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A, WIND MEASUREMENTS

Lidar signals backscattered from the planetary boundary layer are domin-
ated by scattering from aerosol particles. The naturally occurring aerosol
content of the lower atmosphere fluctuates under the continuous influence of
particle sources and particle deposition mechanisms. These fluctuations in
aerosol content are easily detected with lidar. By observing the drift of
these spatial inhomogeneities in aerosol content, lidar can be used to deter-
mine wind velocities remotely.

The wind measurement technique developed under A.R.0.D. support involves
processing a time series of lidar backscattering profiles obtained using the
geometry shown in Figure 1. The cross path wind is obtained by measuring
the time it takes for aerosol structures to drift from one of the azimuthal
directions to the next. The longitudinal component of the wind is determined
from the radial displacement which occurs during the cross path drift time.
In practice the cross-path drift time and the radial displacement are deter-
mined by computing two-dimensional lag cross-correlations or from an equiva-
lent, but computationally more efficient, fast Fourier transform technique.
Appendix A contains a detailed description of this procedure along with com-
parisons of lidar and conventionally measured wind velocities.

Along with profiles of the mean wind, the three angle azimuth scan, shown
in Figure 1, allows a measurement of turbulent velocity fluctuations in the
wind. Wind fluctuations which take place on a time scale shorter than the
averaging time used for the lidar wind profile measurement make the cross cor-
relations determined from the outside angles of the scan smaller than those
computed from the adjacent angles. Appendix A describes how this effect can
be used to estimate the amplitude of small scale velocity fluctuations.

With this lidar technique for remote wind determination we can obtain
vertical profiles of both components of the horizontal wind and profiles of
the intensity of turbulent wind fluctuations. Profiles are obtained in a
period of V5 minutes and extend from near the ground to the top of the con-
vective boundary layer (1 km). Remote wind measurements have been obtained
at ranges up to 7 kilometers in clear air (see Appendix A).

Figure 2, which presents a comparison between lidar and balloon wind
measurements, illustrates one of the important advantages of the lidar tech-
nique. The lidar results allow consistent measurement of both the vertical
wind shear and the temporal variation of mean wind speed. Gust induced fluc-
tuations make similar measurements extremely difficult with the balloon
soundings. The smoothness of the lidar profiles is a result of averaging
over a time interval of 5 minutes and over a volume extending 50 meters in
altitude and 480 meters in length (the cross path dimension of the averaging
volume varies with range between ~20 and 200 metets)(




The geometry used for lidar wind measurements. The lidar is
operated at a constant small elevation angle ® and scanned
back and forth between three closely spaced azimuth angles
¢1. $2 and ¢3- Range resolved profiles of backscattered in-
tensity are recorded at w1 second intervals for a period of
2 to 5 minutes to produce a wind measurement. Wind veloci-

ties are calculated in terms of a radial component, v, and
a cross path component, wu.
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Figure 2. Time histories of wind speed and direction measured with lidar

and pilot balloons. Measurements are from June 23, 1978 at Argonne, Illinois.
The pilot balloon winds have been averaged over the same vertical interval as
the lidar measurements. Notice that because the lidar observations are the
result of averaging over ~5 minutes and 480 meters in range, lidar wind speeds
show more consistent behavior than the pilot balloons.




B. Boundary Layer Studies

During the course of this study Lidar has been used to make the follow-
ing measurements within the convective boundary layer.

1) the boundary layer thickness as a function of time,

2) vertical profiles of the horizontal wind within the layer,
3) vertical profiles of turbulent velocitv variance.

4) the dissipation rate of turbulent kinetic energy,

5) structure of convective plumes,

6) the variance spectra of a passive contaminent.

We have also made an initial attempt to compare measurements of the
boundary thickness with theoretical models predicting this quantity.

Our measurements of convective plume structure are summarized in a
reprint from the Journal of Applied Meteorology entitled '"Lidar Observations
of the Convective Boundary Layers'. This reprint is included as Appendix B.

Measurements of the turbulent kinetic energy and the dissipation rate
of kinetic energy are presented in Appendix C. This appendix also describes
measurements of the spatial variance spectra of aerosol backscattering. These
spectra show good agreement to the generalized spectra proposed for convective
boundary layers by Kaimal et al. (1976). Appendix C has been accepted for
publication by the Journal of Atmospheric Sciences.

Our measurements of the boundary layer thickness and comparisons of
these values to the model developed by Zeman and Tennekes (1977) are oresented
in Apprendix D. This appendix titled '"The use of Lidar in Testing Inversion
Rise Models'" was presented by Rienout Boers as masters thesis to the University
of Utrecht, the Netherlands. It is shown that lidar measurements provide a
critical test for such models.

References:

Zeman, 0., and H. Tennekes, (1977). Parameterization of the turbulent energy
budget at the top of the convective boundarv laver. J. Atmos. Sc. 34,
111-123.

Kaimal, J.C., J.C. Wyngaard, D.A. Haugen, O.R. Cote, and Y. Isumi (1976).
Turbulence Structure in the Convective Boundary Layer. J. Atmos. Sci.
33, 7152-2169.




Lidar Mcasurcment of Wind Velocity

Profiles in the Boundary Layer

Jeffery T. Sroga and Edwin W. Eloranta
University of Wisconsin
Madison, Wisconsin 53706
Ted Barber

Atmospheric Sciences Laboratory
White Sands Missile Range, New Mexico 88002

ABSTRACT

A lidar technique for measuring wind in the atmospheric boundary is
presented. Inhomogeneties in ambient aerosol content are used as tracers
of the wind. This technique yields both horizontal components of the wind
and the wind velocity variance. These results are achieved using a model
which assumes an isotropic gaussian distribution of turbulent velocities.
Experimental results comparing lidar wind measurements with winds derived
from radar tracked pilot balloons and tower mounted anemometers show good

agreement. Wind measurements have been obtained at slant range distances

up to 6.5 km.




1. Introduction
Knowledge of the wind structure in the earth's planetary boundary layer

is essential for many meteorological applications. Aviation, air pollution and

boundary layer meteorology require spatial and temporal resolution in wind vel-
ocity measurements. Remote sounding techniques offer the possibility of mea-

‘ suring wind velocities in large volumes of the atmosphere on a continuous basis.

F These measurements are not influenced by the physical presence of the sensor.

’ Lidar signals backscattered from the planetary boundary layer are domi-
nated by scattering from aerosol particles. The aerosol content of the lower
atmosphere fluctuates under the continuous influence of particle sources and
particle deposition mechanisms. These fluctuations in aerosol content are
easily detected with lidar. By observing the drift of these spatial inhomo-
geneities, lidar can be used to determine wind velocities remotely. Correla-
tion techniques using lidar profiles of aerosol backscatter intensity have
been used to remotely measure winds by Derr and Little (1970), Eloranta et al.

(1975) and Armstrong et al. (1976).

The wind measurement technique described in this study uses the lidar
geometry shown in Fig. 1. The lidar is elevated by a small angle and is
rapidly scanned between three closely spaced azimuth angles. Lidar data con-
sists of a time series of lidar profiles obtained at each of the three azimuth
angles. The hotizontai wind component perpendicular to the lidar beam is ob-
tained by measuring the time interval needed for aerosol inhomogeneities to
drift from one azimuth angle to the next. The longitudinal component of the
wind is determined from the radial displacement which occurs during this cross
path drift time. The cross path drift time and radial displacement are mea-
sured using a Fast Fourier Transform technique. This method is equivalent to
measuring the space time correlation function of 1idar profiles to infer winds

as was done by Eloranta et al. (1975) and Kunkel et al. (1979).




Because of spatial and temporal fluctuations in velocity, the maximum
value of the aerosol correlation function between profiles obtained at dif-
ferent azimuth angles decreases with increasing angular separation. A simple
model describing this effect is used to measure the magnitude of the turbulent
velocity fluctuations.

Lidar wind measurements are derived from the drift of aerosol inhomo-
geneities with spatial dimensions ranging between ~15 and 500 meters. Typical
measurements involve spatial averaging over range intervals of 250 to 1000

meters and time averages of 2 to 5 minutes.

II. Procedure

Profiles of aerosol backscattering are obtained with the University of
Wisconsin lidar system (see Table 1). The return power measured with this

system is given by:

A_ P'(4,R,t ) 5 : :
—2 Bs(¢'R’tn) —l.“__— exP['z BE(¢’R )tn) dR ] (1)

i S
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where:

P(O,R,tn) instantaneous received power from Range R

R radial distance along propagation path

¢ azimuth angle of lidar profile

tn time of nth lidar profile

E transmitted energy of the nth laser pulse
Ar area of the receiver telescope

c speed of light

Bs(Q,R,tn) scattering cross section per unit volume
Bc("R’tn) extinction cross section per unit volume

ﬂ"(o,R,tn) aerosol phase function for backscattering
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Table 1. University of Wisconsin

Transmitter

Wavelength . . . . . . . .
Output Energy . . . . . .
Pulse Duration . . . . .
Beam Divergence . . . .

Repetition Rate . . . . .
Receiver

Telescope o o « 5 5 &
Field of View . . . . . .
Detedtor « v &« & s & & o &
Quantum Efficiency . . .

Spectral Bandpass . . . .

Data Logging

Amplifier . . . . . . ..
A/D Conversion . . . . . .
Sampling Rate . . . . . .
Range Resolution . . . . .
Preprocessing . . . . . .

OUpUt. ¢ « o o & & & & » =

Lidar

System Parameters (1978)

e « o . 694.3nm (rudby)
e o « s+ « 1.0 - 1.5 J/pulse
« « » « + 20ns (Pockels cell Q-switched)
e s« o o » 1 mrad

« « o« o 1 Hz (max)

« « o « » +31m Newtonian

« + o« « « Adjustable (1.5 - 7 mrad)
« « « « o RCA C70042K PMT

e + o o+ o 6.8% @ 694.3nm

e« « « « + 1.0Onm (Interference filter)

« « « . » Logarithmic (80db)

« « « « » 10 bit resolution

e o w « » 10 MH2

e % @ s &« 15m

e « « « » PDP 11/40 Minicomputer

« » « « . Magnetic Tape, Real time display




This lidar return signal is logarithmically amplificd to compress the dynamic

range and digitized into 10 bit words at a 10 MHz rate, yielding a 15 m range
resolution.

The sequential three angle azimuth scan shown in Fig. 1 (¢==¢1 - @2,
03, 02, 01, 02, ..... ) yields three separate time series of lidar profiles,
P(¢, RE' tn). Time varying inhomogeneities are separated from the mean struc-
ture by removing a time centered running mean profile at each azimuth angle.
These profiles are corrected for the inverse range squared dependence of the
lidar equation and normalized by the transmitted laser pulse energy to yield

aerosol inhomogeneity profiles, Y(¢,R£,tn):

R? P(¢ 2 p(o.R ,t
IO, (b D T Sl o
"2’ E Z Wmey E
. i n+i
th A
where: R2 the range to the £ data point

2 m+1 number of lidar profiles used in calculating the mean

aerosol structure
The range averaged mean value within each data segment is removed as follows:

b
' i e

i=a
where the data segment extends from data point £=a to £=b and N = b -a.
These aerosol inhomogeneity profiles are then transformed into spatial wave
number space using the Fast Fourier Transform. A cosine taper on 10Z of
each end of the aerosol inhomogeneity data segment is applied to reduce
leakage in the spectral estimates (Bingham et al., 1967). The Fourier trans-

form of the aerosol inhomogeneity profile from the spatial coordinate Rz to

the wavenumber coordinate, k, is:




= ] -~ o ./:‘
F(o.k.tn) = Y (¢,R2,:n) exp (-21v-1 k Rz) 4)

I ™o

fL=a

These transformed profiles are then used to compute raw cross spectral esti-

mates between profiles for all combinations of angles (¢,,4.) and for all

173

time separations (At) corresponding to possible cross path drift times:
*
S(1,65, Ky £, BE) = F (6,k,t ) Flog,k,t + At (5)

where * denotes the complex conjugate and S(¢i,¢ ,k,tn,At) is the cross

3

spectral estimate; Smooth spectral estimates are obtained by time averaging
the spatial spectral estimates to increase the statistical significance (Welsh,
1967). The cross spectral estimate averaged over J profiles is given by:

J

I S(e;,0

s(¢i,¢j s k,At) = —}
n=1

j,k,tn,At) : (6)

The coherence which measures the degree of correlation as a function

of the spatial wave number, k, is used to determine the time for the aerosol

inhomogeneities to drift between the different azimuthal angles. The coher-

ence calculated from the smoothed spectral estimates (Otness and Enochson,

1972) 1is:
coh (k,Ax,At) = Eotphan), 8, ) €
A2 5(¢4,4,,k,0) 3(¢j,¢j’k:0)
. where the average lateral separation, Ax, and mean height, Z, of a data ’
§ segment are given by: %
Ax = 2 R sin[(¢, - $,)/2]
(8)

Z = R sinb

vhere R is the mean radial distance of the data segment and 6 i8 the eleva-

tion angle of the lidar (Fig. 1).




jecause of noise in lidar measurements, each spectral component does
not contain the same information on wind motion. Spatial filtering of lidar
profiles is required to enhance the signal characteristics of the aerosol
density inhomogeneities over the background noise level. A filter which sup-
presses noise while minimizing the error in reproducing this signal can be
calculated from knowledge of the spectral characteristics of signal and noise
contributions (Wainstein and Zubakov, 1962). When the signal and noise are
uncorrelated, the Fourier transform, H(k), of the optimal linear filter is:

‘o 9)
9
Ss(k) + SN(k)

H(k) =

where §S(k) and §N(k) are the signal and noise power spectra. This optimal
transfer function can be estimated from the lidar data. Lidar power spectral

estimates are the sum of the aerosol inhomogeneity spectrum and noise spectrum:
8(9;59,,K,0) = S,(4,,6.,k,0) + 5 (4,,0,,k,0) (10)

Because the noise in one profile is not correlated with the noise in other
profiles, smooth cross spectral estimates of lidar measurements suppress noise

contributions. For the cross spectral estimates with ¢i = ¢ (i.e. Ax=0)

j’

the limiting value as At approaches zero is the signal power spectrum:

1lim - -

Using Eqs. 7, 9 and 11, the transfer function of the optimal linear filter

is:

H(k) = [1im coh(k,O,At)]llz (12)

At +0




In order to extrapolate coherence mcasurements to At = 0, the coherence de-
crease with time is approximated by a Gaussian. This extrapolation is per-
formed with a least squares regression to a Gaussian for each spectral compo-
nent.

The transfer function, H(K), provides a method for calculating a weighted
average of the coherence, EEE(AX,At), which optimizes the overall signal to

noise ratio:

k
m

coh(ax,At) = I  W(k) coh(k,Ax,At) (13)

k=k1

where w(k) is the normalized weighting function:

k

2 N
W(k) = H'(k)/ £ H (k) (14)

=kl

The signal to noise ratio, SNR(k), can be estimated for each wave

number by solving Eqs. 9 and 12 for §s(k)/§n(k):
SNR(k) = §s(k)/§N(k) = [coh_llz(k,o,o)—ll_l (15)

Fig. 2 shows the signal to noise ratio and the square of the optimal filter
as a function of wavenumber for data obtained on January 19, 1978 at White
Sand Missile Range, New Mexico. In this case, the signal to noise ratio de-
creases by approximately two orders of magnitude as aerosol inhomogeneities
vary from a scale size of one kilometer to 30 meters. Clearly the weighting
function, W(k), provides a substantial improvement in overall signal to noise

ratio.

A vavenumber averaged signal to noise ratio, SNR, can be used to provide




| _ _ . ,‘]

an objective criteria for rejecting wind determinations derived from noise
dominated data.

m
SNR = I W(k) SNR(k) (16)

If the wind were constant in space and time, the mean cross path
velocity, G, could be determined from u = Ax/At : where At is the time
max max
lag at which the weighted coherence, Eq. 13, is largest. In practice, wind
velocity fluctuations cause the coherence maximum to decrease with increases
in either Ax or At. As a result, the coherence maximum occurs at a time delay

shorter than the cross path drift time. A model similar to the one employed

by Kunkel et al. (1979) is used to correct for this effect. It assumes that
the spatial distribution of the aerosol density is Gaussian and isotropic, and
that these three-dimensional inhomogeneities are advected by a mean velocity
plus a turbulent velocity with an isotropic Gaussian probability distribution.

