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ABSTRACT 

The spectral dependence of limb-darkening of Venus in the 8-20 µm region has been measured for 
both the equatorial and polar directions. It is shown that the magnitude and spectral variation of the 
polar darkening are, in general, greater than the equatorial darkening. The equatorial darkening, in fact, 
appears to be nearly spectrally invariant in this wavelength region, at least for the portion of the disk 
covered by the observations. The magnitude of the equatorial darkening is consistent with a tempera
ture lapse rate of roughly 3 K km-1, assuming a model in which aerosol is distributed eirponentia.lly and 
miired homogeneously with atmospheric gas. 

I. Introduction 

Infrared limb-darkening measurements provide a 
useful tool for studying the optical and thermal proper
ties of a planetary atmosphere. The spectral dependence 
of limb-darkening gives some insight into the influence 
of wavelength-dependent properties (e.g., extinction 
coefficients) on the observed intensity distribution. 
This paper presents a study of the limb-darkening of 
Venus in the 8-20 µ.m region and contrasts the spectral 
behavior of, the equatorial and polar center-to-limb 
brightness variations. 

The formal relation between intensity as a function 
of viewing angle cosine µ. and wavelength >. is given by 
the integral expression of the equation of transfer 
for a semi-infinite atmosphere 

B>.(µ)= i .. 1>.(n) exp(-n/µ)drJµ, (1) 

where J~(n) is the radiatioq source function at optical 
depth n. Thus, B>.(µ), which is the measured quantity, 
is related to the Laplace transform of the function h.. 
In those instances in which scattering is negligible, the 
source function is purely thermal, i.e., J>.(n) =<ih.(T), 
where CB is the Planck blackbody function, which 
depends only on the ambient temperature and the 
wavelength of interest. Solution of Eq. (1) for h(n .. ) 
=Clh(T) translates readily into T(r>.), i.e., temperature 
as a function of optical depth for a given wavelength. 
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If further information is avail~ble which provides 
temperature as a function of height, T(z), then n(z) 
may be obtained. Given data regarding chemical 

·composition of the opacity sources, and smce n is 
defined as 

T>.(z)= J.00 

k>.(z)N(z)<lz, (2) 

where k>. is the extinction cross section and N the 
number density, then one can obtain information 
regarding extinction and density as a function of height 
in the atmosphere. 

Direct inversion of (1) requires knowledge of B>.(µ) 
·over the entire range of µ., which is a difficult state to 
achieve observationally. Nevertheless, the information 
contained in limb-darkening curves for values of 
µ. > 0.5, the observational limit in this study, can be 
used to evaluate atmospheric models. It will be shown 
that for these geometries the equatorial limb-darkening 
in the 8-20 µ.m region is independent of wavelength. 
A simple atmospheric model· will be consider~d in an 
effort to demonstrate the conditions under which this 
observation may be reproduced. Finally, it will be 
demonstrated that the spectral dependence of the polar 
limb-darkening is significantly different from that 
along the equator. 

2. Data 

The data used in this paper consist of digital images 
obtained during the 1975 Venus apparition at the Hale 
200-inch telescope. The observational hardware, imag
ing technique and data processing methods have been 
discussed in Diner and Westphal (1978a), and the 
reader is referred to. this source. In addition to the 
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FIG. 1. Normalized spectral transmission characteristics of the filters used in this study. 
These functions do not include the effects of variable transmission of the telluric atmo
sphere in the 8-20 µm region. 

broadband 8-14 µm channel discussed in that paper, 
six narrowband channels were used as well. These will 
be referenced according to their central wavelengths as 
follows: 8. 7, 9.5, 11.2, 12.5, 18.3 and 19.8 µm. Fig. 1 
shows the spectral characteristics of each of the filters 
used. A summary of the observations relevant to the 
data used in this paper is presented in Table 1. 

