




The Cover

The evo lu tion  o f the planetary boundary layer over land through a 
typ ica l d iurna l cycle is illus tra ted  schem atica lly. F rom  le ft  to  r ig h t, the 
f ro n t cover depicts boundary-layer developm ent fro m  early m orn ing  
th rough m id-a fte rnoon. D uring th is  period, the boundary layer (co lored  
green) is warmed by the transfer o f  warm (and sometimes m oist) air 
fro m  near the sun-heated surface to  the ove rly ing  a ir by convective 
tu rb u le n t m ix ing . The convective eddies transfe rring  heat, m oisture, 
and m om entum  (ind ica ted  by the r ibb on -like  structures in the 
boundary layer) vary in scale fro m  decameter-sized tu rb u le n t eddies to  
quasi-two-dim ensional k ilom eter-sized ro lls  and cells. The top  o f the 
boundary layer, usually easily distinguished by an a b rup t increase in 
tem perature and decrease in turbu lence over a he ight increm ent o f  
several decameters, may rise to  several k ilom eters by a fte rnoon. 
Convective clouds may fo rm  in the upper part o f  the boundary layer if  
su ffic ie n t m oisture is present.

The free atm osphere above the boundary layer (co lo red blue) is 
distinguished by a stab ly s tra tifie d , “ layered”  s truc tu re  w ith  lit t le  
tu rb u le n t m ix ing  except in te rm itte n tly  in layers when the w ind shear 
becomes large enough to overcome the stable density gradient. When 
th is  occurs, wave-like disturbances may a m p lify  (as indica ted at the top  
o f the cover by the corrugated ribb on ) and eventua lly  break down in to  
tu rbulence.

On the back cover, w hich is a con tin u a tio n  o f the fro n t, the late- 
a fte rnoon  boundary layer evolves in to  a n e u tra lly  or stab ly s tra tified  
atm osphere as the heat source disappears and the earth cools rad ia tive ly  
faster than the a ir above. A much sha llow er, tu rb u le n t boundary layer 
develops, generated by the w ind shear near the.surface.

Cover design was proposed by Donald Lenschow, S c ien tific  E d ito r 
fo r  th is issue; Howard Crosslen o f N C AR  Graphics executed it.
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Introduction
This issue is the first in a new form at to r Atmospheric 

Technology tha t will deal with some of the tools used to 
investigate a particular discipline of atm ospheric science— in 
this case, the planetary boundary layer. The tools include 
instrum ents for direct and indirect sensing of boundary-layer 
variables as well as laboratory simulation o f boundary-layer 
structure.

Previous issues have already described several types of 
instrum ent systems useful for boundary-layer research. The 
preceding issue in particular (Atmospheric Technology No. 6, 
on field observing), had detailed articles on radars, acoustic 
sounders, laser radars, and doppler versions of these; surface 
mesonetworks; a small radio-controlled aircraft; a tethered- 
balloon instrum ent system; and a balloon-tracking system. The 
present issue and the previous one together, then, may offer a 
reasonably com plete com pendium of useful tools for probing 
the atmospheric boundary layer. The aim is to present an 
overview especially useful for those not entirely familiar with 
the technology available in this field.

To set the stage for the articles that follow, we begin with 
an introduction by Joost Businger, who points out the signifi
cance of the atmospheric boundary layer, some o f the 
problems that are now posed for the atm ospheric scientist in 
this field, and the im portant role of observations. The next 
four articles (Kaimal, Friehe et al., Dyer, and Elliott) describe 
various instrum ents used for direct measurem ents in the 
surface layer, the lowest few tens of meters, where the tu rbu
lent fluxes can usually be assumed to  be constant. These 
include sensors for measuring wind, tem perature, humidity, 
and their turbulent fluxes, from towers and buoys.

The next three articles (Readings, Angell, and Lenschow) 
describe several m ethods for making direct measurements in 
tha t part o f the boundary layer above the surface layer, where 
the fluxes and the wind direction vary considerably with 
height. This region, which extends from  several tens of meters 
up as high as several kilometers, is not usually accessible to 
tower-m ounted instruments. Instead, instrum ented tethered 
balloons, constant-level balloons, and instrum ented aircraft are 
used.

Gerald Gram s’ article on rem ote sensing follows a num ber 
of articles in the preceding A tmospheric Technology. Optical 
sensing is not at present a widely used technique for probing 
boundary-layer structure, but it has great potential for the 
future. Walter D abberdt and James Smith discuss the use of 
chemical tracers for studying the boundary layer. Although 
their work represents a different technology, the results 
usually com plem ent direct measurements o f boundary-layer 
variables.

The last three articles (Cermak, Coantic and Bonmarin, and 
Willis and Deardorff) describe various ways to  simulate the 
boundary layer by appropriate scaling o f flow s in wind tunnels 
with either a solid or a water surface or by using a water tank 
to simulate the free convection regime of the unstable plane
tary boundary layer.

A nother technique, not considered here, is numerical 
simulation: solving various simplified form s o f  the fundam en
tal equations of fluid dynamics with appropriate boundary 
conditions on a high-speed com puter. The problem  is to  adapt 
numerical procedures for solving the differential equations to 
high-speed com puters and to  justify the approxim ations 
necessary because of com puter lim itations. Numerical simula
tion has little in common with direct and rem ote sensing or 
laboratory simulation, other than that its success or failure 
depends upon how well it agrees with the results of actual 
measurements.

In looking back over the past few years, I believe tha t the 
technological advances of greatest im portance to boundary- 
layer measurements have been the developm ent of sophisti
cated, reliable, and inexpensive digital signal-processing and 
com puting equipm ent, and the developm ent and adaptation of 
remote sensors for atmospheric probing. Digital signal 
processing has advanced to  such a degree th a t measurem ent of 
turbulence statistics and real-time displays of com puted 
atmospheric variables have become com m onplace. It has 
immeasurably increased the usefulness of rem ote sensing by 
compressing and synthesizing the voluminous quantity  of data. 
A scientist can now grasp the essence of the observations 
before a field experim ent is over.

New remote-sensing techniques will undoubtedly continue 
to  be developed. The trend will be to com bine their advantages 
with those of direct measurements by concurrent sets of 
observations. Direct sensing can provide accurate and fine-scale 
measurem ent o f atm ospheric variables a t points accessible to 
probes, while rem ote sensing can obtain an integrated overview 
of certain characteristics of boundary-layer structure. Direct 
sensing is analogous to our own sense of touch, rem ote sensing 
to our sense of sight; together they provide us with a great deal 
more understanding than either could by itself.

Donald H. Lenschow
June 1975
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The Need for Boundary-Layer Measurements 

and Their Significance for Solving
Atmospheric Problems
Joost A. Businger, University o f Washington

Most of the solar energy tha t is captured by the earth and 
its atm osphere is absorbed by the ea rth ’s surface. Here it is 
transformed into internal energy with the result tha t large 
horizontal and vertical tem perature gradients are developed.
As a consequence, the immediate source of energy which 
drives the atm osphere may be identified with the ea rth ’s 
surface and specifically with its internal energy distribution. A 
variety of processes bring about subsequent energy transform a
tions: evaporation, conduction and convection of heat into the 
atm osphere; conduction of heat into the ground or conduction 
and convection of heat into the ocean; and long-wave 
radiation.

The atm ospheric response to this energy input can be 
observed as the weather: a com plex pattern of circulations, 
cloud form ations, and disturbances. Because the atmosphere 
has a considerable capacity for absorbing energy, the response 
of the large-scale motions to  the surface input is not immedi
ate and cannot be traced directly. In fact, if it were possible to 
turn off the source of energy, these large-scale circulations 
would coast along for several days before a drastic change in 
input would have a marked effect. Furtherm ore, variations in 
weather conditions have a strong effect on the surface input. 
Consequently, the input from the surface and the feedback 
from the atm osphere result in an intricate and complex set of 
interactions. The form ation of the atm ospheric boundary layer 
is a product o f these interactions.

Author

Joost A. Businger is presently a professor in  the Department o f  
A tmospheric Sciences at the University o f  Washington. He 
earned his Ph.D. in physics from  the University o f  Utrecht, 
Netherlands, in 1954, and worked at the Institu te  o f  H orticu l
tura l Engineering, Wageningen, Netherlands, and as a research 
associate at the University o f  Wisconsin before coming to the 
University o f  Washington in 1958. His interests include turbu
lence, the atmospheric boundary layer, and air-sea interaction.

The boundary layer may be broadly defined as tha t portion 
o f the atm osphere where the direct effect o f the surface is 
noticeable. In cases where the interaction is strong this defini
tion does not present any serious problems: e.g., when there is 
a strong upward heat flux a t the surface, the boundary layer 
usually extends to an inversion layer tha t is the result o f the 
convective mixing o f the unstable air below with warmer 
stable air above. Above the inversion the atm osphere is 
relatively undisturbed by the presence of the earth ’s surface. 
When the interactions are weak the definition above is often 
less meaningful because the processes are slow and the direct 
effect of the surface is not always easily identified.

The boundary layer plays a crucial role in more than one 
way: it is the layer in which energy is transferred from  the 
surface to  the atm osphere and vice versa in the form  of water 
vapor, heat, and m om entum ; it is also the layer in which all 
human and biological activities (with their consequences) take 
place. A knowledge o f the structure of the boundary layer is 
therefore basic to  an understanding of large-scale atmospheric 
circulations as well as to an understanding of the atm osphere’s 
capability to  dispose of pollutants. This seems ample justifica
tion to  make a thorough study of the boundary layer, both 
theoretical and experimental. Its structure, however, is 
discouragingly complex. The variability of the surface (rough
ness, change of terrain, albedo) and the atm osphere provides 
an infinite variety of boundary conditions. To this the rotation 
of the earth adds another variable. All this com plexity could 
be handled with large enough com puters, were it not for the 
fact tha t the flow within the boundary layer is predom inantly 
turbulent.

Turbulence is the major source of confusion, but it is also 
the essential ingredient which makes the boundary layer 
liveable. It facilitates the transfer of water vapor, heat, and 
m om entum  as well as the diffusion of pollutants and other 
trace elements. W ithout turbulent transfer, the lowest part of 
the boundary layer, the surface layer, would soon be polluted 
far beyond the danger point and life would suffocate or be 
poisoned.
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The random nature of turbulence prevents us from simply 
integrating the set of governing equations describing the 
boundary layer (i.e., the equations of m otion, the continuity 
equation, the heat conduction equation, and other diffusion 
equations), but requires tha t we take a statistical approach to 
the problem. The set of equations describing the mean quan
tities has more unknowns than equations. This is called the 
closure problem of turbulence. Some ad hoc assumptions must 
be made in order to come to  solutions. These solutions must 
be verified with observations to give credence to the original 
assumptions. Presently a considerable effort is directed to this 
semi-empirical solution of the turbulent boundary layer, with 
some promising results. The major obstacle in this effort is a 
lack of the sophisticated observations needed to  verify the 
assumptions.

Let us reiterate: we have argued th a t a basic understanding 
o f the boundary layer is essential for an understanding of the 
larger scale atmospheric processes. But to understand the 
boundary layer we must understand its turbulent structure. 
Here only semi-empirical approaches are feasible, which means 
tha t the developm ent of models must go hand in hand with 
collecting observational data. Further progress depends 
critically on more com plete and better observations.

It seems ironical that with the many millions of observa
tions tha t have been made in the boundary layer in the past, 
the critical shortage is still in the realm of observations. The 
sets o f observations needed require a careful plan and a 
concentration of resources. To make this clear, a summary of 
our present knowledge of the boundary layer will be helpful.

In order to simplify the problem , m ost studies have been 
focused on the ideal case of a quasi-stationary and horizontally 
uniform boundary layer. When there is no heat flux (the 
neutral case) the parameters th a t define this case are the 
geostrophic wind, Ug, the roughness length of the surface, z0 , 
and the coriolis parameter, f. The geostrophic drag coefficient, 
u*/U g, where u* is the surface friction velocity, is then a 
unique function of the surface Rossby number, Ug/fz0 , a 
dimensionless param eter related to the ro tation  of the earth, 
and a characteristic height scale for the boundary layer given 
by u*/f. This simplest case of the atmospheric boundary layer 
rarely occurs in reality but has nevertheless been reasonably 
well docum ented.

When there is a heat flux present (the latent heat flux must 
also be considered), which is usually the case, the situation 
becomes more com plex, because the heat flux is associated 
with a source or sink of turbulent energy (buoyant energy 
production) depending on whether the heat flux is upward or 
downward. (In the neutral case shear production of turbulent 
energy is the only source of turbulence.) While the shear

production decreases rapidly with height, the buoyant produc
tion is alm ost constant with height in the lowest 50 m or so. 
Consequently, there is usually a height where the buoyant 
production becomes larger than the shear production. This 
height presents a useful length scale for the diabatic boundary 
layer, and is proportional to  the Obukhov length, L, which was 
originally introduced by Obukhov in 1946 with the purpose of 
finding such a height. The negative ratio of the buoyant energy 
production to the shear energy production provides a useful 
dimensionless quantity , the Richardson number, Ri, which 
characterizes the local stability o f the airflow and which was 
introduced by Richardson in 1920 with the purpose of finding 
the critical condition under which turbulence is just being 
suppressed by negative buoyancy forces.

This structure of the boundary layer is profoundly depen
dent on the buoyant energy production, and the characteristic 
stability param eter is either the dimensionless height z/L  or Ri 
(there is a unique relation between these two quantities). In 
the unstable case (heat flux upward near the surface), the 
height o f the boundary layer is determ ined by the heat flux 
rather than by the shearing stress, t , or the friction velocity, 
u* (u* = \ fr fp ) .  This height, z\, depends on the history of the 
heat flux and the stratification of the atm osphere above the 
boundary layer. In the stable case (heat flux downward near 
the surface), the height may be better defined by u* /f as in the 
neutral case.

The various states o f the steady-state boundary layer may 
be depicted in a three-dimensional diagram. The dimensionless 
height is displayed as the vertical axis, z / z j  or zf/u*; the 
horizontal axes are determined by the dimensionless rotation 
(surface Rossby number), and the stability, Z j / L  or u*/fL. 
Because the variations with the surface Rossby number are 
relatively small, a cross section of height versus stability is 
given in Fig. 1. In this figure the various phenom ena tha t occur 
in the boundary layer are indicated. Although the dim ension
less height scales, z / z j  and zf/u*, are not the same and cannot 
be interchanged, the top of the boundary layer is used as the 
top of the vertical axis, which means z = Zj or z «  0.3u*/f.

The unstable boundary layer is characterized by strong 
vertical mixing due to the positive buoyancy forces. This well- 
mixed layer has an alm ost uniform potential tem perature and 
alm ost constant wind speed and direction. Nevertheless, a 
number of distinct convective structures may be distinguished, 
from plumes and dust devils to helical rolls and mesoscale 
hexagonal cells. The convective mixing interacts with the 
stratified structure of the atm osphere above the boundary 
layer. This interaction causes the form ation of a relatively 
sharp inversion base below which stable air is entrained into 
the mixed layer and above which gravity waves are generated

3
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REGION OF  
MATCHING

N|i<r

Fig. 7 Heigh t-vs-stabHity diagram o f the boundary 
layer, indicating various observable phenomena. The 
height scale is logarithmic to enable the dimensions o f  
the roughness elements near the surface to be shown. 
However, detail in the inversion layer is lost

due to  the penetration o f convective elements into the stable 
layer.

The neutral and stable boundary layers are usually not 
capped by a sharp inversion. Here the transition to  the geo
strophic wind may be rather gradual, suggesting tha t for this 
case u* /f is the proper scaling height. Because the buoyancy 
force is negative, turbulence is suppressed. A t a critical value 
of Ri the turbulence is entirely suppressed and the airflow 
becomes laminar. This transition from turbulent to  laminar 
flow is a major feature o f the stable boundary layer. When the 
turbulence is suppressed, the various turbulent fluxes are also 
suppressed and pollutants are not dispersed (e.g., in Fairbanks, 
with only m oderate emission o f pollutants, serious smog 
conditions occur in the very stable w inter air). The fact that 
the fluxes are suppressed makes it very difficult to  reach a 
steady state after a transition from turbulen t to  laminar flow 
has taken place. A number of transient phenom ena may be 
observed, such as inertial oscillations and gravity waves.
Locally the shear may become large, reducing Ri below its 
critical value, and the laminar flow breaks down into tu rbu
lence via a growing Kelvin-Helmholtz instability. Thus, patches

of clear air turbulence may be found in otherwise laminar 
flow.

A dimension of com plexity is added to  the quasi-steady- 
state boundary layer when condensation of water vapor 
occurs. The unstable boundary layer, especially, often extends 
beyond the condensation level, so th a t cum ulus clouds form  
within it. In this case, we can distinguish between a mixed 
layer below the clouds and a cloud layer extending to  the top 
of the boundary layer. The height of the mixed layer, the 
depth of the cloud layer, the cloudiness, and the effect o f the 
release of la tent heat on convection are all new elements 
critically dependent on the am ount o f water vapor present, the 
rate o f evaporation at the surface, and the rate of entrainm ent 
of dry air a t the top. Although the direct interaction with the 
surface extends to  the cloud tops, the cloud layer generates 
much o f its convective activity independent of the surface due 
to  the release of latent heat within the clouds. The potential 
tem perature in the cloud layer increases with height; therefore 
the descending air between the clouds is somewhat warmer 
than the air in the mixed layer below the clouds, and conse
quently a small inversion layer develops near the cloud base. 
This prevents the convection in the mixed layer from 
penetrating into the cloud layer except where clouds are 
initiated. In the clear air between the clouds, turbulence is 
slowly suppressed due to  the slightly stable stratification.

It should also be noted that water vapor is lighter than air.

Z ,/L u* / f L

INTERNAL GRAVITY WAVES

INVERSION BASE

DUST ’  MESOSCALE 
DEVILSl CELLULAR

HELICAL
ROLLS

INTERMITTENT WAVES ■ 
’ AND TURBULENCE

LOGARITHMIC PLUS 
LIN EAR WIND 

PRO FILE
U N STA B LE  WIND 
PRO FILE
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Evaporation at the surface therefore adds to the buoyant 
production of turbulence. This effect becomes particularly 
im portant over the tropical oceans where the latent heat flux 
is usually an order o f magnitude larger than the sensible heat 
flux.

The preceding summary is inevitably incomplete but gives 
an impression of the extent to which models of the boundary 
layer have been developed. The real boundary layer is 
considerably more complex, so much so tha t we never will be 
able to  model it in all its intricate detail. But because o f its 
crucial role in the developm ent o f large-scale atmospheric 
processes, a model o f the boundary layer should nevertheless 
be developed using the full extent of our technical ability. This 
requires tha t observational and theoretical considerations go 
hand in hand, because of the semi-empirical nature of the 
problem.

To advance the present state of the art two types of 
observations are essential. The first includes measurem ents of 
turbulence, including variances, covariances, and triple correla
tions of the fluctuating wind com ponents, tem perature, 
humidity, and pressure. These observations are needed to 
construct a satisfactory higher order closure model of tu rbu
lence, and to obtain them will demand a major effort in 
instrum ent development, because several of these observations 
have never been made. The measurements must be carried o u t 
in the boundary layer in order to obtain the proper scaling.

The efforts of the Commonwealth Scientific and Industrial 
Research Organization Division of Meteorological Physics, 
Australia (see article by Dyer, this issue), and of the Boundary 
Layer Branch of Air Force Cambridge Research Laboratories, 
in Massachusetts (see article by Kaimal, this issue), have been 
im portant steps in this direction.

The second type includes detailed observations of mean 
quantities and fluxes within a three-dimensional section of the 
boundary layer, so tha t it will be possible to apply the conser
vation laws of m om entum , mass, and energy, integrated over 
the observed volume, and to  identify and study transient 
phenom ena passing through the array, such as convective 
plumes, cumulus clouds, dust devils, helical rolls, gravity 
waves, etc. This is an open-ended effort and will depend on the 
resources available. A careful analysis must be made to deter
mine how much detail is needed. Although valuable new 
insights have been obtained with the large international experi
ments (e.g., the Barbados Oceanographic and Meteorological

Fig. 2 A summary o f  techniques and platform s that m ay be used to 
explore the boundary layer. For more detail see the following other 
articles in this issue: that by Lenschow on aircraft, that by Readings on 
tethered balloons, that by Friehe et al. on FLIP, that by Crams on
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Experim ent and the International Field Year for the G reat 
Lakes), their scale has been too large to provide the necessary 
detail. An experim ent o f the type that was carried ou t at 
Wangara, Australia, or one like ATEX in the tropical A tlantic 
is of the right design and should be repeated in a denser 
network of observations.

Many observation techniques have been and are being 
developed for exploring the boundary layer. In Fig. 2, an 
effort is made to  display the various techniques and platforms 
th a t may be used. The tower provides a good stable platform 
with which long time series and detailed turbulence measure
ments may be obtained. The aircraft is a valuable platform  
with which the spatial structure in situ may be obtained at 
various heights. Tethered balloons again may provide long time 
series a t heights beyond the reach of towers, as well as valuable 
vertical profiles. A network of near-surface measurements may 
provide the horizontal structure of surface fluxes. Potentially 
the m ost powerful technique is rem ote sensing with radar, 
lidar, and acoustic soundars (acdar).

The proposed Joint Meteorological Observing Facility to  be 
organized by NCAR’s Field Observing Facility and the 
National Oceanic and Atmospheric A dm inistration’s Wave 
Propagation Laboratory may become the center for testing 
these techniques and may well provide the much needed focal 
point for boundary-layer research.
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Sensors and Techniques for Direct 

Measurement of Turbulent Fluxes and Profiles 

in the Atmospheric Surface Layer
J. C. Kaimal, National Oceanic and Atmospheric Administration

The first 30 - 50 m of the ea rth ’s planetary boundary layer, 
often referred to  as the atm ospheric surface layer, has been the 
subject of intensive study for the last several decades. Aside 
from its obvious significance to  animal and plant life, this layer 
is im portant because of its influence on the evolution of 
weather systems. Virtually all of the heat in the lowest 10 km 
of the atm osphere and all of the moisture th a t comes down in 
the form  of precipitation have been a t some tim e transported 
through this layer by tu rbulen t interaction. In addition, a large 
portion of the atm osphere’s kinetic energy is lost here through 
viscous dissipation.

The measurem ent of mean and turbulent quantities in the 
surface layer is in many respects easier than comparable 
measurem ent in the Ekman layer above. Vertical gradients of 
mean wind speed and tem perature are much steeper, so the 
demands on sensor resolution and accuracy are less severe. The 
wind direction is essentially constant with height (since the 
effects of the earth ’s rotation  are negligible), obviating the 
need for several levels of direction measurement. The vertical 
variability of m om entum , heat, and moisture fluxes in the 
surface layer is negligible so th a t measurem ent at one conve
nient height is often enough. Also, the tim e scales o f these 
eddy fluxes are small com pared to the diurnal period, making 
the stationarity assumption valid even for relatively short 
observational periods.

The difficulties encountered in surface-layer studies, 
however, are not insignificant. T urbulent transport in the 
surface layer involves a wide range of eddy sizes, requiring not 
only sensors with sufficient frequency response but also the 
capacity to  record and process enorm ous volumes of data.
With developments o f the last decade, however, these require
ments are no longer the serious obstacles they once were to 
realization of a comprehensive surface-layer experim ent.

In this paper, I discuss some of the basic requirem ents for 
accurate profile and flux measurem ents and the sensors 
currently used to  obtain them. The requirem ents are drawn, in 
large part, from findings of experim ents over flat, homogene
ous sites but are generally valid over less ideal terrain as well. 
The discussion on sensors covers a wide range of techniques, 
with particular emphasis on those developed by the Air Force

Cambridge Research Laboratories (AFCRL) for their field 
experim ents in Kansas and Minnesota.

Data Requirements and Sensor Performance

For any systematic analysis of surface-layer turbulence, the 
following inform ation is essential:

•  Profiles of the mean streamwise velocity com ponent, u; 
mean tem perature, T; and mean specific hum idity, q

•  The fluctuating wind com ponents, u ', v', and w' (longi
tudinal, lateral, and vertical, respectively); the fluctuating 
tem perature, T '; and the fluctuating specific hum idity, q'.

Useful but not essential are measurements o f fluxes at the 
earth ’s surface which supplem ent measurements made in the 
atmosphere.

• Mean Profiles. The mean vertical profiles o f wind, 
tem perature, and moisture provide basic inform ation on the
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ATMOSPHERIC TECHNOLOGY

Fig. 1 Sensors used for profile measurement in the 1973 Minnesota 
experiment. The wind sensor on the le ft is a two-axis sonic anemometer 
(E G & G  Model 198 - 2). The temperature sensor on the right is a quartz 
crystal thermometer (H ew lett Packard Model 28 50A ) m ounted in an 
aspirated radiation shield (R. M. Young Co., Model 43404). The 
portable scaffolding in the center is used for ground comparison o f  
fast-response sensors. The lid  to the le ft covers a 2  m  shear-stress meter 
installed in the ground; wooden tracks facilitate removal o f lid.

Fig. 2  Three-axis sonic anemometer probe (E G & G  Model 198 - 3 ) with 
platinum  wire resistance thermometer (Cambridge Systems Model 157) 
m ounted inside it. The sonic anemometer measures wind components 
along a vertical axis and two horizontal axes (separated by a 120° 
angle). The path length on each axis is 20 cm. The thermometer probe 
consists o f an 8 0  cm length o f 25  txm platinum  wire folded four times 
to span a 20  cm vertical distance.

structure and stratification of the surface layer. Hydrodynamic 
stability is traditionally expressed in term s of the gradient 
Richardson number, for which gradients o f both velocity and 
tem perature are needed. These gradients, in com bination with 
direct measurem ents o f Reynolds fluxes, are used also for 
estimating the production term s in the variance and flux 
budget equations.

Accuracies on the order of 5 cm /s and 0.01 °C are adequate 
for measurem ents o f u and T within the surface layer. These 
accuracies are easily attained  with high-quality commercial 
sensors so long as they are carefully calibrated and maintained. 
Requirem ents for frequency response are n o t stringent; the 
only restriction is tha t the time constan t be small com pared to 
the averaging period used in constructing the means. For 
typical averaging periods of 15 min (an optim um  interval for 
sm ooth profiles in the surface layer), time constants should be 
no larger than 1.5 min.

In m oisture profile m easurem ent the state o f the art unfor
tunately  lags far behind th a t for wind and tem perature. The 
best dew-point hygrom eter systems available today do not 
claim accuracies better than 0 .25°C.

Vertical spacing of sensors for profile m easurem ent, in the 
past, varied with the taste and convenience of the investigator. 
The pattern  th a t has evolved in recent years em ploys a loga
rithm ic spacing below 8 m and a linear spacing above that 
level. Eight levels of instrum entation will therefore cover the 
height interval between 0.5 and 32 m. It is im portant th a t the 
m easurem ents be made sim ultaneously by individual instru
m ents at each height, never by sampling at d ifferent heights in 
turn, as this would introduce serious sampling errors.

•  Turbulent Fluxes. By far the most direct technique for 
measuring Reynolds fluxes in the atm osphere is the eddy- 
correlation m ethod, which requires faithful m easurem ent of 
the fluctuating  com ponents in the wind, tem perature, and 
m oisture. Of particular in terest are the vertical m om entum  
flux (shearing stress), r , vertical heat flux, H, and vertical flux 
of specific hum idity, E.

H = cp p T'w' (2)

E = p q'w' (3)

where p is the mean air density, cp is the specific heat of air at 
constan t pressure, and the overbar denotes a tim e (or space) 
average. A fter the fluctuating  variables have been measured 
and recorded separately, o ther useful statistical properties 
(such as variances, power spectra, cospectra, and frequency 
distributions) can be derived.
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An im portant surface-layer param eter com puted from the 
Reynolds fluxes is the dimensionless length scale, z/L, where z 
is the height above ground and L = T (u 'w ')3^2/(k^T ,wf) is the 
Obukhov length. The term k in the expression for L is von 
Karm an’s constant and g is gravitational acceleration. Like the 
Richardson number, this length scale is an indicator of stabil
ity. According to  the Monin-Obukhov similarity hypothesis, 
surface-layer quantities, when properly nondimensionalized, 
become universal functions of z/L.

Measurement of turbulent fluctuations in the surface layer 
presents a more serious problem to the experim enter than the 
mean profiles discussed above. The requirem ent th a t sensors 
respond to  the entire range of eddy sizes contributing to  the 
fluxes is not easily met, especially in the first few meters above 
the ground. The bandwidth of the vertical fluxes can be 
expressed in general term s through similarity relationships, as 
observed in the A FC RL’s Kansas experim ent in 1968 (Kaimal 
et al., 1972).

In the unstable surface layer, the logarithmic cospectra of 
the fluxes can be approxim ated by universal curves which peak 
at the nondimensional frequency, f  = 0.03 (where f  is the ratio 
of height to  wavelength, or nz/u). Since the cospectral energy 
drops off on both sides of the peak it is possible to  establish 
upper and lower bounds for frequency bandwidth. These 
limits, for the —10 dB point (power 1 /1 0 below peak value), 
are f  = 0.001 on the low-frequency side and f  = 1.5 and 3 for 
stress and heat flux, respectively, on the high-frequency side. 
The bandwidth for moisture flux is roughly the same as for 
heat flux. To measure all three fluxes adequately, the sensor 
must respond to wavelengths as small as z/3. The spatial 
resolution of the sensor should be even smaller, by a t least a 
factor of 27r, in order to  avoid spectral attenuation from 
spatial averaging. For a sensor with resolution d, the minimum 
operating height for flux measurem ents would be

(4)

The spatial separation between sensors introduces yet 
another lim itation on the effective high-frequency response in 
the flux measurement. The Fourier com ponents observed by 
two sensors become increasingly uncorrelated a t wavelengths 
smaller than 2n times the separation distance. So the criterion 
for separation distance is the same as for spatial resolution in 
the individual sensors.

The situation is somewhat different in stable stratification 
since z diminishes in im portance as the stability increases and, 
in the limit, is replaced by L as the scaling parameter. The 
contribution to fluxes from  wavelengths smaller than L /10 is 
usually negligible, so we can write an expression similar to

Eq. (4) for minimum permissible L

Thus, a sonic anem om eter with 20 cm path length, if used 
for flux measurement, should be limited to z >  3.8 m in 
unstable air and L >  12.6 m in stable air.

Sensors such as shear-stress meters and lysimeters, which 
measure fluxes at the ea rth ’s surface, are not subject to the 
same bandwidth requirem ents as the eddy-correlation sensors. 
Relatively large time constants and physical dimensions can be 
tolerated since the ou tpu ts are directly proportional to the 
fluxes. The only two requirem ents are tha t their time con
stants be small compared to the basic averaging interval chosen 
for the experim ent, and tha t the sample surface on which 
measurem ents are made be very closely m atched to the sur
rounding ground surface.

Sensors fo r Measuring Profiles and Fluxes

The techniques used for sensing mean and turbulent proper
ties of the surface layer are too numerous to  catalog in this 
limited space. Only those sensors m ost com monly used in 
experimental work are discussed here. Tables 1, 2, and 3 
provide a quick summary of their relative merits and limita
tions. Figures 1 and 2 are some examples of sensors used by 
AFCRL for boundary-layer measurement. Detailed discussion 
of the sensors can be found elsewhere in the literature.