The functional form of this model is:

2 o2
coh(Ax,At) = A [ & ] exp[-(Ax-u At)2/(2 02 +02 At2)].
2 02402 At e virs
a S
k
m
I W(k) exp(-412 k2 o2 At2) a7)
k=k, v

where

coh(Ax,At) weighted coherence averaged over wavenumber

A an amplitude factor (A < 1)

u mean lateral wind speed

o RMS horizontal width of the aerosol inhomogeneities

% RMS width of the isotropic Gaussian velocity distribution

(0: =u'? « y'2 = 912)
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A non-linear regression of Eq. 17 to measured weighted coherence values
is used to estimate A, u, oa and O+ Initial values of these parameters must
be estimated for the regression algorithm:

A, oa and os are estimated as follows:

A weighted coherence at Ax = 0, At = 0

o least squares fit to Eq. 17 for data points near ot = 0 and
for Ax = 0

os 25% of the estimated mean wind speed.

A first approximation to the lateral velocity component, G, can be obtained
from the time delay, Axe, when the weighted coherence at zero separation is

equal to the weighted coherence at separation Ax:

u = Ax/2Ate (18)

where Ate is obtained as shown in Fig. 3. Equation 18 is derived, following

Briggs et al. 1950, from Equation 17 by setting:
coh(0, Ate) = coh(Ax, Ate) 7 (19)

Data points for the regression analysis are chosen about the maximum
weighted coherence for each lateral separation. An example of the measured
weighted coherence and the fit provided by this regression is presented in
Fig. 3. The inability of this model to fit the data exactly is due to limi-
tations in the Gaussian approximations employed in the derivation of Eq. 17.
This model is used, despite its shortcomings, because it is easily applied
and has been shown to provide reasonable values for u and Sg° (A more complete
discpssion of this modelling problem in the case of grid genmerated turbulence

can be found in Comte-Bellot et al., 1971.)




The radial velocity 1is obtained from the phase of the smoothed cross

spectra as follows:
k

- 1 o

v= = I W) vr(k) cos® (20)

k=k1

where: vr(k) = 8y (k)/(2nkAt) radial velocity of wavenumber, k

Ay (k) phase shift in the smoothed aerosol cross spectrum.

The mean wind speed and direction are calculated from:
- (=2 -2.1/2
vlidar (u¢ + v4) (21)

, T
¢lidar = 180° + ¢2 + tan (u/v) (22)

where ¢2 is shown in Fig. 1 and where v is the horizontal projection of the

average radial velocity.

IV. Experimental Results

Remote wind measurement experiments were conducted in Madison, Wisconsin
and at the White Sand Missile Range, New Mexico. All lidar measurements were
obtained using a three angle azimuthal scan with a 1.0° azimuth separation and
a laser repetition rate of .9 Hz. Each lidar wind determination was calculated
from aerosol inhomogeneity cross spectra smoothed over a five minute time inter-
val.

Lidar measurements obtained in Madison, Wisconsin were compared to a
bivane anemometer (R.M. Young model 21002) mounted on a radio tower located
2.7 knm from the lidar. The lidar beam pattern was centered on the tower, with
the lidar operated at a 2.3° elevation angle in order to place the lidar beam
at the same altitude (77 m) as the anemometer. The anemometer signals were

digitized and recorded at a 1 Hz rate; wind speed and direction were obtained

2
o l ‘.ll‘




by averaging radial and cross beam components of the wind over the five minute
periods of the lidar measurements. Ancmometer measurements of cs were calcu-

lated from the rms mean of the turbulent velocity components u, v and w:

W P e, 1/2
os(tower) i ((U + v + w )/3) (23)

All Madison wind comparisons were made on clear sunny days. Figure 4 shows

a time history of lidar and tower measured winds obtained on June 20, 1977.

Figure 5 presents a comparison of lidar and anemometer measurements of wind

speed, direction and rms fluctuations, Os’ for six separate days. All lidar
measurements made on these days with SNR greater than .5 are presented.

Although it is rather difficult to estimate reliable confidence limits
for lidar measurements, error bars have been plotted in Figure 5. The lidar
error estimates show the combined effects of a plus or minus 1.1 sec error
(one laser shot interval) in measuring the cross path drift time and a plus
or minus 15 meter (one data point) error in determining the phase shift of
the cross spectra. The error bars for the lidar o measurements are 952 con-
fidence limits provided by the non-linear regression procedure.

We believe that largest error source in the anemometer measurement is
not due to intrinsic instrumented error but rather the uncertainty of com-
paring a measurement made at a single point with the 1 kilometer spatial av-
erage obtained with the lidar. The error bars for the anemometer derived
winds show the expected errors, Au, Av, in determining the ensemble average

wind from a 5 minute single point average:

bu = (v'2 . S miny1/2 (24)
g

Av = (v'2 . _5.21_‘.)1’2 (25)
Te

vhere: u'? and v'2 along with the Eulerian time scale, e (Csanady, 1973),




are measured from tower data scgments of approximately one half hour duration.
The error bars for the tower measurements of os are given by the fluctuations
of sigma values measured in 5 or 6, 5 minute segments near the time of the
tower measurement.

Lidar measurements made in Madison are consistent with concurrent tower
measurements. The rms differences in speed and azimuth were 1.0 m/s and 10°
respectively. These errors are roughly consistent with the errors expected
due to discrete temporal and spatial sampling of the lidar along with errors
in estimating a volume averaged wind with a single point sampling.

At White Sands, New Mexico, wind velocity measurements as a function
of altitude were made with both lidar and radar tracked pilot balloons. Mea-
surements on January 19, 1978 occurred under conditions of very light snow.
These data are characterized by large fluctuations in the observed lidar pro-
files. They provide a test of lidar wind measurement algorithms without the
need to separate small signals from noise. Wind measurements within vertical
intervals of approximately 100 meters were obtained by operating the lidar at
a 6° elevation angle and dividing the lidar profiles into 960 meter range
intervals. For comparison the pilot balloon measurements were averaged over
the same height intervals as the lidar. Figure 6 shows one such comparison.
This figure shows a common feature of such comparisons: pilot balloon derived
wind profiles show larger fluctuations than the lidar derived profiles. Lidar
measurements are averaged over 960 meters along the lidar beam and over a
5 minute gime interval. The pilot balloon provides a one point estimate of
the wind during the time the balloon rises through the 100 meter slab (30 sec).
As a result, the lidar gives a better estimate of the mean wind profile than
do pilot balloon observations. Figure 7 presents a comparison of all lidar

and pilot balloon measurements made on Jan. 19, 1978. Error estimates shown

. ol sk S A ey




for the pilot balloon measurements are based on uncertainties in detcrmining
pilot balloon positions with the radar. Error estimates for the lidar are the
same as for the Madison data. Because all error estimates for data of Figure 7
are similar, just the largest and the smallest set of error estimates are
shown.

The lidar wind measurements show good agreement with simultaneous pilot
balloon observations. For all data taken on at White Sands on Jan. 19, 1978
the rms errors in speed and direction were 1.1 m/sec and 7° respectively.

Figure 9 shows nocturnal wind observations made with both lidar and
radar tracked pilot balloons. These data were obtained on a clear, cold night
at White Sands missile range. A low level jet is clearly evident, as is a
directional shear of nearly 90° at the top of the layer. Lidar data segments
of 480 meters (32 data points), were used to obtain measurements in 50 meter
vertical intervals. Above 330 meters the signal to noise ratio, SNR decreased

below .5 and lidar wind measurements could not be obtained.

V. Conclusion

Experimental results demonstrate the ability of lidar to remotely mea-
sure the mean wind speed, direction and rms wind speed fluctuation using natu-
rally occurring aerosol inhomogeneities as tracers. Inhomogeneity scale sizes
ranging from 15 m to 500 m were found to contain useful wind information. Lidar
wind measurements were possible for SNR values greater than .5. Signal to
noise ratios are usually adequate to make wind measurements in the clear con-
vective boundary layer at Madison, Wisconsin. Improvement in instrumentation
to increase the SNR values will increase the range of conditions under which

measuremwents can be obtained.




The fast Fourier transform technique presented in this paper provides
wind measurements with much less computer time than the procedure described
by Kunkel et al., 1979. The present technique is between 10 and 20 times as

fast as the previous procedure.
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ABSTRACT

A scanning lidar system has been used to observe convection in the atmospheric boundary laver. In
particular, cell sizes and geometry have been determined and circulation patterns in and around the cells

have been measured

The lidar data show that the preferred form of convective cells are plumes with roots near the surface
The majority of these plumes have aspects ratios between 0.5 and 1.5. The measurements of circulation
patterns show the strongest rising motion on the upwind side of the cell with sinking motion on the down-
wind side. These observations show that lidar is a powerful tool for observing convection

1. Introduction

Clear air convective plumes are both too large and
too short-lived to be easily observed with conventional
meteorological instrumentation. Typical cells have
altitudes on the order of 1 km and lifetimes of much
less than 1 h. The most successful studies have used
instrumented aircraft to observe a field of cells
(Lenschow, 1970; Warner and Telford, 1963, 1964,
1967) and/ or very high power radars to map plumes by
observing the changes in radio refractive index which
occur at cell boundaries (Konrad, 1970; Konrad and
Robinson, 1972, 1973; Hardy and Ottersten, 1969;
Rowland, 1973, 1976).

This paper shows how lidar, the optical equivalent of
radar, can be used to make detailed observations of
developing convective cells. Tn the ztmospheric hound-
ary layer, the principal scatt ring “urces for the lidar
signal are aerosols and air m ‘-~ .s. Aerosol particu-
lates are introduced into the atmosphere from a variety
of sources, including windblown dust and man-made
pollution sources. Most of these sources are at or near
- the earth’s surface. Particulate matter which is injected
into the air during the night is usually trapped in a thin
layer near the ground. After sunrise, solar heating
produces convective cells which transport these aerosols
aloft. Lidar is able to give a two-dimensional picture of
relative aerosol concentration, and the convective cells
can therefore be identified by their higher aerosol
concentration.

Lidar possesses several advantages in observing the
convective field over other methods. Unlike airplane
and tower measurements, lidar is able to give essentially
instantaneous two-dimensional pictures of convection.
This capability is also possessed by radar. According to
Konrad (1970), however, radar apparently can observe

cells only at the top of the convective field where they
have negative buovancy and are cool and moist com-
pared to the environment. In light wind situations,
lidar is frequently able to observe cells nearly to the
surface. Mechanical turbulence appears to mix surface
layer dust under windy conditions, and convective
structures can no longer be observed near the ground
with the current instrumentation. Under these condi-
tions, however, cells can still be observed some distance
above the surface. The data presented here were col-
lected from the Meteorology and Space Science Building
at the University of Wisconsin with the lidar pointing
west over a primarily residential area of Madison. It
should therefore be kept in mind that the results may
include ef? cts due to the inhomogeneous nature of the
urban terrain.

2. Instrumert<iicn and method

The observations presented in this paper were made
with a computer controlled scanning ruby lidar system.
The system has a maximum repetition rate of 1 Hz at
a pulse energy of 1.5 J and a range resolution of 15 m.

In a typical observation period the lidar system is
scanned under computer control through a sequence of
elevation angles (RHI scan) or of azimuth angles (PPI
scan) (see Kunkel et al., 1975). Individual lidar profiles
are logarithmically amplified, digitized at a 10 MHz
rate, and transferred to an on-line computer for process-
ing. Each lidar profile consists of 512 digital values of
the range and energy corrected signal specified at 15 m
range intervals. Each value is proportional to the
logarithm of the product 84, (r) exp[—2r(r)], where
Biso(r) is the volume backscatter cross section at range
r and 7(r) is the optical thickness between the laser and
the scattering volume. Aerosol carried within convec-
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tive plumes increases the value of 3}, with respect to a
background level and thus the plume becomes visible to
lidar probing. To produce the pictures shown in this
paper, the digital values from a sequence of lidar
profiles compiising one angular scan are used to specify
intensities at each point in a 500X672 picture array.
Since the sequence of lidar profiles consist of an angular
scan with individual profiles separated by typical
angles of 0.5°, not all elements of the picture array have
corresponding values in the profiles. The intermediate
points in the picture array are therefore generated by a
linear interpolation between the nearest lidar data
points. A background level which was taken to be the
signal level above the inversion is subtracted from all
data points to enhance the contrast. When appreciable
attenuation is present, a background level which de-
creases linearly with range is used to approximately
correct for attenuation. On the clear blue sky days
considered in this study, however, the optical thickness
v was small and attenuation effects could usually be
neglected.

The enhanced picture arrays were then stored on a
9-track digital magnetic tape in a format suitable for
display on the McIDAS (Smith, 1975) image display
and processing system. McIDAS allows video display
of the lidar picture array while providing flexible
operator control over grey scale enhancements, picture
magnification and false color enhancements as well as
sequential display of frames to produce motion pictures.
Fig. 1 is an example of an RHI picture as shown on the
McIDAS video display. These data were collected on
28 September 1976 and show a variety of convective
structures. The contrast here between the convective
structures and the surrounding environment is large.
Fig. 2 shows an RHI scan taken on 22 October 1976.
In this case convection is occurring under a strong
capping inversion at a height of 0.8 km. Here the
contrast is much smaller. The dip in the inversion at a
range of 3.7 km is caused by the plume at a range
of 4.0 km.
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Fi. 2. RHI scan taken on 22 October 1976 which shows dips
in the inversion at a range of 3.7 km due to plume at 4.0 km
Mean wind is to the left at 6.5 m 51,

3. General features of convective field

Controversy exists as to whether the individual
convective elements are plume structures or bubbles.
Airplane measurements by Warner and Telferd (1963,
1967) and acoustic sounder observations by Hall
(1972), among others, support a plume model. In con-
trast, radar observations by Hardy and Ottersten
(1969), Konrad (1970) and Rowland (1976) show
dome-like structures which Rowland interprets as
bubbles.

In the lower part of the boundary layer, lidar RHI
scans indicate that the most frequently occurring con-
vective structure is a plume which has roots at or near
the surface. These plumes on occasion have been ob-
served to reach heights of 1500 m and still maintain
their plume structure. The vertical velocity of the top
of the plume is generally of the order of 1 m s~' or more.
We conclude from these obscrvations that the plume
structures are the primary mechanism for the vertical
transport of heat near the surface. We also observe
dome-like structures near the inversion top in the
mature convective boundary layer. These structures
probably correspond to the radar observed ‘‘bubbles.”
However, we hesitate to identify these structures with
bubble convection models such as that of Scorer and
Ludlam (1933).

The size of these convective elements as measured in
other investigations is quite variable ranging from 100 m
observed by Vulf'son (1961) to as large as 2 km accord-
ing to Konrad (1970). The lidar observations were used
to measure the horizontal dimensions of the convective
elements. Only convective elements  with  distinct
boundaries and a coherent structure extending at least
150 m in the vertical were considered. The vertical
dimension of thewe structures was always measured
from the curtace, and the diameter was meaared at the
pomt of Liecet horzontal extent. Tn come caes these
phataes combd e ntormed as distimet entities nearky 1o

]
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teuded g the dear air above the mversion

There are certam biases which may be present in the
resulting measurements. Since the lidar sees a vertical
shee through the plume, it will in general underestimate
the size. For random vertical slices through a circular
plume, the measured horizontal dimension will be
greater than 509, of the actual diameter 8797 of the
time just from geometric considerations. However,
since the lidar can usually make several vertical scans
through the same plume and the largest diameter is
taken, the actual measurements probably have less
than a 10%, error. Plumes are most visible to the lidar
during mid and late morning when the inversion is
rising most rapidly. The layer below the inversion be-
comes well mixed once a strong capping inversion is
reached. Therefore, the great majority of plume sizes
were measured at heights below 1 km and during a time
when the boundary layer was rapidly evolving.

The lidar observations reveal a wide range of sizes
with the following features. The observed dome-like
structures exhibit diameters of 600-1500 m. This is in
agreement with radar studies (e.g., Konrad, 1970).
The plume structures are considerably smaller in
diameter with a range of 100-800 m with the majority
in the 200-500 m interval. Fig. 3 shows a probability
distribution of plume top height z, plotted as a function
of plume diameter D. This plot was generated from
measurements on 16 days distributed throughout the
year. A total of 464 plumes were measured. We find
that the diameter does not change significantly with
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F16. 3. Plume size versus plume height for lidar observations of
convection over land. Contours show the number of plumes ob-
served with height 2, and diameter D in 100 mX100 m size
intervals. Crosses give location of individual plumes observed
outside the zero probability contour.
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henaht for aoy given plume However, Fig. 3 shows that
the average dismeter inereases as the tops of the plumes,
determuned Lirgely by the inversion height, get higher.
These two facts are in quaiitative sgreement with the
plume modei of Telford (1966. 1970, 1972, 1973). Plume
merging may be responsible for the increase in average
plume size with inversion rise. We have observed several
instances when this occurred. The lidar observations of
cell size shown on the graph encompass the entire range
which has been reported by other investigators. This
suggests that the differences in reported plume sizes may
be due to spatial and,/or temporal sampling limitations.

