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Abstract

We use Titan’s geometric albedo to constrain the vertical distribution of the haze. Microphysical models incorporating fractal aggregates
do not readily 3t the methane features at 0:62 �m band and the dark 0:88 �m of the albedo spectrum simultaneously. We take advantage
of this apparent discrepancy to constrain the haze vertical pro3le.
We used the geometric albedo and several results and constraints from other works to better constrain the vertical haze extinction

pro3le, especially in the low stratosphere. The objective of this model is to give a solution that simultaneously 3ts the main constraints
known to apply to the haze.
We 3nd that the haze extinction increases with decreasing altitude with a scale height about equal to the atmospheric scale height down

to 100 km. Below this altitude, extinction must decrease down to 30 km. This is necessary in order to have enough haze to sustain a
relatively high albedo (0.076) in the dark 0:88 �m methane band and to show the 0:62 �m band in the haze continuum. We set the haze
production rate around 7× 10−14 kg m−2 s−1, and the aerosols production altitude around 400 km (or at pressure 1:5 Pa).
The physical processes which generate such a pro3le are not clear. However, purely one-dimensional e=ects such as condensation,

sedimentation, and rainout can be ruled out, and we believe that this relative clearing in Titan’s troposphere and lower stratosphere is due
to particle horizontal transport by the mean circulation.
? 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The atmosphere of Titan contains an organic haze that is
optically thick at visible wavelengths. The geometric albedo
of Titan as a function of wavelength provides a useful data
set for comparing to microphysical and radiative models of
this haze. McKay et al. (1989) used a simple analytic mi-
crophysics model and treated the haze particles as compact
spheres. They were able to 3t the geometric albedo from the
visible to the near-infrared and showed that the geometric
albedo depended on the surface re?ectivity as well as the
optical properties, electrical charge, and production rate of
the haze. They found that the geometric albedo could be 3t
assuming that the optical properties of the haze were scaled
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in the visible by a factor of 4/3 to the laboratory mea-
surements of Titan tholin (Khare et al., 1984). Courtin
et al. (1991) found that this spherical model did not match
the geometric albedo in the UV unless a second mode of
small spherical particles (¡ 10 nm) were added. Toon et
al. (1992) developed a complete microphysics model of
the haze and included di=usion—important in the lower
atmosphere—and vertical winds. They were able to match
the UV spectrum with small particles high in the atmo-
sphere carried upward by di=usion and vertical motions.
The detached limb feature of the haze could be generated
by vertical motions of order 1 cm=s.
Spacecraft data have also suggested that there were two

modes of particles in Titan’s upper atmosphere (Tomasko
and Smith, 1982). Data from Pioneer 11 and Voyager pho-
topolarimetry (Tomasko and Smith, 1982; West et al., 1983)
showed large positive polarization at ∼ 90◦ phase angle.
This requires particles, if spherical in shape, with radii no
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larger than 0:1 �m. However, Voyager observations (Rages
et al., 1983) of the brightness of Titan at high phase an-
gles require particles that are at least 0:2 �m and probably
0:5 �m in radius.
An explanation, alternative to the bi-modal distribution

of spherical particles proposed by Courtin et al. (1991)
and Toon et al. (1992), are fractal aggregates of spherical
‘monomers’, proposed by West and Smith (1991). In a se-
ries of papers Cabane and coworkers (Israel et al., 1991;
Cabane et al., 1992, 1993; Chasse3Iere and Cabane, 1995;
Rannou et al., 1993, 1995, 1997) have developed a sophis-
ticated model of Titan’s haze based on fractal particles.
A similar model has been developed by Tomasko et al.
(1997).
The basis for fractal models lies in the observation that

when liquid particles combine they form a new compact
sphere corresponding to the combined mass, but when
solid particles combine they can form a range of shapes
from compact spheres to long strings of particles. Previous
microphysical models (Cabane et al., 1992, 1993) suggest
that Titan’s main haze can be physically divided into two
regions, a high altitude region in which the fractal
dimension is 3 (monomer growth) and a lower altitude
region in which the fractal dimension is 2 (cluster–cluster
ballistic growth). Fractal particles behave optically like a bi-
modal distribution of spherical particles (West, 1991). The
small particles, both the free monomers and the monomers
within aggregates, interact with short wavelength radiation
and also determine the polarization. Thus the UV and po-
larization data can be explained. At longer wavelengths the
aggregates behave like large particles and can reproduce
the geometric albedo and forward scattering properties
observed for Titan (Botet et al., 1997; Rannou et al., 1999).
However fractal models have one diKculty not present in

the spherical models. That is the important methane feature
at 0:62 �m, appearing in the spectrum, is not 3t by the frac-
tal model. In particular the fractal haze is optically thicker
than models of spherical aerosols in the atmosphere at these
wavelengths and the photons that are re?ected do not pass
through enough gas to create the methane absorption feature
observed in the geometric albedo spectrum.
Tomasko et al. (1997) have obtained a 3t to the 0:62 �m

band by removing the haze for altitudes below 90 km (see
Fig. 7 of Tomasko et al., 1997, also shown as Fig. 6 of
McKay et al., 2001). However this model is not well de-
veloped and the implications and constraints of this 3t-
ting approach are not discussed. In this paper we carefully
examine the implications for the 0:62 �m feature for frac-
tal haze models and consider the extent of clearing of the
haze in the lower atmosphere that is required to 3t the
geometric albedo at this wavelength. We compare our re-
sults to the recent suggestion by Young et al. (2002) based
on multispectral HST data that there is a haze clearing in
Titan’s lower atmosphere (see also Chanover et al., 2003).
We also brie?y consider possible explanations for this haze
clearing.

2. Light in the troposphere

Fig. 1 shows a comparison of the total vertical optical
depth in the McKay et al. (1989) and Toon et al. (1992)
spherical models and the fractal models of Rannou et al.
(1997) and Tomasko et al. (1997). Also shown are the re-
cent determinations of haze optical depth by Young et al.
(2002), Gibbard et al. (1999), and GriKth et al. (1991).
Fig. 1 illustrates the basic di=erence between the spheri-
cal and fractal models and the source of the problem for
the 3t of the fractal models at 0:62 �m. Fractal particles in
Titan’s atmosphere are ?u=y (fractal dimension near 2).
They scatter light in a di=erent way than spherical aerosols.
This generates a large total optical depth in the visible and
UV (the wavelengths at which the fractal particles are ef-
3cient absorbers,) which obscures the methane feature at
0:62 �m. However in a scattering atmosphere the extinction
optical depth shown in Fig. 1 is not a useful estimate of the
penetration of photons into the atmosphere. A more useful
parameter is the e=ective optical depth (or e=ective opacity)
�∗ given by (e.g., Pollack and McKay, 1985)

