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The effect of assumptions, experimental errors and uncertainties in aerosol

physical properties on the interpretation of lidar observations of the stratospheric

aerosol layer.

15 Introduction

Since the first direct observations of the stratospheric aerosol layer in
the early 1960's, the layer has been observed using a variety of direct and indirect
techniques, including impactors flown on aircraft, photoelectric counters and
coronographs mounted on balloons and ground based searchlights and laser radar
(Lidar). These observations have shown that the layer is enhanced by the material
injected into the stratosphere by volcanic activity. Following a large volcanic
eruption a plume of gas and dust penetrates into the stratosphere, forming a
layer a few kilometers thick with a maximum density at about 20 km altitude.
Initially, the layer is composed mainly of silicate dust, but this material is
removed gradually by settling and mixing into the troposphere, until after about
a year the dominant constituent appears to be a polydispersion of droplets of a
sulphuric acid/water solution, formed from the sulphur-laden gases in the volcanic
. plume (for a review see Cadle and Grams, 1975). The general stratospheric
circulation ensures that, despite the discrete source, the layer is eventually
spread world-wide.
In recent years there has been considerable interest in the radiative
properties of such a global layer and in its effect on the earth's climate. A
wide range of theoretical models have been constructed, ranging from simple
analytical representations to complex radiation schemes, and they suggest that
following a major volcanic eruption the layer should produce iignificant changes
3 in the atmospheric temperature field, ranging from a cooling of up to 19K at the

surface to an in situ heating of up to about 10°K. These predictions are in

»

___ agreement with the temperature changes observed followihéviﬁ;réfﬁpiiaﬁj;f;,,Ak;“m“w“A“_
Mt Agung in 1963 (e.g. Baldwin et al 1976, Harshvardhan and Cess 1976).
Observations of the stratospheric aerosol layer by laser radar have been

made for at least a decade and have contributed significantly to the understanding
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of the structure of the layer. In the analysis of data from ground-based lidar,

various assumptions as to the physical properties of the aerosol have to be
made in order to derive densities and optical depths and to estimate the effect
of the observed layer on the climate., In this paper the effect of these

assumptions and of experimental errors on the interpretation of the single and

o

two-wavelength observations made at 465 nm and 605 nm with the UK Meteorological
Office Lidar (Pettifer et al 1976) will be discussed in detail. Many of the
results are not specific to this particular system and illustrate some general

limitations on remote sounding using lidar,
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b 2e Analysis of single-wavelength observations

In this section we shall outline the procedure for analysing observations
made at a single wavelength and discuss the effect of the assumptions made and
of errors on the results. A detailed account of the Lidar and of the basic theory
has already been given (Pettifer et al 1976). The number of backscattered photons
received from a layer of thickness SZ. at altitude 2Z , from a single laser

pulse is given by;

Py =

R Eq. 92 52 (5+%,) i
zl

The symbols used in this section are defined in Table 1. In principle,
measurement of the other quantities in equation 1 allows the determination of '9 ’
the aerosol Backscatter coefficient. Unfortunately this is not possible directly,
as some of these quantities are currently very difficult to measure with the
required precision. The parameter which is most difficult to estimate is the
receiver sensitivity, E , although there are also serious problems involved in
determining the transmission ( 9, ) of the atmosphere from the ground to the
lowest altitude of interest (due to the often large and variable contribution

< from hydrometeors and dust in the troposphere) and also in monitoring the number
of photons in the Lidar pulse, R, . For these reasons the analysis of single-
wavelength Lidar data has always used the 'clean-air' calibration technique
(Fiocco and Grams 1964, Russell et al 1976), in which the value of the product
POEE q;: is found by assuming that at some level 'zf within the altitude range
covered by the analysis the aerosol content is zero. At this height equation 1

reduces toj;

Pzt REete’(@) 82 ¥, (2)
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from which K= POE q can be calculated. For each altitude it is now possible
0

__to calculate the backscattered signal expecﬁe&i¥romrihérairrﬁéiebulég_g;gég;_A____
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Dividing equation 1 by equation 3;
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Therefore, the assumption that at the altitude :L' the scattering ratio, FiGi)

is unity allows the value of 4}

2.1 Errors introduced by the 'clean-air' calibration

to be found for the rest of the profile.

