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ABSTRACT (ONGERUBRICEERD)

A smai /lidar system has been used to measure the vertical structure of the atmospheric extinction in a dune

W•ra bordering The Hague (The Netherlands), at about 2.6 kma 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. Accesion For
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SAMENVATM1G (ONGERUBRICEERD)

Hen klein lidarsysteem is ingezet voor het meten van de vertikcale aumosferiache extinctie profielen in de

duinen aan de rand van Den Haag (Nederland) op, een afstand van ca. 2,6 kin van de Noordzee. De optiache

eigeschapenvan de atinosfeer aldaar worden bepaald door een combinatie van indlustribe, stedelijke,

natmuurjk continentale en marine aerosolen, afhankelijk van de historie van de luchisnassa. Het gehele proces

van meten, data opsiag en data verweriking vond coetinu en antomatiach plamt gedurende vijf dagen per

week. Per dag werden ongeveer 250 extinctie profielen gemeten. Dit rapport geeft eon ovenzicht van de

verkregen gegevens. Een selectie van de resultaten wordt gepresenteerd. Het gebruite, lidarsyseem zal in

bet kort worden beschreven. Factaren die de nauwkeurigheid be~nvloeden van de inveruie van lidaruignalen,

worden besproken.
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LIST OF SYMBOLS

A - area of the receiver in km2

c = speed of light in kn/s

D - sensitivity of the receiver in V/W

S= energy of the las in J

K, = lidar system constant in W-km 3

KI' = lidar system constant including the system noise in km 3

L, = intercept of the transfer of logarithmic amplifiers in V

L2  = slope of the tMnsfer of logarithmic ampfier in V

Pd(R) = lidar return on the detector in W

Pn = noise equivalent power of the receiver in W

R = rangeinkm

S(R) = range corrected lidar return in W km 2

T• -=trasmission of the optics [-]

UI(R) = lidar return at the input of the receiver in V

Uo(R) = Iidar return at the output of the log unit in V

U, = reference voltage of I V

Z = altitude in km

a = extinction coefficient in km-I

0 = backscatter coefficient in km-1

r = time constant of a first order electrical filta in s
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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 a

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.

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 wer presented in Kunz, 1990. In the first few months of the

project also a sodar (acoustic radar) was operated but the results were unsaifatory to continue

these measurements.

N
A AMSTERDAM

NORTH SEA

iiL
SROTERDAM

Figure 1.1: Schematic map of the reoia. The nwasuent site is indicated by a'.
Large indstrial areas are doted.

".4
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The lidar operated automatically under co l of an HP-85 personal cowmter. The

meteorological station was operated with a PET-4=00 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), wee 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 meteorlogical data were merged into a data base whij 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.

"Th'is report describes the lidar system, its calibration and the inversion techniques applied. Factors

are discussed which influence the accuracy of the calculated extinction- and backsca.ter

coefficients at low altitudes. An overview of the acquired data base and some selected results are

presented and discussed.

i

S "m m .. . . . .
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2 LIDAR SYSTEM

The TNO Mini-Lidar, shown in Figure 2.1, is a modified lae range finder, developed by the

(Dutch) Oldeift Optical hndustrie (presently named: Delft Electro Optics) as a military laser

range finder at the end of the sixties. The powerful laser (100 W) and large telescope (74 m

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-

contmnuous measurmenits 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 a Nd:Glass laser with a rowting prism as Q-switch. The specifications of the lidar

are summarized in Table 2.1.

Figu" 2.1: TIO Mini Lidar
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Table 2.1: Properties of the TNO Mini-Lidar

Thmsnit•w.

wavelength 1060 nm
energy so mJ
pulse duration 30ns
beam divergence 1 mrad
repetition rate 6 ppm

Receiver:

diameter telescope 74
focal length 655 mmu
RCA C30916 APD (diam.) 1.5 mm
sensitivity @ 1060 m 12 A/W
color filter RG 830 3 mm
sensitivity 19.3 kV/W (50 in)
noise level 0.16 mV (- 8.3-10-9 W)

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.

Soggtviy& of the Rcie

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.

Sua ofLt-Li

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

j 4b
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theoretical maximum range is about 1.3 km, in a homogeneous atmosphere with an extinction of

0.4 km-1. 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.

The slant path direction of the beam in the Mini-Lidar can be controlled via the internal nmrror,

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.

A logarithmic amplifier (Analog Modules LA-90-P) has been used to suppress the dynamic range

of the measured signals. TIis 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 ( U1 5.10-4 V). The

results of the calibration and some other properties of this unit are described in Appendix B.

Data Recording and Prom eing

"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 rnsient recorder was 9 bits and the sample rate

was 16 MHz. The trigger accuracy was better than 8 us to improve the timing accuracy. Errors 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:

Pd(R)=E 2 R T EXP -2. cG(x)-dx, R>O (3.1)
2 49 R2  l I

A - area of the receiver in km 2

c - velocity of fight in km/s

F- = lasr energyin J

Pd(R) -- lidrreturn on the detector in W

R range inkm

O(R) = backscaer coefficient in imi-

Topt transmission of the optics

c.(R) spatial extinction coefficient in km-4

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.Pd (R) (3.2)

where:

| II ! II -i I m .
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U1(R) = output of the receiver in V
D = sensitivity of the photo detector in V/W

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 2 • ln[Ui (R) / U, (3.3)

where.:

Li = intercept of the transfer in V

"L2 = slope of the transfer in V

Uo(R) = output voltage of the log-amplifier in V

Ur = reference voltage of I V

Division by Ur 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

inhormogeneous.

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

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

the lidar signal is a measure for the backlcatter and the time behaviour gives the extinction (see

section 3.2). In situations of an W atmosphere 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.

I
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The techniques used for the inversion of lida signals, either 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 easest to understand in a

homogeneous atmosphere most of this discussion appears in section 32. The results from the

inhomogeneous atmospher are also sensitive to these errors, but their effects can only be

quantified when information on the shape of the profile is available.

3.2 Inversion of horizontally measured signals

Lidar signals from a homogeneous atmosphere, with a(R)-a and J(R)P' in equation (3.1), are

first corrected for the range term in the denominator. Taking the logarithm of the range

compensated waveform yields:

ln[S(R)] = In (K,) + In (•) 2.a.R (3.4)

The slope and the intercept of equation (3.4) are determined by linear regression which provides a

direct measure for the extinction coefficient (at±&d) and the backscatter coefficient in(P±AP).

This procedure is generally known as the 'slope method'.

