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The rapid development of
modern lidar technology started
with the invention of the laser in
1960 and the giant-pulse or Q-
switched laser in 1962.

Fiocco and Smullin published
atmospheric observations with
a ruby laser in 1963. About a
decade later all basic lidar
techniques had been suggested
and demonstrated.

Ulla Wandinger “Raman Lidar” in “Lidar Range-
Resolved Optical Remote Sensing of the
Atmosphere” Springer 2005.

AtmoHead 2024 — 15-17 July 2024 — Ischia - Italy

No asoo  September 28, 1963

magnetic wave modes, the corresponding mode velocities
are 1,700 and 450 km/sec. Both these values are about
40 per cent lower than those reported for the Argus tests
of 195845, In conmexion with the 2-5-sec delay observed
for one component of the October 26 signature, we point
out that Roquet et al.® have shown that the main phase of
the signature from the July 9 test showed a world-wide
delay of about 2 sec following the instant of detonation.
Reports from other observers on cbservations of the later
American tests may provide further evidence of this
important effect. The paucity of published results on
the electro-magnetic effects of the October—-November 1962
tests, relative to the July 9 test, is due no doubt to the
more spectacular nature of the latter. We suggest, how-
ever, that attention devoted to the results of the October—
November series may prove equally rewarding.

A fuller account of this work is being prepared for pub-
lication elsewhere.

R. A. SawTirocco
Research Department, D. G. PAREER
General Dynamics/Electronies,
Rochester, New York.
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Detection of Scattering Layers in the Upper
Atmosphere (60-140 km) by Optical Radar

THIS communication reports observations made by us
of optical echoes from atmospheric constituents (pre-
sumably dust) at heights of 60-140 km. They were detec-
ted with an optical radar. The techniques utilized are a
development of those already reported by us®:2.

The optical radar econsists of an RCA-designed ruby
laser delivering short pulses of approximately 50 nsec,
0-5 joule at 1=6.940 A; of a transmitting refracting
telescope of 7-5-cm diameter and 201-em focal length; of a
receiving reflecting telescope of 32-cm diameter and 270-
cm focal length, and of a photometer utilizing a 20-A wide
interference filter and a cooled EMI 9,538 A photomulti-
plier. The two telescopes are accurately boresighted and
rigidly connected on an equaterial mount. All observa-
tions reported here were made with the telescopes looking
at the zenith. Each time that the laser was fired the
return signals picked up by the photomultiplier were
displayed on an oscilloscope and photographed. The
return signals originating above 30 km were so weak that
it was possible to count individual photoelectrons in each
10-km (66-psec) interval up to 180 km. These experi-
ments were carried out during the months of June and
July 1963 at Lexington, Massachusetts. They show the
Rayleigh molecular scattering at heights up to 50-60 km.
At greater heights—up to 140 km—very weak eochoes
were detectod which wo ascribe to dust clouds. These
latter echoes appear to eome from two main regions:
60-90 km (often about 80 kmi) and 110-140 km (often
about 120 km).

Fig. 1 shows the results of the observations of four
consecutive days, July 28-31. This interval covers the
period of the 3-Aquarids meteor shower. The sums of the
photoelectrons obtained in successive 10-km range inter-
vals are displayed for each night. The large initial counts,
resulting from molecular Rayleigh scattering, permit an
independent calibration of the apparatus. The noise-level,
which is represented by photomultiplier dark current and
sky background, is established by taking the average of
the returns in the interval 140-180 km. Independent
noise measurements taken between laser firings were in
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Fig. 1. Accumulated photoelectron counts in 10-km range intervals
for July 28-81, 1963; n is the average noise-level

substantial agreement with those taken from the extremo
ranges. Since the noise has the character of a Poisson
process, the standard deviation is taken to be 4/n, where
n is the average noise-level count per range-interval; note
that the peaks obtained on July 30 and 31 exceed the
average noise-level by more than 3 times the standard
deviation.

Many similar sets of data have been collected that show
similar behaviour. Table 1 was compiled after a pre-

©1963 Nature Publishing Group
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OCCURRENCE OF ECHOES ON NINE NIGHTS OF (BSERVATION

U,T. Range (km)
(1063) 60 70 20 90 100 110 120 130 140
July 17 X X X
July 24 X
July 25 X X
July 26 X

July 30 X
July 81 X

liminary analysis of 9 days of observation. The X’s show
the occurrence of peaks exceeding the average noise-level
by & factor of 3 4/n. The echoes obtained on July 31
correspond to a backscattering differential cross-section
per unit velume (averaged between 120 and 130 km) of
2-10-'* em—* steradians—t.

In the absence of independent methods of observation
we cannob say what causes these echoes. However, one is
tempted to compare the lower echoes (~80 km) with
the observed heights of noctilucent clouds. It has been
speculated that more distant echoes {~ 120 km) corre-
spond to the region of meteoric break-up.

The assistance of F, W, Barrows, H. B. Gay, G. A.
Garosi, and G. 8. Misail in the construction of the appa-
ratus and of H. C. MecClees in the conduet of the experi-
ment is gratefully acknowledged. We thank Prof. A. H.
Barrett for many helpful discussions. This work was
supported in part by the U.S. Army, the Air Force Office of
Scientific Research, and the Office of Naval Research; and
in part by the National Aeronautics and Space Adminis-
tration (Grant Ns(G-419).

G. Fiocco
L. D. SmurLiy
Department of Geology and Geophysics,
Department of Electrical Engineering and
Rescarch Laboratory of Electronics,
Massachusetts Institute of Technology,
Cambridge, Mass.
1 8Smullin, L. D., and Fiocco, G., Nature, 194, 1267 (1962); Proe, lust. Radio
Eng., 50, 1703 (1962).
* Fiocce, ., and Thompson, B., Phys. Rev. Letterg, 10, 89 {1663).



The Raman lidar technique
makes use of the weak
inelastic scattering of light by
atmospheric molecules. The
excitation of a variety of
rotational and vibrational
molecular energy levels leads
to several bands of Raman
scattered radiation the
frequency shifts of which are
characteristic for the
interacting molecule.

Ulla Wandinger “Raman Lidar” in
“Lidar Range-Resolved Optical
Remote Sensing of the Atmosphere”
Springer 2005.
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LETTERS TO THE EDITOR

PLANETARY SCIENCE

Observation of Raman Scattering from
the Atmosphere using a Pulsed
Nitrogen Ultraviolet Laser

THI1s communication reports the experimental observation
of optical Raman seattering from oxygen and nitrogen
in the atmosphero using a pulsed mitrogen ultraviolet
laser'-* as a light source. Previous atmospherie lascr
seabtering experiments have been reported®? which
utilized Rayleigh seattering or seattering from particulate
matter such as aerosols and dust particles. With Raman
scattering, the wavelength of the scattered light is shifted,
the amonnt of the shift being specific to the scattering
molecule. The importance of the Raman seattering tech-
nigue is that it enables a range resolved measurement of
atmospherie constituents, with respect to both species
and eoncentration, from a single remote loeation.  This
type of measurement could be useful in such fields as
meteorology, atmospheric physies and air  pollution
control.

The apparatus used in the Raman seattering experi-
ments is shown in Fig. 1. Fhe transmitter consisted of an
uncollimated 100 kW peak power. 10 nsec, 3371 A pulsed
nitrogen laser (Aveo model €-102). A 20 cm diameter,
1-6 m focal length telescope and an RCA 7265 photo-
multiplier with an S-20 eathode response served as the
receiver. Continuous wavelength selection was obtained
by tilting interference filters away from normal incidence.
Two interference filters were used, each with a trans-
mission band width of 35 A at half maximum. The
transmissions for these filters were centred at 3557 A and
3658 A for normal incidence. A maximum filter tilt angle
of 35° was possible with the apparatus, yielding a max-
imum wavelength shift of approximately 200 A. The
experiment was conducted at Iiverett, Massachusetts, at
times shortly afier sunset during July 1967.

