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FOREWORD

In August 1973 the Akademy Nauk of the USSR sponsored a Symposium on the
Turbulence in the Planetary Boundary Layer of the Atmosphere.

Although most of the

participants were from the Soviet Union there was a strong group of invited experts
from other countries.

Following the Symposium a working group under the leadership

of Professor A.M. Yaglom of the Institute of Atmospheric Physics in Moscow put
together a connected account of the information presented at the Symposium.

Since

this account represents "the state of the art" in many aspects of the theory and
observation of the atmospheric boundary layer, and since the parameterization of
the boundary layer is an important feature of the Global Atmospheric Research
Programme, is was considered useful to have this account published through GARP
auspices.

Hence the present publication.
I wish to thank the ANUSSR, the members of the working group, and in

particular Professor Yaglom, for their considerable efforts which have made this
publication possible.

R.W. Stewart,
Chairman JOC-GARP

SYMPOSIUM ON THE TURBULENCE IN THE PLANETARY BOUNDARY LAYER OF THE ATMOSPHERE
Moscow, 27-30 August 1973

1.

TURBULENCE IN THE ATMOSPHERIC SURFACE LAYER

A great number of experiments have been carried out recently related to
the study of turbulence in the atmospheric surface layer over a comparatively flat
and homogeneous underlying surface.

A review of some of these studies can be found

(Haugen,1973); also, Yaglom's survey lecture at the present symposium is devoted to
these topics.
based

In practically all cases the treatment of the experimental data is

on the similarity theory (Monin and Oboukhov, 1954).

According to this

theory, the statistical state of turbulent fluctuations in the atmospheric surface
layer over a flat and homogeneous underlying surface is determined entirely by the
values of vertical turbulent momentum flux (i.e., shear stress. or friction velocity
~

~=(~/p)1/2 , vertical heat flux H (or Q = H/c p P ) and the buoyancy parameter
= g/T.
As a rule, the results of such treatment show satisfactory agreement of
o

the data with the predictions of the similarity theory.

However, discrepancies

betwan the results of different authors concerning the values of universal constants
and universal functions of the similarity theory are rather great up to now; these
discrepancies have no explanation in many cases.
asymptotic behaviour of the universal function

Moreover, predictions based on the
for very stable and, especially, for

very unstable thermal stratification are, as yet, neither reliably confirmed by
observations nor disproved by them.

For example, questions of the exact values of

Richardson's critical number Ri and Rf and of the behaviour of the ratio
a ~ Rf/Ri ~ KT/~ at an extreme stability are not yet settled.

It is also not known

whether conditions of extremely great instability may be encountered in the atmosphere
under which are valid the "free convection laws" (Prandtl, 1932), which were also
later rediscovered by Oboukhov, Priestley and others; these laws predict the
proportionality of the velocity and temperature gradients to Z-4/3, where Z is the
height above the earth's surface.

Also, the spread of the individual measurements of

turbulence parameters in the atmospheric surfaoe layer is frequently inexplicably

This report has been prepared by the following working group: A.M. Yaglom (editor),
K. Bernhardt, A.K. Blackadar, R.H. Clarke, M. Coantic, J.W. Deardorff, R.W. 8tewart
and 8.8. Zilitinkevich.
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great even in those studies which provide very smooth averaged curves of the form
predicted by the similarity theory.

Finally, it is not yet clear which are the

limits of applicability of the similarity theory, i.e., to what extent should the
basic assumptions of this theory be fulfilled(as regards the flatness and homogeneity
of the underlying surface, stationarity of meteorological conditions and constancy
of turbulent fluxes of momentum, heat and moisture with height) to enable utilization
of the similarity theory conclusions.

In particular, it iJ not known up to what

height the predictions of the similarity theory may be applied if we do not want to
fall outside the given limits of accuracy.
The observed great spread of individual measurements and the discrepancy
between the results obtained by different investigators may apparently be explained
by the following reasons:
(a) Measurement errors including direct instrumental errors and errors
of data processing (such as those due to insufficient averaging
time or to insufficient frequency of discrete sampling);
(b) Violation of conditions required for validity of the "universal"
conclusions of the

similari~y

theory - for example, the presence

of slopes and inhomogeneities of the underlying surface, or mesoscale and macroscale advection (which can sometimes be essential
even above the completely flat and homogeneous surface, especially
when the quantities contributed by low-frequency fluctuations are
considered), or the vertical variations of turbulent fluxes (which
can be produced, for example, by

interaction of turbulent and

radiant heat fluxes).
Comparisons of instruments for measuring the turbulence parameters,
which have been carried out on an international scale (th~ latest such comparison
was reported by Tsvang et al., 1973), have convincingly shown that at present it is
quite possible to determine reliably the characteristics of turbulence in the
atmospheric surface layer within an accuracy of 10%.

