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aerosol extinction profiles in the UV-visible range
derived from SAGE II data
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Abstract. We discuss a climatological model named Extinction Coefficient for
Stratospheric Aerosols (ECSTRA), describing the vertical and spectral dependence
of the stratospheric aerosol extinction in the UV-visible range. The basic variables
used for the analytical formulation of the model are the wavelength, a reduced
altitude referenced from the tropopause level, the latitude, and a parameter that
describes the volcanic status of the atmosphere. The evolution of the spectral
and vertical features of the extinction profile is discussed with respect to the
different basic variables. The behavior of the spectral coefficients is qualitatively
interpreted as a function of volcanism. The volcanism dependence of the parameters
characterizing the Junge layer is also investigated: the peak position shows variations
of several kilometers, with a minimum value reached between 0 and 2 km above
the tropopause, while the peak width presents a weak volcanism dependence. The
most important discrepancies between the model and the SAGE II input data set
are found to be related to dynamical effects, and particularly to the influence of the

quasi-biennial oscillation.

1. Introduction

Stratospheric aerosols play an important role in the
physics and chemistry of the atmosphere. They have an
evident influence on the Earth’s radiative budget and
on the heterogeneous chemistry related to the global
ozone depletion [Russell et al., 1996]. It has been
shown that aerosols have an influence on the general
stratospheric circulation after large eruptions [Tie et
al., 1994b; Kinne et al., 1992]. Nevertheless, they re-
main, in the stratosphere, one of the most difficult com-
pounds to study, due to the great variety of particle
sizes, their undefined shape and uncertain composition.
The knowledge of those parameters is still important:
they can influence significantly the results of simula-
tions including microphysical, chemical, and dynamical
effects [Brasseur et al., 1990; Pitari et al., 1993; Tie
et al., 1994a; Weisenstein et al., 1997] and hence the

selection of realistic scenarios for modeling purposes.
While anthropogenic sources of aerosols have been
suggested [Pitari et al., 1993], it is generally accepted
that the most important source of stratospheric aerosol
is volcanic activity. During major eruptions, a large
amount of SO, and other species (H2O, H3SO4, H.S,
0OCS, HCI, sulphate aerosols, ...) [Turco et al.,

1983; Tie et al., 1994a] are injected into the stratosphere
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up to altitudes of 30 km. SO, is oxidized into H2SO4
during a reaction sequence producing successively HSO3
and SO3. The cycling between SO, and H;SO, and
the chemistry of sulphur species is described elsewhere
[Weisenstein et al., 1997]. During the months just af-
ter the eruption, aerosol is produced from H;S0,4 and
water vapor by homogeneous nucleation, condensation,
and coagulation processes. The size and composition
of the aerosol particles depend on water vapor pressure
and temperature [Steele and Hamill, 1981], and the
composition of volcanic aerosol is estimated to be about
75% H2S04 and 25% H,0. Sedimentation of the resi-
dent particles [Russell et al., 1996; Weisenstein et al.,
1997] leads to a progressive decay of the mass loading.
Far from large eruptions, aerosol density appears to de-
crease more slowly toward a possible asymptotic ”back-
ground aerosol.” In fact, large eruptions have been
shown to still influence the stratospheric mass loading
after many years and even small eruptions can maintain
a continuous supply of volcanic aerosol [Thomason et
al.,, 1997b]. Therefore the background level, if any, is
probably rarely reached between two major eruptions
[Stothers, 1996].

Corresponding to this evolution, the mean optical
thickness increases rapidly, and after a transient period,
decreases to the next major eruption. The decay fol-
lows roughly an exponential law with typical relaxation
times of about 8 to 25 months.

After the eruption of Mount Pinatubo in June 1991,
in situ measurements and remote sounding experiments
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were realized by means of aircraft, balloon, and satellite
[Pueschel et al., 1994; Brogniez et al., 1996; Thomason
et al., 1997a]. Those studies give a much better insight
of the aerosol properties and microphysical evolution
[Russell et al., 1996; Thomason, 1992].