A spectral analysis of the experimentally obtained air
scattering return at zero elevation is shown in Fig. 2.
TIn addition to the strong return at the 3371 A transmitter
wavelength, signals, weaker by about a factor of 1,000,
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Fig. 1, Schematic diagram of the apparatus uscd to obscrve atmo-
gpheric Raman scattering.
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were observed at 3557 A and 3658 A, corresponding to
the vibrational Raman shift for oxygen and nitrogen,
respectively.  The magnitude of the observed Raman
signals was consistent with the expeeted signal calenlated
on the basis of an estimated Haman cross-section of
10-** em® Mossurements of this type ean be used to
obtain directly the oxygen to nitrogen concentration ratio
as a tunction of range.

The apparent spectral width of the experimental bacl-
seatter signal in Fig. 2 near the laser Line at 3371 A i
thought to result from the rejeetion propertivs of the
interfecence filter. This was determined by eomparing
the air backscatter near 3371 A with the roturn from a
solid target. No significant difference. as s funection of
wavelength, was observed when the target signals were
normalizod to the air backscaiter.

Tt is hoped that, with improvemonts in both resolution
and rejection, Raman signals can be observed in this
wavelength region from othor sources. Signals originatin
from rotational transitions in oxygen and nitrogen. infra-
red transitions in various atmospherie contaminants, and
vibrational transitions in small solid amr-borne particles
are of particular interest. .

Typical oscillograms of the pholtomultiplier signal.
obtained at the 3658 A nitrogen Raman line, are shown
in Fig. 3. At the beginning the observed pulse shape is
dominated by the non-coaxial transmitter receiver geo-
metry. When the fields of view of the transmitter and
receiver have sufficiently overlapped, the signal decay can
bo fitted to an inverse squarcd law multiplied by an
exponential extinction. The signals shown in Fig. 3 yield
useful data for up Lo 8 psec, which corresponds to a range

of 1-2 kmThe application of photon eounting methods,
with p nds, should
greatl D A L d same laser
trans .A. Leonar

A raf Ltered power

the wn® to yield
lﬁmn't.l N atu re 2 16’ he range of
interes| 1\ scattering
woiel 142 (1967) nded trans-
missor) o knowledge

of the TeTaTroT=ITE s from the
suspended particles, causing the reduced visibility, and
the transmission through them, and relied therefore on
an analysis of the backscatter pulse shape, rather than a
simple power measurement,

The 3371 A pulsed nitrogen laser was chosen from among
the available strong laser sources for the following reasons.
Raman seattering eross-scctions vary inversely with the
fourth power of the incident wavelength. Thus the pulsed
nitrogen laser is more effective than a ruby laser by a
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Measurements Separating the Gaseous
and Aerosol Components of Laser
Atmospheric Backscatter

THis avticle deseribos preliminary results of laser atmo-
spheric backscaller measwements which use both the
frequency shifted Raman scatter and unshifted Rayleigh
components of the returns to separate the returns due to
gaseous constituents from those due to aecrosol constitu-
onts of the atmosphere.

Observations of the frequency shifted (Raman com-
ponent) of lagser atmospheric backseatter off the vibrational
levels of N, have already been reported’. By preferen-
tially rejecting the backscatter return at 6943 A in the
vicinity of the Rayleigh line, the return of the Raman
component from N, due to the band centred at 8283 A
ean be monitored quite easil ront though the Rayleigh/
Raman cross-section ratio is ~500. The intensity of the
backscatter at 283 A depends only on the local density
of nitrogen molecules (except for transmission losses)
whereas the return at 6943 A containg both the gascons
and aerosol backscatter in ambiguous proportion. In
conditions of poor visibility the ambiguity in the return
signal can be relatively small due to the preponderance
of the aerosol return, but during good visibility the
ambiguity is large. With essentially simultancous back-
scatter returns at both 6943 A and 8283 A, a simple sub-
traction permits the identification of that fraction of the
6943 A return due to aerosol seatter.

When monutoring the Raman component at §283 A,
rejection of the 6943 A light by a factor of 10% is provided
by a combination of optical pass band and rejection filters.
A neutral density filter with a transmission of 3 x 10! at
6943 A is interposed in the optical palh of the recciver
when monitoring the 6943 A backseatter in order to reduce
the system output to that which occurs when monitoring
the Raman signal. Calibration of the receiver system
showed that the 6043 A roturns have to be reduced by
0:72 for quantilative comparisons with the 8283 X
returns.,

The results of tho combined 6943-8283 A data. fall into
two general categories: (1) no pronounced scatter diseon-
tinuity, shown by the relative smoothness of the 6943 A
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returns and substantiated by the 8283 A returns: (2) a
pronounced scatter discontinuity on the 6943 A return
accompanied by a complete absence of a similar effeet
on the 8283 A returns.

One hundred and sixty oscilloscope traces wero recorded
of the roughly three hundred observations. A typical
category 1 result is shown in Fig. 1 where the aerosol to
gaseous backscatter ratio is plotted. Although low back-
scatter ratios such as in Fig. 1 have been measured
before, Fig. 1 is none the less surprising in terms of the
usual aerosol models (the Junge size distribution, for
example). For a Junge distribution with exponent
v=35, the average differential scatter to backsecattor
ratio is about 5-0. Thus even with a 20 km wvisibility
parameter, one expects a factor of about 6-0 for the aerosol
to gas backscatter ratio. A factor of 4-0 is the upper limit
on the present measurerments. A 20 kin visibility para-
meter corresponds Lo a very clear day for the eastern US
seaboard and is not at all typical. Hazicr weather would
yield ratios larger than 6-0. These data suggest a larger
anisotropy corresponding to a significant variation from
the models. We are reducing the size of the absolute errvor
to discover the nature of the discrepancy between the
measurements and aerosol models.

The absolute value of the ratic ean be in error by no
more than a factor of about two. This is due primarily
to the uncertainty in the Raman/Rayleigh cross-section
ratio. The relative error (shot-to-shot system response)
i3 less than 5 per cent, based on the repeatability of the
N, return. This repeatability implies & relalively high
accuracy for the vertical gradients in tho backscatter
returm.

Fig. 2—a dirveet copy of a Poluroid film —gives a typical
result from the second category of data. The dotted
curve clearly shows the discontinuity in the 6943 A
return, while the Raman return (solid curve}, taken at
~ 30 s later, shows no evidence of the discontinuity. The
discontinuity was a return from a somewhat localized
semitransparent cloudlike layer, and by orienting the
optic axis of the system out of the lino of sight of the
layer, 6943 A returns were obtained in which there was
no discontinuity. This shows very clearly that the N,
Raman returns are quile insensitive to the presence of
acrosols and so provide a useful means of deducing the
amount of aerosol contribution to the backscatter in
Rayleigh returns, On some of the N, returns there was
an indication of & smull discontinuity at the same altitnde
as the pronounced discontinuity on the 6943 A returns,
but these discontinuities have not been statistically
validated.

The altitude range of tho system is limited by the

Raman rety hle signal/
noise ratios J C _lit,t,er and
receiver ax " for
the altitu’:l}; 3 OO n ey '73\'(;? inn‘r):\
interesting. J O normaliz-
ing out” the r r assuming
an exact 1/ y

We also 3 g the so-
cledonel | C. TOMasetti: poreor
slightly ren and were
inserted in at: -
by NAtUre 224, - ki
mtic:is are periments
could veri s (such as
ihess| 1098 (1969) Lz
that leaks p, causing

an undesirable enhancement of the 8283 A signal, range
from 0-71 per cent to 5:9 per cent. But the leaks con he
ignored because of the larger error associated with the
uncertainty in the Raman/Rayleigh cross i

By using ground measurements of pressure and temprra-
ture plus assumed lapse rates, it might be possible to
extract from the 6943 A roturn alone, simply by ealenla-




Observation of Raman Scattering by Water Vapor in the Atmosphere

Show afiations First measurement of the water vapor profile
Melfi, S. H. ; Lawrence, J. D., Jr. ; McCormick, M. P. with the Raman techniq ue

Raman backscatter of a frequency-doubled ruby laser beam by water vapor has been observed in the atmosphere, using an optical radar system. This return along with a Raman

nitrogen return, has been used to calculate a relative water-vapor mixing ratio profile in the atmosphere to an altitude of approximately 2 km.

