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A. WIND ME AS URE I~1ENTS

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.O.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 prof iles of
the intensity of turbulent wind fluctuations. Profiles are obtained in a
period of “~5 minutes and extend from near the ground to the top of the con-
vective boundary layer (“.1 kin). 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 ~.2O and 200 meters), - - - ~~.
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figure 1. The geometry used for lidar wind measurements. The lidar is
operate d at a constan t small elevation angle U and scanned
back and for th between thre e closely spaced azimuth angles
+j . +2 and +3. ‘ange resolved pro files of backacat tered in-
tensity ar e recorded at ‘~.l second intervals for a period of
2 to 5 minutes to produ ce a wind measurement. Wind veloci—
ties are calculated in ter ms of a radial component, v, and
a cross path component , u.

_ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _



I v .T. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --~~ 
., — — .- --- -- -—. — .  - - - ---,

~~~~~ 
—-- .- -, — ——---- --------— --- ----- — .—----- -.

I

- r Y  r~~~~~~~~
- - . I0O~~ - 

~~~~~~~ T T

‘e s - zn. .
. 

-: 
~ i::::

• ._._~~ ,/ — TI —
L

- -
Z -  To.... 10 - 

— 
— 

-,

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ 
- —

~~~~~~~ 
I I 

~~~TITlE ICS T ) TIME (CST )

— I T — ________________ I - I

— —. 
~1I0I~- —

— 38)-~ )3 • - ~~~~~ — . 01-035 a .___
~~~~~~

~~~~~~ E !::E 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~00 700 800 soo III 700 
— 

000 9.0
1!  .1~ ~ ST I TIE I LST  I

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. 
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B. Boundary Layer Studies

During the course of th i s  studs’ 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) ver tical profiles of the horizontal wind within the layer ,
3) vertical profiles of turbulent velocity 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 attemp t 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 spat ial  var iance spectra of aerosol backsca t t e r ing .  These
spectra show good agreement to the generalized spectra proposed for convective
boundary layers by Kaima l 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 Appendix D. This appendix titled “The use of Lidar in Tes ting 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 boundary layer. J. Atmos. Sc. 34,
111—123.

Kaimal , J.C., J.C. Wvngaard, D.A. Haugen ,, 0.R. Cote, and Y. Isund. (1976).
Turbulence Structure in the Convective Boundary Layer. .1. Atmos. Sci.
33, 7152—2169 .
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Lidar Measurement of Wind Velocity

Prof iles 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.
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1. Introductio n

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.

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

Lidar signals backscattered from the planetary boundary layer are domi-

nated by scatter ing 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 baekscatter intensity have

been used to remotely measure winds by berr 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 horizontal wind component perpendicular to the lidar beam is ob-

tained by measuring the time interval needed for aerosol inbomogeneities to

drift from one azimuth angle to the next. The longitudinal component of the

wind is determ ined 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 lidar profile, to infer winds

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

model describing this effect is used to measure the magnitude of the turbulent

velocity fluctuations.

Lidar wind m asurements are derived from the drift of aerosol inhomo—

geneities with spatial dimensions ranging between ‘~..l5 and 500 meters. Typ ical

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 lP’(~~,lt,t ) 
R

P(~ ,R,t )  — E ~ 
—

~~~ 85(+,R,t )  
n exp[—2 B (4I~ R ’~~t~~) dR ’] (1)

where :

P (~~,R,t )  ins tantaneous received power from Range R

R radial distance along propagation path

• azimuth angle of lidar profile

time of n~~ lidar profile

transmitted energy of the ~th laser pulse

Ar area of the receiver telescope

c speed of light

B5(~,R,t ) scattering cross section per unit volume

extinction cross section per unit volume

~~
‘(
~
,R,t) aerosol phase function for backscattering

~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Table 1. University of Wisconsin Lidar System Parameters (1978)

Transmitter

Wavelength 694.3mm (ruby)

Output Energy 1.0 — 1.5 J/pulse

Pulse Duration 2Ons (Pockels cell Q—switched)

Beam Divergence 1 mrad

Repetition Rate 1 Hz (max)

Receiver

Telescope 3lmn Newtonian

Field of View Adjustable (1.5 — 7 mrad)

Detector RCA C?0042K PMT

Quantum Efficiency 6.8% @ 694.3nnm

Spectral Bandpass l.Onui (Interference filter)

Data Logging

Amplifier Logarithmic (80db )

A/D Conversion 10 bit resolution

Sampling Rate 10 MHz
Range Resolution 15m

Preprocessing PDP 11/40 Minicomputer

Output Magnetic Tape, Real time display

- —~~
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This :~~, r  r t t u r n  ~.1~~r I l I is  1og.-~r itL ~:.ica11 y ~~.p lific d to ( m;~ress the dyn ir.l c

range  ;ind d 1~~1t i z ~~d into 10 bit words at a 10 Mh z r ate , y i e l d i n g  a 15 n r~rnge

r e so lu t i on .

The s e q u e n t i a l  three angle a z i m u t h  scan shown in Fig. 1 ~~~~~~

•3~ •2’ •l’ 2 
) y ie l ds thr ee separate  time series of lidar profiles ,

P(~~, R
~~

, t ). Time vary ing in h o m o ge n e i t i e s  are s e p a r a t e d  f r o m  the mean s t ruc-

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 prof iles ,

R~ P (~~,R ,t ~ 1 
m R2 P(

~~
,R
~
,t 

~~~Y(
~~
,R
~
,t )  — [- -_--

~~
----

~~
-

~~
-----

~

‘_] —

~~~~~

-—--

~~~

-

~~ 
~~ 

~~ ) (2)

thwhere: R
i 

the range to the 2. 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
T’(4,R

~
,t )  Y(q ,R~ ,t )  — 

i=a 
Y(4,R1

,t )

where the data segment extends from data point t ’~ a to £ b  and N — b—s .

These aerosol inhomogeneity profiles are then transformed into spatial wave

number space using the Fast Fourier Transform. A cosine taper on 10% of

each end of the aerosol inhomogeneity data segment is applied to reduce

leakage in the spectral estimates (Blngham et al., 1967). The Fourier trans-

form of the aerosol inhomogeneity profile from the spatial coordinate R1 to

the wavenumber coordinate, k, is: 

~~~~~~~~~~ .~~ . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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b
F($,k,t )  = 

i~a 
Y ’ (

~~
,R
~
,t )  exp(—2n”—l k R

2.
) (4 )

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

mates between profiles for all combinations of angles (+~~$~
) and for all

time separations (st) corresponding to possible cross path drift times:

S($
1~~~. 

k, t , t~t) = F*(~~.,k,t ) F(~~.,k,t + t~t
) (5)

where * denotes the complex conjugate and ~~~~~~~~~~~ ,1~t) is the cross

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
S(4ii~$~~

k
~
At) = .!

~
. z ~~~~~~~~~~~~~~~~ 

. (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) is:

~*(+~,+ ,k,1~t) ~(+ ,~ ,k,1~
t)

coh(k,~x,~t) 
~($~.+1~k~

O) ~~~~~~~~~~~ 
(7)

where the average lateral separation, ~x, and mean height, Z , of a data

segment are given .by:

A x— 2 R sin[($~ — • )123
(8)

Z — R sinO

where I is the mean radial distance of the data segment and 0 is the eleva—

tion angle of the lidar (Fig. 1). 

-- —~~~~~~~~~~~~~~ —-~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,,.



:w~~e ol 1151 ss in ~ idar  m e a s u r em e n t  s , eac h s pe ct  r al component does

not c o n t a i n  the same in f o r m a t i o n  on wind motion. Spatial filtering of ]idar

prof i l e s  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 (Wairistein and Zubakov , 1962). When the signal and noise are

uncorrelated , the Fourier transform, H(k) , of the optimal linear filter is:

S
5

(k)
11(k) = 

S~ (k) + SN (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

est imates  are the sum of the aerosol inhomogeneity spectrum and noise spectrum :

= 
~s 1,41

,k,0) + S
N

($j,4~j,k,0) (10)

Because the noise in one prof ile 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.e. t~x O )

the limi ting value as ~t approaches zero is the signal power spectrum:

~t-~o 
$~~41,k,At) — 

~s~~i~ I i,I ,~
) (11)

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

is:

B( k ) — Film coh(k,O,At)J~~
2 (12)

6 t +O  

~~~~~~~~~~ ~~~~ 
, .- . . -
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in order to extrapolate coherence measurements to At 0, the cc1hc~rence 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 , 11(K), provides a method for calculating a weighted

average of the coherence , coh (~ x,~~t), which optimizes the overall signal to

noise ratio:

k

coh(Ax ,~ t )  = Z W(k) coh(k ,L~x ,~~t) (13)
k=k

1

where w(k) is the normalized weighting function :

k
2 m 2W(k) = N (k)/ E H (k) (14)

k=k1

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

number by solving Eqs. 9 and 12 for S
S

(k)/S
N
(k) :

SNR(k) = S
s

(k)/S11(k) = [coh
_l
~~
2(k,o,o)_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. Clearl y the weighting

function , W(k) , prov ides a substantial improve ment in overall signal to noise

ratio.

A wavemumber averaged signal to noise ratio, StiR, can be used to provide

- - 

-
~ 
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an o b j e c t i v e  c r i t e r i a  f o r  r e j e c t i n g  wind d eter rin at ions derived from noise

dominated data.

k
m

SNR = Z W(k)  SNR(k) (16)

If the wind were cons t an t  in space and t ime , the mean cross path

ve loci ty ,  i could be d e t e r m i n ed  f rom u = Ax/ At  : where ~t is the timemax max
lag at which the weighted coherence , Eq. 13, is largest. In prac t ice , wind

velocity f l u c t u a t i o n s  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 d r i f t  time . A model similar to the one employed

by Kunkel et al. (1979) is used to correct for this e f f e c t .  It assumes that

the spatial distribution of the aerosol density is Gaussian and isotropic , and

that these t~ ree—dimensional inhotnogeneities are advected by a mean velocity

plus a turbulent velocity with an isotropic Gaussian probability distribution.

The functional form of this model is:

2 02
coh(Ax ,At) = A I a 

~ exp [—(Ax—~ At)2/(2 a
2+a 2 At2)].

2 a 2 +a 2 At a S

a s
km
I W(k)  exp (—4w 2 k2 a2 At 2 ) (17)
k-k

1

where

coh(Ax ,At) weighted coherence averaged over wavenuniber

A an amplitude factor (A < 1)

