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Real-time analysis and prediction is also needed for
monitoring type-B observations to assure that they are
providing the required observations.

A very large volume and flow of data are involved.
An orderly and continuous data flow is most likely to be
assured over a long period if it is organized on a real­
time basis. Previous experience has shown that even
in connexion wIth small observation experiments a con­
siderable part of the data has been lost if the observations
have not been processed on a real-time basis.

The required logistic support will exceed considerably
that currently in use. National Meteorological Services
may find it easier to provide this support if a portion of
the GARP experiments is devoted to real-time (and
hence operationally valuable) data acquisition, analysis
and prognosis.

A very large number and variety ofstaffwill be involved.
The interest of everyone is more easily aroused and
maintained (with a consequential improved efficiency) if
activities have immediacy.

GARP Tropical Experiment

In addition to what is mentioned above, the need for
real-time analysis and prediction is vital for deploying
the variable elements of the system. For example, 1-2
days planning in advance may be required for the aircraft
operations.

The likelihood that the tropical experiment precedes
the global experiment by some years provides an excellent
opportunity for gaining experience in the operation of
the overall system. Thus if real-time analyses and pro­
gnoses are required for the global experiment, their
inclusion in the tropical experiment also will be most
valuable.

2.6.2 THE PRE-REQUISITES FOR CARRYING THROUGH

REAL-TIME PROCESSING

General remarks

There is a need to plan the form and extent of analyses
and prognoses required to provide the features outlined
above. Of particular importance is the adequacy of
communication links, the precise form of real-time
activity and the methods of data reduction, tabulation,
cataloguing and archiving. The form and location of
real-time activity will depend on the facilities (including
computer capacity) available at the centres undertaking
these activities.

Four-dimensional data assimilation schemes

It is obvious that four-dimensional data assimilation
is essential for a real-time approach in the GARP experi­
ments. This is of course also definitely required for an
optimum utilization of the non-synoptic observations.

Models

Establishing the data requirements for prediction on
various time and space scales is clearly important for
both tropical and extra-tropical regions. However, an
ability to predict for the tropics may well enable useful
guidance to be provided for the day-to-day decisions on
the deployment of aircraft and ships during the GARP
tropical experiment. It is therefore particularly important
that some assessment should be made of the likely
predictability of the various scales in the tropics.

Since the results of the real-time processing will be
rather model-dependent it is advisable that experiments
should be carried out with more than one model. In the
case of the tropics this may be particularly important,
not only in the tropical experiments, but also in the global
experiment. Associated Research Centres and perhaps
also Central Analysis Centres that may be established
or assigned to the experiments should participate in this
work.

During the experiments only one centre will probably
be directly responsible for the real-time processing (the
Monitoring Centre); however, other centres must have
the opportunity to receive all the information available.

Fine mesh nested models

The value of fine mesh-nested models (high-resolution
models over a limited area, embedded within a larger
domain treated by a coarse resolution model) will be
particularly pronounced in connexion with the simulation
of interaction between the large wave scale and cloud­
cluster scale. Such models will certainly also be of great
value in monitoring experiments of this type.

Computers

Experience in SOme groups has already led to the view
that it is appropriate to employ a computational resolu­
tion about twice as fine as that of the observational
network. However, it is very likely that this ratio is
dependent upon the characteristics of the particular
model being used as well as on the scales of motion which
are of primary interest.

The following is an estimate of the requirements con­
cerning the horizontal and vertical resolutions of the
models and the computer power to perform the real­
time calculations envisaged in the foregoing sections. In
arriving at these figures we have assumed that an appro­
priate requirement would be the computation of a 24-hour
forecast in one hour.

(a) GARP Global Experiment

Mesh width: 250 km
No. of gridpoints about 13,000
Vertical levels: 20
Computer requirements: 15 MIPS
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If lateral resolution were 125 km, computer require­
ment increases to 120 MIPS.

It may be necessary to undertake both high and medium
resolution requirements.

(b) GARP Tropical Experiment

Large scale (2,000-10,000 km).
Domain: appr. 10,000 km East-West

" 5,000 km North-South
Mesh width: 150 km
No. of gridpoints about 5,000
Vertical levels: 20
Computer requirement: 8 MIPS

The need for prediction of motion on the cloud-cluster
scale has to be investigated.

2.6.3 CONCLUDING REMARKS

In further planning of the real-time processing it is
important that consideration is given to the overall
direction and coordination of the programmes for both
experiments. This will obviously interact strongly with
operational activities. It is essential that GARP directors
and coordinators be dedicated (committed in full) to the
GARP exp.eriments and not involved in operational
commitments.
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2.7 The Plan of Action

2.7.1 The comprehensive programme described in the
preceding section requires for its execution the coopera­
tive effort of a large number of research groups, on a
scale never before attained in any field. The Plan of
Action established by the JOC attempts to achieve this
objective. The Plan was built on the basis of two major
components: (i) Research Centres with adequate com­
puting facilities, willing to accept specific commitments
to execute certain portions of the programme; (ii) Planning
Groups that would work out in detail the experiments for
each of the described subjects, discuss the assignments,
examine the results and plan for further experimentation
when necessary.

