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Abstract

The ice giants, Uranus and Neptune, are intriguing planets which possess unique qual-

ities derived from their cold temperatures and high abundances of water and methane.

With less data available than for all the other planetary atmospheres within our solar sys-

tem, the dataset acquired for this study from NASA’s InfraRed Telescope Facility (IRTF)

provides an opportunity to extend the current understanding of these planets. This paper

provides a brief background of current knowledge of the Uranian and Neptunian clouds

and hazes, as well as a summary of the studies of variability on the ice giants. Atmo-

spheric retrieval techniques and research goals are discussed. The data reduction pipeline

developed specifically for this research is fully summarised, and comparisons of this pro-

cedure to Gemini-North results are given as a means of validation. Preliminary retrievals

of Uranus data in each of five spectral bands are discussed. These retrievals suggest the

existence of a Uranian stratospheric haze layer, which is retrieved over the entire five-

band spectrum and characterised. A preliminary study of latitudinal methane variation

on Uranus is also described, utilising a unique spectral region of collision-induced hydro-

gen quadrupole absorption at 825 nm. Some conclusions about the Uranian atmosphere

are presented, and an outline of future work is provided.
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Chapter 1

Introduction

1.1 Uranus and Neptune

Lying farthest from the Sun, our solar system’s ‘ice giant’ planets, Uranus and Neptune,

have been the least understood of the planets ever since their discovery in the night sky.

Because the ice giants lie much farther from Earth than the other planets, they appear

much less bright than the six “classical planets” and were discovered much more recently

(1781 and 1846, respectively). Due to the vast distance that separates them from the

Earth, they also have a much smaller apparent size then the other planets and are more

difficult to resolve with telescopes. Table 1.1 summarises some of the basic information

known about the ice giants themselves.

While each of the six classical planets has hosted at least one orbiter as well as flyby

satellites, the ice giants have only been visited by satellites for a close look once, when in

the late 1980s Voyager 2 flew past for a short series of observations. The limited quantity

and resolution of data available contribute to make the ice giants’ atmospheres the most

poorly understood planets in our solar system.

The ice giants’ atmospheres are much colder than their gas giant cousins, Jupiter and

Saturn, and contain much higher methane and hydrocarbon concentrations. Despite the

high overall concentration of these hydrocarbons, the observable upper atmospheres of
5
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Table 1.1: Observed properties of the ice giants compared with Earth (Irwin, 2009).

Property Earth Uranus Neptune
Solar Distance (AU) 1.0 19.2 30.1

Sidereal orbital period (years) 1.0 84 165
Orbital eccentricity 0.017 0.046 0.009

Equatorial Radius (km) 6,387.0 25,559 24,765
Eq. Radius Relative to Earth 1.0 4.0 3.9

Oblateness (Re −Rp) /Re 0.0034 0.023 0.017
Mass 1024 kg 5.97 86.625 102.78

Mass Relative to Earth 1.0 14.5 17.1
Mean density (g·cm-3) 5.515 1.27 1.76

Sidereal Day (h:m) 23:56 17:14 16:06
Eq. Surface Gravity at 1 bar (m·s−2) 9.81 8.7 11.0

Escape Velocity (km·s−2) 11.2 21.1 23.3
Obliquity (◦) 23.5 98 29

Equilibrium Radiating Temperature (K) 255 58 47
Mean Temperature at 1 bar (K) 288 79 70
Emitted / Absorbed Flux Ratio 1.0 1.06 2.52

Uranus and Neptune appear to exist in “relative atmospheric purity” (Herbert and Sandel,

1999). This is due to cold tropopausal temperatures which effectively produce a ‘cold trap’

above which many hydrocarbons condense out of the air. This leaves a pure He/H2 mix

above several large, relatively stable and long-lasting cloud decks. Other, shorter-lived

localised clouds appear as the result of convection of methane from the ice giants’ lower

atmospheres (Irwin, 2009).

Of the small amount of methane that does escape into the stratosphere through this

cold trap, it is believed that a large portion dissociates into molecules and radicals which

include H2, H, CH, CH2, and CH3. These photolytic products then recombine, along

with several other trace elements, to enrich the stratospheres with trace amounts of many

complex molecules. Notable molecules to receive focused study include acetylene (C2H2),

ethane (C2H6), hydrogen cyanide (HCN), carbon monoxide, carbon dioxide, and water

(Rosenqvist et al., 1992; Marten et al., 1993; Lellouch et al., 1994; Courtin et al., 1996;

Feuchtgruber et al., 1997; Encrenaz, 2004; Encrenaz et al., 2004; Marten et al., 2005;

Hesman et al., 2007; Fletcher et al., 2010).

Analysis of Voyager 2 observations characterised Uranus as a planet with little spatial
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variability and a lack of exceptional features, except perhaps the high wind speeds found

on the planet. Neptune was described as a far more interesting planet that possessed,

along with comparably high wind speeds, some of the solar system’s most rapidly changing

weather features, both spatially and temporally. Ironically, it has been Uranus for which

more study of variability has been possible. To measure anything more resolved than disc

averages was not possible on the ice giants until the past decade or so. During this time,

as more Earth-orbital telescopes were launched and adaptive optics improved the spatial

resolution of Earth-based instruments, the priority in observations sessions has often been

the closer of the two planets, given the interest in Uranus’ 2007 equinox.

1.1.1 Cloud Decks and Haze Layers

One of the principal characteristics of the ice giants is their thick cloud structures, gen-

erated when gaseous molecules condense in the cold atmospheric temperatures. Though

specific, observation-based details about composition and altitude are still the subject

of much debate, there exist simple models, known as Equilibrium Cloud Condensation

Models (ECCMs), which predict the height and composition of these stable cloud decks.

The models assume that warm gas parcels from the interior rise but do not mix with the

surrounding air.1 At an altitude where the volume mixing ratio (VMR) for a particular

constituent molecule is equal to the saturation VMR of that molecule in the surrounding,

cooler air, the molecule condenses out of the parcel to form a cloud.2 The parcel continues

to rise through increasingly cool surrounding air, and the VMR of the gas in question con-

tinues to decrease, following the decreasing saturation VMR. Moving upwards from the

tropopause, the surrounding air temperatures begins to increase, rather than decrease,

1
This assumption of no vertical or horizontal mixing is the ECCM’s greatest inaccuracy. Given this

assumption, the models predict the base altitude of the cloud deck fairly accurately. Predictions of the

optical or vertical thickness of the clouds, as well as the abundance profile above the cloud’s base altitude,

are much poorer. These features are dependant on the rate of uplift, which governs the amount of mixing

possible with the surrounding air, and the rate of formation and size of the aerosol particles. Particle size,

in turn, dictates how these particles move in the atmosphere, and how quickly they are able to descend

to warmer temperatures to re-evaporate.
2
Here and elsewhere in this report, the VMR is used in discussion of the abundance of constituent

gases, and VMRconstituent/VMRall in discussion of abundance ratios. VMR, also known as mole fraction,

is defined as VMR = ni
ntot

= pi

ptot
for a number of constituent particles, ni, relative to the bulk atmospheric

number of particles, ntot (Andrews, 2000).
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as does the saturation VMR. But since the gas was, for the most part, condensed out of

the air parcel at lower altitudes, the constituent gas’ VMR above the tropopause remains

constant. For the ice giants, these constant stratospheric VMRs are generally quite low,

allowing us to consider the tropopause to act as the ‘cold trap’ mentioned in section 1.1.

According to the ECCM for Uranus, a large water cloud exists between 100 and 1000 bar

for Uranus, depending on the exact H2O abundance in the deep atmosphere. Above this,

at approximately 40 bar, an ammonium hydrosulphide (NH4SH) cloud is expected to

form. This will be followed by a cloud of either ammonia (NH3) or hydrogen sulphide

(H2S) somewhere between 2 and 8 bar, depending on which of those species has a higher

deep abundance.3 Finally, at about 1.5 bar, a methane (CH4) cloud is predicted.4 Above

the tropopausal cold trap, most condensable material in the Uranian atmosphere is well

below the saturated VMR and does not form cloud layers. Despite this, there is abund-

ant evidence in the stratosphere, where incident solar radiation plays a large role in the

atmospheric chemistry of the planet, that suggests a number of haze layers formed from

the molecular products of methane photolysis. Primary stratospheric hazes are thought

to be acetylene (C2H2), diacetylene (C4H2), ethane (C2H6), ethylene (C2H4), and other

polyacetylenes (C2nH2 for n = 2, 3, 4...). As these products diffuse downwards through

the atmosphere, photochemical and eddy mixing models predict that they condense to

form haze layers of C4H2 ice (p > 0.1 mbar), C2H2 ice (p > 2.5 mbar), and C2H6 ice

(p > 15 mbar). These hazes effectively combine to produce an optically thin strato-

spheric layer which lies mostly between the tropopause and the 1 mbar level, though

below approximately 30 mbar the various ice particles have likely coalesced to sufficient

size to gravitationally drop out of the stratosphere (Irwin, 2009).

The Neptune ECCM predicts identical cloud composition in the troposphere, but at

altitudes of 50 bar (H2O), 37 – 50 bar (NH4SH), 7 – 8 bar (H2S/NH3) and 1.5 – 2 bar

(CH4). As with Uranus, a number of different stratospheric haze layers, composed of

molecular products of methane photodissociation, are predicted. Neptune’s more active

3
Since the two species in question react together to form NH4SH, the lesser of the two will be consumed

in the production of the deeper NH4SH cloud.
4
Signorell and Jetzki (2007) predict that any methane clouds on the ice giants will, based on the

pressures and temperatures which characterise the planets, contain crystalline ices.
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Figure 1.1: Visible features on Neptune, evidence of the active transport systems in the
atmopshere.

transport dynamics cause more haze-producing methane to reach the stratosphere (figure

1.1). Higher stratospheric methane abundance produces hazes more spatially varied and

dynamic than their Uranian counterparts. It is proposed that rapid growth of tropospheric

CH4 particles causes them to rain out quickly, which keeps the main methane cloud deck

thin. As a result, stratospheric hazes have comparable optical thickness to that of the

tropospheric CH4 cloud layer. Principle predicted components of this stratospheric haze

are C4H2, (p > 2 mbar), C2H2 (p > 6 mbar), and C2H6, (p > 10 mbar). It is possible

that a second, stratospheric CH4 layer exists at a stratospheric condensation level (Baines

et al., 1995a,b; Irwin, 2009).

Though remote sounding cannot be used to detect the deeper cloud decks predicted,

several of the upper tropospheric layers have been observed. Voyager 2 detected two cloud

decks on Uranus, an optically thin deck located at about 1.2 – 1.3 bar, and an optically

thick cloud located at approximately 2.7 – 3.1 bar. The upper cloud is apparently the
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predicted methane cloud, as the methane VMR appears to rapidly decrease above this

level. The optical thinness of the cloud is explained either by a thin vertical extent, by

rapid condensation to large particles that rain out of the cloud quickly, or by a combination

of these factors (West et al., 1991). The deeper cloud, though no spectral identification

was made, is probably the top of a “UV-irradiated H2S ice” cloud (Baines and Bergstralh,

1986). Baines et al. (1995b) and Encrenaz (2004) describe an “optically thin cloudtop”

which corresponds to the predicted NH3 or H2S cloud, at 3.1 bar.

