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ABSTRACT

Turbulent wind data were collected above an oak-
hickory forest canopy located in irregular terrain in East
Tennessee. The data were processed in two distinect ways and
the results compared. The first technique involved a three-
dimensional coordinate rotation, followed by the accepted
method of calculating turbulent fluxes at more ideal sites.
The second technique involves real-time mean removal with
digital recursive filters, and real-time calculation of the
turbulent fluxes. Stability of the solution is examined as
a function of the mean removal filter time constant and the

accumulation period of the solution.
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CHAPTER 1

INTRODUCTION

One of the primary areas of research in
micrometeorology is the investigation of turbulent fluxes as
a transport mechanism of basic atmospheric quantities.
Increasing awareness of environmental problems has
emphasized the need of measuring turbulent fluxes of heat,
momentum, and atmospheric pollutants at a variety of sites
and in varying conditions. In the past, these quantities
have usually been measured at carefully selected "ideal"
sites, i.e., level terrain with a smooth homogeneous
surface, using a variety of techniques such as energy
balance, aerodynamic or profile methods, or the eddy
correlation method. The need now exists to make such flux
measurements at sites far from ideal, and, in particular, at
sites above and within forest canopies in irregular or
complex terrain.

The Atmospheric Turbulence and Diffusion
Laboratory (ATDL) forest meteorology group has begun a
program to measure turbulent fluxes of heat, momentum, and
pollutants above and within the forest canopy at the Walker
Branch Watershed (WBW) in East Tennessee. The surrounding
terrain is complex and surface of the oak-hickory forest

canopy is inhomogeneous, providing a poor site for



application of existing flux calculation methods but an
excellent location for the development of new techniques.

The objectives of this study were two-fold. The
first objective was to assess the feasibility of collecting
self-consistent turbulent flux data at that site. It was
necessary to determine if turbulent parameters could be
calculated at that site which would at least have the
correct order of magnitude and sign.

The second objective of the study was to develop a
computer algorithm which would run on a microcomputer and
calculate turbulent fluxes in real-time at the WBW site and
similar non-ideal sites. Real-time calculations of the
variances and covariances of the fluctuating components of
the wind allow the turbulent flux data to be continually
monitored for quality assurance. A technique was developed
involving mean removal by digital recursive filtering which
appears to be successful and has been implemented on several

microcomputers.




CHAPTER II

BACKGROUND AND HISTORY
1. Turbulent Fluxes

"Turbulence is the most common, the most important
and the most complicated kind of fluid motion. It is
particularly resistant to mathematical treatment: indeed,
turbulence studies may be defined as the art of under-
standing the Navier-Stokes equations without actually
solving them." (Bradshaw, 1971)

As a basis for any discussion of atmospheric
turbulence, we must first introduce some basic aspects of
the meteorology of the planetary boundary layer. We assume
that air follows the perfect gas law

p =pRT , (1)
where R is R1 / M, Rq being the universal gas constant, Mis
the molecular weight of the mix of atmospheric gases, and T
is the air temperature. M is nearly constant, since water

vapor is the only variable of consequence in the mixture.

We can also write the hydrostatic pressure equation

dp = - , (2)
is Pg

where z is height and g is the gravitational acceleration.
Applying basic thermodynamics, we can write for a
parcel of air that exchanges no heat with its surroundings

_ 1 , (3)
0 = Cp dT o dp

where Cp 1is the specific heat at constant pressure. Using




the hydrostatic equation we can define the adiabatic

temperature gradient

[N [e}
N {3

=_% , (W)
P
which for dry air is about 1 degree C per 100 meters.
Atmospheric stability is a consequence of the temperature
profile, which determines the vertical density gradient, as
approximated by Boussinesq (1901). If the air temperature
falls more quickly with increasing elevation than the
adiabatic lapse rate, then the atmosphere in that layer is
unstable. A parcel of air undergoing an infinitesimal
vertical displacement experiences a negative restoring
force. If the temperature falls less slowly than the
adiabatic lapse rate, the layer is stable and the displaced
parcel experiences a positive restoring force, sending it
back to its original position. Stable conditions prevail
most dramatically on clear nights, when radiative cooling
causes the surface to be much cooler than the adjacent
layers of the atmosphere. Unstable conditions prevail
during sunny weather, when the surface is warmer than the
air. The unstable layer is generally limited to the first
one or two hundred meters of the atmosphere. Unstable
conditions must be continually driven by an energy source,

otherwise the unstable layer quickly becomes thoroughly

mixed, and the temperature profile assumes that of the




adiabatic lapse rate, implying neutral stability.

