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Narrowband images of Uranus in the near-infrared from
Apache Point Observatory were employed to derive the globally
averaged properties of scatterers in the atmosphere in the post-
Voyager epoch. In order to best probe different levels of the
stratosphere and upper troposphere we measured and modeled
the planetary geometric albedo using seven filters ranging from
1.28 to 2.36 pm. Since 1986 there has been a 20-fold increase in
the stratospheric haze-column density, while the tropospheric
cloud characteristics have remained largely the same. Our re-
sults suggest an upper limit on the optical thickness of the
lower H,S cloud of 15 at 1.58 pm. 01998 Academic Press

Key Words: abundances, atmospheres; atmospheres, compo-
sition; atmospheres, structure; clouds; Uranus, atmosphere.

1. INTRODUCTION

Since the 1970s it has been recognized that several scat-
tering layers in the uranian atmosphere were required to
explain the planet’s spectrum. Binder and McCarthy (1972)
postulated the existence of a CH,; condensate layer, and
Savage and Caldwell (1974) showed that high-altitude
hazes could be used to explain an ultraviolet albedo lower
than that predicted of a clear Rayleigh-scattering atmo-
sphere. The required scattering layers are located higher
in the atmosphere than the optically thick cloud deck typi-
cally used to define the bottom of the visible atmosphere.
Current atmospheric models are largely based upon data
taken in the next decade, both from ground-based observa-
tories and the Voyager 2 flyby in 1985/1986. Pollack et al.
(1987) used the Voyager high phase angle imaging along
with microphysical coagulation models to constrain the
profile of stratospheric hazes and placed limits on the size
of the CHy ice particles. Baines et al. (1995a) analyzed the
H, quadrupole and CH, absorption features measured by
ground-based spectroscopy in the red to constrain the tro-
pospheric CH, mixing ratio.

Prior to 1994, Uranus presented a featureless disk to
ground-based observers, but this has changed in the in-

tervening years. Hubble Space Telescope Observations of
Uranus on August 14, 1994 show a bright cloud covering
the south polar region (Zellner et al. 1994). This feature
was seen in subsequent ground-based observations (Baines
et al. 1995b, Walter and Marley 1995), and by another HST
program on July 3, 1995 (Walter et al. 1997).

Uranus is unique among the planets of our Solar System
in that its rotation axis is inclined 98° to the ecliptic, re-
sulting in essentially 42 consecutive years of continuous
sunlight alternating on each hemisphere. The haze material
is thought to largely consist of hydrocarbons created by
UV photolysis of CH, (Atreya et al. 1991). The increased
sunlight being received at the south pole due to the summer
solstice of 1986 should have resulted in an increase in the
column density of haze particles. Disk-averaged brightness
changes in Uranus are documented to have previously
occurred. Lockwood et al. (1983) found a 14% increase in
the visual albedo between 1963 near-equatorial observa-
tions and 1981 observations at a sub-earth latitude of —68°.

All these results have been derived from observations
of the planet in the visible, but by observing in the near-
infrared beyond 1 um we can improve upon current atmo-
sphere models in two distinct areas. The grains that make
up the tropospheric cloud are thought to be on the order
of 1 wm (Rages et al. 1991) in size, giving a scattering size
parameter (x = 2mr/A) ranging from 2 to 7 over the 1-2.5-
wm regime. The scattering efficiency Q. varies substan-
tially over these size parameters. Mie theory can thus con-
strain the mean particle size. In addition, the molecular
gaseous absorption bands of CH, and H; are stronger in the
near-IR. This allows greater sensitivity to the properties of
the stratosphere.

Here we report on observations aimed at achieving a
better understanding of the overall properties of scatterers
in the uranian atmosphere and their temporal variation.
We measured the planetary geometric albedo using several
narrowband filters in the near-IR and then used this data
as the primary constraint for a new atmospheric model.
This is the first attempt to use near-IR data to examine
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TABLE 1
Observations
Filter August 12,1995  June 5, 1996  October 30, 1996

1.28 wm 60
1.58 um 360 150

1.70 wm 125

1.99 wm 600

212 pm 600
2.25 pm 700

2.36 um 220 210
FWHM 1.7" 1.7 1.5"
Phase angle 1.0° 2.2° 2.8°
Planet airmass 1.7 1.6-1.7 2.3-3.0
Star airmass 1.4 1.4-1.5 2.1-2.3

Note. Total exposure time is given in seconds. A blank space indicates
that no observation was made.

the atmospheric properties since the work of Fink and
Larson (1979), who examined a planetary spectrum with
a spectral resolution of 3.6 cm™'. They found that the ex-
tinction in these bands from gaseous absorption is so high
that Rayleigh scattering is still an important source of scat-
tered photons even as far in the infrared as 1.5 um. By
choosing our filters to cover varying intensities of H, and
CH, absorption bands as well as continuum wavelengths,
we were able to probe effectively the stratosphere and
upper troposphere of the atmosphere to derive our model.
In Section 2 we describe our observations and the photo-
metric techniques used in our albedo measurements. We
present our model and the representation of the various
atmospheric constituents in Section 3. Our results are given
in Section 4, and finally, Section 5 discusses their implica-
tions.