2.7.2 AsSOCIATE GARP REsEAACH CENTRES

The expression "Associate GARP Research Centres"
(ARC) was introduced in GARP Publications Series
No. 3 to refer to research groups or research institutions
that would accept to participate in a coordinated pro­
gramme of numerical experimentation carried out in real­
time (or close to real-time) during the FGGE. It was
then proposed by the Working Group on Numerical
Experimentation that this name be used to designate all
centres taking part in the programme of research outlined
above.

For each problem area two or more research centres
have been selected and requested to participate in the
programme. The institutions have been chosen in such
a way that at least one of the centres is equipped with
powerful computing facilities. However, while some of
the problems to be studied require use of the most
sophisticated models, and therefore of the largest com­
puters available, many of them can be studied with
relatively simple models on computers of modest capa­
bility. Moreover, the nature of some of the problems to
be investigated is such that important contributions can
be made even in the absence of computing facilities. It is
thus expected that other research groups may contribute
to the programme, in addition to those listed in the
present report.

The assignment of a specific problem area to an ARC
does not exclude its participation in other areas. This
may come not only as a consequence of the interrelation
of the problems but may also be due to the fact that
several of the ARC's are already working on problems
related to more than onearea.

2.7.3 REsEARCH COORDINATION AND PLANNING
GROUPS

For each of the problem areas of the programme, a
Research Coordination and Planning Group (RCPG) has

been established to coordinate the work of the ARC's
and to seek further co-operation from other research
groups. In selecting the members of each RCPG, several
criteria have been applied, such as their previous and their
expressed interest in the field; the geographical distribu­
tion; the representation of the ARC for the corresponding
problem area; and the representation of operational
weather services of countries actively participating in
GARP planning.

The members of the RCPG are expected to devote a
considerable part of their time to their work (which in
most cases will be just part of their normal work in their
laboratories). However, the activities of the groups
should be arranged in such a way that the members can,
to a large extent, work independently of each other. The
chairmen should aim at a distribution of responsibility
within the group, particularly in the case of the members
that belong to corresponding ARC's.

It is expected that up to two meetings of each RCPG
per year may be arranged. The attendance at these
meetings may be restricted, for financial reasons. Mem­
bers of the participating ARC's are expected to receive
financial support from their institutions. It is recom­
mended, however, that all RCPG's meet with the JOC
Working Group on Numerical Experimentation at the
beginning of 1972 in order to evaluate the results thus far
obtained. A progress report should be sent by the chair­
man of each RCPG before 30 June 1971, and every six
months thereafter.

The RCPG shall stimulate the co-operation of resear­
chers who have expressed their interest in participating
in the GARP Numerical Experimentation Programme.
To this effect each chairman may arrange for invited
members to participate in the work of his RCPG.

A preliminary report of the research to be carried out
and a detailed distribution of the work among the cor­
responding ARC's should be submitted by the chairmen
of the RCPG's to the Working Group on Numerical
Experimentation in 1971.

2.7.4 GARP REsEAACH FELLOWSHIPS

The GARP Programme of Numerical Experimentation
can only be carried out in an effective way if maximum use
is made of all potential resources throughout the world.
The availability of powerful computing capabilities or
other facilities in the proposed ARC's is not necessarily
associated with the availability of human resources. On
the other hand, scientists who can make important con­
tributions to the programme may be prevented from doing
so because of the lack of adequate facilities in their own
countries or institutions. A coordinated plan of action
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should include the obtaining of the necessary means to
allow these scientists to carry out their work in institu­
tions having these facilities.

The Working Group on Numerical Experimentation
has recommended that the JOC should arrange for a
programme of GARP Research Fellowships (GRF) on
the following basis:

(a) The fellows should undertake specific problems
within the GARP programme of numerical experi­
mentation to be studied in institutions that have
accepted to provide facilities for them. The fellows
may be independent researchers or junior scientists
working under the supervision of senior members of
the host institution.

(b) The host institution decides on the final acceptance of
a candidate for a GRF taking into account the
quality of the candidate, the plan of work, and the
period of the fellowship.

(c) The following items may be covered by a GRF:
(i) Working space

(ii) Computing facilities

(iii) Assistants
(iv) Travel
(v) Salary

The host institution should cover the first two items
and may provide totally or partially for the others.

(d) An appeal to the countries was made through the
corresponding WMO or ICSU channels in order to
obtain support for the programme of GRF. This
support should be requested from the countries or
institutions of the GRF candidates as well as those
of the proposed host institution. The JOC has been
informed of institutions in at least two countries
having offered funds for a programme of this nature.

(e) It is expected that a part of the required funds (a
small fraction of the actual cost of the fellowships
programme) could not be obtained except through
international support. The JOC Officers have
agreed to seek such support from WMO and ICSU
and to propose an adequate machinery for the pro­
gramme.