Publication: Applied Physics Letters, Volume 15, Issue 9, p.295-297 1 February 1974
November 1969 A Single-ended Atmospheric Transmissometer
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First accurate measurement of the horizontal
— transmission with the Raman technique

A&7-41027 =
AIRPORT GLIDE SLOPE VISUAL RANGE INDICATOR.
E. T. Gerry and D. A. Leonard (Avco Corp., Avco=Everett

R'esr.u‘t h Laboratories, Everett, Mass, ). Abstract

1&._-.:n£rr- Inte r':a!.-;'-nal_.gllf_lf-n_ Applications des Lasers, lst, Paris,

£!<.A.‘|’.k«:.. July I8-23, 1967, Communicat ion. ) - It has been shown experimentally that a measurement of the Raman shifted component of the laser backscatter
Lasers, no. 7, 1%7, p. 47, 48. & rels. from atmospheric nitrogen will give a direct determination of transmission as a function of range. This type of

Description of a glide-slope transmissometer (which is essen-
tially an oprtical radar in which the receiver is gated on to receive
signals from only a specified range interval and is tuned to a wave-

single-ended device, when operating in a radar-like made, can satisfy the need to accurately measure
atmospheric transmission. A major difficulty in the interpretation of pulsed lidar backscatter data is that unless a

length aother than the transmitted wa velength), The device measures priori information is available concerning the relationship between the volume backscattering coefficient and the

the twosway transmission through the atmosphere between the
receiver and a light source of knowsn intensity situated at a known

attenuation coefficient, the received intensity cannot be easily evaluated as transmittance. The backscatter

coefficient for Raman scattering, however, depends only on the Raman cross-section of the specific molecule

distance from the receiver. The light source is a laser emitting a used and the number density of that molecule. In the lower atmosphere the density of atmospheric nitrogen is
short pulse 0f monochromatic light in the direction where the ) ) ) . . S
visibility 4e t0 be measured. The receiver is = gated photodetector constant. A measurement of Raman scattering from nitrogen will therefore give a direct determination of
tuned to the light wavelength corresponding to vibrational Raman transmission as a function of range. Experiments were conducted over a 1/4-mile range and produced
scattering ol the incident laser beam from a component of air, The consistent results for transmissions down to as low as 2 percent when compared with simultaneous double-

Ume Gela > re the receive SR LY ON specuiies he Tange i i i
E.T. Ger;y, .D-A-r‘!-em‘,a."d: Alr_port glide siope P ange st ended reference fransmissometer data. The laser Raman fransmissometer system is now computer controlled

visual range indicator using laser Raman i 'FirSt attempts tOVi-r'ffer partide
scattering. Proceedings, First International extinction properties from

Conference on Laser Applications, Paris,

France, 1967 Raman signal profiles

and produces real time data displays.
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Raman Lidar become more common in the 90s also because the Pinatubo eruption (1991) caused problems to
the standard Lidar based Stratospheric Ozone measurements (elastic DIAL technique))

RAMAN DIAL MEASUREMENTS OF STRATOSPHERIC OZONE IN THE PRESENCE OF
VOLCANIC AEROSOLS

Thomas J. McGeel , Michael Gross2, Richard FerrareZ. William Heaps!, and Upendra Singh?

'

Abstract, Since the eruption of M. Pinatubo in June,
1991, measurements of atmospheric species which depend on
Rayleigh scatiering of radiation, have been severely
compromised where the volcanic aerosol cloud exists. For the

FC stratospheric ozone lidar, this has meant that ozone
determination has been impossible below approximately 30 km,
ToeGSFC lidar has boen modilied to detect Raman scatiering
from pitrogen molecules {rom transmitted faser wavelengihs,
The instrument transmits two laser wavelengths at nm and
331 nm, and detects retums at four wavnlnngglhs; m‘ﬁ?;;s_z_
nm, 351 nm. and 3§2 ng. Using this wechnique in conjunction
with the Rayleigh DIAL measurement. ozone profiles have been
measured between |5 and 50 km.

Introduction

Measurements of stratospheric ozone by the Differential
Absorption Lidar { DIAL) technique have become commonplace
during the last several years (McGee etal., 1991 McDermid et
al.. 1990: Uchino, et al.. 1933: Pelon etal., 1986; Browell,
1989), Indeed, the Intemational Network for the Detection of
Stratespheric Change intends to place such instruments at cach
of their selectea research swtons.

‘The DIAL technique lor the measurement of ozone consists
of the transmission of at least two wavelengths into the
amosphere, one wavelength which is absorbed by ozone and
another which is significantly less absorbed, Radiation at these
two wavelengths is scatwered by tie atmosphere and collected
by a telescope aligned with the t-ansmitted beams. The majority
ol the systems menuoned above, particularly the instruments
designed for stratospheric measurements, use excimer lasers
transmiiting at 308 and 353 nm for the “on” and “ofl™ line
wavelengths. In a clean atmosphere, the scauering mechanism
is almost entirely Rayleagh, and the wavelength dependence of
Rayleigh scauering is well-known. In this case the effect of
aerosois can be either ignored or a small correction applied. In
the vircurastance in which the swatosphere is injected with a
fresh influx cf volcanic SO-, the sulfuric acid aerosol content of
the stratosphere changes rapidly, both in particle size
distribution and concentration. Without accurate information

about the gomposition and size distribution of the aerosols it 1s
impossible to know the waveleng cndence of the M
$rugring, Therefore, with o Tidar which has wavelengths as
widely separated as twse WHICH are COmmon I ihe
stratosphe; tems (Megie and Menzies, 1980) . it is_
virnial ble 10 extract an ozone profile in the regions

¢ SCAltEnng has ConinpaRd. e UIgar feuum. (There
re some other lidar sysiems h measure ozone using
wavelengths which are not so widely spaced [see for example
Browell et al. 1990). In those cases. the errors introduced
because of acrosols would be considerably reduced. Those
lidar systems do not, however, have the high altitude capability

INASA/Goddard Space Flight Center, Laboratory for
Almospheres
2Hughes/STX Corporation

Copyright 1995 by the American Geophysical Union.

Paper number 93GLO07S1
0094-3534/93/93GL-00751503.00

of the large ground based stratospheric sysiem). Figure 1
shows a plot of the Acrosel Backscattering Ratio [(Rayleigh +
Mie)/Rayleigh] obtained as a function of altitude. This plot is
extracted from an inversion of the lidar return of the "off-line”
(or unabsorbed) wavelength. The density of the atmosphere is
obtained from a lecal radiosonde. The Backscatter Rauo is the
ratio of the measured hidar retum to the caleulated Rayleigh
return based on the known atmospheric molecular density.
Data from before and after the eruption of Mt. Pinatubo are
plotted. The effect of such large aerosol loadings on the
Rayleigh DIAL measurement of ozone is seen in Figure 2.
Because of this interference from aerosol scauering, recent
measurements of ozone have been impossible below 30-
150 i in Figure 2 15 an atiempt (o cormect the

km.