�∗ = �
√
(1− !)(1− !g); (1)

where ! is the single scattering albedo and g is the asym-
metry factor (the mean value of scattering angle cosine

Fig. 1. The integrated haze optical depth as a function of wavelength for
McKay et al. (1989) and Toon et al. (1992) models of spherical aerosols
(dashed thick line and dot-dashed thick line, respectively) and for the
fractal aggregates model based on Rannou et al. (1995) (thick continuous
line) and Tomasko et al. (1997) (thick dotted line). The thin dot-dashed
line and thin continuous lines correspond to the e=ective haze opacity
for Toon et al. (1992) and Rannou et al. (1995) as explained in the text.
Values retrieved from near-infrared data are also plotted for comparison
(vertical line at 0:9 �m: Young et al., 2002, vertical lines at 1.6 and
2:1 �m: Gibbard et al., 1999, empty bold squares: GriKth et al., 1991).
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weighted by the phase function; g=0 for a symmetric phase
function such as for Rayleigh scattering and g increases to-
ward 1 for a strongly forward scattering as for large par-
ticle). This relation accounts for the fact that some of the
scattered photons continue downward and are not lost from
the downward ?ux as rapidly as the total extinction optical
depth would imply if there was no scattering present. Fig. 1
also shows a comparison of the total vertical e=ective opti-
cal depth (thin line) for Rannou et al. (1997), McKay et al.
(1989) and Toon et al. (1992). In the following, e=ective
optical depth or e=ective opacity will be shown as �∗, and
optical depth or opacity will be shown as �.
For the methane feature at 0:62 �m to be visible, the ef-

fective optical depth must be less than 2 so that the photons
pass through the tropospheric methane. As seen in Fig. 1,
this is not the case for the reference fractal model or Rannou
et al. (1997). Toon et al. (1992) succeed in 3tting the albedo
with spherical aerosols because the UV is obscured by par-
ticles which are lifted at high altitude. However their model
does not account for all the observational constraints. Par-
ticularly, the aerosol mean radius in the main haze layer
is set to about 0:1 �m. This is consistent with West et al.
(1983) polarimetry but not with Rages and Pollack (1983)
high phase angle polarimetry. These two data sets actually
yield discrepant estimates of aerosol radius for the same part
of the haze, but this was solved by considering aggregates.
For this work, we use a composite set of several measure-

ments for the geometric albedo. The UV part (0.2–0:4 �m)
is a measurement of IUE (Courtin et al., 1991). Visible and
near-infrared data (0.4–1 �m) are from Ne= et al. (1984)
and the 3ve data points in the near-infrared between 0.94
and 2:0 �m are from Coustenis et al. (1995). In Fig. 2, the
0:62 �m band (the shortest wavelength prominent band) is
partially masked by haze scattering. For this reason, it gives
important information on the respective role of haze and
methane down to the troposphere. The 0:88 �m bands is one
of the strongest band of the spectrum below 1 �m, and is
known to depend on an altitude range well above tropopause.

3. The haze model

In this part, we brie?y describe the haze microphysical
model, and we present the important parameters relative
to the microphysics and the optics of particles. We also
describe the role of the eddy di=usion coeKcient on the
vertical structure of the haze and especially on the vertical
extinction pro3le.

3.1. The microphysics

We have developed an analytic microphysical model
based on the approach of McKay et al. (1989). Our mo-
tivation is that full microphysical models such as Toon et
al. (1980) or Cabane et al. (1992) are generally complex.
They deal with a fully described aerosol distribution and

Fig. 2. The observed geometric albedo in UV (Courtin et al., 1991), in
visible (0.35–1 �m) (Ne= et al., 1984), and near-infrared (Coustenis et
al., 1995). A 3t is also shown for a case without cut-o= (see also Table
1). The thin vertical lines show the sensitivity of the 3t when the surface
re?ectivity is varied from 0 to 1. The boxes show the sensitivity of the
3t to the uncertainties on the methane extinction coeKcient (see the text
for details).

solve numerically the microphysical equations, including
coagulation, coalescence, sedimentation and eddy di=usion.
Such models, called eulerian models, can be used to 3nd
the time dependent evolution of a haze distribution. They
are powerful tools for aerosol science.
The drawback is that they run slowly. For Titan stud-

ies, one generally needs a converged steady state solution.
Because aerosols fall in some 100 terrestrial years (Rannou
et al., 1993) the eulerian models are not convenient for
intensive use, such as investigating a multi-dimensional
space of microphysical parameters.
The idea of the present model is to develop a simple

analytical solution of the aerosol growth and settling. The
di=erential equation to solve (Eq. (A.9) in Appendix A)
links the aerosol radius to the altitude in the atmosphere.
The aerosol density is then deduced from the settling speed
and the mass ?ux conservation. Thus, the model yields the
aerosol size and density as a function of altitude, assuming
a steady state convergence.
The model solves the equation in two steps. In the pro-

duction zone, aerosols grow spherically since the aerosol
distribution is thought to be polydispersed. When aerosols
fall below the production zone, the individual spherical
particles (called monomers here) are all approximately
the same size but they begin to form fractal structures
(Cabane et al., 1992). Thus, the monomer radius is
self-consistently computed in the model based on condi-
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tions in the production zone. To deal with formation of
fractal aggregates, we have modi3ed the microphysical
laws following Cabane et al. (1993), and we have added
eddy di=usion, a process that was not included in the
original McKay et al. (1989) model. Eddy di=usion has
been used in almost all previous works, but with widely dif-
ferent di=usion coeKcients. Eddy di=usion can profoundly
a=ect the microphysical solution. We discuss this aspect
in the next paragraph, and we suggest a constraint on this
parameter.
The details of the microphysical model as well as its per-

formance are compared to the reference eulerian model (e.g.
Cabane et al., 1992, 1993) in Appendix A. We also show
that the haze optical properties which are derived from our
model are in good agreement with previous radiative trans-
fer models (Rannou et al., 1997).