The observed aspect ratio 4 = D/Z, of the majority
of plumes is between 0.5 and 1.5 with an average value
slightly less than 1.0. Willis and Deardorff (1976) found
an average aspect ratio of 1.3 in a tank study. This falls
within the range of the lidar measurements although it
is slightly larger. In this tank study, the convective
layer was allowed to reach a quasi-steady state. In
contrast, the bulk of the lidar measurements were taken
during periods of rapid growth in the boundary layer,
This may account for the small difference in average
aspect ratio.

Fig. 3 also chows that along a line of constant aspect
ratio the probability of occurrence of plumes decreases
above a height of about 250 m. This is a reflection of
the average height of the capping inversion when the
data were collected.

In order to see whether the urban nature of the sur
face affected the measured aspect ratios, lidar measure-
ments were taken over Lake Mendota during Canadian
cold air outbreaks in the late fall of 1976. Lake Mendota
is located on the northwest side of Madison and is
$-7 km in diameter. The lake provided a flat and
approximately isothermal heat source for convection.
Measurements of aspect ratio taken on three separate
days show essentially the same behavior as indicated
in Fig. 2.

S. Measurement of convective circulation patterns :
Case studies

Fig. 4 shows a time sequence of five RHI pictures
taken on 29 April 1976 near 1045 CDT over urban
terrain. The interval between frames was 80 s and the
mean wind was less than 2 m s~'. At the start of the
sequence, skies were mostly clear and a few small
cumulus clouds were beginning to form. These pictures
clearly show two convective cells located approximately
3.5 and 6 km from the lidar. A small cumulus begins to
form on the top of the cell at 6 km in frame 4b. This
cumulus is responsible for the dark area in the upper
feft-hand corner of this and subsequent frames since
the lidar cannot penetrate clouds.

The McIDAS system was used to map the circulation
pattern in the layer by measuring the displacements of
individual features in these frames. Fig. 5 shows frame
4a with these wind vectors superimposed. The base of
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Fic. 4. Photographs of lidar range versus height
sphere on 29 April 1976. The white areas are those wh
times are shown in the figures. Notice the rapid dev

's showing the development of convective structure in a visually clear atmo-
e acrosol density is somewhat greater than the ambient background. Observation
lopment of the plume at a range of 6 km. Frames 4h-4e show a small cumulus
cloud which has developed at the top of this plume in the time interval between frames 4a and 4b. The cloud quickly extinguishes the
laser pulse causing a dark shadow at the upper right.

each vector is located at the position where the velocity
was measured. These vectors indicate that most fea-
tures are being advected slowly to the right in Fig. 3.
An interesting feature of the velocity field in Fig. 3
is that the strongest rising motion occurs on the upwind
side of the cells. Aircrait and tower observations by
Warner and Tetford (1964, 1967 Lenschow (1970) and

the hottest part of the plume should coincide with the
region of greatest vertical velocity. The compensating
downdraft for both cells is considerably weaker and
seems to occur preferentially on the downwind side of
the cell. A model of @ convective cell with rising motion
upwind and  <inking motion  downwind i shown
schematically in Fie o This circulation has a <ense of

Kaimal and Businger (19700 11 ste that the hottest rotation about 1 horizontal axis perpendicular to the
part of & convective phirme is on the arsvind <ide, T mean thosw, sivwredine that the rotational part of the
15 combatible with ol ' 1t e udat o \ vodeiven v thee <Hedr os
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Fi1c. 5. Wind vectors obtained from the displacement of plume
structure in the 160 s time interval between frames 4a and 4b.

This type of circulation pattern has been observed
by others in cumulus clouds (e.g., Byers, 1965, p. 178).
The lidar data shows that this pattern exists before
cloud formation has begun.

The observations of Fig. 4 also have implications for
the parameterizations of vertical fluxes in convective
boundary layers. Both cells shown in Fig. 4a have
circulations which encompass nearly the entire depth
of the boundary layer. The appropriate length scale of
these vertical mixing processes must therefore be
comparable to the inversion height z,. Previous studies,
e.g., Deardorff (1972) and Kaimal et al. (19706), have
indicated that z, is an important parameter in convec-
tive situations. The lidar depiction of convection gives
visual support for this hypothesis.

Since typical vertical velocities in a convective field
are around 0.1-1 m s™', the vertical mixing of heat,
momentum, water vapor, etc., is very rapid. In fact,
vertical fluxes are probably entirely determined by the
transport processes occurring in the viscous and surface
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lavers and by the rate of entrainment at thie inversion.
Fhi~ 1~ compatible with measurements of  vertical
profiles of wind and temperature which show that

vertical gradients are weak or nonexistent in convective
layers except near the top or bottom of the layer (sce
Clarke, 1970; Kaimal et al., 1976).

Fig. 4 also visually illustrates the problems of using
stationary in situ instruments to measure fluxes and
other turbulence quantities in light wind convective
situations. Over the entire period which these frames
cover (~10 min), the convective cells have moved
horizontally less than 0.5 km. Since the spacing between
the two cells is about 3 km, an #n situ sensor would
sample about 1 cell h™'. Any statistical description of
the convective layer requires the sampling of many
cells. But, during the morning when the boundary layer
is evolving rapidly, the statistical description of the
layer may change over the time period of 1 h. Ob-
viously, an in sifu sensor will fail to adequately describe
the layer in such a situation.

6. Conclusions

These preliminary results indicate that a high spatial
resolution lidar system with scanning capabilities is a
powerful tool for the observation of the convective
boundary layer. These lidar observations of convective
motions show the following:

1) Convective plumes have roots near the surface.
The: lidar data indicate that the preferred form of
convective cells are plumes rather than bubbles.

2) The observed plumes have a wide range of sizes,
the majority having an aspect ratio between 0.5 and 1.5.

3) The lidar is able to observe circulation patterns
in and around convective structures. These observations
indicate that these cells have a maximum rising motion
on the upwind side of the cell and sinking motion on
the downwind side.

N
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N

F1G. 6. Schematic view of the flow pattern observed around a developing
fair weather cumulus cloud.
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an objective criteria for rejecting wind determinations derived from noise

dominated data.
SNR = I W(k) SNR(k) (16)

If the wind were constant in space and time, the mean cross path
velocity, G, could be determined from u = Ax/Atmax : where Atmax is the time
lag at which the weighted coherence, Eq. 13, is largest. In practice, wind
velocity fluctuations cause the coherence maximum to decrease with increases
in either Ax or At. As a result, the coherence maximum occurs at a time delay
shorter than the cross path drift time. A model similar to the one employed
by Kunkel et al. (1979) is used to correct for this effect. It assumes that
the spatial distribution of the aerosol density is Gaussian and isotropic, and
that these three-dimensional inhomogeneities are advected by a mean velocity
pPlus a turbulent velocity with an isotropic Gaussian probability distribution.

The functional form of this model is:

2 o2
coh(Ax,At) = A [————2— 1 exp[-(Ax-u At)2/(2 o2 +02 At2)].
2 02+02 At s
a S
k
m
I W(k) exp(-4m2 k2 o2 At2) 17)
k=k, =

where

coh(Ax,At) weighted coherence averaged over wavenumber

A an amplitude factor (A < 1)

u mean lateral wind speed

L RMS horizontal width of the aerosol inhomogeneities

% RMS width of the isotropic Gaussian velocity distribution

(cz =u'2 = y'2 = w'2)




A non-linecar regression of Eq. 17 to measured weighted coherence values
is used to estimate A, G, oa and ds. Initial values of these parameters must
be estimated for the regression algorithm:

A, Ua and os are estimated as follows:

A weighted coherence at Ax = 0, At = 0
v g least squares fit to Eq. 17 for data points near At = 0 and
E for Ax = 0

o 25% of the estimated mean wind speed.

A first approximation to the lateral velocity component, u, can be obtained
from the time delay, Are, when the weighted coherence at zero separation is

equal to the weighted coherence at separation Ax:

u = Ax/ZAte (18)

where Ate is obtained as shown in Fig. 3. Equation 18 is derived, following

Briggs et al. 1950, from Equation 17 by setting:
coh(0, Ate) = coh(Ax, Ate) 8 (19)

Data points for the regression analysis are chosen about the maximum
weighted coherence for each lateral separation. An example of the measured
weighted coherence and the fit provided by this regression is presented in
Fig. 3. The inability of this model to fit the data exactly is due to limi-
tations in the Gaussian approximations employed in the derivation of Eq. 17.
This model is used, despite its shortcomings, because it is easily applied
and has been shown to provide reasonable values for u and .- (A more complete
discpssion of this modelling problem in the case of grid genmerated turbulence

can be found in Comte-Bellot et al., 1971.)
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The radial velocity 1is obtained from the phase of the smoothed cross

spectra as follows:
k

m
I W) vr(k) cosb (20)

k=k1

- 1
ve =
m
where: vr(k) = AY(k)/(2nkAt) radial velocity of wavenumber, k

Ay (k) phase shift in the smoothed aerosol cross spectrum.

The mean wind speed and direction are calculated from:

1/2

= il G2
vlidar (ué + v4) (21)

¢ = 180° + o, + tan (u/v) (22)

lidar

where ¢2 is shown in Fig. 1 and where v is the horizontal projection of the

average radial velocity.

IV. Experimental Results

Remote wind measurement experiments were conducted in Madison, Wisconsin
and at the White Sand Missile Range, New Mexico. All lidar measurements were
obtained using a three angle azimuthal scan with a 1.0° azimuth separation and
a laser repetition rate of .9 Hz. Each lidar wind determination was calculated
from aerosol inhomogeneity cross spectra smoothed over a five minute time inter-
val.

Lidar measurements obtained in Madison, Wisconsin were compared to a
bivane anemometer (R.M. Young model 21002) mounted on a radio tower located
2.7 km from the lidar. The lidar beam pattern was centered on the tower, with
the lidar operated at a 2.3° elevation angle in order to place the lidar beam
at the same altitude (77 m) as the anemometer. The anemometer signals were

digitized and recorded at a 1 Hz rate; wind speed and direction were obtained
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by averaging radial and cross beam components of the wind over the five minute
periods of the lidar measurements. Ancmometer measurements of oS were calcu-

lated from the rms mean of the turbulent velocity components u, v and w:

% (tower) ~ (W2 +v'2Z+ ;'—7)/3)1/2 (23)

All Madison wind comparisons were made on clear sunny days. Figure 4 shows
a time history of lidar and tower measured winds obtained on June 20, 1977.
Figure 5 presents a comparison of lidar and anemometer measurements of wind
speed, direction and rms fluctuations, o> for six separate days. All lidar
measurements made on these days with SNR greater than .5 are presented.

Although it is rather difficult to estimate reliable confidence limits
for lidar measurements, error bars have been plotted in Figure 5. The lidar
error estimates show the combined effects of a plus or minus 1.1 sec error
(one laser shot interval) in measuring the cross path drift time and a plus
or minus 15 meter (one data point) error in determining the phase shift of
the cross spectra. The error bars for the lidar o measurements are 95% con-
fidence limits provided by the non-linear regression procedure.

We believe that largest error source in the anemometer measurement is

not due to intrinsic instrumented error but rather the uncertainty of com-
paring a measurement made at a single point with the 1 kilometer spatial av-
erage obtained with the lidar. The error bars for the anemometer derived
winds show the expected errors, Au, Av, in determining the ensemble average
wind from a 5 minute single point average:
5 min)1/2

g )

5 min)IIZ

TE

bu = (u'2? - (24)

Av = (;TE . (25)

vhere: u'2 and v'2 along with -the Eulerian time scale, t; (Csanady, 1973),




are measured from tower data scgments of approximately one half hour duration.
The error bars for the tower measurements of os are given by the fluctuations
of sigma values measured in 5 or 6, 5 minute segments near the time of the
tower measurement.

Lidar measurements made in Madison are consistent with concurrent tower
measurements. The rms differences in speed and azimuth were 1.0 m/s and 10°
respectively. These errors are roughly consistent with the errors expected
due to discrete temporal and spatial sampling of the lidar along with errors
in estimating a volume averaged wind with a single point sampling.

At White Sands, New Mexico, wind velocity measurements as a function
of altitude were made with both lidar and radar tracked pilot balloons. Mea-
surements on January 19, 1978 occurred under conditions of very light snow.
These data are characterized by large fluctuations in the observed lidar pro-
files. They provide a test of lidar wind measurement algorithms without the
need to separate small signals from noise. Wind measurements within vertical

intervals of approximately 100 meters were cobtained by operating the lidar at

a 6° elevation angle and dividing the lidar profiles into 960 meter range
intervals. For comparison the pilot balloon measurements were averaged over
the same height intervals as the lidar. Figure 6 shows one such comparison.
This figure shows a common feature of such cofiparisons: pilot balloon derived
wind profiles show larger fluctuations than the lidar derived profiles. Lidar
measurements are averaged over 960 meters along the lidar beam and over a

5 minute time interval. The pilot balloon provides a one point estimate of

the wind during the time the balloon rises through the 100 meter slab (v30 sec).

As a result, the lidar gives a better estimate of the mean wind profile than
do pilot balloon observations. Figure 7 presents a comparison of all 1lidar

and pilot balloon measurements made on Jan. 19, 1978. Error estimates shown




for the pilot balloon measurements are based on uncertainties in detcrmining
pilot ballcon positions with the radar. Error estimates for the lidar are the
same as for the Madison data. Because all error estimates for data of Figqre 7
are similar, just the largest and the smallest set of error estimates are
shown.

The lidar wind measurements show good agreement with simultaneous pilot
balloon observations. For all data taken on at White Sands on Jan. 19, 1978
the rms errors in speed and direction were 1.1 m/sec and 7° respectively.

Figure 9 shows nocturnal wind observations made with both lidar and
radar tracked pilot balloons. These data were obtained on a clear, cold night
at White Sands missile range. A low level jet is clearly evident, as is a
directional shear of nearly 90° at the top of the layer. Lidar data segments
of 480 meters (32 data points), were used to obtain measurements in 50 meter
vertical intervals. Above 330 meters the signal to noise ratio, SNR decreased

below .5 and lidar wind measurements could not be obtained.

V. Conclusion
Experimental results demonstrate the ability of lidar to remotely mea-
sure the mean wind speed, direction and rms wind speed fluctuation using natu-
rally occurring aerosol inhomogeneities as tracers. Inhomogeneity scale sizes
ranging from 15 m to 500 m were found to contain useful wind information. Lidar
wind measurements were possible for SNR values greater tham .5. Signal to
noise ratios are usually adequate to make wind measurements in the clear con-
vective boundary layer at Madison, Wisconsin. Improvement in instrumentation 3
to increase the SNR values will increase the range of conditions under which

measurements can be cobtained,




The fast Fourier transform technique presented in this paper provides
wind measurements with much less computer time than the procedure described
by Kunkel et al., 1979. The present technique is between 10 and 20 times as

fast as the previous procedure.
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Figure 1. The gcometry used for lidar wind measurements. The lidar is operated

at a constant small elevation angle 8 and scanned back and forth between three

closely spaced azimuth angles ¢1, ¢2 and ¢3. Range resolved profiles of back~

scattered intensity are recorded at V1 second intervals for a period of 2 to 5

minutes to produce a wind measurement. Wind velocities are calculated in terms

of a radial component, v, and a cross path component, u.

Figure 2. The signal to noise ratio as a function of wavenumber and the opti-

mal filter estimated from Equations 15 and 12, respectively, for data obtained

on Jan. 19, 1978 at White Sands, New Mexico.

Figure 3. An example of the weighted coherence, Eq. 13, as a function of time
lag for three lateral separations, Ax = 0 m (M), Ax = 38 m @), &x = 76 m
(A). A least squares regression of Eq. 17 to the data is shown by lines on
the graph. The time lag, Ate, when the weighted coherence for zero angular

separation and the 1° angular separation are equal is used with Eq. 18 to pro-

vide a first estimate of the cross path wind.

Figure 4. A time history comparison of winds measured on June 20, 1977 with
lidar (solid lines) and a tower mounted anemometer (dashed line). These mea-

surements were obtained on a clear day at Madison, Wisconsin.

Figure 5. A comparison of winds measured under clear convective conditions at
Madison, Wisconsin with lidar and a tower mounted anemometer on April 22 (M),
May 23 (@), June 20 (A), June 23 (+), June 27 (¢), and July 27 D, 1977.
The anemometer was centered within the lidar measurement volume and all mea-

surements were averaged over the same time interval. Estimates of the uncer-

tainty in both lidar and anemometer measurements are shown for each day.