mean lateral wind speed

RIIS horizontal width of the aerosol inbomogeneities

a RMS width of the isotropic Gaussian velocity distribution

(a~~— u ’2 — v ’2 — v ’2) 

~~~~~~-~~-- - --. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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A non-linear rv~ ression of Eq.  17 to  measured  w e i g h t e d  coherence va]u es

is used to es t imate  A , ~, o and a . initial values of these parameters musta s

be estimated for the regression algorithm:

A , a and a are estimated as follows:a S

A weighted coherence at Ax = 0, ~~t 0

least squares fit to Eq. 17 for data points near At 0 and

for  Ax = 0

a 25% of the estimated mean wind speed.

A first approximation to the lateral velocity component, ~, can be obtained

from the time delay, Ai , when the wei ghted coherence at zero Separation is

equal to the weighted coherence at separation Ax:

= Ax/2ht (18)

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

Briggs et al. 1950, from Equation 17 by setting:

coh(0, A t) = Ax , Ate) (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 f or u and a~. (A more complete

discpâ.ion of this modelling problem in the case of grid generated turbulence

can be found in Comte—Bellot at al., 1971.) 



C .
The r ad i a l  v e ] o c ity  is obt ~~i n t - ’ f r  ‘~~~ i pha se  of the  smoothed cross

spectra as follows:

k
m

v — I W(k)  v (k) cosO (20)m 
k k  

r

where: v (k) = A4i(k)/(2itkAt) radial velocity of wavenumber , k

phase shift in the smoothed aerosol cross spectrum .

The mean wind speed and direction are calculated from:

Vlid (~ 2 + 2)
1/2 (21)

lidar 1800 + 2 + tan 1 (
~/ )  (22)

where •2 is shown in Fig. 1 and where ~ 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 sa~~ altitude (77 m) as the anemometer. The anemometer signals were

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



by averagIng radial and cross beam eerpen& ’nts of the wind over the five min ute

periods of the lidar measurements. Anemometer measurc,~ents of a were calcu—

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

° ( t )  ~~~~ + + w~~ )/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, a , 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 t ime 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 a 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 :

Lu — (~~ • 
5 Thin)1/2 (24)t
E

Lv — (v ’2 ~ win)l/2 (25)

‘where : u ’2 and v’2 along with - the Eulerian t ime scale, t~ (Ceanady , 1973) , 

~1[ .I[ — .:. ‘ . ~ 



ir e n~- .isure d from t ower d a t a  segments  of ; i pp r ox i r i a t v l y one half hour dur ation.

The error bars for the tower measurements of a are given by the fl uctuations

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 m s  d i f f e r e n c es  in speed and azimuth were 1.0 rn/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 ~‘ind 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 co on 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 time 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

a



—~

for the pilot balloon measurements arc based on uncertainties in deterninin g

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 i-ms errors in speed and direction were 1.1 rn/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 nigh t

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

measurements can be obtained.



_______ 
_ _ _  ~~

. _

The fast Fourier transform t e c h n iq u e  p resen ted  in this paper p rov ides

wind measurements with much less computer t ime 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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Lidar Observations of the Convec tive Boundary Layer

K. F:. Kt’~ KI:I., F:. \ \ .  ELOkA ~’1A A N t )  S. ‘1. SH1I’L}L~

L) par t ien: of .lfeie~’miogy, I iier rnr ~f tl isc ,nrin , Madisv,i 537(16

(M anus cript  received 16 51 a:, 1977 , in revised form 20 September 1977)

A II ~TRA CT

A scanning lidar sys tem has been used t~ observe convecti on in the atmosp heric boundary layer. Iii
particular , cell sizes and gc’ometrv have bees dete’rrriined and c~rcuIation ~arte rns ifi arid around the cells
have been measured

The lidar data show that the preferred form of convective celi~ are plumes with roots nea r the surface .
The mafonty of these plumes have aspects ratios ,elsseen 0 5  and 1.5 The measurements of circulaiion
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 power~ul too t for observing convection

1. Introduction cell.- only at the top of the convective field where they

Clear air convective plumes are both too large and 
have neg .rtive buoyancy and arc cool and moist corn-

too short-lived to be easily observed with conventional pare d to the environment. In light wind situations,
lidar i~ frequently able to observe ceUs nearly to themeteoro logical instrumentation. Typical cells have sur face. Mechanica l turbulence appears to mix surfacealtitudes on the order of 1 km and lifetimes of much

less than 1 h. The most successful studies have used layer dust under windy conditions, and convective
structures can no longer be observed near the groundinstrumented aircraft to observe a field of celL with the current instrumentation. Under these condi-(Lenschow , 1970 , Warner and Telford , 1963, 1964 , tions, however , ce).ls can still be observed some distance1967) and~or very high power radars to map plumes by above the surface. The data presented here were col-observing the changes in radio refractive index which lected from the Meteorology and Space Science Buildingoccuj’ at cell boundaries (Korsrad, 1970; Konrad and at the University of Wisconsin with the lidar pointingRobinson, 1972, 1973 ; Hardy and Ottersten, 1969;

Rowland, 1973, 1976). west over a primarily residential area of Madison. It
should therefore be kept in mind that the results mayThis paper shows how lidar , the optical equivalent of include cC .cts du~ to the inhomogeneous nature of theradar, can be used to make detailed observations of urban terrain.d -veloping convective cells In the ~.tmospheric bound-

ary layer, the principal scatt. ring nrces for the lidar 2. Instrumer~~,~icn and methodsignal are aerosols and air n -“ 
~~. Aerosol particu-

lates are introduced into the atmosphere from a variety The observations presented in this paper were made
of sources, including windblown dust and man-made with a computer controlled scanning ruby lidar system.
pollution sources. Most of these sources are at or near The system has a maximum repetition rate of 1 Hz at
the earth’s surface. Particulate matter which is injected a pulse energy of 1.5 J and a range resolution of 15 rn
into the air during the night is usually trapped in a thin In a typical observation period the lidar system is
layer near the ground. After sunrise, solar heating scanned under computer control through a sequence of
produces convective cells which trans port these aerosols elevation angles (RHI scan) or of azimuth angles (PPI
aloft. Lidar is able to give a two-dimensional picture of scan) (see Kunkel e~ al., 1975). Individual lidar profiles
relative aerosol concentration, and the convective cells are logarithmically amplified, digitized at a 10 MHz
can therefore be identified by their higher aerosol rate, and transferred to an on-line computer for process-
concentration. ing. Each lidar profile consists of 512 digital values of

Lidar possesses several advantages in observing the the range and energy corrected signal specified at .15 m
convective field over other methods. Unlike airplane range intervals. Each value is proportional to the
and tower measurements, lidar is able to give essentially logarithm of the product ~~~~~ exp[— 2r f r) ] ,  where
instantaneous two-dimensional pictures of convection. ~~~~~ is the volume backscatter cross section at range
This capability is also possessed by radar. According to r and ~ (r) is the optical thickness between the laser and
Konrad (1970), however, radar apparently can observe the scattering volume. Aerosol carried within convec-

L. ..~~~~~~~~~~~~~ .. ~~~
,___ __________________ 
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tive plumes increases the value of ~~ w ith 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 compi ising one angular scan are used to spec ify
intensit ies 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 0.50, not all elements of the picture array have
corresponding values its 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 ~ N1,t (es )

signal level above the inversion is subtracted front all It ~ 2. ROt scan taken on 22 (.ktohe r 1976 whi ,h shows dips(lata points to enhance the contrast. W hets appreciable in the inversion at a range of 3 7 km due to plume at 40  km
attenuat ion is present , a background level which (Ic- Mean wind is to the left at 6 5 m
creases linearly w ith range is used to approxinsately
correct for attenuation. On the clear blue sky days

3. General features of convecti v e fieldconsidered in this study, however, the optical thickness
r was small and attenuation effects could usually be Controversy exists as to whether the individual
neglected, convective elements are plume structures or bubbles.

The enhanced picture arrays were then stored on a Airplane measurements by Warner and Telford (1963 ,
9-trac k digital magnetic tape in a format suitable for 1967) and acoustic sounder observations by Flail
display on the MclI)AS (Smith, 1975) image display (1972), among ot hers , support a plume model. In con-
and processing system. ,lcII)AS allows video display trast , radar observations by Hardy and Ottersten
of the lidar picture array while providing flexible (1969), Konrad (1970) and Rowland (1976) show
operator control over gre\ sc.ile enhancements , picture dome-like structures which Rowland interprets as
magnification and false color enhancements as w el l  as bubbles.
sequential dLsplav of frames to produce motion ictures . ln the lower part of the boundary layer . lidar RHI
Fig. I is an examp le of ,tn Rill picture as shown on the scans indicate that the Host frequently occurring con-
McIDAS video display. These data were collected on vective structure is a plume which has roots at or near
28 September 1976 and show a variety of convective the surface. These plumes on occasion have been oh-
structures. The contrast here between the convective served to teach heights of 15(X) m anti stil l maintain
structures am! the surrounding environment is large. their plume structure. The vertical velocity of the top
Fig. 2 shows an RHI scali taken ott 22 October 1976 . of the plume is generally of the order of 1 ni s~ or more.

We conclude from these observations that the plumeIn this case convection is occurring under a strong
st ructures are the primary mechanism for the verticalcapping inversion at a height of 0.8 km. Here the
transport of heat near the surface. We also observecontrast is much smaller. The dip in the inversion a t  a (tome-like structures near the inversion top iii the

range of 3.7 km is caused by tile plume at a range mature convective tx)undary layer. These structures
of 4.0 km. probably correspintl to the radar observed ‘bubbles.”

However, ~~ hesitate to tdent ifv these structures with
bubble convection niociels such as that of Scorer and
Ludlam (1953).

The size of these coii v ic  t ive elem ents as measured in
ot her investigations is luite’ variable ranging front 1IX) in
observed b~’ Vu lf ’son (11)01) to us large as 2 km accord-
ing to Konr,ia l (1971)). The lil~r obse rvat iot is were used
to measure the horizontal ilirnensiotis ol the CoflVect iVe
e lements. Only convect ive elenn’nts with disl inct
Isnindarit’s and a coherent structure t ’x tvn ili tsg at least
150 nt in I lie se n i i i  were t’onsi’ lt ’ rc ,l. ‘l’he vert ical
lini t ision .1 tin ., .t ri i~ l i t res w.i~ lo .tv ,  otisi su r ti l

Li o t t  t h u i u r ~~. u , , r ~ Ii, t l t . i t u i , ti t .5 . 15 tiu , ,i i i i , , )  it thi
I T . . ’  I I ,  i i i  , s t , t i t  Iii I I I  ‘ .1 . 5  lb

1 , .  I 1(1 1 . .  ‘. . . . . • . . . ‘~~~‘ ‘ ‘ ~~ 
, , , j , ~ I., ,, t , ~~~~ t .  ,II ltIII ’ t ‘ t i t i l t , . ti , ,utI ~ I
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‘ .11 iu iu iu f I ) u u  J 1i1 ’~ i u t i f , I  ‘ , i , f ~ I ~~~~~~~~~ o f t ,  ru I l i’ i Ii’ i,’ Iit i~~T . i O S  f i l l  1 10 10 II,.sc vu r l i g  I ~~~~~ t hat
iu t m , o lu u t i t ’ ’  Iii’ iIi .ir l i t  u s e  t it i i i \u Is i, , iu  i t t ,  u u t r . u ~’ u l l i t t ie t e r  nu t , ., — , ~ .i’.t I i i  tuu j ~~ u ui  t he plut tu ’s .

I l u  r, it, i ‘ rt , ,o  ‘ , i , t s u s a hi,), t I u a \  I,’ , r ,  •,ffl iii t fii ’ l i t , r t i a , , , . Lurgelv tu ~ tL ~ inv i ts i , ,n  h ight . get hiR her
ru~~u) mi riy nuu a~ ur. mct uts .  Si~ tc  the lidar ~~~ a ve rto .il I fi,~ ’. ta t .  L~ct~ art iii qu.tiit~ t i s  i .tgr~~nsc nt W i tn  the
~ln r through the plume, ii will iii gcner4l underestim ate j ulun t model of Tellord ~~~~~ l~ 7U. 1’I~~. 1975 I. Plume
the swe . Fur random vertical slices through a circular niergilig may be responsible for the increase in average
plume, t he measured horizontal dimension will be illume s i /t  with inversion rise . We have observed several
greater than 5t~~ of the actual diameter ~~~ of the instinct ’s when this occurred . The lidar ohs rvations of
t ime just from geom etric considerations. However , ce ll size shown on the graph encompass the entire rangi’
since the lidar can usually make sevt ’r.c l vert ical scans which has been reported by tither investi gators. l’his
t hrough the same plume and the largest diameter is st iggc’sts t hat the’ difference’s in reported plume’ sizes ntav
taken, th(’ actual nn’asune’nse’nts probably have less lit tlue to sPatial and, or temporal sanipling limitations.
than a 1~~ error. Plumes are most visible to the lidar ‘l’he observed aspect ratio .4 = D/Z, of t he majority

-: during mid and late morning when the inversion is of plumes is between 0.5 and 1.5 with an average value
rising most rapidly. The layer below the ins ersion be- slight ly less than 1.0. WiLlis and t)eardorff (l97o) found
comes well mixed once a strong capping inversion is an average aspect ratio of 1.3 in a tank study . This falls
reached. ‘l’he’refore, the great majorit of plume size’s wit hin the range of the’ I idar nieasuremenl s although it
were measured at heights below 1 km and clueing a time is slightly larger. in this tank studs’ , the convective’
when the boundary layer was rapidly evolving. layer was allowed to reach a quasi-steady state. In

The lidar observations reveal a wide range of sizes contrast , t he bulk of the lidar measurements were taken
with the following features. The observed dome-like during periods of rapid growt h in the boundary layer.
structures ~xhibit diameters of 600- 15(X) m. This is in This may account for the small difference in average
agreement with radar studies (e.g., Konrad, 1970). aspect ratio.
The plume structures are considerably smaller in Fig. 3 a lso thows that along .t lint’ of onstant aspect
diameter with a range of 100 8(X) m with the majority ratio the probability of occurrence of plumes decreases
in the 200-5(X) m interval. Fig. 3 shows a probability .tbove a height of about 250 in. This is a reflection of
distribution of plume top height z~ plotted as a function thi’ average height of the capping inversion when the
of plume diameter D. This plot was generated from data were collected.
measurements on 16 days distributed throughout the In orden to see whether the urban nature of the sur
year. A total of 464 plumes were measured. We find face affecte d the measured aspect ratios , lidan measure-
that the diameter does not change significantly with ments were’ taken over Lake Mcndota during Canadian

cold air outbreaks in the late fail of 1976. Lake Mendot.a
is located on the northwest side of Madison and is

20  — 7+ / 5 7  km in diameter. The lake provided a fiat and
/ ~~~ approximately isothermal heat source for convection.
/ / Measurements of aspect ratio taken tin three separate/ O / Z e• O5 / days show essentially the same behavior as indicated

/ / D f Zp .iO in Fig. 2.
/~~~~ / +

5. Measurement of conve ctive circulation patterns :
12 

/
/•

~ 0 Case studies
/ Fig. 4 shows a time sequence of five RH! pictures

taken on 29 April 1976 near 1045 CDT over urban iJOs 
D// p.2 0 terrain. The interval between frames was 80 s an d the
+ mean wind was less than 2 m s~~ At the start of the

C sequence, skies were mostly clear and a few small
04 cumulus clouds were beginning to form. These pictures

clearly show two convective cells located approximately
3.5 and 6 km f rom the lidar, A small cumulus begins to

_______________________________________ 
form on the top of the cell at 6 km in frame 4b. This00

00 04 12 i S  20  cumulus is responsible for the dark area in the upper
D(km) left-hand corner of this and subsequent frames since

the lidar cannot penetrate clouds.
Fro 3. Plume size versus plume height for lidar observations Of The MCIDAS system was used to map the circulation

~~~~~~~~~~~ ~ “ ‘ ~~ pattern in the layer, by measuring the displacements of
intervals. Crosses give location of individual plumes ot .erved individual features in these frames. Fig. S shows frame
outside the scm probability rontour. 4a with these wind vectors superimposed. The base of

I i~ -- _ _ —. ~~~~—-— --~~~-~~~~~~~~~
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~~ t , .tg t 1iu ‘teoelo pment of ,n t i  ‘ a’  ~tmcture in a visually clear atmo-
u — ’  on 29 ‘ ‘,‘ I “~~ 1 ‘ s  t ic .i i ar tt ~ , ~ ‘ - ‘ ~~~~~~~ .~ ~~ eli,, I u,’r, I ‘ i an ‘he ambient b~sckground tiliservation

tim,’ . a — , shown the ‘ ,~~ , \ ale ilte ri~ 1 Ii’ , ,
~II i t’’  ‘‘ the 1! I I  at a range ~,i ~, kin F a’r.,’’. 4’ ,4e show a suiab cumulus

cloud ~ c ,  has , . e ’ 1~ ’ at t . ‘ ‘ ‘ I ’ ’  if tin 
~

, m~ Ill iii time fl It iS .1 1 ,~ ~~~~~ — iii Ii in ‘ 4ti The cloud quick Ie extinguishes the
laser pulse causing a dark shadiuts i t the Ut l I lu .

eac h vect  r is lu It at the II .,ti ‘i a h~ r the velocity the lu~ 
t est part of the plume’ should coincide with the

was measurcul. Th5 ~t S tar’. i’ dicate I i, ’ tI,” .t fe a— region of g r , .L t  c~ t vertical ve!oe:itv. The cont~tcn satingtures a rt ’  bu in” at tve ct ed .~Il55 \ ‘ a the ‘ igiit in F .~ 5. ilownitraft for both cell s is considerahlv weaker and
An inter’ ‘.‘ ig ii i t  fir,’ ,,t the ci ‘I ’ V iciul itt F i g  5 seems to occur pri’tert ’ntiall y on the ilnwnwintl side of
t hat the -.t ru’ngu . ri rig I t i ,t t ” l i  ‘u cI,N ‘n the 

~I”~ 
i i i  the’ t i l l ,  A n’” li I ‘1 .i e its  ive’ t i l l  w i th rising motion

~‘h’ if ti,~
. cell’S . \ r r ‘ i  .i ‘ I ‘ave r ~,.., rs . i t i u ,t i ’ .  liv upsi ~il  — j , , h i, r i i ’ u l t t f l  u i t , s ’ , n’,v irru l s sho”e n

~% , irrr ’ r i i i ’ ! i ’ if’ ,r,l ( 1 ) , , . 1 ‘ , ‘ !., ~‘ , , . j ’ ) , t i ~ iIi’i ~ t I, ,,‘ .,‘ i c , t t i ’ , ti I t :’ ‘ ‘ F ’ fr i ~ ‘ ir u ,il,, ’ i ’ ,, i i i  .. i ’t r ’ . . ’ ifK. i’~ .il . i t t ’ l  l i i t. jt i t”  I’l l iII ‘ I .1’  ~l i I  Iii, l t , , I t  I r , I ,iI ,,t i  I t ’ , ’ I l t , , r i , , t , i ii 5 i .  :~~~~: ‘  1, il i t  i t  t i m , ’
i.irt il .i ‘ ‘ i r i s , ’  I s  v ,  , , , 
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I ~lii u I I Ii \ \ I ii i u I’ I’ I I I I’  ~.!  I ‘ i  5 u , I t i , ‘, . . , ‘ a Ii,

l.i~ t r ’ .  m l  lu~ t lii r,,t, ’ ‘f , l m t r a i t ,r i ie t , t  I t I 1  r i \ u r— i o r i ,
l i i i —  is u tni1,.m t i lu l ~ s’ dli I iu t ’asmi r u ’mi ic lmt ,  ,tf s i  rtical
rat t le’ s of cc dil amid tenij uc ram uru’ which shuuw that

vert ical gradients are stea k or lleuile’\ iste’nt in c(unvective
layers except near the top or bottom of the layer (see
(‘larke , 1Q70; Kaimal el a!., 1976).