Several other recent Uranus studies have also produced evidence for an upper, optically

thin methane cloud, and a deeper, optically thick cloud consistent with H2S ice. These

conclusions, however, are not undisputed. Sromovsky et al. (2006), using refined tem-

perature dependence parameterisations for their band model, detect two similar cloud

layers at 2 bar and 6 bar. In a study of Uranian seasonal variability, Irwin et al. (2007,

2009) also support the two-cloud hypothesis. They describe an upper cloud at 1 – 2 bar

that runs from 50◦S to 45◦N, with increased thickness at the 45◦S circumpolar collar.

They suggest deep clouds at 8 – 10 bar, thickest at the equator and thinner towards the

poles. Later in the variability study they revise this two-cloud hypothesis, however, based

upon improved methane absorption values which indicate that the atmosphere can be

accurately modelled with just a single cloud (Irwin et al., 2010, 2011). Sromovsky and

Fry (2007, 2008) found no evidence of scattering at 1.2 bar (the predicted level of the

methane cloud). Instead they suggest two H2S clouds, one at 2 – 3 bar, and another at

6 – 8 bar in which atmospheric sulphur is enriched compared to carbon. This proposed

deep cloud layer has very low absorption, which indicates either a cloud contaminated by

an absorbing haze, or a very thin vertical extent.

Finally, in contrast to the majority of available published data, Karkoschka and Tomasko

(2009) suggest that their Hubble Space Telescope (HST) dataset of Uranus was modelled

more accurately through use of an extended haze layer, rather than the typically-assumed

cloud condensation models. They suggest that most of the haze is produced near 1.2 bar

and slowly drops through the atmosphere to about 2 bar before thinning. They admit,

however, that “both kinds of models are observationally difficult to distinguish.” They

base most of the paper’s analysis on the more typical discrete cloud model, and justify this
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decision because adding extended cloud layers “would have only added free parameters

without significantly changing results.”

In the Uranian stratospheric haze layer, observed particles seem to have approximate radii

of 0.1 �m. Absorption and scattering produce a total optical depth of between 0.4 and 1.0.

Unlike the stratospheric hazes found on Jupiter and Saturn, the Uranian stratospheric

hazes appear to darken considerably towards the poles at wavelengths below 0.35 �m

(Baines and Bergstralh, 1986; West et al., 1991; Irwin, 2009). Baines and Bergstralh (1986)

characterised these ice particles with an upper limit of 0.1 �m in radius, and suggest the

particles gradually coalesce and sediment out of the atmosphere below 30 mbar. Pollack

et al. (1987) determined two additional haze characterisations consistent with their data:

At 44 mbar, ice particles of radii between 0.078 and 0.091 �m and number density of

100 – 300 particles·cm-3 produced agreement with data. The paper preferred a second

equivalent solution, given its more probable particle density, of 1 – 3 particles·cm−3 and

radii of 0.13 ± 0.02 �m.

On Neptune, like on Uranus, only the top two clouds are directly observable. Baines and

Hammel (1994) report an opaque cloud at 3 bar, which most likely corresponds to the

predicted H2S/NH3 cloud. Baines et al. (1995a,b) revise the previously reported deep

cloud altitude to 3.8 bar. The deep cloud is consistent with pure H2S, which implies a

lower-than-predicted VMR for NH3. Atreya et al. (2006) propose a deep water-ammonia

ionic ocean that might account for the lower-than-predicted ammonia VMRs in the region

of the condensed clouds. The depth of this deep cloud, well above the predicted condens-

ation level of 7 – 8 bar, indicates a high degree of vertical mixing. The same Baines study

reports a 1.5-bar methane cloud that is optically thinner than in models, which implies

quick rates of condensation and rain out.

In the Neptunian stratosphere, hazes have been characterised by 0.2 �m radii between 5

and 100 mbar. For light at 0.75 �m, the particles have an optical depth of 0.05 ± 0.02 and

a radius of 0.25+0.15
−0.25 �m (Pryor et al., 1992; Baines et al., 1995b). According to one study,

mass column abundance of the haze is no greater than 0.61 �g/cm2, while column density

is approximately 106 cm−2 in another study . Haze opacity is less than 0.042 at 0.890 �m

(Baines and Hammel, 1994; Gibbard et al., 2002).



1.1. Uranus and Neptune 12

Some interesting evidence suggests that Neptunian hazes extend down into the tropo-

sphere, rather than the traditional prediction that optically thick, vertically thin cloud

decks replace the hazes below the tropopause. Baines and Hammel (1994) detect an ex-

tended tropospheric CH4 haze layer of column abundance bounded at 11.0 �g/cm2 with

an opacity bounded to no more than 0.065 (at 0.890 �m). Particle size for a tropospheric

haze is suggested to be 15 – 40 �m in one study (Burgdorf et al., 2003), while another

suggests smaller particles with 0.2 �m radii and a column density of 107 – 109 cm−2 for

pressures above 0.6 bar (Gibbard et al., 2002). Max et al. (2003) highlight data consistent

with an extended haze layer somewhere between 0.1 and 3 bar. They are, however, unable

to characterise at what specific altitudes this haze is evident, and suggest that it may be

nonexistent in some regions of the planet. Pryor et al. (1992) detect an extended haze in

the troposphere, and state that if it exists, the CH4 cloud deck predicted at 2 bar would

be limited to an optical depth of 0.8, while the haze itself would be limited to an optical

depth of 0.1 at 0.750 �m. Clearly, disagreement about a possible extended haze in the

troposphere remains, and a range of characterisations have been proposed, with no single

hypothesis gaining favour.

1.1.2 Spatial and Temporal Variability

As Uranus approached equinox in 2007, a different picture of the planet unfolded than was

provided by Voyager data. Uranus, in the past 8 – 10 years, has been anything but the

static and homogeneous blue sphere it seemed to be in 1986. Karkoschka and Tomasko

(2009), citing data from 2002, note that the global aerosol opacity is nearly constant in

the 1 – 3 bar region with the exception of a spike at 45◦S and a gradual decrease north of

the equator. Given the almost constant aerosol opacity, they instead explain the brighter

high latitudes and darker low latitudes through a change in methane abundance in the

1 – 3 bar region. Near the equator the methane VMR is 0.032 and gradually changes,

they argue, to 0.014 at high southern latitudes.

The cloud model developed by Sromovsky and Fry (2008) contains a deep (6 – 8 bar)

cloud layer which, in 2006, exhibits a reflectivity increase from 2% at 33◦N to 3 – 4% in
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Figure 1.2: Uranus as seen in 1986 (Voyager 2 ), 1998 (HST), and 2004 (Keck).

the southern hemisphere. As for the shallow (2 – 3 bar) cloud, the reflectivity displays an

increase from 0.5% at 33◦N to ∼1% at a 43◦S bright band feature. This feature is close

to the similar feature noted in 2002 by Karkoschka and Tomasko (2009) and shows in

the upper cloud a localised ∼25% reflectivity increase, and higher altitude with 10% less

cloud-top pressure. In addition to the marked changes in the upper cloud at this band

feature, the lower cloud moves approximately 1.4 bar deeper.

The single cloud predicted by Irwin et al. (2011, 2010) shows, just as in the Sromovsky

and Fry (2008) upper cloud of the same altitude, a decrease in pressure polewards of about

40◦N,S. It is suggested that this altitude increase could be consistent with two separate

cloud decks, including both an upper deck in midlatitudes consisting of presumably CH4,

and a lower deck more visible at the equatorial region consisting of H2S or NH3. While two

distinct decks would be consistent with the ECCM predictions for Uranus, it is not clear

why the clouds would not cover the entire latitudinal extent of the planet (Sromovsky

and Fry, 2007; Irwin et al., 2010, 2011).

Despite the “static” characterisation by Voyager, some temporal variation has been ob-

served in the years between the 1986 southern summer solstice and the 2007 equinox

(figure 1.2). Rages et al. (2004) note HST images that document development of a bright

ring at 70◦S over the 10 years beginning in 1994. The south pole itself reached a tem-

poral brightness peak in 1994, darkened during the following decade, while the famous

polar collar at 45◦S brightened in the 2 – 4 bar pressure region relative to the south

pole. After 40 years of perpetual daylight on Uranus’ southern hemisphere, 2004 data

showed a hemispherically asymmetric deep cloud at approximately 4.55 bar. This cloud
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disappeared northward of 50◦N, and the prediction was made that after the equinox in

2007, this asymmetry would reverse, and the cloud would disappear near the southern

pole (Sromovsky and Fry, 2007).

As predicted, the years surrounding the Uranian equinox in 2007 have proved to be an

incredible example of seasonal variability on the planet, apparently derived from the rapid

change in solar forcing on the planet. Since 2001, the general hemispherical asymmetry

and primarily subdued dynamical portrait seen for so much of Uranus’ observational

history began to evolve rapidly. A large number of major changes have occurred with

a similar timescale as those seen prior to 1982, four years before the southern summer

solstice (Karkoschka, 2001). During the equinoctial changes, the southern polar collar

(45◦S) seems to disappear, while a new collar at 45◦N seems to simultaneously appear

(Hammel et al., 2005; Sromovsky et al., 2009; Irwin et al., 2010, 2011). Throughout 2006

and 2007, Norwood and Chanover (2009) observe the upper, 2-bar cloud layer in the

northern hemisphere brighten, while similar clouds in the southern hemisphere dim, just

as predicted by Hammel et al. (2006). In 2006 to 2008, Irwin et al. (2010, 2011) observe

the same brightness trends in the upper cloud deck.

Evidence suggests that stratospheric and tropospheric hazes are among the myriad prop-

erties on Neptune that display large, spatial variability. Few specific examples of this have

been noted, however. One example comes from work by Bézard and Romani (1991), who

note in their 1989 Voyager data spatial variability in the emission of C2H2. The lowest

emission is around 50 – 60◦S, and the peaks in the emission at the equator and 80◦S.

The interpreted cause for this result is deep acetylene circulation in which cool acetylene

convects upward at midlatitudes, emits less radiance, and is gradually warmed as it flows

away from the midlatitudes, eventually to return to the deep atmosphere at the equator

and southern pole.

An interesting point regarding temporal variation on Neptune is the possibility, described

in Irwin (2009), that Neptunian haze formation might occur in an episodic manner. Ions

or solid particles are necessary to act as nuclei in order for haze particles to condense.

