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A SAGE II validation program has been performed in Europe using ground-based lidars and
balloon-borne polarimetric and photographic experiments. Between the tropopause height and about
23 km, good agreement is found between the SAGE II 1.02-/am extinction profiles and the lidar
profiles, using for the conversion of backscattering into extinction an aerosol model consistent with the
SAGE II spectral extinction. The extinction profiles deduced from the limb photographs at 0.44 and
0.375/am present a good agreement with the SAGE II profiles at 0.453 and 0.385/am, respectively. The
size distribution retrieved from the near-infrared polarimetric observations leads to a spectral variation
of the extinction in good agreement with SAGE II data in the same altitude range. Above 23-25 km the
observationsare scarceand the data of poorer quality becauseof the low aerosol content. The 1.02-tam
extinction profiles seem to agree with the ruby lidar and the limb photograph profiles. But any
conclusion concerning the short-wavelength profiles and the size distribution at these high altitudes
would be risky.

1.

INTRODUCTION

SAGE II provides aerosol extinction profiles at 1.02,
0.525, 0.453, and 0.385 /am. The 1.02-/am channel is free
from any other contribution except the Rayleigh correction,
which is not too large for most of the altitude range. The
results

are retrieved

without

difficulties

almost

down

to the

spherical droplets of an aqueous sulfuric acid solution. This
means that there is no direct, simple validation experiment
for the aerosol data as there is for the gas data, where only
one parameter (the gas concentration) has to be measured.
The most direct approach is to measure in situ the absolute
size distribution n(r) of the particles (including the total

ground level in cloud-free cases. The upper limit of retrieval
is due to the low aerosol concentration, which leads to
transmissions very close to 1 above some altitudes (around
30 km at middle latitudes), for the present state of the
atmosphere; smoothingprocedures allow retrieval at higher
altitudes, but with increasing error bars. The three shortwavelength channels are contaminated by ozone and nitrogen dioxide absorption; the separationof these contributions
has been discussedby Chu et el. [this issue]. The upper limit
of a reasonable quality retrieved profile is probably a little
below 30 km for the three channels, because of the increas-

ing contributionof 03 and NO 2 with altitude. Moreover, the
Rayleigh correction increasestoward the short wavelengths,
leading to an increasing error in the retrieved extinctions and
limiting the retrieval to altitudes above 8, 10, and 14 km for
the 0.525-, 0.453-, and 0.385-/xm aerosol extinction profiles,
respectively.
The aerosol extinction depends on their total number
density and on their size distribution, as well as on their
shape and refractive index; they are generally assumedto be

numberN = f• n(r) dr per unit volume) and to computeby
Mie theory the extinction profiles to be compared to the
SAGE II extinction profiles. This can be achieved by various
instruments, such as wire impactors. quartz crystal microbalance (QCM) multifilters, and optical counters [Russell
et el., 1981, 1984; Oberbeck et el., 1986; Osborn et el., this
issue]; however, all instruments have limitations in the range
of sizes detected. Another approach consists of using other
scattering measurements that should be consistent with the
SAGE II extinction profiles. The best known example of this
procedure is the lidar backscattering profile. The backscattering data have to be converted into extinction profiles,
using a model of the aerosol size distribution and the Mie
theory; for consistency, the same model must reproduce the
spectral variation of the extinction deduced from the four
SAGE

II aerosol

channels.

During the correlative experiments made in Europe [Lenoble, this issue], ground-based lidars were used at four
different stations; the results are presented in section 2. Two
other scattering techniques have been simultaneously used
from balloon platforms: photographs of the Earth's limb and
infrared polarimetric measurements. These are presented
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2.

LIDAR

Nd: Yag lasers operating at 0.532 tzm have been used at
the Observatoire de Haute Provence (OHP), Frascatti, and
Florence, and a ruby laser operating at 0.694 tzm has been
used at Garmisch-Partenkirchen. All of the lidar profiles are
corrected for extinction; the three lidars are calibrated

assumingRmin = 1 in the altitude range 30-40 km. The ruby
laser allows retrieval of the profiles up to altitudes higher
than the Nd: Yag laser, because of the smaller contribution
of Rayleigh scattering at the larger wavelength. The data
provided by the experimenters are the backscattering ratio
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R = (ba½"+ bmøl)/b
møl,versusthe altitude;baeris the aerosol
and bmølthe moleculebackscattering
coefficient.
The aerosolbackscattering
is deducedfrom R and bmø!

2.0,

(computed for a standard atmosphere). The aerosol extinction coefficient is related to the backscattering coefficient by

o•aer(A)
= 4rrbaer(A)/paer(A,
180ø)

II AEROSOL PROFILES

(1)

where paCt(A,180ø) is the aerosol phase function (normalized
at 4•-). The exact phase function, which depends on the
characteristics and size distribution of the aerosols, is unknown. Therefore it is replaced by the phase function
computed for an "aerosol model." The same model is used
to transform o•½r(A)into o•½•(1.02) for comparison with the
SAGE II profiles at 1.02/xm. The following transformation
equations are used:

baer(A)
= (R - 1)bmøi(A)

(2)

o•aer(A)
= 4rrbaer(A)/[paer(A,
180ø)]
mødel

(3)

•
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reft ...
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o•aer(1.02)
= o•aer(A)[o•er(1.02)/traer(A)]
mødel (4)
or combining (2), (3), and (4),

o•aer(1.02)
= 4rr(R- l)bmøl(A)/g(A)

(5)

K(A)= [rraer(A)paer(A,
180ø)/o•aer(l.02)]
mødei

(6)

where
,

We have chosento compare the lidar data with the SAGE II
profiles at 1.02/.•m, becausethey are of better quality and are
retrieved at higher altitudes than the SAGE II profiles at
0.525 /.•m, which are closer to the lidar wavelengths. Similarly, the statistical error AR due to signal fluctuations is
transformed into an error Ao•½•(1.02). The conversion of
backscatteringat A into extinction at 1.02 •m has been made
with various models, arid it has proved insensitive to the
detailed shape of the siie distribution, the main parameter
being the effective radius reefand the effectivevariancevcef,
defined by

reft=

r3n(r)dr/

r2n(r)dr

(7)
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Fig. 1. Lidar conversionfactor K(A) versusthe effective radiusref
t,
for aerosolLND models' particles are 75% H2SO4 at 220 K.