¢ 2er0sol paramelers 10 make a

sabjgconeetion.

qlier a major uruF(ion as the coneentration, gompositon and
size ol the parucles are cl angmg rapidly.

knowledge that HNOs aerosols play a critical role in the
destruction of stratospheric ozone over Antarctica during the
Austral Spring (Solomon and Schoeberl, 1988), has led 1o
similar questions concerning the possibility that H2804
aerosols, of voleanic origin, may also catalyze the destruction
of ozone in the mid-latitudes. Thus, at a ime when the
scientific questions become evan more important, e
conventional stratospheric ozone lHEla_r‘\d many other passive
instruments which depend on seatzring of solar radiation)
cannot retrieve an ozone protile in the cnucal region.
This paper describes and present i

which used Raman scattering from N 1o provide the
backscautere signal from regions which have volcanic aerosol
resent. These returns are shifted 2331 em-! from the
transmitied wavelengihs and the returms
molecular density. Te is no component in the
[ELUrn_due 1o scaltenng from aerosols, Signals returned are
Srong erouch (0 permil a continuous profile from 15 (0 50 kim

using both the Raman and Rayleigh techniques.

u
for scattering and extinction due 10 aerosols.
155umpUoNs for volcanic derosols are incomsct.
insutficient intormauon about

serasal Scattenng Paua Cu* saraen, Sea/Bast Ponatuse Simiossne «
cume 19,1987 ot JPL=TUD 34 4] varsus Seotemzer 21 3t GSIL (38741
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Figure I: A plc. ot the Aerosol Backscatter Ratio for 6/29/91.
prior to the arrival of the Mt. Pinatubo agrosol cloud. and for
9/21/91 after the cloud has dispersed as high as GSFC.
Aerosol backscauer ratio = (Rayleigh + Mie)/Rayleigh.
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L. INTRODUCTION

Water vapor is an important molecular species in the Earth's
atmosphere that is highly variable in both time and space. It
plays an imp rele in many pheric p such as
weather, climate, and atmospheric photochemistry. i
distribution in the atmo?hete is high!F variabie, it i nec-g?g
to_unders its spatial and temporal v. tlity and to relate
this to_various atmospheric_effects. Lidar, with its abilty (o
provide range-resolved promcs in a short time (seconds or min-
ntes), can be used to make unique remote measurements of water
vapor distributions. Indeed, a number of lidar systems have been
developed and demonstrated for water vapor measurements using
cither the differential absorption lidar (DIAL) technique'™"° or
the Raman scattering approach.”™' It is the purpose of this
paper to review the history of applying both approaches to range-

‘Differential absorption and Raman lidar for water vapor
profile measurements: a review

Abstract. Differential absorption lidar and Raman lidar have been applieq
to the range-resolved measurements of water vapor density for more than
20 years. During this period, there have been considerable advances in
laser and lidar technology, as well as in the understanding of the factors
required to optimize both lidar techniques for water vapor measurements,
Results have been obtaired using both lidar techniques that have led tq
improved understanding of water vapor distributions in the atmosphere,
This paper reviews the theory of the measurements, including the sources
of systematic and random error; the progress in lidar technology and
techniques during that period, including a brief look at some of the iidar
systems in development or proposed: and the steps being taken to im-
prove such lidar systems.

Subject terms: lidar; Raman lidar; differential absorption lidar; water vapor; Ram:an
scartering; dye laser; alexandrite lasar; Ti:Al,O5 laser.

Optical Engineering 30(1), 40-48 (January 1991).

2. DIAL TECHNIQUE

The DIAL technique generaily uses two laser wavelengths to
determine the range-resclved profile of atmospheric trace mo- :
lecular speci=s.**= Elastic backscatter from molecules (Ray-
leigh) and aerosols (Mie) provides the lidar signals. Moleculzr
absorption along the path attenuates the lidar signal in a manner
that can be used to determine the range-resolved profile of the
species. One wavelength is tuned to an absorption feature of the
molecular species of interest while the other is wned off ths
absorption feature in a nearby region that is weakly or not ab-
sorbed by the species of interes:. The lidar return from the *‘of "'
laser wavelength provid: f signal for the atmospheric
scattering from molecules and aerosols and for the slowly vary-
ing “‘background’ atmospheric absorption that is common to
toth lidar lengths. The general expression for the power
detecied by the lidar system at the tansmitted wavelength is

PﬁAO(rml?(r)cxp{ —Zflan(r) oo k(r)]dr}

- +8, (0

P(ry =
2r

where P(r) is the received power from range r (W), P is the
transmitted power (W), c is the speed of light (3x 10® mys), 7
is the pulse width of the laser beam (s), A is the receiver area
(m7), O(r) is the transmitterireceiver overlap function, r is the
range to the region (m), n is the receiver/detector efficiency,
b(r) is the atmospheric backscatter coefficient (m~'-st™ "), a is
the absorption cross section of the molecular species of interest
{m*-molecule ™"), n(r) is the density of the molecuiar species

resolved measurements of water vapor, ine the ad {
and limitations to the use of both techniques in various spectral
regions, and outline the di in which devel of
these approaches are proceeding.

Paper [ 1-108 recewved June 15. 1990 cevised manuscnpt recerved Sept
1990; =ccepted for publication Sept. U, i*%) 2
9 1991 Society of Photo-Optical Instrumentation Engincers.

40 OPTICAL ':NGINEERING/ Januarv 1891 Yol 30No !

of interest (m ™), k(r) is the total atmospheric extinction coef-
ficient that does not include absorption due to the molecular
species of interest (m™'), and 8 15 the detected background
radiation level (W)

Once a suitable signal has been recorded at both wavelengths,
which generaily requires some signar averaguez
the signals at the two laser waveiengths can he used with the

wie i3tic of
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Independent measurement of extinction and
backscatter profiles in cirrus clouds by using a
combined Raman elastic-backscatter lidar

Albert Ansmann, Ulla Wandinger, Maren Riebesell, Claus Weitkamp,

and Walfried Michaelis

Height profiles of the extinction and the backscatter coefficients in cirrus clouds are determined

independently from elastic- and inelastic- (Raman) backscatter signals.

An extended error analyais is

given. Examples covering the measured range of extinction-to-backscatter ratios (lidar ratios) in ice
clouds are presented. Lidar ratios between 5 and 15 sr are usually found. A strong variation between 2

and 20 ar can be observed within one cloud profile.

Particle extinction coefficients determined from

inelastic-backscatter signals and from elastic-backscatter signals by using the Klett method are
compared. The Klett solution of the extinction profile can be highly erroneous if the lidar ratio varies
along the measuring range. On the other hand, simple backscatter lidars can provide reliable
information about the eloud optical depth and the mean eloud lidar ratie.

Key words: Combined lidar, Raman lidar, backscatter lidar, lidar ratie, particle extinction, particle
backscatter, Klett method, cirrus observation.

1. Introduction

High-altitude cirrus clouds have been identified as
one important regulator of the radiance balance of
the earth-atmosphere system.! In particular, opti-
cally thin eirrus are of great interest since an increase
of the area covered by these clouds, which may be
induced partly by contrails, is expected to enhance the
greenhouse effect. In spite of the importance of ice
clouds, measurements of their microphysical proper-
ties (ice-crystal characteristics) and of their radiative
properties (extinetion, reflection, and emission) are
rare! mainly because of their high location in the
atmosphere. Extended studies of cirrus clouds were
performed only recently in two regional experiments,
the First International Satellite Cloud Climatology
Project (ISCCP) Regional Experiment (FIRE)? and
the International Cirrus Experiment (ICE).* Inboth
investigations high-flying aircraft as well as ground-
based observation stations were utilized.

In this paper, lidar measurements taken in cirrus
clouds during ICE’89 in September and October 1989

The authors are with the Inatitut fiir Physik, GES3-Forschungs-
zentrum Geesthacht GmbH, Postfach 1160, W-2054 Geesthacht,
Germany.

Received 5 June 1991,

O003-6935/92/337113-19805.00/0.