Amongst other experiments devoted to aerosol mea-
surements, the Stratospheric Aerosol and Gas Experi-
ment II (SAGE II) was launched in October 1984 and is
still operational. This long temporal coverage allowed
to cover relaxation periods following several eruptions of
rather small, medium, or large importance: Kelut (8° S,
112° E) in February 1990; Ruiz(5° N, 75° W) in Novem-
ber 1985; El Chichén (17° N, 93° W) in November 1992;
Pinatubo (15° N, 120° E) in June 1991). Also periods
of low activity (around 1989-1990) are included. There-
fore SAGE II provides a precious source of measure-
ments over a wide range of volcanic situations, which
gave rise to an abundant literature [McCormick et al.,
1996; Thomason et al., 1997a]: Brogniez et al. [1988]
investigated the characteristics of the particle distribu-
tion. Hitchman et al. [1994] and Trepte and Hitch-
man [1992] studied the aerosol transport by means of
the extinction profiles at 1.020 um. They observed the
presence of a tropical reservoir allowing the injection of
aerosol into the stratosphere, and a poleward transport
mechanism, with aerosol transport along the isentropic
surfaces. Other dynamical effects like the rule of quasi-
biennial oscillations (QBQ) were considered.

Most of those studies do not consider simultaneously
the spectral dependence and the vertical structures of
the aerosol extinction profile, although Thomason et al.
[1997a] proposed a global climatology of stratospheric
aerosol surface density for 1984-1994 based on a prin-
cipal component analysis, requiring the four SAGE II
spectral channels.

Our contribution to the study of aerosol characteris-
tics consists of the development of a simple and easy-
to-handle reference model describing both speciral and
vertical features of the aerosol radiative properties in
the UV-visible range. Due to its impact on the ex-
tinction profile, volcanism is chosen as one of the ba-
sic variables of the model. In this way, an analytical
model named Extinction Coefficient for Stratospheric
Aerosols (ECSTRA) has been developed [Fussen et
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al., 1998; Fussen and Bingen, 1999]. We modeled the
aerosol extinction profile as a function of altitude, lat-
itude, wavelength, and a parameter describing the vol-
canic status of the atmosphere.

In the present work we propose a more detailed de-
scription of ECSTRA: we discuss the main spectral and
vertical features of the aerosol extinction profile as a
function of the basic parameters. We also compare the
model results with the SAGE II data and derive an es-
timation of the ECSTRA error range. After recalling
in section 2 the basic ideas of the model, we describe
the data processing in section 3. Sections 4 and 5 con-
cern the spectral and vertical dependence of the model,
respectively. Finally, section 6 presents the conclusions
and outlook for further developments.

2. Theoretical Background

The interaction between light and a spherical particle
with an index of refraction m and a radius r comparable
to the wavelength A is described by the Mie theory [van
de Hulst, 1957]. This general scattering theory allows
to determine the extinction cross section Q(r, ) of the
particle.

In the case of stratospheric aerosols, the particle size
is not constant and a proper size distribution f(r) has
to be considered [Yue, 1986]. The analytical shape
of the distribution and its characteristics (mode radius
Pm, dispersion o, and the altitude dependent number
density n(z)) depends on the volcanism. One of the
most used distributions is the lognormal

_ 1 In (r/pm)
fr) = V2rr lnaexp (— 2Ino ) '

However, in situ measurements showed that in the case
of high volcanism a bimodal or even trimodal [Pueschel
et al., 1994] distribution can be observed. The authors
cited in this paper (see Table 1) use those particular size
distributions, amongst others. At altitude z the related
extinction coefficient is given by

1)

+oo
Bz ) = /0 n(z) £(r) Qs N dr. (2)

Table 1. Reported Particle Distribution Characteristics in the Post-Pinatubo Period

Month z, km Distribution Pm, pm o n, cm ™3 Source

August 1991-March 1992 16-20 trimodal 0.10 1.4 1.9 [Pueschel et al., 1994]
0.33 1.5 2.1
0.60 1.3 3.1

June 1992 20 unimodal 0.38 1.36 [Brogniez et al., 1996]

December 1992 21 bimodal 0.25 1.38 5.25 [Deshler et al., 1993]

0.53 1.17 0.56

May 1993 20 unimodal 0.27 1.36 [Brogniez et al., 1996]
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The aerosol optical thickness §()\) can be calculated
from the extinction coefficient by

+o0
5(A) = / B(z, N)dz. 3)

t+2 km

As is usually done, the integration is computed from
2 km above the tropopause level z; in order to avoid
possible contamination by clouds.

