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A B S T R A C T 

Using a ne wly de veloped ‘holistic’ atmospheric model of the aerosol structure in Uranus’s atmosphere, based upon observations 
made by Hubble Space Telescope (HST)/Space Telescope Imaging Spectrograph(STIS), Gemini/Near-Infrared Integral Field 

Spectrometer(NIFS), and NASA Infrared Telescope Facility(IRTF)/SpeX from 2000 to 2009, we make a new estimate of the 
bolometric Bond albedo of Uranus during this time of A 

∗ = 0 . 338 ± 0 . 011, with a phase integral of q ∗ = 1 . 36 ± 0 . 03. Then, 
using a simple seasonal model, developed to be consistent with the disc-integrated blue and green magnitude data from the 
Lo well Observ atory from 1950 to 2016, we model ho w Uranus’s reflecti vity and heat budget vary during its orbit and determine 
new orbital-mean average values for the bolometric Bond albedo of A 

∗ = 0 . 349 ± 0 . 016 and for the absorbed solar flux of 
P in = 0 . 604 ± 0 . 027 W m 

−2 . Assuming the outgoing thermal flux to be P out = 0 . 693 ± 0 . 013 W m 

−2 , as previously determined 

from Voyager 2 observations, we arrive at a new estimate of Uranus’s average heat flux budget of P out /P in = 1 . 15 ± 0 . 06, finding 

considerable variation with time due to Uranus’s significant orbital eccentricity of 0.046. This leads the flux budget to vary from 

P out /P in = 1 . 03 near perihelion, to 1.24 near aphelion. We conclude that although P out /P in is considerably smaller than for the 
other giant planets, Uranus is not in thermal equilibrium with the Sun. 

K ey words: radiati ve transfer – scattering – techniques: photometric – planets and satellites: atmospheres. 
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 I N T RO D U C T I O N  

ll the Solar system giant planets appear to emit more thermal 
adiation to space than they absorb from the Sun, indicating that they
ave substantial reservoirs of internal heat left o v er from formation.
or planets in thermal equilibrium with the Sun the ratio of the

otal power thermally emitted to the total solar power absorbed, i.e. 
 out /P in , would be equal to 1.0, but generally accepted estimates
f this ratio for the giant planets, based on observations made by
he NASA Voyager missions, are Jupiter: 1 . 67 ± 0 . 09 (Hanel et al.
981 ), Saturn: 1 . 78 ± 0 . 09 (Hanel et al. 1983 ), Uranus: 1 . 06 ± 0 . 08
Pearl et al. 1990 ), and Neptune: 2 . 61 ± 0 . 28 (Pearl & Conrath
991 ), although the values for Jupiter and Saturn have recently 
een updated from Cassini observations to 2 . 132 ± 0 . 051 (Li et al.
018 ) and 2 . 39 ± 0 . 21 (Wang et al. 2024 ), respectively. The flux
atio seems to be particularly low for Uranus and is consistent 
ith Uranus being in thermal equilibrium with the Sun, which 
 ould mak e it a very notable outlier from the rest of the giant
lanets. 
The lo w le vel of the P out /P in ratio for Uranus, combined with its

ery high obliquity (i.e. inclination of its spin axis relative to its
rbital plane) of 97 ◦ led Stevenson ( 1986 ) to suggest that towards
he end of its initial formation Uranus suffered an oblique impact 
ith a large planetesimal (of approximately 2 Earth masses) that 
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ipped Uranus’s spin axis o v er on its side, heated just the outer
hell of the planet, which has since cooled, and threw off of a
isc of material, which has since coalesced to form a regular,
ompact satellite system. Stevenson ( 1986 ) argued that Neptune, 
n contrast, may have suffered a more head-on collision that created
igh internal temperatures and did not throw off a disc of material,
hich could explain Neptune’s high observed P out /P in ratio and 

bsence of a compact satellite system. This hypothesis has been 
eturned to a number of times since, most recently by Reinhardt et al.
 2020 ), who performed smoothed particle hydrodynamics (SPH) 
imulations that support this scenario. Alternatively, it has been 
roposed that compositional gradients deep in Uranus’s atmosphere 
ay give rise to a deep thermal boundary layer, inhibiting convection 

nd trapping heat (Nettelmann et al. 2016 ; Vazan & Helled 2020 ;
cheibe, Nettelmann & Redmer 2021 ), thus reducing P out . Another
ossibility is that since existing observations of Uranus co v er only
 fraction of a Uranian year, they may have been made during
 quiescent meteorological period when heat release was low. In 
aturn’s atmosphere, for example, increased storm activity was found 

o affect the planet’s heat budget by modifying both the amount of
egional emitted heat and absorbed solar energy (Li & Ingersoll 
015 ). Increased storm activity at Uranus could result in changes in
eat release by varying the atmosphere’s reflectivity and therefore the 
mount of absorbed sunlight (e.g. Fletcher et al. 2020 ), and also the
e gree of v ertical heat transport via cumulus conv ection driv en by the
ondensation of species such as CH 4 , H 2 O, NH 4 SH, NH 3 , and/or H 2 S
Sromo vsk y & Fry 2005 ; Hueso, Guillot & S ́anchez-Lav e ga 2020 ).
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Table 1. Determinations of albedo and energy balance of Uranus (extended from table 1 of Pearl et al. 1990 ). 

Reference Year p q A T eff P out /P in 

Lockwood et al. ( 1983 )(from Younkin 1970 ) 1962 0 . 228 ± 0 . 008 1 . 50 + 0 . 14 
−0 . 17 0 . 342 ± 0 . 041 57 . 0 ± 2 . 5 a 0 . 92 ± 0 . 17 

Lockwood et al. ( 1983 ) 1981 0 . 262 ± 0 . 008 1 . 50 + 0 . 14 
−0 . 17 0 . 393 ± 0 . 041 57 . 0 ± 2 . 5 a 1 . 00 ± 0 . 19 