2. OBSERVATIONS

The data presented here were acquired using the Astro-
physical Research Consortium 3.5-m telescope at Apache
Point Observatory in Sunspot, NM. Using the GRIM II
HgCdTe 256 X 256 array, which is sensitive from 1.0 to
2.5 wm, we observed Uranus and the near-IR standard
star G¢811.1 (Elias et al. 1982). The dates of observation,
phase angles, filters used, total integration times, and me-
dian seeing FWHM are given in Table I. In £/10 mode, the
plate scale is 0.236"/pix, meaning Uranus typically subtends
a diameter of 15 pixels, with a FWHM resolution disk 7
pixels in diameter. Data were sky and dark-subtracted, flat-
fielded, and corrected for the nonlinearity of the camera.
Multiple exposures in each filter were coadded. Bad pixels
and cosmic ray hits were corrected for by nearest-neighbor
interpolation. Continuum images from all 3 dates are
shown in Fig. 1.
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The geometric albedo of a planet is defined as that frac-
tion of the incoming sunlight that is scattered back to Earth
at 0° phase angle (opposition) relative to that scattered by
a nonabsorbing Lambert disk. Because our observations
were taken near opposition, with phase angles <3°, no
correction for the phase angle was used. The solar spectrum
at 1 AU is given in the tables of Labs and Neckel (1968).
This radiation is attenuated upon reaching Uranus by a
factor H3 H{?, where Hg and Hy are the mean Earth
heliocentric distance, 1 AU, and the heliocentric distance
of Uranus at the time of observation, respectively. This
light is further attenuated upon scattering from the planet’s
atmosphere and its subsequent arrival at Earth by a factor
A Ry G, where A is the geometric albedo, Ry is the
radius of Uranus, and Gy is the geocentric Uranian dis-
tance, so the resultant wavelength dependent geometric
albedo can be determined from

_ (HyGy\* DNy
4 (H@RU> DN’ M

where DNy and DNy are the digital counts of photons
detected from Uranus and the Sun.

2.1. Photometry

To find DN for the sun we multiplied the stellar stan-
dard’s DN by the ratio between the known solar flux (Labs
and Neckel 1968) and the standard star, for which broad-
band H and K fluxes were available as well as a CO and
H,O index, to account for the stellar absorption by these
molecules at narrowband filters similar to our own at 2.36
and 1.99 um (Elias et al. 1982). For the other narrowband
filters we linearly interpolated the star’s magnitude using
the broadband values.

The initial flux we measured includes contributions from
the planetary disc as well as the smeared ring system.
Photometric errors in this value can be determined by
knowing the errors inherent in the observations of Uranus
and the standard star, while neglecting the errors in the
knowledge of the distance and radius of Uranus, which
are comparatively well established. The radius used was
25450 km, which is recommended by the International
Astronomical Union (Davies et al. 1995). While our obser-
vations probe a slightly lower pressure than the 1-bar level
used to determine this radius, use of this radius is necessary
for comparison with other works.

The error ADNy is determined by adding in quadrature
the Poissonian noise with the uncertainty in measurement.
For ADN., the Poissonian noise is replaced by the known
flux uncertainty of the standard, 0.015 mag (Elias et al.
1982). The observations of October 30, 1996 were hindered
by a variable sky level, so it was necessary to calibrate the
planetary observations using the known moon reflectances.
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TABLE II
Geometric Albedos

Filter Initial albedo Corrected albedo

August 12, 1995

1.58 um (9.3 = 0.4) X 1072 (9.3 = 0.4) X 1072
June 5, 1996
1.58 wm (8.8 £02) X 102 (8.8 £ 0.2) X 1072
1.70 wm (1.09 = 0.03) X 1073 (8.1 = 0.5) x 107*
1.99 wm (1.6 = 0.03) x 1073 (1.3 £0.1) x 1073
2.25 pm (45 +02) x 10 (1.6 = 0.4) X 107*
2.36 um (5.7 £ 04) x 1074 (2.8 = 0.6) X 107*
October 30, 1996
1.28 wm (9.4 = 1.3) X 1072 (9.4 = 1.3) X 1072
212 um (6.0 = 0.8) x 107* (3.0 = 0.9) x 10°*
2.36 um (42 = 0.9) x 107* (1.2 £09) x 104

