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Preface

Abstracts of papers presented at the Sixteenth International Laser Radar
Conference (ILRC), held on the campus of the Massachusetts Institute of
Technology in Cambridge, Massachusetts, July 20-24, 1992, are contained in
this publication. These conferences, held biennially, bring together an
interdisciplinary group of scientists working in the field of laser remote sensing
as applied to the atmosphere, earth and oceans. At the 16th ILRC, 100 oral
papers and 95 poster papers were presented during 16 sessions. Topics
covered include: the worldwide measurements of aerosols produced from the
June 1991 eruption of the Pinatubo volcano; the role of lidars in global change
research, including long-term stratospheric ozone measurements and the
Network for the Detection of Stratospheric Change (NDSC); measurements
from space by the Laser Atmospheric Winds Sensor (LAWS) and the Lidar In-
space Technology Experiment (LITE); stratospheric and mesospheric
temperature and wind measurements; mesospheric sodium and ion
measurements; cloud measurements, including the Experimental Cloud Lidar
Pilot Study (ECLIPS); laser imaging and ranging; tropospheric water vapor and
aerosol measurements; and, the description of new systems and facilities.
Although no abstracts are included herein, a NASA-sponsored special session
on 2um solid state doppler lidar technology for remote sensing of winds took
place also.

The conference was held under the auspices of the International Coordination
group for Laser Atmospheric Studies (ICLAS) of the International Radiation
Commission, International Association of Meteorology and Atmospheric
Physics. ICLAS is the parent organization for these ILRC’s which are held
during even years. Through the cooperation of many societies and
organizations, national lidar conferences and conferences/workshops
associated with specific or related aspects of lidar research are held during odd
years. The conference was co-sponsored by the U.S. Air Force Phillips
Laboratory, U. S. Air Force Office of Scientific Research, NASA, the American
Meteorological Society, and the Optical Society of America. The 16th ILRC was
organized under the leadership of Robert A. McClatchey (General Chairman),
R. Earl Good (Technical Program Chairman), and Gilbert Davidson (Local
Organizing Committee Chairman). They are to be commended for the excellent
venue and selection of scientific papers.

This volume was prepared for publication through the efforts of the staff of the
Research Information and Applications Division, NASA Langley Research
Center. Special thanks go to Natalie Bennett of PhotoMetrics and Gayle
Fitzgerald, Marie Seamon and Trish Ezekiel of the MIT Conference Services
Office for attending to the diverse tasks required for the success of this
conference.

The use of trade names or manufacturers’ names in this publication does not
constitute endorsement, either expressed or implied, by the National
Aeronautics and Space Administration.

M. Patrick McCormick

Chairman, International Coordination
Group for Laser Atmospheric Studies

International Radiation Commission
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Giorgio Fiocco
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Stuart A. Young, Peter J. Manson, and Graeme R. Patterson

Stratospheric Backscatter, Extinction, and Lidar Ratio Profiling After the Mt.
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Tuesday Afternoon and Evening—Optional Activities

NASA has scheduled a special session on:
2um Solid State Doppler Lidar Technology for Remote Sensing of Winds

The session will be held in Huntington Hall (Room 10-250) from 1:30-5:00
p.m, on Tuesday, and is open to all interested conference attendees.
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THIRTY YEARS OF OPTICAL RADAR WORK:
REMINISCENSES AND PERSPECTIVES

Giorgio Fiocco
University of Rome "La Sapienza"

The work carried out at MIT between 1962 and 1969 towards the development
of lidar and the subsequent evolution of some of those ideas will be outlined, starting
from the successful experiments to obtain lunar echoes (Smullin & Fiocco 1962). For
the purpose of studying the atmosphere several concepts appeared feasible. Some were
demonstrated or studied to a certain depth: the basic measurement of the molecular and
aerosol cross sections, the Raman technique, Doppler retrievals by either heterodyning
or interferometric techniques of wind velocity, temperature and aerosol to molecules
ratio, and feedback controlled telescopes to achieve large gains. Some geophysical
results were also produced. Long series of observations of the stratospheric aerosol in
the aftermath of the Mt. Agung eruption were carried out in 1964 and 1965. In 1964
and 1966, lidars were deployed in Sweden, Alaska and Norway, in attempts to detect
stratospheric and noctilucent clouds. Much of the activity, however, had to be
. dedicated to the solution of new and sometimes unexpected technical problems, both in
the hardware and in the software; and a large share of the credit for those projects that
were successful, should be given to a few brave and hard-working graduate students of
the time, particularly to Gerald Grams and Bart De Wolf. Many other groups had in
the meanwhile progressively become active, all over the world. In perspective,
continued support has been a key to success.

After a jump of more than 20 years, some new ideas and recent developments
will be discussed. Among those, observations in the polar regions regarding ozone-
aerosol interactions will be shown and compared with earlier work.

Keynote Speaker






Long Term Stratospheric Aerosol Lidar Measurements in Kyushu

Motowo Fujiwara
Department of Applied Physics, Fukuoka University
Fukuoka 814-01, Japan

Lidar soundings of the stratospheric aerosols have been made since 1972 at Fukuoka (33.5N,
130.4E) , Kyushu Island of Japan.

Although the accuracy of the measurements in the early years was not good, with a ruby laser of
weak power and a small receiver, the first remarkable disturbance on the stratospheric acrosols
could be detected in November, 1974, which was attributed to the serious eruptions of Fuego
volcano in Guatemala. A typical variation of the observed aérosol backscattering among the
subsequent major volcanic events, in which a sudden increase of the the total backscattering
coefficient was followed by the large fluctuations in a few months with a period of several weeks
and then gradual decrease for years to the background level, was found already at this Fuego event.

Among the volcanic events in the stratosphere after the Fuego, many of which have been detected
by lidar in Fukuoka, El Chichon in Mexico in 1982 and Pinatubo in Philippine in 1991 are two of
the most important events in the sense that the volcanic cloud originated from them spread almost
all over the world and should have given some inportant effects on the radiation budget of the
earth's atmosphere.

In 1979 a Nd-YAG laser and a 50 cm receiving telescope were introduced into our lidar system
and much more accurate measurements became available using mainly the fundamental wavelength
of the laser, 1064 nm. Volcanic clouds from the eruptions of La Soufriere, Sierra Negra, St.
Helens, Uluwan, Alaid, unknown volcano, and El Chichon were detected one after another in only
three years from 1979 to 1982.

The most striking disturbance in this period was that from the eruptions of El Chichon in April
1982 the total backscattering coefficient of which exceeded ten times those of the previous events.
A sudden increase of the total backscatering was followed by the large fluctuations while
decreasing to the temporal minimum in summer. The profiles of scattering ratio showed that from
April to August the volcanic cloud stratified into two layers: the upper one with fine structure and
sharp edges in the easterly wind region and the lower dumpy one in the westerly region. Layers in
these two regions merged into one broad layer as the westerly wind prevailed in the whole region

in fall of that year, when the total backscattering began to increase toward winter-spring.



The increase of the total backscattering and the change in the shape of the layers accompanied by
the varation of wind field could also be seen in the subsequent years superposed on the gradual
decay from winter-spring of 1983 to the Nevado del Ruiz event in the end of 1985. Measurements
were made also with the second harmonic wavelength of 532 nm though less frequently than with
the fundamental wavelength. Ratio of the backscattering coefficient for 532 nm to that for 1064 nm
had its minimum value around the height of the layer peak. This indicates that the aerosols were
relatively larger at the layer peak than the lower or heigher regions. A slight seasonal variaton was
also found in this ratio.

The observations above mentioned were made at Kyushu University, Fukuoka until 1989. The
author moved from Kyushu University to Fukuoka University in 1988 and constructed a compact
lidar with Nd-YAG laser. The observation have been mede with the second harmonic wavelength.

In July 1991 strong scattering layers which were originated from the serious eruptions of
Pinatubo in June and were almost comparable to the El Chichon clouds were detected. Similar to
the El Chichon event, upper layers appeared at heights between 20 and 35 km and the lower layer
around 17 km in the initial stage from July to August. The various heights of the layer peaks
corresponded to only three narrow intervals in the value of potential temperature. In some cases the
inversion of temperature appeared at the same altitude as a strong scattering layer. The behavior of
the layers up to this time are fairly similar to those of the El Chichon clouds but the difference in the
fine structure of vertical profiles are remarkable especially after fall.

Volcanic clouds from Pinatubo and other volcanos (especially El Chichon) are examined
carefully and compared to each other and to the wind and temperature which were measured by

Fukuoka Meteorological Observatory almost at the same time as the lidar observation were made.



Southern Hemisphere Lidar Measurements of the
Aerosol Clouds from Mt Pinatubo and Mt Hudson

Stuart A. Young, Peter J. Manson and Graeme R. Patterson,
CSIRO, Division of Atmospheric Research,
Private Bag No 1, Mordialloc, Vic, Australia, 3195.

Initial Stratospheric Lidar Measurements of 19th July 1991.

On 19th July 1991, during tests to determine the ability of the newly-modified CSIRO
Nd:YAG lidar to measure signals from the stratosphere before the arrival of dust from the
eruption of Mt Pinatubo, a strongly scattering layer was detected at an altitude of 22km. That
evening, the spectacular sunset and twilight were typical of volcanically disturbed conditions.

Lidar measurements at 532nm were made between 1400 and 1500 EST (0400 - 0500 UT) on
19th July through broken cloud. Approximately 3800 laser firings were averaged in 256 shot
blocks. These and subsequent data have been analysed to produce profiles of aerosol volume
backscatter function and scattering ratio (total backscatter / molecular backscatter). The scattering
ratio for 19th July is shown in Fig. 2 where a peak ratio of 6.5 can be seen in a 2km thick layer at
an altitude of 22km. The corresponding peak aerosol backscatter is 4.5 10~7(m.sr)~1. The
vertically integrated aerosol backscatter (18 - 27km) is 9 10~*sr~*. The peaks in the profile above
the main layer are not significant. They are mainly the result of noise and low signal levels in the
lidar system which had not yet been optimised for stratospheric measurements.

Clouds again prevented a clear view of the twilights on the next two nights, although there
was some evidence for an enhanced glow. The sunset on the third night however, appeared
normal, although again it was cloud-affected. During setting up, the lidar also showed no
evidence of any stratospheric layer. Unfortunately the arrival of heavy cloud stopped operations
before any data could be recorded and these conditions persisted for several days.

The evidence suggested that the aerosol layer had disappeared. An explanation for this
disappearance and the earlier than expected arrival of the layer over Melbourne (38°S) was
required. Nimbus 7 TOMS data for 23rd June (Smithsonian, 1991a) showed that the SO, from the
eruption had extended at least 11000 km to the west and that the southern boundary of the cloud
had reached 15°S just 8 days after the climactic eruption. It can be assumed that this cloud also
contained dust and sulphuric acid aerosol. It was proposed that a section had then been broken
away from the main cloud and carried south by a large scale eddy between the low latitude
easterlies and the strong mid-latitude westerlies which finally carried the aerosol cloud over
southern Australia. This hypothesis was later supported by SAGE Il data supplied by M. P.
McCormick and recently published (McCormick and Viega, 1992). Accompanying 30mb wind
data showed a counter clockwise circulation, reponsible for the transport, located in the South
Atlantic Ocean.



Clear weather next permitted lidar observations on the 5th August (Fig. 3) when it was
found that the layer had reappeared and deepened and that there were now two layers between
20km and 27km, each with much vertical structure. The vertically integrated aerosol backscatter
had increased t0 2.0 10=3sr~1.

Wavelength Dependence of the Aerosol Backscatter.

Our first observations at 355nm were made on 11th October. Profiles of aerosol backscatter
at 355nm and 532nm are shown in Fig. 4, where the wavelength exponent for scattering (e,
where 8 = A*) derived from these data is also plotted. Some caution needs to be taken in
interpreting these data as 75 minutes elapsed while the system was being converted to operate at
355nm. Fewer shots were fired at the shorter wavelength, hence the noisier profile and the greater
consequent normalisation uncertainty. For this reason the spiky and positive values of « in the
regions of very low backscatter (particularly between 13 - 19km) are most likely not significant.
In most of the regions where the backscatter is strong, « lies between 0 and 1. The layer at 12km
is due to Mt Hudson while a very variable Ci layer is below 10km.

A similar study was performed on 29/30 January 1992 (Fig. 5) when the layer was less
variable. Peak backscatter at 355nm is approximately twice that at 532nm and « values in this
region are -1.6 to -1.7. The exponent « increases steadily above the main layer reaching values of
about -4 at 30 km. (Low backscatter and noisy data occur above this height.) A region of
enhanced backscatter just above the tropopause (8 - 14 km) also shows low « values. It is
suggested that this region and the main layer contain larger particles than the regions near 15 km
and above 25 km.

Depolarisation Measurements. .

Profiles of scattering ratio, depolarisation ratio (total cross polarised power / total parallel
polarised power) and mean monthly temperature for 6th December 1991 and 21st February 1992
are plotted in Figures 6 and 7 respectively. The depolarisation data have been scaled to a value of
0.014 for the clear air below the tropopause (approx. 10 km). Most noticeable is the very low
depolarisation in the region of the main Pinatubo layer (19 - 25 km) and the relatively highly
depolarising layer around 16 km. The fact that the layer is still present at the same height on both
dates and is not falling suggests that it is not the primarily the result of fallout of irregular dust
particles. Other possible explanations for the enhanced depolarisation are the agglomeration of
partially frozen droplets or a complete phase change (E. Browell, personal communication).
Support for this latter suggestion comes from the temperature profiles which show a minimum at
the height of peak depolarisation.

Lidar Measurements of Aerosols from Mt Hudson.

During the period 12 - 15 August 1991, Mt Hudson in southern Chile erupted violently
sending material into the lower stratosphere. The volcanic cloud was transported around the globe
within 8 days, (Smithsonian, 1991b) reaching southern Australia on 20th August. Persistent low
cloud over Melbourne prevented lidar observations on this date but aircrew and passengers on the
Melbourne to Sydney route reported encounters with a strong sulphurous haze layer at about 11 -
12 km altitude. NOAA AVHRR imagery showed the cloud north of Melbourne (Barton et al,
1992). Lidar data for the 19th and 20th August (Fig. 1(a)) show no evidence of the layer, but
measurements made on the morning of 28th August show the presence of a very strong layer



between 12 - 14 km with a weaker layer between 8 - 10 km (Fig.1(b)), indicating that the volcanic
cloud had returned. This layer varied in strength and height during the day, which was cloud free
apart from evidence of a high haze seen near the sun.

The Mt Hudson layer was observed consistently between 28th August and 6th December at
heights between 10 km and 13 km, but with decreasing scattering ratios. Scattering ratio profiles
for 9th September and 11th October are plotted in Fig. 1(c) and 1(d) respectively.

Conclusions :

During the 9 months since the first detection of the Mt Pinatubo aerosol layer over
Melbourne, the early large variation in the structure of the layer has decreased although some
sporadic layers still occur, while the main layer has generally deepened. Low depolarisation ratios
indicative of spherical droplet scatterers were found in the main Pinatubo layer. A layer of high
depolarisation centred at the height of the temperature minimum has been tentatively attributed to
a phase change in the sulphuric acid aerosol. Dual wavelength data will be studied further in
terms of the change of the aerosol size distribution with height and time.
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Stratospheric backscatter, extinction, and lidar ratio
profiling after the Mt.-Pinatubo eruptions

Albert Ansmann, Christoph Schulze, Ulla Wandinger,
Claus Weitkamp, Walfried Michaelis
GKSS-Forschungszentrum, W-2054 Geesthacht, Germany

Since August 1991 the stratospheric aerosol layer is continuously monitored with a combi-
ned Raman elastic-backscatter lidar. The groundbased sytem, described in detail in Ref. 1,
is located at GKSS Research Center in North Germany (53.5°N, 10.5°E). A 308-nm XeCl
excimer laser is used as the radiation source. Signals elastically backscattered from air
molecules and particles and inelastically Raman backscattered from nitrogen molecules
at 332nm (rotation-vibrational branch) are detected. The measurement of these two si-
gnal profiles up to 35km height allows the separate and independent determination of
aerosol extinction and backscatter properties in the perturbed lower stratosphere. The
extinction coefficient is derived from the nitrogen Raman signal profile, while the back-
scatter coefficient is obtained from the elastic-to-inelastic backscatter signal ratio (ref. 2).
In this way, also the extinction-to-backscatter, or lidar, ratio profile is determined. For
the first time, lidar ratios are determined in the perturbed stratospheric layer by the use
of remote sensing only. The lidar ratio contains information about the size range of the
stratospheric particles which are assumed to be sulfuric acid droplets, and it is needed in
the calculation of aerosol optical properties from data taken with a typical backscatter

lidar (ref. 3).

Figure 1 gives an overview of the stratospheric situation in terms of the particle backscat-
ter coefficient for the time period from August 1991 to February 1992. Until November
the particle density of the aerosol layer is moderately enhanced. Optical depth values
between 0.02 and 0.15 for A =308 nm are measured. The total-to-Rayleigh backscatter
ratio (scattering ratio) is below 2 which corresponds to values below 6, 12, and 35 for X =
550 nm, 700 nm, and 1 pm, respectively.

The base height of the layer coincides with the tropopause. Very clean air is observed
in the upper troposphere most of the time. This may indicate the very efficient removal
of sinking aerosol particles by ice clouds. During the first months of observation the top
height of the stratospheric layer is between 21 and 25 km.

A sudden and rapid increase of the particle backscatter intensity is observed at the be-
ginning of December 1991. On 8 December, the aerosol layer reaches up to 30.5km. The
optical depth is 0.3 and the maximum scattering ratio is nearly 3 for A = 308 nm. The ra-
pid increase of the aerosol content results from the change of the stratospheric circulation.
Strongly perturbed air masses begin to move northward in autumn 1991 and obviously
reach 53°N in December. In the presence of the denser aerosol layer the stratosphere gets
cooler. Radiosonde stations in the vicinity of Geesthacht measure very low temperatures
down to -83°C between 25 and 33km height during the winter months December and
January.
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Fig.1: Temporal development of the stratospheric aerosol layer in terms of the particle backscat-
ter coefficient at 308 nm. The measurements are taken above North Germany (53.5°N) between
12 August 1991 and 19 February 1992. Time resolution is 1 week, range resolution is 600m.
Each lidar signal profile is based on about 1.5 X 106 laser shots sampled within 2 hours. Chan-
ging stratospheric circulation conditions caused a rapid increase of the particle density at the
beginning of December 1991.

Figure 2 shows a measurement of 17 January 1992. The stratospheric aerosol layer ex-
tends from the tropopause at 12km to 24 km. A range-independent backscatter coefficient
indicates the main layer between 17.5 and 22km. Lidar ratios roughly between 20 and
30 st are determined for this height range (cf. Fig. 2, between 19 and 20.5km). The total
optical depth of the stratospheric layer is 0.15. Since the measurement is made at 308 nm,
ozone absorption is significant and has to be considered, especially in the calculation of
particle extinction. In Fig. 2, the mean ozone density profile for January 1992 measured at
Mt. Hohenpeiflenberg in South Germany at 48°N (ref.4) is used for the determination of
the data represented by the solid lines. By varying the ozone density by +10 and —10 %
the left-hand and right-hand side dashed curves of the lidar ratio are obtained.



At the beginning of the measurements in August 1991, very low lidar ratios around 5sr
are found. Such low values are probably caused by nonspherical particles like ice crystals.
Since October 1991 the extinction-to-backscatter ratios are between 10 and 30sr. Several
months after the strong eruptions of Mt. Pinatubo in June 1991 the aerosol layer is
believed to consist of spherical sulfuric droplets only. Heavy and, possibly, nonspherical
particles have left the stratosphere. Under these conditions, Mie scattering calculations
can be used to interpret the measured lidar ratios in terms of the mean particle radius
since the extinction-to-backscatter ratio depends on particle size. This will be done, but
has not been carried out yet. However, our measurement findings agree well with results
derived from numerical calculation for a wavelength of A = 532nm based on measured
particle size spectra (ref. 5). After the volcanic eruption of Mt. El Chichon in 1982, a rapid
decrease of the lidar ratio from a background value of 60sr to 20sr due to the increased
mean particle size was found.

