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We observed Uranus in the near-infrared H and K’ bands (1.47-2.38 pm) in 2010 and 2011 with the
OSIRIS imaging spectrograph on the Keck II telescope with adaptive optics. In 2010, three years past
the equinox, we had a good view of the north polar region while still having access to southern latitudes
down to 70°S. In 2011 our observations focused on a moderately bright discrete cloud feature in the mid-
dle of the bright circumpolar band at 45°N.

The spatial and spectral resolution of our data allow us to retrieve atmospheric parameters between
~65°S and 75°N via radiative transfer modeling. We test vertical aerosol profiles with combinations of
diffuse and compact scattering layers, and find that we can reproduce our equatorial data for a range
of cases, provided the deepest detectable aerosol layer is compact and located between 2 and 3 bars, with
the higher cloud altitudes corresponding to models with higher methane deep volume mixing ratios.
Using a parameterized atmosphere with a diffuse upper haze and a moderately compact lower cloud,
we find that both the haze and the cloud reach their maximal optical depth just north of the equator
and thin toward the poles. When we fix the abundance of methane with latitude, we find that the bottom
cloud shifts to shallower depths at higher latitudes in both hemispheres; for a methane profile with a
deep volume mixing ratio of 2.22%, the cloud rises from the 3-bar level equatorward of +20° to above
2 bars by +60°. However, when we allow the tropospheric methane abundance to vary according to a
parameterized vertical profile, we find that the lower cloud depth is stable in latitude while the methane
becomes increasingly depleted toward both poles. In both cases, we find denser aerosol layers and higher
methane abundances in the northern hemisphere than the southern, consistent with a seasonal post-
equinox trend. In particular, the bright band near 45°N is relatively undepleted in methane, and repre-
sents a local peak in the opacity and altitude of the lower cloud. The cloud feature we detected in
2011 falls in the middle of this band. This feature extends from a depth of ~1.3 bars up to the 0.5-bar
level. Both CH,4 and H,S are expected to condense below this level; if the cloud has formed as the result
of a convective upwelling event, these are the most likely condensation species.

© 2015 Elsevier Inc. All rights reserved.
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1. Introduction addition, Uranus is the only giant planet that appears to have no

internal heat source to drive convection and consequently displays

Uranus is unique among the giant planets in that its rotational
and orbital axes are nearly perpendicular, causing the distribution
of solar insolation to differ significantly from the other planets. In
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far fewer discrete cloud features than the other gas planets in our
Solar System. The effect of these differences on global circulation
patterns is not well understood; improved models would help gen-
eralize our understanding of planetary atmospheric dynamics,
which is becoming increasingly relevant to extrasolar planets via
the modeling of near-infrared spectra.

The first flyby of Uranus by Voyager 2 in 1986 revealed a quies-
cent, nearly cloud-free atmosphere during the planet’s southern
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summer. In the years surrounding the northern spring equinox in
2007, a multitude of discrete clouds at mid-latitudes were
observed, indicating an increase in convective activity. In the years
following the equinox, the activity level decreased (e.g. Irwin et al.,
2011, 2012a; Sromovsky et al., 2009, 2012c), suggestive of seasonal
trends. However, an unexpected surge of cloud activity was
detected in August 2014 (de Pater et al., 2015), emphasizing our
general lack of knowledge about the seasonal weather patterns
and storms on Uranus.

Voyager 2 radio occultation observations were suggestive of a
methane condensation cloud near 1.2 bar (Lindal et al.,, 1987),
and West et al. (1991) combined ground-based measurements
with Voyager data to identify an optically thin haze layer in the
uranian stratosphere, an optically thick methane haze at the 1.2-
bar level, and an optically-thin condensation cloud near 3 bars.
Since these first results, the existence of a compact methane cloud
at the methane condensation level has been debated. Modeling of
optical and near-infrared datasets has repeatedly failed to provide
any evidence for this cloud (e.g. Sromovsky and Fry, 2007;
Karkoschka and Tomasko, 2009; Irwin et al., 2012a,b). Sromovsky
etal.(2011), however, do find evidence for it, and attribute the pre-
vious failure of detection to the difficulty of resolving it from the
higher-opacity cloud layer at 1.4-1.7 bars. In addition, models with
too low of a methane mixing ratio would require a longer column
of methane to match the observed absorption and would thus posi-
tion the cloud layer at deeper pressures inconsistent with methane
condensation.

Recent disk-resolved observations have permitted an investiga-
tion of latitudinal trends in Uranus’ atmospheric structure. It has
been repeatedly found that the lower cloud deck shifts to higher
altitudes toward the poles, and/or the methane abundance
decreases (Irwin et al., 2007; Sromovsky and Fry, 2007;
Karkoschka and Tomasko, 2009), though these effects are difficult
to distinguish from one another. In addition, Uranus sustains bright
bands near 45°S and 45°N which have exhibited slow time vari-
ability over the past decade. The pre-equinox brightness in the
southern band is thought to be the result of a lower methane mix-
ing ratio which results in lower absorption, and may have been
accompanied by a lowering in the altitude of the tropospheric
cloud (Sromovsky and Fry, 2008). Irwin et al. (2009, 2011, 2012a)
and Sromovsky et al. (2009) observed Uranus frequently in the
near-IR during and after Uranus’ northern spring equinox in 2007
and investigated changes in the distribution of aerosols over this
time. Both groups found that the northern bright zone at 45°N
has brightened significantly, while the southern zone at 45°S has
steadily faded, suggesting that the appearance of these bands
may be the result of solar forcing.

In this paper we present new near-infrared spectroscopic
observations in the H band (1.47-1.80 um) from the Keck II tele-
scope in 2010 and 2011. In 2010 we obtained spectra of Uranus
at nearly all latitudes, which we use to compare atmospheric
models and identify latitudinal trends in the atmospheric struc-
ture. From our 2011 observations, we present a high spectral-res-
olution near-infrared spectrum of an individual cloud feature on
Uranus, which we use to model the vertical position and extent
of the cloud.

We begin by describing our observations and data reduction
and processing methods (Section 2), followed by a description of
our radiative transfer code and parameter retrieval techniques
(Section 3). We then give an overview of previous atmospheric
models of Uranus and describe the models tested in this paper
(Section 4). Our analysis and results are organized by three topics:
model comparison, latitudinal trends, and discrete cloud feature.
Section 5 describes our analysis methodology followed by a discus-
sion of our results for each of these three topics. Our main conclu-
sions are summarized in Section 6.

2. Observations and data processing
2.1. Observations: Keck Il OSIRIS

We observed Uranus on UT 2010 July 28 and 2011 July 28 with
the 10-meter W.M. Keck II telescope on Mauna Kea, Hawaii. In
2010 we observed a meridional stripe; as Uranus was nearly
edge-on to Earth at this date, we were able to observe latitudes
from 80°S up to the north pole. Prominent cloud activity on
Uranus had been nearly absent in prior years, but in 2011 we
observed a cloud feature at mid-northern latitudes.

Spectra were obtained using the OSIRIS imaging spectrometer
with adaptive optics (Larkin et al., 2006), using the planet itself for
wavefront sensing. The spectrograph uses a 2048 x 2048 pixel
Rockwell Hawaii-2 detector, from which data cubes were constructed
with spatial dimensions of 16 x 64 pixels, and spectral dimensions of
1651 and 1665 pixels for the H and K’ broadband filters respectively.
Observations in both years were made in these two filters, which
correspond to wavelengths of 1.473-1.803 pm and 1.965-2.381 um
respectively, with a resolving power of R ~ 3800. The 2010 observa-
tions used a 0.05” platescale (field of view = 0.8" x 3.2"), while the
2011 observations used a 0.02” platescale (field of view = 0.3” x 1.3")
to achieve higher spatial resolution on the cloud feature; these plates-
cales correspond to 710 and 284 km per pixel at disk center in 2010
and 2011 respectively. Images were also obtained on these nights
with the NIRC2 instrument in H and K’ filters. These images are not
used here in our analysis, but are shown in Fig. 1 for context.
Table 1 contains details on the observations.

Data were reduced using the standard OSIRIS pipeline, which
includes flat-fielding, sky-subtraction, cosmic-ray rejection, wave-
length calibration, and data cube assembly. Reduced data cubes
were further cleaned to remove bad pixels not identified by the
reduction pipeline. The threshold for a bad pixel was five standard
deviations from the mean, where the mean and standard deviation
were calculated for each wavelength individually. The value of a
bad pixel was replaced by the median value of the four neighboring
pixels. The percentage of pixels replaced varied with data cube
between 0.027% and 0.066%. We also removed the rows of pixels
at the edges of the field of view that exhibited anomalous bright-
ness due to lenslet masking errors in the spatially-extended source.
Prior to analysis, the data were binned to a spectral resolution of
R ~ 1200 to match the resolution of our methane absorption coef-
ficients, described in Section 4.2.2.