Fipure 6. A comparison of lidar and pilot balloon wind measurements at White
Sands, New Mexico on January 19, 1978. Lidar data was obtained between 1652
and 1657 mst and is plotted with solid lines. Pilot balloons are at 1645-1647

mst ( - - - - ) and 1655-1657 mst ( —— - — 290

Figure 7. A comparison of winds measured at White Sands, New Mexico with lidar
and radar tracked pilot balloons. All measurements were made during a light
snowfall on January 19, 1978. Lidar and balloon measurements represent vertical
averages over 100 meters, with the measurements cenFered at altitude; of 127 m
(@), 227 w (M), 320 m (A), 410 m (+), 501 m (D) and 594 (*). Two sets of

estimated uncertainties in balloon and lidar measurements are shown: these

represent the largest and smallest uncertainties computed for these data.

Figure 8. Wind profiles in the clear nocturnal boundary layer at White Sands,
New Mexico on January 9, 1978. Strong directional shear is evident at an alti-
tude of approximately 200 meters. Lidar wind measurements (2046 - 2051 mst)
are compared to radar tracked pilot balloon observations at 2015 - 2018 mst

(=== === ), 2045-2048 mst (= ~— — — =), and 2105-2108 mst ( = )
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ABSTRACT

A scanning lidar system has been used to observe convection in the atmospheric boundary laver. In
particular, cell sizes and geometry have been determined and circulation patterns in and around the cells

have been measured.

The lidar data show that the preferred form of convective cells are plumes with roots near the surface
The majority of these plumes have aspects ratios between 0.5 and 1.5. The measurements of circulation
patterns show the strongest rising motion on the upwind side of the cell with sinking motion on the down-
wind side. These observations show that lidar is a powerful tool for chserving convection

1. Introduction

Clear air convective plumes are both too large and
too short-lived to be easily observed with conventional
meteorological instrumentation. Typical cells have
altitudes on the order of 1 km and lifetimes of much
less than 1 h. The most successful studies have used
instrumented aircraft to observe a field of cells
(Lenschow, 1970; Warner and Telford, 1963, 1964,
1967) and/or very high power radars to map plumes by
observing the changes in radio refractive index which
occur at cell boundaries (Konrad, 1970; Konrad and
Robinson, 1972, 1973; Hardy and Ottersten, 1969
Rowland, 1973, 1976).
This paper shows how lidar, the optical equivalent of
radar, can be used to make detailed observations of
developing convective cells. In the atmospheric Hound-
ary layer, the principal scattering sources for the lidar
signal are aerosols and air molecules. Aerosol particu-
lates are introduced into the atmosphere from a variety
of sources, including windblown dust and man-made
pollution sources. Most of these sources are at or near
- the earth’s surface. Particulate matter which is injected

into the air during the night is usually trapped in a thin
layer near the ground. After sunrise, solar heating
produces conv:ctive cells which transport these aerosols
aloft. Lidar is able to give a two-dimensional picture of
relative aerosol concentration, and the convective cells
can therefore be identified by their higher aerosol
concentration.

Lidar possesses several advantages in observing the
convective field over other methods. Unlike airplane
and tower measurements, lidar is able to give essentially
instantaneous two-dimensional pictures of convection.
This capability is also possessed by radar. According to
Konrad (1970), however, radar apparently can observe

cells only at the top of the convective field where they
have negative buovancy and are cool and moist com-
pared to the environment. In light wind situations,
lidar is frequently able to observe cells nearly to the
surface. Mechanical turbulence appears to mix surface
layer dust under windy conditions, and convective
structures can no longer be observed near the ground
with the current instrumentation. Under these condi-
tions, however, cells can still be observed some distance
above the surface. The data presented here were col-
lected from the Meteorology and Space Science Building
at the University of Wisconsin with the lidar pointing
west over a primarily residential area of Madison. It
should therefore be kept in mind that the results may
include effects due to the inhomogeneous nature of the
urban terrain.

2. Instrumentation and method

The observations presented in this paper were made
with a computer controlled scanning ruby lidar system.
The system has a maximum repetition rate of 1 Hz at
a pulse energy of 1.5 J and a range resolution of 15 m.

In a typical observation period the lidar system is
scanned under computer control through a sequence of
elevation angles (RHI scan) or of azimuth angles (PPI
scan) (see Kunkel ef al., 1975). Individual lidar profiles
are logarithmically amplified, digitized at a 10 MHz
rate, and transferred to an on-line computer for process-
ing. Each lidar profile consists of 512 digital values of
the range and energy corrected signal specified at 15 m
range intervals. Each value is proportional to the
logarithm of the product B4, (r) exp[ —27(r)], where
Biso(r) is the volume backscatter cross section at range
r and 7 (r) is the optical thickness between the laser and
the scattering volume. Aerosol carried within convec-
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tive plumes increases the value of 3\ with respect to a
background level and thus the plume becomes visible to
lidar probing. To produce the pictures shown in this
paper, the digital values from a sequence of lidar
profiles comprising one angular scan are used to specify
intensities at each point in a 500X672 picture array.
Since the sequence of lidar profiles consist of an angular
scan with individual profiles separated by typical
angles of 0.3%, not all elements of the picture array have
corresponding values in the profiles. The intermediate
points in the picture array are therefore generated by a
linear interpolation between the nearest lidar data
points. A background level which was taken to be the
signal level above the inversion is subtracted from all
data points to enhance the contrast. When appreciable
attenuation is present, a background level which de-
creases linearly with range is used to approximately
correct for attenuation. On the clear blue sky days
censidered in this study, however, the optical thickness
r was small and attenuation effects could usually be
neglected,

The enhanced picture arrays were then stored on a
9-track digital magnetic tape in a format suitable for
display on the McIDAS (Smith, 1975) image display
and processing system. McIDAS allows video display
of the lidar picture array while providing flexible
operator control over grey scale enhancements, picture
magnification and false color enhancements as well as
sequential display of frames to produce motion pictures.
Fig. 1 is an example of an RHI picture as shown on the
McIDAS video display. These data were collected on
28 September 1976 and show a variety of convective
structures. The contrast here between the convective
structures and the surrounding environment is large.
Fig. 2 shows an RHI scan taken on 22 October 1976.
In this case convection is occurring under a strong
capping inversior at a height of 0.8 km. Here the
contrast is much smaller. The dip in the inversion at a
range of 3.7 km is caused by the plume at a range
of 4.0 km.
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F1G. 2. RHI scan taken on 22 October 1976 which shows dips
in the inversion at a range of 3.7 km due to plume at 40 km
Mean wind is to the left at 6.5 m 57!

3. General features of convective field

Controversy exists as to whether the individual
convective elements are plume structures or bubbles.
Airplane measurements by Warner and Telford (1963,
1967) and acoustic sounder observations by Hall
(1972), among others, support a plume model. In con-
trast, radar observations by Hardy and Ottersten
(1969), Konrad (1970) and Rowland (1976) show
dome-like structures which Rowland interprets as
bubbles.

In the lower part of the boundary layer, lidar RHI
scans indicate that the most frequently occurring con-
vective structure is a plume which has roots at or near
the surface. These plumes on occasion have been ob-
served to reach heights of 1500 m and still maintain
their plume structure. The vertical velocity of the top
of the plume is generally of the order of 1 m s~ or more.
We conclude from these observations that the plume
structures are the primary mechanism for the vertical
transport of heat near the surface. We also observe
dome-like structures near the inversion top in the
mature convective boundary layer. These structures
probably correspond to the radar observed “bubbles.”
However, we hesitate to identify these structures with
bubble convection models such as that of Scorer and
Ludlam (1933).

The size of these convective elements as measured in
other investigations is quite variable ranging from 100 m
observed by Vulf'son (1961) to as large as 2 km accord-
ing to Konrad (1970). The lidar observations were used
to measure the horizontal dimensions of the convective
clements. Only coovective elements  with  distinct
boundaries and a coherent structure extending at least
150 m in the vertical were considered, The vertical
dimension of these structures was always measured
from the <urtace, and the diiimeter was meaared at the
pornt of Lieve o horizontal extent, In <ome caes these
phites conbd beoadomed as distmet entities neardy 1o

e e bine Py ooty es shere the !l nedary Livery
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sl sed ) the plunies could anly be oo where they
mtraded anta the dear ar ahove the imversion

Fhere are cortam bases which may be prresent an the
resulting measurements. Since the hdar sees a verticad
shee through the plume, it will in general underestimate
the size. For rundom vertical shees through o circular
plume, the measured horizontal dimension will be
greater than S09%, of the actual diameter 879 of the
time just from geometric considerations. However,
since the lidar can usually make several vertical scans
through the same plume and the largest diameter is
taken, the actual measurements probably have less
than a 109 error. Plumes are most visible to the lidar
during mid and late morning when the inversion is
rising most rapidly. The laver below the inversion be
comes well mixed once a strong capping inversion is
reached. Therefore, the great majority of plume sizes
were measured at heights below 1 km and during a time
when the boundary layer was rapidly evolving.

The lidar observations reveal a wide range of sizes
with the following features. The observed dome-like
structures exhibit diameters of 600- 1500 m. This is in
agreement with radar studies (ec.g., Konrad, 1970).
The plume structures are considerably smaller in
diameter with a range of 100 800 m with the majority
in the 200500 m interval. Fig. 3 shows a probability
distribution of plume top height =, plotted as a function
of plume diameter D. This plot was generated from
measurements on 16 days distributed throughout the
year. A total of 464 plumes were measured. We find
that the diameter does not change significantly with

20 ——
+
0D/2p+09d
16 4
SD/IpeiO

+

D/Ip=20

+

A A

16 20

D(km)

F16. 3. Plume size versus plume height for lidar observations of
convection over land. Contours show the number of plumes ob
served with height g, and diameter D in 100 m X100 m size
intervals. Lrosses give location of individual plumes observed
outside the zero probability comtour.
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heehit far iy gaven plume However, Fago 3 shows that
the averure dimeter inercases as the tops of the plumes,
determuned Lirgely by the mnversion haght, get higher
These twe tacts are in quaiitative agreement with the
plume modei of Telford (1960 1970, 1972, 1973). Plume
merging may be responsible for the increase in average
plume size with inversion rise. We have observed several
instances when this occurred. The lidar observations of
cell size shown on the graph encompass the entire range
which has been reported by other investigators. This
suggests that the differences in reported plume sizes may
be due to spatial and; or temporal sampling limitations.

The observed aspect ratio A = D/Z, of the majority
of plumes is between 0.5 and 1.5 with an average value
shightly less than 1.0. Willis and Deardorff (1970) found
an average aspect ratio of 1.3 in a tank study. This falls
within the range of the lidar measurements although it
is slightly larger. In this tank study, the convective
layer was allowed to reach a quasi-steady state. In
contrast, the bulk of the lidar measurements were taken
during periods of rapid growth in the boundary layer.
This may account for the small difference in average
aspect ratio.

Fig. 3 also shows that along a line of constant aspect
ratio the probability of occurrence of plumes decreases
above a height of about 250 m. This is a reflection of
the average height of the capping inversion when the
data were collected.

In order to see whether the urban nature of the sur
face affected the measured aspeet ratios, lidar measure-
ments were taken over Lake Mendota during Canadian
cold air outbreaks in the late fall of 1976. Lake Mendota
is located on the northwest side of Madison and is
$7 km in diameter. The lake provided a flat and
approximately isothermal heat source for convection.
Measurements of aspect ratio taken on three separate
days show essentially the same behavior as indicated
in Fig. 2.

5. Measurement of convective circulation patterns:
Case studies

Fig. 4 shows a time sequence of five RHI pictures
taken on 29 April 1976 near 1045 CDT over urban
terrain. The interval between frames was 80 s and the
mean wind was less than 2 m s ' At the start of the
sequence, skies were mostly clear and a few small
cumulus clouds were beginning to form. These pictures
clearly show two convective cells located approximately
3.5 and 6 km from the lidar. A small cumulus begins to
form on the top of the cell at 6 km in frame 4b. This
cumulus is responsible for the dark arca in the upper
left-hand corner of this and subsequent frames since
the lidar cannot penetrate clouds.

The McIDAS system was used to map the circulation
pattern in the layer by measuring the displacements of
individual features in these frames. Fig. S shows frame
4a with these wind vectors superimposed. The base of
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Fic. 4. Photographs of lidar range versus height i
sphere on 29 April 1976 The whi
times are shown in the tigures
cloud which has developed at the top of thi
laser pulse causing a dark shadow at the upper right

s are those where

was measured. These vectors indicate that most fea-

tures are being advected slowly to the right in Fig. 3
An interesting feature of the velocity field in Fig. 3

is that the strongest rising motion occurs on the upwind

side of the cells. Nircraft tower ohservitions by
Wirner and Tetford (1963, 1967 1, Lenschow (1970)
Kol and Businger (197 T that the hatteo
Paft of L Conve g b ned i

I~ cotetih!

each vector is located at the position where the velocity
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plavs showing the development of convective structure in a visually clear atmo
acrosol denstty is so

ewhat greater than the ambient background  Observation

¢ the rapid development of the plume at a range of 6 km Frames 4b-d4e show a small cumulus
ume in the tme interval between trames 4a and b The cloud quickly extinguishes the

the hottest part of the plume should coincide with the
region of greatest vertical velocity. The compensating
downdraft tor both cells is considerably weaker and
seems to occur preferentially on the downwind side of
the celll A model of @ convective cell with rising motion
\“\\\'-‘5 '. .\H‘{ “A'l‘\'l‘ 1 motion l‘l‘\\ H'\lllll I~ \h‘)\‘"
chematically in Fie o0 This circulation has a0 wense of
rotation about o horrzontal s prerpn nhienler to lhl'
et Hoaw, serrere e that the rotatun th part o the

% ) v the JKear thiw

i bl et
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layers and by the rate of entrainment at th iuversion.
This s compatible with measurements of vertical
< ) profiles of wind and temperature which show that
]o 49: 03 ‘. vertical gradients are weak or nonexistent in convective
laycrs except near the top or bottom of the layer (see
Clarke, 1970; Kaimal ef al., 1976).

Fig. 4 also visually illustrates the problems of using
stationary iz sifu instruments to measure fluxes and
other turbulence quantities in light wind convective
situations. Over the entire period which these frames
cover (~10 min), the convective cells have moved
horizontally less than 0.5 km. Since the spacing between

S ¢ the two cells is about 3 km, an in sita sensor would

) siche 5o
sample about 1 cell h='. Any statistical description of
F16. 5. Wind vectors obtained from the displacement of plume  the convective layer requires the sampling of many
structure in the 160 s time interval between frames 4a and 4h. cells. But, during the morning when the boundar_v layer
is evolving rapidly, the statistical description of the

This type of circulation pattern has been observed layer may change over the time period of 1 h. Ob-
by others in cumulus clouds (e.g., Byers, 1965, p. 178).  Viously, an in situ sensor will fail to adequately describe
The lidar data shows that this pattern exists before the layer in such a situation.
cleud formation has begun.

The observations of Fig. 4 also have implications for s = h K
the parameterizations ofgverlical fluxes i]:] convective Thes_e prt;lumnar Y resul%s mdxtat? that a hx'g.h.spa‘txa.)
boundary layers. Both cells shown in Fig. 4a have resolution lidar system with scanning capabilities is a
circulations which encompass nearly the entire depth powertul ol Sor the gbscwauon 9‘ s F—
of the boundary layer. The appropriate length scale of boupda.ry layer. These h~dar observ: tions of convective
these vertical mixing processes must therefore be Motions show the following:
comparable to the inversion height z,. Previous studies, 1) Convective plumes have roots near the surface.
e.g., Deardorfi (1972) and Kaimal et al. (1976), have The lidar data indicate that the preferred form of
indicated that z, is an important parameter in convec- convective cells are plumes rather than bubbles.

-_ 1 m.

7 ()

6. Conclusions

tive situations. The lidar depiction of convection gives 2) The observed plumes have a wide range of sizes,
visual support for this hypothesis. the majority having an aspect ratio between 0.5 and 1.5.
Since typical vertical velocities in a convective field 3) The lidar is able to observe circulation patterns

are around 0.1-1 m s™!, the vertical mixing of heat, inand around convective structures. These observations
momentum, water vapor, etc., is very rapid. In fact, indicate that these cells have a maximum rising motion
vertical fluxes are probably entirely determined by the on the upwind side of the cell and sinking motion on
transport processes occurring in the viscous and surface the downwind side.

e ¥
—

/ / TN

)

R Dy N R R SR

F¥G. 6. Schematic view of the flow pattern observed around a developing
fair weather cumulus cloud.
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thstract

This study employs a scanning lidar system to remotely probe the atno-
spheric convective boundary layer. Aerosols present in the surface layer are
carried aloft by convection, creating horizontal inhomogeneities in the aero-
sol concentration. These inhomogeneities can be detected with lidar and they
serve as tracers allowing remote measurements of several boundary laver pa-
recneters. The data presented here ve;e obtained over Madison, Wisconsin, over
a three year period from 1975 to 1977.