Neff et al. ( 1985 ) 1981 0 . 28 ± 0 . 02 1.2 0 . 34 ± 0 . 02 58 . 6 ± 2 . 0 b 1 . 12 ± 0 . 22 
Pollack et al. ( 1986 ) 1982–1985 0 . 270 ± 0 . 020 1 . 26 ± 0 . 11 0 . 343 ± 0 . 055 57 . 7 ± 2 . 0 c 1 . 10 ± 0 . 22 
Pollack et al. ( 1986 ) orbital mean 0 . 253 ± 0 . 046 1 . 26 ± 0 . 11 0 . 319 ± 0 . 051 57 . 7 ± 2 . 0 c 1 . 06 ± 0 . 21 
Pearl et al. ( 1990 ) 1986 0 . 231 ± 0 . 048 1 . 40 ± 0 . 14 0 . 322 ± 0 . 049 59 . 1 ± 0 . 3 1 . 14 ± 0 . 09 
Pearl et al. ( 1990 ) orbital mean 0 . 215 ± 0 . 046 1 . 40 ± 0 . 14 0 . 300 ± 0 . 049 59 . 1 ± 0 . 3 1 . 06 ± 0 . 08 
This investigation 2000–2009 0 . 249 ± 0 . 007 1 . 36 ± 0 . 03 0 . 338 ± 0 . 011 59 . 1 ± 0 . 3 1 . 24 ± 0 . 06 
This investigation orbital mean 0 . 257 ± 0 . 007 1 . 36 ± 0 . 03 0 . 349 ± 0 . 016 59 . 1 ± 0 . 3 1 . 15 ± 0 . 06 

Note. a Courtin et al. ( 1979 ), b Hildebrand et al. ( 1985 ), c Orton ( 1985 ). 
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inally, there remains the possibility that the Voyager measurement
f Uranus’s outgoing thermal flux may be underestimated due to
alibration uncertainties (e.g. Li et al. 2018 ). Ho we ver, all these
onclusions and interpretations are contingent upon the accuracy of
he P out /P in estimates, and it can be seen that for Uranus this ratio is
nly currently constrained to lie in rather a broad range from 0.98 to
.14. 
In this paper, we use the ‘holistic’ aerosol model of Uranus

nd Neptune, developed by Irwin et al. ( 2022 ) and based upon
bservations made by HST 

1 /STIS 

2 , Gemini/NIFS 

3 and IRTF 

4 /SpeX
rom 2000 to 2009 to impro v e upon the P out /P in estimate for Uranus.

e first determine the bolometric Bond albedo and P out /P in flux
atio of Uranus in the early 2000s and then use a simple seasonal
odel, developed by Irwin et al. ( 2024 ) and consistent with the

isc-integrated blue and green magnitude data from the Lowell
bservatory (Lockwood 2019 ), to model how Uranus’s reflectivity

nd heat budget vary during Uranus’s year. 

 ME A SUREM ENTS  O F  T H E  B O N D  ALBEDO  

N D  POWER  BA L A N C E  O F  U R A N U S  

t a particular wavelength the geometric albedo of a planet, p, is
efined as the power of the reflected sunlight at a phase angle of
 

◦ compared with that from a flat, perfectly reflecting Lambertian
urface of the same cross-sectional area. The Bond albedo A ,
o we ver, is the total fraction of sunlight incident on the planet that is
eflected away in all directions and is related to the geometric albedo,
, by the relation 

 = pq, (1) 

here q is the phase integral , defined as the integral of the flux I ( α)
cattered from the planet into phase angle α: 

 = 2 
∫ π

0 

I ( α) 

I (0) 
sin αd α. (2) 

If we integrate the incident and reflected powers o v er all wav e-
engths, then we arrive at ‘integrated’ or ‘bolometric’ values of these
arameters, which we denote as: p 

∗, q ∗, and A 

∗. 
The Bond albedo and radiative heat balance of Uranus has been

ddressed by a number of studies. Lockwood et al. ( 1983 ) analysed
igh-resolution spectrophotometry observations of Uranus made in
981 at the Lowell Observatory and found p 

∗ = 0 . 262 ± 0 . 008,
NRAS 540, 1719–1729 (2025) 

 HST – Hubble Space Telescope . 
 STIS – Space Telescope Imaging Spectrograph 
 NIFS – Near-Infrared Integral Field Spectrometer 
 IRTF – NASA Infrared Telescope Facility. 
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∗ = 1 . 50 + 0 . 14 
−0 . 17 , and A 

∗ = 0 . 393 ± 0 . 041. It was also found that
he albedo had risen significantly since previous observations made
etween 1961 and 1963 (Younkin 1970 ), for which the following val-
es were computed: p 

∗ = 0 . 228 ± 0 . 008 and A 

∗ = 0 . 342 ± 0 . 041.
sing A 

∗ = 0 . 393 ± 0 . 041 the estimated absorbed solar power per
nit area o v er the whole planet in 1981 was estimated to be 0.563–
.643 W m 

−2 , while assuming the ef fecti ve blackbody temperature
f Uranus in the infrared to be T eff = 57 . 0 ± 2 . 5K (Courtin et al.
979 ), the outgoing flux was estimated to be 0.500–0.711 W
 

−2 . Hence, Lockwood et al. ( 1983 ) estimated the internal heat
ux to be < 0 . 122 W m 

−2 . From these results (summarized in
able 1 ), we here derive an estimate (adding errors in quadrature) of
 out /P in = 1 . 00 ± 0 . 19. For the 1961–1963 data, we estimate from

hese data that P out /P in = 0 . 92 ± 0 . 17. 
Neff et al. ( 1985 ) analysed high-resolution spectrophotometry

bservations of Titan, Uranus, and Neptune made in around 1981
y the International Ultraviolet Explorer (Caldwell et al. 1981 ),
acdonald Observatory (Neff et al. 1984 ), and IRTF, and es-

imated p 

∗ = 0 . 28 ± 0 . 02, q ∗ = 1 . 2, and A 

∗ = 0 . 34 ± 0 . 02. The
bsorbed solar flux was estimated to be the same as that emitted
rom a blackbody of temperature T = 57 . 0 ± 2 . 0 K. Assuming the
f fecti ve blackbody temperature of Uranus in the infrared to be
 eff = 58 . 6 ± 2 . 0 K (Hildebrand et al. 1985 ), the internal luminosity
f Uranus was estimated to be L int = (0 . 6 ± 1 . 4) × 10 15 W. From
hese results we estimate the internal heat flux (using their assumed
ranus radius of 25 250 km) to be ≤ 0 . 25 W m 

−2 , and from
his we here derive an estimate (adding errors in quadrature) of
 out /P in = 1 . 12 ± 0 . 22 (Table 1 ). 
Pollack et al. ( 1986 ) constructed an atmospheric aerosol model

hat was consistent with phase angle observations (0 – 85 ◦) from
round-based observ atories (Nef f et al. 1984 ) and Voyager-1/ISS 

5 

bservations made between 1982 and 1985. From this model, Pollack
t al. ( 1986 ) calculated that during this period, p 

