 12h) the combination of
static and dynamic balancing has reduced the temperature differences to the noise level whereas the purely
dynamic method has left a residue of 2°C. In most
situations the initial state will not deviate very much from
the updated case. It appears, therefore, that it might be
possible to perform four-dimensional assimilation operationally without a dynamic initialization stage.
The experiment also shows that the "continuous"
assimilation is a more effective method of data usage than
simple objective analysis of reports which have been
synchronized to t = 0 by Lagrangian advection.

The data set for the experiment consisted of grid point
values for T, Z and q from NMC operational analysis
for every 12 hours. These data have been interpolated
to the a-surfaces of the GFDL N40L9 model and surface
pressure, Ps, and V have been computed from the hydrostatic equation and balance equation respectively.
Finally, T, V and Ps have been interpolated at 2-hour
intervals from the original 12-hours interval.
Insertions have then been undertaken for different
periods and with different frequencies.
When the insertion is performed with a higher frequency
than 2 hours, the same data have been used for all time
steps in the interval. Insertion has also been excluded at
levels 8 and 9 as well as in the interval 15°N -Eq.
The arrangement of the different experiments can be
seen from Fig. 4.13 and from the table below.
TABLE 4.3

(f) Four-dimensional data assimilation experiment at
GFDL (K. Miyakoda, Geophysical Fluid Dynamics
Laboratory) ( Ref. Miyakoda, 1969).

A number of data assimilation experiments have been
performed at GFDL with the hemispheric version of their
general circulation model (Fig. 4.13). The number of
vertical levels was 9 and the horizontal resolution was
N40, that is 40 grid points between the pole and the
equator (~S ,..., 225 km in the mean).

Experiment

I-A
1- B
11
III

IV

Updated
period

10
5
5
5
5

days

"

"
"
"

Updated
parameters
T,
T,
T,
T,
T,

V,p.
V,p.
V,p.
p.
p.

+ sub-tropical
region

Updated
frequency

Every time step

" "
"
" 12 hours
" time step

" time step
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Figure 4.13

= Y'lf/ (inserted)

+ (l-y) If/ (model)

If/ is the updated parameter (T, V, P8) and

Y is a weighting factor
_

Y-

0"2

0"

2

JL

Y

)

PREDICTION

Examples of data assimilation experiments carried out at GFDL. (According to K. Miyakoda, GFDL.)

Experiment V differs from IV in that the inserted value
is weighted with the actual model data according to the
formula:
If/ (assim)

+ ( 1- Y>· t/J model

(model)

.

Clllsert) + 0" 2 ( mo de1)'

2
0" -

RMS-error

Mter the insertion has been completed a 5-day prediction has been run fQr every case. These 5-day predictions

have then been compared to an ordinary prediction
starting from day O.
The following results have been obtained from the
experiments.
The updated versions have a comparatively high noise
level which is most pronounced for case n. The noise
level also increases with height. Fig. 4.14 shows the
variation of the correlation coefficient of Z500 with time
between the updated (I-A) and reference integration
(static initialization). At the beginning of the forecast
(t = 0) the updated version has a correlation about
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Figure 4.14 Updating experiments I-A and I-B (see Fig. 4.13). The dashed line indicates the error growth at Z 500 during 5-days with
static initialization. The dotted line shows the same but based on 4-dimensional data assimilation during the preceding
10 days (example I-A). (According to K. Miyakoda, GFDL.)
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Predicted averaged precipitation based on (a) static initialization and, (b) 4-dimensional data assimilation (I-A). Observe the
long time for the model to generate its own precipitation mechanism in case (a). (According to K. Miyakoda, GFDL.)
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0.9 with the NMC analysis. The error growth in the
forecast is about the same and version (I-A) is therefore
comparatively worse than the reference version. If we
examine the prediction of the total precipitation intensity
of the model the result is quite different (Fig. 4.15).
It takes a rather long time for the model to establish its
precipitation mechanisms and not until after about
2 days does the precipitation reach the level which is
consistent with the actual model. However, the updated
version initially has the intensity of 1.2,10-3 cm/timestep
which the model then retains for the whole forecast
interval.
Generally the model seems to have difficulties in
damping the inertia-gravity waves which are excited every
2 hours in experiments I-A and I-B. This seems to be
an inconsistency between the mathematical interpolation
for the inserted data and the corresponding dynamical
"interpolation" of the model.
4.3

(a) In section 3. 1 we analysed the deviation between the

observations and the normal field. We can as well
analyse the deviation from a forecast ofa given length.
The only thing which changes in that respect is the
covariance function.
(b) Optimum interpolation can be applied in 3 dimensions

(x, y, z or p). See section 3.2 for an application.

It is often supposed, when discussing the problem of

four-dimensional data assimilation, that observational
data obtained at intermediate times should simply be
introduced into a prognostic model instead of forecast
results for the actual grid points at the actual time instant.
As we have seen in section 4.2 this simple approach may
work on occasions where model-generated data have
been used or where we are using strongly damping finitedifference schemes. However, in real situations, unlike
the situation created in some numerical experiments,
simple substitution of prognostic information in the model
by observational data is neither reasonable nor feasible.
It would have been so if the inserted information had
been absolutely accurate. This is, of course, not so in
practice. Therefore an optimum system should be
created coordinating asynoptic information and the
current information of the forecast.
It is also necessary to take into consideration that the
inserted information does not necessarily refer to some
point of the regular grid used in the forecast and that the
value of a meteorological parameter at some point can be
influenced by several observational data. In section 4.2
we have seen several harmful effects if these obvious facts
are neglected.
Another way to approach the problem of four-dimensional data assimilation would be to generalize the technique of space interpolation of meteorological fields to
include the time.
A large number of methods have been developed for
space interpolation or objective analysis of meteorological
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information (Bergthorssoll and Doos, 1955; Gandin, 1963;
and Belousov, Gandin and Mashkovich, 1968).
In principle all different methods used are based on
known or estimated structure functions in space. Observations within a certain area are then given a certain
weight which is a function of the structure function and
the distance to the point to be influenced. The analysis is
then simply obtained as the sum of the products between
the observations and the assigned weights over the
influenced area, properly normalized.
A stringent and efficient method for objective analysis
is optimum interpolation, which has been described in
section 3 .1.
The simple application of optimum interpolation can
be generalized in different ways:

Statistical Data Assimilation

4. 3 . 1 Introduction

4

(c) The interpolation can be extended to other parameters (e.g. we can use wind observations to analyse
the height field or vice versa). This implies the
computation of a number of cross correlation functions. However, these statistical functions are related
because the wind and mass field are so.
(d) Optimum interpolation can be applied in time.

Below we will study some applications of the two last
mentioned possibilities.
4.3.2

Optimum interpolation using different meteorological parameters.

The analysis 1f/1 at a grid point, i, can be expressed as
a linear combination of the predicted value If/~ and the
deviation of the observations from the predicted values

x2- X%·
Subscript k refers to the observations
N

If/~ = If/Z: + ~ qk (x2-xi')

•

•

(4.3.1)

LJ
k~1

represents here z, u and v in turn and X = Z, u or v.
The weights, qk, are determined by minimizing the
mean square error of interpolation. This gives a system
equation which may be written

7p

N

.L m (Xk; xz) qk =
1=1

111

(Xk; If/); 1= 1,2, ... N (4.3.2)

r
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where m(Xk; XI) denotes the covariances between residuals
(observed-minus-forecast differences) of the variables
Xk and XI' Under the assumption of homogeneity these
covariances are simple functions of the position of the
points k and I.
If we now assume that the height and wind component
forecast errors are geostrophically related, the corresponding covariance relations are:
m (Uk; ZI)

= -} ~

m (Vk; ZI)

=

.

_

[m (Zk; ZI)]

.

_

7 ()x [m Zk,. ZI)]

gZ {)Z

.

j2 {)yZ [m (Zk, ZI)]

gZ

k~l

(4.3.3)

{)Z

.

If we further assume isotropy for the height forecast
error the autocovariance function fot' the height field
can, for example, be written:

ZD =

e-br2

(4.3.4)

where b is a constant computed from the error statistics
and
r

= [(xk-xDZ

+ (Yk-YI)Z] Y:z

The different covariances can easily be calculated.
Even if the autocovariance for the height field is isotropic
it is easily found from eq (4. 3. 3) that the other covariances (and variances) are not isotropic.
The system (4.3.1) can be used for simultaneous
assimilation (analyses) of z, u and v at a given pressure
surface. In section (6.4) we will see results of practical
experiments with this technique.
4.3.3

In the same way as we can generalize optimum interpolation in the respect that we can use other variables in
the interpolation, we can also generalize it so that we can
use observations at more than one time level.
If we assume that we have N observations at T different
time levels we arrive at the following interpolation formula
N

t=ol

k~l

lfI~ = lfI~ + I: I: qkt (lfI~t-lfI:J

(4.3.5)

index i refers to the grid point, index kt to an observation at the point k at the time t, and qkt are the weights
to be computed. It is assumed here that lflN is a normal
value but it can as well be a predicted value.

(4.3.6)

here, fl (rkl;t) is the correlation function in space and time
for the observed meteorological elements, rkl being the
distance between the points k and I. The time-space
autocorrelation function has been applied to the 500 mb
level. The autocorrelation function has thereby been
approximated by the following function:
_ A ( ) Om E (t) r I-a (t)
fl (rl t ) t
E (t) r
r

(4 3 7)
..

where A(t), E(t) and C(t) are empirical functions.
In the first experiment, observations were used at two
different observational times 24 hours apart. The errors
during the two periods were assumed to be the same.
The values at Z500 were computed at a given station using
observations from surrounding stations. The mean differences between the observed and the interpolated value
at the reference station is given in table 4.4.
TABLE 4.4

Mean value oftlte absolute interpolation error (m) for stations
wltere data Itave been used at to and at to + (to - 24 It)
Observation
used

Optimum intelpolation in time and space.