Fig. 4 also visually illustrates the problents of using
stationary in .eit u instruments to measure fluxes and
other turbulence quantities in light wind convective
situations. Over the entire period which these frames
cover (~~1() m m ) , the convective cells have moved
horizontally less than 0.5 km. Since the spacing between
the two cells is about 3 km, an in situ sensor would
sample about 1 cell h~ . Any statistical description of

Fig. 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 boundary layer

is evolving rapidly, the statistical description of the

by others in cumulus clouds (e.g., Byers, 1965, 
~~
. i7s~. 

viously, an in situ sensor will fail to adequately describe
This type of circulation pattern has been observed layer may change over the time period of 1 h. Ob-

The lidar data shows that this pattern exists before the layer in such a situation.
cloud formation has begun. 6, Conclusions

the parameterizations of vertical fluxes in convective These preliminary results indicate that a high spatiul
The observations of Fig. 4 also have implications for

boundary layers. Both cells shown in Fig. 4a have resolution lidar system with scanning capabilities is a
circulations which encompass nearly the entire depth l)owerful tool for the observation of the convective
of the boundary layer, The appropriate length scale ~i 

boundary layer. These lidar observations of convective
these vertical mixing processes must therefore be motions show the following:
comparable to the inversion height :,. Previous studies , 1) Convective plumes have roots near the surface.
e.g., Deardorif (1972) and 1~.aimal et a!. (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.
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, in and 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.

)I /

\ \ \\ \ ~\ \\ \ \  \ \ \
Fic. 6. Schematic view of the flow pattern observed around a developing

~r weather cumulus cloud.
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an obje-ctive criteria for rejecting w i n d  d et e r t ~ i n at i o n s  d e r i v e d  f r o m  no i se

dominated data,

- 

k

SNR = E W(k) SNR(k) (16)
k=k 1

If the wind were constant in space and time , the mean cross path

velocity , u, could be determined from u ~x/~ t : where ~t is the timemax 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 ttx or ttt . 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 02

coh(Ax,~ t) = A [ a 
~ exp[—(~x—i~ ~t)

2/(2 o2+~
2 

~t
2)].

2 o 2 +c 2 At a s
a s

k
a
E W(k) exp(—4ir2 k2 02 M 2) (17)
k-k1 

S

where

coh(Ax ,At) veighted coherence averaged over wavenu nber

A an amplitud e factor (A < 1)

U mean lateral wind speed

RNS borizontal width of the aerosol inhomogeneitie s

a RMS width of the isotropic Gaussian velocity distribution

(o2 — u’2 — V ’2 — w’2)

______ ______— -, ~~~~~~~~~~~~~~~~~~~~~~~~~~~



A nun—lin ear rt’~ ression of Eq. 17 to  me3sured weighted coherence va]ues

is used to estimate A , t~~ 0a 
and a .  Initial values of these parameters must

be estimated for the regression algorithm:

A, 0 and 0 are estimated as follows:a S

A weighted coherence at ttx = 0, ~t 0

least squares fit to Eq. 17 for data points near~~t 0 and

for t~x = 0

a 25% of the estima ted mean wind speed .

A first approximation to the lateral velocity component , ~, can be obtained

from the time delay , M
e~ 

when the weighted coherence at zero separation is

equal to the weighted coherence at separation ~x:

= (18)e

where 
~
tt
e is obtained as shown itt Pig. 3. Equation 18 is derived, following

Briggs et al. 1950, from Equation 17 by setting:

‘
~~

i’(0, A t )  = coh (Ax , A t) . (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

Pig. 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 ii and a .  (A more complete

discpâs ion of this modelling problem in the case of grid generated turbulence

can be found in Coate—Bellot et al., 1971.)’

______________________________________________ 
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The radial ve’ocity is obtained froto the phase of the smoothed cross

spectra as follows:

k
1 a
— Z W(k) v (k) cosO (20)
a k=k1 

r

where: v (k) = ~4’(k)/(2itkAt) radial velocity of wavenumber , k

A~p(k) phase shift in the smoothed aerosol cross spectrum.

The mean wind speed and direction are calculated from:

Vild 
— (~2 + 2)

l/2 (21)

lidar = 180° + 2 + tan~~’ (u/;) (22)

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

average radial velocity. ‘ 
S

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.

tidar measurements obtained in Madison, Wisconsin were compared to a

bivane anemometer (R.14. 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 in) as the anem ometer. The anemometer signal s were

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

_________ —- — .~~~~~ — — - ~~~~~~.-,S.——~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



b y a v e r a g i n g  radial and cross he tm u (n~t (’fl (nts of the vind over the five min ute

per iods  of the lidar measurements. Anemometer measurements of a~ were calcu—

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

°s(tower) 
= 

‘

~~~~~~

‘ + ~~~~
‘ + ~~)/3) l/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 ras fluctuations , ~~~~~ 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 a 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:

Au — (u ’2 ~ inifl)1/2 (24)tE

— . 5 iniIi
)
l/2 (25)tE

where : u ’2 and v’2 along with the Euleria n time scale, t~~~ (Csanady, 1973),



;ire rI( ,Jsurcd from tower data segments of a~ proxiniatel y one half hour durat ion .

The error bars for the tower measurements of a are given by the fluctuations

of sigma values me asured in 5 or 6 , 5 minute segments near the time of the

tower measurement .

Lidar measurements made in Mad ison are consistent with concurrent tower

measurements. The rms differences in speed and azimuth were 1.0 rn/s and 10°

respec tively. 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 ~.ind 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

inte rvals. For comparison the pilot balloon measurements were averag ed over

the same hei ght intervals as the lidar . Figure 6 shows one such comparison.

This figure shows a co on feature of such com par isons : pilot balloon derived

wind profiles show larger fluctuations than the lidar derived profiles. Lidar

measurements are averaged over 960 meters along the jidar beam and over a

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

the wind during the t ime the balloon rises through the 100 meter slab (~.30 see) .

An 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

- ~~~~~~~~~ — n - i~~~~ I~~V .t ..
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for the pilot balloon rrjsurcment~: are ~.~scd on uncer ta int iv s in det&.ir.i nin g

pilot balloon positions with the radar. Error estimate s for the lidar are the

sane as for the Madison data. Because all error estimates for data of Figure 7

are similar , ~ust 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 ~s’hite Sands on Jan . 19, 1978

the m s  errors in speed and direction were 1.1 n/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 ms wind speed fluctuation using natu-

rally occurring aerosol inhomogeneities as tracers. Inhomogeneity scale sizes

ranging from 15 Ui to 500 a were found to contain useful wind information. Lidar

wind measurements were possible for SNR value s 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 ~~~ values will increase the range of conditions under which
measurements can be obtained .
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The last Fourier transform techni que pre~ entcd in this paper provides

wind measurements with much less computer time than the procedure described

by Xunkel 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 ~co~ etry used for lidar wind measurements. The lidai- is operated

at a constant small elevation angle 0 and scanned back and forth between three

closely spaced azimuth angles •r •2 and $3• Range resolved profiles of back—

scattered intensity are recorded at ‘~il 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—

mel 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 , ~x = 0 a (s), tx 38 a (0), tx = 76 a

(.~i). A least squares regression of Eq. 17 to the data is shown by lines on

the graph. The time lag, tt , when the weighted coherence for zero angular

separation and the 10 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 (TU ,

May 23 ((p), June 20 (~~), June 23 (+), June 27 (f), and July 27 (4~~
), 1977.

The anemometer was centered within the lidar measurement voiwne 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. 

- .-
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Figure 6. A comp a r i  ~;on of Ii i~~r and p ilot b a l l o o n  ~. i  nd  me3su rcT ie~~~ts at Uhi te

Sands , New Mexico on J a n u a r y  19 , 1978. Li d a r  d a t a  was o b t a i n e d  b e t w een  1652

and 1657 mst and is plotted with solid lines. Pilot balloons are at 1645—1647

ins t ( — — — — ) and 1655—1657 mst ( —
~~~ 

— — ) .

Figure 7. A compar ison of w i n d s  m e a s u r e d  at Whi t e  Sands , New Mexico  w i t h  l i d a r

and radar  t r acked  p i l o t  b a l l o o n s .  Al ] measurements were made during a light

snowfal l  on J anua ry  19 , 1978. L ida r  and bal loon measurements  represent  ve r t i ca l

averages over 100 mete r s , w i t h  the measurements  cen te red  at a l t i t u d e s  of 127 a

( E D ) ,  227 a (s) , 320 in ( L ),  410 m (+) ,  501 a ((i>) and 594 (* ) .  Two sets of

estimated uncer ta in t ies  in balloon and l idar measurements are shown : these

represent the 1arge~ t 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 direct ional  shear is evident at an alt i—

tude of approximately 200 meters . Lidar wind measurements (2046 — 2051 mat)

are compared to radar  t racked pilot balloon observations at 2015 — 2018 ant

( .—
~~~— ——— __ ), 2045—204 8 inst (— ----— — — — ) ,  and 2105—2108 inst (—

L. ~- -
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L idar Observations of the Convective Boundary Layer

K. F:. ~~~~~~~~~~i- t. , }- . W .  F .L U R ~~‘- r~ .~st S. T. Sinei.s.v
1)epu,tme~a~ i’ lI etto,o1~’~ s - L’ ,ii~ e— ~ ,: - t i i .sc ’’t ~ - Madison ((7 10

(Manuscr ipt received 16 Ma~ 1V 7 7 in ti-cO.e I  iorns ~O Seiitenif s r  197 7)

A sca nning tidar system has been used -~ I f  s~- r ye COnV ect In in he it mo—i herR is unda ry la~cr . In
particular , cell sizes and geometry have been dett-rmini-d •,‘id ci rcu lat ion pat terns in and around the cells
have been measured.

The lidar data show that the prrkrred form of conSI- t i’t -f ~~ ire plumes w i th roots near the surfa ce.
The mafority of th.-se plumes have aspects linus between (( and 1 . 5 The measurements of circulation
patter ns show the strongest nssng motion on the upwi nd side o~ the cell with sinking motion on the down-
wind side. These observation s show that lidar as a powerful l 5 ~ ~or ob1.ers-ing convection

- -—--—— . - -—-— —  — — - - -

1. Introduction ct•lk Onl ~ .il the top of the conv ect iv e -  field wh ere t h e~
h.tve ncg i i ive buoyancy and aT~- cool and moist corn-Clear air Convective plumes are both too large itn(l 
1’tr~d t~ the environment, in light wind situations,too short-lived to be easily observed with con Ventionai

meteorological instrumentation. Typical cells have lidar is frequcnth able to observe cells nearly to the
surface Mechanica l turbulence appears to mix surfacealtitudes on the order of 1 km and lifetimes of much aver dutt urtder wind y condi t ions,  and convectiveless than I h. The most successful studies have used -

structures can no longer be observ~’d near the groundinstrumented aircraft to observe a held of cells with the current instrumentation. Under these condi-(Lenschov , 1970; Warner and Telford, 1963, 19b4, lionS, however , ce lls can still be observed some distance1967) and lor very high power radars to map plumes b alinve the surface. The data presented here were col-observing the changes in radio refractive index which 
lected from the Meteorology and Space Science Buildingoccur at cell boundaries (Konrad, 1970; Konracj and at the University of Wisconsin with the lidar pointingRobinson, 1972 , 1973 ; Hardy and Ottersten , 1969 ;

Rowland, 1973, 1976). west over a primarily residential area of Madison It
should therefore he kept in mind that the results maThis paper shows ho~ lidar , the optical equivalent of inclu(le effects due to the inhomogeneous nature of theradar, can be used to make detailed observations of urban terrain.developing convective cells. In the atmospheric bound-

ary layer, the principal scattering sources for the lidar 2. Instrumentation and methodsignal are aerosols and air molecules, Aerosol particu-
lates are introduced into the atmosphere from a variety The observations presented in this paper were made
of sources , including windblown dust and man-made with a computer controlled scanning ruby lidar system.
pollution sources. Most of these sources arc at or near The System has a maximum repetition rate of I Ha at

- the earth’s surface. Particulate matter which is injected a pulse energy of 1.5 J and a range resolution of 15 m.
into the air during the night is usually trapped in a thin In a typ ical observation period the lidar system is
layer near the ground. After sunrise, solar heating scanned under computer control through a sequence of
produces convl -tive cells which transport these aerosols elevation angles (RHI scan) or of azimuth angles (PPI
aloft. Lidar is able to give a two-dimensional picture of scan) (see Kunkel el al., 1975). Individual lidar profiles
relative aerosol concentration, and the convective cells are logarithmically amplified, digitized at a 10 MHz
can therefore be identthed by their higher aerosol rate, and transferred to an on-line computer for process-
concentration. ing. Each lidar profile consists of 512 digital values of

