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6Instituto Nacional de Técnica Aeroespacial, Madrid, Spain11

7Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA, USA12

Key Points:13
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Abstract20

Hubble Space Telescope Wide-Field Camera 3 (HST/WFC3) observations spanning 201521

to 2021 confirm a brightening of Uranus’ north polar hood feature with time. The ver-22

tical aerosol model of Irwin et al. (2023) (IRW23), consisting of a deep haze layer based23

at ∼5 bar, a 1 – 2 bar haze layer, and an extended haze rising up from the 1 – 2 bar layer,24

was applied to retrievals on HST Space Telescope Imaging Spectrograph (HST/STIS)25

observations (Sromovsky et al., 2014, 2019) revealing a reduction in cloud-top CH4 vol-26

ume mixing ratio (VMR) (i.e., above the deep ∼5 bar haze) by an average of 0.0019 ±27

0.0003 between 40 – 80◦N (∼10% average reduction) from 2012 to 2015. A combination28

of latitudinal retrievals on the HST/WFC3 & HST/STIS datasets, again employing the29

IRW23 model, reveal a temporal thickening of the 1 – 2 bar haze layer to be the main30

cause of the polar hood brightening, finding an average increase in integrated opacity31

of 1.09 ± 0.08 (∼33% increase) at 0.8 µm north of ∼45◦N, concurrent with a decrease32

in the imaginary refractive index spectrum of the 1 – 2 bar haze layer north of ∼40◦N33

and longwards of ∼0.7 µm. Small contributions to the brightening were found from a34

thickening of the deep aerosol layer, with an average increase in integrated opacity of 0.635

± 0.1 (58% increase) north of 45◦N between 2012 and 2015, and from the aforementioned36

decrease in CH4 VMR. Our results are consistent with the slowing of a stratospheric merid-37

ional circulation, exhibiting subsidence at the poles.38

Plain Language Summary39

Uranus’ north polar hood - a bright cap-like feature encircling the northern polar40

region within its atmosphere - is observed to be brightening over time. Using several ob-41

servations of Uranus captured between 2012 and 2021 by the Hubble Space Telescope,42

this study aims to pinpoint, for the first time, the specific changes occurring within the43

atmosphere leading to this evolution. Analysis of the observations confirmed the predom-44

inant cause of the hood’s brightening as changes in the scattering properties of the at-45

mosphere’s aerosol layers. A vertical aerosol model consisting of 3 distinct haze layers46

was employed to investigate these changes. We find that the hood’s brightening mainly47

stems from changes in the middle haze layer in the model (centred at 1 – 2 bar), find-48

ing a thickening of this layer concurrent with an increase in the reflectivity of its aerosols49

over time at latitudes coincident with the north polar hood (∼45 – 90◦N). Small con-50

tributions to the temporal brightening were also found from a ∼10% reduction in cloud-51

top methane and a thickening of the deepest haze layer in the model (centred at ∼5 bar)52

at north polar hood latitudes.53

1 Introduction54

Uranus’ large axial tilt (∼98◦) drives the most extreme solar forcing experienced55

by any planetary atmosphere in our solar system, leading to seasonal changes in the cloud56

and haze layers present. The past two decades of observation of the Uranian atmosphere57

have revealed several discrete features at various locations and epochs, for example, a58

dark spot, small-scale convective clouds, and convective storm systems (e.g., Irwin et al.59

(2007); Sromovsky and Fry (2007); Irwin et al. (2009); Hammel et al. (2009); Sromovsky60

et al. (2009); Irwin et al. (2011, 2017)). In addition to these, one large-scale latitudinal61

feature observed in the atmosphere is Uranus’ so-called polar ‘hood’, a bright cap-like62

region encircling the pole, which can visibly seen to terminate in the mid-latitudes (Fig.63

2). The hood was initially observed in the southern hemisphere from Voyager 2 obser-64

vations. It was still observed to be present in visible/near-infrared observations (Sromovsky65

& Fry, 2007; Karkoschka & Tomasko, 2009) prior to northern spring equinox (2007), shroud-66

ing the polar region at latitudes south of ∼45◦S. The dissipation of this south polar hood67

into a circumpolar collar (at ∼45◦S) was observed through the equinox. The collar was68

then seen to reduce in brightness, eventually vanishing, with an almost identical circum-69
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polar collar appearing in the north (at ∼45◦N), eventually evolving into a polar hood70

north of ∼45◦N latitude (Irwin et al., 2007; Sromovsky & Fry, 2007; Irwin et al., 2009,71

2012; Sromovsky et al., 2014).72

Observations following this period have confirmed the continued presence of the73

north polar hood, captured with the Hubble Space Telescope’s (HST) Space Telescope74

Imaging Spectrograph (STIS) (Sromovsky et al., 2014) & Wide-Field Camera 3 (WFC3)75

(Irwin et al., 2017) instruments, and the Very Large Telescope’s (VLT) Spectrograph for76

Integral Field Observations in the Near Infrared (SINFONI) (Toledo et al., 2018). Karkoschka77

and Tomasko (2009), using HST/STIS observations of Uranus, revealed latitudinal vari-78

ability in the cloud-top methane (CH4) volume mixing ratio (VMR), decreasing by a fac-79

tor of ∼2.3 from the equator to the pole in the southern hemisphere. Sromovsky et al.80

(2014) then confirmed the existence of this cloud-top CH4 VMR gradient in the north-81

ern hemisphere from 2012 HST/STIS observations, and furthermore, that observations82

implied that the southern and northern cloud-top CH4 depletions were simultaneously83

present during northern spring equinox in 2007. It was concluded that the polar deple-84

tions are likely a persistent feature of Uranus’ atmosphere.85

This motivated Toledo et al. (2018), building on the previous work of Karkoschka86

and Tomasko (2009), to also probe CH4 depletion as a possible source of the bright ap-87

pearance of the polar hood. Their results concluded that the depletion in polar cloud-88

top CH4 VMR was responsible for the hood’s bright appearance, as opposed to latitu-89

dinal variations in the optical properties or abundance of aerosols. Later observations90

of Uranus obtained with HST/STIS in 2015 (Sromovsky et al., 2019) enabled a window91

into the temporal evolution of the hood by comparison with previous observations from92

2012 (Sromovsky et al., 2014). An apparent brightening of the north polar hood with93

time was detailed by Sromovsky et al. (2019) who performed a retrieval study that con-94

cluded that the change was driven by increased aerosol scattering. Sromovsky et al. (2019)95

acknowledged that the persistent polar depletion in upper tropospheric CH4 aids in the96

brighter appearance of the north polar hood, in agreement with Toledo et al. (2018). How-97

ever, it was concluded that this depletion cannot account for the temporal change ob-98

served due to its spectral signature including wavelengths dominated by hydrogen ab-99

sorption and due to the polar depletion in CH4 VMR being found to be ‘generally sta-100

ble’ between the two observations. Toledo et al. (2019) subsequently carried out micro-101

physical simulations to constrain the formation and structure of haze in Uranus’ atmo-102

sphere, revealing timescales for haze particles to grow and settle out to be ≳30 years at103

pressure levels > 0.1 bar. This is too long to explain the observed variations in the haze104

structure over Uranus’ northern hemisphere post-equinox, hinting at a dynamical ori-105

gin of the spatial and temporal distribution of the haze over the poles. To date, no study106

has managed to pinpoint the exact aerosol layer change(s) involved in the brightening107

of the polar hood within a chosen vertical aerosol model, which is what this study in-108

tends to address.109

Irwin, Teanby, Fletcher, et al. (2022), using an array of data sourced from HST/STIS,110

HST/WFC3, the Infrared Telescope Facility’s SpeX (IRTF/SpeX) instrument (a medium111

resolution spectrograph) and Gemini-North’s Near-Infrared Integral-Field Spectrograph112

(Gemini/NIFS), were able to produce an holistic vertical aerosol model simultaneously113

fitting these datasets for both ice giant atmospheres (i.e., Uranus & Neptune). The model114

consists of three layers (outlined in full in Section 2.3): a deep layer assumed to be com-115

posed of a mixture of H2S ice and photochemical haze, a layer of photochemical haze/ice116

at the methane condensation level, and an extended layer of photochemical haze extend-117

ing from this level up through to the stratosphere. This holistic model was then improved118

upon by Irwin et al. (2023) by modifying the deep aerosol layer to be a compact layer119

based at ∼5 bar as opposed to the original diffuse layer.120

We employ the HST/STIS observations from 2012 (Sromovsky et al., 2014) & 2015121

(Sromovsky et al., 2019) in this investigation, in addition to yearly observations of Uranus122
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spanning 2015 – 2021 obtained from the Outer Planetary Atmospheres Legacy (OPAL)123

programme using HST/WFC3. We use the NEMESIS radiative transfer retrieval code124

(Irwin et al., 2008), combined with the modified version of the holistic ice giant aerosol125

model produced by Irwin et al. (2023), to probe the north polar hood brightening and126

identify its origin within this vertical aerosol scheme. The Minnaert limb-darkening ap-127

proximation, which has previously been demonstrated to be an effective method to ac-128

count for centre-to-limb variations when fitting to Neptune VLT/MUSE observations (Irwin129

et al., 2021), is also utilised. We give a full description of the observations used in the130

investigation, followed by an outline of the aerosol model of Irwin et al. (2023) in Sec-131

tion 2. The results of a Minnaert limb-darkening analysis of the HST/WFC3 dataset,132

and results from retrievals carried out on the HST/WFC3 & HST/STIS datasets, are133

then presented in Section 3. A discussion of the results follows in Section 4 with plau-134

sible mechanisms explored. Finally a summary of our results, along with our conclusions,135

are given in Section 5.136

2 Observations & aerosol model137

2.1 HST/WFC3138

Observations of Uranus were obtained using Hubble Space Telescope’s (HST) Wide139

Field Camera 3 (WFC3) instrument in seven different spectral bands defined by WFC3’s140

UVIS medium-band and narrow-band filters, displayed in Fig. 1 and Table 1.141

Table 1. The seven HST/WFC3 filters used by the Outer Planet Atmospheres Legacy pro-

gramme to obtain the observations of Uranus used in this study.

