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ABSTRACT (ONGERUBRICEERD)

A small lidar system has been used to measure the vertical structure of the atmospheric extinction in a dune
area bordering The Hague (The Netherlands), at about 2.6 km from the North Sea. The atmospheric optical
properties at this location are determined by a mixture of industrial, urban, rural and marine aerosols, which
composition depends on the air mass history. The measurements were made unattended, around the clock,
five days a week. About 250 extinction profiles were recorded every day. This report reviews the data base
obtained and presents some selected results. The lidar system is described briefly. Factors influencing the
accuracy of the inversion of lidar signals are discussed.
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SAMENVATTING (ONGERUBRICEERD)

Een klein lidarsysteem is ingezet voor het meten van de vertikale atmosferische extinctie profielen in de
duinen aan de rand van Den Haag (Nederland) op een afstand van ca. 2,6 km van de Noordzee. De optische
eigenschappen van de atmosfeer aldaar worden bepaald door een combinatie van industriéle, stedelijke,
natuurlijk continentale en marine aerosolen, afhankelijk van de historie van de luchtmassa. Het gehele proces
van meten, data opslag en data verwerking vond continu en automatisch plaats gedurende vijf dagen per
week. Per dag werden ongeveer 250 extinctie proficlen gemeten. Dit rapport geeft een overzicht van de
verkregen gegevens. Een selectie van de resultaten wordt gepresenteerd. Het gebruikte lidarsysteem zal in
het kort worden beschreven. Factoren die de nauwkeurigheid beinvloeden van de inversie van lidarsignalen,

worden besproken.
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LIST OF SYMBOLS
A = area of the receiver in km?
¢ = speed of light in km/s
D = sensitivity of the receiver in V/W
E;, = energy of the laserin]
K, = lidar system constant in W-km?
K = lidar system constant including the system noise in km3
L, = intercept of the transfer of logarithmic amplifiers in V
L, = slope of the transfer of logarithmic amplifiers in V
PgR) = lidar return on the detector in W
P, = noise equivalent power of the receiver in W
R = rangeinkm
S(R) = range corrected lidar return in W-km?
Tow = transmission of the optics [-]
UR) = lidar return at the input of the receiverin V
Uy(R) = lidar return at the output of the log unit in V
U, = reference voltageof 1 V
Z = gltitude inkm
o = extinction coefficient in km-!
B = backscatter coefficient in km-!
I' = time constant of a first order electrical filter in s




j 1 INTRODUCTION

In the period January 1985 to August 1986, vertical extinction profiles of the atmosphere were

. measured with an automatic lidar system (optical radar) at the TNO Physics and Electronics
’ Laboratory (52".07'.43" N; 04°.19'.40" E). The location is indicated in Figure 1.1. The system was
mounted in a cabin on the roof of the institute, about 15 m above ground level and pointing in 2

northern direction over the dunes. In principle, an extinction profile was measured every 6

minutes, 5 days a week. Each profile measurement was preceded by one or more horizontal

measurements, to determine the horizontal extinction- and backscatter coefficients.

1 Meteorological parameters were recorded in combination with the lidar data. Cloud cover and
: precipitation were recorded during working hours (when possible). Cloud base height was
inverted from the lidar data. Results were presented in Kunz, 1990. In the first few months of the
project also a sodar (acoustic radar) was operated but the results were unsatisfactory to continue

these measurements.

e e ——
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|
: n AMSTERDAM
' NORTH SEA s

Figure 1.1:  Schematic map of the region. The measurement site is indicated by a '*",
Large industrial areas are dotted.
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The lidar operated automatically under comtrol of an HP-85 personal computer. The
meteorological station was operated with a PET-4000 Commodore Business Computer. Both
systems were programmed in BASIC. The lidar signals were processed to obtain the horizontal
backscatter- and extinction coefficients (at a level of 15 m altitude) and to obtain the vertical
extinction profiles using the forward integration method (Kunz, 1983), see also Chapter 3. The
inverted results were stored instead of the raw data. The main reason for this was the limited data
storage capacity at that time. In a later stage, the data was converted to IBM-PC format for
analysis. Afterward, the lidar and meteorological data were mezged into a data base which finally
comprised about 23,000 records. This data base provides a unique source for correlation of lidar-
measured extinction, backscatter and vertical profiles with the actual meteorological conditions to
determine statistical relations between these parameters. Furthermore, the path-integrated
extinction can be determined as a function of elevation angle. Slant-path atmospheric extinction
plays an important role in models for predicting the performance of electro-optic sensors.

This report describes the lidar system, its calibration and the inversion techniques applied. Factors
are discussed which influence the accuracy of the calculated extinction- and backscatter
coefficients at low altitudes. An overview of the acquired data base and some selected results are
presented and discussed.
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2 LIDAR SYSTEM

The TNO Mini-Lidar, shown in Figure 2.1, is a modified laser range finder, developed by the
(Dutch) Oldelft Optical Industries (presently named: Delft Electro Optics) as a military laser
range finder at the end of the sixties. The powerful laser (100 mJ) and large telescope (74 mm
diameter) made the system attractive for modification to a lidar system. The system appeared to
_be very reliable and has been in operation by TNO-FEL since 1982. It was used both for the semi-
continuous measurements during the 2-year VISA project described in this report, as well as
during several national and international field experiments on land and over sea. The heart of the
Mini-Lidar is 2 Nd:Glass laser with a rotating prism as Q-switch. The specifications of the lidar
are summarized in Table 2.1.

Figuur2.1: TNO Mini Lidar
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Table 2.1: Properties of the TNO Mini-Lidar

Transmitter:

wavelength 1060 nm

energy 50mJ

pulse duration 30 ns

beam divergence 1 mrad

repetition rate 6 ppm

Receiver:
; diameter telescope 74 mm

focal length 655 mm

RCA C30916 APD (diam.) 1.5 mm

sensitivity @ 1060 nm 12 A/W

color filter RG 830 3mm

sensitivity 19.3kV/W (50 92)
' noise level 0.16 mV (=8.3109W)
{

Laser Enezgy

The energy of the laser was measured with three different energy meters. The calibration
differences between the meters were less than 2 %. The variation of the laser energy, over 200
shots, was less than 3.3 %. It is assumed that the influence of the energy variation over the
measurement periods is negligible. During the project, the laser energy was measured daily and
used to calibrate the backscatter measurements.

Sensitivity of the Recei

The accuracy of the receiver has been tested with a calibrated light emitting diode (LED, 1060 nm
and with a power level of 194 nW; Kunz, 1988 and 1989). The emitted light was collimated to fill
the field of view of the receiver.

Range of the Lidar
In general, the range of a lidar depends on the properties of the system (e.g. laser energy, receiver
diameter and noise of the detector) and on the actual weather condition. For our Mini-Lidar, the
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. theoretical maximum range is about 1.3 km, in a homogeneous atmosphere with an extinction of
0.4 k!, In a molecular (Rayleigh) atmosphere the maximum range is about 450 m. The method
for calculating the maximum range of lidar systems in a homogeneous atmosphere, is outlined in
Appendix A. In cases of an inhomogeneous atmosphere, the range depends on the structure and
cannot be predicted a priori.

Beam Directi

The slant path direction of the beam in the Mini-Lidar can be controlled via the internal mirror,
from an angle of about -10° to about +33° with respect to the horizon. To reach a maximum
altitude with the system, an external mirror under 45° was applied during the first few months of
. the experiments. However, during periods of precipitation this resulted in erroneous signals
! caused by scattering at the droplets on the mirror. Therefore it was decided to apply only the
: internal mirror of the system, giving up the altitude advantage for all-weather operations.

Pre-processing

A logarithmic amplifier (Analog Modules LA-90-P) has been used to suppress the dynamic range
of the measured signals. This unit has a logarithmic transfer over the first 80 dB of the input
signal strength (0 dB = 5 V) and a constant transfer for smaller input signals ( U;< 5.104 V). The
results of the calibration and some other properties of this unit are described in Appendix B.

L A o2 e i A 5 e

The transient recorder was designed and constructed in-house at the beginning of the project
because at that time no instruments were commercially available with the desired accuracy,
resolution and sample rate. The resolution of the transient recorder was 9 bits and the sample rate
was 16 MHz. The trigger accuracy was better than 8 ns to improve the timing accuracy. Exrors in
the calculated backscatter- and extinction coefficients, caused by small time shifts of the lidar
signal, are described in Appendix C. An HP-85 personal computer controlled the lidar system and
processed all data.
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3 INVERSION METHOD

3.1 Introduction

This paragraph describes in short the model of the lidar signal and the methods used to invert the
signals. A comprehensive discussion on this subject can be found in the literature (e.g., Klett
1983, Kunz 1983). Some special topics are discussed more extensively because they have a large
impact on the accuracy of the results and have not been described elsewhere.

The general model for lidar signals is given by the following equation:

where:
R

Pd(R)=E,-§'P‘§—?-%-Tw~m{—2-£a(x)-u}. R>0 @3.1)

A = area of the receiver in km?

c = velocity of light in km/s

E, = laser energy inJ
P4«R) = lidar return on the detector in W

R = range in km
BR) = backscatter coefficient in km-!
Tom = transmission of the optics
oR) = spatial extinction coefficient in km-!

The duration of the laser pulse does not appear in this formula but must be short in comparison
with the smallest range to be observed. The receiver and the transmitter field of views are
assumed to have complete overlap.

