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Abstract. The 3-5 um thermal emission of the nightside
of Venus, recorded by the NIMS instrument at the time
of the Galileo flyby of Venus, is analysed to infer the
properties of the upper cloud boundary. From the glo-
bal maps of Venus at fixed wavelengths, the imb dark-
ening of the flux is measured at several latitudes, within
each infrared channel. By using the nominal Pioneer
Venus thermal profile. these data give access to two
parameters : the cloud deck temperature and the cloud
scale height. It 1s verified independently, from the
NIMS spectra, that this thermal profile is consistent
with all the NIMS observations, and that the thermal
structure does not vary significantly in the latitude
range (25 'S, 30"N). Within this range, the cloud scale
height is found to be constant with latitude, and 1s
H = 5.2 km, with an accuracy of about 15%, taking
into account the vartous sources of theoretical and
observational uncertainties. At higher latitudes, the
temperature profile becomes more isothermal and the
presented method to retrieve A is no fonger valid.

Introduction

The 1990 Gulileo fivby of Venus provided a unique oppor-
tunity to investigate the nightside of the atmosphere of
Venus in the near-infrared. from the use of the NIMS
(Ncar-Infrared Mapping Spectrometer) experiment. The
first results of this exploration have been reported by
Carlson er al. (1991). A full description of the NIMS
instrument can be found in Carlson er al. (1992). The
spectra show two well-separated regions : below 3 um. the
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radiation within selected spectral windows comes from
atmospheric regions below the sulphuric acid cloud deck,
where the atmospheric composition can be investigated
(Kamp et al.. 1988); above 3 um, due to the increasing
opacity of the H,SO, cloud droplets, the radiation comes
from the upper cloud layer and above (z = 60 km).

As explained in Carlson er al. (1991), two series of
data were recorded with the NIMS instrument: (1) two
nightside partial global mosaics at 17 selected wavelengths
(VPDIN-1 and VPDIN-2. for Venus Partial Disk Imaging
Nightside). ranging from 0.7 to 5.2 um, with a spatial
resolution of about 50 km for VPDIN-1 ; and (2) a series
of full wavelength coverage spectra of 408 spectral
elements (VIBARS), taken on about 25 lines of 20 pixels
each (with 1 pixel corresponding to 25 km), aligned along
three meridians. about 15 of longitude apart and centred
on the subspacecraft meridian.

In this paper, we analyse the long-wavelength part of
the NIMS data (- > 3 um), using both the global mosaic
VPDIN-1 and the full wavelength coverage spectra, in
order to derive information about the upper cloud scale
height and cloud temperature. A preliminary analysis of
these data can be found in Carlson er al. (1991). First we
describe the limb-darkening method : the data analysis is
presented in the following for the VPDIN and VIBARS
data respectively: results are presented and discussed
later, and the last section summarizes our conclusions.

The limb-darkening effect

Cross-cuts have been made in the VPDIN-1 global mosaic
data at different constant latitudes, in order to obtain a
set of limb-darkening curves in the six discrete channels
above 3.4 um (Fig. 1), outside the strong CO- absorption



506

25

M. Roos et al.: The upper clouds of Venus

20
T

15

10 11 12 13

! I | |

INTENSITY (uW/cm®/um/ster) .

10
T
G
s

®
3
o
=
L3

T
3
o
i

T
3
o
w
jte]

=
3
&
[\
[e4]

B
El
»
(o
o

b
3
»

WAVELENGTH (um)

Fig. 1. Example of a VIBARS spectrum (solid line). The bars correspond to the positions of the
VPDIN bands. The absorptions at 4.3 and 4.8 um are due to the CO, v, and v, +v, bands. A synthetic
spectrum, calculated with the nominal thermal profile. is shown for comparison (dotted line)

bands at 4.3 um; an example of a typical curve is shown
in Fig. 2 (circles), where the flux in each channel is plotted
against the emission angle.

A model study of the limb-darkening effect has been
performed by Diner (1978) and Taylor e7 /. (1980) for a
semi-infinite plane-parallel atmosphere, between 8 and 20
um. The model assumes no gaseous absorption. and is

thus relevant to the wavelengths at which the upper cloud
continuum is reached, between the atmospheric absorp-
tion bands, in the 3-5 um region (this excludes also the
4.845 ym CO, absorption band, which is analysed for
thermal structure determination below).