2.2. Flux calibration and photometry

We observed the standard A-type stars HD 220825 and HD
117774 in 2010 and 2011 respectively for flux calibration and to
correct for wavelength dependencies in the atmospheric transmis-
sion. The stellar spectra were extracted via the OSIRIS pipeline and
aperture photometry, using the largest aperture that fit in the detec-
tor area; this corresponded to a radius of 0.45” in 2010 and 0.18” in
2011. We assumed that the 0.45” aperture captured all the light
from the star, and estimated the stellar flux lost off the edges of
the detector in 2011 by extracting the 2010 stellar spectrum with
both 0.18” and 0.45” aperture radii and assessing the difference in
measured flux density. We determined that the fraction of flux lost
off the edges was ~30% and varied linearly in wavelength due to
wavelength dependencies in the point spread function (PSF), and
we corrected the 2011 stellar spectrum accordingly.

Model spectra for each star were created using the Kurucz
model’ via the method described by Laver et al. (2009), which uti-
lizes the 2MASS? H and K magnitudes of the reference stars. For each

! http://kurucz.harvard.edu/stars.html.
2 http://www.ipac.caltech.edu/2mass|/.
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Fig. 1. Observations of Uranus on 2010 July 28 (top) and 2011 July 28 (bottom) in H and K bands. Full-disk images were taken with the NIRC2 imager and demonstrate the
rough location of the spectral data with respect to the planet. Insets were obtained with the OSIRIS imaging spectrograph, and are collapsed over the wavelength axis. Because
the imaging and spectral data were obtained 1-2 h apart, the location of specific cloud features is not identical between the observations.

Table 1
Keck OSIRIS observations on UT 2010 July 28 and 2011 July 28.
Time Tint Filter® Platescale Airmass
2010 July 28
Uranus 13:58 300s H 0.05" 1.07
14:04 300s H 0.05" 1.07
14:16 300s K 0.05" 1.07
14:22 300s K 0.05" 1.07
HD220825 14:46 2x5s K 0.05” 112
14:48 2x5s H 0.05" 113
2011 July 28
HD111133 12:13 10x2s H 0.02” 1.15
12:23 10x2s H 0.02” 113
12:31 10x2s K 0.02” 112
12:39 10x2s K 0.02” 1.10
Uranus 13:17 360s H 0.02” 1.09
13:24 360s H 0.02” 1.08
13:47 360s K 0.02” 1.06
13:54 360s K 0.02” 1.06

2 H, and K’ filters correspond to wavelength ranges of 1.473-1.803 um and
1.965-2.381 pm respectively.

night, a telluric correction spectrum was constructed by dividing the
observed stellar spectrum by the model spectrum for that star. Our
spectra of Uranus were then divided by the relevant correction spec-
trum to minimize the effects of telluric absorption and to flux-cali-
brate the observations. We did not account for the difference in
airmass between the calibration star and planet (<0.06 on both
nights); the error contribution from this difference is much smaller
than the errors from other sources, such as the uncertainty in the
photometry (~10%).

The weather conditions during our 2011 observations were
poorer than in 2010, and the data quality was less consistent over
the time of observation. We therefore correct the 2011 data for
atmospheric transmission via the 2011 stellar observations, but
calibrate the absolute flux from our 2010 data via a wavelength-in-
dependent multiplicative factor of 1.3. This factor is calculated so
that a feature-free region of Uranus’ disk with matching latitude
and emission angle gives the same H-band reflectivity between
the two years, and its magnitude is consistent with the level of
error introduced by non-photometric observing conditions. The
shape of the spectrum in this region matches closely between
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dates after this scaling is applied, lending support to our choice of
wavelength independence in the correction factor.

2.3. Navigation

We calculate the latitude, longitude, and incident and emission
angles of our datasets at quarter-pixel resolution by a limb-fitting
method based on that of Lii et al. (2010): a model grid of the planet
with longitude and latitude lines® is fit by eye to a wavelength-col-
lapsed H-band image of the planet using the limb for reference. This
procedure is repeated five times, and the average of the fits is taken
as the final navigation. The accuracy of this method is limited by the
accuracy with which the curvature of a small piece of limb can be
matched to the model by eye. In the 2010 data, which covers a larger
portion of the limb, we estimate the H-band navigation is accurate to
+1 pixel, corresponding to 710 km or 1.6 degrees of latitude at the
equator; in the 2011 data the fit is accurate to 42 pixels, correspond-
ing to 570 km or 1.3 degrees of latitude.

Uranus is nearly invisible in our K’'-band OSIRIS observations
(see Fig. 1), and we are unable to distinguish the location of the
limb on either date. Though we do not include these observations
in our analysis, the absence of light from the planet at these wave-
lengths, which probe Uranus’ atmosphere above 1.0 bar, provides a
check on our models.

2.4. Data uncertainties

An accurate understanding of the uncertainties in our data is
essential for getting the most accurate model fits. The size of the
uncertainties entering the fits affects the uncertainties on the
derived parameters as well as the degree to which one model is
preferred over another, while the spectral variation in the uncer-
tainties enters the fits as weights across the spectral axis and can
therefore have a significant effect on the derived parameters them-
selves. In this section we briefly discuss the various types of uncer-
tainty in our data and how we quantify and address them:
Section 2.4.1 addresses the rms of the data and the effects of band
shape, while Section 2.4.2 describes uncertainties in the photomet-
ric offset and slope.

2.4.1. Noise

The OSIRIS instruments records >1000 spectra on a single detec-
tor simultaneously by packing spectra very close together.
Rectifying the resultant 2-d image into a 3-d data cube thus
requires extracting each spectrum using the precise PSF of each
individual lenslet at every wavelength (Larkin et al., 2006). There
are numerous potential noise contributions, due to e.g. the filter
shape, the effects of detector location, the contamination of faint
spectra by neighboring bright spectra on the detector, and an
imperfect spectral extraction due to instability in each individual
PSF. We estimate the noise in the data empirically, and consider
two types of noise contributions: pixel-to-pixel scatter within a
spectrum, or spectral noise, and pixel-to-pixel scatter when con-
sidering a wavelength cut, or spatial noise.

We find a spectral noise of ~2% over most of the H band, rising
to nearly 6% at the band edges, derived from the spectra of both
Uranus and the standard star. We assess spatial noise at each
wavelength by comparing neighboring pixels on a featureless
region of Uranus’ disk; however, we note that we do not expect
any region of Uranus’ disk to be perfectly uniform, due to physical
differences across Uranus’ atmosphere as well as the different
viewing geometry at each pixel. We find that the spatial noise at
a given wavelength is not a fixed fraction of the total brightness

3 Ephemeris obtained from JPL's HORIZONS system: ssd.jpl.nasa.gov/horizons.cgi.

at that wavelength, and can be approximated by a step function
with a value of 0.0005, in units of fractional reflected sunlight, at
wavelengths >1.62 um where Uranus is very faint, and 0.001 at
shorter wavelengths where Uranus is brighter. This constitutes
>2% of the signal at all wavelengths, and is added in quadrature
to the spectral noise term to produce our final uncertainty spec-
trum. Because the uncertainty spectrum has a signal-dependent
term, it is calculated separately for each spatial location and varies
slightly across Uranus’ disk.

2.4.2. Photometry

We estimate the uncertainty in the photometry of our data and
stellar calibration based on a comparison between successive inte-
grations on the same target. In 2011 we obtained two consecutive
integrations on the reference star. Their difference is 5-10% in
median flux density, with a linear trend in wavelength of ~6% over
the 1.45-1.8 um window. This level of consistency between stellar
integrations is similar to what we have seen in past observations
with the same instrument (e.g. de Kleer et al., 2013). We did not
have multiple observations of the reference star in 2010, but note
that weather conditions and data quality were both much better in
2010 than 2011.

Our observations of the planet itself give a more informative
estimate of the quality of the photometry. On each date our obser-
vations of Uranus consist of two mosaicked integrations with a
small overlapping region of 450 pixels in 2010 and 120 pixels in
2011. We extract the median spectrum from this region of overlap
in each observation, and estimate the difference between the suc-
cessive observations. We find that the difference is best modeled as
a small offset whose magnitude is <5% of the signal from the planet
in the 1.5-1.6 um region. We add a wavelength-independent factor
to each observation so that the overlapping regions on each date
match the median of the two successive observations, and incorpo-
rate the value of this offset into our uncertainties.

The long-wavelength (>1.62 pm) region of the spectrum differs
in slope between successive observations; this effect is most pro-
nounced in the 2011 observations, and is mostly likely due to
wavelength-dependent differences in atmospheric extinction and
the PSF. Our atmospheric models predict a flat slope over this
region, with variations due to methane absorption occurring only
on smaller wavelength intervals; we therefore flatten this slope
in our data before fitting the models.