Air flow near the earth's surface is, in almost
all cases, highly turbulent and, as such, is not well
understood. Turbulent flow was first described by Reynolds
in 1883 following experiments involving flow through long
tubes. He thought of the flow as consisting of two modes, a
mean flow and a superimposed fluctuating flow. The mean
flow may be thought of as a "]aminar" flow, where each small
air parcel follows the exact path of the parcel preceding it
and of the parcel following it, i.e., "streamline" flow.

The turbulent component of the flow, on the other hand, is
almost completely random. These random motions are in some
manner related to the bulk or mean flow of the air.

Turbulence near the earth's surface is generated
by either of two mechanisms, mechanical mixing caused by
surface roughness or buoyancy forces resulting from
atmospheric instability. An extreme example of mechanical
turbulence generated by surface roughness is the swirling
flow in the wake of a building during strong winds.
Atmospheric instability has already been discussed and is
the primary factor in vertical mixing of the planetary
boundary layer.

If we wish to investigate some of the consequences
of atmospheric turbulence, the following relationships will

be helpful. First, consider two arbitrary atmospheric




quantities a and b, which might be components of wind

velocity, temperatures, or concentrations of airborne
pollutants. We have already mentioned that the quantity
can be thought to consist of a mean and a fluctuating
component, which we write as

a=a+a' , (5)
where a is the instantaneously measured value of the
quantity, a is the mean value, and a' is the fluctuating

component or deviation from the mean. Similarly,

b=b+b' . (6)
We define the mean value, a, using Reynolds averaging, as
t+T /2
—: .1_ d‘r H (7)
a T a
o
t-T,/2

where T is an arbitrary averaging time, and we might also

note that, since

a' = a - a , (8)
we can write
t+T4/2
a' = % J[ (a - a) dT . (9)
7 t-1,/2

We also wish to carry out this a\}er'aging on products of
arbitrary atmosperic quantities, and following Hinze (1959),

we write

|

b=ab (10)




ab'=ab'=0 , (11)

ab=2(a+a)lb+b) =ab+a' b’ . (12)

We should also note that since a' is, by definition, a
deviation from a mean, a'2 is the variance, and Va'2is the
standard .deviation, usually referred to as sigma-a.
Similarly ;ﬁ; is the covariance of a and b.

The components of wind velocity are usually
written as u, the horizontal component in the direction of
the mean wind vector, v, the horizontal component
perpendicular to u, and w, the vertical wind component. We
can write the continuity equation for an arbitrary
atmospheric quantity as

gé= _aé.,.ua_a-{-vﬁﬁ-w_ag:R'i’S 3 (13)
t ot ax ay 2

where R is the sum of the external effects, S is the sum
of the internal sources, and x, y, and z are defined to be a
Cartesian axes corresponding to the u, v, and w wind

components. Averaging this equation yields
(14)

da _9a , —9a, —Pa, 7B -R+5-2(u'a') -B(via") -2(w'a")
at - et T Yax Vay' Yoz ax 3y 92 ’

where the quantities u'a', v'a', and w'a' are the turbulent
fluxes of the quantity a and are of particular interest.

If the quantity a isawind velocity component,

then the terms u'a', v'a', and w'a', when multiplied by the

density, p , are called the Reynolds stresses. The normal




stress,pIFET, and the shear stresses,piﬁ?j and ﬁEﬁF) are
all technically Reynolds stresses, but we usually refer to
only the vertical shear stress, hTFWT, as the Reynolds
stress. This quantity, usually called T, is the vertical
flux per unit area of horizontal momentum. The shear
stress, a consequence of viscosity, is proportional to the

vertical velocity gradient, and we can write

T= WU = - pu'w"

&lE

, (15)
where pu is the viscosity.
A convenient scaling velocity, u*, can be defined

as

wr? = || el (16)

and is called the friction velocity. Sutton (1953) points
out that u* has the same order of magnitude as the eddy
velocities and auseful rule of thumb is that u* is about
1/10 of the mean horizontal wind.