© 1892 Optical Socety of America,

are presented. For what is, to our knowledge, the
first time, profiles of the extinction and backscatter
coefficients in high-level ice clouds are measured
independently of each other with a combined Raman
elastic-backscatter lidar. In the technique applied,
short laser pulses at a wavelength of 308 nm are
transmitted vertically into the atmosphere, and the
height profiles of signals elastically backscattered by
air molecules and particles (at 308 nm) and inelasti-
cally (Raman) backscattered by nitrogen molecules at
332 nm (vibrational-rotational spectrum) are recorded.
The particle extinction coefficient is determined from
the inelastic-backscatter signal profile,* while the
particle backseatter coefficient is derived from the
ratio of the elastic backscatter to the Raman signal, as
is usual in the combined lidar technigque 58

The independent measurement of the particle ex-
tinction and backscatter coefficients and, thus, of the
extinetion-to-backscatter ratio, or lidar ratio, pro-
vides information on the transmission and the reflec-
tion properties of cirrus clouds and also on the
ice-crystal characteristics because the lidar ratio de-
pends on shape, size, and orientation of the aniso-
tropicice particles. The influence of the microphysi-
cal properties on the extinetion-to-backscatter ratio is
discussed here on the basis of measurement exam-
ples,

The lidar ratio is one important input parameter

20 Movember 1992 / Vol. 31, No. 33 / APPLIED OPTICS 7113
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Combined Raman Elastic-Backscatter LIDAR
for Vertical Profiling of Moisture, Aerosol Extinction,

Backscatter, and LIDAR Ratio

A. Ansmann, M. Riebesell, U, Wandinger, C. Weitkamp, E. Voss, W. Lahmann, and W, Michaelis
GESS-Forschungszentrum Geesthacht GmbH, Postfach 1160, W-2054 Geesthacht, Fed. Rep. Germany

Received 18 November 1991/Accepted 13 February 1992

Abstract. A combined Raman elastic-backscatter lidar has been developed. A XeCl excimer laser
is used as the radiation source, Inelastic Raman backscatter signals are spectrally separated from
the elastic signal with a filter or grating polychromator. Raman channels can be chosen to register
signals from COq, Oz, N3, and H;0. Algorithms for the calculation of the water-vapor mixing ratio
from the Raman signals and the particle extinction and backscatter coefficients from both elastic and
inelastic backscatter signals are given. Nighttime measurements of the vertical humidity distribution
up to the tropopause and of particle extinction, backscatter, and lidar ratio profiles in the boundary
layer, in high-altitnde water and ice clouds, and in the stratospheric aerosol layer are presented.
Daytime boundary-layer measurements of moisture and particle extinction are made possible by the
improved daylight suppression of the grating polychromator. Test measurements of the CO; mixing
ratio indicate the problems for the Raman lidar technigue in monitoring other trace gases than waler

vapor.

PACS: 42.68.Rp, 93.85.4-q, 94.10.Gb, 92.60.Iq

The measurement of tropospheric vertical water vapor dis-
tributions and of geometric (height, depth) and radiometric
(extinction, backscattering) properties of aerosol and cloud
layers with high spatial and temporal resolution is a ba-
sic requirement for the improved understanding of weather
and climate, especially of the radiation and heat budget of
the earth’s atmosphere, and of atmospheric chemistry. Pas-
sive measurement techniques cannot adequately meet these
requirements. In-situ measurements from airplanes or bal-
loons are very costly and cannot provide data at low and
high altitudes simultaneously. The latter shortcoming also
applies to measurements with radiosondes. Passive methods
using radiation from the sun {(or moon) lack the required
height resolution. Ground-based, height-resolving, simulta-
neously measuring devices have therefore been developed.
High-resolution water vapor profiles can be obtained from
lidar measurements using both the Raman [1-9] or the dif-
ferential absorption lidar (DIAL) technique [10-18]. Lidars
are also powerful tools for the detection of aerosol and
cloud layers and for the determination of their geometric and
backscattering properties. In addition to these data, a com-
bined Raman elastic-backscatter lidar allows the simultane-
ous and independent measurement of height profiles of the
particle extinction and backscatter coefficients. The result-

ing extinction-to-backscatter, or lidar, ratio reveals several
microphysical properties of aerosol or cloud layers because
backscattering and extinction depend in different ways on
the size, shape etc. of the scattering particles. The lidar ra-
tio cannot be derived from the data of simple backscatter
lidars, but is needed to allow an estimation of the particle
optical depth from the elastic-backscater return signal pro-
file [19-21].

The primary data collected with the combined Raman
elastic-backscatter lidar are the height profiles of the Raman-
scattered radiation from the molecules of nitrogen or oxygen
and of water vapor, and of the elastically backscattered radi-
ation from both air molecules and aerosol particles. A xenon
chloride excimer laser emitting at a wavelength of 308 nm is
used as the radiation source. For separation of the different
backscatter lines two specially designed polychromators of
the interference filter and of the grating type are available.
At nighttime, in the absence of strong daylight background,
the interference filter polychromator is normally used for
the detection of the very weak Raman backscatler intensities
because of its higher transmission in the different channels.
The grating polychromator has smaller spectral bandwidth.
It therefore allows the determination of water-vapor mixing-
ratio profiles in the boundary layer at daytime. This device

apor
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Ls(s)

Ag

= L(S) - [Bmoi(s, ) + Baer(s,m)] - As - 5_2
* Taer(S) * Timoi(s) - GE(S).

L(s) = Lo Taer(s) - Tmol(s)
Taer(s) = exp (_ jsaaer(sl)dsl) )
0

Tmoi(s) = exp <_ Jsamol(sl)d5,> )
0
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Lg(s)

= L(s) -
* Taer () * Troi(s) - Gg(s).

L(s) = Lo Taer(s) - Tmol(s)
Taer(s) = exp <_ jsaaer(sl)d5,> )
0

Tmot(s) = exp <_ fsamol(sl)d5’>;
0
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Elastic lidar EQ

A
[Brot(5,10) + Baer (s, m)] - As - —

N eneA= A

The expected photon counts L;(s) are proportional to the product of the
(1) transmitted laser photon number,

(2) probability that a transmitted photon is scattered,

A
(3) probability that a scattered photon is collected (acceptance solid angle) S—z

(4) light transmission through medium, and
. o ;"o ;'0 ;'-0

(5) overall system efficiency. 77:0 ?7}_0 o

Background photon counts and detector noise also contribute to the expected

photon counts: Lz, (s) = Lg(s)+bkg (which must be considered in error analysis)




Ls(s)

= 105) (ot (5:7) +aer (5,1

* Taer () * Troi(s) - Gg(s).

L(s) = Ly * Taer () * Trnoi(S)

Taer(s) = exp (_ JS,);
0

Tmoi(s) = exp <_ Jsamol(sl)d5,> )
0
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LE(S) 4

= L() * [Bmor(5, ) + Baer(s, )] - As - —
- Gg(s).

ot (5, ) + Baer(s,m)] = ~ES5— 722 (s)

Taer(S) * Troi(S)

KEg-Tp01(S)
Lg(s,) s
Ke = [Brot (ST +Baer(s,MI T2 (s) Tacr (50) hypotesis
Ager(s) = LR Baer (s, 7'[)_
Step O:
_ LE(s) -5, T2 _
KE [Bmol(s T[)"'Baer(s ;1)]T, ol(s) aeT(SO) 1

T Lg(s) -s?

[Bmot (s, ) + Baer (s, m)] = Kg - Tnzwl(s) l
Step 1:

Taer(s) = exp (_ Jsaaer(sl)d5’>
0
= exp <—LRJ ,Baer(s’,n)ds’>

Lg(s,) s
[Bmol(s 7T)+.Baer(5 ;)T 01(5')

Lg(s) _
[Bmol(sx ) + Baer(s: m)] = % ae%”(s)

Kg = a_e%‘ (s 0)

Elastic lidar inversion

Lidar equation contains two unknown sets of parameters: aerosol
extinction and aerosol backscatter.

Equation can only be solved with prescribed lidar ratio (extinction to
backscatter ratio).

The validity of the assumption of a constant particulate lidar ratio
depends on the actual atmospheric conditions.

The lidar ratio depends on the type, shape, composition, and size
distribution of the atmospheric particulates.

If these parameters do not significantly change along the examined
path, this assumption is reasonable, even if these parameters vary
slightly because of small-scale fluctuations... but is not always the
case.

The lidar ratio assumption and hence the not independent retrieval
of the aerosol backscatter and extinction made necessary the
development of the Raman Lidar

Mattis at al., Atmos. Meas. Tech., 9, 3009-3029, 2016

Until convergence i.e.

< V. .
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LR (S) Raman lidar EQ (N,)

A
= L(s) - [BR, (. m)] - As - 5+ Tir (5)
- Trno1(8) - Gr(S).