very rapidly for smaller particles. Similar curves can be
drawn for other valuesof reef.However, the influenceof vcef
becomes large only for particles smaller than 0.20/xm; it is

almostnegligiblefor reef•- 0.30/xm, as K increaseswith vcg
for reef> 0.30 /xm and decreasesfor reef< 0.30 /xm. For
example, the curves correspondingto vcef- 0.1 and vcef=
0.58 at A = 0.532/xm are shown in Figure 1.
The results of the lidar/SAGE II profile comparisonswill
be presented,usingfor the conversion of backscatteringinto
extinction the model (or models) with vcg - 0.25, which
gives the best agreement between the two profiles. The
choice will be checked for consistency with the SAGE II
spectral extinction and/or with the in situ observations in

reft=

(r- reff)2r2n(r)
dr/re2ff r2n(r)dr

(8)

The simplest choice for modeling is a lognormal size
distribution (LND):

section

The four periods of observations were November 10-13,
1984, November 27-30, 1984, April 21-23, 1985, and October
12-14, 1985; the locations of the SAGE II events and of the
ground stationsare presented by Lenoble [this issue].
2.1.

n(r)=(N/•rlns)exp
- 2In
2s] (9)
The %,-and vcefare i'elated to the mean radius r,,, and the
variance s by [Lenoble and Brogniez, 1984]

ref
t = rmexp(2.5In2 s)

(10)

Veer
= exp(In2 s) - I

(11)

5.

November 10-13, 1984

Duringthe periodfrom November 10through13, 1984,the

aerosol layer was very unstable on the local scale, as shown
by the in situ balloon observations, and on the scale of the
observation zone, as proved by the important differences
between the six SAGE II profiles. The lidar profiles obtained
at OHP and at Garmisch-Partenkirchen

on November

11 are

also quite different, as are the profiles obtained at OHP on
Figure 1 presents the conversion factor (K(A) = trac•(A) November 11 and November 13. However, on November 13
p•½•(A, 180ø)/o•er(l.02)versus reeffor LND models (75% the situation seems to stabilize and the two SAGE II profiles
H2SO4 droplets at 220 K), with veef= 0.25 (s = 1.60), for the at 8.49øW (1703 UT) and 15.8øE (1527 UT) are very similar;
two lidars. It varies slowly for reef larger than 0.20/xm and is this allows a comparison with the OHP lidar profile obtained
almost constantfor reeflarger than 0.30/xm; but it increases at the samelatitudeand6øE,from 1705to 1817UT (Figure
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model v½•r= 0.25 (see text) on November 13, 1984: solid curve,
SAGE II, 1703 UT, 44.62øN, 8.49øW; dash-double-dotted curve;
SAGE II, 1527 UT, 44.50øN, 15.81øE(error bars omitted); dashed
curve, OHP lidar, 1705-1817 UT, 44øN, 6øE (aerosol model: reef=
0.35 txm).

2). The agreement is very good above 18 km and certainly
within the error limits of the lidar profile; below 18 km the
differencesare probably due to the variability of the aerosol
layer. The conversion from backscattering into extinction
has been made with a LND model, reft = 0.35 /xm, for all
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Fig. 2. Comparison of aerosol extinction profiles at 1.02
from SAGE II and retrieved from lidar backscattering with a LND

'
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Fig. 3. Same as Figure 2 except on November 27, 1984: solid
curve, SAGE II, 1457 UT, 46.53øN, 18.63øE; dashed curve, lidar
OHP, 1720 UT, 44øN, 6øE; dotted curve, Garmisch-Partenkirchen
lidar, 47.5øN, 11øE(aerosolmodel: reft= 0.25/xm, z < 21 km; reft:
0.10/xm, 21 km < z < 25 km; reft = 0.05 /xm, z > 25 km).

particles would give better agreement than the model with
reft= 0.05/xm, but the accuracyof both the SAGE II and the
lidar profiles is probably not good enough at these altitudes
to give a definite conclusion. The error bars on the
Garmisch-Partenkirchen lidar profile have been given every
2 km; they are somewhat larger for the OHP lidar profile.

altitudes. But as mentioned earlier, the conversion is not

very sensitive to the effective radius in this size range and
any model with reftbetween 0.20 and 0.50/xm would lead to

4O

a similar agreement.
2.2.

November 26-30, 1984

For the period November 26-30, 1984, the situation was
more stable. From the eight SAGE II profiles, only the
western profiles of November 28 and 29 seem to correspond

303

•,•.,•

"\

to a different air mass with more aerosols above 25 km; the

other six profiles (eastern profiles for the whole period and
western profiles for November 26 and 27) are very similar.
The several lidar profiles obtained during this period (OHP,
November 27-29; Frascatti, November 28-30; GarmischPartenkirchen, November 27) confirm a good stability for the
aerosol layer over the zone and the period. This provides
conditions much better than during the middle of November
for a comparison program. Figures 3, 4, and 5 present the
results of these comparisons. For November 27 (Figure 3),
two lidar profiles are available: one from OHP up to 25 km
and one from Garmisch-Partenkirchen up to 30 km. To
obtain agreement with SAGE II, the conversion from backscattering into extinction has to be made using models with
a particle size decreasingwith altitude z; we have used rofr=
0.25/xm for z < 21 km, ro,-= 0.10/xm for 21 km < z < 25 km,
and reft= 0.05/xm for z > 25 km; a gradualchangeof reftwith
altitude is more likely than an abrupt one, but shouldappear
around 20-22 km and 25-26 km. Above 28 km, even smaller
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Fig. 4. Same as Figure 2, except on November 28, 1984: solid
curve, SAGE II, 1509 UT, 45.18øN, 16.76øE; dash-double-dotted
curve, SAGE II, 1645 UT, 45.07øN, 7.36øW (error bars omitted);
dashed curve, OHP lidar, 1657-1830 UT, 44øN, 6øE; long-dashed
curve, Frascatti lidar, 1800 UT, 42øN, 13øE (aerosol model: r½•-=
0.25 txm).
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Fig. 5. Same as Figure 2, except on November 30, 1984: solid
curve, SAGE II 1533 UT, 41.40øN, 13.61øE; long-dashed curve,
Frascatti lidar, 1936 UT, 42øN, 13øE(aerosol model: refr- 0.35 tzm).