It is important to note that the clean-air normalisation will lead to
an under-estimate of the aerosol amount if aerosol is in fact present at the
normalisation level, z' . From the results of a series of balloon
measurements of the layer made at Laramie, by the University of Wyoming group,
Russell et al (1975) showed that had Lidar measurements been made at the
time of the balloon ascents, the clean-air normalisation technique applied
in the height range 10-30 km would have under-estimated the scattering ratios
at all altitudes by typically less than 10% of (Rmax -1). Normalisation is
usually carried out at the lowest possible altitude, where the photon counting
statistics are best, but had normalisation been carried out above the peak
of the aerosol layer the error would often have been greater. However, in
our experience the backscatter ratio at our logest altitude interval of
10-12 km is often not a minimum, presumably being enhanced by small amounts
of cloud present at this altitude (see section 5).

At time of low volcanic activity Rmax is typically l.1l or even less
at 605 nm, so that the error in FK?) is expected to be less than 0.0l at
all altitudes. Although apparently very small, this error would be present
at all levels and the effect on the integrated backscatter, which is used
to calculate the total amount of aerosol idvthe stratosphere, could be
signifioant. ¢ "

As an example, consider the scattering ratio profile(a) illustrated
in Fig. 1, which is Gaussian in shape with Rmax equal to 1.1 at 20 km and
with a full width to half maiimum.of 8 km. An underestimate of 10% or

(Rmax -1) at every level transforms this curve to (b) and to (c) for an

s, _under-estimate of 20%-of (Rmax -l).“ "whiéh 'is”a:'m'o}.e‘ reaiiétic estimg'.tgw__,_"
- . *
of the possible error when normalisation is carried out above the peak of
the layer. The corresponding effect on the backscatter coefficient is shown

on the right hand side of Fig. 1. The increases in the integrated backscatter

coefficient for the layer are 36% and 72% respectively. These are much

sl :




< larger than the percentage increases in the scattering ratios, due to the
increased contribution from the lowest altitudes, for which a given
scattering ratio corresponds to a much larger backscatter coefficient than
at greater altitudes because of the increase in air density.

2.2 Errors in calculating the molecular backscatter coefficient (£,)

v A knowledge of the altitude profile of the molecular number density is
required in order to calculate the molecular backscatter coefficient, which
is simply the product of the number density and the Rayleigh backscatter
cross section for the normal atmospheric composition. Our Llidar observations
of stratospheric aerosols are always made at night. Number density data are
obtained from the midnight radiosonde ascent from Crawley, which is about

55 km to the south-east of the Beaufort Park experimental site. The

|
geographical separation of the two sites is small enough to ensure that the
number density profile is representative of the atmosphere above the Lidar.
i It is important, however, to use the radiosonde data fa the night of the
| Lidar run; use of data from the previous or following nights can lead to
errors of 100% in ( R@)~ 1) in the quickly changing synoptic situations so
typcial in England in the winter months. Use of data from a climatological
profile instead of from a radiosonde can also lead to large errors.

Errors in the radiosonde data are difficult to assess. Comparisons
between sondes of the same and different types have been made in order to
estimate systematic and random errors and they suggest that in the stratosphere
the errors in the derived number densities are small and are here assumed

to be a nominal one percent (Harrison 1962, Lenhard 1973).

2.3 Errors in the atmospheric transmission

T As the laser pulse passes through the stratosphere it is attenuated
by scattering and absorption by the gaseous and aerosol components of the
~ atmosphere. Failure to take account of this attenuation leads to a small
but significant distortion of the scattering ratio profile. The total
attenuation is low, amounting to only about 5 per cent from 10 km to 20 km,

except at times of exceptional aerosol loading, and the error introduced

into the scattering ratio is less than 1 per cent.
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Rayleigh scattering is taken into account using the transmissions *
tabulated in the Handbook of Geophysics and Space Environments (Valley, 1965).
These data were interpolated to derive the transmissions at the laser operating
wavelengths of 465 and 605 nm. Absorption due to ozone is important only
at 605 nm which is almost coincident with the peak of the Chappuis band.