Assume that, at a point near the surface, an
arbitrary atmospheric quantity can be measured and has an
instantaneous value a, and that the air, also at the same
point, has an instantaneous density p and upward vertical
velocity w. The amount of the quantity a being transported
upwards per unit area, i.e., the vertical flux of a, is,
instantaneously, pwa. The density may or may not be needed,

depeng‘ling on the nature of the quantity a but will be



included in the discussion for generality.
The complete vertical flux of the quantity a can be
written in the form ‘
Fy =pwa , (17)

which we can also write as

F. =p(w + w')(a + a'") . (18)

a

Now if we average the vertical flux over some averaging time
T, we can write _
F

a T PW A+ pw'a'

, (19)
since the terms w a' and w'a are zero by definition. The
two terms on the right are the advective vertical flux and
the turbulent vertical flux. In ideal conditions we expect
the mean vertical wind, W, to be zero, so that the entire
vertical flux is just the turbulent flux. This term
represents the flux to or from the surface.

Problems arise in non-ideal conditions when the
first term is non-zero, since W is non-zero. This occurs
whenever the flow streamline is not horizontal. A non-
horizontal streamline can be due to a non-horizontal surface
or to changing surface conditions when the surface itself is
horizontal. If the surface boundary layer changes due to
changing surface conditions, for instance from plowed fields
to grassland, then the streamlines near the surface must
necessarily be non-horizontal. For this reason an ideal

site has a large "fetch"™ or distance in which the boundary



layer has sufficient time to readjust to the new surface
conditions and the streamlines are once again horizontal.
To calculate the flux to the surface, or perpendicular to
the streamline, we can force W to zero by rotating the
coordinate system of the wind components, so that u is now
along the mean wind vector rather than along the horizontal
component of the mean wind vector.

Several researchers (Dyer and Hicks, 1972, and
Kaimal and Haugen, 1969), have reported large errors in the
calculation of Reynolds stresses due to improper leveling of
the vertical wind sensor. These errors seem to be about 10
percent per degree of misalignment and since anemometers
used from towers tend to be mounted on rather long booms,
this requirement presents a serious problem to the field
researcher. The same condition occurs if the sensor is
vertical but the flow streamline is not horizontal, a
condition which occurs frequently in irregular terrain. For
this reason direct measurements of vertical fluxes at these

sites have not been thought to be effective.
2. Previous Methods

Turbulent exchange of atmospheric quantities is
driven by eddies ranging in size from several hundred meters
to molecular scales. Examinations of power spectra of

turbulence imply that frequencies greater than 2 Hertz (Hz)
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contribute little , if any, to the total flux (Hicks, 1972).
At the other end of the scale the problem becomes one of
definition. At what point do the eddies cease to be eddies
and become slowly changing background or mean conditions?
Different averaging times are probably necessary at
different sites, but most researchers seem to average over
periods ranging from 15 minutes to one hour.

A useful approximation regarding the size of
eddies contributing to vertical flux is that the maximum
size of the eddy should have the same order of magnitude as
the distance which the anemometer is mounted above the
surface. This distance, divided by the mean velocity gives
a good lower bound for frequencies of turbulence which
contribute to vertical fluxes.

Turbulent fluxes can be calculated directly only
with fast response instrumentation and analogue or fast
digital computers (fast in micrometeorology being 1 Hz or
faster). Before these devices became available, turbulent
fluxes could be inferred only indirectly by means of energy
balance methods or aerodynamic or profile methods.

In the energy balance method, one tries to
calculate all but one of the terms in the energy balance
equation

R~ G =H + LE (20)

where R is net radiation, G is heat flux to the ground, H is

1




the sensible heat flux, and LE is the latent heat flux. The

first term can be measured with a net radiometer to at least
within a few percent. The second term is measured less
accurately, depending on the method of measurement of heat
flux to the soil, but isusually quite small so lack of
measurement accuracy introduces no large errors. To
determine H and LE it is then necessary to assume that the
transfer coefficients of the two fluxes are equal. Several
researchers (Swinbank and Dyer,1967 and Dyer,1967) have
found this to be true during lapse or neutral conditions.