Considering that the spectral behavior of 3 is a slow
varying function of the altitude, we used a formal sep-
aration of the vertical and spectral dependence:

B(z; A) = Ba(X) Bo(2). (4)

The vertical part 8(z) is defined as the aerosol extinc-
tion profile at 1.020 um. As a consequence, B,(A =
1.020 ym) = 1.

Examining the extinction profile along a meridian
reveals a bell-shaped structure centered on the equa-
tor [Hitchman et al., 1994]. Therefore it is convenient
[Brogniez and Lenoble, 1987] to use a reduced altitude
z, with respect to the tropopause:

2, = z — (2t + 2 km). (5)

Taking into account the roughly linear decreasing of
In(6(1.020 pym)) during the posteruptive relaxation, we
defined a volcanism parameter V as representative of
the stratospheric aerosol loading:

V=ln(1+£)

_ —4
(50 60 =10 ’ (6)

where § is the value of §(1.020 pm) averaged over the
globe and computed by using a 2-month averaging win-
dow. The use of a mean value for the optical thickness
implies that we do not consider local transient effects.
On the other hand, the averaging describes seasonal
effects only through their influence on the basic pa-
rameters (particularly, through the tropopause level in
(5)). Also, specific microphysical effects observed im-
mediately after a volcanic eruption [Russell et al.,
1996; Thomason, 1992] and associated to the progres-
sive SO, conversion into aerosol droplets are not ex-
pected to be correctly described. The volcanism pa-
rameter V is intended to be a robust indicator of the
global aerosol loading and its mean time evolution. The
time evolution of V and related é are given in Figure 1.

3. Basic Data Set

We used as input data the SAGE II extinction profiles
[Chu et al., 1989] from October 1984 up to December
1995. In order to develop the model from a reduced
and significant data set, we used a standard binning
procedure [Hitchman et al., 1994] that produced a set
of reference mean extinction profiles per interval of 1
month in time and 10 degrees in latitude. As far as
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Figure 1. Values of V and § derived from SAGE II
extinctions profiles for the period October 1984 up to
December 1995. Read 1.E4+00 as 1.0 x 10°.

SAGE 1II values are available, each bin provides four
extinction profiles at the nominal channels A = 1.020,
0.525, 0.453 and 0.385 um, and for the standard SAGE
IT altitude grid (from z=0.5 to 49.5 km with a resolution
of 1 km). Within the jth bin the error on the related
extinction profile () (z; A) is estimated as

(2N = oD @02+ 0D (502, ()

where ag) (z; \) is the standard deviation related to

SAGE II extinction errors, and ag)(z;)\) is the stan-
dard deviation of the event population at altitude z and
wavelength A in bin j.

For the kth SAGE II event integrating 8(*)(z; A) by
using (3) provides a value 6*)()) of the optical thick-
ness, and the corresponding tropopause zt(k) is derived
from the measured temperature profile. These values
are averaged in a similar way so that a set of mean val-
ues of 6()()) and zt(j ) can be associated with the jth
bin. If no extinction profile is available at low altitude
for a given bin (due to instrument saturation, for in-
stance), another method must be applied in order to

estimate the corresponding §(/)()\) and zt(j ). Therefore
we extrapolated the primitive

—~r . +w .

8Dz = [ AN, (8)

F4

by means of the error function erf(z). This extrapola-
tion can only succeed if the available extinction profile
reaches its maximal value at the level of the Junge layer.
Otherwise, no estimation of §()(}\) is retained. When
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zt(j ) is lacking, we used a mean value of the tropopause
level representative for the considered bin.

4. Spectral Dependence
4.1. Formulation

The spectral dependence of the extinction coefficient
has been modeled by

(9)

where AX = A — 1.020 ym. This formulation proposed
by Yue [1986] is a positive function of minimal com-
plexity able to describe the change of spectral behavior
corresponding to all possible volcanic ranges. In partic-
ular, a typical "background” aerosol situation is char-
acterized by a monotonic and possibly steep decrease of
Ba versus A. On the contrary, a highly volcanic strato-
sphere may exhibit extinction profiles with a clear ex-
tremum in the UV-visible range.