"ITe 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 calcudated extinction- (O±AP) and backscatter

coefficients [n(P±P) - 1,(.) + ln(1+A")]. 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 beckscatta t ,fficients. In conclusion, the errrs are smallest for

intermediate extinctions. In Figure 3.1 the standard deviations in the extinction, Aa, 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 knrm (i.e. 10 %), while for the lowest extinction values (0.05 kr-1) they may amount to

10-100 %! Best results ae obtained with this system for extinction coefficients around 0.5-1 km-I

~~~~~~~~, "..... . . . ,.== . ' AY•.:i•
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which is about a factor of two large than the extinction at which the aimmrange is obtained.

The standard deviation for the backacatter shows a minfimum around 0.02 lm'1 and inrae with

the beckacatter. A more detailed analysis of the wars in the extinction- and backacatter

coefficients detemined by the slope method is jiresented in Kunz and Dde~ouw, 1992.

LOc(DELTA-EXT. in kin1) 20

2.0

1.50- -

-3 __.00__

-2 *1 0 1 2 -3 .2 A1 0 1

LOG(EXTINCTION In kin") LOG(BACKSCATTER in kin')

Figure 3. 1: Deviation in the extinction coefficient and in the backscauer oefficient as a function of the
values of the extinction and the backscatter coefficients, during the firs mionths of 1985. The
miaximmum range of the Mini-Lidar is about 1.3 kmi. This is readied when the extinction is
about OA ~im- and the bakcn is about 0.028 knu71. See also Apperidix A.

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

results. The resulting errors are not only dependent on the accuracy of the measurement, but

also on the stegth of the signal itself. Some sources of errors are:

Range copnainis the basic operstmion Hnldar signal processuin. However when the
trigger moment is not accurately known, unintended CmesdnWt LA)2i

performed instead of with R2. This leads to errors in both the extinction and the backscatter

cofficients. For example, an enar of one sample interval of 30 us introduces an error in the



par
16

extinction is 0.1 k=71 . The effets of fth tiger moment accuracy are discussd in ur

detail in appendix C.

the NaccugM Of th. transfer of the log-amOliie

The transer functim of the logarithmic amplifier ha two constants, L, and L2. The

uncertainties in the constants inflnce both the backacatter and the extinction. The eror is

not only dependent on the emrr in the trnser but also on the stength of the signal In

particular, low extinction values re sensitive to uncertaintie in the transfer of the log-

amplifier. As explained in Appendix D, the uncertainty in the backscatte due to the transfer

function is less thn 3 %, but the error in the extinction varies from lethan 2 %, for a l

knrl, to more than 300 %, for coi 0.01 knr 1 .

the influence of die bandwidth

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

return, are reduced in amplitude. Also signals from a homogeneous atmosphere ae

influenced. Altiough deconvolution can theoretically restore the original signal, experience

learns that large rors remain in the final results. 7The amount of enw 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 enro because the actual error depends also on the cross-over

function of the lidar and on the initial condition of the filter. Simulations of homogeneous

signals, with extincions frmn 10-3 kin- to 10 klrl and with filer time constants between 10

and 1000 ns, show that a range of about 2.10l*r m (r is the time constant in seconds of the

first order filer) is required to eliminate the influence of the reduced bandwidth (Kmuz,

1979).

the accrac of the nrefenm level

Signals ae temporarily sto•ed in a transient recorder which must have the capability to store

small negative signals as well (noise). This mea that the signal ae recorded with a small

(numeial) offset which must be Ubracted befor the data are pwossed. When this

subtaction is not done or not done accurately, Imlae eors in the calculated results we

possible. Also here, a closed form expresion for the error is not possible because it depends

on the system in question, the raf of the electonicas ad the actual values of the
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extinction- and the WOack wte coefficients. This problem has also been indicated by
Shimuzu (1985).

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 converter of 10

bits or mom is required. When the VISA experiments were mde (1985-1986) these
insruments were very expensive, if available. Part of the problem has been solved by
applying a logarithmic amplifier with a dynamic range in the order of 4.5 decades. It has

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 ecur occur in suall

signals at large ranges.

3.3 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).

((R) = S(R) (3.5)

( -2 S(x).dx

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

As can be see from (3.5), a(R) can only be inverted if both S(It) and a boundary condition
(RQ) are available. Furthermor the equation can be solved either by integrating from the far-

end (Rc<,) or fom near-by (t>R,). T1e forward integrating method has the advantage that the

neessary boundary condition, U(R.), can be obtained with the lidar itself from a measurement in
the horizontal direcim (where the atmosphere is assumed to be homogeneous, hence the slope
meihod can be applied to the measurement). However, this method has the disadvantage that a
singularity may oc= when the bounduy condition is too lge. The backward-integration"
method has the advantage that thde will be no singulawy in the solutim because a real input

-- - -- -
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boundary of fth extinctio s always positive. Howeer, a disadvmtap of the backward-

ineration method as that d etheum of the boundary value from the Uder opgal xafef iu
ntaccra" For the inversion of lidar signals as described in this report, the forwad integration

method has beow aplied.

Other methods to znawue the vertica extincotio ad backuacmm profiles wre deinaied in Kumz

19M and in Kumz 1990.

The effects described so the previous section also introd=c erros n thet eXtincton pcofile

inverted from lidar measmeuatsa in an ino g ueosanosphave. However, because there wre
so many different profile shapes, it in not possible to even indicate the effect of possible errors or
to descrbe a geneal trend. A detailed analysis is ecessary for each type of profile.



F NO NWo

ParJ
19

4 DESCRIPION OF THE DATA BASE

This chapte 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 mawe data were

first validated and subsequently merge&. The parameters recorded in the final data base are

described in Appendix F.

Figure 4.1 shows a calendar of the years 1985 and 1986 in which the active days of the lidar are

indicated. The lidar was not operated during holidays, weekends, field experiments,

r-co-struction activities, data conversion and maintenance of the equipment. The days for which

both lidar and meteo data are available have been encircled in the calenda. As can be seen from

Figure 4.1, winter and spring periods awe emphasized as regards the number of measurements.

Very few meas-emets awe available in summer and no measurements at all in September.

CALENDAR 1985 0, CALENDAR 1986
JAMASI Mme";ý PGONUWV MARCH

4617 2M7 1724 3N17 24 31
lo 8W512 T(DM 1 13 3025

326

11 13 4 25t • 1 24 101,I2 Is~• 30241 714212(I

""N • 1"2027

1412

1 A1 23 4 W16325 1 89522•1 6 1 2229
60202 33 3160202 7 3 22431 4111 5226 2323 29 152330

AM MAY AJ~ APO&. "AV JUR
I• n 9W 302 V 24 11 0001 5012 2 916 2330

7'NIM 41030il 911,125 lIN 1OM 300 '

251 551 @29 ' 20 27 3 31 7 924
in 5 1m26 30m 714 2123 4113 25

Tis6•0 1 2027 111 8I352223 5172126

AON I1 2126 RN411025 232 Is23 30 6 102027
2 5295 1726 2 Vb 2430 11 7 14 2123 411325 133 2223

it, 2 32330 *j 7 3397 24 1#1 1862220 5 232623322230
Its33107W24 31 7 212 4111325 U0 29 S2330 6012027 3 17IF24
TO 411325 13U2229 517326 IN 31172431 714212 411325
111 517 126 239f23 30 6 02027 AN 4113125 163 2223 521025
WI 602027 33172421 71W2123 11151232 2332336602027
i1 7142123 411325 1632229 I160202 3312421 71 4 221

0mv NSMm mGOI eism WWWM.