Fig. 6. Same as Figure 2, except on April 21, 1985: solid curve,
SAGE II, average of five profiles (April 21-23 between 50.14ø and
43.80øN and 7.20øW and 21.29øE) with standard deviations; dotted
curve, Garmisch-Partenkirchen lidar, April 21, 47.5øN; 11øE
(aerosol model: reft = 0.35/am, z < 21 km; reft = 0.10 /am, Z > 21

The two lidar profiles agree with each other reasonably well,
as well as with the SAGE II profile above 15 km; below this
level they exhibit oscillations, probably due to local conditions. For November 28 (Figure 4) the conversion has been
made with re,- - 0.25 /•m up to 23 km, which is the upper
limit of the lidar profiles (OHP and Frascatti). The agreement
between the OHP lidar and the SAGE II profiles is very
good; the Frascatti lidar leads to somewhat smaller extinctions below 20 km. November 30 (Figure 5) corresponds to
the closest coincidence, as the SAGE II tangent point is

km).

about 90 km from Frascatti.

The conversion

October

1985

In October 1985 the six SAGE II profiles are rather
similar, but not as similar as in April. Lidar profiles were
obtained at OHP for 4 successive days, and they show a
good stability of the aerosol layer at this station. Figure 7

has been made

with rear= 0.35/•m, and the agreementbetween the Frascatti
lidar and the SAGE II profiles is almost perfect in the
altitude range of the lidar profile (12-22 km).
2.3.

2.4.

40.

April 1985

In April 1985 the five SAGE II aerosol profiles available
over the zone are almost identical, pointing to very stable
conditions for the aerosol layer. Unfortunately, weather
conditions did not permit lidar observations, except at
Garmisch-Partenkirchen on April 21. As the SAGE II tangent points were not very close to Garmisch-Partenkirchen
on April 21, and considering the homogeneity mentioned
earlier, we have chosen to make the comparison with the
average SAGE II profile for the considered zone and period.
The result of this comparison is presented in Figure 6. The
bars on the SAGE II average profile in Figure 6 are the
standard deviations; they are of the same order as the error
bars on individual profiles. No error bars have been given for
the lidar profile, but the errors can be expected to be of the
same order as in Figure 3. The conversion of backscattering
into extinction had to be made with ro,- = 0.35 •m below 21

km and ten-= 0.10/•m above that level in order to find the
best agreement between the two profiles; the change of
particle size seems rather abrupt between 20-22 km. The
agreement is within the error bars.
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vig. 7. Same as Figure 2, except on October 12, 1985: solid
curve, SAGE II, 0502 UT, 41.03øN, 17.03øE; dashed curve, OHP

lidar, 1900-1920 UT, 44øN, 6øE (1, aerosol model refr= 0.17/am; 2,
aerosol model deduced from polarization measurements).
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comparesthe OHP lidar profile for the evening of October 12
with the SAGE II morning profile on October 12, approximately 10ø east of OHP. The SAGE II profile at about 14ø
west of OHP is very similar above 16 km and so are the two
profilesfor the morningof October 13, however, with values
slightly higher above 21 km for the eastern profile. Below 16
km the four profiles are quite different, and no comparison
can be sought. A good agreement above 16 km is found by
usingan aerosolmodelwith %f = 0.17 tamfor the conversion
of the lidar profile.
In conclusion, the extinction profiles retrieved from lidar
profiles seem in reasonably good agreement (generally
within the error bars) with the SAGE II extinction profiles at
1.02 tam,providedrcf is chosensuitably.The bestvalidation

ig obtainedon November 30, 1984, where there is a close
coincidence

in time and location

between

the SAGE

OF SAGE
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4O

z(km)

lO

II and

the Frascattilidar profiles(Figure 5). The periodsof stability
of the aerosol layer allow rather good validations with
noncoincident observations; this is the case for April 21-24,
1985 (Figure 5). The conversion of backscattering lidar
profiles into extinction profiles has to be done with variable
models, the particle sizes being generally smaller at high
altitudes. The consistency of the choice of the model with
the other observations

3.

will be discussed

BALLOON

LIMB

in section 5.

PHOTOGRAPHS

Photographs of the limb radiance were made from balloons at Aire sur l'Adour by the Institut d'A6ronomie
Spatiale de Belgique (IASB); the photographswere made for
low Sun elevation, at various solar azimuths for two wavelengths(0.84 and 0.44 tam)during the first flight and for three
wavelengths (0.84, 0.44, and 0.375 /•m) during the second
flight [Ackerman et al., 1981]. The extinction is deduced
from the radiance measured at 30ø scattering angle, and the
Rayleigh extinction is subtracted to obtain the aerosol extinction. Only direct solar radiation falling on the atmosphere is considered, since the solar elevation is low and
since it has been checked that the effects of illumination by
clouds or lower atmospheric layers are negligible. Only
single scattering is taken into account, which is reasonable,
since only observations at low extinction are used. Most of
the uncertainties originate from film calibration (+20%). A
value equal to 3 is used for the phase function at 30ø. The
uncertainty is here equal to -+15% for a range of asymmetry
parameters from 0.4 to 0.7. Two flights took place, on
November 10, 1984, and April 22, 1985. They were simultaneous to flights of the polarimetric instrument described in
section

3.1.

4.