3. Radiative transfer calculation and parameter retrieval
3.1. Radiative transfer calculation

We model the atmosphere of Uranus from the high stratosphere
(0.1 mbar) down to 8 bars in the troposphere with a gaseous back-
ground atmosphere composed of molecular hydrogen, helium, and
methane with additional layers of scattering particles. The models
are parameterized by the vertical profiles of temperature and
methane abundance, and by the locations and properties of the
scattering layers; these parameters are discussed in detail in
Section 4. We calculate near-infrared spectra for each model via
our radiative transfer code, which is adapted from a code initially
developed for Titan (Adamkovics et al., 2007) and previously
adapted for Neptune (Luszcz-Cook et al., 2010). We use the H,-
H,, H,-He and H,-CH,4 collision-induced absorption coefficients
from Borysow et al. (1985, 1988) and Borysow (1991, 1992,
1993) assuming an equilibrium ortho/para hydrogen ratio. Our
model uses the correlated-k approximation for methane absorp-
tion, and we use the k-coefficients of Sromovsky et al. (2012a)
based on their new M5 line list compilation, which are tabulated

at intervals of 5 cm™.
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The radiative transfer equations are solved using the two-
stream approximation (Toon et al., 1989). This method treats only
the hemisphere-averaged scattering in the forward and backward
directions, sacrificing some degree of accuracy for computational
efficiency. To assess the errors introduced by the use of this
approximation, we compare model spectra calculated using the
two-stream method with those produced using the disort
(Discrete Ordinates Radiative Transfer) program (Stamnes et al.,
1988), assuming a single Henyey-Greenstein phase function. This
phase function can be expanded as an infinite series of Legendre
polynomials, and the number of terms used in the calculation
determines how completely the phase function is described. The
number of streams must match the number of terms for the scat-
tering information to be accurately represented in the calculation.
We increase the number of terms and ordinates used in the calcu-
lation until the addition of more terms does not affect the model
spectrum, indicating that we have specified the phase function as
accurately as the data can distinguish. We find that the model
spectra calculated in this way deviate from those calculated using
the two-stream approximation by between <5% and ~10% depend-
ing on the wavelength, emission angle, and atmospheric structure.
We use these differences to place uncertainties on our models as
follows. We first calculate a disort spectrum for the best-fit model
found using the two-stream approximation for each atmospheric
structure and latitude. We then re-run the two-stream fits with
the differences between the disort and two-stream model spectra
as an additional uncertainty term. This term has the effect of
weighting different spectral regions based on how robust the
model is in that region to the number of streams; incorporating
these weights results in minor differences in the retrieved param-
eters. The final uncertainties on our retrieved parameter values
thus reflect both the uncertainties in our data and the systematic
error introduced by the use of the two-stream approximation in
our calculations.

3.2. Parameter retrieval

Our parameter retrievals utilize Markov chain Monte Carlo
(MCMC) methods for parameter estimation and uncertainties.
The goal of MCMC methods is to approximate a physical probabil-
ity distribution by constructing a Markov chain whose equilibrium
distribution is the desired distribution (e.g. MacKay, 2003). For a

given k-dimensional vector of parameters 6 and data

¥y =W,...,Yn), we would like to know p(0]y), the posterior proba-

bility distribution of each parameter given the data, where

P(OLY) = = p(O)pYI0) M)
f)

and f(y) is a normalization constant that depends only on the data.
Determining the posterior distribution requires a prior distribution
p(0) incorporating any prior knowledge that informs the probability
distribution, and a likelihood function p(y|0). The MCMC algorithm
generates a random walk in parameter space that draws a represen-
tative set of samples from the posterior distribution. Once these
samples have been generated, the probability distribution for each
free parameter can be read off the distribution of values drawn
for that parameter, after an initial burn-in phase.

We use an affine invariant ensemble MCMC method in which an
ensemble of chains is simultaneously constructed, with the subse-
quent step in each chain dependent on the current position of each
individual chain within k-dimensional parameter space (Goodman
and Weare, 2010). We employ the Python emcee implementation
of this algorithm by Foreman-Mackey et al. (2013), which has been
used successfully in various astrophysical applications.

We provide a guess for each parameter, and initialize each chain
at a different set of parameters drawn randomly from a Gaussian
distribution centered at the guess values. Our prior distributions
are log-flat and span many orders of magnitude, consistent with
a high degree of initial uncertainty in the true parameter values.
The Markov Chain random steps seek to maximize the likelihood
function, or the likelihood of drawing our data y given our model
and a set of parameters 6. In the case of y? fitting, the likelihood
function is given by

n 1 1/2 n L : 2
L= [1 <T‘712> exp (—Z(y' 2{7(;()) ) (2)

i=1 1
and
In(L) = C—-y*/2, 3)

where C is a constant that depends on the data but is independent
of the model.

For each fit, we create 150 simultaneous chains. The algorithm
typically converges within a few hundred steps, and we run each
ensemble for a minimum of ~100 steps after convergence to
ensure the robustness of the solution. A demonstration of this
technique, including chains, their corresponding parameter distri-
butions, and parameter correlations, is shown in Figs. 2 and 3.

3.3. The Deviance Information Criterion

While the MCMC algorithm yields accurate parameter estima-
tion and uncertainties for a given model, it does not give a direct
metric for comparison between different models. Using a compar-
ison of y? between models can be misleading because it does not
take into account model complexity, which is not simply a function
of the number of inputs. For the purpose of model comparison, we
employ the Deviance Information Criterion (DIC) proposed by
Spiegelhalter et al. (2002). The DIC includes a standard term for
goodness-of-fit with a penalty term for model complexity, and
considers the full posterior distribution of each parameter, allow-
ing comparison of the models themselves instead of their single
best-fit manifestations. This metric is particularly convenient
because it is simple to calculate from the output of MCMC
simulations.

The DIC employs the deviance to measure both goodness of fit
and model complexity, where the deviance D(0) is defined as the
difference in the log-likelihoods between the fitted model and a
perfect fit to the data.

D(0) = —2InL(y|0) + 2Inf(y), (4)

where L(y|6) is the likelihood function for the data y given the
parameter set 0 and f(y) is a function of the data alone, and there-
fore cancels when considering the difference in deviance between
models for the same dataset (Dempster, 1974).

The goodness of fit is given by the posterior expectation of the

deviance D(0), so that smaller values correspond to better fits. The
models are penalized for complexity based on the effective number
of parameters p,, defined as the difference between the posterior

mean of the deviance D(0) and the deviance evaluated at the pos-
terior mean of the parameters D(6):

pp = D(0) - D(0). (5)
The DIC is then defined as the sum of these two components:
DIC = D(0) + pp = D(0) + 2pp. (6)

These parameters are calculated from the output from our MCMC

simulations: D(0) is the mean of the distribution of likelihood values
calculated at values sampled from the k-dimensional probability
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Example MCMC Output for Parameter Estimation
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Fig. 2. Demonstration of the use of Markov Chain Monte Carlo (MCMC) simulation for parameter estimation. Plots on the left show the values taken on by each of 150 walkers
at each step for an example simulation using the Diffuse Haze (DH) model, which has four layers with fixed boundaries at {0.1,1.2,2.0} bars and the optical depth of each layer
as free parameters: {7o, 71, T2, T3 }. The values for the likelihood L at every step is shown in the bottom panel. The chains have converged by step 150 in this example; the
histograms of the post-convergence chains are plotted to the right. These represent the retrieved probability distribution for each parameter.

distribution of parameter values, and D(0) is the deviance calculated
at the expectation of the simulated values of 0.

4. Atmospheric models

In this section we discuss in detail the various parameters that
enter our atmospheric models, including the choices previous
authors have made and the reasoning behind our adopted models.
Sections 4.1 and 4.2 address the particle scattering properties and
the treatment of methane. In Section 4.3 we review atmospheric
structure models that have been used by previous authors to fit
observations, and describe the three models we choose to explore
in Section 4.4.

4.1. Particle scattering properties

Scatterers in a model atmosphere are described by their size
distribution f(R), single-scattering albedo wy, scattering phase
function p(0), and complex refractive index n, which in turn deter-
mine the cross-sections for scattering, absorption, and extinction.
Cold (<100 K) methane ice, which dominates the scattering in ice
giant planets, has a wavelength-dependent refractive index which
is in the vicinity of 1.4 + 0i in the near-infrared (Satorre et al., 2008;
Martonchik et al., 1984), and we adopt this value in our models.

The single-scattering albedo predicted by Mie theory is 1.0 for con-
servative scattering; we use the value of @y, = 0.75 empirically
determined from limb-darkening observations (Sromovsky and
Fry, 2007). While this estimate may be biased by the use of older
methane absorption coefficients less appropriate for Uranus’ atmo-
spheric conditions, Irwin et al. (2011, 2012b) derived comparable
values based on Uranus’ H-band spectra, using the updated
methane coefficients of Karkoschka and Tomasko (2010) and the
recent line data from Campargue et al. (2012).

The simplest distribution of particle sizes is a delta function at a
specific particle radius. However, the modified gamma distribution
describes the size spectra of condensing aerosols particularly well
(Williams, 1985), and is often used in this context. For a particle
size population with mean and variance u and o, this distribution
has the form

)

where the scale 0 = g/, the shape parameter k = y?/a, and I'(k) is
the gamma function evaluated at k. The form of this distribution is
shown for the combinations of input parameters used in this work
in Fig. 4. We use this function to model our particle sizes, with aver-
age radius values fixed at 0.1 pm for the upper atmosphere, and in
the 0.6-1.2 um range at deeper levels, consistent with physical
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Fig. 3. Demonstration of parameter correlations from MCMC simulation, for the same run shown in Fig. 2. Scatterplots show the values taken on by each pair of parameters at
every step, and histograms show the derived probability distribution for each parameter as in the previous figure.

predictions. Pollack et al. (1987) predict, based on photochemical
and microphysical modeling, that stratospheric scattering particles
are likely to be dominated by ethane, acetylene, and diacetylene
gasses produced from UV photolysis of methane above the 0.1 mbar
level and descending to their condensation pressures of 14, 2.5 and
0.1 mbar for these three species respectively, and are ~0.1 pm in
size. Deeper in the atmosphere, where hazes are most likely com-
posed of condensed CH4 or H,S, particle sizes may be closer to
1.0 pm.