∗ = 0 . 27 ± 0 . 02,
 

∗ = 1 . 26 ± 0 . 11, and A 

∗ = 0 . 343 ± 0 . 055. Since Lockwood et al.
 1983 ) noted a 14 per cent increase in Uranus’s albedo from 1961–
963 to 1981, Pollack et al. ( 1986 ) assumed that the orbitally
veraged values of their albedos should be reduced by 7 per cent
o p 

∗ = 0 . 253 ± 0 . 046, and A 

∗ = 0 . 319 ± 0 . 051. The orbitally av-
raged absorbed solar flux was estimated to be the same as the flux
mitted from a blackbody of temperature T = 56 . 9 ± 2 . 0 K. Assum-
ng the ef fecti ve blackbody temperature of Uranus in the infrared to
e T eff = 57 . 7 ± 2 . 0 K (Orton 1985 ), Pollack et al. ( 1986 ) concluded
hat the internal heat flux was ≤ 0 . 27 W m 

−2 . From these results,
e here derive an estimate of P out /P in = 1 . 06 ± 0 . 21 (T able 1 ). W e
 ISS – Imaging Subsystem 
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Figure 1. Phase curves calculated from our NEMESIS simulations of Uranus and averaged over different filter profiles of Voyager/ISS, Voyager/IRIS, and for 
reference, Str ̈omgren- b and Str ̈omgren- y. The Voyager phase curve simulations are compared with the ISS observations processed by Wenkert et al. ( 2023 ) 
and IRIS observations processed by Pearl et al. ( 1990 ). Here, the solid lines show the calculations from our model atmosphere fitted to observations between 
2000 and 2009, while the dashed lines show calculations that have been corrected to the time of the Voyager-2 observations in 1986, when Uranus was more 
reflective, using the seasonal albedo curves shown later in Fig. 4 . The thin lines are the simulated curves scaled to match the observations most closely, showing 
the excellent modelling of the shape of these curves, if not necessarily the exact photometric calibration for each filter. 
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ave here also scaled this value (using the Bond albedo estimates) to
n equi v alent flux ratio in 1982–1985 of P out /P in = 1 . 10 ± 0 . 22. 

Pearl et al. ( 1990 ) used Voyager/IRIS 

6 radiometer observations of
ranus made during the Voyager 2 flyby of Uranus in January 1986

o estimate Uranus’s Bond albedo. Measurements of the reflectivity 
f Uranus, inte grated o v er the IRIS radiometer, were made at several
hase angles and are shown in Fig. 1 and compared with the Voyager-
/ISS phase angle observations used by Pollack et al. ( 1986 ), and
ore recently extended by Wenkert et al. ( 2023 ). The IRIS radiometer 

s sensitive from 0.3 to 1.9 μm and the IRIS radiometer sensitivity
unction is compared with the Voyager/ISS filter functions and a 
eference Uranus spectrum in Fig. 2 . Pearl et al. ( 1990 ) assumed
hat the IRIS-radiometer -a veraged reflectivities were equivalent 
ith the bolometric values and thus reported p 

∗ = 0 . 231 ± 0 . 048,
 

∗ = 1 . 4 ± 0 . 14, and A 

∗ = 0 . 322 ± 0 . 049. These observations were
ade in 1986 near Uranus’s solstice, when Uranus is at its brightest.
earl et al. ( 1990 ) noted that their albedoes were thus likely to be
reater than the average value and so revised their Bond albedo 
gure down by 7 per cent (from Lockwood et al. 1983 ) to arrive at
n estimate of the orbital mean Bond albedo of A 

∗ = 0 . 300 ± 0 . 049.
y analysing the IRIS infrared spectrometer data (co v ering ∼11 to
5 μm) and extending to longer wavelengths with modelling, Pearl 
 IRIS – Infrared Interferometer Spectrometer 

c
1

t al. ( 1990 ) then estimated that the o v erall infrared flux emitted
nto all directions to be F = 0 . 693 ± 0 . 013 W m 

−2 , equi v alent to
 blackbody of temperature of T = 59 . 1 ± 0 . 3 K, which is larger
han all the other equi v alent blackbody temperatures assumed in the
revious studies discussed here. Using these numbers Pearl et al. 
 1990 ) concluded that P out /P in = 1 . 06 ± 0 . 08. We have here also
caled this (from the Bond albedoes) to an equi v alent flux ratio in
986 of P out /P in = 1 . 14 ± 0 . 09. 
The comparison of these estimates for Uranus’s albedo and 

adiative heat balance from these studies is summarized in Table 1 . 

 SIMULATING  T H E  B O N D  A L B E D O  O F  

R A N U S  

n this study, we simulate the reflectivity spectrum of Uranus using
ur NEMESIS (Non-linear optimal Estimator for Multi v ariatE spec- 
ral analySIS, Irwin et al. 2008 ) radiative transfer and retrie v al model.
EMESIS uses the plane-parallel doubling and adding multiple 

cattering scheme of Plass, Kattawar & Catchings ( 1973 ) and has
een used in several radiative transfer studies of Uranus and Neptune.
sing NEMESIS, Irwin et al. ( 2022 ) recently developed an ‘holistic’

erosol model for Uranus and Neptune, which was simultaneously 
onsistent with HST /STIS spectral imaging observations from 0.30–
.02 μm, Gemini/NIFS spectral imaging observations from 1.4 to 1.8 
MNRAS 540, 1719–1729 (2025) 
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Figure 2. Simulated and measured spectra of Uranus. Top plot compares the simulated geometric albedo spectrum compared with the Voyager/ISS filter 
functions (Danielson et al. 1981 ) and the Voyager/IRIS radiometer response function (Hanel et al. 1981 ). In addition, we show the measured HST /STIS albedo 
spectrum of Karkoschka & Tomasko ( 2009 ), showing that our model agrees well with the geometric albedo spectrum measured in 2002 by HST /STIS, as 
expected. Middle panel shows our calculated phase integral spectrum q( λ) from these calculations. Bottom plot compares the modelled disc-averaged radiance 
spectrum (calculated at phase angle α = 0 ◦) with the expected radiance from a perfectly scattering Lambertian surface. In addition, we show the disc-averaged 
reflectance into all angles and compare this with the Str ̈omgren- b and Str ̈omgren- y, and Voyager/IRIS radiometer filter functions. 
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7 WFC3 – Wide Field Camera 3 
m, and a central meridian line-averaged IRTF/SpeX observation
rom 0.8 to 1.9 μm. For Uranus, the HST /STIS observations were
ade in 2002 (Karkoschka & Tomasko 2009 ), the Gemini/NIFS

bservations were made in 2009 (Irwin et al. 2011 ), and the
RTF/SpeX observation was made in 2000 (Rayner, Cushing & Vacca
009 ). This model consisted of a v ertically e xtended semi-infinite
eep cloud deck ‘Aerosol-1’, a vertically thin middle ‘Aerosol-2’
ayer, centred at 1–2 bar, coincident with the methane condensation
evel, and a vertically extended upper-tropospheric ‘Aerosol-3’ haze
t pressures less than 1.5 bar. By adjusting the cloud opacities,
article sizes, complex refractive index spectra of these three layers
nd also varying the pressure of the Aerosol-2 layer, the model was
ble to reproduce the observed reflectivity and limb-darkening curves
f both Uranus and Neptune, where the limb-darkening was found
o be consistent with the model of Minnaert ( 1941 ): 

 I /F ) = ( I /F ) 0 μ
k 
0 μ

k−1 . (3) 

Here, μ is the cosine of the viewing zenith angle, μ0 is the cosine
f the solar zenith angle, and the fitted parameters are the nadir
eflectances ( I /F ) 0 and the limb-darkening coefficients k. 