Name (Aperture) λ0 (nm) FWHM (nm)

F467M (UVIS) 467 21.5
F547M (UVIS) 547 70.9
FQ619N (UVIS) 619 6.1
F657N (UVIS) 657 12.1
FQ727N (UVIS2) 727 6.4
F763M (UVIS) 763 70.9
F845M (UVIS) 845 87.6

The observations span 2015 – 2021, each taken ∼1 year apart during 8 HST orbits and142

covering two full rotations of Uranus. Images were navigated using an ellipsoid limb-fitting143

technique with equatorial and polar radii of 25,559 and 24,973 km, respectively. The FQ727N144

data were fringe corrected post-pipeline, resulting in a ∼1.1% correction. Data were re-145

calibrated in accordance with the latest WFC3 calibration pipeline (calwf3 3.6.2), ac-146

counting for time-dependent sensitivity changes, resulting in a ∼0.3 – 0.8% correction147

(dependent on the filter and epoch) (https://github.com/spacetelescope/hstcal/148

releases). Images in each filter were selected in which discrete storms and clouds were149

absent. This was decided in order to avoid such bright discrete features from skewing150

our Minnaert latitudinal analyses. The precise observations used in the analysis are avail-151

able on the MAST archive (James, 2023).152

Fig. 2 displays the images from each WFC3 filter for the 2015 and 2021 datasets153

used. The progress of Uranus’ orbit towards northern summer solstice (occurring in 2030)154

can be seen via the north polar hood swinging further into view as seen from the Earth.155
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Figure 1. The seven HST/WFC3 filters used for 2015 – 2021 observations of Uranus on a plot

of throughput against wavelength in microns. The dashed grey line displays the disc-averaged

reflectivity (I/F) spectrum of the 2015 HST/STIS cube as a reference for the spectral features

captured by each filter.

Figure 2. HST/WFC3 images in each of the seven filters for the 2015 (top) and 2021 (bot-

tom) datasets. The 0.467-µm images include superimposed latitude-longitude grids with spacing

of 15◦ between lines of latitude and 30◦ between lines of longitude. The north pole (at upper

right of disc) is seen to swing further into view over the 6-year timespan between the two sets of

observations as Uranus approaches northern summer solstice in 2030.

2.2 HST/STIS156

Observations of Uranus using the Space Telescope Imaging Spectrograph instru-157

ment on HST were both made using four HST orbits, taken on 27 – 28 September 2012158

(2012-09-27-21:38:11 – 2012-09-28-01:15:31 UT) (Sromovsky et al., 2014) and 10 Octo-159

ber 2015 (14:09:48 – 17:44:54 UT) (Sromovsky et al., 2019). Two of STIS’s gratings, the160

G430L grating covering 290 – 570 nm with a 0.273 nm/pixel dispersion, and the G750L161

grating covering 524 – 1027 nm with a 0.492 nm/pixel dispersion, were utilised. HST/STIS162

is a long-slit spectrometer, but the 51” × 0.10” long-slit was aligned with the planet’s163

polar axis and stepped across the disc at intervals of 0.152” from centre to edge for the164
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G430L grating (because the planet has no high spatial resolution center-to-limb features165

at these wavelengths, interpolation was used to fill in the missing columns of the mosaic),166

and stepped by 0.0562” intervals for the G750L grating, forming a “cube” of half the planet,167

where at each location on the disc a complete spectrum covering 300.4 – 1,020.0 nm was168

recorded at a resolution of 1 nm, sampled every 0.4 nm. The raw data underwent a thor-169

ough post-processing treatment described in Appendix A of Sromovsky et al. (2014), and170

were finally photometrically calibrated using simultaneously obtained HST/WFC3 sup-171

porting observations, producing the final data cubes. We smoothed the HST/STIS ob-172

servations to IRTF/SpeX173

Figure 3. A plot of the reflectivity spectrum extracted from a point at the centre of the disc

of our 2015 HST/STIS observation, demonstrating the significant increase in noise (decrease in

signal-to-noise ratio) longwards of ∼0.95 µm. Images at 0.552 µm, 0.62 µm, 0.83 µm and 0.958

µm are shown above to visually demonstrate the increase in noise, covering representative wave-

lengths from both continuum and methane-absorbing regions.

resolution of 2 nm and sampled on a regular grid of spacing 1 nm. This was due to the174

CH4 absorption coefficients being used being at the same resolution as IRTF/SpeX (i.e.,175

resolution of 2 nm) (Karkoschka & Tomasko, 2010), allowing us to achieve more efficient176

retrieval times after smoothing without losing any true resolution in the data.177
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It should be noted that for the 2015 cube, an error in the program resulted in half178

of the half-disc being covered with STIS’s nominal 0.05” slit instead. This produced a179

higher spectral resolution at the cost of a significant reduction in signal to noise ratio.180

The data were pipeline processed, extracted, calibrated, and combined with the uniform181

spatial and spectral sampling above, described in Sromovsky et al. (2019).182

Uranus rotated more than 45◦ over the course of these observations, resulting in183

the assumption of a high degree of zonal symmetry in Uranus’ atmosphere being embed-184

ded within our analysis from the outset. Finally, it should be noted that the data long-185

ward of ∼950 nm was significantly effected by noise for both observations, demonstrated186

by the plot and images in Fig. 3. This region of the spectrum was therefore omitted from187

the analysis to avoid the low signal-to-noise ratio (SNR) skewing our retrieval results.188

2.3 Aerosol model189

The vertical aerosol distribution model used in this investigation is that of Irwin190

et al. (2023) (IRW23), an improved iteration of Irwin, Teanby, Fletcher, et al. (2022)’s191

holistic aerosol model applying to both ice giant planets. The significant difference be-192

tween the two models is that the IRW23 model replaces the diffuse deep aerosol layer193

with a compact one based at ∼5 bar, providing significant improvements to retrieved lat-194

itudinal profiles (Irwin et al., 2023). This consists of: 1) a deep compact aerosol layer195

centred at p ≃ 5 bar, assumed to be composed of a mixture of H2S ice and photochem-196

ical haze (aeorsol-1); 2) a layer of photochemical haze/ice, coincident with a layer of high197

static stability at the CH4 condensation level at 1 – 2 bar (aerosol-2); and 3) an extended198

layer of photochemical haze, likely mostly of the same composition as the 1 – 2-bar layer,199

extending from this level up through to the stratosphere (aerosol-3) (Irwin et al., 2023).200

This is displayed in Fig. 4.201
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Figure 4. Plot of particle density against pressure retrieved from the disc-averaged HST/STIS

2015 observations using the IRW23 vertical aerosol model.
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3 Analysis & results202

3.1 Minnaert analysis of HST/WFC3 observations203

The Minnaert limb-darkening approximation (Minnaert, 1941) provides an efficient204

way to model the centre-to-limb variations of a given observation of a planet’s full disc.205

The model approximates the reflectivity, I
F , for a given observation at a particular wave-206

length, taking the form:207

I

F
=

(
I

F

)
0

µk
0µ

k−1 (1)208

Where
(
I
F

)
0
is the fitted nadir reflectance, k is the fitted limb-darkening param-209

eter and µ & µ0 are the cosines of the viewing and solar zenith angles, respectively. This210

model has been successfully vetted for work carried out on VLT/MUSE Jupiter obser-211

vations (Pérez-Hoyos et al., 2020), and more relevant to our work, on HST/STIS Nep-212

tune observations (Irwin, Teanby, Fletcher, et al., 2022) and VLT/MUSE Neptune ob-213

servations (Irwin et al., 2021) in conjunction with the same NEMESIS radiative trans-214

fer retrieval code used in this investigation.215

Figure 5. Plot of the fitted Minnaert parameters
(

I
F

)
0
and k versus latitude for the 0.845

µm filter observations of our HST/WFC3 dataset of Uranus. A clear trend is observed of a rela-

tively large increase in brightness (i.e.,
(

I
F

)
0
) north of ∼45◦N over time. A very similar trend is

also observed in the limb-darkening parameter, k. The legend applies to both plots. The black

dashed line on the lower plot represents the transition point between limb-darkening (k > 0.5)

and limb-brightening (k < 0.5). Errors are shown to 3σ and have been scaled according to Eqn.