110 7 " 2B3*11 29 2432 30 NO 6102027 3317924 163$2223
III1 1U2 U 24 3 31 TN 714 2123 4 11325 29322230
1029320 2ý5 33 133 2229 5127326331724 31

INS 53 131U 26 IN 2393232 6022027 4113125
ON 41133 113 61227 AN 33172421 714 2123 512336
1915121026 26S32 71N42123 411125 16312223 62027
83M,652027 3 0 f724 18632223, 8305 123026 290332227142138

FignUr4.: Calceme of 1985 and 1986. kfdicatig hed peciods for which Wiar dewan3 availabe (gray)
end for which coahkced lidWApMeO sw an"vall (ecircled).
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The following table gives a numuic overviw of the number of measurements:

Wadr meto

year filn nords files records

1985 118 25,254 103 7,.39
1986 71 12,231 64 5,110

total 189 37,485 167 1.,5W

Note: the meteo data was averaged every 15 minutes; the lidar measured a profile about every 7

minutes which causes 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

Yearfies MOrd

1985 91 15,869
1986 46 6,935

total 137 22,804

Analysis of the data bae is described in the next section.

-~-- . .--.-.-. ~-.---.-.
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5 INVETED DATA

Some typical examplies of horizontal exdinction- and backacabe coefficients, in relation with the
actual meerlgclcondition, as well as smoe results of vertical atmospheric extinction

proffile, are preseted in this chapter. Te alttud of die cloud base as measured during VISA has

been described in Kunz, 1990.

5.1 Analysis of the horizontal esrint

For the inversion of lidar signals to vertical atmospheric extinction profiles, the horizontal

extinctioni- and backscatter coefficients are necessary input parameters. They are also measured

with the lidar. A logical sequenc is therefore to concentrate on these parameters first.

- distribution of extinction and backscatter

Statistical overviews of fth horizontal extinction- and backscaer coefficients ae presiented in

Figure 5. 1. All available records (22,804) were processed and distributed over 200 chaqnnels.

3 3
a b

g2 8 2

w w

0 0
10-2 10.1 100 10' 10'1 10'S 10'2 10.1 100 101

EXTINCTION In knr' *ACKSCATTERin km-1

Fpmgw 5.1: Frequency of occaurrece of the 22.804 tidar mneasured horizontal exiactim
(a) and bsckaicawe (b) coefficiams



S.... ...-- ,,,.m ~ ,•. • , . .. . • ...... . • -• •.-J . . ....... I i II

Page
22

The histogms show that the maximum fiquency of occurence occurs at an extinction

coefficient of about 0.16 km-1 and at a backaar. coefficient of about 0.01 km-1.

- relation between extincfi a nd Wkn (1)

For invesion of the vertical lidar meurement it is assumed that the ratio of backscatter and

extinction (P/bt) is constant dtroughout the mixed layer. Some authors even apply a fixed value. In
our opinion this is not comc because the ratio depends on the aerosol properties which vary from

day to day.

Three examples will be presented of periods were the ratio P/d.

- h a fixed high value

- has a fixed low value

- varies in time

An example of a period with fixed ratio P/cd (but varying extinction and backscatter coefficients)
is shown in Figure 52. In the period from 10:00 to 12:00 a~m., as indicated by ', the

measurents were performed in light snow resulting in enhanced P and ct as well as a higher P/a

ratio than in the period thereafter. In the period after 12:00 an., as indicated by 7', there was no

precipitation.

E 101 0.5 z t0 RACKSCATTER in kmn-'
E-'I 0

z 0.4

I U)

- 100 10.
IS13 1 23 28 3 10"0 10, 0

TIME Of the DAY EXTINcTION in kn"1

FIgure5.2: Left figure Decksa ner, extinction ad raio I o Ja uzam y 15-16, 1985 (time , ab ve 21 a0. is die Dm1 day). Prom 10:00 a.m..to 1:00 a"m. it was mowh ligldy.

fg .n ba......... 0.2
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The graphs in Figure 5.2 show that after 12:00 am. both the backscatter and the extinction varied

by more than a factor 2, but the ratio P/a varied less than 10 %. Furherme it can be seen that

the ratio P/d in mow is larger than during the following period when there was no recipitration.

The relation between P and a has also beun viualized in a scaer diagram (Figure 5.2d).

Another example of a period with a fixed but low value of the ratio PIa is shown in Figure 5.3.

The period from 15:00 to 34:00 hours (i.e. 10:00 asm. the next day), was chaacterized by a very

good visibility (>40 kin), in which PVc drops from 0.22 to less than 0.01. Although the

backscateir and the extinction coeffucients varied more than one order of magnitude during the

whole day (see the scatter plots in Figu 5.3b), the ratio PIa varied about 20 %.

S10", z 0.5
a b

2 0.4
Ex

cc 0.3

W

" 0.1

00

104 . . . .. _ _.n 0.0 . . .. " - - -

10.1 100 a 13 18 23 28 33

EXTINCTION in kmr- TIME of the DAY

Figure 5.3: Scatter diasram of backscatter versus extinction (a) and the b, eckscatteextnction 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 vaying and lightly decreasing P/a ratio over a period of about 24

hours. From 11:00 am. to 07:00 p.m., the ratio P/z varies about 10 % and after 07:00 p.m., P/d

decreases gradually from about 0.9 to about 0.6.
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10" z 0.5 b
a 0 b

•< 10"' ,.'3 0.2

L0.

"0.1

10 .. 0.0

10, 10o 8 13 18 23 28 33

EXTINCTION in kmn' TIME of the DAY

Figure 54: Scatterdiagranm ofbeckscaner versus extiction (a) and the 1"k - -9 inco ratio as a
fraction of time on Jammy 30, 1986 (tme> 24 hours is die next day). Temnpeure
and visibility mcreased somnewhat over the same period.

In the hat example in this series, Figure 5.5, a period has been sected where both ocx P and f/ct

vary strongly ut tme. 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 P/AZ is much stronger here.
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Figure 5.5: Scatter diaram of beckacater verum exiacdi (a) and d•ihe rao a a
fueiom of tme on Fdimusy 5. 1,9S (tim.> 24 hrm is dhe ream dý). Teauum
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The selected results show that the ratio P/a in Figures 5.1, 5.3 and 5.4 are comparable. The low

value of P/d in FWi 5.2 differs from the other examples. These results illustrate that the ratio

P/( is not a fixed value but may vary from day to day and during a day.

standard deviation in e dm and backscata

The extinction- and the backscatter coefficients are calculated with the slope method from the

log-range corrected signal (linear regression). During this process also the standard deviation of

the extinction and of the backmcatter ae calculated. The standard deviations are not only 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.

10, 10' 10'
*b .

I'.-

10L 10"? 10.

10' 10' 10' 104' 10- 10' 10 101 10'

EXTINCTION in kin' SACKSCATTER in kin-' dolo

Figure 5.6: Scatter diagrams of the standard deviation of the extinction (a) and of the bckacater

coefficierns (b) as a fuction of the extinction and the bacscatter. Scatter diagram (c) sho
the relaton between d" and da

The analysis of many of the dam file has shown that the relative deviation in extinction (or

backscatter) has indeed 'a V' shape (See also Figure 3.1). Furthimore it appears that the minima

of the variation in both the extinctim and the btackacatter occur almost simulteneouly.

-j¥



TNORVW

In the Figures 5.2 to 5.5 some daily periods were presented of the ratio /a T"he histograms for

the extinction and dte bcmcat are presented in Figure 5.1. It is also interesting to review all

the available data for the ratio P/a. However, presenting all available data in a scatte plot of 0
versus a yields one dark spot. Therefore the averaged p values and their standma 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.

PACXSCATTER in kmi FACKSCATTER in kMi 10ACKSCATTER in ki

10::;0• • to10' t' o

a b , c •

10-' 10o. ia t o' 1 0 t6S

4 "
102 10.0 0 l

10" • 0"°[ 410.

101 10." 100 10, 10, 1018 '10"t 106 10, lot 10., 101, 106 t0, 100

EXTINCTION In kin ' EXTINCTION In kin' EXTINCTION in kil'

Figure 5.7: Relation between extinctim- and backscater coefficients for all data records (a), for
situation without precipitatkin (b) ad with pcipitation (c). Te upper and lower tracs
comspond with the mea bnckscate plus or minus one standard deviation.

The results in Figure 5.7 indicate a non linear relation between 0 and a which becomes less