3.2. Parameters of the model

The main parameters of the microphysical model are the
haze production rate Q, the haze production pressure, the
aerosol charging rate 	, and the eddy di=usion coeKcient, K .
These parameters de3ne the aerosol distribution. For the ge-
ometric albedo, three more parameters are the aerosol imag-
inary refractive index ni(�), the ground re?ectivity Rs and
the methane absorption coeKcient kCH4 . With these seven
parameters, the geometric albedo due to the haze, the atmo-
sphere and the surface is well de3ned.
To deal with convenient parameters, we use relative fac-

tors for the haze production rate, P0 which is de3ned as
P0 =Q=Qref , where Qref = 3:5× 10−13 kg m−2 s−1, for the
eddy di=usion coeKcient de3ned as � = K=Kref where Kref
is the pro3le used in Cabane et al. (1992) and for the imag-
inary refractive index, Xk = ni(�)=ni ref (�) where ni ref (�) is
the imaginary part of the refractive index given by Khare
et al. (1984). We also use the real part of the refractive in-
dex published by Khare et al. (1984). Methane extinction
coeKcient are taken from Karkoschka (1994) below 1 �m
and are those used by Coustenis et al. (1995) between 1 and
2 �m. In this model, we account for Rayleigh scattering by
atmosphere.
We also want to encompass the uncertainties on the sur-

face re?ectivity and the methane absorption. Thus we con-
sider cases with the surface re?ectivity Rs set successively
to 0 and 1, and for the methane absorption set to its extremal
values. Following Karkoschka (1994), we considered an un-
certainty of 20% for the 0:62 �m band (k = 0:6 km-am−1)
and 50% on the near-infrared methane band extinction val-
ues (k � 0:05 km-am−1) as suggested by Coustenis et al.
(1995). For other values, we use a linear interpolation and
extrapolation of the uncertainty ratio versus log(k). This
approach provides an estimate of the extent to which the
uncertainties on the methane extinction coeKcient modify
the 3ts. In Fig. 2 this uncertainty in methane extinction
appears as uncertainty boxes on the computed albedo. Un-

certainties due to surface re?ectivity appear as vertical bars,
showing the albedo computed using the two extreme values
for Rs.

3.3. E'ect of the di'usion coe<cient

The vertical structure of the haze is partly de3ned by
the microphysics, which is basically well known. However,
eddy di=usion, which in a sense represents the action of the
atmospheric motions on the haze, can profoundly modify
the purely microphysical solution. In general, eddy di=usion
accelerates the downward transport of aerosols and, depend-
ing on its intensity, may dominate sedimentation. When this
happens, eddy di=usion determines the scale height of the
vertical pro3le. This is particularly true when dealing with
slowly falling particles like fractal aggregates. Among the
1D models which have been published, many eddy di=u-
sion coeKcients have been used. They are generally based
on simple physical arguments for the general shape of the
pro3le, at least in the stratosphere. The strength of the co-
eKcients are either ad-hoc or roughly estimated. That leads
to a variety of the eddy coeKcient pro3les with a factor
10 between the two extreme cases. The shapes also vary
in the low stratosphere and in the troposphere. If the eddy
di=usion coeKcient is larger than the values used by Yung
et al. (1984) pro3le, then the haze distribution is essentially
driven by di=usion.
We have used the same stratospheric eddy di=usion pro3le

as Cabane et al. (1992) scaled by a factor, �, between 0 and
1.4, to test the sensitivity of the extinction vertical pro3le in
our model. The eddy di=usion, as generally parameterized in
1-D models, particularly a=ects the extinction pro3le below
250 km by increasing the scale height of the haze. As the
scale height of the haze increases in the troposphere the total
optical depth between the optical depth unity level of the
haze in the stratosphere and the surface decreases. Thus for
a given haze production rate, the larger is the eddy di=usion
coeKcient, the lower is the integrated opacity. Thus, we can
already foresee that 3tting the geometric albedo with our
model will require larger aerosol production rates for larger
eddy di=usion coeKcients.

4. Fit of the geometric albedo

In this part, we 3rst specify the conditions that de3ne a
good 3t of the geometric albedo. Then, with this set of rules,
we investigate the parameter range which gives good 3ts.
We 3rst establish the range for haze production rate and for
the eddy di=usion factor � which is consistent with observa-
tion. These ranges implicitly include uncertainties on aerosol
radius at 200 km and on monomer radius given elsewhere.
In a next step, we consider additional information concern-
ing the haze extinction at 200 km and the eddy di=usion to
provide a realistic vertical haze structure.
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Table 1
Main parameters of the main haze layer

Main haze reference parameter

W/o cut-o= With cut-o=

Production rate P0 = 0:18a P0 = 0:23a

Production pressure 1:5 Pa (� 400 km) 1:5 Pa
Charging rate 	 = 20e− �m−1 	 = 20e− �m−1
Eddy di=usion � = 0 � = 0
Refractive index n= n (Khare et al., 1984)

k = Xv × k (Khare et al., 1984)
Xv = 2:0 Xv = 2:3

Haze cut-o= Zco � 95 km
extinction inversion
between 95 and 40 km

Methane pro3le xCH4 = 8% at the ground
S = 100% in the troposphere
xCH4 = 1:5% at the cold trap
xCH4 = 1:5% in stratosphere

a×3:5× 10−13 kg m−2 s−1.

4.1. Qualitative and quantitative control of the ?ts

To quantify a 3t, we essentially focus on the ability of
the model to 3t the 0:62 �m band and the 0:88 �m. It is
quite straightforward to choose a production rate which will
3t the 0:62 �m band, the haze continuum, and the methane
windows. However, the 0:88 �m band is systematically too
dark. Fig. 2 shows an example of a 3t that we obtained
with our reference model as de3ned in Table 1 (left col-
umn). Note that the sensitivity to the surface albedo and the
methane absorption are shown in Fig. 2. This 3t is represen-
tative of the agreement we generally reach with the model,
whatever the chosen value of �. This means that the amount
of methane which is needed to 3t the 0:62 �m is too low to
hide the 0:88 �m band. This apparent discrepancy appears
whatever the parameters we used.
Thus, to decide if a 3t is good, we check several fea-

tures. First, the 0:62 �m band must be apparent and not
lost in the continuum. That is, the albedo at 0:62 �m must
be lower than the albedo at 0:58 �m. Second, the haze
continuum from 0.2 to about 0.7 have the same slope as
observed. This can be easily controlled through the UV,
which must be dark (around A=0:03), and the visible must
be at A = 0:2 at 0:58 �m, within 10%. Third, the methane
bands for 0:7¡�¡ 0:8 �m must be well marked, with the
correct geometric albedo inside the uncertainty boxes due to
methane extinction uncertainties. The near-infrared albedo
in the methane windows must be included in the error bars
given by the extreme values of the surface re?ectivity, that
is Rs between 0 and 1.
These rules, which are used in the next part, exclude the

0:88 �m methane band. We thus already know that another
scattering species will be needed to increase the albedo in
the 0:88 �m. We will discuss this point further below. For
now, 3tting the albedo within the requirements as listed

above will already constrain all the parameters in the model
over the ranges listed above. Additional information would
be needed to further constraint the 3t.