The output of the receiver in volts is:

Ui(R)=D-P,(R) (3.2)
where:




-

output of the receiver in V
sensitivity of the photo detector in V/W

U®)
D

Throughout the project, the lidar signals were pre-processed with an analog logarithmic amplifier
to compress the large dynamic range of the signals. Thus, the signals could be recorded with a
transient recorder with a smaller dynamic range (at the cost of the reliability of very low
extinction values). The properties of the logarithmic amplifier are described in Appendix B. The
output signal of the logarithmic amplifier can be described by:

U,(R)=L, +L, -1a[U,(R)/ U,] (3.3)
whers:

L, =  intercept of the transfer in V

L, =  slope of the transferin V
U,R) = output voltage of the log-amplifier in V

U, =  reference voltage of 1 V

" Division by U, is only a formal action to render the argument of the log function dimensionless.

Lidar signals can be divided in two classes, i.e. from a homogeneous atmosphere and from an
inhomogeneous atmosphere. It is assumed that the lowest layer in the atmosphere is well mixed
(over the range of the lidar) which results in a homogeneous distribution of the aerosols. When
the atmosphere is sensed in the vertical direction, however, the structure will generally be

inhomogeneous.

The purpose of lidar is to determine the atmospheric backscatter- and extinction coefficients. In
principle, these two quantities cannot simply be determined with one single system. However, in

13

a homogeneous situation it is possible to determine these two quantities because the strength of

the lidar signal is a measure for the backscatter and the time behaviour gives the extinction (see
section 3.2). In situations of an jnhomogeneous atrmosphere the amplitude and the time behaviour
of the lidar signal are determined by the spatial properties of both the extinction and the
backscatter coefficients. In that case, additional information (a relation between extinction and
backscatter as well as a boundary condition) is required to invert the signal.
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The techniques used for the inversion of lidar signals, cither from homogeneous or from
inhomogeneous atmospheres, are discussed in sections 3.2 and 3.3. Parameters that effect the
accuracy of the results are also discussed. Because the effects are easiest to understand in a
homogeneous atmosphere most of this discussion appears in section 3.2. The results from the
inhomogenecus atmosphere are also sensitive to these errors, but their effects can only be
quantified when information on the shape of the profile is available.

32 Inversion of horizontally measured signals

Lidar signals from a homogenecus atmosphere, with a(R)=a and B(R)B= in equation (3.1), are
first corrected for the range term in the denominator. Taking the logarithm of the range
compensated waveform yields:

1n[S®)] = 1n ;) + 1n B) - 2.&.R (34)

The slope and the intercept of equation (3.4) are determined by linear regression which provides a
direct measure for the extinction coefficient (xtAc) and the backscatter coefficient In(BEAB).
This procedure is generally known as the 'slope method'.

The standard deviation in the extinction and the backscatter coefficients must be critically
considered for the following reasons. In a very clear atmosphere, the signal is very weak and thus
the range is limited. Moreover, the slope of the range compensated signal is very small. This may
lead to unexpected large uncertainties in the calculated extinction- (0ctAB) and backscatter
coefficients [In(B+Af) = In(B) + In(1+AB/B)]. On the other hand, if the extinction is large, the
signal is strong but the range of the lidar signal (and thus the number of samples) is also limited
due to attenuation. (A method to calculate the maximum range of a lidar system is presented in
Appendix A.) Due to the limited number of samples, this can also lead to large uncertainties in the
calculated extinction- and backscatter « sfficients. In conclusion, the errors are smallest for
intermediate extinctions. In Figure 3.1 the standard deviations in the extinction, A, and in the
backscatter, (AP), as inverted from the data base, are presented as a function of the extinction and
the backscatter, respectively. As shown, the deviation of the largest extinction values (10 km-1) is
less than 1 knr! (i.e. 10 %), while for the lowest extinction values (0.05 km-!) they may amount to
10-100 %! Best results are obtained with this system for extinction coefficients around 0.5-1 km-!

14
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; which is about a factor of two larger than the extinction at which the maximum range is obtained.
The standard deviation for the backscatter shows a minimum around 0.02 km-! and increases with
the backscatter. A more detailed analysis of the esrors in the extinction- and backscatter
coefficients determined by the slope method is presented in Kunz and DeLeeuw, 1992.

’ ELTA-EXT. in km'! 1+A8/8)
o LOS(D m) p 2.00 f i
1 —k
Loy, g 1.50
2 . EEESTTERTENR
| i
RIS L 5, I
3 i 1.00 Gl R
-2 -4 0 1 2 -3 2 a4 0 1
LOG(EXTINCTION in km*) LOG(BACKSCATTER in km)

Figure 3.1:  Deviation in the extinction coefficient and in the backscatter coefficient as a function of the
values of the extinction and the backscatter coefficients, during the first months of 1985. The
maximum range of the Mini-Lidar is about 1.3 km. This is reached when the extinction is
about 0.4 km'l and the backscamer is about 0.028 km'l. See also Appendix A.

Although the slope method seems to be very simple, many effects can influence the final

results. The resulting errors are not only dependent on the accuracy of the measurement, but
also on the strength of the signal itself. Some sources of errors are:

- the trigger moment accuracy
Range compensation is the basic operation in lidar signal processing. However when the
trigger moment is not accurately known, unintended compensation with (REAR) 2 is

performed instead of with R2. This leads to errors in both the extinction and the backscatter
coefficients. For example, an ezror of one sample interval of 30 ns introduces an error in the

!
!
}
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detail in appendix C.

uncertainties in the constants influence both the backscatter and the extinction. The error is
not only dependent on the error in the transfer but also on the strength of the signal. In
particular, low extinction values are sensitive to uncertainties in the transfer of the log-
amplifier. As explained in Appendix D, the uncertainty in the backscatter due to the transfer
function is less than 3 %, but the error in the extinction varies from less than 2 %, for o= 1
knr, to more than 300 %, for o= 0.01 kmr!.

the iafl f the bandwidst
Bandwidth reduction has the advantage to improve the signal-to-noise ratio. However, the
shape of the signal is distorted when the bandwidth reduction is beyond the frequency
contents of the lidar signal. For example, signals with a short rise time, such as from a cloud
retumn, are reduced in amplitude. Also signals from a homogeneous atmosphere are
influenced. Although deconvolution can theoretically restore the original signal, experience
learns that large errors remain in the final results. The amount of error introduced depends
both on the strength of the signal and on the bandwidth of the filter. It is not simple to give a
closed form expression for the error because the actual error depends also on the cross-over
function of the lidar and on the initial condition of the filter. Sinmlations of homogeneous
signals, with extinctions from 10-3 km-! to 10 km-! and with filter time constants betweea 10
and 1000 ns, show that a range of about 2.109*T" m (T" is the time constant in seconds of the
first order filter) is required to eliminate the influence of the reduced bandwidth (Kunz,
1979).

the accuracy of the reference level

Signals are temporarily stored in a transient recorder which must have the capability to store
small negative signals as well (noise). This means that the signals are recorded with a small
(numerical) offset which must be subtracted before the data are processed. When this
subtraction is not done or not done accurately, large errors in the calculated results are
possible. Also here, a closed form expression for the error is not possible because it depends
on the system in question, the transfer of the electronics and the actual values of the
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extinction- and the backscatter coefficients. This problem has also been indicated by
Shimuzu (1985).

- the resolution of the A/D converter
An inherent property of lidar signals is the large dynamic range which varies from 3 to 6
decades or more. To record these signals with sufficient accuracy, an A/D coaverter of 10
bits or more is required. When the VISA experiments were made (1985-1986) these

: instruments were very expensive, if available. Part of the problem has been solved by

j applying a logarithmic amplifier with a dynamic range in the order of 4.5 decades. It has

1 been shown (Kunz, 1990) that a combination of a logarithmic amplifier and an eight bit A/D

, converter is comparable with a fourteen bits A/D converter. Most errors occur in small

l signals at large ranges.

33 Inversion of vertically measured signals

Inversion of the extinction profile from the measured data is possible with e.g. equation (3.5)
which has been described by a number of authors e.g. Hitschfeld and Bordan (1954), Klett (1983)
’ and Kunz (1983).

S(R)
S(R)

m-z.'{su)-dx |

o(R)= 3.5

where S(R) is the range-corrected signal as shown in (3.4)

As can be seen from (3.5), a(R) can only be inverted if both S(R) and a boundary condition
(R,) are available. Furthermore, the equation can be solved either by integrating from the far-
end (R<R) or from near-by (R>R,). The forward integrating method has the advantage that the
necessary boundary condition, a(R,), can be obtained with the lidar itself from a measurement in
the horizontal direction (where the atmosphere is assumed to be homogeneous, hence the slope
method can be applied to the measurement). Howevez, this method has the disadvantage that a
singularity may occur when the boundary condition is too large. The backward-integration
method has the advantage that there will be no singularity in the solution becanse a real input




Page
18

boundary of the extinction is always positive. However, a disadvantage of the backward-
integration method is that the determination of the boundary value from the lidar signal itself is
not accurate. For the inversion of lidar signals as described in this report, the forward integration
method has been applied.
Other methods to measure the vertical extinction and backscatter profiles are described in Kunz,
1988 and in Kunz, 1990.

The effects described in the previous section also introduce errors in the extinction profile
inverted from lidar measurements in an inhomogeneous atmosphere. However, becanse there are
so many different profile shapes, it is not possible to even indicate the effiect of possible errors or
to describe a general trend. A detailed analysis is necessary for each type of profile.
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This chapter gives an overview of the active periods of the lidar system and the number of
profiles recorded during VISA. The lidar data and the independently recorded meteo data were
first validated and subsequently merged. The parameters recorded in the final data base are

described in Appendix E.