More details of the measurements during the past year will be presented at the conference.
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Fig.2: Particle backscatter coefficient and extinction-to-backscatter ratio determined from a
combined lidar measurement at 308nm on 17 January 1992. Rayleigh backscatter coeflicients
(dotted line) are shown for comparison, derived from radiosonde data. About 1.7 x 10° laser shots
are averaged, sampling time is 2 hours and 10 minutes. Before calculating optical parameters, the
signal profiles are smoothed with a sliding average length of 300 m for the backscatter coefficient
and 1500m for the extinction-to-backscatter ratio. Calculation step width is 60m. Error bars
and thin dashed curves indicate the standard deviation due to signal noise and the systematic
error from a +10 % uncertainty in the estimated ozone absorption, respectively.
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Measurements of Stratospheric Pinatubo Aerosol Extinction
Profiles by a Raman Lidar

Makoto ABO, Chikao NAGASAWA
Department of Electronics and Information Engineering
Tokyo Metropolitan University
Minami—-Osawa,Hachioji,Tokyo 192-03,Japan

The Raman lidar has been used for remote measurements of water
vapor, ozone and atmospheric temperature in the lower troposphere
because the Raman cross section is three orders smaller than the
Rayleigh cross section. We estimated the extinction coefficients
of the Pinatubo volcanic aerosol in the stratosphere using a
Raman lidar. If the precise aerosol extinction coefficients are
derived, the backscatter coefficients of a Mie scattering 1lidar
will be more accurately estimated.

The Raman lidar has performed to measure density profiles of
some species using Raman scattering. Here we used a frequency-
doubled Nd:YAG laser (532nm) for transmitter and received
nitrogen vibrational Q-branch Raman scattering signal (607nm).
The block diagram of our Nd:YAG Raman lidar system is shown in
Fig.1l and specifications of the experimental setup are described
in Table 1I.

Ansmann et al.(1990) derived tropospheric aerosol extinction
profiles with a Raman lidar. We think that this method can apply
to dense stratospheric aerosols such as Pinatubo volcanic
aerosols. As dense aerosols are now accumulated in the
stratosphere by Pinatubo volcanic eruption, the error of Raman
lidar signal regarding the fluctuation of air density can be
ignored. The Raman lidar equation is written as

P(Z,lL,lR)=KB(Z,lL,lR)GXp{‘{[a(lL,X)+a(lR,X)]dX}/Zz,
0

where P(z,AL,ArR) is the received power from distance z, K is
the system constant, B8 (z,AL,Ar) is the Raman backscatter
coefficient and a is the total extinction coefficient at the
laser wavelength AL and the Raman wavelength Ar. a consists of
the extinction coefficients due to absorption and scattering by
molecules and aerosols.
Assuming a wavelength dependence of the aerosol extinction such
as

aaer(lL)/aaer(lR)le/lL,

then the aerosol extinctidn coefficient profile

aaer (AL ,z)={d/dz[1n(N(z)/z2P(z)]-ano1 (AL,Z)—@nol (ARrR,Z)}
/{1+(AL/ARr)}.
where N(z) is molecular density.

The calculated extinction coefficient profile is shown in Fig.2
and the scattering ratio profile on the same day (A=532nm) is
shown in Fig.3.

Reference
Ansmann,A., M.Riebesell and C.Weitkamp (1990), Optics Lett., 15,
13, 746-748.
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Raman Lidar Measurements of Pinatubo Aerosols over southeastern Kansas
during November-December 1991

R. A. Ferrare!?, S. H. Melfi2, D. N. Whiteman3?, and K. D. Evans*?
NASA/Goddard Space Flight Center, Greenbelt, Maryland 20771

The eruptions of the Philippine volcano Pinatubo during June 1991 produced large
amounts of stratospheric aerosols that could significantly affect earth's climate [Hansen et
al. 1992] as well as trigger stratospheric ozone depletion through heterogeneous chemical
reactions [Brasseur et al, 1990]. Information regarding the physical and optical properties
of these aerosols is required to quantify these effects. By measuring both the elastically
backscattered signal and the inelastic signal produced by Raman scattering from nitrogen
molecules, Raman lidar can provide some of this information. In this presentation we
discuss Raman lidar measurements of the scattering ratio, backscattering, extinction,
extinction/backscattering ratio, and optical thickness of the Pinatubo aerosols over
southeastern Kansas (37.10 N, 95.57 W) made on 10 nights during November and
December, 1991.

The Raman lidar developed at GSFC is a trailer-based system which uses an XeF
excimer laser to transmit light at 351 nm. System details are shown in Table 1. The light
backscattered by molecules and aerosols at this wavelength is detected as well as Raman
scattered light from water vapor, nitrogen, and oxygen molecules. Since background
skylight interferes with the detection of the Raman signals (which are about 3 orders of
magnitude weaker than the elastically backscattered signal), the data discussed in this paper
were acquired only at night.

The aerosol scattering ratio R(A,z), written as R(A,z) = 1 + [Ba(A,2)/Bm(A,2)]
where Ba(A,z) and Bm(A,z) are the aerosol and molecular volume backscattering
coefficients, is derived from the Raman nitrogen return signal and the signal detected at the
laser wavelength [Whiteman et al. 1992]. The aerosol backscattering coefficient Ba(A,z) is
then computed from R and from the molecular backscattering coefficient Bm(A,z) obtained
from a molecular number density profile computed using coincident radiosonde pressure
and temperature data.

Table 1. Raman Lidar Specifications

Transmitted Wavelength 351 nm Detected Wavelengths 351 nm

Pulse Repetition Rate 400 Hz 372 nm (Raman Oj)
Energy/Pulse 35mJ 383 nm (Raman N»)
Transmitter Divergence ~0.5 mr 403 nm (Raman H»O)
Receiver Diameter 0.76 m Detectors Photomultiplier
Receiver Field of View 2mr Detection Method Photon Counting
Range Resolution 75 m

1 Universities Space Research Association

2 NASA/Goddard Space Flight Center, Laboratory for Atmospheres, Code 917

3 NASA/Goddard Space Flight Center, Laboratory for Terrestrial Physics, Code 924
4 Hughes STX Corporation, 4400 Forbes Blvd., Lanham, MD 20706
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The aerosol extinction coefficient oa(A,z) is computed using the derivative of the
Raman nitrogen return signal with respect to altitude [Ansmann et al. 1990; 1991]. Note
that the current system utilizes wavelengths where gaseous (i.e. ozone) absorption is
negligible.

Profiles of aerosol scattering ratio R(A,z), backscattering coefficient Ba(A,z),
extinction coefficient oia(A,z), and extinction/backscatter ratio k(A,z) at A=351 nm have
been computed for 10 nights between November 18 and December 7. Examples for 4
nights are shown in figure 1. The vertical resolution of R and B, is 300 meters; for a3 and
k the resolution increases from 1.35 km at 13 km to 1.95 km at 23 km. The statistical
errors in the backscattering and extinction profiles are generally less than 10% for altitudes
below about 23 km.

Figure 1 shows aerosol scattering and extinction generally increasing to a
maximum at altitudes between 19-22 km. Figure 2 shows the derived aerosol
extinction/backscatter ratio k(A,z) generally ranges between 18-28 sr for altitudes between
15 and 25 km. The vertical bars in figure 2 represent the range of values measured in this
altitude range.

Extinction/backscattering ratios were computed using Mie theory to determine if the
values derived from the present Raman lidar measurements are consistent with the expected
size distribution of sulfuric acid droplets produced by the Pinatubo volcanic eruption.
These computations were made for 351 and 694 nm assuming the aerosols to be sulfuric
acid droplets. These theoretical extinction/backscatter ratios are shown in figure 2 as a
function of the mode radii of lognormal aerosol size distributions. Two standard deviations
(o =0.1 and 0.3) of the size distributions were used. Estimates of the mode radii of El
Chichon and Pinatubo aerosols obtained from in situ data indicate that the mode radii
generally range between 0.2 to 0.5 um [Jager and Hofmann, 1991; Deschler et al., 1992].
Figure 3 indicates that for mode radii between 0.3 to 0.5 pm, k(A=351 nm,z) will vary
between 10-30 sr in agreement with the Raman lidar measurements shown in figure 2. The
wavelength dependence of k between 351 and 694 nm implies that, for this stratospheric

aer03(1)l 7distribution at least, aerosol extinction scales as A-0-6 while backscattering scales
as A1/,

The increase in k for decreasing particle size shown in figure 3 may also explain
some of the variability of the extinction/backscatter ratios above and below 15 km shown in
figure 1. Aerosol backscattering shown in figure 1 decreases for decreasing altitude below
20 km. Assuming the decrease in aerosol backscattering shown in figure 1 indicates that
the mean particle radius decreases to approach that more representative of small (< 0.1 pm)
particles corresponding to a background aerosol distribution, then k should increase to
values near 50 and 60 sr as shown in figures 1 and 3.

The aerosol extinction profiles were integrated between 15 and 25 km to obtain
aerosol optical thickness. These values varied between 0.04 and 0.06. The lidar values
may underestimate the total aerosol optical thickness if significant amounts of aerosols were
present above 25 km. However, the lidar data generally show a rapid decrease in aerosol

scattering above the layers of maximum aerosol scattering which were located between 21-
23 km.
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measured between these altitudes.
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Lidar Observations of Stratospheric Aerosol Layer
after the Mt, Pinatubo Volcanic Eruption

By Tomohiro Nagai, Osamu Uchino and Toshifumi Fujimoto
Meteorological Research Institute, Tsukuba, Ibaraki, 305 Japan

1. Introduction

The volcano Mt. Pinatubo (15.14°N, 120.35°E) located on the Luzon Island,
Philippines, had explosively erupted on June 15, 1991. The volcanic eruptions
such as volcanic ash, SOg and Hg0O reached into the stratosphere over 30km
altitude by the NOAA-11 satellite observation and this is considered one of
biggest volcanic eruptions in this century (Smithsonian Institution, Bull. Glob.
Volc. Net., 1991). A grandiose volcanic eruption influences the atmosphere
seriously and causes many climatic effects globally. There had been many
impacts on radiation, atmospheric temperature and stratospheric ozone after
some past volcanic eruptions such as Mt. Agung (1963), Mt. Fuego (1974) and
Mt. El Chichdn (1982) (Quiroz; 1983, Wendler; 1984, Hofmann; 1987, Angell and
Korshover; 1984, Uchino; 1985, Uchino et al; 1988). Main cause of volcanic
influence depends on stratospheric aerosol, that stay long enough to change
climate and other meteorological conditions. Therefore it is very important to
watch stratospheric aerosol layer carefully and continuously.

Standing on this respect, we do not only continue stratospheric aerosol
observation at Tsukuba (36.05°N, 140.13°E) but also have urgently developed
another lidar observational point at Naha (26.20°N, 127.68°E) in Okinawa Island.
This observational station could be thought valuable since there is no lidar
observation station in this latitudinal zone and it is much nearer to the Mt.
Pinatubo. Especially, there is advantage to link up these two stations on
studying the transportation mechanism in the stratosphere.

In this paper, we present the results of lidar observations at Tsukuba and
Naha by lidar systems with Nd:YAG laser of 532nm wavelength.

2. Observational Results

‘The observation at Tsukuba has being carried out continuously and that at
Naha started on September 19, 1991. The vertical profiles of scattering ratio
of aerosol are shown in Fig. la and 1b. Stratospheric aerosols from Mt.
Pinatubo had reached to Tsukuba on late of June or early July after about 2
weeks of the eruption and already reached to Naha at the beginning of this
observation.

The aerosol layer appeared just above the local tropopause in early period,
then, dense and thin layers could be seen on mid of July and early August at
the altitude of about 21km. After that, the dense and thick layer appeared
at about 21-27km altitude range and the layer grew day by day at Tsukuba.
The layer between 30 and 33km arose on mid or late November at Naha and
similar kind of layer was also observed at Tsukuba a few days later.

Integrated backscattering coefficient (IBC) are plotted in Fig. 2a and 2b.
The IBC begun to increase on late of September suddenly at Tsukuba and it
was increasing basically until late February. The IBC at Naha also begun to
increase on mid of November as corresponding to the first look of the upper
layer above 30km. These increases may correspond to wind field change in
stratosphere. After this increase, IBC begun to decrease to the value of
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beginning of the observation at Naha even though the IBC was still enhancing
up with somewhat large fluctuation at Tsukuba on December and January.
These phenomena may reflect the transportation processes of aerosols from low
latitude zone to higher latitude.

The depolarization ratio observation are shown in Fig. 3. In this observa-
tion, the observation was done the two polarization component sequentially like
as P-Component, S-Component, P-Component, ---, P-Component, due to using a
single channel photon counter, so that the data could be taken just on fine
and stable weather without many clouds. The profiles of depolarization ratio
of the aerosol are shown in Fig. 3a and the scattering ratio profiles are also
shown in Fig. 3b. The scattering ratio profiles were used to subtract the
depolarized backscatter by the atmospheric molecules from the illusive depolar-
ization ratio. @ Comparing with the two kinds of profiles, the layer having
higher depolarization ratio can be seen in the lowest side of the aerosol layer
and the top of the layer came down gradually. The depolarization ratio re-
flects the shape of the objects and it shows higher value when the light is
reflected by particles deformed from sphere and/or with rough surface.

These results shows that the irregular particles were in the lowest side of the
aerosol layer and spherical ones have been in upper side since the start of
this observation. The non spherical particles could be considered as the
primitive volcanic ash and spherical one could be the liquid state sulfate
particles, they are expected to be spherical, made from SO by chemical reac-
tions.

3. Concluding Remarks

The new observational station was urgently developed at Naha and two
station monitoring of the stratospheric aerosol layer has been executed. The
total amount of the aerosols began to increase on late September at Tsukuba
and late November at Naha. The aerosols existed just above local tropopause
at early period, extended to about 30km in late August at Naha and the layer
above 30km appeared on late November at each station with some time rag.
These phenomena reflects one of the transportation mechanism in the strato-
sphere. By the observation of depolarization ratio, the primitive volcanic ash
particles were in the lower side of the aerosol layer and the top height of the
volcanic ash particles moved down gradually. It shows that spherical sulfate
particles were in the aerosol layer since the beginning of the observation on
late September 1991 and the time variation and spatial distribution of the
layer give some informations for chemical reaction in stratosphere.
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The Role of Lidars in Global Change Research
Ronald G. Prinn, Center for Global Change Science
MIT, 54-1312, Cambridge, MA 02139

Recent research has solidified a view of the Earth as a global scale interactive system with complex
chemical, physical, biological, and dynamical processes that link the ocean, atmosphere, land -
(soils, ice, snow) and marine and terrestrial living organisms. These processes both within and
between the major parts of the system help determine global and regional climate and control the
biogeochemical and hydrologic cycles essential to life. The study of the Earth System requires
measurements ranging from the microscales of the smallest processes to the global scale.

The complexity and intriguing nature of the Earth System is amply illustrated by a number of
closely coupled processes occurring within it. These include: (a) clouds, precipitation, and
vegetation, (b) ocean circulation, sea-surface temperature, and phytoplankton, (c) coupled oceanic
and atmospheric circulation: the Southern Oscillation, (d) biological activity, atmospheric
chemistry, and climate, and (e) biological emissions and the ozone layer. The need to understand
better these complex Earth System processes has led to the development of an internationally
integrated plan for action for the scientific study of our global environment. The goal is to
determine the processes governing its present state and to predict how this state might change due
to human and natural forcing. The international plan is embodied in the sister programs of The
World Climate Research Program (WCRP) and the International Geosphere-Biosphere Program
(IGBP).

The major goal of IGBP is “to describe and understand the interactive physical, chemical, and
biological processes that regulate the total Earth System, the unique environment that it provides
for life, the changes that are occurring in this system and the manner in which they are influenced
by human actions.” Examples of major IGBP projects are the International Global Atmospheric
Chemistry IGAC) Project, the Joint Global Ocean Flux Study (JGOFS) and the Global Change
and Terrestrial Ecosystems (GCTE) Project. The major goal of WCRP is “to determine to what
extent climate can be predicted and the extent of man’s influence on climate”. Examples of major
WCRP Projects are the Tropical Oceans and Global Atmosphere (TOGA) project, the World Ocean
Circulation Experiment (WOCE), and the Global Energy and Water Cycle Experiment (GEWEX).

An {mponant aspect of Earth System Science studies in the future is the need to observe
simultaneously the physical, chemical, biological, and dynamical processes involved in highly
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coupled phenomena such as those mentioned earlier. The wide variety of simultaneous satellite
observations planned as a part of the Earth Observing System (EOS) later this decade along with
airborne, surface, and submarine observations will be an important contributor to our
understanding of these coupled phenomena on the global scale.

Lidars operating from the surface, aircraft and satellites provide a powerful observational technique
to study processes and observe trends important in global change. Being active techniques they
greatly reduce the need to understand the natural radiation processes inherent in passive techniques.
They can operate at high frequency to look at rapidly varying phenomena (gravity waves, chemical
fluxes, stratospheric warmings, polar ozone holes, storm systems, etc.). They also operate at
specific wavelengths providing specificity for composition measurements (O3, hydrocarbons,
water vapor, clouds, aerosols, etc.).

Lidar observations have already played important roles in helping understand processes controlling
stratospheric ozone and aerosols, tropospheric clouds, water vapor, ozone, gaseous pollutants,
aud aerosols, and winds and temperatures throughout the atmosphere. Specific recent examples
are provided by the use of this technique in studying the Arctic and Antarctic Spring ozone
depletion and the global dispersion of the aerosols derived from the Mt. Pinatubo eruption.

In this paper I will review the science of global change and highlight the potential roles for lidars in
studying the Earth System over the next decade.



Interpretation of DIAL Measurements of Lower Stratospheric Ozone
in Regions with Pinatubo Aerosols

William B. Grant, Edward V. Browell, Marta A. Fenn', Carolyn F. Butler!, Vincent G.
Brackett!, Robert E. Veiga'!, Shane D. Mayor', Jack Fishman, D. Nganga?, A. Minga’, B.
Cros?, Larry L. Stowe’

NASA Langley Research Center, Atmospheric Sciences Division, MS 401A, Hampton, VA
23665-5225;

1 - Hughes ST Systems Corp., 28 Research Drive, Hampton, VA 23666
2 - Universite Maien Ngouabi, Brazzaville, Congo

3 - NOAA - NESDIS, World Weather Bldg., Washington, DC 20233

The influence of volcanic aerosols on stratospheric ozone is a topic of current interest,
especially with the June 15, 1991, eruption of Mt. Pinatubo in the Philippines [e.g., Prather,
1992]. Lidar has been used in the past to provide aerosol profiles which could be compared
with ozone profiles measured using ozonesondes [Mast and Saunders, 1962; Komhyr, 1969]
to look for coincidences between volcanic aerosols and ozone decreases [Grams and Fiocco,
1967; Adriani et al., 1987; Jager and Wege, 1990; Grant et al., 1992].

The differential absorption lidar (DIAL) technique has the advantages of being able to
measure ozone and aerosol profiles simultaneously as well as being able to cover large
geographical regions rapidly [e.g., Browell, 1989]. While there are problems associated
with correcting the ozone profiles for the presence of aerosols, the corrections can be made
reliably when the wavelengths are closely spaced and the Bernoulli method is applied
[Browell et al., 1985; Fenn et al., 1992].

Three questions come immediately to mind when applying the DIAL technique to the study
of the effect of volcanic aerosols on stratospheric ozone: (1) How accurate are the measure-
ments; (2) What can be determined about the changes in ozone caused by the presence of the
aerosols; and (3) Can the DIAL system be used to provide correlative measurements for use
by other instruments?

The DIAL measurements considered in this paper are those obtained in the tropical strato-
sphere in January 1992 during the Airborne Arctic Stratospheric Expedition (AASE-II). The
determination of ozone profiles in the presence of Pinatubo aerosols is discussed in a
companion paper by Fenn et al. [1992].