evident for extinctions larger than about 5 km-1 . This is probably due to local fluctuations in a
and A. For extinctions smaller than 0.03 knr-. inaccurate determination of the extinction causes
the variability of /at, see Kunz and DeLMuw, 1992. In that case the backscatter can be

11.1
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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 shape of the three figures. This means

that (this) lidar provides simil 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-I which is about a factor 3 larger than the Rayleigh backscatter value

(1.3x10- 3 kn-l). For extinctions larger than about 5 kin", 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.

relation between relative humidib t and extinction or backscatter
The relation between the relative humidity and the backscatter, the extinction and the ratio P/a is

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 generally 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 daf• files, it appears

that the correlation between the relative humidity and the backscatter is btter than the correlation

between the relative humidity and the extinction. The relation between backscatter and relative

humidity has in many cases been observed to loop Lack during a period of rising and falling

relative humidity (cf. Figure 5.10). This may be caused by the anomalous growth of hygroscopic

aerosol which has been reported e.g., by Winkler, 1971.

Some typical examples of the relation between the lidar measured extinction- and backscatter

coefficients 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 humidity varies from day to day.

. t•.
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Figure 5.8: shw tascatter diagram of the extinctionr versusth relative humidity, (arvreceid f2 orsdon

on March 26, 1985 when higher value of the relative humidity occurred. The measurement

period was about 24 hours. For values of the ri-lative humidity smaller than 97 %, the bacicacatter

varied by a factor of about 2, but for higher relative humidities the variations were up to three

orders of magnditude. It Jis noted dhat accuaft relative humidity measurements near 100 % are

extremely difficult. Therefore, results from routine measurements; should be carefuilly interpreted

in this regime. When the recorded relative humidity aproahes 100 %, this might comupond 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 backacatter coefficients.

[
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.! 10*1 1" i'4
I.-

C,,)

0

104a . .. . . . ., . . . . . . . .

70 80 90 100 110

RELATIVE HUMIDITY In %

Fqpgu 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.O
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Figu 5.10- Relation between the bwckscatter and the relative humidity over a period of 24 hours on
February 7,1985. Note the curl between 74 and 82 % relative humidity.
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relation between vin'bailt ad extinction or

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 Liamberts, 1978, Lamberts and DeLeuaw, 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 ae well correlated with the visibility. For high visibilite, the deviation

in the extinction is larger than the deviation in the backscatter.

101 100

a b

E
100 ' 10"1

C 
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z Lu

10.10.

w 'C

10.2 10..
10"- 100 10, 102 10"1 100 101 102

VISIBILITY in km VISIBILITY in km

Figure 5.11: Scatter diagram of the extinction coefficiem (a) and of the bacir coefficient (b) as a
functim of the visibilty over a period of 24 hours on March 10, 1986 (time above 24 hours
is the next day). Note that both the etnction and the bckAscaner correlate well with the
visibiity.

Analysis of all validated dam files shows that the relation between visibility and backAscatter 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. Ftgure 5.12 shows an example where the visibility correlates better

with the extinction (range interval firm about 0.5-2 knri) than with the backscatter. In Figure

5.13, however, where the extinction varies fov about 0.03-1.5 kmnr, the visibility correlates

better with the backacatter.
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Figur 5.12: Scatter diagram of the extincto (a) and the bccatr(b) as a function of the visibily
measured over a 24 hour period an April 7, 1986. Note that the correlation between
eXtnction and visbiit is bettrtan thde correlaton between beckscatte and visibiity.
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Figure 5.13: Scatter diagram of the extinction (a) and the backacatter (b) as a functio of the vialbiky
measured over a 24 hour period on April 18, 1986. Note dot fth corelation between the

bska anrad the visibalit is bette than the correlation between the exicton mad the
visibflty.

The last examle in this series shows tha theve we als periods where neither the basckacate nor

the ex~tinction correlte well with the visibility. This is shown in Figure 5.14.
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Fiure 5.14: Scatta diagram of the extinction (a) and the bwkacaer (b) as a function of the visibilty
measumred over a 24 hour period on Febnuay 21, 1986. Exampe of a poor cmnlatbon
betweam the vmbiity and the scattering coefficients.

5.2 Analysis of vertical measurements

Knowledge of the vertical structure of the atmosphere is of imporstce for many disciplines.

Especially processes in the atmospheric boundary layer (up to 1-2 ]an) play an inportant role for

human life. These include both observable processes, Ie haze and wind, and the amsport of

pollution, mixing of air from differmt altitudes, etc. The vertical or slant path visibility is an

important paramee in avionics; the altitude and behaviour of the mixed layer are also important

for meteorology.

Results from meament of vertical atmospheric etnction profif duri the VISA project

re presented for selected periods. As fr as possible, example are presented of profiles which

were measured during several days to one week in each month of the year, to give an impession

of possible seasonal effects. Results we presentd as false co plofs, where the altmde is plotted

along tde vertical axis and the time is pkled along the horizontal axis. The extitiown, which is

the third parameteir in th&e figures, is coded in false color. The color scale is plotted on top of

each figu for referce. Hourly intervals ae indicated by thin vertical tics at the top and the

bottom while the days we separaed by white vertical lines

-j -.. ~--.---- ----
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- result if Janar 1985

Vertical extinction predis, as uuasixed in the period January 21-24, 1985, are presented in

Figure 5.15. An external morwas used to reach a wmaimua alitde of 200 m.Th

TIMpuformed after aperiod of niow and ice, when fte thaw set in.

21 22 2

January 1985
PAgur 5.15: Vertical extinctiou prafils coded in false cokar fran January 21 (8 a~nx) to January 24

(8 an.). 1985. Thie maximum altitude was 2000 m.

On Monday January 21, 1985, from 06:21 a~m. to about 11:30 a-m., the extinction proftls could

only be mewsued to an altitude of about 80 m due to a ground fog. The extinction coefficient was

very high (about 2 ku-i). Between 11:30 a~m. and 04:00 p~m., the extinctioni 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 mn to about 200 m at 07:00 p~m. Subsequently the cloud layer rose

gradually to about 300 me nd the extinction at ground level decreased corepodigl to about

0.2 kni-I. After midnitigt, a new cloud layar was detected at about 1200 in. A low-alttude cloud

base, decreasing from about 300 mn altitude to about 200 mn altitude, was present until about 11:00

a.m. on January 22. At that moment. a cloud layer was detected at about 500 in altitud during

about two boau, the wind velocity decreased from about 8 nis to about 4 m/s. This cloud layer
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suddenly disappeared after 01:00 p.m. but other cloud reflections were observed at altitudes

between about 1400 m and 1600 m. Periods with clear sides occurred during dte night (human