10-7
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10'4

10-4

10-s

tO t

o'(km-q
Fig. 8. Comparisonof aerosol extinction profilesfrom SAGE II
on November 10, 1984, at 1627 UT, 37.80øN, 5.27øE; (dashdouble-dotted curve) and SAGE on November 11, 1984, at 1639 UT,
40.50øN, 0.56øE (solid curve) and from balloon limb photographies
on November 10, 1984, at sunset, launch site 44øN, 0ø (thin solid
curve); SAGE II A = 0.453/xm; balloon A = 0.44

8 and 9. Figure 8 compares the balloon profile at 0.44 tam
with the two SAGE II profiles at 0.453 tam; we have not
introduced a correction for the small wavelength difference.
Figure 9 concerns the comparison at 1.02 tam; the balloon
profiles at 0.84 tam have been converted to 1.02 tam, using
two aerosol models with ref
t = 0.28 tam and ref = 0.05 tam,
respectively, but the conversion is not very sensitive to the
model. At 1.02 tam the balloon profile on November 10 and

z(km)
.

ß

30_'

20.

November 10, 1984

On November 10, 1984, the photographs confirm the
aerosol layer inhomogeneity mentioned previously (section
2). To the south of the balloon position, well-marked vertical
structures were observed [Ackerman et al., 1985]. Toward
the north a much smoother vertical profile was observed.
The SAGE II tangent point on November 10 is rather far to
the southeast, over the Mediterranean Sea, and the SAGE II
profiles on November 11, closer to the balloon launch site,
are completely different than the November 10 profiles. We
have therefore chosen to compare the balloon profiles with
the two SAGE II profiles of November 10 and 11 in Figures

10!

0

10-7

10-6

10-S
10-4
(7(km-1)

10-3

10-2

Fig. 9. Same as [qgure 8, except A = 1.02/.•m. Balloon data are
converted from 0.84 to 1.02 /am with LND aerosol models, reft =
0.10; I, ten.= 0.05/am' 2, reft = 0.28/xm.

8404

ACKERMAN ET AL.' EUROPEAN VALIDATION OF SAGE II AEROSOLPROFILES

4O

4O

z(km)

z (km)

3O

3O

20.

20_-

10

0

I

10-7

I

10--a

I

10-s
10-4
o'(km-')

0

I

10-3

10-:•

Fig. 10. Comparisonof aerosolextinction profilesfrom SAGE

i

10-7

10--6

i

10-s
o'(km-,)

i

1•)-4

10-3

10-a

II on April 22, 1985, at 1906 UT, 47.17øN, 2.90øW (solid curve) and
from balloon limb photographieson April 22, 1985,at sunset,launch

Fig. 12. Same as Figure 10, except h = 0.84/am. SAGE II data
are convertedfrom 1.02to 0.84/amwith LND aerosolmodels,yetr -0.25' rerr = 0.35 /am, z < 22 km; rerr = 0.10/am, z > 22 km. Solid

site 44øN, 0ø(thin solidcurve); SAGE II A - 0.385/am; balloonA =

circle is from balloon extinction.

0.375/am.

the SAGE II profile on November 11 are in very close
agreement, whereas the SAGE II profile on November 10 is

heightof 20 km was very closeto the SAGE II tangentpoint
[Ackerman et al., 1987]. Figure 10 comparesthe balloon and
the SAGE II extinction profiles at 0.375 and 0.385 /am,
respectively;Figure 11 gives the same comparisonfor 0.440

quite different. At 0.44/0.453 /am, the balloon profile is
between the two SAGE II profiles, with a general shape and 0.453 /am; the error due to the small difference in
more similar to the SAGE II profile of November 11.
wavelength is in both cases smaller than 5%, and we have
not found necessary to introduce a correction. Figure 12
presents the comparison of the balloon and the SAGE II
3.2. April 22, 1985
extinction
profiles at 0.84 /am. The SAGE II profile at 1.02
On April 22, 1985, the conditionswere very stable, and the
/am
has
been
convertedto 0.84/am, usinga LND model(veer
air mass observed at 30ø from the Sun and for a tangent
= 0.25) with an effectiveradius of 0.10/am above 22 km and
0.35/am below 22 km, i.e., the model which gives the best
41
agreement between lidar and SAGE II profiles (section 2,

I

z(km)

I

I

I

l

Figure 6)' however, the conversion between 1.02 and 0.84
/am is not very sensitive to the choice of the model, as
mentioned above. The balloon profiles exhibit oscillations
which are smoothedon the SAGE II profiles. Above 21 km
the general agreementis very good up to 26-28 km for the

0.44/0.453-/xmand the 0.375/0.385-/xmprofiles, and up to 32
km for the 0.84-/amprofile. Below 20 km the balloonprofiles
deduced from scattering could be of poorer quality. However, in this case the photographicallymeasuredextinction
becomes significant and hence reliable. The value of aerosol

extinction(total extinction minus Rayleigh and 03 extinction) deduced from the balloon data agrees well with SAGE
II results at 18 km altitude (Figure 12). Above 26 km the
error bars on SAGE II profiles become very large for the
short-wavelength channels and the oscillations of the balloon
profiles increase toward high altitudes and short wave-

lengths. However, the balloon extinctions for 0.44 /am and
O

10';

,

0.375/am are systematically higher than the SAGE II extinc-

,

,

10 -*

,

10 -5

,

10 -4

l•O_a

10 -2

o'(km4)
Fig. 11. Same as Figure 10, except SAGE II h = 0.453 /am'
balloon h = 0.44/am.

tions above 26 km, which would point to smaller particles
observed by the balloon.

The balloon limb photographson April 22, 1985, provide
an almost direct comparison with SAGE II profiles, for a
close coincidence, and in a stable situation. The agreement
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for the three wavelengths is very good between 21 and 26
km.
4.