The horizontally averaged variance of the range and energy corrected
lidar signal return shows a monotonic increase with height, z, up to the inver-
sion base. Variance spectra computed from lidar data agree with the shape of
the wind velocity spectra vhich were parameterized by Kaimal et al. (1976).

At high wavenumbers, the aerosol density spectra follow the -5/3 law. The
peaks of the spectra occur at a wavelength of about 1.5 x the boundary layer
thickness.

Lidar data were used to measure the mean and the rms turbulent velocity
components. The turbulent velocity measurements were combined with lidar mea-
surements of the inversion height to calculate the energy dissipation. The

results compared well with in situ anemometer measurements of these quantities.
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1. TIutroduction
The measurerent of weteorological parameters in convective bLoundary

layers has been implemented with in situ sensors mounted on towers, airplanes,

or balloons. Instruments on t&wers obtain only point measurements and they
measure the lower part of the boundary layer. Airplanes and balloons are
limited to line measurements of meteorological parameters. Remote sensors

such as radar, sodar and lidar can scan large volumes of the planetary boundary

layer in a much shorter time than is possible with in situ measurements.

This paper presents some preliminary results of remote measurements

conducted with a lidar to yield the following meteorological parameters:

. a) Spectra of aerosol density fluctuations: Porch and Gillette (1977),
using nephelometer data taken at 6 m above the surface, showed that the spec-
trum of aerosol inhomogeneities was similar in shape to the horizontal wind
speed spectrum. Kaimal et al. (1976) measured wind and temperature spectra
in the convective boundary layer; his analysis yielded a series of universal
curves for these spectra.- This study presents spectra of lidar signal returnms
from aérosol density inhomogeneities which are compared with the universal

curves of Kaimal et al.

b) Mean Wind Velocity and Fluctuations: A study by Eloranta et al.
(1975) showed that lidar could be used to remotely measure the radial compo-
nent of mean winds by tracking the motion of naturally occurring aerosol in-
homogeneities. An extension of this technique is developed here to remotely
measure radial and transverse components of the mean wind and the turbulent
velocity fluctuation, c , of the transverse wind component in the convective
boundary layer.

¢) Rinetic Energy Dissipation Rates: Doppler radar has been used to

measure the kinetic emergy dissipation rate, €, see Gorelik and Mel'nechuk

PP TP T 1 e —



(1963, 1968) Knvazev (1971), Trisch #nd Clifford (1974). ‘liore reeently,

Gaynor (1977) used sodar to obtain € in the boundary layer. The present work
will describe a technique whereby € was measured with a lidar and the results
are compared with in situ measurements obtained from an anemometer mounted on

a tower.

2. Equipment Description

The University of Wisconsin lidar uses a ruby laser which emits 1 J
pulses of .69& um light with a maximum repetition rate of 1 Hz as the trans-
mitter; a .31 m diameter telescope is employed as the receiver. The lidar
has the capability to scan through both azimuth and elevation angles. An
on-line PDP 11/40 corputer controls the operation of the lidar and stores the
data on magnetic tape. The lidar was operated over Madison, Wisconsin during
numerous clear air situations between 1975 and 1977. To provide simultaneous
independent measurements, a radio tower within the scanning sector of the lidar
was instrumented at the 70 m level with a bivane to measure wind speed and
di;ection. These data were transferred by telephone to the minicomputer and
stored on magnetic tape. A more comprehensive description of the instrumenta-

tion appears in Runkel's (1978) Ph.D. thesis.

3. Measurements and Analysis
3a) Spectral Density of the Variance of Aerosol Density Fluctuations
To a first approximation, the lidar signal return is proportional to
the aerosol density; the variance of the returned signals therefore provides
an estimate of the magnitude of aerosol density inhomogeneities which have
been created by convection.

The data that were used for this study was restricted to regions below

C.c




the duvercion wiore the soronel juhicicr neities have Loen created by the¢ con-

veetive fiedld.  The tevporal variance, which was calculated at cach point in
an RHI cross-section, showed a monotonic increase with altitude above the
lower third of the boundary layer. See Kunkel (1978) for a more detailed de-
scription of these measurements.

The lidar signals were subjected to a spectral analvsis to derive vari-
ance spectra of the aerosol density fluctuations. A variance spectrum obtained
from lidar data differs from traditional tower measurements in that it is es-
sentially an instantaneous spatial spectrum rather than a temporal spectrum
neasured at a point,

B The following computational scheme was used to obtain the power spectra:
A mean lidar signal, averaged over many laser shots, S(R), was calculafed as
a function of range, R, from the returned power P(R,j) corrected for ;ariations
in output energy Eo and the inverse range-squared attenuation, i.e. %; P(R,j).
This was subtracted from the ij individual signal return to produce a devia-

tion return S(R,j). The deviation return was also normalized by the average

value of the mean return. Therefore

2
PRI - B
SEg) = S (1)
1 =
T I S(R))
L 2=1 L

where Rl and RL are the limits on the range segment considered. Leakage was
reduced by multiplying the deviation return by a data window F(R) which pro-
duces a cosine taper on 10% of each end of the data segment as described by

Bingham et al. (1967). F(R) is defined as




{R - Rl)

(R -R) ]

L

[1-cos 10 R] SRS Rl + .l(RL - Rl)

N

F(R) = 1 Ry + .1(R-R}) < R < R + .9(R -R;)
(R, - R)
[1-cos 10 (P;l:-:il)] Rl + .9(R.L—IL1) < R < H

(2)

N

The resulting signal is
S'(R,j) = F(R)-S(R,j) (3)

A fest-Fourier transform algorithm was used to compute the Fourier coeffi-
cients. These coefficients were multiplied and added to obtain the variance

spectrum, ®(k) as a function of wave number k, where

§ie . [ o(k)dk . (4)

(o]

The statistical uncertainty in the spectral estimates was minimized by av-
eraging the spectra over a number of shots at the same angle.

Fig. 1 shows a representative aerosol density variance spectrum,
®(k), computed from data taken on Sept. 28, 1976. The data were obtained
in the height interval of 130 m - 460 m. The inversion hei%ht, zi, as mea-
sured by the lidar was 575 m. Superimposed on the graph is the universal
curve of Kaimal et al. (1976) for the longitudinal wind component (solid
curve). The shape of the aerosol density spectrum is quite similar to
Kaimal's universal curve. The peak occurs at about the same location
(k = lo/zi = .007 m—l, equivalent to a wavelength of ~ 1.5 zi). For k> .02 mcl,
the aerosol density spectrum falls off with the 5/3 power. Fig. 1 also shows
error bars which give the 90% confidence levels calculated using a chi-square

analysis for Gaussian white noise described by Otnes and Enochson (1973).

Other examples of such spectra are presented by Runkel (1978).




3b) Mean Wind Velocity &nd Fluctuations

Leuthner and Eloranta (1977) used a lidar to mcasure mean wind speced
and direction. Their technique involved scanning horizontally between two
azimuth angles on days when the mean wind direction was approximately perpen-
dicular to the laser axis. Typically the difference between the two azimuth
angles was 1.0° - 3.0°. Aerosol inhomogeneities which pass through the up-
wind direction were seen at the downwind direction at a time At later deter-
mined by the wind speed and at a range difference AR determined by the wind
direction. To determine At and AR, a two-dimensional (range and time) lag

cross-correlation was performed on a series of shots taken at the two angles.

This was defined as

b B
L 2 . 1] .
151 E S (R1+1 » 3J+J) S (Rl,J)
e TS
c(1,J) = (5)

, 3, 3 35[ t, 3, 5 3

[ > I S'“(R ,j+J)] T I S'(R ,j)]

_ +1 L b £

2=2, =3 2=2, 3=3;

where C(1,J) = average value of cross-correlation for range point lag I

and shot lag J

L = range of £ th range interval
3 = shot number
S'(Rz,j) = deviation from mean lidar signal return. This has also been

filtered to reject both very large and very small features.

Measurement of the lateral rms turbulent velocity was achieved by
means of a three-angle scan. This scan is illustrated in Fig. 2. The lidar
firing sequence is ¢1-¢2-03-¢2-¢l-¢2—etc. An aerosol in’homc;geneity detected
at ¢1 will be detected at 02 at a shot lag J; and point lag I;. The inhomo-

geneity will be observed at ¢3 at shot lag J; and point lag I;. The




autocorrclation function €(1,0) typically has a quasi-Gaussian shape as «hown
> & 7 i .

in Fig. 3. The mean square half-width of this function 0(2) can be defined as
1

2
r C(1,0) -1

T e SR . 6)

The cross-correlation function between shots at ¢l and ¢2, C(I-I;,J;)

shown in Fig. 3, has a broader shape. The half-width of this function o2
1

is defined as

4 2
I C(I-1', J')-1
m

T=7F
2 2 3
6= (15m)" ——— — . (7)
1 14

¥ Cr=1",a")

I=1,

The cross-correlation function between shots at ¢1 and ¢3 at shot lag
J; " C(I-I;, J;) has an even broader shape as is shown in Fig. 3. The half-

width of this function oi is defined as

16 .

L C(I-1"J" -1

i m m
2 2 5
62 = (15 m)° - — ] (8)
& 16

I oea-1tan

I=IIZ5

The broadening of the cross-correlation functions is caused by two
effects. First, the individual aerosol inhomogeneities will diffuse due to
small scale turbulence as they are advected downwind. Second, the cross-

correlation is averaged over a number of shots and a number of inhomogene-

ities will move through the scanning region during this time. Because of
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e so that the point Jag at which the crocs-correlation is a waziiam choeages
from one inhonogeneity to the next. Csanady (1973) showed that the mean

2

square displacement oy of an ensemble of independently diffusing particles in

the y-direction is given by
2w 28 a2
02 =902 ¢ 9
v : (9)

for values of t which are short compared to the Lagrangian time scale. The
rms turbulent velocity is assumed to be isotropic, designated by o. If the
autocorrelation and cross-correlation functions are viewed as probability
distributions of particles about a mean position, Eq. (9) can be used to
relate the spread of the correlation functions with time to the rms turbu-

lent velocity o in the lidar axis direction. This relation is satisfied by

o &fer - of,);’/t1 (10)

where-ﬁ_is now the time of transit from ¢d to ¢i .~ Since typical values of
tlare 5 to 25 s while Lagrangian correlation times in the atmosphere are of
the order of 100 s, Eq. (9) should be valid.

An analysis using Gaussian-shaped inhomogeneities is given in, the
Appendix. An expression was obtained relating the magnitude and shape of
the cross-correlation function as a function of the rms isotropic turbulent
velocity and of the size of the inhomogeneities. It is shown in Eq. (A.5)
that:

C(Ax,Ay, t) =
By2/4(52+ % t262) - (Bx-Te)2/4(62+ % t252)
e
52+ % t252)3/2

()32 g2

(11)

and from Eq. (A.9) it is evident that Eq. (10) is also appropriate.




T Al it 0 UL T Panes could b wlo pntied as distinet entitie
NSt (R T Y|

snearly 1o
e = vithae s, oy natihi g

s where the by

ity Liser wo

TS

Ihe effects of noise on the correlation functions can be scen by let-

ting the deviation profile, S'(Rﬂ,j), be the sum of a signal component é(RL’j)

and a noise component N(Rl’j)’ i.e.,

5'(R, .4} = S(R,.) + N(RLI} . (12)

The correlation function is then given by

[

3
2"
I L I8R5 + MR VISR, 1, 3+3) + MR 1,3+0)]
=2, 3=3,
C(1,J) = - == . (13)
2 3 2 3
20 TBE 2 "
i3 5@ 411 E . T 8. g
£=2 j=j % 2=2_ j=j e
1 2 el
Letting
sl 3 %y 45 ; 1y 2, 3z 3 5
v = ' - Y 43
o ¥ gl v oy coen s SUCIRI AR L U I
1 e £~£l 373, £=21 373,
4)
and 0 3
. 3 I . .
Cc (I,J) = % = z z S(R sj) Y S(R ;j+J)
S (2,721 Gy-37) oy =4 L 2+1
n W
3 ® o P
C(1,3) = —— — I I N(R,,j)*N(R,, .,j+J) (16)
N (2,-2.)Gp=3)) P=t, 3=3, L 2+1

and assuming that the signal and the noise are not correlated so that the

cross terms will be zero, the expression becomes

E(1,3) €1,
ot e e —— . a7)
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For different shots, the noise is occunwed to be uncorrelated, i.e.,

EZN(I,J) =0forJ 40 . (18)

Therefore, the cross—-correlation function is given by

- 12
c(1,J) CS(I'J)/OI,J (19)

while the autocorrelation function is’

C(1,0) = [Cg(1,0) + € (1,01/0'2 . (20)
K Xy J

This provides a means of removing many of the noise problems. Eq. (10)

implies that

. L= pei” I

01 00 + 0o tl (21)
and

0 I G

95 00 + 0 tz . (22)

2 _ 21k

2 1Y

il e ! (23)
a5

Since o% and ai are both calculated from cross-correlation functiqns,
Eq. (23) states that the noise is effectively eliminated so that Eq. (23)
may be used to calculate 0.

The elimination of the noise in the cross-correlation function also

allows the calculation of the signal-to-noise ratio. This is done by taking




the limit of the cross-correlation function {or shots at the same angle as
J approaches 0, i.e.,
lim A
Jog S = E(1,0) . (24)
i This gives the signal component for zero shot lag, which can be divided by

the autocorrelation function, to give

lim - =
c(1,J) C.(1,0) Q
o - e (25)

c(1,0)

Since the correlation functions are proportional to the square of the

signal, the expression becomes

lim
10 C(1,J)

% 2. 2=
”‘zﬁijay*— = (1 + N7/S87) (26)

or

-1 3 : (27)

For a point lag I = 0, the autocorrelation function C(0,0) is identically

1 and the final expression becomes

1 -!5 1
S/N= |—0/———— -1 : (28)
lim €(0,3)
J+0 -
The signal-to-noise ratios were obtained by calculating the cross-correlation
function for shots at the same angle. The peak value of the cross-correlation
at shot lag J increases as J approaches zero. The peak values were plotted

and extrapolated to zero shot lag. The zero-extrapplated value was then used

in Eq. (28) to obtain the signal-to-noise ratio.




In their weasurizents of the mean wind, Leuthner ond Eloranta (1977)
used the maximum value of the cross-correlation to deterinine the shot lag Jm
agd therefore the time interval for aerosol inhomogeneities to move from one
angle to the other. This method can introduce some error in the measurements
because turbulence in the boundary layer will cause the maximum cross-
correlation to decrease with time as shown by the analysis in the Appendix.
The maximum cross-correlation can then occur at a smaller shot lag (i.e.,
shorter time lag) than that indicated by the mean wind speed. To avoid this
difficulty, Eq. (11) was fitted to the measured cross—-correlation values by
minimizing the least squares residue to obtain an optimum value of U. This
optimum value of U was used to determine the shot lag at which o was then
computed. This quantity was initially computed at the shot lag at which the
cross-correlation was a maximum. A value of U was obtained and a shot lag

was determined from U. A new value of ¢ was then computed. This process was

repeated until the shot lag at which the cross-correlation was a maximum no
longer changed.

In performing these calculations, care was taken to exclude range in-
tervals that included persistent and sharp increases or decreases in signal
return which were either caused by a large scale feature such as an inver-
sion base or a smaller feature that was not wholly contained in the range
interval. Such features produced o values that were too low.

Lidar data was used to compute 0 using Eq. (23). Table 1 shows a com-
parison of these results with simultaneous tower mounted anemometer measure-
ments of 0. The tabulated values are arranged according to decreasing values
of the signal-to-noise ratio, S/N. The table also gives the stability cate-
gory of Pasquill (1961); (determined from the mean wind speed and an estimate
of stability conditions), the mean wind speed measured at the tower, the mean

vwind speed determined by fitting Eq.(11) to cross-correlation values, the
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averaging time over which 0 was determined, and the date. The uncertzinties
shown for o (lidar) and U (lidar) are mainly due to differences in the Volume
sampled i.e. the lidar samples an extended volume while the anemometer mea-
sures the atmosphere which adve;ts past the instrument. The table shows that
the lidar measurements of © compare quite well with thé anemometer measurements
for signal-to-noise ratios greater than one. As the signal-to-noise ratio de-
creases, the technique becomes less reliable.