3. PART II OF THE PROGRAMME

(Numerical Experiments Related to Physical Processes in the Atmosphere)

3. 1 Introductory Remarks

The Report of the Study Conference on GARP had
already pointed out that, in preparation for the effective
utilization ofglobal upper-air data in the testing ofgeneral
circulation models and methods of extended prediction, it
would be necessary to carry out a considerable number
of theoretical studies and numerical experiments designed
to increase our understanding of physical processes which
take place on scales less than the spacing of adjacent
observations in a global system. The aim of the experi­
ments would be to suggest realistic ways of parameterizing
the locally-averaged effects of these physical processes.
It was recognized, in this context, that since large-scale
dependent variables are the only ones usually measured
or predicted explicitly, we must know enough about the
nature of the interactions with the sub-grid scale pro­
cesses to be able to deduce the significant energy exchanges
by means of suitable parameterizations from explicit
macro-scale structured characteristics and dynamics.

The fundamental idea underlying the above statements
is a hypothesis on the basis of which the whole strategy
of GARP experiments is being built, namely that the
atmosphere behaves as a deterministic or near-deterministic
system on some macro-scale motions (i.e., their statistical
properties) can be inferred from this. It seems that
J. Charney was the first to formulate this hypothesis
explicitly within the context of ideas that led to the
concept of GARP. His paper on "Scientific Require­
ments for a Global Observational System", presented to
the First Session of the former ICSU/IUGG-CAS con­
tains the following statement (cf. Report of the Session,
May 1965):

"Hypothesis of Determinacy. The atmosphere is a complex
turbulent fluid containing eddies of many scales. The scientific
problems which give rise to the need for a global observation
system of the kind here contemplated are based on the hypo­
thesis that the atmosphere is a determinate or near-determinate
system on some macro-scale. Evidence for this hypothesis is
given by observations in regions with dense observational net­
works' and by serial observations at fixed stations. These
show that the kinetic energy in the atmosphere is divided into
two broad classes: one consisting of synoptic and planetary
disturbances with characteristic spatial dimensions of the
order of 1000 km or more, and the other consisting of mechan-

ically and convectively driven' turbulence with characteristic
dimensions ranging from metres to kilometres. The corre­
sponding characteristic times are, respectively, in the ranges
days to months and seconds to minutes. With the exception
of the thermal and gravitational tides, whose relative energies
are small, there is a large gap in the spectra separating these
two classes. Because of this separation scale, it is plausible
that the turbulent fluxes for momentum, heat, and water
vapour are determined by the macro-scale flow, so that the.
macro-observations define the system as a whole.

"Although this hypothesis underlies most of modern
dynamic meteorology, no definite observatiomil studies have
been carried out to determine its limits. The observed regu­
larity of atmospheric motions is usually considered to be
evidence enough that it has at least approximate validity. An
essential part of a global observation programme must be to
design regional experiments over various types of terrain and
sea conditions to determine empirically the statistical relation­
ships between the turbulent floxes and the relevant free atmo­
sphere parameters.

"One qualification must be made: the large-scale systems
often contain narrow zones of strong wind and temperature
gradient (fronts and jets) which may contain appreciable energy
at intermediate space and time scales; an observational system
designed for the large-scale motions will not define their
structure explicitly. However, these zones are internal bound­
ary layers which form quickly and by necessity from the
macro-motions, and are, therefore, determined implicitly by
the macro-observations.

"The tropics also contain meso-scale motions, most com­
monly associated with zones of active cumulus convection.
Because of lack of observation the relationship between these
motions and the macro-motions are not well understood. As
the release of latent heat energy in these meso-scale systems
plays an important part in driving the circulation of the entire
atmosphere, it is necessary that they be better understood. A
regional observational programme in the tropics to determine
the interaction between the micro- and meso-scale systems
with the large-scale motions is an essential part of a global
observation programme and should be given high priority"
(cf. First Report of the IUGG Committee on Atmospheric
Sciences, March :20, 1965).

We have quoted this statement in extenso because it
contains in a highly condensed way the first formulation
of a research programme for the global atmosphere and
the underlying ideas for this second part of the GARP
Programme of Numerical Experimentation.
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3.2 The General Scope of Numerical Experimentation
within Part IT of the Programme

3.2. 1 The problems referred to above were extensively
analysed by. the JOC Working Group on Numerical
Experimentation at its Second Session (Tokyo, 2 - 5 De­
cember 1968). The discussions at this meeting were
mainly devoted to numerical experiments connected with
the physics of the numerical models that might be used
for the GARP Global Sub-programme i.e. the models
for which the global experiments should furnish the data.
The Group identified several areas where such numerical
experimentation is necessary and established the outline
of what would become Part n of the overall programme.

3.2.2 For each of the identified problem areas, the aim
of the investigation should be to answer some or all of the
following questions, inasmuch as they are relevant to
the particular problem:

(a) What are the dominant physical processes for a given
prediction range?

(b) How sophisticated must the models be to account
adequately for the energy exchanges and transforma~

tions among different scales of disturbances asso­
ciated with each one of the physical processes?

(c) How sensitive are the models to the specification of
initial conditions?

(d) It is sufficient to know statistical properties of the
variables involved and, if not, in how much detail
must the kinematic and dynamic structure be defined
in the initial conditions?

(e) What sort of resolution is necessary to model the
processes or their bulk effect?