BALLOON

POLARIMETRIC

OBSERVATIONS

The instrument [Herman et al., 1986] is a narrow field of
view polarimeter operating at two wavelengths in the nearinfrared, 0.85 and 1.65 •m. The scanningis performed in an
horizontal plane by rotation of the gondola. Measurements
of the radiance L and of the degree of polarization P at the
two wavelengths can be made during the ascent and the
descent or at the ceiling level; the best conditions are sunset
or sunrise, when the Sun is close to the horizon, allowing the
scattering angle 0 to vary between 0ø and 180ø. The data are
first corrected for multiple scattering and for the reflection
by the ground or by the clouds, in the case when the Sun is
above the horizon; the radiance is more conveniently expressed as a reflectance p = z-L/E, where E is the solar
irradiance. The inversion procedure uses first the polariza-

tion P(0o) at 1.65/am (0o = 100ø),assumingthat the molecular contribution is negligible; this defines a family of LND

size distributions(rmversuss); the reflectancep(0o)are used
to retrieve the tangent optical depths for the two wavelengths;finally, the polarization P(0o) at 0.85/am is used to
select a model amongst the family found previously. It is
checked that the reflectance p(0) and polarization P(O) computed with this model agree with the measured values for the
two wavelengths and all the scattering angles.
Four flights took place, one for each period during the
SAGE II European correlative program. All of the flights
were launched from the Centre National d'Etudes Spatiales
(CNES) Center at Aire sur l'Adour in the southwest of
France. The four flights are briefly described here, and the
results will be presented in section 5.2.
4.1.

November

10, 1984

On November 10, 1984 (sunset flight) the aerosol layer was
very inhomogeneous and unstable around the balloon. The
data recorded between 14 and 30 km, with a gap due to
transmissionproblems between 19 and 23 km, are therefore
of poor quality. The polarization diagrams can be inverted
only around 16-19 km.
4.2.

November 28, 1984

On November 28, 1984 (sunrise flight) the conditions were
better. Unfortunately, the balloon did not fly above 24 km,
but good quality data were recorded between 14 and 24 km.

4.3.

April 22, 1985

During the flight of April 22, 1985 (sunset), the instrument
broke down at ceiling level. Data were recorded only during
the ascent between 15 and 22 km and 27 and 30 km, when the
gondola was not very stable and the Sun was still rather high
above the horizon.

4.4.

October 12, 1985

The flight of October 12, 1985, took place during sunsetin
good stable conditions, and data were recorded from 16 to 33
kin. However, above 22 km the aerosol content was low, and
the results are of better quality at low altitudes.
5.

ANALYSIS
T•E

T•REE

The aerosol
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is retrieved

from SAGE

II data at four wavelengths 1.02, 0.525, 0.453, and 0.385/am,
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leading to a spectral extinction curve •½r(,•) which could "in
principle" be inverted to give the size distribution n(r). The
lidar backscattering profiles have been converted into extinction profiles at 1.02/am using the aerosol model withveer
= 0.25, which gives the best agreement with SAGE II
profiles. Of course, varying veer,within a reasonable range,
leads to a family of size distributions characterized by
reft), which give the same conversion factor from lidar into
extinction profiles. The model used for lidar conversion must
be consistent with the model fitting the SAGE II spectral
extinction craer(A).The balloon polarization measurements
lead to a retrieval of the size distribution n(r), which best fit
the polarization and the reflectance diagrams at 0.85 and 1.65
/am. This has also to be consistentwith the SAGE II spectral
extinction and with the lidar conversion factor. Finally, the
balloon limb photographsprovide profiles to be compared to
the SAGE II short-wavelength extinction profiles (see Figures 8, 10, and 11).
Inverting the SAGE II spectral extinction •½r(A) is a
rather delicate problem, and various approaches have been
tried in order to retrieve two parameters of the size distribution, i.e., the effective radius rcerand the effective variance
veer,or the mean radius r,, and the variance s. The discussion
of this inversion problem is beyond the scopeof the present
work

and will

be left for

a future

contribution.

We

limit

ourselves here to deducing the effective radius reer[Lenoble
and Brogniez, 1985] for an arbitrary fixed variance (Vee
r =
0.25) from the ratio •e•(O.453)/•e•(1.02), or more conveniently, from the related mean Angstrom coefficient a for the
spectral interval 0.453/1.02/am, defined by

o'aer(A)
= o'aer(1.02)A
-"

(12)

Preliminary tests with a two-parameter retrieval procedure
suggestthat the effective variance is generally smaller than
0.25 at the low levels below 22 km [Brogniez and Lenoble,
1989].

5.1. Consistency of Lidar Conversion
Factor With SAGE H Spectral
Extinction

November 10-13, 1984. For this period a stable situation
is found only on November 13, when a lidar comparison was
possible (Figure 2). If we look at the Angstr6m coefficient a
for the wavelength interval (0.453/1.02/am) from the SAGE
II profiles on November 13, it varies approximately from 0.6
to 1.8 when the altitude increases from 15 to 25 km, pointing
to a decrease of the particle effective radius from about 0.40
to 0.20 /am with altitude; the variation of o•e•(A) between
0.525 and 0.385/am suggests,at least for the low altitudes, a
rather small effective variance, around 0.1 or a little larger
than 0.1. As mentioned earlier, the conversion factor from
lidar backscattering into extinction is not very sensitive to

the model for particles with reerlarger than 0.20/am, and the
agreement found between the lidar and the SAGE II profiles
in Figure 2 would remain had we used the aerosol models
derived from the SAGE II spectral extinction instead of the
model rcer= 0.35/am, veer= 0.25.
November 26-30, 1984. For this period the comparison
between SAGE II and lidar profiles on November 27 (Figure
3) requires an aerosol model with roer-• 0.25/am for z < 21
km, r•er-• 0.10/am for 21 km < z < 26 km, and reer-• 0.05/am
for z > 26 km. For the low altitudes, the SAGE II spectral
extinction suggestsreerbetween 0.35 and 0.24/am (a between
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0.8 and 1.5), which is consistent with the model (reft = 0.25
/_•m)chosen for the lidar conversion, consideringthe small
sensitivity of the conversion factor in this size range. However, at higher altitudes, a increases from about 1.3 to 1.9,
which means a decreaseof reft from about 0.25 to 0.18/•m.
Small particles, as chosen for the lidar conversion factor,
would give a around 3; this is absolutely inconsistentwith
the SAGE II extinction values in the short-wavelength
channels, which are much too low.
On November 28, as mentioned previously, the two
SAGE II profiles are different above 25 km but quite close
between 16 and 25 km, with a small extinction peak around
21 km for the western profile that does not appear on the
eastern profile (Figure 4); in the peak the particles are
slightly larger (a = 1.2 for the western profile, instead of 1.4
at the samelevel in the easternprofile). The two lidar profiles
(Frascatti and OHP) are rather different, and the OHP profile

agreesbetter with the •AGE II profiles. From SAGE II
extinction profiles, a increasesfrom 0.65 to 1.8 between 14
and 24 km, which means reft decreasingfrom 0.40 to 0.20
/_•m;this is again consistentwith the choicereft= 0.35/_•mfor
the lidar conversion

factor.