For the jth bin a set of {a&j),agj)
by means of a weighted linear least squares fitting algo-
rithm applied to In(B,(A)). The error eg) given by (7)
is used for the computation of the weights, according to
standard procedures of the error theory.

The dependence of a;, az on V, 2, and latitude ¢ is
modeled by

2 2 3
0= D) aujn Poy(0) VE 2,

Ba(A) = exp (a1 AX + ap AN?),

} was determined

(10)

where § = 7 — ¢ is the colatitude and {Fp, P>, Py} are
symmetric Legendre polynomials. The solution of (10)
was computed from all available {agj),ag] )} by a sin-
gular value decomposition algorithm. The values of the
spectral fit coeflicients have been published elsewhere

[Fussen and Bingen, 1999).

4.2. Discussion

Typical spectral dependences of 3, are given in Fig-
ure 2 for different values of the volcanism. It can be
noticed that, as already mentioned, g, is a decreasing
function of A at low volcanism. Corresponding to this,
a1 is negative and as becomes close to zero when V is de-
creasing. From the Mie scattering theory, it can be seen
that this case is encountered when particles are small
compared to the wavelength. For the year 1979 char-
acterized by a low volcanic level, Brogniez and Lenoble
[1987] found typical particle mode radii of about 0.10
to 0.17 um depending on the season. Yue and Deepak
[1984] reported p,, values of 0.05 to 0.10 um for the
same period. In both cases, p,, is effectively small com-
pared to A.

At high volcanism, the density of particles increases
by a factor 10 or more. A good overview of the evolution
of the particle size distribution after the Pinatubo erup-
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Figure 2. Spectral dependence of 3, at z. =5 km for
SAGE II observations (symbols) and related spectral
curve computed by ECSTRA (lines), on April 2, 1989
(asterisk, solid; ¢ = 8.0°S; V = 3.1), September 9, 1993
(cross, dotted; ¢ = 0.2°S; V = 4.88), and July 4, 1992
(solid circle, dashed; ¢ = 4.4°S; V = 6.65).

-

tion is proposed by Russell et al. [1996, and references
therein]. They observe, immediately after the eruption,
the greatest relative increase in particle density for the
smallest (r < 0.2 ym) and the largest (r > 0.6 um) par-
ticles, corresponding to fresh aerosol nuclei and to ash
particles, respectively. Just above the tropopause the
authors mention a third mode corresponding to coated
ash particles. Thomason also found the simultaneous
presence of three modes at midlatitude in the low strato-
sphere, approximately from July 1991 to October 1991
[Thomason, 1992). Pueschel et al. [1994] observed a
trimodal distribution between 9.5 and 20.2 km during
the period January to March 1992. Deshler et al. [1993]
observed bimodal particle distributions up to January
1993, with a progressive increase of the mode radii and
dispersion associated with a decrease of the particle
density. Brogniez et al. [1996] used a lognormal distri-
bution and found quite large values of p,, in May 1993.
Some reported distributions parameters are given in Ta-
ble 1. Through all those observations, large particles are
found to be present during at least 2 years following the
Pinatubo eruption. Just above the tropopause, mode
radii seem to grow during up to 2 years due to coagu-
lation mechanism, even if the particle density decreases
due to gravitational sedimentation.

Corresponding to this evolution, very flat spectral de-
pendences are observed at high volcanism values, re-
lated to values of a;, as close to zero. When the vol-
canism decreases, the mean slope of the spectral depen-
dence increases, giving rise at first to a more pronounced
curvature az of In (8,). At low values of V' the spectral
dependence tends to the ”background” characteristics
described above.

This typical behavior was previously described by
Brogniez et al. [1996] and can be understood from the
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Mie scattering theory. It is well described by ECSTRA,
as it can be seen in Figure 3.