In another paper (Diner and Westphal, 1978b), we 
discussed the separation of mean equatorial limb
darkening curves from diurnal brightness variations. 
These curves are expressed as third-order poly
nomials, i.e., 

B(µ) 
--= l+a(µ-l)+b(µ2- 1)+c(µ3-1) (3) 
B(l) ' 

where B(l) is the intensity of the center of the disk and 
a, b and c are given in Table 2 for the narrowband 8. 7, 
9.5, 11.2, 12.5, 18.3 and 19.8 µm channels as well as 
for the broadband 8-14 µm channel. Most of the data 
points in these narrowband channels are from images 
obtained after inferior conjunction, when the atmo
sphere is fairly symmetric east-west along the equator. 
Thus, the limb-darkening is not strongly influenced by 
the day-night asymmetry in the vicinity of the evening 
terminator (Diner and Westphal, 1978b). 

The polar limb-darkening data are taken from images 
obtained on UT 26 September 1975 and UT 22 October 
1975, the dates upon which the most complete spectral 
coverage was obtained. The region around the North 
Pole contained an infrared polar anomaly similar to that 
observed by Murray et al. (1963) and Diner et al. (1976) 
on these dates, whereas the South Pole was more 
uniform in appearance. Therefore, only the darkening 

between the disk center and South Pole will be con
sidered in this paper. The mean polar limb-darkening 
data were fitted by polynomials of the form shown in 
(3). The coefficients a, band care presented in Table 3. 

Since no absolute photometric calibrations of the 
data were obtained, it will be necessary to adopt some 
value of absolute brightness temperature for the disk 
center. The value of 235 K will be chosen, consistent 
with the results of the Venera 9 and 10 and Mariner 10 
infrared radiometer measurements (Ksanfomality, 
1976; Chase et al., 1974; Taylor, 1975). This value 
implies that unit optical depth occurs in the 10-50 mb 
region, assuming the Mariner 5 and 10 radio occultation 
profiles (Fjeldbo et al., 1971 ; Howard et al., 197 4; 
Nicholson and Muhleman, 1978). There is a fair amount 
of evidence that concentrated solutions of H2S04 
comprise the major constituent of the clouds at these 
levels (Hansen and Hovenier, 1974; Young, 1973; Sill, 
1972; Pollack et al., 1974; Martonchik, 1974), and that 
these clouds are poor infrared scatterers such that the 
source function may be approximated by the Planck 
blackbody function (Samuelson et al., 1975). In this 
case, the relation between intensity contrast and 
brightness temperature difference is given by 

/::,.Bx he !::,.Tx 
--:::::----, 
Bx XkTx Tx 

(4) 

where h is Planck's constant, k Boltzmann's constant 
and c the speed of light. The following discussion is 
concerned with the derivation of relative temperature 
contrasts, rather than absolute values. Thus, the choice 
of 235 K as the absolute brightness temperature is not 
too critical and it may be seen from Eq. (4) that the 
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use of a value of 10 K higher or lower will not signifi
cantly affect the conclusions. Furthermore, although 
the use of a constant value throughout the 8-14 and 
18-20 µm regions is not strictly consistent with the 
spectral dependence of brightness temperature at these 
wavelengths (Gillett et al., 1968; Samuelson et al., 1975; 
Aumann and Orton, 1978), the fact that only relative 
temperature variations are to be considered renders this 
a useful, as well as valid approximation. 

3. Equatorial limb-darkening 

A convenient parameterization of the limb-darkening 
is the brightness temperature difference between the 
disk center and the point ~here µ=0.5, Le., Tx(l) 
-Tx(0.5). Using the limb-darkening coefficients in 
Table 2 to calculate [Bx (1)-Bx (0.5) ]/Bx (1), and 
letting Tx= 235 K, one can calculate Tx(l)-Tx(0.5) for 
each wavelength channel. These values are shown. in 
Table 4. Note that this parameter is nearly independent 
of wavelength, with an aver(\.ge value of about 10.6 K. 
This result is consistent with any cloud model in which 
the absorption and scattering properties are wave-

. length independent. Photometric and spectroscopic 
measurements of Venus brightness temperature in the 
8-20 µm region (Gillett et al., 1968; Samuelson et al., 
1975; Aumann and Orton, 1978) and laboratory mea
surements of the optical properties of H2S04 solutions 
(Palmer and Williams, 1975) indicate, however, that 
the Venus clouds are not grey, such that this simple 
class of mod~ls can be ruled out. On the other hand, 