4.2. A priori constraints on the haze parameters

In this part, we 3rst investigate the model parameters
needed to correctly 3t the geometric albedo. We choose to
work with four values of � which are 0, 0.2, 0.5 and 1. �=0
corresponds to no di=usion at all, �=0:2 is equivalent to the
Toublanc et al. (1995) pro3le and �= 1 corresponds to the
Cabane et al. (1992) pro3le. We also consider an interme-
diate case �=0:5. For each values of �, we seek production
rates Q which 3t the geometric albedo. The parameters of
the model are constrained by two conditions which pertain to
the aerosol structure. First, the radius of aerosols at 200 km
must be within in the range 0.2–0:5 �m, de3ned by Rages
et al. (1983). This constraint is derived from high phase an-
gle photometry which depends on the apparent size of the
particles. Thus we reject cases for which the apparent ra-
dius of the aerosols are not within this interval. The second
constraint is the monomer radius. West and Smith (1991),
and Tomasko et al. (1997), have studied polarimetric data
from Voyager. They exclude monomer radius as small as
0:02 �m but allow 0:06 �m. Large phase angle photometry
also leads to monomer radius between 0.045 and 0:095 �m
(Rannou et al., 1997). In this work, we allow the monomer
radius to be between � 0:04 and � 0:095 �m.
It is noteworthy that the haze properties primarily de-

pend on the monomer radius, not on the apparent size of
the aggregates. The reason is that aggregate cross-sections
are nearly linear with the monomer number, and the asym-
metry parameters are quite constant, at least in the wave-
length range that we consider. Thus haze properties do not
change a lot if the apparent size of aggregates varies but
the monomer radius stays 3xed. On the other hand, varia-
tions of monomer radius produce signi3cant changes in haze
properties.

4.3. Constraints due to geometric albedo

Considering these limitations, for the di=erent values of �,
we seek the possible haze production rate P0 which will give
the best 3t. Fig. 3 shows the upper and lower values of P0 as
a function of the eddy di=usion case �, for several values of
the monomer radius (labeled curves). For a given monomer
radius, the upper limit is 3xed by the 0:62 �m band, which
is hidden if the production rate becomes too large, and the
lower limit is set by the requirement that UV Rayleigh scat-
tering not dominate albedo at short wavelengths. We see that
the larger is the monomer radius, the smaller is the domain
which gives a good 3t. For a monomer radius larger than
about 0:075 �m, no solution could be found. If we gather
all the possibilities regardless of the monomer radius, we
get that production rate P0 may be between 0.05 and 0.90
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Fig. 3. The dot-dashed lines show the upper limit of the production rate
beyond which the 0:62 �m band cannot appear on the geometric albedo, as
a function of � (eddy di=usion factor), for several values of the monomer
radius labeled in nm. The continuous lines show the lower limit below
which Rayleigh scattering begins to a=ect the UV albedo. Then, for a
given monomer radius, only solutions above the continue line and below
the dot-dashed line can 3t the geometric albedo. The dashed box shows
the production rate between 0:2± 0:05 which is derived from Voyager 1
high phase angle photometry analysis (Rages and Pollack, 1983; Rannou
et al., 1997). This restrict the domain of solution and discard monomer
radius larger than 75 nm.

for � = 1, in the range 0.05–0.45 for � = 0:5, in the range
0.04–0.25 for �=0:2 and in the range 0.035–0.12 for �=0
(Fig. 3). These ranges are essentially bounded by the range
for the lower monomer radius rm=0:04 �m which generally
includes the range for other monomer radius cases within
it.
Xk is also strongly correlated to the monomer radius, re-

gardless of the values of �, 	, P0 or Q. For rm � 0:04 �m,
we need Xk � 1:3, for rm � 0:06 �m, we need Xk � 2:1,
and for rm � 0:07 �m, Xk must be set to � 2:5. Thus, Xk is
not really a free parameter.
Fig. 2 shows a typical 3t that we obtain with this haze

model. For each of these 3ts, the most important features
are reproduced and the albedo sensitivity for the surface
re?ectivity between 0 and 1 is shown by the thin vertical
lines. The boxes indicate in which extent the uncertainty on
methane absorption coeKcient can a=ect the 3t. This haze
model is transparent in the near-infrared. Fig. 2 also suggests
that the haze is suKciently transparent at wavelengths as
short as 0:75 �m to be sensitive to surface heterogeneities.
In fact, this point depends on the actual structure of the
haze below the tropopause and on the thickness of possible
tropospheric clouds.

Fig. 4. The altitude for which � (continuous line) and �∗ (dashed lines)
are equal to 1. The 2 lower thin curves are for atmosphere alone (methane
+ nitrogen) and the two upper set of four curves are for haze only.
The haze layers are set, with various values of �, to 3t the geometric
albedo. The increasing thickness of the lines indicate increasing values
of �: 0; 0:2; 0:5 and 1.

4.4. Penetration of light in the atmosphere

We de3ne Z1(�) as the altitude where the unity optical
depth � = 1 is reached as a function of �. In Fig. 4, we
plot Z1(�) for haze alone with the four values of �, and for
the atmospheric component alone as well. As noted in the
introduction, the optical depth concerns the extinction of the
direct solar light, and it does not account for the fact that
light is scattered and may continue its way downward. We
also de3ne the altitude Z∗

1 where �
∗ = 1.

We 3rst note that the altitude Z1(�), as well as Z∗
1 (�),

have roughly the same behavior with wavelength whatever
�. This is not surprising since to obtain the same albedo in
the methane bands, the haze eKciency has to be the same in
each case. Fig. 4 indicates that the 0:62 �m band is partly
hidden from outside because �∗ just reaches unity at about
30 km. There is a strong competitive e=ect between haze
and methane for this band. On the other hand, the 0:88 �m
band appears much more marked because the haze has a
low e=ective opacity at this wavelength, and the methane
absorption is strong. The level � = 1 due to methane
absorption occurs around 70 km at 0:88 �m. Therefore,
the methane absorption largely dominates the albedo.
The resulting albedo is very dark, and its exact value
depends on the haze component above 70 km. In other
parts of the spectrum, the geometric albedo is quite easily
3t. Where methane absorption is weak, haze is the only
component acting on the albedo shortward of � 0:6 �m and
haze plus surface act on the albedo longward of � 0:6 �m.
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Fig. 5. Several vertical extinction pro3les at 0:5 �m. The three dotted
line pro3les are Rages and Pollack (1983) pro3les for latitudes between
15◦S and 15◦N. The asterisks are the extinction pro3le at 0:5 �m derived
from Young et al. (2002). The 3ve extinction pro3les starting at 500 km
are for this model and for various values of � (see legend). As explained
in the text, and on Fig. 3, the larger �, the larger must be the production
rate, and thus the extinction at 200 km. The thin dot-dashed pro3le is
derived from Tomasko et al. (1997). The dashed line at the right-hand
side shows the scale height law for H = 40 km.

Our results in this regard are similar to those of McKay et
al. (1989) and Toon et al. (1992) for the case of spherical
particles.