The variability in the amount of ozone present in the stratosphere is taken
into account using the daily measurements of total ozone by the Dobson
spectrophotometer at Beaufort Park. The effect of absorption by NO2 is
less than 0.5% at 465 nm and has been ignored.

No allowance is made for the attenuation of the beam by scattering
from the aerosols them;elves, as at the present time this is much less
important than Rayleigh scattering and gaseous absorption. At times of
large aerosol densities, such as in 1963 following the eruption of Gunung
Agung, the scattering ratio profile would have to be corrected for aerosol
scattering using an iterative procedure.

2.4 Pulse counting errors

The Lidar receiving system is operated in the photon counting mode
and counts are corrected for the sky background and for the pulse pile-up F
phenomenon, as described by Pettifer et al (1976). The contribution to
the experimental error in the scattering ratio from photon counting statistics
produces an uncertainty of typically 0.3 per cent ;t 11 km, rising to
3.4 per cent at 29 km, for th; usual length of:;un of about two hours.

2.5 Summary of errors

Table 2 shows how the errors described above vary as a function of
altitude and how they contribute to the error in the Scattering Ratio. The
radiosonde density errors, transmission errors and the photon counting e

errors are combined assuming them to be uncorrelated variables. To illustrate
K

. the results of such an analysis, Figure 2 presentsrfhe d;ﬁé recéi%éd,at 2%

465 nm on the night of 23-24 November 1976. It will be seen that the
stratosphere is very 'clean' at the present time, with particulate

backscattering less than 10 per cent of the molecular backscatter in the

visible. s

R | 5 &



- Be Aerosol radiative properties

Having derived the altitude profile of the scattering ratio, and hence of
the aerosol backscatter coefficient ¥P it is necessary to assume a model for
the aerosol in order to calculate number densities and to assess the impact on
the earth's climate. The optical thickness of the aerosol layer is assumed to

x be sufficiently small for multiple scattering to be ignored. This assumption is
& VYery good one which only begins to break down at times of heavy aerosol
loading on the stratosphere. The aerosols are taken to be spherical in shape, which
is supported by in situ sampling (Cadle and Grams 1975). Mie scattering theory
can therefore be used to calculate the radiative properties of the aerosol.

The backscattered intensity from irregularly shaped particles has been found to
be lower than that predicted by Mie theory (Holland and Gagne, 1970), although
the intensity will obviously be very much a function of the precise shape and
orientation of the particles. A computer programme was used to carry out the

Mie calculations. The input data are the wavelength of the incident radiation
and the complex refractive index and size distribution function (and hence number

s density) of the aerosol particles. The last two quantities have to take assumed
values in the calculation and in this section we examine how the uncertainty in
the knowledge of these values affects the derived aerosol properties.

3.1 Calculations

and ﬁSc:n‘ 2

The volume extimction and scattering cross sections, ﬁ.:n_,

are computed first, from which the optical depth, ’tx , may be found by

integration along the line of sight;

3
BR oz ASZ
i S g =) (5)
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(
s The sipgle—scattering albedo, COA , is the fraction of the rad.ation

which is scattered in an interaction;
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The phase function, P(r&,—rx‘) , where P‘ and rA, are the direction
cosines of the incident and scattered radiation, respectively, describes

the angular dependence of the scattered radiation intensity (for a full

b . -7-




discussion of these parameters see Deirmendjian (1969) and Hunt (1971).