Evidence indicates that these particles are most likely derived from the ionisation of upper

atmosphere molecules by cosmic rays, or by meteors which descend into the Neptunian
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atmosphere. Given either formation hypothesis, the particles are relatively limited in

the upper stratosphere. It is proposed that this lack of condensation nuclei might drive

periods of hydrocarbon supersaturation followed by rapid haze formation.

1.2 Atmospheric Retrievals

Much of the research to be discussed in this paper relies on the Non-linear optimal Estim-

ator for MultivariatE spectral analySIS (NEMESIS), a general-purpose retrieval code for

planetary modelling (Irwin et al., 2008). To perform a NEMESIS retrieval, a set of atmo-

spheric a priori parameters are used to create an initial “guess” model for the atmosphere.

This model is then iteratively adjusted based on an optimal estimation technique to de-

termine the forward model which best fits the observational data spectrum. This optimal

estimation technique enables solutions to be found despite the typically under-constrained

planetary data.

This section provides a very brief summary of the physics involved in near-infrared

NEMESIS retrievals and the correlated-κ approximation which is employed by the model

to increase the efficiency of the methane absorption calculations. For a more complete dis-

cussion of radiative transfer and retrieval and Mie theories, see Goody and Yung (1989);

Andrews (2000); Houghton (2002); Irwin (2009). For a more complete description of the

NEMESIS retrieval code, see Irwin et al. (2008); Sromovsky et al. (2006).

1.2.1 Review of Radiative Transfer, Retrieval Theory and Mie

Theory

In the near-infrared, the spectral region of this study’s data, the observed spectrum is

governed by sunlight scattered back from various levels of the ice giant atmospheres. To

produce an accurate “forward model” of reflected sunlight, a priori model parameters

must include vertical profiles of temperature, pressure, and all primary absorbing gases

in the atmosphere (hydrogen, helium, and methane in this case). The model must also

characterise any cloud particles (scatterers).
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Scattering particles have an inherent, wavelength-dependent “phase function” describing

the relative probabilities of different scattering directions. Producing forward models

requires a set of phase functions for the wavelengths involved. Phase functions are mod-

elled using Mie theory, which describes plane wave scattering off of spherical particles.5

Calculating phase functions in this manner during the retrieval process would require im-

practically long computational time. NEMESIS instead uses a set of pre-tabulated phase

functions. These phase matrices are initially generated by solving a “combined Henyey-

Greenstein” approximation of the full Mie theory solutions. This approximation produces,

based on just three variables, a good representation of both forward and back-scattering

phase function peaks. The combined phase function equation takes the form

p(θ) =
1

4π

�
f

1− g2
1

(1 + g2
1
− 2g1cosθ)

3/2
+ (1− f)

1− g2
2

(1 + g2
2
− 2g2cosθ)

3/2

�
(1.1)

for a scattering angle, θ. To locate the correct phase matrix to use during forward mod-

elling, NEMESIS requires values for each of the three Henyey-Greenstein parameters for

each wavelength and each particle type. The first is f , some fraction between 0 and 1 that

represents the relative weights of the forward and backward scattering peaks, represented

by the two terms of the equation. The variables g1 and g2 are asymmetry factors for each

scattering peak, and range from 1 (forward) to -1 (backward).

To produce a model spectrum for the NEMESIS optimal estimation scheme, values must

be provided for each variable in the following radiative transfer equation for scattering of

sunlight:

cosθ
dIν̄ (τν̄ , θ,φ)

dτν̄
= Iν̄ (τν̄ , θ,φ)−

ω̄0 (τν̄)

4π

�
2π

0

� π

0

p (θ,φ; θ�,φ�) Iν̄ (τν̄ , θ
�,φ�) cosθ�dθ�dφ�

(1.2)

where Iν̄ is the intensity of radiation, τν̄ is the optical thickness, ω̄0 is the single-scattering

albedo for aerosols and gas6, and p (θ,φ; θ�,φ�) is the phase function for light incident

5
For liquid particles, this assumption of sphericity is accurate. As already noted, however, in the ice

giants many of the scattering particles are likely crystalline ices with complex structures. The spherical

approximation can still be employed because, to first order, a set of randomly oriented crystals are

indistinguishable from spheres of the same mean radius.
6ω̄0 = σsca/σext here is a combined single-scattering albedo for both aerosols and gas. The combined
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at zenith angle, θ�, and azimuth angle, φ�, and subsequently scattered in the direction

described by θ and φ.

1.2.2 Correlated-κ Approximation

To calculate the solution to the radiative transfer equation (equation 1.2) requires inform-

ation about the positions and strengths for each absorption line for each gas in the model

atmosphere. Direct “line-by-line” calculations for the entire atmosphere require thousands

of calculations for each iteration of the optimal estimation scheme, since for each gas in

each layer at each temperature, the line strength and width must be computed. To avoid

the computational time required for these line-by-line calculations, without significantly

reducing accuracy, a correlated-κ approximation is used, as performed by Lacis and Oinas

(1991). Without the correlated-κ approximation, calculation of the transmission of an at-

mospheric path requires a sum over all absorption lines of all constituent gases over a

sufficiently small dν to resolve the individual line shapes in the equation

τ̄ (m) =
1

∆ν

� ν0+∆ν

ν0

exp

�
−
�

j

mjκj (ν)

�
dν (1.3)

for a frequency interval ν0 to ν0 + ∆ν. For the jth absorption line, mj represents the

total absorber column (molecules·cm-2) and κj(ν) is an absorption spectrum expressed

in cm2·molecule-1. Given that the order in which the lines occur bears no impact on the

result, the correlated-κ approximation can be employed to rewrite this transmission with

much more efficiency. To do this, only the fraction of the frequency domain, f(κ)dκ,

which is occupied by all absorption coefficients between κ and κ+dκ is considered. Then,

the transmission function is rewritten:

τ̄(m) =

� ∞

0

f(κ)e(−κ·m)dκ.

scattering cross-section, σsca, is due to aerosol scattering and gaseous Rayleigh scattering. The extinction

cross-section, σext = σsca+σabs, relies upon a σabs that reflects both aerosol and gaseous absorption, and

the same combined σsca.
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Recall that the order of occurrence of these absorption coefficients, κ, is arbitrary. This

allows us to define a frequency distribution, g(k) that is smooth, increasing, and single-

valued:

g(k) =

� k

0

f(κ)dκ.

This function will have an inverse, κ(g), referred to as the κ-distribution. Like g(k), the

κ-distribution is also smooth and single-valued. and allows us to rewrite the transmission

function as

τ̄(m) =

�
1

0

e(−κ(g)·m)dg

or more appropriately for a numerical computation, in terms of the discrete summation

τ̄(m) =
N�

i=1

e(−κi·m)∆gi (1.4)

where ∆gi is the weight of the ith quadrature in the summation. Because the integral

in equation 1.4 is smooth, a much larger step size can be used, without much loss of

accuracy, than for the rapidly varying integral in equation 1.3. NEMESIS uses a Gaussian

quadrature scheme to choose between 10 and 20 quadrature points, and find a balance

between sampling accuracy and computational efficiency.

κ-distribution tables are calculated, prior to model runs, for all the temperatures and

pressures found on the planet. These homogeneous κ-distribution tables can be applied

to model layers, each of which are considered to be homogeneous. The name “correlated-

κ” arises from the fact that transmissions are generally well correlated in adjacent layers.

This correlation allows us to add together the transmissions in each layer through use of

the formula

τ̄ =
N�

i=1

exp

�
−

M�

j=1

κijmj

�
∆gi

where κij is a κ-distribution in the ith quadrature point and the jth model layer. Each

layer in the above expression in homogeneous, but given enough homogeneous model lay-

ers, a suitable result is obtained for the mean properties of the entire atmosphere, though

the atmosphere itself is inhomogeneous. Irwin et al. (2008) has found that comparison
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of correlated-κ results with more accurate line-by-line results agree within 5%. This is

acceptable given that uncertainties in gas absorption data and spectral measurements

are often of a similar magnitude. Computational time is drastically reduced, as each gas

requires between 10 and 20 distribution calculations, not thousands as in the line-by-line

method.

1.3 Research Goals

Since methane, a principle constituent of the ice giant atmospheres, is highly absorbing

in the near-infrared, data in this region is particularly suited to retrieving cloud heights

and opacities. Near the methane absorption minima at 0.83, 0.94, 1.05, 1.3, and 1.6 �m,

sunlight is able to penetrate well into the ice giant tropospheres, and emission in these

narrow reflection peaks is indicative of sunlight scattered from the upper troposphere.

Elsewhere in the spectrum, where methane absorbs sunlight over a shorter atmospheric

path length, emission is indicative of reflection from higher cloud layers. Additionally, by

analysing a wide spectral region such as that provided by the near-infrared spectrometer of

the InfraRed Telescope Facility (IRTF), it is possible to obtain detailed information about

the scattering particle’s single-scattering albedos, scattering cross-sections, and refractive

indices, all of which are functions of wavelength.

In the most general terms, it is hoped to use IRTF Uranus and Neptune data acquired

in August of 2009 to extend understanding of the methane and cloud profiles of the ice

giants. As for the methane profiles, it is generally assumed that methane does not vary

with latitude on the ice giants. This assumption is made not because of its probable

validity, but rather because it is generally impossible to distinguish between changes in

aerosol opacity and methane abundance through use of near-infrared Uranus and Neptune

spectra. It is hoped that use of a unique region of the spectrum around 825 nm will provide

a better understanding of how the methane abundance varies with latitude, and from this

improved latitudinal profile obtain a more accurate foundation upon which to base the

cloud analysis.

It is also hoped to extend the analysis based on United Kingdom InfraRed Telescope
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(UKIRT) and Gemini-North observations by Irwin et al. (2007, 2009, 2010, 2011). This

analysis, which focuses on Uranian seasonal change and comparisons to Neptune, does

contain a 2009 observation from Gemini-North, but all Irwin et al. spectrographic data

is longward of 1.02 �m (UKIRT) and 1.48 �m (Gemini). IRTF’s wider spectral range will

allow for a more complete characterisation of the single-scattering albedos and optical

depths of the scattering particles in the upper tropospheric cloud of each planet. In

addition, the smaller wavelengths below 1.0 �m are more sensitive to particle size, and it

is hoped that the limits on particle size for both planets can be refined.

It is hoped to use the wider spectral range and higher sensitivity to particle size to determ-

ine if a second type of particle exists in either planet’s upper haze layer, as predicted by

the ECCMs. If this is the case, it is hoped to create altitude profiles for these upper hazes

and attempt to use their spectral properties to determine possible particle identifications.