At the same time the comparisons

revealed that modern equipment for turbulence measurements are still very capricious
and often lead to erroneous results produced by a whole complex of diverse reasons.
Therefore a regular comparison of various instruments and a careful control of all the
measurements (best of all by their being double checked with quite other equipment)
is in all cases extremely desirable. In this respect a significant role should be
played by broad international cooperation, as well as by cooperation of the efforts
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of different groups within each country.

Also very expedient is a broad carrying

out of measurements permitting the "self-control" (e.g., of measurements simultaneously,
all the terms of equation giving zero after having been summed up, i.e. of checking
the "budget" of this or that kind).

In all cases when the "self-control" leads to

unfavourable results (the budget leads to imbalance) one should attempt to reveal
the cause of the detected discrepancy and, if this is impossible, report about the
failure.
It is also recommended that several direct checks (under various
conditions) should be carried out in order to verify the basic assumptions of MoninOboukhov's similarity theory, first of all the assumption about the constancy of
turbulent fluxes with varying height.
be measured at two or more heights;

For this purpose the turbulent fluxes should
it is also desirable to measure simultaneously

other values which may be responsible for the variability of turbulent fluxes (for
example, when measuring turbulent heat flux, to measure at the same heights the
radiant heat flux; or to measure the horizontal gradients of velocity and temperature
when the advection contribution to vertical fluxes is suspected, etc.).

When

processing the data, it is expedient to use different methods (for example, to vary
the scale of time averaging and the frequency of sampling) and compare the results
obtained. It is also desirable to investigate the possible causes of frequently
observed considerable scattering in the individual measurements.
Of significant interest are additional measurements under extreme
conditions of very great stability or great instability.

The possibilities of

obtaining such data are clearly demonstrated, e.g., by experiments over the salt
flats of Utah, USA, in 1970 (Tillman, 1972; and Monji, 1973).
the value of dimensionless height'

In these measurements

Z/L, close to -60 was reached at

z;

15m, where

L ; -u~ /k 13 Q is the Monin-Oboukhov length scale, k - the von Karman constant introduced into the equation for L by tradition. It is worth remembering in this respect
that during 1968 Kansas experiments yielding a good store of surface layer turbulence
data, the greatest observed instability was characterized by the value'

=-2 though

here the greatest height Z was even greater than in the Utah measurements (cf. Businger
et al., 1971).

It seems reasonable to organise special experiments (including

several groups of research workers using various precision instruments) to obtain
reliable data relating to

very stable or very unstable conditions, as well as to

use for this purpose accurate laboratory modelling and digital simulation with high
speed computers.

It is also expedient to make measurements at various heights in the

layer up to 50 - 100 m over a possibly flat and homogeneous underlying surface
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directed to determine the upper limit of applicability of the similarity theory and
to estimate the effects of vertical variability of turbulent fluxes.
At present several attempts are known to generalise the similarity
theory by taking into account the effects of interaction between a turbulent and
radiative heat transfer (Monin, 1967; Coantic and Seguin, 1971; Kondo,

1971;

Brutsaert, 1972; Gavrilov and 1aikhtman, 1973). The first attempts to evaluate
approximately the influence of the Coriolis force on the wind velocity profile at
heights of the order of a few tens of metres have been undertaken (Fiedler and

.

Panofsky, 1972; Deacon, 1973).

This kind of study should be welcomed since it

permits a quantitative description of the limits of applicability of the similarity
theory to be obtained and outlines the ways of introducing the additional factors
into theoretical

reasonings.

However, it should be stresed that all the results

obtained on generalizations of the traditional similarity theory up to now are of a
preliminary character and that a number of important factors were apparently not
taken into account by anyone (in particular, small horizontal gradients of mean wind
velocity and mean temperature or gradual oontinuous variations of the underlying
surface, which are frequently encountered in practice).