(f) Are existing parameterizations adequate to incor­
porate the bulk effect of these processes into the
models for large-scale atmospheric flow?

(g) How sensitive are the models to the various methods
of parameterization that have been proposed?

3.2.3 Some of the preceding questions cannot be
answered unless the numerical experiments themselves
are guided by the results of field experiments. In this
interaction between simulation studies and observing
experiments, the observational data are used not only as
a test to the model, but asa source of factual information
on the basis of which the models are improved and new
methods are developed. It follows logically that the
planning of experiments, such as the GARP Tropical
Atlantic Experiment, and the execution of the relevant
sections of the Programme of Numerical Experimenta­
tion should be strongly interconnected.

3.2.4 It should be pointed out that there are two
aspects of the modelling that are not always easy to
separate. The problems listed below are related to the
adequacy of the models to represent actual atmospheric
processes and thereby to simulate long-range evolution
of atmospheric motion-systems. There are, on the other
hand, problems directly related to the mathematical tech­
niques applied in handling the models, which have already
been considered in Part 1. It is a known fact that changes
introduced in the finite-differences scheme of a given
model may introduce more pronounced variations in the
predicted fields than changes introduced in the para­
meterization of the physical processes. Tllis accentuates
the urgent need for research directed to show the implica­
tions of using different numerical schemes for the same
models (cf. section 1.3).

3 .2. 5 There is another set of problems which are not
related to the physical processes nor to the way they are
incorporated into the large-scale atmospheric models, but
rather to their four-dimensional domain of influence.
Typical problems within this set are those connected with
the interactions and exchange processes between the
troposphere and the stratosphere, between northern and
southern hemispheres, and between the atmosphere and
the underlying surface. The clarification of these prob­
lems would provide specific and direct indications for the
planning of global experiments. In particular, they would
aim at answering the following typical questions:
(a) Up to what height are the observations needed as a

further function of the time integration? (The
dynamic problem connected with this question is:
how a boundary condition OJ = 0, at various heights,
would influence the dynamics of the model for dif­
ferent time-scales.)

(b) To what depth into the ocean are observations
needed· when the time of integration is extended to
the order of weeks? (i.e. how much of the surface
layers of the ocean needs to be incorporated into
the model).

(c) For how long a time will observations taken in only
one hemisphere suffice to define the evolution of the
atmospheric flow? (i.e. how rapidly this evolution
is affected by differences in defining the initial condi­
tions in the other hemisphere).

These questions, and particularly the last one, are
directly related to Part I of the programme. No attempt
has been made, however, to establish a watertight sepa­
ration between Parts I and n.

3 .3 Recommendations of the Study Conference on GARP

3.3.1 The physical problems related to the parameteri­
zation of sub-grid scale processes were formulated by the
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Study Conference on GARP (cf. Report of the Con­
ference, section 2.2.2.1) in the following way:

"Problems arise mainly from the need to account for
the collective interaction with the molecular, micro-scale
and meso-scale processes - i.e. the sources and sinks of
energy for the macro-scale (synoptic or large-scale).

"Ca) Molecular processes - Radiative transfer must be para­
meterized as a function of an assumed large-scale distri­
bution of the radiatively active gases: carbon dioxide,
ozone and water vapour, and water particulates, i.e.
clouds and other aerosols.

"Cb) Micro-scale processes - Turbulent boundary layer ex­
changes of heat, momentum and water vapour, internal
turbulent diffusion and dissipation and the corresponding
internal convective transports must be parameterized in
terms of the large-scale wind temperature, humidity struc­
ture and the structure of the underlying surface. On the
other hand the droplet and cloud phases have been
ignored in modelling the precipitation process. It is
doubtful whether this is valid for cumulus clouds.

"Cc) Meso-scale processes'- Frontal circulations, orographic
transport of momentum and transformation of latent
energy are examples. One perhaps can include all
tropical phenomena, even those often thought of as
synoptic in character. Conversely, convection may
equally be thought of as meso-scale. Even marginally
adequate parameterization techniques are lacking.

"In mid-latitudes the most rapidly interacting non-adiabatic
process is the release of latent heat, its effects being evident on
extra-tropical disturbances within one day. The turbulent
transfer of latent and sensible heat from the ocean may be
equally rapid along a coast but on the synoptic scale requires
three to four days to become evident. Radiation on the whole
is slower and requires perhaps a week to assert its influence
dynamically. On the other hand the dissipation of energy
cannot be ignored beyond a day. It is clear that for evolutions
of perhaps a week, and certainly before two weeks, the
response of the surface layers of the ocean must be accounted
for."

3.3.2 The Study Conference recommended that the
following specific studies, or analogous ones, be encour­
aged and supported (cf. Report of the Study Conference
on GARP, sections 2.4.1 to 2.4.5):

(i) Radiation

In order to test radiation models, one should for such
models:

(a) Compute infra-red radiative fluxes, F(z), and heating
rates, dT IdZ(Z), for a number of standard horizontal
uniform distributions of temperature T(z), humidity
q(z) and clouds, and verify against accurate radia­
tion calculations and measurements. The variable
q(z) is the concentration of water vapour.