A few com m ents regarding sensor m ounting and exposure 
on towers are in order. Some sensors, particularly those used 
for flux m easurem ent, require fairly close alignment of the 
probe with the wind direction. This can be accomplished by 
m ounting the sensor on a rem otely controlled rotor and 
insuring the best orientation possible for each run. A large 
sector behind the ro tor would still be unavailable because of 
interference caused by the tower. The experim enter has the 
option of operating only when the wind direction is favorable, 
or of providing two booms extending in opposite directions. 
Upwind effects of tower interference can be minimized by 
using towers with thin structural members and open construc
tion. The booms should be at least as long as the widest 
dimension of the tower, preferably longer, with simple adjust
ments to level the sensor m ounting block in the fully extended 
position. The latter provision is extrem ely im portant for stress 
measurement, since even small leveling errors introduce serious 
“ cross-talk” between u and w. Misalignment within the probe 
between the u and w axes can be equally deleterious. In the 
sonic anem om eter probe, where orientation o f the axes is very 
clearly defined, an accuracy of 0.1° in leveling and internal 
alignment is not difficult to maintain. The leveling accuracy is 
realized by attaching to each probe an electrolytic level

9
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PARAM ETER

u

SENSOR

Cup anemometer

Propeller 
anemometer on 
vane

Three-axis fixed
propeller
anemometer

Two-axis sonic 
anemometer

Resistance
thermometers

Thermocouples

Quartz crystal 
thermometer

Wet- and 
dry-bulb  
psychrometer

Dew-point
hygrometer

Table I Sensors for profile measurement

A D VA N TA G E S

With proper design, response es
sentially linear w ith  speed above 
1 m/s. Distance constant about 
1 m on the average fo r  ligh t
weight low -fr ic tion  types.

L ightw eight propellers e xh ib it 
lower starting speed and greater 
linearity  than cups. Distance 
constant 0.4-1 m. Single calibra
tion  based on axial flow .

Simple in operation. N o t lim ited  
by vane response.

No moving parts. Linear re
sponse down to  0.01 m/s. 
Absolute calibration . Averaging 
length 0.25 m. A b ility  to  re
solve components, best among 
pro file  sensors. Particu larly su it
able fo r ligh t and variable w ind 
conditions.

Low cost, simple to  construct. 
Particularly suited fo r tempera
ture difference (A T ) measure
ment. A T  accuracy o f 0.01 °C  
possible w ith  great care in de
sign o f probes and radiation 
shields. T im e constant depends 
on aspiration, sensor mass, 
specific heat, etc., ~1 min.

Same as above except smaller 
time constant possible w ith  
small junctions.

L inearity , accuracy, and long
term stab ility , better than
0 .0 1 ° C fo rT  measurement over 
range -20 to  +40°C.

A ny  tem perature sensor above 
can be adapted. W ith great 
e ffo rt, 2% accuracy in relative 
hum id ity  can be attained. Time 
constant 1-2 min.

More fundam ental method than 
w et-bulb depression method. 
Conversion o f dew-poin t to  
vapor pressure no t based on 
em pirical constants as in wet- 
bulb me'thod. Accuracy ~0.25°C .

L IM IT A T IO N S

Starting speed 0.5 m/s, too  high 
fo r  ligh t w ind conditions. Mea
sures speed, no t u, causing 2-3% 
overestimate. Overspeeding due 
to  dynam ic effects reported 
5-10%.

O ff-axis response deviates from  
cosine law. Response lim ited  by 
distance constant o f vane, 
always larger than fo r  propellers.

Errors due to  deviation from  
cosine response significant.

V e loc ity  defect 5-10% ob
served on axis when wind 
direction parallels it. Error 
highest fo r steady w ind  
direction.

N on linearity  in ca lib ra tion  curve 
and cum ulative errors l im it  accu
racy in absolute temperature 
measurement to  0.1 °C. Calibra
tion  fo r  A T  is a fun c tion  o f  T.

O u tpu t roughly an order o f mag
nitude smaller compared to re
sistance bridges. S tray em f’s 
from  lead junctions to  be 
avoided. Best accuracy 0 .02°C.

Relatively expensive. O u tpu t is 
in d igita l fo rm , requiring D /A  
converters o r buffers fo r digita l 
data transfer. Marketed by on ly  
one manufacturer.

Psychrometric constant function  
o f ven tila tion  at low  w ind 
speeds. Accuracy depends on 
design o f w ick and p u rity  o f  
water used fo r wetting. Accura
cy decreases w ith  decreasing 
relative hum id ity  and 
temperature.

Errors increase w ith  decreasing 
dew-poin t temperature.

REMARKS

Frequent calibrations and in te r
comparisons essential. Overesti
mate in speed can be determ ined 
[ « ’/2 o* (v )J . Overspeeding can 
be measured and profiles 
corrected. N o t recommended 
fo r  ligh t and variable w ind  
conditions.

Frequent calibrations and in te r
comparisons essential. N o t 
usable under ligh t and variable 
w ind conditions.

Corrections fo r cosine response 
can be made to  improve accura
cy in w ind profiles. N o t recom
mended in applications where 
w ind d irection is h igh ly variable.

Because i t  is an absolute device, 
its ca libration is fixed  by design 
parameters. Periodic checking o f 
electronic adjustments necessary 
to  insure m axim um  accuracy. 
Used successfully in A FC R L's  
1973 M innesota experim ent.
See Fig. 1.

A T  measurements between suc
cessive levels plus one between 
top and bo ttom  to  serve as a 
check; one T  measurement to  
serve as reference located at any 
convenient observation level.

Same as above.

Used lo r p ro file  measurements 
in A FC R L's  1973 Minnesota 
experiments w ith  aspirated radi
a tion shield o f  silvered vacuum  
flask construction (com m ercial
ly  available, m odified to  accept 
sensor). See Fig. 1.

Conversion o f wet-bulb depres
sion to  vapor pressure and speci
f ic  h u m id ity  require use o f 
psychrom etric tables. Frequent 
change o f w icks and use o f dis
tilled  water essential fo r  
accuracy.

Commercial versions available 
w ith  Peltier cooling o f m irro r 
and photoe lectric detection o f 
m irro r surface. Tem perature sen
sor is embedded in the m irror.

1 0
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indicator with rem ote readout capability at the tow er end of 
the boom. Heat and moisture flux measurements are not 
nearly as sensitive to leveling errors as the stress measurement.

Data Acquisition and Prefiltering

The standard practice until a few years ago was to perform 
only data recording in the field; data processing was done later 
at a more convenient time and locale, usually one’s own 
laboratory. With the availability o f small com puters at costs 
com petitive with other data-handling equipm ent, the use of 
on-line com puters for data acquisition and real-time data 
processing is now a practical reality for many experimenters. 
(See Fig. 3.)

The use of on-line com puters in field experiments increases 
the options available regarding type and number of sensors, 
rate of sampling for each type, and packing of digitized data 
on magnetic tape. An even greater benefit to the experim enter 
is the ability to  perform some data analysis either in real time 
or immediately following a run, a procedure which permits 
assessment o f the quality of the data so that corrective action 
can be taken in case of sensor m alfunction or system 
com ponent failure, and quick review of significant aspects of 
the analyzed results to determ ine if the objectives o f the 
experim ent are being accomplished. A nother benefit not often 
exploited is the ability to perform real-time digital filtering on 
the sampled data.

In the planning of an atmospheric experim ent using 
com puter-controlled data acquisition, two im portant consider
ations emerge: the choice of proper sampling time (run length) 
to  insure th a t the tim e averages approach true ensemble 
averages for the process, and the choice of sampling rate 
(digitizing frequency) to insure tha t the highest frequency of 
interest is included in the statistics.

The minimum run length required for estimating an average 
to  a given accuracy increases with the order of the m om ent 
being calculated. An averaging time o f 1 5 min, while adequate 
for profile measurements, is too  short for flux measurements. 
The Kansas experim ents show th a t a minimum averaging time 
of 1 h is needed for stable flux estimates a t heights between 5 
and 20 m. This is consistent with the low frequency require
ment, f  = 0.001, specified earlier for bandwidth in flux 
measurements based on normalized cospectral data. Thus, the 
adoption of 1 h as a unit of run length would cover the 
requirem ent for both flux and profile measurements.

According to  sampling theory, the sampling rate should be 
a t least twice the highest frequency o f physical significance in 
the data. The high frequency requirem ent for flux measure
m ent is f  = 3, i.e., cyclic frequency, n = 3u/z = 3 Hz (for 
typical u = 4 m/s and z = 4 m). A sampling frequency roughly

three times the estim ated minimum is needed to push the 
effects of aliasing beyond the range of significance. The 
sampling rate should therefore be at least 20 Hz for z = 4 m, 
and preferably should be m aintained at th a t value for greater 
heights as well.

For mean profile measurements, the requirem ents for 
sampling rate are different. One could define a simple criterion 
on the basis of the accuracy desired

where N is the num ber o f samples, ct( x ) is the standard devia
tion of x ,  and A x  is the desired accuracy. Typical values for 
c t ( x ) / A x  range from 20 to  30 in unstable air, which suggests a 
conservative 1.0 Hz digitizing frequency fo ra  15 min averaging 
interval.

It should be pointed ou t tha t a similar argum ent can be 
made for sampling the data needed in flux com putations. If 
ample bandwidth (or equivalent time resolution) is maintained 
in the entire inform ation chain from the sensors to the 
digitizing equipm ent (or digital input buffer), the sampling 
rate requirem ent can be relaxed, consistent with the relation
ship in Eq. (6), except that x then represents the instantaneous 
product o f two variables (e.g., xw). It now remains to  deter
mine how frequently the product (xw) has to  be sampled to 
produce a close approxim ation to  the true xw. Instead of 
sampling 20 times a second, it may be sufficient to sample 
only once per second or less. However, this approach will not 
be particularly attractive to an experim enter who is also 
interested in the details o f turbulence structure in the inertial 
subrange.

Fig. 3 In terior view o f A FC R L's  Mobile Micrometeorological Data 
Acquisition System. This system, housed in a 12 m trailer, consists o f a 
digital computer and associated equipment fo r real-time handling and 
processing o f signals from sensors during field experiments.
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PARAMETER

u'.v'.w '

1

Table 2 Sensors for flux measurement

SENSOR ADVANTAGES LIMITATIONS REMARKS

Hot-wire and
hot-film
anemometers

Frequency response extends to 
several kHz. Small size. Ideal for 
use in first 4 m above ground. 
Various configurations of two- 
land three-) wire probes for sen
sing flow direction fluctuations 
in two (and three) dimensions.

Three-axis sonic Frequency response limited by 
anemometer s i* :  path length (20 crti). Sensitive 

only to wind com ponents along 
the acoustic paths. Calibration 
very stable.

Anemoclinometer Small size. Wind com ponents 
determined from  pressure 
readings at a number of points 
on j sphere.

Three-axis
propeller
anemometer

Simple, low cost.

Propeller 
on bivane

Platinum wire
therm ometer

Hot-wire probe 
in constant- 
current mode

Sonic
thermometer

Calibration drifts with ambient 
tem perature, aging, and contam 
ination o f Wire. Somewhat fra
gile. Multiwire probes which 
measure angular fluctuations 
m ust be oriented into the wind. 
Large wind direction shifts not 
followed accurately.

Patti-averaging limits its use to  
heights 4 m and above. Probe 
<11• iId be oriented approxim ate
ly into the wind: to avoid veloc
ity defect along paths. Accep- 
tance angle \ larger than
I or hot wires.

Probe needs to be oriented into 
the wind. Frequency response 
(~ 10 Hz) limited bv time con
stant o f pressure transducers.

Distance constant is a function 
of angle o f attack: ~ 0.1-1.4 m 
tor angles 0-80° from 
Deviations from  cosine response 
cannot be ignored; most serious 
("-30%) fo r angles close to 90° 
from  axis.

Simple, m oderate cost:

Exposed lengths of platinum 
wire (~-25 *im diameter) wound 
or strung on supports designed 
to mate with existing 
anemometer.

Same principle as above but has 
aster re i l( 0 *t/1

and better spatial resolution. 
Hot-wire anemometer elec
tronics can be adapted with onl> 
simple modifications.

Measurement made along same 
path as w. No extra hardware 
needed. Response limited only 
by path length.

Response limited by distance
constant of vane, 1 fn at best.

Frequency response on the order 
of 10-20 Hz for typical wind 
speeds in the- surface layer.

Wire very thin {5 pm  diameter), 
fra gi s e.

Measured temperature actually 
approximates virtual tempera
ture. Also severe contamination 
of signal by wind com ponent 
normal to path observed when 
operated in near-neutral and 
stable Conditions.

Successful use of hot-w ire tech
niques was made by the Danish 
AEC during the 1968 K ansas 
experiments. Probes were 
attached to a rapid-response 
vane and replaced frequen tly  
before they had a chance to 
break or become contam inated . 
Each probe was calibrated  (be
fore and after the experim ents) 
over the range of am bien t 
tem peratures encountered ,

w is measured directly, u and v 
are derived from  two horizontal 
axes, 120° apart. Probe should 
be m ounted on antenna ro to r 
and controlled rem otely to  face 
anticipated wind d irection . Used 
in AFCRL’s Kansas and Minne
sota experim ents. See Fig. 2.

Despite small size, fluxes fo r 
heights below 1 m Will be under
estim ated because of poor 
frequency response. :

. . i ■ J  he
calibrated for angles of attack  
60-120° from axis. Distance 
constant lor w mav be to o  large 
for accurate flux m easurem ents 
below ’0 m. (Fixed propeller 
for w used with propeller on 
'.ane lor horizontal speed found 
better lor stress measurement. 
Error iro n  i ng pi 1 , sther 
than u less serious than error
i, om cosine response.)

In general not suitable to r t lu \  
measurements below 20 m

I emperature probe designed to
fit within the frame of a three- 
axis -.onic anem om eter used in 
Kansas and Minnesota experi
ments. See F ig. 2 .

Ideal . ■ lot-wire 
single- and X-probes for heat 
flux measurements close to the 
ground.

Suited only to m easurements in 
dry air under convective condi
tions with strong tem perature 
fluctuations and light winds.

12
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v

q’ Lyman-alpha
humidiometer

Rapid response. Spatial resolu
tion 5-20 mm typical. Device 
relatively uncomplicated. 
Measures absolute humidity.

Calibration drifts due to  changes 
in source and detector charac
teristics, dirt on window and 
deterioration o f window from 
moisture in the air.

Response curve is approxim ately 
logarithmic, but slope o f  linear
ized o u tp u t stays reasonably 
constant despite shifts in abso
lute position. Mechanical con
figuration of sensor interferes 
with full exposure to wind, but 
preferable to aspiration through 
intake tube.

Infrared
hygrometer

Open transmission path (25- 
50 cm) provides less inter
ference to flow. Response 
limited by path averaging and 
time constant of the mechanical 
components (~10 Hz). Measures 
absolute humidity.

Complex optical mechanical 
system involved. Calibration 
stability and noise from  
mechanical com ponents are 
serious problems.

Open-path design, in which 
reference signal is provided by 
nonabsorbing frequency along 
same optical path, is inherently 
less stable than closed-path sys
tems where reference signal is 
the same frequency through 
parallel path in dry air. The 
latter technique required aspira
tion through intake tube, not 
suitable for eddy flux 
measurements.

Thin-film
hygrometer

System relatively simple (typi
cally film resistance or capaci
tance measurement). A 10 Hz 
response is attainable; fine spa
tial, resolution (~1 cm) is 
possible.

Calibration curve varies with 
production technique. Since it is 
a bulk absorption device, it re
sponds to relative humidity.

If substrate tem perature differs 
from am bient tem perature (due 
to radiation), readings will be 
altered. Substrate tem perature 
should be m onitored fa r  best 
accuracy. Full potential o f  this 
technique yet to be realized.

Table 3 Sensors for measuring fluxes at the earth’s surface

| SENSOR ( j ADVANTAGES j

Shear-stress meter 

Lysimeter

Measures f  directly. The aver
aging period required for stable 
estimates ~15 min, less than for 
eddy-correlation method.

Directly measures water lost by 
evaporation from surface.

LIMITATIONS j REMARKS j

Matching of sample tray to 
surroundings critical. Calibra
tion requires verification from  
eddy-correlation measurements 
close by.

Simulation of true moisture 
gradient in the soil not easy. Sys
tem s tend to be massive (~ 6  m 
diam). Not easily transportable.

Sample tray used in Minnesota 
experim ents is 2 m in diameter 
(shown with cover on in Fig. 1). 
Frequency response: 1 Hz.

Permanent test site needed for 
use of this technique.

The need for prefiltering arises when the desired informa
tion contains frequency components outside the range of 
interest which, in some way, interfere with the proper inter
pretation of the data. Prefiltering techniques are widely 
employed to minimize spectral distortion caused by aliasing 
and to remove long-term trends in the data which may 
adversely affect covariance (flux) computations. Prefiltering to 
remove spurious frequency contributions within the band
width of interest is not recommended, since such efforts 
inevitably affect the true signal as well.

To eliminate aliasing entirely, one needs a filter which 
removes all frequencies above the Nyquist frequency. But its 
effect can be greatly minimized by inserting a low-pass filter, 
with a half-power point at the Nyquist frequency, ahead of the 
digitizer. Such a filter will reduce aliasing to a single fold,

producing full restoration of filtered energy at the Nyquist 
frequency and partial restoration at lower frequencies. Since 
the sequence of filtering and sampling cannot be reversed, 
electronic rather than digital filtering is more appropriate for 
this purpose.

Long-term trends in the data are removed by high-pass 
filtering, either electronic or digital. Numerical recursive filters 
which operate in real time on the digital time series are 
preferable to electronic filters because of their convenience 
and stability. These high-pass filters, unlike the low-pass filters 
discussed above, cannot be used on all variables being sampled. 
For vector quantities like u and v, high-pass filtering must 
await completion of a run, since their determination involves 
coordinate rotation towards the direction of the flow. On the 
other hand, the vertical component, w, can be treated as a
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scalar when measured directly. High-pass digital filters with 
half-power point at n = 0.001 Hz have been used successfully 
with recent data from A F C R L’s Minnesota experiments.

Conclusions

The methodology exists for detailed accurate measurements 
of the mean and turbulent properties of the surface layer. In 
the area of moisture fluctuation measurement, there is need 
for further improvement. The experiments of the last decade, 
carried out over homogeneous terrain, have shown that 
surface-layer processes do indeed follow similarity laws and 
that their general behavior, described in terms of simple 
empirical statistics, is predictable with a fair degree of 
accuracy. These findings should serve as a guide in planning 
future experiments at different sites and over more compli
cated terrain.
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Turbulence Measurements in the Marine 
Boundary Layer

Carl A. Friehe,* Carl H. Gibson,* F. H. Champagne, and J. C. LaRue, University of California, San Diego

Since approximately three-quarters of the earth’s surface is 
covered by water, about three-quarters of the atmospheric 
boundary layer is over water. For this reason, the transfer rates 
of momentum, heat, and moisture through the marine bound
ary layer have large effects on the global weather system, 
oceanic and atmospheric circulations and heat contents, and 
their interactions. Until recently, however, more effort has 
been expended obtaining atmospheric measurements over land 
than over the seas. Since about 1968, extensive and detailed 
measurements have been made in the marine boundary layer.

In the boundary layer over the sea, just as over land, instru
ments must have high sensitivity and extended bandwidth in 
order to measure the entire spectrum of the turbulent velocity 
field and the associated fields of temperature and water vapor
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content that are mixed by the turbulent motion. For example, 
the energy of the turbulent velocity vector vertical component 
typically peaks at ~0.01 - 0.1 Hz and is dissipated by viscosity 
between 100 and 1,000 Hz for the range of usual marine 
boundary-layer conditions. The signal-to-noise (S/N) ratio 
must also be large, since the power spectra of most of the 
signals have a fairly rapid roll-off. In the inertial subrange (the 
region of a spectrum between the energy input and viscous 
dissipation scales) the power spectrum is proportional to 
frequency to the —5/3 power.

Measurements over the ocean are complicated further by 
such factors as typically lower signal levels, a more severe 
environment, and interference from wave-induced motions of 
the ship or instrument platform. Also, by contrast with studies
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Fig. 1 P ho to  (a) show s F LIP  in position  
and being rigged fo r  m arine boundary- 
layer m easurem ents. P ho to  (b) show s  
F LIP  in the h o rizo n ta l p o sitio n  in which  
i t  is to w e d  to  a n d  fro m  the  experim en ta l 
site. Transition fro m  the h o rizo n ta l to  
the vertical takes a b o u t 3 0  m in, fro m  the 
vertical to the h o rizo n ta l a b o u t 15 m in. 
When F LIP  is in the  h o rizo n ta l position , 
the side b o om s are fo ld e d  a n d  electronic  
in s tru m en ta tio n  is m o u n te d  sidew ays in  
standard  racks in the laboratory. The 
sm all bo a t is u sed  to  transfer sc ien tists  
and  sm all eq u ip m e n t to  su p p o r t vessels.
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over land, where moisture is often not measured or is not 
important to the experimental areas or conditions, moisture 
over the oceans is almost always important, although difficult 
to measure.

Measurements in the marine boundary layer thus provide 
information about the exchange of heat, moisture, and 
momentum between the oceans and the atmosphere. These, 
together with radiation and precipitation measurements, 
further our understanding of weather, oceanic processes, and 
their interactions. The boundary layer is also a “ laboratory” 
for fundamental turbulence measurements. Results of most 
turbulence theories are correct for large Reynolds numbers 
(the Reynolds number is the ratio of inertial to viscous forces 
in fluid motion), and Reynolds numbers in the atmospheric 
boundary layer are typically several orders of magnitude 
greater than those obtainable in laboratory flows.

Measurement Facility: FL IP

Measurements of atmospheric turbulence over the open 
ocean have been made from at least four types of platforms: 
moving ships (Mitsuta and Fujitani, 1974); aircraft (Miyake, 
Donelan, and Mitsuta, 1970; see also Lenschow, this issue); a 
gyrostabilized buoy (Dunckel etal., 1974); and the manned 
Floating Instrument Platform (R/P FLIP) pictured in Fig. 1, a 
spar buoy operated by Scripps Institution of Oceanography 
(e.g., Pond et al., 1971; Gibson, Stegen, and Williams, 1970). 
FLIP, of course, moves much less than a surface ship does. 
However, the residual motion does contaminate some measure
ments, especially that of the vertical velocity component. Our 
method of correcting for this motion is described in the next 
section.

About 100 m of FLIP (Fig. 1) is under water so that 
pressures from surface waves have little effect on the plat
form’s vertical motion. Atmospheric sensors are placed at the 
end of the large port boom to avoid distortion of the wind 
field around FLIP as much as possible. They are located on 
small masts above or below boom level to obtain measure
ments near the surface (Fig. 1). A sail on the starboard boom 
balances the drag of the larger boom so that FLIP ’S keel is 
kept pointing into the wind. (In Fig. 1, the wind would be 
coming out of the picture toward the reader.) A collapsible 
vertical mast (shown lowered in Fig. 1) has been used for some 
measurements at about 30 m above the mean ocean surface. 
Signal cables are strung from the sensors to the laboratory on 
FLIP, located at the level of the booms. About 12 bays of 
electronic instrumentation can be placed in the laboratory, 
and about ten scientists can be accommodated for a maximum 
of 30 days at a time. (For more detailed information on the 
design and performance of FLIP, see Rudnick, 1967).

Instrumentation

• Velocity. Three independent devices are generally used to 
measure wind velocity. A standard micrometeorological cup 
anemometer measures the horizontal wind speed and fluctua
tions up to about 0.5 Hz. A three-dimensional sonic anemom
eter simultaneously measures the three components of the 
velocity vector from dc to 10 Hz. The cup and sonic 
anemometers do not require calibration in the field, but to 
verify operation before and after field trips they are tested in 
the low-speed wind tunnel of the Department of Applied 
Mechanics and Engineering Sciences at the University of 
California, San Diego (UCSD). Linearized constant- 
temperature anemometers are used to make high-frequency 
measurements of velocity components with hot-wire or hot- 
film single or double sensor probes. The double sensor probes 
are mounted in an “X ” configuration to measure the 
horizontal and vertical velocity components. Bandwidth 
typically extends from dc to several kilohertz with probe 
cables 50 m long. Before and after use, the probes are 
calibrated without being disconnected from the anemometer 
circuitry, in a small wind tunnel inside the laboratory on FLIP. 
The features of the tunnel include variable air speed and 
temperature and a protractor with 0.1° resolution for direct 
angular calibration of the double sensor probes. Our calibra
tion technique has shown that the cylindrical hot-film sensors 
(0.025 mm in diameter, 0.5 mm in length) hold calibration in 
the presence of spray in the marine atmosphere better than 
hot-wire sensors 0.0035 mm in diameter and 1.2 mm in length 
(see also Davidson, 1974).

• Temperature. Measuring the full dynamic range of 
temperature fluctuations in the marine boundary layer is not a 
routine undertaking. The signal level is usually quite low
(0.1 °C root-mean-square or less) over a bandwidth of ~10-3 
to 103 Hz. Thermocouples and thermistors do not have 
adequate frequency response to measure the entire spectrum 
of the temperature signal. Extremely fine platinum wire 
sensors (0.625 X 10“ 3 mm in diameter, 0.2 mm in length) are 
used to obtain the frequency response (—1.5 kHz) required to 
measure the full bandwidth of the signal, and to resolve the 
smallest significant length scales in the flow (~1 mm). Typical 
resistance of these sensors, which are operated in a low-noise, 
transformer-coupled ac Wheatstone bridge, is a few hundred 
ohms. Because a short interconnecting probe cable can 
minimize capacitance problems and noise pickup, the battery- 
powered ac bridge is placed close to the sensors. The current 
through the sensors is kept small (usually 250 nA) to reduce 
self-heating and consequent significant velocity sensitivity 
(Wyngaard, 1971). Sensors are calibrated in situ by electroni
cally modulating the current through one side of the ac bridge 
so that the resulting change in the output signal corresponds to 
a 1°C change in temperature. The noise level measured in the 
laboratory is about 4 X 10~10 °C2/Hz, only twice the 
theoretical Johnson noise level.
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For some measurements of fine-scale features in the turbu
lent velocity-temperature field, such a platinum “cold” wire is 
placed less than 1 mm from a hot-wire sensor. Such probes 
have been fabricated in the laboratory on FLIP by J. Clay and 
S. McConnell. Mean absolute temperature is measured with 
quartz thermometer probes or commercial platinum resistance 
probes shielded from radiation and aspirated. Bulk sea 
temperature is obtained from a quartz thermometer probe 
suspended about 1 m below a tethered surface float.

• Water Vapor. It is not possible with existing instrumenta
tion to measure the fluctuations of water vapor content with 
spatial and temporal resolution equal to that for velocity and 
temperature fluctuations. Wet thermocouples or thermistors 
have slow response times, and the psychrometric relationship 
has to be used to calculate water vapor density (absolute 
humidity, in micrograms per cubic centimeter). We have 
chosen to use the Lyman-alpha hygrometer, which directly 
measures water vapor density in the atmosphere. Buck (1973) 
gives a detailed description of this instrument. This hygrom
eter measures the absorption of the Lyman-alpha line of 
hydrogen (1216 A), which is assumed to be caused only by the 
hydrogen contained in water vapor in the measuring path. The 
absorption approximately follows Beer’s law, yielding an 
exponential dependence of detector tube current on water 
vapor concentration. The detector output is often linearized 
with a logarithmic amplifier. The commercial instrument has 
hydrogen source tubes and nitrous oxide detector tubes ~2 cm 
in diameter and ~ 5 - 8 cm long, and its path length is adjust
able only from ~0.5 to 5 cm. Thus, its spatial resolution is not 
adequate to measure the “dissipative” scales of the fluctuating 
water vapor field, which are on the order of 1 mm. Another 
operational problem with the commercial Lyman-alpha device 
is that the tube windows are of magnesium fluoride, so they 
transmit the Lyman-alpha line but are slightly soluble in water. 
Deterioration of the windows from spray or exposure during 
squalls causes attenuation of the signal. Unfortunately, a 
better window material has not been found.

To measure absolute and low-frequency water vapor 
content and to calibrate the Lyman-alpha hygrometer in situ, a 
“cooled mirror” dew-point instrument with an accuracy of 
about 0.3°C is used. It operates by measuring the temperature 
of a metal membrane that is heated or cooled until dew is 
formed on its surface.

• Motion. The slight motion of FLIP primarily affects 
measurement of the instantaneous vertical velocity 
component. Since the horizontal velocity component is 
typically an order of magnitude greater than the vertical 
component, small tilting angles about the vertical axes of the 
sensors can cause appreciable contamination of the vertical 
velocity component by the horizontal component. The trans
lational velocity of FLIP also introduces a direct velocity error 
in the measured signals. To correct the tilt sensitivity of the

anemometers, a vertical gyroscope (originally obtained by 
R. Davis of Scripps) is placed next to the sensors to measure 
the instantaneous tilt angle. The tilt correction is performed 
on the data by digital analysis in the UCSD laboratory on land. 
The total motion of FLIP is generally complicated, since there 
are three components each of angular rotation and transla
tional motion. An airline inertial navigation unit very similar 
to the one used on the NCAR Electra (Kelley, 1973) has been 
used to measure the six components, and the data are 
presently being reduced.

Figure 2 shows the instrument package without the dew- 
point/mean-air-temperature unit. The mounting frame is rigid 
and the critical angles between the gyroscope and anemometer 
sensor mounting pads are precisely set in the laboratory. The 
gyroscope is calibrated with respect to the vertical on a special 
tilt table in the laboratory on land.

Signal Processing and Recording

FLIP data are recorded mainly on magnetic tape recorders 
with FM instrumentation. As many as 20 channels, several of 
high bandwidth, must be recorded simultaneously. The 
recorded data are converted to digital form in the laboratory 
at UCSD (Gibson, 1973). The total information rate is too 
large for practical real-time digital recording, although in some 
experiments we have used an on-line minicomputer system 
which stores selected data on digital tape.

Since the root-mean-square S/N ratio of FM recorders is 
only about 50 dB, the basic signals must be preprocessed 
before being recorded to preserve their full power spectra, 
which may exceed 50 dB. Signal-processing equipment consists 
of precision dc offset and gain amplifiers, analog filters, 
differentiators, and preemphasis circuits (with specially shaped 
frequency responses to prewhiten typical atmospheric turbu
lent velocity and temperature spectra). Time-division multi
plexing is used to record low-frequency information from up 
to seven instruments on one analog tape track.