Figure 4.1 shows a calendar of the years 1985 and 1986 in which the active days of the lidar are
indicated. The lider was not operated during holidays, weekends, field experiments,

reconstruction activities, data conversion and maintenance of the equipment. The days for which
both lidar and meteo data are available have been encircled in the calendar. As can be seen from
Figure 4.1, winter and spring periods are emphasized as regards the number of measurements.
Very few measurements are available in summer and no measurements at all in September.

TNO report

Figure 4.1:
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The following table gives a numerical overview of the number of measurements:

| lidar meteo
1985 | 118 25254 | 108 | 7395
1986 | ™ 12251 & | sio0
ol | 189 37485 | 167 | 12,50

Note: the meteo data was averaged every 15 minutes; the lidar measured a profile about every 7
minutes which canses the discrepancy between the number of lidar records and the number of
meteo records.

After validation, merging and integration, the following number of files and records are available
! for analysis:

Combined files
year files records
1985 91 15,869
1986 46 6,935
total 137 22,804

Analysis of the data base is described in the next section.
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5 INVERTED DATA
: Some typical examples of horizontal extinction- and backscatter coefficients, in relation with the
actual meteorological condition, as well as some results of vertical atmospheric extinction
profiles, are presented in this chapter. The altitude of the cloud base as measured during VISA has
been described in Kunz, 1990.
5.1 Analysis of the horizontal measurements
‘ For the inversion of lidar signals to vertical atmospheric extinction profiles, the harizontal
{ extinction- and backscatter coefficients are necessary input parameters. They are also measured
. with the lidar. A logical sequence is therefore to concentrate on these parameters first.
-  distribution of extinction and backscatter
Statistical overviews of the horizontal extinction- and backscatter coefficients are presented in
Figure 5.1. All available records (22,804) were processed and distributed over 200 channels.
3 3
a b
3
8 2T 8 2
> >
0 0
z x
s 5
3 3
& £ .1
|
 — 0 . s
‘ 10 10 t0° 10’ 102 10 101 10 10° 10
EXTINCTION in km! BACKSCATTER in km"!
Figure 5.1:  Frequency of occurrence of the 22.804 lidar measured horizontal exinction
(a) and backscatter () coefficients )
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The histograms show that the maximum frequency of occurrence occurs at an extinction
coefficient of about 0.16 k! and at a backscatter coefficieat of about 0.01 km-1.
For inversion of the vertical lidar measurements it is assumed that the ratio of backscatter and
;xﬁncﬁon(ﬂ/a)iseonsﬂntthxougboutdnmimdhyu.Somemeevenapplyaﬁxedvalne.ln
our opinion this is not correct because the ratio depends on the aerosol properties which vary from
day to day.
Three examples will be presented of periods were the ratio B/o:
- has a fixed high value
- has afixed low value
- varies in time
An example of a period with fixed ratio B/ (but varying extinction and backscatter coefficients)
is shown in Figure 5.2. In the period from 10:00 to 12:00 am., as indicated by ‘I', the
measurements were performed in light snow resulting in enhanced § and o as well as a higher B/a.
ratio than in the period thereafter. In the period after 12:00 a.m., as indicated by '2', there was no
ipitation.
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Figure 5.2: Left figure: Backscaster, extinction and ratio /o on January 15-16, 1985 (time above 24
hours is the next day). From 10:00 am..to 12:00 am. it was snowing lightly.
Right figure: scatter diagram showing the relation between extinction and backscaster.
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The graphs in Figure 5.2 show that after 12:00 a.m. both the backscatter and the extinction varied
by more than a factor 2, but the ratio f/c varied less than 10 %. Furthermore it can be seen that
the ratio f/o. in snow is larger than during the following period when there was no precipitation.
The relation between B and o has also been visualized in a scatter diagram (Figure 5.2d).
Another example of a period with a fixed but low value of the ratio B/a: is shown in Figure 5.3.
The period from 15:00 to 34:00 hours (i.c. 10:00 a.m. the next day), was characterized by a very
good visibility (>40 km), in which P/ drops from 022 to less than 0.01. Although the
backscatter and the extinction coefficients varied more than one arder of magnitude during the
whole day (see the scatter plots in Figure 5.3b), the ratio f/a varied about 20 %.
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Figure 5.3:  Scatter diagram of backscatter versus extinction (a) and the backscatter/extinction ratio as
a function of time (b) on December 11, 1985 (time> 24 hours is the next day)

Figure 5.4 shows a period of a varying and slightly decreasing f/a ratio over a period of about 24
hours. From 11:00 a.m. to 07:00 p.m., the ratio B/a varies about 10 % and after 07:00 p.m., B/
decreases gradually from about 0.9 to about 0.6.
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Scatter diagram of backscatter versus extinction (a) and the backscatter/extinction ratio as &
function of time on January 30, 1986 (time> 24 hours is the next day). Temperature
and visibility increased somewhat over the same period.

In the last example in this series, Figure 5.5, a period has been selected where both a, f and B/
vary strongly in time. The measurements were performed during a cloudless period with ground
haze. The relative humidity varied from 60 %, before 06:00 p.m., to 90 % and more, after 07:00
p.m. (The variance in the backscatter is smaller than the variance in the extinction; not shown.)
Compared to the previous examples, the variation in /o is much stronger here.
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function of time on February 5, 1985 (time> 24 hours is the next day). Tempersture
and visibility increased somewhat over the same period.
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The selected results show that the ratio f/a in Figures 5.1, 5.3 and 5.4 are comparable. The low
value of P/a in Figure 5.2 differs from the other examples. These results illustrate that the ratio
P/ct is not a fixed value but may vary from day to day and during a day.

log-range corrected signal (linear regression). During this process also the standard deviation of
the extinction and of the backscatter are calculated. The standard deviations are not oaly caused
by electronic noise but also by atmospheric structures (See also Kunz, 1992). It is expected, that
due to the atmospheric structure the standard deviation decreases with the length of the selected
interval (more samples) which, in turn, depends on the actual extinction (and backscatter) as
explained in Appendix A. It is expected that the standard deviation reaches a minimum for a
certain value of extinction (or backscatter). This effect has been observed in many data files.
Figure 5.6 shows a typical example of this effect for both the extinction and the backscatter.
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Figure 5.6:  Scatter diagrams of the standard deviation of the extinction (a) and of the backacatter
coefficients (b) as a function of the extinction and the backscatter. Scatter diagram (c) shows

the relation between df/B and dovar.

The analysis of many of the data files has shown that the relative deviation in extinction (or
backscatter) has indeed & 'V' shape (See also Figure 3.1). Furthermore it appears that the minima
of the variation in both the extinction and the backscatter occur almost simultaneously.
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In the Figures 5.2 to 5.5 some daily periods were presented of the ratio B/a.. The histograms for
the extinction and the backscatter are presented in Figure 5.1. It is also interesting to review all
the available data for the ratio f/c.. However, presenting all available data in a scatter plot of f§
versus & yields one dark spot. Therefore the averaged f values and their standard deviations were
calculated for discrete values of the extinction as shown in Figure 5.7. To this end, the extinction
has been partitioned over 200 channels. The data were further separated into periods with and
without precipitation. Results for the dry situation are shown in Figure 5.7b, those obtained during

rain are presented in Figure 5.7c.

ation betweep extinction and

BACKSCATTER in km' . {B_ACKSCATTER in km*

BACKSCATTER in km - 10" . "
*
* & ® o © A
. (J
100 < : 100 . 3 100 “‘:
pt e
(‘.0. .o*'..y L <
101 e 10+ 20y o8 10"
l: "‘ ot o ® N
¢ L) * (J .
102 10ef " " 107 1% 'ﬂ
Po . o;: !0
o J .
102 107 109
107 100 100 100 102 100 100 10 100 10! 10r 100 1 10t 10

EXTINCTION in km"’ EXTINCTION in km'* EXTINCTION in km '

Relation between extinction- and backscatter coefficients for all data records (a), for
situations without precipitation (b) and with precipitation (c). The upper and lower traces
correspond with the mean backscatter plus or minus one standard deviation. :

Figure 5.7:

The results in Figure 5.7 indicate a non linear relation between f and & which becomes less
evident for extinctions larger than about 5 km-1. This is probably due to local fluctuations in o
and f. For extinctions smaller than 0.03 k!, inaccurate determination of the extinction canses
the variability of B/a, see Kunz and DeLecuw, 1992. In that case the backscatter can be
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determined more reliably than the extinction. Precipitation has only been recorded during working
hours because no instrument was available at that time for automatic indication. It is clear from
Figure 5.7 that there is no distinct difference in the overall gshape of the three figures. This means
that (this) lidar provides similar results both in dry weather and during precipitation. For low
values of the extinction and the backscatter, the backscatter seems to reach a limiting value
of bout 0.004 km-! which is about a factor 3 larger than the Rayleigh backscatter value
(1.3x103 knr!). For extinctions larger than about 5 km-l, a second mode becomes visible in
which the backscatter is about one order of magnitude lower. A more detailed analysis shows that
this is only present in a few files; thus far, the reason for this behaviour is not understood.

an other subject of interest (e.g. DeLeeuw et al, 1986 and Tonna, 1991) because the relative
humidity tends to increase with height in the atmospheric boundary layer. It is generaily assumed
that there is a positive correlation between the relative humidity and the extinction, the
backscatter and/or the backscatter/extinction ratio. From a review of all the da*a files, it appears
that the correlation between the relative humidity and the backscatter is better than the correlation
between the relative humidity and the extinction. The relation between backscatter and relative
bumidity has in many cases been observed to loop tack during a period of rising and falling
relative humidity (cf. Figure 5.10). This may be caused by the anomalous growth of hygroscopic
acrosol which has been reported e.g., by Winkler, 1971.