On November 30 (Figure 5) we have the closest coincidence

between

a lidar

and a SAGE

II

observation.

The

conversionfactor for an aerosol model with reft = 0.35/_•m
gives a very good agreement between 13 and 22 km (upper
limit of the lidar profile). In this altitude range the SAGE II
Angstr6m coefficient varies from 0.6 to 1.4, which correspondsto particles with ref
t decreasingslightly from about
0.40 to 0.25 /_•m.This is again perfectly consistentwith the
choice of reft = 0.35/_•m for the conversionof lidar data.
April 1985. In April 1985 the aerosol layer over Europe
during the observation period was very homogeneousand
stable. The comparisonbetween the SAGE II averageprofile
and the Garmisch-Partenkirchen profile on April 21 was
made usingfor the conversionfactor re,. = 0.35/•m below 22
km and ree = 0.10 /_•mabove that level. The SAGE II
spectral extinction gives reftdecreasingfrom about 0.35/•m
at 13 km, to 0.25/_•m at 22 km, and then to 0.17/•m at 30 km
(a = 0.9, a = 1.4, and a •- 2.0, respectively). This is
consistent with the choice refr = 0.35 /•m for the lidar
conversion factor below 22 km, but not at higher altitudes,
where the SAGE II spectral extinction leads to particles
much larger than the particles which are found necessaryin
order to obtain a good agreement between the lidar and the
SAGE II profile. Again, we find the same difficulty as on
November

27: the

aerosol

model

derived

from

SAGE

II

spectral extinction would lead to a poor agreement with the
lidar profile at high altitudes, whereas agreementis obtained
by assuming much smaller particles than those given by
SAGE II short-wavelength channels. The balloon limb photographs (section 3) on April 22 give extinction coefficients
larger than SAGE II above 25 km for the short wavelengths
(Figure 10 and 11), pointing to particles smaller than those
retrieved from SAGE II. But it is difficult with the rapid
oscillations of the balloon profiles to deduce the spectral
variation rraer(,•)at a given level and to make a quantitative
comparison with SAGE II size distribution.
October 12, 1985. On this day the comparison between
the SAGE II profile and the OHP lidar was made with reft =
0.17 /•m, between 16 and 25 km, whereas the SAGE II
spectral extinction leads to reft decreasingfrom 0.34 to 0.21
/_•mwith altitude (a between 0.9 and 1.7). It is the only case
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TABLE 1. Comparison of Aerosol Effective Radius r½•rUsed for
Lidar/Sage II Best Fit at 1.02 /xm and Retrieved From SAGE II
Extinction Ratio o•½r (0.45)/o •½r(1.02)
Altitude,
km

reef(lidar),

reef(SAGE II),

Date
November 13, 1984
November 27, 1984

12-25
12-21

0.35
0.25

0.40-0.20
0.35-0.24

21-26
26-30

0.10
0.05

0.24-0.18
0.18

12-23
13-32

0.35
0.35

November 28, 1984
November 30, 1984

April 21, 1985
October 12, 1985

10-22

0.35

0.40-0.20
0.40-0.25
0.35-0.25

22-30

0.10

0.25-0.17

16-25

0.17

0.34-0.21

where we find some inconsistency between the best choice
for the lidar conversion factor and the best fit to rraer(A)at
low altitudes. In Figure 7 we have also drawn the extinction

profile deduced from the lidar profile using the aerosol
model, which fits both the polarization measurements (see
discussion in section 5.2) and the SAGE II spectral extinction. The agreement with the SAGE II profile is definitely
not as good as that obtained with the model Vef
t = 0.25,

ref• = 0.17 /•m, but the disagreementappearsonly below 20
km and remains rather small: it might be attributed to small
local or temporal variation of the aerosol, as the observations are not exactly coincident either in location, or in time.
These

5.2.

results

Balloon

are summarized

Polarimetric

in Table

1.

Observations

and Size Distribution

The balloon polarimetric observations provide radiance
and polarization diagrams at 0.85 and 1.65 /•m, and their
inversion leads to the retrieval of two parameters of the size
distribution, assumed to be lognormal. However, it must be
kept in mind that the actual aerosol size distribution may not
be close to lognormal and may not even be monomodal. The
retrieved

size distribution

must be understood

as one of the

many size distributionswhich give a good fit to the radiance
and to the polarization of the diffuse radiation in the nearinfrared. The inversion of the SAGE II spectral extinction
between 0.385 and 1.02/•m is subject to the same remark as
the inversion of the polarimetric data; the retrieved size
distribution is one of many which give a good fit to the
extinction coefficient in the visible range. Therefore using
the balloon polarimetric data to validate the SAGE II shortwavelength channelsis a rather delicate task, and the results
must be considered

with caution.

November 10, 1984. For the flight of November 10, 1984,
Figure 13 compares the tangent optical depth at 1.02 /•m
observed

from

SAGE

II on November

10 and 11 with

the

tangent optical depth observed by the balloon instrument.
As noted previously, the SAGE II event tangent point is
closer to the balloon

launch

site on November

11 than on

November 10. The balloon data exhibit strong oscillations
and have been averaged over 1 km. The balloon optical
depth values at 0.85/•m have been converted into values at
1.02/•m, using an aerosol effective radius of 0.28/•m below
20 km and of 0.10 /•m above 22 km; the influence of the
model choice is, however, small. The balloon tangent optical
depth profile given by the polarimeter is closer to the SAGE
II profile on November 10, whereas the extinction profile
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effective radius decreasing from 0.38 to 0.22 /xm, assuming

3O

Vefr = 0.25, for the same altitude range. The large variance
found by the balloon at low levels seems to confirm the
presenceof particles different from those observed by SAGE
II.
25