We compared broadband K images of the moon Ariel
taken on June 5, 1996 in photometric conditions with those
taken in the October run. Ariel was the only moon that
was present in both images and had published reflectances
over the entire wavelength range (Brown 1983, Brown and
Cruikshank 1983). For this data, Ariel then replaces the
standard with a three-component error, the reflectance
error of 10% along with the photometric errors in both
observations. Resultant pre-ring-subtraction albedos and
errors are listed in Table II. Other photometric uncertain-
ties less than 2% include the uncertainty in the extinction
curve, nonlinearity correction, the published solar fluxes,
and timing errors for short exposures. The variation of the
moon’s reflectivity from opposition to the phase angles
observed in this work can in extreme cases be as much as
half a magnitude (Veverka et al. 1986). For the 2.12- and
2.36-um bandpasses, the effect on the results is less signifi-
cant due to the already high errors in photometry and
modeling, but it remains an additional source of error for
the 1.28-um data.

We chose seven filters that were available with the
GRIM II instrument, narrowband filters centered at 1.28,
1.58,1.70,1.99,2.12,2.25, and 2.36 um. Transmission curves
atroom temperature and at the detector operation temper-
ature of 77 K were available for all filters except the 1.99-

FIG. 1. Observations of Uranus at three recent epochs by the ARC
3.5-m telescope displayed as filled contour maps. In the bottom panel
is an H-band image taken on August 12, 1995, showing asymmetry in
brightness in the south polar region. The middle panel is an image with
the same filter taken on June 6, 1996, showing a smooth disk. On the
top a narrowband 1.28-um filter image of the planet on October 30, 1996,
again showing a smooth disk. The images are rotated so that north is
on top.
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TABLE III
Filter Characteristics
Name Center (um) FWHM (um)

Pa g 1.2823 0.0146
Narrow continuum 1.580 0.010
Methane 1.700 0.050
Steam 1.99 0.02
H,»=1-05(1) 2122 0.028
H,v=2-—1S5() 2.2485 0.0239
CO band 2.36 0.09

pm filter, which has identical values to the 1.58-um filter
but stretched to fit the greater FWHM. The filter centers
and FWHM are given in Table III.

2.2. Ring Subtraction

For filters in which the planet is dark (typically those
with albedos less than 107%), smearing of the planetary
disc with the ring system due to the large PSF created a
significant source of error and prevented direct removal
of the rings. The ring contribution was modeled using the
derived effective ring location, radius, and albedo of Nich-
olson and Jones (1980) scaled to the appropriate geometry.
The ring system projects an ellipse upon the sky depending
upon the sub-Earth latitude 6 at the time of observation,
where a is the semimajor axis along the uranian equatorial
plane, and b = a sin 6. Then the effective cross-sectional
area Sis 7 sin 0 (a3 — a?), where a, and a; are the Nicholson
and Jones’ effective ring-edge radial distances determined
by the effective width. An effective spherical radius can
then be determined as R = V.S/m = Vsin 6(a3 — a?). The

contribution from the ring can then be determined using

2
Ar=ar<Rﬁ? =4.03 X 10~*sin |6, 2)
Ry

where A, is the contribution to the total albedo from the
rings, and a, is the ring albedo, a constant within 5% over
the range 2.1-2.5 um. This approach has one dominant
source of error, the ring albedo for which we use 3.0 =
0.4 X 1072. The albedo correction for each night and cor-
rected albedo values are given in Tables II and IV.

TABLE IV
Ring Corrections

Date 6 Albedo correction
August 12, 1995 -51.0 3.14 + 0.44 x 107
June 5, 1996 —44.6 2.83 + 0.40 X 107*
October 30, 1996 —47.9 2.99 + 042 X 1074
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FIG. 2. The pressure—temperature profile used by the model. Data
is taken from the Voyager 2 RSS experiment results (Lindal et al. 1987).

3. MODEL

Our geometric albedo model is based upon the model
of McKay et al. (1989), which uses the Eddington source
method of Toon et al. (1989) to compute the upward and
downward monochromatic fluxes through 35 plane-parallel
layers spaced approximately evenly in log P, where P is
pressure. This technique is useful as it allows for rapid flux
computation, and the flux errors of this approximation do
not exceed 11% (Toon et al. 1989), which is typically more
accurate than our knowledge of gaseous absorption coeffi-
cients and the photometry. In this model, we examine the
effects of six opacity sources—Rayleigh scattering, scatter-
ing and absorption from stratospheric hazes, two tropo-
spheric clouds, and H, and CH, gas absorption. The tem-
perature profile is that derived from the Voyager 2 RSS
experiment (Lindal et al. 1987), shown in Fig. 2. In Table
V we list the free parameters explored in the analysis.