With this assumption we can apply the Bowen ratio technique

= .H_: c __2____‘]..T - T
B LE Ep<q2 - q1> ] (21)
and then writing
LE - B =G , (22)
1 + B ‘

solve for the latent and sensible heat fluxes.

Another indirect technique is the aerodynamic or
profile method where, following Sutton (1953), the mean flux
of a quantity a is approximated by

Fa = Ka @ . (23)
dz

The term K is called the turbulent exchange coefficient or
the diffusivity coefficient. A necessary assumption of this
technique is that the exchange coefficients for sensible and

latent heat, horizontal momentum, and pollutants are equal,

12



at least under conditions when the method is valid.

After making this assumption we can write

F, = Fm:g;_:__?_ . (24)

i

5 -
This requires accurate knowledge of F (or any other vertical
flux), as well as precise measurements of uand a at several
heights above the ground. A major problem with the
aerodynamic technique is that it requires ideal (i.e.,
homogeneous) conditions and terrain.

It appears that at non-ideal sites, turbulent
vertical fluxes should be measured directly via the eddy
correlation or covariance method. As noted earlier, this
involves the direct measurement of the fluctuating
components, w' and a', and calculation of the covariance of
these two terms. The areal representativeness of the flux
may be questionable at non-ideal sites, but the primary
objective has been met. If areal representativeness of the
measurements is indeed a problem, it might be resolved by
spatial replication of the flux measurements. This problem
has not been investigated at our site.

Covariance methods were first applied to the
calculation of vertical momentum fluxes by analysis of strip
chart data of the horizontal and vertical components of fast
response anemometers by British workers in the early 50's.
The means of the instantaneous signals were subjectively

estimated from strip chart traces and the fluctuating

13



components calculated and the covariances formed. Later,
analog computer techniques were successfully employed to
obtain the fluxes in real ﬁime. The analog methods were
successful, but suffered from electronic drift, were
somewhat balky in use, and needed careful alignment and
calibration in the laboratory before being taken into the
field. The Evapotron, reported by Dyer and Maher (1965),
used measurements from heated wire anemometers and fine wire
wet and dry bulb thermometers to calculate sensible and
latent heat fluxes. The most successful analog approach,
the Fluxatron, reported by Dyer and Hicks (1967), was used
to measure fluxes of sensible and latent heat. The sensors
used were a vertical propeller anemometer, a vane-oriented
horizontal propeller anemometer, and fast-response
thermocouples for wet and dry bulb temperatures.

More recently, emphasis has shifted to digital
techniques throughout the process of calculating atmospheric
fluxes. Analog measurements can be duplicated with digital
techniques if the experimenter has access to a reasonably
fast digital computer, coupled with a reasonably fast
analog to digital (A/D) converter. If this combination is
fast enough to obtain the calculated fluxes in real time,
the experimenter can effectively sidestep the major
diffuculties of the analog process, namely calibration drift

due to instabilities in the analog amplifiers and

14




inaccuracies in the filters. Since portable digital

machines of this power are now readily available, the

digital technique has become the method of choice.
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CHAPTER III

METHODS AND TECHNIQUES

1. SITE

The ATDL Forest Meteorology Research Facility is
located on the U.S. Department of Energy's Oak Ridge
Reservation and is situated on the west boundary of Oak
Ridge National Laboratory's (ORNL) Walker Branch Watershed
(Figure 1). The ATDL instrument tower is situated near the
top of a ridge rising to the northeast with narrow valleys
falling off to the southwest and northwest. The surrounding
terrain is quite convoluted. The forest is an uneven-aged
oak-hickory stand, typical of forests throughout the
Appalachian region, with an average tree height of about
22 meters. The leaf area index, i.e., the total leaf area
(one side of the leaf only) per unit area of earth surface,
is about 4.9 at full leaf and the woody plant area index,
defined similarly as the total projected plant stem area per
unit area of earth surface, is about 0.6, giving a total
plant area index of about 5.5.