It can be noted in this

connexion that, up to now, the heterogeneity of the underlying surface was taken
into account apparently only in models where the roughness parameter z o was considered
as a discontinuous function of coordinates having jump discontinuities (cf. Radikevich,
1971; Peterson, 1971; Hsu, 1971;
1971, 1972,

Panof~and

Petersen, 1972; and Antonia and Luxton,

where a number of additional references can be found); it is clear,

however, that a heterogeneity of such a kind is far from being the only possible. It
is also unclear as to the smallest number of additional parameters required, together
with the parameters of the similarity theory, for a theoretical analysis of these or
those concrete situations described by the traditional similarity theory with an
insufficient accuracy, and how these parameters are to be chosen.
questions should be answered as soon as possible.

All these

Finally, the investigations of

turbulence under conditions of a complex relief or urban areas have not been advanced
at all up to the present and the methods of the systemization and interpretation of
corresponding data are still quite vague.

The study of the turbulence over a "very

rough" but homogeneous surface (particularly in and above a forest) is developed
slightly further than over the inhomogeneous terrain (at the present symposium it
was discussed in the talks of Dubov and Bykova and of Lesnik), but there are considerab~e

discrepancies between the data of different research workers in this field

(beginning from the data on the roughness parameter Zo and displacement height d) and
therefore all these data should be carefully checked and corrected.
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2.

-TURBULENCE IN THE PLANETARY BOUNDARY LAYER:

THEORETICAL APPROACHES AND

TO SYSTEMATIZE EXPERIMENTAL DATA

ATTEMP.~S

The concepts of the similarity theory were first introduced in the study
of the planetary (or Ekman's) boundary layer long ago (Rossby, 1932; Rossby and
Montgomery, 1935).

Here a dimensionless combination Ro

= G/fz o

was introduced (where

G is the absolute value of the geostrophic wind velocity; f -Coriolis parameter and
Zo - roughness parameter of the underlying surface), which is usually called at
present the "Rossby n~berll.

It was suggested (Kazansky and Monin, 1960) that a

developed turbulence in a thermally stratified planetary boundary layer was completely
determined by values of the parameters u *

,

ll= g/ T0 , Q=H/c p p

and f, which differ

from the basic parameters of the Monin-Oboukhov similarity theory for the surface
layer only by the inclusion of one additional parameter f.

By virtue of this new

similarity hypothesis, all the main single-point parameters of turbulence in the
planetary boundary layer should be equal to the corresponding scales multiplied by
universal functions of the following two arguments: dimensionless height
(where Z is the usual height and A=
11

= AIL

(where L

=

k~/f

-u~1 kfl Q as usual).

c; = Z / A

) and stratification parameter
The dimensionless defects of the horizontal

components of wind velocity, temperature and humidity should also be functions of
these two arguments.
Allowing that the similarity form of defect laws is valid in some height
range simultaneously with the logarithmic wall laws for mean profiles of velocity,
temperature and humidity, one can obtain general resistance law, and heat and water
vapour transfer laws for the planetary boundary layer.
dependence on

These laws determine the

the dimensionless combinations Ro and 11 of the following parameters:

u*/G, sin a (where a is the angle between,the surface and geostrophic wind vectors),
T*/ ( {1 h - {I) and q*/ (qh - qo) (where -& hand qh are potential temperature and humidi ty
at the upper boundary Z = h of the Ekman layer, {I;o and qo - temperature and humidity
at the earth's surface or, more exactly, at the roughness height Z = zo' T* = -Q/ku*
_ temperature scale, and q* = -E/ku* - specific humidity scale based on water vapour
flux E).

In particular, the dependence of all the above mentioned parameters on 11

is determined by the values of four universal functions A( 11), B(1l ),C( 11) and D( I.l),
entering the resistance and transfer laws as dimensionless coefficients.
In the case

of a neutral stratification (Le., at!!

=

0) the general

equation for u*/G containing two coefficients A = A(O) and B
B(O) has been derived
(Kazansky and Monin, 1961), and the corresponding equation for sina , containing the
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coefficient B, was in fact introduced by.R0ssby (Rossby, 1932).