The backscatter coefficient is then given by;

4\’ . Fs,u’rr ‘ ﬁL\;L,;—\)— i

For a global stratospheric aerosol layer the fraction of the incident solar

power scattered away from the earth is given by the spherical albedoj

\ \
ks il Bl g
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The absorptivity of the layer is given by;

A, = 2't>\(\—w)\> (9)

A
In order to calculate the influence of the aerosol layer on the solar
beam it is necessary to integrate these radiative properties over the
wavelength distribution of solar radiation, which is approximated by the
Planck function for a 6000 K black body, with a cut-off below 0.3 /um to
take account of absorption by ozone above the aerosol. This procedure was
carried out using eleven wavelengths between 0.3 /um and 2.4 /um to derive
the "flux-weighted" values of the optical depth,: 7T , the absorptivity,
A, and the spherical albedo, R. The error introduced into the flux-weighted
values by the use of only eleven wavelengths in the representation of the
solar spectrum is less than one per cent.
These calculations allow the observed backscatter coefficient to be
related to the aerosol number density and optical depth, which may be used
to compare Lidar results with those of other instruments. 'The‘derived values

of T , A and R may also be used in simple climate models to assess the

uncertaihties in the knowledge of the assumed aerosol physical properties
affect the predicted climatic perturbation. The radiative energy balance
model of Coakley and Grams (1976) will be used. In this model the interaction
of the aerosol with both solar and terrestrial radiation fields is computed for

a global stratospheric aerosol layer, radiative equilibrium being
ule




3.2

maintained both at the top and bottom of the stratosphere. From the work of

Coakley and Grams (1976) and others, the perturbation brought about by
aerosols is mainly due to modification of the solar radiation field, so we
shall ignore the contribution from the terrestrial radiation field. In this
case the model gives a simple expression for the predicted change in global

mean surface temperature;

AT, = —loo —9{%\__3-—";)3 <3 RU'“)} (10)

where « is the planetary albedo, taken to be 0.3 (Raschke et al 1973).

Results

The results of these calculations are illustrated in Figs 3-6 and
in Table 3. In Figs 3-5 a wide range of values of the real and imaginary
parts of the refractive index have been used to derive ‘4? S and A1; 5
the size distribution function being the commonly used Haze H function

(Deirmendjian, 1969). This is a "modified gamma distribution" defined by;

A_ h(\'> =T ot ‘.,\+q' Q/x,? K‘-\) r'X) (11)

A.lzar

where ¢t 1is the particle radius and the mode radius, ¥ , which is

the radius of maximum frequency in the distribution, is found from;

o

b= —— (12)
Y
¥ e
For the Haze H function Y=1 s &= 2 R Pl e ol M- , hence b=,

The integrated particulate backscatter mentioned in Figures 4 and 5
is obtained by vertical integration of the observed backscatter coefficient

' '-. Thé fénge of refractive o .. oo

profile and is therefore measured in St
indices which have been used in calculations relating to stratospheric
aerosols is indicated approximately on these figures by the dashed lines.

The most persistent constituent is a 75% sulphuric acid/25% water solution,

20



for which in the visible part of the spectrum the real refractive index is
1.43, but in the first few months following a major volcanic eruption,
silicate material, which has a real refractive index of about 1.56, is
sometimes a major constituent, while values as low as l.4 have been used
in calculations (Cadle and Grams 1975).

It will be noted from Figure 3 that number densities derived from
Lidar backscatter observations at 0.605 /um vary by a factor of about
three, depending on the refactive index chosen, while the derived optical
depth and predicted surface temperature reduction vary by a factor of about
two. At 465 nm the sensitivity of these parameters to the refractive
index is slightly greater. At times where there is uncertainty as to the
fraction of non-sulphuric acid aerosols present in the stfatosphere, the
interpretation of Lidar data is therefore very dependent on the refractive
index chosen and the uncertainties in the derived properties can be much
larger than the experimental errors in the Lidar data themselves.

Data on the size distribution function of stratospheric aerosols have
been summarised by Toon and Pollack (1976) and by Bigg (1976), who derived
the variability with altitude and season. To find the effect of different
size distributions on the radiative properties the five model distributions
illustrated in Figure 6, which reflect the variability found by Bigg, have
been used. All are modified gamma distributions and include the Haze H
function used earlier. The functions are normalised so that in the size
range 0.0l /um s 2 /um there are 1 particles per cubic centimetre. The
properties of aerosol populations with these distributions were calculated
for a refractive index of 1.5 - 0.001 i, which lies in th2 centre of the
expected refractive index range so as to give a representative dependence
on sige distribution.