P

fl (ri!; tz)

for 1 = 1,2,3, ... N

- j2 {)x{)y [m (Zk, ZI)]

m (Zk;

+ qkZ fl (rkl; tz) =

N

= - 1z {)XZ [m (Zk; Zi)]

m (Uk, VI) -

~ qkl!l (rkl; tl)

1: qkl fl (rkl; tz) + qkz fl (rkl; tl) = fl (ri!; tl)

gZ {)Z

m (Vk; VI)

N

k-l

g ()

m (Uk, UI) - -

Mashkovich(l972) has reported some experiments where
he had used observations at different times. Below we
show the equations for 2 time levels (t, and t z). Assuming
homogeneity, isotropy and non-correlated observational
errors, he arrives at the following system for computations
of the weights qkl

to
to. to-24 h

I

Minimum distance between tlte stations
500 km
700 km 11000 km
300 km

I

15.0
15.1

I

21.3
19.2

31.9
30.5

45.2
42.0

The computations show that there is no improvement
for a dense network. However, the improvement increases
when the distance between the observations decreases.
At 1000 km distance between observations the improvement is about 7 %. The time interval in this experiment
seems to be too large. According to computations
performed by Tarakanova (personal communication) the
auto-correlation in time has a structure very similar to the
auto-correlation in space. A 24-hour time lag will thus
correspond to a difference of more than 1200 km.
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In a second experiment supplementary information was
also used from the period between the time levels to at and to + at, simulating satellite data. Since it is most
important to improve the analysis in areas with a sparse
network the study was limited to the case where the
difference between the stations was 1000 km. The mean
square error for the relative error = (observational error/
variance) was put equal to 0.02 corresponding to an
observational error at middle latitudes of 10-15 m.
It was further assumed that the supplementary information was obtained with a high horizontal resolution,
corresponding to a mean distance between the information
points of 300 km.
In order to investigate the effect of large errors in the
supplementary information, a special study was performed
where the supplementary information was assumed to have
large errors (1'/ = 0.50) corresponding to an observational
error of 70~90 m.
Table 4.5 summarizes the results.
TABLE 4.5

Value of the relative interpolation error for the 500 mb surface

ot

11 (to

± 01)

Information was used from the
following time levels
to

12 h
12 h
24h
24h

0.02
0.50
0.02
0.50

0.117
0.117
0.117
0.117

I

to,
to-Ot
0.075
0.083
0.091
0.094

I

to, to-ot,
to + ot
0.056
0.067
0.078
0.083

Column 3 in Table 4. 5 corresponds to an interpolation
error from a sparse network of aerological stations
(minimum distance'" 1000 km). In columns 4 and 5
supplementary information has been introduced from
a dense network at the times to-at and to-at, to + at.
The results show that it is possible to improve the
analysis considerably by using supplementary data
from other time levels. Even when these data have large
errors (I') = 0.50) it is found that the error is reduced by
29 % if we use data from one period and by 43 % if we
use data from two periods 12 h off time.
However, this improvement is reduced considerably
if the supplementary information has space correlated
errors.
Due to the structure of the auto-correlation function
in time where, e.g., one hour corresponds to a
distance of less than 100 km, it is clear that asynoptic
observations which are only some hours off time can be
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regarded as synoptic. Gubanova (1972) has carried out
an experiment where asynoptic (SIRS) data for a specific
point Were considered as an additional predictor to derive
the synoptic values of the analysed field at this point.
It was found that the proposed method was applicable if
the satellite data are available within the time interval ±
three hours from synoptic information.
4.4 Combined dynamical/statistical data assimilation
The methods presently used in operational numerical
weather prediction are mainly based on the idea that
interpolation in time is done with the forecasting equations
and interpolation in space with the aid of statistical
methods. However, as indicated earlier in this report
there has been a tendency in most data-assimilation
experiments to put too much emphasis on the observations
and the forecasts have been regarded as only a necessary
evil, needed to fill in the holes in the observing network.
In fact, short-range forecasts ('" 12h) have an error level
not much larger than the error of a single observation
and they ought to be weighted accordingly.
As discussed in Section 4.3, satisfactory methods exist
of analysing a meteorological parameter as soon as its
statistical structure is known.
The statistical structure of the deviation from the
normal value has been computed for most parameters and
the same kind of structure function can be computed for
the forecast error.
These functions depend upon the characteristics of the
forecast error for the specific model and, of course, also
on the length of the forecast.
For any forecast model the forecast error varies in
time. The amplitude expressed by the forecast error variance has an exponential increase but the horizontal scale
expressed by the auto-correlation increases very slowly.
If the predictability were proportional to the scale we
should have a more rapid increase but since the models
have a low predictability for the ultralong waves we
have unfortunately a comparatively large error scale
right from the very beginning of the forecasts. The autocorrelation of the forecast error for, e. g., 6h, 12h and 24h
forecast, therefore varies slowly.
Since the planned network for FGGE will yield observations which will influence any area for the whole
globe in 12-24 hours, the problem is mainly to develop a
method of assimilating observations with short-range
forecasts which ensures an optimum weighting and a
statistical estimate of the true field values.
Empirical investigation (see 4.3) shows that observations within ±(2-3) hours can be regarded as synoptic
with respect to those scales of motion which we generally
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can study with the FGGE observational network. Our
problem is therefore to blend observations with 3-24 hour
forecasts.
In this respect the concept of continuous and intermittent data assimilation makes no sense, since all data
assimilation is intermittent. The insertion of observations
at every time step (continuous data-assimilation) is
interesting only as an initialization procedure. The main
difference from conventional methods is that we are
blending observations with a forecast with different time
span at different grid points.
Bengtsson and Gustafsson (1971, 1972) studied a
simple method for updating a filtered barotropic model.
The auto-correlation function for Z500 was assumed
to be the same and independent of the forecast interval.
The variance of the forecast error, however, was assumed
to vary in space and time. At every grid point the mean
square interpolation error was calculated at every time
step (see 3.1.4).
N

E=

mitt-

L

miktpk

(4.4.1)

Bergthorsson and Daas (1955) performed some
analyses experiments using different modifications of the
original space-weighting (auto-correlation) function and
found relatively little change in the interpolated values.
One of the great benefits of using the optimum interpolation technique in space is that we can also pay
attention to systematic (correlated) errors in a formally
simple way. See Section 3.1.
Schachmeister (1973, personal communication) has
updated a barotropic model using statistical interpolation
in space. The updating method was performed following
Miyakoda and Talagrand (1971). Model dependent data
were used. RMS errors as well as correlated errors were
simulated. The systematic errors were assumed to have
the same structure function as the auto-correlation for
the geopotential. The RMS errors and the systematic
errors were taken to be equal in size.
Three different experiments were carried out. Table 4. 6
summarizes the arrangement of experiments and the
results.

k~l

TABLE 4.6

where
mitt --

(If!it-lf!it
F)2

(4 . 4 . 2)

denotes the variance of the forecast error in the grid
point, i. The expression (4.4.1) is used to compute the
new variance estimate after the analysis is performed.
The variance has been assumed to grow linearly in time
to a maximal value, (miit)max during a time period T.
Thus:
(4.4.3)

The maximum value of the forecast error variance was
put equal to the total variance. (Deviation from climatology.)
The approach described above is obviously very
simplified. Studies of the growth of forecast error in
space and time (Derome, 1972) indicate a much more
complicated picture.
Some experiments have been carried out using dynamical methods to predict second moment statistics.
(Epstein, 1969; Petersen, 1973; and Pitcher, 1974.) So far
these studies have been restricted to simple models and
they are also extremely time-consuming. Even a Monte
Carlo approach, albeit much more efficient than prediction of second moment statistics, will be too time-consuming to use in this connexion.
On the other hand we cannot get too much information
about the current state of the atmosphere from statistics
and it may therefore be unwise to use too sophisticated
systems.

Exp.

Type of
observational
error

Method

Qualitative
result
(Asynoptic
error)

1

RMS-error

RMS-error
assumed in
optimum interpolation

Smallest error

2

Systematic
error

RMS-error
assumed in
optimum interpolation

Largest error

3

Systematic
error

Systematic
error assumed
in optimum
interpolation

Next smallest
error

As can be seen from table 4.6 it is important to include
as realistic assumptions as possible concerning the
characteristics of the observational error. If we have
systematic errors they must be included in the data assimilation scheme.
Data assimilations by interpolation of the forecast
error fields need statistical information about the performance of the model. Such statistics can be generated
and successively accumulated from day to day.
In performing the preliminary interpolation each data
pair within the radius of influence is examined and it is
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a simple matter to accumulate products of residuals
sorted according to their separation and thus accumulate
the covariance statistics as a by-product.. Such sums can
be accumulated for any described period but something
of the order of a year, separated monthly, is more than
sufficient.
A weighting scheme (Rutherford, 1972) for partial
sums can be written
Sn = kSn + (l-k) Sn-l

(4.4.4)

where ( )n indicates a weighted running sum after n
assimilation cycles. Sn is the partial sum for the n-th
cycle, and k is the corresponding weight. Equation
(4.4.4) gives automatic updating of the running mean,
albeit with a certain time lag. In addition to the sums of
cross products, fields of the mean and variance of the
residuals are required and these can easily be accumulated
once the analysis is complete.
The main problem with statistical data assimilation in
space and even more so in time, is the assimilation of
small-scale, less frequent systems which are smoothed in
the analysis. In operational numerical weather prediction
this has been overcome by introducing several successive
scans with smaller and smaller structure functions. This
approach is so far heuristic and the functions empirical
and it is important to derive a firmer scientific basis for
this technique.
The different data-assimilation systems described in
this chapter are very useful in simulation experiments of
the performance of the observing systems which are
planned for the First GARP Global Experiment. A large
number of such experiments have been carried out and
we will devote the contents of the next chapter to a study
of some of the most recent.
We will then return to the central problem in the dataassimilation-the initialization-and discuss that separately in chapter 6.
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5. OBSERVING SYSTEMS SIMULATION EXPERIMENTS
5. 1 Introduction
Simulation studies have played an increasingly important role in planning for the First GARP Global Experiment. Special attention has been given to the simulation
of observing systems. These kind of experiments are
commonly called Observing Systems Simulation Experiments, OSSE, an expression we will use in this presentation.
OSSE can be performed with statistical and dynamical
methods. The planning of station networks over national
or regional areas has been performed by statistical
methods. Knowing the structure functions from an area
with a dense network we can, by assuming homogeneity
of the structure functions, compute an optimum network
with respect to a given minimum interpolation error.
The statistical methods can, however, only give a first
very crude estimate of an optimized network for predicting
the atmosphere on a global scale. Firstly, observations
are going to be irregularly distributed in space. We must
therefore be able to determine the state of the atmosphere
even in data sparse areas where the statistical techniques
cannot give us any information at all. Secondly, interpolation in time is best performed by the dynamical
equations (the forecasting model), and finally the model
creates a coherent consistency between the different
parameters and between different areas, which is extremely difficult to obtain by statistical methods. OSSE
should therefore preferably be performed by the most
realistic models available. OSSE performed so far have
been rather idealized, and most of the experiments have
been based on hypothetical data generated by the model
itself. As was pointed out in chapter 4, results from dataassimilation experiments based on model-dependent data
differ considerably from experiments based on modelindependent data. This may not be equally critical for
OSSE. In section 5.3 we will discuss what kind of
limitations such experiments can have.
The most critical part of FGGE is the performance of
the space observing systems. Observations from a
satellite system differ very much from conventional
observations with respect to distribution in time and
space; the accuracy is a function of the atmospheric
conditions and the error structure looks very different
from that for conventional observations. We cannot,
therefore, regard the observations from the space observ-

ing systems in the same way as conventional observations
due to different structures of the observational error.
In section 5.3 we will propose some new OSSE to shed
more light on this problem.
A recent summary of OSSE (Jastrow and Halem, 1973)
gives the most important results obtained so far. The
simulation experiments have been concentrated on
-

4-dimensional assimilation schemes particularly aimed
at the use of atmospheric satellite data

-

The importance of having a reference level and the
best location of such a level

-

The relative effectiveness of various proposed systems
for determining tropical winds.