1.4 Report Organisation

This report is divided into six chapters followed by a bibliography of cited sources. Chapter

2, “Data Handling”, presents background material regarding the telescope and spectro-

meter used in this study, as well as details of the data reduction process. The chapter

concludes with results of a validation of the reduction process by comparison with Ir-

win et al.’s 2011 Uranus analysis. Chapter 3, “Preliminary Single-Window Retrievals of

Uranus”, presents some early retrievals of cloud opacity at the top of the Uranian tropo-

sphere, compares them with Irwin et al. (2011), and uses transmission spectra to draw

conclusions about what information can reasonably be retrieved form the data. Chapter

4, “Stratospheric Hazes of Uranus”, informed by chapter 3 results, adds a stratospheric

haze layer to the model atmosphere, and presents two types of retrievals of this haze and

the accompanying tropospheric cloud. First, tradiational retrievals which derive cloud

opacity per layer for each layer of the model atmosphere are presented. This is followed

by the introduction of a “simple cloud model” which reduces the number of degrees of free-

dom in the model atmophere, along with early results and some outstanding issues. The

fifth chapter, “Methane on Uranus”, presents a method for deriving latitudinal methane
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abundances on the ice giants, along with early results of this study. Finally, “Conclusions

and Future Work” summarises the results of the previous chapters, presents short- and

long-term goals for the continued progression of graduate study, and closes with a timeline

outlining the proposed completion of a thesis in September 2012.



Chapter 2

Data Handling

The data analysed throughout this report have been obtained from NASA’s IRTF and use

an infrared spectrometer known as SpeX. This chapter provides an overview of telescope

observations in general as well as the specific telescope and spectrometer employed to

acquire this data. The processing performed upon the associated dataset is also discussed,

including methods for choosing the most effective observations and reducing the data into

a calibrated and usable form.

2.1 IRTF SpeX

The atmosphere limits the effectiveness of telescope data whenever observing is done from

the surface of the Earth. The movement of the air molecules through the viewing path,

and the associated change of refractive index of the path, effects the telescope “seeing.”

This blurring of the image worsens the angular resolution achieved by the telescope. Water

vapour in the air places the other principal limitation on the strength of the observational

data, as water vapour is a strong absorber in the infrared, meaning that observations

can only be effectively used in atmospheric windows where water vapour’s absorption

doesn’t have a strong effect. This of course limits the number of reliable data points in

the telescope’s full spectral range.

22
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NASA’s IRTF is a 3.0 metre telescope operated by the University of Hawaii’s Institute for

Astronomy. The IRTF is located near the summit of Mauna Kea, Hawaii, where the high

altitude (4200 m) and relatively dry, stable climate create some of the best ground-based

observing conditions possible. While the small amount of water vapour and generally

calm nature of the air in the viewing path help to ensure high quality data, there is

nevertheless a large range of quality from night to night and even from hour to hour.

SpeX is a medium resolution spectrograph with a spectral range of 0.8 – 5.4 �m, purpose-

built by the Institute for Astronomy. The data for this work was measured in the short

wavelength, cross-dispersed mode (SXD) that operates between 0.8 and 2.4 �m. Raw

data from the SXD viewing mode is sorted into six ‘orders’ by wavelength, with cross-

dispersing prisms (Rayner et al., 2003). Within each order, the strongest signal is received

near the centre, while signal strength decays from this point to either side.

The spectrometer data was acquired with a 0.5 × 15.0 arcsecond slit oriented along the

central meridian of the planet’s disc. The data is imaged onto a 1024 × 1024 pixel

array so that in the raw image, each meridional slice has a total length of 100 pixels.

Given the array size, slit length, and observational technique, each pixel in the array

represents scattered sunlight from a region along the central meridian of the planet with a

longitudinal extent of 0.5”·pixel−1 and a latitudinal extent of 0.15” ·pixel−1. The published

average spectral resolution of SpeX is R = 1200 for a slit width of 0.5” (Rayner et al.,

2003). The effective viewing ranges and spectral resolutions of each of the six orders

(which are numbered 3 through 8) are summarised in table 2.1, along with the window

names that will be used in this report.

2.2 Observation Quality and Selection Criteria

Table 2.2 details the relevant elements of the IRTF dataset captured on three nights in

August, 2009. Angular resolutions noted in the table have been calculated by counting

the number of full-width-half-maximum pixels (at ∼1.6 �m) for each standard star obser-

vation, which given perfect seeing conditions, would be perfect, one-pixel point sources.
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Table 2.1: Wavelength specifications and spectral resolutions for SpeX SXD mode. Spec-
tral resolutions calculated within each order from R = λ/∆λ.

Order Window
Name Wavelengths (microns) Spectral Resolution

8 I 0.81 – 0.90 R ≤ 1200
7 z 0.81 – 1.03 R ≤ 1050
6 J1 0.94 – 1.20 R ≤ 1050
5 J2 1.13 – 1.45 R ≤ 1050
4 H 1.41 – 1.81 R ≤ 1050
3 K 1.88 – 2.42 R ≤ 1050

By multiplying the full-width-half-maximum pixel count by 0.15”·pixel−1, the angular

resolution can be determined. The stellar standards used were HD 1160 (A0 type) and

SAO 146912 (G2 Type).

Noting the wide spread of air masses during the three nights’ observations, as well as

the rough correspondence between air mass and angular resolution (table 2.2), it is clear

that the data contains a wide range of observational value. In the case of Neptune, there

are only six observation pairs from which to chose. In the case of Uranus, however,

there exists a wider selection from which to chose. The most useful frames to analyse

will be those characterised by relatively low air masses and high angular resolutions.

Unfortunately, determining an accurate angular resolution for a planetary observation is

more difficult due to the extended nature of the source. This is because the source is

more than one pixel wide, and the edge of the disc is difficult to define. The problem of

identifying the disc’s edge arises because the atmosphere gradually thins, as opposed to

having a definite termination point, and also because at some wavelengths the disc edge

is subject to limb-brightening. As a result, it is not possible to simply count the pixels in

the full-width-half-maximum as was done with point source stellar standards. Through

a careful qualitative review of the various frames, differences in image resolution were

noted. Frames were then classified based on a qualitative ranking system. Through this

means, ten Uranus frames from among the fourteen observed on the 18th of August were

chosen to use for all the Uranus analysis described in this paper. For upcoming Neptune

analysis, eight of the twelve available frames were chosen.
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Table 2.3: Angular resolutions of Uranus and Neptune observations. H-band values coun-
ted from stellar standard closest in air mass and time to chosen planet observations.
I-band “method 1” values counted from raw planet frames. I-band “method 2” values
calculated from H-band values using equation 2.1.

Target H-Band (arc seconds) I-Band (arc seconds)
Method 1 Method 2

Uranus 0.525± 0.1 0.60± 0.1 0.60± 0.1
Neptune 0.600± 0.1 0.75± 0.1 0.68± 0.1

It is also important, when characterising the angular resolution of ground-based telescope

data, to consider the wavelength-dependent effects of earth’s atmosphere on angular resol-

ution. Due to random and rapidly varying changes in refractive indices within the inhomo-

geneous air column through which incoming radiation must pass, the incoming wavefront

is distorted. This limits the practical resolution which the telescope can achieve. Numer-

ous sources show that this effect is more pronounced at lower wavelengths that approach

the visible. These sources apply the following formula as a good characterisation of the

degradation of angular resolution with decreasing wavelength:

s = sref

�
λ

λref

�−1/5

. (2.1)

In this equation, s is the calculated angular resolution at wavelength λ based upon a known

reference resolution, sref , at wavelength λref (Fried, 1966; Selby et al., 1979; Wynne, 1999).

In chapter 5 in particular, it is important to know the angular resolution in the I-band,

where the data is the least resolved. Given the difficulty already described of directly

measuring this resolution for an extended source, and because equation 2.1 is meant only

as a first-order estimation, both methods are employed and compared, with results as

shown in table 2.3.

“Method 1” refers to the procedure of counting the pixel width in the full-width-half-

maximum across the planet’s central meridian. From this value, obtained from counting

pixels in the I-band, the theoretical polar width of the planet (assuming no distortion

due to atmospheric turbulence or absorption) is subtracted, and take the result to be

the effective pixel resolution for the image. Multiplying this number by the 0.15”·pixel−1
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latitudinal resolution of the array, a value for the I-band angular resolution in arc seconds is

obtained. The largest factors of error in this method arise from the difficulty in accurately

defining the edges of the planet in the I-band image.

“Method 2” refers to the procedure of using equation 2.1 to calculate the I-band resolution.

A reference value is taken from the H-band resolution of the stellar standard observation

that falls closest in time and air mass to the planet observation in question. The H-

band resolution of the stellar standard observation is obtained by counting pixels, as

described above, but is much more accurate since the edges are more well-defined in the

images of stars, and since the star is a point source. The inherent errors in this method

arise from: (1) the fact that the H-band reference for the equation comes not from the

planet observation itself, but from a star observation which doesn’t have precisely the

same air mass, and presumably has a slightly different angular resolution than the planet

observations and (2) the fact that equation 2.1 is only a rough guide to degradation of

angular resolution with wavelength.

As shown in table 2.3, both methods produce results that are consistent within error.

Looking at I-band results only (chapter 5), achievable resolutions will be reduced by less

than 15%, and this reduction should not significantly impact the usefulness of the data.

2.3 Data Reduction

After selection of specific observation frames from which to base the analysis for both

Uranus and Neptune, a great deal of further calibration and processing is required to

reduce the data for input into the retrieval process. Many of the procedures are handled

within an IDL software package, SpeXtool, which is designed to aid in processing SpeX

data (Cushing et al., 2004). This software works quite well for point-source data (such as

stellar standard observations) and correctly handles nearly all data reduction requirements

for the stellar standards. For extended-source data (namely the Uranus and Neptune data)

SpeXtool lacks the ability to reduce more than the centre-of-disc spectra, so additional

IDL routines were written and employed to fill in gaps in SpeXtool’s capabilities. This
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section describes each step required to convert raw SpeX data into a fully calibrated format

upon which retrievals can be based. The same information is summarised graphically in

figure 2.1.

2.3.1 Flatfielding, Basic Calibration, and Background Subtrac-

tion

For all the raw observations, SpeXtool handles the first few steps of data reduction. The

raw images are combined with flatfield frames in order to adjust the images according

to the specific sensitivity of each pixel in the frame. This “flatfielding” ensures that

the zero level is uniform throughout the array and no systematic errors are introduced

due to variations in pixel sensitivity. SpeXtool also performs basic calibrations of both

wavelength and flux.

Lastly, all observations are ’co-added’ to produce spectral image frames. The reason for

this co-adding procedure is to remove any background radiation from the observational

frames. Background radiation may come in the form of “dark current” detected by the

array, and any emissions from the telescope itself (probably not a factor given that the

data is not in the thermal infrared). To allow for co-adding, all observations, both of

stellar standards and of the ice giants are recorded in pairs as the telescope ‘nods’ up and

down. Since both Uranus and Neptune are small enough to fit in the SpeX slit twice, the

nods are performed so that the target lies in the upper half of the slit for the first (‘A’)

frame, and the lower half of the slit in the second frame (‘B’). Both the ‘A’ and ‘B’ images

are integrated for the same length of time so that a the co-added frames should contain

the same amount of background radiation. The co-add procedure used is referred to as

‘A − B’ and involves subtracting the ‘B’ image from the ‘A’ image. This removes any

residual background radiation from the frame, and leaves a single frame with one positive

and one negative image. The spectral data within these two images can be extracted and

added together (positive image minus negative image) to produce a final spectral signal.