While the scattering particles may have complicated shapes
and phase functions, our observations are not sensitive to these
details and we find that a simple scattering phase function is suf-
ficient to fit our data. We specify this phase function with a single
asymmetry parameter g that sets the fraction of back- and for-
ward-scattering; a value of g = 1 corresponds to pure forward scat-
tering, and g= -1 to pure backscattering. The wavelength
dependence of g is calculated from Mie theory. The parameter g
is strongly dependent on the particle size; the calculated asymme-
try parameters for the wavelengths and particle size distributions
used in this paper are shown in Fig. 4.

4.2. Temperature and methane profiles

Lindal et al. (1987) derived temperature and methane profiles
for the outer atmosphere of Uranus consistent with radio occulta-
tion observations. These profiles, labeled A-F, are characterized by
their deep methane mixing ratio which ranges from <2% for profile
A to 4% for profile F. Sromovsky et al. (2011, 2014) created addi-
tional methane profiles (D1, DE, E1, EF, F1, FG, and G) with associ-
ated temperature profiles, consistent with the same observations.
The wavelength range we are analyzing is less suited to constrain-
ing the deep methane mixing ratio than previous observations; we
therefore limit our models to three methane profiles (D1, E1, and

F1 with deep volume mixing ratios of 2.22%, 3.20% and 4%) with
associated temperature profiles.

For each new methane profile, Sromovsky et al. (2011) calcu-
lated corresponding values for the helium mixing ratio that both
match the occultation observations and achieve methane satura-
tion in the putative condensation region. We use these values in
our models; at 0.126, 0.122, and 0.1155 for the D1, E1, and F1 pro-
files respectively, they are all within ~1c of the value of
0.15 + 0.033 determined earlier by Conrath et al. (1987).

4.2.1. Methane depletion

Recently, numerous authors have found that invoking a greater
methane abundance over the equator than the poles is required to
fit observations (Karkoschka and Tomasko, 2009; Sromovsky et al.,
2011, 2014; Irwin et al., 2012a; Tice et al., 2013). Sromovsky et al.
(2011) found they were unable to fit both equatorial and polar
spectra with the same vertical distribution of methane, and con-
structed depleted methane profiles with various depletion degrees
and shapes to fit the polar data. They argue that depletion must
occur only at shallow depths because a latitudinal gradient in mix-
ing ratio at great depths would produce winds inconsistent with
what is observed on Uranus. However, this is seemingly at odds
with microwave observations that imply depletions and latitudinal
differences down to tens of bars (de Pater et al., 1989; Hofstadter
and Butler, 2003). Irwin et al. (2011, 2012a) and Tice et al.
(2013) also found evidence for an enrichment of methane at the
equator over mid-latitudes, and note that the apparent variation
in cloud top pressure with latitude may disappear when this
methane gradient is considered.

We model methane depletion using the Sromovsky et al. (2011)
“proportionally descended gas” profile. While undepleted profiles
have an abrupt transition in methane abundance at a pressure of
1.2 bars where the temperature becomes low enough for methane
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to condense out, these depleted profiles increase methane gradu-
ally with increasing depth by shifting the mixing ratio profile
a(P) down to increased pressure levels P'(x) using the equation

P =P x 1+ (a/otg)™ (Pg/Pc — 1)] for Py < P < Py, (8)

where P, is the pressure depth at which the revised mixing ratio
o = o(P') equals the uniform deep mixing ratio o, P. is the pressure
at which the methane condensation temperature is reached, P, is
the tropopause pressure, and vx controls the shape of the profile
in the depleted region. We fix the value of vx at 2.0, which
Sromovsky et al. (2011, 2014) suggest provides a good fit to the
data.

Such a profile smoothly depletes the methane in the upper tro-
posphere (above P;) without changing the methane abundance in
the deeper atmosphere, such as may occur in a circulation system
in which dry air from P < P, descends to a depth of P,. The deple-
tion of methane below the tropopause brings the average methane
abundance below saturation in this region; this inhibits global
methane condensation, though clouds may still condense locally.
The dry air above P, required to explain the depletion requires a
methane-removal mechanism such as a condensation cloud.
These two requirements are reconciled in (a) a scenario in which
condensation is occurring in local convective cells in a region of
overall downwelling, or (b) a global system in which methane is
condensing in equatorial regions, and the dried-out air above the
cloud layer is then distributed to high latitudes by a hemispheric
circulation cell, depleting the methane in polar downwelling
regions. The latter scenario is discussed in detail by Sromovsky
et al. (2011).

Fig. 5 demonstrates the construction of a depleted methane
profile in panel (a), and shows the three methane profiles D1, E1,
and F1 with two example depletion depths in panel (b). The
methane depletion profile is parameterized by a single value: the
depletion depth P,. However, we note that the model allows deple-
tion depths that may be deeper than our observations are sensitive
to, in which case the retrieved depths are heavily dependent on the
depletion profile and may not be physically meaningful.

4.2.2. Methane coefficients
Over the past decades, significant advances have been made in
our knowledge of methane absorption properties and their

extrapolation to the path lengths and temperatures of the uranian
atmosphere, resulting in an ability to fit observed near-infrared
spectra increasingly well. Sromovsky et al. (2012a) and Irwin
et al. (2012b) assess the ability of different methane coefficients
and absorption line shapes to match measured spectra of Uranus’
atmosphere. In the H-band spectral region, both groups indepen-
dently find that recent improvements in line lists greatly improve
their ability to fit measured spectra with Uranus atmospheric mod-
els. Irwin et al. (2012b) find the best match for the Hartmann et al.
(2002) line shape, while Sromovsky et al. (2012a) prefer a far-wing
line shape between that of Hartmann et al. (2002) and de Bergh
et al. (2011). We adopt the latter line shape, using the corre-
lated-k approximation (Lacis and Oinas, 1991) for improved speed,
with the k-coefficients calculated by Sromovsky et al. (2012a).
These coefficients are tabulated at a wavenumber interval of
5cm !, and our data are binned to match this resolution prior to
fitting.

4.3. Atmospheric structure models

Previous authors have used a variety of atmospheric structures
and particle scattering properties to fit spectra of Uranus at near-
infrared and optical wavelengths. Model atmospheric structures
generally fall into two categories: atmospheres with aerosols con-
fined to vertically-localized layers, and atmospheres full of a dif-
fuse haze that varies in opacity with altitude. These structures
are reviewed below before a description of our model structures.

4.3.1. Discrete cloud models

While atmospheres with a single aerosol layer have been found
inadequate at modeling observations, models with two discrete
cloud layers have often been used. These are typically parameter-
ized as an upper haze (UH) based between 1.0 and 0.5 bars and a
lower tropospheric cloud (TC) below 1.0 bars. Irwin et al. (2012a)
note that they are able to fit the H-band spectrum with many dif-
ferent vertical cloud distributions ranging from continuous to dis-
crete, but that the two-cloud model is sufficient and minimizes
free parameters and assumptions.

Using such a model with near-infrared data and assuming a
continuous distribution of micron-sized particles with a wave-
length-independent Henyey-Greenstein phase function with an
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asymmetry parameter g = 0.7 and refractive index of 1.4 + 0i, Irwin
et al. initially found extended clouds with peak opacities at the 2-3
and 8-10 bar levels at equatorial latitudes (2007), though the use
of improved methane k-coefficients decreased the significance of
the deeper cloud (2012a). They find that very close fits to 1.4-
1.6 um spectra require particles that become less scattering
toward the longer wavelengths, and vary the single-scattering
albedo smoothly across these wavelengths to fit the data, an
approach also employed by Tice et al. (2013). These authors test
a range of fixed particle sizes for each cloud, and find a weak pref-
erence for 0.1-pm particles in the UH and a strong preference for
1.35-pum particles in the TC, approximating all particle phase func-
tions as Henyey-Greenstein functions with a wavelength-indepen-
dent asymmetry parameter of g = 0.7. Sromovsky et al. (2006) also
used a two-cloud model to successfully fit near-infrared spectra
obtained in 1975 by Fink and Larson (1979), but they note that a
six-cloud model that permits a more complex distribution of opac-
ity provides a much better fit to the observations.