Later on, the same

two neutral boundary layer equations were discussed in a number of works (e.g., Gill,
1967, 1968; Csa.nady, 1967; Charnock and Ellison, 1967; Blackadar and Tennekes, 1968;
Wippermann, 1970; Plate,1971) where, in particular, estimates of the constants A and
B can be found.

A more general resistance law and heat and water vapour transfer laws

for a stratified planetary boundary layer were suggested (Zilitinkevich, 1967);
Zilitinkevich gave a definition of the functions A( ~), B( ~), C( ~) and D(~ ).
Functions A(~), B( ~), C( ~) and D(~ ) were estimated from the observational data (Zilitinkevich and Chalikov, 1968; Zilitinkevich, 1970; Clarke, 1970;
Dubov and Kucherov, 1972).

The corresponding plots are characterized by a great

scattering of experimental points which can be explained to a certain degree by the
reasons discussed below.

Nevertheless, the accumulation of further data about these

functions and, more generally, the treatment of planetary boundary layer data in the
framework of the similarity theory is reasonable since it permits the explanation of
some part of the observable variations of the boundary layer parameters by the
influence of the variability of the corresponding scales of the similarity theory.
Moreover, the values of coefficients of resistance, of heat and water vapour transfer,
and of the angle a , obtained by the described procedure, are frequently sufficiently
accurate for many practical purposes.

It should be kept in mind, however, that the

planetary boundary layer model yielded by the similarity theory is in fact only a
comparatively rough first approximation which does not describe a whole number of
important peculiarities of the real atmospheric processes.
The non-fulfillment of the Kazansky-Monin similarity hypothesis for the
atmospheric planetary boundary layer is connected first of all with the atmospheric
non-stationarity due to diurnal variations of the solar radiation.

This non-station-

arity produces regular diurnal variations of the temperature field which also imply
height variations of the vertical turbulent heat flux; however, apart from this" it
generates a considerable spread of all the other parameters around their similarity
values.

In particular, numerical simulation of the boundary larer evolution in the

framework of semi-empirical models with the constant Ro shows that diurnal variation
of incoming radiation implying diurnal variation of parameter

~

also produces the

hysteresis loops on the plots of u*/G, a , T*!~h-~o) and q*/(qh-qo) versus ~ (refer,
for example, to Wippermann's talk at this symposium). Moreover, the height variations
of the vertical heat flux H lead to height variations of the thermal stratification
of the atmosphere.

Hence the stability of the atmosphere changes with height rather

than being constant; in particular, in the free atmosphere adjacent to the upper
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portion of the planetary boudary layer: the slightly stable (but not neutral) stratification is always observed.

Finally, the boundary layer height h (which, in addition,

Qan be determined in different ways),

also has a prominent 24-hour cycle according

to all the available data; usually the boundary layer thickness

gr~safter

the rise

of the sun and its upper boundary (at least at the unstable stratification) has no
time to reach the steady value of the similarity theory during the day.
point of view it seems important to try to develop a more

g~neral

From this

theory of the

Ekman boundary layer, taking into account the observed non-stationarity and other
supplementary effects which influence the atmospheric processes.

One possible

generalization of the similarity reistance law to the case of height variable geostrophic wind and the presence of horizontal temperature gradient was considered by
Iordinov at the present symposium; it requires further comparison with experimental

.

data in order to estimate empirical functions entering the proposed equations .
Another generalization of the traditional similarity theory has been considered
(Zilitinkevich and Deardorff, 1974).

The similarity hypothesis was suggested for a

non-stationarity and horizontally inhomogeneous boundary layer, differing from the
ordinary theory by the replacement of the lengtp scale A = ku*!f by some thickness h
of the boundary layer, which may depend on time and on the horizontal coordinates
(SUCh similarity theory is quite similar to the common fluid mechanics similarity.
hypothesis for the turbulent boundary layer along a flat plate).

Again using the

assumption of the existence of the "overlap layer" where both the universal defect
laws and the logarithmic wall laws are valid, general expressions for the resistance
law and heat and water vapour transfer laws can be readily obtained containing the
new universal functions a,b,c and d of the argument h/L instead of the functions
A,B,C and D of

~.