This holistic model has since been slightly revised by James et al.
 2023 ) and Irwin et al. ( 2024 ), with the semi-infinite Aerosol-1
NRAS 540, 1719–1729 (2025) 
omponent replaced by a vertically thin cloud deck centred at ∼5
ar. This revised model was found to fit the observations just as
ell, but made it easier to disentangle the spectral effects of the
erosol-1 and Aerosol-2 layers, leading to more reliable and robust

etrie v als. 
The disc-integrated magnitude of Uranus at Str ̈omgren- y and - b
 avelengths w as measured nearly annually from 1950 to 2016 by ob-

ervers at the Lowell Observatory (Lockwood 2019 ), who compiled
 unique record of the seasonal variation of Uranus’s brightness
nd colour. Irwin et al. ( 2024 ) converted these magnitude data to
isc-averaged reflectivities and compared these with HST /WFC3 7 

bservations from 2014 to 2022, and HST /STIS observations made
n 2002, 2012, and 2015 (Karkoschka & Tomasko 2009 ; Sromo vsk y
t al. 2014 , 2019 ), finding very good photometric agreement between
ll three data sets. Irwin et al. ( 2024 ) then used the revised holistic
odel to simulate the seasonal variation in Uranus’s albedo at
tr ̈omgren- y and - b wavelengths. 
Taking our best modified holistic model fit to the Uranus data of

rwin et al. ( 2022 ) we computed the mean reflectivity spectrum of
ranus’s atmosphere from 0.2 to 1.9 μm at all possible solar and
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Figure 3. Computed ‘true-colour’ appearance of Uranus calculated with our 
NEMESIS radiative transfer code at six different representative phase angles. 
Following the procedure of Irwin et al. ( 2024 ), the computed spectra in each 
pix el hav e been conv erted to the XYZ colour system and then to sRGB, before 
finally being Gamma-corrected to best represent the appearance of Uranus to 
the average human observer. The same intensity scale has been used for all 
figures in this composite image. 
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8 This best-fitting model was also used to generate a revised simulated video 
of a future possible spacecraft’s approach to Uranus and the descent of an 
entry probe ( https:// www.youtube.com/ watch?v = NPZeBLCjI-0 ), where this 
colour variation with phase angle can also be seen. 
iewing angles using NEMESIS (Irwin et al. 2008 ), where for these
imulations we used 21 angles in our zenith angle quadrature scheme 
nd 38 Fourier components in the azimuthal decomposition. The 
omputed spectra were then used to simulate the o v erall reflectivity
pectrum of Uranus for different phase angles by interpolating the 
pectra to the local viewing zenith angle, solar zenith angle, and 
zimuth angle at each location on the planet and integrating over 
he disc. The reflectance spectra were converted to disc-integrated 
pectral irradiance (W m 

−2 μm 

−1 ) by multiplying by our standard 
eference solar spectrum, which was taken to be that of Chance &
 urucz ( 2010 ), e xtrapolated to longer/shorter wav elengths with the

olar spectrum of Kurucz ( 1993 ). To simulate the visible appearance
f Uranus at different phase angles, the interpolated spectra at each 
ocation on the planet were convolved with standard XYZ colour- 

atching functions and then converted to the sRGB colour space 
s described by Stockman & Sharpe ( 2000 ), Stockman ( 2019 ), and
rwin et al. ( 2024 ). In Fig. 3 , we show the simulated ‘true-colour’
ppearance of Uranus at phase angles 0 ◦, 30 ◦, 60 ◦, 90 ◦, 120 ◦, and
50 ◦, where the images have been Gamma-corrected to give the 
ppearance of Uranus as would be seen by an average human observer 
see Irwin et al. 2024 ). As can be seen the apparent colour of Uranus
ecomes less blue as we go to higher phase angles and the integrated
eflectivity drops. 8 

The computed disc-integrated spectra at each phase angle were 
hen convolved with the Voyager/ISS filter functions and also the 
oyager/IRIS radiometer responsivity function to calculate filter- 
veraged reflectivities of Uranus as a function of phase angle. These
hase angle calculations are compared in Fig. 1 with the Voyager/ISS
bservations of Wenkert ( 2023 ) (from which phase curves have been
xtracted; Wenkert et al. 2023 ) and the Voyager/IRIS observations of
earl et al. ( 1990 ). In addition, simulated phase curves at Str ̈omgren-
 and - y wavelengths are also shown. It should be noted that Voyager
bserved increasingly equatorial regions of Uranus as it headed to 
igher phase angles due to the large inclination of Uranus’s axis and
he fact that these observations were made near solstice. Since Uranus 
s known to form a ‘hood’ of increased haze opacity at polar latitudes
ear solstice, this means that the reflectivities observed by Voyager 
t different phase angles are weighted to regions of very different
erosol structure, which adds to the complexity of interpreting these 
hase curves. 
It can be seen that the observed variation of reflectivity with

hase angle is reasonably well defined in the Clear, Violet, Blue, and
reen channels, where the signal-to-noise ratio of the Voyager/ISS 

bservations are good, but is less clear in the UV and Orange
hannels. The UV and Orange reflectivities are known to be the
east reliable observations in this data set, due to increased noise
aused by the lower radiances seen in these channels (Fig. 2 ) and
nsuf ficient exposure times. Ho we ver, it can be seen that the simulated
hase curves are in reasonably good agreement with observations, 
hich adds confidence that NEMESIS models the reflectivity of 
ranus at different phase angles reliably. Indeed, if we scale our

imulations by single factor for each filter (for example for the Clear
lter a factor of 0.908 has been applied), it can be seen that the
imulations are in good agreement with the shape of the measured
hase curves, which suggests that the differences could just be caused
y photometric inconsistencies; such channel-to-channel variation 
as also seen when we analysed Voyager-2 ISS observations of 
ranus (Irwin et al. 2024 ). We thus used our NEMESIS simulations

o compute the phase integral q (equation 2 ) numerically, validating
hese calculations against a model planet with a uniform perfectly 
cattering Lambertian surface, for which we computed the expected 
alues of p = 2 / 3 and q = 1 . 5, leading to A = 1. 