3c) Kinetic Energy Dissipation Rates

The lidar measurements of G can be used to make estimates of the energy
dissipation rate €. Fig. 3 of Kaimal et al. (1976) shows that velocity spectra

normalized by (czi)2/3 plotted as a function of the non-dimensional frequency

= vzi/ﬁ (29)

fall into a single region of the graph.

The velocity spectrum ¢ (v) is defined such that ]

I°°v(v) dv = g2 ' (30) ?

v
a

where o/ t;l and ta is the averaging time over which o is calculated.

Nothing is changed by expressing the integral in the following way

2/3 v°v(“) dv
I. Ov(v)dv = (czi) I. ?——“;573 N (31)
v v czi

The function in brackets in the integral on the right side of Eq. (31) is
plotted in Fig. 3 of Kaimal et al. (1976). Noting that dv/v = dvnlvn "

Eqs. (30) and (31) can be combined and rearranged to give




ve (v) dv -3/2
i n

{ —r ) (32)
(521)2/3 LR

<

where Wy zi/ﬁ . U, 0 and z, can all be obtained from lidar measure-

a

ments so that € can be obtained from such remote measurements.

Eq. (32) was used to calculate € for the entries in Table 2 where the
signal~to-noise ratio is greater than one. Table 2 shows these results.
Since Fig. 3 of Kaimal et al. (1976) represents the velocity-spectrum as a
region rather than a single curve, the integral in Eq. (32) was computed for
both the lower and upper bounds on the region in which the spectra should
fall. Table 2 then gives the limiting values of € from lidar data using the .
limiting values of the integral. Lidar data was used to obtain z, on all

days except on June 20, 1977. On that day, the lidar was operated at an ele-
vation angle which was too low to see the inversion base. Since Section 3a
showed that  lidar spectra-follow Kaimal's universal curves which depend on_
zi;.lidar spectra.were computed and these were used to estimate z;- 'The un-
certainties in the lidar measurements of € shown in the table are calculated
from estimated errors in the measurement of ¢ and z,. Also given in Table 2
are independent estimates of € from tower data taken at the same time. These

were obtained by computing the spectra of the wind components and using the

inertial subrange relationship

2/3 -5/3

®(k) =D e k (33)

to compute €. The constant D has been measured by Kaimal et al. (1972) who
give a value of 0.50 + .05 for the longitudinal component and a factor 4/3
higher for the transverse and vertical components. The spectrum of each
component was used to calculate € and the range of values obtained is shown

in the table. The uncertainties in the anemometer measurements of ¢ are
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due to unccrtainties in the cstimation of spectral lovels (- 15%) and uncer-
tqinties in the determination of the constant D. The table also gives the
lidar measurements of z;-

The agreement between the lidar and anemometer measurements is satis-
factory for all cases except the second entry from June 20, 1977. The source
of the disagreement in this entry is primarily due to the 25% difference be-
tween the anemometer and lidar determinations of 0 shown in Table 1. Because
€ is proportional to the cube of 0, € is quite sensitive to uncertainties in
the determination of o.

The accuracy of the 0 determined with the current lidar system, is
limitéd by the repetition rate of the laser. As lasers with higher repetition
become available, the uncertainties in o can be reduced accordingly. The
signal-to—ﬁoise ratio of the lidar system also limits the accuracy of the o
determination; future technical developments can be expected to improve this
ratio. Improvements in these two areas should allow remote-lidar determina-
tions of € in the convective boundary layer to be applied to a wider variety ..

of situations.

4. Sumpary

The presence of inhomogeneities in the aerosol -concentration within
the convective boundary layer has been utilized to derive several atmospheric
boundary layer parameters from lidar measurements. The variance of the inho-
mogeneities was found to increase with height. Spectra have been computed
from variances in the lidar returns and these show that aerosol spectra are
similar to the curves given by Kaimal et al. (1976). A three-angle.azimuth
scan was employed to measure the mean wind and the rms value of the turbulent

wind velocity. Agreement between the lidar measurements and simultaneous




in ity aneoometer eanurer ptes was paod, provided that the aignal -to nojse

ratios were sufficiently large. The lidar determination of the rms value of
the wind and the inversion height were used to make remote measurements of
the energy dissipation rate; these compared favorably with the energy dissi-

pation rates measured in situ by anemometers.

5. Summary of Symbols

A(dy) ' autocorrelation function of Gaussian shaped inhomogeneities
in Appendix.

B - amplitude factor for Gaussian shaped aerosol inhomogeneities
in Appendix.

c(1,J) cross-correlation at point lag I and shot lag J. 1

ES(I,J) covariance of S(Ri,j) for point lag I and shot lag J.

EN(I,J) covariance of N(Rn,j) for point lag 1 and shot lag J.

D spectral constant.

Eo lidar output energy.

€ energy dissipation rate.

F(R) cosine taper function.

G Gaussian probability distribution of velocity fluctuations in Appendix.
I' point lag for which C(1,J) is a maximum.
3 lidar shot index.

J- shot lag for which C(1,J) is a maximum.
k wavenumber.

A wavelength.

L range point index.

N(Rl,j) noise contribution to deviation profile S(R,,j).
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PER.3) lidar power return a2s function of range R and shot nurber j.

¢ azimuth angle of lidar.

¢(k) spectral variance estimate as functions of wavenumber k.

&i velocity components (i =1 for u, i = 2 for v, and i = 3 for w) in Appendix.
R range from lidar.

Rl £'th discrete range interval

S(R) average value of corrected 1lidar signal at range R.

S(R,j) deviation profile of lidar signal return normalized by range

average S(R).
S'(R,3) product of S(Rz,j) and F(Rl)’

S(R ,j) deviation profile after noise contribution has been subtracted.

S/N signal-to-noise ratio of lidar signal.
(o] rms width of Gaussian inhomogeneities in Appendix.
oi mean square half-width of correlation function i = 0 is

autocorrelation function, i = 1 is cross-correlation function

between outside and middle angles, and i = 2 is cross-correlation

between outside angles.

o rms velocity of velocity komponents.

t time.

ta averaging time over which velocity variance is calculated.
u deviation from the mean wind speed of the component of the

wind along the mean wind direction.

i U mean wind speed.
v horizontal wind component perpendicular to mean wind direction.
v frequency. é
Va lowest frequency contributing to variance, i.e., “w " t;l .
" non-dimensional frequency = vzi/U .
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w vertical »ind coiponent,

x spatial cocordinate oriented along mcan wind direction.

AX distance between lidar azimuth angles.

y spatial coordinate o;iénted horizontally and at a right angle
to mean wind direction.

by ¥e

A spatial coordinate parallel to lidar azimuth direction. i =

. refers to upwind angle and i = 1 refers to downwind angle.

z vertical coordinate.

zy height of inversion base.
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APFELDIX TURBULENT VELOCITY DERIVATION USING GAUSSIAN SBAFPED

AYLROSOL INHOMOGENEITIES

Fc. the purpose of this analysis, the aerosol inhomogeneities are
assumed to be isotropically Gaussian in shape as a simple approximation with
diriensions ox = oy = cz = 0 in all directions. The inhomogeneities are

assumed to drift with the wind at velocities u, v and w.

S'(x,y,2z,u,v,w,t) = B-exp(— ((x—ut)2-+(y—vt)2-+(z—wt)2)/2523 (A.1)

where B is an amplitude factor. The velocity fluctuations are assumed to
also have Gaussian distributions. The probability distributions G of u-U,v
and w are given by

b =2
. -q4/2ag
G(q,) = @ & (A.2)

where

qi =U-ﬁ, &2 =V, ;13 = W

and o characterizes all of the turbulent velocity components. Fig. 5 shows
the configuration which is analyzed. AX is the distance from ¢0 to ¢1. U is

the mean wind speed, and Ay =y, -~

. The cross—-correlation C between shots
1" Yo

at ¢0 to ¢1 is given by

C(sx, Ay, t) =

S'(x,y,2z,0) S'(x+A4x, y+A4y, z, t) G(u) G(w)

- = - - -0 -0 du dx dv dy dw dz (A-3)




‘ l [ [ expl-x" [36%—y* 125222 126%)

—o —

exp((x+Ax—ﬁt—ut)2/252(y+Ay—vt)2/262(z—wt)2/262)

exp(-u2/252 —v2/262 —w2/262) du dx dv dy dw dz

" (A.G)
Integrating Eq. (A.4) yields
Cc(ax, Ay, t) =
< I P by?/4(5%+% t252) (Ax—ﬁt)2/4(62+kt262)
(m) B“c® e &
e 75372 (A.5)
(02+ % t%02)

The mean square half-width of this function can be calculated from Eq. (7).

jﬂ (Ay)2 C(ax,dy) d(ay)
of - =

J C(bx,Ay) d(ay)

= W rp ety LBy
J (Ay)z o~ ¥ J4(c%+%t%5%) d(by)

I o YI4(5? +%5¢252)

d(ay)

= 202 + 52t2

(A.6)

Ca i




The autocorrelation function A(by), which is equivalent to C(Ax, y) from (A.6)

calculated at Ax = 0 and t = 0, is given by

g — AvZ /452
3/2 3203 o= By /46

A(dy) = (m) (A.7)
The mean square half-width of this function is
e .
2 - Ay“ /402
J (by)~ e y /4o d(ay)
°6 o = —
2,3
J 2 by~ /o g
= 20 (A.8)
Combining (A.6) and (A.8) gives
1
g = 2 _ g2y1% :
o (01 oo) /t (A.9)

This expression is presented as Eq. (9).
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Figure Captions

Variance estimates ¢(k) as a function of wavenumber, k, computed from
lidar data taken on Sept. 28, 1976 at 1000 CDT. The smooth solid
line is the idealized spectrum as given by Kaimal et al. (1976).
Error bars show uncertainties given by chi-square analysis assuming

lidar shots are uncorrelated. U=1.9 m/s,zi= 575 m, and 132 m<z <458 m.

Schematic diagram showing the three-angle scan for weasuring horizontal
winds. ¢1, ¢2, and ¢3 are the azimuth angles at which the lidar fires.
Aerosol inhomogeneities which are advected to the right by the mean

wind U will be first detected at ¢1, then at ¢2, and finally at ¢3.

Typical shapes for the correlation functions obtained from the three-
angle scan. C(I,0) is the autocorrelation function. C(I—I;,J;) is
the cross-correlation function between the outside and middle azimuth
angles (i.e., ¢1 and ¢2 in Fig. 2) at the shot lag J; at which the
function has its maximum value. C(I-I;,J;) is the cross-correlation
function between the outside azimuth angles (i.e., ¢1 and ¢3 in Fig. 2)

at the shot lag at which the function has its maximum value.

Geometry used for Gaussian cross-correlation analysis.
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ABSTRACT

Lidar was used in determining the boundary layer height.
During two days in June 1978, lidar data were obtained at
Argonne National Laboratory, Illinois. During the observation
periods, hourly temperature, wind and wind direction profiles
were obtained by means of special radiosondes. In addition,
heat flux, net solar radiation, Bowen ratio and friction velocity
were measured by tower based instruments, located directly
under the air volume, as observed by lidar.

It is shown, that lidar can overcome the lack of continuous
data segments in testing boundary layer models. The Zeman-Tennekes
model was compared with the observations. The results show, that

the model underestimates the observed inversion risee.
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LIST OF SYMBOLS

x

effective aperture of receiver

latent heat of condensation

back scattering coefficient

Bowen ratio

speed of 1light

specific heat of air with constant pressure
dissipation term constant

flux divergence term constant

production term constant

temporal term constant

components of mean velocity jump accross the inversion
density jump across the inversion

potential temperature jump across the inversion
dissipation length

dissipation at the inversion base

vapor flux

laser energy output per pulse

constant, used to combine the mechanical part of the standard
deviation of "vertical velocity with the convective part
Coriolis parameter

acceleration due to gravity

lapse rate in the atmosphere above the inversion
dry heat flux

latent heat flux
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virtual heat flux
latent heat of condensation

mean molecular weight of air
molecular weight of dry air

molecular weight of water vapor
pressure

production, due to shear, at the inversion

turbulent kinetic energy at the inversion base
specific humidity

universal gas constant

range

densities of dry air and water vapor

density of air

components of shear above the invercion

extinction caoefficient ;
standard deviation of vertical velocity I
Brunt-V8isdl8 frequency

time

first order fluctuation of mean potential temperature
potential temperature

virtual potential temperature

ambient potential temperature

temperature in the bulk of the boundary layer

virtual temperature

temperature in the bulk of the boundary layer




u, Vv components of the geostrophic wind
1 u, v components of the mean wind abobe the inversion
u'y v'y, w' first order fluctuations of the mean wind components

friction velocity

”*
u* convective velocity scale
z S height
z; inversion height
Z:0 inversion height at the initial time




INTRODUCTION

A problem in air pollution is the occurrence aof temperature
inversions, that will trap waste geses in a layer near the ea?th's
surface. In clear air conditions, the nocturnal boundary layer is
usually thin, Buring the morning hours, the surface heat flux
becomes positive and the boundary layer will heat up. Convective
cells reach the inversion and mixing with the air aloft will
cause the'inversion to rise, thus increasing the depth of the
boundary layer. This process is called entrainment.

In the last few years, various simple models have been
developed to describe the inversion rise mechanism (Stull, 1973;
Stull, 1976; Tannekes, 1973; Zeman, 1975; Zeman and Tennekes, 1977;
Mahrt and Lenschow, 1976). These models are supported by few
observations, since it has been difficult to obtain a continuous
data set of the growing boundary layer (Willis and Deardorff, 1974;
Kato and Phillips; 1963) .

Lidar, the optical equivalent of radar, has been used
for a more detailed analysis of the inversion rise mechanism. In
clear air conditions, the most important source for light reflections
to the receiver is aerosol. This aerosol, created by man made
pollution, or by natural sources at the surface, is continuously
injected into the atmosphere, and is trapped in the layer near the
ground. Thus, the boundary layer will contain a large amount of
aerosol in comparison with the air aloft. As the laysr grous'

during the morning hours, the aerosol is transported upward.
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With the scanning lidar system, which is capable of making
two-dimensional pictures of the relative aerosol concentration,
it is possible to determine remotely the height of the boundary
layer as a function of time. It is also possible to get more
information about the processes, involved in entraiment, by
looking at spacial variations in mixed layer depth. The lidar
observations were used in testing the inversion rise model by
Zeman and Tennekes (1977). During the observation periods,

heat flux, Bowen ratio, net solar radiation and friction velocity
were measured, and hourly, temperature, wind and wind direction

profiles were obtained from balloon soundings,




INSTRUMERTATION

A ruby laser (694.3 nm), that transmits pulses with a
repetition frequency of about 1 Hz, is mounted parallel to a
Newtonian telescope, that receives the backscattered light.

For singly scattered received power, the following equation is valid:

£ Acp' o r
P(r)= 880 exp -ZJ’d(r')dr'
2 0
Bnr
where @
P(r) received power
EO transmitted energy
c speed of light
r range
¢ o volume backscattering coefficient
ﬁ 180
A effective receiver aperture
Is} extinction coefficient

The returned signal is converted into an electrical signal
by a photomultiplier tube. After logaritmic amplification,
the signal is digitized at 15 m range intervals, corrected for the
inverse range squared attenuation and normalized by the transmitted
energy Eo. It is then stored on magnetic tape. Table 1 gives the

lidar specifications of the 1978 model.

A single lidar return, displayed on a scope, shows varying

aerosol intensities as s function of radisl distance from the laser.
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Table 1. Parameters of the University

of Wisconsin lidar system (1978).