4.5. Additional constraint on the extinction at 200 km

With the geometric albedo alone, it is diKcult to further
limit the range of parameters. Therefore, we now consider
results obtained from the interpretation of the high phase
angle photometry (Rages and Pollack, 1983; Rannou et al.,
1997). This type of data can give valuable constraints on
the local haze properties between 150 and 250 km. Rages
and Pollack (1983) have retrieved constraints on the vertical
extinction structure above 200 km. Haze extinction coeK-
cients from Rages et al. (1983) are plotted in Fig. 5. Rannou
et al. (1997) require P0 � 0:2 ± 0:05 to 3t the intensity
pro3les. This estimate is independent of the actual monomer
radius, at least between rm =0:04 and 0:11 �m. It is also in-
dependent of the eddy di=usion which was used since di=u-
sion only a=ects haze distribution in the lower stratosphere
(below about 200 km as shown in Fig. 12). Thus, haze pro-
duction rates around 0.2 should be suitable to match both
the high phase angle photometry and the geometric albedo.
This value from Rannou et al. (1997) is used in this work.
This cannot be used to limit values of �, except those larger
than � 1 which correspond to large haze production rates
(Fig. 3).

4.6. Haze cut-o' in stratosphere

At this point, it seems that the most realistic case for Titan
is a haze production rate around P0 = 0:2. Fig. 3 shows that
�=0 is not consistent with P0 =0:2±0:05 but is consistent
with a smaller production rate. On the other hand, models
with �¿ 0:05 are consistent with the constraint on P0.
To reconcile the fact that � may be equal to zero and that

P0 = 0:2 ± 0:05, we can introduce a cut-o= in the vertical
haze pro3le. The principle is to partially remove aerosols
below a given altitude in order to decrease the total amount
of haze for a given production rate. A simple haze cut-o=
is obtained assuming that below an altitude Zco, the haze
extinction is constant. With this cut-o=, we 3nd a 3t with
P0 = 0:2± 0:05 and � = 0 simultaneously. This is possible
because with the cut-o=, the haze total opacity for P0 = 0:2
is smaller than without the cut-o=, as shown in Fig. 3.
We 3nd that for small monomer radius (rm = 0:04 �m),

the cut o= must be set above 110 km. If (rm=0:06 �m), the
cut-o= must be set above about 80 km. For large monomer
radius (rm¿ 0:075 �m), no solution can be found because
Rayleigh scattering by the atmosphere dominates in the UV
for P about � 0:2.
As shown in Fig. 3, a solution with P0 = 0:2± 0:05 may

also be found without invoking a cut-o= for �¿ 0:05. Thus
a cut-o= is not compulsory at this stage provided the value
of � is larger than 0.05. Moreover, a cut-o= does not solve
the problem with the 0:88 �m band which is still too dark.

4.7. Haze inversion pro?le in stratosphere

Up to now, we have excluded from our considerations the
0:88 �m feature. Previous solutions 3t the geometric albedo,
with the exception of this band as explained above (see
Fig. 2). The simple cut-o= with constant extinction below
an altitude Zco does not solve this problem. We now must
go one step further: haze layers 3tting the 0:62 �m band are
not thick enough at 0:88 �m, as explained above. But the
0:62 �m band is formed at an altitude � 30 km, whereas
the 0:88 �m is formed at � 80 km (Fig. 4). Thus using ex-
tinction pro3les which increase with decreasing altitudes (as
generally occurs in 1D models) it is impossible to increase
opacity above 80 km without increasing much more opacity
below (e.g., 30 km). This is the problem we must solve.
We may solve the geometric albedo problem, and espe-

cially the 3t of the 0:88 �m, if we could increase the opac-
ity above about 70 km, with a moderate (or no) increase
of opacity above 30 km. We could achieve this if we could
transfer part of the opacity between 30 and 80 km above
80 km.
This solution means that the haze extinction must

decrease below an altitude Zco. To act on the 0:88 �m
band albedo, Zco must be at least higher than � 80 km.
This obviously does not correspond to the general solution
of one-dimensional microphysics. However, Titan haze is
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Fig. 6. Haze extinction pro3le in the case of extinction inversion, shown
with the extinction pro3le derived by Rages and Pollack (1983), and
values adapted from Young et al. (2002).

not a one-dimensional world, and previous work has shown
that Titan’s vertical haze pro3le is not fully consistent with
the simple microphysical solution in the troposphere (e.g.
Young et al., 2002). Condensation may occur and modify
the vertical structure. However, it remains diKcult to ex-
plain how the gap is produced. A rainout would decreases
particle density due to increasing settle speed. But one
must account for a simultaneous increase in cross sections
due to condensation, which would leave a small e=ect on
extinction.
Fig. 6 shows the new type of pro3le with extinction inver-

sion in the low stratosphere. Fig. 7 shows the correspond-
ing 3t which can be obtained. The 3t is globally good, and
this time, the 0:88 �m band albedo has the correct albedo.
The parameters used to obtain this 3t are displayed in Table
1—right column.

5. Discussion and comparison

5.1. The vertical structure

Previous work has suggested that the haze is removed or
thinned at low altitude. Young et al. (2002) study in de-
tail the 0:88 �m methane band to produce a 3-D map of the
haze. They show a global change in the extinction pro3le
scale height around 100 km (Fig. 5). They also show that
a gap in extinction coeKcient, including an inversion, oc-
curs around 40 km, for latitudes north of 15◦S. GriKth et al.
(1991) also indicate that a haze extinction pro3le chopped
below 70 km is better in 3tting their data than a haze pro-
3le which follows the microphysical solution down to the

Fig. 7. As Fig. 2 except that the 3t is for our preferred case with extinction
inversion (see Table 1).

ground. Chanover et al. (2003) also 3nd that their data at
1 �m is consistent with haze reduction below 60–70 km.
The coincidence between the altitude where cut-o= is needed
in this work, in Young et al. (2002), Chanover et al. (2003)
and also, in GriKth et al. (1991) may not be fortuitous. This
conclusion that haze structure di=ers from a simple micro-
physical solution arises from di=erent constraints in each of
these studies. However, the exact detail of the vertical haze
structure remains unknown.
We propose a simple vertical haze structure that meets all

the constraints we know about haze. The extinction coeK-
cient must match Rages and Pollack (1983) pro3les above
200 km. It corresponds to a main haze production rate of
about 7×10−14 kg m−2 s−1. Moreover, the apparent size of
the aggregates is constrained to be between 0.2 and 0:5 �m.
In the stratosphere, down to 100 km, the haze extinction
follows the atmospheric scale height. Below a certain alti-
tude the haze changes its scale height. We simply exponen-
tially decrease the haze opacity below about 100 km. Fig.
6 gives an overview of the haze structure derived from this
work.