TABLE 2. Infrared equatorial limb-darkening parameters for the 
model B(µ)/B(l)=l+a(µ-l)+b(µ2-l)+c(µ2-1). The model 
is reliable for µ?;0.5 and the uncertainty in B(µ)/B(l) is approxi
mately ±0.01 in the 8-14 µm region and ±0.02 in the 18-20 µm 
region. 

x 
(µm) a b c 

8.7 0.609 0.410 -0.369 
9.5 2.2.59 -1.770 0.556 

11.2 1.516 -0.899 0.163 
12.5 1.436 -0.849 0.143 

8-14 0.875 -0.129 -0.119 
18.3 1.320 -0.709 0.040 
19.8 3.263 -3.485 1.307 

a cloud model in which 1) the number density of the 
absorbing aerosol falls off exponentially with altitude 
and 2) the particle scale height and temperature lapse 
rate are constant over the range of altitudes sensed 
in the different wavelength channels also predicts 
wavelength independent limb-dar~ening, even though 
the extinction cross section kx may not be spectrally in
variant. The following discussion is a demonstration of 
the validity of this assertion. The implications of this 
model with respect to scale height and lapse rate are also 
presented, and a comparison is made with the results of 
spacecraft radio occultation experiments. 

In setting up the model, an exponential distribution. 
of the absorbing aerosol is assumed. The dependence 
of particle number density N on altitude z may be 
written N=Noexp[-(z-zo)/H], where N 0 is the 
particle number density at an altitude z0 which is 
below the levels sensed in the infrared and H is the 
aerosol scale height. Assuming that kx and H ·do not 
vary with altitude, then from Eq. (2) it follows that 

rx(z) =HkxNo exp[ - (z-zo)/H. (5) 

The atmospheric transmission 'I'x above a given 
altitude z is given by 

'I'x(z,µ)=exp[ -rx(z)/µ]. 

Neglecting scattering, it follows from Eq. (1) that 

Bx(µ)= l" <Jh(z)K).(z,µ)dz, 

TABLE 4. Equatorial center-to-limb brightness 
temperature differences (K). 

x 
(µm) [Tx(l)-Tx(0.5)] 

8.7 9.7±0.4 
9.5 10.6±0.4 ' 

11.2 9.9±0.4 
12.5 10.1±0.5 
8-14 10.1±0.4 
18.3 11.2± 1.4 
19.8 12.1±1.,6 

(6) 

(7) 
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where K-,..(z,µ)=dT-,../dz and is called the radiative 
transfer weighting function. Eq. (7) implies that the 
measured intensity at a given viewing angle is a 
weighted average of brightness of each level in the 
atmosphere. In this model, the contribution of 
CB-,.. (z)K-,.. (z,µ) becomes negligible at a certain altitude 
and depth and thus the integration in (7) can be 
finitely bounded. Combining Eqs. (5) and (6), it is 
seen that 

[
-Hk-,..No Jk-,..No 

. K-,..(z,µ)=exp µ exp[ -(z-zo)/H] -µ-

Xexp[ -(z-zo)/H]. (8)· 

This function has a local maximum such that certain 
levels will be the most significant contributors to the 
observed intensity. 

The model atmosphere is broken into horizontal 
layers of 0.5 km vertical thickness and each layer is 
assumed to be isothermal over its extent. CB-,.. for a 
particular layer and spectral channel is calculated from 

n 2hc2 fi(A.;) 
CB-,..(z) = L: - , (9) 

i=l A.;5 exp[hc/(A.;kT)]-1 

where f;(A.;) is the normalized filter transmission func
tion for a particular channel evaluated at n discrete 
points in the bandpass. K-,..(z,µ) is calculated from Eq. 
(8), and Eq. (7) is numerically integrated to yield 
B-,..(µ). The temperature at the cloud base, T0=T(z0), 

is arbitrarily fixed at 270 K and the lapse rate 
I'= -dT/dz is assumed constant such that T(z) 
=To-I'(z-zo). 