Lidar possesses several advantages in observing the the range and energy corrected signal specified at 15 m
convective field over other methods. Unlike airplane range intervals. Each value is proportional to the
and tower measurements, lidar is able to give essentially logarithm of the product ~~,~(r) exp[— 2r (r)J, where
instantaneous two-dimensional pictures of convection. $~~(r) is the volume hac~.scatter cross section at range
This capability is also possessed by radar. According to r and r (r) is the optical thickness between the laser and
Konrid (1970), however, radar apparently can observe the scattering volume, Aerosol carried within convec-
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tive plumes inc rease- s t he value of 
~~~ 

wi th respect to a
background level and thus the plume becomes v i-ibie to
lidar probing. rn produce the pictures shown in this
paper , t he digital values from a setluence of lidar
t rotile s comprising one angular scan arc used to spe~ifv
i t i t rns i t ie ’  at eac h point in a 5(X)X672 picture array.
sinc e’ the sequence of lieb ar profiles consist of an angular ~

with  individual profiles separated by typical
angles If U 5° , not all elements of the picture array have

1 r r - — 1 -u linC valu es in the profiles. ‘rhe in termediate -
;s tut ~ in the picture array are therefore genvratt-il by a
tin-ar interpolation between the neatest lidar data
p. itit,. .~ hat k~zr und level which w~ s taken to be the ~5NG{ Ikil )

~iena level ~hove the inversion is subtracted front all -
- I-ic. 2. RH! wan taken on 22 Octobe r 1976 ~sh ie h shows clips

theta  points f enhance the contrast. When appreciable in the inversion at a range of 3.7 km due to p lume at 40 km
attenuat~ .n is present , a background level which de- Mean wind is to the left at 6 m
creases linearl y with range is used to approxima tely
c o r r e c t  for attenuation, On the clear blue ~kv (lays
considered in this ,tuilv - however , the optical thickness 3. General features of convective field
was small and attenua tion effects could usually be Controversy exists as to whether the individual

neglected . convective elements are plume structures or bubbles.
Tne enhanced picture arrays were then stored on a Airplane measurements by Warner and Telford (1963,

9-trac k ligital magnetic tape in a format suitable for 1967) and acoustic sounder observations by Hall
display on the McIDAS (Smith , 1975) image display (1972), among ot hers , support a plume model, In ci
and processing s ’.— ten i  Mc[1) .-~S allows video display trast , radar observations by Hardy and Ottersten
of the hidar pu ture array wh ile providing flexible (1969), Konrad (1970) and Rowland (1976) show
operator c ee ntr el ove r grey scal e enhancements , picture dome-like structures which Rowland interprets as
magnif ication and fal se c ( , r  enhancements .i. we ’ll as hubbies.
se que nt i( ((:sp lav of f r.ite ’s to produce motion pict ures. In the lower part of the boundary layer . lidar RH I
Fig. i ~ an exam ple of in RHI picture as shown on the scans indicate that the tnost frequently occurr ing con-
McE[)AS ~ileo disp lay . These data were col lected on vective structure is a plume which has roots at or near
28 Sente-niber 1)70 and show -L variety of convective the surface. These plumes on occasion have been ob-
st ruc t ’a~”s The e nt r .ist here between the convective served to teach heights of 1500 m and still ntatntain
Stru t te r  and the surrounding environment is large’ . t heir plume structure. l’he vertical velocity of the top
Fig. 2 - h is s . r ~ R I T I ~eati taken on 22 October 1976. of the plume is generally of the order of 1 m s~ or more.
In this e Lse m.d t i  s occurring under a strong We conclude from these observations that the plume

- . structures are the primary mechanism for the verticalcapping nversl. u at  i heit~ht I t  0.8 km. Herr’ the
- . . . transport of heat near the surface. %~e also observeneu’ h smal ler lb  ie 1r in the inver~ion .st a dome-like structures near the inversion top in therange of 3J km i~ .au- i b~ t he plume at a range mature convective bound ary layer. These structures

of 4.0 km . probably correspond to the radar observed ‘bubbles.”
However, we hesitate to identify these structures with

_____________________________________________ 
bubble convection models such as that of Scorer anti

• • : _____ 
Ludlam (1953).

__________ 
- ,  The size of these convective elements es measured in

• • . ____________________- other investigat ions is quite variable ranging from ICE in_____________ _____________ ____ observed by Vu lf’son (l~)b l) to as large as 2 km accord-
________ 

ing to Konrad 1970). The li lar ‘d se rv , it t o n— were used
__________ __________ to measure the t,’)rizonta l limensitins of the convective

______ 
~ h r I r t ~~~rn’-,tckrtil 1ht vcrt It.aI
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1 ‘ - ~~~~ 1 . i I I — i l - I  ‘ i t s  I ’  - a s ta t  p t I  Ii, i - l i  I . ,  p i l O t  i t  I l l  I i i  I t ’ s  t I i
~ ’ I --I  .. ~~ - t f i a t

a i i r a ’ I , ’ a l  i i i , ,  l i i  i l _ at  a i r  . 1~~~5* ’  iii l i e  I — l i t I  i s ,  l . ,~ - , Ii l i i , ’ ta ’ r ii a _ i sa  ‘— i  Iii t i _ i l  t i lt  l i l t . — .

I i’ r, _ a I i i  l i _ I ,  I . 1 _ a s , ’ — , si l t , I i - - a s  I .  r~ - .  I I  a t  I i i  t i I. i r e ,  ,i ‘ l.a rga’ls I i  liii l ilt .  i ~r ‘ii ita i g l it - ~ a ’t c i :
ii ~iiI t i iay ian .a— lan. ’ Ia l .  l i t ’ , ~‘sal la a lIt. ’ la ,I.a r ‘— II  .t t ‘ r c I a  .il lii , —’ I s  t . c d t -  art ’ iii ,t e i . a l i t . i t i \ a  agr s-riieiat ss t ic ‘h~‘lii a I hra,ugh t In- iluapa- , at wi ll ala ga l  at F. I ut a la- r i-st SIiI.i t I I uaaae ’ t tod d cli 1 ch ord (I ‘M~~ I ~)7U, 1Q 2 . 1 ~; S - Plu ins’
t la sait’. I- a r  raiaaltim ve rtical slier’- through .a e l l a  ta lar i l iil gi i~~ aiaav lit- ra - spainr~iliha ’ t a r  the nacr, - ta- .e in .iv.’r.ig,-
,tuaiae , (bc nat-asured horaiA intal diaaia -n ’ , iott will lit I I tita n’ s i - i - wi t Ii inve rsia ’at rise. We hair acbsc ’rvea i ,.a’veral
grea ter than ,s~ $‘ , of the at ’ I eta I at a.a lii i e r  87~~’ ol t ha’ t list a icc ’s is hen this awe ua red . ‘ l’ht’ 1 itla r ad asa ’ rvta t inns i t

a me just front geometric ca’nsidera t i l t s  1 ltiwt’ver , ut-Il s i/ t ’  shown on the’ grai ih em- i tant i ass I he entire range’
since the I aci ar can usually make several s c - r I t a -al si- tail ’ . w hit - li Ittis h a-a u rc’l tort eel I tv ai t l  ia -n i i i s c s i  igat ors. ‘I’h is
I hraaugh the s.a me itlume anal tha’ lii rgest d iti meter I’- suggests Iii at the chIli-re- i i d - s ~ui ri-h ,, irt i ’ ’ I lit liii’ s~ ‘es may
ta ken , the actual nu-asuremt’nts la ra , lacabl v have hero, lit’ clue ( i t  spelt iii and a’ ta ’ati llti r .al stiat ip ling limit it ioa is
than a i(~~, error. Plumes are most vasi l,le to the lidar ‘Flit’ ohas a- rved aspect rat ~O 1 1~ 1r ~ I hi’ ma jaarit v
dur ing maci au th late morning wheat the inversion is if iletut )ei , is bet Wee!) 0 5 and 1 .5 w ith alt ava-r eage v,ilue
rising most reipidls’ . The layer below the ins a- rs aoti lii’ slight Ii- less t haca n I .0. Willis antI I )a’ , atc latrfl (1 97Cr ) fatunci
comes we ll mixed 5) 11CC Ca strong capping t i e s  i- rsaoi i is i t t  •is ’ea ’ eage ,as laa ’l’I ratio c t  1 .1 i i i a tank s t i uk  FIj i- . fa lls
reac hed. Therefore , the great anaj cari t V a l  ilit naa’ s i/a ’  wit litt i t lt i’ r .a t gi’ of the b I t e  at ie;asea ra ’aiia ’ i it s .a li haiiug ti at
were measured at heights below 1 km .taiai d cii a u g  ci I a  iii,’ i-. sli ght ly larger, lit th is t .aaa k st it(l’~’ , ( ha’ c iii i a  t i i i-
w hen the boundary layer was r apid ly -v et l sang. layer was allowed to re ac h ci quas i  st a’ ,a li s I t  it ’ . lii
‘rhe Mar observations reveal •a is’ tile range of st ies coil t rast  • t ha’ bulk of the I idaa ltaea ’ i t l  t int-ai ls were t e a ken

w ith the following features. ‘Flie observed tlonw—hi ke dining iw ricsls of t apial graiwt Ia iii the boundary l.ii’a’r -

structures exhibit diameters of 6(X) ISlE rn ‘l’his as in I bis may account for the small difference iii average
agreement w ith ra dar studies (c’,g., Konrcad , 1970). cas pa ’e t rat i i .
The plume si ruet cares are consitiereably smaller in l-’ig. S also shaiw s I lieu .alaaa ig .a h u t -  of a ‘ l i s t  .alit aspec t —diameter wit Ii •i range of 1(X) 8(X) in wit Ii the majority 1,1 f i a t  the proli .ali ilit v of t a  c i i i  l i l t ’ ot I tla ta ua es ali t a’ a ’,usa ’s
in the 2(X) 5(X) m interval , i” ag . 3  shows a pruhuihilit y •ahove a height of about 2511 iii . I’has i s  a relh’c - t ion ol
distribution of plume top height cc ,. plolt ed .15 .1 futn t ion I hit ’ iava’rage height of the a l l  t lai tag in vt’rs ioua wheat tIn’
of plume d iam eter I,), This plot wets generate d from i lca ta wa- na ’ collected.
m easurements on lb alays tlistril,utcd throughout the In order to see whet her the u rban nat ore of t ha’ stir
year, A total of 484 p)Umr.s were mt’easurea I - We fata l f ,tc ’t’ a f fected I hue aniea star eal aspect t’ .a ( iao,, lidar t lieeisa art ’ -
that the diameter does not change significantly with aua’nts we ’re taken ova ’r Lake Mendota during (‘canea hieaa a

cold air outbreaks in the late fall of 1976 Lake Mendota
is l~eatv d cm the northwest side of Madison anal as

20  ~~~~~ ‘ - — —— - — —  

,~~ 
5 7 km in alianw’ter. Thta’ icaki- pros’icla’d a flat anal 7

/ .— approxiniat nv  isothermal heat source for ctmveet ion -
/ , Measurements of aspect ratio tci kea i on three separate

a / 0/ Z p 0 ~ days 5)1(1W t’sse’ntiahl’1’ (ha’ stiunit’ l,ehets ’aa ,r as indicated
/ - ‘ O / i p • l O  in Fig. 2.

/ ,~~ ,- +
5. Measurement of convective circulation patterns :

I ?  / (1 Case studies

/ . - Fig, 4 shows a (lint’ st’eluenac ’ a~l live RI  i i  r iac t cares/ J taken on 29 April 1976 h ear 104 5 (‘111’ over ur ban
~~ oe 

~~~~~ 0 terr ain. ‘l’hie interval bet wen t fratnes was 80 s tau t t the
+ mean wind was less than 2 an s ~. At the sta rt of the

sea lueatt ’e , skies were mostly clear anti a few small
04 - -- ctmtultis clouds were beginning ta t form, These pictures

clearly show two COOVt ’cti Ve cells located approximately
3.5 antI 6 km from (hi’ lidar. A snaall ctaauulus begins to

• ~~_~~~~~__~~~~__________ 
form on the top of the cell at 6 kan in frame 41,. This

00
00 04  o a 6 20  cumulus is responsible for the (lark ar.’ca in the upper

D(km) left-hainal corner of this and subsequent frames since
the lidair cannot Iwne(rate clouds.Fic 3. Plume aaae vrr~us plum, height for lidit tuhservauoaia of The MeII)ftS system was useti to map the circulation

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ C, nU~~~ C r O  n1 
~~~~ pattern in the layer by measur ing the ahisplacernetits of

inttrvth 0, rt -~~~ ~ v Iot’aIioi, of indivialuat pIume~ nbicrvrd inchvadtial feat ures in t hese frames. hg. 5 shows frame
outaafr the tn t, pmb~bibty c~ itour. 4ai with these wind vectors superimposed. ‘l’he base of 

~~~~~~~~~~~~~~~~ 
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I ~l i i  I I I I t  - s I i a u  e I’ I’ I I I I ’  \ l  I I a a K a I i t  I , 
- . - . - - ,  t a

I ,a\ e r —  coi l i t ,  i t t , -  r a t , -  ‘ at  c i i i  r.,Ilotut I t  tI II, : ,~~~, r—ia , It .
I ’ Iui— is  t I a t c : l a .ul i l l la - 5’. l I la  Iiui - ,ustu r , ’ ausa ’ I i t— ,,1 v, ru ical
I art a la le t, of w ind uau d tea ))  ar’ra t u n-  w hit - h slit a ’,’,’ that
s- ert ical gradients arc ‘ci e’,uk or uitaune- ~ isten i at i convective
layers excep t near the to!) or bottom of the’ lacr (sate
(‘larke , 1970; Kairnal ci a!,, 1976).

Fig. 4 also visually illustrates the problems of using
stat ionary in .siLu instruments to measure fluxes and
ot her turbulence quantities in light wind convective
situations. Over the entire period which these frames
cover (— ~ 10 mm ), the convective cells have moved
horizontally less than 0,5 km. Since the spacing between
the two cells is about 3 km, an i,u su it sensor wouldRMI6t (~~ )
sample about I cell h~~. Any statistical description of

Fac, S. Wind vectors obtained from the displacement of ptumr the convective layer requires the sampling of many
structure in the t OO a time int erval between frames 4a and 4h. cells. But, during the morning when the boundary 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.
cloud formation has begUn 6. Conclusions

The observations of Fig. 4 also have implications for
the parameterizations of verticai fluxes in convective These preliminary results indicate that a high spatial
boundary layers. Both cells shown in Fig. 4a have resolution lidar system with scanning capabilities is a
circulations which encompass nearly the entire depth powerful tool for the observation of the convective
of the boundary layer. The appropriate length scale of boundary layer. These lidar observ- tions of convective

mot ions show the following:these vertical mixing processes must therefore be
comparable to the inversion height z 1, Previous studies , 1) Convective plumes ha”e roots near the surface.
e.g., Deardorif (1972) and Kaimal et a!, (1976), have The hidar data indicate that the preferred form of
indicated that z, is an important parameter in convec- convective cells are plumes rather than bubbles.
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 hidar is able to observe circulation patterns
are around 0.1—1 m s ’°, the vertical mixing of heat, in and around convective structures, These observations
momentum, water vapor, etc., is very rapid. In fact , indicate that these cells have a maximum rising motion
vert icai 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.