Even if the OSSE performed with different general
circulation models do not agree completely, the following
conclusions can be drawn:
(a) a reference level reduces the initial error significantly

and a reference level at the surface should be recommended
(b) a special observing system for measurig the winds in

the equatorial area is necessary in order to fulfil the
data requirements for FGGE.
However, more detailed information, especially about
the space observing systems, has recently become available. It shows that the observational errors for the space
observing systems are larger than was earlier assumed. A
new set of OSSE have therefore been proposed with the
characteristics given in Tables 5. 1 and 5.2. Table 5. 1
gives the Basic Data Set to be simulated and Table 5.2,
five different supplementary data sets simulating an
equatorial carrier balloon system, a constant level balloon
system and a buoy system.
However, these simulation experiments do not fully
take care of all the observational studies which have to
be carried out. Firstly, there is the problem of space interpolation from a network which certainly will be almost as
irregular as the actual one and, secondly, we have to
simulate the space observing system in a more careful way.
We will address this question in section 5.3. Before
that, however, we will report on some OSSE which have
recently been carried out.
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TABLE 5.1
Basic Data Set for OSSE

Parameter

Subsystem

Temperature

T1

Over land,
except
Antarctica

T2

Over oceans

W1

Horizontal
res.

Vertical
res.

Time
res.

All levels

12 h

ISC

At all
grid points

All levels

12 h

2.5°C

Over land
except
Antarctica

500 km

All levels

12 h

W2

Over oceans
300N-300S

500 km

One level
850-950 mb

W3

Over oceans
60 0N-300S

500 km

One level
150-250 mb

p

Over land

500 km

-

Vertical error
distribution

RMS
error

500 km

Wind

Surface
pressure

Horizontal
coverage

The System
simulates

The aerological
network

-

+

The satellite
soundings

2 m/sec-1

-

The aerological
network

12 h

1.5 m/sec-1

-

Low level
cloud winds

12 h

3 m/sec-1

-

High level
cloud winds

12 h

No error

-

WWW-surface
network

f(p) =
1
Ps :::""p::::"'300 mb
f(p) = -1
300mb ::::".p :::""0.

TABLE 5.2
Supplementary Data Set for OSSE (1974)

Parameter

Horizontal
coverage

Horizontal
resolution

Vertical
resolution

Time
resolution

RMS
error

The system
simulates

All levels

12 h

2 m/sec-1

Drop~sondes from carrier
balloons or soundings
from ships

1.

Wind

lOON-lOoS

1000 km

2.

Surface
pressure

50 0S-65°S

500 km

-

6h

1 mb

Buoys

3.

Surface
pressure

500S-65°S
800W-O
0-140 0W

500 km

-

6h

1 mb

Buoys with a major gap
in the buoy network in
the sector 800W-1400W

4.

Surface
pressure

20 0S-65°S

1000 km

-

6h

1 mb

Buoys

5.

Temperature
Wind
Geopotential

}

0-90 0S

1000 km
(alternating
1000 km
every 12 h)

200mb

12 h

1°C
{ 1 m/sec1
1 mb

Constant level balloons
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5.2. 1 Observing systems simulation experiments relevant to GATE (C. Gordon and R. Lusen, 1973,
Geophysical Fluid Dynamics Laboratory, Princeton, New Jersey, U.S.A.).

The observations have been inserted in the model in a
rather crude way by simply putting the observed value
at the grid point closest to the observation. The observations from the satellites have been inserted along the
track of the satellite orbit (3 grid points in parallel along
the track).

The GDFL nine-level, global general circulation model
has been used to simulate t4e planned observing system
for GATE. The horizontal resolution of the model has
been 3.75° latitude and includes the prediction of moisture,
radiation calculations every 12 hours, convective adjustment, topography and vertical diffusion of moisture and
momentum in the boundary layer. Model-generated data
have been used for the experiments with solar insolation
values for July.

The cloud winds at the lower level have been inserted at
all grid points between 4l o N - 41°S and the cloud winds
from the upper level at 20 % of the grid points over the
same area. Whenever data were available from more
than one source, rawinsonde or ship observations took
precedence over satellite and cloud wind observations.
Table 5.3 gives further information about the experiments
including observation frequency and assumed observational error.

5.2 Examples of OSSE

Two different basic kinds of network have been simulated. One, called the crude network, consists of surface
and upper air data available at the time of the first Basic
Data Set period (1 November, 1969). The other network
simulated is called the refined network and includes, in
addition to the crude network:
-

New conventional stations 1969-1975

-

28 GATE ship stations in the tropical Atlantic

-

2 polar orbiting satellites

-

Cloudwinds in the area 41°N-41°S at 835mb (level 7)
and at 165 mb (level 3).

All the synoptic rawinsonde, ship and cloud wind data
were assumed to be available at l2-hour intervals. After
adding random errors a linear interpolation in time was
performed at 2-hour intervals. All asynoptic satellite
temperature observations from the most recent (nonoverlapping) 2-hour time intervals were assumed to
have been taken simultaneously. Thus either original
or time interpolated data, both synoptic and asynoptic,
were available every two hours. However, the same data
were repeatedly inserted each time step during a given
2-hour interval in all cases. The chosen procedure speeded
up the approach to the quasi-asymptotic error level by

TABLE 5.3
Simulated
obserVing system

Variable

Horizontal
distribution

Observational
frequency

RMSrandom
error

Crude surface network

Ps

WWW-network 1969

12 h

0.5 rob

Refined surface network

Ps

WWW-network 1975

12 h

0.5 rob

T,O"

WWW-network 1969

12 h

WWW-network 1975

12 h

Crude upper-air network

at all levels
Refined upper-air network
(including GATE ships)

at all levels

2 polar orbiting satellites

at all levels

Geostationary satellite
cloud winds

0"

T,

0"

T

0"

(165 rob)
(835 rob)

~
3 ro/sec-1

~
3 ro/sec-1

along the satellite tracks

2h

1.25°C

41°N-41°S
all gridpoints at 835 rob,
20% of grid points at
165 rob

12 h

3 ro/sec-1
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The general result from this investigation is certainly
influenced very much by the fact that the observed data
simply have been inserted in the closest grid point without
influencing the surrounding area. It can thus be seen
from Fig. 5.2 that the error field has a very small scale
with very large errors in certain areas.

successively forcing the model to remember the inserted
data longer without introducing excessive shocks.
A number of experiments were carried out with and
without errors and it is found that even the refined
network yields comparatively large wind errors in the
tropics, 5m(sec)-l, using observations without error.
If we include the observational errors the resultant wind
error in the tropics increases to 7m(sec)-1. At middle and
high latitudes of the southern hemisphere (winter circulation) the asymptotic error is 2m(sec)-11ess than in the
tropics. The improvement of using the refined network in
the tropics corresponds to about 2m(sec)-l, the improvement being somewhat larger for error-free observations
(see Fig. 5.1).

5.2.2 The structure and growth of initial and forecast
error introduced by remotely sensed temperature
profiles (D. Baumhefner and P. Julian, 1974.
National Center for Atmospheric Research,
Boulder, Colorado, U.S.A.).
The error produced by an observational system of
remotely sensed temperature profiles is simulated with

RMS VECTOR WIND ERROR VS
LATITUDE AT DAY ~ 12.5
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Figure 5.1

Vertically averaged quasi-asymptotic RMS vector wind error vs. latitude after 12 days of updating for experiments Cl, R2,
C2-ER and R2-ER. (According to Gordon and Lusen, GFDL.)
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the aid of an operational retrieval scheme. A known
temperature distribution is converted to radiances and
then back to temperatures. The experiments have been
performed with the 6-layer NCAR general circulation
model with a horizontal resolution of 2.5°. The simulated
retrieval temperature profiles have been derived in the
following way. The analyzed 3-km layer-mean temperatures at each grid point have been considered as the
control or the "truth". The radiances have then been
calculated from these known temperatures and a small
error has been added to simulate instrumental errors.
The set of radiances is then converted by a statistical
regression scheme to produce "retrieval" temperatures.
The difference between the "retrieval" temperatures and
the "true" temperatures can thus be regarded as the
observational error of the system. The following studies
were undertaken:

Ca) Sensitivity of the retrieval scheme.

As has been discussed in chapter 2, the retrieval temperatures for the satellites have been found to be correlated with the first guess. Three different kinds of first
guesses, all assuming an atmosphere without clouds,
were therefore tried. The results are given in Fig. 5.3.
The first kind of first guess was a random perturbation
with a standard deviation of rv 2C superimposed on the
original control sounding, the second was a temperature
profile obtained from NMC geopotential analysis using
the same data and the third was the zonal average of the
original soundings at each 2.5° latitude interval.
The effect of the clouds on the retrieval temperatures
was investigated separately. A cloud distribution was
subjectively determined from satellite pictures, conventional surface observations and upper-air moisture
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Standard deviation of retrieved temperature error in the band 40-60 o N with height using three different initial guess profiles.
G is standard deviation of the guess values; R standard deviation of retrieved values. Values are given in QC. See text for
further information. (According to D. Baumhefner and P. Julian, NCAR.)

measurements. Two layers of clouds at 3 and 9 km were
analyzed in which the area represented by the grid point
was either totally clear or opaque. Approximately 20 %
of the 3-km points were opaque while only 10% of the
9-km points were opaque; where the cloudiness blocked
the instrumental view (at 3 or 9 km) it was assumed that
no radiance information below that level was available.
It was assumed, however, that the elevation and temperature at the top of the clouds were known. The inclusion
of clouds leads to a doubling of the error in the lower
atmosphere. Due to the cloudiness distribution during
this particular period the error increases with increasing
latitude. Fig. 2.2 in an earlier chapter shows the difference in 6 km pressure field between the cloudy and clear
retrieval. Comparatively large systematic errors can be
found in the warm sectors of the baroclinic waves.
Studies were also made to find out how sensitive the
retrieval temperatures were to various sets of regression
coefficients. It was found even in extreme cases where a
retrieval of temperature was made with July data and
winter coefficients that the mean error was still near zero.