TABLE V
Free Parameters
n; Haze imaginary index of refraction
Jize Haze column density scaling factor
fCst Stratospheric CH4 mixing ratio

Poa Pressure of CH, cloudtop

Teld Optical depth of CHy4 cloud

Optical depth of lower cloud
Single-scattering albedo of lower cloud

Teld2
Dc1az
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TABLE VI
Haze Constituents®
Pressure
Real index

Top (bar) Bottom (bar) of refraction Substance

0 24 X 1073 1.42 C4H,
2.4 X 1073 12 X 1073 1.33 CH,
12 X 1073 1.44 C,H¢

“ From the model of Rages et al. (1991).

3.1. Scatterers

3.1.1. Rayleigh scattering. Rayleigh scattering is treated
as in Hansen and Travis (1974) and Raman scattering as
in Rages et al. (1991) and is not allowed to increase the
single-scattering albedo of any layer above 1. Contribu-
tions of the dominant constituents, H,, He, and CH, gas
are used, with the refractive index given in the tables of
Allen (1973).

3.1.2. Stratospheric haze. Direct evidence for hazes in
the stratosphere was first seen in high phase angle Voyager
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FIG. 3. Optical depth is illustrated as a function of wavelength and

pressure. From the top, the three lines represent where in the atmosphere
incoming radiation encounters extinction optical depths of 1, 3, and 9.
Line widths represent a =15% model error. The locations of the two
tropospheric clouds as used in our model are indicated. Total optical
thickness is computed from molecular absorption by H, and CH,4, strato-
spheric hazes, tropospheric clouds, and Rayleigh scattering.
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images (Pollack et al. 1987). The subsequent analysis by
Rages et al. (1991) yielded a multilayer profile with the
number densities, mean modal radius, and size distribution
as a function of pressure. We interpolated these values to
our own grid and used this model as a baseline. Because
the haze is thought to consist of higher order hydrocarbons
resulting from solar UV photolysis of CH,4 photons high
in the atmosphere (Pollack et al. 1987), we represented
the real index of refraction of the haze in each level as
that of the expected dominant source, as shown in Table
VI. The haze particles were modeled as spherical Mie
scatterers, with the mean particle size and column densities
scaled in efforts to fit the observations. Because high values
of the imaginary index of refraction (n; > 107?) gave albe-
dos grossly inconsistent with the observations, we adopted
a value of 5 X 1072,

3.1.3. CH; cloud. Prinn and Lewis (1973) demon-
strated that there could be a thin cloud layer at 1 bar by
fitting the geometric albedo in the visible and near-infra-
red. By comparing the spectral observations in bands both
sensitive and insensitive to CH,, Baines (1983) and Baines
and Bergstralh (1986) showed that there was an order of
magnitude more haze than could be accounted for in the
sensitive bands, confirming the existence of a 1-bar tropo-
spheric optically significant cloud. By analysis of the bifur-
cation of the RSS radio signal, Lindal ez al. (1987) deter-
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FIG. 4. Similar to Fig. 3, but using only the contributions from mole-
cular absorption by H, and CH,. The difference is only noticeable in the
continuum regions probed by our 1.28- and 1.58-um filters.
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mined the CHy cloud top to be at 1.2 bar. We modeled
this cloud using Mie theory for 1-um radius CH, spherical
particles. Although this value is poorly constrained, it con-
tributes very little to the model error unless the true value
is drastically smaller. This is because the total optical thick-
ness is a free parameter, and particles of this size or greater
are largely forward-scattering and nearly conservatively
scattering at these wavelengths in the absence of impurities
in the cloud.

Although the formation mechanisms of the stratospheric
and CH, hazes are different, for the CH, we used a log—
normal size distribution equal to that in the lower levels
of the stratospheric haze. The optical properties were taken
from Pearl et al. (1991) for Phase I CH, at 30 K. Further
constraints on the absorptive characteristics of this cloud
were prevented by the atmosphere being optically thick
at the level of the cloud at those wavelengths where CH,4
is absorbing (see Fig. 3). We examined the effects of mov-
ing the cloud top higher in the troposphere and varying
the number density of particles by scaling the total opti-
cal extinction.