The calculated geometric albedo spectrum p( λ) from our model 
s shown in Fig. 2 and can be seen to be in good agreement
ith the measured disc-averaged HST /STIS albedo spectrum of 
ark oschka & Tomask o ( 2009 ), from which this model was derived.
ig. 2 also shows the Voyager/ISS channel filter profiles (Danielson 
t al. 1981 ), the Voyager/IRIS-radiometer spectral response functions 
Hanel et al. 1981 ), and the Str ̈omgren- b and Str ̈omgren- y filter func-
ions (Crawford & Barnes 1970 ). As can be seen, the observed and
odelled geometric albedo spectrum of Uranus varies greatly with 
avelength, with high albedos seen at visible and UV wavelengths, 
ut decreasing rapidly at longer wavelengths due to the increasing 
bsorption of gaseous methane. Hence, the mean albedo of a filter
assband depends strongly on these responsivity curves. 
MNRAS 540, 1719–1729 (2025) 
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Table 2. Simulated filter -a veraged Bond and geometric albedoes computed from our reference holistic model 
fitted to observations from 2000 to 2009. The likely errors on these values is discussed in the main text. 

Instrument or range Geometric albedo Bond albedo Phase integral 
p̄ Ā q̄ 

Str ̈omgren- b (467 nm) 0.606742 0.819338 1.35039 
Str ̈omgren- y (551 nm) 0.482306 0.647710 1.34295 
Voyage/ISS – Clear 0.545037 0.737174 1.35252 
Voyager/ISS – UV 0.517394 0.709903 1.37207 
Voyager/ISS – Violet 0.564171 0.767374 1.36018 
Voyager/ISS – Blue 0.577464 0.779424 1.34974 
Voyager/ISS – Green 1 0.474723 0.637848 1.34362 
Voyager/ISS – Green 2 0.471953 0.634109 1.34359 
Voyager/ISS – Orange 0.430355 0.578334 1.34385 
HST /STIS (0.3–1.02 μm) 0.344325 0.465665 1.35240 
Voyager/IRIS Radiometer 0.233810 0.316006 1.35155 
0.2–1.9 μm 0.268850 0.364617 1.35621 
0.2–2.5 μm 0.258426 0.350479 1.35620 
0.2–100 μm 0.248886 0.337540 1.35620 

 

w  

s  

t  

v  

a  

i  

∼  

p  

t  

a

p

 

L  

f  

c  

a  

p

p

 

w  

fi  

w
 

l  

p  

o  

a  

l  

i  

a  

a  

s  

s  

a  

a  

J  

f  

c  

S  

t  

i  

a  

b  

o  

p  

h  

s  

A  

t  

V  

μ  

q  

w  

s  

v  

e
 

r  

0  

e  

a  

t  

p  

l  

F  

a  

p  

q  

A  

2  

e  

H  

k  

w  

b  

w  

t

From the computed irradiance spectra I ( λ, α) (W m 

−2 μm 

−1 ) at
avelength λ and phase angle α we calculated the phase integral

pectrum q( λ), which is also shown in Fig. 2 . It can be seen
hat our computed phase integrals lie in the range 1.3 to 1.4 at
isible wavelengths, reducing to 1.2 to 1.3 at longer methane-
bsorbing wa velengths, b ut increasing in the methane windows. This
s expected as the main reflection is from the Aerosol-‘2’ layer at

1.5 bar, which is modelled as being composed of micron-sized
articles that are rather forward scattering at these wavelengths,
hus increasing q. We calculated filter -a veraged geometric and Bond
lbedoes using the following equations: 

¯ = 

∫ 
f ( λ) I ( λ, 0)d λ∫ 
f ( λ) S( λ)d λ

, and Ā = 

∫ 
f ( λ) q( λ) I ( λ, 0)d λ∫ 

f ( λ) S( λ)d λ
. (4) 

Here, S( λ) is the solar irradiance spectrum for a perfectly reflecting
ambertian disc of Uranus’s size and distance from the Sun, and
 ( λ) is the filter sensitivity profile. It is important to stress that we
omputed these filter -a veraged albedos by taking ratios of the filter-
veraged irradiances, rather than filter-averaging the albedo spectra
( λ) = I ( λ, 0) /S( λ) and A ( λ) = q( λ) I ( λ, 0) /S( λ) using: 

˜  = 

∫ 
f ( λ) p( λ)d λ∫ 

f ( λ)d λ
, and ˜ A = 

∫ 
f ( λ) A ( λ)d λ∫ 

f ( λ)d λ
. (5) 

The spectra of both Uranus and the Sun can be seen to vary greatly
ith wavelength in Fig. 2 . Hence, while p̄ ∼ ˜ p and Ā ∼ ˜ A for narrow
lters, it is not a good approximation for the wide filter passbands
e consider here. 
Our computed averaged albedos for a range of filters and wave-

ength ranges are listed in Table 2 . In this table, the quoted ef fecti ve
hase integrals are computed as q̄ = Ā / ̄p . Since the reflectivity
f Uranus decreases greatly with wa velength, the filter -a veraged
lbedoes for the Voyager/IRIS-radiometer filter are significantly
ower than those of shorter wavelength filters. It can also be seen
n Fig. 2 that the IRIS radiometer filter biases against the reflectivity
t very short wavelengths. If instead we calculate the albedoes using
 filter that is uniformly transmitting from 0.2 to 1.9 μm, we find
ignificantly higher albedoes. Ho we ver, e ven this calculation ignores
ome reflected radiance, as the solar spectrum is non-negligible
t longer wavelengths and Uranus still has some reflectivity. To
ddress this, we first matched a combined reference IRTF/SpeX and
WST /NIRSpec spectrum to the computed I ( λ, α) radiance spectra
NRAS 540, 1719–1729 (2025) 
rom 1.5 to 1.6 μm and used these scaled spectra to extend the
alculation from 1.9 to 2.5 μm. Secondly, since ∼3.7 per cent of the
un’s irradiance is at wavelengths longer then 2.5 μm, we extended

he computed spectra further to 100 μm, assuming that Uranus has
nsignificant reflectivity at wavelengths longer than 2.5 μm (i.e. we
ssumed Uranus’s reflectivity at wavelengths longer than 2.5 μm to
e zero). We believe this to be a sensible assumption as Uranus’s
bserved reflectivity is already very small at 2.5 μm, and aerosol
articles would have to be very large and the layers optically thick to
ave significant backscatter at longer wavelengths, which is not con-
istent with current atmospheric haze models (e.g. Irwin et al. 2022 ).
s can be seen, these extensions have the effect of slightly decreasing

he computed albedos, but they are still 6 per cent greater than the
oyager/IRIS estimate. Inte grating o v er all wav elengths (0.2–100
m) we conclude that in the period 2000–2009: p 