(b) Reference level.
A reference level assuming temperatures without any
error was introduced at four different levels. The largest
vertically averaged absolute errors occur when the
reference level is placed at the 12 km level. The minimum
vertically averaged absolute errors occur when the reference level is placed at the surface or 18 km.
The effect of the reference level has also been studied
with respect to the growth of error in the forecast. An
error growth comparison was made between a case using
a perfect 12 km reference level and one using a perfect
surface reference level. Clear-sky retrievals were used to
construct the pressure field. The forecast error growth is
about the same except at middle latitudes where the 12 km
reference level case error grows more rapidly. Fig. 5.4
shows the error growth with time at 40-50oN.
Introducing errors in the reference level corresponding
to the error of a 12-hour forecast does not increase the
error in the forecast very much during the first four days
since the error growth for this actual case is almost zero
during the first part of the forecast. However, during the
latter part of the forecast the growth rate is much higher
than in the reference case and after 10 days the error is
about the same as in the case with a perfect reference
level at 12 km.
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Figure 5.4 Normalized RMS-error with time for cases with and
without error in surface reference level. Full line is
forecast error case, dashed line is no error. 6 km
pressure over latitude band 40-50 o N. (According to
D. Baumhefner and P. Julian, NCAR.)

parison is made to test two initial conditions with and
without cloudiness. The temperature retrievals were
made with an NMC guess and the geopotentials were
calculated from a perfect surface reference level. Fig. 5.5
shows the error growth with time in the latitude interval
40°-SO O N and Fig. 5.6 shows the error distributionatday5
for the two cases. It is obvious that the initial error in the
cloudy case has altered the evolution of several baroclinic
wave trains, as can be seen by the plus - minus errors
over Western North America and the East Coast of Asia.
The errors in the clear case have not organized themselves
in this manner. Also the scale of error has changed as
can be seen from Fig. 5. 6. These results indicate that the
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(c) The cloudiness effect on error growth.
The cloud opaqueness increases the absolute initial
error by a factor of two; however, most of the increase is
systematic in nature. In order to study the effect of the
systematic error in the forecasts an error growth com-
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Figure 5.5

Normalized RMS-error with time for cases with and
without clouds. Solid line is cloudy case. Dashed
line is clear case - 6 km pressure over latitude band
40-50 o N. (According to D. Baumhefner and P. Julian,
NCAR.)
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Figure 5.6 Pressure error at 6 km for Day 5 in forecast. Top = cloudy case. Bottom = clear case. Contour intervals are 2 mb (28 m).
Dashed line is negative error; solid line positive error. (According to D. Baumhefner and P. JuUan, NCAR.)

systematic errors· introduced by opaque clouds are the
most serious problem ·concerning the observational
system discussed in this paper.
5 .3 Conclusions

Observing systems simulation experiments reported so
far have mainly been performed by general circulation
models. The experiments have also been very idealized
(initial data· have been assumed to be available in the
reglilar grid of the model and with a homogeneous random
error).
In spite of these shortcomings very valuable information
has been obtained from OSSE, the extra need of wind
observations in the tropics being one such example.
Before any definite decisions are taken about the
observing systems during FGGE, it would be necessary
to undertake more realistic simulations where we start
from the actual networks of observations and where we
also try to simulate the structure of the observational
errors from the Space Observing Systems. The experiment

reported in 5.2.2 emphasises the importanoe of such
investigations.
It has been assumed that general circulation models are
realistic enough for OSSE but this may not be completely
true. Due to truncation errors and other reasons it has
been found, at least for some of the general circulation
models, that the circulation is not completely satisfactory
at high latitudes and especially so in the southern hemisphere. In the southern hemisphere the circulation is
characterized by a pronounced transient flow with the
dominant part of the eddy motion in the short and middle
wavelengths. If the models, which seem to be the case,
have too little kinetic energy in the short wave part of the
spectrum, the model power spectra will be unrealistic.
The statistical structure of the model will thus be different
from reality and the number of observations needed to
reconstruct the flow pattern will also be different. In
practise this means that We can reconstruct the flow
pattern of the model within a certain error limit with a
smaller number of observations than is necessary in
reality. As far as possible real basic data sets should
therefore be used for OSSE.
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In areas where the normal variance ofthe atmosphere
is very small (e.g. the tropics) climatologica:l information
is very useful. Available climatological information
should therefore be used in OSSE.
We should thus try to simulate the deviations from
climatology instead of the absolute values.
The most critical part of PGGE is the performance of
the space observing systems. Observations from a
satellite system differ very much from conventional
observations with respect to distribution in time and
space; the accuracy is a function of the atmospheric
conditions and the error structure looks very different
from conventional observations.
With respect to temperature soundings from satellites,
the following circumstances need to be investigated:
(1) Long-term effects due to larger errors (random as well
as systematic) in areas with persistent clouds. (This will
be the case even with micro-wave sounders although
the error will not be so serious). Since we have
continuous cloud cover mostly in areas where the
weather system is active, say with S > > 0, the
overall result can be a state where the variance of the
vorticity can be substantially reduced. This can
imply large-scale and systematic errors which need to
be rectified.
(2) Effects due to the correlation between retrieved temperature data andforecasted values. It has been found

in recent studies that the errors of the retrieved
temperatures are significantly correlated to the first
guess errors, with a correlation coefficient as high
as 0.5-0.7. This means that rather serious errors can
arise in areas where temperature soundings from
satellites are the only information (several 1000 km to
independent observations). In these areas the errors
can successively accumulate and increase to very
high values. It seems necessary, therefore, that in
areas where we have temperature information only
from satellites, the first guess estimate must be constructed in such a way that it contains information
independent of the forecast.
(3) Effects due to space correlation between the errors of
the retrieved temperatures. Space correlated errors
will certainly never be fully eliminated. As has been
demonstrated in 5.2.2, the error in the temperature
retrievals increases if the atmosphere has a more
complex vertical structure (fronts, inversions, etc.).
If the atmosphere has such a complex vertical structure this is certainly the case for areas of a certain
size. We can therefore expect that the temperature
error from such an area will be larger and also
internally correlated.
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Concerning wind extraction from geostationarysatellites, the following should be investigated:
(4) Effects due to large variations in the distribution of

suitable picture elements. The distribution of observations will presumably be rather irregular and dependent on the weather systems since we will have no
observations in cloudless areas and in areas of continuous cloud cover. It would also be rather difficult to find representative picture elements in areas
of strong convective activity.
(5) Effect due to larger errors in wind speed than in wind
direction. It is probable that wind-direction can be
observed with higher accuracy than wind speed. One
could thereby imagine a system for data insertion
where we only use information about the wind direction (streamlines) and let the wind speed be adjusted to
fit the dynamic balance (e. g. be given by forecast or
by other observations).

Since the simulation experiments indicated above can
be rather complicated to perform with global models it is
suggested that limited and preliminary experiments are
performed by simpler models. This will also mean that
research groups with limited computing capacity can take
part in the experimentation. The following methods/
models could thus be applied for OSSE:
(1) Statistical methods based on known properties of
atmospheric variables (e. g. computation of space
interpolation error).
(2) Hemispheric or quasi-hemispheric model (primitive
and filtered) where data are assimilated by objective
analysis (e. g. optimum interpolation). The experiments should be based on real data.
(3) General circulation models using simulated observations.
(4) General circulation models using real observations
or analysis based on real data (e. g. GARP Basic
Data Sets).
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6. INITIALIZATION PROCEDURES
6. 1 Introduction
Under normal conditions in the atmosphere (low
Rossby and Froude numbers) the primitive equations
govern two well-separated types of motion. One type is
Iow-frequency, quasi-geostrophic motion; the other is
high-frequency gravity-inertia waves. The energyoflocally
excited gravity-inertia waves is dispersed leaving behind
the slowly changing quasi-geostrophic motion. This process is called geostrophic adjustment.
A problem arose early in the development of models
based on the primitive equations, namely the specification
of initial conditions for numerical integrations. If the
mass and wind fields are not properly balanced, gravity
waves are generated. These may attain unrealistic amplitudes with damaging effects on the meteorological modes.
The. specification of suitably balanced initial fields is
called initialization.
A general balanced initialization may be attempted by
putting ~ = 0 in the divergence equation which yields a
diagnostic relation between the mass field and the wind
field. The simplest version of this relation (corresponding
to Rossby number < 1) is the geostrophic relation originally
proposed by Hinkelmann (1951). Inclusion of higher
order terms in the diagnostic divergence equation leads
to a hierarchy of balance equations for the rotational part
of the wind (Charney, 1955; Houghton and Washington,
1969). It was further pointed out by Hinkelmann (1959)
and Phillips (1960) that a lack of a small divergence in the
initial data also causes excitation of high-frequency modes
and that a good estimate of the divergent part of the wind
could be obtained through the use of the quasi-geostrophic
m-equation. This approach, which we will call static
initialization, since we are balancing at a given time,
suffers however from a number of drawbacks:
(a) The idea of an existing balance between the mass

field and the wind field is basically wrong. In nature
they mainly oscillate around the balance state and in
situations with rapid time changes we can have a
considerable deviation from the balanced state.
(b) Solving the resulting diagnostic equations is often
difficult and time consuming. This is especially the
case when the diagnostic equations are derived from
the finite-difference form of the model.
(c) The incorporation of physical processes (heat sources
and sinks, dissipation) into a diagnostic approach