The dependence of a; and a; on time and latitude
simulated by ECSTRA is given in Figures 4 and 5
for z = 5 km. Again, the same qualitative behavior
as described above is observed after the main volcanic
eruptions (El Chichén, 11 months before October 1984;
Pinatubo, 81 months after October 1984). The corre-
sponding values of {agj)
approach rapidly zero during the 5 months following
the eruption. In November and December 1991 (86
and 87 months after October 1984), positive values of

,agj )}, not represented here,

{a&j),agj) are observed in the neighborhood of the
eruption. Lenoble and Brogniez [1985] found such a

curvature inversion to be possibly related with the pres-
ence of a bimodal size distribution. Afterwards, both

{agj ).y )} decrease again. Variable a{”

proach —3 or —3.5 after 13 to 15 months at all latitudes,
whereas ag] ) presents variations at midlatitudes related
with seasonal effects. The same dependences described

by ECSTRA in Figures 4 and 5 show similar general

is found to ap-

Spectral coefficient a,

Volcanism

(b)

Spectral coefficient a,

-8 I I 1 1 1 N
2 3 4 5 6 7
Volcaruism

Figure 3. Dependence on the volcanism V' of the
spectral fit coefficients (a) a1 and (b) a2 at ¢ = 5°S
and zr = 5 km. The solid line and symbols represent
the ECSTRA result and the related aE’ ) values, respec-
tively.
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Figure 4. Dependence of a; on time and latitude at
2y = 5 km, simulated by ECSTRA.

features. As expected, the model is, however, not able
to reproduce correctly the transient effects immediately
after the eruption. Therefore the rapid growth of ag’ )
during the first months after June 1991, and the positive

values of {agj ) , agj )} and the end of 1991, are not repro-

duced by ECSTRA. Also the seasonal effects affecting
more particularly agy ) at midlatitudes are smoothed out.

Although no dynamic effect is taken into account by
ECSTRA, the effects of transport on the latitudinal
aerosol distribution are fairly well observed. As pre-
viously pointed out by Trepte et al. [1994] and Tie
et al. [1994b], the important upwards motions in the
tropics can favor a rapid transport of aerosol. Due to
the Brewer-Dobson circulation, the aerosol particles mi-
grate to higher latitudes. In those regions, vertical mo-
tion is very limited, so that gravitational sedimentation,

Latitude

120
Elapsed time since October 84 (in months)

0 20 40 60 80 100

Figure 5. Dependence of az on time and latitude at
2zr = 5 km, simulated by ECSTRA.
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characterized by a long time constant (> 1 year [Kas-
ten, 1968]), becomes the major source of aerosol decay.
Corresponding to this, the a; coeflicients are found to
decay much more slowly at high latitude than at low lat-
itude. The presence of the tropical reservoir described
by Hitchman et al. [1994] and Trepte et al. [1992, 1994]
is also well represented by ECSTRA.

A comparison has been made between the SAGE II
binned input data and the ECSTRA results, by defining
the relative error as

(aSAGE) _ (gBCSTRA)
1 1
(aSAGE)
1

& =

(11)

Principal features are shown in Figure 6. The spec-
tral fitting can be considered as valid in the range § =

| a
E 15 @ 1
£ 10.J M
Q
E
£ @ (@
B
g N
B0
e @) 2
3
-5/
0 15 80 100 135
Elapsed time since October 1984 (in months)
(1) g, £ 0.2 (with possibly limited regions
withe, ~0.5 atz, > 10 km)
(2) g, 2 2.5 at low latitudes; &, < 0.2 elsewhere;
instabilities observed around the tropopause level
(3) Fit not valid or impossible
15 %
g )
£10)
Q
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£s M o |®
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(1)e;<04100.6
(2) g, <1 to 2; instabilities with e, > 4
(3) €, £4; many instabilities with greater €, values
(4) Fit not valid or impossible
Figure 6. Dependence on @ and z of (a) g; and (b) €.
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Figure 7. Vertical extinction profile 8 for April 1989
(pluses, solid; V' = 3.1), September 1993 (crosses, dot-
ted; V = 4.88), and July 1992 (diamonds, dashed;
V = 6.65); ¢ = 15°N. Symbols and lines represent
the SAGE II binned profile and the corresponding fit
by means of a Levenberg-Marquardt algorithm, respec-

tively.
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[1.5x1073,1071], » = [80°S,80°N] and z, = [0, 20 km).
Within this range a global mean error &; has been esti-
mated for both error parameter ¢; after removing out-
liers. For reduced altitudes, 2, = 0, 5, 10, and 15 km,
&1 was found to be about 2.1, 0.2, 0.2, and 0.3, respec-
tively, and &5 was found to be about 1.7, 0.4, 1.2, and
1.4.