The accuracy of the airborne UV DIAL system measurements of ozone can be addressed by
reviewing the comparison of DIAL measurements with measurements made by other
instruments that are not affected by the presence of the aerosols. On many missions, the
DIAL measurements have been compared to those made using onboard in situ instruments
during spiral flights over a regions where the DIAL made a profile measurement. The UV
DIAL system has been shown to make measurements with an accuracy of about 10% in the
troposphere and lower stratosphere [Browell, 1989]. For the middle stratosphere, a pair of
instruments can be used to check the accuracy. One is SAGE-II, which is a solar occultation
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instrument that has been making measurements since 1984 [McCormick et al., 1989]. It has
a single-occultation measurement accuracy of 7% to 10% in the 15- to 50-km region.
Another is the electrochemical concentration cell (ECC) developed by Komhyr [1969]. Air
containing ozone is bubbled through a KI solution and causes the release of electrons from
the iodine, from which the amount of ozone present can be determined. The accuracy of the
ECC sonde is 10% or better in the stratosphere and the precision is 5% to 8% between 10
and 31 km, [Barnes et al., 1985]. Figure 1 shows a comparison of SAGE I values between
10° S and 10° N for the month of April from 1985 to 1991 with ECC sonde values for the
second quarter 1991. The bars on the SAGE-II data represent one standard deviation of the
mean. The agreement between the two sets of values indicates that the mean values
generally agree within 5% to 10% except at lower altitudes, which is very good considering
that they did not measure the same air parcels.

A similar comparison can be made between SAGE-II values and UV DIAL values of ozone
for a region relatively unaffected by the Mt. Pinatubo volcanic aerosols. Such a region was
encountered in January from 20° N to 25° N. Again, a climatology of SAGE-II values was
developed from the historical record before Pinatubo, using the months of January and
February. The DIAL values are from a flight on January 30, 1992. There was moderate
aerosol loading of the stratosphere, shown in arbitrary units. Figure 2 shows a comparison
of the two data sets. The bars on the DIAL data represent one standard error of the mean.
Note that the DIAL values generally occur at about one standard deviation above the SAGE
mean, except at 18.5 km, where the aerosol loading was greatest. Considering again that the
same air parcels were not measured, the agreement is very good.

Given that the SAGE-II measurements of ozone agree with both the ECC sonde and UV
DIAL measurements under comparable conditions, what can be said about changes in ozone
as a result of the Mt. Pinatubo volcanic eruption? Let us turn first to a comparison between
the ozonesondes and SAGE-II. Figure 3 shows a comparison of the September and October
1985 to 1990 SAGE ozone data with ozonesonde values from Brazzaville for the third and
fourth quarter of 1991. The reduction in ozone as measured by the sondes is significant
from 20 to 27 km where the aerosol loading is greatest. The details about the reduction of
ozone following the eruption using the sonde measurements for the change and SAGE-II data
for the long-term trends have been described elsewhere [Grant et al., 1992]. (The reductions
near the peak of the aerosol layer were about 20%, and the total column reduction was about
7%.) Finally, we can turn to the DIAL data in the presence of significant volcanic aerosol
loading. Figure 4 shows the SAGE-II values between 10° N and 15° N for January and
February 1985 to 1991 compared with DIAL values for January 30, 1992, from 10.8° N to
14.9° N. (SAGE-II cannot measure ozone in regions where the aerosol loading is large.)
Note that the reduction in ozone has a similar profile to that measured by the sondes,
although the magnitude of the decrease is less since SAGE-II climatology indicates that there
should be less ozone in this region in this time frame than in the September/October time
frame. Using the AVHRR aerosol optical depth map [see, also, Stowe et al., 1992], it is
apparent that the volcanic optical depth at 500 nm has decreased from just over 0.4 during
the former time frame at 4° S to just over 0.3 during the second time frame in the 10° N to
15° N region.



Now that good agreement between the SAGE-II, ECC sonde, and DIAL measurements of
ozone in the absence of Mt. Pinatubo aerosols and the latter two in the presence of Mt.
Pinatubo aerosols has been established, measurements from all three instruments can be used
in a correlative fashion to help validate ozone measurements by various other optical remote
sensing instruments that may be affected by the presence of the aerosols [Grant, 1989]. In
addition, the UV DIAL system can be used to investigate the relationship between ozone loss
and aerosol mass or area loading of the stratospheric layers.
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Correcting for Interference of Mt. Pinatubo
Aerosols on DIAL Measurements of
Stratospheric Ozone

W. Steinbrecht and A.I. Carswell

Institute for Space and Terrestrial Science and
Department of Physics and Astronomy, York University
4700 Keele Street, North York, Ont., Canada M3J 3K1, 416-736-5249, Fax: -736-5516

Since March 1991 our group has been routinely operating a Differential Absorption Lidar
system in Toronto, Canada (42.80 N, 79.50 W, 200 m). The system is based on a XeCl
Excimer laser and the main system parameters are reported in [1]. In all measurements
after July 21, 1991 we have observed aerosol layers in the stratosphere, resulting from
the Mt. Pinatubo (15.14 N, 120.35 E) eruptions around June 15, 1991. These aerosol
layers have increased in size since they were first observed and backscatter ratios of more
than 5 at 353 nm have been observed. They interfere significantly with any optical ozone
measurement. In this paper we will describe our work to quantify the effects of the additional
aerosol on differential absorption measurements and the attempt to correct for them.

DIAL measurements of stratospheric ozone use the lidar return signals P(r,A) at two
wavelengths Ay, and A,s¢, where A, is strongly absorbed by ozone. The final expression for
the ozone concentration, np,(r) can be written as:

" _ 1 d P(r,s5¢) d Brlogs)
no(r) = gaee{  wn(FE5) & (G}
(a) (6)
1
- AU]OJ { nRayleigh(r) A(J-Ra.yleigh - Aakﬁe(r)} ( )

(c) (d)

Aco, = 00,(Aon) —00,(Aoss) is the ozone differential absorption cross section, 5(r) is the at-
mospheric volume backscatter coeflicient. nprgyieign(r) i1s the number density of Rayleigh scat-
terers, with differential extinction cross section AcRayteigh = TRayieigh{Aon) — TRayteigh(Aoss)-
Aangic = apgie(Aon) — arrie(Aogs) 1s the aerosol differential extinction term between A, and
Aofs- In Eq. 1 we have labelled the four terms on the right hand side as (a) to (d).

When the stratospheric aerosol loading is negligible B(r, o)/ B(r, Aoss) is almost con-
stant, and term (b) vanishes. Also Aapsie is very small, and term (d) can be neglected.
Term (c) is small and can easily be corrected, using atmospheric density profiles. However,
after a major volcanic eruption, such as Mt. Pinatubo, the terms (b) and (d) become quite
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important. Careful assessment of their contribution is essential if accurate ozone concen-
trations are to be derived. We have undertaken this by computing the aerosol o and 3
values using Mie theory and recently reported [2, 3] balloon sonde measurements of the
Pinatubo aerosol. In our calculations we assumed that the aerosol is comprised of homoge-
neous spherical droplets of H,50,4 in water. Folding the measured size distribution with the
Mie scattering cross sections gives the values of aprie and Bagie at the wavelengths of inter-
est. Figures 1 and 2 show plots of Bas;e and apie respectively, as a function of wavelength.
Calculations were done at 308, 353, 532 and 694 nm and the points are shown for the four
size distributions of [2] (corresponding to different layers at different times during July and
August of 1991). Also shown in Fig. 1 is an example (August, 21 1991) of the B values
measured by our DIAL lidar at 353 nm and our YAG lidar at 532 nm. In Figures 1 and
2 the dashed lines show for comparison the Brayteigh and apgayieigh plots for the molecular
component at 16.5 (upper line) and 22 km (lower line). In Fig. 2 we indicated the typical
range of the ozone absorption coefficient in the stratosphere with a vertical bar at 308 nm.

In the evaluation of the correction terms of Eq. 1, (c) presents little difficulty if density
profile data are available since the wavelength dependance of the Rayleigh attenuation is
well known (x A™*). Remaining errors from this term should probably be no more than
1 or 2 %. The errors from terms (b) and (d) are more difficult to quantify. From Fig. 2
we see that Aays,. is quite variable, because of the varying nature of the size distribution
observed. However, making use of the available sonde information, we anticipate that it
should be possible to reduce the errors arising from term (d) to less than 5-10%. If not
carefully corrected the term could lead to errors of up to 50%.

For term (b) we note that B(r,A) = Brayteigh(r, A) + Barie(r, ), since it is necessary to
combine the differential behaviour of. the Mie and Rayleigh contributions to the volume
backscattering coefficient. We have done this using a power law (A™") wavelength depen-
dance for the Mie scattering, deriving n from from the data as shown in Fig. 1. If we define

R*(1) = Baie(7, Aoss)/ Brayieigh(T, Aogs) we can write term (b) as

| d ﬁ('f',)\off)) _ (%ff)n_4 -1 d . -
—In|——) = 4 et = eyl )
dr (ﬂ(r,/\on) [1 4 R (%)n—‘;] 0+ R ar (r) = €back( .) (2)

Figure 3 shows the size of the correction €., in the ozone concentration due to term
(b) in Eq. 1. The calculations were done using Eq. 2 for lidar measurements at 353 nm on
the nights of August, 21 1991 (left side) and October, 23 1991 (right side). For comparison
a typical ozone profile is included (solid line). The backscatter ratio R = R* + 1 for each
night is shown as a dashed line. The calculations have been done for three values of 7 in the
relation Barie(A) x A7, and although the values used cover quite a wide range (1.1 - 1.8) it
can be seen that the influence of 7 on the size of the term (b) is small. g4, depends mostly
on the slope of the scattering ratio profile, but also on the magnitude of the scattering ratio.
It can be seen that neglecting term (b) in Eq. 1 generally leads to errors of 50% to over
100%. We also found that numerical differentiation leads to significant errors, especially in
sharp layers. It seems to be advisable to first sum terms (a) and (b) in Eq. 1 and then
perform the differentiation.

Currently we are trying to find a way of correcting for the effects of terms (b) and (d)
on a routine basis. We are hoping to reduce the remaining error in the ozone concentration
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to about 10% - 20%. However for very sharp layers the remaining error will probably be
larger.

References

[1] A. L Carswell, S. R. Pal, W. Steinbrecht, J. A. Whiteway, A. Ulitsky, and T-Y. Wang.
Lidar Measurements in the Middle Atmosphere. Can. J. Phys., 69(8):1076 - 1086, 1991.

[2] T. Deshler, D. J. Hofmann, B. J. Johnson, and W. R. Rozier. Balloonborne Measure-
ments of the Pinatubo Aerosol Size Distribution and Volability at Laramie, Wyoming
During the Summer of 1991. Geophys. Res. Lett., 19(2):199 - 202, January 1992.

[3] P. J. Sheridan, R. C. Schnell, D. J. Hofmann, and T. Deshler. Electron Microscope
Studies of Mt. Pinatubo Aerosol Layers over Laramie Wyoming During Summer 1991.
Geophys. Res. Lett., 19(2):203 - 206, January 1992.

(4] D.J. Hofmann. Aerosols from Past and Present Emissions. In P. V. Hobbs and M. P. Mc-
Cormick, eds., Aerosols and Climate, pages 195 — 214. A. Deepak Publishing, Hampton
Virginia, USA, 1988.

[5] E. V. Browell. Ultraviolet Dial Measurements of Oz Profiles in Regions of Spatially
Inhomogeneous Aerosols. Appl. Opt., 24:2827 - 2836, 1985.



A NEW RAMAN DIAL TECHNIQUE FOR MEASURING
STRATOSPHERIC OZONE IN THE PRESENCE OF VOLCANIC AEROSOLS

Upendra N. Singh!, Thomas J. McGee?, Michael Gross', William S. Heaps?,
and Richard Ferrare®

1. Hughes STX Corporation,
4400 Forbes Blvd.
Lanham, MD 20706

2. Environmental Sensor Branch, Code 917
NASA/Goddard Space Flight Center
Greenbelt, MD 20771

3. Universities Space Research Association
-Laboratory for Atmospheres, Code 917
NASA/Goddard Space Flight Center
Greenbelt, MD 20771

ABSTRACT

This paper describes a new lidar scheme to measure stratospheric ozone in the presence
of heavy volcanic aerosol loading. The eruptions of the Philippine volcano Pinatubo during June
1991 ejected large amounts of sulfur dioxide into the atmosphere to altitudes of at least 30 km.
The resulting aerosols have severely affected the measurements of stratospheric ozone when
using traditional Rayleigh differential absorption lidar (DIAL) technique, in which the scattering
mechanism is almost entirely Rayleigh and which assumes a small amount or no aerosols. In
order to extract an ozone profile in the regions below about 30 km where the Rayleigh lidar
returns are contaminated by aerosol scattering from the Mt. Pinatubo cloud, we have used a
Raman lidar technique, where the scattering mechanism depends solely on molecular nitrogen.
In this scheme there is no aerosol scattering component to the backscattered lidar return. Using
this technique in conjunction with the Rayleigh DIAL measurement, the GSFC stratospheric
ozone lidar has measured ozone profiles between 15 and 50 km during the recently held UARS
correlative measurement campaign (February-March 1992) at JPL’s Table Mountain Facility in
California.

INTRODUCTION

As a part of the international Network for the Detection of Stratospheric Change (NDSC)
which is made up of state-of-the-art ground based research instruments with capability to detect
chemical and physical changes in the stratosphere (Kurylo and Solomon, 1990), we at NASA’s
Goddard Space Flight Center have developed a mobile, dual-wavelength Rayleigh/Raman DIAL
system capable of making precise measurements of ozone concentration between 15 and 50 km.
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The differential absorption lidar (DIAL) technique for the measurement of ozone consists
of the transmission of at least two wavelengths into the atmosphere, one of which is strongly
absorbed by ozone, and the other less significantly absorbed. Backscattered returns at these
wavelengths are collected and the ratio of signal at each altitude bin is used to calculate ozone
concentrations (McGee et al., 1991). The presence of appreciable amounts of volcanic aerosol
makes the ozone profile retrieval through Rayleigh DIAL highly inaccurate since the aerosol
backscatter and extinction terms in the lidar equation are no longer negligible. In our recent
measurements, we have employed the Raman lidar technique, which uses Raman scattering from
nitrogen molecules to provide the backscatter signal for the retrieval of an ozone profile in the
region with heavy concentrations of aerosol. This technique is valid, since the Raman lidar
return is dependent upon only upon molecular terms and aerosol extinction, but contains no
component due to scattering from aerosols. In this new scheme, Rayleigh lidar returns at 308
and 351 nm, and corresponding N,-Raman return at 332 and 382 nm are received. The sum of
382 and 351 nm aerosol extinction can be obtained from the 382 nm channel (Ansmann et al.,
1990). Since the difference between 332 and 382 is nearly the same as the difference between
308 and 351, a wavelength dependence is assumed between the sum of 382 and 351 nm aerosol
extinction and the sum of 308 and 332 nm aerosol extinction. This information is then used for
ozone computation. Signals returned are strong enough to permit a continuous profile from 15
to 50 km using both the Raman and Rayleigh techniques. We will present the results from the
data taken during February-March 1992 UARS correlative measurement campaign at JPL’s TMO
facility. If time permits, intercomparisons with other instruments deployed during the aforesaid
campaign will also be presented.

LIDAR SYSTEM

The NASA/GSFC STROZ LITE (Stratospheric Ozone Lidar Trailer Experiment)
instrument is a mobile, trailer-based system designed primarily to measure stratospheric ozone
using the DIAL technique. The three major components of this system: the transmitter, the

detection system, and the data acquisition system, have each been described in detail (McGee
et al., 1991).

Both the transmitter and receiver had to be modified for this experiment. The "reference”
laser was replaced with a XeF laser (351 nm), operating at a pulse repetition rate of 70 Hz, and
an energy of 150 mJ/pulse.

The change in the transmitter led to corresponding modifications in the optical section
of the detector package. Beamsplitters which had been used to increase the dynamic range of the
referenced system were replaced with dichroic beamsplitters which separated the Rayleigh and
Raman scattered wavelengths. Rayleigh lidar returns at 308 and 351, and Raman lidar returns
at 332 and 382 were recorded for analysis. It was discovered, during the initial setup and
operation of the lidar, that the 332 nm Raman channel filter did not adequately block the 351
nm Rayleigh return and thus in turn "contaminated” the Raman channel. To overcome this
problem, we collected the Raman data sequentially by firing only one laser at a time. In each
sequence, data were collected in 100,000 shots increments and were summed separately at the
end of evening run. A total of 600,000 shots were collected and summed at each wavelength.



RESULTS AND DISCUSSION

The GSFC lidar system as described above was deployed at the JPL-Table Mountain
Facility, during February and March 1992. A typical ozone profile for February 24, 1992, taken
at JPL-TMO is shown in Figure 1. Aerosol corrected Raman data is being used to derive the
ozone profile from 15 to 28 km and Rayleigh data for 28 to 50 km. Also plotted on Figure 1
is a profile from October 30, 1991, taken at GSFC, using only Rayleigh data. The presence of
aerosols in the 15-30 km region has made the ozone measurements at these altitudes
meaningless. Several profiles will be -presented and results will be discussed in detail.
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Introduction

The development of a differential absorption lidar (DIAL) system for long-term
measurements of stratospheric ozone and for potential inclusion in the Network for the
Detection of Stratospheric Change (NDSC) [Kurylo and Solomon, 1990] began at JPL in 1986,
concurrent with the first workshop that considered the priorities and appropriate measurement
techniques for such a network. The DIAL system at the JPL Table Mountain Facility (TMF,
34.4° N, -117.7° W) was developed specifically to have the characteristics suitable for long-
term measurements as proposed for NDSC. Regular measurements of stratospheric ozone
concentration profiles commenced in February 1988 and this system has been fully described
elsewhere [McDermid et al, 1990].

Table Mountain Lidar

For long-term measurement programs to be successful it is necessary to ensure the
quality of the results by rigorous calibration procedures and intercomparisons. To evaluate the
TMF ozone lidar it has participated in a number of intercomparisons, culminating in the first
formal NDSC sponsored intercomparison, Stratospheric Ozone Intercomparison Campaign
1989, (STOIC'89). These studies compared results from a large number of ozone profiling
instruments and showed that agreement at the 5% level could be achieved provided that the
measurements were made at approximately the same time and at the same location. Following
the successful launch of the Upper Atmosphere Research Satellite (UARS) the TMF lidar has
provided correlative measurements of ozone (and temperature) profiles for comparison with
the satellite instruments. Some examples of the results from these various intercomparisons
will be presented.

Over the first four years of operation of the TMF lidar more than 450 independent
profiles have been measured. These are fairly evenly distributed throughout the years and
there is only a small increase in the number of summertime measurements compared to
wintertime. These results show clearly the seasonal variations in the ozone profile and an
example of these variations, for 30 km altitude, is shown in Figure 1.

The long-term measurements at TMF have also allowed us to establish a mean monthly
climatology for ozone at this location which is slightly different than that suggested by various
model atmospheres, e.g., MAP 1985 [Keating et al, 1987].
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Figure 1. Seasonal variations, at 30 km altitude, of the monthly mean ozone concentration.

Mauna Loa Lidar

Based on the successful demonstration and evaluation of the DIAL system at TMF, a
new lidar was commission for deployment at the Mauna Loa, Hawaii, station of the NDSC.
This system will temporarily be housed in a mobile facility pending the completion of the new
observatory at Mauna Loa. This system is presently under construction and should be in
operation before summer 1992. This new system incorporates some new developments
compared to the TMF system and details of the new design will be presented.

Stratospheric aerosols resulting from the volcanic eruption of Mount Pinatubo have
been observed in the lidar measurements at TMF since July 1991. The presence of these
aerosols has a profound effect on measurements of stratospheric ozone profiles by the
conventional DIAL method and essentially precludes reliable measurements in these regions.
A modification to the DIAL technique using the atmospheric nitrogen Raman signal has been
suggested and demonstrated by the NASA GSFC Lidar Group [McGee et al, 1992]. This



method, similar to the Raman augmentation technique for temperature measurements
[Moskowitz et al, 1988], provides return signals from molecular scattering only and thus
eliminates the problems caused by the differential aerosol backscattering. A small correction
for differential aerosol extinction may still be required. This technique is easily implemented
by adding two extra channels to the lidar receiver, which is shown in figure 2.
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Figure 2. Schematic diagram of the receiver optical detection system.

Since it was necessary previously to attenuate the signal from altitudes below about 30 km, the
lower efficiency for Raman scattering is largely compensated by eliminating the attenuation in
these channels.

The data acquisition system in the MLO lidar employs a new PC-based photon
counting/MCS system. This allows counting to much higher rates, 250 MHz, than in the
TMF system and also ensures absolute synchronization between all of the counting channels.
A block diagram of the data acquisition system is shown in figure 3.