These new functions have not yet been determined from the avail-

able data; an attempt of their determination and an estimation of the extent of
scattering of their experimental values would appear to be useful.
The use of the equations including the value of h is connected with the
necessity of determining this value with the aid of some predictive equation.

Some

versions of such an equations have been suggested (Deardorff, 1973; Zilitinkevich and
Monin, 1974 for some simple cases).

This question requires further study and an

important part of this study should be the accumulation of experimental data on the
behaviour of h under different conditions.

In addition to direct observations,

numerical experiments on modelling a three-dimensional non-stationary bou~aarY layer
may be effective in this respect (cf. section 3 of the present report and the talk by
Deardorff at the present symposium).
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3.

NUMERICAL TREATMENT OF THE BOUNDARY LAYER IN THREE DIMENSIONS
Only in the past

4 or 5 years have digital computers become fast enough

to allow simulation of turbulence in three dimensions.

The simulations can be applied

to the study of planetary boundary layer turbulence if the subgrid-scale Reynolds
stresses and fluxes are treated realistically, using approximations appropriate for
large Reynolds numbers.

An additional requirement is that the grid interval should

be much smaller than the height of the boundary layer, while the domain of numerical
integration should be several boundary layer depths in horizontal extent.

Future

improvements in computer technology will permit a decrease in the size of the grid
interval and therefore will produce better numerical simulations having less
dependence upon the subgrid-scale closure assumptions.
Using such a computer model containing 64,000 grid points within a
volume 5 km on a side and 2 km deep, Deardorff (1972a and his talk at the present
symposium) obtained realistic time-dependent profiles of mean variables and vertical
fluxes in the simulation of one day of the Wangara data set (Clarke et al., 1971).
However, some difficulties were noticed in using the sUbgrid closure assumptions of
the Rotta type at the lowest layer of grid points, for which the subgrid-scale
covariances and turbulence intensities constitute most of the total values of these
quantities.

It might, therefore, be necessary to use a more complicated set of

closure assumptions, such as the ra\ional turbulence expansion described by Lumley
at the present symposium, before values calculated within the surface layer will be
as realistic as those calculated for the remaining 95% of the boundary layer (cf. also
section

4

of this report).
Another disadvantage of such numerical calculations is the inability to

treat a large number of case studies

b~cause

of the great time and expense required

for numerical calculations and their analysis and interpretation.

However, this

disadvantage is probably compensated by the capability of gaining knowledge which is
not available from either one-dimensional models or field studies.

An example is the

calculation of interactions between cumulus clouds at the top of the well-mixed layer,
and the properties at the mixed layer (SUb-cloud layer).
Results from such a three-dimensional
parameterizing much larger scale models.

(3-D) model may be used for

However, in so doing it is advisable that

the boundary-layer model be applied to observed data to ensure that results have not,
for unknown reasons, gone seriously astray.

A few of the results obtained by Deardorff
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in simulating "DAY 33" of Clarke and others are worth mentioning.

The boundary

layer depths for heat, moisture and momentum fluxes were found to be essentially the
same and equal to the increasing depth of the mixed layer during the daytime; however,
momentum and moisture fluxes were found to be relatively large in magnitude just
below the top of the boundary layer.

Also, changes in height of the convective

boundary layer were found to be predictable by a rate equation, but not by steadystate formulations which involve the length scale u*/f.

The first and last results

especially should be included eventually within parameterizations, for the primary
quantity which a boundary-layer parameterization should supply is the height of the
boundary layer.
Independent three-dimensional modelling efforts of similar scope should
be encouraged so that a wider range of conditions may be examined and the conclusions
confirmed.

4.

RECOMMENDATIONS FOR FUTURE EXPERIMENTAL WORK OVER LAND

Several complex experimental studies of the planetary boundary layer
have been carried out in recent years, such as BOMEX (Holland, 1972), Wangara
experiment (Clarke et al., 1973), CAENEX expeditions (Kondratyev, 1973, and the talk
by Kliuchnikova and others at the present symposium) etc.