LH (S) Raman lidar EQ (H,0)

A
= L(s) - [Bf,0(s,m)] - As 5 Ter ()
- Trmo1(s) * GR(s).
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Raman aerosol lidar
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no backscattering Distance
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Raman lidar EO (N.)
[The Raman lidar technique] It's a robust techniqgue makes
low demands concerning spectral purity of the emitted laser
light and frequency stabilization of the receiver. However, it
suffers from the low cross sections of Raman scattering and
thus from the comparably small signal-to-noise ratios of the
measurements.

For a long time, Raman lidar instruments were therefore
mainly used at nighttime. Daytime applications increased
with the development of high-power transmitters and
narrow-bandwidth detection systems which allow a
sufficient suppression of the daylight background. H (S)
Ulla Wandinger “Raman Lidar” in “Lidar Range-Resolved per
Optical Remote Sensing of the Atmosphere” Springer 2005

[N B 2AY4A %2 € 3 i % € 3
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ZLR(S)

/ Angstrom Exponent
GR (S)nmol (S)

GR(S)Nmor(S) dS

ZLR(S)

Amo1(S) — mol(S)

Ager(S) =

G. Pappalardo, A. Amodeo, M. Pandolfi, U. Wandinger, A. Ansmann, J. Bosenberg, V.

Matthias, V. Amiridis, F. De Tomasi, M. Frioud, M. larlori, L. Komguem, A. Papayannis, F.
Rocadenbosch e X. Wang, «Aerosol lidar intercomparison in the framework of the EARLINET
project. 3. Raman lidar algorithm for aerosol extinction, backscatter, and lidar ratio,» Appl.

Opt., vol. 43, p. 5370-5385, 2004.

14

Baer (s, ) = Baer(s)

:_,Bmol (s) - sz

Lg(s) Ag

/1 Aerosol extinction
AR

(from N, signal)

dol (1)

N

d()

Gr(s) cher(s) ' T#Lol(s)

| Lr(s) | Ap | domei (s, ) | Ge(s) | Taer(S) * Tinoi(S)
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d()

Aerosol backscatter
(from AIR & N, signal)

1




L2
The constant C is determined by lOg C-s LR (S)
imposing that the AOD below the Tmol (S) . TnRitol (S) * Mool (S)

complete overlap is a linear function Taer (S) = — K
through the origin of the range. 1 + ﬁ
AR
AOD OR
From N, signal
S
— / /
Taer(S1,S) = f Ager(s)ds’.
S1

Taer(S) — aaer(sl) * S| TTger (Sl:S)-
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V. Rizi, M. larlori, G. Rocci e G. Visconti, «<Raman

. . . lidar observations of cloud liquid water,»
Water Vapor mixing ratio (g/kg) Applied Optics, vol. 43, n. 35, pp. 6440-6453, 2004.

From H,0 & N, Raman signal

_ Ly(S) Tmot(s) Tmor(S)
X(S) _ LR(S) | TnI_{ol(S) | Tc{_ler(s)

doy ()

C M
H20_ 07808 Mdryair dO'é{ (71') KN,H
Q

— Can be determined with
XLIDAR o XRAOB - CH2O linear regression Y=AX

RAwinsonde OBservation (RAOB)
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Calibration procedure to find (g

Mattis at al., Atmos. Meas. Tech., 9, 3009-3029, 2016

* (Usually) in a particle-free region in the free
troposphere.

* A calibration window of width is shifted through the
altitude region, where particle-free conditions
typically occur.

* Foreach window position, the average and standard
deviation of the signal or signal ratio is calculated.

* |t is assumed that the window position where the
signal or signal ratio has its minimum is closest to
the assumed particle-free conditions.

* The average value within this calibration window
and its standard deviation are used to estimate the
calibration factor and its statistical uncertainty.

* If the ancillary data or from climatological data of
the stratospheric particle load it is possible to
provide a BSR different from 1 as calibration value.

* This method has the disadvantage that it does not
guarantee that there are no particles at all in the
calibration window. The algorithm would find a
minimum also in the case that there are fewer
particles than in other altitude regions only.

e Stronger criterion to find particle free regions
would be a test whether the measured signals
have the same shape of a theoretically assumed
Rayleigh signal (Baars et al. Atmos. Chem. Phys.,
16, 5111-5137, 2016)
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Aerosol backscatter

Baer(5, 1) = Baer(s) (from AIR & N, signal)
_ doy, ()
Lg(s) .AE. 40, GR(S) TR .(s) - Trﬁol(g)

Lr(s) Ar domei(s, ) GE(S) Taer(s)'Tmol(s)
dQ)

_ ﬁaer(s) _
= Bmoi(s) - |Cp - UBSR(S) —1|;Cp - UBSR(s)= s+ 1=BSR(s)

= Bmo1(s) - sz .

Cp - UBSR(s) = BSR(s)

GR(S) _
GE(S)
But be careful...

Calibration region where t UBSR(s)

B4e-=0 (or other known value)

Range

1 (i.e. Bger=0)




s*Lg(s)

Gr(S)Nmoi(S) |

d [GR (S)nmol(s)
ds| s?Lp(s)

Amo1(S) — aﬁwl(s)

Ager(S) =

14

Baer (s, ) = Paer(s)
:_,Bmol(s) y sz
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Lg(s) Ag

/1 k
0 Aerosol extinction
AR

(from N, signal)

dol (1)

N

d()

Gr(s) cher(s) ' T#Lol(s)

| Lr(s) | Ap | domei (s, ) | Ge(s) | Taer(S) * Tinoi(S)

d()

Aerosol backscatter
(from AIR & N, signal)

1




Probably the most used algorithms to smooth or differentiate data involve some kind of sliding least-squares polynomial fitting.

m

Y(r) = S a1 = A[ye)|=> jar’", locally over k(r) points with k(r) > . ..
(r) ;W dr-[ ¢ )] ;Jﬂf} ! @p (t)> Aerosol extinction

(from N, signal)

Adopting this point of view is simple but could not be very efficient and “...the digital filter approach and the concept of
smoothing polynomials yield identical results...” (Steffen, Circ. Syst. Signal Pr., vol. 5, pp. 187-210, 1986). For example, the
digital filters based on smoothing polynomials are widely known as Savitzky — Golay filters (SG) and include both smoothers and
differentiators.

Finite impulse response (FIR) filter have:

N
viny= > hk)x(n—k)
k=—N

The above Eq. is a representation of the non-causal Linear Time Invariant (LTI) Finite Impulse Response (FIR)
digital filter, whose frequency response is:

N
H()= D> h(kje '
k=—N

larlori M., Madonna F., Rizi V., Trickl T and Amodeo A., Effective resolution concepts for lidar observations, Atm. Meas. Tech., vol. 8, p. 5157-5176, 2015.
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—51'gnz-|1 i . E %
HY(w) = jo=we/™? 0 <w < 7; —) |deal Derivative: 1 EREEEE
(1) _ ) . N T
H (@) = o. A noise adding process | =z s EHEHHHEHE
..the goal is to design a band-limited 7 O E il 0
differentiator that, for frequencies higher a
than a certain cut-off value, will ideally -1or
remove the high-frequency component: 15t SegEE i
HOL () = HD (w) HE (). . R S e

Time

— =5 (N=2)
— =9 (N=4)
— =15 (N=T)

N
HY w)=—j > h'V(k)sin (wk) o
k=—N s - ' e a— o

Aerosol extinction

(from N, signal)

N (1L .
HOL(y) —k_ZNh (k) sin (wk) I

jw @®

H"(w) =

0 02 0.4 0.6 0.8 1
Normalized frequency, o/n
larlori M., Madonna F., Rizi V., Trickl T and Amodeo A., Effective resolution concepts for lidar observations, Atm. Meas. Tech., vol. 8, p. 5157-5176, 2015.
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“Epic failures: 11 infamous software bugs” reports as the most likely reason of the Mariner 1 space mission
failure was caused by a not smoothed time derivative of a radius:

...A more widely accepted account is that the punctuation mark was a superscript bar over a
radius symbol, handwritten in a notebook. In rocket science, the overbar signifies a
smoothing function, so the formula should have calculated the smoothed value of the time
derivative of a radius. Without the smoothing function, even minor variations of the speed
would trigger the corrective boosters to kick in. The automobile driving equivalent would be
to yank the steering wheel in the opposite direction of every obstacle in the driver's field of
vision.