The results are summarised in Table 3. The large spread in the

backscatter coefficients is due to the fact that the number densities are
normalised over a radius interval which extends well below the minimum

optically important size of about 0.1 /um, so that a distribution with a

sharp cut-off above this radius, such as that with X 0.3, produces much

=10~



smaller backscatter coefficients than the others. This illustrates how
sensitive derived number densities are to the size distribution and size
interval.

The rest of Table 3 shows that at 605 nm the derived optical depth and
predicted surface temperature decrease can Vary by a factor of over two,
depending on the size distribution chosen, the dependence being less at
the shorter wavelength. The function with ¥ = 0.2, for example, which
corresponds to Bigg's data for the lower stratosphere (10-16 km) in Spring,
produces much lower values of T and KXT; for a given observed particulate
backscatter than the Haze H function.

For the scattering ratio profile illustrated in Figure 2, the value
of the integrated backscatter is 1.9.10-4 sr-l. Assuming the aerosol size
distribution to be represented by the Haze H function and the refractive
index to be 1.5 - 0.001 i, the first line in Table 3 allows the optical
depth and predicted temperature change to be found. These are 0.0050 and

-0.16 K respectively, which illustrates the minor role of the background

aerosol at the present time as a contributor to climatic change..
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R 3 Analysis of Lidar observations at two wavelengths

; In the previous sections it has been shown that the analysis of single-
wavelength Lidar data is hampered by the necessity to make three.basic assumptions
about the éerosoi, all of which could lead to large systematic errors, The
first assumption is that there is an aerosol-free layer at some point in the
altitude range of the laser. Values for the refractive index and the size
distribution function also have to be assumed in the interpretation of the
scattering ratio data. The addition of a second nearly simultaneous sounding
allows one of these assumptions to be removed. In this section the two-wavelength
technique introduced by Pettifer et al (1976) will be analysed. This technique
does not require the assumption of an aerosol-free layer. In the next section
a slightly different analysis is examined by which information on the size
distribution function can be recovered.

Pettifer's analysis requires only relative values at the two wavelengths
of the system efficiency, the transmitted energy and the atmospheric transmission.
From the ratio of the number of photons received at the two wavelengths it is
then possible to determine the ratio (‘q'm-\— ‘('?)X /(‘g’m'*- ‘g—(’)A « To interpret this
ratio the wavelength dependence of {P is reqLired, 50 t;; physical properties

- of the aerosol still have to be assumed. The removal of the clean-air normalisation

is a very useful step forward, however, and allows a check to be made on the

validity of the normalisation technique.
Although the measurement of the relative system efficiencies is less

demanding than of the absolute efficiencies, it is still far from being trivial.

The problems of determining the relative sensitivity and laser energy need to be

considered together, as the parameter which needs to be monitored is the sensible

energy of the laser, which is the backscattered energy detected by a receiver of
known efficiency. ‘In a tunable system (e.g. a dye laser), unless the laser

energy monitor employs a narrowband filter closely matched to that of the receiver,

L ~changes in wavelength will result in a migleading estimate of the transmitted =

energy. Experience with the present system has shown that for an untuned dye laser
with the broadband output produced by the Rhodamine 6G dye, both the peak wavelength
and the full width at half maximum of the laser pulse vary with dye temperature

and age. It is therefore desirable both to stabilise the laser wavelength and to

: -12-
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narrow the pulse width to the point where small wavelength drifts will not produce
large changes in transmissions through the narrowband filter. Both of these
requirements are met by the addition of an intra-cavity Fabry-Perot interferometer.
This would not normally be necessary in the case of, for example, Ruby lasers, unless .
the filters employed were of véry narrow bandwidth. The energy monitor also needs

to be insensitive to the polarisation state of the pulse, as the present system

uses a mixed-mode laser, for which the characteristic mode and hence the polarisation
state may vary from shot to shot. These considerations complicate the determination
of the sensitivities and energy monitor calibrations by firing the laser via a known
attenuation into the receiver system and noting the relationship between receiver
response and energy monitor response, as described by Pettifer et al (1976).