Some typical examples of the relation between the lidar measured extinction- and backscatter
cocfficients and the relative humidity, are shown in the Figures 5.8 to 5.10. Figure 5.8 shows the
scatter plots of the extinction and the backscatter coefficients versus relative humidity, as
recorded over a 24-hour period. These plots illustrate that the variation in the extinction at RH>90
% is larger than the variation in the backscatter. The backscatter increases slightly when the
relative humidity increases from 54 % to 90 %. For higher values of the relative humidity, the
backscatter increases much stronger. This effect has been observed in many data files. However,
we noted that the relation between backscatter and relative bumidity varies from day to day.
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Figure 5.8:  Scatter diagram of the extinction versus relative humidity (a) over a period of 24 hours on
February 20, 1985 and the scatter diagram of the backscatter and the relative humidity (b).
Note that the variation in the backscatter is smaller than the variation in the extinction.

Figure 5.9 shows another scatter diagram of the backscatter versus the relative humidity, recorded
on March 26, 1985 when higher values of the relative humidity occurred. The measurement
period was about 24 hours. For values of the relative humidity smaller than 97 %, the backscatter
varied by a factor of about 2, but for higher relative humidities the variations were up to three
orders of magnitude. It is noted that accurate relative humidity measurements near 100 % are
extremely difficult. Therefore, results from routine measurements should be carefully interpreted
in this regime. Whea the recorded relative humidity approaches 100 %, this might correspond to a
situation where the relative humidity goes slightly over 100 % (due to inherent instrument
inaccuracy) and aerosols can be activated. The activated aerosols grow in size very fast, resulting
in a strong increase in both the extinction- and backscatter coefficients.
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Figure 5.9:  Relation between backscatter and relative humidity, for high values of the RH, over a period
of 24 hours on March 26, 1985. For RH<90% there is a positive correlation; for higher
values of the RH there is no relation at all.

Figure 5.10 shows an example where variations in the relative humidity result in a 'hysteresis
loop' in the backscatter. This behaviour has been observed many times.0
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Figure 5.10: Relation between the backscatter and the relative humidity over a period of 24 hours on -
February 7, 1985. Note the curl between 74 and 82 % relative humidity. 5
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The visibility, the backscatter and the extinction coefficients are an evident set of parameters
which should correlate. Results of this kind have been published and discussed in the past (among
others, by Lamberts, 1978, Lamberts and Del.ecuw, 1986 and Bertolotti, 1969, 1978). Some of
the relations derived from our data set will be presented below.

In Figure 5.11 an example is shown of a 24 hour period where both the extinction and the
backscatter coefficients are well correlated with the visibility. For high visibilities, the deviation
in the extinction is larger than the deviation in the backscatter.
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Figure 5.11:  Scatter diagram of the extinction coefficient (a) and of the backscatter coefficient (b) as a
function of the visibility over a period of 24 hours on March 10, 1986 (time above 24 hours
is the next day). Note that both the extinction and the backscatter correlate well with the

Analysis of all validated data files shows that the relation between visibility and backscatter or
between visibility and extinction is not always as good as shown in Figure 5.11. In many cases,
the visibility correlates either better with the backscatter or with the extinction. In other cases no
correlation at all is found. Figure 5.12 shows an example where the visibility correlates better
with the extinction (range interval from about 0.5-2 kir?) than with the backscatter. In Figure
5.13, however, where the extinction varies fror about 0.03-1.5 kml, the visibility correlates
better with the backscatter.
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l Figure 5.12: Scatter diagram of the extinction (a) and the backscatter (b) as a function of the visibility
measured over a 24 hour period on April 7, 1986. Note that the correlation between
extinction and visibility is better than the correlation between backscatter and visibility.
: 10" 100
a b .
P E
£ 10°% P 104 |
3 « 'y
3 £ £
E k L
F4
& 10" ¢ % 102 R’
w <
]
102 . 107 .
10 10° 10 102 10 10° 10 102
VISIBILITY In km VISIBILITY in km
Figure 5.13:  Scatter diagram of the extinction (a) and the backscatter (b) as a function of the vigibility
measured over a 24 hour period on April 18, 1986. Note that the correlation between the
visibility.
The last example in this series shows that there are also periods where neither the backscatter nor
g the extinction correlate well with the visibility. This is shown in Figure 5.14.
|
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Figure 5.14: Scatter diagram of the extinction (a) and the backscatter (b) as a function of the visibility
measured over 3 24 hour period on February 21, 1986. Example of a poor comrelation
between the visibility and the scattering coefficients.

52 Analysis of vertical measurements

Knowledge of the vertical structure of the atmosphere is of importance for many disciplines.
Especially processes in the atmospheric boundary layer (up to 1-2 km) play an important role for
human life. These include both observable processes, like haze and wind, and the transport of
pollution, mixing of air from different altitudes, etc. The vertical or slant path visibility is an
important parameter in avionics; the altitude and behaviour of the mixed layer are also important
for meteorology.

Results from measurements of vertical atmospheric extinction profiles during the VISA project
are presented for selected periods. As far as possible, examples are presented of profiles which
were measured during several days to one week in each month of the year, to give an impression
of possible seasonal effects. Results are presented as false color plots, where the altitude is plotted
along the vertical axis and the time is plotted along the horizontal axis. The extinction, which is -
the third parameter in these figures, is coded in false color. The color scale is plotted on top of
each figure for reference. Hourly intervals are indicated by thin vertical tics at the top and the
bottom while the days are separated by white vertical lines.




- result of January 1985

Vertical extinction profiles, as measured in the period January 21-24, 1985, are presented in
, Figure 5.15. An external mirror was used to reach a maximum altitude of 2000 m. The
! measurements were performed after a period of snow and ice, when the thaw set in.
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January 1985

Figure 5.15: Vertical extinction profiles coded in false color from January 21 (8 am.) to January 24
(8am), l98$.'l‘hemaxinmmalﬁmdem2000m.

On Monday January 21, 1985, from 08:21 a.m. to about 11:30 a.m., the extinction profiles could
only be measured to an altitude of about 80 m due to a ground fog. The extinction coefficient was
very high (about 2 km-l). Between 11:30 am. and 04:00 p.m., the extinction at ground level
decreased and profiles could be measured up to an altitude of about 1400 m. Then a cloud layer
descended from about 500 m to about 200 m at 07:00 p.m. Subsequently the cloud layer rose
gradually to about 300 m and the extinction at ground level decreased correspondingly to about
0.2 k). After midnight, 8 new cloud layer was detected at about 1200 m. A low-altitude cloud
base, decreasing from about 300 m altitude to about 200 m altitude, was present until about 11:00
a.m. on January 22. At that moment, a cloud layer was detected at about 500 m altitude during :
about two hours; the wind velocity decreased from about 8 m/s to about 4 m/s. This cloud layer '
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suddenly dissppeared after 01:00 p.m. but other cloud reflections were observed at altitudes
between about 1400 m and 1600 m. Periods with clear skies occurred during the night (human

; observation), sccompanied by relatively low extinction values at ground level. After mid-night,

7 the extinction at ground level increased until about 05:00 a.m. on January 23. Between 09:00 a.m.
and 02:00 p.m. the cloud base varied between 500 and 1500 m altitude. Starting around noon this
day, patches of clouds were detected at different altitudes during the afternoon, evening and night.
The wind was strong. On January 24 the behaviour was similar to that observed during the night
before.

Di .
The results from Figure 5.15 show the dissolution of the ground haze in the moming of January
21 and the increase in the depth of the mixed layer. The altitude of the cloud layers, which are
indicated by small white vertical lines or small white patches, was very instable and varied
between 80 m and 2000 m during this period. Note that the influence of clouds below 500 m
altitude is perceptible in the extinction some bundred meters below the cloud base.

; - example of February 1985
" Figure 5.16 shows extinction profiles to an altitnde of 2000 m over a period of 5 consecutive
days. The measurements started on February 4, at 08:43 a.m. and ended on February 8, at 03:28

p.m.
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February 1985

Figure 5.16: Vertical extinction profiles coded in false color in a height versus time plot. Period: February

4, 08:43 a.m. to February 8, 1985, 03:28 p.m.
At the beginning of this period, some ground haze was present. In the log was recorded that the
sky was covered with thin cirrus (not visible in the figure). Starting at 11:00 a.m., a layer with
increased extinction was detected at 750 m altitude. This was probably not a cloud layer because
there was also sunshine during this period. The extinction at ground level decreased. At 05:00
p.m., the depth of the mixed layer started to decrease from about 750 m altitude to about 200 m at
08:00 a.m. on February 5. (This resulted in a ground haze, the extinction at ground level increased
until about 07:00 p.m.) This ground haze stayed during the night and momning (observed visually).
During the night the sky was clear and there was some frost. After 08:00 a.m. on February 5, the

mixed layer rose gradually to about 700 m altitude, which was reached around 10:00 p.m. The

extinction increased and clouds were visually observed (not shown in the figure). Although the
altitude of the mixed layer was constant during the night and the moming on Rebruary 6, the top
of the mixed layer showed a strong convolving behaviour with a period of almost two hours. The
extinction at ground level increased significantly resulting in a misty momming. Between around
07:00 a.m. and 08:00 a.m., the height of the fog layer extended to about 100 m altitude. From
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08:00 am. to 03:00 p.m. on February 6, a cloud layer was detected at about 1500 m altitude.
Around 01:00 p.m., the fog layer appeared to separate into a ground fog layer and a cloud rising
from about 400 m to about 1000 m altitude. From 06:00 p.m. to about 10:00 p.m., a cloud layer is
detected which rose from about 100 m to about 1300 m altitude. During the night, the depth of the
mixed layer extended to about 1300 m altitude while a slight variation in extinction was visible;
temperature decreased below the freezing point. On February 7, between 06:00 and 07:00 am.,
the height of the mixed layer decreased rapidly from 1000 m to 100 m. After 08:00 am. the
: mixed layer rose gradually from about 100 m to about 800 m at 09:00 p.m. During the night and
; the morning on February 8, the height of the mixed layer varied somewhat around 500 m altitude
while the extinction itself decreased gradually to a minimum around 07:00 a.m.. After 00:30 p.m.,
a rapidly descending cloud layer was detected.