5G low pass denvatree filter PO=2, IN =18

30 T | | | I I

=it i) fue denvatnoe

Yoo low pass dermafve

r 1
0 1 2 3 4 3




Why Rockets Falil

How A Tiny Typo
Doomed This Rocket

> }' 0’6;4-‘257 « Introduction >

How A Tiny Mistake Destroyed America's First Interplanetary Space Probe
https://www.youtube.com/watch?v=0LJz-TWV3so
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Derivative algorithm has a low pass digital filter embedded: vertical resolution reduction because the removal of
high frequency (small detail -> higher resolution). From Raw Resolution to Effective Resolution (ERes)

A Rypay, == A Reff

Two approaches can be considered for the quantitative assessment of the ERes:

— The first one is related to the distortion induced by the smoothing process on any non-trivial input signal. In fact, the area preservation
property (common to all the considered

smoothing filters) implies that if the peak of a layer is reduced, its spatial width will increase and potentially could overlap with another feature
present in a profile. The final result will be that it is no longer possible to distinguish one peak from another (i.e., they are no longer resolved):
this means that a low-pass filter reduces the vertical resolution. This latter statement naturally leads to the use of the Rayleigh criterion for the
determination the effective resolution.

— The second approach is based on the removal of high frequencies due to the smoothing operation : Noise Reduction Ratio (NRR) Criterion.
Since high frequencies in space domain correspond to relatively small-scale details in the lidar profiles, if they are lost in a certain amount this
will imply a reduction of the resolution in the output profile with respect to the input one. Incidentally, it should be noted that since a
smoothing filter damps effectively only high frequencies and since it is common to deal with white noise, the low-frequency portion of the
noise is still present in the smoothed signal, for example in the form of long-wave ripples.

Moreover, a link is established between the ERes estimated with each of those two approaches and the corresponding cut-off frequency
definition.

larlori M., Madonna F., Rizi V., Trickl T and Amodeo A., Effective resolution concepts for lidar observations, Atm. Meas. Tech., vol. 8, p. 5157-5176, 2015.
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Rayleigh Criterion

The Rayleigh criterion is a common metric for determin-
ing whether two points or lines are resolved. It states that
the first zeros of two neighboring point or line spread
functions overlap with the maximum of one over the first

zero of the other.

{073 2
20 (x(x+08)| 20, (x-081)

1(x+0.61) 1(x-061

low-pass filter L(p), characterized by a set of parameters,
p = (p1,p2--+, pn) (e.g., p= (N, P) for SG-based filters or
= (o) for a Gaussian filter)

The amount of zero-mean white noise
removed by a generic low pass filter is:

T

v
N ()}
Varow =y

The ERes can be written by means of a
general equation that depends only to
the low-pass filter chosen:

L[p}l A Rraw
IERRL”}}

larlori M., Madonna F., Rizi V., Trickl T and Amodeo A., Effective resolution concepts for lidar observations, Atm. Meas. Tech., vol. 8, p. 5157-5176, 2015.
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1 ————— | proveemm —
—SG0. N=12 rm e, —SG0, N=12
—SG2, N=28 m\\.\ R R —SG2, N=20
0.8k weee 5G2-SG4, N=25 0.8 il ’." NG 3 s §G2-8G4, N=21
dSG2. N=15 3 dSG2, N=16
0.7 -+ SG4, N=44 ’ d <=+ SG4, N=34
“er $G6, N=60 - “or SG6, N=41
0.6~ SG2 + Blackman, N=26 0.6 T SG2 + Blackman, N=31|
04 oo i I 0_4 RSO SO SO -"t“i-, “-:.- ,,,,,,,,,,,
-~ - ..
02 e 0.2 bbb B A EAR % NN S N
0.1
(1] = 0
-0.2fi- AT - . R SEEE Y\ N/ NN N - i
a4 Rayleigh Criterion &
04 j BN |0 gl 1 0
10° . 10° 10 10™ . 107 10
Normalized frequency, o/m Normalized frequency, o/m
) — similar effective resolutions are obtained with the
A RL( p) | ~ AR raw - __ A R raw Rayleigh criterion for those filters that share a compara-
L™ . . ~ . . .
NRR 7~ L(p) L(p ) ble stop band (wg,). irrespective of their behavior in the
fUc INRR w (H_; 2B pass band:
4
L(p) L\me H‘ARI‘HW ST i racnht : - ,-
| A — similar effective resolutions are obtained with the NRR
L(p) I L(p) criterion for different filters that have similar values in
fUL Ray Wep . . : ‘
L the —3dB cut-off frequency. w|p ;5. 1.€.. a comparable

pass band.
larlori M., Madonna F., Rizi V., Trickl T and Amodeo A., Effective resolution concepts for lidar observations, Atm. Meas. Tech., vol. 8, p. 5157-5176, 2015.
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SGO m=m==) Running mean

1.2
: : : : — Input pulses b N
_____ I e R - 'arl’
e NRR=——= » [h(k)]
-t L L |==SG0,N=2 Varpy |
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| | | |
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= 08 111" k=Z—N[ ()] 2N+AIR
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0.2 " Nl I
| | |
n 1] |
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| | | | eff INRR = ooL(p)
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larlori M., Madonna F., Rizi V., Trickl T and Amodeo A., Effective resolution concepts for lidar observations, Atm. Meas. Tech., vol. 8, p. 5157-5176, 2015.
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7000 | ] | I I . .
AR Lidar Ratio
=3 | | | |
6000 - -i——:r——:—-T:——:r Comparison have to be
| | | .
= 1 1 > | done between profiles
b o 1| with the same resolution
S 5000 Bl eabas hat
£ 1 > 1| otherwise...
Q: | H l | : |
oo -4 e iveawith s[4~ 4--1 ...Wrong retrieval
o == Ba p. S=0/B, p Lo
L o A 5=y | | )
ool Lo bl LT sl B
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larlori M., Madonna F., Rizi V., Trickl T and Amodeo A., Effective resolution concepts for lidar observations, Atm. Meas. Tech., vol. 8, p. 5157-5176, 2015.
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OLD AQ INVERSION two layers resolved
NEW AQ "LOW RES" INVERSION | |

————— SCC INVERSION one layer resolved
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Same Effective resolution (750m)
1 T .

Frequency

0.8

-3dB level o~

0.6

T 0.4

response (H)

Gaussian filter has a better high frequency suppression

&
..l R |

= SG2, N=15
m =G, 0=7.1 .

10°
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Smoothing Optimization

The smoothing of a sighal could not always lead to
significant improvement in the SNR (saturation
effect when almost all the noise is removed).

For this reason, in a smoothing operation it seems
relevant to find the limit over which the
(undesirable) distortion of an underlying input
signhal could become more relevant than the
concurrent (desirable) decrease of the noise level.
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Y raw data
y smoothed data

2 2
(o —0oour)

Random Noise Removed
2 : : )
Signal Distortion
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Elastic/Raman Signal simulations with actual parameters but without ND filters: too much photons for low range...

1 r T T 1

mmm AR channel

mm Raman N, channel

09F - 09f -
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Lidar Signal simulator

J LIDAR Signal Simulator (LISi5i) v0.3 - Marco Iarlori - 2017
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Rayleigh Fit Test

A lidar signal normalized by the attenuated molecular
backscatter coefficient. Regions of pure molecular
scattering can be identified by the good agreement
between the Rayleigh fit and the observed attenuated
molecular backscatter coefficient.