The absorbing particles are assumed to have an expon-
ential density distribution above a reference altitude z,,
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Fig. 2. Example of limb-darkening profile at a wavelength of 4.00 gm (Channel 13) and at a latitude
of —0.3°, The circles correspond to the NIMS measurcments, and the solid line to the best fit obtained
with equation (3). with T, = 233.5 and C = 11.9 (see text)
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with a particle scale height H. constant over the altitude
range probed by the observations. The temperature lapse
rale at a given latitude is also assumed to be constant over
a cloud scale height, which is expected to be of the order
of a few kilometres (Diner, 1978). Then, as shown by
Diner (1978). the observed radiation mainly comes from
a single effective level of altitude =, defined by a constant
cloud optical depth, which depends upon the cosine of the
emergence angle, g, the cloud scale height H. and the
altitude difference - — -

oNH -z,
= - s —- N 1
T u exp ( H > ()

where o is the aerosol cross-section and N, the particle
density at level .. Let T(y) be the brightness temperature
observed. It follows directly from equation (1) by express-

ing -z, = (T—T,)xdz/dT, that:
dT HoN,
= J i+ - i e 2
T =T,+ i Hln( i ), 2

where 7, is the temperature of reference for the level of
altitude z,. The solution of the radiative transfer equation
is such that, for each value of u, the observed brightness
temperature corresponds to t = [, Therefore, T(u) can be
expressed as follows:

T()=T,+Clnp, (3)

where T, is the observed brightness temperature under
normal incidence. having the following relation with T :
T'=T1,+dT'd-H In{Ho N,). and C = — H x(dT/dz).
Since the mean temperature gradient in Venus's atmos-
phere is negative {Seifl. 1983). the C factor is expected to
be positive under nominal conditions. Figure 2 gives an
example of the fit obtained for the expression of T(u).

Observations of the limb-darkening. i.e. the curve T(u),
thus give access o the product Hx (d7/dz). With this
model, the two parameters 7, and C are determined by
fitting the imb-darkening curves in a least-square sense.
More sophisticated four-parameter models have been
used for the Pioncer Venus VORTEX experiment (Taylor
et al., 1980). but the more limited number of points in the
case of the NIMS maps allows us to retrieve only the two
most important parameters. 7, and C. In this deter-
mination. it has been assumed that the gaseous opacity
can be neglected. Where this is not the case, the complete
determination of the limb durkening is achieved by using
a band model. describing the Venus atmosphere. as for
the synthetic spectra calculations described below. The
band model used is a statistical band model with an inverse
distribution of the mntensities (157 model), which was
developed for Martian atmosphere studies (Rosengvist et
al., 1990). For the wavelength of 4.845 um. which has
been used here to check the thermal profile used (see
below), it has been shown that the same logarithmic law
for T(y) 1s still valid. but the scale height now depends
both on the cloud scale height and the atmospheric scale
height.

It has also been assumed that the scattering effects
within the clouds can be neglected (i.e. that the cloud
particles are very absorbing). This assumption will be
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discussed below, when comparison with complete models
including scattering will be made.

In what follows, we will present a determination of
the constant C for the various discrete thermal channels
available in the VPDIN-1 mosaic, and at various latitudes.
Then, using Seiff’s nominal temperature profile, the cloud
scale height will be extracted.

Analysis of the global mosaic data

The VPDIN-1 mosaic is used since it has the best latitude
and emission angle coverage. The five continuum wave-
lengths which have been used for our analysis are given
in Fig. 1. Channel 14 {4279 um) has not been used,
because it lies in the CO- absorption bands. Channel 10
(3.140 um) has also been ignored, because of a too low
signal-to-noise ratio. As noted above, Channel 16 (4.845
um), corresponding to a weaker CO, band, has never-
theless been included for the thermal structure deter-
mination.