2 to account for the lack of constraint at high latitudes.

We first applied the approximation to our HST/WFC3 dataset in order to carry216

out a latitudinal analysis of the fitted Minnaert parameters. The disc was divided into217

latitude bands of width 10◦, stepped across the disc with step size 5◦. These latitude bands218

were then fit to Eqn. 1 individually, fitting profiles for the Minnaert parameters I
F 0

(ϕ)219
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and k(ϕ) as functions of latitude, ϕ, in each of the seven spectral filters. It should be noted220

that as we move to high northern latitudes, the lack of zenith angle coverage results in221

the limb of the planet no longer being captured by the latitude bands defined above, mean-222

ing the fits of the limb-darkening parameter k are less reliable (cutoff latitude bands cen-223

tred at 60◦N for 2015 and at 35◦N for 2021). This increase in uncertainty is incorporated224

into the latter retrieval work in this paper by a scaling of the measurement errors with225

latitude, defined in Subsection 3.2. An alternative method to account for the added un-226

certainty by fixing k to the average value of all latitudes north of the cutoff latitude was227

attempted, but this did not produce physically plausible results near to the north pole.228

The motivation behind this initial analysis is the Minnaert approximation’s abil-229

ity to provide a measure of brightness independent of viewing angle. This appears in the230

form of the fitted
(
I
F

)
0
parameter, enabling a direct comparison of the brightness be-231

tween different regions on the disc. Figs. 5 & 6 show the results for two of the spectral232

filters, 0.845 µm and 0.727 µm, chosen as representative filters in which the polar hood233

is distinctly visible and in which it is not visible, respectively (see Fig. 2).234

Figure 6. Plot of the fitted Minnaert parameters
(

I
F

)
0
and k versus latitude for the 0.727 µm

filter observations of our HST/WFC3 dataset of Uranus. No clear, simple trend in the Minnaert

parameters is observed with time, but an overall small but fairly consistent brightening across

latitudes is seen across the entire timespan of the data. The legend applies to both plots. Errors

are shown to 3σ and have been scaled according to Eqn. 2 to account for the lack of constraint at

high latitudes.

The latitudinal profiles of the fitted Minnaert parameters correlate very well with235

the north polar hood. Namely, for wavelengths in which the polar hood is distinctly vis-236

ible (e.g., 0.845 µm), the observed increase in brightness at northern polar latitudes with237

time is significantly more pronounced than that of equatorial latitudes or the mid-latitudes238

(average increase in reflectivity of ∼0.0044/year at 65◦N compared to ∼0.00084/year at239

30◦N, a ∼5.25-fold difference), and for wavelengths in which the polar hood cannot be240

clearly discerned (e.g., 0.727 µm), there is no such asymmetry in the change in bright-241

ness in the northern hemisphere, or one of a much lesser degree.242
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This result is significant insofar as it confirms a ‘true’ brightening of the polar hood,243

ruling out any apparent brightening effects due to changes in the viewing geometry as244

significant contributors. This suggests that the main contributors to the polar hood bright-245

ening over time must originate from changes in the cloud-top CH4 VMR (i.e., atop the246

∼5 bar deep haze layer) and/or changes in the aerosol layers within Uranus’ atmosphere247

(changes in scattering and/or optical properties). This is reflected by the fact that the248

0.727 µm filter probes high up in the troposphere (≲ 1 bar) and shows no signs of the249

bright polar hood or its evolution with time, whereas the 0.845 µm, probing pressures250

of a few bars that coincides with the expected location of the aerosol layers and also the251

pressure sensitivity to CH4 VMR, shows a strong signature of the hood and its bright-252

ening.253

Figure 7. Plots of the average rate of change in brightness (i.e., the rate of change in
(

I
F

)
0
)

against the 1-year time window considered. datapoints are calculated from the average change

across polar hood latitudes (45 – 90◦N) between consecutive years in the HST/WFC3 dataset.

Plots are separated by the filters in which the hood is distinctly visible (top) and in which it is

not (bottom) (see Fig. 2). Linear fits to the datapoints from each filter are included. These fits

display trends of a decrease in the rate of brightening with time within the hood for the filters in

which it is distinctly visible (0.619, 0.657, 0.763 and 0.845 µm), and trends of a virtually constant

rate of brightening in comparison for those in which the hood is not (0.467 and 0.727 µm). The

0.547-µm filter does in fact show an increased signature of brightening at polar hood latitudes

(45 – 90◦N) compared to equatorial & mid-latitudes despite the hood not being clearly visible

(see Fig. 2), and shows a trend of a decrease in the rate of brightening over time here.

Fig. 5 also appears to show signs of a decrease in the amount of brightening year254

on year. To investigate this, we took the average change in brightness (i.e., change in
(
I
F

)
0
)255

over the polar hood latitudes (45 – 90◦N) between successive years for each WFC3 fil-256

ter and plotted these along with linear fits to observe any potential trends (Fig. 7). We257

indeed observe a tentative slowing in the rate of brightening for the filters in which the258

hood is distinctly visible over the timespan of the dataset. This suggests that the change(s)259

responsible for the polar hood brightening, and the underlying mechanism(s) involved,260
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could be slowing down with time. The filters in which the hood is not visible show ten-261

uous trends by comparison. Note that the 0.547-µm filter (Fig. 7) does in fact show an262

increased signature of brightening at polar hood latitudes (45 – 90◦N) compared to equa-263

torial & mid-latitudes despite the hood not being clearly visible.264

3.2 Latitudinal CH4 profile from HST/STIS observations265

Due to the lack of spectral resolution in the HST/WFC3 observations, we cannot266

directly retrieve the latitudinally-dependent cloud-top CH4 VMR profile using the method267

of Karkoschka and Tomasko (2009). This utilises the 818 – 832 nm region of Uranus’ spec-268

trum, which is dominated by hydrogen collision-induced absorption (CIA), to compare269

to regions dominated by CH4 absorption, enabling a degeneracy that exists between cloud-270

top pressures and the cloud-top CH4 mixing ratio within retrievals to be broken. Thus,271

HST/STIS observations, possessing a high spectral resolution, were employed in order272

to probe the temporal stability of the polar depletion in cloud-top CH4 VMR in an at-273

tempt to test the conclusion of Sromovsky et al. (2019), and also to retrieve a latitudi-274

nal CH4 profile to inform our latter retrievals on the HST/WFC3 dataset. In order to275

carry out CH4 retrievals we first need to assume a vertical profile for the VMR. A sim-276

ple ‘step’ model was adopted, similar to that of Irwin et al. (2021), with variable ‘deep’277

CH4 VMR, limited to 100% relative humidity above the condensation level, but limited278

to a stratospheric VMR of 1 ×10−4. This model returns the mean CH4 VMR in the re-279

gion of sensitivity (∼2 – 4 bar), providing a parameter that is easy to interpret and com-280

pare with previous studies, as opposed to the more physically plausible descended pro-281

file (e.g., Sromovsky et al. (2019)’s recent model) (Irwin et al., 2021).282

To efficiently model the observed centre-to-limb variations of the HST/STIS ob-283

servations, we again employed the Minnaert limb-darkening approximation described in284

Section 3.1. The observations were Minnaert-analysed in latitude bands of width 10◦ across285

the disc with a step size of 5◦, deriving spectra for
(
I
F

)
0
(λ) and k(λ) as functions of wave-286

length, λ. Uranus is sufficiently distant from the Earth and the Sun such that the so-287

lar zenith angle and viewing zenith angle can be approximated to be the same (i.e., µ =288

µ0), simplifying the Minnaert equation to I
F =

(
I
F

)
0
µ2k−1. The fitted Minnaert pa-289

rameters
(
I
F

)
0
(λ) and k(λ) were then used to generate reconstructed spectra at two view-290

ing zenith angles (0◦, 61.45◦), corresponding to two of the five zenith angles of the Gauss-291

Lobatto multiple-scattering radiative transfer model used within the NEMESIS retrieval292

code. The higher angle is large enough to ensure that we fully capture the observed limb-293

darkening (or limb-brightening), and is coincident with one of the Gauss-Lobatto quadra-294

ture angles, saving the need for any interpolation (Irwin et al., 2021). These reconstructed295

spectra were then implemented as a set of “measured” observations to feed into NEME-296