These experiments yield a

number of interesting and useful results but all of them included only the part of
the measurements needed for the sufficiently complete description of the structure of
the planetary boundary layer, verification of its theoretical
of the satisfactory parameterization schemes.

models and development

When considering only the measurement

over land the following complex of simultaneous and continuous experimental studies
for a period of the order of one month can be recommended as the first step:
(i) Measurements of mean profiles of horizontal wind velocity components,
temperature and humidity within the boundary layer (including the
detailed surface layer profiles and the determination of roughness
length z o and, if possible, corresponding lengths for temperature and
humidity by profile methods).
(ii) Geostrophic wind, asa function of height, with a network of barometers
and radiosondes (or aircraft).
(iii) Horizontal advective changes, requiring a network of observations: a
minimum of

4, measuring wind, temperature, and humidity at least.
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(iv)

Vertical variation of a short wave and long wave radiation (e.g., as

(v)

in CAENEX).
Net xamation at the surface (b1 radiometers) and surface temperature
(by radiation methods).

(vi)
(vii)

Soil temperature below surface, soil moisture, and heat flux into the
ground.
Measurements on masts (if possible on towers, too) of the turbulent
fluctuations of wind components, temperature and humidity, and determination of the basic turbulence quantities first of all of the
surface values

~

, H , E

000

of the vertical eddy fluxes (by eddy

correlation technique) but also of these fluxes at different heights,

e ,cri

of variances a~ , a
etc. and of components of budgets of
turbulent energy and of other second moments of the turbulent
fluctuations.
(viii)

Vertical variation of turbulence quantities, including fluxes within
the boundary layer using aircraft or tethered balloons.

Such measure-

ments beyond about 500 m would be very difficult without

exist~ng

techniques.
These measurements should be made under a variety of surface conditions I
in the first place over homogeneous horizontal surfaces, but for greater generality
areal averages over non-homogeneous and non-horizontal surfaces should be aimed at.
Forested surfaces may need special techniques.
attention.
faced.

Low latitudes should be given special

More difficult cases of cloudy and precipitating conditions must also be

Fluxes near cloud bases, and even in cloud layers, on'a really averaged basis,

must be considered.
It would greatly assist the scientific world if all the data could be
tabulated, put on magnetic

t~pes,

and disseminated to interested institutions at the

earliest possible date.
In view of experimental measurement difficulties, it is desirable that
more than one group should participate in such experiments, preferably through international collaboration, for purposes of calibration and comparison.

More specialized

experiments aimed at comparison and inter-calibration of measuring instruments (of
the type of the Tsimlyansk 1970 experiment; see Tsvang et al., 1973) could also be
quite useful.

- 11 -

5.

AIR-SEA INTERACTIONS

From the GARP point of view the most important and interesting part of
the study of marine boundary layer is the measurement and the theoretical analysis
of the turbulent fluxes of momentum, heat and moisture at the air-water interface.
The presence of waves influences significantly the turbulent structure near the
water surface.

Hence the main specification of the marine surface layer is

connected with i?teractions between the waves and the air turbulence (see
Kitaigorodski, 1970, and his survey lecture at the present symposium).
Most of the measurements of the turbulent fluxes have been carried out
with light and moderate winds.

Later on it is necessary to study more carefully

the situations with strong winds.

It is important to develop the theoretical

models taking into account the appearance of two-phase flows (due to foam and water
drops) in such situations.

The reliable data on vertical profiles of turbulent

fluxes above the sea must be accumulated.

The measurements of the water velocity

field and the thermal structure of the surface layer of sea water must be carried
out simultaneously with the measurements of micrometeorological parameters and wave
parameters.

These simultaneous measurements are important for the study of factors

influencing the formation of superficial cold film, upper homogeneous mixed layer,
thermocline, etc.

An important experimental and theoretical

problem consists of finding

the means of separating wave motions and turbulent motions in the marine surface
layer.

It is furthermore necessary to establish whether wave motions,

~ich

we know

to be able to transfer momentum, are also able to transfer heat and moisture.

More-

over it is necessary to estimate the relative fractions of the wind kinetic energy
communicated by the atmosphere to" the sea which go directly or indirectly into
waves-drift currents-oceanic turbulence.
It is known "that moisture considerably influences atmospheric stability
in the boundary layer over the sea.

This point deserves further investigation,

especially to know whether Or not moisture driven convective instability provides a
di~ect

cQnnexion between the lowest atmospheric levels and the cloud structures

(e.g. in the tropics, where the computation of the planetary boundary layer has to
include these structures).