Discussi

The moming warming effect is clearly visible on February 5, 7 and 8 starting at about 09:00 a.m..
! The effect of increasing extinction during the night is visible on February 4 and S and partly on
February 7. The depth of the mixed layer varied from less than 100 m to more than 2 km and is
the average depth was about 700 m. The meandering effect of the top of the mixed layer is clearly
visible in the night from February 5 to 6 and in the morning of February 6.

- example of March 1985

Figure 5.17 shows an example of extinction profiles, coded in false color, as measured with lidar
during five consecutive days from March 4, 08:45 a.m., to March 8, 03:30 p.m.

W

|
|
|
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March 1985

Figure 5.17: Vertical extinction profiles, coded in false color, from March 4-8, 1985. The period from
8:30 am. w 02:30 p.m. on March 4, was characterized by rain showers. The strong
extinction during March 6 and 7 was caused by a ground haze.

The period from 08:30 a.m. to 02:30 p.m., on March 4, was dominated by many rain showers.
The cloud base was detected around 200 m. After 02:30 p.m., the cloud base rose to about 900 m.
After 04:30 am., the clouds vanished and the sun appeared. During the clear night, the
temperature at ground level decreased below 0° C and ground haze was formed. The height of the
mixed layer remained below 250 m aititude. The extinction started to increase at about 10:00 p.m.
on March 4 until 08:00 am. on March 5. At about 08:00 a.m., the ground haze dissolved and
disappeared completely at 01:00 p.m. From that time on, the extinction at ground level increased
strongly and reached its maximum value at midnight. The depth of the mixed layer remained
almost constant at an altitude of about 100 m. At 01:00 p.m. on March 6, the ground haze
disappeared and the sun was visible during about twg.hours. This was followed by an early
morning ground haze which lasted until about 11:30 a.m. on March 7. (The high extinction values
are not real but are causes by singularities in the forward inversion method.) During the night
from March 6 to 7, the sky was clear. On March 7 at 11:30 a.m., the mixed layer deepened until

e




TNO report

Page

about 04:00 p.m. From that time to about 09:00 a.m. on March 8, the depth of the mixed layer
meandered over an interval of about 50 m around an altitude of about 100 m. At 09:00 am. a
cloud was detected and short thereafter a new ground haze formed.

Discussi

During the March period, there was much ground fog with a thickness of about 100 m. Diurnal
effects were visible in the night from March 4 to 5 and during the momning of March 7. Several
times, the forward inversion method failed in the ground fog (March 5 from 10:00 p.m. to March
7 at 11:00 am.). During modest fog (March 7, 06:00 to 08:00 a.m.) the vertical atmospheric
extinction profiles could be measured and inverted. This can be seen from the structure at larger
altitudes. On March 7, the mixed layer rose with a velocity of about 50 m per hour.

- example of April results

The results of the vertical extinction profiles measured from April 15 to April 19, 1985, are
shown in Figure 5.18. This dry period was characterized by a clear sky and ground haze. On April
15 at 08:50 a.m., the measurements started under a cloudy sky with a cloud base at about 500 m.
After 09:00 a.m., the extinction in the mixed layer decreased until about 11:00 p.m. At 01:00 aaa.
on April 16, a cloud was detected at about 250 m and the extinction at ground level increased
rapidly. At 06:00 a.m., a new cloud layer was detected at about 700 m altitude which remained
there until about 08:00 p.m. Note that the extinction below the cloud started to increase already at
an altitude of about 300 m. Between 05:00 p.m. and 07:00 p.m., a haze layer was observed to
move in from the sea. This resulted in an increase in the extinction between 200 and 600 m
altitude. During the night from April 16 to April 17, a ground haze developed. The depth of this
layer decreased slowly. Minimum altitude was reached between 03:00 and 04:00 a.m. From that
time on, the top of the ground fog layer ascended from about 100 m to about 250 m. A second
layer was detected which rose from about 200 m to 550 m altitude. From 01:00 to 03:00 p.m., the
atmosphere above 100 m was clear. At about 04:00 p.m., cumulus clouds were observed and at
05:00 p.m. a new ground fog layer developed which stayed until 01:00 p.m. on April 18. At that
time the extinction decreased due to deepening of the mixed layer. From about 04:00 p.m. on
April 18 to about 02:00 a.m. on April 19 the thickness of the mixed layer decreased. Subsequently
anewiayerwasdeuectedatanahimdeofabouﬂoomwhichdeecendedslowly\mﬁlIO:OOa.m.
to an altitude of about 100 m. From that time on this layer ascended and dissolved.
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April 1985
Figure 5.18: Vertical extinction profiles, coded in false color, in the period April 15 to 19, 1985;
maximum altisde 1000 m. The mixed layer varied in altitude from about 400 m to more
than 1000 m altitude. No precipitation was observed during this period. Ground haze was
present from April 16, 02:00 a.m. to April 18, 12:00 am.

Discussion:

The April period showed a mixed layer with a varying thickness from about 200 m to more than
1000 m. The appearance and dissolution of fog layers were clearly mapped. In part of the period,
the inversion of some lidar returns failed due to the very strong extinction at ground level. During
two days, a rise of the mixed layer in the morning has been observed. The rate was about 120 m
per hour. The data from figure 5.18 also show that the extinction underneath a cloud can extend
over several hundreds of meters.

- example in May 1985 ’

Results of vertical atmospheric extinction profiles as measured with lidar in the precipitation-free
period on May 6-10, 1985 are shown in figure 5.19. The measurements started on May 6, 1985 at
09:23 a.m. The log reported that cirrus clouds covered the sky and that some ground haze was
present which stayed until about 03:00 p.m. The thickness of the mixed layer grew while the
exﬁncﬁmaﬂwmfwennnimdmchmged.mmmemcmwmm
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extinction did not decrease. During the evening and the night (including the morming of May 7)
the ground extinction increased and reached maxima around 02:00 a.m. and 08:00 a.m.. At 08:00
am., the sky was fully overcast (which is not visible in the lidar resuits). From 09:00 am. to
03:00 p.m. the height of the mixed layer decreased somewhat and after 03:00 p.m. it increased
again. The extinction at ground level also increased and reached a maximum at about 10:00 p.m.
Subsequently the ground extinction varied somewhat and reached a pew maximum at 06:00 a.m.
on May 8. At about 07:30 am. the altitude of the mixed layer started to rise, reaching its
maximum at about 04:00 p.m., while the ground extinction decreased. Than a cloud layer was
detected at about 1000 m altitude, which disappeared again at 08:00 p.m. From that time the
ground haze, with a thickness of about 100 m, was detected and lasted for the rest of the period.
From about 10:00 p.m. on May 8 to 09:00 a.m. on May 9, the surface haze layer was capped by a
clear layer. On May 9 at 09:00 a.m. the sky was clear with sun shine. After 09:00 a.m. a new
ground haze developed and this layer rose with a velocity of about 100 m per hour. The fog was
also present during May 10 which resulted in a limited range of the lidar.

May 1985

Figure 5.19: Vertical extinction profiles, coded in false colour, in a time versus height (0-1000 m) plot.
Period from May 6 to May 10, 1985. The period is characterized with intervals of mist and
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Discussion:

Diurpal variations are visible on May 6, 7, 8 and 9. On May 7, 8 and 9, the development of
ground haze has been observed with different extinction values.

- result of July/August 1985

The vertical atmospheric extinction profiles measured during the period July 29 to August 2,

1985, are presented in figure 5.20. During July 31 the sky was fully overcast without

precipitation. The height of the cloud base varied from 500 m to over 1000 m but the cloud layer
could not be distinguished clearly. During the night on July 29 and 31, ground mist layers were
detected which reached altitudes of respectively 250 and 500 m. A diurnal effect is visible in the
f morning and in the evening of July 31.