5. Vertical Dependence
5.1. Formulation

In the troposphere the vertical extinction coefficient
is dominated by pronounced and variable structures re-
lated to the cloud contribution. Above this region the
structure becomes much more stable. After an eventual
steep transition at the tropopause level, the extinction
profile shows a peak referred to as the Junge layer, sit-
uated a few kilometers above z;. At higher altitudes
(z » 30 km) the profile exhibits a slope change and
approaches asymptotically an exponential decrease (see
Figure 7).

In order to clearly describe those structures, the ver-
tical extinction coefficient 3, has been modeled by

,31,(27-) = ,Baero(zr) +,Bc|oud(zr) 2z < (12)
Bo(zr) = ﬂaero(zr) zz 2 0,
where
Baero(2r) = ef1te2 zr+eza—[(zr—$4)/15]2, (13)
Baowalzr) = emetsrsrtos miveo sl (1)
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The first term of the aerosol contribution Baero stands
for the high-altitude asymptotic behavior. The second
term represents a Gaussian peak of amplitude exp (z3)
and width x5, centered at altitude z4 and associated
with the Junge layer. The cloud contribution B¢ioug has
been taken into account in order to allow the free de-
termination of the aerosol parameters {z;,i = 1,---,5}.
All the fit coefficients x;,- -+, z9 were found to be func-
tions of the latitude, whereas x,, zo; z¢, T7, T3, T9
are independent on the volcanism. Again, the formu-
lation of 8, has the advantage to be naturally positive
constrained. Typical examples of vertical profiles are
illustrated in Figure 7.
Integrating (3) by using (12), (13), and (14) gives

X1

5(1.020 pim) = — S pexe YTy [1 +erf (’-‘i)] . (15)
X2 2 X5

The first term of (15) does not depend on the volcan-

ism level. By analogy to (6) we defined some minimal

volcanism level Vi, from this term as

e1
50.’172) ’
The computation of zy,---,z9 from the SAGE II
binned profiles is a nonlinear least squares problem for
which we used a Levenberg-Marquardt algorithm. For
each bin j successfully processed (97% of the valid pro-

files), a set of optimal {zgj), e ,:):f,j)

Vinin = In (1 - (16)

} was determined.

Further, it is useful to introduce the following alge-
braic transformation for the formulation of the general
fit problem of {z1,---,z¢} by means of all the available

{ng),.. . ,zgj)} .

Vmin = u, (17)

1
- E = U2, (]‘8)
’:—4 = ugs+ v45AV2 + ’lU45AV31 (19)

5

1
— = us+uvsAV2, (20)

Zs
_'1;6 = u6’ (21)
k4 = U7, (22)
18 = ’u,8, (23)
mg = ’U,Q, (24)
AV (V = Vain) - (25)

All the fit coefficients u;, v,, w; have been given a latitu-
dinal dependence through an expansion in terms of the
symmetric Legendre polynomials {Py(6), P>(8), P4(6)}.

The left-hand sides of (17)-(24) were chosen for their
rather smooth variation that can be reasonably de-
scribed by simple analytic functions over the whole
considered volcanic range. The fit coeflicient values
U,, Vi, w; have been published previously [Fussen and
Bingen, 1999].
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5.2. Discussion

In order to check the physical significance of the peak
parameters {z3, %4, 5}, an alternative way has been
carried out for the computation of the peak amplitude,
position, and width of the Junge layer: Each SAGE II
binned profile has been smoothed out by means of a con-
strained cubic spline ,6;,9 of minimal curvature. We de-
termined the amplitude ezp (x§) and position z3 of the
spline maximum, and we derived an estimation of the
spline peak width zf by an adequate least squares fit
procedure. We found spline parameters z3, z3, and z5
in fairly good agreement with the corresponding peak
parameters 3, T4, and zs.

The behavior of z3, x4, 5 can be visualized in Fig-
ure 8. The description of the volcanism dependence
of z3 is very satisfactory, and the asymptotic behavior
of z3 should be correctly described for extreme values
of the volcanism. On the contrary, the choice of the
fit functions cannot guarantee an accurate description
of z4 and to 1/zs beyond the volcanism range of the
available data.