Results

Figure 3 shows a typical time-series trace of fluctuations in 
the temperature, humidity, and horizontal and vertical 
components of the velocity. The data were obtained from 
FLIP at a height of about 10 m over relatively warm water in 
cool, dry air. The fluxes of momentum, heat, and water vapor 
can be calculated directly from the time series, as pointed out 
by J. C. Kaimal, elsewhere in this issue. The evaporation of 
water at the air-sea interface represents a latent heat loss from 
the ocean. The covariance of the two velocity components is 
negative, while the covariances of the vertical velocity 
component with the scalar fields are positive for these
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Fig. 2  Turbulence a n d  m icrom eteoro log ica l 
in s tru m en t package, show n in side (a) a n d  fr o n t (b) 
views. (1) Three-dim ensional so n ic  a nem om eter;
(2) h o t-w ire /film  ve locity  p ro b e  (single or double  
sensors) fo r  use w ith  co n stan t-tem pera ture  
anem om eters; (3) cup anem o m eter; (4) p la tinum  
wire tem pera ture sensor pro b e  fo r  use w ith  the  ac 
bridge circu it; (5) therm isto r p ro b e ; (6) Lym an-alpha  
h ygrom eter; (7) vertical gyroscope. (T h e  m ean air 
tem perature a n d  d ew  p o in t in s tru m e n t is n o t  show n .)
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Fig. 3  Tim e series o f  h u m id ity , tem perature, and  vertical and  
h o rizo n ta l ve lo c ity  com p o n en ts . The vertical f lu x  o f  sensible h ea t is 
p ro p o rtio n a l to  the  covariance o f  the tem pera ture and  vertical ve locity;  
the  vertical flu x  o f  m o istu re  is equal to the  covariance o f  the  absolu te  
h u m id ity  a n d  the vertical ve locity; and  the vertical f lu x  o f  m o m e n tu m  
is p ro p o rtio n a l to the covariance o f  the h o rizo n ta l an d  vertical ve locity  
com ponen ts .
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conditions. The signs of the covariances are somewhat difficult 
to determine by inspection of the time-series plots since the 
absolute values of the correlation coefficients are usually less 
than one-half. A higher correlation between the temperature 
and humidity fluctuations exists, and the time traces exhibit a 
characteristic ramp structure of slowly increasing temperature 
and humidity with time, leading to a sharp interface.

The correlation of temperature and humidity is not always 
perfect; at some ramp interfaces the temperature decreases to 
abnormally low values (“cold spikes”) compared to the 
behavior of the humidity. An example of such a time series is 
shown in Fig. 4. The anomalous cold spikes of the temperature 
field were apparently first observed in project BOMEX (Pond 
et al., 1971). The basic reasons for this behavior are not fully 
understood. To a first approximation, temperature and water 
vapor content should behave as identical passive scalars. The 
molecular diffusivity of heat in air is within 20% of that of 
water vapor in air, and the governing equations are the same, 
except for source or sink terms due to radiative effects and 
evaporation of spray. Hypotheses advanced to explain the cold 
spikes include radiative effects and mixing of upper level air of 
different temperature and humidity profiles (Pond et al.,
1971), and evaporation of spray at the ramp interfaces 
(Dreyer, 1974). No cold spikes have been reported in tempera
ture fields observed over land.

Spectral analysis has been of great importance in under
standing the physics of turbulent motion and the mixing of

scalar fields by turbulence. The similarity hypotheses and 
Kolmogorov’s inertial subrange prediction should be particu
larly applicable to the turbulent atmospheric boundary layer 
because of its high Reynolds number. Power spectra of the 
velocity components, temperature fluctuations, and humidity 
fluctuations from low to moderate frequencies (~10“3 to 
10 Hz) obtained from FLIP are shown in Fig. 5. With 
increasing frequency, the velocity data (obtained with a sonic 
anemometer) approach the Kolmogorov inertial subrange form 
of spectral energy proportional to the —5/3 power of 
frequency. (The Kolmogorov inertial subrange form is 
expressed in wave number; the conversion from frequency to 
wave number is made by equating the streamwise spatial 
coordinate to the product of time and the mean velocity past 
the fixed measuring probe.) The humidity fluctuation data 
obtained with the Lyman-alpha hygrometer also show an 
inertial subrange behavior for scalars, as predicted by the 
Obukhov-Corrsin analyses (which are similar to Kolmogorov’s 
for the velocity field). However, the temperature fluctuations 
do not exhibit an inertial subrange. The slopes of the tempera
ture power spectra for the marine boundary layer are 
consistently flatter than —5/3 over a wide frequency range, 
apparently largely due to the cold spikes.

High-frequency, fine-scale results for the velocity and 
temperature fields are presented as power spectra of the time 
derivatives of the variables. The frequency dependence in the

(a)

FREQUENCY, HZ

(b)

FREQUENCY, HZ

Fig. 5 Part (a) show s p o w e r  spectra  o f  
tu rb u len t ve locity  flu c tu a tio n s  ob ta in ed  
over the open  ocean w ith  a three-dim ensional 
sonic  anem om eter. The slope o f  the  so lid  
line is —5 /3  fo r  the inertial subrange. The 
slig h t peaks in the spectra  a t ~ 1 0 ~ ' H z m a y  
be caused b y  surface waves.

Part (b) show s p o w er spectra o f  tem perature  
and h u m id ity  flu c tu a tio n s o b ta in ed  with a 
p la tin u m  cold-w ire sensor a n d  a Lym an- 
alpha hygrom eter. The h u m id ity  p o w e r  
spectrum  fo llow s the  —5 /3  slope, b u t the 
tem pera ture spectrum  does n o t. Overlapping  
spectral bands (tw o  fo r  h u m id ity  and  three 
fo r  tem pera ture) were used  to  cover the  
large spectral ranges o f  the signals. The 
freq u en cy  response o f  the  tem pera ture  
sensor is greater than th a t  o f  the h u m id ity  
sensor.
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inertial subrange for the power spectrum of a derivative 
becomes f~5/3 X f2 = f1/3, where f = frequency. As shown in 
Fig. 6, the velocity power spectrum exhibits the f113 form, 
whereas the temperature derivatives do not, except for a small 
region of tangency before the diffusive roll-off.

To confirm the departure of temperature over the ocean 
from the inertial subrange form, derivative power spectra were 
obtained in a laboratory flow at moderately high Reynolds 
number from a heated turbulent jet so large that the experi
ment had to be performed in the UCSD gymnasium.
Essentially the same equipment was used as in the field 
experiments and both the temperature and velocity derivative 
spectra substantially followed the inertial subrange form, 
indicating that anomalous instrument response was not a 
factor in the ocean experiments.

It has also been determined that the fine-scale structure is 
not isotropic, as evidenced by nonzero values of the skewness 
of the time derivatives of temperature in the marine boundary 
layer as found by Gibson et al. (1970) and by Boston and 
Burling (1972). In those two studies the “universal constant” 
associated with the dimensionless form of the inertial subrange 
formula for temperature was found to be greater (by factors of 
two to three) than values measured in previous laboratory 
studies.

Conclusions

Turbulence measurements in the marine boundary layer 
provide insight into the physical mechanisms of air-sea inter
action and high Reynolds number turbulence. Measurements 
of the fluxes of momentum, sensible heat, and water vapor 
over the oceans are required to further our understanding and 
modeling of atmospheric and oceanic processes. Direct flux 
measurements (calculating the appropriate covariances of the 
turbulent signals) are essential to confirm or calibrate other 
indirect, simpler techniques. Such efforts are conveniently 
performed from a stable platform such as FLIP. The simplest 
indirect flux estimate methods are the bulk aerodynamic 
formulas (Roll, 1965) which relate the fluxes to observations 
of mean air and sea temperatures, mean water vapor concen
tration, and mean wind speed. The empirical coefficients in 
the formulas are determined experimentally by comparison 
with simultaneous direct flux measurements (e.g., as by Pond 
et al., 1971). Another technique involves fine-scale measure
ment of the dissipation rates of velocity and temperature 
fluctuations (the dissipation rates are proportional to the 
variances of the time derivatives of the fluctuations). From the 
measured rates, the momentum and sensible heat fluxes may 
be inferred (Stegen, Gibson, and Friehe, 1973). The simpler 
techniques are of interest as they do not involve the difficult 
measurement of the vertical velocity component and, there
fore, may work on conventional ships.

Fig. 6 Spectra  o f  the tim e derivatives o f  ve locity  
and  tem perature. M easurem ents were m ade a t 
heigh ts o f  3, 5, a n d  3 0  m  above the m ean ocean  
surface b y  probes lo ca ted  as in d ica ted  in Fig. 1(a).
The data o b ta in ed  a t  3 m  were ta ken  b y  a double  
probe consisting  o f  a ho t-w ire ve lo c ity  sensor 
and  a p la tin u m  cold-w ire tem pera ture  sensor, 
w ith  1 m m  betw een  them . The m ean  horizo n ta l 
velocity  a t 3  m  was 631 cm /s. The K o lm ogorov  ^  
inertia l subrange is given b y  a slope o f  + 1 /3  fo r  
the  p o w e r sp e c tru m  o f  a derivative. V elocity  
e xh ib its  an inertia l subrange, b u t  tem pera ture  a>
does no t. CO

a>>

CD
o

Frequency (Hz)

VELOCITY 
3
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Fine-scale measurements in the marine boundary layer have 
revealed some departures from theoretical predictions and 
assumptions about turbulence at high Reynolds number, 
particularly for the temperature field. The reasons for the 
departures arc not presently understood and are the subject of 
continuing research.
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Measurement of Turbulent Fluxes 

by Fluxatron and NIFTI Techniques

A. J. Dyer, Commonwealth Scientific and Industrial Research Organization

The measurement of eddy fluxes close to the earth’s surface 
has been a subject of inquiry in meteorological research for 
more than 20 years. One of the earliest definitive papers on 
the subject was that of Swinbank (1951), who showed that the 
average vertical flux of a property whose measure per unit 
mass of air is s can be written as

pws pw + (pw) '

where p is air density, w is vertical velocity, the overbar 
denotes a time (or space) average, and the prime symbol 
represents an instantaneous departure from the mean. Through 
the use of the continuity equation the first (or mean-flow) 
term, pwsj has been demonstrated to be negligible over 
uniform terrain. The second (or eddy flux) term, (pw)' s', is 
regarded as being of major importance. Because variations in 
air density can also usually be considered negligible, the eddy 
fluxes of sensible heat (H, in watts per square meter), latent 
heat (E, in watts per square meter), and momentum ( t ,  in 
newtons per square meter) are usually written as:

H = pc w ' T 1 
P

where T  is temperature, q is specific humidity, u is the velocity
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component along the direction of the wind, cp is the specific 
heat, and l_w is the latent heat of vaporization.

For its practical application the eddy-correlation technique 
calls for sensors with sufficient response to detect the quanti
ties w', T', q', and u' in the flux-carrying portion of the turbu
lence spectrum and requires some means of performing the 
necessary computations.

Historical Development at CSIRO

In the early 1950s the first flux measurements made by the 
Commonwealth Scientific and Industrial Research Organiza
tion (CSIRO) Division of Atmospheric Physics (then Meteoro
logical Physics), were achieved by using hot-wire anemometers 
and fine-wire wet and dry thermocouples. The outputs of 
various dc bridges were detected by a multichannel recording 
galvanometer, and the subsequent computations were 
performed using hand-driven chart followers and a mechanical 
computer. Field runs of 5 min duration were followed by 
several days of computation.

The design and construction of an instrument capable of 
performing the necessary computations instantaneously in the 
field were initiated in the mid - 1950s, when convenient 
computing modules were not yet readily available; the final 
instrument (Dyer, 1961) was both bulky and power
consuming. Field runs were made using a heated-wake 
anemometer of novel design developed by Taylor (1958); 
fine-wire resistance elements were employed as wet- and dry- 
bulb thermometers. Since no mean values of any quantity 
could be known precisely before a run was made, a technique 
was adopted in which the departures we', T e’, and qe' from 
working means were detected. H and E were then determined 
in the field by the exact equations

and

H = pc f w 'T 1 -  w ' T ' Jp \  e e e e l

e = pLw ( < q j ’  -  K < )
Despite the cumbersome nature of the electronic equip

ment, with this instrument it was possible to verify the validity
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of the principle on which the technique is based. The most 
convincing demonstration of satisfactory performance was 
provided by an energy-balance agreement, in which the sum of 
evaporation and sensible heat flux (E + H) should equal the 
supply of energy at the surface, which is the net incoming 
radiation less the flow of heat into the ground (R — G).

An important consideration emerged from this comparison. 
Although the energy balance was satisfied in the long term, 
based on the average of 311 5 min runs, it was not satisfied for 
each individual 5 min run (Fig. 1). This disparity was 
subsequently identified as due mainly to significant horizontal 
gradients observed during the 5 min runs, 9T/9x, 9q/9x, and 
9jou/ 9x, the latter suggesting that pw =t= 0. An equivalent 
statement would be that large-scale eddies contributed 
measurably to the flux (both positively and negatively) when 
5 min runs were taken, but averaged out to a negligible 
component over longer (e.g., hourly or daily) periods.

The next instrument to be developed was the Evapotron 
(Dyer and Maher, 1965). The Evapotron was similar in 
concept to the previous instrument but employed transistor 
circuitry throughout, thus reducing the power consumption 
from 1 kW to about 100 W, most of which was required to 
operate the heater of the heated-wake anemometer (Fig. 2).

During the early 1960s, when the main thrust of the flux- 
gradient program was carried through, the Evapotron was used 
to determine the fluxes of sensible and latent heat. As with the 
earlier instrument and despite the use of longer (30 min) runs, 
considerable run-to-run scatter was still observed, particularly 
in light winds. Since a 5 min running time was, on the average,

Fig. 7 D istribu tion  o f  the recovery fa c to r (E  + H )/(R  — G) fo r  31 7 
5 m in  runs a t a m easuring h e ig h t o f  3 .5  m.

Recovery factor (%)

known to be sufficient to obtain an eddy-flux measurement, a 
technique gradually evolved in which infrequent adjustments 
were made to the working means during the 30 min runs, 
particularly if a channel began to show a large and consistent 
departure from the working mean. The resulting improvement 
in the internal consistency of the data was twofold in origin: 
the contribution from long, slow eddies was being suppressed 
without the loss of significant information on the net flux, and 
the computing devices were being operated at close to their 
optimum. These findings led to development of the next 
instrument— the Fluxatron.

The Fluxatron

The development of the Gill propeller for measuring vertical 
velocity prompted a reexamination of the design of flux- 
measuring instruments in the light of previous experience. 
Clearly, the new propeller, being a mechanical device, would 
be limited in its frequency response and thus inappropriate as 
a sensor for the high-frequency end of the turbulence

Fig. 2  Sensing head  o f  the E vapotron, show ing  the Taylor a n em om eter  
a n d  fine-w ire wet- and  dry-bu lb  resistance therm om eters.

W et- bulb 
Therm om ete r

D ry -b u lb  
T h e rm o m e te r
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Fig. 3  Com parison o f  sensible hea t m easurem en ts m ade b y  the  
E vapotron and  the F iuxa tron  a t Hay, N ew  S o u th  Wales, Australia.

TIME OF DAY

Fig. 4  B lock diagram o f  the F iuxatron.
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Fig. 5  The covariance response o f  the  F iuxatron  
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spec tru m  a t  a h e ig h t o f  4 m ; (b) illustra tes the  
reduction  im p o se d  b y  the  response o f  the system .
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spectrum. However, it was believed that, by operating the 
propeller at a sufficient height (estimated to be about 4 m), 
satisfactory eddy-flux measurements could be achieved. The 
simplicity of the Gill propeller, together with the increasing 
availability of computing components, appeared to offer the 
opportunity of providing a rugged, foolproof instrument with 
an error of about 10% for the use of nonspecialists (such as 
agricultural scientists), in contrast to the complicated and 
sophisticated instrumentation required for the academic 
investigation of high-frequency turbulence.

It was also realized that a high-pass filter could be incorpo
rated into each channel, which not only would remove the 
mean value but also would suppress the effect of long-term 
eddies that, on the basis of experience, did not seem to 
contribute significantly to the net flux. In 1965, the new 
instrument, called the Fluxatron (Dyer, Hicks, and King,
1967) operated perfectly, showing excellent agreement with 
sensible heat fluxes measured by the Evapotron (Fig. 3).

Circuit development has continued, taking advantage of 
newly emerging technology, with the result that the instru
ment now available is reliable, simple to operate, and accurate 
to within the limits imposed by sensor response characteristics. 
A block diagram of this instrument is shown in Fig. 4.

Writing wr', T r', ur', and qr' to represent departures from 
the running means provided by the 80 s time-constant filters, 
the three fluxes are given by

H = pc w ' T ’
P r r

E = PI^ w/q;

X  =  p  w ' u '

It should be noted that use of an 80 s time constant means 
that the sensitivity of the flux-measuring system is attenuated 
by a factor of two at eddy periods of 277 X 80 s (i.e., ~500 s). 
This is now generally believed to be at the edge of the flux- 
carrying region of the spectrum close to the surface (Fig. 5).

A commercially available fine-bead thermistor is used to 
measure temperature fluctuations (Tr') and a fast-response cup 
anemometer to measure velocity fluctuations (u/). The search 
for a convenient, fast-response humidity sensor has continued, 
and a recent development appears to hold much promise 
(Hyson and Hicks, in press). The device is essentially a short- 
path infrared hygrometer, but with a novel feature: the 
fluctuating output of the detector is filtered to provide two 
output signals, one representing the fast fluctuations and the 
other a slowly moving mean. The former signal is then divided 
by the latter. The performance of the device, therefore,

depends solely on the absorption coefficient of water vapor 
(and not on such things as strength of the light source, 
cleanliness of the optics, etc.). The hygrometer, coupled with a 
Fluxatron circuit, has given realistic values of the evaporative 
flux, and is now undergoing thorough evaluation (Fig. 6).

The Fluxatron has now been used in many experiments in 
Australia and has contributed to the 1974 Air Mass Transfor
mation Experiment (AMTEX) in Japan; it was also compared 
with other instruments at the 1970 Tsimlyansk study in the 
USSR.

It is now clear that, at heights of 4 m and above, the instru
ment gives satisfactory measurements (i.e., less than 10% 
error) of the three eddy fluxes in winds greater than 1.5 m/s. 
The response time of the w-propeller appears to be the major 
limitation and, when used over a period of weeks (as at 
Tsimlyansk), it is essential to ensure that the instrument is 
kept dust-free. In very light wind conditions (i.e., <  1.5 m/s) 
and, in general, at night, the high-frequency loss is such that 
meaningful measurements are virtually unobtainable. However, 
if the response time of the sensors were well known, it would 
be possible to make a correction for the high-frequency loss of 
the eddy-flux spectrum.

Recent activities of the CSIRO group concerned with eddy- 
flux measurements have been directed towards the study of 
air-sea interaction; initial studies will take place on a rigid 
tower erected 1.6 km offshore in Port Phillip Bay, in close 
proximity to the Division’s headquarters.

A rigid platform has been considered essential for eddy-flux 
measurements (Fig. 7). However, the main purpose of the air- 
sea interaction work is to study transfers occurring over the 
open ocean, and since a rigid tower is not possible in this 
situation, alternative platforms, such as floating buoys, must 
be considered. In this context a new device is being developed; 
it is known as NIFTI, for Near-Isotropic Flux Turbulence 
Instrument.

N IFTI

Many spectral studies have indicated that the familiar 
expressions based on Kolmogorov’s theory are not only valid 
in the inertial subrange but extend also into the flux-carrying 
region of the eddy spectrum. This fact is crucial to the NIFTI 
technique, in which a narrow-frequency band of the u, T, and 
q spectra is isolated by an electrical filter outside the inertial 
subrange, with the objective of using a frequency band that 
will avoid the natural frequencies of the wave spectrum and of 
the supporting mast or buoy.
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Fig. 6  Sensing  head  o f  the F iuxatron, show ing  w- a n d  u-anem om eters, 
tem pera ture  therm istor, a n d  short-pa th  in frared  hygrom eter.

The complete mathematical background for this approach is 
presented by Hicks and Dyer (1972); the final expressions for 
the spectral densities F uu, Fj t , Fqq are given by

£F

fF

= a (2 irk f)

2 t

"  M )
uA = ( u ' w ' ) 1/2

( 2 i r k f ) “ 2 ' 3 <j>H ( K - i ) " '

T. - w ' T '

Fig. 7 Preparations being m ade on  th e  C SIR O  to w er in P ort Phillip  
Bay. The ocean-going b u o y  is undergoing pre lim inary  fie ld  trials.

f F  / \ - 
— = a (2TtUf)-2 /3  <J> U  -  - M2 q yw l  J

where f is the normalized frequency (the ratio of height, z, to 
wavelength); k is von Karman’s constant; 0m. <t>H> and 0W are 
the empirically determined generalized profile relationships as 
a function of stability, z/L; au, a-p, and aq are constants; and 
L is the Obukhov length (see the article by Kaimal, this issue).

If the stability terms <Pm , 0h. 0w. and Z/L could be ignored, 
measurements of F uu, F j j )  and Fqq would lead immediately 
to a determination of the turbulence fluxes u*, H, and E (the 
signs of the last two being assigned by additional information 
such as air-sea differences of temperature and humidity). It is a 
prerequisite for this determination that the Kolmogorov 
constants au, ay, and aq be known.

The complication arising from the stability-dependent terms 
can be handled by first evaluating z/L from a suitable 
combination of the measured quantities. For example, if the 
contribution of water-vapor buoyancy to stability is ignored 
for the moment, it can be seen that the function

(F V /2r \  t t  j

Tf 5/ 6 (2 irk )1/3

.tm i
(*» - 1 ) ’

is a function solely of z/L. 6 j is ±1 depending on the sign of 
the sensible heat flux (positive upward). Since the right-hand 
side of this equation is a function of z/L, z/L can be deter
mined by either graphic or computer techniques. A slightly
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more complex expression, similar in concept, must be used 
when water-vapor buoyancy is significant, which is not 
unusual over the oceans.

An experiment over land has already confirmed the 
principle underlying this method of measurement, and the 
values found were 0.56 ± 0.04 for au and 0.71 ± 0.04 for a-p. 
Some preliminary results from the 1974 AMTEX experiment 
are also extremely encouraging. The Division intends eventu
ally to release a number of buoys in the ocean south of 
Australia and to recover data with the RAMS system of the 
satellite program of the Tropical Wind, Energy Conversion, 
and Reference Level Experiment.
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The Measurement of Pressure Fluctuations 

in the Atmospheric Boundary Layer

J. A. Elliott, Bedford Institute of Oceanography

In recent years the study of the atmospheric boundary layer 
has included some moderately successful attempts at 
measuring the turbulent pressure field at a fixed position 
above the surface. The impetus for instrument development 
comes from the desire to estimate the magnitude of the role 
played by pressure forces both in the energy budget of the 
boundary layer and in the transfer of momentum between the 
atmosphere and sea waves. For both cases it is necessary to 
measure the static pressure fluctuations above the surface; this 
requires a technique for preventing contamination of the signal 
by fluctuations in dynamic pressure.

The interference from dynamic effects is not so serious in 
studying larger scale processes. In the case of barometric 
readings for weather observations the change in pressure is two 
or three orders of magnitude larger than the corresponding 
dynamic pressure generated within most buildings, and the 
error is ignored. To obtain accurate data for somewhat higher 
frequency phenomena (such as microbarms or gravity waves, 
which have a lower signal level), most dynamic pressure effects 
can be eliminated relatively easily by sampling the pressure at 
the surface of a flat area in a manner similar to that used for 
sampling pressure at the wall of a wind tunnel, a subject that 
has been well documented. The surface sampling method has 
also been successfully employed, usually with an array of 
many sensors, to study pressure fluctuations of boundary-layer 
turbulence. Our ability to measure these signals within the 
flow above the surface is at an early stage of development.
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Two designs for a system capable of sampling turbulent 
pressure fluctuations above the surface have been published 
recently: one by Elliott (1972a) in a study of boundary-layer 
turbulence and the other by Snyder et al. (1974) in a study of 
the generation of sea waves. The approach for both systems 
was to design a sampling probe for which the dynamic 
contamination had been reduced to an acceptable level; the 
signal is connected acoustically to a transducer which is 
positioned so that it will not interfere with the operation of 
the probe.

The Elliott probe is a thin ellipsoid, 4 cm in diameter, 
mounted lollipop-fashion cn the end of a long “sting.” The 
ellipsoid is only 0.2 cm thick and has a depression near the 
center on each side; critical control of the maximum thickness 
of the ellipsoid and of the depth of the depression is required 
to obtain adequate rejection of dynamic pressure noise. The 
atmospheric pressure is sampled at two ports, one at the center 
of each side of the ellipsoid. These two ports are connected 
indirectly by a small-diameter tunnel, 2 cm in length, con
structed within the body of the ellipsoid; the pressure at the 
midpoint of this tunnel is tapped and connected to a 
transducer through the hollow sting. The shaped ellipsoid has 
recently been mounted as a rotating probe and a vane is 
employed to keep the ellipsoid approximately aligned with the 
local horizontal wind (Fig. 1).

In the probe developed by Snyder et al., a wind vane rotates 
a vertical shaft on which a rod 1 cm in diameter is mounted 
horizontally, aligned parallel to the air flow. The leading end 
of the rod is a cone with a 40° apex angle. Four sampling 
holes, symmetrically positioned around the circumference of 
the cone a short distance from the apex, join at the center of 
the rod and are then connected by a hollow shaft and tubing 
to a transducer located well below the rotating probe. In 
fabricating this probe, the distance from the tip of the cone to 
the intake holes is critical in obtaining good rejection of 
dynamic pressure noise.

For both systems the optimum shape for the probes was 
achieved only after numerous wind tunnel tests. A measure of 
the performance of a probe as obtained from these tests can be 
expressed in terms of a “pressure coefficient” defined by the

30



NUMBER 7 -  FALL 1975

equation

pd = j  p (k u2 + 2K2uu' + k3u' 2 

+ K v '2 + K. w'2^
4  5 /

with 0 <  K <  1, where pj is the dynamic pressure at the 
sampling point, p is the density of air, the Ks represent the 
pressure coefficients, u is the mean velocity directed along the 
axis of the probe, and u', v', and w' represent the turbulent 
velocity components. The challenge is to make the pressure 
coefficients sufficiently small.

In most field studies the mean wind, u (a constant defined 
by an average over a period of about an hour), is much larger 
than the fluctuating turbulent velocities. Since the first term in 
the equation is a constant, the largest fluctuating term is 
pK2uu\ A representative spectrum for this noise term 
(pK2uu'), setting K2 = 1, is plotted in Fig. 2, with a corre
sponding spectrum for the turbulent pressure fluctuations.
Both curves have been normalized by the surface stress, 
t = pu*2 (u* = V ^ V ,  the friction velocity). For the 
frequency range dominated by boundary-layer turbulence, K2 
must be no larger than 0.01 to give a ten-to-one signal-to-noise 
ratio for the desired measurements of turbulent pressure 
fluctuations. The dashed portions of the curves in Fig. 2 at low 
nondimensional frequency indicate only a typical magnitude 
since the puu'/pu*2 curve depends upon the nature of the 
so-called spectral gap of the velocity spectrum, and the 
pressure spectrum (p/pu*2) will vary considerably in time and 
location since this portion of the spectrum often contains 
energy from nearby mesoscale phenomena. As the frequency 
decreases the magnitude of the static pressure eventually 
exceeds the dynamic "noise.”

Typical values for the pressure coefficients are given in 
Table 1. Although magnitudes of K4 and K5 were not calcu
lated directly, the effects of pK4v'2 andpK5w'2 are simulated 
by variations in the angles between the air flow and the axis of 
the probe. The values of K i , K2, and K 3 are not expected to 
exceed the values shown, provided the orientation of the 
probe stays within the angular range; the response of the vanes 
is sufficient to keep the horizontal angle within this range. 
These probes have dynamic noise rejection adequate for 
operation under the conditions for which they were designed.

The root-mean-square value for static pressure fluctuations 
in the boundary layer is approximately 20 times the magni
tude of the surface stress. Thus, for typical wind speeds and 
surface roughness, the variance of the pressure signal is about 
0.5 to 5 N/m2. Many commercially available transducers could 
be used to sample these pressure fluctuations; both the Elliott 
and Snyder instruments use a differential type with an 
accuracy of 0.01 N/m2. The differential pressure transducer

Fig. 1 The E llio tt ro ta tin g  probe. Pressure 
f lu c tu a tio n s  sam pled  a t the cen ter o f  the d isk  
pass up through a h o llo w  ste m  to  a transducer.

r i

L. * ,

Fig. 2  R epresen ta tive spectra fo r  the d o m in a n t d ynam ic  pressure  
signal, puu ', a n d  the  e x p e c te d  tu rb u len t pressure fluc tua tions, p, show n  
as fu n c tio n s  o f  nond im ensiona l freq u en cy , n z fu , where z  is the  h eigh t  
above the  surface. B o th  pressures have been m u ltip lied  b y  the square 
ro o t o f  frequency , n, and  no rm a lized  b y  the surface stress, p u  t 2.

requires a reference pressure; this can be an insulated container 
about a liter in size. The reference volume must be well 
insulated, since a pressure change of 0.01 N/m2 will occur for 
a temperature change of only 3 X 10~s °C. Other sources of 
noise for rotating probes are accelerations of air in the passages 
of the probe as it rotates, and pressure fluctuations generated 
at the rotating airtight bearing. Noise from these sources is
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Table 1 ’ressure ■ oefficienis (K) tor the probes.

Probe K, k 2, k 3 Lim iting Wind 
Angles

Mean Wind
(m/s)

E llio tt, fixed 
(disk horizontal)

E llio tt, rotating 
(disk vertical)

Snyder et al.

0.015

0.010

i i f l l

0.007

0.005

H I__
,

±10° vertical 
±30° horizontal

±30° vertical 
± 8° horizontal

±15° all directions

3-9

3-9

3-10

estimated to be <0.01 N/m2. Thus, the dynamic noise is the 
largest by about an order of magnitude.

The frequency response of the instruments can be obtained 
by generating a known pressure signal in a container in which 
the probe has been sealed. To permit optimum use of the 
dynamic range of the transducer, high-pass filtering is achieved 
by allowing a slow air leak between the reference volume and 
the signal side. This enables the reference to follow low- 
frequency variations in pressure. The high-frequency response 
is limited to a range of about 1 - 10 Hz, due to viscous 
damping in the small passages in the probes.

The Elliott fixed probe was used at a site near Vancouver, 
British Columbia, in a study of the statistical properties of 
pressure fluctuations in the boundary layer (Elliott, 1972b) 
that included an estimate of the pressure term in the net 
turbulent energy budget under conditions of neutral stability. 
The term was found to be small, in agreement with earlier 
predictions. Another recent study by Wyngaard and Cote 
(1971), which measured all terms except the pressure term, 
found an increasing imbalance with increasing instability, 
which can possibly be accounted for by the increasing 
importance of the pressure term. McBean and Elliott (in press) 
attempted to extend the observations of the pressure term to 
unstable conditions; their data, however, are of limited useful
ness since the fixed probe did not operate satisfactorily at the 
large vertical wind angles which occur at large instabilities. A 
new rotating version of the probe, which tolerates larger 
vertical angles, will help overcome this handicap.

Rotating pressure probes are also being used to study 
generation of sea waves. Snyder (1974) mounted his probes at

a site in the Bight of Abaco, Bahama, at a fixed height above 
the surface. The correlations between pressure and waves were 
extrapolated to the sea surface to obtain an estimate of 
momentum transfer to the waves. The Elliott rotating probe 
(developed with F. W. Dobson of the Bedford Institute of 
Oceanography) has been mounted on top of a wave follower 
to sample the near-surface pressure, which is correlated with 
the vertical velocity of the waves.

The Snyder probe has been adapted by Cunning (1974) for 
a study of the surface pressure fluctuations in the mesoscale 
range. Probes were installed at three sites near Miami, Florida, 
to obtain phase speed and the direction of propagation of 
midfrequency pressure fluctuations.
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The Use of a Tethered Kite-Balloon to Probe

the Lowest Levels of the Atmosphere
C. J. Readings, British Meteorological Office

Although the last few years have seen an increasing amount 
of effort devoted to the study of the earth’s boundary layer, it 
is still fair to say that little information exists on the relatively 
inaccessible regions above the surface layer. One method of 
raising instruments to higher levels that is receiving increasing 
attention is to suspend them from a tethered kite-balloon or 
its cable. This article reviews the principles of tethered-balloon 
operations, applications to date, and examples of results 
obtained, as well as the potential for the system and its merits 
compared to other techniques such as those using aircraft or 
tall towers.