3.1.4. Lower cloud. Thermochemical arguments sug-
gest that the lower cloud consists of H,S ice. NH; condenses
out near 10 bars (Weidenschilling and Lewis 1973), with
a lower cloud consisting of NH,SH. NHj; is severely de-
pleted in the lower troposphere (Gulkis et al. 1983), while
the models of de Pater et al. (1991) show that H,S is en-
riched by two orders of magnitude over solar abundance.

Herzberg (1952) analyzed the properties of molecular
hydrogen in an effort to explain the results of Kuiper
(1949), who measured an absorption feature at 0.83 wm, the
location of the H, 3—-0 quadrupole. In his study, Herzberg
calculated that the visible atmosphere consisted of 2 bars
of H,. Follow-up work involved the calculation of the
equivalent width of the feature (Encrenaz and Owen 1973,
Trafton 1976, Smith et al. 1980). By analyzing the observa-
tions of Trauger and Bergstralh (1981), Baines and Berg-
stralh (1986) were able to constrain the location of the
lower cloudtop to between 2.4 and 3.2 bar. A later reanaly-
sis using improved laboratory data changed the allowable
region to be between 2.9 and 4.2 bar (Baines et al. 1995a).

Because of the uncertainties involved in higher atmo-
spheric features, the scattering properties of this cloud
were not well defined, so we took as free parameters the
scattering asymmetry factor (cos O), the single-scattering
albedo @, the column density of particles, and the pressure
top of this cloud. The cloud was initially modeled as homo-
geneous and lying between 3 and 10 bar, with the optical
depth in each layer proportional to the pressure difference
in that layer.

Molecular Absorption

3.2.1. H,. Conrath etal (1987) determined the helium
mole fraction in the upper troposphere to be 0.152 = 0.033,
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which we take to be constant throughout the entire model.
With CH, being the only other significant constituent, the
rest of the atmosphere is modeled as H,. The rotovibra-
tional fundamental and first overtone of H, are located
within our spectral region. We computed the absorption
coefficients using codes provided by A. Borysow (Borysow
1991, Borysow 1992, Borysow and Frommbhold 1989, Bory-
sow et al. 1989, Zheng and Borysow 1995, Birnbaum et al.
1996) for H,—H, and H,-He collisions over our tempera-
ture range. These codes assume an equilibrium ortho to
para hydrogen ratio, consistent with the previous observa-
tions (Hanel et al. 1986, Baines et al. 1995a).

3.2.2. CH;. Methane absorption longward of 1.6 um
was treated by weighting the exponential sum absorption
coefficients from the Baines et al. (1993) quasi-random
narrow band model by their Gauss weights. They derived
coefficients over a large pressure grid at three tempera-
tures, 112, 188, and 295 K. Because the near-IR behavior
of methane is not well established at low temperatures,
we use the low temperature (112 K) values for all strato-
spheric and upper-tropospheric layers and interpolate be-
tween the 112 and 188 K values otherwise. All values are
interpolated on pressure and wavenumber grids, with reso-
lution of 0.25 in log P and 10 cm™' in wavenumber.
Shortward of 1.6 wm we used the low temperature (190 K)
CH, absorption coefficients of Strong et al. (1993). These
molecular band models were fitted to a Goody—Voigt ran-
dom band model with a spectral resolution of 0.25 cm™!,
but are not pressure dependent.

The mixing ratio of CHy in the stratosphere is highly
uncertain, and only upper limits can be set, assuming the
fraction does not exceed that measured at the tropopause
by Voyager. The tropopause saturation mixing ratio is 1074,
however the RSS results show the equatorial mixing ratio
to be only 30% of saturation. From spectral observation
near the vy, fundamental band, Orton et al. (1987) set an
upper limit on the disk-averaged stratospheric mixing ratio
of 107, Below the tropopause the Clausius—Clapeyron
equation is followed assuming saturation until it reaches
the observed tropospheric ratio of 2.3% derived from RSS
results (Lindal ef al. 1987). This equation relates the vapor
pressure of a substance to the temperature and is of the
form

AH
InpP=-—2>+ 3
n e, 3)
where A H,,, is the molar heat of evaporation (9.2 kJ
mol™!) for CHy, R is the gas constant (8.314 J K™ mol™}),
and C is a constant.

4. RESULTS

By obtaining albedo measurements in six separate filters,
we sounded various levels of the atmosphere. Figure 3
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FIG. 5. The transmission characteristics of the seven narrowband

filters used in the study centered at 1.28, 1.58, 1.70, 1.99, 2.12, 2.25, and
2.36 um. The albedo spectrum of our best model is displayed logarithmi-
cally for comparison.

illustrates the effective extinction level of the atmosphere
as a function of wavelength. Our nominal model shows
the level where monochromatic extinction reaches optical
depths of 1, 3, and 9. By choosing appropriate filters, vari-
ous atmospheric levels can be probed. The light eventually
seen takes contributions from all manner of scatterers.
However, in the deepest molecular absorption bands,
enough extinction has taken place so that contributions
from the tropospheric clouds are negligible. In Fig. 4, the
extinction levels are computed for a clear atmosphere con-
sisting only of gas. Beyond 2 um, our model is completely
insensitive to the tropospheric scatterers.