5.2. Spectral behavior of haze opacity in near-infrared

The consistency of all these works in giving the behav-
ior of the total optical depth in near-infrared is remarkable.
GriKth et al. (1991), Gibbard et al. (1999) and Young et
al. (2002) give helpful constraints on the integrated optical
depth between 0.9 and 2:0 �m (Fig. 1). Neither Gibbard et
al. nor Young et al. invoke stratospheric clouds to explain
their data. GriKth et al. only need optically thin clouds in



P. Rannou et al. / Planetary and Space Science 51 (2003) 963–976 971

Fig. 8. The integrated haze optical depth as a function of wavelength
for McKay et al. (1989) models of spherical aerosols (dashed thick line)
and for the fractal aggregates model presented in this paper (inversion
case). The thin continuous line corresponds to the e=ective haze opacity
for the fractal aerosols haze. Same values as in Fig. 1 are also plotted
for comparison.

the troposphere. The spectral behavior of the haze opacity
between 0.9 and 2.0 is consistent with haze only, supporting
the fact that clouds are not optically thick.
Fig. 8 shows the haze opacity and the e=ective haze opac-

ity given by the model as a function of wavelength. The total
haze opacity is slightly lower than those deduced from ob-
servations. Two facts explain this di=erence. First, the values
retrieved by the di=erent authors depend on the aerosols op-
tical properties used in their works. Secondly, Fig. 5 shows
that haze extinction deduced by Young et al. (2002) in-
creases in the low troposphere. At these altitudes, aerosols
do not strongly contribute to the global albedo that we have
studied, except when looking in detail in the near-infrared
methane bands. On the other hand, they contribute to the
total opacity which is deduced from the methane windows.
Our model could include an increase in extinction below
about 40 km without changing the albedo. This would ad-
just the value of the total opacity without a change in the 3t
of the geometric albedo.

5.3. Surface features in visible

Observation shows that surface features may be seen
through haze and methane at wavelengths as short as
0:55 �m (Smith et al., 1996; Lemmon et al., 2002).
An important issue for this model, is to check that it
is consistent with this fact. Fig. 7 already suggests that
it is the case, but we display here more detailed ar-
guments. We simply compute the relative di=erence

Fig. 9. Relative di=erence � = 2 × (Ibright − Idark)=(Ibright + Idark) on
Titan’s re?ectivity, at the center of the planet, and above bright and dark
terrain, as a function of wavelength. Three curves show the results of
the model obtained with a dark surface re?ectivity at 0 and a bright
surface re?ectivity at 0.1 (dashed line), 0.15 (dot-dashed line) and 0.2
(continue line). The three horizontal lines are the observations derived
from Lemmon et al. (2002).

�=2×(Ibright−Idark)=(Ibright +Idark) of the geometric albedo
for a “dark” and “bright” surface re?ectivity, and compare
it to the observations cited above. Here, � is simply twice
the contrast.
Because we do not know which is the actual “dark” and

“bright” surface re?ectivity, we just seek for the “bright” and
“dark” contrast which best 3ts observations. Methane ex-
tinction between 0.58 and 0:8 �m is taken from Karkoschka
(1994).
Fig. 9 shows � as a function of wavelength for 3 di=er-

ent surface contrasts. Dark terrain albedo is set to 0 whereas
bright terrain albedo is set to 0.1, 0.15 and 0.2. This shows
that realistic surface albedo contrasts (compared to other icy
satellites, for instance) are able to be seen through the haze
in our model. This plot also suggest that the re?ectivity dif-
ference decreases from 0.2 to 0.1 within the spectral inter-
val. However, we draw no 3rm conclusion from this last
point since too many unknowns remain.
Fig. 10 shows the variation of � from the limb to the cen-

ter of Titan’s disk at 0:673 �m. Smith et al. (1996) present
a partial surface map based on 7 Hubble Space Telescope
images at this wavelength—here we have extracted the sur-
face contrasts from these images (HST program GO-5508)
and plotted the range of pixel-to-pixel contrasts as a func-
tion of emission angle. It can be seen that the variation
is quite consistent with our model, although note that the
regions sampled in the images do not include the darkest ter-
rains on Titan (trailing hemisphere), so the contrast plotted
(∼ 0:02) is less than might be expected considering a true
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Fig. 10. The relative di=erence � = 2 × (Ibright − Idark)=(Ibright + Idark)
on Titan’s re?ectivity, at � = 0:673 �m, as a function of distance to
the planet centre. �2 = 1 corresponds to the center and �2 = 0 corre-
sponds to the limb. Dark and bright re?ectivity are taken to 0 and 0.06.
The three lines are for wavelengths � = 0:670 �m (dashed), 0:675 �m
(dot-dashed) and 0:680 �m (continue) which corresponds to methane
extinction k = 1:2 × 10−1 km-am−1, k = 1:8 × 10−2 km-am−1 and
k = 2 × 10−2 km-am−1, respectively. The squares with error bars are
observation derived from Smith et al. (1996). Note that for this data,
“dark” values are not truly taken from a dark terrain—which was not
available in Smith et al. (1996) observations—but rather from a medium
terrain. On the other hand, the “bright” values are taken for a true bright
area. This explains the smaller contrast (0.06) than those used in Fig. 9.

light–dark di=erence. Our model 3t, generated with a di=er-
ence in surface albedo of 0.06, agrees reasonably well. The
spatially-resolved disk-centre spectra reported in Lemmon
et al. (2002) do sample the bright and dark regions and show
a contrast of (∼ 0:04)—consistent with our model and sur-
face re?ectivity di=erence of 0.1–0.2. These values are con-
sistent with estimates done elsewhere (Lorenz and Lunine,
1997, and more recently by Lemmon et al., 2002).
Clearly, the haze opacity assumed here allows moderate

surface contrast (that is signi3cantly smaller than the ex-
treme contrast as 0 and 1 for dark and bright re?ectivity) to
appear in the geometric albedo observation, as pointed by
other authors. Haze opacity in our model decreases from 5.1
to 3.3 for wavelengths between �= 0:6 and 0:68 �m.