Surface flows in the East Tennessee area tend to
be channeled by the overall ridge/valley topography into a
southwesterly or northeasterly direction, and they follow

this pattern at our site. Winds from the northeast exhibit
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a downslope angle of about 0.4 degrees with respect to the

horizontal, while winds from the southwest exhibit an
upslope angle of about 5 degrees.

A 44 meter walkup tower is located at the site
(Figure 2), as well as two 33 meter triangular towers. A
small utility building and trailer house the data logging

equipment and maintenance supplies.
2. Instrumentation--Phase 1

Measurements began in the fall of 1981, and were
continued at irregular intervals through the fall of 1982.
A R. M. Young Gill-type UVW propeller anemometer,
illustrated in Figure 3, was used to measure the three
components of the vector wind. The Gill propeller
anemometer is used extensively in micrometeorology.
Developed by Gill (1967), it is an orthogonal set of
propeller anemometers. Each individual anemometer consists
of a generator driven by a helicoid propeller of either
styrene or, in our case, styrofoam. The threshold for the
propeller is about .25 meters per second, and response to
axial flow is linear above this threshold. The response
length of the styrofoam propellor is about 1 meter, which,
under the conditions in which we operate, corresponds to a
response time of 0.5 to 1.5 seconds. The off-axis cosine

response of these anemometers is not ideal, but is well

18



Figure 2. Atmospheric Turbulence and Diffusion
Laboratory's 44 Meter Tower
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Figure 3. Gill-type UVW Propellor Anemometer




documented by Gill (1975) and Horst (1973), and the data
can be corrected for non-cosine response. The anemometer
was mounted on a 2 meter long horizontal boomaffixed to the
44 meter walkup tower at a height of 29 meters, about 7
meters above the canopy top.

The data acquisition system was controlled by a
PDP-8E minicomputer, and had a maximum scanning rate of 12
channels per second. The three axes of the anemometer were
scanned once per second for a total of 102 hours, recorded
on T-track magnetic tape, and subsequently processed on an
IBM 3033 mainframe computer at ORNL. All propellers and
generators of the anemometer were calibrated in the ATDL

wind tunnel for along-axis flow and for non-cosine response.
3. Instrumentation--Phase 2

The second phase of the study took place in
October of 1982. At that time, data were taken using a
Hewlett-Packard 1000L minicomputer-based data acquisition
system. The UVW anemometer was positioned at the same
height, but in this case, the output signal of each axis of
the anemometer was scanned four times per second. The data
were recorded on 9-track magnetic tape, and were processed
on the IBM 3033 computer as well as on a Hewlett-Packard HP-
85A microcomputer. Approximately 50 hours of 4 Hz data are

available, but only a few hours have been examined.

21



by, Data Analyses--Phase 1

The data were first adjusted for non-cosine
response using an iterative technique described by Horst
(1971). This technique determines the direction cosines
from the ﬁncorrected wind components, applies the
corrections for non-cosine response to the components, and
then recalculates the direction cosines using the corrected
wind components. This procedure is repeated until the
difference between successive calculations of the direction
cosines is less than 1 percent.

After adjusting the data for non-cosine response,
hourly averages of the components of wind velocity and the
mean wind vector are calculated. Then a coordinate rotation
is performed, first rotating the anemometer data about the w
axis to bring the uw plane coincident with the mean wind
vector. This rotation is angle « in Figure 4. Next the
data are rotated about the current v axis, aligning theu
axis with the mean wind vector (rotation angle 8 in the
illustration). A final small rotation, ¥, is made about the
u axis which minimizes the mean covariance of u'v'. The
last correction is usually quite small, less than 1 degree.

At this point the coordinates of the data have

been adjusted so that U is into the mean wind vector. The

22
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only problem is that in most cases at our site the vertical
axis determined by this procedure is no longer aligned with
the geopotential vertical. The misalignment is usually in
the range of .5 to 4 degrees, and has been ignored.