is virtually impossible. Even if this is performed in
an approximative way the task of maintaining a
balance consistent with the primitive equations
becomes very difficult.
(d) The static balancing corresponds mathematically to
the solution of a partial differential equation. In order
to solve this equation under a given boundary condition in a unique way hyperbolic areas (e. g. by using
the balance equation) must be modified in an artificial
way.
In section 6.2 we will review some methods which have
recently been introduced to improve the static initialization.
The problems with the static initialization lead to a
possible alternative approach, that of determining a
balanced initial state by making use of the modelling
equations themselves. This procedure is called dynamical
initialization. This approach, proposed by Miyakoda and
Moyer (1968) and Nitta and Hovermale (1969), was
concerned primarily with obtaining a wind field in balance
with a given mass field. In MiyakQda ami Moyer's fr
scheme the first and second .de~riative-s of the divergence ' .
are constrained to be zero and the equation of motions
is used in iterative fashion to alter the wind field slowly
until the constraints on the divergence are satisfied.
In the scheme proposed by Nitta and Hovermale, no
constraints are placed on the divergence; instead the
equations of the model are used to integrate backward
and forward around the initial time, using a timeintegration scheme designed to damp the high frequency
waves (gravity waves) while retaining the lower-frequency
waves (Rossby waves). If desIred this scheme can also
be arranged in such a way that the mass field can adjust
to the wind field. The main disadvantage of the scheme
is the slow rate of convergence towards the required
balanced solution. Several attempts have been made
recently to further develop the method of dynamical
initialization. We will address this in section 6.3.
A third possibility for initialization is to apply fourdimensional data-assimilation. The data-assimilation can
either be dynamical or statistical, or a combination of
both.
The dynamical data-assimilation has some similarities
to dynamical initialization if we introduce observations
at more time intervals in the dynamical initialization. In
the dynamical initialization the equations are integrated

58

4~DIMENSIONAL ASSIMILATION OF METEOROLOGICf.L OBSERVATIONS

forward and backward over the time interval but in the
data-assimilation the integration is usually forward in
time. Reference is made to section 4.2 in this publication
where we have a detailed discussion of. this aspect on
dynamical data-assimilation.
Due to the many difficulties with the static balancing
there is a general trend to avoid using the balance equation
. and instead start the computation directly from the
objective analysis. If the mass field and wind field are
coupled during the analysis by dynamical constraints it
( has been found possible to start a numerical forecast
i
from such analysis without any serious problems with
i gravity~inertia waveS. We will go through some of
these methods in section 6.4.
Finally, we will also review some of the experiments
which have been undertaken to use dynamical integral
constraints as a part of the initialization. This method,
which is based on the calculus of variation, was first
developed by Sasaki (1958) and several experiments with
this technique have been performed during recent years.
In section 6.5 we will present some results from the
application of this method.
6.2 Static initialization
Static initialization cm a global scale is performed in a
similar way as for regional and quasi~hemispheric areas.
The rotational part of the wind is computed with the
balance equation and the divergent part of the wind with
the ell-equation. In tropical areas, however, the mass
field is computed from ·thewind field by applying the
balance equation in reverse. Below we will review two
areas of interest, namely balancing on rr-surfaces and
filtering of global gravity waves.
6.2. 1 Initialization on a-surfaces
In numerical multi-layer models, which use a vertical
coordinate other than pressure, the coordinate levels
will in general not coincide with the standard pressure
levels. It is therefore necessary to transfer the observations
(analyses) from the pressure surfaces to the surfaces used
by the model. Since primitive equation models are very
sensitive to any imbalance in the initial state it is not
evident how the initial data should be given at the coordinate surfaces. We have to choose one of the two
alternative approaches:
(a) first carry out the initialization on the standard
pressure levels and then transfer the results to the
model levels by interpolation.
(b) first interpolate the observations (analyses) to the
model levels and then perform the initialization.
Both alternatives are in use (Shuman and Hovermale,
1968; Miyakoda et aI, 1969). The meteorological equations

obtain their simplest form in the p-system. This may
be a reason for using alternative (a). However, this
introduces a difficulty in that the balanced relation between the mass and wind field should be preserved in the
interpolation.
Alternative (b), which is physically more satisfactory,
has the advantage that it yields the initialized fields
directly in the model coordinates. Howei¥r, the possibility of suppressing undesirable gravity oscillations is
therefore much greater in alternative (b) than in (a).
Recently Gauntlett et al (1974) reported on updating
experiments where even the analysis has been performed
at a-surfaces. See further section 4.2.2(d).
Sundquist (197:3) has performed a comparison between
alternatives (a) and (b) applied to a primitive equation
model with 11, (P/p') as the vertical coordinate. The
model consists of five layers and is basically the same as
given by Hinkelmann (1959).
The divergence equation is derived in the a-system
and a scale-analysis is performed omitting small order terms. In estimating the different terms, the
Rossby number has been allowed to be of order unity.
It is further assumed that the smallest scale of the moulitain is several times larger than the mesh-width.
With this assumption the balance equation on a-surfaces reads:
.

V (fVlfI)

1 (}lfI)
() ( . 1 (}lfI)
+ ()x() J {..
\lfI, ii ()y - {)y J lfI, re ()x . (6.2.1)
= V· [nV (gZ) + RT Vrt]
1t

=

pS/po

Equation (6.2.1) is solved in an iterative Way. In the
first step the equation is solved without the non-linear
terms, thus obtaining the geostrophic flow; then the
geostrophic stream function is inserted in the non-linear
terms; these are regarded as known forcing when solving
for 1jJ. again. This procedure has been found to converge
satisfactorily. Fig. 6. 1 shows the variation ofthe surface
integral of ~8 as

a function of time. Curve I shows the

case where we use the geostrophic stream function,
Case II the stream function after 4 iterations and Case
M II the same but with the orography included.
As can be seen from fig. 6.1, large amplitude pressure
oscillations can be generated by a prilllitive equation
numerical model when the initial velocity fields are incorrectly specified for large-scale flow.
Over limited areas at middle and high latitudes the
excitation of external gravity waves can· be damped in
many different ways since we can easily separate them
from Rossby waves. Simple time filtering or time smooth-
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ing during the first 3-6 hours works very efficiently
(Edelmann, personal communication) since the frequency
of the external gravity waves is several times larger than
even the fastest moving Rossby waves.
6.2.2 Filtering ofglobalgravity waves
If we extend the forecasting area to a global domain the

problem becomes much worse since the largest gravity
waves of a global scale have frequencies which are similar
to small-scale Rossby waves. Furthermore, the balance
\ equation does not work satisfactorily at low latitudes.
f
Washington and Baumhefner (1974) have proposed a
very simple way to eliminate the large external gravity

waves, which goes hack to an idea of Richardson. The
NeAR general circulation model has been used.
Since the diverge:o.ce associated with external gravity
waves (Lamb waves) has the same sign through the whole
depth of the atmosphere it is pos$ible to suppresslI).ost of
its energy by requiring that the vertical integral of
divergence be zerO. This procedure should not affect the
large-scale synoptic systems very much since they usually
have a change in sign in divergence in the vertical and
such a procedure tends to preserve this characteristic.
However, the small-scale developing system will ,certainly
be damped. The divergence is thus modified as
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Zp

D'

f

= D_

between case A and case B especially in the tropics.
The differences are due to the existence of the largescale gravity waves in case A. The relative change between
the two forecasts with and without removal of the Lamb
waves is quite small for synoptic scale flow at middle and
high latitudes. Fig. 6.3 shows the error growth for the
two forecasts compared to NMC-analyzed data for the
first four days.

DdZ

(6.2.2)

-=z,::-s---=::::-

ZT-ZS

where ZT is the top of the model atmosphere and Zs the
height of the surface. The modified divergence D'
replaces D and the corresponding velocity potential X'
replaces X in the wind field.
The modified wind field departs only slightly (except in
intensive troughs) from the original with the advantage
that the external gravity waves are almost completely
removed.
The velocity field initialized by the method mentioned
(case B) and the original.geostrophic field (case A) were
used as initial conditions for two single 7-day forecasts.
The use of the Lamb wave filter reduced the gravity wave
amplitudes by as much as a factor of 3.
Fig. 6.2 shows the 24-hour forecast of the surface
pressure. As can be seen there are considerable differences
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The apparent reduction in the RMS error achieved by
this method is mainly due to the elimination of gravity
wave components that presumably are not interacting
with the Rossby waves. This method can possibly be
extended by placing more sophisticated constraints upon
the divergence field. It may also be recommended to use
E the method exclusively at low latitudes since the damping
effect on strong developments at higher latitudes can be
too strong. However, we must keep in mind that so far
we do not know if gravity waves have any meteorological
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Figure 6.2 (A) Top: 24 h forecast of sea-level pressure from geostrophic initial condition. Contour interval is 5 mb. (B) Bottom: Same
as (A) for modified initial conditions. (According to W. Washington and D. Baumhefner, NCAR.)
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significance. All kinds of simple filtering may have drawbacks.
Dickinson and Williamson (1972) have developed a
method of separating the normal modes of a 1inearized
2-layer primitive equation model on a sphere (Rossby
waves as well as gravity waves) about a mean state with
a mean wind which is a function of latitude.
6 . 3 Dynamical Initialization

In order to arrive at a more basic understanding of
dynamical initialization we will start the presentation with
a short linearized analysis of the adjustment process. We
will follow Temperton (1973).
6 .3 . 1 Linearized adjustment theory
Let us consider an incompressible homogeneous, nonviscous, rotating fluid with a flat bottom and a free
upper surface.
The linearized form ofthe basic equations which govern
such a fluid is:

~~ =

(6.3.1)
(6.3.2)

+H(;: -~;)

(6.3.3)

u and v are the horizontal velocity components, h is the
height of the free surface and H is the mean height.
The Coriolis parameter is assumed to be constant.
Let us suppose that the fields u, v and h can be represented as sums of two-dimensional Fourier components,
e. g.
u (x,

y, t) =

.L: .L:
k

Ukl

(t)

et(k",Hy)

6.3.4)

I

Since we are studying a linearized system we can consider
a particular pair of wave numbers. We will also for
convenience drop the subscripts from the Fourier coefficients.
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The transformed system thus becomes:

;~ =fv-ikgh

An invariant quantity analogous to potential vorticity
can be found from equations (6.3.9) and (6.3.10)
(6.3.5)
Q

-fu-ilgh

;; =

~;

-iH (ku

+ Iv)

(6.3.6)
(6.3.7)

We will next separate jf.e wind field into a non-divergent part (1fJ) and a non-rational part (X). This yields:
u=

" (llJl-kX) }
-i

v = i (klJl

+ IX)

(6.3.8)

(6.3.10)

+ 12) X

dX = flJl-gh-x (k 2
dt

+ [2) X

(6.3.12)

We will now consider a stationary state of the modified
system (6.3.9), (6.3.11) and (6.3.12).

r

(

!

i \ (,j-::/I:,
\

i

+ [2) lJIt + fh t

(6.3.15)

+ 12) +1:] lJIs =

H(k 2

+ [2) lJIt + fh t (6.3.16)

, gh
lJI, = f- t
which is in geostrophic balance with the initial geopotential field.