(b) For various horizontally uniform q(z), cloud distri­
butions and ground properties, determine equili­
brium temperature distributions T(z) and relation
time -r(z) and verify against more accurate calcula­
tions.

(c) For different localities, compute climatological
averages, variances and covariances from observed
values of determining parameters. For verification,
it would be desirable to have climato10gical values
of radiative fluxes determined with higher accuracy
than we know them now.

(ii) Tests oJ boundary layer-models

Assuming parameterization of the (constant flux)
surface layer only, one should

(a) For various given, horizontally uniform geostrophic
wind speeds and vertical heat fluxes at the ground
and the top of the planetary boundary layer, cal­
culate planetary boundary layer + surface layer
equilibrium, wind distribution V(z); temperature
distribution T(z); and relaxation time -r(z). Surface
layer of the sea could possibly be included.

Cb) Make similar calculations in three dimensions for
non-uniform distributions of geostrophic wind, e.g.
highs and lows, troughs and ridges, shear lines and
hyperbolic points.

(c) For different localities, compute the climatology of
surface layer fluxes, from observed values of the
determining parameters. Compare with observed
general circulation statistics.

(iii) Combined tests oJmodels oJradiation, boundary layer
and convection

(a) Compute diurnal variation ofthe vertical distribution
V, T, q and fluxes, including convective precipita­
tion (and possibly dew and fog) in the horizontally
uniform case, for given ground properties and ther­
mal geostrophic wind. Verify against observations.

(b) Compute impulsive changes of V, T, q and fluxes at
various levels, assuming horizontal uniformity,
resulting from a sudden change in cloud cover or
ground properties (e.g. passage of air from land to
sea or vice versa).

(c) Calculation of the air mass transformation in an air
column subject to strong surface influence, such as in
the case of cold, dry air moving over a warm sea.
Verification: transformation observed over e.g. the
Japan Sea, or the Norwegian Sea.

(d) Calculation of sea breeze circulation of different
latitudes, season, sea-surface temperature, ground
properties, free atmosphere vertical T~ andq-
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distribution, with different large-scale geostrophic
wind. Verification: measurements.

(e) Numerical simulation of convective activity and
evaporation in various parts of the trades, assuming
horizontally uniformity but with known cold-air
advection and sea-surface temperature. Modelling
of convection in the surface layers of the sea could
possibly be included.

(f) Models of radiation, boundary layer and convection
may to a certain extent be judged by incorporation in
numerical weather prediction models and verification
of five to seven day forecasts.

(iv) Effects of ground topography

In order that the effects of ground topography be taken
into account in a realistic manner, there is a great need
for studies of:

(a) The three-dimensional air motions over and around
topographical surface features as a function of the
scale of these features and the stability properties of
the air.

(b) The mountain wave drag as a function of the power
spectrum of the ground surface.

(c) Release of orographic precipitation. In this con­
nexion, it is important to include the effects of
friction.

(v) Meso-scale studies

Determine the stability of various meso-scale convec­
tive motion systems such as hexagonal cells or straight
lines of convective activity, on the basis of models where
radiation, boundary-layer and small-scale convection are
parameterized. TIllS could be done numerically with a
fine grid, or conceivably by means of analytical methods.

3.4 The Main Problem-areas

At the Second Session of the Working Group on
Numerical Experimentation (Tokyo, 1968) the above
problems were identified in greater detail and grouped
into a number of problem-areas, associating those that
are naturally connected and that might be included in
the same research project. The problem-areas were listed
as follows:

3 .4. I CUMULUS CONVECTION AND STRATa-CUMULUS

The main problem to investigate here is the way in
which convection interacts with the large-scale environ­
ment. Since the clouds constitute important elements in
the transfer of heat, moisture and momentum in the
vertical, it is necessary to know the statistical properties

of the convective cloud ensembles in relation to the large­
scale fields of temperature, moisture and motion. The
following problems require special attention:

(a) Shape, distribution and dynamics of clouds and
cloud ensembles. The role of conditional instability
of the second kind (i.e. the type of instability defined
by Charney and Eliassen as produced by interaction
between boundary-layer convergence and the release
of latent heat in cumulus cells).

(b) Space and time means ofvertical fluxes, condensation
and evaporation in relation to the vertical profiles of
temperature, humidity and w.

(c) Radiative properties of each type of cloud (e.g.
albedo and long~wave absorptivity under various
synoptic regimes).

3.4.2 BOUNDARY LAYER

This includes:

(a) The sUlface layer (Prandtl-type layer, with nearly
constant vertical fluxes).

(b) The Ekman layer

The theoretical models of these layers which have been
developed hitherto can be applied only to ideal condi­
tions (steady state, uniform surface, etc.). They are far
from providing an understanding of the physical pro­
cesses which control the development of boundary layers.
There is an urgent need for a unified treatment which
provides realistic models describing the development of
the boundary-layer in terms of large-scale parameters of
the free-atmosphere and the characteristics of the surface.
The final aim, from the point of view of the GARP
objectives, is to find methods by which the boundary­
layer transports can be incorporated into numerical
models of the global atmosphere. It will be necessary to
explore both parameterization methods and finite-dif­
ference models with one or several levels.