28 29 30 31 1

July 1985 August 1985
Figure 5.20: Vertical extinction profiles coded in false color, in a height versus time plot,
measured with lidar in the period July 29 to August 2, 1986.
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- example of October 1985

The vertical atmospheric extinction profiles measured during the fourth week in October 1985,
are presented in Figure 5.21. No clouds were detected in this period. During the first three days,
the height of the mixed layer varied between about 300 m and about 600 m. In the last two days,
the depth of the mixed layer was about 250-350 m. During the night from 21 to 22 October and in
the early moming of October 22, the depth of the mixed layer decreased to about 300 m and the
extinction at ground level increased. Around 09:00 a.m., the height of the mixed layer rose again
to about 600 m with a velocity of about 40 m/hour and the extinction at ground level decreased.
At about 07:00 p.m., the mixed layer remained at a constant level of about 600 m until at least
midnight on October 23. (Due to a system ezror, the lidar was not in operation from midnight
October 23 until about 09:00 a.m. that day.) After 06:00 p.m. on October 23, the height of the
mixed layer decreased significantly with a rate of about 80 m/hour. The extinction at ground level
also decreased and reached a minimum value at midnight. Note that this is opposite to the
behaviour during the night from October 21 to 22. During the moming of October 24, the
extinction at low altitudes increased until about 08:00 a.m. The minimum value of the extinction
occurred at about 03:00 p.m. and increased graduaily until October 25, 09:00 a.m. At that time,
the height of the mixed layer started to rise. '

Y
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22 23 24 25

October 1985

Figure 5.21: Vertical extinction profiles, coded in false colour, in a time versus height diagram. Period
October 21 to October 25, 1985. Varying mixed layers, both in altitude and in extinction can
be distinguished.

Discussion:

The vertical extinction profiles measured in the October period clearly show the process of a

developing mixed layer with increasing extinction at low altitudes from midnight until about
09:00 a.m.

- example of November data
A series of vertical atmospheric extinction measurements in November 1985 is presented in
Figure 5.22.
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November 1985

Figure 5.22: Vertical extinction profiles, coded in false colour, in a time versus height diagram. Period
November 4 to November 8, 1985, :

On November 4, the log reported that the sky was fully overcast, but the cloud reflections are not
visible in Figure 5.22. (i.e. Cloud base was higher than 1000 m.) During the early morning on
November 5 the cloud layer descended rapidly with a rate of about 150 m/hour and a fog layer
with a thickness of about 200 m developed which remained until about 07:00 a.m. Diurnal effects
are slightly visible in the extinction at low altitudes in the evening of November 4 and in the
moming of November 7 and 8.

Discussion:

This November period is marked by relatively low extinction values at ground level (except in the
moming of 5 November) and a variable extinction both in altitude and in time. Clouds were
detected at differeat altitudes at irregular moments. The mixed layer varied between about 250 m
and 1000 m and more.

A — ———————— - >
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General discussi

False color presentation of the vertical extinction profiles is a suitable method to present large
amounts of (lidar) data in a quasi three dimensional figure. Although the figures give a qualitative
impression of the temporal and spatial behaviour, the extinction values are quantitatively
available. By reviewing the data files, it is noted that in contrast to what is generally assumed, the
increase in the depth of the mixed layer during the moming is not always clearly visible in the
measured data. This is also the case for the descend of the mixed layer in the evening and night.
The reason for this might be the fact that many fronts with varying wind direction and different
air mass (with different 0. and B) influence the atmospheric conditions in the Netherlands (See
e.g. Lamberts and DelLecuw, 1986). Furthermore, turbulent mixing due to solar heating was in
many cases reduced by the preseance of clouds. If present, the ascend rate of the top of the
boundary layer is on the order of 100 meter per hour, as derived from the figures presented.
Variations in altitude of the mixed layer have clearly been mapped with the lidar. The height of
the mixed layer varies generally slowly (over hours), but also sudden changes on time scales of
some minutes (including abnormal conditions like rain) have been observed. From the available
measurements, it is possible to determine the path integrated extinction both in vertical sense as
well in slant path.

e s i e e XA em -

53 Statistical review of the vertical extinction

i The frequency of occurrence and the cumulative distributions of the extinction at altitudes of 15,
| 140, 265, 390, 525, 640, 765, 890 and 1015 m above ground level have beea determined. This is
at intervals of 125 m plus the altitude of the system at 15 m. To skip anomalies, only profiies in
periods without precipitation have been included in this analysis.

1986 data files, are showr in Figure 5.23. The cumuiative distributions are shown in Figure 5.24.
The mean value and the standard deviation, both derived from the cumulative distribution and

plotted as a function of height, are presented in Figure 5.25. The value of 0.2 km'l, at 15 m
altitude, is equal to the results of Figure 5.1 (frequency distribution of the horizontal extinction).
The high frequency of occurrence in the figure st 15 m and 140 m are duc to the choice of 8~ |
boundary condition in those situations were the horizontal measurement did not provide an
adequate solution. ) : !
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The histograms in Figure 5.23 have different shapes at altitudes below and above 400 m. Below
this altitude, & multimode behaviour is observed; above this altitude, the frequency distributions
approach a skew Poisson distribution with a maximum likelihood at about 0.02 km!. The widths
of the distributions are more than 1.5 decades. Very large extinctions (above 1 km-!) are rare. The
histograms at 390 m and higher shift gradually to somewhat lower extinction values. This means
that there is a slight tendency that the extinction decreases as the altitude increases. This effect is

better visible in Figure 5.25.
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Figure 5.25: Mean (solid squares) and standard deviation (open circles) of the averaged extinction
as a function of altitude from all 1985 and 1986 data files (11,000 profiles) without
rain.

In 1986, a more accurate precipitation registration was established and the way of data processing
was modified somewhat. Therefore the 1986 results (S000 profiles) were analyzed separately (for
periods without precipitation). The frequency and the cumulative distributions are shown in
Figures 5.26 and 5.27. In Figure 528, the mean and the standard deviation are presented as a

function of height.
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The frequency distributions in Figure 5.26 for the low altitudes (<400 m) are different from those
in Figure 5.23. Multi-modal distributions are not observed, only single mode distributions. A
small spike around 10-3 knr! corresponds to the defanlt extinction in situations (of very good
visibility) when the lidar provides a negative extinction. The peak in the frequency distribution at
15 m altitude, around 0.2 km! corresponds with the mean extinction as shown in Figure 5.1. The
mean extinction shifts slowly from about 0.2 km! at 20 m altitude to about 0.08 km! at one
kilometer altitude. At higher altitudes, the extinction is spread over a larger interval which
extends mostly towards smaller extinction values. The averaged values and the standard
deviations of the 1986 data show a somewhat similar behaviour as the combined results.
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Figure 5.28: Mean (solid squares) and standard deviation (open circles) of the extinction (1986 data; 5000
profiles) as a function of altitude.




6 DISCUSSION AND CONCLUSIONS

During a period of 19 months, from January 1985 until August 1986, vertical atmospheric
extinction profiles were measured with a small Lidar system (optical radar) to an altitude of
maximum 2000 m. The required input boundary condition, for the (forward) inversion of the
signals, was measured with the same lidar system. Data has beea collected coatinuously over
periods of maximum 5 working days. After validation and combination with the actual meteo
data, a data base has been established of 22,800 records.

The lidar system and the transfer functions of the electronmic components were absolutely
calibrated. Thus both the backscatter- and the extinction coefficients, as well as the extinction
profiles, were measured quantitatively. It hag been shown that the accuracy of the trigger moment
of the recording system and the accuracy of the transfer function of the logarithmic amplifier play
an important role, especially in situations of very low extinction coefficients. The inversion
method applied has been validated during a field experiment in 1983, where aerosol and
nephelometer profiles were measured simultaneously with the lidar (Lindberg et al, 1987).

The measured extinction profiles are the basic information for calculating the vertical or slant
path visibility. This parameter is very important, e.g., for meteorology, aviation and for the
prediction of the performance of electro-optic sensor systems. At this moment, there are no other
efficient techniques to determine the vertical optical structure of the atmosphere.

Analysis of the data base has led to the following conclusions:

- Itis estimated that the forward inversion method provides reliable information on the
atmospheric vestical extinction profile in about 95% of the cases. Only during periods of
mist or ground haze, the reverse inversion method might provide better results.

-  In general, these is no fixed relation between the extinction and the backscatter coefficients.
Nevertheless periods can be distinguished where a constant relation is clearly present despite
the variation in the backscatter and the extinction.
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For relative humidities smaller than 90 %, both the backscatter and the extinction
coefficients increase somewhat with the relative humidity. For larger values of the relative
humidity, the increment is stronger but not well defined. Due to the strong variability in the
measured quantities, which might be caused by different air masses, it is not possibie to
derive an empirical relation between relative humidity and the extinction or backscatter
coefficient.

In many cases, a 'hysteresis’ loop has been observed in the relation between the backscatter
coefficient and the relative humidity. We presume that this is caused by the shift in the
particle size distributions in response to changes in relative humidity. For hygroscopic
aerosol, these responses are different for increasing and decreasing relative humidity,
resulting in a hysteresis in the growth curves (e.g., by Winkler, 1971). On the other hand, a
similar behaviour has not been observed in the relation between the extinction coefficient
and the relative humidity.

In many cases, the visibility correlates both with the backscatter and with the extinction
coefficients. However, there are also periods where the visibility does not correlate with
either of these parameters. This depends perhaps on the type of aerosol.

The reference values for the backscatter- and the extinction coefficients are calculated by
linear regression on horizontal measurements. Calculated standard deviations in the
extinction show a minimum at about 0.8 km-!, and for the backscatter at about 0.02 km-1,
when the range of the lidar is at maximum. A more extensive study on this subject, in which
the quality of the slope method has been analysed as a function of the signal-to-noise ratio
and the actual extinction will be published elsewhere (Kunz and Delecuw, 1992).