For each wavelength and latitude, limb-darkening pro-
files have been fitted according to equation (3), by means
of a least-square method, in order to retrieve T, C and
the associated error bars. It should be noted that, because
of the spacecraft’s orbital geometry, the observed emerg-
ence angle varies as a function of latitude. The subspace-
craft latitude was + 13.5°N at the time of the VPDIN-1
measurements. Thus, at this latitude, the minimum
observed emergence angle is zero. u is 1, and a direct
measurement of 7', can be made 1o compare with the least-
square fit. Results are shown in Figs 3 and 4, for 7', and
C respectively. :

To illustrate the method. Fig. 3b shows the Venus image
at 4.00 pm. in cylindrical projection, juxtaposed with the
T latitudinal profile. The latitudinal contrasts correspond
to variations in the cloud transmission or thermal struc-
ture, which correspond to variations in T, at these lati-
tudes.

Figure 3a shows that the values of T, range from 230
to 240K. with a slight dependence on wavelength, for
latitudes lower than 50 . The variation of T, with latitude
1s correlated for all values of 4. There is a slight asymmetry
between the two hemispheres, T, being slightly higher in
the Northern Hemisphere. It can be seen that 7', tends to
decrease toward high latitudes, poleward of x~32°N or
=21 S. indicating that in these regions either the cloud
level is higher. or the temperature at a given altitude is
lower., or the cloud transmission is lower.

Figure 4 displays the value of the C factor as a function
of latitude. The C curves are roughly symmetrical, and
flat in a latitude range (25°S, 30°N). If extrapolated out-
side the probed latitude range, the C factor becomes close
to zero at latitudes 40 S and 55-N. Since the scale height
H is strictly positive. a null value of C can only be
explained by a null value of the temperature lapse rate.
Figure 4 thus suggests that at latitudes of 40°S and 55°N,
the temperature lapse rate becomes gquasi-isothermal
above the upper cioud.

To retrieve the cloud scale height H from the value of
C. a knowledge of the temperature lapse rate is needed.
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Fig. 3a. T, parameter as a function of latitude for the five wavelength channels. The wavelengths are
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to the lower curve. (b) (Opposite) The variations of T, as a function of latitude, for Channel 13 (3.99
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is seen in the T, curve
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In this paper, we have used the nominal thermal profile
of Seiff (1983) in the latitude range studied (25°S, 30"N).
The hypothesis of a constant thermal profile is checked
by using the same limb-darkening method, but within the
CO, band at 4.845 um. In this case, it has been verified
by means of synthetic spectra calculations, convolved to
the NIMS instrumental response, that the same limb-
darkening model does apply, but the constant
— C{{dT7dz) is no longer the cloud scale height. A com-
plete band model synthetic limb-darkening profile has
been calculated in this case, for an equatorial spectrum:
the values of Tyand Care: T$* = 217.8K : CF = 8.93K.
to be compared with the measured values: 77
= 21934+ 1.5K; C™ =094+2.0K (error bars at 20).
In these measurements. the error bars correspond to the
observed latitudinal variations of the parameters. The
conclusion of these measurements is therefore that both
parameters are latitudinally constant within less than 2K.
Since these constants now both depend on the thermal
profiles at a higher altitude (=75 km), we conclude that
the Seiff (1983) thermal profile is consistent with our
measurements,

Analysis of the VIBARS spectra

A selection of 20 VIBARS spectra has been made over a
latitude coverage ranging from 25°S to 35'N. An example
of these spectra is shown in Fig. 1. The Venus spectrum
between 3 and 5 pym is characterized by two absorption
bands of CO-. the strong. saturated v; band centred at
4.3 pum. and the weaker v, +v, band centred at 4.8 um.
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Apart from these features, the spectrum approximately
represents a blackbody, at a temperature close to the cloud
temperature. However, the brightness temperature is not
exactly constant over wavelength, as illustrated in Fig.
5; its variation reproduces, at first approximation. the
variations of 7', for the same latitude.

According to Seiff (1983), a brightness temperature of
230-240K corresponds to an altitude of 65-70 km. At the
centre of the strong 4.3 pm band, the radiation comes from
an altitude of about 90 km, near the minimum temperature
level which is close to 180K (Seiff, 1983). At the centre of
the 4.8 um band. the probed level is about 75 km, ie. a
few km above the altitude of the upper cloud.