4.3.2. Diffuse haze models

Karkoschka and Tomasko (2009) test a model of discrete con-
densation clouds against STIS spectroscopic Hubble data. The
best-fit two-cloud model had clouds at 1.4 and 3 bars, consistent
with the locations of peak opacity found by Irwin et al. (e.g.
2012a). However, they find a much better fit with an atmospheric
model of extended haze layers without compact clouds, and argue
that the frequent lack of detection of a condensation cloud at
1.2 bars indicates that the observed opacity may be due to a verti-
cally-extended haze of aerosols, with aerosol production occurring
near 1.2 bars followed by subsequent descent to lower altitudes on
long timescales. Their model consists of low-opacity layers in the
stratosphere and upper troposphere (0.1-1.2 bar) and higher-opac-
ity middle and lower tropospheric layers (1.2-2 bars and >2 bars
respectively). They adopt stratospheric scatterers with a wave-
length-dependent imaginary index of refraction, scattering effi-
ciency, and single-scattering albedo, and tropospheric scatterers
with a wavelength-dependent single-scattering albedo and a dou-
ble Henyey-Greenstein particle phase function with parameters
g, =0.7 and g, = —0.3 and a wavelength-dependent weight f, that
varies from 0.470 to 0.940 as 4 increases from 310 to 940 nm. With
these particle properties, they find a stratospheric particle size of
~0.1 pm, with larger (~1-pum) particles at deeper levels.

4.3.3. Combination models
Sromovsky et al. (2011) modified the four-layer diffuse model

of Karkoschka and Tomasko (2009) to include compact

condensation clouds in addition to the haze layers. They replaced
the middle tropospheric haze layer with two compact cloud layers
and replaced the lower tropospheric haze layer by a compact cloud
at 5 bars, which was needed to fit their spectrum near 0.56 and
0.59 pum, though the pressure level and vertical extent of this cloud
were not well constrained. They later adapted this model to fit
1.48-1.64 um near-IR spectra by neglecting the compact cloud at
1.2 bar because they found that the data could not distinguish indi-
vidual contributions at this pressure level (Sromovsky et al.,
2012a). For tropospheric aerosols, they adopted the particle scat-
tering properties of the Karkoschka and Tomasko (2009) model,
but extended the wavelength-dependence of the phase function
into the near-infrared assuming 0.8-pum Mie particles.

4.4. Our models

We model our data with three different atmospheric structures
based on those described in Section 4.3; our models are summa-
rized here. Our temperature and methane profiles and our adopted
particle scattering properties are described in Sections 4.1 and 4.2.
We parameterize the vertical distribution of aerosol density within
a scattering layer by the fractional scale height Hgyqc, which is the
ratio of the scale height of the aerosols to that of the background
gas.

4.4.1. Two-cloud model [2C]

Our two-cloud model is based on the models by Irwin et al.
(2012a) and Tice et al. (2013). It consists of a tropospheric cloud
(TC) and upper haze (UH). The UH is constrained to lie at altitudes
above 1.0 bar, and the particles follow a modified gamma distribu-
tion of sizes with mean and variance of 0.1 and 0.005 pm, consis-
tent with the mean particle size preferred by Tice et al. (2013).
The TC is a layer of larger particles (~1 pum) in the deeper tropo-
sphere, below 1.0 bar. Our model differs from that of Irwin et al.
(2012a) and Tice et al. (2013) by our choice to vary the particle
phase function in wavelength based on Mie theory while keeping
a wavelength-independent single-scattering albedo. The free
parameters in this model are the base altitude, optical depth at
1.6 um, and fractional scale height {Ppax, T, Hpoc} Of €ach layer.

4.4.2. Diffuse haze model [DH]

Our diffuse haze model consists of four continuous hazes with
the fixed pressure boundaries used by Karkoschka and Tomasko
(2009): 100 mb, 1.2 bar, and 2.0 bar. The aerosols are evenly mixed
with gas within each layer (Hp, = 1.0). The uppermost layer con-
sists of small (~0.1 pm) particles, while the lower layers contain



K. de Kleer et al./Icarus 256 (2015) 120-137 129

larger (~1.0 um particles); the exact particle size distributions
used in modeling are described in Section 5.1.1. We fit only for
the total 1.6-pm optical depth 7 of each haze layer, for a total of
four free parameters.

4.4.3. Modified diffuse haze model [MDH]

Our third model is motivated by the model used by Sromovsky
et al. (2012a) to fit near-infrared spectra of Uranus. This model is
identical to our diffuse haze model except that we model the bot-
tom layer (below 2.0 bars) as a compact cloud instead of a diffuse
haze, and leave its depth Ppoxom as a free parameter with the com-
pactness requirement Py, = 0.9Ppoom. This cloud is assumed to
have the same scattering properties as the other tropospheric
layers.

5. Analysis and discussion

Our analysis is divided into three steps: we first use equatorial
data to test various choices for atmospheric structure, methane
profile, and particle size. We then fix the atmospheric structure
and fit our entire dataset to assess variations in the depths and
opacities of the aerosol layers with latitude. Finally, we fix these
properties according to the best model fit to the 2010 data at a lat-
itude of 45°N, and use the spectrum of the discrete cloud feature
observed in 2011 to fit for its depth and vertical extent. Our
methodology and results are presented for the model comparison
in Section 5.1, for the latitudinal analysis in Section 5.2, and for
the discrete cloud in Section 5.3. A discussion of these results in
the context of global circulation models is given in Section 5.4,
and our conclusions are summarized in Section 6.

5.1. Compact/diffuse profile comparison

5.1.1. Analysis

We perform tests of the atmospheric structure, particle size dis-
tribution, and methane profile using equatorial data (between 10°S
and 10°N in latitude): for each of the 2C, DH, and MDH models
introduced in Section 4.4, we perform fits for the three cases of
methane profile {D1, E1, F1} (see Section 4.2) and four cases of par-
ticle size distribution. An overview of the free and fixed parameters
of each model is given in Table 2. Each model includes two distinct
sets of scattering properties for particles in different regions: in the

uppermost haze layer, the scattering particles are fixed at a modi-
fied gamma size distribution with a mean of 0.1 and a variance of
0.005 pum, while all other layers contain particle size distributions
with variance of 0.3 and means of {0.6, 0.8, 1.0, 1.2} um. We test
each of these four particle sizes separately, requiring all layers
except the upper haze to have the same particle size distribution.
We use wavelength-dependent cross-sections and asymmetry
parameters derived from Mie theory for each particle size distribu-
tion. We assume methane is not depleted in the equatorial region,
which was found by previous analyses (e.g. Sromovsky et al.,
2012a; Irwin et al, 2012b) and later confirmed by our own
analysis.

5.1.2. Results

The retrieved parameter values for each tested combination of
atmospheric structure, methane profile, and particle size are
shown in Fig. 6, and the corresponding values of the DIC are shown
in Fig. 7. Fig. 8 plots the data alongside the model spectra corre-
sponding to the best-fit cases of each of the three vertical
structures.

We find that we are able to get an adequate fit to the data with
all three atmospheric structure models: diffuse (DH), compact (2C),
and combination (MDH). The different atmospheric structures find
very consistent values for atmospheric characteristics that are
shared between models. The fits with the DH and MDH models find
similar values for the optical depths of all four aerosols layers, even
though the lowest layers differ in position and compactness
between the models. The MDH and 2C models both include a com-
pact bottom cloud, and the retrieved optical depth, pressure level,
and fractional scale height of this cloud are consistent between the
models despite their very different structures above 2 bars. These
similarities demonstrate that the retrieved vertical aerosol distri-
bution tends toward the same profile regardless of parameteriza-
tion, giving us confidence in the robustness of the solution.

We find somewhat better fits with the D1 methane profile
(2.22% deep mixing ratio) than with the E1 or F1 profiles (3.20%
and 4% deep mixing ratios). The D1 profile falls at the lower end
of the 2-4% range found by previous authors. However, H-band
observations do not provide a strong constraint on this parameter,
which is additionally highly correlated with the vertical profile of
scattering particles (e.g. I[rwin et al., 2012b). Methane is the domi-
nant absorber at most near-infrared and optical wavelengths,
including the H-band region considered here, and the ratio of

Table 2
Atmospheric structure model parameters.
Model 2C Model DH Model MDH
Upper haze Optical depth Free Free Free
Bottom pressure (bars) Fixed at 1.0 Fixed at 0.1 Fixed at 0.1
Top pressure (bars) None None None
Fractional scale height Fixed at 1.5 Fixed at 1.0 Fixed at 1.0
Mean particle size (pm) Fixed at 0.1 Fixed at 0.1 Fixed at 0.1
Upper middle haze Optical depth - Free Free
Bottom pressure (bars) - Fixed at 1.2 Fixed at 1.2
Top pressure (bars) - Fixed at 0.1 Fixed at 0.1
Fractional scale height - Fixed at 1.0 Fixed at 1.0
Mean particle size (pm) - Fixed at 0.6, 0.8, 1.0 or 1.2 Fixed at 0.6, 0.8, 1.0 or 1.2
Lower middle haze Optical depth - Free Free
Bottom pressure (bars) - Fixed at 2.0 Fixed at 2.0
Top pressure (bars) - Fixed at 1.2 Fixed at 1.2
Fractional scale height - Fixed at 1.0 Fixed at 1.0
Mean particle size (pm) - Fixed at 0.6, 0.8, 1.0 or 1.2 Fixed at 0.6, 0.8, 1.0 or 1.2
Lower cloud Optical depth Free Free Free
Bottom pressure (bars) Free None Free
Top pressure (bars) Fixed at 1.0 Fixed at 2.0 Fixed at 0.9*Pportom
Fractional scale height Free Fixed at 1.0 Fixed at 1.0

Mean particle size (pum)