Transmitter
Wavelength
Beamwidth
Energy per pulse
Pulse duration

 Maximum repetition rate

Receiver

Telescope

Spectral resolution

Detector

Data Acquisition
Video amplifier
A/D conversion
Sampling rate
Range resolution

Computer

684.3 nm
1 mrad
1.5 D
20 ns

1 pulse/sec

Newtonian reflector
(.31 diameter)
1.0 nm

RCA C70042K Photomultiplier
( 6.8% quantum efficiency )

Log (4 decades, 10 MHz)
1D bits
10’ vords s~

1S m

PDP 11/40

sk et i e




Usually, the boundary between the layer near the surface and
the air eloft, is clearly visible, because of a significant
drop of returned signal strength. After firing the laser at
subsequent elevation angles (a so-called Range Height Indicator
scan), the returned signals can be converted iﬁto relative
intensities and displayed on a storage display. It is thus
possible to obtain two-dimensional pictures of’ the relative
aerosol distribution,

Typical RHI scanning parameters were:

lowest elevation angle 3°
highest elevation angle 240
scanning interval .5D
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USE OF LIDAR IN BOUNDARY LAYER OBSERVATIONS

A single shot profile shows the returned signal strength as
a function of distance from the laser. If there is only little
convection, the top of the boundary layer is flat or weakly
undulating. If the laser is pointed upward with elevation angle X,
the inversion height can be located in the associated shot profile
at the point, where a significant drop in returned signal strength
appe;rs. The distance from the laser, at which this drop appears,
is multiplied by sin o« to get the inversion height. The initial
increase in returned signal strength, as is visible in the shot
profile, is due to the incomplete overlap of the laser and the
receiver, The overlap is complete at distances of more than about
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Convective cells show themselves by more complex structures
in a shot profile, which makes calculation of the exact height more
difficult. A single laser pulse may pass through several plumes,

giving several ‘values for the inversion height for each pulse.
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By scannin. the laser up and down, RHI-pictures can be
obtained. The inversian height was then estimated visually from
a small storage display. Since the lidar data was obtained from a
slant range of 7.5 km, the horizontal range, over which the average

inversion height could be determined, was dependent on the inversion

e . ey

rancﬁ

height itself. The averaging range varies typically between 1 and

S km.

The
creates an
inversion.

stratified

it looses its momentum. This distance d ( the so-celled plume penetration
depth, or dissipation length) is known to be an important parameter

in boundary layer modeling.

plom~e Pone ( vaten

occurrence of convective cells in the boundary layer
undulating and sometimes bubble-like structure at the
The excursion of a convective cell into a stable

atmosphere is associated with the distance d, over which

/domc

'- 14 5

sapeh

A R s.»r‘ut




S0

3

?

d

4
¥
h ¢
X
2

~v - b el Ty ot =
wrlay' Ly el nriablues W Lrq A !

e

Figure a shows a typical RHI-picture. The convective cells at the
top of the boundary layer are clearly visible., Thus, from this
picture, it can be seen, that it is also possible to estimate the
plume penetration depth.

Aerosol stratifications above the boundary layer allowed us
to observe the creation of gravity waves there, because of interaction
with-convective cells, that penetrate into the stable atmosphere.

During an observation period, a series of 7 RHI scans were
alternated with a series of PPI scans (Plan Position Indicator)
at three azymiith_ angles. The time interval between two series of
RHI scans was about 5 minutes.

Lidar is thus capable of overcoming one of the biggest
problems in testing inversion rise models by giving an almost

continuous data set of some important boundary layer quantities.
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Figure a:

a typical RHI-picture.
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ERRORS IN ESTIMATING AN INVLRSION HEIGHI

Sources of error in estimating visually the inversion height,
have to be examined:

The estimate is done from a small display screen, which makes
the determination of the exact height rather difficult. Sometimes
magnification of the RHI-picture could improve the estimate. The
error introduced here is dependent on the factor of magnification
and is of the order of 75 m.

During portions of the day, the top of the boundary layer has an
irregular structure. This is due to convection or to the occurrence
of gravity waves. If the top of the boundary layer is flat, the
estimate of the height can be supported by calculation of the height
from single shot profiles. In that case, the other sources of error,
that are mentioned here, are unimportant, and the overall error can
be as small as 15 m. If convection is visible, calculation of the
height from single shot profiles is not reliable. During periods of
rapid growth, big plumes are visible, that have their sources at the
surface. In that case, the overall error can be as big as 150 m.

If the drop in aerosol content between the boundary layer and the
air aloft was not limited to a very short distance, or if the air
aloft had a large aerosol content too, the transition from black to
white on a picture was very gradual. The error in.estimating the
height, that is introduced here, is rather variable, but can be as

much as 100 m, -
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Variations in the slope of a shot profile, caused by attenuation
of the signal, influence the gray scale enhancement, that is used
in converting the signals into RHI-pictures. The gray scale enhancement
influence the transition from black to white in a picture, thus
influencing the visibility of the structure of the boundary layer.
Slope corrections to the gray scale enhancement sometimes had to be
adjusted manually from shot te shot., The error introduced is variable.
During the data taking sessions, a malfunctioning in the energy
monitor of the lidar system produced some problems in the normalization
of each shot profile with the transmitted energy Eo e This introduced

sometimes variable fluctuations from signal to signal.

In practice, the mentioned sources of error interact and it
was not always possible to discern between them. In summary, the
overall error depended on the state of evolution of the boundary layer.
In early morning hours, the error can be as small as + 15 m. During
periods of rapid growth, the error is + 100-150 m. As soon as the

growth stops, the error drops again to about 75 m.
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A. Introduction

The model to be tested is developed by Zeman and Tennekes
(Tennekes, 1973; Zeman, 1975; Zeman and Tennekes, 1977). It applies
to a horizontally homogeneous, dry atmosphere, in which radiation
effects are neglected. The boundary layer is assumed to be well mixed,
so that the potential temperature is constant with height. The
inversion is characterised by a temperaturs jump[&@g above which
the air has a lapse rate Y. The model is valid for zero or positive

surface heat flux, thus applying only to day time conditions,

Y

ISQ' = ¢9\3r =
= £ T [ Zi
pot. temp. \\\\\ heat flux
profile profile

o \elwu,o N
B. Equations

If the air at the inversion is entrained downward, it looses
~ 2z,

per unit time an amount of enthalpy of Aéc '3‘T£1. This enthalpy

p!
is carried away by a downuward heat flux(c"u')i C N . So:

), = BAE ()

The rate, at which the inversion strength Ag changes, is governed

by the heating rate of the éoundary layer and by the ratg at which




the bouncary layer rises into the stable atmosphere with lepse rate

T‘. If we assume a linear decrease in heat flux with height, this

results in:

BB - ( (D) - (BT))) (2)

t Dt

o
2

Changes of T-during the entrainment process are neglected.

If AU and AV are the jumps of mean velocity at the inversion

base, similar equations are valid for the components of the Reynold

0 stresses:

—(u'w') . =Audii e =futw').=AVIZ, (2)
o 1 i? i 4 Szl
e U8 Ba € (G NI R e g (4)
z, Po
)_gz_: s, }':_i_ ( (VT..,T)O_. (\,T..,T)i) - fAU + f Ug bp (%)

z Po
In (4) and (5) the extra terms are added to account for the
Coriolis force, and for a steady state situation with no heat flux.

(s =W, 5 =2, 2)z,, f is the Coriolis parameter, O is the
T ¥ z E ke

-

mean density of the air,[SP is the density jump across the inversion)

To complete the set of equations, one has to look at the

x_ turbulent energy equation at the inversion base. If iqz is the sum

of horizontal and vertical turbulent kinetic energy per unit mass,

and if we assume no mean vertical motion, it reads:




N 7 0 T P) ’—2_'.— X oo + Py (e)
iﬁ(q)-To(Bw)i-;,z((iqw)+P(PW)i)~éi i
i
a b c d 8 _
-
a is the temporal change of turbulent kinetic energy
b is the buoyancy production
c is the flux divergence of turbulent kinetic energy combined

with the flux divergence of pressure-velocity correl ation
0 d is the dissipation at the inversion base

e is the shear production at the inversion base

To solve system (1)-(6), equation (6) has to be parameterized

in terms of known boundary layer quantities.

C. Parameterization

——

2
The term 3 %% is known to be important in periocds of rapid

boundary layer growth., It is parameterized as:

|

2 2
}%3 = c; u 3z (7) (zilitinkevich, 1975)

“h t
e where 0‘. is the standard deviation of vertical velocity.
o}ﬂ is proportional to w, and u, via the relation -
dnza uiz +v12u: (8) (Zeman and Tennekes, 1977)
& where u* is the convective velocity scale defined as
u*s s.‘% (g'u")o Z; (9) (Tennekes, 1970)
o

and u* is the friction velocity at the surface.
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The flux diveryence term scales on du and 2, via the formula:

qlz
F =

1

-Bzz-( 4 sz' +-%)p'W' ) = (10) (zZeman and Tennekes, 1977)

If there is a turbulent energy cascade process near the
3

; : Za x . Ty
inversion, the dissipation ¢ ; can be written as CD - (11)

T

where d is a characteristic length scale of dissipation. In many

cases, d is different from ziand all the dissipation, that scales
on z‘,is put into the flux divergence term, The parameterization of
d can be derived in different ways. The simplest one is by stating,
that the only important parameters, in determining its value, are
du and T. This leads to an estimate of the type
d = i%! (12) (stull, 1973; Zeman, 197S)
b

where wb=( :?'T )i the Brunt-V3is@la@ frequency .
o

If the atmosphere, above a boundary layer, is neutrally stratified,
a situation, that can happen, when a well mixed layer is left
over from the previous day, ’Y‘ aoes to zero, and d becomes infinite.

More realistic then is, that d scales on 2:

dy 1
- =i (13)  (Zeman, 1975)
% PR i

The energy production term —( u'w') OUu = ( v'w') dv
2z -}

is parameterized as C, ( _(u.w.)é_:-; ~(v'w') A% )

.
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Using (3), this leads to :

e ,(sgu_ E N
i P At d
Assuming, that the production term can not exceed the dissipation

very much, Cp must be of the order of CD « Usually, production

and dissipation are combined in one formula:

3
e -py =€, (1m0 = T C-3Egh (aw (ann) (9)

The fully parameterized energy budged now reads:

a . w z
c, % %_z_,_s T, + er-lzd_i_ c e (- % (o) 24(av)?)) (16)

Using (1) , one can get an explicit expression for the heat flux

at the inversion base:

20
T B« C =5 F =% )
;p F n d 5 (17)

g
14+ ¢ _KQ'LZW -~

a

Cf 3

(B )-(-1)

The values of the constants, as given by Zeman and Tennekes (1977)
are:

C;=3.55 C.=.5 ¢C,=.024 -rl= 2.0 (18)
if T}D, (Orw? )1-,0 and d-»2; and since Cd is much smaller than CF' the
dissipation becomes much smaller than the flux divergence. The
temporal term is then balanced by the flux divergence, and the

entrainment rate‘is only proportional to the standard deviation of

vertical velocity:




2, ©
L “t‘= __fo’ (19) ]
w
T
‘ Another situation that might occur, is, when the dissipation

term becomes bigger than the flux divergence. In that case

entraiment stops, and (Bw')=0
L]

System (1) - (5), and (16) is now fully solvable, if the
initial values of Aé. zi.'Y. Sx' Sy andilU,ZlV are known, and if the

course of the heat flux and friction velocity are prescribed during

the observation periodse.
The solution of this system can be obtained numerically by
using an iteration scheme, Knowing the initial values of the

mentioned parameters, we can evaluate W "jb' zi/ d, and (t'u')i.

=
— [ 3
with the new value of (E'u')i, we can compute st » ond knowing this
A8 ¢y dy ; :
ong we can evaluate ot and 3t r St Finally, by using the

app_ropriata time step, we can compube /_\Q, zi,AU and NV at the new

time. Then we repeat the whole procedure.




MOISTURE CORRECTION 10 THE MEAT FLUX

One of the model assumptions is, that the atmosphere
is dry. Except from arid regions, like deserts, this is not the
case. Moist air is less dense than dry air by a small amount,
due to the presence of water vapor, and therefore, it has more

buoyancy than a corresponding parcel of dry air, that has the

same temperature. The moisture correction to the temperature is

derived, starting at the equation of state:

R R R
=_.’ =-‘ ‘—‘D
o] MPT M-DdT+H~‘wT (20)
d w
where M is the mean molecular weight of wet air, R, is the

universal gas constant, Nd, ”w are the molecular weights of dry
air and of water vapor, and }Dd, Pu are the densities of dry air

and water vapor. Equation (20 ) can be rewritten as:

P=mrT (Py+P) ( 7+ Do (—n"—ﬂ) (21 )
Hd d "1 Pd+FL ﬂw >
The specific humidity q is cefined as:
Puw Pw
o 22
" ] ! P Pd+Pu ( ;

and M = 28.9, M = 18.

If we substitute (22 ), and the values of m, and M in (21 ),

£ _ we come to the following expression:
paRIPT(1'-+.61q)=RPTv ( 23)

where R = %k apd Tv the virtual temperature.




In words, the virtual temperature of a parcel of moist
air is the temperature, at which a fictitious neighbouring parcel
of dry air would have the same density, and therefore the same
buoyancy as the moist air. In using the virtual temperature,
we can apply the model, that is based on the assumption of a dry
atmosphere, directly on a moist atmosphere.

Like the virtual temperature ( or the virtual potential
temperature), we have to introduce the virtual heat flux. If uwe
define some reference state by Tvo = T° (1 + .6 ; ), any deviation

from this reference state will be described by :

Wi = 9 = T = '
T v = Tv Tvo T* (1 +.61 q ) + T q' .61 (24)

where T'=T = T .
o
Time fluctuations of TL, as can be directly expressed in

terms of fluctuations of potential temperature 9'. are written as:

Q-V =0'(1 4+ .61 Q) + .61 q'T - .610'8" (25)

and thus, we may write:

U'E'v =wh" (1+ .61q ) + .61 71 q'u’ (26)

In the last equation the third order terﬁs are neglected. Usually,
the factor ( 1 + .61 q ) is ignoredy,too, which leads to the

expression:

WwE = w'E' 4+ .6 T q'w (27)




If H is the heat flux, as measured by the instruments, defined

as H =’3cp (w'€*), and H, is the latent heat flux, defined as

1

Hl = LE , where L is the latent heat of condensation and E is the

vapor flux, written as E =‘P(u'i'), we come to the final expression

of the virtual heat flux :

r‘kn

Hv =H + .61 T 1

The Bowen ratio is defined as B = i

LE’ so the virtual heat flux may

be written as :
1

H =H(1+ .61 7 5) (29 )

v

rwan

If we assume an air temperature of 300 K, and take cp=.24 cal /gm/DK,

and L=585 cal/gm, the correction to the observed heat flux is

( 1+ .075/ B ). Over the ocean or above a wet surface, the Bowen
ratio can be of order .1, so that the virtual heat flux can be

twice as much as the observed heat fluxe.

. o e e gl .




INITIALISATION OF THE MODEL

It is important to know accurately the initial value of
9 and the lapse rate in the atmosphere above the inversion,
s;nce the model is very sensitive to those input parameters. Both
wvere determined from balbon soundings.,

To get the lapse rate above the inversion, the temperature
profiles at the initial time and all éreuinusly obtained profiles

‘:’ wvere averaged. In the stable atmosphere abaove the inversion, vertical

transport of heat by turbulence is small, and if we assume no
advection, the thermal structure of those profiles should be the
same. However, later during the observation periods, changes in

the upper part of the profiles did occur. This had to be accounted

for in the computation of the mean profiles( see CASE STUDIES) .

To get the initial value oflxg » the procedure, recommended

in the earlier version of the model, was used (Tennekes, 1973)

B

An enthalpy deficit integral is defined as follows:

£E%e (0, -B), g @z =DD 2, - 3ye.? (30)




e Ay etk -

't

ply SO KA

-

w

RAGIRNA IS

Vi 3 el b

where Zio is the initial value of the inversion height,%’a is
r

the ambient temperature defined as da= gao + ]‘z -

with the known lapse rate , we can evaluate ﬂﬁ;o e 4T z10 is obtained

from the lidar data,ﬂé o €an be computed.

The half-hourly averaged heat flux, the friction velocity ,
the net solar radiation and the Bowen ratio were measured at the
Argonne meteorological tower. To account for moisture, the

virtual heat flux was computed.
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SITE OF THE EXPERIMENT

During June and July 1978, the Uﬁiversity of Wisconsin
lidar system was located at Argonne National Laboratory near
Chicago, Illinois., Distance from Lake Michigan was about 20 miles.
The lidar was pointed in south-easterly direction, a smoothly
undulating region with patches of wood.

A meteorolaogical tower, operated by the atmospheric sciences

{:‘ group at Argonne National Laboratory, was located about 1 mile

south-east of the lidar system, directly under the air volume,
that was observed. By tower based instruments, heat flux, latent
heat flux, friction velocit} and net solar radiation were measured.
Hourly, temperature profiles and wind profiles of the lowest 2
kilometers of the atmosphere were obtained from balloon soundings

( via the so-called Wind, Height And Jemperature system, Frenzen,

1972) .

The days on which data was taken, were selected as being
favorable, if clear air conditions would exist during the day and
the previous night. If sea breezes from Lake Michigan were apparent

from the data, the data was not used.
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CASE STUDIES

1. JUKE 22 1978

Table 2 gives the solar radiation, dowen ratio, heat flux,
and friction velocity as a function of time. Computed are the
moisture flux, the virtual heat flux, the moisture correction on
the dry heat flux, anc tnhe fractional moisture correction. It
appears, that the virtual heat flux is about 40% higher than the
dry heat flux.