∗ = 0 . 249 ± 0 . 007,
 

∗ = 1 . 36 ± 0 . 03, and A 

∗ = 0 . 338 ± 0 . 011. Our estimate for q ∗ is
ell within the range of previous estimates (Table 1 ), but as we will

ee in the next section p 

∗ and A 

∗ vary significantly with time, and this
ariation must be accurately accounted for in order to arrive at robust
stimates of the orbital-mean Bond albedo and radiative balance. 

Averaging our simulated spectra o v er the Voyager/IRIS-
adiometer responsivity function, we calculate values of p̄ IRIS =
 . 234, Ā IRIS = 0 . 316, and q̄ IRIS = 1 . 35. With regard to possible
rrors, the 2000–2009 observations that our model is derived from
re believed to be accurate to 1 to 2 per cent, and we are able to fit to
hese data to within this precision. The error on the calculation of the
hase integral is harder to check, but the shape of our phase curves
ooks consistent to first-order with the Voyager phase curves shown in
ig. 1 . Assuming 2 per cent for the observation and fitting errors and
dding these in quadrature, this amounts to ±2.8 per cent for p, giving
¯ IRIS = 0 . 234 ± 0 . 007. Assuming 2 per cent uncertainty for q gives
¯ IRIS = 1 . 36 ± 0 . 03 and combining these errors in quadrature gives
¯
 IRIS = 0 . 316 ± 0 . 011. Our estimates for these IRIS albedoes from
000 to 2009 are thus consistent with the values determined by Pearl
t al. ( 1990 ) in 1986 of p̄ = 0 . 231 ± 0 . 048 and Ā = 0 . 322 ± 0 . 049.
o we ver, we will see in the next section that the albedo of Uranus is
nown to have decreased significantly from 1986 to the early 2000s,
hich leads us to suspect that the albedoes of Pearl et al. ( 1990 ) may
e underestimated. This conclusion is also consistent with Table 1 ,
here it can be seen that values of Pearl et al. ( 1990 ) are lower than

he previous three studies considered. 
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1  
 SEASONA L  C Y C L E  M O D E L L I N G  

ur Bond albedo estimate comes from our modified holistic model 
t to HST /STIS, IRTF/SpeX, and Gemini/NIFS observations made 
rom 2000 to 2009 and near equinox when the albedo of Uranus is
nown to be significantly lower than it is near solstice (Lockwood 
019 ). To compare more directly with Voyager-2 observations we 
eed to correct for this albedo change. Furthermore, in order to best
stimate the orbital-mean Bond albedo, we need to accurately model 
he average absorbed solar energy during Uranus’s orbit about the 
un. 
Irwin et al. ( 2024 ) found that the seasonal variations in reflectivity

etermined from the Lo well Observ atory observ ations of Lockwood 
 2019 ) could be moderately well approximated by a model where
olewards of 40 ◦S and 40 ◦N an additional opacity ( τ = 5 at 800 nm)
f conserv ati vely scattering micron-sized particles is added to the 
erosol-2 layer at ∼1.5 bar to simulate the effects of Uranus’s polar

hood’. Although this was used by Irwin et al. ( 2024 ) to model just
tr ̈omgren- b and Str ̈omgren- y reflectivity variations, we assumed 

he same model could be used here to simulate the variations in
eflectivity at all other wavelengths. 

To make the new simulation, we took our reference modified 
olistic model and computed the Minnaert nadir and limb-darkening 
pectra I 0 ( λ) and k( λ). Then, adding an additional opacity ( τ = 5
t 800 nm) of conserv ati vely scattering particles to the Aerosol-2
ayer at 1.4 bar with the same mean radius of 0.8 μm we computed
ew Minnaert spectra I 0Pole ( λ) and k Pole ( λ), more appropriate for
olar regions. Then, for one orbit about the Sun, and using geometry
phemeris data from JPL Horizons, 9 following the procedure of Irwin 
t al. ( 2024 ), we computed the radiance at each point on Uranus’s disc
including Uranus’s polar flattening, which Irwin et al. ( 2024 ) found
o have a small effect on the overall reflectivity] as seen from Earth
sing the Minnaert model for both cases, combining them depending 
n latitude as: 

 I /F ) = (1 − f )( I /F ) Ref + f ( I /F ) Pole , (6) 

here the weighting factor f was assumed to vary with latitude φ
in degrees) as: 

 = (1 + tanh (10 π ( | φ| − 40) / 180)) / 2 . (7) 

his distribution gives f = 0 at the equator and f = 1 at the
oles, with a cross-o v er latitude of 40 ◦. We then integrated the
omputed spectra o v er the disc to determine the disc-averaged 
eometric reflectivity in the various filters. Finally, to account for 
he fact that our reference reflectivity spectrum was calculated 
rom disc-averaged data, rather than equatorial data as assumed 
y Irwin et al. ( 2024 ), and thus already partly includes the hood
s seen in 2002, the final reflectivities were multiplied by a factor
f 0.99 to ensure a good match to the observed Str ̈omgren- b and
tr ̈omgren- y Lo well Observ atory reflecti vities of Lockwood ( 2019 ).
ur simulated Str ̈omgren reflectivity curves are compared with the 
bserved Lo well reflecti vities in Fig. 4 and also to HST /WFC3
bservations from 2014 to 2022 (Irwin et al. 2024 ). This figure is
ery similar to fig. 13 of Irwin et al. ( 2024 ) and shows moderately
ood agreement between the observed and simulated curves between 
985 and 2022. Ho we v er, the observ ed reflectivities are lower than
hose simulated from 1950 to 1985 (especially at green wavelengths) 
or reasons that are currently unclear. Irwin et al. ( 2024 ) suggest that
he reflectivity may be dependent on Uranus’s mean distance from 
 https:// ssd.jpl.nasa.gov/ horizons/ 

f
c  

H  
he Sun. Uranus was closest to the Sun in 1965 and furthest in 2009
nd Irwin et al. ( 2024 ) suggest that increased solar flux may lead to a
igher concentration of dark chromophore particles near perihelion, 
ausing asymmetry in the reflectivity cycles. 