observation), acoosupmned by relatively low extinction values at ground level. After mid-n t,

the extinction at gound level increased until about 05.00 a.m. on January 23. Betwen 09:00 a-m.

and 02:00 p.m. the cloud bane varied between 500 and 1500 m altimue. Startig wound noon this

day, patches of clouds were defteted at diffent altitudes during the afternoon, evening and night.

T1 wind was srong. On January 24 the behaviour was similar to that observed during the night

before.

"The results from Figure 5.15 show the dissolution of the ground haze in the morning 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 at small white patches, was very instable and varied

between 80 mi and 2000 m during this period. Note that the influence of clouds below 500 m

altitude is perceptible in the extinction ame hundred meters below the cloud base.

UAMk of FetMM 1985

Figure 5.16 shows extinction profiles to an altitude of 2000 m over a period of 5 consecutive

days. The measumnents started on February 4, at 08:43 an. and ended on February 8, at 03:28

p.m.

"' n• •:• , .... ....t ,,.-- • mm l l .- •
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45 6 7 n 8

February 1985

Figure 5.16: Vertical -itinction profiles coded in false color in a heiSht versus time plot. Period: February
4, 08:43 Lm. to February 8, 1985, 03:28 p.m.

At the beginning of this period, some ground haze was Pee.L In the log was recorded that the

sky was covered with thin cirnus (not visible in the figure). Starting at 11:00 am., 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 nstad to decrease from about 750 m altitude to about 200 in at

08:00 am. on February 5. (This resulted in a ground haze, the extinction at ground level increased

until about 07.130 p.m.) This ground haze stayed during the night and morning (observed visually).

During the night the sky was clear and there was some frost. After 08:00 am. on February 5, the

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

extinction increased and clouds wer visually observed (not shown in the figure). Although the

altitude of the mixed layer was constant during the night and the morning on February 6, the top
of the mixed layer showed a stong convolving behaviour with a period of ahnost two hours. The

extinction at gpound level inreased significan resulting in a misty morning. Between around

07.30 am. and 08.00 am., the height of the fog layer extended to about 100 in altitude. Prom



rwre
36

08:00 am. to 03:00 p.m on February 6, a cloud layer was detected at about 1500 in 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 in altitude. Pro= 06:00 p.m. to about 10:00 pn.m, a cloud layer is

detected which ros from about 100 in to about 1300 in altitude. During the night, the depth of the

mixed layer extended to about 1300 in altitude while a slight variation in extinction was visible;

temperature decreased below the freezing poinL On February 7, between 06:00 and 07:00 a.M.,

the height of the mixed layer decreased rapidly from 1000 in to 100 in. After 08:00 am. the

mixed layer rose gradually from about 100 in to about 800 in at 09:00 pxm During the night and

the morning on February 8, the height of the mixed layer varied somewhat around 500 in altitude

while the extinction itself decreased gradually to a minimum around 07:00 am.. After 00:30 p~m.,

a rapidly descending cloud layer was deocted.

Discussion

The morning warming effect is clearly visible on February 5, 7 and 8 starting at about 09:00 am..

The effect of increasing extinction during the night is visible on February 4 and 5 and partly on

February 7. The depth of the mixed layer varied from less than 100 in to more than 2 km and is

the average depth was about 700 in. 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 Februay 6.

- exanwpe 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 am., to March 8, 03:30 p.m.
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4 7 8

NIarch 1985

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

"The period from 08:30 am. 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 pound haze was formed. The height of the

mixed layer remained below 250 m altitude. The extinction started to increase at about 10.00 pm.

on March 4 until 08:00 am. on March 5. At about 08:00 am., 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 midfighL 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 vntible during about tw9.hours. This was followed by an early

morning ground haze which asted 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
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about 04:00 pxm. Pro that time to about 09:00 a~m. on March 8, the depth of the mixed layer

meandered over an interval of about 50 in around an altitude of about 100 mi. At 09:00 axm. a

cloud was detected and short thereafter a new ground haze formed.

During he 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 morning 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 am.) the vertical atmospheric

extinction profiles could be measured and inverted. This can be seen from the strcture at larger

altitudes. On March 7, the mixed layer rose with a velocity of about 50 m per hour.

- tMnpl of Apri results

The results of the vertical extinction profiles measured from April 15 to April 19, 1985, are

shown in Figure 5.18. Thi dry period was characterized by a clear sky and ground haze. On April

15 at 08:50 am., the measurements started under a cloudy sky with a cloud base at about 500 m.

After 09:00 am., the extinction in the mixed layer decreased until about 11:00 pm. At 01:00 a.m.

on April 16, a cloud was detected at about 250 m and the extinction at ground level increased

rapidly. At 06:00 ami., a new cloud layer was detected at about 700 in altitude which remained

there until about 08:00 pm. Note that the extinction below the cloud started to increase already at

an altitude of about 300 m. Between 05:00 p.nm 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 am. Prom that

dime 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. Prom 01:00 to 03:00 pin., 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. Prom about 04:00 p.m. on

April 18 to about 02:00 am. on April 19 the thickness of the mixed layer decreased. Subsequently

a new layer was detected at an altitude of about 700 m which descended slowly until 10:00

to an altitude of about 100 in. Prom that time on this layer ascended and dissolved.
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15 16 17 18 19

April 1985

Figure 5.18: Vertical extinction profiles, coded in false color, in the period April 15 to 19, 1985;
maximum altitude 1000 m. The mixed layer varied in altitude from about 400 m to m'
then 1000 mn altitude. No preciptto was observed during this period. Ground hut.. was
present from. April 16, 02.-00 &~m. to April 18, 12.00 axm.

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.

Sexaznple in Ma 1985

Results of vertical atmospheric extinctim profiles as measn ud with lidar in the precipitation-free

period on May 6-10,1985 are shown in figure 5.19.7U measurmnts started on May 6,1985 at

09:23 am. 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

extinction at the surface remained unchanged. Also when the sun cane through, the surface
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extinction did not decrease. During the evening and the night (including the morning of May 7)

the ground extinction increased and resched maxima around 02:00 am. and 08-00 am.. At 08:00

a.m., the sky was fully overcast (which is not visible in the lidar results). 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 maximun at about 10:00 p.m.

Subsequently the ground extinctiom varied somewhat and reached a new maximum at 06:00 ami.

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 am. on May 9, the surface haze layer was capped by a

clear layer. On May 9 at 09.00 am. the sky was clear with am shine. After 09:00 am. 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.

6 7 8 9 10

May 1985

Figure 5.19: Vertical extinction profiles, coded in false colour, in a time versus height (0-1000 m) ploL
Peaiod from May 6 to May 10, 1983. whe period is characterized with httervals of mist and