New hourly averages of the rotated wind
components were calculated (v and w were zero by definition),
and turbulent fluxes, as well as other turbulence
parameters, are calculated. The calculation of vertical
flux is just the average cross-product of the fluctuating
components. The other turbulence parameters calculated were
the friction velocity, sigma-u, sigma-v, sigma-w, and the

drag coefficient, where the drag coefficient is defined as

. (25)
5. Data Analyses--Phase 2

Data analyses of Phase 2 data consisted of two
parts. In the first part, the data were processed exactly
as in Phase 1. Turbulence parameters were calculated for 10
hours of data. For the second part, a different technique
was employed; the data were analyzed in a pseudo-real-time,
that is, the computer only had access to data being
currently read or to data previously read. The purpose was
to develop and verify a real-time data processing technique

which would provide the same results as the technique

24



employed in Phase 1.

This technique employs recursive digital filters
to calculate running means of the instantaneous data and
eliminates the need for coordinate rotation, which can only
be done correctly during post-processing, precluding real-

time analysis.
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CHAPTER IV

DISCUSSION AND RESULTS

1. Coordinate Rotation

Our primary concern during the first stage of this
study was whether we could calculate "reasonable" turbulence
parameters from measurements made over the irregular terrain
at our site. As previously mentioned, Dyer and Hicks (1972)
have reported errors in the calculation of the Reynold's
stress of between 5 and 11 percent per degree of
misalignment of the w-axis sensor with the geopotential
vertical. The errors are the same whether the instrument is
misaligned with the vertical or the mean flow is misaligned
with the horizontal. The most straightforward solution to
the misalignment problem would be to orient the sensors
along the mean streamline; this technique has been used in
very steady non-horizontal flows, but is not practical in
the generally light and variable winds that prevail at our
site.

Hourly averages of u, v, and w were used to define
the new orientation of the coordinate system used for data
analyses in phase 1 of the study. The results presented in
Figures 5 through 8 are various turbulence parameters

calculated with the rotated wind data. Shown in Figure 5
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are sigma-u/u*, sigma-v/u¥, and sigma-w/u¥, all as a
function of the wind direction, theta. Figures 6, 7, and 8
illustrate the Reynolds stress, u*, and the drag
coefficient, again all as functions of the wind direction,
theta. The data are well-behaved, with little scatter, and
the sigmas have ratios comparable to those reported by Hicks
(1981). Error bars are shown on these plots and are plus
and minus one standard deviation. The means for sigma-
u/ustar, sigma-v/ustar, and sigma-w/ustar were found to be
2.57, 2.25, and 1.29 respectively, when all stability
conditions were included. These results indicate that
useful eddy correlation measurements can be made at this
site, providing that we first transform the coordinate
system, since they are comparable to values measured at

uniform sites.
2. Real-Time Analysis

The technique used in the preceding section, while
affording plausible results, also leads to difficulties.
The one hour averaging time is quite arbitrary and, indeed,
selection of a proper averaging time presents a problem.
The averaging period should be long enough for statistically
stable solutions and short enough to assure stationarity of
the variables we wish to measure. In complex terrain these

two criteria are often mutually exclusive. We know that the
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driving force for most turbulent fluxes is solar insolation
which, on a clear day, changes about 15 percent per hour.
In addition, we have the variability of the wind direction
with which to contend. Since the variables of interest are
covariances, the selection of a proper averaging time is
critical.

It seems that the best solution would be to use
two different averaging times in the calculation process,
one for the removal of the means and a different averaging
time for calculation of a stable covariance. A running
mean, used for mean removal to calculate the fluctuating
components, together with a separate averaging time for the
cross-products of the fluctuating components should resolve
the problem of selection of a proper averaging time.

Having shown that the site was adequate for eddy
correlation calculations, a real-time calculation algorithm
was developed. It is very convenient, and perhaps
essential, to have eddy correlation data available in real-
time in order to monitor the progress of the experiment and
check the validity of the data being collected. Real-time
calculation of fluxes cannot be done using the complete
three-axis coordinate rotation scheme outlined above since
the anemometer array is "rotated" using after-the-fact
calculated ensemble averages of the appropriate measured

quantities. A running mean seemed the best approximation to
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the time or ensemble average, but due to limited real-time
computing power in a portable system, the running mean was
approximated with a recursive digital filter, as described
by Enochson and Otnes (1968).