SIS retrievals. Using Eqn. 1, we can reproduce the observations at any other zenith an-297

gle, assuming that the Minnaert approximation holds at all other zenith angles in our298

zenith-angle quadrature scheme, which Irwin et al. (2021) found to be a good approx-299

imation for their analysis of VLT/MUSE Neptune observations.300

The NEMESIS retrieval code was recently updated to incorporate the effects of Ra-301

man scattering and polarisation (Irwin, Teanby, Fletcher, et al., 2022), important for wave-302

lengths < 0.55 µm in Uranus’ atmosphere. To fully capture the effects of these phenom-303

ena on reflectivity at the limit of our wavelength range (0.3 µm), we extrapolated the304

reflectivity at 0.3 µm down to 0.2 µm with a 0.001 µm interval (setting each reflectiv-305

ity value to that at 0.3 µm). These extrapolated reflectivity values were then multiplied306

by the solar spectrum at the corresponding wavelength and given very large errors (100%)307

to prevent NEMESIS from trying to fit to them and skewing our retrievals, whilst simul-308

taneously incorporating effects from Raman scattering and polarisation.309

Similar to Irwin, Teanby, Fletcher, et al. (2022), we found that we were able to fit310

the HST/STIS reflectivity spectra to a precision of reduced-χ2 ∼ 1 if we assumed the311
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errors to be equivalent to 1/50 of the peak reflectivity in each wavelength bin (0.1 µm312

bin width with a step size of 0.05 µm). This estimated error covers unknown systematic313

uncertainties from sources such as the Lucy-Richardson spatial deconvolution applied314

to the HST/STIS data, the inhomogeneous aerosol structure, and the methane absorp-315

tion k-table parameters (Irwin, Teanby, Fletcher, et al., 2022). The spectral fit of the316

IRW23 model to the Minnaert-reconstructed disc-averaged spectrum is shown in Fig. 8,317

having a reduced-χ2 of 1.16.318

Retrievals were then carried out on the individual latitude bands over the full wave-319

length range, with the free parameters in our aerosol model being: aerosol-1 integrated320

opacity (τ1), aerosol-2 integrated opacity (τ2) & base pressure (p2), aerosol-3 integrated321

opacity (τ3) and cloud-top CH4 VMR. All parameters were given 100% a priori errors.322

The imaginary refractive index spectrum of each layer, defining the reflection/absorption323

profile of its aerosols with wavelength, was also allowed to vary with 10% a priori er-324

rors (the real part of the refractive index was set to 1.4 at 0.8 µm for each layer).325

Figure 8. Plot of disc-averaged radiance against wavelength for the 2015 HST/STIS cube

at the two chosen Minnaert zenith angles (0◦, 61.45◦), displaying the spectral fit to the disc-

averaged reconstructed Minnaert spectrum of the IRW23 aerosol model. The fit has a reduced-χ2

value of 1.16. Note, residuals are divided by the error on the measured spectrum.

When carrying out latitudinal analyses on these data, it is important to account326

for the fact that the viewing angle becomes limited as we move from the middle of the327

disc towards northern polar latitudes or southern mid-latitudes (due to the orbital phase328

moving towards northern summer solstice after northern spring equinox in 2007), result-329

ing in reduced constraints on our retrievals and Minnaert fits. We accounted for this re-330

duction in constraint within the errors extracted from our Minnaert analyses at each vis-331

ible latitude band for the two datasets. We carried this out by implementing a scaling332

factor that was applied to the assumed errors described above (1/50 of the peak reflec-333

tivity in each wavelength bin). Our yardstick was chosen as the number of datapoints334

in each latitude band within our Minnaert analysis (i.e., the number of datapoints on335

the µ I
F vs µµ0 plot). This scaling factor was normalised such that it is equal to unity336
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for the visible latitude band with the largest number of datapoints, and therefore increases337

as we move away from the centre of the disc. This scaling factor is defined in Eqn. 2:338

fϕband
=

√
nmax

n
(2)339

Where fϕband
is the scaling factor (fϕband

≥ 1) for a given latitude band ϕband, n340

is the number of datapoints in the latitude band being considered, and nmax denotes the341

largest number of datapoints found within a single latitude band across all visible lat-342

itude bands.343

The resulting spectral fits of these retrievals at representative latitude bands, in344

the equatorial and polar regions, are shown in Figs. 9 and 10.345
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Figure 9. Plots of radiance against wavelength showing the spectral fits at the two chosen

Minnaert zenith angles (0◦, 61.45◦) for retrievals carried out on the 2012 STIS observation at

representative latitude bands of 10 – 20◦N (top) & 50 – 60◦N (bottom). Note, residuals are di-

vided by the error on the measured spectrum.
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Figure 10. Plots of radiance against wavelength showing the spectral fits at the two chosen

Minnaert zenith angles (0◦, 61.45◦) for retrievals carried out on the 2015 STIS observation at

representative latitude bands of 10 – 20◦N (top) & 50 – 60◦N (bottom). Note, residuals are di-

vided by the error on the measured spectrum.

The resulting retrieved latitudinal profiles of cloud-top CH4 VMR are displayed346

in Fig. 11. It can be seen that the retrieved profiles for the two datasets are largely sim-347

ilar. However, a small but distinct reduction in cloud-top CH4 mixing ratio is observed348

between ∼40◦N and 80◦N, coinciding with the north polar hood. This suggests that a349

contributing factor to the temporal brightening between the two observations does in-350

deed originate from a further depletion in polar cloud-top CH4 mixing ratio with time.351
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Figure 11. Plot of volume mixing ratio against latitude displaying the latitudinal profiles of

the cloud-top CH4 mixing ratio retrieved from the 2012 & 2015 STIS observations. The two pro-

files appear largely similar, however, the 2015 profile shows a small reduction in cloud-top CH4

mixing ratio between ∼40 – 80◦N. The established negative gradient in cloud-top CH4 mixing ra-

tio when moving from equator to pole is clearly seen. The black dashed line denotes the a priori

value of 2.97%.

However, due to the fact that it is not entirely clear how the latitudinally-dependent cloud-352

top CH4 VMR varies in the northern hemisphere over short (≤ 1 yr) or long timescales353

(≥ a few years), further observations and retrieval work would be required to confirm354

whether this is a continued trend over time. It is entirely plausible that there may be355

interseasonal variability in the cloud-top CH4 VMR over short or long timescales in this356

dynamically active region. The conclusion of this depletion being ‘generally stable’ over357

time by Sromovsky et al. (2019) appears to be a safe and conservative one in light of this.358

We thus assert that this conclusion holds for the timespan of our HST/WFC3 dataset359

(2015 – 2021), enabling us to fix the latitudinal cloud-top CH4 VMR profile for our HST/WFC3360

retrievals to that retrieved on the 2015 HST/STIS observation (Fig. 11), the closest avail-361

able high resolution observation in time to these data and therefore our best estimate.362

3.3 Brightening of the north polar hood from HST/WFC3 observations363

We applied the IRW23 model to our HST/WFC3 dataset with the imaginary re-364

fractive index spectra and cloud-top CH4 VMR profile fixed to that retrieved from the365

2015 HST/STIS observation at each latitude. We Minnaert-analysed the observations366

and, due to WFC3’s lack of spectral resolution, set the assumed errors to 1
50 of the peak367

reflectivity within 0.1 µm wavelength bins, stepped by 0.05 µm, across the wavelength368

range of each WFC3 filter (reflectivity values were taken from the disc-averaged 2015 HST/STIS369

observation to determine these errors). We used the Minnaert fits to generate reconstructed370

spectra at the two chosen zenith angles (0◦, 61.45◦). The scaling factor from Eqn. 2 was371

also implemented in an identical manner to capture the increase in uncertainty toward372

the extremities of the disc.373
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Retrievals were then carried out on the individual latitude bands using all seven374

WFC3 filters, with the free parameters in our aerosol model being the: aerosol-1 inte-375

grated opacity (τ1), aerosol-2 integrated opacity (τ2) & base pressure (p2), and finally376

aerosol-3’s integrated opacity (τ3). All parameters were given 100% a priori errors. Spec-377

tral fits of the resulting retrievals at representative latitudes for the 2015 observations378

are shown in Fig. 12. Comparable fits were achieved for retrievals on the observations379

in each of the proceeding years.380

Figure 12. Spectral fits at the two chosen Minnaert zenith angles (0◦, 61.45◦) for retrievals

carried out on the 2015 WFC3 observations at representative latitude bands of 10 – 20◦N (top) &

50 – 60◦N (bottom), with reduced-χ2 values of ∼1.53 and ∼0.66 respectively. Note, residuals are

divided by the error on the measured spectrum.
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Figure 13. Latitudinal profiles in the northern hemisphere of the free parameters in the

IRW23 vertical aerosol model retrieved from the entire HST/WFC3 dataset: aerosol-1 integrated

opacity (τ1), aerosol-2 base pressure (p2) and integrated opacity (τ2), and aerosol-3 integrated

opacity (τ3).