Similar to the TMF lidar, the MLO system uses a 100 Watt, tuned, low-divergence,
xenon chloride excimer laser for the transmitter. The reference wavelength at 353 nm is
generated by stimulated Raman scattering in hydrogen. The receiver telescope is slightly
larger at 1.0 m, compared to 0.9 m, and is of significantly higher optical quality. This factor,
coupled with a 5x expansion of the transmitted laser beams, should allow the return signal to
be mechanically chopped in less than 10 us. Initial results from this new system, together with
more details of its design, will be presented.
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The first primary site of the newly implemented Network for
Detection of Stratospheric Changes (NDSC) includes three main
sites in the alpine regions of southern Europe : the
Observatoire de Haute-Provence, the Jungfraujoch high altitude
station for infra-red spectrometric measurements and the Plateau
de Bures for microwave spectrometric measurements. At the
Observatoire de Haute-Provence (44°N, 5°E), a coherent set of
experimental systems has been established to monitor on a 1long-
term basis ozone, aerosols, minor constituents and temperature
vertical distributions in the troposphere and stratosphere. Such
techniques include several lidar systems, ballon-borne sondes
and UV-visible spectrometry.

Lidar measurements of stratospheric aerosols are performed on
a routine basis, since 1980. These include the vertical
distribution of the extinction and backscattering coefficients
from the tropopause up to 30 km, with an accuracy better than
10% and an altitude resolution of .5 km. The experimental system
is based on a Nd-Yag laser operating at 532 nm. Routine
measurements of the ozone vertical distribution are also
performed, since 1986 in the stratosphere from 15 to 48 km, and
since 1991 in the troposphere. Two differential absorption lidar
systems are operated. The stratospheric 1lidar is an excimer
(XeCl) based system emitting at 308 nm for the absorbed
wavelength, whereas the reference wavelength is provided by the
third harmonic (355 nm) of a Nd-Yag laser. The tropospheric
lidar uses the fourth harmonic emission of two ND-Yag lasers
(266 nm), to generate by stimulated Raman effect in hydrogen and
deuterium cells, the appropriate wavelengths for ozone
measurements (289 nm - 299 nm). All systems use 80-cm diameter
receiving telescope and appropriate specifically designed
spectrometers to separate the various received wavelengths. The
temporal analysis of the signals are made both in the photon
counting mode (300 MHz) and in the analogical mode using in-
house built transient waveform recorders, to adapt to the signal
dynamics. Specific systems, using mechanical choppers, have also
been implemented to account for the signal induced noise in high
altitude-low signal measurements.
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The data base obtained at the Observatoire de Haute-Provence
from these 1lidar measurements and from the ancillary
experiments, such as sondes and spectrometers, allows several
type of studies to be performed. Instrument comparisons can be
made, based on the various instruments existing on the site
itself. These include lidar-ozonosondes and lidar-Umkehr
comparisons of the ozone vertical distribution, which can be
adressed on a statistical basis, taking into account the large
number of measurements. A comprehensive study of the biases and
precision of the 1lidar as compared to the two types of sondes
presently in use (Brewer-Mast sondes and ECC sondes) has been
made, which demonstrates the fiability of lidar measurements for
the determination of both the tropospheric and stratospheric
ozone vertical profiling.

Lidar measurements and Umkehr observations, performed using
the Automated Dobson spectrometer located at the Observatoire de
Haute-Provence, correspond to a data base which includes, from
1985 to 1987, more than 1 000 Umkehr observations and 200 1lidar
profiles, allowing a comparison between the two methods over a
large number of coincidences. The analysis shows that the ozone
vertical distributions, as retrieved by the new-conventional
Umkehr method, which takes into account more accurately the
natural variability of the ozone concentration and the
temperature influence on the ozone absorption coefficients, are
in rather good agreement with the 1lidar measurements. No
statistically significant bias can be observed in the layers 4
to 7 between the two methods of measurement. In layer 8, a
positive bias between the Umkehr retrievals and the lidar
measurements can be observed, mainly during the winter months,
which can be accounted for by signal induced noise effects
leading to an underestimate of the ozone concentration from the
lidar measurements, and by the large variability in the daily
temperature profiles as observed during the same period of the
year. These measurements are of particular wvalues for the
determination of long term trends in ozone vertical
distribution, as the Umkehr method provides yet the longest
time-record of ozone profiles. Similarly, comparisons with the
Sage II instrument have been performed, which show a very good
agreement between the satellite-borne system and the lidar
measurements within + 2%, between 20 and 42 km.

Taking into account the 1large number of profiles already
available from the lidar measurements, studies of the natural
variability of the ozone vertical distribution have been
undertaken which cover various temporal and spatial scales. The
seasonal variation of stratospheric ozone has been shown to
evoluate from an annual cycle at the 30 km 1level, to a semi-
annual cycle at the higher altitudes giving evidence for the
increasing imortance of temperature dependent chemical processes



in the wupper stratosphere. 1In the troposphere, correlative
studies of ozone and related meteorological fields, such as
potential vorticity, geopotential and relative humidity, provide
indication of the causes of the variability observed in the
ozone vertical distribution. The intra-annual variation of the
ozone content is shown to reflect the influence of the two main
sources : the anthropogenically driven photochemical source, and
the dynamical source related to stratosphere-troposphere
exchange processes. Cases studies of such events, including
tropopause folds and cut-off lows, allow to quantifiy the annual
fluxes of stratospheric ozone into the troposphere from the
various processes. No evidence for an ozone trend in the
troposphere, between 1985 and 1991, can be assessed from these
measurements.

Recently, measurements performed in 1991, following the major
eruption of the Mount Pinatubo volcano in the Philippines in May
1991, have allowed to follow the time-evolution of the aerosol
cloud in middle latitude regions. One observes a 1limited
increase in the aerosols scattering ratio below 20 km until mid-
october 1991. Much larger values, ranging from 10 to 15 at 532
nm, are then observed, related to the meridional transport of
the cloud. This increase in the aerosol content can be related
to the observation of the ozone vertical distribution and total
content as performed by the differential absorption lidar,
balloon-borne ozonosondes and the Dobson spectrophotometer.
Although the total ozone content observed in December 1991 and
January 1992, is low as compared to the climatological mean at
the Observatoire de Haute-Provence, it is rather difficult to
establish a direct relation with the aerosol cloud. A more
comprehensive study of the extension and temporal variability
of the Mount Pinatubo volcanic cloud in the mid- and high-
latitude regions, is still required to draw definitive
conclusions.
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LIDAR ATMOSPHERIC OBSERVATORY IN THE CANADIAN
ARCTIC.

Arkady Ulitsky, Tin-Yu Wang, Martin Flood, Brent Smith

Optech Incorporated
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Ontario, M3J 2N6, Canada,
Tel: (416) 661-5904, FAX: (416) 661-4168

ABSTRACT

During the last decade therc have been growing concerns about a broad variety of
atmospheric properties. Among these, a depletion of the stratospheric ozone layer has attracted
considerable attention from the general public, politicians and scientists due to its vital impact for
the entire global biosphere. One of the major waming signs was the discovery of the "ozone hole”
in the Antarctic region where the concentration of the ozone in the stratosphere was significantly
reduced. At present the stratospheric ozone layer in this region is being continuously monitored by
groups of scientists from around the world and numerous observations of the ozone layer on the
global scale have clearly demonstrated the process of ozone depletion.Recent observations by NASA

have shown a significant depletion in the Arctic region.

This paper provides an initial description of two lidars that are planned to be installed in a
new observatory for atmospheric studies in the Canadian Arctic. This observatory is being
constructed under the supervision of the Atmospheric Environment Services (AES) of Canada as a
part of the Green Plan - an initiative of the Federal Government of Canada. The station is located
at Eurcka on Ellesmere Island at a latitude of 80°N and a longitude of 86°W.

Two laboratories of this facility will be occupied by two new LIDARS: a stratospheric
ozone DIAL and a Polar Stratospheric Clouds / Arctic Haze Lidar (PSC/Haze). Both systems are
being designed and constructed by Optech Inc. The receiving telescope of each lidar is enclosed
inside a small compartment which is thermally insulated from the rest of the laboratory and is kept
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at the outside ambient temperature. Each compartment is equipped with a motorized roof-top hatch
which will open when the lidar is to be operated. This approach minimizes thermal disturbance of
the telescope when the hatch is opened.

The ozone DIAL system will be able to operate in daylight conditions and will provide
stratospheric ozone concentration profiles all year. It will also allow studies of the ozone layer
interactions with solar radiation under the unique illumination conditions of this location. A
preliminary description of this lidar system is found in ref. [1]. The transmitter of the system is
based on a XeCl excimer laser operating at 308 nm for the "ON" wavelength and a pressurized
hydrogen Raman shifter to provide 353 nm radiation for the "OFF" wavelength. It will provide
about 60 watt of average power at 300 Hz. The system’s receiver is a Newtonian telescope of one
meter aperture equipped with several special features to permit daytime operation.

The second lidar, jointly sponsored by the Canadian Govemment and the Japanese
Govemnment through its Communications Research Laboratories and Meteorological Research
Institute, is to monitor PSC and the arctic haze. It will use a two-wavelength (1064 nm and 532
nm) Nd YAG source providing about 10 watts output at 20 Hz. Separate receivers are used for the
PSC and the low altitude haze measurements. Polarization measurement capabilities are available at
both wavelengths.

The new Eureka station with the lidar facilities and other atmospheric sensors will be part
of the global Network for Detection of Stratospheric Change (NDSC). It will make a valuable
contribution to our understanding of the complex processes affecting the ozone layer. The
observatory at Eureka is planned to begin operation in early 1993. This paper will present details
of the lidar equipment and give an outline of the planned measurement program.

References:
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Observation of stratospheric ozone with NIES lidar system
in Tsukuba, Japan

H. Nakane, S. Hayashida, Y.Sasano, N. Sugimoto, I. Matsui and A. Minato
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Onogawa, Tsukuba, Ibaraki 305 Japan

Lidars are expected to play important roles in an international monitoring network of
the stratosphere such as the Network for the Detection of Stratospheric Change (NDSC). The
National Institute for Environmental Studies (NIES) in Tsukuba (36°N, 140°E) constructed an
ozone lidar system in March 1988 and started observation in August 1988.

The lidar system has a 2-m telescope and injection locked XeCl (308 nm) and XeF (351
nm) excimer lasers which can measure ozone profiles (15 - 45 km) and temperature profiles
(30 - 80 km). A block diagram of the lidar system is shown in Fig. 1. Another wavelength
(339 nm) is generated using a deuterium Raman shifter from the XeCl laser radiation. Then
ozone profiles are obtained from both 308 -351 nm (A-) and 308 - 339 nm (B-) signal pairs.
From December 1991, lidar observation at 313 nm has been carried out in which the second
Stokes line of the stimulated Raman scattering of a KrF laser (248 nm) has been used.
Agreement between ozone profiles from A- and B-wavelength pairs had been good until the
stratospheric aerosols due to the eruption of Mt. Pinatubo arrived above Tukuba, indicating that
aerosol effects on ozone lidar measurements had been negligible till the arrival of the Pinatubo
aerosols. A typical ozone profiles obtained from the A- and B-wavelength pairs are shown in
Fig. 2 and a temperature profile obtained from the 351 nm signal is in Fig. 3.

Ozone profiles obtained with the NIES lidar system are compared with the data
provided by the SAGE II satellite sensor. Results showed good agreement for the individual
and the zonal mean profiles. A part of the results is shown in Fig. 4.

Variations of ozone with various time scales at each altitude can be studied using the
data obtained with the NIES ozone lidar system which is shown in Fig. 5. Seasonal variations
are easily found at 20 km, 30 km and 35 km, which are qualitatively understood as a result of
dynamical and photochemical effects.

Systematic errors of ozone profiles due to the Pinatubo stratospheric aerosols have been
detected using multi-wavelength observation. Fig. 6 is an example of ozone profiles affected
by the aerosols. The scattering ratio of the aerosols has its peak at about 20 km in February
26, 1992. Negative deviations of ozone concentration are clearly seen, which is largest in the
case of 308 - 351 nm pair (A-pair) and smallest in the case of 308 - 313 nm pair (C-pair). This
wavelength dependence of the ozone profiles could be used for the correction of the systematic
errors due to the stratospheric aerosols (Sasano, 1988).
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OBSERVATIONS OF OZONE-AEROSOL CORRELATED BEHAVIOUR
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Introduction.

The question of possible interactions between ozone and stratospheric aerosol has been open for
a long time. Measurements carried out after the Mt. Agung and El Chiché6n eruptions showed
evidence of negative correlations between the presence of volcanic stratospheric aerosols and
ozone concentration (Pittock, 1965; Fiocco and Grams, 1967; Adriani et al., 1987). Evidence
for negative correlations in the polar winter has been also found (Fiocco et al., 1989). It is only
after the discovery of the Antarctic ozone hole that catalytic effects related to low temperature
heterogeneous chemistry have become the object of much investigation, now extended to the
role of volcanic aerosol in the ozone reduction. These phenomena can be the object of various
interpretations, not mutually exclusive, including the effect of transport, diffuse radiation (see e.
g. Fiocco et al., 1978) as well as heterogeneous chemistry (Hofmann and Solomon, 1989;
Arnold et al., 1990).

The present paper provides preliminary results of simultaneous measurements of ozone

and aerosol, carried out at Thule, Greenland (76.5°N, 68.8°W), during winter 1991-92. The
European Stratospheric Ozone Experiment (EASOE), that begun in mid November 1991 and
ended in March 1992, was aimed at monitoring the winter Arctic stratosphere in order to obtain
a deeper insight of the ozone destruction processes taking place in the polar regions. During the
campaign a large set of ground based, balloon and airborne instruments were deployed in the
Arctic.

A large amount of aerosol was injected into the lower stratosphere by the recent eruption of
Volcano Pinatubo (Philippines, June 1991). A lidar system, already operational in Thule since
November 1990, has provided detailed measurements of the stratospheric aerosol concentration
during EASOE. In the same period, a large number of ozonesondes were launched. Although
no PSC formation was detected over Thule, the simultaneous measurement of the stratospheric
aerosol and ozone profiles give the possibility to study interactions occurring in the stratosphere
between these two constituents.

Instrumentation.
The Thule lidar system uses a Nd:YAG laser with second harmonic generator capable of
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emitting pulses at 532 nm of approximately 300 mJ at 10 Hz. The system is however run more
conservatively at 100 mJ, 4 Hz. The receiver consists of a vertically pointing Cassegrain
telescope with a 800 mm diameter primary mirror.

The backscattered radiation is passed through a narrow band interference filter, it is divided by a
polarizing beam-splitter cube and detected by two photomultipliers. A mechanical chopper
prevents detectors' overloading by the echoes from the lowest altitudes. Both signals are
amplified and sent simultaneously to photon counting chains and A/D converters.

The system is ordinarily set up to provide measurements of both aerosol backscattering
coefficient and aerosol depolarization ratio in the range 6-40 km. Night-time operation allowed
high signal-to-noise ratios up to the higher levels. About 40 conventional ECC sondes were
launched from Thule during the 1991-92 winter, and quasi-simultaneous lidar measurements
were carried out when weather conditions allowed.

Results.

Lidar observations were carried out in the period December 1991 - March 1992 for a total of
about 150 hour operation. In this period no evidence of stratospheric cloud formation has been
observed. This is consistent with the relatively high values of temperature, which were almost at
every time above 200 K, measured over Thule.

At the same time, the large amount of aerosols injected in the stratosphere by the eruption of

Volcano Pinatubo (Philippines, June 1991) was measured. In order to study the correlated
behaviour of ozone and aerosol, simultaneous backscattering and ozone profiles were compared.
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Fig. 1. Backscattering coefficient (curve a) and ozone partial pressure(curve b) as a function of
height over Thule for February 6, 1992.



In figure 1 ECC (as ozone partial pressure) and lidar (as backscattering coefficient) profiles are
shown for February 6, 1992. The lidar profile is the result of 1 hour averaging, almost the same
time the ozonesonde takes to reach its maximum elevation. The ozone and aerosol profiles show
a correlated behaviour, the ozone minima corresponding to aerosol maxima and viceversa.

Cross correlation coefficients between the ozone and aerosol deviations from the average were
~computed in +/- 2 km height intervals around a given level for 25 couples of backscattering and
ozone measurements. For single cases, values of the negative cross correlation coefficient as
high as 0.97 (February 24, height 17 km) were observed. The average coefficient are
consistently negative in the lower stratosphere, and show larger values (around -0.5) in the 13-18
km height range.

A study of the trajectories was carried out to establish the thermal and radiative history of the
air-mass prior to its passing over Thule. Trajectories could be reconstructed from the analysis
up to ten days before transit over Thule. Although the air-masses often encountered cold
regions, such that PSC formation was possible, the relationship between the ozone fluctuations
and the thermal minima does not unequivocally show that ozone depletion were associated to
PSC development.
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Within the framework of the European environmental research programme EUROTRAC,
LIDAR systems for routine measurement of vertical ozone profiles throughout the planetary
boundary layer and the free troposphere are currently under development. Several of these
systems are now operational and an intercomparison experiment was undertaken in the period
from June 10 to June 28, 1991 in Bilthoven, the Netherlands. The main scientific objectives
defined for the campaign are:

» compare the LIDAR measurements to in situ measurements of the ozone concentration,

 determine how many and which wavelengths are needed for a sufficiently accurate ozone
retrieval in the lower troposphere under realistic conditions,

» assess the accuracy that can be achieved under realistic conditions,

» compare the performance of the participating systems.

Four different O3-DIAL systems participated in the campaign, all operating in the UV at
wavelengths ranging from 248 to 313 nm. Two of the systems (RIVM and CNRS/SA) are
Nd:YAG based, utilizing stimulated Raman shifting (SRS) in Hp and D3 for generation of the
DIAL wavelengths. One system (MPI) is KrF excimer based, also utilizing SRS in H2 or Dp
for generation of the needed wavelengths and the fourth system (LIT) is based on a Nd:YAG
pumped dye laser system. In addition, ground level measurements of standard chemistry and
meteorological parameters were obtained, as well as vertical temperature and humidity

profiles from meteorological balloon soundings from a nearby meteorological station.
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One of the main problems involved in DIAL measurements of ozone in the UV region is the
interference of spatially inhomogeneous aerosol. To address this problem, intercomparison
experiments have been carried out with all LIDAR systems pointing vertically while in situ
measurements were obtained with an UV photometric ozone analyzer and an ECC-sonde
carried by a helicopter. The aircraft circled around the measurement site while the LIDAR
systems were operating. In addition, LIDAR measurements were made simultaneously in the
450 and 1064 nm region. Altogether a set of LIDAR measurements at up to 12 wavelengths —
of which eight are in the UV— were obtained for these measurement periods.

Also, experiments were conducted with LIDARs pointing horizontally along a path closely
matched by the long path of a differential optical absorption spectroscopy (DOAS) instrument.
In this way, the average ozone concentration over the path covered by the DOAS could be
compared to the values obtained from the DIAL systems.

Preliminary results show that accurate high resolution measurements can be obtained, at least
under favorable conditions. Adverse effects, like sensitivity to steep gradients in aerosol
concentration and interference with SO, are presently being studied. The collected data set is
particularly suited for the assessment of these sensitivities. In this paper, the first results from
the evaluation of the data will be presented.



On board O3 and NOx
monitors

Sling with air inlet tube -

55






GLObal Backscatter Experiment (GLOBE) Results:
Acerosol Backscatter Global Distribution and Wavelength Dependence
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INTRODUCTION

The GLObal Backscatter Experiment (GLOBE) was initiated by the National Aeronautics
and Space Administration (NASA) in 1986 as an interagency and international research effort to
characterize tropospheric aerosol backscatter properties. The primary objective of the GLOBE
program is to develop realistic aerosol backscatter inputs to design and simulation studies for
NASA’s prospective Laser Atmospheric Wind Sounder (LAWS), a major instrument in the
planned international Earth Observing System (EOS). To achieve this objective, GLOBE incor-
porates several different types of aerosol sensors, which operate from a variety of sensor plat-
forms, cover a wide range of spatial and temporal scales, and measure a diverse set of aerosol
physical, chemical, and optical properties.

Innovative data visualization methods have been developed to facilitate quality control
and data analysis on the GLOBE database. The results of this analysis have provided important
new information on the life cycles and physicochemical properties of global-scale tropospheric
aerosol systems. GLOBE results are also applicable for design studies on a wide variety of other
lidar systems that depend on backscattered signals from atmospheric aerosol tracers. In addi-
tion, GLOBE analytical methods will be useful for EOS and other studies that involve the as-
similation of large, complex atmospheric aerosol databases.