To model the data, we integrated the model results over
each filter bandpass. A weighted average of 9 to 20 mono-
chromatic points was used to determine the final result.
Weights were chosen by using the average value of the
effective transmission in each region. In Fig. 5, the trans-
mission of each filter is overlain with the best model albe-
dos for comparison.

The filters can be broken up into three groups according
to which region of the atmosphere they probe most effec-
tively, the stratosphere group, the CH, cloud group, and
the troposphere group. Figures 6—11 show the results using
the albedos derived in each bandpass, obtained by varying
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the available relevant parameters for each band to compute
the acceptable solution space. These results are contoured
so that every possible value within the combined photo-
metric errors (see Table II) and the radiative transfer code
errors (which vary from 12% at continuum wavelengths to
40% in deep H, and CH, bands) is shaded. Only data from
1996 are used in constraining the best-fit model.

4.1. Stratosphere

Since the near-infrared part of the electromagnetic spec-
trum is not home to any strong rotovibrational fundamen-
tals, it is very unlikely that any haze constituent has a
large imaginary index of refraction in the spectral regime
covered by this work. Models with #; less than about 1 X
1072 were indistinguishable from conservatively scattering
particles because the scattering efficiency Q.. is nearly
insensitive to #; in this region, whereas the absorption is
insignificant. This model is then not sensitive to the optical
characteristics of the haze for values of n; less than 1072,
To account for this we chose a value for n; of 5 X 1073.

It is difficult to determine the number of haze particles
unless their sizes are known and vice versa. An increase
in mean particle size would mimic the effect of more haze,
and a decrease could be interpreted as a lower column
density. To test the likely effect of different particle sizes,
we computed the optical depth 7 for a conservative Mie
scatterer with various particle sizes (Fig. 12). The total
transmission e~ falls off essentially as A™! in this spectral
range. Decreasing the mean particle size by a factor of 10
results in a decrease in scattering efficiency of five orders
of magnitude. Because we could not distinguish between
the two effects, we maintained the Rages et al. (1991)
particle size distribution and adjusted the number of scat-
terers by using a scaling factor fy,,. to the column density.

Three program filters overlay bands that are sensitive
to CHy absorption, 1.70, 2.25, and 2.36 um. We used the
June 5, 1996 albedo for the 1.70- and 2.25-um results.
For 2.36 um, an average of the June and October 1996
observations weighted by their signal to noise ratios was
used. Although the 2.12-um filter bandpass is not sensitive
to CHy, it is located at the H, » = 1 — 0 S(1) transition,
and as such becomes optically thick in the stratosphere.
The results derived from the 2.12-,2.25-, and 2.36-um filters
are internally consistent, but are slightly different than the
1.70-um result, which sets an upper limit on the haze scal-
ing factor of about 2. Given the uncertainties in CH, ab-
sorption coefficients at the low stratospheric temperatures,
this disagreement is not surprising, so the 1.70-um result
was discarded in favor of the >2-um results. The individual
parameter spaces for the 2.25- and 2.36-um filters are
shown in Figs. 6 and 7 and are combined with the 2.12-
um result, which is represented as a box in Fig. 8. The
allowed values for the haze-scaling factor (where all three
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gions represent the combination of parameters for the stratospheric CHy4
mixing ratio fe s and haze-scaling factor fi,. that produce a geometric
albedo within the model and photometric errors.
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FIG. 7. Similar to Fig. 6 for the 2.36-um results.
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FIG. 8. The solution space for the albedo model code results for
three filters at 2.12, 2.25, and 2.36 um as a function of the haze-column
density scaling factor fi,. and the stratospheric CH4 mixing ratio fch4_5.
Darker shading represents the overlap of more allowed solutions, with
the region bounding haze-scaling factors of 15 and 25 representing an
acceptable solution from the results of all three filters.

solution spaces overlap) range from 15 to 25, with a best
fit of 20, again using a signal to noise weighting scheme
for the three filters. Our results are relatively insensitive
to the stratospheric CH, mixing ratio.