(6 . 3 . 11)

Eq~J~ion (10) will thus be replaced by

dX

H (k 2

Inserting (6.3.13) in (6.3.15) gives:
[H(k 2

Equation (6.3.9) corresponds here to the vorticity
equation and equation (6.3. 10) to the divergence
equation.
This system is not capable of describing the adjustment
process since it has a general solution which will oscillate
indefinitely without change of amplitude. In order to get
a convergence towards a balanced stationary state we
can introduce a damping term into the divergence equa<:::--- tion. This is motivated since the divergent part of the flow
. dissipates faster than the rotational part of the wind.
The damping term will have the form xv 2x where x can
be regarded as a diffusion coefficient.

.
dlJl
8mce then dt

+ [2) lJIs + fh s =

H (k 2

(6.3.9)

d'X
dt =flJl-gh

,

(6.3.14)

We will finally ccgnstruct a hypothetical stream function:

~~ = -fx

:iH (k 2

+ [2) lJI+f~ ~~ =0

If the system (6.3.9), (6.3.11) and (6.3.12) is solved
as an initial-value problem with the initial fields not in
geostrophic balance, we can now relate the initial and
stationary values of Q by Q s = Q, (index i indicates the
initial value).

Inserting (6.3.8) in (6.3.5)-(6.3.6) gives:

dh
dt

=-f(k2

Equation (6.3.16) can now be written

+ (I-a) lJI~

(6.3.17)

gH(k 2 + 12)
gH(k2+ [2) + fl.

(6.3.18)

lJIs = alJlt
where

a

=

Equation (6.3. 17) demonstrates the relationship between the stationary and initial values of the variables
(a) If a -+ 1; {gH (k 2 + [2) ~ P} then lJIs

F::j

lJIt; and

hs F::j IlJlt Le. the mass field adjusts to the initial windfield.
g

(b) If a -+ 0; {gH (k 2

lJIs

F::j }

+1

2

)

4::.P} then lJIs = lJI; and

ht Le. the windfield adjusts to the initial mass field.

The physical significance of equation (6.3. 17) is made
clearer if we transform it back into the Cartesian space.

~

Noting that k =

210
and 1=Ay

Az and Ay being the wavelength in x- respectively in ydirection we can write

dh

= dt = dt = 0

we must have the relations

'

Ac =
~

1\~~

~I.\'s

(6.3.13)

"1

where index s indicates the stationary case. Equation
(6.3.13) shows that, in the stationary state, the geopotential and winds fields are in geostrophic balance.

~ ygii

will be called the critical wavelength

(Rc =
1

and Axy = ( It 2
x

~,

Rossby radius of deformation)

+ i21)-Y, will be called the
y

scale

effective length
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We can thus summarize:
Axv < <Ac (small-scale waves) = mass field adjust to wind
field
Axv > > Ac (large-scale waves) = wind field adjust to mass

field
It is important to observe that for the effective scale
Axv to be greater than the critical wavelength Ac we
must have both Ax > Ac and Ay > Ac• In other words,

however great the wavelength is in one direction, when
the wavelength in the other direction is shorter than the
critical wavelength, the component will behave as if
small-scale.
The implication of this analysis for the process of
dynamical initialization is that forcing of the wind field
to adjust to the mass field is "unnatural" for the "smallscale" components involved. This does not mean that
adjustment will not take place for the smaller scales but
rather that the adjustment will be very slow. It also follows
from the analysis that if the scale height is increased the
initiative of mutual adjustment changes from the mass
field to the velocity field. It is clear that provision ought
to be made for the mass field to adjust to the wind field
as well as vice versa.
A simple way of doing so would be to carry out a number
of initialization cycles where the wind field is modified
and the mass field then restored to perform a second
sequence where the mass field is modified and the wind
field restored.

6.3 .2 The effect ofinternal gravity waves on dynamical
initialization
The adjustment process in a baroclinic model is more
complicated due to the existence of internal gravity
waves. The adjustment process associated with the
external inertio-gravitational wave is faster than with
internal modes. Therefore when all modes are excited
due to an imbalance between the mass- and wind
field the adjustment is mainly accomplished under the
initiative of the velocity field (the critical wavelength
larger than most of the waves in the spectrum). After
that the mutual adjustment for determining the detailed
equilibrium state, especially the vertical profile of the
fields, still continues. The latter process may lead to a
quasi-steady state rather than a balanced state.
Nitta (1971) has carried out a number of experiments
with a 3-level baroclinic model to study the character
of adjustcqment after having introduced artificial distur-
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bances in the mass field over limited areas. These disturbances have either been extended to all vertical levels or to
only one level. If the imbalance was extended throughout
the total air column the recovery of the pattern from the
unbalanced state to the original one was rapid and
sufficiently accurate. The reason for this may be explained by the essential role of the external-gravitational
wave in the adjustment procedure. When the disturbance was deep, the imbalance was rapidly dissolved
by the external gravity mode, because of the fast phase
speed of these waves. Because the critical wavelength
was expected to be more than 10,000 km the adjustment
was mostly performed under the initiative of the velocity
field. The restoration of the original mass field was thus
sufficiently accurate. On the other hand if the disturbance was limited to a certain layer within the air column,
the convergence to the original was slow and worse than
in the previous cases. In the latter cases the internal
mode of the gravity-inertia wave played the main role.
Thus the adjustment procedure was dual and initiative
was given neither to the mass field nor to the wind
field to yield a different state of balance from the original.
In these cases the meteorological fields converged to a
state which was different from the original.

6.3 .3

Dynamic initialization using data from more
than one time level

So far most of the experiments with dynamical initialization have been performed with data at a single
time level and the integration has been performed forward and backward around this time level. Mesinger
(1972) has reported experiments where adjustment has
been performed to data at several time levels. The
Mintz-Arakawa 2-level model has been used with model
simulated data. Fig. 6.4 illustrates the computational
procedure in the case when two time levels were used.
The additional height field used was the one 6 hours
before the control time. The prognostic model was run
3 hours forward in time, 12 hours backward, 12 hours
forward and so on. The height field was completely
restored after each time step, using linearly interpolated
or extrapolated height field data. In this way, additional
information on the first time derivatives of the temperature
and surface pressure is brought into the initialization
procedure. Fig. 6.5 shows the global average values of
RMS wind error for the two experiments. The dashed
curve gives the error for one time level and the full
curve the error for two time level data. Extending the
experiment to three time levels gave only a very small
further improvement. Table (6.1) summarizes the
results:
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Oh

-6h

- 12 h

1

12 h

6 h

1

time

I 3 h forward
11 12 h backward
III 12 h forward

height observations
available

etc.

Figure 6.4 Time-integration used by F. Mesinger to include data at 2-time levels using dynamic initialization.

TABLE 6.1
Number of
time levels

Time level
used

Asynoptic
error for V

1
2
3

Oh
-6h; Oh
-12h; -6h; Oh

2.52 m(sec)-l
1.91 m(sec)-l
1.86 m(sec)-l

In view of the latitude dependence of the adjustment
process it is of interest to consider the asymptotic limit

of the wind error as a function of latitude. Fig. 6.6
illustrates this. The dotted curve shows the initial wind
error, the dashed curve the error of the best adjustment
when using a single time level of the data, and the full
curve the error of the best adjustment when using consecutive time levels of the data.
The most pronounced effect of 2 time level data is at
middle latitudes where the error is almost halved compared to one time level data. This is certainly due to
the maximum in time variability of the height field at
these latitudes.
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Average values of the RMS wind error for two
experiments which differ only in the number of time
levels of the height data. The dashedlcurve shows the
results obtained in a single time-level data experiment
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time levels of the data are used. (According to
F. Mesinger, Yugoslavia.)
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Figure 6.6 Average values of the RMS wind error as a function
of latitude. The dotted curve shows the initial wind
error, the dashed curve the error of the best adjustment when using a single time level of the data, and
the full curve the error of the best adjustment when
using two consecutive time levels of the data. (According to F. Mesinger, Yugoslavia.)
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6 .4 Initialization by statistical methods
Recently some reports have been presented where
any separate initialization procedure has been disregarded
and the forecast has been started directly from the
objective analysis. Such a procedure has also been introduced operationally at NMC in Washington. The
integration of the 6-layer operational model is simply
initialized by analysed geopotentials and non-divergent
winds. To this is added the 12 hours' predicted divergent
winds. It is found that the short-range forecast errors,
presumably due to initial errors, are smaller than the
errors which arise when the balance equation is applied.
This is especially the case in areas of hyperbolic flow.
The explanation to this is certainly that a kind of
balancing is done indirectly during the analysis procedure.
In the wind analysis balanced winds or gradient winds are
used as a first guess.
An approach to the initialization procedure could
therefore be to perform the objective analysis or the
data-assimilation in such a way that we simultaneously
satisfy the dynamical constraints on the atmosphere.
Because winds and geopotentials are related by the
dynamical equations so are also their statistics, as has
been pointed out by Buell (1972) and by Petersen and
Truske (1970). Winds may thus be used to analyse
heights as well as winds, and vice versa. The first experiment of this kind was carried out by Kluge (1971) who
analysed the deviations from the monthly normals. In
a similar way wind and geopotential can be analysed as
deviations from a forecast. Experiments with different
models have shown that the growth of error in the forecast
based on analysis of wind and geopotential using structure
functions related through the geostrophic approximation
are comparative or better than the use of balance equation.
6.4. 1 Experiments on the updating of primitive
equation forecasts with wind and geopotential
data
(Ian Rutherford, 1973, Atmospheric Environment Service, Montreal, Canada).
The prediction model has been a barotropic model
which has been integrated over a hemisphere with a semiimplicit technique. The grid distance was 381 km.
The height of the free surface was chosen in such a way
that the critical wavelength (see 6.3.1) Le"" 5000 km at
the pole.
The experiments were run with ten days (twenty
synoptic data sets) of real northern hemisphere 500 mb
data. Each experiment consisted of a sequence of twelvehour forecasts which were updated using various combinations of data. All runs were started with balanced winds
and heights. In the subsequent updated analysis, however,
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the fields were unbalanced to a greater or lesser degree.
The gravity waves thereby created were damped by means
of the time filter.
The data used in each updating were first subjected to a
horizontal consistency check. This was done by performing a preliminary interpolation for each residual using
only the surrounding data. Discrepancies larger than
three standard errors of interpolation caused rejection
of the residual in question.
The analysis at every time interval was performed by the
method described in chapter 4.3.
The analysis in a grid point, Z1, is expressed as a
linear combination of the forecasted value zf, and the
deviations of the observations from the normal values
(Z2-Z~) (V~- V~) (subscripts k and I refer to the observations).
NI

N.