The dependence of z4 on the volcanism shows that,
whereas the aerosol layer is situated a few kilometers
above the tropopause level at low volcanism, the peak
position decreases when V increases, and reaches a min-
imum value around reduced altitudes of 0 to -2 km at
V =~ 5. For higher volcanism values, the peak position
grows again and moves away far from the tropopause
level. This volcanism dependence of the peak posi-
tion, and particularly the presence of a minimum value
around V = 5 is observed through the behavior of the
Z4, zﬁ’), and z7 as well. The minimum value of x4
has been found to be about -0.4 to -0.7 km at low and
middle latitude and to decrease up to -1.4 to -1.8 km
near the polar regions. An examination of the latitu-
dinal dependence of :vg’ ) reveals similar characteristics.

However, the minimum value of sz ) presents a steep in-
crease around 40°S and 40°N, which is not described by
the general fit parameter z4 due to the limited Legendre
polynomials expansion.

The presence of a minimum in the volcanism depen-
dence of the peak position is probably due to mecha-
nisms of gravitational sedimentation (see above) tak-
ing place after volcanic eruptions [Deshler et al., 1992,
1993; Tie et al., 1994a], and which could induce a slow
descent of the Junge layer [Tie et al., 1994b]. The ma-
jor role played by sedimentation at high latitude and
the absence of important vertical air motions in the
same regions could explain the extreme values of the
minimum near the poles. On the contrary, the regions
below 60° in both hemispheres are characterized by a
significant meridional transport at midlatitude and by
strong vertical motions within the tropical reservoir. In
those regions the role of sedimentation is less important,
and the minimum value of z, is expected to be higher.

The width of the Junge layer x5 is found to exhibit
a slow decrease as volcanism increases; s seems to ap-
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Figure 8. Comparison of the peak parameters re-
trieved from the Levenberg-Marquardt fit (pluses), from
the cubic spline smoothing (diamonds), and the general
fit of z; (solid line): (a) amplitude (exp(z3), exp(z3)),
(b) position (z4, z§), and (c) width (z5, z5). The
parameters are plotted as a function of volcanism for
» = 20°N.

proach a constant value for low values of V. If the be-
havior of z3, z4, and 5 shows an evident dependence
on the volcanism, the x‘(ij ) and xéj ) values show a rela-
tively high dispersion around the ECSTRA simulation
curve. The reason of this dispersion can be derived by
examining Figure 9.
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During the whole load decay period preceding the
Pinatubo eruption, the temporal evolution of zf{ ) shows
successive extrema which are not reproduced by EC-
STRA. Those peaks are due to the influence of the QBO

on the aerosol transport in the stratosphere. Trans-
port effects on the aerosol distribution were studied by

Peak Amphtude (km-1)

60 100
Elapsed time since October 1984 (in monthsg)

120

©)

Peak Position (km)

| = O .<> L L
0 20 40 80 100 120
Elapsed time since October 1984 (in months)

Peak Width {km)

ol ., . v,y - L I 1

[+] 20 40 60 80 100 120
Elapsed time since October 1984 (in months)

Figure 9. Time dependence of the peak parameters re-
trieved from the Levenberg-Marquardt fit (pluses), from
the cubic spline smoothing (diamonds), and from EC-
STRA (solid line): (a) amplitude (exp(z3), exp(z3)),
(b) position (z4, z7), and (c) width (z5, 5). The pa-
rameters are plotted for ¢ = 20°N. The dashed lines in-
dicate the eruption time of Ruiz, Kelut, and Pinatubo.
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Hitchman et al. [1994]. They show that during the
easterly shear the QBO induces an equatorial lofting
due to the presence of westward winds increasing with
the altitude, and a confinement of the aerosol between
the tropics in the lower stratosphere. On the other side,
the QBO westerly shear is characterized by an equato-
rial subsidence and a meridional poleward spreading of
the aerosol mass in the lower stratosphere. From the de-
termination of the dominant sign of the vertical shear
at the equator, the authors identified the periods as-
sociated with the two phases of the QBO, up to end
1990. They found the periods associated to the east-
erly shear to be the periods October 1985 to April 1987
(months 13 to 31 referred to as October 1984, see Fig-
ure 9) and March 1988 to July 1989 (months 42 to 58).
Periods associated with the westerly shear are October
1984 to September 1985 (months 1 to 12), May 1987
to February 1988 (months 32 to 41), and August 1989
to October 1990 (months 59 to 73). It can be seen in
Figure 9 that the increasing periods of zi” and z{) are
directly related to the ascent characterizing the easterly
shear, whereas a decrease of =i and z{’’ is observed
during the westerly shear. The same observation can
be done on the corresponding z§ and :1:‘55 spline param-
eters. The peak amplitude exp (z3) seems to be weakly
affected by seasonal effects. More particularly, there is
no significant influence of the QBO on the peak ampli-
tude.