} I 
~~~~~~~~~

1
*,, 

-

Faa. 6. Schematic view of the flow pattem observed around a developing
fair weather cumulus cloud.
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This st  tid y emp loys a scatIn i t i ~ ’, i i  d ar  I.)’I~t etic to n-l’s~ ’t  el y probe the s

~~‘r i c  convec t ive  boun dary  l a y e r .  Aeroso l s  p resen t  in the surface Iay - r are

car r ied alo f t  by convect  ion , creat i l i g  laoi I zo i i ta l  i t d i s s r s s t ~~~’t ie i  t ies in the ;ic ro—

sol concentration . These j t i l s t s t ’ t, ’ s ’ u ’t i , ’ i t  ics  c-an he eh ’t o c t  ed w i t h  i i  d ar  and they

serve as t r a c e r s  a l l  o~ ’ I ng  I I  i’~ ’ t 4’ I ,, ‘~~~1 1.1 1 1  i s  ‘ id  S of sss ’vs ’ cal ~, i s s s d i I I a  I’,’ I ,:v a ,’t  pa—

r , r- e - t  e r s  . The data  p rt ’~.s ill ‘d h~ t e s,’, -r c  s t l u t  ab ed cv,’ , - r  ~ :idj s-on , Wi scoi s  in , ove r

a three year period f rom ] 5 17 5  t o  1 9 1 7 .

The h o r i z o n t a l ly av e raged  v a r i a n c e  of the r ange  and en e r g y  c o r r e c t e d

l id a r  si gnal r e t u r n  shows a m o n o t o n ic  inc reaSe  wi th  hei ght , z , up to the  inver-

sion base.  V a r i a nc e  spec t r a  conptt t ’d f r o m  l id a r  d a t a  agree  w i t h  t h e  shape of

the w ind  ve loc i t y  spec t r a  wh i c h  wer e  p a r a m e t(~r iz e d  by }~aima l  et a l .  (1976),

At h igh  wavenuunber s , t h e  ae rosol  d e n s i t y  spec t r a  f o l l o w  the  — 5/ 3  law . The

peaks of the spectra occur  at  a wssva ’l eng th  of about  1.5 x the b o u n d a ry  l ayer

thickness ,

Lida r data were used to me o sture  the mean and the m s  t u r b u l e n t  ve loc i ty

comp onents .  The turbulent  ve loc i ty  measurements  were c o m b i n e d  wi th  I i da r  mea—

sureniont s of the inversion h e i ght to c a l c u l a t e  the energy d iss i p a t i o n . The

resu l t s  compared well  with  in s i tu  anemometer  measurements  of these quan t i t i e s .

— ——— - _______
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- The o s -  ‘s:; u y o s - , s,r l t of r , e t€ ’o r o l og i c a l p ar am e t e r s  in c onvc ’ct  ive  l ’oa in d ary

layers has been implemented wi th  in s i tu  sensors mounted on towers , ai r p l a n e s ,

or balloons. Instruments on towers obtain only point measurements  and they

measure the lower part of the boundary layer. Airp lanes  and balloons are

limited to li ne measur eme n ts o f meteo r ol ogical pa ramete r s .  Remote sensors

such as rada r, sodar and lidar can sc~ n 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 meteorolog ical 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 inhoniogeneities 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 y ielded a series -of universal

curves for- these spectra. - This study presents spectra of lidar signal returns

from a~rosol density inhomogeneities which are compared with the universal

curves of Raimal et al.

b) Mean Wind V elocity and Fluctuations : A study by Eloranta et al.

(1975) showed that lidar could be used to remotely measure the radial comp o-

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, a , of the transverse wind component In the convective

boundary layer.

c) Kinetic Energy Dissipation Rates: Doppler radar has been used to

measure the kinetic energy dissipation rate , c, see Gorelik and MeVnechuk 

- - - - -. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Gayn or  (1917) used sod,sr to obtain c in t h e  b o u n dar y  l ay e r .  The pr -sent york

wi l l  desc r ibe  a t echn ique whereby  c was u : se asu red  w i t h  a l id a r  and the r e s u l t s

are compared w i t h  in s i t u  neasuros ! c ’ i u t s  o b t a i n e d  f r o m  an anemometer  m o u n t e d  on

a towe r.

2.  Equ i pment  D e s c r in t i o n

The U n iv e r ’s ity  of Wiscons in  l ida r  uses a ruby laser which emits  1 .1

pulses of .694 ~im l i gh t w i t h  a inax ’ir,utn r e p e t i t i o n  r a t e  of 1 Rz as the trans-

mi t t e r ;  a .31 ni d i a m e t e r  te lescope is emp loyed as the rece iver .  The l id a r

has the capability to SCan through both a z i m u t h  and e l e vat I o n  angles. An

on—line PD? 11/40 cos-purer controls the operation of the lidar and stores the

data on magnetic tape. The lidar was operated over Madison , Wisconsin during

numerous clear air situation s 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

direction. These data were transferred by telephone to the minicomputer and

stored on magnetic tape. A more comprehensive description of the Instrumenta-

tion appears lit 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 inhotnogeneities which have

been created by convection .

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

- ~~~~~~~~~~~~~
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~ve fit -I d. The t e : o o r a l  v~~r i a u ce , wl i ch was calculate d at each point in

an RNt cross—section , showed a monotonic increase with altitude above the

lower third of the boundar y layer. See kunkel (1978) for a more detailed de-

scription of these measurements.

The lidar signals were subjected to a spectral anal ysis 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

measured at a point.

The following computational scheme was used to obtain the power spectra :

A mean ildar signal, averaged over many laser shots, 3(R), was calculated as

a function of range, R, from the returned power P(R,j) corrected for variations
2

in output energy E and the inverse range—squared a t t enua t ion , i.e. P(R , j) .

This was subtracted from the 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

2f P(R,j) — ~ (R)
S(R,j) — 

~~~~~ L (1)
Z

1=1

where R
1 and R~, 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 a].. (1967). F(R) is defined as

-
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The r e s u l t i n g  si gnal is

S ’( R , j )  = F( R)~ S(R,j) (3)

A fast—Fourier transform algorithm was used to compute the Fourier coeffi-

cients. These coefficients were multiplied and added to obtain the variance

spectrum , 4s(k) as a function of wave number k, where

f~~
(k)dk . (4)

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 at — 460 at. The inversion height , z., as mea-

sured by the lidar was 575 at. 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 4/z~ .007 m~~ , equivalent to a wavelength of ~ 1.5 z.). For k> .02 ~ 
1
,

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).

-  s~~e nz,s-e - - - A
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L - u t h n t - r  and E l o r a n t a  (1977) used a l ida r to m ea s u r e  mu- an w i n d  speed

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
£2 ~2
Z E S’(R

1÷1 ,j+J)~ S ’ (R 1,j)
£ =L

l 
j = j1c(I,J) = - (5)

~~ 
2 ~~~ 

£2 2 2[ S’ (R +1 j+J) j  I s ’
t=t

1 j~
j t-i=t

1 
j=j

l

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

and shot lag J

Ri — range of t th range interval

j  = shot number

S’(R&,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 m s  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—$3—$2—4 1—$2—etc. An aerosol inhomoget-teity detected

at will be detected at at a shot lag and point lag I~ . The inhomo—

geneity will be observed at $
3 at shot lag J” and point lag I~ . The

- - -- — - — - -- -—- ---- -~~~~L_ iL.. _ A
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in Fig. 3. The S - - s - a i r  o .s r t- h a l  f s. i d is of t h i  S f u n t -  L i  on o 2 C a n  1st-  t~ f ins d :ss
0

1
2
Z C(1,0).12

(15 m)2. ~~~~~~ - . (6)

E C ( l , 0)

The cross—correlation function between shots at and 
~2’ 

C(I—I’ ,J ’)

shown in Fig. 3, has a broader shape. The half—width of this function cs2

is defined as

2
1 C ( I — I ’  ,

I I  in

= (15 m)2 
i 

— . (7 )1 4
E c(I—I ’, 3’)
- in in

1
3

The cross—correlation f u n c t i on  be tween  shots at 4s ,~ and $3 at shot lag

C ( I — I ” , J”) has an even broader shape as is shown in Fig. 3. The half—

width of this function a~ is defined as

1
6 2
~ c(I — 1” 3”) . I

at at
2 5

= (15 at) - - . (8)
6
I C(I — 1” J”)
1 1

5 
at at

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 adve~cted downwind . Second , the cross—

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

Sties will move through the scanning reg ion during this t i m e . because of

~~~~~~~~~~~ ~~~~~~~~~~~ -,-=-—- —-..--.-, -‘-- -. ———— -_-— - - - 
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f i OT h  one i r lh omci L one  i t  y to  t i c ~ n ex t .  Csana d y (19 73) showed that the ~ic sin

squa re disp laceme n t a 2 of an ensemble of independently diffusing particles in

the y-direction is given by

o2 = o 2 t2 
- 

(9)

for values of t which are short compared to the Lagrang ian time scale. The

m s  turbulent velocity is assumed to be isotrop ic, desi gnated by ~~. 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 a in the lidar axis direction . This relation is satisfied by

(o~ — 02)½/t  (10)

where -t
1 
is now the time of transit from to 411 . Since typical values of

t
1
are 5 to 25 s while Lagrangian correlation tunes 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 m s  isotropic turbulent

velocity and of the size of the inhomogeneities . It is shown in Eq. (A.5)

that:

C(AX ,Ay, t) =

3/2 2 A
214(2+ ½ t

2 2) — (AX_ 1Jt) 2 / 4 (~ 2+ ½ t2 2)
(w ) B o 6 e e (11)

(&2+ ½

and from Eq. (A.9) it is evident that Eq. (10) is also appropriate.
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tln g thue deviation profile , S’ (R~ ,j), be the sum of a signal coinponc-nt S ( R
k ,j )

and a no ise component N ( R ~ ,j ) , i .e . ,

S ’ (R~~~j )  = ~ (R ~~~i)  ± N ( R ~~.j )  . (12)

The c o r r e la t i o n  f u n c t  i on  is  t h r e n  g ivs ,-n by

£2 ~2
I E

i—i 3=3 ,

C(I ,J) = —
~

- - - - —- -—  — -----— --— - .-
- - -- - - -  -- -- - - - — - - -~~~~~

- — ----------- --— . (13)
£2 ~2 2 ~2 ~2 2[Z z s’ (R

~~
, j ) ] 1[ Z 1 5’ (R ~~~1, j +J ) J

z=t
l j -= j l 

£=2_
l 
j=jl

Letting

= 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

i~~ z
2

st 2(R~ ,j)]
½ [z

2 
~
2
s,2(R

j
+J)]½

(14)

and £ 2 ~2
C~~(I,J) _ 

(i 2—i 1) (j 2 —j 1) 
~~~~ 

Z~~~~(R t~ j )  . S(R ,j+J) (15)

£2 -
~~2

CN (I ,J) = (t 2—t 1 j2—j1) ~~~ 
E N ( R ~~,j ) .N ( R~÷1,j+J) (16)

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

cross terms will be zero, the expression becomes

ê (I ,J) E (1,3)
C(I ,J) = ~~~~~—__  + ---~~ - - - ---- . (17)

I ,J 1,3 
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C
N
(l ,J) 0 for J ~ 0 . (1$)

Therefo re, the cross—correlation function is given by

c(l,J) = ~~ (l ,J)/p~~~ (19)

while the autocorrelat ion function is

c(l,0) = [c5
(l,0) + C

N
(l ,0)]/P . ( 2 0 )  :1

I,J

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

implies that

~~~~~~~~~~~~~ t~ (21)

and

— + ;2 . (22)

Eqs. (21) and (22) give

f~~~
_
~~

2 ½

a —  J—— --—~- . (23)
Lt~ 

— t~

Since o~ and are both calculat ed from cross—correlation functions ,

Eq. (23) Stat es that the noise is effectivel y eliminated so that Eq. (23)

may be used to ca1cu1ate~~.

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

—- -
~~~~~~~~~~~ 
-
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t h e  u n i t  of the crns; r ,- c o r r - l s t  ion fu ~~ct  ic,n ~s’r ~nuts sit ibe os ,o s~nehe as

3 approaches  0, i.e.,

C(I,J) c
s

(I ,0) (24)

This gives the signal component for zero shot lag, which can be divided by

the autocorrelation function , to give

C(I ,J) C
N

(I ,O) —1

~(I,o) i + _______ 
- (25)

C5(

Since the correlat ion func t ions  are proportional to the square of the

signal, the expression becomes

llat
c IJ )

c(I,o; = (1 + N2/S
2
)
1 (26)

or

S / N =— -—— ’ — l  . (27)

~~ 
C(1,J)

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

1 and the final expression becomes

-½
SIN = — l  (28)

~~ C(0 ,J)

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—extrap olated value ‘was then used

in Eq. (28) to obtain the signal—to—noise ratio. 
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I n t h e i r  1~5’ r o a s t s ;: ru s of C l i i .  r u - s i n s . ’ i i i d , l,- - l i t I n ( - i  r i d  I ictra nta (1977)

used the ssstxjmum value of t h i ~ c r o s s — co r r e l a t i o n  t o  d e t e r m i n e  the shot lag 3

and therefore the time interval for aerosol inhomogene ities 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 them occur at a srsaller shot lag (i.e.,

shorter time lag) than that indicated by the mean wind speed . To avoid this

difficulty1 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 a 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 13. A new value of ~ was then computed. This process was

repeated until the shot lag at which the cross—correlat ion 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 ~ values that were too low.

Lidar data was used to compute & using Eq. (23). Table 1 shows a con—

parison of these results with simultaneous tower mounted anemometer measure-

ments of &. 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 frost the mean wind speed and an estimate

of stability condi tions), the mean wind speed measured at the tower, the mean

wind speed determined by fitting Eq.(ll) to cross—correlation values , the

- ~~~ ~~ ~~~~ ~~ . ,~..
.. ~~~~~~~~ :.
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~1vera~’inJ; t j srt~ c~v.~-r s.~h i  ch a ‘.-as determ ined , rind t h e  d ; t e .  The uncert m t  i t-s

shown for (lidar) and U (lidar) are mainly due to differences in the Vo hime

sampled i.e. the lidar samples an extended volume while the anemometer mea-

sures the atmosphere which advects past the instrument. The table shows that

the lidar measurements of ~ compare quite well with the anemometer measurements

for signal—to—no ise ratios greater than one. As the signal—to—noise ratio de—

creases , the techni que becomes less reliable.

3c) Kinetic Energy Dissipation Rates

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

normalized by (cz~)
2h13 plotted as a function of the non—dimensional frequency

V = ‘vz
1
/ii (29)

fall into a single region of the graph.

• The velocity spectrum d
~
(v) is defined such that

1~~~~
) dv = 

- 

(30)

where v t~
1 and t is the averaging time over which a is calculated .a a a

Nothing is changed by expressing the integral in the following way

I •~
(v)dv (~z~ ) 213 

~~ 
~ :z j ) 2I3 (31)

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/ u = dv~/v0
Eqs. (30) and (31) can be combined and rearranged to give

- ~—4-— ——
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I
s- p~ (v) dv — 3/2  

-

c = { —) (32)

- Vna

where V = V z /U . U, ~ and z . can all be obtained from lidar measure—na a 1 1 -

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

Eq. (32) was used to calculate c 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 c from lidar data using the

limiting values of the integral. Lidar data was used to obtain z
1 
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_

z.;.lidar spectra were computed and these were used to estimate z~ . The un-

certainties in the lidar measurements of c shown in the table are calculated

from estimated errors in the measurement of o and z , . Also given in Table 2

are independent estimates of c 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

•( k )  = D ~213 k
5
~
’3

to compute c. 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 c and the range of values obtained is shown

in the table. The uncertainties in the anemometer measure ments of i a r e

L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _
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du€ t o llIlL -~ rt; )inti es in the e s t i~~atj o n  of spoc~ ra1 hvc-~ s ( —  157~) and un c - r —

t a i n t ie s  in the deterrr .ination of the constant D. The table also gives the

lidar measurements of z..1

The agreement between the lidar and anemometer measurements is satis-

factory for all cases e ccept the second e n t ry  from June 20, 1977. The source

of the disagreement in this entry is prinarily due to the 25% difference be—

tween the anemometer and lidar determrnations of a shown in Table 1. Because

£ is proportional to the cube of a , c is quite sensitive to uncertainties in

the determination of a.

The accuracy of the ~ determined with the current lidar system, is

limited by the repetition rate of the laser. As lasers with higher repetition —

become available , the uncertainties in ~ can be reduced accordingly . The

signal-to—noise ratio of the lidar system also limits the accuracy of the a

determination; future technical developments can be expected to improve this

ratio. Improvements in these two areas should allow remote-lidar determina— -

tions of £ lU the convective boundary layer to be applied to a wider variety

of s i tuat ions. -

4. Summary

— 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—

mogene ities 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 Raimal et al. (1976). A three-an gle azimuth

scan was employed to measure the mean wind and the i-ms value of the turbulent

wind velocity. Agreement between the lidar measurements and simultaneous 

-5— — - 5—-- — —- 5 5— ----5— 
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i l l  - i l t s  - ‘ j - t s - r  i ; - ,u~ i1 ~~~ i t l id  i h t  i l ,s .  —~~~~ i . ’_ i t -

r,1fios were suffi cientl y ]ari,~e. The ]idar dc-te rjrj~nation of the rr-ss 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(~y) autocorrelation function of Gaussian shaped inhomogeneities

in Appendix.