Fixed at 0.6, 0.8, 1.0 or 1.2

Fixed at 0.6, 0.8, 1.0 or 1.2 Fixed at 0.6, 0.8, 1.0 or 1.2




130 K. de Kleer et al./Icarus 256 (2015) 120-137

Best-Fit Aerosol Distribution for DH Models

0.010 To 0.040 4 25 ] 50 L
$-4 D1 t
0.008 b-b EL 0.035 2.0 40
5 ¥ =4 &= =4
2 4 F1|| 5 0030 2 2
8 0.006 8 8 1.5 8 30
- TON, = 0.025 = o
© Bt N © © ©
S 0.004 Y Y 10 9 20
2 2 0.020 Z =
o o o 19
0.002 - 0.5 10 .
0.000 0.010 0.0 0 f“"//
06 08 10 12 06 08 10 12 06 08 1.0 12 06 08 1.0 12
Avg Particle Size [um]
Best-Fit Aerosol Distribution for MDH Models
0.010 To 0.055 T 18 L 18 T3 2.0
$-4 D1 0.050 1.6 16
0.008 - 0.045 1.4 14
5 $-4 E1 ] £ 5 ©
B o6 —$ F1 5 0040 5 12 5 12 8
o Q 0035 O 10 Q10 o 2.5
B 35 2T U s © © 4 2
Y 0.004 t“#‘—‘# “‘+ jg 10:050 g os G s ] -
a5 3 0.025 5 0.6 3 6 o
S ooz © 0.020 2 o 2 4 e
0.015 0.2 2 . 3.0
0.000 0.010 0.0 ol o~

0.6 08 1.0 1.2 0.6 0.8 1.0 1.2

0.6 08 1.0 12

0.6 0.8 1.0 12 0.6 08 10 12

Avg Particle Size [um)]

Best-Fit Aerosol Distribution for 2C Models

0.015 "o 25 U] 2.0 Procs 00 H
$-¢ D1
0.014 20 o
< -4 E1 = = < o5
- prov | E '9
Q Fl o 855 b
g o013 g1 8 2 T
- 5 =
= = 2 020
g ;| 8 3 S
2 0012f §o-o-heeeh g0 2 50 2
3 2. [ %}
o © a ® 015
0.011 5 i
3.5
0.010 0 L 0.10
06 08 1.0 12 06 08 1.0 12 06 08 10 12 06 08 1.0 12

Avg Particle Size [um)]

Fig. 6. Effects of model choices on best-fit parameter values: plotted are the best-fit parameter values and uncertainties for three model atmospheric structures fitted to
equatorial spectra. In each plot, the x-axis is the mean tropospheric particle size, and the three colored curves are for the three methane profiles. Optical depths are quoted at
1.6 um. Fig. 7 shows the quality of fit to the data for each of the models shown. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

methane to hydrogen is consequently not well measured. The nar-
row spectral range near 825 nm, where H,-H, Collision Induced
Absorption (CIA) is particularly important, provides unique con-
straints on the deep methane mixing ratio. Karkoschka and
Tomasko (2009) used 2002 STIS observations in this spectral win-
dow to derive an equatorial deep volume mixing ratio of methane
near 3%. Sromovsky et al. (2011, 2014) re-analyzed this dataset and
a subsequent dataset from 2012 to infer a deep volume mixing
ratio of methane near 4%. Tice et al. (2013) later used SpeX obser-
vations covering this window to derive a much lower mixing ratio,
though the observations were very noisy in the relevant regime. All
of these values are within the range found by Lindal et al. (1987) to
be consistent with Voyager data, and Rages et al. (1991) found that
the F profile in particular was needed to match Voyager observa-
tions at 0.619 pm.

We are also able to fit our data with the higher-methane F1 pro-
file, though use of a different methane profile changes the retrieved
optical depths of the various scattering layers (see Fig. 6). In

particular, the choice of methane profile has a significant effect
on the retrieved location of the lower cloud; fits with the F1 profile
find this cloud near 2.3 bars, while fits with the D1 profile locate it
closer to 3 bars. These depths are both consistent with previous
two-cloud models of the uranian atmosphere using the recent sets
of methane coefficients, which have consistently found the equato-
rial altitude of the bottom cloud in the 2-3 bar range (Karkoschka
and Tomasko, 2009; Irwin et al., 2012b; Tice et al., 2013). In
Section 5.2.2 we discuss the effect of methane profile choice on
qualitative trends with latitude.

We are able to fit the observations with all particle sizes in the
0.6-1.2 um range. However, we note that the choice of particle size
does have a strong effect on the retrieved parameter values, even
when the fit quality is comparable. This effect can be seen in
Fig. 6 and is particularly pronounced in the optical depth of the
1.2-2 bar region, where larger particles correspond to higher
retrieved optical depths due to their more forward-scattering
phase functions.
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region.

5.2. Latitudinal trends

5.2.1. Analysis

A knowledge of latitudinal trends in atmospheric characteristics
provides important constraints on circulation models. Irwin et al.
(2007) obtained the first latitudinally-resolved near-IR (1-2.5 pm)
spectra of Uranus; using a model with a continuous distribution
of hazes, they found two main peaks in the opacity: a deeper cloud
that is thickest at the equator and thins toward the poles, and an
upper layer extends from mid-southern to mid-northern latitudes
and also clears toward the poles. Sromovsky and Fry (2007) imaged
Uranus in seven near-IR bands with adaptive optics; they confirm
that the deep cloud opacity decreases sharply toward the North
pole, finding that essentially no cloud material is required to fit
their observations beyond 50°N. Karkoschka and Tomasko (2009)
detected latitudinal variability in 2002 HST-STIS observations at
820 nm, determining that the variations were dominated by
changes in methane abundance in the 1.2-3 bar region rather than

changes in aerosol opacities. Their findings, consistent with later
work (e.g. Sromovsky et al., 2011), suggest that methane is increas-
ingly depleted toward high latitudes. This result agrees with micro-
wave observations of the deep atmosphere, which find the greatest
volatile concentration in the equatorial region (de Pater et al., 1989;
Hofstadter and Butler, 2003).

Recent analyses have considered latitudinal trends in both
methane distribution and cloud level (Sromovsky et al., 2011,
2012a; Irwin et al., 2012a,b; Tice et al., 2013) and find that these
parameters affect near-infrared observations in similar ways and
are difficult to distinguish in observations at these wavelengths.
Some of these studies indicate that both parameters vary with lat-
itude, with the main cloud deck moving to higher altitudes and
thinning toward the poles while the methane relative humidity
decreases from equator to pole.

We use our spatially-resolved observations to investigate
trends in the vertical distribution of methane and aerosols with lat-
itude. For these fits we adopt our 2C atmospheric structure model,
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the D1 methane profile with a deep volume mixing ratio of 2.22%,
and a mean particle size of 1.0 pm in the troposphere. In addition,
we introduce a methane depletion pressure P, parameterizing the
depth of methane depletion at a given latitude (Section 4.2.1). We
perform fits with and without allowing depleted methane, and
compare the effect on fit quality and on the retrieved values of
the other parameters. We initially fit for the depth, opacity, and
fractional scale height of both cloud layers. From these first fits,
we found that the fractional scale height and location of the upper
haze were poorly constrained by our models, with marginal but
consistent preference across latitudes for a haze that begins at
1.0 bars or deeper with a fractional scale height between 1 and 2.
We therefore fixed this layer with a base at 1.0 bars and a fractional
scale height of 1.5 for our final parameter retrievals. This approach
is similar to that of Tice et al. (2013), who chose to fix some of the
upper haze properties for similar reasons.

We consider spectra covering latitudes from 80°S to the north
polar region, in increments of 10°. However, our simulations did
not converge on solutions for the most polar latitudes, and we pre-
sent results only from latitudes of 70°S to 80°N.

5.2.2. Results

Retrieved trends in aerosol and methane distribution with lati-
tude are presented in Figs. 9 and 10 and in Table 3 for two-cloud
models with and without methane depletion, assuming ~1-pm
particles and the D1 methane profile (2.22% deep VMR). We find
that methane depletion is better able to reproduce the observa-
tions at latitudes polewards of 30° in both hemispheres than
changes in the tropospheric cloud depth P 1c, as illustrated by
the improved fit demonstrated in Fig. 9. Changing the amount of
methane above the tropospheric cloud layer and changing the
depth of this cloud layer both affect the methane column above
the cloud, and therefore alter the model spectrum in similar ways,
making it challenging to separate these two parameters
(Section 5.2.1). We do find these parameters to be correlated in
our retrievals, but find that while we detect no latitudinal varia-
tions in the tropospheric cloud depth beyond the level of the
uncertainties, there is a clear equator-to-pole trend in the methane
depletion. This result is demonstrated in Fig. 11, which plots the
joint probability distribution of these two parameters for each lat-
itude bin.

The optical depths of both cloud layers match between the
models at all latitudes, but the location and vertical extent of the
lower cloud diverge at latitudes beyond ~30° for models with
and without depletion. Fits with an undepleted model for methane
find that the lower cloud becomes higher, with the cloud altitude
rising steeply from near 3 bars at the equator to <2 bars by 60°.
However, when we include methane depletion as a free parameter,
we find that the depth of this lower cloud layer is nearly constant
in latitude. While Irwin et al. (2012b) also find more methane in
equatorial over polar regions, they find that the lower cloud deck
still becomes higher in the atmosphere with higher latitudes even
when methane relative humidity is allowed to vary.