Principles of Tethered-Balloon Operations

Tethered kite-balloons can be used for studies under a fairly 
wide range of atmospheric conditions, over both land and sea. 
Their use is restricted by adverse weather conditions such as 
strong or gusty winds (limits vary from system to system) and 
by the risk of static electrical discharge or icing. Restrictions 
imposed by local aviation authorities may also contribute to 
reducing the number of times per year when it proves possible 
to operate a particular system at a given location.

Methods of instrument packaging and rigging depend on the 
number of levels at which simultaneous measurements are 
required. If one level (with vertical scanning) will suffice, the 
instrument package can be quite heavy, since it can be 
suspended directly from the balloon. For simultaneous, multi
level measurements, the individual packages have to be quite 
light since they must be supported by the tethering cable. The 
Cardington Mark 11 balloon packages, for example, should be 
no more than ~10 kg each (see Fig. 1 and Table 1). Calcula
tion of the total payload and specification of the required 
operating heights should enable a potential user to determine 
whether a suitable tethered system is available. Large balloons 
such as the Mark 11 meet most requirements but require 
specialized winches and very experienced crews. For many 
purposes, a smaller balloon is attractive because it requires 
only a simple winch and can be operated by a relatively 
inexperienced crew; the Mark 15 is about the largest balloon 
which can be handled so simply.

At Cardington balloons are usually tethered to a fixed or 
mobile winch by a single steel cable; thus, they tend to 
oscillate normal to the mean wind direction (see Readings and 
Thompson, 1974). Although this is not a serious problem, 
attempts have been made to reduce the motion by using three 
tethering cables; this approach is not widely used, however, 
because of the greater expense and operational difficulty. 
Lateral oscillations (and vertical movements) vary from 
balloon to balloon but are generally more pronounced for 
smaller balloons. Over the sea, motions of the ship must also 
be taken into account (Thompson, 1972). The detrimental 
effects of these oscillations must be considered separately for 
each instance (see Haugen et al., in press); such an appraisal 
must also include possible disadvantages of the tethering 
cable’s inclination away from the vertical (Jones and Butler, 
1958).

A problem of a totally different order of magnitude arises if 
a nylon tether instead of a steel cable is used to save weight. A 
nylon-tethered balloon is prone to high-frequency oscillations 
(~1 Hz as opposed to the usual period of several minutes) 
which can easily damage fragile equipment or sever the cable if 
an unsuitable method of attachment is used.

Examples of Instrument Packages

It is perhaps appropriate to begin this section by describing 
the Balthum (Bal\oor\ 7'emperature and Humidity) sonde 
which has been used since 1942 by the British Meteorological
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Fig. 1 The M ark 7 7 kite-balloon.

Table 1 Details of Two Standard British Kite-Balloons

Details

Volum e
W eight o f balloon 
W eight of tethering  cable 
S ta tic  L ift—Surface 

300 m 
600  m 
900  m

Mark 11

1300 m 3 
4 3 0  kg 
200 g/m  

1000 kg 
9 50  kg 
9 00  kg 
800 kg

Mark 15

140 m 3 
90 kg 
45 g/m  
80 kg 
60  kg 
40  kg 
20 kg

Office to provide profiles of pressure, temperature, humidity, 
and wind speed up to an altitude of about 1 km every 6 h. The 
Balthum is the only low-level instrument package in regular 
use in Great Britain (Painter, 1970). It is quite heavy (~35 kg) 
and is not only suspended from an auxiliary cable attached to 
the balloon but also fixed to the tethering cable to minimize 
pendulous oscillations. Wind speed is measured by a cup- 
contact anemometer, pressure by an aneroid capsule, and wet 
and dry temperatures by two thermistors (Fig. 2); sensor 
outputs are radioed to the ground.

The Cardington turbulence probe, earlier forms of which 
were described by Jones and Butler (1958) and by Readings 
and Butler (1972), consists basically of an arm with a vane at 
one end and sensors at the other end (Fig. 3). Free rotation 
about the tethering cable allows the vane to keep the sensors 
facing into the wind. The latest version is designed to measure 
instantaneous values of temperature and all three wind 
components. Total wind speed is measured by a 120 - slot 
photoelectric cup anemometer; inclinations of the wind to the 
horizontal and the angle between the vane and the wind in the 
horizontal plane are measured by two “double V” hot-wire 
heads (Jones, 1961); the absolute orientation of the vane with 
respect to the earth’s magnetic field is measured by a magnetic 
flux gate; and temperature is measured by a noninductively 
wound 25 pm platinum wire. Errors that might arise from the 
tilting of the cable are minimized by mounting the two hot
wire heads and the magnetic flux gate on a vertical arm which 
is attached by a universal joint to the horizontal arm. Oscilla
tions are minimized by two oil dashpots; a joint-dashpot near 
the tethering cable keeps the cup anemometer axis horizontal.

Fig. 3  The la test version o f  the C ardington turbulence probe.

Fig. 2  The B althum  
radiosonde.
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The vane contains circuit boards and temperature-range 
switches; batteries are contained in a box, usually mounted 
just below the probe. Signals are relayed to the ground by 
radio, but originally cable was used. Cable transmission is 
cheaper and more accurate but introduces severe handling 
problems; its added weight restricts the number of measure
ment levels to two. A probe based on the Cardington design 
has recently been constructed by the Norwegian Defense 
Establishment, and Thompson (1972) has used a similar probe 
over the sea. His version includes a platinum wire covered with 
wet cotton to measure wet-bulb depression.

assessed. A team from Oxford University found it necessary to 
mount a radiation sensor about 1 km below the balloon to 
prevent the balloon from obscuring the zenith. The Cardington 
turbulence probe was designed to eliminate undesirable 
influences of the cable’s tilting and twisting, but it does not 
compensate for lateral and vertical oscillations. The effect of 
these oscillations was determined by comparison of tower and 
balloon-based measurements at a site in Florida (Haugen et al., 
in press); measurements of lateral wind components were 
shown to be affected, but longitudinal and vertical 
components were not (see Fig. 4).

Provided it can be suitably rigged and meets weight require
ments, almost any type of instrument can be operated from a 
tethered balloon; to date the list includes cup anemometers, 
quartz and other types of hygrometers, hot wires, cavity 
microwave refractometers, thermistors, aneroid barometers, 
platinum resistance thermometers, magnetic sensors, and 
radiometers. Examples of some of the applications can be 
found in Yokoyama (1969); Stilke, Mollnhauer, and Jahnke
(1967); Hall and Gardiner (1968); Murday (1970); and 
Gjessinget al. (1968).

For any particular application, the influence of the balloon 
and its motions on the sensors’ measurements must be

Examples of Results

Until recently Cardington was the only facility available to 
scientists where large kite-balloons could be used. The U.S. Air 
Force now has a similar portable facility which has been used 
in Florida (Haugen et al., in press) and in Minnesota (Readings, 
Haugen, and Kaimal, 1974). Smaller balloons have been used 
for some time, but few results have been obtained with them.

For many years the Meteorological Research Unit at 
Cardington has used the Cardington balloon facility to study 
wind and temperature fluctuations throughout the boundary 
layer. The work has provided mean profiles of the rates of 
dissipation of turbulent velocity and temperature fluctuations 
(Rayment, 1973; Caughey and Rayment, 1974). The studies 
have recently been extended to topics such as the dependence

Fig. 4 C om parison o f  Cardington p robes and  
sonic anem om eters (1971). The probes were 
m o u n te d  on the fly in g  cable o f  a kite-balloon  
a nd  the anem om eters on a tower. Graph (a) 
gives the variance o f  vertical velocity, (b) gives 
the variance o f  horizo n ta l velocity, and  (c) 
gives the tu rb u len t m o m e n tu m  flux.
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Establishment, using microwave refractometers and a quartz 
crystal hygrometer. These have revealed some interesting 
features, including very thin layers of enhanced refractivity 
(Warhaft, 1973; Gjessing, Kjelaas, and Golton, 1973). All of 
these investigations have relied on a series of sequential, 
single-level measurements, but for many purposes simultane
ous observations at several levels are essential. The first multi
level measurements were carried out at Malvern in 1972 but 
were not published. A more comprehensive program carried 
out in Minnesota in 1973 provided a full study of the diurnal 
development of the boundary layer and included surface-layer 
flux and profile measurements by the Air Force Cambridge 
Research Laboratories (see the article by Kaimal, this issue) as 
well as measurements at five levels by Cardington turbulence 
probes (Readings, Haugen, and Kaimal, 1974). A further series 
of experiments is planned for this year in southern England. 
These will involve multilevel and multisite observations of the 
structure of the earth’s boundary layer using Cardington 
turbulence probes at two sites, plus an aircraft, a sailplane, the 
high-power 10 cm radar facility at Defford (see Watkins,
1971), and five special radiosonde stations.

One of the most exciting developments in recent years has 
been the combination of remote and in situ techniques. An 
early example of this was the 1971 Malvern Experiment, in 
which detailed observations of the structure of an inversion by 
a Cardington turbulence probe were made simultaneously with 
scanning measurements by the Defford radar. The study 
revealed the complex structure of a subsidence inversion and 
has enabled an entrainment mechanism to be hypothesized

(see Fig. 5 and Rayment and Readings, 1974). Combined 
remote and in situ observations have also been made over the 
sea (Thompson, 1972; Stilke, Mollnhauer, and Jahnke, 1967).

Closing Remarks

The advantages of a tethered balloon system, noted 
throughout the text, can be summarized as follows:

• Operation is fairly cheap.

• The system is quite mobile and can be used over both 
land and sea.

• The cable does not disturb the air flow.

• Full coverage of the boundary layer is possible in both 
time and height, with measurements spaced at close intervals 
and vertical scanning possible at several levels simultaneously.

• Almost any instrument can be accommodated.

Tethered balloons have advantages over a tall tower unless a 
rather wide range of weather conditions at one site and over a 
limited height needs to be monitored. Their merits compared 
to aircraft are less clear-cut. Aircraft can provide measure
ments of spatial variations and spatial averaging, and can be 
operated over a wider range of weather conditions; but they 
are much more expensive to operate, they may not permit as 
wide a frequency coverage or as accurate a measurement of 
wind structure, and they do not provide vertical profiles as 
conveniently.

Fig. 5 A sch em a tic  represen ta tion  o f  the 
structure  o f  a ''h u m m o c k "  on  the base o f  the 
inversion a t  th e  top  o f  the bou n d a ry  layer, 
based on  s im u lta n eo u s radar a n d  turbulence- 
pro b e  m ea su rem en ts  in the 1971 Malvern 
E xperim ent. This diagram illustra tes the  
m o d e l p ro p o se d  fo r  the d o w n w a rd  en tra in m en t 
o f  air across an inversion (R a y m e n t and  
Readings, 1974).
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The Use of Tetroons for Probing the 
Atmospheric Boundary Layer

J. K. Angell, National Oceanic and Atmospheric Administration

Small, constant-volume balloons have been used to probe 
the planetary boundary layer for about 15 years. Their use in 
such research was made possible by the development of Mylar, 
a material with very low permeability and very little stretch 
when subjected to relatively high superpressure (greater inter
nal than ambient pressure). An innovation in balloon shapes 
and the development of an expendable transponder also 
contributed to a successful air-parcel-oriented (Lagrangian) 
system for atmospheric boundary-layer research.

The Tetroon-Transponder System

The term tetroon is a composite from the words feZrahedral 
and balloo/7; a tetroon is a four-sided, constant-volume 
balloon. The tetrahedral shape was chosen because it allows 
for straight seams in manufacture, which results in a cheaper 
and more reliable balloon than the spherical design. The choice 
proved advantageous, since the higher drag coefficient of the 
tetroon (0.75) in comparison with a sphere (0.50) permits 
more faithful tracking of vertical air motions. The inverted- 
pyramid shape is evident in Fig. 1, which shows a tetroon 
being prepared for release in New York City. The spherical 
pilot balloon is used to tow the tetroon quickly to flight level; 
the two balloons are then separated by means of a fuse that 
melts the connecting Mylar strip.

Author

J. K. Angell, a research meteorologist with the A ir Resources 
Laboratories, Environmental Research Laboratories, National 
Oceanic and A tmospheric A dministration (NOAA), is particu
larly interested in constant-level balloons. He earned his B.A. 
in mathematics from the University of Michigan and his Ph.D. 
in meteorology from the University o f California at Los 
Angeles (1956). He has worked for the U.S. Weather Bureau as 
well as NOAA, and has participated in such programs as the 
Global Horizontal Sounding Technique and its French 
counterpart, EOLE. In 1967 he won the Department of 
Commerce’s Silver Medal.

An inexpensive, lightweight radar beacon or transponder 
was needed because ground clutter at the low elevations 
(about 300 m) at which tetroons were being flown made radar 
tracking of passive reflectors extremely difficult. The first such 
transponder was developed in 1962, and several improvements 
have since been incorporated. The present transponder weighs 
less than 100 g and, accordingly, constitutes almost no hazard 
to aircraft. A small 22 V battery that is clipped to the side of 
the transponder at flight release provides power for one or two 
days. Because the transponder costs only a little more than the 
tetroon, it is expendable. However, through the use of return 
tags, about half of the transponders are recovered, refurbished, 
and used again.

Figure 2 is a schematic of the transponder system. The radar 
triggers the transponder, which then responds in the meteoro
logical frequency range around 403 MHz. Since the tran
sponder is tunable from about 395 to 410 MHz, several 
transponders can be tracked simultaneously, each with unique 
identification. A special antenna and receiver are required for 
reception of the transponder signal at the radar, but the 
hookup from the receiver to the radar is direct and offers no 
difficulties. With this system the radar video gain can be 
turned down so far that the only signal on the radar scopes is 
that of the transponder, even if the transponder is only a few 
feet above the ground.

The radar generally used by the National Oceanic and 
Atmospheric Administration’s Air Resources Laboratories 
(Silver Spring, Maryland) is a modified M33. Figure 3 shows 
this radar on a mountaintop overlooking the Los Angeles 
Basin. During the second of the Los Angeles experiments and 
the Haswell experiment, two M33 radars were used, and a 
third is being prepared for use in future experiments.

Data gathering and reduction are basically automated. The 
range and the azimuth and elevation angles of the tetroon are 
placed on magnetic tape at 1 s (or longer) intervals, but 
because of radar positioning errors and the usual radar “hunt” 
during automatic tracking, these data are usually averaged by 
computer to provide 30 s or 1 min average positions and 
derived velocities. Continual regulation of the magnetron 
power is required for precise positioning, and while this is now 
handled manually, it is hoped that this too can be automated. 
As long as the tetroon is in the radar’s line of sight, the tran
sponder can be tracked to the range determined by the pulse
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repetition rate of the radar, which is 100 km in the case of the 
M33. Transponders have been tracked to much greater 
distances by the National Weather Service WSR - 57 radars; in 
this case, transponders responding to 10 cm wavelengths must 
be used.

Launch Procedures

In the absence of vertical air motion, the superpressured 
tetroon floats on an essentially constant-density (isopycnic) 
surface because the vertical density gradient of the atmosphere 
is about four times that of the tetroon. This results in a 
restoring force on the tetroon when it is displaced from its 
equilibrium surface. Thus, it is essential that the superpressure 
within the tetroon be sufficiently large that the tetroon always 
maintains full volume, despite any increase in ambient pressure 
or decrease in temperature. Otherwise the tetroon loses its 
flight-level stability and may sink to the ground. A super
pressure of 30 mb is adequate for flight at 300 m; with a 
standard lapse rate, the rate of change of the tetroon’s super
pressure is only about 0.6 times the rate at which ambient 
pressure changes. On the other hand, the tetroon superpressure 
should not exceed 70 - 100 mb (depending on the tetroon’s 
size); if the superpressure is higher than that, the Mylar begins 
to “creep” and the tetroon will not return to its original 
volume (hysteresis effect). It is sometimes difficult to satisfy 
both criteria, particularly in convective conditions. Fig , Tetroon (sMn f/i/c^  0 Q5 mm) be/ng

prepared  fo r  release in N e w  York C ity. The spherical
If a series of tetroons is flown at the same elevation with the p ilo t  balloon tow s the te troon  q u ick ly  to  flig h t level. 

same superpressure, determining the correct free lift (and 
superpressure) at the surface requires only a knowledge of the

Fig. 2  S chem atic  o f  the radar-transponder-tetroon sy stem .
Fig. 3 The M 33 radar (a t right) on a m o u n ta in to p  overlooking  
the Los A ngeles Basin.

RADAR CONSOLE TRANSPONDER RECEIVER
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difference between the temperatures at intended flight level 
and in the inflation area (not the ambient surface tempera
ture). The Air Resources Laboratories have developed practi
cally foolproof line graphs that allow determination of the 
correct free lift and surface superpressure in less than a 
minute. Since the free lift for low-level flight is usually only a 
few grams, some care and precision are required in the weigh- 
off procedure. The greatest source of error involves the 
temperature at flight level, so this should be measured rather 
than estimated if possible. For each degree-Celsius error in 
estimating this temperature, the error in tetroon height is 
about 30 m, and if the temperature is estimated to be colder 
(warmer) than it actually is, the tetroon will fly too low 
(high).

We have recently devised a universal graph for use in 
determining the surface free lift required for flight at specified 
levels, given balloons of differing volume and differing volume 
expansion with an increase of superpressure. Because of its 
simplicity, this graph (which is available to the interested 
reader) is well worth considering for use in any low-level, 
constant-volume balloon experiment.

Our inflation procedure requires attaching to the tetroon all 
items that are to be flown with it, as well as gram weights 
equal to the calculated free lift. The tetroon is then inflated 
with helium until it barely floats. At this stage the tetroon will 
be only about half full. Air is then added until the tetroon is 
filled but not superpressured. The advantage of such air

“ballast” is that it is no hazard to aircraft. Finally the tetroon 
is again inflated with helium until the required superpressure, 
as measured by a manometer, is attained. Interestingly enough, 
the mass added by superpressuring with helium is slightly 
overcompensated by the resulting expansion of the tetroon, 
but the small additional free lift gained can be balanced by 
applying pieces of adhesive tape to the balloon surface. The 
entire inflation procedure should take no more than 15 min.
Of course, the weights attached to the tetroon (which equal 
the calculated free lift) must be removed before the tetroon is 
released.

In order to assure a good track immediately upon release of 
the tetroon, the transponder should be sent a short distance 
aloft on a pilot balloon before the flight to verify that a signal 
of the desired frequency is being received at the radar.

Horizontal Trajectories

The most obvious and least controversial use of the tetroon 
is for the determination of horizontal air trajectories. The 
trajectory determined directly from a tetroon should be far 
superior to that estimated from a grid of (Eulerian) wind 
measurements, particularly in light wind conditions. The only 
appreciable error in the trajectory of a tetroon compared to 
that of an actual air parcel lies in the fact that the tetroon does 
not respond fully to vertical air motion, as discussed in the 
next section.

Fig. 4  T etroon  trajectories in the  
L os A ngeles Basin. The n um bers  
along the trajectories indicate the 
hours since te tro o n  release.
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Figure 4 illustrates the trajectories of three tetroons in the 
Los Angeles Basin, as determined by a radar on Catalina 
Island. The tetroons were released from Sunset Beach (about 
20 km southeast of Long Beach) in the dying stages of a sea 
breeze. Two of them, caught in the nighttime land breeze, 
moved westward and then northward around the Palos Verdes 
Hills before moving onshore in the next day’s sea breeze, 
illustrating an almost perfect diurnal recirculation regime. It 
would be very difficult to determine such trajectories from a 
grid of wind measurements at fixed locations, especially since 
the trajectories lie mostly over water where no wind data are 
available.

There have been five tetroon experiments (three in Los 
Angeles, California, in 1963, 1969, and 1972; one in New 
York City; and one in Atlantic City, New Jersey) that had as 
their principal aim a study of trajectories in a sea-breeze 
regime. Other experiments, which were also designed to study 
trajectories in coastal or near-coastal regions, have been carried 
out at Wallops Island (Virginia), Cape Hatteras (North 
Carolina), and Bodega Bay (California) by the Air Resources 
Laboratories; at Patrick and Vandenberg Air Force Bases by 
the U.S. Air Force; and in the Willamette Valley of Oregon by 
Oregon State University. Tetroons have also been used by the 
University of Michigan to study the lake breeze in the 
Chicago-Milwaukee area.

The simultaneous launching of two or more tetroons from 
the same point permits estimation of diffusion or dispersion 
from the direct Lagrangian point of view. Figure 5 shows the 
change in area and orientation of tetroon triads released from 
the Nevada Test Site. Note that in some cases the tetroons 
actually approach each other for a time (negative diffusion), 
but in general the clusters expand as one would expect; that is, 
the standard deviation of their separation is proportional to 
about the 0.8 power of distance. The most recent Los Angeles 
experiment involved the release of triads of tetroons, which 
then served as markers to delineate the volume of air for 
collecting samples of pollutants with helicopters. These 
diffusion data are still being analyzed, but it would appear 
that, within the stable layer over the Los Angeles Basin, the 
diffusion is often anomalously small, particularly with respect 
to travel distance.

Estimation of Vertical Air Speed

Because of its relatively high drag coefficient, the tetroon 
does a fairly good job of delineating vertical air motions, 
particularly when the fluctuations are of large amplitude and 
short duration. However, because of the buoyancy force acting 
to return the tetroon to its equilibrium float surface, the 
tetroon’s vertical speed cannot be exactly that of the air in 
which it is embedded (i.e., the tetroon “slips” relative to the 
ambient air). For this reason the amplitude of the tetroon

oscillation in the vertical is usually less than that of the 
associated air parcel, and consequently the horizontal 
projection of tetroon and air parcel trajectories cannot be 
exactly the same.

Given the vertical speed of the tetroon, its drag coefficient, 
and its displacement from the equilibrium float surface, it is 
possible to estimate its slip speed and hence the vertical 
airspeed from the equation of motion and the drag equation. 
This slip speed has been determined by computer and is found, 
for example, to equal about 0.6 m/s for a tetroon displaced 
300 m from the equilibrium surface. This is a significant value, 
and at first sight it might appear that the vertical velocities of 
tetroons are almost useless as indicators of vertical air motion. 
However, comparison of the temporal variation in vertical 
tetroon speed and derived vertical airspeed along tetroon 
trajectories shows that much of the difference results from 
small phase differences between the respective fluctuations 
and that the two traces are actually quite similar.

Fig. 5 D ispersion o f  triads o f  te tro o n s released fro m  the  N evada T est 
Site. The triads are ind ica ted  a t h o u rly  intervals, e x c e p t the b o tto m  set, 
w hich is a t  2 h intervals.



ATMOSPHERIC TECHNOLOGY

The slip speed becomes important when there are perma
nent obstacles to the air flow. As an example, Fig. 6(a) shows 
the mean field of tetroon vertical velocity obtained from more 
than 30 daytime flights that passed over Oklahoma City while 
embedded in the strong (12 m/s) south-southwesterly flow of 
that region. The ascending motion of the tetroons averages 
more than 0.3 m/s directly upwind of the downtown area. 
Whether this reflects mainly the barrier or the daytime heat- 
island effect of the city is not yet clear, although the former 
seems more likely. Figure 6(b) shows the vertical air motion 
that was derived from the vertical tetroon motion, making use 
of the computer program mentioned earlier. There is now 
evidence that the city induces a plume of ascending motion 
extending at least 30 km downwind of the city, because the 
tetroons, though forced far above their equilibrium float 
surface upon approach to the city, do not return to this sur
face downwind of the city.

The main difficulty in the estimation of vertical air motion 
from vertical tetroon motion is the determination of the

Fig. 6  Mean spatia l d istr ibu tion  o f  te troon  vertical velocity in m eters  
p er second  based on m ore than 3 0  fligh ts passing fro m  so u th -so u th w est 
to  no rth -n o rth ea st over O klahom a C ity  under strong  (12  m /s)  w ind  
cond itio n s (a), a n d  the  derived  m ean fie ld  o f  vertical air ve locity  (b). 
P ositive values s ign ify  upw ard  and negative values dow nw ard  m otions. 
D ow ntow n , com m ercial, and  residentia l areas o f  the c ity  are delinea ted  
b y  ligh t so lid  lines.

(a)

equilibrium float surface. The obvious choice is the mean 
tetroon height; in convection, however, this cannot be realistic 
because the tetroon oscillations in the vertical are bounded on 
one side by the earth’s surface. Furthermore, because of the 
possibility that the equilibrium surface varies in space and 
time, particularly downwind of a complicated entity such as a 
city, there is always the worry that the indicated vertical air 
motions, such as those in Fig. 6, are not completely represen
tative. Despite these problems, we have devised a universal 
graph (available upon request) that permits estimation of the 
vertical airspeed from the vertical speed of any constant- 
volume balloon, if the displacement of the balloon from its 
equilibrium surface, its drag coefficient, and the ratio of the 
frontal area to the volume of the balloon are known.

One of the interesting findings from the study of vertical 
tetroon oscillations is the evidence for counterrotating helical 
circulations (longitudinal roll vortices) in the planetary 
boundary layer. Examples of such circulations have been 
found at Columbus, Ohio; over the ocean east of Wallops 
Island; within the Los Angeles Basin; and particularly at the 
National Reactor Testing Station in Idaho. The counterrota
tion insures that the circulation in the transverse (vertical- 
lateral) plane is due not merely to the effect of a wind 
direction shear with height; our findings suggest that the 
earthward transport of momentum is considerably greater 
when organized helical circulations exist than when the 
convection is essentially random (see next section).

(b)
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Estimation of the Reynolds Stress

Tetroon flights past the WKY television tower in Oklahoma 
City yielded a correlation of 0.5 between the Reynolds stress 
measured on the tower and that obtained from the covariance 
of tetroon vertical and longitudinal eddy velocity components 
along the trajectory. Interestingly enough, this correlation was 
not improved through use of the derived air-parcel vertical 
velocity in comparison with tetroon vertical velocity. Figure 7 
presents the average distribution of longitudinal Reynolds 
stress (dynes per square centimeter) in the Oklahoma City area 
based on the same tetroon flights that were used in the 
vertical-velocity evaluation given in Fig. 6. The spatial 
variation was obtained by taking the deviation of 30 s average 
tetroon velocities from successive 15 mir, block average 
velocities, thus, in effect, determining the contribution to the 
vertical momentum flux from Lagrangian oscillations with a 
period of 1 - 30 min. The effect of the city in increasing the 
downward flux of momentum is impressive, with the stress 
about three times greater downwind of the city than over the 
surrounding countryside. On the basis of this experiment, the 
tetroon appears capable of providing useful estimates of the 
spatial variation in Reynolds stress over terrain of varying 
roughness.

Estimation of the Lagrangian-Eulerian 
Time-Scale Ratio

The ratio of Eulerian and Lagrangian time scales of motion 
is of importance in estimating diffusion statistics from fixed- 
point wind measurements. Previous experiments using bulk 
tracers have suggested that on the micro- and mesoscales the 
dominant period of oscillation when following an air parcel is 
about four times the dominant period measured at a fixed 
point; but this ratio tends to vary with meteorological param
eters such as wind speed, turbulence intensity, and stability.

The tetroon flights past the WKY television tower in 
Oklahoma City (Figs. 6 and 7) permitted a rather precise 
estimate of the ratio between Eulerian and Lagrangian time 
scales of motion through comparison of the vertical velocity 
spectral-peak frequencies on the tower and along the tetroon 
trajectories. The Lagrangian-Eulerian time-scale ratio was ~2.4 
for unbiased estimates. (Earlier but cruder estimates were also 
obtained from tetroon flights at Cardington, England, and Las 
Vegas, Nevada.) Although the urban complex did introduce 
uncertainties into the comparison because the tower was 
usually in the urban boundary layer while the tetroons were 
not, there is good evidence that the Lagrangian-Eulerian time- 
scale ratio is inversely proportional to vertical turbulence 
intensity, with the proportionality factor probably close to 
0.5. At the very least it is clear that the “cartwheel” or 
“frozen eddy” concept of eddy structure is not valid and that 
one cannot ignore eddy decay and rebuilding.

Fig. 7 Mean spatial d istr ibu tion  o f  long itud ina l R eyn o ld s stress (d ynes  
p e r  square cen tim eter) in the O klahom a C ity area, based on the sam e 
te troon  flights as in Fig. 6. The stress was d e term in ed  fro m  covariances 
betw een  vertical a n d  long itud ina l ed d y  ve locity  co m p o n en ts  along the 
trajectories.

Summary

As a tool, the tetroon has no equal in determining horizon
tal air trajectories; it is also useful in estimating vertical air 
motion and Reynolds stress. However, it may turn out to be 
most useful in conjunction with other meteorological measure
ments. For example, at Oklahoma City, a line of double
theodolite pilot balloon stations showed that sometimes the 
maximum wind speed was downwind of the city— just the 
opposite of what might be expected from consideration of the 
enhanced roughness effects of the city. Concurrent tetroon 
flights showed that the region of maximum wind speed was 
also a region of maximum sinking motion in the lee of the 
city. Presumably, therefore, the relatively strong winds 
resulted from the downward transport of faster moving air 
from aloft. Accordingly, it would appear desirable to include 
tetroon observations in many experiments that aim to deline
ate and explain three-dimensional mesoscale air motions.
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The Use of Aircraft for Probing the 

Atmospheric Boundary Layer

Donald H. Lenschow

A variety of airborne instrument systems have been used for 
probing the atmospheric boundary layer over the years by 
various investigators. Among the early investigators, Craig 
(1949) used an aircraft to measure changes in mean tempera
ture and humidity downwind over the ocean and made 
estimates of eddy diffusivity from the airplane measurements 
and from wind data. Bunker (1955, 1957) was one of the first 
investigators to use an airplane to estimate vertical turbulent 
fluxes of sensible heat and momentum directly, over both 
ocean and land. Telford and Warner (1962) advanced the state 
of the art of obtaining accurate vertical velocity fluctuation 
measurements from an aircraft.

The last ten years have seen the development of many more 
airborne instrument systems capable of direct measurement of 
mean values and turbulent fluctuations of wind, temperature, 
and humidity, and turbulent fluctuations of vertical velocity. 
Airborne remote sensing instrumentation is used for measure
ments of radiation surface temperature, oceanic wave heights, 
and boundary-layer short- and long-wave radiation.

The basic advantage of an aircraft for boundary-layer 
research is its mobility. A fixed observation site depends on 
the mean wind to advect spatial changes in boundary-layer 
variables past the point of observation; an aircraft measures 
the spatial changes directly. Typically, an aircraft flies at a 
speed an order of magnitude faster than the mean wind, which
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means that it can measure variations along a given path length 
an order of magnitude faster than the length of time required 
for the air to pass by a fixed observation site.

On the other hand, the rapid motion of an aircraft causes 
some difficulties in measurement, requiring special instrumen
tation and measurement techniques that are not needed for 
measurements from a fixed platform. These requirements also 
dictate, to some extent, the type of airplane needed for 
boundary-layer research.

Instrumentation for Airborne Research

One of the most basic and difficult measurements from an 
airplane is the measurement of the three components of air 
velocity. In order to measure the air velocity, the velocity of 
the aircraft must be subtracted from the velocity of the air as 
measured from the aircraft. Then, since the desired quantity is 
the velocity of the air with respect to the earth, the aircraft 
attitude angles must also be measured for use in conversion of 
air velocity components measured from the aircraft to an 
earth-based coordinate system.