The continuum level at the wavelength of CO, band
centre was estimated from a linear interpolation between
two continuum levels at 4.659 and 4.968 um respectively.
The average variations in the band depth as observed
across the planet are about 6%. If the continuum level is
constant, we can thus conclude that the temperature lapse
rate does not vary by more than 6% in the (25°S, 30°N)
latitude range. In the previous section it became clear that
the variations of the cloud temperature are very small,
and the constancy of the continuum level seems therefore
a very reasonable hypothesis. Since the C factor is also
found to be constant (within about 6%) in this region
(Fig. 4), it can be inferred that the cloud scale height H is
approximately constant in this latitude range.

To check the validity of the Seiff (1983) profile, synthetic
calculations are performed at various latitudes. We have
used a simplified radiative transfer scheme and band
models. involving no scattering. previously used in the
calculations presented by Carlson er al. (1991), which
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Fig. 5. Brightness temperatures as a function of wavelength for the VIBARS spectrum shown in Fig,
1. The latitude is 0.493 S. The superimposed solid line is the 7% value. which is derived from the T,
value by corrections for gaseous absorption and the nonzero scale height effect in the radiative
transfer equation. The T, values are taken from limb-darkening data at latitude 0.3 'S. The dotted
line is a synthetic spectrum. calculated using the nominal thermal profile
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are expected to be adequate for calculating the outgoing
intensity in the thermal channels. The CO, spectroscopic
data are taken from the high-temperature database of
Rothman (1986), Rothman et al. (1987) and Wattson and
Rothman (1992).

The determination of the temperature lapse rate (aver-
aged in the 60-80 km range), at the vertical resolution of
the Seiff profile, has an uncertainty of 0.4K km™' in the
60-80 km range, owing to the vertical resolution of the
observations. Other input parameters are the upper cloud
temperature (i.e. the temperature of the level cor-
responding to a cloud optical depth of unity) and the scale
height of the upper cloud particles. As cloud temperature,
we use the T, values derived at each latitude for our
set of five wavelengths (excluding the CO. absorption at
wavelength 4.845 pm), as illustrated in Fig. 3, and
interpolated between these values. This allows us to
calculate the synthetic spectrum corresponding to each
latitude and to compare it with the observations. The
influence of dT/dz is éspecially strong on the depth of the
4.8 ym CO- band, as mentioned above, and also on the
red wing of the strong 4.3 um CO, band.

The quality of the fit (Fig. 1) shows that the use of
Seiff 's nominal profile provides a satisfactory agreement
with the data. On the other hand. no substantial variation
in temperature nor lapse rate has been found from the
limb-darkening fit at 4.85 gm, and we can safely use this
thermal profile at all the latitudes included in this study.

Results and discussion
Determination of the cloud scale height

A simple method for deriving H consists of dividing. for
each spectral channel and at cach latitude. the C factor by
the mean temperature gradient of Seifl”s profile above the
cloud (d7/dz = —2.9+0.4K km ). We take the value of
d7T/d:z, as given by Seiff s nominal model. with an average
over the altitudes sounded at these wavelengths. The
uncertainties come mainly from the vertcal spacing of
the data. As mentioned above. this result is remarkably
constant in the range (25 S. 30 N). By taking 11s mean
value over this latitude range. onc obtains

H=41+006km.

Our determination of C (C = 11.89K) 1s close to the
value derived in our preliminary analvsis (C = 11.8K:
Curlson er al., 1991). However, a different temperature
gradient was used in this reference (d7 d- = —4.3K
km "', implying a lower value of #/. The present analysis
uses a more accurate radiative transter model, over a much
larger sample of NIMS data. and is believed to be more
reliable.

This determination of the scale height 1s made within
the frame of the model of Diner (1978). which approxi-
mates the radiative transfer within the cloud by neglecting
the scattering. This model 1s fully correct only for small
enough single-scattering albedo of cloud particles. In the
next section, we will derive a more accurate value of the

M. Roos et al.: The upper clouds of Venus

scale height by taking into account fully the scattering
properties of cloud particles within a two-stream approxi-
mation. The approximate method described above has
been used to derive the scale height at individual latitudes,
because it gives a much faster computational time.
whereas the complete scattering model has been used only
on the latitudinal average. The relative variations of the
scale height. within the latitude range (25°S, 30°N), are
found to be less than 20%, a result which is not expected
to change when scattering effects are taken into account.
Therefore, we have limited ourselves to the calculation of
the scattering within the full latitude range.