B amplitude factor for Gaussian shaped aerosol inhomogeneities

in Appendix.

C(I ,J) cross—correlat ion at point lag I and shot lag J.

C
s
(I ,J) covar iance of S(R~ ,j) for point lag I and shot lag J~

C
w
(l ,

~
7) covariance of  N ( R~ ,j )  f ox -  point lag I and shot lag J.

— D spectral constant.

E lidar output energy .

£ energy dissipa tion r ate.

cosine taper function .

C Gaussian probabili ty distribution of velocity fl uctuations in Appendix.

I point lag for which C(l ,J) is a maximum.

j lida r shot index.

shot lag for which C(I ,J) is a maximum.

k wavenumber .

wave length.

£ range point index.

N(R
~~~

,j ) noise contribution to deviation profile S(R&,j).

_ _ _  J



-~~~~~~~~~~~ 
—5 -  -

~~~ 
— 

~~~~~~~~~~~~~~~~~~~
_ - - I - - 

-

1’(I~ j )  I i d;~r po~ ’.-r r t -t urn as function of rnn~ c R nd shot nu~ber j -

azimuth angle of lidar.

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

q
1 

ve loc i ty  components  (1 = 1 for  u , I = 2 for v, and i = 3 for w) in A p p e n d i x .

R range from lidar.

R
1 

£‘th d i s c r e t e  range  i n t e r v a l

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

S(R ,j) deviation p r o f i l e  of lidar signal return normalized by range

average S(R).

S5 (R,j) product of S(R
1
,j) and F(R

1).

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

S/N signal—to—noise ratio of lidar signal.

o i-ms width of Gaussian inhomogeneities in Appendix.

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.

rms velocity of velocity components.

t time.

t
a 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. -

U mean wind speed.

V horizontal wind component perpendicular to mean wind direction.

V frequency .

V
a 

lowest frequency contributing to variance , I.e., U

non—dimensional frequency = vz~/U

-----5-- 5- - - -  -



— S

w vii i ; ,)  — - n d ‘ : :us ’ l i t .

x spatial cocrdina t e oriented along nc-an wind direction .

distance between lidar azimuth angles.

y spatial coordinate oriented horizontally and at a right angle

to mean wind direction .

~y

s p a t i a l  coo rd ina t e  parallel to lidar azimuth direction. i = 0

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

z vertical coordinate.

z~ hei ght of inversion base.
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F~~. the purpose of th is  anal ysis , the aerosol, inhomoger~eities a5re

assumed to be isotrop ically Gaussian in shape as a simp le approximation with

d ir e n sio n s  a a = a a in all directions. The inhomogeneities are
x y 2

assumed to d r i f t  w i t h  the wind at velocities u, v and w.

S’~ x,y,z,u,v,w,t) = B.expC— ((x_ut)2+(y_vt)
2
+ (z_wt)2) / 2~ 2J (A.l)

where B is an amplitude factor. The velocity fluctuations are assumed to

also have Gaussian distributions . The probability distributions C of u—U ,v

and w are given by

,— —q~ /2&~1G(q.) = 
~~~

— e (A .2 )

where

2
V , (

3
W

and ~ characterizes all of the turbulent velocity components. Fig. 5 shows

the configuration which is analyzed. ~X is the distance from to $~~
. U is

the mean wind speed , and ~y y
1 

— y
0
. The cross—correlation C between shots

at to is given by

C(~x, Ay, t)

I I I I J JS’(x ,y~z,o) S’(x+~~x, y+~~y ,  z, t) G(u) G(w)

—~~ —~~~ —~~ —~~~ —~~~ —
~~~ du dx dv dy dw dz (A.3)
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• I - y ,  t)  
3 / 2  -

(2is ) 0 5 -

~ { { { ~~1 2 /2
~~

2 2
,2

~~
2 2

/2;2

exp ((x+~x_ Ut_ ut)
2/2a 2(y÷~y_vt)2/2â2 (z_wt)

2/28 2)

exp (_u
2/2&2 _v2/2&2 _w2/Th2) du dx dv dy dw dz - (A.4)

Integrating Eq. (A.4) yields

C(tix, thy, t) =

3/2 2— 
— 1~y

2/4(&2+½t 2&2) (1~x_i3t)
2
/4(&2~f½t

2a2)
(it ) B o 6 e C____________

( 2 ÷ ½ t 2 )

The mean square h a l f — w i d t h  of this function can be calculated from Eq. (7).

1’ (~y)~ C(~x,~ y) d(h y)

J C(~x,Ay) d (Ay)

e 
~2j 4 2+½t

2;z) d(~y)

— 

y
2
/4(&2 +½t 2~

2) d(Ay)

— 202 
+ ~~t

2 (A.6)

I
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f i r -  ~l i t t i C o r r C 1 a t i c b n funut i o~~ A ( A y), vhich is ~ 1u i v ~~~ , - n t  t o C(’;-: , y) iI ~~~~
5-, ( A . 6 )

calculated at Ax = 0 and t 0 , is g i v e n  by

- 2 2A( Ay) = (~)
3/2 g2~~ e 

Ay /4 o 
(A .7 )

The mean sonare half—width of this function is

J
~~~~~.) 2

e~~~:Y
2
/4 ;2

~~~~~~~y)

J e  
~~~~~~ 

d(Lsy)

= 2&2 (A 8)

Combining (A.6) and (A.8) gives

- = (a~ 
— o~~~Y2/t (A .9)

This expression is presented as Eq . (9) .
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Fi g. - 1 . Variance estiriates c (k) as a function of wavcnumber , k, c c i ; - cc ~~ed f r o m

lidar data taken on Sept. 28, 1976 at 1000 CDT. The ~mooth solid

line is the idealized spectrum as given by Kaiucal et al. (1976).

Error bars show uncertainties given by cM—square anal ysis a s su m i n g

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

Fig. 2. Schematic d iagram showing the t h r e e — a n g le scan fo r  u ea s ur i n g  h o r i z o n t a l

winds. +l~ •2 ’ and 4 3 are the az imuth  ang les at wh i ch the l i d a r  f i r e s .

Aerosol inhomogeneities which are advected to the right by the mean

wind U will be first detected at 4~~, 
then at •2’ and finall y at c~~.

Fig. 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., and +2 in Fig. 2) at the shot lag J
’ at which the

fun ction has i t s  maximum value . C(I-.-I” ,J”) is the cross—corre la t ion

function between the outside azimuth a:gl:s (i.e., 
~~ 

and in Fig. 2)

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

Fig. 4. Geometry used for Gaussian cross—correlation analysis.

L - _____—-------- ~~--~~~ --~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ —- -



- -5--
TI

K~~~~K 1

o 
- 

Q
o o 0 0 0

N~) th —. p...)

— - I
___ —I ~~~~ I — i

~ - I I I I

H I
-

-

5 - _ _ 
_  _  

-

L =
~ziLJ J_— LJ_ LJ_J~ _____

II

- - — -- -————- — - - , ~~~~~~~~ ~~- t — - -~~~~~~~



- 

- -

C,

—- 
- -



-‘

I
——. fr-- U-

0 I I /
‘—4 • I

‘—4 —.---- I J
I ‘ /

U \~//
•

• /
/ / J
,

•/,~ ~~~~~~~~~~~

—--—

~

-5-5--

~

--- - - - - -~~~~~-—--- -
~~~~~~~~

---—~~---5 --— -- --



- - ~~~I1J IF ~~ — — - — -~~~~~~ .—--.- ---- - - ——-P—

-

I
I

~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- — —

-

5- 5- ~~~~~~~~~ 
—-



- --

- ..‘ 
. 

:~~~~ i:-; j~

THE USE 01 h OA R .  Ji  T E S T I N G  I N t I [RS I ON  R I S E  MO DEL S

- 
RE IN D L JT B OE R S

MARCH 1979

-
- 

A thesis submitted in partial fulfillment of the

requirements for the degree of

MASTER OF SCIENCE (Meteorology)

~ U University of Utrecht , The Netherlands

I
’

t 

-----5-——--- - - - - -5 —-- ------- — - - —  - - 

j



- 
- - _ i ~~~~~~~~~

;- -
~~~~

-

~~ 

- - 

~~~~~ 
- 

.1T— ~ -

Table of contents

Abstract . • .
Acknowledgements     •   .  . 2

List of aymbols        .  .3

Introduction 6

Instrumentation . . . . . . . • • . . 8

Use of lidar in boundar layer observations • .11

Errors in estimating an inversion height . .15

Theory . . • . . . . . . . • . . . 17

A. Introduction . . . • . • . . . .17

B. Equatione . • . . . . • • . • .17

C. Parameterjzatjos. . . . • . . . .19

Moisture correction to the heat flux . . . .23

Initia lisation of the mode]. . . • . . . .26

Site of the experi ment . • • . • • • . .28

Case studie, . . . . . • . . • • • .29

1. June 22, 1978. . . . • . . • • .29

2.June 23, 1978. . . . • . . . • .k5
DiBCUB SiOD and conclusion . • • • . , . .62

App endix . • . • . • . . • • • . .65

Pro files of caae .tudy l • • • • . • . 6 8

Profile , of case study 2 . • • . . . . 77

Refere nce, • • • • . • • . • . . . 86



~~~~ - -~~~~~~~
—
~~~~~~
— —  — -

~~~~~~~~~
-—— - - 5 -

- S

A B S 1R A C T

Lidar was used in determining the boundary layer hei ght.

During two days in 3une 1978 , l idar  data were  ob ta ined  at

Argonne National laboratory, Illinois. During the observation

periods , hourly temperature , wind and wind  dir ect ion prof il es

were obtaine d by means of special radiosondes. in addition ,

heat flux , net  so lar  r ad i a t i on , Bowen ratio and friction velocity

were measured by tower based instruments , locat ed d i rec tly

under  the air volume , as observed by lidar.

It is shown , tha t  lidar  ca n overco m e the  lack of con t in uous

data segments in testing boundary layer models . The Zeman—Te nnekes

model was compared with the observations. The results show , that

the model underestimates the observed inversion rise.
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A effective aperture of receiver

A lat en t  h eat  of condens at ion
C

(3’ bac k s c a t t e r i n g  coef f icient

B Bowen ratio

c speed of light

c specific heat of air with constant pressure

C
D 

- dissipation term cons tant

C~. flux divergence term constant

C~, pro duct ion t erm cons tan t

C1 
temp oral ter m constant

~
U, ~ V components of mean velocity jump accross the inversion

Ap densi t y jump across the invers ion

potential temperature jump across the inversion

d d iss ipat ion leng th

dissipation at the inversion base

( vapor f l ux

laser energy output per pulse

constant, used to combine the mechanical part of the standard

deviation of~ vertical velocity with the convective part

f Con ch s parameter

g acceleration due to gravity

T 
lapse rate in the atmosphere above the inversion

• H dry heat flux

H 1 latent heat flux 
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H virtual heat fluxu

L l a t e n t  h e a t  of c o n d e n s a ti o n

M mean m o l e c u l a r  weigh t of a i r

molecular weight of dry air

P1 molecular weigh t of water vapor
U

p pressure -

produc t ion , due to shear , at the inve r s ion

q
2 t u r b u l e n t  k ine ti c  energy at the invers ion bas e

0 q spec i f i c  humi di ty

R universal gas constant

r range

fd ’ Pw densities of dry air and water vapor

p densit y of air

components of shear above the inver:ion

extinction coefficient

standard deviation of vertical velocity
‘-‘ w

Brunt—V~ is~ h~ frequency

— t time

9’ first order fluctuation of mean potent ial  tempera ture

9 potential temperature

9. virtual potential temperature

0. ambient potential temperature

I temperature in the bulk of the boundary layer

virtual t emperature

I temperature in the bulk of the boundary layer
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U
9
, V c o m p o n e n t s  of the  g~~o st r o p h i c  w i n d

U , V c o m p o n e n t s  of the  mean  wind abobe the i n v e r s i o n

u’, v~ , w’ first order fluctuations of the mean wind components

u~ f r i c t i o n  ve loc i t y

c o n v e c t i v e  ve loc i t y scale

z height

2 . invers ion  he igh t  
-

i nvers ion  he igh t  at the in i t ia l  time -

0

- 
.
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I N T R O D U C T I O N

A p roblem in air p o l l u tion is th e occur ren ce of temp er atu re

i n v e r s ions , tha t wi ll t r a p  was te gases in a l a y er n ear the  ~~~~~~~~~~~~

surface. In clear air conditions , the nocturnal boundary layer is

usually thin. During the morning hours , the surface heat flux

becomes positive and the boundary layer will heat up. Convective

cells r eac h the inv ersion and m ix ing wi t h th e air a l o f t  will

cause the inversion to rise , thus increasing the depth of the

boundary lay er. This process is called entrainment.

In the last few years , various simp le models have been

develop ed to describe the inversion rise mechanism (Stull , 1973;

StuU , 1976; Tmnn ekes, 1973; Zeman , 1975; Zeman and Tennekes , 1977;

I’Iahrt and Lenschow , 1976). These models are supported by few

observations , since it  has b een diff icult  to ob tain a co n tin uous

data set of the growing boundary layer (Willis and Deardorff , 1974;

Kato and Phillips; 1969)

Li dar , the optical equivalent of radar , has been used

for a more detailed analysis of the inversion rise mechanism. In

clear air conditions, the most importan t  source for  li ght r e f l ections

to the receiver is aerosol. This aerosol, created by m an made
‘ pollution, or by natural sources at the surface , j 3  cont inuously

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 layer grows 
-

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

o 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 soundiogs .

~
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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 backscatterpd light.

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

P(r)=
0 P

2
’180 

exp —250d(r’)dr’Sn r

where :
P(r) received power

transmitted energy

c speed of light

r range

~3 i8o 0 volume backscattering coefficient

A effective receiver aperture

d 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 ranç~e intervals, correct ed for the

inverse range squared attenuation and normalized by the transmitt ed

energy L~. it is then stored on magnetic tepe. Table I gives th.

lidar specifications of the 1978 model.
a. ...

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

aerosol intensities as a function of radial distance from the laser .



Table 1. Parameters of the University

of Wisconsin lidar system (1978).

Transmitter

Wavelength 694.3 nm

Beamwidth I mrad

Energy per pulse 1,5 3

Pulse duration 20 ns

Maximum repetition rate I pulse/sec

Receiver

Telescope Newtonian reflector

(.31 diameter)

Spectral resolution 1.0 nm

Detector RCA C?0042K Photomultiplier

( 6.8% quantum efficiency )
Data Acquisition

Video amplifier Log (4 decades, 10 MHz)

AID conversion 10 bits

7 —1Sampling .rate 10 words s

Range resolution 15 m

Computer PDP 11/40

_ _ _ _  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .—-~~~~~~~~ _______-..



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - 

~~~~~~~

‘ 

~~~~ ~~~~~~~ 

__

Usually, the boundary between the layer near the surface and

the air aloft, is clearly visible , because of a significant

drop of returned signal streng th. After firing the laser at

subsequent elevation angles (a so—called Range Height Indicator

scan ), the returned signals can be converted into relat ive

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 30

highest elevation angle 24 0

0scanning interval .5

.