Z~ =Z~ + I:p~(Z~-Z:)+ I:p~(V~-V? (6.4.1)
V~ = V~ +

k=1

Z-1

N,

N.

k=1

Z-1

I: p~ (Z~-Z:) - I: pi (V~- v;)

(6.4.2)

As was shown in chapter 4.3, we can relate the corresponding covariances to space derivatives of the variance
of the geopotential by assuming that the forecast errors
of the height and wind components are geostrophically
related.
A large number of initialization experiments were
performed in order to compare different initialization
procedures. Table 6.2 summarizes the results of the
experiments. The following notations are used:
Z(Z)
only height observations are used in equation
(6.4.1)
Z(Z; V) both height and wind observations are used
in equation (6.4.1)
V(V)
only wind observations are used in equation
(6.4.2)
V(Z; V) both height and wind observations are used
in equation (6.4.2)
(V\V)
non-divergent wind computed from the
balance equation.
For comparison the initialization has also been performed by the balance equation and by adjusting Z and V
with the aid of calculus of variation. (See 6.5.)
The values presented are the average of 20 cases. The
effects of larger errors of observation, coding and transmission, etc., have been eliminated. By and large the
analyses fit the data to within the random errors of
observation (including sub-grid scale effects) which are
about 13 m for heights and 7 kt for the vector wind.
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TABLE 6.2
Analysis and
initialization method
Exp.
1.

2.
3.
4.
5.

Z(Z)
Z(Z); V",

v (V)

Z (Z); V(V)
Z(Z); V(V)
and adjustment
6.
Z(Z), V(V",)
7.
Z (Z, V); V(Z, V)

I

Z(m)
Oh

12
13

55
13

15
12
13

I

V (kt)

I 12 h

12 h

Oh

67
36
55
38
37

25
14
8
8
10

25
16
20
18
16

33
34

5
9

15
18

With only height updating (exp. 1) very poor height
forecasts were produced and serious errors developed in
the winds. This is because the uncorrected winds tend to
dominate over the updated heights for synoptic and
smaller scales.
When the forecast winds were replaced by winds from
the complete balance equation, solved after height
updating (exp. 2), then very reasonable height and wind
forecasts were produced. However, the "balanced"
winds did not fit the data very well at 0 h. It is for this
reason that it may be desirable to analyse or update winds.
With only wind updating (exp. 3) serious errors developed in the height field. These were mainly in the largest
scales. The wind error was well controlled however. It
is interesting that at 12 h the height error is lower than
for expo 1. The fact that wind updating alone is better
than height updating alone shows the dominance of the
wind field in the geostrophic adjustment. This would
have been even more pronounced if the critical wavelength had been larger.
Instead of solving a balance equation for the variable
not analysed it is easier to analyse both Z and V. In
this case (exp. 4) a good fit to the data was produced at
o h. However at 12 h the errors were not as small as in
exp.2. Presumably, this is because of the lack of matching,
particularly in those areas where the coverages of wind
and height data were not the same. Because of its scale
dependence, dynamical adjustment cannot be relied upon
to produce the most appropriate balance.
The remaining experiments represent attempts to
improve the dynamical consistency of the analysed fields.
In expo 5 the fields were mutually adjusted by the variational method of Lewis and Grayson (1972). Briefly, this
technique makes small changes to each field in order to
minimize the wind tendencies. As can be seen these
changes decreased the fit to the initial data but the
subsequent error growth was reduced so that better
forecasts resulted.

In expo 6 winds from the balance equation, rather than
the forecasts themselves, were analysed. This allows height
data to influence the wind field but not vice versa. The
lowest forecast errors of all experiments resulted. The
improvement over expo 2 due to the use of wind data was
about 9 kt at 0 h but 1 kt at 12 h while the height forecasts
were about 3 m better.
In expo 7 both wind and height data were used to
update each field. No other form of coupling was
used. Comparing exps. 4 and 7 in table 6.2, we see
that the initial fit to the data was slightly worsened, as
might be expected, but the forecasts were slightly better.
The use of geostrophically calculated covariances to
couple the variables is obviously a useful procedure.
If the error growth between 0 hand 12 h is a good measure
of the initial balance than this method is about as good
as any. Both with the balanced wind and with the
adjustment procedure it is necessary to solve a Helmboltz
equation for each level. This can be rather cumbersome
with a multi-level model.

6.4.2 Forecasting with the NMC operational 6-level
model based on objective analyses using a spectral representation
(Flattery's method) Staff Members, Development Branch, J\TMC
NMC has performed a great number of global objective
analyses, u~ing a special spectral representation (Flattery,
1970). The horizontal representation is performed by
the eigen functions of the linearized shallow water
equation on a rotating sphere. The vertical representation
is by empirical orthogonal functions. In order to suppress
the gravity waves, only the free oscillations of the second
class corresponding to the rotational models are used.
If A., rp and p are longitude, latitude and pressure respectively the representation of z, u and v reads:
24

Z

(A., rp,p) =

24

7

LL l: {[a!.m,,, cos (lA.) +
!=O m-l,,=1

+ b!,m,,, sin (1A.)] H!,m (rp) E" (p)}
24

U

(A., rp,p) =

24

(6.4.3)

7

L L L ([a!,m,,, cos (lA.) +
!=O 111=1,,=1

+ h,m,,,sin(lA.)] U!,m(rp)E,,(p)}
24

v (A., rp, p)

=

24

(6.4.4)

7

L L L {[a!, m," sin (lA.) !=o m=I,,=1

- b!, m," COS (1A.)] V!, m (rp) E" (p) } (6.4.5)
In these equations, which apply to both hemispheres,
I is the wave number (an integer) for the trigonometric
functions. In the summations, I assumes values from 0
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(corresponding to zonal flow) to 24 (corresponding to
waves of 15° longitude wavelength). Shorter wavelengths
are not presently resolved by the analysis scheme. H hm (rp)
denotes the Hough functions. Twenty-four of these are
used with each pair of sine and cosine wave functions,
giving a latitudinal resolution of z approximately equal
to the longitudinal resolution. These Hough functions
are defined over the entire range of latitudes from the
north pole to the south pole with the additional requirement that their amplitudes be zero at the poles. En(P)
indicates the empirical functions which describe the
vertical variation of z. A set of seven of these functions is
used, determining values of z at each of the 12 mandatory
pressure levels from 1000 mb to 50 mb.
Each term of the equations contains the product of a
trigonometric function, a Hough function, and an empircal function. The 25 sine functions, 25 cosine functions,
and 600 Hough functions are known quantities which are
stored in the computer for use with any analysis. The
seven vertical functions are recalculated for each analysis
from current radiosonde and satellite data. For each
analysis, the coefficients ahm>n and b',m>n assign relative
weights to each of the terms so that the summation of
all of these terms will fit, in a least-squares sense, the
observed heights as closely as possible. Since the equations
(6.4.3)-(6.4.5) represent a triple summation over 25
different values of 1, 24 of m, and 7 of n, there are 4200
values of ahm>n and 4200 values of b',m>n which need to be
determined.
The height analysis is performed simultaneously with
the wind analysis in order to relate height gradients to
to wind fields. Special sets of mathematical functions,
U',m(rp) and Vi,m, (rp), related to the set of Hough functions
are employed in the analysis of the horizontal wind
field. There is a set of these functions for each of the
horizontal wind components. The relationships between
them and the Hough functions are based on the geostrophic relation.
A twelve hour forecast is used as first guess to compute
the different coefficients. The coefficients are then
determined by subdividing the entire atmosphere from
the surface to 50 mb into a large number, n, of volume
elements, 11V and minimizing summations, S, of heights
and winds. The summations express a measure of the
closeness of fit of the analyzed values lfIA at the centre
points of each volume element to the mean observed
values lfIo of the same elements
n

S

=

L: [(lfIO)i-(lfIA)i]2I1Vi

(6.4.6)

i=l

Flattery's analysis has been used for initialization of a
global primitive model (8 layers 2S X 2S) and yields
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less gravity waves than any other method of initialization
tried so far at NMC.
6. 5

Calculus of variation

In order to minimize the noise of the initial analyses
they can be adjusted to each other. By adjustment we
mean that the values of the meteorological elements must
satisfy some given relationship. These relationships follow
from the basic governing equations, such as the equations
of motion, the hydrostatic equation, the equation of
state, etc.
Various approaches have been formulated for the
solution of the adjustment problem, the most applicable
being a method proposed by Sasaki (1958) which is based
on the calculus of variation.
Let lfI~ be the observed values of a meteorological
element, indicating a given element, and let lfIi be the
values of the meteorological element at the same point
as a result of the adjustment.
We then express the sum of squares of the differences of
the quantities lfIi and lfIf at a given point in the form
(lfIi = Z, U, V, T):
(6.5.1)
where (Xi are coefficients depending on the accuracy of the
meteorological elements. In order to obtain values of
lfIi the values of the integral of lover the volume under
consideration must be a minimum
Of =

l5

fL: a~ (lfI~-lfIi)2
'V

(6.5.2)

dV = 0

i

If the lfIi are independent, this equation gives a single
relation between the observed and adjusted quantities.
If the lfIi are related to each other we must also formulate
these constraints. Let us for illustration consider a case
where we use the geostrophic and thermal wind relationship
as well as the hydrostatic equation:
V

_ g
. dV _ 1
-7
kxVZ, dp* -7 k

.