An example of the results of this process on one of the Uranus observations is shown in

figure 2.2. For more information on the details of the flatfielding, wavelength and flux



2.3. Data Reduction 29

Figure 2.1: Data Calibration Process
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Figure 2.2: Sample of IRTF Uranus observation. Left frame shows a raw data ‘A’ frame
from SpeX; right frame shows an ‘A-B’ output frame as processed by SpeXtool.

calibrations, and co-adding, see Cushing et al. (2004).

2.3.2 Handling Point-Source Data and Extended Source Data

Since SpeXtool is well-suited to operate on point-source observations, further calibration

was possible within SpeXtool for the stellar standard images. SpeXtool uses the ‘A− B’

co-added frames and locates the central, brightest pixel in both the positive and negative

images. SpeXtool then produces for this central pixel a spectral output for the observed

star in each SXD-mode order. The upper frame of figure 2.3 shows the data for a standard

star observation that is input into SpeXtool, while the lower frame shows the spectrum

produced by SpeXtool.

Unfortunately, SpeXtool does not handle extended sources as thoroughly as point-sources.

To successfully prepare the planet observations for retrieval, several routines from SpeX-

tool were employed. Several new routines were designed to handle the extended source

data, since SpeXtool lacked some functionality which was required. First, various routines

from SpeXtool were used to co-add all the AB pairs selected for each planet, and to pro-

duce a single frame of the averaged A and B observations, as shown in the right panel

of figure 2.2. From this point, SpeXtool can only select the bright mid-point of the data

at each wavelength, and produce one output spectrum as it did for the stellar standards.
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Figure 2.3: Sample of IRTF standard star observation. Upper frame shows raw ‘A’
image; lower frame shows spectrum extracted by SpeXtool, with each order represented
by a different colour.
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Figure 2.4: Sample of IRTF Uranus observation output from a curve-correction code. The
input to this curve-correction code that produces this frame is shown in figure 2.2 (right).

This centre-of-disc observation output would ignore all data for other latitudes on the

planet. In order to keep all latitudinal data, an IDL code is developed to correct for the

curves in the data frame and extract data spectra for each pixel on the target disc. The

curve-corrected data frame is shown in figure 2.4.

2.3.3 Telluric Corrections

When observing from Earth-based instruments, one of the most important considerations

is that radiation from the target is passing through Earth’s atmosphere before reaching the

spectrometer. This means that any spectral results are influenced by the absorbers, like

water, in Earth’s atmosphere. To correctly retrieve and interpret Earth-based data, one

must develop a method of cancelling out the telluric features from your spectrum. SpeX-

tool includes a routine that is well-suited to convert stellar spectra into telluric correction

spectra that can be applied to remove telluric features from the ice giant observations. To

do this, SpeXtool creates a model spectrum of an observed A0 type star. This model spec-

trum can be divided by a real A0 star observation, which produces a telluric correction

spectrum. This correction spectrum, when multiplied by the target observations, removes

any telluricly generated features. This correction spectrum also normalises the spectrum

to negate the intensity variations produced by variations in instrumental throughput. An

example correction spectrum is shown in figure 2.5. To construct the model spectrum
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used to generate this telluric correction, SpeXtool starts with a high-resolution spectrum

of Vega, an A0 type star, and then completes the following procedure:

1. Normalise A0 stellar standard observation near a chosen spectral absorption feature

2. Determine radial velocity shift of the standard star by cross-correlation of the ab-

sorption feature in the observed spectra and the Vega model

3. Shift, scale, and redden Vega spectrum to match radial velocity, brightness, and

redness of observed star

4. Construct convolution kernel from a small region near a dominant absorption feature

found in both spectra

5. Convolve kernel with model

6. Scale equivalent widths of various hydrogen lines in model to match observation

7. Shift model in each order appropriately to make up for random shift in wavelength

calibration

Much of the above process is automated, though there is still a fair amount of user input

required. One important decision of the user is to chose an appropriate absorption feature

to use in steps 1, 2, and 4. The Paschen-delta (Pa-δ) hydrogen absorption line is chosen

because it is strong in all A0 type stars, and is located in the middle of the J1 spectral

window, making it relatively unaffected by telluric absorption. For the normalisation in

step 1, required to account for the instrument’s throughput effects on the spectrum, the

user inputs various regions of the spectrum with high signal-to-noise and few absorption

and emission features. For these user-specified regions, SpeXtool generates various poly-

nomial fits, the best of which must be selected by the user. In step 4, the half-maximum

points of the absorption feature are identified so that SpeXtool could determine the size

of the convolution kernel. This kernel is then used to broaden lines and smooth features

of the model to match those seen in the observation. In step 5, each hydrogen line is

examined in turn by the user, and various scaling factors can be tested until each of the

model’s hydrogen features match the line shape from the observation. This is important,
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Figure 2.5: Sample of IRTF telluric correction spectrum as generated by SpeXtool. Cor-
rection for each SXD order shown in different colours.
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as it removes the final key spectral difference between Vega and other A0 stars. For more

discussion of the process of generating the telluric correction, see Vacca et al. (2003).

SpeXtool did not allow standardisation of step 7 over each latitude (all of which had to

be handled separately). A series of trials with a random sampling of the data showed that

the largest wavelength corrections required were on the order of 5 × 10−4 �m, while most

were substantially smaller than that. Currently, since the data is eventually convolved

and smoothed to a resolution of 2 × 10−3 �m, it was decided to omit step 7 as it would

not effect the final spectra used for retrieval. While the omission of step 7 doesn’t add

uncertainty to the retrievals given the current application of the data, it is possible that

this decision might require rethinking, depending on the specific outcome of the future

work described in section 6.3.

2.3.4 Final Considerations

Before applying these telluric correction spectra to the data, a few slight adjustments

were still necessary. Since the air mass at the time of the standard star observations was

slightly different than the air mass at the time of the planet observations, slight corrections

needed to be made to the telluric correction spectra. An IDL code was written which

computed a normalisation curve for each order’s telluric correction spectrum. Dividing

these normalisation curves by the telluric correction spectra produced plots of effective

atmospheric absorption. From this, constructing an atmospheric transmission plot is

straightforward (T = 1−A for absorption A). The transmission plot is multiplied by e∆a

where ∆a is the difference in air mass between the star and planet observations. This

transmission spectrum is now accurate for the air mass of the planet observation rather

than that of the star. By reversing the transformations (normalisation and absorption to

transmission) a new, air mass-adjusted telluric correction spectrum is produced.

At this point, the telluric corrections for each order are multiplied by the data. All the

latitudes and all the orders are combined, yielding one telluricly-corrected datacube for all

latitudes and across the entire spectral range. A final IDL code finishes the data reduction.

First the code applies photometric calibrations so the intensity of the data is transformed
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from counts to radiance per steradian. Since the current version of the NEMESIS retrieval

code utilises a very coarse solar spectrum and the data is far more spectrally resolved,

adjustments needed to be made to ensure that features weren’t apparent in the data

that would be lost to the retrieval code. To overcome this potential issue, the data is

multiplied by the ratio of the coarse solar spectrum from NEMESIS to a highly accurate

solar spectrum convolved to the data’s resolution. Data reduction is complete when the

data is convolved and smoothed to the resolution of the retrieval code’s κ-tables, and the

geometry data is compiled to assign latitudinal information to each pixel in the data.

2.4 Agreement with 2009 Gemini Data

Since this data reduction pipeline was developed specifically for this research and con-

tained many elements that were not included in the SpeXtool data reduction package,

a validation of the reduction process seems prudent. The outer planets group at Uni-

versity of Oxford’s Atmospheric, Oceanic and Planetary Physics Department (AOPP)

has published research based upon observations of Uranus and Neptune using Hawaii’s

Gemini-North telescope (Irwin et al., 2011). One of these sets of data coincides closely

with the dates of the IRTF ice giant observations in 2009. In order to use the Gemini res-

ults as a verification of photometry and geometry calibrations, September 2009 data from

Gemini-North’s Near infrared Integral Field Spectrometer (NIFS) is used as a comparison

to the August 2009 IRTF data.

Since Gemini NIFS data is more spectrally resolved than that from IRTF, but only covers

the H-band of Uranus and Neptune, it was decided to compare average Uranus brightness

values between 1.571 �m and 1.610 �m, a range centred around the H-band peak. To make

this comparison accurate, further reduction of the Gemini data was necessary, because

the Gemini data covers the entire planet (rather than just the central meridian) at a

much higher angular resolution than IRTF. For this reduction, Gemini data must first

be convolved with a Gaussian point spread function to imitate the spatial resolution of

SpeX (figure 2.6). Secondly, intensities from this convolved image must be averaged over

a series of 0.5” × 0.15” boxes located along the central meridian, to simulate the pixel
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Figure 2.6: September 2009 Gemini NIFS image of Uranus averaged from 1.571 �m to
1.610 �m. Left frame is original image; right frame is image convolved to IRTF SpeX
resolution.

size of SpeX. The results are plotted and compared to IRTF results (figure 2.7) and show

good agreement, thus validating the data reduction process.
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Figure 2.7: September 2009 Gemini variations of radiance along Uranus’ central meridian
(diamonds) compared with August 2009 IRTF results (solid line). Both curves show
averaged data over the H-band peak between 1.571 �m and 1.610 �m.



Chapter 3

Preliminary Single-Window Retrievals

of Uranus

Once the data was properly reduced for retrieval, separate single-band retrievals of aerosol

density for each of the 5 spectral windows were performed. The K-band contains very

poor signal-to-noise ratio and was discarded. For the H- and J2-bands, comparisons of

these retrievals with 2009 Gemini-North results (Irwin et al., 2011) were to serve as a

second validation for the data reduction. For the other windows, the goal was to see if the

data at shorter wavelengths would reveal any further details about the single-scattering

albedos or particle sizes of the Uranian cloud layers.

For all results outlined in this chapter, the NEMESIS retrieval code employed a forward

model modified slightly from that used in Irwin et al. (2010, 2011). The model Uranus

atmosphere is divided into 39 layers extending from 20 bar in the upper troposphere to

0.01 bar in the stratosphere. Over this pressure range, the model atmosphere contains

roughly 84 – 85% molecular hydrogen and 15% helium. Methane, the third and final gas

included in the model, has a variable abundance ranging from 1.6 × 10−2 at the deepest

levels to less than 3 × 10−5 at 0.01 bar (left frame, figure 3.1). Methane absorption was

calculated using the correlated-κ technique, based on κ-tables compiled by Pat Irwin.