A recursive digital filter is an exact analog of
an ideal electronic R-C filter, with an easily specified
time constant, and, with the given time constant, closely
approximates a running mean over the same time. The most
general expression for a compound digital recursive filter

can be written

Mo M3
Yi = th Xisk * z ;81 Vi-1 » (26)
=1

k=M, 1
where x; is the original record of time series data, yj is
the filtered data, h, and g; are are arbitrary constants
determined by the desired transfer function of the filter.
Perhaps the most simple digital recursive filter, and the

one used in our analysis is written

yi = axy - (1 -0) yi_q , (27)

where « = e'(At/RC%.which is completely .analagous to an
electronic R-C low-pass filter. The filter serves two
purposes:first, it removes trends in the data, which is
especially necessary in complex terrain; and second, it
approximates the ensemble averages in real-time, allowing

real-time calculation of the fluctuating components of the
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wind and their variances and covariances. While the raw
data cannot be rotated inreal time, it is possible to
rotate the accumulated cross-products through angleé
determined by the running means. It was found that only a
single-axis rotation was necessary to provide good results;
the accumulated covariances are rotated about the vertical
to force the mean crosswind velocity component to zero.
This rotation seemed to marginally improve the calculation
of the covariances involving only u' or v' and was nearly
negligible for cross-products containing w'. An additional
rotation bringing the mean vertical velocity component to
zero did not improve the results. Since the covariance of
primary interest, GT;i is largely unaffected by this
rotation, it was neglected in the final formulation of the
technique.

Figures 9 and 10 are the filtered velocity
components calculated by applying digital filters with time
constants of 300, 500, 750, 1000, and 1500 seconds to the
raw data. The horizontal axis is the time over which the
filter has been applied to the data. These are the same
quantities that we would see if we applied R-C filters with
the same time constants to the analog input signals. The
heavy horizontal lines in Figures 9 and 10 are the hourly
averages of the respective velocity components calculated

from the raw data after the fact. These figures are
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included simply as an illustration of the running means
which are subtracted from the raw data to derive the
fluctuating components of the turbulence.

Figures 11 through 16 represent the covariances
calculated by subtracting the filtered velocity components
described above from the raw data and then forming the
variances and cross-products. The horizontal axis is the
time that the cross-product has been accumulating, or the
time over which the chariance is averaged. The individual
lines correspond to different mean removal time constants,
and can be specified independently from the accumulating
time. In these figures, the heavy horizontal line is the
hourly average of the covariance, evaluated in the normal
manner described in the previous section. The hourly
averages were calculated on a mainframe computer by first
applying a three-rotation coordinate transformation,
calculating the fluctuating components, and then forming and
averaging the cross-products.

The real-time cross-products containing a vertical
component, w', show little sensitivity to the time constant
of the filter or to the accumulation time. The cross-
products which do not contain w' are more sensitive to both
the time constant of the filter and the accumulation time,
but are stable after about 40 minutes of accumulation.

Fortunately, the u'w' term, or Reynolds stress, shown in
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Figure 13, which is of greatest interest, is the most
stable. Excellent results are obtained for all the filters

for accumulation times greater than about 12 minutes.
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CHAPTER V
CONCLUSIONS

The absence of scatter in the'data and the close
agreement between the values of turbulence parameters shown
in Figure 5 with those of other researchers indicate
that one can calculate stable turbulence parameters from
anemometer data collected at sites in irregular terrain,
provided that a coordinate rotation is performed on the
data. While this technique is available, it suffers from
several disadvantages. It is impossible to use separate
averaging times for mean removal, coordinate rotation, and
averaging time for the covariances. It is also impossible
to obtain the results in real-time without a mainframe or
very fast minicomputer. These problems limit the usefulness
of the technique.

A viable means of computing turbulent variances
and covariances in real-time was demonstrated with good
results. As Figure 13 shows, the quantity of primary
interest, EWF, is very stable and is an excellent
approximation of the value obtained by the more conventional
means. At present, this technique has been used in three

field studies of dry pollutant deposition with good success.
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