- 12 -

Radiative effects ought to be studied experimentally and included into
~.

boundary layer computations, even above land (see section 1 of this report).

These

effects are still more important above sea due to the generally higher moisture
content leading to an increased infrared flux divergence.

The effects of reflection

and absorption of solar radiation by the sea have also to be considered.

6.

PARAMETERIZATION OF THE AIR-EARTH"SURFACE INTERACTIONS

IN THE FRAMEWORK OF Nill1ERICAL MODELS.

SEIJII-EMPIRICAL MODELS OF

THE BOUNDARY LAYER
The parameterization problem was discussed in detail at a special
meeting in Leningrad, 20-27 March 1972.

The proceedings of this meeting were

published in GARP Publications Series No.S,

~972.

The inserjion on the boundary layer effects in the numerical global
circulation models can be achieved by two means.

In models with rough vertical

resolution the whole planetary boundary layer is placed below the lowest considered
atmospheric level and therefore only the surface values of the turbulent fluxes of
momentum, heat and moisture (i.e. the val~es of u*' a , H and E) are relevantihere.
In these cases it is convenient to use some resistance, heat transfer and moisture
transfer laws together with the heat budget equation at the surface.

The methods

used (Chalikov, 1968; Clarke, 1970; Fiedler and Panofsky, 1972) are based on
simiJ.arity theory equations for steady and horizontally homogeneous Ekman boundary
layer, i.e. they do not take into account the important effects of non-stationarity
(diurn~l

variations) and inhomogeneity together with the baroclinicity (height

variation of the geostrophic wind velocity).

One possible way to include these

effects is outlined at the end of section 2 and is based on the use of the boundary
layer thickness as the basic parameter.

However, the prognostic equation for this

thickness must be investigated before application of the method in practice and
several new universal functions must be determined from experimental data
(cf. Deardorff, 1972b).
In models of global circulation with fine vertical resolution there are
several levels within the planetary boundary layer and hence the data on the vertical
structure of this layer must be directly used in these models.

The lowest considered

level is usually placed in the fine resolution models within the surface (e.g. constant
flux) layer that is at the height of ten or a few tens of metres.

This circumstance
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makes possible the use of the Monin-Oboukhov similarity theory for the evaluation of
the surface values of turbulent fluxes.

The higher level fluxes are then determined

with the aid of a semi-empirical closure of Reynolds equations. Such computations are
in fact the main applications of the semi-empirical theories of the turbulent
planetary boundary layer.
Almost all the semi-empirical theories of a planetary boundary layer
have been developed essentially for a steady state barotropic
geneous underlying surface.

flow over the homo-

Only recently have some first steps been taken related

to the baroclinic and the non-stationary boundary layer and some ideas are presented
concerning the generalization of the theory to the inhomogeneous boundary layer
(Blackadar, 1962, and his talk at the present symposium; Lettau, 1962; Appleby and
Ohmstede, 1965; Zil1tinkevich,1970; Laikhtman, 1970; Wipperman, 1973).

Nevertheless,

the semi-empirical theories even for the simplest case of the stationary barotropic
and horizontally homogeneous planetary boundary layer show some deficiencies:

(i)

For closing the equation systems semi-empirical approaches are needed
especially concerning the variation of mixing length with height
depending on the thermal stratification; these approaches are not
defined very exactly, but seem to be intuitive to some degree;

(ii)

In this connexion tpe commonly assumed invariability of sensible heat
flux with height within the planetary boundary is not true in nature;
radiation heat flux divergence must be taken into

accoun~,

which

nobody has done until now in the planetary boundary layer similarity
theory;

(iii)

The roughness parameter Zo in the formula for the large scale surface
Rossby number is not identical in any case with the roughness parameter
Zo from micrometeorological measurements, which varies sharply from
point to point over natural surfaces (see Fiedler and Panofsky, 1972,
where an "effective roughness" is defined which is higher than the
usual "micrometeorological" roughness parameter tabulated in the
relevant literature);

(iv)

Mesoscale convection within the boundary layer (the effects of moving
thermals in the case of deep convection in the unstable stratified
boundary layer) has not yet been treated b Jr the semi-empirical theory
of the planetary boundary layer; even the definition of the upper
limit of the planetary boundary layer is not evident in such cases;
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(v)

The development and the

ro~e

of a oapping boundary layer inversion

have been taken into consideration by some authors very recently but
they are not yet clear enough;
(vi)

The transfer processes between the boundary layer and free atmosphere
need much more attention;

in particular the role of the vertical

transfer of momentum by internal waves in the stable atmosphere is not
yet clear.
Several models have been presented at this symposium for predicting
diurnal changes of the homogeneous boundary layer.