6. Conclusion

We have developed an analytic model of fractal haze
microphysics on Titan. We have compared this model to
the detailed microphysical model of Cabane et al. (1993)
and have used it to 3t the geometric albedo of Titan.
Based on these comparisons we draw the following conclu-
sions:
(1) The analytical fractal model of Titan’s haze that we

have developed provides a quick solution for modeling. We

have used microphysical equations (McKay et al., 1989)
adapted to fractal aggregates (Cabane et al., 1993). The
results match the output of a reference model (Cabane et al.,
1993; Rannou et al., 1997).
(2) To 3t the geometric albedo with the model of frac-

tal aerosols, we need to introduce a transition in the haze
layer somewhere above 80 km. This transition consists in
imposing a reduction of the extinction coeKcient below a
given level. We show that inversion of extinction pro3le
is necessary to 3t all the spectrum. Similar transition has
already been reported by Young et al. (2002) and Chanover
et al. (2003). Tomasko et al. (1997) have also used a
complete removal of the haze extinction below 88 km, and
added a bright cloud below, to 3t the geometric albedo.
The physical origin of this transition is not explained in
this work. We believe that it is due to interactions with the
dynamics and does not result from a purely 1 dimensional
process.
(3) We propose a simple vertical haze pro3le for the main

haze which accounts for several known constraints. This
pro3le is represented in Fig. 5. The model is then able to
match several important data:

• It bridges the Rages and Pollack (1983) extinction pro-
3les above 250 km, derived from large phase angle pho-
tometry, and the Young et al. (2002) extinction pro3les
from analysis of near-infrared images of Titan.

• It gives a value for the total haze optical depth which is
consistent with the composite pro3le built from GriKth et
al. (1991), Gibbard et al. (1999) and Young et al. (2002)
values. This also ensures that in our model, the haze is
transparent in the near-infrared.

• This haze is also consistent with bright and dark albedo
contrasts at visible wave-lengths.

• The haze height scale which is imposed by Rages and
Pollack (1983) and Young et al. (2002) is consistent with
a weak eddy di=usion or no di=usion at all.

(4) The observed spectral behavior of total opacity in
near-infrared suggests that haze is the major source of opac-
ity, aside from gaseous species. If clouds are present in
stratosphere, they must be thin (� � 1 and e=ective opacity
�∗�1).
(5) For the haze and aerosols characteristic, we get that

the production rate must be close to 7× 10−14 kg m−2 s−1.
This constraint is essentially due to observation of limb pho-
tometry and is quite robust. Monomer radius cannot be larger
than � 75 nm. On the other hand, monomer radius may be
as small as 40 nm. Table 1 (right column) shows our pre-
ferred parameters.
(6) This haze model gives a realistic overall structure

of Titan haze. This vertical structure is retrieved from the
geometric albedo data. It mainly represents the latitudes
between about 60◦S and 60◦N, and thus ignores anomalous
polar features.
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Appendix A. Microphysical 1D-model in fractal version

A.1. The principle and the equations: sedimentation and
coagulation

In this part, we discuss the way the microphysical laws
have been adapted to the growth and the settling of fractal
aggregates. We follow the approach of McKay et al. (1989).
The equations that we use are adapted from the equations of
the microphysics of aerosols which may be found in Fuchs
(1964) or in Pruppacher and Klett (1978). However, to ac-
count for the fractal structure of the aggregates, we modify
the equations following Cabane et al. (1993). The basic idea
is simple and has also been used by Tomasko et al. (1997).
The microphysical laws are written for spheres, using their
radius. However, depending on the physical process that is
involved, this radius either comes from the mass of the par-
ticle (m= 4=3��r3) or from its surface (S = �r2), where �
is the density of the bulk matter. Mass is involved, for ex-
ample, in the thermal speed and in the sedimentation speed
through the weight. Surface is involved, for example, in the
coagulation rates or in the sedimentation speed through the
drag force. For fractal aggregates of spheres, the mass is N
times the mass of one monomer; m = N × 4=3��r3m. The
apparent surface of the fractal aggregate is S = N 1=D�r2m.
Here, D is the fractal dimension of the aggregate and rm
is the radius of the monomers. Then replacing the mass or
the surface of fractal aggregates in the microphysical laws
yields a dependence on N , D and rm instead of r only.
The continuity equation is the 3rst equation of the set. It

links the number of aerosols and the settling speed at a given
level to the cumulative production rate above this level.

− nv
4
3
��N =

∫ ∞

z

q(z)
r3m

dz =
C(z)
r3m

; (A.1)

where v is the settling velocity of the particle, n is the particle
number density, � is the bulk density of the particle material,
q(z) is the local production rate, and C(z) is the column
production rate above the altitude z. The production pro3le
of the haze is known to be located in a region with a vertical
extent that is comparable to the atmospheric scale height.
We have used a gaussian pro3le in pressure, located around
1 mbar (400 km) and having a thickness of 0:3 mbar (about
one scale height). In this model, it is assumed that only
coagulation a=ects the number of particles, and then, the
equation for the ?ux of particles (the second equation of
the set) can be written as (Toon et al., 1980; McKay et al.,
1989):

d(nv)
dz

=−Kn2: (A.2)

The coagulation kernel and the settle speed are given for
fractal aggregates as (Cabane et al., 1993) if �=r�1, we

have

K =

[
8
(
3kT
�

)1=2
r1=2m

]
N (4−D)=2D = a′N (4−D)=2D (A.3)

and

v=−
[
�g
2na

(
�

2makT

)3=2
rm

]
N (D−2)=D

=−b′N (D−2)=D; (A.4)

where T is the temperature, k is Boltzmann’s constant, ) is
the atmosphere viscosity, g is gravity, na and ma are the at-
mospheric number density and mean molecular weight, re-
spectively. As the particles settle down in the atmosphere,
the condition �=r�1 breaks down, and the true settling
velocity and coagulation coeKcient become, in the case
�=r�1:

K =
[
8
kT
3)

N (D−4)=2D
]
N (4−D)=2D = a′N (4−D)=2D (A.5)

and

v=−
[
2�g
9)

N 1=Dr2m

]
N (D−2)=D =−b′N (D−2)=D: (A.6)

In these equations we have cast the sedimentation speed
and the coagulation kernel with factors a′ and b′, de3ned
as in McKay et al. (1989). For intermediate cases, func-
tions depending on Kn = �=r depart from the molecular
regime (�=r�1) to smoothly 3t the hydrodynamical regime
(�=r ¡ 1). For both the settling speed and the coagulation
kernel, we use empirical Cunningham’s corrections (Fuchs,
1964). The settling speed is written as v = vHydro × (1:0 +
1:257Kn+ 0:4Kn× exp(−1:1=Kn)) which gives the correct
settling speed over all the Knudsen number range. Equiv-
alently, the coagulation kernel is given as K = KHydro × *
where

* � 1

r=(r + +=
√
2) + �lB=2

√
2r

(A.7)

is valid whatever the Knudsen number. Here, += (1=6rlB)
((2r+lB)3−(4r2+l2B)3=2)−2r, lB is the aerosols mean free
path and r is the aerosols apparent radius, that is r=N 1=Drm.
To take into account the e=ect of the coulomb repulsion,

we correct the coagulation coeKcient K by a factor -. It
depends on the size of the aerosols which coagulate and
the electric charge 	. We assume, following Borucki et al.
(1987) that the electric charge is proportional with the radius
of the aerosols, then we set - as following (Fuchs, 1964;
Cabane et al., 1993):

-=
(neN 1=Drm)2

2kTN 1=3rm
: (A.8)
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Solving the new set of equations (Eqs. (A.3), (A.4), (A.8)
and (12)) gives

dN (7D−12)=2D

dz
=− 3

4��b′

(
7D − 12
2D

)

×
[
a′C′(z)
b′

+ N (3D−8)=2D
q′(z)
n(z)

]
; (A.9)

where C′(z) = C(z)=r3m and q′(z) = q(z)=r3m, that is, the
amount of matter counted as the number of monomers. One
can check that if D=3, the above equation becomes equiv-
alent to Eq. (A.4) in McKay et al. (1989). This equation is
integrated stepwise down the atmosphere for N as a func-
tion of altitude grid, knowing the fractal dimension (set to
D = 2) and the monomer radius rm.