The κ-tables were constructed from line data from 0.4 �m to 5.5 �m, resolved to 0.002 �m

(Karkoschka and Tomasko, 2010).

39
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Figure 3.1: Methane abundance in NEMESIS forward model atmosphere (left). Scat-
tering particle cross-sections in NEMESIS atmospheric model (right). Cross-sections are
normalised to 1.0 cm2 / scaled particles at 1.6 �m.

For results in this chapter, the forward model contained one type of scattering particle

with combined Henyey-Greenstein coefficients of f = 1.0, g1 = 0.7, and g2 = 0.0 (see

equation 1.1). The single-scattering albedo for this forward-scattering particle was set at

a preliminary value of 1.0 at all wavelengths. This decision was based on earlier tests

that demonstrated that light did not penetrate through the stratosphere to reach the

upper levels of the troposphere for any single-scattering albedos significantly below 1.0.

The proper value for single-scattering albedo is revisited in section 4.1. The modelled

particles were assumed to cover the observation area completely, reflecting continuous,

large-scale cloud decks and hazes rather than discrete, localised clouds. The scattering

cross-section spectrum used in the model is shown in the right frame of figure 3.1. The

spectrum shown in the figure is based on an estimated size distribution of 1.00 ± 0.05 �m

and a refractive index of n = 1.4 + 0i. Note that cross-sections are then normalised from

units of cm2 / particle to be equal to 1.0 at a wavelength of 1.6 �m.1 A priori values

for the cloud density were set at a very low 4.0 × 10−5 scaled particles / gram for all

layers of the model, ensuring that any thick haze or cloud layers in the NEMESIS output

1
For all NEMESIS model calculations relating to scattering particles, the code uses optical depth per

layer, which it computes by multiplying particle cross-sections (in units of cm
2

/ particle) by the layer’s

particle density (in units of particle / cm
2
). Therefore, normalising the cross-section inputs to be equal

to 1.0 at 1.6 �m does not change the results of the model calculations, but only changes the units of the

aerosol density output from particles / cm
2

to scaled particles / cm
2
. This normalisation is employed so

that the aerosol density output at 1.6 �m will be equal to optical depth, and no further computations

are required to interpret the output (at that wavelength) in units of optical depth.
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Figure 3.2: August 2009 IRTF centre-of-disc radiance measurements (’X’s) and retrieved
model spectra (solid line). IRTF H- (left) and J2-bands (right) at ∼8◦N.

were necessary to correctly model the data, rather than simply artefacts of a cloud profile

assumed in the a priori profile.

3.1 H- & J2-Band Retrievals

Retrievals from the H- and J2-bands were compared with results from UKIRT and Gemini

observations. Model spectra are shown in figure 3.2. Centre-of-disc agreement between

the IRTF retrieved cloud profiles in these bands and the Irwin results was good. Both

IRTF retrievals (figure 3.3) indicate a dominant cloud deck around 2 – 3 bar, as found with

Gemini (figure 3.4), with only a thin haze present elsewhere. The discrepancy between she

specific particle densities in the two plots has been verified to be caused by the differing

single-scattering albedos in the two models.

In examining latitudinal results in the same manner, it is apparent that once again both

IRTF retrievals (figure 3.5) are very similar to the Gemini results (figure 3.6), showing a

dominant cloud deck contained primarily between 1 – 3 bar, rising slightly higher away

from the equator. Such agreement demonstrates that the IRTF data reduction pipeline

as well as the retrieval process are working as intended.
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Figure 3.3: August 2009 IRTF centre-of-disc (∼8◦N) retrieved aerosol density in scaled
particles per gram. Retrievals of IRTF SpeX H- (upper) and J2-band (lower) data. In all
frames: retrieved cloud profile (solid) and error (dotted); a priori cloud profile (dashed)
and error (dot-dash).
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Figure 3.4: September 2009 Gemini-North H-band centre-of-disc (∼7◦N) retrieved aerosol
density in scaled particles per gram. Retrieved cloud profile (solid) and error (dotted); a
priori cloud profile (dashed) and error (dot-dash). Image courtesy of Pat Irwin.

3.2 J1-, z-, I-Band Retrievals

Preliminary retrievals from IRTF data below 1.15 �m did not agree nearly as well with

Gemini-North results, providing evidence that this first-order IRTF model might lack im-

portant, short-wavelength parameters necessary for accurately characterising the planet.

As can be seen in figure 3.7, the cloud profiles retrieved from data below 1.15 �m all show

a dominant cloud feature below the tropopause at 1.0 bar. The aerosol density as well as

altitudinal distribution of aerosol particles within the cloud, however, vary greatly from

one retrieval to the next, with none offering agreement with the Gemini-North results

(figure 3.4). IRTF latitudinal data, shown in figure 3.8, shows similar problems with the

current model, with the trends in the deep cloud retrievals varying greatly from one band

to the next, and none in agreement with Gemini (figure 3.6).

The discrepancies noted in the retrievals of the three shortest bands provide clear evidence

that further refinement of the forward model is required before retrieval results can be

trusted as accurate characterisations of the Uranian atmosphere. Model parameters of
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Figure 3.5: August 2009 IRTF latitudinal retrieved aerosol opacity per bar at 1.6 �m.
Retrievals of IRTF SpeX H- (upper) and J2-band (lower) data.
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Figure 3.6: September 2009 Gemini-North H-band latitudinal retrieved aerosol opacity
per bar at 1.6 �m. Image courtesy of Pat Irwin.

particular interest to evaluate include single-scattering albedos and cross-sectional size

of scattering particles. The possibility of a second particle type that may occur in an

upper, stratospheric haze layer also warrants investigation, a hypothesis that seems to be

supported by non-negligible stratospheric aerosol densities in some, though not all, of the

preliminary retrievals.

3.3 Transmission Plots

To provide one further validation that the first attempted model is capable of probing

to the depths at which this thick cloud feature (well below 1 bar) is detected, contour

plots of atmospheric transmission with wavelength are produced. These results, shown

in figure 3.9, demonstrate that in regions of highest methane absorption (corresponding

roughly to regions between the observed spectral peaks), nearly all light will have been

scattered or absorbed before reaching the tropopause, suggesting that in these areas of

the spectrum, very little information regarding the nature of a supposed tropospheric

cloud will be available. The plot also suggests, however, that in the areas where observed

radiation is at its strongest, that roughly half of the incident radiation is extinguished by

approximately the 2 bar level, and that it is not until well below 5 – 6 bar (I- and J1-band)
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Figure 3.7: August 2009 IRTF centre-of-disc (∼8◦N) retrieved aerosol density in scaled
particles per gram. Retrievals of IRTF SpeX J1- (upper), z- (middle) and I-band
(lower)data . Retrieved cloud profile (solid) and error (dotted); a priori cloud profile
(dashed) and error (dot-dash).
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Figure 3.8: August 2009 IRTF latitudinal retrieved aerosol opacity per bar at 1.6 �m.
Retrievals of IRTF SpeX J1- (upper), z-band (middle), and I-band (lower) data.
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Figure 3.9: Uranian atmospheric transmission according to first-order model. 95%, 55%
and 5% transmission shown for zenith angle of θ = 0◦, corresponding to centre-of-disc
observations.

or even 8 – 10 bar (all other bands) that light can no longer penetrate. This suggests

that the present model should have no difficulty in observing and predicting cloud decks

in the predicted 2 – 3 bar range.



Chapter 4

Stratospheric Hazes of Uranus

Based on the shortcomings of the model employed in chapter 3, it is clear that some

changes are required to accurately model the Uranian atmosphere. To help constrain the

results, retrievals are now attempted for data in all five windows simultaneously. A series

of forward models and retrievals were employed for the equatorial data in an effort to refine

the single-scattering albedo values for the modelled particles. This process determined

a more accurate single-scattering albedo spectra, which was in stronger agreement with

Gemini results that suggested albedos might increase at lower wavelengths (Irwin et al.,

2011). Five-window, simultaneous retrievals also enabled a strong case to be made for the

presence of an optically thin haze somewhere above the lower, 2-bar cloud deck.

4.1 Single-Scattering Albedo

In an attempt to further constrain the retrievals, work was undertaken to obtain a single

model that would fit the data in all five data windows simultaneously. A second constraint

was the conclusion in Irwin et al. (2011) that for a single, deep cloud around 2 bar, single-

scattering albedos, ω̄, must be near 0.7 for wavelengths from 1.45 – 1.75 �m. Once a

suitable cloud was retrieved, forward models were used in an effort to refine the results by

adjusting ω̄. By increasing ω̄ at a certain wavelength, the reflectance at that wavelength

can be increased. Through an iterative process of retrieving cloud profiles and using
49
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forward models to adjust ω̄, a much more accurate model was produced. The result,

shown in figure 4.1, not only fits the data more closely, but also meets the Irwin et al.

criteria.

4.2 Two-Cloud Model

From this improved model, it was noticed that while the peaks fit rather well (with

the exception of the J1 band) the most significant deviation of the model from the data

occurred not at the I/F peaks but between them, in the areas of high methane absorption.

Recall from section 3.3 that these regions of the spectrum probe stratospheric altitudes.

To increase the brightness in these regions, then, one solution might be to include a

stratospheric haze layer in the model. Recall also, that IRTF results from the H- and J2-

windows, as well as Gemini results (figures 3.3, 3.4), all show evidence that the retrieval

is attempting to include a region of slight aerosol opacity in the stratosphere, well above

the principal tropospheric cloud deck.

With all this in mind, a second particle type was added to the model. Like the lower

cloud, this particle is assumed to have a continuous horizontal extent rather than to

occur in discrete areas. It is modelled to be forward-scattering using Henyey-Greenstein

coefficients of f = 1.0, g1 = 0.7, and g2 = 0.0 (equation 1.1), and a refractive index of

n = 1.4 + 0.0i. While some initial tests indicate that particle sizes within a small range

surrounding 0.1 �m all behave very similarly, results shown here all assume a particle size

satisfying a standard gamma distribution for a mean particle size of 0.1 �m and variance

of 10%. As before, cross-sections for the particle are generated from this profile but then

normalised so that at 1.6 �m the particle’s scaled cross-section is 1.0 cm2. Initially, to

ensure that enough light scatters through the new haze layer and reaches the troposphere,

the particle’s single-scattering albedo is set to ω̄ = 1.0. Single-scattering albedos are

shown in figure 4.1 (upper left), where the dotted line represents the lower cloud deck

and the dashed line represents the upper haze; scaled scattering cross-sections are shown

in the upper left frame of figure 4.2. Notice the slight adjustment of the deep cloud’s

single-scattering albedo, which corrects the discrepancy in the J1 band.
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Figure 4.1: Forward model of Uranus observations. Single-scattering albedo in upper-left
frame (section 4.1 single-cloud model: solid line; section 4.2 two-cloud model lower cloud:
dotted; section 4.2 two-cloud model upper haze: dashed). Deep cloud aerosol density in
upper right frame and model fit to data in lower frame (‘X’s are data, line is model fit).