RATIONALE

The design of GLOBE assumes the existence of a ubiquitous, quasi-steady-state, quasi-
well-mixed global-scale aerosol background system for aerosol particles between roughly 0.05
and 5 pm diameter. This assumption leads to several key predictions: (1) that the background
system will occupy a large volume fraction of the middle and upper troposphere, especially over
the remote oceans; (2) that background aerosol properties (such as backscatter coefficients) at
any given altitude will vary lognormally in space and time, with a relatively small geometric
standard deviation (e.g, ~2-3); and (3) that the geometric mean background backscatter mixing
ratio (backscatter coefficient divided by local atmospheric density) will be approximately con-
stant with altitude. This well-mixed pattern need not characterize any given instantaneous ver-
tical profile of a given aerosol parameter; however, it will inevitably appear in the ensemble
statistics for any suitably large aerosol data set in the middle and upper troposphere.

The existence of such a background would have profound implications for the design
optimization and performance simulation on many lidar remote sensing systems, and particularly
for LAWS. Background backscatter values are expected to be near the threshold for the most
sensitive LAWS instrument that can be built with current technology. In addition, background
conditions are expected to dominate the very regions of the atmosphere where new wind
measurements from LAWS are most needed. Under these conditions, small changes in the at-
mospheric aerosol system, coupled with small degradations in LAWS engineering performance,
could result in drastic losses in LAWS wind retrieval performance and scientific utility. Simula-
tion of these effects in design studies for LAWS and related lidar systems requires, at minimum,
verification of the background concept, realistic estimates for background backscatter mag-
nitudes, and realistic estimates for the volume fraction of the LAWS sample domain that is
characterized by background conditions. More sophisticated simulation studies would require
detailed information on the structure and meteorological setting of the background aerosol field
over a wide range of spatial and temporal scales.
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APPROACH

GLOBE uses several different types of measurement, analysis, and modeling strategies to
accomplish these diverse objectives. The measurement phase involves acquiring suitable non-
GLOBE data sets and conducting GLOBE measurement programs to fill in critical gaps in exist-
ing aerosol databases. First, global-scale data sets for aerosols or aerosol surrogates are sought
to verify the existence of the global aerosol background system and to estimate its frequency of
occurrence. Large data sets are needed to avoid sample bias and to ensure that background fea-
tures can be readily detected and quantified. Second, direct measurements are sought for
aerosol backscatter coefficients at or near selected lidar design wavelengths. These stand-alone
data sets are most useful as climatologies from a single location over an extended period of
time. This need has been met during much of the 1980’s by a loosely-coordinated network of
several CO, lidars, all operating near the primary design wavelength for LAWS. Third, coor-
dinated data sets are sought from intensive field programs with several collocated aerosol sen-
sors, to develop empirical links between the direct backscatter measurements and the global-
scale aerosol databases, and to provide comprehensive aerosol physicochemistry information for
backscatter modeling. High priority is given to field programs in remote locations. Several
major GLOBE or GLOBE-related field programs of this kind have been conducted since the in-
ception of the GLOBE program. The largest of these was the series of GLOBE airborne Survey
Missions over the remote Pacific Ocean in Fall 1989 and Spring 1990. Fourth, GLOBE instru-
ments that are used in any of these measurement programs are calibrated using standard
methods (calibration for non-GLOBE data sets is not considered part of GLOBE).

GLOBE analysis and modeling efforts are directed at incorporating these diverse data
sets into an aerosol model framework that can be used in LAWS design and simulation studies.
First, GLOBE and GLOBE-related data sets are compiled into a centralized database, where
they are transcribed into standard logical formats and carefully reviewed for quality and com-
pleteness. This process makes extensive use of innovative data display formats on modern data
visualization workstations. Second, quality-controlled data sets are analyzed and assimilated into
an empirical global-scale aerosol backscatter model. Depending on the data type, this step may
involve comparisons of collocated aerosol measurements, aerosol correlations with meteorological
conditions, backscatter modeling using Mie theory, or detailed statistical analysis. This process
is designed to isolate, identify, and characterize the life cycles and backscatter properties of the
major tropospheric aerosol systems, and particularly the background aerosol system. The ul-
timate goal of this effort is to expand the empirical model into a quasi-steady-state theoretical
model of the global background aerosol system. Ideally, the model should be driven by bound-
ary conditions that can be monitored from satellite-based sensors or other global-scale monitor-
ing systems. This goal will be pursued by combining global-scale aerosol statistics with
process-scale case-study results and ancillary information.

This comprehensive aerosol research program synthesizes the cooperative efforts of a
large number of investigators from a broad international, interagency, corporate, and university
base. These contributions are implicitly recognized in the above discussion. Explicit recogni-
tion of each key investigator is beyond the scope of this brief paper. The programmatic struc-
ture that coordinates these investigators and their diverse research efforts is continually evolving
to meet changing requirements in the LAWS development effort and new insights in the aerosol
science community.

PRELIMINARY RESULTS

Significant portions of earlier GLOBE results have already appeared in the literature.
The discussion here focuses on results from the GLOBE Pacific Survey missions and their
relationship to the earlier results.

The primary finding of the GLOBE program has been the qualitative verification of the
existence of the quasi-steady-state, quasi-well-mixed global-scale background aerosol system
(e.g., Rothermel et al., 1989). Background features have been found in numerous independent
aerosol data sets. Moreover, background aerosol properties from these independent data sets,



when converted to a common aerosol parameter (e.g., backscatter coefficients at selected CO,
wavelengths), have all led to similar estimated values of that parameter.

Over and near the continents, and especially during the local spring/summer season,
background backscatter values appear to be slightly higher, with background conditions limited
to the middle and/or upper troposphere. However, over the remote oceans, and especially
during the local fall/winter season, background backscatter values are slightly lower, and back-
ground conditions may characterize the entire troposphere from ~1-2 km below the tropopause
to ~1-2 km above the surface. In the tropics and subtropics, where the tropopause may reach
16-17 km altitude, this pattern leads to a very deep background layer, with somewhat lower
background backscatter values than at higher latitudes.

However, within the same tropical and subtropical regions, extremely low aerosol backs-
catter values characterize aerosol-regeneration regions immediately adjacent to quasi-steady-
state convergence and precipitation zones. The mechanisms that produce and maintain these
low-backscatter regions are not fully understood. However, the process is probably initiated by
extremely efficient removal of aerosol material, and somewhat less efficient removal of sulfur-
bearing gaseous aerosol precursors, in these precipitation zones (Chatfield and Crutzen, 1990).
GLOBE results showed that very high concentrations (>>10,000 cm'3) of new ultrafine
(<<0.01 pm) sulfuric acid particles can be nucleated by gas-to-particle conversion in the ultra-
clean air parcels that are detrained from these precipitation regions (Clarke, 1992). Under the
proper conditions, which may include sunlight and trace chemical catalysis, this nucleation step
can occur quite rapidly. These ultrafine particles initially grow rapidly by coagulation, and
perhaps condensation, until particle concentrations are substantially reduced. Subsequent growth
proceeds much more slowly, over time scales of a few days, until the particles reach their
quasi-steady-state size of ~0.1-0.3 um. During this regeneration process, the aerosols are ad-
vected away from the precipitating clouds and slowly subside toward the boundary layer.

These processes have a profound effect on the backscatter properties of a regenerating
aerosol system. For ultrafine particles, such as the freshly nucleated aerosols, backscatter
cross-sections increase as ~r®, where r is the typical particle size. However, for an aerosol sys-
tem growing by coagulation alone (i.e., where aerosol mass is conserved), particle concentration
decreases as ~r~>. The backscatter coefficient of a coagulating aerosol therefore increases as ~r°
during the initial growth phase. However, as the particle size increases still further, backscatter
cross-sections eventually increase only as ~r%. During this phase, therefore, the backscatter
coefficient of a coagulating aerosol population decreases as ~r~1.

The maximum backscatter coefficient for a coagulating aerosol system will generally oc-
cur for a critical particle size between ~0.1 um and ~1.0 um. The critical size depends on
wavelength and aerosol composition, with smaller critical sizes generally corresponding to
shorter wavelengths. However, as indicated above, particle growth slows down dramatically in
this same size range. Therefore, the backscatter coefficient of any given coagulating aerosol
system will soon reach a quasi-steady-state value, which depends primarily on the aerosol mass
concentration in the initial burst of nucleation. That limiting value can only be increased by
non-conservative processes, such as growth by condensation or mixing with another air parcel
that has a higher backscatter coefficient. In the atmosphere, we would expect a modest range
of initial mass concentrations, condensation rates, and mixing fluxes, and a corresponding range
of quasi-steady-state backscatter values, which we will identify as the predicted "background"
backscatter feature. It appears, then, that a quasi-steady-state aerosol regeneration process will
generally lead to low backscatter near the detrainment zones for deep precipitating cloud sys-
tems, and increasing backscatter, tending toward typical background values, at greater distances
and lower altitudes. Similar features will undoubtedly characterize regions with efficient
precipitation scavenging processes in transitory or migrating cloud systems at other latitudes.

The background aerosol population appears to be comprised of complex combinations of
sulfate and crustal constituents. Sulfates are generally found in the smaller particles, ~0.1 um
diameter, and irregular crustal grains in the larger particles, >1.0 um diameter. Particles of in-
termediate size often appear to be internal mixtures of sulfate and crustal constituents. Sulfate
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molecular forms include sulfuric acid, ammonium bisulfate, and ammonium sulfate, as well as
the entire range of intermediate acid sulfate mixtures. Sulfuric acid tends to dominate condi-
tions with low aerosol loading and low backscatter, indicative of fresh in-situ aerosol regenera-
tion. Ammonium sulfate, often accompanied by crustal or soot particles, usually dominates con-
ditions with higher aerosol loading and higher backscatter, indicative of diluted aged continental
aerosols.

The background features described above are periodically perturbed by several other
types of aerosol processes in the free troposphere. Ubiquitous cumuliform and stratiform clouds
in various stages of their life cycle (incipient, active, and dissipated) obviously produce regions
with very high backscatter. Mineral dust and other high-backscatter continental aerosols can
occasionally be found as massive plumes, sometimes up to several thousand km across. In addi-
tion, major volcanic eruptions produce large backscatter enhancements over a long period of
time in several regions of the troposphere. These post-volcanic enhancements appear to be
ubiquitous just below the tropopause at all latitudes, frequent in the mid-troposphere in mid-
latitudes, and ubiquitous at all tropospheric altitudes in high latitudes. However, in the tropics
and subtropics, the quasi-steady-state cleansing process rapidly restores most of the troposphere
to pre-volcanic conditions, even when a massive volcanic aerosol pall remains overhead in the
tropical lower stratosphere.

CONCLUSIONS

A large body of atmospheric aerosol observations, combined with sound theoretical con-
siderations, has provided strong qualitative support for the existence of a global-scale tropos-
pheric background aerosol system. However, several key uncertainties remain in the charac-
terization of the background. First, the existence of the background has not been rigorously
verified by objective statistical tests. Second, the physical mechanisms that produce, maintain,
and perturb the background have not been rigorously identified, verified, and quantified, at
least to the degree required for incorporating them in a predictive theoretical model. Third, the
spatial and temporal representativeness of the current GLOBE observations has not been ade-
quately verified, so the frequency of occurrence of background conditions is not well known.
Fourth, the fine structure of the background aerosol field has not been determined over the
wide range of spatial and temporal scales and meteorological settings that will affect the perfor-
mance of LAWS and similar lidar sensors. Fifth, backscatter perturbations at various
wavelengths, due to subtle changes in aerosol composition and particle morphology, have not
been adequately elucidated. And finally, backscatter estimation biases and errors due to sample
volume discrepancies and other instrument effects have not been fully assessed.

Exploration of these issues will require detailed analyses of the comprehensive GLOBE
survey data base, including extensive data validation for both survey missions -- initially to
quantify sensor sensitivities, sampling biases, and correction factors, and ultimately to develop
more robust estimates of background backscatter properties. These analyses, combined with
studies using the overall GLOBE database, will provide important new insights into the struc-
ture, dynamics, and optical properties of the global aerosol system.
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THE GLOBAL BACKSCATTER EXPERIMENT
AIRBORNE PULSED LIDAR MEASUREMENTS

James D. Spinhirne, S. Chudamani®
Laboratory for Atmospheres
NASA Goddard Space Flight Center
Greenbelt, MD 20769 USA

Robert T. Menzies and David Tratt
Jet Propulsion Laboratory
California Institute of Technology
4800 Oak Grove Drive
Pasadena, CA 91109

The Global Backscatter Experiment (GLOBE) was intended to provide data on
prevailing values of atmospheric backscatter cross section. The primary intent was predicting
the performance of space borne lidar systems, most notably the Laser Atmospheric Wind
Sounder (LAWS). A second and related goal was to understand the source and characteristics
of atmospheric aerosol particles. The major components of the experiment were flight
surveys throughout the Pacific region by the NASA DC-8 aircraft. Pulsed lidar systems were
operated on the missions. The pulse lidars were the JPL 9 um CO; airborne backscatter lidar
(ABL) and the GSFC visible and near IR lidar (VIRL) which obtained aerosol backscatter
cross section at the fundamental and doubled Nd:YAG laser wavelengths of 1.064 and 0.532
um and, in addition, at a wavelength of 1.54 um., The GLOBE missions were in November
1989 and May-June 1990. In this paper we will give a summary of measurement results with
emphasis on the magnitude, structure, characteristics and variability of the observed
atmospheric aerosol and cloud scattering. A companion paper will describe in detail the
wavelength dependence of the observed aerosol and cloud scattering.

The VIRL system on the GLOBE mission was a incoherent, elastic scattering instrument
based on a Nd:YAG laser transmitter. The 1.54 um transmitted pulse was generated by
Raman shifted down conversion of the 1.064 um radiation by transmitting the 1.064 um pulse
through a Raman cell containing 300 psi of methane gas. The receiver telescope was
designed to be rotated in order that observations could be acquired in either the nadir or
zenith direction from the aircraft. All detectors were solid state. The pulse repetition
frequency of the VIRL system was 50 Hz but data was averaged in real time and recorded at
2 Hz. The ABL instrument employed a one Joule injection-seeded TEA-CO, laser transmit-
ter and a coherent receiver. The pulse repetition frequency was 3-5 Hz for the GLOBE
missions. The ABL instruments could also be pointed alternately in nadir or zenith modes.
An important factor for lidar backscatter measurements is accurate calibration. Both the
ABL and VIRL system were calibrated by hard target calibration procedures. The calibration
procedures and more detail on the instruments are given by Spinhirne et al. (1991) and
Menzies and Tratt (1991).

The GLOBE observations of 1989 and 1990 were carried out on missions of three weeks
duration. The region of the central and eastern Pacific was traversed by the NASA DC-8 at
an altitude range of roughly 8 to 10 km. Latitudes from approximately 70°N to 70°S were
covered. In addition to point-to-point traverse flights, there were local flights where vertical
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flight patterns were flown and measurements from different heights could be intercompared.
The intercomparison included measurements by in-situ particle probes on board the DC-8.

A summary of the results from the GLOBE missions will be presented. Four
tropospheric aerosol layers may be defined that were characteristic of the GLOBE results in
general, The lowest atmospheric layer is the mixed boundary layer. From the GLOBE
flights extensive data has been obtained on the structure of the marine planetary boundary
layer. A notable result for all observations is the strong increase in scattering that was found
for the boundary layer, typically one or more orders of magnitude above the aerosol cross
section in the upper troposphere. In the case were there are clouds forming in the mixed
layer, there is a ‘cloud pumped’ aerosol layer found above the mixed layer which most
probably results from particles left behind after droplet evaporation. The cloud pumped layer
may extend upward several kilometers above the mixed layer. The cloud pumped layer was
prevalent over much of the Pacific. Above the cloud pumped layer very low cross sections are
found in the upper troposphere which may be considered the background tropospheric aerosol
layer. In addition there is the fourth type of tropospheric layer. In the upper troposphere
layers of elevated particulate scattering are often found that are apparently the result of
transport from another region. The upper tropospheric layers were especially prevalent for
the east Pacific basin in the northern hemisphere. The variability of backscatter cross
section for the cloud free upper troposphere was over three orders of magnitude. It may be
generally stated that the upper troposphere aerosol scattering cross section were low in the
Southern hemisphere for the May-June flights and low for the Northern hemisphere for the
November flights. The GLOBE pulsed lidars also observed the stratospheric aerosol layer
over the range of latitudes flown.

Low and high altitude clouds were observed in abundance during both GLOBE missions.
For a large fraction of the cloud observations, lidar return signals were obtained through
extended layers. In most all cases both the short and long wavelength lidar systems were able
to penetrate through to top of cirrus that was under flown. Large areas of clouds with
vertical structure from 4 to 8 km thick were observed. The potential for extended signal
returns through clouds is a potentially significant factor for laser wind measurements.

The GLOBE pulsed lidar measurements provide an extensive data set on the magnitude
and variability of aerosol and cloud backscatter of the atmosphere. The data defines
atmospheric aerosol scattering characteristics and should prove to be an important resource
for determination of the performance and design of laser remote sensing instruments.
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MULTI-WAVELENGTH AIRBORNE LIDAR INTERCOMPARISONS

OF AEROSOL AND CIRRUS BACKSCATTER OVER THE PACIFIC OCEAN
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Airborne CO7 and Nd:YAG lidar instruments were flown on the NASA
DC-8 research aircraft during two extended missions over the Pacific. These
two missions, namely the GLOBE 1989 and GLOBE 1990 Missions, consisted of
15 flights between November 6 and November 30, 1989, and 13 flights betwecen
May 12 and June 5, 1990. The objectives during these Pacific
circumnavigations were to characterize aerosol backscatter levels at infrared
wavelengths in relatively pristine regions of the troposphere, and to observe
cloud effects on lidar signals. For both lidars, the responsivitics werc
calibrated on scveral occasions, using a hard target methodology (Kavaya and
Menzies, 1985; Menzies and Tratt, 1991; Spinhirne, et al., 1991), in order to
provide quantitative aerosol volume backscatter coefficients and reflectances
from clouds and the sea surface. In addition, the three wavelength Nd:YAG
data (0.53, 1.06, and 1.54 pm) were processed using independent temperature
profile information, in order to deduce the Rayleigh scattering component of
the total backscatter at each wavelength.
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We report results of the intercomparison of the Nd:YAG lidar data
primarily at 1.06 pm and the COj lidar data at 9.25 pym over a large number
of common volume data sets taken from several flights, viewing a variety of
acrosol and cirrus cases. Lidar data at these two wavélengths indicate a
combination of high sensitivity and spatial resolution. The high sensitivity is
important for comparisons over a wide dynamic range of backscatter levels.
The high spatial resolution is desirable for intercomparisons in conditions for
which spatial variability along the flight track is significant. This is certainly
the case for most cirrus observations, for example. The 0.53 pm wavelength
channel sensitivity was comparable to that at 1.06 pm; however, the presence
of the relatively large molecular Rayleigh backscatter component in the mid-
visible results in larger uncertainties in the aerosol component of the
backscatter signal at low aerosol levels.

The JPL Airborne Backscatter Lidar (ABL) instrument and the GSFC
Visible and Near IR Lidar (VIRL) instrument both had the capability of
observing in either the nadir or zenith directions during the DC-8 GLOBE
missions.  With the aircraft typically flying at altitudes between 25,000 ft (8
km) and 40,000 ft (12 km) the use of both nadir and zenith pointing resulted
in high sensitivity observations throughout the troposphere. The ABL
instrument consists of an injection-seeded TEA-CO7 transmitter with output
pulse energy of 1 Joule and prf of 4 Hz. The recciver is a hcterodyne
receiver designed for sensitive detection of the atmospheric backscatter signal.
During the first GLOBE mission video detection was wused following the
amplification and bandpass filtering stages. A complex -demodulator was
fabricated and installed between the two GLOBE missions and used exclusively
during the second mission in place of the video detection. Doppler information
can be retrieved from the complex demodulator configuration. The VIRL
instrument uses an incoherent, elastic backscattering receiver and a transmitter
system which gencrates the fundamental and doubled Nd:YAG frequencies, and
1.54 pm pulses by Raman shifted down-conversion in a cell containing high
pressure methane gas. The VIRL range-gated backscatter profile data were
stored at a rate of one per second. The ABL backscatter profile data were
stored on each shot, although for most data comparison purposes, the
processed data are averaged over intervals of 2 seconds or longer.