The following problems require special attention:

(a) The relation between fluxes and density stratification.

(b) Effect of non-uniform surfaces.

(c) Effect of hilly terrain.

(d) The diurnal cycle.

(e) Mass transports and vertical velocities in relation to:
(i) large- or meso-scale fields

(ii) heat flux
pii) latitude.

(j) The horizontal convergence in the Ekman layer as
the main link between the boundary-layer and the
large-scale circulation.
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3.4.3 ~ESO-SCALE SYSTEMS

This category would include:
(i) Fronts

(ii) Squall-lines
(iii) Intertropical Convergence Zones
(iv) Tropical cyclones
(v) Cloud clusters.

Typical problems related to the systems in this
category are:

(a) The three-dimensional structure of the systems.

(b) The cloud-structures associated with the systems and
their relations with radiative fluxes, release of latent
heat, precipitation and evaporation.

(c) The effect on the large-scale motion in relation to
the smoothing of the fields (e.g. is it important for
the large-scale motions to have the fronts in detail
or may they be smoothed ?)

(d) The possible parameterization of the bulk effects of
these systems (the so-called "white-box" method).

(e) The role of conditional instability of the second kind
in the dynamics of the tropical systems.

3.4.4 ~01JNTA1NS

Two categories of phenomena are included here:
(i) ~ountain waves

(ii) ~ountain currents

With reference to the waves produced by the flow
across a mountain, not only the height and lateral extent
of the mountain is important, but also the width. The
main problem here is to determine the vertical flux of
momentum in relation to the power spectra of the earth's
topography and to the vertical profiles of temperature
and wind (the wave resistance is of the same order as the
friction).

For the mountain currents only the "wall"-effect of
the mountain is important. The main problem here is to
determine the blocking effect in relation to the upstream
fields of wind and temperature.

A problem common to both categories of phenomena
is the formation of orographic clouds and their effect on
radiative fluxes and on precipitation.

3.4.5 lJpPER ATMOSPHERE

The following problems were identified by the Working
Group:

Ca) Energy dissipation and vertical flux of energy in the
stratosphere and the exchange processes with the

troposphere, particularly in connexion with the
stratospheric warming.

(b) The maintenance of the water-vapour structure of
the lower and middle stratosphere.

(c) The effect of a boundary condition OJ = 0 and of
non-reflecting boundary conditions, at various levels,
on the tropospheric evolutions.

(d) The effect of ozone distributions.

(e) The tropical-stratospheric oscillations (26 month
cycle).

3.4.6 OCEANS

The following problems were considered as requiring
primary attention:

(a) The relation of surface temperature to radiation,
evaporation and convection. The effect of surface
temperature anomalies on the large-scale motions (results
reported at the session seem to indicate that they become
important after a period of the order of ten days).

(b) The construction of simulation models of air-sea
interaction.

(c) The interactions between the ocean currents and the
large-scale atmospheric· motions (the large-scale
motions determine ocean currents which by advec­
tion of the temperature field produce a feed-back
into the atmospheric motions).

(d) Sea-ice coverage and sea-ice effects on the heat
balance of the atmosphere.

3.4.7 SOIL

~ain problems:

(a) Surface temperatures and soil heat conduction.

(b) Surface moisture in relation to vegetation and soil
properties.

(c) Effect of water movements on the heat and water
balance of the atmosphere (are present engineering­
type hydrological models adequate to account for
this ?).

(d) Snow cover (effects of changes in snow depth and
snow properties).

(e) Albedo.

3 .4. 8 RADIATION IN CLEAR AIR

Simplified methods of calculation; required accuracy;
effect of air pollution.

3.4.9 TURBULENCE OUTSIDE THE BOUNDARY LAYER

Resulting transfer processes.
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3.5 Further Analyses of the Planetary Boundary-Layer
Problems

3.5. 1 The specific recommendations of the Study Con­
ference on GARP concerning numerical experimentation
on "tests of boundary-layer models", as well as on
"combined tests of models of radiation, boundary layer
and convection", have been quoted in section 3.3.2.
These recommendations were submitted by the Confer­
ence Working Group I dealing with "The basic problems
oflarge-scale dynamics of the atmosphere". The Working
Group II on "Boundary-layer f1uxes and problems of air­
sea interaction" presented, on the other hand, a concise
and thorough analysis of the problems in this field. It
was preceded by the following comments on "boundary­
layer transports and the large-scale dynamics of the
atmosphere":

"A method is needed by which the boundary-layer
transports can be effectively incorporated into numerical
models of the synoptic and larger scale motions of the
atmosphere.

"The small-scale turbulent fluxes of heat, water and
momentum within the boundary-layer must be explicitly
included in any realistic model and for this purpose their
properties must be specified in terms of larger scale
variables.

"Ideally this would be based on a complete physical
understanding of the details of the processes which con­
trol the boundary layer. Fundamental research into
these complicated processes should continue to be
encouraged.