Analysis of a selected group (no precipitation) of profiles show that below 400 m the
averaged extinction has the tendency to peak at about 0.2 km-1, At higher altitudes the
variation in the extinction increases, while on average the extinction coefficient decreases
with height.

Recommendations for future work:

storage of the raw lidar data is recommended (and is possible nowadays e.g. with large
capacity storage media) to reprocess the data with alternative inversion algorithms.
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the inhomogeneity of the horizontal extinction- and backscatter coefficients can be expressed
in the standard deviations as calculated with the slope method.

it is desirable to extend the altitude range to 2000 m or more to increase the probability of
cloud detection.

a system, Iike a rain gauge, is required to indicate periods with precipitation

a simple photodetector or a commercial pyranometer can be applied to measure the amount
of background radiation (and periods of sun shine) for estimating the amount of background
noise and for indicating night time periods

the quality of logarithmic amplifiers should be investigated in more detail as regards
bandwidth, noise and the transfer for small signals

the dynamic range and the noise properties of avalanche photodiodes under different
background conditions, including the applied amplifiers, should be investigated to estimate
the performance of the optical receiver (Kunz and Moerman, 1992)

the recording frequency of the meteo station (4 per hour during the project) should be
adapted to the frequency of the lidar (10 per hour)

the meteo data should not only provide the mean value per parameter over the time interval,
but also the standard deviation to determine the variation (implemented at this moment)
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Appendix A

APPENDIX A: RANGE OF LIDAR SYSTEMS

In this report, the range of a lidar system is defined as that range where the received power is
equivalent to the noise equivalent power of the receiver. Noise is generated by the electronics and
by the background radiation. In the general case of an inhomogeneous atmosphere, it is not
possible to predict the maximum detection range but in the special case of a homogeneous
atmosphere, this maximum range can be calculated by assuming a linear relation between the
backscatter- and extinction coefficients. The starting point for the derivation of the maximum
range is the common model for single scatter lidar signals from a homogeneous atmosphere.
Substitution of a(R)= a, B(R)= B and the noise equivalent power, P,, for the received power in
equation (3.1) leads to:

c B A -2aR
P,=E;-——-—T, A.l
WM Rom o C (A
where:
A = area of the receiver in km?
c = veloc. v of light in km/s
E, = laser energy in J
P, = effective noise power of the detector in W
Ry, = maximum range in km
Topt = transmission of the optics
(v} = spatial extinction coefficient in km-!
B = backscatter coefficient in km-!
Taking the logarithm of (A.1) leads to:
2-a-Rp +2-1,(Ry)=1,(K,"B) (A-2)

where K/ is the lidar system constant according to:
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= A3
' T 2%4mp, (A-3)

For a Rayleigh atmosphere at a wavelength of 1060 nom, o = 0.87-10- km'! and B = 1.30-10°3
km-!. Substitution of these values in (A.2) yields a maximum range for the Mini-Lidar of 450 m.

The maximum range R, in a homogeneous Mig atmosphere is a function of the extinction and
the backscatter. If a ratio C, = /o (generally with k=1) is assumed, R, can be calculated by
taking the total derivative of (A.2). This results in:

2-0-dR gy, +2-R,m-d¢x+—2—-dR,m£iE (A-4)
Ruax o

The extinction, at which the maximum range occurs, is found by explicitly writing dR,,,./do and
equating this term to zero. This results in:

1 (A-5)

o =
Rmax ™9 Ry

Finally, the maximum range R, is found by substituting (A.5) in (A.2)
where ¢ is the base of the natural logarithm.

K, C, 1”
R...,=[ e ] (A-6)

Fquaﬁm(A.Qshowsthaminumeofﬂwsystempowabyﬂneemdmofmagnimdeis
required to improve the range by only one order of magnitude. '
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‘ B the Mini-Lider
‘ The properties of the Mini-Lidar (afer a very long time of operation) are:
A = 4310%km?
c = 3.010° kmys
EE = SOmJ
P, = 8310°W
Ty = 05

K'=154.6 km®

Substitution of these values in (A.3) provides a value for K

With C.= 0.07 and formula (A.4) the maximum range is found to be 1.26 km. This range occurs
when the horizontal extinction is 0.40 k! as shown by formula (A.5).




APPENDIX B: CALIBRATION OF THE LOG UNIT

The transfer of the log unit can be described by:

U,=Ly +L; In U,/ Up;

for sufficient large input signals U;,
where:
L, = constantinV
L, = constantinV
U, = output voltagein V
U; = inputvoltageinV
! U, = reference voltage,1V

@®.1)

The reference voltage U, is added to make in the argument of the log function dimeasionless.

The purpose of the calibration is to determine the constants L; and L, and their accuracies in the
interval where the transfer is logarithmic. Therefore, a square wave test pulse with an amplitude
of 4.78 V has been applied at the input of the amplifier. A passive attenuator with a range from 0-
100 dB (20 dB is a factor 10 in voltage), in steps of 3 dB, is used to cover the whole input range.
A second test pulse, with an amplitude of 20 % of the main test pulse and smaller in width, was
added to investigate the dynamic behaviour of the transfer function. Moreover, this provided a
second method to calculate the transfer function.
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Figure B.1:  Response of the log-unit as a function of the attenuator settings. The shape of the input test
pulse is indicated in the figure. The lower set of data points are from the test pulse with
amplitude '1"; the upper data set are from amplitude *2'.

In the range from O to 80 dB, the transfer is assumed to be logarithmic; in the range from 80 to
100 dB, the transfer is approximated by second order curve fitting. (Later, it appeared that for
small signals the transfer becomes linear.)

The constants L, and L, are determined by linear regression analysis over the range 0 to 80 dB
(25 measurement points). This provides:

L, =377.29£ .40V and (B.2a)

L, = 44.75£0.20V (B.2b)
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The value of the constant L, can also be inverted from the additional test pulse. This can be seen

by expanding (B.1) to:
U, +AU, =L;+L, .1n[gi-:-1"ﬂ] (B.3)
¢
With (B.1) this results in:
AU
L,= 2 (B.4)
In(1=—-
n( U, )
The results are plotted in Figure B.2.
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Figure B.2:  Calculated value of L, according to equation (B.4).

Analysis of the data over the input range from 0 to 80 dB yields:

L,=420814.19V ' (B.5)
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deviation.

The uncertainty in the values of L, and L, results in an inaccuracy of the inverted input signal U;
from U,. If it is assumed that the output voltage, U, can be measured very accurately, than the

uncertainty in the input voltage can be written as:

au; au;
a, Ay by o d

du; = 3!.2

Evaluation of the partial differentials with (B.1) results in:

_ U o (U-L) Y,

which leads to:

aUy__dLy dly o
U; L, L,

(B-6)

B-7

(B-8)

Substitution of the numerical values of the variables leads to the following maximum errors:

Tl n
Ui 4475 4475

-1n(0.0003)| = 0.067

- for an input voltage of 0.0003 V: and
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,“ 75, “ 75 ln(3)i=0.036

- for an input voltage of 3 V

) for i Jowj ieal
Figure B.1 shows that for very small input signals (smaller than 5:104 V) the transfer is no longer
logarithmic. Therefore a second order curve has been fitted to the points from 80 dB to 100 dB.
This results in the following fit

U; =-0.705397 + 5.34466.U, ~ 6.242335.U,%; (B.9)

NOTE: The analysis thus far is based on a transfer of the log-unit for positive signals only,
because negative input signals would provide unreal outputs. Later measurements showed
however, that the transfer of a logarithmic amplifier is finite for very small signals. This
means that a different approach is necessary as explained in Kunz, 1990-

Electrical bandwidsh of the log-uni

The transfer function of the logarithmic amplifier as a function of frequency can in fact only be
justified for very small input signals where the transfer is linear. Stronger input signals produce
harmonics due to the logarithmic characteristics. Nevertheless, the electrical bandwidth has been
determined for a number of different input levels and has been compared with a more expensive
log-unit. The results, which are shown in Figure B3, indicate that the bandwidth (3 dB point) is
about 6 MHz for small signals and increases slightly to 8 MHz for large input signals. The slope
is about 12 dB per octave which means that signals with high frequency components are strongly
attenuated. (A log-unit from a different supplier indicated a bandwidth of better than 20 MHz
with a slope of less than 2 dB per octave).
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Frequency response of the logarithmic amplifier LA-90-P at different input levels.
The frequency is along the horizontai axis (0..100 MHz) and the vertical axis represents the
respoase in dB's.
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APPENDIX C: EFFECTS OF THE TRIGGER INACCURACY

The purpose of lidar is, among others, to measure the extinction and the backscatter profiles in
the atmosphere as a function of range. However, the signals decrease with the square of the range.
This is called 'geometric attennation’. It is common practice, to start signal processing with
compensating for this geometric attenuation. The moment that the laser pulse is emitted is the
reference for the starting point of this process. However, if no special precautions are taken, there
is always an uncertainty of maximum gpne sample interval. From the viewpoint of signal
processing, the signal is corrected with (R+AR)? in stead of with R2. The influence of this error
on the calculated extinction- and backscatter coefficients is discussed in this section.

Because it is not possible to treat all possible inhomogeneous situations, only signals from
homogeneous atmospheres are considered. Furthermore, this analysis should only be considered
as a first step to quantify this problem. '

For simplicity, it is assumed that the lidar signal can be described with the following simplified

model:
K, 8- e-2a~R
P4(R) =—‘-B—,— (C-1
R
where:
K, = lidar system constant in Wkm?
P4R) = received powerin W
R = rangeinkm
o = extinction coefficient in km-!
B = backscatter coefficient in km-!