hawt but witiht precipitation

'4
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Diurnal 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/Au"ust 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

morning and in the evening of July 31.

IiT ,
F P I

28 f29 30 311
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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- exmple of October 1985

The vertical atmospheric extinction pofiles measured during the fourth week in October 1985,

aw presented in Figure 521. 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 lat 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 morning of October 22, the depth of the mixed layer decreased to about 300 m and the

extinction at ground level increased. Around 09:00 am., 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 enror, the lidar was not in operation from midnight

October 23 until about 09:00 am. that day.) After 06:00 pn.m on October 23, the height of the

mixed layer decreased significantly with a rate of about 80 mr/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 morning of October 24, the

extinction at low altiudes increased until about 08:00 am. The minimum value of the extinction

occurred at about 03:00 p.m. and increased gradually until October 25, 09:00 am. At that time,

the height of the mixed layer started to rise.
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2122 23 24 25

October 1985

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

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 am.

- eaml* of November data

A series of vertical atmospheric extinction measurements in November 1985 is presented in

Figure 5.22.

I ,' ,:
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November 1985

FYqure 5.22: Vertical exinction profiles, coded in fase colOur, in a time versus height diaam. Pid
November 4 to November 8, 1985.

On November 4, the log reported that the sky was fully overcast, but the cloud reflections awe not

visible in Figure 5.22. (i.e. Cloud base was higher than 1000 in.) 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 in developed which remained until about 07:00 am. Diurnal effects

are slightly visible in the extinction at low altitudes in the evening of November 4 and in the

morning of November 7 and 8.

This November period is marked by relatively low extinction values at ground level (except in the

morning of 5 November) and a variable extinction both in altitude and in time. Clouds were

detected at different altitudes at irregular momets. The mixed layer varied between about 250 in

and 1000 in and more.
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False color presentation of the vertical extinction profiles is a suitable method to present large

amounts of (Odar) data in a quad three dimnsional figure. Albough the figures give a qualitative

Sinmpson of the temporal and spat behavikur, the extinction values ae quantitatively

available. By rev• wing the data files, it is noted that in contrast to what is generally assumned, the

increase in the depth of the mixed layer during the morning is not always clearly visible in the

measured data. Tlis is also the case for the descend of the mixed layer in the evening and night

The reason for dts nmgt be the fact that many frouts with varying wind direction and different

air mass (with different a and P) influence the atmospheric conditions in the Netherlands (See

e.g. Lamberts and DeLeeuw, 1986). Furthermcre, turbulent mixing due to solar heating was in

many cases reduced by the presence 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

measur�emets, it is possible to determine the path integrated extincticn both in vertical sense as

wen in sant path.

5.3 Statistical review of the vertical extinction

The frequency of occurrence and the cumulative distributions of the extinction at altitudes of 15,

140, 265, 390, 525, 640, 765, 890 and 1015 im above ground level have been determined. This is

at intervals of 125 m plus the altitude of the system at 15 ro. To skip anomalies, only profiles in

periods without prcipitation have been includkd in this analysis.

Scmbined results from 1985 and 1986

"The histograms of the extinction at the above mentioned altitudes, derived from all the 1985 and

1986 data files, are showr in Figure 5.23. The cumnulative distribudon ae shown in Figure 5.24.

The mean value and the standard deviation, both derived from the cumulative distrtion and

plotted as a function of eighte, are presented in Figure 5.25. The value of 0.2 kin-, at 15 in

altitude, is equal to the results of Figure 5.1 (frequency distribution of the horizontal extinction).

bhe high frequency of occurrence in the figume at 15 mand 140 m are due to the choice of a

boundary condition in thoe situations were the horizontal measurement did not provide an

adequate solutio.

.-4 1'i•
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The histograms in Figur 5.23 have different shape at altitudes below and above 400 m.Beo

this alIude, a multimnode buliaviour is observed; above this altitude, the frequency distributimn

approach a skew Poisson distribution with a maxinmm im lklihood at about 0.02 kmi-. The widths

of the distriibuton wee more d=u 1.5 decades. Very large extinctions (above 1 km-1) are rare. The

histograms at 390 minnd higher shift gradually to somewhat lower extinction values. This as

that there is a slight tendency thiat the extinction dereassm as tie altitud kicreases. This effect is

better visible, in Figure 5.25.

1000

E

w 600

S 400

200 ___________

0.001 0.01 0.11

EXTINCTION in km'-

Figur 5.25: hmea (solid square) and standard deviation (open circls) of the aveasged extiaction
as a function of altitude fiuni all 1985 and 1986 dat files (11,000 profiles) without
rain

In 1986, a more waccrt precipitatio registratio was established and the way of data processing

was modified somewhat. Therefore the 1986 results (500 profiles) were analyzed sepaately (for

perilods without precipitation). The frequency and the cumulative distributions are shown in

Figure 5.26 and 5.27. In Figure, 5.28, the mean and the standard deviation are presented as a

functio of height.
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The frequency distributions in Figure 5.26 for the low altitudes (<400 in) am different from those

in Figure 5.23. Multi-modal distributions at not observed, only single mode distributions. A

small spike around 10-3 km corresponds to the defaut extinti in situations (of very good

visibility) when the lida- provides a negative exdncton. The peak in the frquecy distribution at

15 m altitude, around 0.2 km-I corresponds with the mean extinction as shown in Figure 5.1. The

mean extinction shifts slowly from about 0.2 knr' at 20 m altitude to about 0.08 km4- at one

kilometer altitude. At higher altitudes, the extnction 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.

1000

E
S

- oo

0.0O.0, . 1

Figure 5.28: Mean (solid squares) and standard deviation (open circles) of the extinction (1986 data; 5000
profile) a a funcao of atitde.
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6 DISCUSSION AND CONCLUSIONS

During a period of 19 months, from January 1985 until August 1986, vertical atmospheric

poofiles were meured with a small lidar system (optical radar) to an altitude of

maximum 2000 m. The required input boundary confto for the (forward) inversion of the
signals, was mesue with the some lis system. Duaf has been collected conuomusl over

periods of maxi esc 5 wiralin days. After validation and combination with the actual metro

data, a daptbale has been established of 22,8a relnrdso

The lidar system and the transfer functions of the electronic components were absolutely

calibrated. Thus both die backscatte- and the extinction coefficients, as well as the extinction

profiles, were measured quantitatively. It has been shown that the accuracy of the trigger moment

of the recordig system and die accuracy of the transfer function of the logaridunic amplifer play

an important role, especially in situations of very low extinction coefficients. 1"he inversion

method applie has been validated during a field experiment in 1983, where aerosol and