"For practical application in the near future, however,
there is an urgent need for an approach based on approxi­
mate, more empirical techniques. Some of these will be
based on known similarity arguments reinforced by
observational statistics and relations between them.

"It is desirable that any such treatmentshould reproduce
as closely as practicable the dominant physical processes
involved so that it will be capable ofprogressive improve­
ment as further knowledge, both theoretical and empiri­
cal, becomes available. Possible methods were discussed
in papers presented at the Conference (Appendices Ill,
IV and V). There may be an important interaction, for
the vertical transport of momentum, between the bound­
ary layer and smaller scale synoptic disturbances such as
fronts (see Appendix Vl).Observational studies and
computations using models of high resolutions are
desirable to assess the magnitude of these effects. If their
importance is confirmed they must be included parame­
terically in any model with larger grid size." (Cf. Report
of the Study Conference on GARP, section 3.3. 1; the
references to Appendices, included between brackets in
the above quotation, correspond to the Appendices in the
same Report. See in particular, the paper by H. Char-

nock and T. H. Ellison, in Appendix Ill, and the method
proposed in its addendum,)

3.5.2 It was already clear at the time of the Study Con­
ference that the approaches to these problems by general
circulation modellers and by specialists in the boundary­
layer were somewhat different. When the JOC succeeded
the ICSUjIUGG CAS and established the Working
Group on Numerical Experimentation, a serious effort
was made to bring together these two points of view.
Prof. T. H. Ellison was appointed as consultant to the
JOC, on the understanding that Prof. H. Charnock would
collaborate on the work. Their task was to compile a
review of current theoretical and empirical knowledge of
the boundary-layer of the atmosphere and the ocean,
with particular regard to the needs of GARP. The
difficulties found in this work led the JOC to convene a
special meeting of the Working Group on Numerical
Experimentation together with a group of invited experts
(Prof. A. K. Blackadar, Prof. H. Charnock, Dr. L.
Hasse and Prof. P. A. Sheppard). The meeting took
place in Rome, at the Fourth Session of the Working
Group (15 - 16 January 1970). The summary of the dis­
cussions held and the conclusions reached are reproduced
below, not only for the sake of completeness, hut mainly
because of the concluding remark of the report of the
meeting, which reads as follows (cf. Annex C to the
Report of JOC-IV):

"The Working Group agreed that the conclusions
arrived at would provide more solid bases for a mutual
understanding of the work carried out by modellers on
the one hand, and boundary layer researchers on the
other. This may be reflected in a more coordinated pro­
gramme of numerical experimentation and-observational
programmes within the GARP Air jSurface Interaction
Sub-programme."

3.5.3 The discussion that took place at the Rome
meeting was focused on the following points.

(i) Modellers who are concerned with the large scale
atmospheric motions work with fixed levels (either con­
stant heights or constant pressure) and do not seem
convinced of the need for incorporating the variable
boundary layer. The problem to be elucidated is whether
it is the case that such a formulation of the variable
boundary layer is not necessary or, rather, that the pres­
ent state of knowledge does not allow a satisfactory
formulation. Any comprehensive discussion of the sub­
ject should therefore go in two directions:

(a) an analysis of the present techniques used in the
most complex models of the large scale atmospheric
flow to take into account the effect of boundary layer
fluxes;
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(b) an analysis of the proposals that have been made
to model the planetary boundary layer and of the
effective means of incorporating it to the large scale
models.

(ii) To proceed with the analysis indicated in (a) above,
it is necessary to have clearly stated some of the charac­
teristic features of large scale atmospheric modelling. In
the large scale models the observation data correspond
to grid sizes of 400 - 500 km, but the computation is
carried out to much higher resolution. The high modes
do not need to be observed; if the model is good enough
they are generated by the model. Moreover, some para­
meters like vertical velocities are not measured but, on
the other hand, the modellers would not want to intro­
duce measured values of this parameter in their models.
The same applies to some atmospheric features such as
discontinuities in the fields. The topography of the
tropopause, for instance, is not explicitly introduced; it
is reproduced by the model itself. It can be objected that
these techniques cannot be applied to the boundary
layer. The models generate information at levels that
are not observed; they also generate the higher modes,
i.e. describe motions with a higher resolution than the
observational grid; but, it may be argued, it seems doubt­
ful that this situation paralells that which happens at the
boundary layer, simply because the 'physics of this layer
is different. More specifically, there is no parameteriza­
tion of the tropopause in the models, but at the boundary
layer it seems that the only possibility to take into account
the fluxes of heat, momentum and water vapour is -to
parameterize them. To this line of thought it was
answered, however, that, in the models now used, except
for the stresses (and thereby the collective heat transfer),
the rest is not parameterized. As for the stresses, the
coefficient introduced in the equations that account for
the surface effects present considerable variations from the
model; they mayor may not be, for instance, functions
of space and time.

(iii) Turning to the problems under (b) above, it seems
clear that the incorporation of the boundary layer,
explicitly, into the models requires: (1) a definition of the
boundary layer; (2) ways of deciding the height, Le. of
deciding the depth of the bottom layer of the model
having a different structure as far as the mechanisms
regulating the physical processes are concerned. In this
respect the approach suggested in the Skeppal'holmen
Conference (see the Report of the Study Conference on
GARP, Appendix Ill) is still valid. But it has been
recognized that, there are some serious difficulties in
obtaining measurements that will allow the application
of the suggested method to the large-scale numerical
models.