Figure 14. Latitudinal profiles in the northern hemisphere of the free parameters in the

IRW23 vertical aerosol model retrieved from the 2015 & 2021 HST/WFC3 observations only:

aerosol-1 integrated opacity (τ1), aerosol-2 base pressure (p2) and integrated opacity (τ2), and

aerosol-3 integrated opacity (τ3). This plot demonstrates the overall change over the 6-year

timespan of the dataset, showing an increase in τ2 northwards of ∼45◦N as the only definitive

change.
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The retrieved latitudinal profiles of the free parameters were then plotted for the381

northern hemisphere to pinpoint the exact aerosol layer changes responsible for the po-382

lar hood brightening. The results are displayed for all years, and for the 2015 & 2021383

datasets only, in Figs. 13 and 14 respectively. Our retrieval results clearly point to the384

integrated opacity of the 1 – 2 bar haze layer within the IRW23 model as the main cul-385

prit of the brightening, retrieving an average increase in the integrated opacity between386

45 – 90◦N from 2.9 ± 0.2 to 4.1 ± 0.2, a 1.2 ± 0.3 increase (i.e., a ∼41% increase) at 0.8387

µm, between 2015 and 2021. All other retrieved profiles for the free parameters are con-388

sistent with no change across all northern latitudes over the entire timespan of the dataset.389

Note the large values of τ1 and its sharp increase at ∼30◦N were a consistent pattern seen390

in all retrievals carried out on this dataset. This is a result of τ1 having a strong corre-391

lation with the imaginary refractive index spectrum of aerosol-2, as well as the CH4 VMR392

(i.e., changing the a priori values for these parameters significantly affects the retrieved393

τ1 profile), which are both fixed for these retrievals, resulting in large retrieved values394

of τ1 to compensate. The values retrieved at the equator (∼15 – 20) compared to the395

peak at 30◦N (∼30 – 60) are observationally indistinguishable.396

The limited spectral resolution of the WFC3 instrument means that we are unable397

to reliably retrieve any change in the imaginary refractive index spectra of our aerosol398

layers with any confidence. As these spectra describe the optical properties of the aerosols,399

detailing the degree to which they are absorbing or reflecting for a given layer, this re-400

mains an important missing piece of the puzzle.401

3.4 Further latitudinal analysis from HST/STIS402

We sought to clarify whether or not an increase in τ2 alone was sufficient to account403

for the spectral fingerprint of the polar hood brightening observed. This fingerprint is404

Figure 15. Plot of the 2012 & 2015 HST/STIS polar spectra extracted between 50◦N and

90◦N for our two chosen Minnaert zenith angles (0◦, 61.45◦). A clear increase in the radiance

(i.e., a brightening) can be seen longwards of ∼0.6 µm between the two spectra. The residuals

display the spectral fingerprint of this brightening. The brightening occurs predominantly at

continuum wavelengths, suggesting that its main source originates from aerosol layer changes

as opposed to changes in cloud-top CH4 VMR. Note, residuals are divided by the error on the

measured 2012 spectrum.
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Figure 16. As Fig. 15 but for the equatorial region (20◦S to 20◦N). Very little difference

between the two measured spectra is observed. Note, residuals are divided by the error on the

measured 2012 spectrum.

displayed in Fig. 15 in which an increase in radiance between the two polar spectra long-405

wards of ∼0.6 µm is observed, with the brightening occurring predominantly at contin-406

uum wavelengths, suggesting that its main source originates from aerosol layer changes407

as opposed to changes in cloud-top CH4 VMR (equatorial spectra extracted between 20◦S408

– 20◦N show no difference between the two observations within error (Fig. 16)). We em-409

ployed a forward model approach with the NEMESIS retrieval code to carry out this anal-410

ysis. In the scenario that an increase in τ2 alone is not sufficient to match the observa-411

tions, this approach affords the opportunity to narrow down additional parameters within412

our model that may be responsible for the observed brightening’s spectral signature.413

Upon running a forward model with an increase in τ2 alone (see Fig. 17), it became414

evident that this scenario was very unlikely to be the full picture. Although this solu-415

tion was able to reproduce a similar spectral brightening longwards of ∼0.6 µm, it also416

produced a darkening at wavelengths short of ∼0.55 µm. In light of the conclusions reached417

in Subsection 3.3, the simplest and most logical next step was to test changing the imag-418

inary refractive index spectrum of aerosol-2 (ni2), in addition to an increase in τ2. To419

counteract the short-wave darkening caused by the increase in τ2, the aerosol particles420

need to be more reflective (i.e., a decrease in ni2). We therefore ran a forward model with421

a decrease in ni2 at all wavelengths and an increase in τ2, displayed in Fig. 18.422

This forward model matches the observed spectral fingerprint of the polar hood bright-423

ening fairly well. For completeness’ sake, we tested forward models for all other combi-424

nations of parameters (including changes in the imaginary refractive index spectra of aerosol-425

1 and aerosol-3) involving an increase in τ2, as well as models without increasing τ2. The426

combination of increasing τ2 and decreasing ni2 was the simplest model that matched427

the observations fairly well. Informed by this forward model study, latitudinal retrievals428

were then carried out in an identical manner to those in Subsection 3.2, but in this case,429

with ni2 the only imaginary refractive index spectrum free to vary.430

–20–



manuscript submitted to JGR: Planets

Figure 17. Plot comparing the retrieved spectrum of the IRW23 best-fit model at polar lati-

tudes (50 – 90◦N), carried out on the 2012 HST/STIS observation, to a forward model spectrum

of a modified version of this model, testing an increase in the integrated opacity of aerosol-2 (τ2).

The residuals show a clear difference in profile from those of Fig. 15, suggesting that an increase

in τ2 alone is not sufficient to explain the nature of the observed polar hood brightening. Note,

residuals are divided by the error on the best-fit model’s measured spectrum.

The results of these retrievals are projected onto synthetic discs of Uranus in Figs.431

19 & 20, where the half-disc has been mirrored to create a full synthetic image of Uranus’432

disc. The trends observed in τ1, τ2 and cloud-top CH4 VMR are consistent with strong433

subsidence in the polar domain in both the middle & upper tropospheres (Fletcher et434

al., 2020), resulting in the observed polar depletions (relative to the equatorial region).435

The τ3 profile displays a concentration of haze in the equatorial region, suggesting a trans-436

port of haze from here to higher latitudes (Fletcher et al., 2020).437

The results are also plotted in Fig. 21 displaying the comparison between the re-438

trieved latitudinal parameter profiles in the northern hemisphere, and Fig. 22 displays439

the retrieved imaginary refractive index spectrum profiles at wavelength intervals of 0.1440

µm. We see the same distinct increase in integrated opacity north of 45◦N that we found441

from our WFC3 retrievals (see Fig. 14), here by an average of 1.09 ± 0.08 at 0.8 µm (a442

∼33% increase). We also see the same decrease in cloud-top CH4 VMR as Fig. 11, here443

by an average of 0.0019 ± 0.0003 between 40◦N – 80◦N.444

However, in addition to these changes noted from the aforementioned retrieval anal-445

yses of the HST/STIS & HST/WFC3 observations, we also see an increase in integrated446

opacity by an average of 0.6 ± 0.1 north of 45◦N at 0.8 µm, incident with the polar hood.447

It should be noted that there is also a signal of increasing τ1 south of the polar hood be-448

tween ∼27 – 40◦N. This could suggest an origin of the thickening stemming from south449

of the polar hood, or that the thickening is completely unrelated to the hood. We will450

comment on this further in the discussion in Section 4.451

Finally, the retrieved latitudinal profiles of aerosol-2’s imaginary refractive index452

spectrum show a marked decrease between the 2012 and 2015 observations (Fig. 22) in453
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Figure 18. Plot comparing the retrieved spectrum of the IRW23 best-fit model at polar lati-

tudes (50 – 90◦N), carried out on the 2012 HST/STIS observation, to a forward model spectrum

of a modified version of this model, testing an increase in the integrated opacity of aerosol-2 (τ2)

& a decrease at all wavelengths in the imaginary refractive index spectrum of aerosol-2. The

residuals display a close resemblance to those from Fig. 15. Note, residuals are divided by the

error on the best-fit model’s measured spectrum.