nephelome.e 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 paramnete 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:

- It is estimated that the forward inversion method provides reliable information on the

atmospheric vertical extinction profile in about 95% of the cases. Only during periods of

mist or ground haze, the reverse inversion method might provide better remlts.

- In general, there is no fixed relation between the extinction and the beckacatte coefficits.

Nevertheles Vwj can be disngushed where a constant relation is clearly present despite
the variation in the beckacatte and the extinction.

, : 2 .•
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For relative humidities on-] than 90 %, both the backacatter and the extinction

coefficients increase somewhat with the relative humidity. For larger values of the relative
humidi.y, the incrmnt is stronger but bot well defined. Due to the strong variability in the

coefficienL

In many cases, a hystereis' 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, 197 1). On the other hand, a

similr 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-i, and for the backscatter at about 0.02 knr-,

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 DeLeeuw, 1992).

Analysis of a selected group (no precipitation) of profiles show that below 400 in the

averaged extinction has the tendency to peak at about 02 km-1. At higher altitudes the

variion in the extinction increases, while an average the extinction coefficient decreases

with heighL

Recommendations for future work:

storage of the raw lidar data is recommended (and is possible nowadays e.g. with large

capacity stamage media) to reprocess the data with alternative inversion algorithms.

_4-
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- the inhomogeneity of the horizontal extinction- and backacatte 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, like 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 differernt

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)

4"
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APPENDIX A: RANGE OF IDAR 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 electrwic 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
atmoshere, 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 ct(R)= cx, P(R)= P and the noise equivalent power, P., for the received power in

equation (3.1) leads to:

c A e 2-*.R.
Pn=E1 - 4r .~ F-To-e" In (A. 1)

2 4wr qpm

where:

A = area of the receiver in km2

c = veloc.; of light in km/s

F= laser energy in J
P. = effective noise power of the detector in W

R= maximum range in km

T= transmission of the optics

t = spatial extinction coefficient in kn-I

= backscatter coef•cient in km'n

Taking the logarithm of (A.1) leads to:

2" a* Rm + 2. l1 (R,) = 1,, (K,'.D) (A-2)

where K; is the lidar system constant according to:

*1.

,;
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K11El • c"A.T, (A-3)K =,2-4-x-Po A3

For a JWjI•gh atmosphere at a wavelength of 1060 tan, a = 0.87.1(i3 km-1 and 1 i.30.10,3

kIn-'. Substitution of these values in (A.2) yields a maximum range for the Mini-Lidar of 450 n.

The maximum range R.. in a homogeneous Mie atmosphere is a function of the extinction and
the backscatter. If a ratio C, = P/ck (generally with k=-l) is assumed, R.m can be calculated by
taking the total derivative of (AI). This results in:

2.-o"dRmu +2-R,. da+ 2-. dRmX d_- (A 4)
RU a

The extinction, at which the maximum range occurs, is found by explicitly writing dR./da and

equating this term to zero. This results in:

"Ro - 1 (A -5)

Finally, the maximum range R.i is found by substituting (A.5) in (A.2)

where e is the base of the natural logarithm.

RiMU K .'i (A -6)

Equation (A.6) shows that an increase of the system power by three orders of magnitude is
required to improve the range by only one orert of magnitude.

tS I V5
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The opqwdes of the Min-Lida (after a Very 10.8 tMe Of oeatio) ame:
A = 4.3"10'km

c = 3.010s km/s

P. = 8.310-9 W

T. - 0.5

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

K' - 154.6 km3

With Ce 0.07 and formula (A.4) the maximum range is found to be 1I6 kin. This range occurs

when the horizontal extinction is 0.40 km 1- as shown by formula (A-5).
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APPENDIX B: CALIBRATION OF THE LOG UNIT

The awner of the log unit can be describe by:

U0 - I. + L2 in (U, / Ur); (B.l)

for sufficient large iput signals U1,

where:

,- consant in V
L - constatin V
Uo outpu voltage In V
Uj input voltage in V

U, -reftrenc voltage, I V

"The referenc voltage U, is added to make in the ar gument of the log finctin dimensionless.

The purpose of the calibration is to determine the constants L, and L2 and their accuracies in the

interval where the transfer is logarithmc. Therefre, a square wave test pulse with an amplitd

of 4.78 V has been applied at the input of the anplifie. 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 smaler in width, was

added to investigate the dynamic behaviour of the transer function. Moreover, this provided a

second method to calculate the transe function.
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l ot 2

,. 3 e ) •/TEST PULSE

S20

0 1)
4 0*I

0 . . . . . a | | i .. .. . ,o . .,

0 20 40 60 so I00

ATTENUATION in dB (0 dB-4.78 V)

Figm• 1.l1: Repos of the log-wit as a function of Ifo aMMUoM setings. T'h shape Of the hintt tes
pulse is Iniae i,, the figur. Tbe Iowa sot ofad= points anc fom the ftst pils wit
anqibidel'; dw uppe dat s am horon amphM& "'.

In the rnmge from 0 to 80 dB, the uansfer is assumed to be logarithmic; in the range from 80 to

100 dB, the trander is a~lcoximated by second order curve fitting. (Later, it appeared that for

small signals the Muansfer becomes linear.)

The constants L,1 and L.2 are determined by linear regre~ssion analysis over the range 0 to 80 dB

(25 measurment points). 71iis provides:

L, = 377.29+t1.40V and (B.2a)

L2 = 44.75±0.20V (B.2b)

.! 3 TET PULS
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The value of the constant L2 can also be inverted from the additional test pulse. This can be seen

by expanding (B.1) to:

U++AUo=L,+L 2 ln[ (Ui + AUi) (B.3)

With (B.1) this results in:

L2  AUo (B.4)Ln( = AUi)

Ui

The results are plotted in Figure B.2.

60

50

40 • • U • mm

C U
30

20

10

0 . . . . . . . . . . . . . . . . . . . . .

0 20 40 60 80 100

ATTENUATION In dB (0 d9,4.78 V)

Figu B.2: Cakulawd value of L2 accolding to qwuation (.4).

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

L2 42.06 4.19 V (B.5)
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it is clear that this method provides a similar value for L.2 as in (B.2b) but with a arr standard

deviSati

- GzM-MM of the invern• mted ~ nl

The uncertainty in the values of L, and L.2 results in an inaccuracy of the inverted input signal U,

from U. If it is assumed that the output voltage, Uo, can be measured very accurately, than the

uncertainty in the input voltage can be written as:

=aU .dL+ dL2 (B. 6)

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

u, (u -
dU=--dL1 - 2 .dL2  (B.7)

which leads to:

dU-I = _ dLl +dLl ln(U,) (B- 8)

Ui L2  L2

Substitution of the numerical values of the variables leads to the following maximum 'rrors:

-- .... + + -In(O.0003)I0.067

- for an input voltage of 0.0003 V: and

.. , -.
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dUi 1.40 +10.20
I- -l3 0036

U, 44.751 44.75

- for a input voltage of 3 V

- nanfer for very low in"put sigal

Figure B.I shows that for very small input signals (smaller than 5.10-4 V) the tuansmf 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. U0
2; (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 bandiwidth of imung

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 mare expensive

log-unit. The results, which ae shown in Figure B3, indicate that the bandwidth (3 dB point) is
about 6 MFz for small sigals and ixrases slightly to 8 MHz for large input sials. The sope
is about 12 dB per octave which mem tha signals with high frequency components are srogly