Since heat flux measurements started at about 630 CST, AQO
had to be estimated €rom run 3. Since the lower part of run 3 was
not recorded properly, this is a rather crude estimate. yhen 'we looked
at the temperature profiles, it appeared, that the upper part of
the profiles changed during the course of the day. The lapse rate
betwesen 400 m and 600 m changed signifigantly between run 3 and run 4,
This was probebly caused .by aduection, A stratification at abou® 700 m,
that is visible in run 2, 3, and 4, was gradually removed. It is
characterised by a large jump in wind direction. It is possible,
that the weakening of the lapse rate there is caused by turbulence.
A crude way to account for advection is to use the profiles of
run 2, run 4, and run 5, together with the profile at the initial
time, run 3, in the computation of the mean profile. To compute the
lapse rate between 150 m and 400 m, the profiles of run 2 and run 3
were averaged., To compute the lapse rate between 400 m and 600 m,
the profiles of run 3 and run 4 were averaged. From run 5, it is

visibld ., that the layer above 600 m has become almost neutrally
stratified. ;




Table 2:

Additional meteorological data for case study 1 (June 22 1978).
Listed are time, net solar radiation S, the heat flux H,

the Bowen ratio B, the latent heat flux Hl, the moisture correction
to the heat flux Ah, the fractional correction Ah / H, the

virtual heat flux Hv' and the friction velocity Uy e All parameters

are half-hourly averaged.

(P ) Time 5 M B L, An A/ H, ™
csT w/m2 w/m2 u/m2 w/m2 100 w/m2 m/s

645 180 7 b4 175 13 185 20 .20

v 715 242 24 .12 200 15 62 39 .23

| 745 306 41 A7 241 18 44 59 .24

815 372 48 .16 300 22 46 70 .24

845 424 73 .23 317 23 32 96 .24

915 474 80 .22 364 27 38 107 .23

945 482 57 .15 380 28 49 95 .19

1015 480 61 .16 384 28 46 89 .18

1045 584 81 .18 450 33 41 114 .15

1115 602 112 .25 448 33 29 145 .18

1145 624 70 .14 500 37 53 107 .19
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Table 3:

Model input for case study 1 (June 22 1978)

io
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to is at 630 CST

{ o]
Aéo =1.6C
zi<400 m
400m<zi<600m
600 m ¢ z; < 1600 m
z;> 1600 m
zi<600 m
600 m <z, <1400 m
z 1400 m
17
.07/150 t °c m/s
.015/60 ( t-150) °c m/s
.045/60 ( t-210) °c m/s

.03/30 ( t-270) °c m/s

Avu

= 4 m/s u,= «21 m/s

t <150 min
150 ming¢ t 4210 min
210 min L t {270 min

270 min ¢ t £ 300 min




Figure 1:

.

-

RHI-picture, taken on June 22 1978 at ©.39 (uT .
The white areas contain relatively large amounts of aerosol.

The boundary layer, as visible here nzs a ncight of about 220 m.

There is some interaction with the layer ciroctly above it .
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Figure 2:

RHI-picture, taken on June 22 1978 at 9.07 (DT.

The boundary.layer has increased in depth, compared to the

) 1
“Brevious picture.
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{: Figure 3:

RHI-picture, taken on June 22 1978 a£ 16;19 ol o
Two p{umes are visible, the left one almost reaching the upper
inversion, the right one somewhat lower. Durir :

‘this portion

of the period, the mixing prccess was very rapid.,
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During the early morning hours, a low level jet existed with

its maximum at the inversion. The rate of change of wind direction

across the inversion is rather small, therefore, to account for the
shear production, equation (4) was rewritten with the conditions:

| v= 0, Sy =0 (21)

(21) leads to s% = 0, and -(;T;T)i = 0. Using (3), (4) becomes:

W=sxﬁf+(Au%%-u*z)/3- (22)

To compute the initial value of AU, a similar procedure as to

OA compute Ago is recommended.

Starting at 630 CST, the inversion rises from 150 m to
about 1600 m, 3 hours later. Figures 1 — 4 show some RHI-pictures
from that period. In the early morning hours, convection is still
confined to the region close to the surface, and the top of the
layer, that reaches the strong inversion at 1600 m, is still flat.
During the period of rapid grcwth, irregular shaped plumes are
visible, that have thier source at the surface. This is well in
agreement with observations by Kunkel (1978). When the big plumes
e eventually reache the strong inversion, and the layer beneath it
becomes entirely mixed, the top of this layer gets an irreqular
structure, because convective elements penetrate into the inversion.

Table 2 gives the input parameters of the model. The
initial time was 630 CST, the final time was 1130 CST. The time
step was 60 sec.

As is apparent from figure 5§, the computed entrainment is
too small. It takes too much time for the temperature Jump
to erode away ( figure t ). About 1 hour too late, the mixed layer

reaches 1600 m. The model can nct: . account for the rapid entrainment,

observed around 930 CST.
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" Figure 5:
The observed and the computed inversion height as a function

of time on June 22 1978. The ¢ 's indicate the inversion height

as observed in the temperature profiles.
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Figure . also gives some values of the temperature jump, as
observed from the temperature profiles. It appears, that the
computed values follow the observed values.

In figure 7 are shown the terms of the erneorgy budget equation
as a function of time. When the lapse rate is zero, the temporal
term equals the divergence of kinetic energy flux. The
discontinuous character of this graph and all the others is caused
by changes in the model input at the appropriate times and at
specific heights, that are reached by the boundary layer. The
production term remains small throughout the period, aprt from
a spike due to the model conditions \'70 and Aé: 0, at the moment,
when the strongly stratified region is reached. The divergence
term is then exactly balanced by the dissipation and entrainment stops.

From figure 2, it can be seen, that, during the initial
period, the downward virtual heatflux is as big as the virtual
surface heat flux. This indicates, that mechanigal entrainment is
important., As the day goes on, convective entrainment becomes

gradually of more importance, since u  remains small and the

*
surface heat flux increases with time, thus influencing the

magnitude of v, .
Figure 9 gives the scaled velocities du' w. and u, .

Again, clearly visible is, that the convective part of :-u is the

most important.
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Fiqure 7:
The computed terms of the energy budget equation at the

( inversion base as a function of time on June 22 1978.

the temporal term

- o = the buoyancy term

e the flux divergence term
R tﬁ; aiésipéﬁion term

= = = = the production term
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The observed virtual surface heat flux and the computed
virtual heat flux at the inversion base as a function of
time on June 22 1978,

the virtual surface heat flux

— — = — the virtual heat flux st the inversion base
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The computed dissipation length ( figure i) increases from
S0 m at the initial time to 110 m, when the layer reaches 400m.
Compared with the observed values, the model slightly overestimates
the dissipation length. Between 600 m and 1600 m, when the lapse
rate is zero, d is of the order of the mixed layer height. It
appears, that the plumes, that are visible then have sizes, comparable
to the mixed layer height, The observed values of d are smaller,
although they have the same order of maénitude. R comparison between
theory and practice during this portion of the observation period
is of no value, since the dissipation is of no importance during

that time. When the layer stops growing at 1600 m, d is about B0 m,

which is in agreement with the observations.
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Figure 10:
The computed dissipation length at the inversion base as
a function of time on June 22 1978, The + 's indicate the

observed values from the lidar data.




2. CASE STUDY 2: JUNE 23 1978

fFrom table 4, it is apparent, that the virtual heat flux

is more than twice as big as the observed heat flux.

The lapse rate differs significantly from the previous day,
June 22, There is a weakly stratified layer between 1000 m and

1500 m, characterised by a large aerosol content, This is probably

left over from the previous day. The inversion at 1000 m could be
/ due to subsidence, because, during both days, a region of high
pressure was situated over the Great Lakes.L;:~° was estimated

from run 3. The profiles of run 1,2, and 3 were averaged to get the

lapse rate above the inversion. Again , 2 louw level jet existed
during the early morning hours., Table 5 gives the input parameters
of the model. The initial time was 700 CST, the final time was 100D CST.

Figure 11-14 give some RHI-pictures, that were taken during

the period. Clearly visible is the layer of enhanced scattering
between 1000 and 1500 m. The attenuation correction, that was j
applied to the pictures, may have stressed the apparent wave motion
in tse upper layer. The highest altitude, the mixed layer reached
was 1000 m. It was not capable of penetrating into the layer of
enhanced scattering, Difficulty in estimating the inversion height

was caused by the small change in aerosol content between the

mixed layer and its environment, thus creating a rather diffuse

boundary during some portions of the period.




Table 4:

Additional meteorological data for case

Listed are time, net solar radiation S,

the Bowen ratio B, the latent heat flux

study 2 (June 23
the heat flux H,

the moisture

1978).

correction

1
tz the heat flux /\h, the fractional correction /Ah / H, the
virtual heat flux Hv' and the friction velocity Uy s All parameters
are half-hourly averaged.

Time s H B L An An/H H u

csT w/m2 W/m? w/é w/m2 100 u/;2 m/:
715 228 7 <03 233 17 242 24 21
745 356 26 .09 289 21 80 47 .39
815 348 18 .06 300 22 122 40 .38
845 394 20 +06 333 24 109 44 .40
915 586 27 «05 540 40 | 148 67 042
945 410 14 .04 350 26 185 40 «39




y

Table

Model

53

input for case study 2 (June 23 1978)

z,, =150 m o = 17 C OU = 4.75 m/s u = .38 m/s
Y = .00 °c/m 2, <800 m

= .003 °c/m 800 m <z, ~1000 m

=.0  °c/m z, > 1000 m
Sx ==,005 3-1 zi< 500 m

. w 500 m (zi . B00 m

mm 028 8 800 m <z, <1000 m

= .0 5_1 zg 21000 m
(e,'w"), = .02 + .0185/30 t °C m/s £<30 min

= .0385 °C m/s t>30 min

t is at 700 csT

ey
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9 Figure 11:

HHI-picture, taken on June 23 1978 at 8.29 CuT .
The btoundary layer is very thin, so that the 3veraging range
is small ( 2 km ). The apparent wave motion in the upper layer

‘ could be due to slope corrections applied to the picture:..
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Figure 12:
RHI-picture, taken on June 23 1978 at 8.50.CuL~.
The boundary layer has increased in depth. \ote the wave motion

at the top of the boundary iayer.




Figure 13:

RHI-picture,

m“ﬂ‘ (kwm )

taken on June 23 1978 st 9.47 CDT.
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Figure 14:
RHI-picture, taken on June 23 1978 at 10.07 LOT.

Four plumes are visible, with smaller.ateas.inbetween, where

p air is entraint downwards.




The inversion rise, as computed, is too small( fioure 15).
The computed temperature jump across the inversion decreases
somewhat faster than as was observed ( figere 16).

In comparison with the previous day, the friction
velocity is rather high. At the same time, the virtual heat
flux is low. This indicates, that mechanical entrainment
should be more important. Indeed, figure 17 and 18 shou,
that the magnitude of the virtual heat flux at the inversion
base is high, and that the convective part of o’w has decreased
in influence.

From figure 19, it can be seen, that, during the first
hours, the divergence of kinetic energy flux at the inversion
base is mainly balanced by the buoyancy term. Gradually, the
dissipation becomes more important until it equals the buomncy
term,

A problem in estimating the dissipation length was the
diffuse boundary between the mixed layer and its environment.
At the end of the period, the mixed layer reached the upper
layer of enhanced scattering, thus creating an extra difficulty
in estimating the.hngth scale. Therefore, only a few reliable
values could be obtained. The computed length scale increases
from 90 m‘at the initial time to 175 m, when the layer hit
800 m. The observed values are smaller, but are well within the

same order of magnitude.
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Figure 15:
The observed and the computed inversion height as a function

of time on June 23 1978. The @ 's indicate the inversion height

as observed in the temperature profiles.
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Figure 16:
The computed temperature jump as a function of time on
June 23 1978. The © 's indicate the observed values in the

temperature profilese.
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Figure 18:

The observed virtual surface heat flux and the computed

virtual heat flux at the inversion base as a function of

time on June 23 1978.
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The scaled velocitieSAdu, v, and uﬁas a function of time on

June 23 1978.
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The model was run for a period of 5 hours, although
the data input stops after 3 hours at 1000 CST.

The lidar system can be used to obtain estimates of the
wind speed in the boundary layer(Leuthner and Eloranta, 1977,
Kunkel, 1978, Sroga, in preparation). Aerosol is a passive
contaminant of the atmosphere and its displacement is a
measure of the wind speed. After s.enning the laser at 3
azymuth angles, cross correlations (range and time) of the
shot profiles were computed. This provided estimates of the
wind speed at different heights in the boundary layer, that
were compared with the available wind profiles. Figure 21 and
22 show, that the computed wind speeds match the data remarkebly
well. Visible is the decrease of wind speed at 400 m, indicating

the break- douwn of the low-level jet.
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Fiqure 21:
Comparison of computed wind speed (averaged between 185 and 235 m
altitude) and the observed wind speed at 200 m as a function of time
on June 23 1978.

the computed wind speed

= — = — the observed wind speed
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Figure 22:
Comparison of computed wind speed (averaged between 385 and 435 m
altitude) and the observed wind speed at 400 m as a function of time

on June 23 1978,
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DISCUSSION AND CONCLUSION

The Zeman-Tennekes model did not accurately predict
the inversion rise on the days of the two case studies.
Several reasons for this discrepancy between theory and

practice should be examined.

The lidar data is incomplete and visually estimating
an inversion rise has a risk of making errors ( see ERRORS..).
However, the data is supported by temperature profiles, on

which the inversion heigth is clearly visible.

The model is very sensitive to the input parameters
X'andllbo. Determination of both has to be done very carefully.
Difficulty was, that parts of the profiles were not recorded

properly ( see graphs of the profiles).

The effects of humidity, by using the virtual potential
temperature as a function of height, were not taken into account,

No humidity profiles were available,

The model constants were computed from only few laboratory
experiments. It is possible, that they have to be adjusted for
atmospheric experiments. It makes 'no sense to adjust the constants
with the few data, that is available here. On June 23, mechanical
entrainment is more important:than on June 22, and the computed
entrainment of June 22 matches the data better than the computation

of June 23. Therefore it could be, that the effect of mechanical




entrainment is somewhat underestimated. This means, that the
constant q , which has the value of two in the original
description of the model, has to be adjusted. In order to
see the effect of the constant, the model was rerun far both
days with Q =4 , It appeers, that on June 22, the computed

L
entrainment matches almost completely the observed entrainment.

On June 23, the entrainment is overestimated during the first

hours and underestimated during the last hour (see APPENDIX).

Besides the use in the determination of the inversion
height, the lidar data can provide estimates of the plum:
penetration depth, which is an important model parameter.

From the scarce data, that is available here, there is an
indication, that the plume penetration depth is overestimated
by the model. Therefore, the dissipation at the inversion base
could be underestimated. The dissipation process, that hampers
the growth of the mixed layer, appeared to be unimportant
during the grouwth phase of the boundary layer. Since the model
underestimates the inversion rise anyuway, no direct conclusions
can be given on the parametrization of the dissipation length.
In favour of the validity of the validity of the parametrization
is, that on June 22, the boundary layer stops growing at the
appropriate height, which is due to the sudden increase of

the dissipation,




The case studies ©o not prove, that the model is not working.
They show, that lidar is probably the tool to evercome the lack
of continuous data segments in testing inversion rise models.
Clearly, further studies are necessary. During future experiments
at the University of Wisconsin, it is necessary to obtain measurements
of the latent heat flux, and of humidity profiles. As the case

studies show, the correction to the observed heat flux can be

of the order of 100%.
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APPENDIX

The constant 1 combines the mechanical part of c?u
with the convective part. The value of this constant therefore
influences the effect, that mechanical entrainment has compared
to the conective entrainment. Its influence in the model
equations is rather complex, since(fu affects all terms but
one of the energy budget equation. The value, originally given

j { to ? is two. To see the effect of v on the entrainment process

the model was rerun with rl=4. The computed entrainment of

June 22 matches the observed entrainment rather well (fioure 23).
The entrainment rate on June 23 is overestimated during the

first hour and underestimated during the last hour (figure 24).

As more data becomes available, a better value of thould be

obtained.
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CASE STUDY 1

POTENTIAL TEMPERATURE PROFILES
WIND VELOCITY PROFILES

WIND DIRECTION PROFILES
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CASE STUuDY 2

N

POTENTIAL TEMPERATURE PROFILES

WIND VELOCITY PROFILES

WIND DIRECTION PROFILES
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