We find that methane becomes sharply depleted to increasing
depths toward the polar regions, potentially down to tens of bars
within 30° of the poles. This is consistent with the recent work
of Sromovsky et al. (2014), who also measure an associated pole-
ward lowering of their m2 cloud layer near 1.2 bars. In the
methane-depleted polar regions, the air is too dry for significant
methane condensation to occur at the 1.2-bar level, except in local-
ized upwelling regions. Because our models only extend down to
8 bars, fitted depletion depths greater than this are heavily depen-
dent on the adopted depletion profile shape.

The broad shapes of the latitudinal trends are common between
both hemispheres, but we find some significant asymmetries.

Parameter values are plotted to facilitate comparison between
hemispheres in Fig. 10. Both aerosol layers have a higher opacity
in the northern hemisphere than at equivalent southern latitudes,
and the density of both layers peaks north of the equator: between
0-10°N for the upper haze and 10-20°N for the tropospheric cloud.
The most prominent asymmetry is in the methane distribution,
where we find much stronger depletion poleward of 40° in the
southern hemisphere than in the north. Irwin et al. (2012b) also
find a greater methane enrichment in the northern hemisphere
in 2010, as do Tice et al. (2013), who find the maximum methane
enrichment center at 4 + 2°S, noting that this is nearly 10° north of
the enrichment found by Karkoschka and Tomasko (2009), which
they suggest may be a real and seasonal change. Our data, taken
one year after those used by Tice et al. (2013), find a greater enrich-
ment of methane in the northern hemisphere with a peak enrich-
ment just north of the equator, consistent with this trend.

The region near 45°N is characterized by a denser and higher
tropospheric cloud, and a significantly less depleted methane pro-
file, than the surrounding regions. These effects may also be pre-
sent at the circumpolar zone at 45°S but on a much smaller
scale. In the northern region, we find a potential reversal of these
trends in the latitude band just equatorward of the bright band.
We show a zoom-in of this reversal in Fig. 12, where we have sub-
tracted out a straight line through the parameter values as a func-
tion of latitude in the 25-65°N region to accentuate these
variations.

The higher opacities and methane abundance in the northern
hemisphere over the south, and in the northern circumpolar band
in particular, are also consistent with other post-equinox observa-
tions and may represent a seasonal trend (Irwin et al., 2012b; Tice
et al,, 2013). Over the 2002-2012 decade surrounding the equinox,
Sromovsky et al. (2014) also noted a significant darkening at mid-
southern latitudes and brightening at their northern counterparts,
at wavelengths probing molecular gas absorption.

As discussed in Section 5.1.2, there is strong evidence that the
equatorial region may have a methane deep volume mixing ratio
close to 4%. To test the effect of this methane abundance, which
is higher than that of the D1 profile used in our fits, we duplicated
the latitudinal fits with the F1 profile (4% VMR). The retrieved opti-
cal depths of the TC and UH were nearly identical across all lati-
tudes, with the main difference arising in the depth of the TC
and the degree of methane depletion. The use of the higher
methane abundance raised the level of the TC from around 3 bars
to closer to 2.2, while increasing the depth of high latitude deple-
tion. The trends with latitude in all parameters remained the same.
We therefore consider our results for latitudinal trends robust,
with some uncertainty in the aerosol layer positions and methane
depletion depth due to uncertainty in the methane profile.

5.3. Discrete cloud feature

5.3.1. Analysis

Unlike Neptune, which is peppered with bright, ever-changing
cloud features, Uranus is relatively devoid of discrete cloud detec-
tions. While cloud activity has been repeatedly observed at Uranus’
northern mid-latitudes (e.g. Karkoschka, 1998; Sromovsky et al.,
2000), the southern hemisphere beyond 45°S was thought free of
cloud activity until a recent reanalysis of Voyager 2 data by
Karkoschka (2015) revealed dozens of discrete features at these
latitudes. Until this past year, the brightest cloud feature ever
observed on Uranus was detected in 2005 with Keck II imaging
and adaptive optics (Sromovsky et al., 2007); this feature,
located at mid-northern latitudes, was constrained to lie in the
300-500 mb range. In August 2014, vigorous storm activity of
unprecedented brightness was seen in Uranus northern
hemisphere reaching up to ~330 mbar (de Pater et al., 2015). A
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long-lived bright southern feature called the “Berg” was seen to
drift from mid to equatorial latitudes, rising from near 3.5 bars to
around 2 bars over three years, with pieces extending as high as
~0.6 bars (de Pater et al, 2011). Recently, Sromovsky et al.
(2012b) used multi-wavelength observations to constrain the
depth of a bright cloud feature and its companion near 25°N to
350-600 mb and 1.0-1.3 bar, respectively.

Sromovsky et al. (2007, 2011) argue that the position of many of
the observed features so far above the 1.2-bar methane condensa-
tion level indicates that they are almost certainly composed of
methane ice condensed at depth and lofted to the observed pres-
sure levels. They postulate that this lofting could result from a deep
convective event, or from local vertical displacement and conden-
sation of atmospheric gas in the vicinity of vortex features.

In 2011 we observed a discrete cloud feature near 45°N. We
extract the spectrum of this feature by calculating the reflectivity

within a circular aperture centered on the feature. We find a range
of aperture radii within which the choice of radius does not have a
significant effect on the retrieved cloud spectrum, and choose an
intermediate radius from this range for the extraction. The feature
is extended, covering 50-100 pixels, and is slightly more extended
in the latitudinal than the longitudinal direction.

To determine the altitude and vertical extent of this feature, we
first fixed the background atmosphere at the model derived from
our 2010 observations with the derived parameters for the latitude
and emission angle covered by the feature. We confirm that this
model provides an excellent fit to featureless regions of Uranus’
disk in the same dataset.

We model the cloud feature with single- and double-compo-
nent models, where we require the feature to be composed of
one or two vertically-compact (P, = 0.9Ppoom) 1ayers, and fit for
the pressure level and optical depth of these layers.
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Table 3
Two-cloud model parameters at all latitudes.
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Latitude (°) TuH Trc Pinax,rc (bar) Hpiqe rc Pgep,cria (bar)
~70 to —60 0.00447 + 7e—05 0.19+0.03 3.5+05 0.30+0.05 26411
—60 to —50 0.0068 * 0.0001 0.34+0.02 2.9+02 0.23+0.03 6.0'29
~50 to —40 0.0088 + 0.0002 0.55 +0.03 2.8+03 0.22+0.03 32¢10
—40 to —30 0.0096 + 0.0002 0.67 +0.04 2.9+0.4 0.20+0.03 28709
~30to —20 0.0102  0.0002 0.92 +0.06 29+03 0.17 +0.03 22707
—20to —10 0.0110 + 0.0002 1.72£0.07 31402 0.20£0.01 1.7:93
~10to 0 0.0108 + 0.0002 2.00 £ 0.09 3.0£0.1 0.18 £ 0.01 1.7+92
0to 10 0.0113  0.0002 2.5+0.1 3.0+0.1 0.17 +0.01 1.7+92
10 to 20 0.0108 +0.0002 2.7+02 3.0£0.1 0.180.01 1.5:02
20 to 30 0.0106 + 0.0002 2.1£0.1 29+0.1 0.18 +0.01 1.7+92
30 to 40 0.0097  0.0002 1.14£0.04 3.1+02 0.21+0.02 32707
40 to 50 0.0091 +0.0002 0.94 +0.03 28402 0.22+0.03 28798
50 to 60 0.0080 + 0.0002 0.57 0.02 2.8+03 0.25+0.05 39719
60 to 70 0.0070  0.0002 0.359 £ 0.008 29+03 0.33+0.05 6.5'29
70 to 80 0.0054 + 0.0001 0.220 + 0.005 3.1£02 0.41£0.05 173
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Fig. 11. 2D probability distributions for methane depletion and tropospheric cloud depth, with 30%, 60% and 90% contours. In the top row, cloud depth is plotted against
methane depletion for each latitude bin; the bottom row shows the same set of distributions with x and y axes reversed. The plot for each latitude shows the correlation
between the two parameters; a greater depletion depth is correlated to a greater cloud depth, and vice versa. This is because the degree of methane depletion and the depth of
the tropospheric cloud affect the spectrum in similar ways through their impact on the methane column above the cloud layer. The plots of the probability distributions as a
function of latitude demonstrate that we can clearly distinguish between changes in these two parameters, despite the correlation. The top panel shows that we find no
significant latitudinal changes in the tropospheric cloud depth, while the bottom panel illustrates a clear trend in the methane depletion from equator to poles.

5.3.2. Results

We find that a model with two components gives an improved
fit to the spectrum of the discrete cloud feature observed in 2011
over a model with only a single component, indicating a moderate
vertical extent. The single-component model finds the main cloud
opacity near 0.65 bars, while the double-component finds the
cloud opacity focused near 0.5 and 1.3 bars. The atmospheric pro-
files and model spectra for each of these models are plotted in
Fig. 13, and the parameters are given in Table 4.