The essential characteristics of the model are brought 
to light by using a simplifying approximation in which 
it is assumed that the observed radiation emanates 
from a single "effective" level of emission, rather than 
being a weighted sum of contributions from an extended 
vertical region. In other words, this single-level approxi
mation defines B-,..(µ) =CB-,..[z'(µ)J, where z' is the 
"effective" altitude at which the blackbody intensity 
corresponding to the ambient temperature at z' is 
equal to the observed brightness. Letting r~ denote 
the constant slant optical path length between the 
level z'(µ) and the observer, and letting r~ equal the 
vertical optical depth above z', then it follows that 

Combining Eqs. (5) and (10), one obtains 

r~= (Hk-,..N0/µ) exp[ -(z'-zo)/HJ=constant. (11) 

Solving this equation for the dependence of z' on µ, 
and remembering that T'=T0 -I'(z'-zo), then it 
follows from the single-level approxima.tion that the 
observed brightness temperature distribution will be 
given by 

T-,..(µ)=T 0-I'H 1n(Hk-,..N0/µr~). (12) 

TABLE 5. Comparison of 8.7 µm brightness temperatures (K) 
calculated from integration of the equation of transfer and from 
the single-level approximation in which radiation is assumed to 
emanate from the ~ =0. 73 level only. The cloud model param
eters are k>.No=l.5X10-s cm-1, H=4.5 km, r=3.3 K km-1, 
To=270 K. 

µ Trad, trans. Tn.pprox. 

1.0 234.9 235.1 
0.9 233.4 233.5 
0.8 231.7 231.7 
0.7 229.8 229.7 
0.6 227.6 227.4 
0.5 225.0 224.7 

In order to make use of this approximation, it will be 
necessary to show that it yields limb-darkening profiles 
similar to those obtained by using the actual form for 
K-,..(z,µ) and integrating Eq. (7). Table 5 demonstrates 
the validity of this single-level approximation for the 
8. 7 µm channel, and presents the results obtained by 
converting B-,..(µ) in (7) to equivalent brightness tem
peratures compar~d to the results obtained by using 
th_e single-level approximation. The parameters were 
chosen for this example so as to yield a disk center 
temperature of ,....,235 Kand a center-to-limb brightness 
temperature difference consistent with the observations. 
The following values were used: k-,..N0 = 1.5X 10-5 cm-1, 
H=4.5 km, I'=3.3 K km-1, To=270 K, and the agree
ment shown in Table 5 was obtained by letting r~ =0. 73. 

Making use of the single-level approximation, it 
follows from Eq. (12) that the difference in brightness 
temperature between the center of the disk and the 
location whereµ= 0.5 is given by 

T-,..(1)-T-,..(0.5)=rH ln2.' (13) 

This equation implies that the 1observational data are 
sensitive to the product of r and H, and predicts 
T-,..(1)-T-,..(0.5) to be independent of wavelength, in 
agreement with the observations shown in Table 4. 
Adopting a value of 4.5 km for the scale height H, which 
is roughly the atmospheric scale height implied by the 
Mariner 5 and 10 radio occultation experiments 
(Fjeldbo et al., 1971; Howard et al., 1974; Nicholson 
and Muhleman, 1978), or in other words, assuming that 
the aerosol and gas are homogeneously mixed, the 
average value of T>.(1)-Tx(0.5)=10.6 K translates 
into a lapse rate r of slightly greater than 3 K km-1• 

This number falls between the values of 2.5 and 4 K 
' km-1 determined from the two Mariner radio occulta

tion experiments. On the other hand, if a value of 2 
km is chosen for the aerosol scale height, which is 
closer to the value determined from Mariner 10 limb 
photographs (O'Leary, 1975), the infrared observations 
imply a lapse rate of nearly 8 K km-1• However, the 
limb photographs are sensitive to levels where the 
pressure is a few millibars, and therefore roughly 10 
km above the regions to which the infrared measure-
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TABLE 6. Polar center-to-limb brightness temperature 
differences at the South Pole (K). 

x 
(µm) [TA(l)-TA(0.5)] 

8.7 7.4±0.4 
9.5 9.3±0.4 

11.2 15.2±0.4 
12.5 11.0±0:5 
8-14 12.9±0.4 
18.3 15.6±1.4 
19.8 22.4±1.6 

ments are sens1t1ve. Thus, if an 'exponentially dis
tributed haze is a reasonable approximation to the 
Venus cloud structure in the 10-50 mb region, then 
the limb-darkening and radio occultation measurements 
are mutually consistent with a model in which the 
aerosol/gas abundance ratio is independent of altitude, 
the scale height is on the order of 4.5 km, and the lapse 
rate is roughly 3 K km-1• 