As given previously, an estimation of the error has
been achieved between the SAGE II binned input data
and the ECSTRA results. Therefore an error parameter
has been defined as
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Figure 10. Dependence on time, ¢, and z, of the error
parameter Er. 1, In the tropical region, Ep ~ 0.05
to 0.2 at 2, > 15 km and Ex < 0.06 at 2z, < 15 km;
Er < 0.06 in the subtropics and Er < 0.08 to 0.12
in the extratropical regions. 2, For ¢ = 30°S to 30°N,
Er <007 at 2z, > -10km and Egr ~0.5to 1 at z, <
—10 km; Eg ~ 0.5 to 1 in the extratropical regions. At
midlatitude, Er < 0.3 just below the tropopause. 3,
Egr ~ 0.1 tot 0.2 in some time periods at ¢ = 40°N to
50°N. 4, ER ~ 0.3, or even locally Er ~ 0.8.
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A formulation based on the logarithm of the extinction
coefficient has been chosen in order to allow an esti-
mation of the discrepancy between both profiles over
the whole range of the extinction values (~ 1077 to
107! km™1). An overview of the error estimation is
reported in Figure 10. It must be pointed out that
the error below the tropopause level refers to a mean
cloud coverage for the related month, as described by
the SAGE II binned profiles. Due to the great vari-
ability of this coverage, an important discrepancy be-
tween an isolated event and the mean cloud coverage
can be observed. Figure 10 shows that ECSTRA can
be considered as valid for the whole stratosphere. Nev-
ertheless, it must be noticed that the error parameter
Epg can increase to about 0.8 at midaltitude during a
limited period following the Pinatubo eruption. The
global mean error ER obtained after removing outliers
is about Er = 0.08 in the extratropical regions and can
reach Er = 0.11 at the equator.

6. Conclusions

The ECSTRA model has been previously proposed
for describing the vertical and spectral dependences of
the aerosol extinction profile as a function of latitude,
altitude, wavelength, and volcanism [Fussen and Bin-
gen, 1999]. In the present work we have investigated the
behavior of the various parameters of ECSTRA as func-
tions of those basic variables. We show that ECSTRA
is able, out of transients following volcanic eruptions, to
reproduce on a reliable way the vertical structures of the
extinction profiles and also the general spectral features
associated with the four SAGE II channels. A system-
atic investigation of the error led to the determination
of the model validity range. Concerning the position
and width of the Junge layer, we identify some discrep-
ancies between the ECSTRA simulations and the cubic
spline description as due to the influence of the QBO.

In spite of its inability to describe correctly those dy-
namical effects, ECSTRA has been shown to be a useful
and robust tool giving insight on general features of the
stratospheric extinction profiles for a wide range of vol-
canic situations. Therefore, although this simple model
is only a fitting procedure that cannot reflect the whole
complexity of the aerosol physics, we think that EC-
STRA can be used for interpretation and simulation
purposes of general features concerning stratospheric
aerosols.

In this perspective, different aspects require further
investigations. Concerning the spectral dependence,
ECSTRA gives us a tool for studying the aerosol parti-
cle characteristics (mean size and dispersion}, as a func-
tion of the considered basic parameters. However, the
severe limitation of the information content due to the
restricted spectral range has to be taken into account.



The vertical features emerging from the model could
also be the subject of further studies. Finally, the evolu-
tion of the characteristic parameters of the Junge layer
described by ECSTRA should be interpreted in terms
of the dynamical evolution of the aerosol microphysics.
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