_ _ _ _ _ _ _



USE OF h OAR IN BOU~~DARY LAYER OBSLRV~ T i UN5

A single shot profile shows the ret u rned si gnal strength as

a func tion of distance from the laser, if the re is only little

c o n v e c tion , the top of the boundary layer is f lat or weak ly

undulating. I f  the laser is pointed upward with elevation angle o(..,

the inversion height can be located in the associated shot profile

at the point , where a significant drop in returned signal strength

appears. The distance from the laser , a t wh ich this drop  appea r s,

is multiplied by sin ~~~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
Ii
Z receiver. The overlap is complete at distances of more than about

.5 km.

£
— ~~~~~

b~~~~~~~ry 

3 / ~~~~~-
,
-- _7___ -. 

~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ — —------ —

Convective cells show themselves by more complex structures

in a shot profil e, 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.

L. ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~
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By scannin; the laser up and down , RHI—pict ures can be

obtained. The inversion height was then est ima te d vis ually f rom

a small storage display. Since the lidar data was obtained from a

slant range of 7.5 km , the horizontal range , ov er whic h the average

inversion height could be determined , was depe ndent on the inversion

height itself. The averag ing range varies typ ically between 1 and

5 km.

The occurrence of convective cells in the boundary layer

creates an undulating and sometimes bubble—like structure at the

inversion. The excursion of a convective cell into a stable

stratified atmosphere is associated with the distance d, over wh ich

it looses its momentum. This distance d ( the so—called plume penetration

depth, or dissipation length) is known to be en important parameter
a....

in boundary layer modeling .

‘—“1
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F igure a shows a typ ical RHI—picture. The co nv ective cells at the

top of the boundary layer are clearly visible . Thus, f rom this

p icture , it can be seen, that it is also possible to estimate the

pl ume penetration depth.

Aerosol stratifications above the boundary layer allowed us

to observe the creation of grav ity waves there , because of in terac tio n

with convective cells, that penetrate into the stable atmosphere.

During an observation period , a series of 7 RHI scans were

0 alternated with a series of PPI scans (Plan Position Indicator)

at three azymiath_ angles. T he time interval between two series of

RHI scans was about 5 minutes.

Lidar is thus capable of ov ercom ing one of the biggest

problems in testing inversion rise models by giving an almost

continuous data set of some important boundary layer quantities.

0
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~~1~ Figure a: . -
.

a typical Rh —picture.

The white areas in the picture are regioo~ that contain
relatively large amounts o..~ aerosol. Clearly visible are
the convective cells at the inversion base .
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ERRORS I N ISTInAT1Nc AN IN~JL RS1 ON HLH~K1

Sources of error in estimating visually the inversion height ,

have to be examined:

A ; 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 .

B: During portions of the day, the top of the boundary layer has an

• irregular structure. This is aue 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.

• C: 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 en 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 a. 
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~~~~~

-..
~
•—

-—-~~-•- • 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



~~: ~~~~~~~~~~~

0: Variations in the slope of a shot profile , caused by attenuation

of the signal, influence the gray scale enh ancem en t, 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

infl uencing the visibility of the structure of the bound ary layer.

Slope cor rect ions to the gray s cale e nh~ nccment sometimes had to be

adjusted manually from shot to shot. The error introduced is variable.

E: 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 E • This introduced

sometimes variable fluctuations from signal to signal.

In practice, the me ntioned so urc es of err or interact and it

was not always possibl e 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—ISO m , As soon as the

growth stops, the error drops again to about 75 m~

4_ .
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THEORY

A. Introduction

The model to be tested is developed by Zeman and Tennekes

(Tonnekes , 1973; Zeman , 1975; Zeman and Tennekes , 1977). It applies

to a horizontally homogeneous , dr y atmosphere , in which radiation

effects are negl ected. The boundary layer is assumed to be well mixed ,

= - 
so that the potential temperature is constant with height. The

inversion is characterised by a tethperaturo jump L.\td , above which

0 the air has a lapse rate y. The model is valid for zero or positive
sur face heat flux , thus applying only to day time conditions.

z

t; mp. ~~~ LI)C

0 t9~~~
’)0

B. Equations

0 -

if the air at the inversion is entraRned downward , it looses

per unit time an amount of enthalpy of 
~~~~~~~~ This enthalpy

is carried away by a downward heat flux (t~’w ’)~ ~~~~ • So:

‘
a- ~~~~ 

____ 

_
‘1_

(1)

The rate, at which the inversion strength~~9 changes, is governed

by the heating rate of the boundary layer and by the rats at which

-— -~~—~-~~~~-- -.• 
_ _____ _•_ _•_ ___ ~____ 4 
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I~I the bounca ry  Liyi- r ises  into the st o bi  ~ j~t mo s p h e r e  w i t h  lapse ra te

T • If we assume a l inear d e c r e a s e  in heat  f lux uith height , this

resu lts in:

( (9I wT ) _ ( ~~~
.
~~~i ) )  ( 2 )

Changes of y during the entrainment p rocess  are neg lec ted .

If 1~U and Ati are the jumps of mean ve loc i t y  at the inversion

base , sim ilar equations are valid for the components of the Reynold

0 stresses:

, — ( v ’w ’) . = 
~~~-~~-i 

(3 )
1 1

= 
S
,~ ( (u’w’)— (u’w ’) .) + f A ’II + f U (a )JD0

= S ~~~ ( (v’w’) — (v’w’)..) — I’AU + ii t~P
= y ~~~ i— 0 1 q r ( 5 )

zi Jo

In (4) and (5) the ex tra terms are added to account for the

Cor iolis force , and for a steady s tate s ituation with no heat flux.

( S = , S = ~ V , 21:. , f is the Coriolis parameter , P is the0 ‘

~~ 

y J o

mean densit y of the air,A p is the density jump across the inversion)

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

turbulent energy equation at the inversion base. If -~q
2 is the sum

of horizontal and vertical turbulent kinetic energy per unit mass,

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

L ~_• _ —. — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 4



4 ~~(q2)= - 
2 T) + ~ ~~~~~~~~ + P~ 

(5)

a b c d o

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

d is the dissipation at the inversion base

c is the shear production at the inversion base

To solve system (i)—(6), equation (6) has to be parameterized

in terms of known boundary layer quantities.

C. Parameterizatjon

-~1
The term 4 ~~ is known to be important in periods of rapid

boundary layer growth. It is parameterized as:

2~
= c a~ 

d~ (7) (Zi.litinkevich, 1975)

0 where 0’ is the standard deviation of vertical velocity.

is proportional to w~ and via the relation

~ 
2 ~~2 +~~

2
~: 

(8) (Zeman and Tennekes, 1977)

a— - where w~ is the convective velocity scale defined as

w~
3 .i~4 (D’ w ’)0 Z~ (9) (Tennekes , 1970)

end u~~ is the friction velocity at the surface.

~

: -
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The flux divergence term scales on cl~ and via the formula :

• 2 1 d~3
— 

~~
- ( 

~ q w’ + p ’w’ ) = — (10) (Zeman and Tennekes , 1977)

If there is a turbulent energ y casca de p roc ess near the
c1 3

inversion, the dissipation 6 can be wri t ten as C
0 

—
~~ (ii)

where d is a characteristic leng th scale of dissipation . In many

cases , d is different from z-.and all the dissipation , tha t scal es

on z ,is put into the flux divergence term. The parameteriz ation of

d can be der ived in different ways.  The simplest one is by stating,

• that the only importa nt parame ters, in deter m ining its value, are

and This leads to an estimate of the type

0’
d = —

~~~ (12) (Stull, 1973; Zeman, 1975)
- - •

• where 
~
‘b=~ ~0T )4 the Brunt—%I~ is~ l~ frequency

If the atmosphere, aboue a boundary layer , is neutrally stratified,

a situation, that can happen , when a well mixe d layer is left

over from the previous day, goes to zero , and d becomes infinite.

More realistic then is, that d scales on z-

d =~~~~~ 1 
2 ~ (13) (Zeman, 1975)

~~

The energy production term — ( u’w’)bU — C v ’w ’)~~~V

is parameterjzed as ~~ 
( —(u’w’) .-(v’w ’) A 

~ 

—.

-•



Using (3), this lea ds to

p
i 

= C~~~-~
i ( (t~u) 2 

+ 
( i ~v) 2 

~ 
(ia)

Assuming, that the production term can not exceed the dissipation

very much, ~~ mu st be of the or der of C0 . Usually, production

and dissipation are comb ined in one formula:

~~ j  
= 

~~~ 
( ‘— X )  = C0

-~~~ 
( i_ -~ -~i~~3 ( ( i~LJ )~+ ( L ~ u) 2 )) (is)

0
The fully parameterized energy budged now reads:

C1~~~~~ 
~~~~~

= 

~~~~~ 
‘w ’). + ~~~~~~~ - (i- ~~~~~~~~~~~~~~~~~~~~~~~~ (is)

Using Ci) one can get an explicit express ion for the heat flux

at the inversion base:

(
~~~

‘w ’). = (-i )~~~~~~~ 
CF - :~ ~~~~~ 

X) 
(17)

1 +  T z.A~ 9

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

.
are:

CT = 3.55 C
~ 

= .5 C
0 

= .024 -rj = 2.0 (18)

If r°’ (~Ql wI)~ -~ o and 4-.Z~, end since Cd 
is much smaller than Ce., the

dissipation becomes much smaller than the flux divergence. The

temporal tax-rn is then balanced by the flux divergence, and the

entrainment rate is only proportional to the standard deviation of

vertical velocity: 

— - - -— — -- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~
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(i9)

Anot her situatior~ that mi gh t occur , is , when the dissipation

term becomes bigge r than the flux divergence. In that case

entraisnent stops , and ( 9’ w ’I= 0

System (1) — (5), and (16) is now fully solvable , if the

initial values of’ L~br , z1, ~“ 
5~~’ S~ and JU , I\ ti are known, and if the

• course of the heat flux and friction velocity are prescribed during

the observation periods .

The solution of this system can be obtained numerically by

using an iteration scheme. Knowing the initial values of the

mentione d para meters , we can evaluate w~~ , , z~/ d, and (~ ‘w ’)
U —

’
_____ L

With the  new value of (E~’w ’)~~ we can compute - ri-— , and know ing this

on~ we can evaluate ~~~~
- and 

‘ 
. Finally, by using the

appropriate time step, we can compu~ e/.~~, z..,Au and L~ V at the new

time. Then we repeat the whole procedure .

0 -

4- --
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One of the model assumptions is, that the at mosp here

is dry. [xcept from arid regions , like deserts , th is is not the

case. Moist air is less dense than d ry ai r 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 ha s the

• same temperature. The moisture correction to the temper atu re is

derived , starting at the equation of state:
- G

P J ~~
T
~~~~~~

0
d T + ~~~*t~~~

T (20)

where N is the mean molecular weight of wet  air , R~ is the

universal gas constant , 11d’ ~~ 
are the molecu lar weights of dry

air and of water vapor , and 
~~~~~~ ?~ 

are the densities of dry air

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

p = ~~ *T 
~Pd~~~

P) ( 1;+~~~~~~~(~~ -~~— i:)) (21 )

The specific humidity q is oefined as:

S ~~~~~~~~~ (22 )

and M = 28.9, N = 118.d v
If we substitute (22 ), and the values of N

d and N in (21 ),

a... we come to the following expression: 
-

p R p 1 ( 1~ + .61 q ) R?TV 
( 23 )

where R = ~~-* and T the virtual temperature.

— --
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In words , the virtual temperat ure of a parcel o f mois t

air is the temperature, at wh ich a f ictitious neighbouring p-arcel

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

atmosp here , directly on a moist atmosphere.

Like the virtual temperature ( or the virtual potential

temperature), we have to introduce the virtual heat flux. If we

0 
define some reference state by T~~ = 1 (1 + .61 q ), any deviation

from this reference state w ill be descr ib ed by :

= T 
~~
Tvo = T’ ( 1 +.61 q ) + I q’ .61 ( 24)

where T’=T — I
0

Time fluctuations of I’, as can be directly expressed in

terms of’ fluctuations of potential temperature 9’ , are written as:

= O ’(i  + .61 ~
) + .61 q’T -— .6i q’~~’ (25 )

and thus, we may write:

0 w ’L~’~, ~~~~ ( 1+ .61 q ) + .61 1 q’w’ ( 26)

In the last equation the third order terms are neglected. Usually,

the factor ( I + .61 q ) is ignored,too, which leads to the

expression:

= w ’&’ + .61 T q’w’ ( 27)
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if H is the heat flux , as measured by the instruments , defined

as H =j~~c (w ’L”), and H1 
is the latent heat flux , defined as

H1 = LE , where I is the latent heat of condensation and E is the

v apor flux , writ ten as E =f (w’cj ’), we come to the final expression

of the virtual heat flux :

H = H + .61 T ~~ H
1 

(28 )

The Bowen ratio is defined as B = so the virtual heat flux may

0 be written as : 
~ 

-
~

H = H ( 1 + . 6 1 T j~~ ~~
) (29 )

If we assume an air temperature of 300 K , and take c~=.24 cal /gm/°K,

and 1=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 flux.
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IN I I IA L ISA TI OW 01 TH E MODEL

It is important to know accurate ly  the initial value of

and the lapse rate in the  atmosphere above the inversion,

s ince the model is very  sens i t i ve  to those input pa ramete rs .  Both

we re determ ined from bathon soundings.

To get the lapse rate above the inversion , the tem pe ra ture

profiles at the initial time and all previously obtained profiles

were averaged. In the stabl e atmosphere above the inversion , vert ical

transport of heat by turbulence is small , and if we assume no

advection, the the rmal st ruc ture of those prof i les should be the

same. However , later during the observation periods , changes in

the upper part of’ the prof i les did occur. This had to be accounted

for in the computation of the mean profiles ( see CASE STUDiES)

To get the initial value of ’AO , the procedure, recommended

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

An enthalpy deficit integral is defined as follows:

fZ)Z;c ( 
~ 

--9 )~~ dz = (~3O)

~~~.1- — 
—- -  • Ir~~~~~~~~ - -—-~~~~~~~~~~~~~~~



- —f l- f l

where z~~ is the initial value of the inversion height ,~~ is

the ambient temperature defined as = + • z

With the known lapse rate , we can e:alu:te • If is obtained

from the lidar date ,1~~ 
~ 

can be computed.

The half—hourly averaged heat flux , the fr iction velocity ,
the net solar radiation and the Bowen ratio w ere  measured at the

Argonne meteorological tower. To account for moisture , the

3 virtual heat flux was computed.

L •
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SITE OF THE EXPERIMENT

During June and July 1978, the University of Wisconsin

li dar system was lo cated at Argonn e Nation al L abor atory nea r

Chicago , Illino is. Distance f rom Lake Michi gan was about  20 miles.

The lidar was pointed in south—easterly direction , a smoothly

undulating region with patches of wood.

A meteoro logical tower , operated by the atmospheric sc iences

group at Argonne National La boratory , was loc ated about I mile

south—east of the lidar system , directly under the air volume ,

that was observed. By tower based instruments , heat flux , la tent

heat flux , friction velocity and net solar radiation were  measured.

Hourly, temp erature profiles and wind profiles of the lowest 2

kilometers of the atmosphere were obtained from balloon soundings

( via the so—called Wind , Height And Temperature system , Frenze n,

1972)

The days on which data was taken, were se lected as being

favorable, if clear air conditions would exist during the day and
0 -

the previous night. If sea breezes from Lake Michigan were apparent

from the data, the data was not used.

II. 
-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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CASE STUDIES

1. JUh E 22 1978

Table 2 gives the solar radiation , ~3owen ratio , heat flux ,

and friction velocity as a function of time, Computed are the

moi sture flux , the virtual heat flux , the moisture correction on

the dry heat flux , anc trie 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,

had to be est imated f rom :un 3. Since the lower part of run 3 was

not recorded prope rly, th is is a rather crude est imate. -W hen we looked

at the temperature prof i les, it appeare d, that the uppe r part of

the profiles changed during the course of the day. The lapse rate

between 400 m and 600 m changed signif ioantly between run 3 and run 4.

Thi.s was pro~ eblJ)’ causad .by aduect iori . 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
a-— .

lapse rate between 150 m and 400 in, the profiles of run 2 and run 3

were averaged. To compute the lapse rate between 400 m and 600 in,

the profiles of run 3 and run 4 were averaged. From run 5, it is

•, that the layer above 600 in has become almost neutrally

strati f ied. 