Estimate of the scale height including the scattering effects

The above analysis has shown that the particle scale height
has an essentially constant value at low latitudes. Here.
we apply a more accurate radiative transfer program to
obtain an improved value for the particle scale height. The
major reason for needing to use a more sophisticated
radiative transfer code is that the cloud particles scatter
as well as absorb and emit thermal radiation at the wave-
lengths of interest. For example. in the cloud model
employed below, they have a single-scattering albedo of
0.5 at a wavelength of 3.7 um, the central wavelength of
NIMS Channel 12. As a result, the scale height inferred
from the limb-darkening data is somewhat larger (by
about 1 km) than that derived by neglecting particle scat-
tering, as has been done up until now.

We used the two stream/source function solution to the
radiative transfer problem for an inhomogeneous atmos-
phere to evaluate the specific intensity at the top of Venus's
atmosphere as a function of g, the cosine of the emission
angle (Pollack er al., 1993). Mie scattering theory was
used to determine the single-scattering properties of the
various size modes of the cloud particles. Almost all the
radiation observed in the long-wavelength channels of the
NIMS experiment originates from the region of the upper
cloud and above. For reasons detailed in Grinspoon et al.
(1993). we considered the upper cloud to be composed of
a uniform mixture of mode 1 and mode 2 particles (modal
radii equal to 0.3 and 1.0 gm, respectively), with the mode
1 and 2 particles contributing 15% and 85%. respectively.
to the upper cloud opacity at a wavelength of 0.63 um.
For this choice of relative abundances. the mode 2
particles totally dominate the cloud opacity in the long-
wavelength NIMS channcls, as the extinction efficiency
of the mode 1| particles decreases much more rapidly
with increasing wavelength than does that of the mode 2
particles.

To obtain good statistics, we binned all the NIMS pixels
in VPDIN-1 that he between 0' and 30 N latitude into u
bins having a constant width of 0.05. We focussed on
Channel 12 because the data in this channel has a good
signal-to-noise ratio and because gas absorption is very
small at the wavelength of 3.7 um. [However. we did
allow for gas absorption by using an appropriate set of
correlated k& distributions—-see Grinspoon ¢r al. (1993)].
The limb-darkening data derived in this way is shown in
Fig. 6 by the solid curve through the centroids of the
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Fig. 6. Comparison of the limb darkening observed in NIMS Channel 12 (3.717 um) for latitudes
between 0 and 30°N (solid curve with error bars) with an optimized model (dotted curve) for the
upper cloud consisting of a mixture of mode 1 and 2 particles (see text). The error bars represent the
standard deviation of the intensity of the individual data points within a given cosine (emission angle)
bin. The large central bar represents the spatial variations of the intensity within the selected area

individual binned data {vertical lines with error bars). The
centroid of the lines is the mean value of the intensity for
all the NIMS pixels that fall within a given g bin and the
distance between this centroid and the top (or bottom) of
the error bar represents the variance in the intensity from
this mean.

We obtained a best fit to these data between p = 0.2
and 0.8 by finding the values of two free cloud parameters
that minimized the %° value of the fit. These two par-
ameters are the pressure at optical depth unity in the
visible (0.63 um). P,. and the particle scale height, H,.
The reasons for limiting the u region of the fitting are
discussed in Grinspoon er al. (1993) (also see below). Our
best-fit model is shown by the dotted curve in Fig. 6. It is
characterized by P, equal to 24 mbar (corresponding to
a pressure of optical depth unity at 3.17 um of 44 mbar),
H, equal to 5.26 km. and the normalized %~ equal to 0.046
(a value of 1 would be expected if all the vanance was
due to noise: this low value thercfore indicates either an
underestimation of noise. or. more probably, the presence
of systematic errors in the model). The formal error bars
on the above parameters arc of the order of 0.1%.
although in reality the true errors are much larger due to
idealizations made in the cloud model. The increasing
deviation of the optimized model from the data at u > 0.8
may be due to a change in the particle scale height at an
altitude of about 63 km, with the scale height becoming
much smaller than the derived value of H, at lower alti-
tudes. This matter is explored in Grinspoon et al. (1993).
In this more complicated model. H, increases by about
0.3 km. This increase may provide a more realistic estimate
of the true uncertainty in H,. Also. P, decreased by about
0.5 mbar.