The lidar data at 1.06 pm and 9.25 pm show remarkable spatial
correlation in regions of extensive layering and horizontal inhomogeneity. This
provides confidence that valid data intercomparisons of aerosol and cloud
backscatter can be made for a wvariety of circumstances. The Pacific
circumnavigations offered lidar sampling over a variety of atmospheric aerosol
conditions, including a wide range of boundary layer conditions, clean free
troposphere environments, and regions of the atmosphere over the Pacific
which had been significantly influenced by continental dust transport.

These intercomparisons provide insight into the wavelength dependence
of atmospheric aerosol and cloud backscatter. The data can be used to better
understand the capabilities of various airborne or Earth-orbiting lidar designs
to provide backscatter information from aerosols and clouds, or to provide
Doppler or DIAL information from aerosol and cloud backscatter.

A portion of the research described in this paper was carried out by
the Jet Propulsion Laboratory, California Institute of Technology, under
contract with the National Aeronautics and Space Administration.
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Airborne Lidar Observations of the Stratosphere
After the Pinatubo Eruption
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INTRODUCTION

The eruption of Mt. Pinatubo (15°N, 120°E) in June 1991 injected the largest mass
of gases and ash into the stratosphere observed since lidar and satellite monitoring of the
stratosphere became possible in the middle 1960’s. Because of early indications of the
significance of the eruption, NASA mounted an airborne mission to survey the strato-
spheric plume soon after the eruption. The NASA Wallops Electra aircraft was outfitted
with a depolarization lidar, a correlation spectrometer (for SO, measurements), a total-
direct-diffuse spectral radiometer, and a Fourier transform spectrometer. As shown in

Figure 1, six flights were made during the period July 7-14.

 NALLOPS: o i 1)JULY 07,1991

g 7 2) JULY 08, 1991
3) JULY 10, 1991
4)JULY 12’ 1991
5)JULY 13, 1991
6) JULY 14, 1991

...........................................

- Figure 1. Flight tracks flown during the July 1991 Pinatubo survey mission.
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OBSERVATIONS

Lidar observations were made using the dual-polarization Nd:YAG airborne lidar op-
erated by the NASA Langley Aerosol Research Branch. Backscattered light polarized
parallel and perpendicular to the transmitted beam is sampled simultaneously at a res-
olution of 15 m. All observations were made at a wavelength of 532 nm. The lidar re-
turns were normalized in clean regions of the upper troposphere and profiles of scatter-
ing ratio, I}, and depolarization ratio, é, were computed. The scattering ratio profiles
were corrected iteratively for transmission losses due to molecular and aerosol extinction.
Due to the large aerosol loadings produced by Pinatubo, proper correction for aerosol
extinction is essential for accurate determination of backscatter profiles.

The flights were conducted 21-28 days after the largest eruption events, which oc-
curred on June 15-16. At this early stage of dispersal the volcanic material was observed
to be highly stratified and horizontally inhomogeneous. Volcanic aerosols were observed
at altitudes between 17 km and 26 km, generally occurring in well-defined layers. The
vertical extent of the layers ranged from less than a kilometer to several kilometers. As
an example, Figure 2 shows a gray-scale cross-section of R — 1 taken on a northward
flight leg from 4.5°S to 12.5°N. The tropopause was at about 16 km with cirrus clouds

visible below this level and stratified aerosol layers above.

30
100
70.
10. 25
Lo 20.
o 10.
E 20
. 7.0 E
E &
g 4.0 ‘E
8 b=l
%) 2.0 2
o 15
I
@)
0.7
0.4 10
0.2
0.1
:3 1 ' ] 1 | 1 1 1 1 l 1 1 1 1 I

Latitude, degrees

Figure 2. Lidar observations of 2 — 1 at 532 nm from 4.5°S to 12.5°N taken on July
12-13, 1991.



The layer at 25 km between 2°N and 11°N represents the leading edge of a dense
aerosol layer being advected across the path of the aircraft. It was encountered again
the next day on a short flight near the latitude of Barbados (13.07°N), when the north-
ern edge was observed at about 14°N. This layer exhibited scattering ratios as high as
80, the highest ratios observed during the mission. The layering of the acrosol is associ-
ated with wind shear. Figure 3 shows a wind profile over Barbados on July 13. Aerosols
in the layer at 25 km are being transported more rapidly than the lower layers. Upper
air winds and SAGE II data later confirmed that the layer at 25 km observed here cor-
responded to the leading edge of the volcanic plume after having circled the earth 11
times since the eruption.

Figure 4 shows integrated backscatter values observed on the last three flights of the
mission. The large values seen on July 13 are due to the dense layer at 25 km first seen
on the previous day. Most of the volcanic aerosol was confined south of 14°N, and inte-
grated backscatter values observed on the return flight to Wallops were relatively low.
Using a mass-to-backscatter conversion ratio of 17.3 g-sr/m?, these data were used to es-
timate a stratospheric aerosol mass loading of 8 megatonnes (MT) [Winker and Osbhorn,
1992a]. SAGE II data were used to estimate the geographic extent of the plume. Since
the SO, injected into the stratosphere had only partially converted to aerosol this soon
after the eruption, the eventual mass loading is expected to be at least double this num-

ber. The total stratospheric aerosol mass under background conditions is on the order of
0.1 MT.
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Figure 4. Latitudinal variation of
Figure 3. Profiles of wind speed and

direction over Barbados, 00Z, July 13,
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Figure 5 shows two pairs of scattering ratio and depolarization profiles. The large
depolarization values observed below the tropopause (at about 16 km) are characteris-
tic of cirrus clouds. In the stratosphere, both depolarizing and non-depolarizing layers
were observed [Winker and Osborn, 1992b]. Figure 5a shows significant depolarization
at near the lower edge of the 22 km layer, probably due to the sedimentation of irregu-
lar ash particles. On the other hand, the 25 km layer, shown in Figure 5b, exhibits even
stronger scattering but depolarization less than that expected from a molecular atmo-
sphere, indicating it is composed of spherical sulfuric acid droplets with very little ash or
other irregular particles.

More complete details on the observations made will be presented. A second survey

mission is planned for May 1992, and preliminary results from this mission will also be
presented.
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MULTIWAVELENGTH MEASUREMENTS OF THE STRATOSPHERIC AEROSOL
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Atmospheric observations have recently commenced using a new lidar system,
designed and constructed by the Science and Technology Corporation. The lidar,
intended for the study of clouds and aerosols in the upper troposphere and stratosphere,
is presently being installed at NASA Langley Research Center in Hampton. The system
employs a three-wavelength Nd-YAG laser with a total output of about 500 mJ at 30 Hz,
and a 14.5-inch receiving telescope with gated photomultiplier detectors at the two
shortest wavelengths (532 nm and 355 nm), and an avalanche photodiode detector at the
longest wavelength (1064 nm). The system also includes a rotating shutter in front of the
receiving optics. A beam scanning assembly and video camera are currently being
installed for off-zenith cloud studies. When completed, the lidar will also be capable of
polarization diversity measurements and, as an aid to cloud investigations, the laser,
rotating shutter, PMT gating, and the video camera are synchronized to a single
frequency standard. The principal parameters of the lidar system are listed in Table 1.

Although all the lidar subsystems are not yet in place, a program of three-
wavelength observations of the stratospheric aerosol layer was begun in late
February 1992. This layer is currently very greatly enhanced as a result of the eruption
of the Philippine Mt. Pinatubo volcano in June 1991 (Geophysics Research Letters, 19,
149-218, 1992); it shows considerable vertical structure and day-to-day changes are readily
visible. The use of three lidar wavelengths to study the layer enables deductions to be
made about the aerosol size distribution, which leads to improved estimates of mass load-
ing, as well as a better understanding of the microphysical and dynamical processes
taking place. An example of an early data set taken with the lidar system is shown in
Fig. 1. On this occasion, cirrus cloud was present at an altitude of about 9 km and the
aerosol layer extended from the tropopause (at 10.6 km) to about 25 km. The layer
profile is quite irregular and shows a similar vertical structure at all three wavelengths.
The enhanced layer visibility at 1064 nm, as compared to the other wavelengths,
illustrates the very different wavelength dependance of the aerosol backscatter from that
of the background molecular atmosphere. Inversion of these and other profiles to obtain
the aerosol to molecular backscatter ratio R is being carried out. The results of these
inversions, as applied to the data in Fig. 1, are shown in Fig. 2. Because of the low
signal-to-noise ratios at altitudes above 25 km, where the scattering can be expected to
be predominantly molecular, profile normalization has been carried out in the upper
troposphere. A model for the amount of aerosol present at the normalization altitude
had“to be assumed, as well as a model for the extinction to backscatter ratio, causing
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structure on all three wavelengths, which shows a relatively homogeneous layer below
20 km and the presence of several thin discrete layers above that altitude. At the time
these data were taken it was not possible to make measurements at all three wavelengths

- simultaneously, and the data were taken over a period of about 40 minutes. Some of the
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differences observable in the upper layers are attributable to layer shape changes over
the period of observation. The peak scattering ratios at 532 nm are similar to those
observed by Jiger (1992) at Garmisch-Partenkirchen in October 1991 and are consider-
ably smaller than those seen by Winker and Osborn (1992) at much lower latitudes in
July 1991.

The profiles in Fig. 2 have been used to calculate the wavelength power law
exponent a for the aerosol backscatter, where « is defined as

a = —(Iog B,, -log B,Lz)/(log Ay -log 1,)

where B, and B, are the backscatter cross sections at wavelengths 1, and 4,.
Comparing the data at 1064 nm and 355 nm, values of & are found to lie between 0.7
and 1.2 with a mean value of approximately 1.0. No significant variation in o was
observed over the altitude range 15-23 km but the value of « for the wavelength range
1064 nm to 532 nm was found to be slightly larger than that for the range 532 nm to
355 nm. These values of a are somewhat smaller than those measured by Post et al.
(1992) in September 1991, who reported values of « of about 1.5. Comparison of the
present value of « with those calculated for a sulfuric acid aerosol, using Mie theory,
indicate that a uniform distribution of aerosol radii up to at least a few tenths of a
micrometer would be required to explain the observational result. This conclusion is
compatible with the range of particle radii reported by Deshler et al. (1992).

The present series of observations is continuing and work is currently in progress
to improve the inversion algorithm used to obtain the backscatter profiles. The profiles
will then be further used, in conjunction with suitable aerosol models, to derive the size
distribution parameters and to make estimates of the column mass loading. These results
will be presented at the 16th International Laser Radar Conference.
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Table 1. STC Scanning Lidar - Main System Parameters

Wavelengths and output energy per | 300 mJ (1064 nm)
pulse 105 mJ (532 nm)
75 mJ (355 nm)

Pulse repetition rate 30 Hz

Receiver aperture and field of view | 37 cm, 0.5-2.0 mr

Receiver bandwidth and detectors 20 nm, APD (1064 nm)
used 10 nm, PMT (532 nm)
20 nm, PMT (355 nm)

Maximum range resolution 15 m
Signal processing Analog to digital conversion, signal averaging
capability
Special features a) Shutter in receiver optical path, opening
time, 20 us

b) Fast altitude/azimuth scanning capability

c) Polarization diversity at 532 nm

d) Synchronization of laser, PMT gating,
rotating shutter, and video camera
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Three-wavelength lidar measurements of Pinatubo
aerosol and its optical properties
Sasano, Y., I. Matsui and S. Hayashida
The National Institute for Environmental Studies
Tsukuba, Ibaraki 305 Japan
1. Introduction
Enhanced stratospheric aerosols due to Mt. Pinatubo eruption

has been measured using a YAG laser-based three-wavelength (1064,
532, and 355 nm) lidar and a YAG laser-based large-scale lidar
(532 nm) at NIES, Tsukuba, Japan (36N, 140E) since June 1991.
Temporal variation of integrated backscatter coefficient (IBC)
derived from backscatter coefficient profiles which were obtained
with the latter lidar system at NIES is depicted in Fig.l1l. The
figure indicates that the main body of aerosol clouds first came
over Japan in the fall of 1991 although some aerosol patches
sporadically had appeared since a half month after the eruption.
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Fig.1 Temporal changes in the integrated backscatter
coefficient for 532 nm between 15 km and 30 km.

The present paper describes some results of optical
properties analysis using the lidar data obtained since December,
1991 when the main body of aerosols started to appear over Japan.
The derived properties of the Pinatubo aerosols are extinction to
backscatter ratios, wavelength dependencies of backscatter
coefficients and extinction coefficients, and optical thickness.
The analysis method is basically the same as that proposed by
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Sasano and Browell (1989) and based on the assumption of
similarity in backscatter profiles for three wavelengths (1064,
532 and 355 nm) which are derived from lidar signals using the
Fernald equation (Fernald, 1984) with assumed extinction to
backscatter ratios.

2. Method

Assuming a constant aerosol extinction to backscatter ratio
S1, a lidar signal can be solved to give an aerosol backscatter
B 1 (and an aerosol extinction ¥ ;) profile corrected for
attenuation due to aerosols using the Fernald equation. The
subscript 1 is used to express the gquantities related to .
aerosols. The subscript 2 (not used in this abstract) is reserved
for quantities related to air molecules. Since a boundary
condition needs to be specified, the well-known matching method
can be applied to the signal in the region higher than the
aerosol layer of interest under the assumption of no aerosols
there.

The aerosol profile (backscatter coefficient) thus obtained
for each wavelength signal depends on S1. Fig. 2 shows aerosol
backscatter profiles for 1064 nm and 532 nm obtained for different
values of S;. We notice that the larger S1 produces larger
correction to the attenuation. Backscatter profiles of 1064 nm
lidar signals corrected for attenuation are much less sensitive
to the value of Sl* used in the Fernald's solution than the cases
for 355 nm and 532 nm. :

When we can assume that profiles for different wavelength
are similar to each other in their shape, we can deduce the best
estimate for S1. Let us define a performance function J as a sum °
of square of difference between the backscatter profiles for
wavelength A and N\ * as follows: '

Jo :

J(Sy, 89®) = X [1nfy(z3:81) - In{ A-B1*(2;5:%)}]2

J
where Sq1 and Sl* aré the extinction to backscatter ratio for A
and A *, respectively; z5 is the altitude level; j; and j, are
the lower and upper limits for estimating the performance
function; and A is a constant that is determined to minimize
J(Sq, Sl*) for the combination of S; and Sl'. In the present
analysis, the simplest mapping procedure is applied to determine
S, and Sl* which would produce the minimum J.

Assuming the wavelength dependence of backscatter and
extinction are expressed as

1= p1* (Asa%~¢ and  ®q = ®1* (A/A®)"F
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then
s; = 81* (A/AH"(V-d),

The exponents 5‘ and ¥ can be estimated in an average sense from/
B, and B ;* which are the solutions for the best estimates of S;
and Sl*; respectively.

3. Results

Preliminary analysis was done for the data obtained during
the period from December 1991 to March 1982. The US Standard
Atmosphere was used to calculate an air molecule (Rayleigh)
backscatter coefficient profile for use in the Fernald's
solution.

Fig. 3(a-c) shows contour maps of J(S;, S;*) calculated for
combinations of the lidar signals of (a) 355 nm and 1064 nm, (b)
532 nm and 1064 nm, and (c¢) 355 nm and 532 nm which were obtained
during the night of March 4, 1992 (JST). Altitude ranges for
calculating the performance function is from 15 km to 22 km.

The best estimate for Sq; for 355 nm ranges from 10 to 12
(Fig.3a) and that for 532 nm ranges from 32 to 42 (Fig.3b),
corresponding to Sl* = 0 and 100 for 1064 nm, respectively.

77



Fig.3c indicates that the best estimate for S; (355 nm) and Sl
(532 nm) are 11 and 37, respectively. The value of § and ¥ is
estimated as 1.4 and -1.6, and optical thickness for 532 nm for
the stratospheric aerosols (from 15 km to 30 km) is 0.104 for

this particular case.

355/1064 i start= 150001 end= 22000m 532/1064 i start= 15000 end= 22000m
A L ee s . . : 60 — T T )

532nm

| S i
O 20 40 60 80 100 -
(a) 1064nm (b) 1064nm

355/532! start= 15000 i_end=_22000m

355nm

Fig.3 A contour map for the performance function J(Sl. Sl*)
calculated for the lidar signals: (a) 355 nm and 1064 nm,
(b) 532 nm and 1064 nm, (c) 355 nm and 532 nm.
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LIDAR OBSERVATIONS OF THE PINATUBO STRATOSPHERIC AEROSOL CLOUD
OVER FRASCATI, ITALY.

Fernando Congeduti, Alberto Adriani, Gian Paolo Gobbi and Sante Centurioni
Istituto Fisica dell’Atmosfera, CNR, C.P. 27, Frascati, Italy

The Pinatubo eruptions of June 1991 introduced large plumes (EOS, 1991) into the local
stratosphere. On several occasions, volcanic gases and particles reached altitudes of about 30
~ km, quickly spreading to the west.

A lidar system has been almost continuously operated in Frascati (41.8N, 12.7E), Italy, to
monitor the evolution of the stratospheric aerosol cloud. It employs a frequency doubled Nd-
YAG laser (200 mJ @532. nm), and a 50 cm diameter Cassegrain telescope. The signal is
digitized by means of a 12 bit, averaging transient recorder, and stored on PC for successive
analysis. Vertical resolution of the traces is 300 m. Pressure and temperature soundings are
also used to calculate the air density values needed in the calibration of the lidar trace.

The evolution of the Pinatubo cloud was depicted in fig. 1. The backscattering ratio profiles
of eight different measurements taken during the period July 91 - March 92 were chosen to
summarize the most significative, occurrences of the event. The backscattering ratio, R, is
defined as the ratio of the lidar signal (aerosol plus molecule backscatter) to the expected
pure molecular one retreived by pressure and temperature sounding. Radiosonde temperature
as‘well as CIRA model profiles (dotted line) (Rees et al., 1990) are also reported in fig. 1.
Twenty days after the first eruption, the first signature of the volcanic aerosol cloud was
detected by the lidar 14 km over Frascati. The upper portion of the cloud at an altitude of
23 km, was observed above our site on September 4, 1991. The maximum scattering ratio
(R =14) was measured on October 17th. A-first analysis (fig. 2) shows that, three and a half
months after the eruption, the aerosol perturbation generated by Pinatubo reached and
exceeded the maximum loads, observed 11 months after the El Chichon (Gobbi et al., 1989)
event. At that time the volcanic cloud over Frascati extended from the tropopause up to 30
km. Since the beginning of the stronger winter planetary wave activify, the Pinatubo cloud

integrated backscatter exceeded El Chichon’s. Such behavior followed a monthly pattern. In
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spite of an aerosol integrated backscatter 4 times larger than El Chichon’s in October, the
column content for the two events seemed to converge by the end of the year. In this |
context, the perturbation generated by El Chichon’s can only be assumed as a lower limit of
thé one which will follow the Pinatubo eruption.

The highest altitudes of the aerosol cloud were observed-in mid-December when the upper

layers extended beyond 31 km. Observations of the event are still in progress.
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L625 Lidar Measurements of Pinatubo Volcanic Cloud at Hefei

Huanling Hu Jun Zhou
Anhui Institute of Optics and Fine Mechanics
Hefei, Anhui 230031 China

I. Introduction

Pinatubo volcano (15.14°N, 120.35°E) erupted violently
between June 9-17, 1991, whose eruption was much larger than El
Chichon volcano in April of 1982. Because of its important
effects on the globle environment, much attention was focused on
the measurements of the volcanic cloud. The 84 scattering-ratio
profiles of the volcanic cloud have been obtained by our L625
lidar system at Hefei (31.32 ON, 117.17°E) between July 19, 1991
and March 8, 1992.

II. L625 Lidar System and Measurement Method

1625 lidar system[1l] consists of a double frequency YAG laser
(wavelength 532nm), emitting 120mj per pulse at a repetition rate
of 1 Hz, a receiving telescope of diameter 625mm, and a photon
counting unit. A high-speed mechanical chopper can cut the
strong-intensity signal before it is amplified by the PMT (RCA
31034A02). The height resolution is 600m, normally. The whole
system, which is controlled by an IBM/PC computer, is set on the
top floor of a building with a dome ceiling.