2O

15

lO

10-3

10-a

10-•

I

Fig. 13. Comparison of the tangent optical depth at 1.02 /xm,
measured by SAGE II on November 10, 1984, at 1627 UT, 37.80øN,
5.27øE (solid curve) and on November 11, 1984, 1639 UT, 40.50øN,
56øE (dash-double-dotted curve), and measured by the balloon
polarimeter on November 10, 1984, sunset, launch site 44øN, 0ø
(crosses). The conversion of the balloon data from 0.85 to 1.02
has been done with teer = 0.28/xm below 20 km and rcfr = 0.10
above

22 km.

deduced from the balloon limb photographson the same day
was closer to the SAGE II profile on November 11. This is
not too surprising in a very unstable situation, as the two
balloonswere not operating exactly at the same place and at
the same time. The complete inversion of the polarization
data has been performed only for the altitude range 16-19.5
km; the retrieved size distribution has an effective radius
-• 0.35/xm and an effective variance vofr-• 0.17 between 16
and 17 km; between 17.5 and 19.5 km the effective radius is
slightly smaller; reft = 0.29 /xm with vo,- • 0.14. This is in
excellent agreement with the size distribution retrieved from
the SAGE II extinction ratio cr•½r(0.45)/rr•½r(l.02),which
gives, for November 11, ten-decreasing
from 0.32 to 0.23/xm,
if we assumeveer= 0.25, and from 0.36 to 0.27/xm for vee
r=
0.10, between 15 and 20 km. For November 10, SAGE II
data give, for the same altitude range of 15-20 km, an almost
constanteffective radius refr= 0.30/xm, if we assumevee
r=
0.25, and reft = 0.33 /xm with vcfr= 0.10.
November 28, 1984. This flight took place in more stable
conditions. The tangent optical depth measured by the
balloon above 20 km is larger, by about a factor of 2, than the
optical depth measured by SAGE II, whereas at the lower
levels (13-17 km) the two values agree reasonably well. No
explanation has been found for this disagreement, which
may just be due to local conditions. The polarization data
lead to a size distribution

with

an effective

radius

that

is

almost constant around 0.22 /xm, and an effective variance
decreasing from 0.80 to 0.18 between 15 and 22 km. The
SAGE II extinction ratio •½r(0.45)/•½'-(1.02) leads to an

April 22, 1985. Unfortunately, on April 22, 1985, no
inversion of the polarization diagram was possible owing to
the instability of the data. However, at a few levels a relative
stabilization appeared, and the diagram can be used for
direct comparisons. Figure 14 shows the polarization diagram for the two wavelengths (0.85 and 1.65/xm) and three
altitude levels (15, 18.2, and 21.5 km); the dots are the
experimental data and present a rather large dispersion. The
solid lines show the polarization computed with models
derived from a best fit to the SAGE II spectral extinction(reft
= 0.17; reft - 0.37 p,mat 15 km, and reft = 0.29 p,mat 18.2 km
and 21.5 km). The comparison is satisfying. Unfortunately,
no such comparison was possible at higher levels.
October 12, 1985. The flight of October 12, 1985, provides another good comparison to SAGE II data. Figure 15
presentsthe vertical profiles of reftand vcfrretrieved from the
polarization data. Above 22 km the effective variance increasesrapidly and stabilizes around 0.9, whereas the effective radius presents very large oscillations; these results at
high altitudes are certainly dubious, because the aerosol
content becomes very low above 22 km and the signalto-noise ratio becomes bad. However, the large value retrieved for vefr could suggest that the size distribution
becomes bimodal at high altitudes; therefore the retrieval
procedure, which assumesa monomodal distribution, leads
to erratic results. Figure 16 demonstrates, for 17.5 km, the
good quality of the inversion. Figure 17 shows the tangent
optical depth at 1.02 p,m deduced from the measured optical
depth at 0.85 p,m, using LND models which incorporate, at
each altitude, the effective radius and the effective variance
retrieved from the polarization data and averaged over 1 km;
it is compared with the SAGE II tangent optical depth at 1.02
/xm on the morning of October 12, 1985, 7øwest of the launch
site. The similarity above 16 km between the four SAGE II
profiles over the zone on October 12 and 13 justify the
comparison, despite the not very close coincidence in time
and location. Figure 18 compares the extinction ratios for the
three short wavelengths cr•e• (0.525)/cr•e•(1.02), cr•½•(0.45)/
cr•e•(1.02), cr•er(0.385)/OS*e•(1.02)
measured by SAGE II and
computed at each level with the size distribution retrieved
from the polarization data and averaged over 1 km. As a
result of the low aerosol content, the extinction ratios
derived from the polarization data are somewhat inaccurate.
However, the agreement is good.
6.

CONCLUSIONS

Although the SAGE II 1.02-/xm channel allows retrieval of
the extinction profile at very low levels, only the profiles a
few kilometers above the tropopause (12-15 km) and higher
have been considered; at lower altitudes the variability is
such that only almost coincident observations would be
necessary to validate SAGE II profiles.
From the data and the discussionspresented in the previous sections, we must consider separately two altitude
ranges. For safety, we will refer them as below 23 km and
above 25 km, it being understood that the cutoff between the
two ranges is somewhat variable, depending on the events
and on the kind of observations.
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Fig. 14. Comparisonon April 22, 1985,betweenthe degreeof polarizationmeasuredby the balloon polarimeter
(dots) and computedusingan aerosolmodel that fits the SAGE II spectralextinction (solid curve). The degreeof
polarizationis givenin percentversusthe scatteringangle.The left sidecurvesare for 0.85/am and the right sidecurves
for 1.65 /am;the top panelis at 15 km, the middlepanelat 18.2 kin, and the bottompanelat 21.5 km.

6.1.