On the other hand. the uncertainty in the cloud structure
discussed above will also introduce an uncertainty in the
scale height. An estimate of the total uncertainty in the
scale height will be given by the error bar discussed in the
model without scattering, which is about 15%. It includes
both the small latitudinal vanability, the thermal profiles’
uncertainties and the variance in the data.

Comparison with Pioneer Venus data

In his analysis of ground-based infrared data, Diner
(1978) found H = 4.5 km, which therefore compares well
with our measurement without scattering, which uses the
same model. We therefore conclude that there is a good
agreement between both data sets, and that the properties
of the upper clouds of Venus have not varied between
both observations.

A review of the Pioneer Venus (PV) results can be
found in Esposito ¢t al. (1983). Pioneer data show that
the particles in the upper cloud layer have a bimodal size
distribution—mode 1 particles having a modal radius of
a few tenths of a micron and mode 2 particles having a
modal radius of about 1 um (Knollenberg and Hunten,
1979, 1980 ;: Kawabata ¢t «l., 1980). Mode 2 particles are
the chief source of visible opacity, except at the highest
altitudes [above about 80 km—Esposito er al. (1983);
Venus International Reference Atmosphere, Seiff et al.
(1986) : Crisp (1986)]. Thus, the scale heights inferred
from the NIMS limb-darkening law probably reflect
chiefly the vertical distribution of mode 2 particles, a result
that is in agreement with the scattering model described
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in the previous section, and with the results of Grinspoon
et al. (1993).

Variations of T, as a function of wavelength

To interpret T, as a cloud temperature, corrections for
gaseous absorption and the effect of the scale height in the
radiative transfer equation have to be made. The corrected
temperature 7Fis shown in Fig. 5, superimposed over a
NIMS spectrum in the 3-5 gm range. Since T¥ refers to
the atmospheric level where the cloud optical depth is
equal to unity, and is therefore free of gaseous contri-
bution. we would expect the variations of T%, which are
of the order of 2.5K, to be correlated with the cloud
opacity. The difference between 7, and T¥is too small to
have an observable effect on the determination of the scale
height. through a variation of the temperature gradient
between the atmospheric levels corresponding to 7', and
T* The general shape of T¥1s shown in Fig. 5; it seems
to imply that the opacity of the cloud is a maximum
around 4 ym, where 7% is minimum. and that the opacity
then decreases toward longer wavelengths. Previous study
of Venus’s reflectivity in the 2.5-4.0 um range (Pollack ¢t
al., 1978) found a good agreement with a composition of
sulphuric acid with concentration of about 84%. We have
presently no explanation for this behaviour. If confirmed
by complete modelling using radiative transfer with scat-
tering effects, this behaviour could imply the presence of
another constituent mixed with the sulphuric acid.

Conclusion

In this paper. we have used both the NIMS global mosaic
(VPDIN-1) and the full spectral resolution data
(VIBARS) in order to derive the particle scale height
of the cloud, and constraints on the thermal structure
variations. From the limb-darkening curves in the 3 5 ym
range. derived at various latitudes. an estimate of the
product (dT/d:z) x H is derived. A study of full-resolution
spectra. taken at the same latitudes, shows that the ther-
mal profile is approximately constant in the latitude range
(25 S, 30 N). with a mean absolute gradient of —-29K
km ™' at altitudes of 65-75 km. consistent with the ref-
erence profile of Seiff (1983). The mean cloud scale height,
averaged over latitude, is 5.2 km. within 15% accuracy.
At high latitudes, the limb-darkening method cannot
be used for a determination of the cloud scale height.
because d7/dz becomes close to zero. i.¢c. an isothermal
profile above the upper cloud. The analysis of the upper
thermal structure in the polar regions is being studied by
other means and results will be presented in a forthcoming

paper.
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