~~~~~~~~~~f lfl- _____
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Table 2:

Addi tional meteoro log ical data for case study 1 (June 22 1978).

Liste d are time , net solar radiation 5, the heat flux H,

the Bowen ratio B , the latent heat flux -1
k
, the moisture correction

to the heat f lux A h , the f ra c t i o n a l  c o r r e c t i o n  Ah / H, the

v irtual heat flux H , and the fr iction ve loc i ty  u~~~, All parameters

are half—hourly averaged,

0 Time S h B L~ ~~h &s/H H u~~

F CST U/rn
2 

W/m
2 

U/rn
2 

U/rn
2 

100 U/rn
2 

rn/s

645 180 7 .04 175 13 185 20 .20

715 242 24 .12 200 15 62 39 .23

745 306 41 .17 241 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 34 107 .23

945 482 57 .1_ S 380 28 49 95 .19

0 1015 480 61 .16 381 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
a..

-. —— __
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Table 3:

Model input for case study 1 (June 22 1978)

z
0

= l5O m ~~& = 1 . 6°C ~~U = 4 m/s ufr= .21 m/s

= .003 °C/m < 400 m

= .001 °C/m 400 m < z~ ~ 600 m

= .0 °C/m 600 m ~ Z j  <. 160 0 m

= .016 °C/m z .~~ 1600 m

S =—.01S z < 600 m

= .0 600 m ~~~ ~~1400

= .022 s~~ z) 1400 in

= .02 + .07/150 t °C rn/s t~~ iso mm

= .09 — .O1S/60 ( t—iso) °C rn/s 150 miri~~~t ~210 mm

= .075+ .045/60 ( t—210) °C rn/s 210 min <t~~ 27Q mm

= .12 — .03/30 ( t—270) °C rn/s 270 min (t~~ 30Q mirr

t is at 630 CST
0

- - - .- —fl--~-—-- ..-—-—--_———---- —---- — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Fi gure 1: -

RHI— picture , taken on June 2? 1978 at ~ .39 ~:~~T

The white areas contain re la t ive ly  Large amounts of ae roso l .

The boundary layer , as v is ible here n~~s a nui ght of about 220 m.

There is some .~nteract ion with the layer direct ly above it
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Figure 2 : 
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RH I—p icture , taken on June 22 1978 at 9.07 CDT .

The boundary layer has inc reased in dapth , compared to the J
%p revious picture.
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Fi gure 3:

RH I—picture , taken on June 22 1978 at io.iq c. 1

Two plumes are visible, the -l e f t  one alino~it r i’aching the upper

inversion, the right one somrw hat  lower .  i )urj r  -th is  port ion

of the period, the mixing prccess was very  rapid.
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Figure 4: 
-

RHI—picture , taken on Jure 22 1978 at i2. 4 CUT
I

The layer bi neath Th00 m i5 entirely mixeci . :~ote , that the top

of this lay er, that was flat in all the ot.h~ r pictures , has an

irregular srtucture , indica ting, thdt conwr’ctive cells try to

penetrate into the atmosphe re aloft.
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Durin , th~ ‘ar ly morning hours , a low lL~vw l  j ut  ex i~~t u d  wi th

its maximum at the inversion. The r a t e  of change of w ind d i rec t i o n

across the inversion is rather small , there fore , to account for th e

shear product ion, equation (4) was rewritten wi th the conditions:

v= 0, S = 0 (21)

(21) leads to = 0, and —( v ’w ’) .  = 0. Using (3 ),  (4)  becomes:

~ ~h 2
= S~ ~

•
~
l + ~ ~~u — u~~ ) / ~~~~~; (22)

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

0 compute is recommended .

S t ar~~ng at 630 CST , the inversion rises f rom 150 m to

about 1600 m, 3 hours later. Figures ~ — L1 show some RHI—pictures

from that period, I n  the early morning hours , convect ion is still

confined to the region close to the surface , and the top of’ the

layer, that reaches the strong inv ersion at 1600 m , is still flat.

During the perio d of rapid grolith , irregular shaped plum es are

visible, that have thier source at the surface. This is well in

agreement with observations by Kunke]. (1978). When the big plumes

eventually reache the strong inversion, and the layer beneath it

becomes entirely mixed , the top of this layer gets an irregular

structure, because convective elements penetrate into the inversion.

Table 3 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 ~~~, the computed entrainment is

too small. It takes too much time for the temperature jump

to erode away ( f igure L. ). About 1 hour too late, the mixed layer
reaches 1600 a. The model can nc.t 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 • ‘a indicate the inversion height

as observed in the temperature profiles .
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Figure 6:

The co m p u te d  temperature jump as a f u n c tion of’ time on

June 22 1978. The ~ ‘s indicate the observe d values in the

( temperature profiles.
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Figure L. also gives some values of the temperature jump , as

observe d from the temperature profiles. It appears , that the

computed va lues fo l low the observed values.

in figure ~ are shown the terms of the er~~rgy 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 height, that are reached by the boundary layer. The

production term remains small throughout the period , a~a~t from

a spike due to the model conditions 0 and L \ t = 0, at the moment ,

w hen the strongly stratif ied region is reached. The divergence

term is then exactly balanced by the dissipation and entrainment stops.

From figure S , 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 mechanical 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 w~.

Figure 9 gives the scaled velocities d
~
, w . and u

~ 
.

Again, clearly visible is, that the convective part of .
~~ 

is the

most important. 
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Figure 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

— . — the buoyancy term

— — the flux divergence term

— the dissiPation t’erm

— — — — the production term
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Figure 8:

The observed virtual surface heat flux and the computed

virtual heat flux at the inversion base as a function of’

4 time on June 22 1978.

— the virtual surface heat flux

— — — — the virtual heat flux at the invers ion base
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Figure 9:

The scaled velocities ~ , w and u as a function of time on

June 22 1978.
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The computed dissipation length ( figure IC’) increases- from

50 m at the initial time to 110 m , when the layer reaches 400 m

Compared with the observed values , the mo del slightly overest i mat es
the dissipation length. Between 600 m and 1600 m , wh en the lapse

ra te is zero , d is of the order of the mixed layer height. It

appears , that the plumes, that are visible then na ve sizes , compara ble

to the mixed layer height . The observed values of d are smaller,

although they have the same order of’ magnitude. A comparison betweenr
theory and pract ice during this portion of the observat ion period

is of no value, since the dissipa tion is of no imp ortance during

that time. When the layer stops growing at 1600 m , d is about 80 m,
which is in agreement with the observations.
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Figure  10:

The computed dissipation length at the inversion base as

a func tion of time on June 22 1978. The • ‘s indicate the

observed values from the lidar data.
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2. CASE STUDY 2: JUNE 23 1978

F r o m  ta b l e  4, it is apparent , that the v ir tual heat flux

is more than tw ice as big as the o b s e r v e d  heat flux .

The lapse rate differs si gnificantly from the previous day ,

June 22. There is a weak ly  s t ra t i f i ed  layer betwe en 1000 m and

1500 m, character ised by a large aerosol  content . This is probably

left over from the previous day. The inversion at 10CC m could be

due to subsidence , because , dur ing both days , a reg ion of high

pressure was s i tuated over the Great Lakes.  ~j~ -
0 was est imated

from run 3. The profi les of run 1,2 , and 3 were  ave raged  to get the

lapse rate above the in v ers ion. Again , a low level jet existed

dur ing the early morning hours . Table 5 gives the input parameters

of the model. The initial time was 700 CST , the final time was 1000 CST .

Figure 11—1L~ give some RI-lI—pictures , that were taken during

the period. Clearly visible is the layer of’ enhanced scattering

between 1000 and 1500 m. The attenuation correct ion , that was

applied to the pictures, may have stressed the appai~ent wave motion

in the upper layer. The highest altitude , the mi xed layer reached

was 1000 in. It was not capable of penetrating j r-ito 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.



Tab le 4:

Additiona l meteorological data for case study 2 (June 23 1978).

Listed are time , net solar radiation S, the heat flux H ,

the Bowen ratio B , the latent heat flux H1, the moisture cor :ection

tc the heat flux L~~h, the fractional correction /~ h / I-I , the

vir tual heat flux H , and the friction velocity u~~ . All parameters

~re half—hour ly averaged.

T ime S H B U ~~h nh/H H u 
—

CS T U/rn2 U/rn
2 

U/rn
2 U/rn

2 
100 w/~2 rn/s

715 228 7 .0.5 233 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 .42

945 410 14 .04 350 26 185 40 .39

1015 388 19 .06 317 23 121 42. .45 

—— -—-~~~-——  
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Table 5:

P~odel input for case study 2 (June 23 1978)

z . = 150 m = 1.7 °C (\ LJ = 4.75 rn/s u =  .38 rn/s

= .00 2 °C/rn z .  -‘ 800 m

= .003 °C/m 800 m <z . —.1000 m

= .0 °C/m z ,> 1000 m

S =—.005 s~~ z. A 500 mX 1

= .0 s
_I 

500 m ~~~ .800 in

=—.025 s~~
’
~ BOO m ~~~ .1 000 in

= .0 s 1 
~~~• ?1000 m

= .02 + .0185/30 t 0C rn/s t<30 mm

= .0385 °C rn/s t~ 3O mm

t is at 700 CST
0

L. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
_ _
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~H1—p icture , taken on June 23 1978 at 8.29 CuT

The wouncary layer is very thin , so that the averag ing range

is small C 2 km ). The apparent w ave  motion in the upper layer

could be due to slope corrections applied to the picture?..
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RHI—picture, taken on June 23 1978 at 8.50. CU’.

The boundary layer has inc reased in depth. ~o te  the wa v e mo tion

at the top of the boundary layer.
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RHI—p icture, taken on 3une 23 1978 at 9.47 CDT .
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RHI—picture, taken on June 23 1978. at 10.07 LOT.

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

air is e~ traint downwards. 
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The inversion rise , as co mp uted , is too small~ fioure 15).

The compute d temperature jump across the inversion decreases

somewhat faster than as was observed ( fi gure 16).

In comparison with the previous day, the f r i c t ion

velocity is rather high. At the same time , the virtual heat

flux is low. This indicates , that mechanic al entr ainment

should be more important. Indeed , figure 17 and 18 show ,

that the magnitude of the virtual heat flux at the inversion

base is hi gh , and that the co owec t i v e  part of C’ has decreased

in influence.

From f igure 19, it can be seen, t h a t, dur ing the f irst

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 buc~e n c y

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 th~ ~~rigth scale. Therefore, only a few reliable

values could be obtained. The computed length scale increases

- - from 90 in at the initial time to 175 m, when the layer hit

800 rn. 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 3une 23 1978. The • ‘a indicate the inversion height

as obse rv es in the temperature profile s.
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Figure 16:

The computed temperature jump as a function of’ time on

june 23 1978. The C ‘s indicate the observed values in the

temperature profiles.
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Figure 17:

The computed terms of the energy budget equation at the

inversion base as a function of time on June 23 1978.
- 

the temporal term

— . — the buoyancy term

— the flux divergence term

— — the dissipation term

— — — — the production term
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Figure 18: 
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The observed virtual surface heat f’lux and the computed

virtual heat flux at the inversion base as a function of

time on June 23 1978.

the virtual surface heat flux

— — — — the virtual heat flux at the inversion base.
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The scaled velocities C’ , w and u as a function of time onw •.
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Figure 20:

( The computed dissipat ion length at the inversion base as

a function of time on June 23 1978. The • ‘s indicate the

observed values from the lidar data.
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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 displa cem eilL is a

measure of the wind speed. A fter s~~~nning 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 hei ghts in the boundary la yer , 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— down of the low—-level jet.
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Figure 21:

Comparison of computed wind speed (averaged between 185 and 235 m

altitude) and the observed wind speed at 200 in as a function of’ time

on Dune 23 1978.

the computed wind speed

— — — the observed wind speed
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Figure 22:

Comparison of comput ed wind speed (averaged between 385 and 435 m

altitude) and the observed wind speed at 400 m as a function of’ time

on Dune 23 1978.
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DISCUSSION AND CONCLUSION

The Zeman—Tennekes model did not accurately predict

the invers ion rise on the days of the two case studies.

Several reasons for this discrepancy between theory and

pract ice should be examined.

The lidar data is incomp lete and vis uall y estimating

an inversion rise has a risk of making errors ( see [kI~0RS..).

However , the data is support ed by temper ature p rof iles , on

wh ich the inversion heigth is clear ly visible.

The model is very sensitive to the input parameters

~ç
and~~~7 .  Determ ination of both has to be done very carefully.

Difficulty was , that parts of the prof iles were not recorded

properly ( see g raphs  of’ the profiles).

The effects of’ humidit y, by using the virtual potential

te mp erature 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

41,. - —— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -
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en trainment is somewhat underest imated. lhis means , that the

co nstant ii
, 

, which has the value of two in the ori ginal

description of the model , has to be adjusted. In order to

see the e f f e c t  o f the co nct a n t , the model was rerun for both

days with 1’ 4 • It appears , that on June 22, th e co mputed

entra inment 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 overestimate d

by the model . Therefore, the dissipation at the inversion base

could be underestimated. The dissipation process , th a t  h a m p e rs

the growth of the mixed layer , app eare d to be unimportant

during the growth phase of the boundary layer. Since the model

underestimates the inversion rise anyway, 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.  
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The case studies oo not prove , that the model is not working.

They show , that lidar is probably the tool to overcome the lack

of continuous da ta segments in testing inversion rise models.

Clearly, further studies are necessary.  During future experiments

at the Universit y of’ Wisconsin , it is necessary to obtain me asure men ts

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 combines the mechanical part of’

with the convective part. The value of’ this constant therefore

influences the effect, that mechanical entrainment has compar ed

to the corwctjve entrainment. Its influence in th& model

equations is rather complex , since affects all terms but

one of’ the energy budget equation. The value, originally given

to is two. To see the effect of on the entrainment process

the model was rerun with r1 =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 could be

obtained.
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