attenuated. (A log-unit from a differen supplier indicated a bandwidth of better than 20 MHz

with a slope of less than 2 dB per octave).

• .
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Figure B. 3: Frequency resonse of the logarithmic amplifer IA-90-P at different input Levels.
TUhe rquency is along the horizontai axis (0..100 M~z) and the vertical axis represents the
response 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 attenuatio'. It is common practice, to start signal processing with

compensating for this geomer attenuation. TIe moment that the laser puls 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 oan sample intervaL From the viewpoint of signal

processing, the signal is coaected with (R*AR)2 in stead of with R2. The influence of this eor

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:

P d ( ) = K " 0 -" •- 2 -a 'R

Pd(R) .a R2 (C .1)

where:

K, lidar system constant in W-km3

Pd(R) = received power in W
R = range innkm

a = extinction coefficient in km-1

ft backsca= er coefficient in kla'

If there is a shift in the trigger moment, than the range correction is performed with an additional

unknown shift Al& This can be described as:

S) i mt i mm mmmmmm m mmmmm ai •• m!' ", = j , a.•.: 4~
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S(R) = P(R). (R AR) 2 , (C 2)

where S(R) is the range corrected lidar signal in Wkmi.

If AR=O, 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 calculated 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

Error in the inverted backscattr

The backscatter coefficient is determined by averaging over interval R, to R2 according to:

I R2 RPd (R)"- (R ± hJR)2

(R 2 -R 1 ) f K, e-2•' (C*3)

For small values of AR/R, the quadratic term is approximated by the first term of the series

expansion. Than the integral leads to:

2 .AR .LN 2 (C -4)
P (R2 - RI) L J

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.

-- - [ • i ,
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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 R2•=1000 in). The em increases to about 3.1 % if R2 is 200 m.

Error in the invrted extinction

The error in the extinction is determined by comparig the average slope of the selected interval

with the actual extinction coefficient Furtermore, it is assumed that the backscatter 0 is known.

Than one can write:

a+Ac= 1 -d .LN[Pd(R±AR) 2  dR (C.5)
(R 2 -RI) I2.dR L R'K(

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:

Aa AR (C 6)
a a.R, -R 2

For example, if the trigger inaccuracy is 30 ns and the measurement is made in a clear

atmosphere with cx= 0.1 kar', the error in the extinction becomes 56 % when R,= 100 in and R2=

800 m!

.)
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APPENDIX D: EFFECTS OF THE TRANSFER ACCURACY OF THE LOG UNIT

The uncertainty of the transfer of the log unit leads to errors in dte calculated extinction- and

backscatter coefficients. For simplicity, only signals from homogeneous atnospheres 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 homogeneous

atmospheres:

K !• D- D 3 - -2 o.R ( -1
U, (R) R (D= )

were:

D = sensitivity of the detector in V/W

K, = lidar system constant in W km3

R = range in km

a = extinction coefficient in knr-

= backscatter coefficient in knrl

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

U, (R) = LI + L 2 [LN(KI D. p)- 2. a R- 2. LN(R)I (D.2)

Note that the reference voltage has been set to U,= 1 V and will therefore not appear in this
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equation-

The extinction coefficient a can explicitly be written as:

I.N(K) .D. •- 2.- LN(R) - (U° -L•

a 2= L, (D.3)
2.R

Now the total error in the extinction, due to erors in the transfer constants of the log unit, can be

written as:

dc=-• dL + - dL2  (D.4)
al L2

with:

= -- (D.5a)
aL, 2.R -*2

and

C)a LN(U_ ) (Dab)

The total error in the extinction becomes:

I LN(Uj)
da = 2-R- .--- dL+ +2.R. L2 ."d'2 (D.6)

The average error in the extinction over interval R, to R2 becomes:

I R.r • 2 .I.

Aa-=_- (R2 _1_I AL, .LN(UdR,) . (D.7)
(R- R,) 12.R.L 2 + 2-R-L 2  J

After evaluating expression (D.7) one finds:

ALi.IN(L2)+4L72 .[LN(Kl.]D-P)-LN(L2)-2.[LN(L24 2 -a-(R2 -RI)]
•,o• Kt L •-.. (D.8)"

Ac 2"-L2 . (R2 -Rd D.8

K

-j
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The relative uncertainty in a has been calculated by substituting the values of KE, D, LI, ALI, IL2,

AL2 and the relation of Olat in (D.8). (See Table 2.1 and Appendix B; for P/a a value of 0.07 has

been substituted). For Rl,a value of 0.1 km has been chosen and for R2 a value of I km. The

relative uncertainty in the extinction, AW6,a, due to uncertainty in L, and L2 only, amounts -385

%, -23.1 % and -1.33 %, for a values of 0.01 km1, 0.1 kml and 1.0 km-4 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

coefficii•nt is known.

do= . dL + 2P•2 dL 2  
(D.9)

with:

A = - (D.lOa)

and

1-LN(U2
-LS- =-L(1 . (D.-10b)

aL2 L-2

The total uncertainty in the backscatt coefficient becomes:

dp =-P- .dTa - .LN(Ul). dL2 (D. 11

Lh 2 Lo2

The averaged error in fth backacatter over interval R, to R12 becomes:
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3 )

= .4[!a+ .I. {LN(K1 D P-az*(R2 + R1)-2-2. R2L(2-ILN(RI)
L2 L2 

(R2 -RI) J

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 AP/A if the extinction is 0.01

km"1. For extinctions of respectively 0.1 and 1.0 km-1 the relative uncertainty is 1.9 % and 2.9 %.

•--n Imm ml Ira m no 
MIDnm;.m ma m mm ..... -. 

........ 
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Conclusion

The uncertainty in the tansfer function of the applied log-amplifir has only a slight influence on

the calculated backscatter. The influence on the calculated extinction is much stroger and

increases as the extinction decreases. Unceuintes as large as a factor 3 are possible if ft

extinction is 0.01 km-1.
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APPENDIX E: DEFINITION OF THE PARAMhETER IN THE DATA BASE

The following parmneters ae pwese in the final data base:

1 - lidar date
2 - meteo time
3 - lidar time
4 - number of lidar reference measurements
5 - meteo date
6 - sampling interval lidar
7 - meteo code
8 - attenuator
9 - cloud detection on/off

10-temnperature
11 - dewpoint

12 - relative humidity
13 - lidar elevation angle
14 - pressure
15 - wind velocity
16 - wind direction
17 - visibility AEG
18 - radon counter
19 - transmission over 265 m
20 - minimum value profile
21 - maximum value profile
22 - min. altitude profile
23 - max. altitude profile
24 - laser energy
25 - horizontal extinction in kn-
26 - horizontal backscatter in kmnr
27 - horizontal delta extinction in km-1

28 - horizontal delta backacatter in lawI
29 - turbulence
30 - cloud cover
31 - running averaged extinction
32 - rmning averaged backscatter
33 - altitude reliability??
34 - cloud altitude m m
35 - cloud thickness in m

•.• 1.•
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APPENDIX F: SOME RESULTS OF THE SODAR SYSTEM

In 1984 and 1985, an experimental sodar system has bee constructed with a high-power speaker

and a parabolic disk with a diameter of about 60 cm. The transmitter operated at a firquency 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

system 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

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.I. 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.

Two different time intervals can be distinguished viz. from 07:00 ami. 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 noise 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.lb, show similar effects. The

horizontal layering is clearly visible during the night but disappears here after 07:00 aim.

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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February 1985

Figur F. 1: Vertical snucuare of the atnospbere, coded in false color, as measured with an acoustic
sounder (soda). Vertcal axis 0-400 m; horizontal axis is time: the small vertcal lines
indicate the hourly interval and the large verical lIone indicat midnight Sodar reoults from
February 4 toS 8,1995, (a) and sodar results from February I1I to 12, 1985 (b).
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