Altitude Range Below 23 km

Below 23 km, we have at our disposal a large series of
data, including lidar profiles (both ruby and Nd: Yag), limb
photographs, and polarization diagrams. The main conclusions are as follows:

to the aerosol model as long as the effective radius is larger
than 0.20/am, which is the case in this altitude range.
2. The SAGE II extinction profile at 1.02/am also agrees
with the limb photographsprofile at 0.84/am, the conversion
between 1.02 and 0.84/am being only very slightly sensitive

1. The SAGE II extinction profiles at 1.02 /am agree
within the error bars with the several extinction profiles
deduced from the lidar backscattering profiles using a conversion factor, consistent with the SAGE II spectral variation of the extinction coefficient (Figures 2-7 and Table 1).

to the aerosolmodel; the agreementis particularly good on
April 22, 1985 (Figure 12) when the conditions are quite

These comparisonscomprise one case (November 30, 1984)
of very close coincidence in time (4 hours) and in location
(100 km) between the lidar and the SAGE II observations,

profilesobtainedby the balloon-bornepolarimetricinstrument.
4. The SAGE II extinction profiles at 0.453 and 0.385/am
have been compared directly to the extinction profiles at
about the same wavelengths deduced from the limb photographs. April 22, 1985 (Figures 10 and 11) correspondsto a

and several cases with a very stable and homogeneous
aerosol layer, as proved by the comparisonsbetween various SAGE II and lidar profiles over Europe for the experi-

ment period. However, the consistencyof the chosenbackscatter

into extinction

conversion

factor

with

the aerosol

size distribution, retrieved from the four-wavelength SAGE
II extinction, does not really validate the SAGE II four
channels because the conversion

factor is almost insensitive

stable and the coincidence very close.
3. The SAGE II tangent optical depth profiles at 1.02/am
generally agree within the error bars with the optical depth

close coincidence (sunset, less than 100 km between the two

observations).Despite the oscillationsrevealed by the high
resolution of the photographs, the general agreement between the balloon and the SAGE II profiles is a good
validation of the two channels 0.453 and 0.385 /am, for the
altitude range 21-25 km.
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Fig. 15. (Top) Vertical profiles of the effective radius and
(bottom) of the effective variance of the aerosol size distribution

retrieved from the balloon polarimetric data on October 12, 1985.

5. The sizedistributionsderivedfrom the balloonpolarization measurementsand from SAGE II spectral extinction
generallyagree;the extinctionratio profilesd*ø"(,•)/d'øl'(1.02)
at
0.525, 0.453, and 0.385/xm, computedwith the size distribution
retrievedfrom the polarizationmeasurementson October 12,
1985,agreewell within the error bars with the corresponding
SAGE I1 profiles(Figure 18). This is againa satisfyingvalidation of the SAGE ll shortwavelengthchannels.
6.2.

Altitude Range Above 25 km

20

15

lO

lO-3

Above 25 km, the situation is not as good. Most instruments failed in observingthe low content of aerosolsat these
Fig. 17. Comparisonof the tangent optical depth at 1.02 /xm,.
altitudes,and only a few data remain available: ruby lidar
profileson November 27, 1984,and April 21, 1985, and limb measured by SAGE II on October 12, 1985, at 0639 UT, 41.25øN,
photographprofiles on April 22, 1985. Even these available -7.10øE (solid curve) and by the balloon polarimeter on October 12,
1985, at sunset, launch site 44øN, 0ø (solid circles). The conversion
data are not of the same quality as at lower levels. On the of the balloon data from 0.85 to 1.02 /xm has been made with the
otherhand, whereasthe SAGE I1 profileat 1.02/xm remains aerosol model retrieved from the polarization data.
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right, ^ = 0.453 •m. (Bottom) curve shows ^ = 0.385 •m.

rather good up to 30 km, the three short-wavelengthprofiles
have increasingly large error bars above 25 km. The main
conclusionsfor the high altitude range are the following:
1. The extinction profiles at 1.02 tzm deduced from the
lidar backscatteringprofiles can be put into agreementwith
the SAGE II profiles (Figures 3 and 6), using for the
conversion of backscattering into extinction an aerosol
model with very small particles (rofr-• 0.10 •m to 0.05 •m).

3. The limb photography profiles at the short wavelengths show extinction significantly larger than SAGE II
(Figures 10 and 11). This suggestsparticles with reftsmaller
than 0.18 •m, but the very large oscillationsof the profiles
do not allow a retrieval of rofr.
Whereas a good validation of SAGE II aerosol extinction
profilesis obtainedbelow 23 km, it seemsdifficult to draw a
clear conclusion from the few observations

above 25 km. It

is likely that the SAGE II 1.02-tzmprofile, which has small
from the SAGE II spectral variation of extinction, which error bars, remains good. But the three SAGE II shortleads to rcfr-• 0.18 •m. In this size range the conversion wavelengthchannels,as well as the ruby lidar profile and the
factor of backscattering into extinction is very sensitive to limb photographs,have very largeuncertaintiesat thesehigh
the aerosol model, and choosing %,. = 0.18 •m would levels; it is hard to decide what must be better believed.
A very tentative guess to explain at least a part of the
destroy the agreement of the SAGE II and the lidar profiles
contradiction at high altitudes is that the size distribution
in Figures 3 and 6.
2. The limb photography profile at 0.84 tzm agrees per- becomes bimodal; for a fixed value of the ratio frae"(0.45)/
fectly well (Figure 12) with the 1.02-tzm SAGE II profile o•'ø"(1.02),it has been shown [Lenoble and Brogniez, 1985]
converted at 0.84 •m (conversion not very sensitive to the that the lidar conversion factor generally increases when a
This choice is inconsistent

model choice).

with the size distribution

derived

second mode is added to a size distribution. Qualitatively,
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this could reconciliate the SAGE II spectral extinction with Lenoble, J., and C. Brogniez, Information on stratospheric aerosol
characteristics contained in the SAGE satellite multiwavelength
the choice of the conversion factor necessary to have
extinction measurements, Appl. Opt., 24, 1054-1063, 1985.
agreement between the lidar and the SAGE II 1.02-/zm Oberbeck, V. R., J. Livingston, R. Pueschel, K. Snetsinger, G.
profile. This could also explain the bad quality of the
Ferry, W. Fong, and S. Verma, Aerosol sampling for the August
7th, and 9th, 1985 SAGE II validation experiment, paper prepolarization data inversion and the rapid increase of vc•r
above 23 km.
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