These models, as well as earlier

attempts to understand these variations, emphasize the difficulties encountered in
semi-empirical theories under extremely stable conditions.

At the present time

models are unable to cope with the time,variations associated with the breakdown of
inversions by wind shear or the influence of wind shear in the upward propagation of
inversions at night.
Models for horizontally inhomogeneous surfaces have only been concerned
with the case of simple discrete discontinuity of surface roughness (see section 1
of this report).

Equilibrium semi-empirical models are unacceptable for an under-

standing of this problem, but reasonably satisfactory predictive models for the
surface features have been made by using other relations for the momentum flux.

It

is not known what effect non-neutral stratification has on the features of the flow
adjustment.

Also it is not known whether it is possible to treat multiple dis-

continuities by linear superposition of simple discontinuities.
The further development of applications of the semi-empirical theories
of the planetary boundary layer to the global circulation models needs careful
comparison of the computed profiles of mean fields and of turbulent quantities
implied by different models between themselves and with the observational date for
some test situations for which there are sufficiently complete data.

Such a

comparison will permit the determination of the most realistic variants of the closing
hypotheses and their use for the aim of parameterizing subgrid-scale features and
processes.
There is also an additional unsolved parameterization problem, namely,
taking into account the variability of the surface parameters (roughness, albedo,
thermal soil properties and soil moisture content) at subgrid scale.

One of the

aspects of this problem was in fact mentioned above when we discussed the difference
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between the "micrometeorological" roughness length z o and the "effective roughness"
entering the Rossby number Ro.
Let us also note that it is useful to put together all parameterization
schemes used in the investigated numerical models of the global circulation and,
based on the corresponding summary, to estimate the advantages and deficiencies of
different approaches.

7.

CONCLUDING REMARKS

Recommendations from tills Conference have included the following:
Extensive operations using well-instrumented aircraft
- Observations from towers 50 to 100 metres high
- Three-dimensional modelling of the detailed turbulent structure
All of these are clearly of the greatest importance.
recognised that they are all very expensive.

However, it must also be

They can only be carried out by organ-

izations, or groups of organizations, commanding budgets of at least hundreds of
thousands of dollars per annum.
On the other hand, many competent scientists are associated with groups
with much smaller budgets.
competence.

Ways should be sought to take advantage of their

One such way would be to ensure that data obtained from these expensive

observational programmes are made available to scientists who are not members of the
well financed groups carrying out such programmes.

Visits should be encouraged, both

before and after field programmes, so that such research workers can contribute not
only to the analysis of observations but also to the design.
The view expressed in the recommendations from the Leningrad Parameterization Conference, 22-27 March 1972, should be reinfoxced.

A great deal of inform-

ation exists in the records of routine rawinsonde balloon ascents - much more than
is routinely used.

Analysis of the type demonstrated by Bernhardt at the present

conference is clearly of substantial value and offers a way in which groups without
very large financial resources may contribute.

These data have the added advantage

of being in some ways more "typical" than results obtained from most observational
field sites - which are usually carefully chosen to be atypically flat and uniform.
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With respect to the numerical modelling, not only do we need the
detailed three-dimensional modelling of the type reported by Deardorff; it is clear
that the kind of semi-empirical numerical approach being used by

~umley

in his report

at the present conference has great potential value and work of this type should be
pressed forward with all vigour.

This kind of analysis makes maximum use of the large

body of empirical data which has been obtained on turbulence fields, and is applicable
to problems for which the three-dimensional detailed calculations are not yet suitable - such as situations where the characteristics of the lower boundary change
spatially.

It is worth pointing out that analysis of the type described by Lumley

requires input data in much more detail than is usual.

It would be valuable to have

an observational programme specifically designed to meet the needs for input data for
models of this type, as well as the needs for verification data.
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