4.3. Simple Cloud Models 52

Once the model was modified to include this second particle, another set of iterated

retrievals and forward models were conducted in an attempt to see what realistic clouds

and hazes would produce the best model fit to the data. It was determined that a retrieval

of both cloud profiles simultaneously was far too under-constrained to be trustworthy.

Instead, the best results were ultimately obtained when only the deep cloud was retrieved,

based on the entire 0.8 – 1.8 �m data spectrum. Instead of retrieving a stratospheric haze,

the model includes a thin, extended stratospheric haze extending from 1.0 – 0.01 bar. This

haze is given a constant 1.5 × 10−5 particles / gram abundance. A haze in which opacity

increases with depth in this manner would be consistent with a photochemically produced

haze that “drizzles” down through the stratosphere. Given this haze, the retrieved deep

cloud as well as the modelled spectrum is shown in figure 4.2.

As further justification for including this haze, figure 4.3 shows the forward model spec-

trum with the deep cloud omitted, and with the stratospheric haze omitted. Notice that

in the image with the deep cloud omitted, only the regions of minimum brightness are

accurately modelled, while in the spectrum where the stratospheric haze is omitted, only

the brightness of the spectral peaks are accurate, while the other regions of the spectrum

are too dark.

4.3 Simple Cloud Models

The spectral fit of the model at this stage is quite good, the haze layer is consistent with

photochemically produced hydrocarbon “rain,” and the retrieved deep cloud is consistent

with those results published by Irwin et al. (2011). Still, the methods used to obtain these

results are not suitable for application across the whole planet. The retrievals were too

under-constrained, and the process of repeated retrievals and manual forward modelling

are too laborious to apply across all latitudes of Uranus, or to use for the latitudinal

extent of Neptune. Currently, testing is underway of the sensitivity and dependability

of using a “simple cloud model” to characterise both aerosols rather than a continuous

abundance profile across the entire 39-layer model atmosphere. This simple cloud model

instead characterises each cloud by specifying its base altitude, its fractional scale height,
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Figure 4.2: Retrieval results for deep cloud when stratospheric haze is included in forward
model. Scaled scattering cross-sections from model (upper left; solid line is deep cloud,
dotted line is stratospheric haze). Retrieved aerosol density (upper right) and modelled
spectrum (lower frame) with model (line) and data (‘X’s).
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Figure 4.3: Forward models showing results with deep cloud omitted (upper) and with
stratospheric haze omitted (lower).
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Table 4.1: Sample retrieval results of 2 cloud layers based on a “simple cloud model.”

Aerosol Layer Opacity
Base

Pressure
(bar)

Fractional
Scale Height

Stratospheric Haze 0.027 1.0 0.93
Deep Cloud Deck 5.5 2.7 0.078

and its overall opacity. Reducing the number of retrieval variables to just three for each

cloud particle seems, at the present time, to provide a promising method of producing a

well-constrained retrieval of both cloud layers based on IRTF data and a priori starting

values. This will allow for automation of the retrieval process at the other latitudes.

For the equatorial region, many retrievals have been done, carefully testing different as-

sumptions and constraints and a priori values. An example of one of the more successful

retrievals is described in table 4.1, with the corresponding model spectrum being compared

to data in figure 4.4. In this model, both cloud layers were simultaneously retrieved given

a priori values that included a 5 – 10% error range for all the variables except the deep

cloud base altitude and scale height, which were allowed to vary essentially unchecked by

the a priori.

4.4 Simple Cloud Model Sensitivity Tests

Before retrieving clouds at other latitudes using this simple cloud model, it must be

determined which of the six parameters can be reliably retrieved from the data, and

which of the parameters, if any, are reasonable to fix at some unvarying value in order

to further constrain the retrieval possibilities. An analysis of these questions is currently

underway, and is summarised here.

As discussed in section 3.3 (figure 3.9), the deep cloud at 2 – 3 bar is well within the

infrared-retrievable portion of the atmosphere. Figure 4.5 shows a revised transmission

curve for the Uranian atmosphere, now including a stratospheric haze in the model. Based

on this plot (which is for a model with a deep cloud opacity that is likely too great), the
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Figure 4.4: Model spectrum (solid line) and observed data (‘X’s) for a sample “simple
cloud retrieval.”
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Figure 4.5: Uranian atmospheric transmission according to simple cloud model including
the two cloud retrieval described in table 4.1. 95%, 55% and 5% transmission shown for
zenith angle of θ = 0◦, corresponding to centre-of-disc observations.

hypothesis is that while successfully retrieving the cloud-top altitude should be possible,

it may not be possible to see the full depth of the cloud. Specifically, as the plot indicates,

as the deep cloud in the model grows in opacity, the depth to which results can be trusted

dramatically reduces. Thus, it might not be possible to trust retrievals of specific base

altitudes and fractional scale heights, but instead simply use these in combination to

predict the pressure level of the cloud-top. If this hypothesis can be verified as true, the

deep cloud scale height will most likely be fixed to some reasonable value, allowing the

base altitude to move, thereby effectively retrieving the cloud-top height.

It has been noted during preliminary testing that results include a wide range of deep

cloud opacity values, which at first glance have no correlation to the corresponding a

priori. Based on this fact, and the knowledge that the deep cloud lies near the bottom
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boundary of infrared model transmission, it is hypothesised that the ability to retrieve

overall opacity of the deep cloud might not exist with current data. It is proposed that it

is more likely that only a minimum threshold will be retrievable, above which any opacity

would allow a model to achieve a successful fit to data. To further test the validity of

this hypothesis, a series of retrievals will be run with a wide range of a priori deep cloud

opacities and associated errors, seeing if a goodness-of-fit parameter achieves its best fit

in a particular opacity, or simply for all opacities over a certain threshold.

As for the stratospheric haze layer, the principal hypothesis about this layer is that it

might not be possible to accurately retrieve base altitude or thickness of this layer, but

only total opacity. This is hypothesised because at many wavelengths, light is transmitting

completely through the haze and then back out through the haze. If this is the case, then

the data should be able to constrain the total opacity of the layer, but not the specific

altitude or vertical extent. To test this conclusion, a series of plots were produced, shown

in figure 4.6, that show goodness-of-fit parameters for the entire 0.8 – 1.8 �m retrieved

model spectrum. For these plots, both cloud base altitudes were fixed, allowing the other

four cloud parameters to vary to produce a good model fit. The first plot displays results

of 150 retrievals, while the second provides added detail (450 retrievals) to the region of

best fits within the first plot. The plots seem to indicate that between the tropopause

(1.0 bar) and 0.05 bar there exists no preferred altitude for the haze layer that produces

better fits than others, supporting the current hypothesis. The plot also shows that the

deep cloud cannot lie below about 14 km.

One remaining puzzle that this presents, as evidenced by comparing figures 4.6 and 4.7

is that when fitting the entire 0.8 – 1.8 �m spectrum, the retrieval process seems to

prefer much higher clouds than found in the H-band only. The H-band retrievals agree

more with results in Irwin et al. (2011), and even the narrow region of overlap at 1.4 bar

seems too high for equatorial cloud bases. More analysis of the fits and other retrieved

parameters for these retrievals is necessary to resolve this seeming discrepancy. One factor

that could lead to this discrepancy, and warrants close examination, is that the H-band

contains a region between about 1.5 �m and 1.6 �m that is densely packed with rapidly

varying methane lines. The κ-tables currently used in this analysis and by Irwin et al.



4.4. Simple Cloud Model Sensitivity Tests 59

-16 -14 -12 -10 -8 -6 -4 -2
Base Altitude (km), Deep Cloud

0

20

40

60

B
as

e 
A

lt
it

u
d

e 
(k

m
),

 H
az

e

9996.30

9996.30

9996.30

9996.30

9996.30

9996.30
9996.30

9996.30

9996.30

9996.30

9996.30

29988.9
29988.9

29988.9

29988.9

29988.9

29988.9

29988.9

29988.9

29988.9

29988.9

29988.9

29988.9

49981.5

49981.5

49981.5
49981.5

49981.5

49981.5

49981.5

69974.1

69974.1

69974.1

69974.1

69974.1

-16 -14 -12 -10 -8 -6 -4 -2
Base Altitude (km), Deep Cloud

        

0

20

40

60

B
as

e 
A

lt
it

u
d

e 
(k

m
),

 H
az

e

 

 

 

 

Figure 4.6: Quality of fit for simple cloud model including two cloud types. Lowest
values (blue) correspond of best fit, while highest values (red) correspond to worst fit.
Fixed parameters are labelled on the axes, with all other cloud parameters being under-
constrained. Lower frame is higher resolution zoom within red box.
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Figure 4.7: Quality of fit for simple cloud model including two cloud types and based only
upon H-band (1.46 - 1.75 �m) data . Lowest values (blue) correspond of best fit, while
highest values (red) correspond to worst fit. Fixed parameters are labelled on the axes,
with all other cloud parameters being under-constrained.

(2010, 2011) contain a poor resolution which forces us to convolve the data, effectively

eliminating some small-scale features. Work is currently underway to validate a new,

more resolved set of line data and incorporate new κ-tables into NEMESIS. These new

κ-tables will make revised retrievals possible, which might change results for any data

that includes this 1.5 – 1.6 �m region.

Once the above hypotheses are rigorously verified, it will be possible to construct retriev-

als, using the simple cloud model, which will be well-constrained and give as results the

maximum amount of information reasonably able to be retrieved from the data at hand.



Chapter 5

Methane on Uranus

One of the principal challenges in modelling the atmospheres of both Uranus and Neptune

is that to date, no conclusive evidence has been published regarding the exact abundance

of methane in their atmospheres, let alone the nature of the latitudinal and altitudinal

variations that could range over several orders of magnitude, as the abundance of water

does in Earth’s atmosphere. Since methane absorption dominates the infrared spectra

of these planets, the methane profile can hardly be ignored when producing atmospheric

models. But since the spectrum is so dominated by methane, there is no easy way of

isolating methane to distinguish its effects on the spectrum from those effects based on

aerosol opacity. The standard procedure for nearly all previous studies of the atmospheres

of both ice giants has been to assume a constant latitudinal methane profile, despite the

knowledge that this assumption is most likely fallacious.

5.1 Collision Induced Absorption of Hydrogen

In a 2009 paper, Karkoschka and Tomasko noted this inaccurate assumption in most pre-

vious studies, and proposed a potential method of isolating methane features from those of

aerosol opacity, potentially providing a way to finally produce latitudinal methane maps.