the 0.7, 0.8, 0.9 & 1.0 µm channels north of ∼40◦N, and between 60 – 80◦N at 0.5 µm,454

with the largest change mostly occurring at 60◦N. This result denotes an increase in the455

scattering of the aerosols at these wavelengths, localised to the north polar hood (i.e.,456

more reflective aerosols at polar hood latitudes within the 1 – 2 bar haze layer). No clear457

latitudinal trends in ni2 are observed at the four other, largely short-wave, wavelength458

channels (i.e., for 0.2, 0.3, 0.4 and 0.6 µm).459

When comparing the latitudinal profiles of Fig. 21 with those of Figs. 13 & 14 ob-460

tained from the HST/WFC3 dataset, we see a number of similarities as well as differ-461

ences. A direct comparison of the latitudinal profiles obtained from the 2015 observa-462

tions of each dataset, show very similar profiles for the opacity (τ2) and pressure (p2)463

of the 1 – 2 bar haze, with the p2 profile displaying slightly more variation in the case464

of HST/STIS. However, there are distinct differences in the deep haze opacity (τ1) and465

extended haze opacity (τ3) profiles. The τ1 profiles display similar latitudinal trends, how-466

ever, the peak in opacity is shifted equatorwards in the HST/STIS, peaking at ∼15◦N467

as opposed to ∼25◦N for HST/WFC3. There is also a distinct difference in the magni-468

tude of τ1, with the HST/WFC3 profile being ∼3 – 4× larger than that of HST/STIS.469

Our HST/STIS retrievals revealed a strong correlation between τ1, the imaginary refrac-470

tive index of the 1 – 2 bar haze layer, and the CH4 VMR. With these parameters able471

to vary in the HST/STIS retrievals when fitting to the much higher resolution spectra,472

the τ1 profile is ultimately better constrained, leading to the smaller opacity values ob-473

served. Note the large equatorial opacity values observed in both profiles are observa-474

tionally indistinguishable and therefore not contradictory.475
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Figure 19. Synthetic images displaying the retrieved profiles of the free parameters (except

the aerosol-2 imaginary refractive index spectrum shown in Fig. 22) within our 2012 HST/STIS

retrievals: aerosol-1 integrated opacity (τ1), aerosol-2 integrated opacity (τ2) & pressure (p2),

aerosol-3 integrated opacity (τ3), and cloud-top CH4 VMR (labelled above each image). The

north pole is located near to the top of the disc, with the red dashed line signifying the equator

and the blue dashed lines signifying ±45◦. A comparison of the τ2 image with the corresponding

one in Fig. 20 reveals an increase in τ2 in the north polar region. Note the sharp decrease in τ2

at the pole is likely an artefact of the lack of constraint here.

Figure 20. Similar to Fig. 22 but displaying retrieved profiles from the 2015 HST/STIS re-

trievals. Again, the aerosol-2 imaginary refractive index spectrum for these retrievals is shown

in Fig. 22. Note the sharp increase in τ2 at the pole is likely an artefact of the lack of constraint

here.
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Figure 21. Retrieved latitudinal profiles of the free parameters (except the aerosol-2 imagi-

nary refractive index spectrum shown in Fig. 22) within the IRW23 vertical aerosol model from

our 2012 & 2015 HST/STIS retrievals: aerosol-1 integrated opacity (τ1), aerosol-2 integrated

opacity (τ2) & pressure (p2), aerosol-3 integrated opacity (τ3), and cloud-top CH4 VMR. A com-

parison of the two profiles reveals increases in τ1 & τ2 north of 45◦N, as well as a decrease in the

cloud-top CH4 VMR between ∼40 – 80◦N.

A comparison of the τ3 profiles the most significant difference. The HST/STIS pro-476

file shows a concentration of haze at the equator, reducing towards the pole, whereas the477

HST/WFC3 profile shows a marginal concentration of haze at the equator which flat-478

tens out in the midlatitudes and begins to rise north of 40◦N, reaching a maximum at479

the pole. In this case, the HST/STIS results present a much more reliable profile. The480

greater spectral resolution of the dataset, combined with the additional free parameters481

(CH4 VMR and aerosol-2 imaginary refractive index spectrum, ni2), allowed us to run482

retrievals fixing each of the additional parameters that appear to contribute to the po-483

lar hood brightening (i.e., τ1, CH4 VMR and ni2) individually, as well as running a re-484

trieval with all three of these parameters fixed. In each case, the latitudinal trend in τ3485

was almost identical, consistent with the profile in the final retrieval shown in Fig. 21.486

Looking at the 0.727 µm WFC3 filter image in Fig. 2, which probes high in the atmo-487

sphere, we observe a bright equatorial band displaying a clear concentration of haze in488

this region for both datasets.489
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Figure 22. Retrieved latitudinal profiles of the aerosol-2 imaginary refractive index spectrum

(ni2) at each wavelength interval in the IRW23 vertical aerosol model from our 2012 & 2015

HST/STIS retrievals. A clear decrease in ni2 is observed north of ∼40◦N for wavelengths long-

wards of ∼0.7 µm. A decrease in ni2 is also seen at 0.5 µm between ∼60 – 80◦N. For the most

part, the largest reduction occurs for the latitude band centred at 60◦N. The black dashed lines

represent the a priori values.

A comparison of the retrieved imaginary refractive index spectra for aerosol-2 at490

tropical and polar latitude bands is shown in Fig. 23, demonstrating the latitudinal vari-491

ation across time.492
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Figure 23. A comparison of the retrieved imaginary refractive index spectra (ni2) for the

aerosol-2 layer at representative tropical (25 – 35◦N) and polar (55 – 65◦N) latitudes from our

2012 & 2015 HST/STIS retrievals. A decrease in ni2 is observed with time here for wavelengths

longwards of ∼0.6 µm. The imaginary refractive index spectra of Mahjoub et al. (2012)’s Titan

aerosol analogues (tholins) are included for comparison, where the aerosols were seeded in an

environment with concentrations of 2% and 10% CH4 gas respectively. It can be seen that higher

CH4 gas concentrations lead to a decrease in ni for the tholins, i.e., more reflective particles, in

the laboratory, whereas our retrieved HST/STIS ni spectra decrease by a comparable degree for

a relatively small decrease in CH4 VMR. This highlights the added complexity of in situ atmo-

spheric processes and is discussed in Section 4.2.

4 Discussion493

4.1 Stability of the polar CH4 depletion494

As stated in Subsection 3.2, despite our retrievals showing a small decrease in the495

polar cloud-top CH4 VMR at latitudes coincident with the polar hood, we settled on the496

conclusion of a ‘general stability’ in the polar depletion (Sromovsky et al., 2019) to be497
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a safe, conservative one, given the limited window in time of the HST/STIS dataset. A498

third observation, obtained before Uranus reaches northern summer solstice in 2030, would499

enable this conclusion to be further put to the test. If future observations were to re-500

veal a further decrease in cloud-top CH4 VMR in the north polar region, this would sup-501

port the trend returned by our retrievals, suggesting that some sort of dynamical change502

is occurring (likely a seasonal phenomenon linked to the orbital phase) that is driving503

a further depletion with time, calling into question its purported stability. One plausi-504

ble candidate for this is a meridional circulation, previously presented as a potential mech-505

anism to explain the existence of the polar depletion (e.g., Karkoschka and Tomasko (2009),506

Sromovsky et al. (2014), Fletcher et al. (2020)), that is changing over time. The proposed507

circulation leads to upwelling at equatorial latitudes and downwelling near the poles. This508

results in CH4-rich gas from the lower troposphere rising up near the equator with CH4509

condensing out as it passes its condensation level (∼1 – 2 bar). This CH4-poor gas is then510

transported polewards where it descends and likely decreases convection from below the511

polar hood (Fletcher et al., 2020), leading to the observed upper tropospheric depletion512

in CH4 (see Fig. 8 of Fletcher et al. (2020)).513

A change in the meridional circulation presented above would likely be driven by514

the increasing insolation experienced by the northern hemisphere as the north pole shifts515

with time and points more directly towards the Sun as Uranus’ orbit progresses towards516

northern summer solstice. This could result in a slowing of the meridional circulation517

due to a heating of the north pole, resulting in a decrease in the rate of downwelling there.518

However, intuition tells us that this would lead to the opposite trend in cloud-top CH4519

VMR than we retrieved, namely an increase in polar cloud-top CH4 VMR with time. This520

could hint at a more complex interplay between CH4, aerosols and any potential merid-521

ional circulation. We will comment further on this in Subsection 4.2.522

If future observations were to instead show an increase in cloud-top CH4 VMR com-523

pared to the retrieved profile produced by our retrievals on the 2015 HST/STIS obser-524

vation, this would provide further support to the conclusion of a general stability within525

the polar depletion, hinting at interseasonal variability in the polar cloud-top CH4 VMR526

over time.527

In the scenario that the polar cloud-top CH4 VMR is in fact decreasing with time,528

what would this mean for the retrieval results presented in this study? The only results529

relying on the assumption of stable CH4 depletion are our HST/WFC3 retrievals prob-530

ing latitudinal variation. The cloud-top CH4 VMR for each latitude band was fixed to531

that retrieved from our 2015 HST/STIS observation. In theory, a further depletion of532

cloud-top CH4 VMR, in line with the degree found from our HST/STIS retrievals (av-533

erage decrease of ∼10% between 45 – 90◦N between the 2012 & 2015 profiles), would ac-534

count for a portion of the brightening attributed to the increase in the 1 – 2 bar haze535

layer’s integrated opacity (τ2). We would expect this to reduce the retrieved increase in536