4: Polar limb-darkening 

. One of the observations made at 8-14 µm by Murray 
et al. (1963) and Westphal et al. (1965) and confirmed 
by the analysis of Ingersoll and Orton (1974) was 
enhanced limb-darkening in the polar directions com
par~d with the equatorial center-to-limb variation. 
Analysis of Mariner 10 ultraviolet images (Schubert 
et al., 1977) indicates primarily zonal transport in the 
upper atmosphere, and little net motion in the merid
ional directions. Thus, one may expect that the merid
ional insolation variation, in which less energy is 
deposited in the.polar regions relative to the equator, 
will, in radiative equilibrium, be reflected in enhanced 
poleward infrared limb-darkening. This picture is com
plicated by the possibility of significant meridional 
transport of sensible or latent heat below the UV .and 
IR clouds, and the fact that the 8-14 µm region repre
sents only about one-third of the net infrared emission 
from Ven us. Therefore, information regarding the heat 
budget of the Venus atmosphere requires greater spectral 
coverage than is presently available, but the spectral 
dependence of 8-20 µm polar limb-darkening does 
contain information relevant to the spatial distribution 
of opacity sources effective at these wavelengths. 

It was shown in the previous section that the tem
perature difference between the disk center and the 
location where µ =0.5 on the equator is practically 
wavelength-independent from 8 to 20 µm. Table 6 
shows the parameter Tx(l)-Tx(0.5) for each of the 
wavelength channels, where in this case Tx(0.5) refers 
to a point on the polar axis in the Southern Hemisphere. 
The data are computed using the polynomial fits 
presented in Table 3. It may be seen in Table 6, in 
contrast with the results obtained in the last section, 
that the center-to-limb variation in brightness tern-

perature is strongly wavelength dependent in the polar 
direction. Note that the temperature contrast at 8. 7 µm 

is lower than that obtained in the equatorial direction; 
at 9.5 µm it is comparable in magnitude; and at all other 
wavelengths it is significantly greater. The simplest 
explanation of this observation is that the optical 
properties of the atmosphere are latitude and wave
length dependent, i.e., that at 8. 7 µm the polar regions 
are less opaque than the equator, and become more 
opaque longward of 9.5 µm. This change in opacity 
therefore enhances or detracts from the basic tempera
ture contrast due to the atmospheric temperature 
lapse rate. A strong possibility is that the vertical 
structure of the polar regions differs. significantly from 
the structure in the equatorial regions. Alternatively 
(or simultaneously), the properties of the individual 
cloud particles may vary from equator to pole. Par
ticles which are on the order of 20-30 µm in radius 
would appear more opaque to the longer wavelength 
IR radiation and thus a greater abundance of such 
particles in the polar regions relative to the low lati
tudes might be capable of explaining the observed 
spectral variation in Tx(l)-T>.(0.5). A ~omparison of 
the angular distribution of polarization at visible 
wavelengths of the equatorial versus polar regions may 
be one possible method of testing this hypothesis. In 
particular, an increase in polarization near scattering 
angles of 90° is diagnostic of. an increase in particle 
size for particles larger than the wavelength (Hansen 
and Travis, 1974). Spatially resolved data obtained at a 
phase angle of 77° by Coffeen and Gehrels (1969) and 
discussed by Kawabata and Hansen (1975) in fact 
indicate greater polarization in the polar regions com
pared to the lower latitudes. 

5. Conclusion 

In addition to spatially resolved limb-darkening 
measurements of the type presented here, another 
critical test of atmospheric models is conclusive determi
nation of the spectral variation in absolute brightness 
temperature from 10 to 20 µm. Recent C-141 airborne 
observations (Aumann and Orton, 1978) indicate that 
20 µm brightness temperatures are roughly equivalent 
to the 10 µm values. On the other hand, ground-based 
observations (Kunde et al., 1977) indicate that Venus 
is roughly 30 K warmer at 20 µm than at 10 µm. 
Clearly, since the combination of spatially and spec
trally resolved observations provides a valuable basis 
for the development of atmospheric models, resolution 
of this controversy is vital for a better understanding 
of not only the spectral nature of IR opacity but the 
vertical distribution of clouds in Venus' upper atmo
sphere as well. 
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