In order for one PMT to cover the whole signal range of about
three orders of magnitude from 6km to 35km, the measurement is
divided into two steps. In the first step, an averaged profile,
for 500 laser shots, of return signal is obtained at relatively
low altitudes (about 6-25km), when the chopper opens at 6km and a
neutral attenuator with transmittance of 38% is inserted in front
of the PMT. Thus, the photon arrival rate is small enough to
eliminate the pulse-pair error. At the second step, the chopper
is adjusted to cut off the return signals from the altitudes
below 10km, and the attenuator is taken away, so that the return
signal can be recorded from higher altitudes (10-35km). The
whole measurement takes about 40 minutes. A ‘grand composite’
profile spanning the altitude region of interest between 6km and
35km can be formed by matching the above two profiles.

The lidar backscattering ratio (or scattering ratio) is
defined as

R(z)=[B, (2) +By (2) 1/By (2)=1+B, (2) /By (2) (1)
where B, (2z) and B, (z) are, respectively, the molecular and
aerosol backscatterlng functions. The B_(z) is calculated from
radiosonde data or Elterman model{2]. The scattering ratio R(2z)
is calculated by evaluating

R(2z)=kNg(2) 2% /By (2) /Q% (2) (2)

whére N, (2) is photon number of return signal, Q2(z) is the
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two-way atmospheric transmittance, and k is a system constant
determined by normalizing the right-hand side of Eq. (2) to an
expected minimum value (Rmin=1.01) of R over a specified altitude
range (10-15km or 28-32km). In calculation of the transmittance
Q“(z), molecular extinction is from radiosonde or model, and
aerosol extinction is calculated directly from the aerosol
backscattering function by using extinction-backscattering ratio
values of 22, 40, 43 over the height ranges of 15-20km, 20-25km,
and 25-30km[3] respectively. The Eqg. (2) 1is solved using updated
value for aerosol extinction for iterations.

III. Features of Pinatubo volcanic cloud measured at Hefei

The 84 profiles of Pinatubo volcanic cloud have been obtaind
by L625 lidar since July 19, 1991. Figs. 1,2,3 show the
variations of peak scattering ratio, cloud thickness (ratio >
2.0), and aerosol optical depth between 10km and 30km with the
day number after Pinatubo eruption (June 9, 1991).

Pinatubo volcanic cloud was observed at Hefei for the first
time on July 19, 1991. Its peak scattering ratio, at the height
of 21.3km, was upto 8.80, about 7 times of the normal one (for
example, May 16 of 1991). From July 19 to Aug. 21, 1991, the
cloud thickness was thin (0.6-1.8km), the peak ratio and the
optical depth were only 2-3 times of normal ones except Aug. 8,
which indicates that Pinatubo cloud invaded at Hefei not long
before July 19, although no measurements were taken for about one
month before July 19 because of the serious flood and cloudy sky
in the area.

The peak scattering ratio values varied violently in a large
range from 2.0 to 44.1 in the period from July 19 to Sep. 5. The
fact reveals that the cloud was extremely inhomogeneous in the
beginning. The peak ratio kept a high level from Sep. 13 of 1991
to Jan. 13 of 1992. Most of the values were between 10.0 and
20.0. Since Jan. 14, 1992, the peak ratio kept a relatively low
level, whose values were between 5.0 and 9.0. :

The cloud top expanded slightly from about 21km to 25km
during the first 33 days, and then kept a nearly same level of
about 25km. But, the cloud bottom declined slowly and steadily
from about 20km to 15km.

Since the 80th day after the eruption, the optical depth was
almost one order of magnitude larger than the one before the
eruption (for example, 0.013 on May 16, 1991). In comparison of .
Fig.3 with Fig.1, there is . close correlation between optical
depth and the peak scattering ratio. Thus, the large optical
depth depends mainly on the dense part of the cloud.

Conclusion:

(1) Pinatubo volcanic cloud was present over Hefei after
about 40 days from its eruption.

(2) The peak scattering ratio varied violently in July and
August of 1991 with largest one of 44.1 on Aug. 8, oscilated
mildly between about 10 and 20 from September to middle of
January of 1992, and then kept a relatively stable low level with
mean value of 7.16 from Jan. 14 to March 8, 1992,



(3) The height of the peak scattering ratio is between about
18km and 25km. The cloud thickness increased from 0.6km to 10km
approximately. The cloud top expanded upward slightly, and the
cloud bottom declined downward steadily from abot 20km to 15km.

(4) Since Aug. 28, 1991, the optical depth was about one
order of magnitude larger than before the eruption.
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Two Wavelength Measurements of the
Pinatubo Aerosol above Toronto, Canada

W. Steinbrecht, D. Donovan and A.I. Carswell

Institute for Space and Terrestrial Science and
Department of Physics and Astronomy, York University
4700 Keele Street, North York, Ont., Canada M3J 1P3, 416-736-5249, Fax: -736-5516

1 Introduction

Since March 1991 our group has been routinely operating a Differential Absorption Lidar
system in Toronto, Canada (42.80 N, 79.50 W, 200 m). The system is based on a XeCl
Excimer laser. We have also been running a Backscatter Lidar based on a NdYAG laser.
The parameters of both systems are given in [1].

In the period from March 1991 to March 1992 measurements have been taken during
about 40 nights with the DIAL system and more than 90 nights with the NdYAG system.
In all measurements after July 21, 1991 we have observed aerosol layers in the stratosphere,
resulting from the Mt. Pinatubo (15.14 N, 120.35 E) eruptions around June 15, 1991. These
aerosol layers interfere significantly with many optical remote sensing techniques, and we
have been investigating their properties with our two Lidar systems. In this paper we present
a summary of these measurements.

2  Aerosol Backscatter Ratid

The backscatter ratio R(r) compares the measured total aerosol plus molecular backscat-

tering coefficient (35¢(7) = Basie + BRayleign) at each altitude with the molecular backscatter

coefficient Brayicigh-

Bumie(T) + BRayieigh(T) (1)
BRayleigh(T)

For a purely molecular atmosphere R = 1.0 and additional backscattering from aerosols

increases the backscatter ratio to B > 1.0.
The formula used to derive the backscatter Ratio, R(r), from lidar signals is

R(r) =

R(r) = _P) exp{ 2/ a(r dr} (2)

C ﬂRaylezgh(r)

where P(r) is the Lidar return signal from a,ltitude r, a(r) is atmospheric extinction coeffi-
cient and C' is a constant including the instrument constant of the lidar as well as the two
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way transmission of the atmosphere from ground to the normalization altitude r,,rm. C' is
chosen to give R(Tuorm) = 1.

The molecular backscatter coefficient Bproyieign(r) is calculated using data from balloon-
sondes launched about 2 km east of the lidar site every weekday at 11 am (EST) by the
Atmospheric Environment Service in Toronto. The sondes usually reach a maximum alti-
tude of about 34 km. Since the lidar return signals from this altitude are quite strong we
are able to normalize our backscatter profiles above the Pinatubo aerosol layers at altitudes
were only the molecular backscattering is significant. This is preferable to a normalization
at the altitude of the tropopause, where significant amounts of aerosol may be present.

3 Measurements

Figure 1 shows three dimensional representations of the backscatter ratio measured at
532 nm between June 29 1991 (Julian day 180) and October 7 1991 (Julian day 280).
Fig.2 shows the same measured at 353 nm between September 2 1991 (Julian day 245) and
October 31 1991 (Julian day 304). The backscatter ratio in both plots has not been corrected
for aerosol extinction, so the backscatter ratio below strong layers may be underestimated
by up to 40 %. It should be noted that the last part in Fig. 1 overlaps with the first part
of Fig. 2. The large peak at about 24 km and around day 270, shows up at the end of Fig.
1, but in the beginning (foreground) of Fig. 2. Note how all the features are enhanced at
532 nm, because the cross sections change less dramatic with wavelength for Mie scattering
(< A™", p = 1.6) than for Rayleigh scattering (< A~*). The Pinatubo aerosol cloud arrived
over Toronto in the third week of July 1991, in two layers at 17 and 22 km. The layer at
17 km existed throughout the whole period from July to the end of October. The average
backscatter ratio in this layer is about 1.3 at 353 nm and 2.2 at 532 nm, increasing with
time at both wavelengths. The layer at 22 km disappears at around day 240. The average
backscatter ratio in this layer is about 2.7, higher than in the lower layer. Around day 260
a layer appears for a few days at about 23 km. This layer can hardly be seen in Fig. 2, but
shows up quite clearly at 532 nm (Fig. 1). At the end of September (around day 270) a very
strong layer arrives at about 24 km, with a peak backscatter ratio of 2 at 353 nm and 5 at
532 nm. This layer seems to return around day 305 (see Fig. 2), however the maximum has
now increased to over 5 at 353 nm and the whole layer has grown more intense. It is possible
that the layer has been travelling around the earth in 35 days, with the particles growing,
thereby increasing the backscatter ratio. If this is the case this particular cloud would have
been travelling ~ 830 km/day or 10 m/s or 10°/day. Stowe et al. [2] and McCormick et
al. [3] found that the main eruption plume was moving east in westerly winds at about
17-20 km with speeds of 30 m/s and 20 m/s in the second week of July 1991 and first week
of August 1991 respectively. This transport, however, was in a different wind regime, at low
latitudes and altitudes below 21 km.

4 Depolarization

The YAG lidar transmits linearly polarized light at 532 nm and the receiver has two channels,
recording the backscattered intensity with polarization parallel (P(r)) and perpendicular



Lidar Backscatter Ratio at 532 nm
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Figure 1: Backscatter ratio at 532 nm between 29 June 1991 (day 180) and 7 Oct. 1991
(day 280).
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Figure 2: Backscatter ratio at 353 nm between 2 Sept. 1991 (day 245) and 31 October 1991
(day 304).
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Figure 3: Backscatter Ratio and Depolarization at 532 nm measured above Toronto on
September 4th 1991

(PL(r)) to the transmitted polarization. Since backscattering from spherical particles does
not change the polarization, a departure of the linear depolarization ratio é(r) = P,/ F(r)
from zero indicates scattering from nonspherical particles (or multiple scattering). Figure 3
shows an example of measured depolarization. There is a layer with a very high backscatter
ratio at 24 km, and another layer of enhanced backscattering at 19 km. The depolarization of
the lower layer is about 5 %, the depolarization of the purely molecular atmosphere outside
the layers is about 1.4 %. However the layer at 24 km has a depolarization of only 0.6 %,
less than the Rayleigh depolarization. This indicates that the scatterers in the upper layer
are spherical (probably H,SO,/H,0 droplets), whereas the lower layer contains a significant
amount of nonspherical scatterers. These may may either be frozen particles, or solid crustal
material.
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Lidar Observations of the Pinatubo Volcanic Cloud Over Hampton, Virginia

M. T. Osbornl, D. M. Winker2, D. C. WoodsZ, and R. J. DeCoursey!

1 Hughes STX Corporation, Hampton, VA
-2 Atmospheric Sciences Division, NASA Langley Research Center, Hampton, VA

Introduction

A series of eruptions of the Philippine Mt. Pinatubo volcano in June 1991 climaxed in cataclysmic
eruptions on June 15-16, which greatly perturbed the stratospheric aerosol layer. These eruptions
yielded an estimated 20 megatonnes of SO2, which is about three times the amount produced by
the eruptions of El Chichon in 1982 (Bluth et al., 1991). Lidar measurements taken at 694 nm by
the 48-inch lidar system at Langley Research Center (LaRC) in Hampton, Virginia, show the
vertical distribution, intensity and spread of the Pinatubo aerosol layers over this mid-latitude
location. A few observations have also been made from Hampton using the 14-inch airborne lidar,
which measures scattering and depolarization at 532 nm. The magnitude and transport time of the
volcanic aerosol layers following Pinatubo and El Chichon are compared. In addition,
comparisons are made between the ground-based lidar measurements and near-coincident
Stratospheric Aerosol and Gas Experiment (SAGE) 1I satellite observations of the Pinatubo aerosol
layers. '

48-Inch Lidar System

Routine ground-based ruby lidar measurements have been taken at LaRC, Hampton, Virginia
(37.1°N, 76.3°W), since May 1974. These lidar measurements provide high-resolution vertical
profiles of the stratospheric and upper tropospheric aerosols. The lidar system, often referred to as
the 48-inch lidar system because of its 48-inch telescope, has evolved over the years and provides
a valuable long-term history of the mid-latitude stratospheric aerosol (Fuller et al., 1988).

In mid-1990 the system was taken out of operation to be moved from a mobile trailer to a
laboratory setting. During the move, the telescope primary and secondary mirrors were polished
and recoated. The system was reassembled in late spring of 1991 and routine observations
commenced on June 13. A new data acquisition system became operational on August 6, justa
few days after the first aerosol layers from the Pinatubo eruption were observed. The new system
employs 12-bit CAMAC-based digitizers controlled by a PC clone computer. The new system
replaced a 10-bit Biomation transient recorder, providing greatly improved stability and accuracy.

Observations

The lidar scattering ratio, defined as the ratio of the aerosol plus Rayleigh backscattering function
to the Rayleigh backscattering function, is the primary result of the analysis of the lidar
measurements. The Rayleigh backscatter is obtained from pressure and temperature profiles from
radiosondes launched at Wallops Island, Virginia (120 km northeast of the lidar system). Lidar
profiles, consisting of approximately 100-400 laser shots, are averaged to a vertical resolution of
0.15 km and normalized to a scattering ratio of 1. All profiles are adjusted iteratively for
transmission losses due to aerosol extinction.

An aerosol layer from Pinatubo was first detected at LaRC on August 3, 1991. The last
observation showing background conditions was made on July 18. Clouds prevented
observations between July 18 and August 3. Between August 3 and March 11, 1992, 40 sets of
lidar measurements were taken and analyzed, showing the vertical distribution, intensity, and
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Figure 1. Lidar scattering ratio profiles taken by the LaRC 48-inch hdar system between
August 3, 1991, and February 28, 1992.

spread of the Pinatubo aerosol layers over this mid-latitude location. Figure 1 summarizes these
measurements by showing the scattering ratio profiles obtained on 20 of the measurement dates.
As can be seen in this figure, low altitude layers (< 20 km) from Pinatubo were the first to arrive
over LaRC. The first sighting of a layer above 24 km occurred on August 28. The magnitude and
vertical distribution of the aerosol layers varied widely from one measurement date to the next, but
there is a general increase in the amount of aerosol detected throughout this period (August 1991-
February 1992). Pinatubo aerosol layers above 30 km were first detected on October 31. Starting
in about December it was necessary to normalize scattering ratio profiles above 30 km since there
was a significant amount of aerosol in the troposphere. Typical minimum tropospheric scattering
ratios were greater than 1.2, a value which corresponds to the maximum stratospheric scattering
ratio obtained just prior to the eruption of Mount Pinatubo. The lidar measurement on February 20
was the largest observed to date, exhibiting a peak scattering ratio of 34 at 22.4 km. It is likely that
this relatively high altitude layer was tropical in origin and combined with lower altitude Pinatubo
layers present throughout the winter.

A contour plot of scattering ratio versus altitude and time (days since eruption on June 15) is
shown in Figure 2. This figure includes all of the lidar profiles obtained through March 11, 1992,
and illustrates the gradual descent and broadening of the Pinatubo aerosol layer over time.

The integrated aerosol backscatter, defined here as the integral of the aerosol backscattering
function from the tropopause to 30 km, provides a good measure of the amount of stratospheric
aerosol loading at a given location. Figure 3 compares the time history of integrated backscatter at
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Figure 2. Contour plot of 48-inch lidar scattering ratio vs. altitude and days since eruption of
Pinatubo on June 15.
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Figure 3. Time history of integrated stratospheric aerosol backscatter measured at LaRC following
the eruptions of El Chichon and Pinatubo.

LaRC following the eruptions of both Pinatubo (15.1°N, 120.4°E) and El Chichon (17.3°N,
93.2°W). The increase seen is due to a combination of aerosol formation and growth via gas-to-
particle conversion, and a general poleward transport of the aerosol from its initial concentration in
the tropics. The background aerosol level preceding the eruption of El Chichon was higher than the
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level preceding Pinatubo due to several smaller volcanic eruptions in 1980 and 1981. The first
volcanic aerosol layer from El Chichon reached Hampton on May 10, 1982, approximately 42
days after the first major eruption on March 28, 1982, whereas the first volcanic aerosol layer from
Pinatubo was measured 48 days after the eruption. These transport times are very similar,
especially since the first Pinatubo aerosol layer may have arrived a few days earlier. The integrated
backscatter measured for the first 100 days after each eruption is similar. However, after
approximately 120 days, the Pinatubo integrated backscatter consistently exceeds the values
measured after El Chichon. As of mid-March 1992, the largest Pinatubo integrated backscatter,
.0053 1/sr, occurred on February 20, 1992, 250 days after the eruption. This is approximately
twice the maximum loading due to El Chichon, which occurred 245 days after the eruption.

The lidar backscatter measurements at LaRC were compared with several overpasses of the

SAGE II satellite instrument (McCormick, 1987). Figure 4 shows the comparisons obtained on
October 24 and December 31, 1991. The lidar data were smoothed to match the 1 km vertical
resolution of the satellite data and converted to aerosol extinction at 1020 nm, using an extinction-
to-backscatter ratio of 36.8 sr, calculated directly from the integrated lidar backscatter and SAGE 11
extinction measurements obtained on October 24. The error bars reflect the 1-o uncertainties in the
SAGE II and the lidar-converted extinction measurements. The comparison on October 24 is
excellent at all altitudes above the tropopause (14 km), showing a similar sensitivity to size
distribution for the two measurements (Wang et al.,1990). The SAGE II observation on December
31 represents a case when the SAGE II instrument was saturated due to the large Pinatubo aerosol
layer. Nevertheless, the comparison is also excellent down to the saturation altitude and provides a
means of estimating stratospheric aerosol loading when the satellite measurements saturate above
the tropopause.
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Figure 4. Comparison of profiles of lidar-derived extinction with SAGE II 1.02-pm extinction.
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A compact airborne down-looking lidar systeni has been developed at the
Environmental Protection Agency in Las Vegas.! This differential absorption lidar (DIAL) has
been designed to simultaneously measure range-resolved concentrations of ozone (O,) and
sulfur dioxide (SO,) in the lower troposphere, together with an indication of the aerosol
distribution. The five laser wavelengths (i. €., A, = 277 nm, A, = 292 nm, A, = 313 nm,

A, = 319 nm, A5 = 369 nm) have been generated via Raman conversion of a focused KrF
excimer laser.” The system is currently installed in a truck-based mobile laboratory. For the
ground testing, an opening in the truck floor together with a folding mirror under the truck
makes a horizontal, or upwardly inclined direction of measurement possible.

Initial ground testing has been performed in the vicinity of a Desert Research Institute
(DRI) ambient air monitoring site, located at Cottonwood Cove (latitude 35° 29’ N, longitude
114° 42° W) approximately 85 km south east of Las Vegas, Nevada. At this site O, and SO,
concentrations are cont:im;ously monitored with an average accuracy better than £10%.> A
temporary ozone measurement station with identical accuracy was set up at a distance to get a
second point of comparison for the range-resolved DIAL measurements.