τ2 between the 2015 & 2021 HST/WFC3 observations. To put this prediction to the test,537

we re-ran our retrievals for the 2021 HST/WFC3 observations with a 20% reduction in538

cloud-top CH4 VMR (in line with the degree of reduction retrieved between HST/STIS539

observations, i.e., 10% over 3 years) between 45 – 90◦N. A comparison of the latitudi-540

nal profiles of τ2 is shown in Fig. 24. All other retrieved profiles were omitted as they541

showed very little to no change within error, being practically identical to those seen in542

Fig. 14.543

We see a relatively small reduction in τ2 north of 45◦N as predicted. We therefore544

assert with confidence that the question of stability in the polar cloud-top CH4 VMR545

depletion, in line with the degree of change observed from our HST/STIS retrievals with546

time, does not have a major bearing on the conclusions of our results.547
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Figure 24. Plot of opacity against latitude displaying the retrieved latitudinal profiles of the

integrated opacity of aerosol-2 (τ2) produced from retrievals on the 2015 & 2021 HST/WFC3

observations. The green line represents retrievals carried out on the 2021 observations in an iden-

tical manner to those of Section 3.3 but with the addition of a 20% reduction in cloud-top CH4

VMR (consistent with the average decrease with time found from our HST/STIS retrievals) be-

tween 45 – 90◦N. A relatively small reduction in τ2 north of 45◦N can be seen as predicted.

4.2 Brightening of the north polar hood548

Observations of Uranus’ polar hood over the past ∼37 years, first in the southern549

polar region and, post-equinox, in the northern polar region, suggest that the hood is550

a seasonally-dependent phenomenon (i.e., linked to the orbital phase of the planet). The551

analysis and results presented in this paper are in alignment with this picture, leading552

us to a solution with which to explain the observed post-equinox brightening of this long-553

lived large-scale latitudinal feature.554

Our initial HST/WFC3 Minnaert analysis confirmed an absolute brightening of the555

hood, ruling out any viewing geometry-related brightening effects. The observed deple-556

tion in cloud-top CH4 VMR at polar latitudes Karkoschka and Tomasko (2009); Sromovsky557

et al. (2014, 2019), resulting in less absorption in the polar region, is one of the main con-558

tributors to the brighter appearance of the north polar hood when compared to equa-559

torial latitudes Toledo et al. (2018). However, it was not entirely clear whether or not560

this depletion played a significant role in the observed brightening of the polar hood across561

time. Sromovsky et al. (2019), analysing HST/STIS and near-infrared images from Keck’s562

Near Infrared Camera-2 (NIRC-2) instrument, refuted this as a significant source of the563

temporal brightening, finding wavelengths dominated by hydrogen absorption to also be564

increasing in brightness. In addition to our Minnaert analysis, we also found the spec-565

tral signature of the brightening to include wavelengths dominated by hydrogen absorp-566

tion (818 - 832 nm) (see Fig. 19) in agreement with Sromovsky et al. (2019), leading us567

to the same conclusion that changes in the aerosol layers were the predominant cause568

of the brightening.569

In light of this, within the framework of our vertical aerosol model (IRW23 model),570

we find that the 1 – 2 bar haze layer (aerosol-2 layer) is the main contributor to the ob-571

served brightening of the north polar hood over time via:572
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1. A thickening north of ∼45◦N.573

2. An increase in reflectivity of the aerosols north of 40◦N and longwards of ∼0.7 µm,574

and also between 60 – 80◦N at 0.5 µm.575

In addition to these changes, we see small contributions to the brightening stem-576

ming from an average reduction in cloud-top CH4 VMR of ∼10% north of ∼40◦N, and577

a thickening of the deep aerosol-1 layer north of ∼45◦N.578

As noted in Subsection 3.4, the thickening of the aerosol-1 layer is not strictly lo-579

calised to latitudes coinciding with the polar hood. There is a marked difference between580

the two regions of thickening established from our retrieval results. South of the polar581

hood between ∼27 – 40◦N, the average increase in τ1 retrieved for each latitude band582

is ∼20%, whereas for the thickening coincident with the hood (north of 45◦N), the av-583

erage increase is ∼56%, almost 3 times as great. It is not clear whether or not these two584

regions of thickening are linked, but we do see a trend of increasing integrated opacity585

as we move toward the pole, rising from a ∼23% increase in the retrieved value at 30◦N,586

to a ∼79% increase at 90◦N. It is plausible that this could be the result of a dynamical587

transport of haze polewards at the pressure level of aerosol-1 (p ∼ 4 – 7 bar). It is note-588

worthy that these two regions of thickening are separated by a region of no change in589

the integrated opacity of aerosol-1. This region lies within the two latitude bands that590

simultaneously capture the boundary of the polar hood and the darker mid-latitudes (bands591

centred at 40◦N & 45◦N).592

Figure 25. Plot comparing the retrieved spectrum of the IRW23 best-fit model at polar lati-

tudes (50 – 90◦N) carried out on the 2012 HST/STIS observation to a forward model spectrum

of a modified version of this model, testing an increase in the integrated opacity of aerosol-1 (τ1)

only by 56%. We see from the residuals that there is only significant change to the spectrum at

two small well-defined regions between 0.8 – 0.95µm. Note, residuals are divided by the error on

the best-fit model’s measured spectrum.

Fig. 25 displays a comparison between a forward model with a 56% increase in τ1593

compared to the baseline IRW23 model. We see that a thickening of the aerosol-1 layer,594
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to the degree seen in our HST/STIS retrievals, does not result in much change at all in595

the spectrum, apart from two spikes in radiance (brightness) at the edge of the CH4 ab-596

sorption bands located at the long end of our wavelength range. When compared to the597

residuals in Fig. 15, we see that although this contribution is small, it is still significant598

(∼2 sigma at 61.45◦).599

The combination of the HST/WFC3 and HST/STIS datasets resulted in an ideal600

complementary set of observations with which to carry out our analysis, providing both601

a wide temporal window and sufficient spectral resolution and coverage between the two602

datasets. It is important to note that with only two HST/STIS observations (i.e., only603

two snapshots in time), it is difficult to assert with a high degree of confidence that the604

parameters uniquely probed by these retrievals (i.e., cloud-top CH4 VMR & ni2) reflect605

their trends over longer timescales. Further observations with comparable spectral res-606

olution and spectral coverage are necessary to provide further context and support for607

our results.608

Toledo et al. (2019)’s study constraining the structure, formation and transport of609

haze in Uranus’ atmosphere, via microphysical simulations, found that timescales for haze610

production are far too slow to account for the post-equinox rate of change in haze ob-611

served in the northern hemisphere. With simulations returning timescales for haze par-612

ticles to grow and settle out to be ≳ 30 years at pressure levels > 0.1 bar, Toledo et al.613

(2019) concluded that dynamics are likely the main factor controlling the spatial and tem-614

poral distribution of the haze over the poles. In addition to this, the observed changes615

through equinox are much faster than would be expected from radiative timescales (Conrath616

et al., 1990) and photochemical timescales (Moses et al., 2018). Toledo et al. (2019) put617

forward a meridional stratospheric transport of haze particles as a plausible explanation618

for the observed variations in haze structure. As mentioned earlier in Subsection 4.1, a619

meridional circulation has also been put forward in the literature to explain the observed620

polar depletion in cloud-top CH4 VMR (e.g., Karkoschka and Tomasko (2009), Sromovsky621

et al. (2014), Fletcher et al. (2020)). One such circulation model is given by Fletcher et622

al. (2020) (see their Fig. 8), which takes into account findings from studies of Uranus’623

zonal winds, latitudinal variations and stratospheric chemical tracers, amongst other con-624

siderations. This model consists of a number of vertically stacked circulation cells, in-625

cluding a stratospheric meridional circulation with upwelling at mid-latitudes and down-626

welling at the equator and poles. It is plausible that the thickening of the 1 – 2 bar haze627

layer that we find could be driven by such a circulation, with the transport of haze par-628

ticles from equatorial regions to the mid-latitudes and onto the poles, where upon de-629

scent, they settle and accumulate at the 1 – 2 bar region of static stability (see Irwin,630

Teanby, Fletcher, et al. (2022) Fig. 23). It is important to note that although Fletcher631

et al. (2020)’s model is consistent with the findings from the observational studies con-632

sidered in its construction, and despite it also being consistent with the trends observed633

in our Figs. 19 & 20, it is yet to be reproduced by global circulation models of Uranus’634

atmosphere.635

Returning to the discussion from Subsection 4.1, we speculated that as the season636

progresses and Uranus’ northern hemisphere receives an increasing amount of insolation637