The apparent correlation between giant planet atmospheric colour- 
ng agents, atmospheric dynamics, and solar irradiation is under 
ctiv e inv estigation. P ́erez-Hoyos et al. ( 2009 ) purported that colour
hanges o v er Oval BA, one of Jupiter’s largest storms, might hav e
een caused by increased insolation after the material was lofted to a
igher altitude, in turn increasing the rate of photochemical reactions 
ffecting the colour change. A correlation between chromophore 
arkness and UV fluence was also noted by Carlson et al. ( 2016 ), who
erformed laboratory experiments to find a candidate for Jupiter’s red 
hromophore (Carlson et al. 2016 ) and may indicate that the deeper
edness of Jupiter’s Great Red Spot is caused by the haze particles
eing trapped in a vortex and exposed to sunlight for extended
eriods. This correlation between UV irradiation and chromophore 
olour is currently under further investigation (Carlson et al. 2023 ). 

To see if the observed asymmetry in the seasonal curves might
ffect our orbitally averaged heat balance calculations, we also 
enerated an empirical fit to the Str ̈omgren- y curve using: 

 

′ ( t) = R( t) − 0 . 005 + 1 . 5( R( t) − R( t) ) − 0 . 1( S( t) − 1) , (8) 

here R( t) is our simulated Str ̈omgren- y seasonal curve (shown in
ig. 4 ), R( t) is its orbital average, and S( t) = F Sun ( t) /F Sun0 , where
 Sun ( t) is the solar insolation curve, shown later in Fig. 5 , and F Sun0 

s the insolation when Uranus is at a distance of 19.2 au from the
un. 
Fig. 4 also shows reflectivity curves calculated when averaged 

 v er the Voyager/ISS filters, the Voyager/IRIS radiometer response 
unction, and finally when av eraged o v er all calculation wavelengths
0.2–1.9 μm). It can be seen that the amplitude of the reflectivity
ariations increases as we go to longer wavelengths, due to the
act that at longer wavelengths the polar hood becomes clearer and
ess masked by Rayleigh scattering. Averaging over all calculation 
avelengths p̄ (0 . 2 −1 . 9 μm) can be seen to vary from roughly 0.27 to 
.29 o v er Uranus’ s year . We used these curves to estimate how
uch more reflective Uranus was in 1986 (during the Voyager-2 

ncounter) compared with the year of our HST /STIS observations 
n 2002, and phase integral curves including these factors are also
hown in Fig. 1 as dashed lines. In particular, av eraging o v er the
oyager/IRIS radiometer response function we estimate that Uranus 
hould have been more reflective by 9.5 per cent in 1986 than it
as in 2002. Hence, with this additional correction we estimate the

ikely geometric and Bond albedos in 1986, averaged over the IRIS
esponse function to have been p̄ IRIS = 0 . 256 and Ā IRIS = 0 . 346,
hich are considerably larger than the estimates of Pearl et al. ( 1990 ),
ut still within the estimated error of their values. Finally, Fig. 4
lso shows an additional 0.2–1.9 μm curve derived by scaling the
mpirical Str ̈omgren- y seasonal curve by the mean ratio between the
omputed curv es inte greted o v er the Str ̈omgren- y filter and o v er the
ange 0.2 to 1.9 μm. This is used later to investigate how much the
symmetry in the observed Str ̈omgren- y seasonal curve might affect
he orbitally averaged heat balance. 

Using the calculated seasonal curve for p̄ (0 . 2 −1 . 9 μm) we computed 
he seasonal cycle of the Bond albedo using A = pq, taking
¯ (0 . 2 −1 . 9 μm) from Table 2 to be 1.36. In the previous section, we
aw that the Bond albedo estimated from averaging from 0.2 to
.9 μm is likely lower than the total bolometric Bond albedo by a
actor of 1.08 and hence our final bolometric albedo Ā (0 . 2 −100 μm) is 
orrected by this factor, assuming it does not change with season.
o we ver, to compute the total power absorbed by Uranus, we need
MNRAS 540, 1719–1729 (2025) 
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Figure 4. Seasonal variation in reflectivity of Uranus averaged over different filter profiles using a modified seasonal cycle model of Irwin et al. ( 2024 ), 
which has an additional component ( τ = 5 at 800 nm) of conserv ati vely scattering particles of mean radius 0.8 μm added to the Aerosol-2 layer at 1.4 bar 
at polar latitudes. Left: the calculated reflectivity curves (solid lines) averaged over the Str ̈omgren- b and Str ̈omgren- y filters are compared with the measured 
disc-averaged reflectivities calculated by Irwin et al. ( 2024 ) from the magnitude observations of Lockwood ( 2019 ), recorded directly in these filters from 1972 
to 2016 (crosses) or converted from Johnson B and V observations from 1950 to 1966 (asterisks), and equivalent HST /WFC3 observations from 2016 to 2022 
(diamonds). The dash–dot green line shows an empirically constructed albedo curve that better matches the observed Str ̈omgren- y seasonal curve. Right: the 
calculated reflectivity curves averaged over the different Voyager/ISS filters are shown, together with the curv es av eraged o v er the Voyager/IRIS-radiometer 
sensitivity function, or o v er all computed wav elengths (0.2–1.9 μm). F or this last calculation, the dash–dot cyan line shows an alternative total curve scaled from 

the empirically fitted Str ̈omgren- y seasonal curve. 
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a  
o consider not only how the Bond albedo varies with season, but
lso that the incident solar flux varies during Uranus’s eccentric orbit
y approximately ±10 per cent, as can be seen in Fig. 5 (A). In
ddition, the area of Uranus presented to the Sun varies since Uranus
s significantly oblate and has a high axial inclination. Hence, the
resented area is maximum at the solstices and minimum at the
quinoxes, varying by approximately ± 1 per cent. Combining these
ffects we can compute the total solar power intercepted by Uranus
nd divide this by the planet’s total surface area to determine the
verage incident solar flux per unit area of the atmosphere, F Sun . We
nd that this varies from 0.84 to 1.01 W m 

−2 during Uranus’s orbit
Fig. 5 C). Fig. 5 (B) sho ws ho w the Bond albedo varies with time,
ither av eraging o v er all wav elengths (0.2–100 μm), or av eraging
 v er the Voyager/IRIS radiometer filter. Combining these effects,
e can compute the bolometric value of the absorbed flux per unit

rea F abs , which we show in Fig. 5 (C). The bolometric value of this
an be seen to vary from 0.558 to 0.674 W m 

−2 , with a mean value
f 0.604 W m 

−2 . The confidence of this value depends on several
actors: 

(i) The accuracy of the HST /STIS, Gemini/NIFS, and IRTF/SpeX
bservations fitted to by Irwin et al. ( 2022 ), which we estimated
reviously to be 2.8 per cent. 
(ii) The accuracy of our seasonal cycle model, which we show to

e consistent with the Lowell observations of Lockwood ( 2019 ),
ut which we have extrapolated here initially to 1.9 μm in our
NRAS 540, 1719–1729 (2025) 
adiative transfer calculation. The accuracy of this extrapolation is
ore difficult to evaluate, but since the bulk of Uranus’s reflectivity

omes from visible wav elengths, we believ e that 2 per cent is a
onserv ati ve estimate of the likely error. 