In their study, they noted that at approximately 825 nm, a rare example exists of where

something other than methane absorption dominates the spectrum of the ice giants. At
61
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Figure 5.1: Scaled I/F with latitude. From 2001 HST data, Karkoschka and Tomasko
(2009) (left frame); from 2009 IRTF data (right frame). In IRTF data, absorption due to
“mostly H” (solid) and “H and CH4 (dashed) are shown.

this wavelength, there is a strong feature of collision-induced hydrogen quadrupole absorp-

tion, the linedata for which has recently been added to NEMESIS. Karkoschka discussed

a method of taking 10 data points of similar spectral brightness and surrounding this

hydrogen feature. Categorising these 10 points into groups depending on which type of

absorption (methane or hydrogen) was dominant then allowed latitudinal curves to be

produced that showed latitudinal variation of spectral brightness due primarily to meth-

ane features, and a similar curve showing spectral brightness variation due primarily to

hydrogen features (see left frame, figure 5.1). The argument was made that were methane

well-mixed with hydrogen throughout the planet, these two curves would exhibit the same

shapes across latitude. But if they didn’t show similar shapes, Karkoschka maintained

that features apparent in both absorbers were due to aerosol opacity, while features appar-

ent only in the methane curve would be due to changes in latitudinal methane abundance.

The HST curves shown in figure 5.1 are interpreted in the study to imply that there is

approximately twice the methane abundance at the equator than at the southern midlat-

itudes (Karkoschka and Tomasko, 2009).

While the spectral resolution of the HST data is significantly better than the IRTF res-
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ults, the 2009 data currently in use provides a much better latitudinal range, covering

everything between the midlatitudes in both hemispheres of the planet. To apply the

same method to IRTF data, the nine data points between 818 and 834 nm were chosen

for analysis. Three transmission plots were produced: the full atmospheric model, the

model with methane absorption removed, and the model with no collision induced hy-

drogen absorption. By comparison of these three plots (figure 5.2), it is determined at

which spectral locations methane absorption is important, and at which locations hydro-

gen absorption dominates the absorption. Classifying the nine points in this way allowed

selection of points for a “mostly hydrogen absorption” latitudinal curve, and another set

of points for “hydrogen and methane absorption.” Results are shown in the right frame

of figure 5.1. Because radiance drops towards the limb, a more clear representation of

relative methane and hydrogen abundance is provided by a plot of the ratio of RH2 /

RCH4+H2 , shown in figure 5.3.

5.2 Results and Implications

While a full and rigorous analysis of these results is yet to be done, the results seem to

support those of Karkoschka and Tomasko (2009), as well as extending them into the

northern latitudes. In both frames of figure 5.1, the discrepancy between the “hydrogen

only” and “hydrogen and methane” curves is great at the equator, and then tapers to a

much smaller difference in the southern, and based on the IRTF data, northern midlat-

itudes. This, as well as figure 5.3, would suggest that there is relatively more methane

absorption occurring at the equator than in the midlatitudes, and would support the

conclusion that the methane abundance increases towards the equator.
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Figure 5.2: Transmission plots for model of collision-induced H2 absorption (top left),
model of methane absorption (top right), and complete atmospheric model showing both
absorptions (bottom). All plots show transmission levels of 5% through 95% at 10%
intervals.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

To date, a data reduction pipeline has been successfully developed for IRTF SpeX ob-

servations made of Uranus and Neptune in August 2009. After verifying the new data

reduction’s validity through comparison to September 2009 Uranus analysis, work began

to retrieve cloud opacities from the IRTF data. Finding agreement with the analysis of

Irwin et al. (2011), preliminary latitudinal cloud profiles for Uranus were produced. These

profiles indicated a thick cloud deck between 1 and 3 bar, which grew slightly higher in

altitude from the equator to the midlatitudes. The data that most closely agreed with

Irwin’s Gemini-North results came from the H- and J2-bands of IRTF SpeX, representing

wavelengths between 1.15 and 1.75 �m.

When extending the range to include IRTF’s other three orders (0.8 – 1.15 �m) strong

evidence was found for a thin haze layer somewhere above this cloud in the stratosphere.

Finding accurate profiles for both the cloud and the haze at the equator proved difficult

to automate, though eventually strong agreement between the model atmosphere and the

data was attained. With this model, haze particles were modelled to be approximately

r = 0.1 �m in size, with a refractive index of n = 1.4 and a single-scattering albedo of

ω̄ = 1.0. While these values are physically plausible, and consistent with the short list of

published constraints and possible particle identities, it is likely that changing these values
66
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will not greatly change results, making it difficult or impossible to generate evidence that

supports one particle profile over another.

The slow process of converging upon equatorial cloud models for a two-cloud model at-

mosphere made it apparent that such a method was neither possible to automate, nor

well-constrained within the context of the data. In an effort to reduce the number of

atmospheric variables and eliminate this under-constraint, work began on a “simple cloud

model” rather than the traditional extended cloud model. Rather than modelling the

clouds with opacity values for each level of the model atmosphere, the clouds are mod-

elled with three parameters each, namely overall opacity, base altitude, and fractional

scale height. In anticipation of applying this model to all latitudes, tests are currently un-

derway to demonstrate what assumptions can be validly applied to these simple models,

and on what information the data can accurately provide analysis.

In addition to cloud opacity retrievals, a study of latitudinal methane abundance is un-

derway, taking advantage of a strong collision-induced hydrogen absorption feature near

825 nm in the I-band. Using this unique point on the Uranus atmospheric spectrum

where methane absorption doesn’t mask all other absorptions, it is possible to distinguish

between methane absorption features and cloud opacity. While preliminary results here

indicated a likely increase in methane towards the equator, further analysis is also required

here before conclusions can be made.

6.2 Short-Term Goals

As already mentioned, testing and refining the simple cloud model is already underway.

This should allow simultaneous retrievals of both cloud types to be performed, drawing

appropriate conclusions based on the true abilities of the retrieval process. Once this

process is completed and it is possible to automate well-constrained retrievals without

making unjustifiable assumptions, work will commence to retrieve cloud properties for

the non-equatorial latitudes within the data, ranging from 51◦S to 67◦N latitude. This

will allow prediction of latitudinal maps of cloud opacity for both the deep cloud decks,

as well as the upper haze layer.
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Beyond this, through several additional series of retrievals, the effects of several parameters

of the haze particles will be undertaken. These haze parameters are uniquely accessible

in IRTF data, thanks to the telescope’s unusually small-wavelength I-, z-, and J1-bands,

well below the range of most near-infrared spectrometry. Preliminary studies show that

particle radii ranging between 0.04 and 0.13 �m all produce similar results, but this early

conclusion needs to be thoroughly tested once the final model is established. In addition,

a similar study must be performed to see what effects different haze particle refractive

indices produce. Once firm evidence for a preferred particle size range and refractive index

can be provided, it will be possible to add this to established single-scattering albedos as

a full characterisation of the scattering physics of the haze. With this characterisation in

mind, a comprehensive literature search must be performed to see if any molecules match

the established criteria at the temperatures and pressures associated with the Uranian

stratosphere.

It is also planned to perform a more thorough analysis of latitudinal methane by using the

results at the 825 nm wavelength region as described in chapter 5, and drawing conclusions

about latitudinal methane abundance variations. If the differences in methane abundance

are as great as suggested by Karkoschka and Tomasko (2009), incorporating latitudinally

dependant methane maps into the models could produce a very different picture of the

planet’s atmosphere.

Thus concluding the current study of the Uranian atmosphere’s clouds, it is intended to

apply the same methods to IRTF data for Neptune. There is significantly less data for

Neptune, and the spatial resolution is not as good due to seeing conditions on the night

of the observation. This combined with the smaller disc size of Neptune will render the

data more limiting, but it is hoped that with well established retrieval processes in place,

a relatively quick analysis of Neptune will be possible to see if the data can provide any

of the same useful information as it has on Uranus.
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6.3 Improved Methane Line Data

In recent months, new methane linedata has become available for the H-band that is

being incorporated into the NEMESIS κ-tables. With this data, it will be possible to

increase the spectral resolution of all the analysis described here.1 While this is unlikely

to produce any dramatic changes in the retrieval results, it will most likely allow slightly

better retrieval fits and slightly more accurate cloud optical depths. Increased κ-table

resolution will also enable slight improvements to be made to the single-scattering albedos

derived from the data.

It is hoped that it will be possible to obtain improved methane linedata for the other

spectral bands as well, because the native SpeX resolution is in fact greater than the

current κ-tables in every band. The current κ-tables require convolution and smoothing

of data that degrades data quality. This degradation effects different SpeX orders by

different amounts, with the largest effect being in the lowest wavelength bands. The

native resolutions for the I-, z-, J1-, J2-, and H- bands are 9.5, 8.3, 7.4, 6.1 and 4.9 times

better than the current κ-table resolution, respectively.

In addition to modest improvement to retrievals already performed, similar to those de-

scribed in the first paragraph of this section, if data that extends all the way to 0.8 �m

can be obtained, it will be possible to refine the latitudinal methane mapping process (see

section 5). Currently, nine data points are available, which enables reasonably accurate

characterisations of the differences in latitudinal aerosol opacity and latitudinal methane

abundance. The native resolution of the I-band data, however, is more than nine times

better than the current κ-table resolution, providing a potential improvement that would

be significant. Any improvement in linedata would allow us to increase the number of

points considered within the collision-induced absorption region in the 818 – 834 nm re-

gion. Clearly, this could significantly improve the results by allowing us a more refined

classification scheme beyond just the two cases of “mostly hydrogen” and “hydrogen and

methane” which are currently in use.

1
Recall from section 2.3.4 that analysis described in this report relies on data that has been convolved

to the present resolution of the κ-tables, 0.002 �m. With the improved κ-tables, resolution in the H-band

will be improved by a factor of 3.7.
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Table 6.1: Projected Timeline

Projected
Completion

Time Allowed
(months) Task

Sep 2012 1 Prepare and Present Findings for 2011 AAS DPS
Meeting and AOPP Departmental Retreat

Oct 2012 1 Incorporate New Methane Linedata

Dec 2012 3
Finish Validating Simple Cloud Retrievals

Retrieve 2 Clouds for all Latitudes of Uranus
Retrieve 2 Clouds for all Latitudes of Neptune

Feb 2012 1
Survey Effects of Varying Haze Particle Size

Survey Effects of Varying Haze Refractive Index
Review Literature to ID Possible Haze Particles

Mar 2013 1

Finish 825 nm Methane Analysis for Uranus
Perform 825 nm Methane Analysis for Neptune
Test Effects of Latitudinal Methane Results on

Retrievals

Jun 2013 3 Reduce, Retrieve, Interpret:
2011 Gemini-North Observations

Sep 2012 3 Write Thesis

6.4 Gemini North

The AOPP outer planet’s group has been granted observation time on Gemini-North for

2011 observations of Uranus and Neptune. With a pipeline already in place for Gemini

data, a more active role will be taken in the data reduction, retrievals, and helping to

complete a paper to extend the seasonal review that has characterised the changes in

Uranian clouds in the years surrounding 2007 (Irwin et al., 2007, 2009, 2010, 2011).

6.5 Graduate Study Timeline

A projected timeline for the next 13 months of study is included in table 6.1.
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