(i.e., increasing amounts of energy), this would result in a slowing of any meridional cir-638

culation that involves downwelling at the north pole via heating. This would be com-639

pounded by the fact that Uranus has a low internal source of heat (Pearl et al., 1990),640

providing relatively little energy to drive atmospheric dynamics from below, meaning any641

changes in solar flux are likely to have greater influence. However, a scenario in which642

a stratospheric meridional circulation cell undergoes this slowing effect via heating, but643

the tropospheric cell below is not effected would eliminate the contradiction within our644

results. In this scenario, a slowing in the rate of transport of stratospheric haze polewards645

would be expected, resulting in less haze particles downwellng at the pole with time to646

seed the 1 – 2 bar haze layer, and a reduction in the rate of thickening of the aerosol-647
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2 haze layer within the polar hood. Analysing the average retrieved rate of change in τ2648

between consecutive years at polar hood latitudes (45 – 90◦N) resulted in no definitive649

trend being observed in the rate of brightening over time, but did not rule this out. In650

Subsection 3.1 we found a tentative decrease in the rate of polar hood brightening over651

the timespan of the HST/WFC3 dataset (see Fig. 7). Although these results are con-652

sistent with the slowing of a stratospheric meridional circulation, we highlight that this653

model is speculative. Future work is certainly needed to shed more light on the circu-654

lation of the atmosphere of Uranus.655

The 1 – 2 bar haze layer is coincident with pressures in which CH4 is predicted to656

condense. Therefore, we expect the aerosols at 1 – 2 bar to act as cloud condensation657

nuclei (CCN), accumulating CH4 ice as it condenses. This condensation results in an in-658

crease in mass of the aerosols as they accumulate more and more CH4, as well as a change659

in their optical properties (e.g., making them more absorbing or reflective at particular660

wavelengths). Unlike Neptune, Uranus’ atmosphere does not seem to produce any sta-661

ble, long-lasting CH4 clouds (Irwin et al., 2017; Irwin, Teanby, Fletcher, et al., 2022).662

One plausible explanation for the absence of CH4 clouds predicts that as the aerosols663

accumulate CH4, they quickly reach a ‘critical mass’ and begin to sink, precipitating out664

of the 1 – 2 bar haze layer (Irwin, Teanby, Fletcher, et al., 2022). These precipitating665

CH4 ice aerosols then sublimate as they fall deeper into the atmosphere where temper-666

atures are higher, releasing the photochemical haze particles that served as CCN, mak-667

ing them readily available to seed H2S condensation in the 4 – 7 bar region (Irwin, Teanby,668

Fletcher, et al., 2022). It is important to note that the polar depletion in upper tropo-669

spheric CH4 mixing ratio would alter its saturation vapour pressure curve, resulting in670

its condensation level being pushed higher in the atmosphere given the same tempera-671

ture (i.e., to a lower pressure level). This would result in less condensation, assuming sig-672

nificant condensation is still occurring, for the same pressure level when compared to equa-673

torial latitudes, resulting in this process of accumulation and precipitation being slower674

at high latitudes. In the extreme case, if the atmospheric circulation exhibits strong sub-675

sidence at the latitude in question, CH4 condensation may be suppressed entirely. We676

thus posit the question, what effect would a thickening of the aerosol-2 layer have on this677

proposed process?678

CH4 condensation is predicted to happen rapidly, with estimates of CH4 ice par-679

ticles at 1 – 2 bar in Ice Giant atmospheres growing to a size of ∼5 mm in as little as680

∼100s (Carlson et al., 1988). The thickening of the aerosol-2 layer with time (i.e., the681

accumulation of haze particles between 1 – 2 bar) within the polar hood would provide682

further CCN for CH4 condensation. This could result in an increase in the number of683

particles precipitating out per unit of time, given a constant rate of accumulation of CH4,684

resulting in more haze particles being readily available below this level as CCN for H2S685

condensation. This could explain the thickening of the aerosol-1 layer found from our686

HST/STIS retrievals. However, relaxing our assumption of a general stability in the po-687

lar cloud-top CH4 VMR depletion, the retrieved decrease in polar cloud-top CH4 VMR688

would likely act to slow down the rate of accumulation of CH4 onto the haze particles.689

This is not only due to less CH4 being available for condensation but also the lower VMR690

leading to the condensation level itself being slightly higher in the atmosphere. This would691

result in the aerosols remaining within the 1 – 2 bar layer for a longer period before pre-692

cipitation occurs, if at all. These longer-lasting aerosols would likely be smaller in size693

compared to at other latitudes, and could result in a change in the aerosol optical prop-694

erties that matches the retrieved signature of a decrease in the imaginary refractive in-695

dex spectrum (i.e., an increase in reflectivity of the aerosols). This is speculative as it696

is not currently known what the spectral identity of an increase in reflectivity of these697

aerosols would look like, and therefore how it would match up to the retrieved signature698

of an increase in reflectivity at ∼0.5 µm and longwards of 0.7µm. Work carried out by699

Mahjoub et al. (2012) on the influence of CH4 gas concentration on the optical proper-700

ties of Titan aerosol analogues does, however, provide plausibility to this speculative claim.701
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They found that an increase in CH4 concentration caused a decrease in the imaginary702

refractive index spectrum across the 0.37 – 1.0 µm wavelength range for their aerosol ana-703

logues. A scenario in which the thickening of the aerosol-2 layer, combined with a de-704

crease in polar cloud-top CH4 VMR, slows the rate of accumulation of CH4 onto the haze705

particles, but to a degree whereby the number of aerosols precipitating out per unit of706

time is still increasing with time, could simultaneously explain the thickening of the aerosol-707

1 layer and the increase in reflectivity of the aerosol-2 particles.708

5 Conclusions709

We used observations of Uranus from the HST/WFC3 and HST/STIS instruments710

to analyse its north polar hood, a large-scale latitudinal atmospheric feature. The main711

objective was to narrow down the predominant cause of the hood’s recent evolution (i.e.,712

an apparent brightening). By combining complementary datasets, and adopting the IRW23713

holistic vertical aerosol model, the work presented in this paper provides a solution us-714

ing a retrieval and forward-model approach with the NEMESIS retrieval code. Our con-715

clusions can be summarised as follows:716

1. A Minnaert limb-darkening analysis of our HST/WFC3 dataset confirmed an ab-717

solute brightening of the polar hood, ruling out viewing geometry-related bright-718

ening effects as the main cause. We also observed a tentative reduction in the rate719

of polar hood brightening with time.720

2. Retrievals on our HST/STIS supporting dataset revealed a further depletion in721

cloud-top CH4 VMR, by an average of 0.0019 ± 0.0003 between 40◦N and 80◦N722

(∼10% average reduction), between 2012 & 2015. However, more work is needed723

to reveal whether this is a long-term or short-term trend.724

3. A combination of HST/WFC3 & HST/STIS latitudinal retrieval analyses found725

the main contributions responsible for the observed brightening of the polar hood726

to be, within the framework of the IRW23 vertical aerosol model:727

• a thickening of the aerosol-2 layer - finding an average increase in integrated opac-728

ity of 1.09 ± 0.08 north of ∼45◦N at 0.8 µm (a ∼33% average increase).729

• an increase in reflectivity of the aerosol-2 particles north of ∼40◦N and long-730

wards of ∼0.7 µm, and also between 60◦N and 80◦N at ∼0.5 µm.731

4. From our HST/STIS retrievals, we also find small contributions to the polar bright-732

ening stemming from a thickening of the aerosol-1 layer, finding an average increase733

in integrated opacity of 0.6 ± 0.1 north of 45◦N at 0.8 µm (i.e., a ∼56% average734

increase) between 2012 and 2015, and from the aforementioned average decrease735

in cloud-top CH4 mixing ratio of 0.0019 ± 0.0003 between 40◦N and 80◦N (a ∼10%736

decrease)737

5. Our results are consistent with the slowing of a stratospheric meridional circula-738

tion, similar to that posited by Fletcher et al. (2020), exhibiting downwelling at739

the poles.740

6. Future observations with HST/STIS, or an instrument with comparable spectral741

resolution and coverage (e.g., the Very Large Telescope’s Multi Unit Spectroscopic742

Explorer), would enable more light to be shed on the question of the trend in the743

latitudinal distribution of cloud-top CH4 VMR over short and long timescales. These744

observations would either provide support for a further depletion in polar cloud-745

top CH4 VMR with time, or an interseasonal variability in the VMR with time,746

supporting the picture of a general stability.747

6 Open Research748

The Uranus HST/STIS data used in this investigation are available on the MAST749

archive (Fry & Karkoschka, 2018).750
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All HST/WFC3 Uranus maps from the OPAL program are available on the MAST751

archive (Simon, 2015), with the precise observations used in this investigation also ac-752

cessible (James, 2023).753

The spectral fitting and retrievals were performed using the NEMESIS radiative754

transfer and retrieval algorithm of Irwin et al. (2008), which is freely available to down-755

load online (Irwin, Teanby, Braude, et al., 2022).756
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