In the first place, there is lack of information concern­
ing the value of drag coefficients in the sea. There are no
measurements in realistic conditions, specially under
strong winds. On the other hand temperature and
humidity distributions are difficult to analyse; reconnais­
sance aircraft, for instance, do not take humidity measure­
ments.

Secondly, the boundary layer cannot easily be des­
cribed numerically. Transfer processes are not gradient
processes. Small scale processes between different layers
- processes that produce significant changes in air
masses flowing over changing underlying surfaces, for
instance - cannot be represented by simple expressions
for the rate of change of some representative parameters.
The individual time variation is not a function of the
variation in the immediate neighbourhood, but it rather
has to be expressed as a functional of the functions repre­
senting each one of the parameters. But this approach
does not lead to straightforward applications, particularly
in view of the difficulty of finding verification procedures
for this type of treatment.

(iv) Finally it was pointed out that there is an increas­
ing feeling among boundary-layer research workers that
theories of the type that apply to the study of horizontal
homogeneous turbulence are not very relevant to the
problems that the large scale modellers are facing.

3.5.4 The preceding discussions led the group of
experts and members of the Working Group to some
definite conclusions which may be briefly stated as
follows:

(i) It is doubtful that there will be any possibility of
introducing an explicit boundary layer formulation in
the models to be used in the numerical experiments
related to the FGGE. Although, as indicated above, the
approach suggested at the Study Conference remains
valid, it does not seem possible to find ways of effectively
applying it with the present state of information. This
means that by and large the modellers should continue
in the direction they are now working.

(ii) In the general circulation models which are being
used at present there is still considerable room for trade­
offs at the boundary layer as happens elsewhere in the
atmosphere; careful selection ofthe type of parameteriza­
tion to be used should be primarily based on the infor­
mation context of each of the possible parameters that
can be applied. Relaxation time plays also a consider­
able role. For example, the relaxation for the sea surface
down to about -50 m is of the order of one week, Le.
air/sea temperature differences larger than 1°C, over
large areas, become significant after one week. This
means that if an anomaly lasts for one week or more,
the model should be able to predict it.
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(iii) Phenomena such as penetrative convection and
non-precipitating convection are significant boundary
layer problems to be properly accounted for by the
models.

(iv) The modification of an air mass as it flows over
changing underlying surfaces is an important problem.
Difficulties in treating problems such as tIlls are specially
related to the lack of data that can be used to verify any
model.

(v) The testing of parameterization procedures in
models using a given set of parameters requires numerical
experiments in which one parameter is changed at a time
and its isolated effect is thereby verified. Some experi­
ments of this sort have already been made (for instance
at the Geophysical Fluid Dynamics Laboratory in Prince­
ton), but a much more systematic approach is needed.

(vi) Boundary-layer research workers should be en­
couraged to continue the type of investigations that may
lead in the future to incorporating explicit formulations
of the boundary layer in general circulation models.

3 . 6 Remarks on a Plan of Action for Part IT of the
Programme

The preceding discussion provides an indication of the
type of difficulties that are encountered in formulating a
"Plan of Action" for Part II of the GARP Programme of
Numerical Experimentation similar to the one already
under way for Part I. The various approaches that the
JOC attempted in the area of boundary-layer problems
and that led to the joint meeting in Rome, reported
above, is representative of what steps it may be necessary
to take in other fields. It is quite unthinkable that a
single meeting of a Study Group - no matter how well

it is organized - may end up with an adequate and
detailed plan for all problem-areas.

In the first place, the diversity of physical problems
involved calls for a higher degree of specialization than
was the case with the problems involved in Part I.
Secondly, in some of the fields the difficulties are already
found at the very start, in the formulation of the problem
itself. Thirdly, before a concrete plan of action can be
formulated, it will be necessary to "build a bridge"
between the specialists in the subjects involved, in each
particular problem-area, and the general circulation
modellers.

The Working Group on Numerical Experimentation
has made definite proposals to overcome these difficulties.
It is expected that the JOC will arrange for separate
study group meetings and symposia in each specific field.
An appeal has already been made to the IUGGjlAMAP
to join forces in this attempt. A number of reports will
probably be issued, in succession, each dealing with
numerical experimentation in one particular area.

It should finally be pointed out that the difficulties
referred to above are compensated by the interest of the
subjects. In Part II of the programme one probably finds
the most challenging problems in numerical simulation
of the atmosphere, and the leading 'research groups in the
world are already actively engaged in searching for their
solutions. The coordination of their work will prove to
be a hard but, hopefully, surmountable task for the JOC.
As a matter of fact, some of the machinery that has been
set up to deal with Part I of the programme is already
quite applicable to problems which would come up with
a co-operative programme for parameterization and
model testing. In particular, the ARC's could be extended
to include additional groups to deal with the new classes
of experiments needed. Corresponding to these, new
RCPG's could be appointed.