Aircraft velocity can be measured in several ways. For 
measuring mean winds, for example, doppler radar or radio 
navigation systems may be satisfactory. However, to satisfy 
the requirement for measuring turbulent fluctuations of the air 
velocity, the aircraft velocity and attitude angle sensors must 
respond fast enough to measure the highest frequency of 
significant aircraft response. The velocity can be measured to 
sufficiently high frequencies by integrating the output of 
accelerometers. The attitude angles of the aircraft can be 
obtained by measuring them between a gyroscopically 
stabilized reference and the aircraft.

These measurements can be obtained directly from an 
inertial navigation system (INS). Presently used commercial 
INSs contain three accelerometers orthogonally mounted on a 
gyroscopically stabilized platform. The three attitude angles 
are obtained from the output of resolvers mounted on the 
platform gimbals that serve to isolate the platform from the 
aircraft angular rotations.
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The velocity of the air measured from an aircraft can be 
obtained from the true airspeed (airspeed refers to the speed 
of an aircraft relative to the air through which it is moving) 
and the two incidence angles (attack and sideslip) of the air 
flow with respect to the aircraft. The true airspeed is usually 
obtained from the output of a differential pressure transducer 
connected to a pitot-static tube, with a correction for air 
density that is obtained from measurements of ambient 
temperature and static pressure. (Without the density correc
tion, the pressure-measured airspeed referenced to a standard 
density is known as “indicated” airspeed.) Similarly, an 
airspeed correction must be applied to the temperature and 
static pressure measurements to obtain their ambient values.

Other approaches to measuring true airspeed are possible. 
One alternative is to count the frequency of vortices shed from 
a cylinder mounted transversely in the airstream. The 
frequency is proportional to the true airspeed; thus the 
inherently digital output need not be corrected for air density.

However, the major source of error in measuring true 
airspeed and incidence angles of the airstream is the decelera
tion of the air in the vicinity of the aircraft. To minimize this, 
the air velocity sensors are mounted at the tips of booms 
ahead of the wing or nose of the aircraft. The length of these 
booms is limited by the strength of the aircraft and the 
resonant vibration frequencies of the boom.

A second alternative to the pitot-static tube, a laser true 
airspeed sensor, avoids this problem by measuring the true 
airspeed ahead of the aircraft at a distance sufficient to render 
the acceleration of the air negligible. The alternatives to a 
pitot-static tube must be carefully considered, since the 
accuracy of the true airspeed measurement determines the 
accuracy of the wind measurement.

The two incidence angles are usually measured with one of 
two different types of vanes. One type is free to align itself to 
the angle of the airstream and this angle is measured directly 
by means of, for example, a potentiometer or a rotating 
variable differential transformer. The other type of vane is 
constrained from rotating, and the force exerted on the vane 
by the airstream is measured by means of strain gages. Both of 
these types of vanes are used on NCAR aircraft and have been 
described by Lenschow (1971). A more detailed description of 
air motion sensing instrumentation and measurement tech
niques can be found in Axford (1968), Lilly and Lenschow 
(1971), and Lenschow (1972, 1973). The air motion sensing 
probe mounted on the nose boom of the NCAR Electra 
aircraft is shown in Fig. 1 and in more detail in Fig. 2. A 
similar probe is used on an NCAR Queen Air aircraft.

Other sensors have also been used to measure incidence 
angles. A differential pressure measurement across two ports

Fig. 1 A ir  m o tio n  sensing p ro b e  a t  the tip o f  the nose b o o m  on the  
NCA R Electra aircraft. The sensing pro b e  is m o u n te d  on the fro n t  en d  
o f  an inner b o o m ; an inertial navigation sy s tem  is rig id ly a tta ch ed  to 
the o th er e n d  a t the base o f  the nose b o o m  (~ 4  m  away). The entire  
inner nose b o o m  assem bly is shock- a n d  vibration-iso la ted  fro m  the  
o u te r  boom .

Fig. 2  Partially disassem bled  view  o f  the air m o tio n  sensing pro b e  used  
on the N C A R  Electra and  Q ueen A ir aircraft.
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symmetrically located on a hemispheric probe tip at an angle 
with respect to the longitudinal axis of the aircraft is used on 
the NCAR Sabreliner (Newcomer and Ruth, 1973). Sonic 
anemometers have been used to measure the transverse air 
velocity components directly (Miyake, Donelan, and Mitsuta, 
1970).

Mean and fluctuating values of temperature and humidity 
are also important variables for almost all boundary-layer 
studies. Temperature is usually measured by means of a resis
tance change in an exposed wire or thermistor. Because of the 
speed of the aircraft, dynamic heating of an exposed sensing 
element by the airstream causes a rise in temperature of several 
degrees. Special probes have been designed to decelerate the 
air adiabatically to a velocity that results in negligible dynamic 
heating in the vicinity of the sensing element. The housing of 
such probes is also designed to protect the element from 
damage by icing or particles in the airstream, but this protec
tion comes at a sacrifice in sensing element response time. 
These probes, which utilize a platinum resistance wire element, 
are used for measurements of absolute temperature on the 
NCAR aircraft. The correction for converting the measured 
temperature to the ambient temperature is proportional to the 
square of the true airspeed. At 100 m/s, the correction is 
about 5°C. For higher frequency temperature measurements

Fig. 3  C rossw ind cospectra o f  tem pera ture and vertical ve locity  a t  
three levels over the  m id d le  o f  L ake H uron on 13 N ovem ber 1970.
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on the NCAR aircraft, a tungsten resistance wire element is 
used; it is exposed to the airstream more directly and mounted 
in a more fragile fashion. These probes are described further 
by Lenschow (1972).

Mean values of humidity are measured from NCAR aircraft 
with a dewpoint hygrometer. Flumidity has also been 
measured from aircraft with a wet-bulb thermometer (Telford 
and Warner, 1962; Lenschow and Pennell, 1974). The dew- 
point hygrometer response is too slow and unpredictable for 
humidity fluctuation measurements. Although the wet-bulb 
thermometer has been used for boundary-layer humidity flux 
measurements, it has a marginal response time and can operate 
only when the wet-bulb temperature is above freezing.

Fig. 4 R a tio  o f  the  crossw ind to  a long-w ind spectra and  cospectra  o f  
tem perature a n d  vertical ve locity  (or vice versa to  m a ke  the ratio  always 
greater than u n ity )  a t  31 m  above the m idd le  o f  L ake Huron.
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Several other instruments have been used for measuring 
humidity fluctuations. A microwave cavity refractometer (see 
Fig. 1) has been used to measure the refractive index of the 
air, which is used with the temperature and static pressure to 
calculate humidity fluctuations. Lyman-alpha hygrometers 
(described by Buck, 1973) have also been used to measure 
humidity from an aircraft (Miyake, Donelan, and Mitsuta, 
1970).

fixed observation tower, the measurements may be characteris
tic of an increasing upwind fetch. Over water, fixed observa
tion points are available only in shallow water or on islands 
and consequently are not characteristic of the open sea. Ship- 
and buoy-mounted instruments can overcome this problem; 
however, they share with aircraft the problem of motion with 
respect to the earth. This motion must also be measured to 
obtain the motion of the air with respect to the earth.

Boundary-Layer Research Aircraft

No single type of aircraft can fulfill all the requirements of 
an ideal aircraft for boundary-layer research. Thus a variety of 
aircraft, ranging in size from one- or two-seat, single-engine 
aircraft up to four-engine transports capable of carrying more 
than a 15,000 kg payload, have been used successfully in 
numerous studies, singly or in combination.

For most boundary-layer studies, turbulent flux measure
ments are of great importance. These are obtained from 
measurements of the fluctuations of temperature, humidity, 
and both vertical and horizontal air velocity components. The 
vertical turbulent fluxes of heat, water vapor, and momentum 
are obtained by multiplying the fluctuations of temperature, 
humidity, and horizontal velocity, respectively, by vertical 
velocity, and then averaging over a horizontal flight path 
(usually over 10 km in length).

A small aircraft has the advantage of being less expensive to 
operate, usually capable of slower flying, and less restricted for 
low-level flights in populated or agricultural areas. But it may 
not have sufficient available electrical power, size, or weight- 
carrying capacity to accommodate the desired instrumenta
tion; or it may not have sufficient range or duration to 
accomplish the objectives of a particular program.

At the small end of the scale, NCAR has a Beechcraft Queen 
Air aircraft that can accommodate an INS in the cabin, an air 
sensing probe on the tip of the nose boom, a recording system, 
and some small additional instrumentation as well as an 
observer, an equipment operator, and a pilot.

At the other extreme, NCAR also operates a Lockheed 
Electra, which can accommodate a full complement of 
instrumentation and which has a nose boom large and strong 
enough to house an INS that can be rigidly coupled to the air 
velocity sensors at the tip of the boom.

Details of all the NCAR aircraft are given in Atmospheric 
Technology No. 1, March 1973. Two major changes since then 
should be noted: the Buffalo aircraft is no longer available for 
boundary-layer research, and one Queen Air has been instru
mented for boundary-layer measurements.

Airborne Measurements

The ability of an aircraft to measure spatial variations of 
variables in the boundary layer is particularly important in 
regions of varying surface properties, because a fixed observa
tion point may measure variables characteristic only of the 
area just upstream from the site. At increasing heights on a

The required bandwidth for calculating vertical turbulent 
fluxes varies as a function of height and of the stability and 
direction of flight with respect to the mean wind. This can be

Fig. 5 R atio  o f  the  crossw ind to  a long-w ind spectra  and  cospectra  o f  
tem pera ture a n d  vertical ve locity  (or vice versa to  m a ke  the ratio always 
greater than u n ity )  a t  9 7  m  above the m idd le  o f  Lake Huron.
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3 09  310 311 312 - 1 0  1 2  3 4 5

P O T E N T IA L  T E M P E R A T U R E  (K ) R IC H A R D SO N  N U M BER

Fig. 6 Vertical pro files o f  p o ten tia l tem pera ture and  R ichardson  
n u m b er (R i) near Haswell, Colorado, 7 A u g u st 1972. The pro files have 
been filte red  w ith a low-pass Gaussian filte r  w ith  a = 4 .5 6  m. The 
region be tw een  the  dashed lines is a transition  fro m  the w ell m ix e d  
b o undary  layer to  the free a tm osphere  above.

illustrated by calculation of the cospectral density of tempera
ture and vertical velocity. Cospectral density is basically a 
separation of the total turbulent flux into its contributions at 
discrete intervals of wavelength or wave number. Figure 3 
shows an example of how the contribution to the total vertical 
flux of sensible heat as a function of wavelength varies with 
height flying crosswind in a convectively unstable boundary 
layer. The range of wavelengths of significant vertical transport 
extends from ~60  to 600 m at a height of 31 m and from 
~200 to 2,000 m at heights of 97 and 172 m.

One of the problems encountered in measuring vertical 
fluxes along the direction of the wind is the possibility that 
the fluxes may be underestimated. Longitudinal rolls that are 
oriented parallel to the wind may contribute significantly to 
the total latent and sensible heat transfer and yet may not be 
measured by the aircraft flying parallel to the wind. Flying 
crosswind, these fluxes would be measured, since the distance 
between two contrarotating sets of rolls is about two to three 
times the height of the mixed layer (LeMone, 1972). In the 
example above, the ratio of along-wind to crosswind spectra 
and cospectra (or vice versa) at 31 and 97 m are plotted in 
Figs. 4 and 5. At 97 m (and similarly at higher altitudes) the 
cospectra of temperature and velocity measured along-wind 
are several times the crosswind value at the long-wavelength 
end of the curve. This means that a larger part of the sensible 
heat transfer occurs at wavelengths longer than the longest

wavelength plotted in Fig. 5 (~8 km). This is borne out by a 
comparison between the along-wind and crosswind legs of the 
total sensible and latent heat fluxes averaged over all three 
heights. The average ratios of the crosswind to along-wind 
sensible and latent heat fluxes are 1.17 and 1.10, respectively.

Vertical variation in boundary-layer structure becomes large 
near the top of an unstable boundary layer. Above this level, 
the turbulent mixing is inhibited by the temperature inversion. 
A continuous vertical profile of boundary-layer structure can 
be obtained by using a slanted flight path through the top of 
the boundary layer. Figure 6 shows a vertical profile of 
potential temperature and Richardson number (Ri, the ratio of 
buoyancy force to inertial forces) obtained from a slanted 
flight path through the top of the boundary layer. In the 
region of rapid temperature increase with height, Ri is ~0.25, 
which is the critical value for the onset of turbulence. Below 
and above this region, the temperature and wind profiles 
change so slowly with height that the gradients cannot be 
accurately measured from slanted flight paths. Horizontal 
variations may then become larger than vertical variations.
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Optical Techniques for Probing the 

Boundary Layer

G. W. Grams

Remote sensing techniques are rapidly approaching the 
stage of development at which their potential contribution to 
boundary-layer studies is beginning to be recognized; in some 
cases, the feasibility of applying some of the techniques has 
already been tested and field measurement programs utilizing 
these techniques are possible; in fact, a few of the techniques 
have already been incorporated into operational devices. This 
article will emphasize remote atmospheric probing techniques 
that utilize the significant advances in optical technology that 
have occurred since the advent of lasers in the early 1960s.

In discussing remote sensing techniques, we differentiate 
between “active” and “passive” remote sensing devices. In 
general, passive techniques rely on a measurement of the 
available energy emitted or scattered by the medium being 
sensed. Photography by natural light is probably the most 
widely used example of a passive technique. While passive 
techniques are usually simpler and less expensive than active 
techniques, they are also less versatile. Active systems, such as 
radar, have the advantage of being able to influence the 
magnitude of the signal received at the detector by controlling 
the output of the transmitter, and they are therefore less 
restricted by limitations of the naturally available energy. 
However, they are generally more complex and require more 
power than passive systems.

During the past decade, experimental radar-like systems 
have been developed that use lasers instead of microwave
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tubes. At this time, such laser probing systems are undergoing 
a transition from feasibility studies to the development of 
operational systems. Establishing feasibility of laser-based 
measurement techniques has required great expenditures of 
time and effort, beginning with the design and fabrication of 
laser probing systems and ending with the difficult and time- 
consuming job of data analysis.

Recent advances in electronics technology have resulted in 
the availability of reliable commercial laser systems and of 
such devices as high-speed “transient recorders,” which can 
digitize the amplitude of pulsed-laser echoes and then transfer 
the digital information to magnetic tapes or to on-line 
minicomputers. The concurrent reduction in size and cost of 
digital minicomputers and ancillary electronics has also 
contributed to advances in real-time analysis and presentation 
of data obtained from laser atmospheric probes. These 
developments are certain to lead to operational systems for 
real-time atmospheric measurements. Some potentially useful 
laser systems employing visible or infrared radiation and the 
roles they might play in probing the atmospheric boundary 
layer are discussed here.

Measurements of Trace Gas and 
Aerosol Particle Concentrations

The earliest and still the most common use of lasers in 
atmospheric probing systems is in an instrument whose 
principle of operation closely parallels that of microwave 
radar. This device has often been called laser radar or optical 
radar. Lidar, an acronym for ‘7/ght c/etection and ranging,” has 
also been used to identify this type of device. A comprehen
sive review of lidar applications in the atmospheric sciences 
can be found in a previous issue of Atmospheric Technology 
(Grams, 1974- 75).

In its simplest form, such an instrument uses a laser to 
generate a short, powerful light pulse which propagates 
through the atmosphere, as illustrated in Fig. 1. Light back- 
scattered from the laser pulse by atmospheric constituents is 
collected by a telescope, collimated by suitable optics, and 
filtered by a narrow-band interference filter to decrease the 
intensity of the background light from the sky; the intensity 
of the light received at the laser wavelength is measured with a 
photomultiplier. The photomultiplier signal is amplified and
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recorded as a function of time and the range is determined by 
measuring the time interval from the laser pulsing to signal 
return. Figure 1 illustrates a “coaxial” lidar system for which 
the optical axes of the transmitted and received beams 
coincide. When the beam-directing mirrors are removed so that 
the laser beam and telescope field of view are parallel, the 
“ paraxial” configuration is obtained. In both configurations, 
the field of view of the receiving telescope is usually adjusted 
to be wider than the divergence of the laser beam so that at 
some distance from the system— typically at ranges of several 
hundred meters for systems used in boundary-layer studies to 
as much as 10 km or more for systems used to detect laser 
echoes from the stratosphere and mesosphere— the two 
beams will completely overlap and laser echoes will thereafter 
be detected by the receiver.

In a dry, dust-free atmosphere, the measured intensity of 
backscattered light exhibits a smooth monotonic decrease with 
increasing range and provides data on atmospheric density as a 
function of range. Particulate materials suspended in the 
atmosphere, however, exhibit relatively large cross sections at 
optical wavelengths, and they may cause significant deviations 
from the echoes expected from the molecular atmosphere. The 
aerosol particles may thus be detected and their concentra
tions measured as a function of range. Range resolutions of 
less than 1.5 m are possible using commercially available lasers 
and digital transient recording systems.

The trapping of aerosol particles below temperature inver
sions is an effect that can be detected by laser radar and used 
in boundary-layer studies. For example, a vertically pointing 
laser radar operated at a fixed location to determine time- 
height data on aerosol concentrations can define temporal 
variations of the height of the boundary layer continuously 
throughout the diurnal cycle, as demonstrated by Uthe (1972)

and Russell et al. (1974), and as illustrated in Fig. 2. The 
figure compares time-height records of the intensity of the 
echoes received by laser radar and acoustic radar systems 
located at the same site throughout a 16 h time interval. 
Alternatively, spatial variations of boundary-layer height can 
be obtained with a ground-based scanning lidar measuring two- 
or three-dimensional aerosol concentration profiles (Collis,
1969; Olsson et al., 1974) or with an airborne lidar looking 
downward (Grams, Patterson, and Wyman, 1975; Melfi et al.,
1974), as illustrated in Fig. 3. Lidar applications involving the 
acquisition of data on pollutant aerosol particles with high 
temporal and spatial resolution have been discussed by a 
number of authors, including Johnson (1969, 1971), Barrett 
and Ben-Dov (1967), and Hamilton (1966, 1967, 1969).

Lidar techniques are not limited to aerosol backscattering 
measurements. For example, the development of Raman lidar 
offers potential for measuring the diffusion of various gaseous 
constituents (Kobayasi and Inaba, 1973). The Raman effect, 
which involves large wavelength shifts (typically to several 
hundred angstroms away from the original output wavelength 
of the laser), is very weak, and the Raman-effect process is one 
of low sensitivity. However, the wavelength shift of the Raman 
radiation scattered by polyatomic molecules depends on the 
transition of the molecule from one vibrational-rotational state 
to another; thus the Raman spectrum is unique for each gas. 
Concentration measurements are therefore obtainable by 
observation of the lidar return at the shifted wavelength of the 
molecule of interest. In this way, for example, a lidar system 
with a narrow-band interference filter centered on the Raman- 
shifted wavelength rather than on the output wavelength of 
the laser can be used to obtain measurements of the temporal 
and spatial distribution of gaseous tracers such as sulfur 
dioxide or of more exotic molecules having higher Raman 
cross sections, for use in diffusion studies.

V r a n s m i t t i n g
TELESCOPE
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Alternately, the absorption of laser radiation by a particular 
gaseous species provides a method of determining profiles of 
that species by means of a differential absorption technique. 
Schotland, Chang, and Bradley (1965) were able to derive 
vertical profiles of water vapor from the surface of the earth to 
~3 km by recording the laser radar returns for a wavelength 
corresponding to the center of a water vapor absorption line 
and for a nearby wavelength that is not absorbed by water 
vapor. These records can then be interpreted in terms of the 
spatial distribution of water vapor, using known values of the 
absorption coefficient of water vapor. A review of Raman 
lidar, differential-absorption lidar, and other active laser- 
probing techniques is given by Kildal and Byer (1971). Using 
any of these techniques for detection and measurement of 
trace gases, it may be possible to conduct experiments on the 
diffusion of gases in the lower atmosphere similar to those of 
Cramer, Record, and Vaughan (1958), but over a much wider 
range of altitudes and with more flexibility in determining 
spatial sampling intervals than has been possible to date.

Measurement of Atmospheric Winds and Turbulence

A detailed analysis of the spectral distribution of lidar 
echoes can provide additional quantitative data on a wide 
variety of atmospheric parameters. For example, the random 
thermal motions of atmospheric molecules cause the spectrum 
of scattered laser light to be broadened with respect to the 
radiated spectrum due to the doppler effect. Measurements of 
the spectral profile are thereby related to the temperature of 
the atmosphere. These measurements could be used as the 
basis of a system for remote determinations of atmospheric 
temperature.

Brownian-motion velocities of aerosol particles are much 
smaller than the thermal velocities of the atmospheric

molecules, and consequently the energy scattered by the 
aerosol is contained in a narrower band of the spectrum. Thus, 
high-resolution analyses of the frequency spectrum of laser 
echoes make it possible to distinguish the contribution of 
aerosol particles from that of atmospheric molecules. Fiocco 
et al. (1971) have performed such an analysis using a 
Fabry-Perot interferometer. Measurement of the bulk doppler 
shift of the scattered spectrum would, of course, provide 
information on wind velocity. On the other hand, measure
ments of the spectral width of the aerosol contribution to the 
laser echoes may indicate atmospheric turbulence (Fiocco and 
DeWolf, 1968; DeWolf, 1968).

Laser Wind Measurements 
Using Fabry-Perot Interferometers

Fiocco’s Fabry-Perot interferometer approach for measuring 
doppler shifts of the spectrum of light scattered by aerosol 
particles has been used to obtain wind velocities (Benedetti- 
Michelangeli, Congeduti, and Fiocco, 1972). Figure 4 
illustrates the principle of the doppler-shift measurements. 
Curve (a) represents a plot of signal intensity as a function of 
frequency for the output of a single-frequency laser. (A high- 
power, argon-ion laser was used by Fiocco and his colleagues.) 
The broad, Gaussian-type curve (b) shows the spectral shape of 
the radiation scattered by atmospheric molecules. The root- 
mean-square molecular velocities are of the same order of 
magnitude as the velocity of sound; thus the scattered 
spectrum has a half-width at half-maximum corresponding to a 
doppler shift of ~300 m/s. For finer velocity resolutions, the 
broad spectral width of molecular scattering is not particularly 
useful in determining doppler shifts. Curve (c) shows the much

Fig. 4 Illustra tion  o f  basic co n cep t fo r  laser w in d  m easurem en ts based  
on d o pp ler techniques. The in c id en t laser spectrum  (a) has a very 
narrow  spectra l w idth. The random  therm al m o tio n s  o f  air m olecules  
cause the  m olecu lar scattering  spec tru m  (b) to  be “dopp ler-broadened"  
whereas the m u ch  sm aller velocities associated w ith B row nian m o tio n  
o f  the aerosol particles cause the  aerosol scattering  spec tru m  (c) to  
rem ain in a rela tively narrow  spectral interval. The lig h t sca ttered  b y  
aerosol particles and  m olecu les m oving  w ith  the w ind w ill experience a 
bu lk  fre q u en cy  sh if t  due to the d opp ler e ffec t, b u t  o n ly  the  freq u en cy  
s h i f t  o f  the aerosol spec tru m  can be reso lved  to the accuracy required  
fo r  m o s t  a tm ospheric  studies.
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narrower (by at least four orders of magnitude) aerosol 
spectrum associated with doppler broadening due to aerosol 
Brownian motion, which can be analyzed in terms of the 
frequency shift with much higher velocity resolution (less than
1 m/s). Fiocco and his colleagues adjusted a high-resolution 
Fabry-Perot interferometer so that its free spectral range 
(frequency separation between successive transmission peaks) 
was much less than the width of the molecular spectrum but 
greater than the maximum doppler frequency shift expected 
for the velocity measurement from the aerosol spectrum. In 
this way the molecular spectrum became essentially a constant 
background noise, and the position of the aerosol spectrum 
could be accurately resolved. The concept of the laser wind 
measurement system based on this technique is very similar to 
the normal monostatic lidar configuration, with the important 
major additions of a single-frequency laser in the transmitter 
and a Fabry-Perot interferometer in the detector, as illustrated 
in Fig. 5.

Another interesting application of this Fabry-Perot spectral 
analysis work has been described recently by Benedetti- 
Michelangeli, Congeduti, and Fiocco (1974). Since the 
vertically pointed doppler lidar used by Fiocco and his 
collaborators measured the spectral distribution of the energy 
backscattered by aerosols, the frequency of the peak of the 
scattered spectrum relative to the radiated spectrum provided 
a measure of the vertical (radial) velocity, w, of the aerosols in 
the scattering volume; and the echo intensity, integrated over 
the observed aerosol spectrum, provided data related to the 
aerosol concentration, n. These data, obtained as a function of 
altitude, were separated by Benedetti-Michelangeli and his 
colleagues into average and fluctuating components 
(w = w + w' and n = n + n', respectively) to calculate eddy 
fluxes, n’w', as a function of altitude. Since aerosol concentra
tion gradients, 9n/9z, could also be determined from these

data, it was possible to determine aerosol diffusion coeffi
cients, K = -n 'w '/(3n/9z), for gradient-transfer calculations. 
Smoothed values of the eddy-diffusion coefficients were 
obtained at two different altitudes (225 and 375 m) using the 
doppler lidar over a 4 h time interval. These preliminary results 
illustrate the power that remote sensing devices may offer in 
the future for measuring the vertical fluxes of water vapor or 
other atmospheric gases by combining Raman-scattering (or 
differential absorption) and doppler-velocity measurements.

Laser Wind Measurements 
Using Beat-Frequency Spectroscopy

The work of Fiocco and his colleagues in measuring 
frequency difference by comparing high-resolution inter
ferometer scans of the transmitted and received radiation 
appears to be unique. Most other groups have used beat- 
frequency spectroscopic techniques for measuring the 
frequency spectrum of the light scattered by atmospheric 
aerosols. We can distinguish two approaches in this area: 
heterodyne and homodyne spectroscopy.

The optical homodyne spectrometer, also illustrated in 
Fig. 5, directs the scattered light collected by a receiver onto 
the light-sensitive cathode of a photomultiplier. The individual 
scattered electric fields of all the particles moving about in the 
fluid are each phase-modulated or doppler-shifted. The total 
scattered intensity fluctuates because “ beats” occur between 
the different frequencies of the individual scattered electric 
fields. The power spectrum of the scattered intensity contains 
these difference frequencies, which are generally confined to a 
narrow band centered about zero frequency. Since the photo
current is proportional to the intensity, its power spectrum 
also contains these difference frequencies, and spectral analysis

Fig. 5 Beam  p a th s fo r  represen ta tive  
con figura tions of. laser w ind  sensors:
(a) d opp ler laser radar incorpora ting  Fabry- 
P ero t in terferom eter, (b) op tica l h o m o d y n e  
spectrom eter, (c) continuous-w ave laser 
dopp ler ve locim eter (LD  V), (d) p u lse d  LD  V, 
(e) " fr in g e” m o d e  LD V, a n d  (f) sc in tilla tion  
an em o m ete r  fo r  spa tia lly  averaged w ind  
m easurem ents.
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of the fluctuating photocurrent will accordingly contain 
information about particle velocity statistics. (By analogy with 
radio-frequency detectors, this type of device is called a self
beat or homodyne spectrometer.)

In contrast, the optical heterodyne spectrometer, common
ly called the laser doppler velocimeter (LDV), mixes the 
scattered light with a relatively intense portion of unscattered 
light, analogous to the local oscillator signal in a radio 
heterodyne. In this case, beats occur between the frequencies 
of the individual scattered electric fields and that of the local 
oscillator, and nonzero average frequency differences between 
the scattered and unscattered light are detected. The 
frequency spectrum of the heterodyne detector signal contains 
information on both the instantaneous mean velocity and the 
statistics of the velocity fluctuations, whereas the homodyne 
technique yields only the spectrum of the velocity differences.

The first homodyne light-scattering experiments were those 
of Ford and Benedek (1965, 1966), who measured the 
spectrum of light scattered from density fluctuations in a pure 
liquid near the critical point. In a laboratory study, DeWolf
(1968) demonstrated experimentally that the homodyne 
spectrum of coherent light scattered from particles in a 
turbulent fluid is broader than that observed when the 
particles undergo Brownian motion with the fluid at rest. His 
study investigated the variation of the homodyne spectral 
width with position and with Reynolds number in a turbulent 
water-into-water jet. While these and similar laboratory studies 
are continuing, the author is not aware of any direct applica
tion of the homodyne technique to the atmosphere. If, as 
Fiocco and DeWolf (1968) suggested, the spectral broadening 
of laser echoes from atmospheric aerosols proves to be an 
indicator of atmospheric turbulence, the homodyne technique 
is an approach that may, in the future, have application to 
boundary-layer work.

The heterodyne or LDV detection schemes, on the other 
hand, have already been successfully applied to atmospheric 
studies. Cummins, Knable, and Yeh (1964) performed the first 
light-scattering experiment using optical mixing for spectral 
analysis. A heterodyne detection scheme was used to measure 
the spectral width of helium-neon (He-Ne) laser light scattered 
from a dilute solution of small, uniform polystyrene spheres to 
determine diffusion coefficients. This work, incidentally, led 
to the first LDV demonstration by Yeh and Cummins (1964). 
In a previous issue of Atmospheric Technology, Huffaker 
(1974 - 75) of NASA’s Marshall Space Flight Center described 
two recent LDV applications that are directly relevant to 
boundary-layer problems: a short-range wind-speed sensor and 
a clear air turbulence (CAT) detector.

The wind-speed sensor makes use of a continuous-wave 
carbon dioxide infrared laser focused at a particular distance, 
as shown in Fig. 5. A single telescope is used both for trans

mitting the laser beam and for receiving the radiation scattered 
by atmospheric aerosols. Since efficient heterodyne detection 
requires that the wave fronts of the reference beam (a plane 
wave) and the received signal match at the detector, only that 
scattered radi,ation collected by the telescope which results in 
a collimated beam (i.e., radiation scattered from the vicinity of 
the fixed telescope focus) can contribute to the doppler signal. 
Different ranges are probed by varying the position of the 
telescope’s secondary mirror to change the distance at which 
the telescope is focused. The remainder of the system includes 
an infrared detector and a spectrum analyzer. Single
component wind velocity and turbulence measurements 
obtained with doppler wind sensors have been compared with 
those obtained with cup-anemometer/wind-vane systems and 
hot-wire anemometers (Huffaker, 1970; Karaki, 1972; 
Lawrence, Wilson, Craven et al., 1972; Mocker and Koehler, 
1974), and three-dimensional data obtained using three 
separate laser doppler wind sensors have been compared with 
three-dimensional propeller-type anemometers (Lawrence, 
Wilson, Krause et al., 1972); in all cases, good agreement was 
obtained.

In addition to its potential for obtaining remote measure
ments of wind velocity and turbulence in a ground-based 
configuration, a heterodyne laser wind sensor might also prove 
useful in aircraft measurements of the boundary layer. It could 
be particularly valuable in providing data on the true airspeed 
and the lateral air velocity components if the focus point 
(sampling volume) of the transmit/receive telescope were 
located far enough ahead of the aircraft (100 m or so) so that 
the airflow is not significantly affected by the aircraft (see 
Mocker and Koehler, 1974, and the article by Lenschow, this 
issue).