_

X VT, T - g

dZ

dP* (6.5.3)

Where p* =-R In P; po = 1000 mb
po
In general the observed quantities will not satisfy the
above relations. We will indicate by a prime the difference
between observed and unknown values
V

=

VO

+ VI; Z = Zo + ZI; T =

TO

Inserting these expressions in 6.5.3 yields

+ TI

(6.5.4)
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=

- [ k X V(Z'

T'

=

g~
(Z' + ZO)-TO
{}p*

f

In order to simplify the computation, the non-linear
terms in the equation of motion have been approximated
by the pre-analysed values. The equation thus reads:

+ ZO)-VO

V'

(6.5.5)
dV
dt

We now require that

= _ [V0 (V VD) + f

k x V

+ g~ Vp + k V]

(6. 5. 11)

where k is a friction coefficient.
1= j e 2 dxdydP*

be a minimum (6.5.6)

v

(6.5.7)
Inserting (6.5.5) and (6.5.7) into (6.5.6) yields the
following differential equation
V 2 Z,_(lX2f~2 Z' =

1 ~o + (lX3f~2 ~ {}~~ -V ZO

g

lX1 )

where

~o

dV o

=

d2
dX2

2

=

g

dr

(6.5.8)

dUO
_
dy

dX

V

lX1 )

2

d2

lX

+ dy2 + lX: f

d2
dp*2

(6.5.9)

The right part of equation (6. 5. 8) can be found from
observational data. If it vanishes, this means that they
are all satisfying (6.5.3) and can be used directly. If
the right part =r!:- 0, Z' can be solved from equation
(6.5.8). From the values of Z' and ZO we can then determine an adjusted value of Z.
The coefficients
procedure.

Oo:i

They have minimized the following functional
~

lX1 (p-p0)Z

The drawback to the method is its complexity, especially
if we are using it for a global domain and the complete
model equations. However, further research studies in
the area are strongly recommended.
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7. IMPACT STUDIES OF ASSIMILATION OF SATELLITE OBSERVATIONS
In Chapter 2 we tried to estimate the accuracy of
retrieval temperature profiles from satellites. A satisfactory way to estimate the "error" is to compare the
observation against an objective analysis prepared from
structure functions consistent with those scales of motions
we are studying. However, such error estimates can only
be performed in areas with a dense network and such
statistics cannot give the whole picture and may even be
misleading since they do not give any information about
the error statistics. As can be seen from section 3.1, a
larger but uncorrelated error might be preferable to an
error correlated in space or to the initial guess.
Another completely different approach is to investigate
the impact of the supplementary information on
improving forecasts of real atmospheric circulations.
This is a far more ambitious task involving data insertion, four-dimensional assimilation and also verification
of the numerical forecast. In the following we will
examine some experiments which have been carried out
to investigate the impact of VTPR data on numerical
forecasts.
The general result of the impact study experiment is
that the forecast are only marginally improved when
VTPR data are inserted, at least in respect of verification
statistics based on RMS differences of forecasted and
observed analysed fields.

7. 1 VTPR Impact Test Study Report (Staff members,
Data Assimilation Branch, 1973, National Meteo-

rological
U.S.A.)

Center (NOAA),

Washington,

satellite information. The VTPR soundings are produced
only over ocean areas.
The test version (B) was the same as A, omitting VTPR
data and using a different set of "bogus reports" produced
by a different team of analysts without the benefit of
VTPR observations.
As expected, the differences between the analyses are
largest over the Pacific and smallest over North America
and Europe (not shown). Over the Pacific the average
value of the RMS difference is about 26 m and over
North America less than 5 m, both at the 500 mb level.
Fig. 7.1 shows the RMS difference day by day for the
first period. The maximum difference is observed on
4 April over the Central Pacific, where it exceeds 220 m.
9 situations, 4 of which had the largest differences in the
analyses, were selected as forecast cases. The different
forecasts were then verified against various sections of the
observed analysed fields.
In spite of the comparatively large differences between
the analyses, the RMS-errors of the forecast heights
differ very little from each other.
For the sample, as a whole, there is essentially no difference between A and B temperature errors. Forecast
errors in height and winds are slightly but consistently
lower for the A than for the B case. Table 7. 1 presents
verification statistics for the height over North America.
Since the verification area is situated downstream relative
to the Pacific, it will take some time before the impact of
the new observation will be noticeable.

D.C.,

VTPR data have been used operationally at NMC since
December 1972. In the operational application the
NMC 6-layer hemispheric model is used, in which the
asynoptic data are corrected to the nearest synoptic
time (OOZ, 12Z) by the aid of the forecast tendencies
from the model. The impact test studies covered two
periods, 9-21 March 1973 and 27 March-13 April 1973.
The operational version (A) incorporated data sets for
surface and radiosonde observations, aircraft reports,
VTPR temperature reports, cloud track winds and "bogus
reports" mainly based on subjective analysis of qualitative

TABLE 7.1

RMS-errors in forecast heights verified over North America (NMC)

Forecast length (hours)
Level (mb)
1000 (A)
1000 (B)
500 (A)
500 (B)

12
21.0m
21.7 m
27.9 m
28.5m

24
32.2 m
33.0m
36.8m
40.6m

36
43.6m
44.0 m
52.1 m
55.1 m

48
50.3 m
50.5 m
60.3 m
65.2m
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7.2 Impact of Satellite Data (M. Halem and R. Jastrow,
1973, Goddard Institute for Space Studies, New York,
U.S.A.)
The data set A provided by NMC has also been used
at GISS together with two other data sets:
C = Only radiosonde observations.
D = Radiosonde observations and VTPR temperature
profiles retrieved from raw radiance measurements
according to the GISS VTPR processing scheme
(Jastrow and Halem, 1973).
The verification statistics over North America were as
follows
TABLE 7.2
RMS errors in forecast heights verified over North America (GISS)
Forecast length (hours)
Data set
24 hours

A
C
D

28.0
28.0
28.0

I

60 hours

48.0
52.0
40.0

1000 geopotential height (m) has been computed from the
surface pressure error.
The same general conclusion can be drawn concerning
the GISS study as for the NMC. The statistical material
is very limited and it is necessary to perform more extended
comparison.
In interpreting the result we shall also keep in mind
the difficulties with verification of the forecasts in general.
Through the insertion of VTPR-data in sparse data
areas we have introduced a smaller scale of motion in the
A and D cases. Due to truncation errors or other reasons,
we can expect these smaller scales of motion to get substantial errors in the phase speed. Similar problems have
been discussed earlier in studies of the impact of observations from weather ships. Since both RMS and correlation coefficients are sensitive to phase speed errors, it
may well happen that the conventional verification
parameters will improve if we simply eliminate such
small-scale patterns completely. For many practical
forecasting purposes information about the small-scale
pattern is most useful even if it is predicted to arrive at
a somewhat wrong time.
It is therefore necessary, especially if we have a limited
statistical sample, to examine the individual cases. We

Figure 7.2 500 mb geopotential!l in decameters (full lines) and temperatures in QC (dashed lines) for the 29 January 1974 OOZe Only radiosondes are used in the objective analysis. (According to staff members, NWP Unit, SMHI.)
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will illustrate this by a satellite impact case study for a
regional area.
Figs. 7.2 and 7.3 show two different 500 mb analyses
from the Swedish Meteorological and Hydrological Institute (SMHI). Case SI (Fig. 7.2) shows the operational
analysis based on radiosonde observation, and case S2
(Fig. 7.3) the corresponding analysis where VTPR derived
temperatures from 3 consecutive satellite tracks have
been included. The VTPR data have been received
operationally from NMC. Observe the difference in the
westerly flow pattern over the central part of the North
Atlantic.
Cases SI and S2 have been integrated 48 hours with
a 3-parameter filtered model (Figs. 7.4 and 7.5). A
substantial difference between the two computations can
be found over the north-western part of Europe. In
case S2 a trough is predicted over the eastern part of

Figure 7.3
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Sweden where in case SI we can only see a straight
south-westerly flow with small wiggles. The verification
(Fig. 7.6) shows that the actual trough, as may be expected, can be found east of Finland. Also, the flow pattern
over the British Isles is much more correctly described
in case S2. Such large differences may not be common
since the local error growth is very sensitive to the
configuration of the initial state.
The present example indicates a need for extended
systematic studies on the impact of satellite information.
Such studies should be strongly supported at the different
meteorological services.
REFERENCE
Staff Members, Data Assimilation Branch, Development Division
NMC, National Weather Service, 1973. VTPR impact test
study report.

Same as figure 7.2 but VTPR-data have also been included. (According to staff members, NWP Unit, SMHI.)
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Figure 7.4 48 hours' forecast based on the analysis shown in figure 7.2. 500 mb geopotential: full lines; thickness 500-1000 mb: dashed
lines. (According to staff members, NWP Unit, SMHI.)

Figure 7.5

Same as figure 7.4 but forecast made from the analysis shown in figure 7.3. (According to staff members, NWP Unit, SMHI.)
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Figure 7.6 Same as figure 7.2 but for 31 January 1974, OOZ. (According to staff members, NWP Unit, SMHI.)

75

'It,

8.

CONCLUSIONS

A large amount of research and development has
taken place in the field of 4-dimensional assimilation of
meteorological data during the last couple of years.
The activity has mainly been concentrated on the
dynamical aspects of data-assimilation, e.g. to initialize
the prediction models by successive insertions of observations. In its pure form this approach has worked
satisfactorily on simulated model-dependent data with
small errors. However, even during such ideal situations
the adjustment takes considerable time, longer than the
lifetime of significant weather phenomena. It is evident
that it is necessary to imply any kind of forced or controlled initialization procedures to speed up the numerical models. Several promising results along these lines
have been reported recently.
The observations which will be used during FGGE will
be more uniformly distributed than the observations
which are now used in numerical weather prediction and
they will possibly also be more accurate. Yet the situation

will by no means be perfect and we have to face very
complicated data problems. Some of the new observing
systems will give observations with correlated errors and
with errors varying from one weather situation to another.
Also the vertical resolution of the observations will vary
very much between different areas.
It is certainly necessary to develop optimized systems for
numerical analysis where we have to combine information
from climatology, forecasts and different kinds of
observations. Such systems have to be developed similar
to operational routines with a considerable amount of
automatic procedures built into the systems.

There is need for another conference on 4-dimensional
data assimilation, which could preferably be arranged
at the end of 1975. Different institutions using 4-dimensional techniques would then have opportunities to get
experience of their schemes using data from GATE.
Preliminary results of the USA Data Systems Test would
also be available by then.