Although our K-band OSIRIS observations of Uranus contain
very low signal and we do not include them in our fits, the lack
of detection of this cloud feature at these wavelengths constrains
the depth of the feature. Due to the high methane absorption at
these wavelengths, such observations cannot probe beneath the
top ~1 bar of the atmosphere. Though there is no detection of
the feature in our OSIRIS data, the cloud is faintly discernible in
K-band Keck imaging data with the NIRC2 instrument on the same
night. This suggests that the bulk of the scattering particles is
located below 1.0 bar with a potential small component at higher
altitudes, consistent with our results from the double-component
model.

Above ~1.2 bars, methane is expected to be the most abundant
condensible species in Uranus’ atmosphere. Just below this level,
where conditions do not permit methane condensation, the most
likely condensation species may be H,S (de Pater et al., 1991).
With a base pressure at 1.2-1.4 bars, the vertical location of this
cloud is therefore consistent with H,S at the cloud base and
methane in the upper region, with both species lofted upwards
by a convective upwelling event. If the true base pressure is on
the shallow end of our uncertainties, the cloud may be composed
entirely of methane that condenses at the base of the cloud and
is subsequently lofted upwards within the troposphere.

5.4. Circulation models

Circulation models for Uranus proposed in recent years include
an upwelling of methane-rich gas at low latitudes, a condensation
of methane in the cooler troposphere, and descent of the now
methane-depleted gas back to the deep atmosphere at high Iati-
tudes (Karkoschka and Tomasko, 2009; Sromovsky et al., 2011;
[rwin et al.,, 2012a). This picture gives a straightforward explana-
tion for the enrichment of methane in the upper atmosphere in
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the equatorial regions, but is unable to explain the existence of
clouds at the depths and latitudes where they are observed.
Sromovsky et al. (2014) recently proposed a 3-layer circulation
model in which the standard Hadley cell is shallow and sits on top
of a counter-rotating cell at a depth of ~1.5 bars; they invoke a
third cell below 10 bars with upwelling at low latitudes for consis-
tency with microwave observations. In this model, the bright

circumpolar bands are attributed to H,S condensation clouds form-
ing below 1.5 bars. However, such a model would inhibit equato-
rial condensation cloud formation below 1.5bars, which is
precisely where the global condensation cloud layer is inferred
from spectral modeling.

Though the current models give explanations for some gross
latitudinal trends, they do not explain hemispheric asymmetries,
nor the particular location of the bright bands at 40-60°.
Depletions down to 10 bars or more, as we find here and as have
been previously indicated (Sromovsky et al., 2014), must be asso-
ciated with deep circulation cells, but microwave observations
have revealed a symmetric deep atmosphere (Hofstadter and
Butler, 2003; Hofstadter et al., 2007). In addition, there is an incon-
sistency between the deep latitudinal variations revealed by
microwave observations (de Pater et al., 1989; Hofstadter and
Butler, 2003), and models of deep depletion gradients that predict
wind speeds much higher than we observe (Sromovsky et al.,
2011). A more complete understanding of Uranus’ atmospheric cir-
culation is clearly needed to simultaneously explain the range of
observations.

If cloud features are formed in local convective upwelling
events, previous authors have noted that the asymmetries in cloud
occurrence between the hemispheres may be caused by the inhibi-
tion of convective cloud formation due to methane depletion
(Irwin et al., 2012b; Sromovsky et al., 2014). Though the presence
of depletion in both polar regions complicates this connection, evi-
dence for a deeper depletion in the southern hemisphere offers a
possible explanation for the dearth of cloud features at high south-
ern latitudes. If the convective events producing these clouds orig-
inate at depths greater than a few bars, the southern hemisphere
may be too deeply depleted to produce clouds while the northern
hemisphere may contain enough methane at these depths to form
them. The cloud feature we detected, which we believe originates
at a depth of around 1.3 bars, is located at a local maximum of
methane abundance at 45°N.

In the region just south of the bright northern band, we detect a
dip in the opacity of the bottom cloud. This appears to be accom-
panied by an extra-deep methane depletion and a somewhat dee-
per cloud depth, though the deviations in these parameters are not
statistically significant (see Fig. 12). This dip is present more
strongly in the latitudinal trends derived by Irwin et al. (2012b)
for observations during the same year, suggesting that it is a real
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Table 4
Discrete cloud feature parameters.
Model Optical depth Pinax
1-Component 0.0120 + 0.0004 0.647 + 0.006
2-Component 0.0074 + 0.0004 0.49 +0.02
0.059 £ 0.006 1.33x0.10

feature. If the circumpolar band arises from a region of local upwel-
ling, this dip may indicate a region where the methane-depleted
gas descends back into the deep atmosphere, suggesting a localized
region of counter-circulation. Flaser et al. (1987) also suggested an
upwelling at £30° between 0.06 and 1 bars from Voyager IRIS mea-
surements of lower temperatures at these latitudes, and Hofstadter
and Butler (2003) noted that at the time the —45°S region was
radio-dark, a potential indication of upwelling at depths of 5-
50 bars.

6. Conclusions

We present the analysis of high-spectral-resolution near-in-
frared observations of the atmosphere of Uranus. Using radiative
transfer modeling, we investigate the structure and composition
of the upper atmosphere at northern and southern latitudes and
at the location of a discrete cloud feature.

6.1. Aerosol structure

We find that models composed of extended scattering hazes
and those containing compact clouds both provide a good fit to
equatorial data. The best-fit cases of each model find a similar ver-
tical profile of aerosol opacity whether this profile is composed of
compact layers or diffuse hazes, and we therefore consider the ver-
tical aerosol profile robust and not heavily model dependent given
the vertical resolution of our observations. Our two-cloud model
fits indicate that the lower cloud is moderately compact
(Hfqc ~ 0.20) while the density of the upper haze relative to the
background gas increases with altitude (Hgq > 1.0). This is consis-
tent with the scenario described by Pollack et al. (1987) where the
constituents of the upper haze are photochemically produced in
the upper stratosphere and subsequently descend, condensing
near 0.1-10 mbar.

6.2. Latitudinal trends in aerosols

The optical depths of both layers in our two-cloud model
decrease from equator to pole; the density of the lower cloud is
sharply peaked at equatorial latitudes, while the upper haze exhi-
bits a more gradual trend. The northern hemisphere has denser
aerosols than the southern at equivalent latitudes, and the highest
optical depth in each aerosol layer is reached north of the equator
by up to 20°. Irwin et al. (2012b) also find a greater opacity in the
northern hemisphere in both cloud layers in 2010, as well as a
lower cloud layer that peaks north of the equator by ~10°.

6.3. Methane depletion

We find methane to be undepleted in the equatorial region
between 20°S and 30°N, with depletion increasing with latitude
to a depth of tens of bars by ~60° in both hemispheres, consistent
with the recent results of Sromovsky et al. (2014). If we fix the
methane profile across all latitudes, we find that the lower cloud
shifts rapidly to higher altitudes toward the poles. However, mod-
els that include a latitudinally-varying methane abudance provide
a better fit to the data and find that the altitude of the lower cloud
is the same at all latitudes. We find a greater methane abundance

in the northern hemisphere than the southern, again consistent
with the results of Irwin et al. (2012b).

6.4. Circumpolar bands

In the bright zones near 45°S and 45°N, we find that the lower
cloud is denser and higher than in the surrounding regions. These
effects are more pronounced in the north than in the south, consis-
tent with the observed fading of the southern band and brighten-
ing of the northern since the spring equinox in 2007 (Sromovsky
et al,, 2009; Irwin et al., 2012a). The methane abundance also
reaches a local maximum around 45°N, an effect that we do not
see in the southern hemisphere. In the northern hemisphere, we
see weak evidence for an associated band near 30-45°N where
the aerosols are thinner and deeper and methane is particularly
depleted, suggestive of a region of local counter-circulation, with
upwelling near 45°N and subsequent downwelling ~10° to the
south.

6.5. Cloud feature

We determine that the cloud feature observed at mid-northern
latitudes in 2011 has a moderate vertical extent, with a base
around 1.3 bars and extending up to the 0.5 bar level. This struc-
ture is consistent with a scenario in which a convective upwelling
event lofts particles from their condensation levels to higher alti-
tudes, indicating a composition of methane above ~1.2 bars with
a possible H,S contribution at deeper altitudes.

6.6. Global circulation

The asymmetries between the hemispheres, including more
methane, denser aerosols, and a brighter circumpolar band in the
northern hemisphere, are all consistent with previously-noted sea-
sonal trends as solar illumination falls increasingly on northern lat-
itudes (Irwin et al., 2012a; Sromovsky et al., 2014).

The polar depletion in methane, and the accompanying
decrease in aerosol optical depth, are consistent with polar down-
welling down to at least a few bars. However, it is difficult to
simultaneously explain the peak in aerosol opacity and methane
abundance near the equator with the presence of the bright bands
and cloud features at high latitudes. A better understanding of the
compositions and mechanisms producing these different features
would yield insight into the global dynamics at work throughout
Uranus’ upper atmosphere. Obtaining this information requires
more observations of the uranian atmosphere at wavelengths that
probe multiple altitudes and over a longer timeline; such data
would place additional constraints on models, and bring us closer
to a circulation model that is consistent with the full set of
observations.
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