Huffaker (1974 - 75) described another application of the 
heterodyne detection scheme, the CAT detection system, 
which has been tested on NASA’s Convair 990 aircraft and 
which also incorporates a carbon dioxide laser. The laser in 
this system is pulsed, and the transmit/receive telescope is an 
afocal system, as illustrated in Fig. 5. In this case, doppler 
shifts are determined as a function of time after laser pulsing, 
so that a display of velocity (doppler shift) versus range is 
obtained. The presence of a large amount of variance in 
observed velocities (relative to the aircraft direction) is taken 
to indicate the presence of CAT. Preliminary results obtained 
with this system have been described by Dahm, Dun kin, and 
Weaver (1972).

Finally, it should be pointed out that a different type of 
LDV known alternately as the “fringe” or “dual-scatter” mode 
is widely employed and has potential for atmospheric applica
tions. In the “fringe” mode, two laser beams from the same 
source are focused to a common point where interference 
causes a set of planar fringes to form in the common focal 
volume, as shown in Fig. 5. Particles passing through the
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fringes scatter bursts of light which are amplitude-modulated 
at the doppler frequency. Although the mechanism by which 
the signal is formed differs significantly from that of the 
heterodyne technique, analysis of the two systems yields 
essentially similar results (see Farmer and Braytan, 1971).

Farmer and Brayton (1971) and Grant and Orloff (1973) 
have utilized fringe-mode LDVs for measurement of velocities 
in the atmosphere. In both studies, an argon-ion laser was used 
as the source beam and both systems were operated in the 
backscatter configuration. The LDV utilized by Grant and 
Orloff was a two-color system whereby two components of 
velocity are simultaneously measured at a given point. With 
the latter system the authors successfully measured velocity 
distributions and turbulence intensities in vortices generated in 
the wake of landing aircraft.

The various LDV devices described above are generally not 
at the stage where they can be used as replacements for 
conventional wind velocity and turbulence measurement 
devices. They are, however, approaching that stage, and they 
do offer a number of distinct advantages which may eventually 
offset the current problems of reliability, complexity, and 
cost. These advantages include high frequency response (no 
moving parts), linear response (velocity determined directly 
from the measured frequency shift and the geometry of the 
system), and undisturbed flow measurement. These and other 
advantages make the development of laser doppler measure
ment devices appear to be an attractive alternative to standard 
devices for measuring winds and turbulence.

Laser Wind Measurements 
Using Atmospheric Scintillation Effects

Another optical technique that has been used provides a 
spatially averaged wind measurement. This technique departs 
from the previously described wind-sensing techniques, which 
measure the doppler shifts of laser echoes. Lawrence, Ochs, 
and Clifford (1972) have developed an optical wind sensor 
that uses naturally occurring air density fluctuations to obtain 
a spatially averaged wind for the line-of-sight path between a 
source (laser beam) and a receiver.

The principle of operation involves diffraction effects 
resulting from wind-transported refractive index irregularities, 
as illustrated in Fig. 5. If a laser beam is directed onto a screen, 
the light has a smooth pattern, brightest at the center.
However, if the screen is placed farther from the source, the 
pattern becomes quite different. The naturally occurring 
refractive index variations of the air (associated primarily with 
temperature fluctuations) in the intervening atmosphere make 
the projection of the beam on the screen look like a random 
display of bright and dark “blobs” that rapidly appear and 
disappear because of constructive and destructive interference

of the light from different parts of the beam. This is the same 
effect that makes stars “ twinkle” or scintillate. Winds carry 
the refractive index variations across the light beam and cause 
the pattern to move across the screen. The mean wind velocity 
between the source and the receiver can be inferred from the 
movement of the scintillation pattern. The analysis of 
Lawrence, Ochs, and Clifford (1972) demonstrated that the 
normalized covariance at zero lag of the signals from two 
detectors has a known relationship to the average wind normal 
to the path (in the plane containing the laser and the two 
detectors), even though the wind along the path may be 
nonuniform in direction and speed, as long as the refractive 
index structure constant, Cn2, is statistically uniform along 
the path. They further showed that the weighting function for 
spatially averaged wind could be made quite symmetric around 
the center of the path by proper separation of the sensors.

Lawrence and his colleagues have used the spatially averaged 
wind sensor in a variety of applications. Path lengths between 
the source and the receiver have ranged from ~300 m to 
16 km. The latter distance is used in a system that has been 
operating continuously for more than a year, measuring both 
the vertical and horizontal components of the wind normal to 
the laser beam path over the city of Boulder, Colorado; the 
laser source beam originates from North Table Mountain and 
the detector systems are located at the NCAR Mesa Labora
tory. The wind information obtained with the laser wind 
sensor is recorded and displayed continuously on strip-chart 
recorders.

One of the more interesting applications of the spatially 
averaged wind sensor was made in a study of divergence in the 
boundary layer (Kjelaas and Ochs, 1974). Three separate 
optical systems were arranged so that the optical paths formed 
the sides of an equilateral triangle, 300 m on a side and 2.3 m 
above the ground. Each optical path was arranged to read an 
outflowing wind as positive, and the sum of the readings for all 
three paths thus represented the average horizontal wind speed 
out of the triangle. Convergence values of 10“ 2 per second 
over periods of minutes were found to be common during 
daytime, and values of 5 X 10~4 per second were normal at 
night (the latter value was regarded as an upper limit of the 
noise level of the divergence measurements). The laser 
divergence triangle measurements were compared with 
concurrent vertical wind and vertical wind gradient measure
ments obtained on a 150 m instrumented meteorological 
tower and with occurrences of thermal plumes observed with 
acoustic radar; for details on these comparisons, the reader is 
referred to Kjelaas and Ochs. The spatially averaged laser wind 
sensor is an operational device and a commercial version is 
now available.1

'  Model CA - 9, Space Averaging Anemometer, Campbell Scientific 
Company, Logan, Utah.
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Conclusion

Most of the optical techniques described here have not yet 
been developed enough to be regarded as standard instruments 
for boundary-layer studies. Some of the techniques may never 
reach that stage, but others are being used more frequently 
and may eventually gain wider acceptance. To a large degree, 
the potential of these devices is improved with each new 
development in electronics technology. For example, recent 
advances in reducing the size and cost of minicomputers and 
ancillary electronics have resulted in improvement of the 
operational utility of laser radar systems by introducing the 
ability to analyze data in real time and to present data in 
graphic displays that are more meaningful to the user than 
conventional displays of the raw data. While a considerable 
amount of work will be required to make most of the optical 
probing techniques operational, some of the capabilities of 
these techniques are unique, and their potential contribution 
to boundary-layer work is recognized.

Lasers— germane to most of the active optical probing 
techniques— have been available for research applications for 
not much more than a dozen years. The significant advances in 
electronics technology during that time and the expectation 
that such advances will continue should make it possible in the 
next dozen years to implement many of the optical probing 
techniques whose concepts have so much potential.
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Chemical Tracers for Studying Pollutant 

Behavior in the Atmospheric Planetary 
Boundary Layer
Walter F. Dabberdt and James H. Smith, Stanford Research Institute

Current interest in the use of chemical tracers for probing 
the atmospheric planetary boundary layer has resulted largely 
from increasing concern for the quality of the air. In the past, 
tracers were used primarily to quantify atmospheric character
istics like transport and diffusion, but in recent years their use 
has been extended to study emissions from complex pollutant 
sources and chemical reactions in the atmosphere.

Excellent reviews of atmospheric tracer experiments and 
results are readily available in the literature (e.g., Slade, 1968; 
Stern, 1968; WMO, 1970; Reiter, 1971). Rather than review 
the plethora of specific studies here, we attempt only to 
summarize the role and scope of tracer methods. Our focus is
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on the application of artificial tracers to the study of micro- 
and mesoscale phenomena; we will not treat natural tracers 
and applications in macroscale investigations.

Tracer sampling methodology may be considered a classical 
two-ended system comprising three elements: a signal trans
mitter, an intervening signal-modulating medium, and a 
receiver. In a tracer system, the tracer generator is the 
transmitter, the atmosphere is the intervening medium, and 
the receptor or air sampling system is the receiver. Artificial 
tracers may consist of gases or fine particles, while the 
receivers may provide either analog records of tracer concen
tration or time-averaged values (i.e., dosage). Between trans
mitter and receiver, the atmosphere modulates the tracer signal 
in one or more ways: by scavenging, settling, or transport and 
diffusion. Through control of the experimental design, the 
first two effects can be eliminated or minimized, with the 
result that the tracer is affected only by transport and 
diffusion.

Types of Tracers

The simplest example of a tracer is the plume from a stack. 
Visual observations can give crude estimates of the speed and 
direction of the plume. Instantaneous characterizations of the 
plume structure (“ snapshot” views) provide good qualitative 
indicators of atmospheric stability and boundary-layer 
structure.

For more quantitative results, both natural and artificial 
tracers have been used. Natural tracers include such gases as 
sulfur dioxide and hydrogen sulfide, released primarily by 
volcanic activity. Another type of natural tracer—  
hydrocarbons released by vegetation— is the focus of an 
ongoing transport research program (Rasmussen, 1973). The 
major problem with using any naturally occurring material is 
the possibility of interference from unrecognized anthropo
genic or natural sources. Release of artificial tracers— whether 
particulate or gaseous— with low background concentrations 
avoids the possibility of interference from other sources and 
consequently provides more accurate and reliable data.
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Particulate tracers can be troublesome to use. It is difficult 
to release large quantities of particles having a known size 
distribution. Removal processes— impaction and gravitational 
settling— become important if the diameter of the particles is 
greater than about 5 /um. Therefore, the size distribution must 
be determined if questions of losses are to be avoided. Finally, 
detection can be time-consuming if individual particles must 
be counted.

The last problem has been largely overcome by the develop
ment of automated continuous counters for fluorescent 
particles. Such counters have enabled the development of dye 
tracers (Robinson, MacLeod, and Lapple, 1959) to be used as 
a successful alternative to particle counting. Water-soluble and 
highly fluorescent materials such as uranine and rhodamine B 
are dissolved in water and nebulized to produce a fine mist. 
The mist is diluted into a large volume of dry air. The water in 
the particles evaporates, leaving a fine aerosol of dry particles, 
which can easily be collected on membrane filters. The soluble 
dye is washed off and diluted, and the dye concentration is 
measured in a fluorimeter. Doses as small as 10“ 10 g of 
uranine can readily be detected. Because this method measures 
the mass of the tracer, it is much more sensitive to the 
presence or absence of larger particles than smaller ones. Since 
the larger particles are precisely those most affected by 
removal processes, knowledge of the particle size distribution 
is crucial to the success of this type of experiment.

Gaseous tracers have found a more widespread use. Materi
als released by identifiable sources can be used as tracers. For 
example, automobiles release two gases (carbon monoxide 
[CO] and acetylene) that do not have large natural back
ground concentrations and that are not normally released in 
significant quantities by other anthropogenic sources. Further
more, they are essentially unreactive in the atmosphere on the 
time scales characteristic of urban dispersion. Acetylene can be 
measured only by a gas chromatograph by either manual or 
automatic techniques. However, CO can be detected at the 
levels common in urban atmospheres— 0.5 to 40 parts per 
million (ppm)— by nondispersive infrared analysis and by the 
recently developed automatic gas chromatograph. Because 
acetylene and CO emissions cannot be rigidly controlled in 
ambient experimental studies, however, their use as trace gases 
per se is limited.

A gaseous tracer selected for release into the atmosphere 
must meet the requirements mentioned above and must be 
easy to detect at very low concentrations. Otherwise, inordi
nately large quantities would have to be released. The gas that 
best meets all these conditions is sulfur hexafluoride (SF6), 
whose primary use is as an insulator in high-voltage trans
formers and switches because of its high stability and dielectric 
constant. It also has a very high electron capture cross section 
and can readily be detected at concentrations of less than 0.1

part per billion (ppb) by a commercially available gas chro
matograph equipped with a gas sampling valve, a chromatog
raphy column packed with 5 A molecular sieves, and an 
electron capture detector (Simmonds et al., 1972).

In some applications, it is desirable to release more than one 
tracer. The common freons CCI3 F and CCI2 F2 (Freon - 11 
and Freon - 1 21) are often used as refrigerants and in aerosol 
spray cans. Hence they are found in the atmosphere in parts- 
per-billion concentrations and are not suitable for use as 
tracers. Certain other freons have a high electron capture cross 
section and are not commonly used commercially. In our 
experience the most useful of these less common freons are 
Freon - 13B1 (CF3 Br), Freon - 12B2 (CF2 Br2), and 
CBrF2CBr2 F, when cost and availability must be considered. 
These materials have been separated on several types of g a s ' 
chromatography column materials. Our preference is for the 
same 5 A molecular sieve column used for SF6 analysis. By 
proper choice of column temperature, the SF6 can be eluted 
before the air peak, and the second tracer (freon) eluted either 
before or after the air peak. Thus, only one injection onto the 
gas chromatograph must be made, and the time and labor 
required for analysis are minimized.

Both SF6 and freon tracers have the additional advantage 
that they are chemically inert within reasonable time intervals. 
Therefore, they can be collected in plastic bags, held for 
periods up to several days without deterioration, and analyzed 
at a convenient time. Furthermore, if the bags are filled slowly 
over a period, say 1 h, the sample will represent the average of 
the tracer concentrations for that period. For many applica
tions (e.g., plume dispersion studies or studies related to the 
national air quality standards), a time-averaged sample is 
desired. Sequential bag samplers are available that automati
cally collect up to 12 1 h samples at preselected times. These 
devices are self-contained so that operation at remote field 
sites is possible.

Applications

As pointed out earlier, tracers can effectively be used in 
atmospheric studies in three ways: to estimate pollutant 
emission rates, to assess the magnitude of pollutant losses and 
rates of chemical transformations, and to evaluate atmospheric 
transport and diffusion mechanisms. The first of these uses 
may be the least obvious. To understand how tracers can be 
applied to emission rate studies, we represent pollutant 
emissions and atmospheric concentrations as follows: Qs is the 
pollutant emission rate (in grams per second) from a specific 
source, Qt r  is the tracer emission rate, XTOT is the total

1 Trademarks o f E. I. du Pont de Nemours and Company.
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ambient pollutant concentration (in grams per cubic meter),
Xs is the component of ambient pollutant concentration 
resulting from Qs, xb is an ambient pollutant concentration 
component due to other emission sources (i.e., “background” 
concentration), and X t r  is the ambient tracer concentration 
resulting from Qt r -

For ease of presentation, we have assumed that the ambient 
background concentration of tracer material is negligible; if it 
is not, it must be determined and subtracted from Xt r - Using 
the definitions, we note the following equality:

^tot + XB (1)

When the pollutant and tracer sources are collocated,

___Xt r  _  Xt o t

Ss t̂r %

or

Qs
(Xtqt Xb)

* t r

( 2)

(3)

Although based on simple and obvious relationships, these 
equations provide a straightforward and powerful methodol
ogy for in situ determination of emission rates from many 
complex sources. For example, vehicular emissions along 
specific roadway segments may vary significantly from the 
federal emissions standards for a number of reasons. First, 
federal standards are averages expressed in grams of emissions 
per vehicle-mile of travel, and they apply to a given model 
year. But emissions along any specific roadway segment 
depend on factors like vehicle speed and acceleration, roadway 
grade, model year mix, control device deterioration, and 
ambient and vehicle temperatures.

To apply the tracer technique, a control car can be intro
duced into the traffic stream and emit a tracer at a uniform 
and known rate (Qt r )- The control car may either repeat its 
course over the sampling interval or additional tracer-emitting 
cars can be used. Simultaneous measurements of tracer ( x t r )  
and vehicle pollutant ( x t o t )  concentrations are made at one 
or more locations downwind of the roadway test section. By 
using these values with Qt r  and pollutant concentrations (xb) 
measured upwind of the roadway test section, the integrated 
vehicle emission rate, Qs, can easily be determined. The 
sensitivity of the result is primarily affected by the ability to 
discriminate between Xb and Xs-

When multiple tracers are used, the technique can provide 
valuable additional results. The emission rates at different sides 
of a major roadway can be distinguished by releasing separate 
tracers on each side. In the same way, the contributions of 
different roadways to the total pollutant burden at differing

receptor locations can be determined; this can be of concern 
when evaluating complex roadway configurations, such as 
stacked highways and multilevel interchanges.

Tracer techniques for evaluating source characteristics are 
appropriate to a wide variety of both stationary and mobile 
sources, such as refineries, smelters, petrochemical plants, 
airports, parking lots, and residential space heating. For these 
complex emission sources, as with the simple highway case 
discussed earlier, it is not necessary that every emission point 
be tagged with tracers, but merely that the ambient tracer and 
pollutant concentrations need only be measured at receptor 
locations that are significantly exposed to pollutant emissions 
from all the sources being investigated.

A second major application of tracer techniques is the study 
of pollutant transformation and removal processes during 
transport through the atmosphere. Such processes, which serve 
to alter conservation of mass of a particular tracer within the 
pollutant plume, include chemical transformations (e.g., the 
generation of sulfate aerosols in the plume of a coal-fired 
power plant), precipitation scavenging, and settling. Since 
Eq. (3) is strictly applicable only to inert, gaseous pollutants, 
its extension to these studies requires the consideration of 
pollutant losses or gains by atmospheric sinks and sources. 
Hence, we introduce the relationship

^tr

^tr

Xs
% + V

or

V
Xs_
Xj-r Qtr

(4)

(5)

where Q$* is the effective source (positive sign) or sink (nega
tive sign) of the pollutant that is attributable to transforma
tion or removal processes or both. Inherent in the formulation 
of Eqs. (4) and (5) is the neglect of secondary reactions or 
feedback mechanisms that are dependent on the background 
pollutant concentration. In addition, the requirements that the 
tracer be inert and that it diffuse as a gas are perhaps most 
critical in this application.

The most widespread use of tracers has been in the study of 
atmospheric transport and diffusion processes. In mesoscale 
dispersion studies, the objective is to evaluate the movement 
of pollutants by mapping the distribution of tracer concentra
tions resulting from an artificial tracer released at a single 
location. To accomplish this, several dozen tracer samplers are 
deployed downwind of the release point. In the past, only a 
single, long-period average was usually obtained at each 
receptor, but since the advent of the programmable sequential 
bag sampler, successive short-period average concentrations 
can be obtained. In either case, the resulting data provide a
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kind of time-averaged streak-line representation of the 
transport and diffusion of contaminants emitted at a single 
location. Although the net dispersion pattern is obtained, 
neither an actual trajectory nor the transport speed is directly 
measured.

The net transport speed can be determined, however, if one 
uses a modulated tracer release and has an analog record of the 
resulting concentration of the tracer. In its simplest form such 
a release is nearly instantaneous, and the net effective 
transport speed is simply the ratio of the source-receptor 
distance to the time of maximum receptor concentration.

More quantitative results have been obtained from tracer 
experiments when the data have been used to evaluate a 
particular mathematical model of dispersion. Such models 
generally fall into one of four categories: gradient-transfer, 
Gaussian (puff and plume), similarity, and statistical. In each 
type of dispersion model, an emissions field must first be 
specified; the field is then essentially redistributed and 
transformed, according to the transport and diffusion 
properties of the atmosphere and the pollutant transformation 
and removal processes.

Perhaps the most glaring differences among the models are 
found in their treatment of diffusion. The gradient-transfer 
method has as its basis an analogy with classical Fickian-type 
diffusion, according to which the flux of mass or momentum 
is taken to be directly proportional to the gradient and the 
factor of proportionality is the so-called eddy diffusivity. 
Diffusion in the Gaussian models is given by lateral and 
vertical standard deviation (sigma) functions; these are usually 
proportional to the travel distance from the source and the 
degree of atmospheric stability. Similarity models treat 
diffusion as occurring with a finite propagation rate deter
mined from the characteristic turbulent length scale of 
similarity theory. They are strictly applicable only in the 
atmospheric surface layer— the stratum adjacent to the 
earth’s surface (on the order of 10 m in depth), where 
variations of the turbulent fluxes of mass, momentum, heat, or 
water vapor (as examples) with height are negligible in 
comparison with the magnitude of the surface flux. In statisti
cal models, diffusion is determined from consideration of the 
root-mean-square Lagrangian velocity fluctuations (measured, 
however, at a fixed point) and a characteristic autocorrelation 
function. Statistical models usually assume homogeneous and 
stationary flow properties and coincidence between mass and 
momentum transport.

Tracers in conjunction with these various model types are 
especially useful for determining what we may conveniently 
call diffusion “coefficients,” e.g., the eddy diffusivity of the 
gradient transfer approach or the sigma functions of the 
Gaussian models. For simplicity in illustration, we shall use the 
steady-state Gaussian models (see Turner, 1970) of dispersion

from continuous point and line sources (such as stacks and 
roadways, respectively). For a point source with an emission 
rate Qp (in grams per second), and stack height h (in meters), a 
receptor height z (in meters), and an effective transport wind 
speed u (in meters per second),

X = exp
2tra  a  u y z 2 a

|  exp ( z  -  h ) 2 + exp ( z  + h ) 2 I
( 2 a 2

Z
2 a 2

z I
(6)

where y is the normal distance from the receptor to the plume 
(longitudinal) center line. The lateral and vertical sigma 
functions are given by a y and az (both in meters), respective
ly. When the receptors are located at the ground surface 
(z = 0), Eq. (6) becomes

'p I  hx = ---------=  exp / —
TTO O u  y z

2 a  2 a
(7)

For a continuous ground-level line source, the corresponding 
expression from Turner is

Vtt /2  a u (8)

where Q[_ is the line source strength (in grams per meter per 
second).

Experimental tracer techniques can be used in many ways 
to determine the spatial variations of, say, the lateral and 
vertical sigma functions. First, concentrations of tracer gases 
released at different heights above a common surface datum 
can be sampled by vertical arrays positioned at different 
distances (x) downwind along the tracer plume center line, as 
illustrated in Fig. 1. By using Eq. (6), measurements of x(z) at 
a given x can be used to estimate oz, where

exp

x*

_ (z  -  h ) ;

2 a
+ exp (z  + h)  2~|

CMo
N

CM

exp (z  +  Az -  h ) '

2 a
+ exp (z  +  Az +  h ) ‘

2 a

(9)

Although az is assumed to be invariant with height, estimates 
of az at different heights can be computed in this way to 
evaluate the assumption. Similarly, az estimates from the 
other tracers released at different heights will further serve the 
evaluation.

Alternative methods for determining the sigma functions are 
available. By one method, different tracers are again released 
at varying heights, but horizontal (cross-plume) tracer-
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Fig. 1 Schem atic  plan view  o f  tracer e x p er im en t to 
d eterm ine  the long itud ina l (x) and  vertical (z) variation 
o f  the  vertical sigma fu n c tio n  (az)  for d ifferen t 
in itia l p lu m e  heigh ts (h).
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Fig. 2  S chem atic  o f  tracer e x p e r im e n t to d e term ine  the longitudinal 
(x) variation o f  the  lateral sigm a fu n c tio n  (Oy) fo r  d iffe re n t initial 
p lu m e  heights (h).

concentration profiles are obtained at ground level at varying 
distances, x, as shown in Fig. 2. From these measurements, 
one simply computes the second moment of the cross-wind 
tracer distribution at each sampling arc to obtain cry(h,x). 
Furthermore, crz(h,x) can now be obtained by using Eq. (7), 
provided one has a good measure of the transport speed, u.

Perhaps the most straightforward way of ascertaining az(x) 
is to release a single tracer to simulate a continuous ground- 
level line source normal to the prevailing wind. As shown in 
Eq. (8), x is independent of y and ay, and hence estimates of 
az can be obtained from a single tracer-concentration sample, 
provided Q l and u are known.

The foregoing scenario has been presented solely to 
illustrate some of the specific ways in which experimental 
tracer techniques can be used to determine the diffusion 
coefficients appropriate to a particular model type. A logical 
combination or extension of these three experimental 
examples could provide additional results required for a 
specific problem. The tracer methods given were designed to 
describe the diffusive state of the atmosphere. But the real 
significance of such empirical results is to enable us to 
parameterize these atmospheric properties through mathemati
cal models by using routinely available meteorological and 
other geophysical data.

•  Tracer Sampler
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Simulation of Atmospheric Boundary Layers 

in Wind Tunnels
Jack E. Cermak, Colorado State University

Efforts to study winds and wind effects near the earth’s 
surface using wind tunnels began when Irminger (1894) 
attempted to measure wind pressures on a model house placed 
in a very small wind tunnel, 30 X 30 cm in cross section and 
200 cm long. This attempt (along with many others in 
succeeding years) to develop some useful laboratory represen
tation for the highly variable and unpredictable natural wind 
was motivated by a desire to obtain deterministic relationships 
between wind forces and wind characteristics. Wind tunnels 
for these early studies were designed after aeronautical wind 
tunnels, in which special attention was given to obtaining an 
air stream with uniform and steady mean velocity across the 
test section and with as little turbulence as possible. Not until 
1950 did fluid dynamicists and meteorologists converge on the 
realization that turbulent boundary-layer flow over the floor 
of a wind tunnel could possibly provide a good laboratory 
simulation for the atmospheric boundary layer. Cermak and 
Koloseus (1954), motivated by studies of mass transport made 
by Sutton (1934) in the atmosphere and by Albertson (1948) 
in the laboratory, investigated evaporation rates from a 
1:2,000 scale model of Lake Hefner, Oklahoma. This model, 
built into the floor of the industrial aerodynamics wind tunnel 
shown in Fig. 1 gave evaporation rates that had the same 
relationship to surface shear stress as did evaporative rates 
obtained from an extensive field study (U.S.G.S., 1952).
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University (CSU) since earning his B.S. in civil engineering 
there in 1947. He went on to earn an M.S. in hydraulic engi
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before receiving a Ph. D. in engineering mechanics from Cornell 
University in 1959. After a year o f postdoctoral research at 
Cambridge University, England, he assumed his present 
position at CSU as professor-in<harge in the Fluid Mechanics 
Program, Department of Civil Engineering, and director o f the 
Fluid Dynamics and Diffusion Laboratory. As part o f his 
special interest in applying fluid mechanics to atmospheric 
science, he has worked to develop a meteorological wind 
tunnel and has investigated wind effects by simulating atmo
spheric boundary layers in small-scale models.

Strong motivation for development of a special meteorologi
cal wind tunnel to simulate atmospheric boundary layers came 
from the similar behavior of wind-tunnel and atmospheric 
boundary layers implied by the Lake Hefner evaporation 
studies. Cermak (1958) reported on the design of a meteoro
logical wind tunnel which is described in detail by Plate and 
Cermak (1963). This facility, in which thermally stratified 
boundary layers can be developed, was designed to provide a 
capability both for basic research on turbulence and turbulent 
diffusion and for such applied studies as diffusion of gases 
from industrial stacks and effects of wind forces on structures.

The following sections briefly review similarity require
ments and limitations, wind-tunnel characteristics, and 
applications of simulated atmospheric boundary layers in basic 
research and wind-effect investigations. Hidy (1966) reported 
on a colloquium on atmospheric simulation that reviewed 
efforts to simulate atmospheric boundary layers and other 
atmospheric motions for basic research purposes. Papers on a 
variety of methods (including wind tunnels) for simulation of 
atmospheric boundary layers, as well as the results of 
micrometeorological measurements, were presented in 1969 at 
an AGARD conference (AGARD, 1969). Roshko (1970) 
presented information on wind-effect investigations, both 
laboratory and full-scale, for purposes of wind engineering.

Similarity Requirements and Limitations

Requirements for similarity of the atmospheric and wind- 
tunnel boundary layers can be obtained directly from the 
fundamental equations for conservation of mass, momentum, 
and energy. These requirements were formulated by Cermak 
(1971) from dimensionless equations for conservation of mass, 
momentum, and energy by scaling each of the independent 
and dependent variables. If the boundary-layer thermal stratifi
cation consists of a lower, convectively unstable mixing layer 
of thickness Hi with an upper, stable layer of thickness H2, 
the equations can be scaled for each layer.

In summary, the requirements imposed by the fundamental 
physical equations are undistorted scaling of geometry; equal 
Rossby number, Ro = U0/(L0fio); equal Richardson number, 
Ri = [(AT)0/T0 ] (Lo/Uo2)#; equal Reynolds number,
Re = U0 Lo/i'oi equal Prandtl number, Pr = ^/(ko/PoCpo);
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AIRFLOW .

I8m TEST SECTION 

INDUSTRIAL AERODYNAMICS WIND TUNNEL

,-s /A IR  FLOW.. 
' J  , ------i---- •

16 m TEST SECTION 
ENVIRONMENTAL WIND TUNNEL

and equal Eckert number, Ec = U02/[Cp0(AT)0 
for notation).

(see Table 1

Fig. 7 S im p lified  floorp lan  o f  the CS U F luid  D ynam ics and  D iffu sion  
Laboratory, show ing  the m eteorological, industria l aerodynam ics, and  
environm en ta l w ind tunnels.

In addition to the foregoing requirements, the surface 
boundary conditions and the approach-flow characteristics 
must be similar for both the atmosphere and its model.
Surface boundary condition similarity requires similarity of 
surface roughness distribution, aerodynamic effects of surface 
roughness elements corresponding to an "aerodynamically 
rough” surface, and surface temperature distribution. 
Similarity of the approach-flow characteristics requires similar 
distributions of mean and turbulent velocities and of mean and 
fluctuating temperatures, a longitudinal pressure gradient 
equal to zero, and equality of the ratio H2/H i if the flow is 
layered.

If all these requirements were met, all scales of motion 
ranging from micro- to mesoscale (1 O '3 to 10s m) could be 
simulated simultaneously. The diffusion process could then be 
reproduced accurately over horizontal distances up to 105 m 
within the planetary boundary layer. However, all the require
ments cannot be met simultaneously with existing laboratory 
facilities, and partial or approximate simulation must be used.

Equality of the Rossby number cannot be obtained with 
existing wind-tunnel facilities. Therefore, only flows in which 
coriolis accelerations have small effect can be simulated 
accurately. This will be true in most cases when the atmo
spheric Rossby number is greater than ten. Bulk Richardson 
numbers over a layer 10 cm deep can range from —0.5 to 0.5 
in a meteorological wind tunnel to cover a wide range of 
atmospheric conditions; therefore, thermal stratification 
requirements do not impose significant limitations. The ratio 
of Reynolds numbers for laboratory and atmosphere varies

Table 1 Notation

'-P
f(K )

9

H,
k
K
L

Lo
T

T .
T w
T *
AT

(AT)0
u'
u*
U

U0
z

5
e

i  a

^0
(-)

specific heat at constant pressure
energy spectrum o f longitudinal fluctuations
gravitational acceleration
height o f inversion
thermal conductivity o f flu id
wave number
Monin-Obukhov length
reference length
mean temperature
reference mean temperature
mean temperature at z = 0
fr ic tion  temperature
T — T w

T „ - T w
fluctuation  of longitudinal velocity from  mean\r
shear velocity ( t 0 / p )

mean longitudinal velocity
reference mean velocity
vertical coordinate
boundary-layer thickness
energy dissipation rate per un it o f mass
von Karman’s constant
kinematic viscosity
mass density
boundary shear stress
angular velocity
mean value
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REFRIGERATION AND ----------------
HEATING CO ILS AIR T E M P E R A T U R E  9 3 ° - 4 °  C

A I R  F L O W t V E L O C I T Y  0 . 6 - 5 6  m/s)'

REFRIGERATION 
UNIT 150 Tons CONTROL

ROOM
.VORTEX
G ENERATO RS

SC R E E NS A U X I L I A R Y
EXHAUSTUPWIND ROUGHNESS ELEM ENT:

BUILDING MODEL 
TU R N TA B LEC O O LE D  FLO O R  BOUNDARY H EA T SOURCE 

OR S IN K , 0 °  — I4 9 °C

27 T E S T  SECTIO N

A U X I L I A R Y
INTAKE

POWER
ROOM

Fig. 2  Plan (above) and  elevation  (below ) o f  the C SU  F lu id  D ynam ics  
a n d  D iffu sion  L abora tory 's m eteoro log ica l w in d  tunnel. A ll  d im ensions  
are in m eters.

from 10-2 to IO-4 and depends primarily upon the geometric 
scale. However, for rough boundaries the dimensionless 
boundary-layer characteristics become independent of the 
Reynolds number beyond the usual range encountered in a 
large meteorological wind tunnel, and no limitation on simula
tion results. If a boundary becomes smooth when scaled in the 
model, artificial roughening of the surface is necessary to 
reduce flow differences resulting from unequal Reynolds 
numbers. Prandtl numbers are equal for wind-tunnel and 
atmospheric flows. The Eckert numbers cannot be equal if 
Richardson numbers are made equal; however, for low-speed 
flows this has not been found to cause any detectable differ
ences between the laboratory and atmospheric flow structures.