If there is a shift in the trigger moment, than the range correction is performed with an additional
unknown shift AR. This can be described as:
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S(R)=P{(R)- (Rt AR)?, (C-2)

where S(R) is the range corrected lidar signal in Wkm?2,

If AR=0, than both the extinction and the backscatter can be determined from a linear regression
fit on LN[S(R)]. However, if AR is not equal to zero, the application of linear regression to
determine the errors in the calculaied extinction- and backscatter coefficients leads to very
complicated analysis. Therefore, the problem is split into two parts:

- determine the error in the backscatter assuming that the extinction is known

- determine the error in the extinction assuming that the backscatter is known

in the inv T

The backscatter coefficient is determined by averaging over interval R, to R, according to:

1 ,“fr’d(R)-(lutAR)2

(R, -R,) 2 K, e 2°% -dR (C-3)

Btap=

For small values of AR/R, the quadratic term is approximated by the first term of the series
expansion. Than the integral leads to:

AB__2AR iRy .
B -(R2—'Rl) LN[Rl] o

Thus the error in the backscatter is proportional to the trigger inaccuracy and depends also on the
position and the length of the selected interval.
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For example, a trigger inaccuracy of 30 ns leads to an error of about 1.2 % in the backscatter
(R;=100 m and R,=1000 m). The error increases to about 3.1 % if R, is 200 m.

Emror in the i 1 extincti
The error in the extinction is determined by comparing the average slope of the selected interval
with the actual extinction coefficient. Furthermore, it is assumed that the backscatter p is known.
Than one can write:

R 2
otAg=— f‘d LN[P‘(RiAR) ]-dR (C-5)

(Rz—RI).RlZ-dR B-Kl

For small values of AR/R, the quadratic term can be approximated by the first term of the series
expansion. Subsequent evaluation of the integral leads to the following relative error in the
extinction:

Ao _ AR (C-6)
a o-R;-R,

For example, if the trigger inaccuracy is 30 ns and the measurement is made in a clear
atmosphere with a= 0.1 kmrl, the error in the extinction becomes 56 % when R;= 100 m and R,=
800 m!
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( APPENDIX D: EFFECTS OF THE TRANSFER ACCURACY OF THE LOG UNIT

: munoutnintyofthetrmsfuofthelogunitleadstomorsinﬂrcalcnlatedexﬁncﬁon—and
i backscatter coefficients. For simplicity, only signals from homogeneous atmospheres are
considered. The problem is split in two parts:

- calculate the influence on the extinction, assuming that the backscatter is known
- calculate the influence on the backscatter, assuming that the extinction is known

The analysis starts with the simplified model of the lidar equation from homogenecous
atmospheres:

U) (R) - 1(%?_._5 ., e-z-a-k (D . l)

were:

= sensitivity of the detector in V/W

= lidar system constant in Wkm?
range in km

= extinction coefficient in km-!

backscatter coefficient in km-!

e WA U

According to equation (B.1), the output of the log unit becomes:

Uo(R)=L,+L2-[LN(K,-D-ﬂ)-—z-a-R-2-LN(R)] (D.2)

Notematmerefercncevoltagchasbeensettou,=lVandwillthereforenotappearinthis
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equation.
The extinction coefficient o. can explicitly be written as:
LN(K),-D-B)-2-LNR) - {Fe=T1)
o= 1 ®.3)

2-R
Now the total error in the extinction, due to errors in the transfer constants of the log unit, can be
written as:

da:safl_.d]q.;_a%.dlq 4
with:

5%: oy L ®.58)
and

;12 ?R(Uxﬁ (D-5b)
The total exror in the extinction becomes:

da=2-l:-L2'dL‘+?1§P1iz'dL2 D)
The average error in the extinction over interval R, to R, becomes:

e R [2 TS = ] ‘R ®7

After evaluating expression (DD.7) one finds:

AL,- LN( )+Ax,z [LN(K, D-B)- LN( ) Z[LN( T—z-a.(xz—n,)}

2-1,,-(R,-R,)

Ax =

(D.8) °
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The relative uncertainty in o has been calculated by substituting the values of K;, D, L, AL, L,
AL, and the relation of P/ in (D.8). (See Table 2.1 and Appendix B; for B/o a value of 0.07 has
beensubstit\ned).FchLavalmofO.lhnhasbemchosenandforkzavahwoflkm.Thc
relative uncertainty in the extinction, Ac/c, due to uncertainty in L; and L, only, amounts -385
%, -23.1 % and -1.33 %, for o. values of 0.01 km?, 0.1 km™! and 1.0 km'! respectively. These

_calculations show that it is difficult to measure small extinction values with this log unit (and this

small lidar system). Moderate and large extinctions can be measured more accurately. Note that
the uncertainty can be even worse if the detector noise, the spatial variation of the atmospheric
scattering and the uncertainty in the other parameters are taken into account.

In the same way the error in the backscatter coefficient is calculated, assuming that the extinction
coefficient is known.

dﬁ=ﬂ3—-d1,,+—a—§—-dL2 (D-9)
_8_[5_:-—1 B (D.10a)

B -LN(U)
o _-LN(U) D-10b
- P (D-10b)

The total uncertainty in the backscatter coefficient becomes:

B-LN(U,)

(D.11
L dL, )

-B
d:—.—. -_—
p deLn

The averaged error in the backscatter over interval R, to R, becomes:

i

l
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R
- B rl. N, :
Aﬁ—(Rz—R,) ,{[Lz AL, + » AL,] dR (D.12)

After evaluating expression (D.12) the absolute uncertainty in the backscatter becomes:

(D.13)

AL, AL, R, -LN(R,)-R;-LN(R,)
=-B.] =1 . D-8)—-¢. —2_9.22 2 1
AB=-B [ + T {LN(Kl D-B)-oa (R, +R;)-2-2 ®, R} H

The relative uncertainty in the backscatter has been calculated with the same system values as
described under (D.8). This results in an uncertainty of 1.32 % in AB/B if the extinction is 0.01
km-1. For extinctions of respectively 0.1 and 1.0 km! the relative uncertainty is 1.9 % and 2.9 %. i
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Conclusion

The uncertainty in the transfer function of the applied log-amplifier has only a slight influence on
the calculated backscatter. The influence on the calculated extinction is much stronger and
increases as the extinction decreases. Uncertaintics as large as a factor 3 are possible if the
extinction is 0.01 km-!.




APPENDIX E: DEFINITION OF THE PARAMETERS IN THE DATA BASE

The following parameters are present in the final data base:

- lidar date

- meteo time

- lidar time

- number of lidar reference measurements
- meteo date

sampling interval lidar

- meteo code

- attenuator

- cloud detection on/off

- temperature

dewpoint

relative humidity

lidar elevation angle

pressure

wind velocity

wind direction

visibility AEG

radon counter

transmission over 265 m
minimum value profile
maximum value profile

min. altitude profile

max. altitude profile

laser energy

horizontal extinction in km-
horizontal backscatter in km-!
horizontal delta extinction in km-!
horizontal delta backscatter in km-1
turbulence

cloud cover

running averaged extinction
running averaged backscatter
altitude reliability??

cloud altitude in m

cloud thickness in m
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APPENDIX F: SOME RESULTS OF THE SODAR SYSTEM

In 1984 and 1985, an experimental sodar system has been constructed with a high-power speaker f
and a parabolic disk with a dismeter of about 60 cm. The transmitter operated at a frequency of |
1650 Hz with an acoustic power of 50 W. The sodar system was mounted on the roof of the
institute at an altitude of about 15 m above ground level. A small wooden cylinder around the
' gystem should suppress the background noise. The bandwidth of the receiver was about 40 Hz
| | which was realized with a boxcar integrator. A PET 2000 Commodore Business Computer
b controlled the system and the data were stored on audio cassette tape which had a storage capacity
of about 100 signals. Therefore each sodar profile presented here is an average of about 15

minutes.

Some of the obtained sodar data are presented in Figure F.1. Here the received power has been
coded in false color in a time versus height diagram. The vertical axis represents the height from
15 to 415 m whereas the time has been plotted along the horizontal axis. The hourly intervals
have been indicated by the small vertical tics at the bottom and the top of the figure.

ettt P—— i .

Two different time intervals can be distinguished viz. from 07:00 a.m. to 07:00 p.m. and from
07:00 p.m. to 07:00 a.m. As in many other data files, the data show much structure during the day
from about 07:00 a.m., when the laboratory opens, until 06:00 p.m. when the laboratory closes. It
is conjectured therefore, that the measured structure is not only caused by thermal effects but also
by the background noise of, e.g., the engines of cars and other human activities. During the
evening and the night, the background noige is at a lower level and some horizontal structure
becomes visible between about 50 m and 300 m altitude.

The results of a two days period, which are shown in Figure F.1b, show similar effects. The
horizontal layering is clearly visible during the night but disappears here after 07:00 a.m.

The sodar results do not show any correlation with the lidar results. This can partly be explained
from the different interaction processes and the limited range of the sodar system. For possible
future sodar work, it is recommended to have a better acoustic isolation from the environment and

a more sensitive system.
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Figure F.1:  Vertical structure of the atmosphere, coded in false color, as measured with an acoustic
sounder (sodar). Vestical axis 0-400 m; horizontal axis is time: the small vertical lines
indicate the hourly interval and the large vertical lines indicate midnight. Sodar results from
February 4 to 8 ,1985, (a) and sodar results from February 11 to 12, 1985 (b).
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