The lidar return signal S as a function of distance r is described by the lidar equation

r

-2fo(x1)ax

S(”AFA(’,A)C(A)M’;)e o (1) -
r

where A is the overlap integral between laser beam and field of view of the telescope, C the
system constant, 3 the backscattering coefficient, ¢ the extinction coefficient, and A the

respective wavelength. Actual lidar return signals graphed as In(r* S)

In(r2S)=In(ACp)-2 f odx (2)
0
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with a range resolution of Ar = 30 m are shown as a function of r in Fig. 1.
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Fig. 1: Lidar Return Signals S(r) Graphed as In(r*S(r))

For distances smaller than about 0.8 km the overlap integral A is a function of distance r,
making In(r® S) a nonlinear function of r. For larger distances, In(r S) is linear, indicating a
homogeneous atmosphere. In this case the extinction coefficient ¢ may be calculated with the
slope method,* resulting in 6(277 nm) = 0.748 km™, 6(292 nm) = 0.295 km’’,

6(313 nm) = 0.139 km™, (319 nm) = 0.138 km™, and ¢(360 nm) = 0.068 km™, from a linear
fit for In(r* S) between 1.5 km and 3.5 km. At As = 360 nm, where the laser radiation is
absorbed by neither O, nor SO,, the extinction coefficient is only about 10% larger than the
Rayleigh extinction coefficient 6x(360 nm) = 0.0593 km™ at ambient conditions (p = 980 mb,
T = 25°C).* This Rayleigh scattering dominated homogeneous atmosphere was typical for all
of our ground tests. |

The extinction coefficient G at a distance x and wavelength A; may be written as
a(XA)=a{x)+a(x), (3)

where ©; is the extinction due to scattering at A, ¢, denotes the absorption coefficient at A,
and n the concentration of the absorbing gas. If Eq. 1 is applied at two different wavelenghts

A; and A, the concentration n can be calculated from the resulting equations as



= 2A1a..7dl(ln 2&2]_ AAOZ(I) i 2A1a 'j,{ln g;((:))} 2A1a- j'{ln 2;((:))} @
iy if i if
where Aq,; := o, - o and AG;; := ©; - ©;. The first term in Eq. 4 is the main term, the second
term the extinction correction [E; ;1> the third term the backscatter correction [B; il and the
fourth term the overlap correction [O;;]. For O, measurements, the differential absorption
coefficients Acy; (at p = 980 mb, T = 25 °C) for fhe most important wavelength pairs are
Aa,, = 0.00932 ppb'km™, Aa, ; = 0.01195 ppb'km™, and Ac, ; = 0.00263 ppb'km™. The
resulting Rayleigh extinction correction is [E,,] = 3.6 ppb, [E, ;] = 5.7 ppb, and
[E,s] = 13.1 ppb. This correction is in first order approximation independent of atmospheric
density. For a homogeneous atmdsphere the backscatter correction [B;;] can be taken as zero.
The overlap correction [O;5] can improve the results in the near field, but it has not been
included in this brief description. A calculation of O, concentrations corresponding to the
extinction coefficients den'.ved from Fig. 1 yields: O,(A,,A,) = 45.0 ppb, O,(A;,A;) = 45.3 ppb,
and O,(A,,A;) = 46.4 ppb, in agreement with the in situ measurement (45.6 ppb £ 10%). The
précision at (A,,A;) is expected to be worse, as this wavelength pair is better suited for higher
O, concentrations.! The O, concentrations from the wavelength pairs (A,,A,) and (A,,A,) are

susceptible to a weak SO, interference. However corrections have not been made as the

ambient SO, concentration was below 1 ppb.
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Fig. 2: UV-DIAL Ozone Concentrations (Solid Line) in Comparison with /n Situ Measurements

A range-resolved analysis of the same data set is obtained by 9-point linear regressions

of the log-ratio in Eq. 4. The results are shown in Fig. 2, together with the simultaneous
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results from the DRI stations at 0.57 km and 1.05 km. The variations of the DIAL data in the
near field (r < 0.6 km) are due to the variation of the overlap term [O,;] as a function of r.
For larger distances the fluctuations are ascribed mainly to photomultiplier nonlinearities.
Beyond about 2 km, the decreasing signal to noise ratio increases the error of the DIAL
measurements drastically. It is planned to reduce this problem by r’-modulating the
photomultiplier gain, and thereby increasing the useful range of the system.

Ozone concentrations as a function of time are presented in Fig. 3. UV-DIAL data at
r = 1.05 km have been compared with in situ ozone measurements of the second station. The

comparison generally shows good agreement within the accuracy of the in situ measurement.
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Fig. 3: Ozone Concentrations at r = 1.05 km as a Function of Time

Initial flight testing of the UV-DIAL system is planned for May 1992 in the Western

Great Lakes area. Results will be reported at the conference.
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The Atmospheric Radiation Measurement (ARM) Program! was initiated by the
Department of Energy's Atmospheric and Climate Research Division (DOE/ACRD) to
improve parameterizations of cloud radiative effects in general circulation models of the
Earth's climate. The Instrument Development Program (IDP), a major component of
ARM, is directed toward the improvement of radiometric and remote sensing
instrumentation pertinent to near real-time characterizations of atmospheric parameters.
The ultimate goal of this program is to provide state-of-the-art instruments suitable for
installation and extended use in ARM's field measurement component, the Cloud and
Radiation Testbed (CART).

Remote sensing instrumentation is particularly important to CART measurement
activities, supporting the evaluation and improvement of computer codes for the
quantification of instantaneous radiative fluxes. For these activities, it is important to
measure, in near real-time, all atmospheric parameters pertinent to the transport of solar,
atmospheric, and terrestrial radiative fluxes and the deposition of energy into the Earth's
troposphere. Radiatively important parameters include: vertical distributions of water
vapor and other "greenhouse" gases, vertical distributions of solid and liquid aerosols,
and physical and optical properties of clouds (cloud morphology, base height, phase,
optical scattering and extinction cross sections).

The ARM IDP component is presently supporting the development of four laser
remote sensing systems appropriate for characterization of all these atmospheric
variables. A Polarization Diversity Lidar (PDL) is being developed at the University of

Utah for real-time monitoring of cloud altitude and hydrometeor phase (liquid and/or ice).

At the University of Wisconsin, a High Spectral Resolution Lidar (HSRL) is being
assembled for the measurement of vertical aerosol distributions, aerosol scattering cross
sections and backscatter-to-extinction ratios. Instrument development activities at NASA
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Goddard Space Flight Center include the design of an eye-safe, solid-state laser
ceilometer for measurement of cloud base height. Finally, a collaborative effort between
Sandia National Laboratories and NASA/Goddard Space Flight Center is aimed at
development of a field-hardened Raman lidar system for daytime and nighttime
measurements of vertical water vapor distribution, possibly including scanning.

Plans are being evolved presently to combine data from the constituent laser
remote sensing and radiometric measurement systems at the CART sites — a
"sensor/data" fusion activity that offers a unique challenge to the ARM Program. For
example, in order to conduct studies of cloud formation, maintenance, and dissipation it
is desirable to track the fate of water vapor from near ground level up to the altitudes
where condensation, nucleation, coalescence, and ice formation occur. To achieve this
microphysical time history, it will be extremely important to insure that the lidar systems
are: (1) illuminating the same or physically equivalent atmosphere/cloud coordinates;
(2) sampling comparable volumes; (3) acquiring data at similar bandwidths (i.e.,
comparable time responses for the different remote sensing systems); and (4) acquiring
and processing data of similar "quality." In the process envisioned, "data quality" is
particularly important since, for example, verification of lidar-derived aerosol parameters
(particulate number densities, optical properties, and moments of the size distribution) is
extremely difficult. Of advantage is the fact that the different lidar techniques to be
utilized in acquiring aerosol data for CART activities provide some key complementary
information, so that the ensemble of instrumentation is far more powerful than simply the
sum of the individual components in determining a useful physical picture of the aerosol
field.

Since the ultimate objective of the ARM Program is to provide a better
understanding of cloud radiative effects, it also will be necessary to correlate these laser
remote sensing measurements of water vapor and cloud/aerosol parameters with ground-
based radiometric observations of visible and infrared fluxes. These radiometric
observations will nearly always be acquired with different measurement parameters (e.g.,
field-of-view, measurement bandwidth,...) than those associated with the remote sensing
systems, thus compounding the difficulty of the "sensor/data" fusion problem. This paper
will describe problems involved in the fusion of CART laser remote sensing data as well
as fusion of this data with coincidentally-acquired ground-based short- and long-wave
radiometric observations. We use as baseline inputs to the discussion descriptions of the
IDP lidars, as well as data acquired with them during field campaigns conducted in



November-December 1991 in Coffeyville, Kansas — the NASA-led FIRE Cirrus (First

ISCCP Regional Experiment) and the joint NASA/DOE SPECTRE (Spectral Radiance
Experiment) campaigns.
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Measurements of stratospheric ozone, temperature and aerosols were made by the
NASA/GSFC mobile stratospheric lidar during the UARS (Upper Atmospheric Research
Satellite) Correlative Measurement Campaign at the JPL-Table Mountain Facility (34.4 °N,
117.7 °W) in February and March 1992. Due to the presence of substantial amounts of residual
volcanic aerosol from the eruption of Mt. Pinatubo, the GSFC lidar system (McGee et al., 1991)
was modified (Singh et al., 1992) for an accurate measurement of ozone concentration in the
stratosphere. While designed primarily for the measurement of stratospheric ozone, this lidar
system has also been used to measure middle atmosphere temperature and density from 30 to
65 km (McGee et al., 1991) and stratospheric aerosol from 15 to 35 km (McGee et al., 19914).
In the following sections, we will briefly describe and present some typical measurements made
during this campaign. Stratospheric ozone, temperature, and aerosols profiles derived from data
taken between February 15 and March 20, 1992 will be presented at the conference.

STRATOSPHERIC OZONE

A new Raman Differential Absorption Lidar (DIAL) technique has been employed to
derive the continuous ozone profile from 15 to 50 km (Singh et al., 1992) in the presence of
heavy aerosol loading due the to eruption of Mt. Pinatubo. Prior to this new scheme, no lidar
ozone measurements were possible below about 30 km. Using this technique, we were able to
retrieve the only lidar ozone data in the lower stratosphere. This is particularly important since
previously there had been no ground truth available for the UARS instruments in this altitude
region.
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Data taken during February 1992 at JPL-Table Mountain Facility has been analyzed and
Figure 1 shows three complete vertical profiles of ozone from 15 to 50 km along with the
appropriate MAP and US Standard models. Agreement can be seen to be quite good.

STRATOSPHERIC TEMPERATURE

We use the off-line wavelength (351 nm) of the GSFC DIAL system to derive the
temperature profiles between 30-75 km altitude range. The XeF laser emits about 150 mJ/pulse
and operates at 70 Hz. During a typical night of operation, 600,000 shots are accumulated, from
which the temperature profile is derived. A more complete description of the system and the
technique is described by McGee et al., 1991.

The relative atmospheric density is obtained from the 351 nm lidar return using the
method described in Ferrare et al., 1992. The temperature profile is computed for the derived
relative density profile using the hydrostatic equation and the ideal gas law (Chanin and
Hauchecorne, 1984). Figure 2 shows the vertical temperature profiles for the same three nights
in February for which ozone profiles are shown (Figure 1). The temperature retrieval is not
valid below 30 km, because of the presence of aerosols.

STRATOSPHERIC AEROSOLS

Using the Rayleigh/Raman lidar technique one can directly measure both the aerosol
scattering ratio and extinction. Raman measurements of aerosol extinction and Pinatubo
stratospheric aerosols have been recently discussed in detail (Ansmann et al., 1990, 1991). We
have utilized this technique to derive an average profile of aerosol extinction (Figure 3) in the
stratosphere. These measurements were used to correct the low altitudes ozone profiles. Profiles
of aerosol scattering ratio were also obtained by inverting the returns from 351 channel (Fernald,
1984) and are shown in Figure 4. The measurements at the lower altitude is limited to 24 km
due to saturation in that channel. Modifications to the GSFC lidar to include a low altitude
Rayleigh channel at 308 and 351 nm are now underway. We will provide at the conference, the
information regarding the vertical distribution of the Pinatubo aerosol and indicate how this
distribution varies with time.
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Fig. 1: STROZ-LITE Ozone Concentration Profiles from the UARS
Correlative Measurement Campaign ot JPL-TMO 1992,
50
H LEGEND
By — 2/24/%2
- ———2/25/92
O 2/21/92
OF N A S US Stendard
: N R MAP Model
S
0F
£t
v Bk
° I
L [
2
= 20F
< L
15¢
10 IllllllllllJ'ﬂ-rl-T;IIlllllllllllllllllllllllllllllllllllll
0 5 10 15 20 25 30 35 40 45 30 55 60

Ozone Number Density (cms+-3) 10"

105



Altltude (km)

106

Fig. 2: STROZ-LITE Temperature Profiles from the UARS Correlotive
Measurement Campaign ot JPL-TMO 1992.
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Fig. 3: STROZ-LITE Aerosol Extinction Profiles ot 382nm from the Fig. 4: STROZ-LITE Aerosol Scattering Ratio Profiles ot 351nm from the
UARS Correlative Measurement Compaign ot JPL-TMC 1992. UARS Correlative Measurement Campaign ot JPL-TMO 1992.
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Airborne Dial Remote Sensing of the Arctic Ozone Layer

Martin Wirth, Wolfgang Renger, Gerhard Ehret
DLR - Institut fiir Physik der Atmosphdire
8031 Oberpfaffenhofen / Germany

A combined ozone and aerosol LIDAR has been developed at the Institute of Physics
of the Atmosphere at the DLR in Oberpfaffenhofen. It is an airborne version, that,
based on the DIAL-principle, permits the recording of two-dimensional ozone
profiles. In this talk we will focus on the ozone-part, the aerosol subsection will be
treated by another contribution.

Based on the absorption spectrum of O3 and the availability of powerful pulsed lasers

we decided to use an online wavelength of 308nm generated by an XeCl excimer laser
and an offline wavelength of 354nm produced by tripling the groundwave of a
NAYAG laser. We were able to achieve pulse energies of 250mJ on the online
wavelength and 50mJ offline. The maximum repetition rate for a pair of laser-pulses
is 5Hz, mainly limited by the data rate of the storage medium. The receiver optics
consists of a 35cm Cassegrain-telescope and a three channel optical filter bank based
on dielectrical beamsplitters and bandpasses. Photomultiplier tubes operated in
current-mode are used as detectors. The analog signals are digitized by a quad-channel
oscilloscope and stored on an optical disk for later analysis.

The system was tested for the first time last winter in the EASOE/Astor campaign
funded by the EG and the german BMFT. The ozone-DIAL (named OLEX for Ozone
Lidar EXperiment) was, among various other experiments, mounted in a C160-
Transall aircraft. Based in Kiruna (northern Sweden), a total of 46 flights with almost
300 flight hours were performed in four two-week campaigns from December to
March. The observed area extended westwards to the westcoast of Greenland (50° W),
to Novaja Semlja in the east (60°E) and up to 85°N. At the end of the March
campaign we undertook a north-south section starting from 68°N down to 17°N.

The aerosol section of our system was operated almost all the time, only the occurance
of high clouds forced us to stop the data aquisition. Ozone could only be measured
under nighttime conditions, due to a relatively broad (Snm) filter for the offline
wavelength at 354nm. The obtained vertical resolution was 1000m, in an altitude
range from about 13km up to 25km. These values depend of course on the flightlevel
of the aircraft, which was typicaly around 7km. The horizontal resolution ranges from
50km to 200 km, depending on accuracy and range requirements.
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This figure shows the r?-corrected backscattering signals of our lidar system for the online wavelength
at 308nm and the offline wavelength at 354nm. They are averages of 1000 shots taken over the North
Atlantic (5°0, 75°N) at Feb .3 , 92. (1000 shots correspond to a distance of 30km).
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This graph shows the ozone density calculated from the two signals above with avertical resolution of
1.5km. A correction was only made for the Rayleigh extinction. The errors due to inhomogenous
aerosol backscattering showing up at the edges of the various thin Pinatubo layers were not
considered yet. Also the ozone values above 24km should be taken with care, because they are very
sensitive 1o offset problems encountered in our electrical signal processing.
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Lidar Measurement of Stratospheric Ozone at Hohenpeissenberg
- An Improved Evaluation Method -

W. Vandersee, F. Schonenborn, H. Claude

Deutscher Wetterdienst
Meteorologisches Observatorium
Hohenpeissenberg

In 1987, the schedule of long-term ozone monitoring at the Meteorological Obser-
vatory Hohenpeissenberg was extended by operational DIAL measurements. A de-
tailed description of the system is given by Claude et al. (1989).

An improved evaluation method will be described, which allows the calculation of
stratospheric ozone distribution up to 50 km. Agood balance between precision and
range resolution is achieved.

The evaluation begins with the calculation of the relative error for each channel in
accordance with the Poisson distribution. During the following evaluation an error
calculation is performed according to the Gaussian error propagation.

After normalization of the backscatter profiles to count per shot and kilometer an
empirical function is applied to correct non-linearities of the photomultipliers:

S¥(1) = S(I) - (a - exp(g + (I-NMIN+ 1))+ 1) (1)

where S* is the true number of counts, S is the measured number of counts at chan-
nel I, NMIN is the lowest evaluable channel, a isaconstant factor, and g isthe
following equation: .

g = b - f(NMIN)S (2)

where b and c are constants, and f is the PMT load ot NMIN given in MHz,
i. e. the maximum load, that is received by the photomultipliers. a, b, and c are
found to be 0.5085, -0.61274, and -0.47471 respectively. Both equations are va-
lid for the used Thorn Emi 9893Q B/350 tubes up to a maximum load of 12 MHz.
They base on test measurements made under running conditions. A spectral depen-
dency was not detected.

Equations 1 and 2 show that the severity of non-linearity at consecutive channels
depends on the PMT maximum load received at NMIN, which meansthat the effect
of non-linearity increases with increasingmaximum load. Non-linearity effectuates
with respect to its severity a diminution of the gradient along the backscatter pro-
files. Figure 1 shows the corrected and uncorrected normalized backscatter profiles
of a lower range measurement, which was performed on March 1st in 1991.

The stronger the non-linearity is the stronger the diminution becomes. A significant
difference between the diminutions of the "on" and " off" wavelengths leads to
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serious consequences to the differentiation of the logarithmic backscatter ratio.
Because the ozone concentration is determined by the difference of the logarithmic
gradients of the backscatter profile, the relative increase/decrease of the "on"
line’s gradient against the "off" line’s gradient increases/decreases the estimated
ozone concentration.

If this correction is not applied, an underestimation of the ozone concentration of
more than 30% within the first kilometers will result. The difference between
correction and omission of the non-linearity is shown in figure 2. The dotted curve
denotes the above mentioned lower range measurement, which is evaluated without
the correction. The corrected profile is displayed by the solid curve. This profile
is a combination of the lower and upper range measurements. The fit point is
marked with inverseticks at the ordinates. The Brewer-Mast profile (dashed curve ),
obtained 13 hours before, validates the correction.

In the next evaluation step the logarithmic backscatter profiles are filtered by a
Gaussian lowpass filter. This filter is symmetric and guarantees high fidelity. The

filter weights are calculated from the following equation, which is given by Pan-
ofsky and Brier (1958):

we = 1/VZar - exp(-k/2- (6/T%%)  with k=1,2, ..., +o (3)

Because it is not useful to calculate with an infinite number of filter weights, the
series is truncated, when wk=p < 0.1 wy =1, where w| = is the central weight.
The filter weights are normalized according to

+n

Zwk=l (4)

k=-n

T* gives the desired filter strength. It is the maximum period of fluctuations along
the backscatter profiles, that should be removed.

T = A- exp(B- (I-NMIN+T)-C- (I- NMIN+1)%) (5)
where A is a constant and

B
C

It

In ( T)_*mox/A ) - 4/(3- I>Emox) (6)
B/(I)frmc1x3 - 4) (7)

1l

Equation 5 describes T* as a function of height relative to NMIN. T* increases
exponentially with height whereas the error of the ozone estimation remainsnearly
constant. On the other hand the height resolution becomes worse. In order to
save a reasonable height resolution in the upper altitude range T* is limited by
T* naxs Which is attained at channel 1¥, .. Standard measurements with an inte-
gration time between one and eight hours are evaluated with T* = 70, which

max
corresponds to a height resolution of +3.7 km, and I*_ . = 70. Above I”‘Ll,m:,x



T* equals T*yqx, approving the increase of the error. A equals 1.

After filtering the logarithmic backscatter ratio In (Sgff/Son ) is calculated. If the
lower and upper range measurementsshould be fitted together, the described proce-
dure has to be performed for each measurement. The combination of lower and
upper range measurement results from a simple parallel shift of both logarithmic
backscatter ratio profiles. The fit point is located at the lower end of the upper
range measurement. The combined profile is smoothed by a very weak Gaussian
lowpass filter, T* = 5. Since the individual peculiarities of the lower and upper
range measurement were taken into account by the first filtering, the filter weights
now remain constant with height.

The ozone profile is now obtained by differentiating the logarithmic backscatter
ratio profile with respect to height. The temperature dependency of the absorption
cross section and the Rayleigh correction are considered by averaged seasonal tem-
perature and air density profiles, which were obtained by the soundings from 1967
to 1986 and which are extrapolated with the standard atmosphere above 32 km.

Except of an aerosol correction after the eruption of Mt. Pinatubo no further corre-
ction is necessary. Instead of “range gating" a mechanical c