Similarity requirements for surface boundary conditions 
impose no serious limitations. The greatest problem is to 
choose the appropriate roughness when the scaled-down 
roughness elements result in a smooth surface. A guide for 
proper selection is to add to the height of each scaled element 
an increment equal to the thickness of the viscous region 
(laminar sublayer thickness).

The long test section of the Colorado State University 
(CSU) meteorological wind tunnel provides the necessary 
approach-flow similarity by processes equivalent to those 
active in the atmosphere, and was used for precisely this 
purpose. Many efforts to achieve approach-flow similarity with 
short test sections are being considered (Teunissen, 1972).

Much additional study is needed before jets, vortex generators, 
roughness plates, screens, or heating or cooling elements 
located at the test-section entrance may be used with 
confidence.

Wind-Tunnel Characteristics

The range of capabilities for simulation of the atmospheric 
boundary layer over a variety of thermal stratifications is 
closely related to characteristics of the wind tunnel used. A 
plan of the meteorological wind tunnel of the CSU Fluid 
Dynamics and Diffusion Laboratory is shown in Fig. 2 
(Cermak, 1958; Plate and Cermak, 1963). The gross character
istics of this wind tunnel are as follows:

• Air speed (ambient in test section): 0.1 - 30 m/s

• Air temperature (ambient in test section): 5 - 95°C

• Turbulence intensity (ambient in test section): 0.05%

• Boundary temperature (test-section floor): 1 - 200°C

• Longitudinal pressure gradient: adjustable to zero.

Measurements reveal that the vertical distributions of mean 
velocity, turbulence intensities, and Reynolds shear stress

4 7.4

A U X I L I A R Y
EX H A U ST

IN E R T IA L  MOUNT AND 
B U ILD IN G  MODEL
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become similarity distributions for downwind distances 
exceeding about 10 m. This condition holds when the 
boundary conditions are uniform over the entire test-section 
length and the boundary-layer thickness, 5, is used to scale 
vertical distances from the boundary. Accordingly, the turbu
lent flow properties for the lower 10 -15% of the boundary 
layer exhibit near-homogeneity in planes parallel to the lower 
boundary for downstream distances exceeding 10 m. The 
atmospheric surface layer exhibits a similar property at 
distances sufficiently far downstream from changes in surface 
roughness or temperature. Boundary-layer thicknesses over the 
downstream 5 m are influenced strongly by the surface 
roughness. For an ambient wind speed of 10 m/s (neutral 
stability) and uniform roughness over the entire test-section 
floor, the following boundary-layer thicknesses develop at the 
downwind end: 70 cm, 110 cm, and 132 cm for a “smooth” 
boundary, a boundary with a roughness element height of
2 cm, and a boundary with a roughness element height of 
20 cm, respectively. Figure 3 gives a comparison of mean 
velocity and temperature distributions for the wind tunnel 
over a “smooth” boundary and at the Nebraska field site for 
Project Prairie Grass. The laboratory and field data are in 
excellent agreement and both sets of data follow a log-linear 
distribution.

When characteristic distributions of turbulent energy with 
wave numbers for the neutral wind-tunnel boundary layer are 
compared with the atmospheric data using Kolmogorov scaling 
(Fig. 4), excellent similarity is found to exist down to a wave 
number determined by wind-tunnel size and distance above 
the boundary roughness heights.

Another type of wind tunnel capable of developing a satis
factory boundary layer for atmospheric simulation is the 
environmental wind tunnel shown in Fig. 1. The disadvantages 
of the open-circuit wind tunnel are that thermal stratification 
and disturbance-free flow are more difficult to obtain.
However, a stable thermal stratification can be obtained 
through the addition of dry ice at the test-section entrance.

Applications of Simulated Atmospheric 
Boundary Layers

The simulated atmospheric boundary layer is ideally suited 
to basic research on a variety of micrometeorological variables. 
Mean quantities and surface boundary conditions may be held 
constant while the turbulence structure is probed with fast- 
response hot-wire anemometers and resistance thermometers 
(or mean concentrations may be measured for a source of 
tracer gas). Mean and surface conditions may then be varied 
systematically to establish basic physical relationships. 
Intensities of vertical turbulence, turbulent eddy diffusivities 
for heat and momentum transfer, and the relationship between 
the Richardson number and the ratio of distance above the

Fig. 3  C om parison o f  m ean ve locity  and  m ean tem pera ture p ro files  
m easured  in the  w ind  tu n n e l and  the  a tm osphere  (Chuang a n d  Cermak, 
1967). The term s B u  and  B j  are constants. See  Table 1 fo r  o th er  
no ta tion .

Fig. 4 S p ec tru m  o f  long itud ina l c o m p o n e n t o f  turbulence. O pen  
circles and  triangles represen t w ind -tunnel data (C erm ak e t  al., 1966); 
filled  circles represen t a tm ospheric  data (Pond, S tew art, a n d  Burling, 
1963).

log|0 K/(t/v3 )'/4
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Fig. 5 P ium e-dow nw ash investigation  using a 1 :200 scale m o d e l in the
m eteoro log ica l w ind tunnel.

Fig. 7 M odel (scale 1:400) o f  A tla n tic -R ich fie ld  Towers, Los Angeles, 
loca ted  in the m eteoro log ica l w ind tunnel d o w n w in d  o f  s im u la ted  c ity  
fo r  m easu rem en t o f  w ind  pressures.

Fig. 6 M odel (scale 1:240) o f  p ro p o sed  Yerba B uena Center, San  
Francisco, in the  environm en ta l w ind  tu n n e l fo r  investigation  o f  
a u to m o b ile  e x h a u s t concen tra tions resulting fro m  a parking garage.

surface to the Monin-Obukhov length for stably stratified 
boundary layers have all been investigated by Arya and Plate
(1969) using this approach. Cermak (1963) and Chaudhry and 
Meroney (1973) have also investigated diffusion from point 
and line sources within the simulated atmospheric surface 
layer in this manner. It is highly probable that, using physical 
modeling, future basic research will result in valuable data on 
turbulence structure and diffusion over plane surfaces of 
nonuniform temperature and roughness, over and through 
vegetated canopies, and over surfaces with various topographic 
features.

Ability to simulate essential features of the atmospheric 
boundary layer has already paid off. By inserting models of 
power plants, buildings, and other structures into the 
simulated winds, direct measurements of wind effects are 
readily made. Concentration distributions resulting from a 
tracer gas (krypton 85) emitted from power-plant stacks 
(Fig. 5) or from a proposed parking garage (Fig. 6) provide 
quantitative information for planning and design purposes. 
Both mean and fluctuating wind pressures measured on a 
model of a proposed building (Fig. 7) are used in the design of 
tall building frames and in the resolution of cladding and 
window glass requirements. Other applications include the 
selection of the form and location of windbreaks and snow 
fences, architectural modifications to tall buildings to improve 
pedestrian comfort and safety, siting of wind-power plants, 
siting of ground-based silver iodide generators for use in 
weather modification operations, and improving water and soil 
practices.

Conclusions

Simulation of the atmospheric boundary layer for a wide 
range of meteorological conditions can be accomplished in a 
wind tunnel with a long test section and appropriate thermal 
controls. The same physical processes of heat and momentum 
transfer between the moving air and the boundary surface that 
are active in the atmosphere develop thick, turbulent 
boundary layers in this type of facility. Inability to equate
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Rossby numbers is the greatest deficiency of the simulation; 
however, this is not a serious shortcoming. The simulation 
capability provides a vehicle for a variety of basic research 
efforts that will not only increase our knowledge of the 
fundamental processes involved but also provide data for input 
to numerical models. Simulated surface winds can also be used 
to obtain wind effects on structures and dispersion character
istics of air pollutants in regions of complex geometry. 
Measurements on small-scale models provide information for 
rational design and planning either to minimize the destructive 
or unpleasant action of wind or to enhance its beneficial 
effects.
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The Air-Sea Interaction Simulation Facility 

at the Institut de Mecanique Statistique 

de la Turbulence

Michel Coantic and Pierre Bonmarin, I.M.S.T.

Understanding air-sea interaction is now generally acknowl
edged as a problem of major practical importance because of 
its consequences for the dynamical and thermodynamical 
behavior of the atmosphere and oceans. Solving this problem 
requires explanation of the small-scale mechanisms by which 
the various forms of energy (radiation, sensible and latent 
heat, kinetic and potential energy) are exchanged and 
transported within the air and water layers adjacent to the sea 
surface. Turbulent transfer processes are still inadequately 
understood, yet they play an important role here and add 
basic scientific interest to the problem.
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included investigation of the boundary layer in aerodynamic 
wind tunnels and research into ocean-atmosphere interactions.

Much effort has recently been devoted to the experimental 
study of small-scale air-sea interactions, largely through 
expeditions at sea and sometimes through laboratory measure
ments. Experiments performed on the open sea in the lower 
layers of the atmosphere or on the upper layers of the ocean 
are difficult and costly. They must be made from ships or 
buoys, whose presence and motions are responsible for errors 
that are not easy to evaluate or correct. Furthermore, field 
experiments suffer from a major limitation: because the situa
tion cannot be controlled or altered, it is impossible to 
investigate the effects of independent variation in each of the 
governing parameters systematically. On the other hand, 
laboratory work has often been done on very small scales, and 
has generally been restricted to the problem of wave 
generation.

Our program at the Institut de Mecanique Statistique de la 
Turbulence (I.M.S.T.) has evolved from the idea that field 
studies can be complemented in a laboratory setting through 
partial simulation of the most important natural mechanisms. 
Performing complex measurements under accurately con
trolled and repeatable conditions enables systematic explora
tion of the influence of independent parameters such as wind 
velocity, temperature and moisture differences, sea state, etc. 
Subsequent recourse to field experiments will, of course, be 
necessary to check the applicability of laboratory results to 
full-scale processes.

Small-Scale Air-Sea Interaction Processes

The exchange of energy between the lower layers of the 
atmosphere and the upper layers of the ocean results from 
four processes (Coantic, 1969; Coantic and Favre, 1970; 
Coantic et al., 1969):

• Radiative transfer, including absorption of solar short
wave radiation in the sea, and emission and absorption of 
infrared long-wave radiation by the sea surface and the 
atmosphere

• Evaporation and turbulent transfer of water vapor (and 
latent heat) from the sea surface to the atmosphere
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•  T u rb u le n t convective transfer o f  sensible heat between 
the atmosphere and ocean

•  T ransfer o f  k ine tic  energy from  the atmosphere to the 
sea, leading to  the generation o f waves and d r i f t  currents

These processes are coupled through a num ber o f  in te r
actions, the m ost im p o rtan t o f  which is the con tro l o f heat 
and mass transfer mechanisms by tu rb u le n t m otions supplied 
m a in ly  fro m  the mean k ine tic  energy. Furtherm ore, the scalar 
quantities (tem perature and m oisture or sa lin ity) are dynam i
ca lly  active, and the mechanism o f  wave generation by the 
w ind com plicates the f lo w  s tructure and the various transfer 
processes.

Problems and Limitations of Simulation

Because the effects o f  rad ia tion  can be taken, at f irs t 
app rox im a tion , as additive to  those o f  tu rbu le n t transfers, the 
main problem  lies in a proper labo ra to ry  s im u la tion  o f the 
k inem atical and dynam ical s tructure o f the marine surface 
layer o f  the atmosphere and the upperm ost layers o f the sea. 
T h is  can be achieved o n ly  i f  very high Reynolds numbers are 
atta ined, insuring a convenient representation o f the inertia l 
properties o f atm ospheric tu rbu lence; i f  Richardson numbers 
on the order o f u n ity  can be reached, a llow ing fo r large 
grav ita tional s ta b ility  and in s ta b ility  e ffects; and i f  s u ffic ie n tly  
high Froude numbers and wave ages are obtained, so th a t the 
in fluence o f a s ign ificant f ie ld  o f g ravity  waves can be 
observed.

These three cond itions w ill be reasonably well fu lf il le d  by a 
labo ra to ry  fa c il ity  th a t includes the salient features o f a 
m icrom eteoro log ica l w ind tunnel and wind-wave tank and has 
such add itiona l characteristics as con tro l o f  evaporation 
processes and representation o f  the main rad ia tive effects as 
well as the poss ib ility  o f  generating a rtif ic ia l waves (Coantic 
and Favre, 1973; Coantic et al., 1969).

The qu a lity  o f  the s im u la tion  o f  natural processes th a t can 
be reached in such a fa c il ity  is lim ited . F irs t, technological and 
financ ia l restric tions lim it  the fa c il i ty ’s size and power; 
therefore, the range o f parameters m entioned above, and the 
m odeling o f effects such as angular wave spreading are also 
restricted. Second, inaccuracies in the con tro l o f free-stream 
variables in space and tim e and the unavoidable developm ent 
o f  parasitic boundary layers along the walls and ceiling o f an

Photograph o f  the I.M.S. T. air-sea interaction sim ulation facility .

0 In  5m 10m
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elongated test section progressively degrade the q u a lity  o f the 
in te rfac ia l tu rb u le n t boundary layer under study. F ina lly , as in 
the m odeling o f  many flu id  dynam ical problem s, i t  is not 
possible to  reach large enough values o f all the parameters 
involved sim ultaneously. C onsequently, the s im u lation is on ly  
partia l, and correct reasoning and fie ld  checking w ill be 
necessary in app ly ing  labo ra to ry  results to  natural processes.

Description of the Facility

General schematics o f the I.M.S.T. air-sea in te raction  
s im u la tion  fa c il ity  and o f  its h u m id ity  con tro l equipm ent are 
given in Figs. 1 and 2. The fa c il ity  can be described as a 
com b ina tion  o f a m icrom eteoro log ica l w ind tunnel w ith  a 
w ind-wave tank (40 m long, 2.6 m w ide). The surface o f  the 
water in the tank (~1 m deep) fo rm s the f lo o r  o f the tunnel 
test section (40 m long, 3.2 m wide, 1.5 m high).

The global effects o f  solar rad ia tion  are modeled by heating 
o r coo ling  the water (10 to  25 °C), and those o f  infrared 
rad iative transfer are m odeled by c o n tro llin g  the tem perature 
o f  the test sec tion ’s ceiling (5 to  35°C). Wet- and d ry -bu lb  
tem peratures (1 to  20°C and 10 to  3 5 °C, respectively) o f  the 
incom ing a ir flo w  are regulated through coo ling  (and d ry in g  by 
condensation) heat exchangers, heaters, and vapor in jectors.
A n  absorbing beach and a new type o f  submerged wavemaker 
(Ram am onjiarisoa, 1974a) a llow  con tro l o f  surface m otions 
fro m  cap illa ry  ripples to  breaking waves o f 1 m in wavelength.

A ir  velocities between 0.3 and 14 m/s and water velocities 
between 0.01 and 0.1 m/s are generated by means o f  an axial 
fan and a he lico idal pum p. T u rb u le n t m om entum  and heat and 
mass transfer processes are thus e ffec tive ly  produced w ith in  an 
in te rfac ia l boundary layer 40 m long. More details are given in 
Coantic and Favre (1970), Coantic e t al. (1969), and 
Ramamonjiarisoa (1971), w h ich also describe the small fa c il ity  
(one-fifth-scale) th a t was b u ilt  f irs t  to  validate the design fo r 
ou r large fa c ility .

Instrumentation and Data Processing

The main physical variables to  be recorded du ring  experi
ments and the sensors and transducing un its  used fo r  the ir 
measurement are diagrammed in Fig. 3. D eterm in ing tu rb u le n t 
ve loc ity  and tem perature flu c tu a tio n s  in water (Coantic and 
Favre, 1970; Resch and Coantic, 1969), recording surface 
m otions (Ram am onjiarisoa, 1971, 1973, 1974a), and pa rticu 
la rly , measuring mean values and tu rb u le n t flu c tu a tio n s  o f 
h u m id ity  (Bolgiano, 1973; Coantic and Favre, 1970; Coantic 
and Leducq, 1964) have presented d if f ic u lt  ins trum en ta tion  
problems.

A fte r  con d itio n in g  and visual co n tro l, the data can be 
recorded and processed w ith  the analog equ ipm ent shown in 
Fig. 4. A lte rn a tive ly , the d ig ita l data acqu is ition  system shown 
in Fig. 5 can be used; th is system can also be used fo r  au to 
m atic con tro l o f  the fa c il ity  and experim ents. S tatistica l data 
analysis is perfo rm ed later, e ither in the system its e lf o r by

Fig. 2 Diagram o f temperature and hum id ity  contro l equipment on 
the I.M.S.T. facility.

BOILER 
450,000 cal/h

STEAM 
60 kg/h
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Fig. 3 The instrum ent system o f  the I.M.S.T. facility.
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Fig. 4 Data-conditioning and analog 
processing equipment.

TO DIGITAL DATA 
PROCESSING

Fig. 5 The d ig ita l data acquisition  
and process con tro l system.
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Fig. 6 Phase speeds o f  Fourier components o f  the wave field, showing 
the discrepancy between theoretical and observed dispersion relations.

Fig. 7 A longitudinal velocity spectrum  
with high Reynolds numbers, in  
Kolmogorov's coordinates.

transfe rring  the dig ita l tapes to a large com puter fo r  extensive 
data processing.

Results and Capabilities

O ur air-sea in te raction  fa c il ity  became opera tiona l fo r  
sc ien tific  use in 1972, and a num ber o f experim ental results 
have already been obtained fro m  it. Some o f these results have 
been published (Bolgiano, 1973; Coantic and Favre, 1973; 
Ram am onjiarisoa, 1973, 1974a, 1974b ); others w ill appear in 
the near fu tu re . M ost o f the experim ents to  date are relevant 
to :

•  The statistical characteristics o f wind-generated waves 
(F igure 6 shows the difference between the observed 
dispersion re la tion  and the one usually assumed.)

•  The mean and tu rb u le n t s tructure  o f the w ind and 
tem perature fie lds (F igure 7 displays a typ ica l ve loc ity  
spectrum  w ith  high Reynolds numbers.)

•  The average rates o f  evaporation (p lo tted  in Fig. 8 as 
Nusselt numbers versus length Reynolds numbers) LOGlo K, /K,
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Fig. 8 A verage evaporation Nusselt 
numbers (Nu) as a function o f  length 
Reynolds numbers. The cross-hatched 
area is the Nusselt number fo r  a 
bulk transfer coeffic ient o f  
(1.2  ± 0.24) X 70“ 3 (Pond et al.,
1971). The solid line is Nu  = 0.08 X 
Re0-75 (Coantic and Favre, 1973); 
the open circles are measured values 
from  the large simulation fa c ility  
obtained by weighing the condensed 
water; and the solid triangles were 
obtained by integration o f  the profiles. 
Other data are as indicated in  the key.

LENGTH REYNOLDS NUMBER (Re)

•  The e ffec t o f  a strong ly stable buoyancy gradient upon 
the ve loc ity , tem perature, and m oisture fields.

Several experim ental fac ilities  ex is t where sc ientific  or 
technical studies related e ither to  the structure  o f  the 
atm ospheric surface layer over land o r to  the properties o f  
w ind-generated waves can be perfo rm ed. The I.M .S.T. fa c il ity  
is un ique because i t  was designed and b u ilt  specifica lly fo r  
m odeling the main processes o f  the marine in terfacia l layers. I t  
is now  being used by researchers fro m  several countries who 
are interested in various aspects o f  small-scale air-sea in te r
actions. The f irs t  results are encouraging because they indicate 
th a t a partia l s im u la tion  o f  natural processes can be obtained 
in the labora tory.
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Laboratory Simulation of the Convective 
Planetary Boundary Layer
Glen E. Willis and James W. Deardorff

S im u la tion  o f  p lanetary boundary-layer (PBL) turbu lence in 
small-scale labo ra to ry  models has previously had on ly  lim ited  
success, due m a in ly  to  the large d ispa rity  encountered in 
length scales and to  uncerta inties about the proper choice o f 
m odeling parameters. I f  the flow s  are to  be exactly  s im ilar, 
certain nondim ensional parameters (as revealed by the 
governing nondim ensional equations) m ust be duplicated in 
the m odel. When the num ber o f  required s im ila rity  parameters 
exceeds tw o  or three, it  usually becomes impossible to match 
them  all. The investigator m ust then consider whether the 
physical processes being modeled m ight be essentially 
independent o f  many o f the s im ila rity  parameters, especially i f  
they are s u ffic ie n tly  large in both the atmosphere and the 
m odel. T h is  poss ib ility  w ill be explored here fo r  the convective 
PBL (th a t is, the PBL whose turbu lence is driven m ain ly  by 
the in p u t o f  heat fro m  the surface). The artic le  w ill also
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include discussion o f the appropria te length, ve loc ity , and 
tem perature scales which pe rm it properties o f the turbulence 
in both the atm ospheric and labo ra to ry  convective boundary 
layers to  be scaled and compared.

Modeling Considerations

The convective PBL evolves as the ea rth ’s land surface heats 
up during  the course o f  a sunny day, and a grow ing convec- 
tive ly  unstable layer gradually erodes an overly ing  nocturna l or 
tropospheric  stable layer. The vertica l structure , as depicted in 
Fig. 1, where 8 and u are mean values o f  po ten tia l tem perature 
and w ind speed, respectively, is characterized by three layers: 
a shear layer ad jo in ing  the surface, ty p ic a lly  30 - 50 m high 
(the surface layer), a deep convective layer extending to 
heights o f perhaps 1 - 2 km, and an overly ing , no n tu rb u le n t, 
stab ly s tra tified  layer. A  th in  layer o f  in te rfac ia l en tra inm ent 
exists between the convective layer and the ove rly ing  stable 
reg ion; in th is  layer stable a ir is forced dow n in to  the PBL in 
re la tive ly  na rrow  cusp-shaped streamers as the PBL deepens.

The num erical m odeling o f  the PBL by D eardo rff (1 970a 
and b, 1972) provided considerable insight in to  how  to 
proceed in developing a physical m odel. He drew several 
conclusions perta in ing  to  the clear-air convective PBL:

•  The statistics o f  the turbu lence should scale in he ight 
w ith  Z j ,  the depth o f the convective PBL.

•  The tu rb u le n t velocities should be norm alized by a 
convective ve loc ity  scale w * , which is known i f  Zj and the 
surface heat f lu x  are known.

•  Tem perature fluc tu a tion s  should be norm alized by a 
tem perature scale 0 * ,  which is s im ila rly  known.

•  The ea rth ’s ro ta tio n  does n o t s ig n ifica n tly  a ffec t the 
statistics o f  the turbu lence and may be neglected in the scaling 
o f  the variables.

•  The mean w ind shear is o ften  con fined near the lower 
boundary to  a layer o n ly  several tens o f  meters th ic k , and the 
shear-generated turbu lence in th is shallow  layer does no t 
s ig n ifica n tly  in te ract w ith  the buoyancy-generated turbulence 
in the deep convective layer.
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Thus the mean w ind is looked upon m erely as a mechanism to  
translate the therm al plumes and associated turbu lence 
downstream , and to  generate a shallow  layer o f forced 
convection near the surface.

Dimensional scales. The height scale, Zj, can be determ ined 
observationa lly from  knowledge o f  the depth to  which 
surface-induced warm ing has progressed and to which s ign ifi
cant turbu lence extends. A lthough  there are means o f rough ly 
p red ic ting  th is height as a fu n c tio n  o f tim e, i t  is preferably 
measured d ire c tly  fro m  observations o f mean tem perature, 
h u m id ity , and /o r turbulence.

The ve loc ity  scale, w * , is defined by w * = (gazjQ o)1 n 
where g is the gravita tiona l acceleration, a is the coe ffic ien t o f 
therm al expansion (in the atmosphere, a  = 1 /T ), and Q 0 is the 
kinem atic  vertical heat f lu x  (w ith  dimensions o f ve loc ity  times 
tem perature) close to  the surface. The tem perature scale, 0 * ,  is 
given by 0 *  = Q 0/w * . The la tte r tw o  scales were derived 
independently by Tennekes (1970). Examples o f  the ir use in 
scaling are given in the section be low  tit le d  “ Comparisons o f 
Model Results w ith  A tm ospheric  D ata .”

Similarity parameters. For the s im u la tion  to  be relevant, the 
fo llo w in g  fo u r s im ila rity  parameters should be e ither matched 
or “ large,”  in some sense, in both the convective PBL and the 
m odel:

•  The Reynolds num ber, Re

•  The Rayleigh num ber, Ra

•  The s ta b ility  parameter, —Zj/L, where L is the M onin- 
O bukhov length

•  The aspect ra tio , lx /z j, where lx is the existing m axim um  
ho rizon ta l length scale in which appreciable turbu lence 
in te ns ity  resides.

A  s im ila r ity  parameter which it  is though t im p o rtan t to 
m atch, although its value is n o t large, is:

•  The dimensionless en tra inm ent rate, (9 z j/9 t) /w * .

B rie fly  described, increasingly large values o f  the parameters 
Re and Ra are associated w ith  an increasing range o f eddy 
scales and w ith  more tu rb u le n t m otions. The length —L can be 
taken as a rough measure o f  the he ight a t which the turbulence 
is generated m ore by buoyancy than by w ind shear. In the 
daytim e over land, —L ty p ic a lly  ranges fro m  1 to 50 m. As the 
s ta b ility  param eter — Z j/L  increases, the PBL becomes more 
convective and the effects o f  w ind shear become confined to  a 
th inne r surface layer. In the convective PBL, lx is very large 
and is estimated to  exceed 10 km.

A  s im ila r ity  parameter which was found  to  be irre levant 
regardless o f m agnitude ( i f  Re, Ra, and — Z j/L  are large) is 
u * /( fL ) ,  where u* is the surface fr ic t io n  ve loc ity  (square roo t 
o f  surface stress d ivided by density) and f  is the corio lis  
parameter. Flowever, u * remains the relevant ve loc ity  scale fo r  
purposes o f scaling the m om entum  flu x .

Fig. 1 Schematic representation ■ 
o f the convective planetary 
boundary layer.
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Similarity o f boundary conditions. O the r s im ila rity  param 
eters cou ld be constructed which w ou ld  involve the hetero
geneity o f  surface properties and topography, and the presence 
o f  convective clouds. These boundary com plica tions are ru led 
o u t here by res tric ting  consideration to  the clear-air PBL over 
essentially homogeneous terra in.

Ramifications for modeling. The preceding discussion 
indicates th a t the PBL is o ften  in a state o f  free convection 
above the lowest several tens o f  meters. Th is suggests th a t the 
turbu lence in the convective m ixed layer could be sim ulated 
successfully by means o f a labo ra to ry  model in which no mean 
w ind is present and w h ich consists o f  penetrative convection 
o f a f lu id  layer heated fro m  below in to  an overly ing stable 
layer. The tim e-dependent mean therm al s tructure o f  such a 
labo ra to ry  system had been studied previously w ith  some 
apparent a tm ospheric applications (D eardo rff, W illis , and 
L illy ,  1969). However, com parison w ith  atm ospheric data was 
lim ited  because the proper scaling parameters had no t ye t been 
defined.

I t  should be emphasized th a t the dimensional scales 
discussed, and the great m odeling s im p lifica tions  occuring 
when —Zj/L is large, app ly o n ly  to  the convective boundary 
layer. M odeling o f e ithe r the neutral o r stab ly s tra tified  PBL is 
much m ore d if f ic u lt .  N o t on ly  is ro ta tio n  then a necessary 
parameter ( to  a llow  the mean w ind d irec tio n  to vary w ith  
he ight), b u t also the much low er level o f  turbu lence a c tiv ity  is 
all too  lik e ly  to  cause the m ode l’s Reynolds num ber to  be too  
small to  be classified as “ large.”

Fig. 2 Chamber used fo r  laboratory simulation.

The Laboratory Model

W ater is used as the model w o rk ing  f lu id  ra ther than air 
because i t  o ffe rs three main advantages: i t  y ie lds somewhat 
larger Reynolds num bers; i t  reduces the rate o f  change o f  the 
therm al structure , thereby a llow ing  su ffic ie n t tim e  fo r  observa
tions under cond itions  o f  large, lower boundary heating rates; 
and i t  pe rm its  s im pler and m ore reliable m ethods o f  f lo w  
visualization. The Prandtl num ber o f water is an order o f 
m agnitude larger than th a t o f  a ir; however, as long as Re and 
Ra are large, the Prandtl num ber is n o t considered an 
im p o rtan t m odeling param eter since the effects o f  d iffe rin g  
Prandtl num bers on the f lo w  are essentially con fined to  the 
th in  viscous layer near the surface.

The Chamber’s ho rizon ta l dimensions (see Fig. 2) are 
114 X 122 cm, and its depth is 76 cm . A  s tyro foam  slab 5 cm 
th ic k  insta lled a t the top  o f  the cham ber acts as an insula ting 
upper boundary to  aid in m a in ta in ing  the in itia l stable s tra t if i
cation. The side walls are Plexiglas sheets 1.9 cm th ick  and the 
low er surface is an a lum inum  plate 1.25 cm th ick . In con tact 
w ith  the underside o f the plate is a c ircu la ting  water heat 
exchanger which is designed to  m in im ize ho rizonta l tem pera
ture gradients along the cham ber’s low er boundary.

The boundary cond itions  along the bo tto m  f la t  plate are 
those fo r  a rig id  surface a t constant tem perature. The 
atm ospheric analog is app rox im a te ly  level, homogeneous 
terra in at nearly u n ifo rm  tem perature. No boundary con d i
tions are imposed at the top  o f the convective m ixed layer 
o th e r than those natural ones associated w ith  the pa rticu lar 
degree o f stable s tra tifica tio n  ex is ting in th is region in it ia lly . 
T h is  s tra tifica tio n  is chosen so th a t the dimensionless entra in- 
m ent rate, (9 z j/9 t) /w * , w ill be typ ica l o f  atm ospheric cases (a 
usual value is 0 .02). An increase o f  the in it ia l stable density 
grad ient w ill decrease th is parameter, and an increase o f  the 
surface heat f lu x  w ill increase it.

The model Re based upon the representative turbu lence 
ve loc ity  and convective layer depth is 4 X 103 . The 
com parably com puted atm ospheric Re is on the order o f 108 . 
N o t surp ris ing ly , the labo ra to ry  Re does n o t approach th a t o f  
the atmosphere, bu t the expecta tion  is tha t turbu lence in the 
labo ra to ry  model w ill become alm ost independent o f  Re 
(except fo r  a lim ited  range o f  small scales) at th is  and larger 
values o f  Re.