4.2. CH4 Cloud

As seen in Fig. 3, the 1.99-um filter probes to the depth
of the CH, cloud, but no further. It is possibly the most
useful filter, as it is sensitive to the haze-column density,
the total extinction optical depth of the cloud, and its
vertical location. For small values of the haze-scaling fac-
tor, the cloud is the dominant source of extinction, but its
importance decreases for the high-scaling factor values
determined from our stratospheric modeling. As the cloud
moves higher, the necessary column density required to
produce the observed albedo decreases, as seen in Fig. 9.
Using the haze-scaling factor of 20, the lower limit for the
cloudtop is at 0.8 bar, but our best result comes from
placing the cloudtop at 1.1 bar, near that found by Voyager
(1.2 bar). Use of this bandpass again sets an upper limit
on the amount of haze present. The last box in Fig. 9 shows
that a haze-scaling factor of 40 yields an albedo higher
than our observational upper limit. For large (>15) values
of fi.. the cloud optical depth is not a large contributor to
the back-scattered light, explaining the lack of an asymme-
try seen in the images.
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7-cld Tcld

1996 1.99-um results from varying the methane cloudtop pressure Pq, the haze-column density scaling factor f;,., and the cloud optical

depth 7.4. The bottom right panel shows the variation of fi,. vs 7.4 for a fixed cloud pressure level of 1.1 bar. The cloud optical depth is relatively
insensitive to low haze column densities or cloudtop pressure for high haze column densities.

4.3. Troposphere

The two “continuum” filters (those with almost no mo-
lecular absorption) at 1.28 and 1.58 wm are insensitive to
the location of the CH, cloud, as it attenuates incoming
radiation by the same amount regardless of its location.
Thus, the cloud cannot be resolved from the lower cloud
at these wavelengths. These bandpasses proved to be insen-
sitive to the amount of haze, which typically contributed
an optical depth on the order of 10~ per baseline haze-
column density. The solution space of each bandpass is

similar, as can be seen in Fig. 10, where we compare the
relation between the extinction of both clouds. At the
nominal lower cloud top location of 3.0 bars and any loca-
tion lower in the atmosphere, the relation is largely insensi-
tive to the lower cloud, but as the cloud top is moved to
2.0 bar (Fig. 11) the sensitivity increases. Using the solution
space created with a 3.0 bar lower cloudtop (Baines et al.
1995a), we see a linear relationship between the two cloud
extinction opacities

Teld2 = _6Tcld + 15.

4)
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FIG. 10. The solution space for the 1.28- and 1.58-um analysis for
a haze-column density scaling factor fi,. of 20. The free parameters are
the tropospheric cloud optical depths 7,4 and 7,4,. Cloud locations are
as shown in Fig. 3. As in Fig. 8, the lighter region represents the overlap
of allowed solutions for both filters, with the 1.28-um optical thicknesses
being scaled using Mie theory to match those at 1.58 um. The darkest
region is the fit solely for 1.28 um, while the medium shade is for 1.58
pm. For our nominal model we chose 74 of 1.5, 7,4, of 6.0 as consistent
with other results (Rages et al. 1991), however all solutions are equally
valid.

If the optical depth in the 1-2-um region can be established
as being no more than 3 or 4, this would be a valuable
tool in determining the size of the cloud particles, which
are indistinguishably optically thick in the visible (Baines
and Bergstralh 1986, Pollack et al. 1986, Trafton 1987,
Doose et al. 1988, Baines et al. 1995a, Rages et al. 1991).

4.4. Model Comparison

In Table VII, we compare the parameters of our best
atmosphere model with those of Rages et al. (1991) and
Baines et al. (1995a). The geometric albedo spectra of our
and the Baines et al. (1995a) models are shown in Fig. 13.
Labeled optical depths of the CH, cloud are at 1.58 um
for our model, and at 0.7 wm for the other two. The Baines
model does not use the Rages haze structure, but a similar
model, also derived from Voyager results by Pollack et al.
(1987) with nearly the same column density of suspended
particles. As seen in Fig. 14, the extinction efficiency Q.
for mean cloud particle sizes of 1 wm is greater at 1.58 um
than at 0.7 wm by approximately 20%, yielding an expected
value for the total cloud optical depth of 1.6 at 1.58 um

WALTER AND MARLEY

when compared to the model of Rages et al. (1991), within
the errors of both models.