Further work is in hand to ensure that they do not adversely affect the

experimental results.

When the clean-air normalisation is applied, the atmospheric transmission
between the ground and the altitude Z.' , does not need to be known. In the two
wavelength experiment the relative transmissions are required and this quantity
is dominated by the tropospheric contribution. Pettifer and co-workers used
the data of Irvine and Peterson (1970) to obtain the climatological average for $
the ratio of the two transmissions. There is, unfortunately, a tendency for
this ratio to increase as the transmission decreases (Fig. 7). Such a variation
with transmission is not surprising, however, because of the variability in the
relative amounts of aerosol, hydrometeors, etc, in the troposphere and their
different wavelength dependent transmissions, but it means that the best estimate
of the transmission ratio can only be found if the absolute transmission is also
known, which removes one of the advantages of .the two wavelength approach. If this
dependence is ignored and a climatological value used, the scatter in Irvine and

Peterson's data suggests that uncertainties of about 10 per cent in the value of -

—the square of the transmission ratio would result. = ¢
An error analysis for the two wavelength experiment has been carried out

and the results are presented in Table 4. These calculations assume that the

-



aerosol has the Haze H size distribution functionwith a complex refractive
index of 1.5 - 0.005 i.
The first column lists the value of the scattering ratio at 605 nm,

Rsos(z), which determines the ratio of the number of backscattefed photons received

.at the two Lidar wavelengths, PGOS(Z)/P465(Z)' The table then lists the required

percentage errors in the photon counts and the ratios of the number of transmitted
— —photons, the receiver-efficiencies-and the square-of the-transmissions, in order

to produce an error of 100 per cent in the derived optical depth. From the

discussion in section 2.4 it will be seen that the accuracy required in the

measured count rates can be met over the altitude range of interest.

However, the requirement for uncertainties in the other qugntities of only a

few per cent is much more difficult to meet. In particular qz" cannot be

measured to better than about 10 per cent at the present time. It must be

concluded that the clean-air calibration assumption can only be dispensed

with at times of exceptional aerosol densities.

-———
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5. Two-wavelength runs analysed separately

The simplest way to analyse two-wavelength data is to treat each wavelength
run separately, applying the clean-air normalisation at the same altitude, and
. then calculating two scattering ratio profiles. This allows the additional
information provided by the second wavelength to be used to determine the most
likely size distribution function, by comparing the ratios of the theoretical
backscatter coefficients listed in Table 3 to the observed ratio. The uncertainty
in the choice of size distribution function is then determined by ghe relative
sizes of the error in the observed ratio and the spread in the theoretical
values. It is necessary to return to the use of the clean-air calibration
technique, but in view of the difficulties in applying the analysis outlined
in the previous section at times of low aerosol densities this is an acceptable
constraint. '

As an example of the method of analysis,FiS-8 shows the Lidar data obtained
at 605 nm on the night of November 22-23 1976, which together with the 465 nm
data presented inFig, 2 are analysed in Table 5 to derive values for the ratios
of the aerosol backscatter coefficients. The results are unusual in that the

. wavelength dependence of the aerosol backscatter coefficient is even greater

that that of the molecular term. This suggests that in the range 0.1 - 1 /um

the size distribution function was much steeper than those shown in Figure 6,
although the errors on the value of the observed ratio are large. It is possible
that the data for 22-23 November are affected by thin cirrus cloud at the

lowest altitude. This would result in scattering ratios which were too low

and would explain the unusual wavelength dependence. Because of the potentially -
much greater backscatter by cirrus than by aerosol, great care has to be taken
in using the clean-air normalisation technique at altitudes where even very small

3 amounts of cloud may be present.