The model Ra, based on z\ and the low er boundary heat 
f lu x ,  is o f  order 10 11, w h ile  the com parably com puted 
atm ospheric Ra is on the order o f  1017. W hile the labo ra to ry  
value o f  Ra does n o t approach tha t o f  the atmosphere, i t  is 
know n th a t convective flow s in water bounded by tw o  rig id  
plates become tu rb u le n t fo r  Ra o f  the order 10 s (W illis and 
D eardorff, 1967). Thus the m otions in the m ode l’s m ixed
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layer should indeed be very tu rbu le n t, as the ir appearance 
confirm s.

In the atm osphere the s ta b ility  parameter, — Z j/L, frequ en tly  
exceeds 10 o r 20; in these instances, scaled results above a 
height o f  several tim es —L are tho ugh t to  become alm ost 
independent o f fu r th e r increase in the s ta b ility  parameter. The 
model case o f  no mean w ind gives an in fin ite  value o f — Zj/L, 
so th a t th is  s im ila r ity  c rite rion  is very well m et by the m odel.

The side walls act as rig id  insula ting boundaries which have 
no atm ospheric coun te rpart. T h e ir presence restricts the 
m axim um  allow able ho rizon ta l scale to  abou t 2zj fo r  a typ ica l 
m ixed layer depth o f 60 cm. The convective PBL aspect ra tio , 
lx /z j, is estim ated to  be on the order o f ten o r greater. The 
model value, lx /z j = 2, is no t large, bu t we believe i t  may 
represent an acceptable com prom ise in try in g  to  m aintain a 
large value o f  Zj and thus Re and Ra.

Experimental Techniques

Testing the model required a series o f  experim ents to  
determ ine the vertica l dependence o f  mean tem perature and 
heat f lu x , ve loc ity  flu c tu a tion s , and tem perature fluc tua tions .

Since the model does n o t include a mean flo w , p o in t 
measurements o f  turbu lence properties are like ly  to  be 
unrepresentative, especially since the larger scale therm al struc
tures tend to  m ainta in  sem istationary positions. We feel tha t it  
is essential to  use some fo rm  o f  spatial averaging in the 
measurements o f  the turbu lence quantities, and we accom
plished th is  in the model by d iffe re n t means, according to the 
variables being measured.

The h o rizo n ta lly  averaged mean tem perature was measured 
by means o f  a long resistance w ire strung h o rizo n ta lly  back 
and fo r th  across a support fram e located near the cham ber’s 
side walls. The resistance w ire  acted as one arm o f  a bridge 
c ircu it, m aking the off-ba lance voltage p ropo rtiona l to  the 
ho rizo n ta lly  averaged tem perature. The w ire and its fram e 
were attached to  a m o to r drive and cycled up and down 
con tinuous ly  to  give a succession o f  tem perature p ro files as 
the experim ent progressed. The k inem atic heat f lu x  at various 
levels was obtained fro m  the mean tem perature p ro files by 
num erical in tegra tion  o f  the heat equation.

V e lo c ity  measurements were obta ined fro m  streak p h o to 
graphs o f neu tra lly  buoyant o il droplets. The droplets (average 
diam eter 0.6 mm) were in troduced in to  the convective layer 
through a hypoderm ic  syringe and long cap illa ry  tube. V e loc
ities in the cham ber’s en tire  volum e were sampled by sequen
t ia lly  illu m in a tin g  and photographing d ro p le t streaks in a 
quarter-section o f  the chamber at a tim e. Each photograph, 
con ta in ing  abou t 1,700 d ro p le t streaks, was analyzed by

placing the streak coordinates on m agnetic tape fo r  averaging 
and ca lcu la tion o f  statistical m om ents by a d ig ita l com puter.

This photograph ic technique o f  measuring velocities could 
n o t resolve scales o f  m o tion  less than ~ 1  cm. However, the 
f lo w  visualization technique does have the inherent advantage 
o f  p e rm ittin g  f lu id  velocities to  be sampled qu ick ly  over the 
en tire  convective volum e.

Measurement o f flu c tu a tin g  tem peratures was accomplished 
by use o f  three ve rtica lly  aligned therm ocoup le  probes w ith  
adjustable vertica l positions. The sensors cou ld  be moved 
h o rizo n ta lly  fro m  near one side wall to  the o ther by means o f 
a m o to r drive. H orizon ta l traverses were made along a center 
line o f  the chamber a t nearly un ifo rm  probe speeds. The 
tem perature traces were later d ig itized and the statistics 
calculated on a d ig ita l com puter. The sta tistics o f  the tempera
ture flu c tu a tio n s  were thus based on a lineal average rather 
than the area average used fo r  mean tem perature and ve loc ity  
measurements.

Measurements o f  the low er surface heat f lu x  and mean 
interface height are required to com pute the values o f  the 
scaling parameters. The surface heat f lu x  was measured by tw o  
independent m ethods: f irs t,  the rate at which heat was 
removed fro m  the water f lo w in g  through the channels o f the 
heat exchanger was determ ined by measuring the f lo w  rate in 
the heat exchanger and the tem perature d iffe rence between 
in le t and o u tle t ports  o f  the channels; and second, the rate at 
which the tem perature o f the convective layer increased w ith  
tim e  was measured. Estimates o f  the value o f  Zj had to be 
made d iffe re n tly , depending upon which tu rb u le n t q u a n tity  
was being measured. For mean tem perature measurements, Zj 
cou ld  be in fe rred fro m  the heat f lu x  profiles, and (by d e fin i
tion ) was taken as the level o f  m axim um  negative heat f lu x .
For ve loc ity  measurements, Zj was estimated fro m  the p h o to 
graphs by tak ing  the average he ight o f  the wavy interface 
depicted by the streaks o f  droplets c ircu la ting  near the top  o f 
the convective layer. For tem perature flu c tu a tio n  measure
ments, Zj was estim ated fro m  pe riod ic  checks o f  the he ight o f 
the local therm al in terface and fro m  knowledge o f  how  Zj 
varies w ith  tim e  fo r  a given surface heat f lu x .

More com plete descriptions o f experim ental techniques as 
well as o ther measurement results can be fou nd  in W illis  and 
D eardorff (1974).

Comparisons of Model Results with 
Atmospheric Data

Com parison o f measurements o f  the m ode l’s convective- 
layer turbu lence have been made w ith  the a irc ra ft observations 
o f  T e lfo rd  and W arner (1964) and Lenschow (1970, 1974),
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DIMENSIONLESS HEAT FLUX

Fig. 3 Vertical profiles o f  dimensionless heat flux. Solid and dashed 
lines are model results fo r two d iffe ren t values o f  the entrainment 
parameter. Circles and triangles represent a ircra ft measurements o f  
Lenschow (7970, 1974); squares represent those o f  Telford and Warner 
(1964).

Fig. 4 Vertical profiles o f  dimensionless vertical velocity variance. 
Solid circles and triangles are model results fo r two d iffe ren t values o f  
the entrainment parameter. Open symbols represent a ircra ft data 
points, as in  Fig. 3. Lower dashed line is the free-convection surface- 
layer form ula tion o f  Wyngaard et al. (1971).

and w ith  the free-convection, surface-layer fo rm u la tio ns  o f 
Wyngaard, Cote, and Izum i (1971).

T w o  model heat f lu x  p ro files measured under cond itions o f 
d iffe re n t dimensionless en tra inm ent rates are p lo tted  as solid 
and dashed lines in Fig. 3. The heat f lu x ,  made dimensionless 
by its surface value, decreases nearly linearly  w ith  he ight in the 
lowest levels, and changes sign from  positive to  negative a t a 
small height be low  the level o f  the mean interface. The small 
region o f coo ling  th a t exists near the top  o f the convective 
layer is due to  the pene tra tion o f  f lu id  fro m  the m ixed layer 
in to  the warm er stable region. The open data po in ts  in Fig. 3 
are d ire c tly  measured values o f the heat f lu x ;  these a ircra ft 
measurements, a lthough n o t supportive o f  any extensive 
region o f linear heat f lu x  decrease w ith  height, are in general 
agreement w ith  the p ro files fro m  the m odel.

The vertical ve loc ity  variance, w 2, made dimensionless 
by the square o f  the convective ve loc ity , w * 2 , is p lo tted  
versus dimensionless he ight in Fig. 4. The solid circles and 
triangles are data po in ts fro m  the labo ra to ry  model fo r  the 
tw o  values o f  en tra inm ent rates. The open circles, squares, and 
triangles are data po in ts  fro m  the a irc ra ft measurements. The 
lower dashed curve is the free-convection, surface-layer 
fo rm u la tio n  o f  Wyngaard e t al. (1971). The a irc ra ft measure
ments tend to  scatter around the results o f the model.
However, the m ore recent a irc ra ft observations support 
num erical results (D eardo rff, 1972) o f  a m axim um  in w 2/ w * 2 
at z/zj «= 0.3, be tte r than the model results o f  z/zj ** 0.5. The 
reason fo r  th is  discrepancy is unknow n, b u t is presumed to  be 
due to  e ither Re o r lx /z j being to o  small. The model data p o in t 
a t z/zj = 0.05 compares well w ith  a irc ra ft measurements in the 
low er levels and w ith  the surface layer fo rm u la tio n . The 
differences between the tw o  model curves are n o t large, and 
suggest th a t small variations in the en tra inm en t parameters 
have no im p o rtan t e ffec t upon the heat f lu x  and tu rb u le n t 
energy.

The tem perature variance, made dimensionless by the 
square o f  the convective tem perature scale, is p lo tte d  versus 
dimensionless height in Fig. 5. A  sm ooth solid curve is drawn 
to  the solid-c irc le  data po in ts  o f  the m odel. The tem perature 
variance decreases from  a m axim um  value ju s t above the lower 
boundary to a m in im um  near z/zj 0.8, and then increases to  
a re lative m axim um  just above the level o f  the interface. The 
source o f  the tem perature flu c tu a tion s  in the stable layer is 
g ravity  waves forced by pene tra ting convective domes. The 
a irc ra ft observations and model results are in good agreement 
except in the region o f  the variance m in im um . The model 
tem perature variance may have been underestim ated in th is 
region because on ly  a sho rt section o f  the probe traverse 
sampled fluc tu a tion s  near the walls where the tem perature 
flu c tu a tio n s  were o ften  largest. A t  these heights m ajor 
updra fts  o r dow ndrafts  o ften  occurred on ly  near the center o f  
the chamber o r near the walls, whereas near the lower surface

84



NUMBER 7 -  FALL 1975

the tem perature flu c tu a tio n s  occurred m ore random ly . The 
results fro m  the surface layer o f  the model (z <  Zj) are in good 
agreement w ith  the atm ospheric surface-layer fo rm u la tio n .

Concluding Remarks

The results presented here, as well as others reported by 
W illis  and D ea rd o rff (1974), indicate th a t the large-scale 
m ixed-layer tu rbu lence o f  the convective PBL is fa ir ly  well 
sim ulated by the labo ra to ry  model. T h is  general agreement 
results m a in ly  because bo th  systems consist o f therm al plumes, 
the m ost dom inan t o f  which extend th roughou t the convective 
m ixed layer. These plumes con ta in  m ost o f the buoyant 
energy and co n trib u te  m ost to the variance o f the turbu lence 
quantities.

The m ost severe deficiencies o f  the model are though t to  be 
the lim ited  value o f  Re and the aspect ra tio  o f abou t 2. These 
factors res tric t the range o f  eddy scales in the m odel. The ra tio  
o f  Zj to  the dissipation scale is about 10 3 fo r  the m odel, while 
in the atmosphere the ra tio  o f these lengths is on the order o f 
105 . A  larger cham ber w ou ld  o f  course increase the aspect 
ra tio . A  s ig n ifica n tly  smaller value o f Zj w ould also increase the 
ra tio  b u t bo th Re and Ra w ou ld  then be undesirably small.

The model canno t sim ulate the f lo w  in the shallow  a tm o
spheric surface layer nor in the upper stable layer where w ind 
shears may be sign ificant. However, details o f  the entra inm ent 
process occu rring  in the absence o f large w ind shears near the 
inversion level can p ro fita b ly  be studied by use o f the model. 
A lso, a detailed study o f the therm al s tructure  near the lower 
surface could provide valuable insight in to  the nature o f  the 
g row th  o f  therm als. Despite the lim ita tion s  o f  the model we 
believe fundam enta l labo ra to ry  studies o f  the convective PBL 
w ith  con tro lled  cond itions are desirable, especially when i t  is 
noted th a t atm ospheric fie ld  studies o f  com parable scope are 
a lm ost p ro h ib itive  in bo th cost and tim e.

The labo ra to ry  model is being used fo r  measurements o f  the 
d iffu s ion  o f  particu la te  m atter. Since d iffu s ion  processes are 
usually dom inated by large-scale m otions, we expect tha t these 
experim ents w ill provide rea listic data on d iffu s ion  in the 
convective PBL. Some model results concern ing the vertical 
d iffu s ion  o f  contam inants are compared w ith  num erical results 
in D e ardo rff and W illis  (1974a); some pre lim ina ry  results, 
inc lud ing  lateral d iffu s ion , are presented in D eardo rff and 
W illis  (1974b). A n  example fro m  th a t paper is shown in Fig. 6, 
which is a dimensionless p lo t o f  p o llu ta n t concentrations 
versus he ight and distance dow nw ind  fro m  a con tinuous p o in t 
source located a t z/zj = 0.05 and X  = 0. Reasonable a tm o
spheric dimensions fo r  such a p lo t w ou ld  be z = 2 km fo r 
z/zj = 1, and x = 8 km fo r  X  = 2.

Fig. 5 Vertical profiles o f  dimensionless 
temperature variance. Solid circles represent 

model results. Open symbols are a ircra ft data 
points, as in Fig. 3. Lower dashed line is the 
free-convection, surface-layer form ulation.
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Fig. 6 Smoothed center-line concen
trations o f  particulate m atter from  a 
single experiment as a function  o f  non- 
dimensional height and distance down
stream from  a continuous p o in t source 
located by the arrow near the origin.

U Hj

A ltho ug h  o ther researchers have studied various aspects o f 
penetrative convection w ith  convection layer depths o f abou t 
10 cm, they have n o t a ttem pted to  s im ulate atm ospheric 
cond itions  d ire c tly . However, R. A drian  (U n ivers ity  o f Illino is ) 
is designing convection experim ents w ith  the p rim ary  goal o f  
s im u la ting  the tu rb u le n t s tructure . We hope the realism o f  the 
m odeling dem onstrated here w ill provide fu r th e r incentive fo r  
such s im u la tion  o f  the convective PBL and p o in t the way to 
the design and use o f  even larger and m ore rea listic labo ra to ry  
models.
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Short Report

Aircraft Static Pressure Errors: Their Measurement 
and Influence

The measurement o f  a irc ra ft static pressure is required 
p rim a rily  fo r  f lig h t  safety— fo r  m ain ta in ing  safe, vertical 
spacing between a irc ra ft du ring  flig h t. However, when 
a irc ra ft are used in atm ospheric research, the static (or 
am bient) pressure n o t o n ly  is an im p o rta n t q u a n tity  in its 
ow n r ig h t bu t also plays an im p o rta n t in teractive role w ith  
o ther measured variables. S tatic pressure is generally sensed 
by a p ito t-s ta tic  tube m ounted on the a irc ra ft o r by 
pressure ports on the fuselage o f  the a irc ra ft. However, in 
f lig h t the d isturbed pressure fie ld  around an a irc ra ft results 
in a sta tic pressure e rro r which varies w ith  the angle o f 
a ttack  and Mach num ber and w ith  the con figu ra tion , as 
well as w ith  the loca tion  o f  the static ports  on the 
a irc ra ft. F igure 1 illustrates the sta tic pressure d is tr ibu tion  
along a line on the fuselage o f  a typ ica l a irc ra ft (DeLeo 
and Hagen, 1966). As is evident fro m  the figu re , the t ip  o f 
the nose and the v ic in ity  o f  the li f t in g  and stab iliz ing  
surfaces are regions o f large pressure d is to rtio n . The m ost 
desirable locations fo r  static source location w ou ld  clearly 
be in the general areas o f  m in im um  static  error, indicated 
in Fig. 1 by po in ts  1 - 6.

F o r a given a irc ra ft type , f lig h t  environm ent, and Mach 
num ber, the m agnitude o f the static erro r may be available 
fro m  the lite ra tu re ; however, the ava ila b ility  and q u a lity  o f 
th is data w ill depend largely on the a irc ra ft type and u tiliza 
tion  p ro file . I f  the sta tic  pressure erro r is n o t know n to 
s u ffic ie n t accuracy fo r  research purposes, which w ill usually be

C o n trib u tion s  fro m  our readers are p rin ted  in this “ Short 
R eports”  section. F urthe r in fo rm a tio n  on these subjects 
should be obtained fro m  the con trib u to rs  ra ther than fro m  the 
ed ito r. S hort reports (m axim um  750 words) may deal w ith  
new techniques fo r  atm ospheric measurements and data 
processing, eva luation o f ex is ting ins trum en ta tion , analysis o f 
un fille d  needs fo r  systems and techniques, and o th e r top ics 
related to  the technology o f  atm ospheric measurement. A r t  
should be held to  a m in im um  and should be subm itted  in 
camera-ready fo rm . We also welcome letters to  the ed ito r 
com m enting  on materials published in Atmospheric 
Technology. O ur in te n t is to  encourage responsive and critica l 
reading o f  the p u b lic a tio n ’s contents and a sharing o f  op in ions 
among readers. A rtic les  m ay be sent to  the Managing E d ito r o f 
Atmospheric Technology, Publications O ffice , NC AR.

Fig. 1 Typical subsonic static pressure d istribu tion on a ircraft fuselage. 
Numbers 1 through 6 indicate points o f  m inimum  static pressure error. 
AP is the static pressure error and qc is the compressible dynamic 
pressure. The ratio, AP/qc (i.e., the position error), is an aeronautical 
term. For meteorological purposes AP is the quantity  o f  interest.

the case, a p roperly  designed and executed test program to 
determ ine th is  e rro r w ill be required. Th is paper describes the 
m ethod by w h ich static pressure erro r has been determ ined by 
the Research A v ia tio n  F a c ility  (R A F ) o f N C AR , and presents 
the results o f  these measurements fo r  several research a irc ra ft.

Determination of the Static Pressure Error

The erro r analysis o f  any a irc ra ft sta tic pressure system may 
be examined by one o f  a num ber o f  m ethods o f  varying 
degrees o f  co m p le x ity , expense, and accuracy. The choice w ill, 
in general, depend upon the accuracy desired and the ins tru 
m enta tion  and fac ilities  available. The m ethods generally used 
in the a irc ra ft indus try  are discussed in detail by DeLeo and 
Hagen (1966) and by Gracey (1957). One o f  these standard 
techniques (and the m ethod which is used by the R A F ) is to 
f ly  the a irc ra ft past a tow er th a t is equipped w ith  a precision 
barom eter. The am bient pressures measured both on the tow er 
and in the a irc ra ft are com pared and the a irc ra ft static pressure 
e rro r is com puted. The ch ie f problem  w ith  the tow e r f ly -b y  
m ethod is th a t i t  is im possible to  determ ine sta tic  pressure 
e rro r by th is technique over the en tire  f lig h t envelope o f  the 
a irc ra ft.
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T ab le  1 D e f in it io n  o f  S ym bo ls

Symbol Definition | Units j

Cp specific  heat o f  a ir a t constant pressure

c v specific  heat o f  a ir a t constant volum e

Mj indicated Mach num ber

M t true Mach num ber

Pm r m measured s ta tic  pressure mb

ps free-stream sta tic  pressure m b

Pt
■ : ... . , W S  , : ■  ̂ : < < s.....

to ta l pressure m b

9c compressible dynam ic pressure, P j — ps mb

T am bien t tem perature, absolute un its K
U g lly fp

T '
ind ica ted to ta l tem perature K

T *
true to ta l tem perature K

7 "  Cp/Cy “  1.4

A M , indicated Mach num ber error

AP sta tic  pressure e rro r, Pm — Ps mb

AIR C R AFT TEST DATE STATIC  SOURCE LOCATION

O F101B (CSU) 10, 11, 12 August 1971 Pitot-Static Tube on Nose Boom

•  N.A.R.
Sabreliner (NCAR)

15 June 1971 Fuselage Station 82

O Beech Queen A ir 
(NCAR)

9 )une 1971 A ircra ft Fuselage Station 328

□  DeHavilland 
DHC-5 Buffalo

10 June 1971 Pitot-Static Tube on Wing-Tip Boom 
65 in. (chord 53 in.)

A  Lockheed 
Lodestar 
(U. o f Chicago)

14 May 1973 Pitot-Static Tube on Wing-Tip Boom 
49 in. (chord 43 in.)

5.92 2 3 8 5  5 4 .3 3  98  31 156.99 2 3 2 .2 8

qc at an a lt i tude o f  1700 m (mb)

Fig. 2 The static pressure error 1/5 Mach number fo r five d iffe ren t 
meteorological research a ircra ft tested by RA F. AH a ircra ft except the 
Lodestar were tested to fu l f i l l  preprogram requirements o f  the National 
Haii Research Experiment (NHRE) during 1971. The data are presented 
with the permission o f  N HRE; the Colorado State University (CSU) and 
University o f  Chicago data are shown with permission o f  Peter Sinclair 
and Roscoe R. Braham, respectively.

In the tow er f ly -b y  procedures used by the R A F , the 
a irc ra ft flies past a tow er which is appropria te ly  located fo r  
safety o f  low-level f lig h t and ta ll enough to  prevent sign ificant 
ground effects during high-speed passes. The am bient a tm o
spheric pressure and pe rtine n t m eteorological variables are 
recorded s im ultaneously on the tow er and aboard the aircraft. 
Deviations in the height o f  the a irc ra ft re lative to  the tower 
fro m  pass to  pass may be determ ined e ither by photography or 
by theodo lite , and any height adjustments deemed necessary 
may be applied to  the a irc ra ft measurements. The static erro r 
is defined as the d iffe rence between the tw o  measurements o f 
abolute pressure, i.e., Pm — Ps. (See Table 1 fo r  de fin itions  o f 
these and all subsequent terms.)

The static  erro r determ ined by the above m ethod w ill be a 
precision measurement i f  accurate transducers are used on 
both the tow e r and the a irc ra ft and i f  the a irc ra ft transducer is 
designed to  operate sa tis fac to rily  in an a irc ra ft environm ent. 
The a irc ra ft sensor available fo r  th is study was a Bulova Servo 
A ltim e te r Model R 1, w ith  the fo llo w in g  sea level perform ance 
characteristics:

•  S ens itiv ity : 0.07 mb

•  S ta tic  e rro r inc lud ing  hysteresis ( lim ited  pressure range 
cyc ling ): ±0.20 mb

•  M axim um  rate o f  c lim b : 86 m/s.

The tow er is equipped w ith  an equally sensitive aneroid 
barom eter w h ich is referenced to  the Bulova A ltim e te r 
th rough a com m on pressure standard fo r  ca lib ra tion  p rio r to 
and a fte r test app lica tion . The overall accuracy o f  the RAF 
ins trum en ta tion  in de term in ing  the static pressure e rro r is 
w ith in  ±0.2 mb.

Figure 2 illustrates the static pressure error (as determ ined 
by the ou tlined  procedure) versus Mach num ber fo r  five 
d iffe re n t a irc ra ft specifica lly  instrum ented fo r  atm ospheric 
research. Figure 3 shows plan view drawings o f  the a irc ra ft 
(each in d iv id u a lly  scaled) and the static source position . The 
five  a irc ra ft display a varie ty o f  static pressure ports  and p o rt 
locations (Table 2). The d ivers ity  in both pressure p o rt loca
tion  and cruise speed o f the a irc ra ft results in a w ide varia tion 
o f  sta tic  pressure errors. Considering the results presented in 
Fig. 2, the available lite ra tu re  on static pressure error, as well 
as a irc ra ft m anufacturers’ manuals, several basic inferences can 
be drawn:

1 Manufactured by Bulova Research and Development Laboratories, 
Inc., Woodside, New York.
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•  The average static pressure e rro r fo r  the Queen A ir  at the 
speed flo w n  (±0.04 mb) is much smaller than the erro r fo r  the 
tow er f ly -b y  procedure.

•  D iffe re n tly  designed b u t s im ila rly  positioned p ito t-s ta tic  
tubes on the Lodestar and B u ffa lo  a irc ra ft have very s im ilar 
erro r characteristics.

•  The static source on the Sabreliner fuselage (wh ich has 
a ft-m ounted  pressure com pensation cleats to  increase the local 
static pressure) undercompensates between Mach 0.25 and 0.4.

•  Based on the w o rk  o f Gracey and Scheithauer (1951) fo r  
a static source located ahead o f  a w ing tip , com parison o f  the 
B u ffa lo  sta tic pressure e rro r w ith  a com puted e rro r indicates 
tha t the com puted e rro r is 40% smaller than the measured 
error.

The static errors shown in Fig. 2 cannot precisely be 
extended fo r  use w ith  o ther a irc ra ft o f  the same type. Experi
ence in exam in ing a irc ra ft o f  the same type (S ilsby and 
S ticke l, 1962) indicates the static erro r can vary s ign ifican tly  
fro m  a irc ra ft to  a irc ra ft because o f m isa lignm ent o f the p ito t-  
static tube or because o f variations in the fuselage surface 
contours in the v ic in ity  o f the static  bu ttons. T h is  clearly 
emphasizes the need fo r  ind iv idua l a irc ra ft erro r analysis and 
fo r  the developm ent o f proper co rrection  procedures fo r  all 
research a ircra ft.

— I4 .4 8 m .— 
S abre liner

2 8 .8 0  m.-
DeHavilland B u ffa lo

Static Error Influences

The im portance and in fluence o f  the static pressure error on 
the true value o f  a ir data or m eteorological parameters are 
dem onstrated by emphasizing the range o f pressure errors 
(Fig. 2) and as well by exam in ing the effects on Mach number, 
true airspeed, and true am bient tem perature. The equation 
re la ting true Mach num ber to  static and to ta l pressures is

D iffe re n tia tin g  Eq. (1) w ith  respect to  Ps, assuming no erro r in 
the measurement o f  to ta l pressure, using y  = 1.4, and ex
pressing the derivative as a f in ite  d ifference re la tionsh ip  in 
term s o f  M and Ps,

Fig. 3 Plan views o f the a ircra ft w ith the position o f  the static pressure 
source indicated by an asterisk.

AM = -
1 .4  M P

1 S

(2)

The re la tionship between to ta l tem perature (T t ) and Mach

McDonnell F-IO IB Voodoo
21.33m.
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num ber fo r  a to ta l tem perature sensor (i.e., w ith  a sensor- 
recovery co e ffic ie n t o f  u n ity ) is given by

= T ^1 + 0 .2  M2j (3)

F or the co n d itio n  when a static  pressure erro r exists, M t is 
replaced by Mj. D iffe re n tia tin g  Eq. (3) w ith  respect to  Mj and 
expressing as a fin ite  d iffe rence expression gives

At  =
-T t ^ 0 .4  M. AM. j  

^1 + 0 .2  M.2j  2
(4)

Equation (4) is the e rro r in the to ta l tem perature fo r  a 
corresponding static pressure e rro r expressed as an e rro r in 
Mach num ber. W ith  data on the static erro r band fo r  various 
a irc ra ft, Eqs. (2) and (4) may be used to  determ ine the magni
tude o f the Mach num ber and tem perature errors; a s im ilar 
approach may likew ise be applied to determ ine corrections fo r  
true airspeed and o ther variables tha t are fun c tions  o f  static 
pressure, tem perature, and Mach num ber.

By the way o f  illu s tra tio n , Figs. 4 and 5 show calculations 
based on a range o f pressure erro r o f ±1 to 6 m b; Mach 
numbers o f  0.2, 0.4, and 0.6; and tw o  f l ig h t  pressure levels o f 
700 and 300 mb. A  standard atm ospheric tem perature was 
assumed, corresponding to  those levels. For b rev ity , the figures 
represent a basic set o f  nomograms th a t may readily be 
expanded to  o the r Mach numbers and a ltitudes fo r  estim ating 
the e rro r in troduced in to  ind ica ted Mach num ber and tem pera
ture. A  positive pressure e rro r decreases the indicated Mach 
num ber and increases the ind ica ted am bient tem perature. 
Figure 4 shows the ind ica ted Mach num ber to  be in error by 
±0.01 M fo r  sta tic  pressure errors in excess o f ±3.5 m b; 
reference to  the measurements o f  static pressure erro r o f Fig. 2 
indicates th a t three o f  the five  tested a irc ra ft have such errors. 
F rom  the opera tiona l v iew po in t, th is erro r is ins ign ificant. 
F rom  the v ie w p o in t o f  research, Lenschow (1972) has shown 
tha t the B u ffa lo  air ve loc ity  measuring system is lim ited  by the 
accuracy o f  the upstream effects o f the f lo w  fie ld  around the 
a irc ra ft; w h ile  the B u ffa lo  sta tic pressure erro r represents a 
w ing boom measurement, a Mach error o f  0.01 translates to
6 .4 k t o f  true airspeed erro r at 0°C  and serves to  indicate the 
possible m agnitude o f  induced air ve loc ity  errors.

Fig. 4 Nomogram o f  indicated Mach number error, fo r  a range o f  ±1 
to 6 mb static pressure error and flig h t level static pressures o f 700 and 
300 mb.

Fig. 5 Nomogram o f the temperature corrections (°C) due to static 
pressure errors o f  ±1 to  6 mb.

MACH 0.6

CL
2
LU

A F ;  STATIC  P R E S S U R E  E R R O R  (m b )

1 ^5 ° C (S>700m by- 

T=-44°C @ 300 mb,
j _______i______ i_______ i_______i______ i_______i______ i_______i______ i i

“ 6 -5 -4 -3 -2 -I 0 I 2 3 4 5 6 

AP, STATIC PRESSURE ERROR (mb)
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In ex tending the calcula tions o f  the Mach e rro r e ffec t on 
to ta l tem perature, ca lcu la tion  shows the accuracy o f am bient 
tem perature measurement is appreciab ly affected by the Mach 
erro r; when M t >  M j, T j is warm er than T t by A T .  For static 
pressure errors o f  several m illibars or more at m oderate Mach 
numbers, the tem perature errors are on the order o f 1°C o r 
larger, an accuracy which is n o t adequate fo r  many a tm o
spheric applications.

Conclusions

This analysis clearly illustrates th a t sta tic pressure error may 
s ign ifican tly  a ffec t ve loc ity  and tem perature measurements 
fro m  research a irc ra ft. The results suggest th a t a irc ra ft used fo r 
m eteorological research should be subjected to  extensive f lig h t 
tests fo r  evaluation o f  pressure systems errors. S ign ificant 
errors are realized w ith  opera tion o f  one a irc ra ft and may be 
com pounded when sounding the atmosphere s im ultaneously at 
d iffe re n t f lig h t levels w ith  tw o  a irc ra ft in d iffe re n t 
configurations.

The results presented may be applicable n o t on ly  to  the 
corrections discussed b u t also to  ins trum en ta tion  specifica tion 
fo r  research a irc ra ft, static pressure test program design, and 
d e fin itio n  o f the acceptable errors o f  measurement fo r  various 
f lig h t  conditions.
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