A.2. The conceptual approach and equations for eddy
di'usion

The equations above take into account the sedimenta-
tion and the coagulation. The solution is found solving nu-
merically Eq. (A.9). McKay et al. (1989) neglected the
e=ects of dynamics (generally represented by some eddy
di=usion). This was acceptable because their spherical par-
ticles are large (0:4 �m) and fall rapidly. However, because
the settling speed of fractal aggregates is much slower than
for equivalent spheres, the dynamics will a=ect the vertical
structure of the haze to a larger extent. The eddy di=usion
is a term given as the second derivative of the aerosol mix-
ing ratio, @n=@t = −@=@z(KDna@(m(z)=na)=@z), where m(z)
is the haze mass per cubic meter of atmosphere, and KD is
the eddy di=usion coeKcient. Thus, the di=usion term at a
given level 0 depends on the two adjacent levels 0− 1 and
0 + 1. From this, we can see that it is not easy to solve a
simple di=erential equation step by step, to get the aerosol
size and number density.
To account for eddy di=usion within the framework of

our semi-analytical approach, we proceed iteratively. For a
given step of the iteration, we evaluate the eddy di=usion
?ux 1 = −KDna@(m(z)=na)=@z based on the microphysical
solution we have computed. Then we redo the computation
of the haze properties, but we correct the settling speed by
adding, at each level, an equivalent speed that accounts for
the transport by di=usion. At each level, knowing the size
and the number of the current haze properties, the di=usion
speed is chosen to agree with the di=usion ?ux previously
computed. The purpose is to get a solution for which the
sedimentation mass ?ux plus the eddy di=usion mass ?ux is
equals to the production rate.
The convergence of this algorithm directly depends on

the value of the di=usion coeKcient. For low eddy di=u-
sion coeKcients, the convergence process may be stopped
after 5 iterations. For larger values, 20–100 iterations may
be needed. There exists a limit beyond which no stable con-
vergence is reached.

Fig. 11. Comparison between Cabane et al. (1993) model and our model.
We compare the number of monomers per aggregates as a function of
the altitude. The continuous line is for our model, the linked squares are
the average monomer number and the linked triangles are the e=ective
monomer number (see text for details) computed from Cabane et al.
(1993). The box between 150 and 200 km gives the constraint given by
Rages and Pollack (1983) on the e=ective radius (0:2 �m¡R¡ 0:5 �m).

A.3. Performance of the microphysical code

In this part, we compare our model to the Cabane et
al. (1992, 1993) eulerian model. The 1-D Cabane model
solves the microphysics equations for an aerosol distribu-
tion that is fully described in the radius and altitude dimen-
sions. The complexity of interactions between aerosols of
di=erent size are taken into account, as well as the vertical
transport through sedimentation and eddy di=usion of the
full distribution. For the comparison, we especially focus
on the optical properties computed for the atmosphere that
must be representative. We compare a distribution and the
extinction vertical pro3le given by the eulerian model with
well de3ned parameters (production rate and production al-
titude, aerosol charging) and the corresponding results for
our model.
Fig. 11 shows the average monomer number per aggre-

gate as a function of altitude for the eulerian model and for
our model. We de3ne the average monomer number 〈N 〉.
We also plot the extinction e=ective monomer number 〈N 〉e.
The number 〈N 〉 is the most relevant quantity for compar-
ing two microphysical models, but we prefer to focus on
the optical properties. If we set exactly the same input pa-
rameters, both model give exactly the same value of 〈N 〉,
excepted at low altitude. The decrease in the e=ective num-
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Fig. 12. Comparison between Cabane et al. (1993) model and our model:
We plot the extinction coeKcient (m−1) for our model (thin continuous
line) and for Cabane et al. (1993) model (triangles). The gross aerosol
speed is given by the thick solid line (m/s) and is split into two terms;
the sedimentation speed which dominates at high altitude (dotted line)
and the di=usion speed which dominates at low altitude (dotted line:
downward speed, dashed line: upward speed).

ber of monomer 〈N 〉 below 100 km in the reference model
is due the fact that for small Knudsen numbers, larger ag-
gregates fall faster. This produces a relative impoverishment
in large particles, compared to smaller ones. This e=ect ob-
viously cannot be reproduced in our model. Fig. 11, shows
our model results with a charging rate set to 25e− �m−1 in-
stead of 30e− �m−1. This produces larger aerosols that are
in better agreement with the e=ective number (based on ex-
tinction) of monomers in the reference model. This allows
us to compare optical properties between the two models.
Fig. 12 shows vertical pro3les of extinction for this model.

On this 3gure, we have also plotted the sedimentation ?ux
(thin continuous line), the eddy di=usion ?ux (dotted and
dashed thin lines for downward and upward ?uxes), and the
total ?ux (heavy continuous line). Our model gives a very
good match to the eulerian model result for the extinction
pro3le, and many speci3c features of the vertical pro3le are
also well reproduced. The e=ective speed pro3le (sedimen-
tation + di=usion) produces a round pro3le above 100 km
that is due to the di=usion. Sedimentation alone would pro-
duce a straight pro3le because the sedimentation speed is the
same whatever the aggregate size (for D = 2). There is no
relative acceleration due to the increasing size of particles.

Fig. 13. The haze optical depth as a function of wavelength for the
reference model (thick lines) and for our model (thin lines). From top to
bottom, the coupled sets of lines are for opacity at the ground, at 50 km
and at 100 km.

Fig. 13 shows the haze optical depth as a function of
the wavelength for a haze distribution from the eulerian
model, and for our model. The two models match well for
altitudes above 50 km. In the troposphere, opacity seems to
be underestimated in our model. This is probably due to the
segregation e=ects in the hydrodynamics regime mentioned
above. As can be seen in Fig. 13, the spectral behavior of
the opacity is also well reproduced. The conclusion of this
comparison is that we believe that our model gives the same
relevant results compared to the reference model, regarding
microphysical results as well as optical results. This fully
validates the use of this model for the study that we perform
in this paper.
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