=N, signal @387nm 15min

== =«Pyre Molecular signal @387nm

No significative differences in the far range: OK

Freudenthaler, V.: Lidar Rayleigh-fit criteria, in: EARLINET-ASOS 7th Workshop, available
at: http://nbnresolving.de/urn/resolver.pl?urn=nbn:de:bvb:19-epub-12970-6, 2009.
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range[km]

12

V. Freudenthaler, et al., Atmos. Meas. Tech.
Discuss.,https://doi.org/10.5194/amt-2017-395




ZEMAXO© simulation for G(s)

|
1
0.8
full overlap at 500 m range (Scmax)
0.6 |
0.4
0.2 — AR
& = i
v 20
0 : 1
0 100 200 300 400 500 600 700 800 900 1000

range (m)
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'I;elecover Test UV-AIR (norm. and smooth.) > Telecover Test UV-AIR

Deviations of the near range signals from different parts of the
telescope and the comparison of such deviations of different
lidar channels and with theoretical ray-tracing simulations can
reveal the distance of full overlap and possible reasons for the
deviations from the ideal case.

range (km) range (km)
. . ] T
Figure 6.30: Quadrant telecover test of channel UV-AIR. I I

Jeiecover Test LUV-N2 (Romm. snd smooth) ‘ R e / Possible causes for the differences are laser tilt, telescope misalignments,
" 1] . . . . . .
displacement of field and aperture stops (vignetting, defocus), optical coating

Norm. Smooth. RCS
relative deviation from mean

— Q2

w Q3
&' = g effects of, e.g., beam-splitters and interference filters with spatial inhomogeneity or
g 3 i E, angle dependency of the transmission, or spatial inhomogeneity of the detector
‘Z? § sensitivity.
go.s 2 -
. full overlap at 500 m range (Scmax)
00 1 2 3 4
range (km) range (km)

Figure 6.31: Quadrant telecover test of channel UV-N2.

Laser-
beam

= Freudenthaler, V.: The telecover test: A quality assurance tool for the optical
part of a lidar system, in: 24th International Laser Radar Conference,
http://nbnresolving.de/urn/resolver.pl?urn=nbn:de:bvb:19epub-12958-1,
~ 2008.

e —AR |
—N2

v 20
! |

200 300 400 500 600 700 800 900 1000

_ range (M) v, Freudenthaler, et al., Atmos. Meas. Tech.
AtmoHead 2024 — 15-17 July 2024 — Ischia - Italy Discuss.,https://doi.org/10.5194/amt-2017-395
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IRL Raman Lidar data

<
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[

full overlap ~950-1050 m range (Scmax)

overlap function (G)
=
N

U. Wandinger e A. Ansmann, «Experimental
determination of the lidar overlap profile
with Raman lidar.,» Applied Optics, vol. 41,
n. 3, pp. 511-514, 2002.
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Zero-bin delay

The delay between the trigger, that also starts the
acquisition board measurements, and the “laser
that establish the position of the first
acquisition. This is an important parameter that
must be determined with sufficient precision to
minimize systematic uncertainty in the optical
parameter's retrieval.

d
ar o (rta) =

10 ] T
- I'.III'|
\ I'\I r =
\ d ”
\ +7.5m out”,
'\_\ — +15m
1 — -7.5m
; L — -15m
— ¢
£ N\
= DN
2
01 —: 3 ~
0.01 -
L] Li L ] T | 1 L T | L) | L]
0.0 0.2 0.4 0.6 0.8

range r [km]

A non-accurate measurements can cause large errors in the AE and AOD.

V. Freudenthaler, et al.,, Atmos. Meas. Tech. Discuss.,https://doi.org/10.5194/amt-2017-395.
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The trace of the trigger and of the photo diode shows the overall
delay (At=120ns+2.5ns), but for “trigger — laser out delay” (At), we

must take into account the delays introduced by the cables and the To reduce the «zero bin» indetermination even the smallest
delay introduced by the transit time characteristic of the photo diode

and also of the distance between the photo diode and the laser sources of delays must be taken into account.
head:

At = At [measured with the oscilloscope] +

— [photodiode transit time (3 ns £ 2 ns)] +

[+ 1.5 m BNC cable (7.5 + 1 ns) - 1.5 m BNC cable (7.5 £ 1 ns)] MEASUREMENTS WITH FAST PHOTODIODE
of the laser emission at laser exit

+

- [laser path in air (2 ns)]

The resulting is At,=115 ns * 5ns.

Q-Sw sync. OUT 1.5 m cable

fast photo-diode

~ 0.5 m distance

Trigger IN

Signal IN

1.5 m cable

v i ;

a-Dec-171213  100.013Hz -

oscilloscope
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SUMMARY PhC
Q switch sync out and laser pulse emission
at DAQ

110 ns 115 ns 120 ns 125 ns 130 ns 135 ns 140 ns

MEASUREMENTS WITH FAST PHOTODIODE ._‘_
of laser emission

+
MEASUREMENTS WITH OSCILLOSCOPE

of local reflections/echoes

—_—mmm—

MEASUREMENTS WITH APC26-DAQs
of local reflections/echoes

115ns * 5ns
120ns * 20ns

110120 ns
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Statistical uncertainties

Error propagation or ... ‘

Aﬁ;an(l’, /\0)
9By (r, M) (0B, (r, M) 2
(8[)(}", )\;) ’ /—\‘P(‘Va AO)) +(8P(I’07 A?J) : AP(FO‘J )\0))

33, (r, M) 2 (98,(r, M)
\ +(8P(r, )\;) CAP(r /\R)) +(8P(r0,)\2)

P=lidar signal (E&R)

AP(, /\R))z

The Monte Carlo (MC) method is based on the
random generation of new lidar signals. Each
range bin of these signals is considered as a
sample element of a probability distribution
with mean value and standard deviation that
corresponds to the value and uncertainty of
signal profiles.

The extracted lidar signals are then processed
with the same algorithm to produce a set of
solutions. The standard deviation of these
solutions is finally used as profile of the
statistical error.

Mattis at al., Atmos. Meas. Tech., 9, 3009-
3029, 2016

S. GroB et al., Lidar ratio of Saharan dust over Cape Verde Islands: Assessment and error calculation, JGR: Atmospheres, vol. 116, n. D15, 2011.
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monte carlo error% (red curve) vs propagation error%o (blu curve)
10

Statistical uncertainties :

Altitude a.s.l. (km)

Error propagation or ... ‘ i

AB (1, Ao) 2
2 2
(—%fj ((:: i‘;’)) - AP(r, )\0)> + (—gﬁzg ’/\\2)) - AP(ro, )\0)) 1
— 0 T
98,(r, M) 2 198,(r No) 2 0 Error (%)
\ (G arean) (G e ) :
Monte Carlo method and error propagation
P=lidar signal (E&R) provide comparable error profiles in case of
Raman extinction and Raman backscatter
retrievals.
Mattis at al., Atmos. Meas. Tech., 9, 3009-
3029, 2016

S. GroB et al., Lidar ratio of Saharan dust over Cape Verde Islands: Assessment and error calculation, JGR: Atmospheres, vol. 116, n. D15, 2011.
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a,ff; “Zl (s): systematic errors on the molecular density profile.
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ng : systematic errors on the zero-bin determination.
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SUMMARY PhC
Q switch sync out and laser pulse emission
at DAQ
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For k=1 0.5, the relative systematic error
on the extinction/AOD is only about 2%, which
can be further reduced if a more precise
knowledge of the aerosol type is available.

afi Y5 (s): systematic errors due to the Angrstrom exponent assumption.
aer

a,ff; fﬂ (s): systematic errors on the molecular density profile.

Sys . . . .
ng : systematic errors on the zero-bin determination.
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M. Will, Astropart. Phys., vol. 35, pp. 591-607, 2012.

afi Y5 (s): systematic errors due to the Angrstrom exponent assumption.
aer

. a,ff; il(s): systematic errors on the molecular density profile.
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The systematic uncertainties caused for the

afiy * (s): systematic errors due to the Angrstrom exponent assumption.
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full overlap region, estimated from the a3° (s): systematic errors on the molecular density profile. wno’, =3m i
uncertainties analysis of the extinction. y e =0, 75m 1
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