T This technique will not work if the shape of the actual and model size
distribution functions are different. In principle, the use of many operating
wavelengths over as wide a wavelength range as possible allows the shape of the

size distribution function to be found by inverting the backscatter data directly.

However, the small wavelength range available and the blurring effect of the

= i
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Mie functions on features in the size distribution function means that such

direct methods are of little practical use.. This is illustrated by Figure 9,
for which the wavelength dependence of the backscatter coefficient over the range
0B .= %3 /um has been calculated for each of the five model distribution 3
functions used previously. These curves have very similar shapes, with no
pronounced spectral features, the largest differences in slore occurring at
about 0.7 /um. Two operating wavelengths spaced as widely as possible below about
1 /um will therefore provide as much information on the size distribution
function as the restricted frequency range available will allow. The only
obvious disadvantage of the present system is therefore that the two wavelengths
| are too close to allow useful size distribvtion information to be obtained,
|
i except at times of high stratospheric aerosol content.
The results still depend, however, on the refractive index assumed and on
the clean-air normalisation technique. Additional information on the refractive
index could be obtained from measurements at several scattering angles. Such
measurements have been made using a Laser polar nephelometer mounted on an
aircraft (Grams, Dascher and Wyman, 1975), but the method is most sensitive at
scattering angles less than 900, so that a major re-organisation of the present ”

system would be required to use this configuration.
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6. Conclusions
In this paper the steps in the analysis of Lidar observations of the
stratospheric aerosol layer which are most sensitive to assumptions and
experimental errors have been examined. The most important areas are;
(lj’ In the analysis of single wavelength data the need to assume that there
is no aerosol present at some altitude in order to normalise the data can
lead to large errors if aerosol is in fact present. This danger can be
reduced by analysing the Lidar signal from as wide an altitude range as
possible.
(2) The need to assume that there is an aerosol-free layer can be removed
by the addition of a second operating wavelength. Difficulties in determining
sufficiently accurate values for the relative receiver sensitivities, laser
energies and atmospheric transmissions, however, means that the assumption
can only be checked when aerosol densities are high.
(3) At times of low aerosol density the data from the two wavelength
runs are best analysed separately, returning to the aerosoi-free layer
assumption but in principle allowing some information to be recovered on the
size distribution function.
(4) TUncertainties in the values for the aerosol refractive index and size
distribution function can lead to errors of at least a factor of two in the
derived density, optical depth and predicted temperature change. The error
due to ignorance of the refractive index will probably be important only
immediately following a volcanic eruption, when the'éroportions of silicate
dust and sulphuric acid are unknown. However, there is still only a very
limited climatology for the size distribution function, so that errors from
this source are glways important. Data on aerosol size distributions can

be obtained by two-wavelength Lidar systems, provided the operating

wavelengths are well spread over the visible window region, although the

results would still depend on the restrictions outlined above.
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Table 1.

Definition of symbols used in Section 1

Altitude variable.

Altitude increment.

Altitude at which aerosol assumed to be absent.
Lowest altitude at which lidar signal analysed.
Receiver system efficiency.

Atmospheric transmission between ground and Z

{

Atmospheric transmission between Z and Z

Number of photons transmitted.

Number of photons received from altitude Z
Molecular backscatter coefficient.

Aerosol backscatter coefficient.

Scattering ratio at altitude = .

Maximum value of R(Z) in a profile.
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Table 4.

Error Analysis for the two-wavelength experiment

Percentage errors required in
measured quantities for 100 per cent
error in the derived optical depth.
R () b @)fe @)
60S s 46S =
P @) Po(,og’ Et,os‘) L oS
koS’ R B e
0 46§ L6S &GS
1.1 1.56 1.5 I
1.2 1.61 5 2
1.3 1.66 b 3
1.5 1.7k 5.5 b
2.0 1.89 6.5 -
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Fig. 2: Scattering ratio profile observed at 465nm on the
night of 23/24 November 1976. Error bars are one
standard deviation in length. The 'clean-air'
normalisation level is 11km.
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normalisation level is 11 km.
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