5. DISCUSSION

We have examined the properties of scatterers in the
uranian atmosphere beyond 1 wm. Our results confirm
the likely seasonal nature of the albedo as explored by
Lockwood et al. (1983) and Hammel (1996). When Voy-
ager encountered Uranus, the planet was at summer sol-
stice, and the planet exhibited similar temperature profiles
at both polar regions (Hanel et al. 1986). Ten years later,
the southern hemisphere has experienced nearly 20 years
of constant insolation, which could lead to an increase in
polar haze formation. We show that the disk-averaged
stratospheric haze-column density has indeed risen by a
factor of 15 to 25 with a best fit of 20 for the solar-facing
hemisphere in the intervening time. This interpretation of
the increased scattering is not unique and could also be
related to an increase in the mean modal radius of the
particles. However, larger particles would fall more rap-
idly, leading to a decrease in the column density. In addi-
tion the effects of nonspherical particles have not been
included, but these are not likely to be significant at the
small size parameters considered in this work (Pollack and
Cuzzi 1980). Thus, a number density change is the more
likely explanation.

Tcla2

FIG. 11. The computation of Fig. 10 was repeated to examine the
effect of moving the lower cloud top to 2.0 bars. All results with a cloudtop
lower than 3.0 bars closely resemble Fig. 10.
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TABLE VII
Model Parameters
Model n; fize fen S Py Teld Paa Teld2 Dcraz
This work 5%x1073 20 10°° 11 13 2.5 6.0 0.99
Baines et al. (1995a) 0 ~1 1076 12 0.4 3.13 10 0.90
Rages et al. (1991) ~1077 1 N/A 12 15 3.0 00 0.65

There is no evidence for significant haze absorption at
near-IR wavelengths, rather the haze particles scatter al-
most conservatively. This is not unexpected, as very few
candidate molecules absorb between 0.5 and 3 um. We
are not highly sensitive to the stratospheric CH, abundance
and show allowable mixing ratios only restricted by the
upper limits of Orton et al. (1987) of 1 X 1075,

If there has indeed been a 20-fold increase in the haze-
column number density in Uranus’ atmosphere, it will
warm the stratosphere. Marley and McKay (1997) found
that while the haze described by Rages et al. (1991) did
not play a substantial role in heating the stratosphere, haze
abundances an order of magnitude larger could heat the
10 to 100 mbar region by over 10 K. Thus, new mid-infrared

10V N L B B
1O¥1“\ _____ E
b~ 10_2?\\\\\\ T
o) ; R
.z i el
=) [~ \‘\\-‘\\\
L 1073; \\\\_ 3
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1.2 1.4 1.6 1.8 20 2.2 2.4
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FIG. 12. The total extinction optical depth of atmospheric aerosols
as a function of particle size and wavelength as computed from Mie
theory using spherical particles. From the top, lines represent the results
of log r = 0.00, —0.17, —0.33, —0.50, —0.67, —0.83, and —1.00, where r
is the particle radius measured in micrometers. The results are scaled to
give a value of 1.0 for a 1-um particle at 1.2 um.

observations of Uranus should show a warmer stratosphere
than that seen in the Voyager epoch. Such observations
would test the hypothesis that hazes play a significant role
in the stratospheric energy balance (Appleby 1986).

In the troposphere, the CH, cloud has remained in the
same location as in the Voyager epoch. If the mean particle
sizes have remained constant near 1 um, then it is likely
that the column density of the cloud has remained the
same as well. Properties of the lower tropospheric cloud
are much more difficult to isolate, as they are dependent
on our understanding of the upper cloud. If the lower cloud
top has indeed risen above the 3.0 bar predicted by other
works, then the cloud is likely to be less optically thick in
the near-IR.

The asymmetry of CH, cloud as seen by Zellner et al.

100 T T T T T T T T T T T T T T T T T T T T
This work
— — — - Baines et al. {1995) model
%8/12/95
26/5/96
10—1 | 010/30/96 |
o
2 1072p .
©
L
E
5 1079k -
(9]
o
107 -
1072 Ll | L1 | !
1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6
A (um)
FIG. 13. The computed geometric albedos (taken every 0.02 um) of

three models of the uranian atmosphere in comparison with data taken
on August 12, 1995, June 5, 1996, and October 30, 1996. Vertical error
bars represent the photometric errors, and horizontal error bars (often
smaller than the symbol) delimit the filter bandpasses. The nominal model
employs the parameters described in Table VII as fit to the 1996 data
set. The Baines ez al. (1995a) model, derived from CH, and H, from 0.7
wm, is shown to be darker than observed when extrapolated into the
near-IR.
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FIG. 14. Scattering efficiency Q. over the solar spectrum as com-
puted using Mie theory with 1-um spherical particles. The results at the
comparison wavelengths for the optical and near-IR studies, 0.7 um and
1.58 wm (triangles), are similar.

(1994) and other studies did not appear in our observations.
This may be due to the high stratospheric haze abundance
at the time of our observations. We will more thoroughly
explore this problem with higher spatial resolution data in
a future publication (Walter et al. 1997).
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