(iii) The accuracy of using the same phase integral value of q =
 . 36 for all seasons and all wavelengths. We model the poles to be
ore reflective to match the seasonal cycles, but we have no way of

ssessing how much the phase integral varies with season. Again, to
e conserv ati ve, we assume here 2 per cent for this uncertainty. 
(iv) The accuracy of the factor of 1.08 we used to convert Ā

alculated from 0.2 to 1.9 μm to all wavelengths (0.2–100 μm). This
as computed from our reference holistic model, which did not have
 separate polar hood and hence may in reality vary with season. To
ccount for this we again conserv ati vely estimate this value to be
ccurate to 2 per cent. 

(v) The observed asymmetry in the seasonal reflectivities reported
y Lockwood ( 2019 ), but not reproduced in our simulations. To
ttempt to quantify this error, we also made calculations using the
mpirical p̄ (0 . 2 −1 . 9 μm) curve mentioned earlier and shown in Figs 4
nd 5 , which we report below. 

All other elements in our calculation come from well-established
olar spectra, or geometrical considerations, which we estimate to
ave errors insignificant with those listed above. Adding all these
omponents in quadrature we arrive at a likely percentage error for A 

∗

nd P in of ±4.5 per cent. Hence, including all factors we find orbital
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(b)

(d)(c)

(a)

Figure 5. Calculations of Uranus’s orbitally averaged Bond albedo and heat budget. Panel A: orbital variation of the incident solar flux at Uranus relative to 
the standard Uranus distance of 19.2 au, compared with the projected area of Uranus relative to a sphere with Uranus’s equatorial radius; the remaining line 
is the product of the two. Panel B: computed variation of Bond albedo with season, averaged over all wavelengths (0.2–100 μm, black), or averaged over the 
Voyager/IRIS radiometer function (red). These variations are compared with estimates of the bolometric Bond albedos listed in Table 1 from Lockwood et al. 
( 1983 ), Neff et al. ( 1985 ), Pollack et al. ( 1986 ), and Pearl et al. ( 1990 ), and colour-coded as shown. The orbital-mean Bond albedo from Pearl et al. ( 1990 ) 
is shown as the dashed red line, with error limits shown as red dotted lines. Panel C: seasonal energy budget of Uranus’s atmosphere. The incident solar flux 
per unit area of Uranus’s atmosphere is shown, while the other lines show the solar fluxes absorbed by Uranus’s atmosphere assuming Bond albedo variations 
calculated o v er all wav elengths (0.2–100 μm), or av eraged o v er the Voyager/IRIS radiometer function. These flux es are compared with the assumed outgoing 
thermal flux of 0 . 693 ± 0 . 013 W m 

−2 (Pearl et al. 1990 ). Panel D: seasonal variation of the P out /P in flux ratio, averaged over all wavelengths (0.2–100 μm, 
black), or o v er the Voyager/IRIS radiometer function (red). The orbital mean v alues are also sho wn as dashed lines and compared with the previous estimates 
listed in Table 1 and using the same colours as in Panel B. In panels B–D, the dashed green line shows the 0.2–100 μm calculations derived from the empirically 
adjusted p̄ (0 . 2 −1 . 9 μm) curve shown in Fig. 4 . 
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W  

o  
ean averages of A 

∗ = 0 . 349 ± 0 . 016 and P in = 0 . 604 ± 0 . 027 W
 

−2 . To determine the flux ratio P out /P in we assume P out to be
 . 693 ± 0 . 013 W m 

−2 , as determined by Pearl et al. ( 1990 ) from
oyager/IRIS spectrometer observations, and we conclude an orbital 
ean of P out /P in of 1 . 15 ± 0 . 06 (i.e. 4.9 per cent), varying during
ranus’s year from 1.03 to 1.24. 
To see what effect the observed asymmetry of Uranus’s reflectivity 

urves (Lockwood 2019 ) might have on these calculations, we 
epeated them using the empirically adjusted p̄ (0 . 2 −1 . 9 μm) curve 
hown in Fig. 4 and find values of A 

∗ = 0 . 345 ± 0 . 016, P in =
 . 607 ± 0 . 027 W m 

−2 , and P out /P in = 1 . 14 ± 0 . 06, which are well
ithin the error limits of our formal calculations and show that the
bserved asymmetry in the observed Str ̈omgren- y seasonal curve 
ikely does not significantly affect Uranus’s heat balance. 

Finally, if we instead av erage o v er the IRIS filter function we find
rbital-mean values of A IRIS = 0 . 338 ± 0 . 015, P in = 0 . 614 ± 0 . 027
 m 

−2 , and P out /P in ( IRIS ) = 1 . 13 ± 0 . 06. These values are within
rror of those calculated by averaging from 0.2 to 100 μm, showing
g  
hat the assumption made by Pearl et al. ( 1990 ) that A IRIS = A 

∗ is
easonable when averaged over a whole Uranus year. The values are
onsistent with those of Pearl et al. ( 1990 ) of A IRIS = 0 . 300 ± 0 . 049
nd P out /P in = 1 . 06 ± 0 . 08, b ut ha ve smaller error bars. We ha ve
aken great care in our study to conserv ati vely estimate our error
ources, and we have also taken great care to estimate how the albedo
f Uranus varies o v er the year and ho w v arying orbital distance and
rojected cross-sectional area affects the absorbed solar power. Even 
ith our conserv ati ve error assumptions, our much more detailed

nd robust calculation leads to error bars on P out /P in that are smaller
han those estimated by Pearl et al. ( 1990 ) and hence we conclude
hat our solution is better constrained and more robust. 

 DI SCUSSI ON  

e have concluded in this study that the bolometric (i.e. averaged
 v er all wavelengths) value of P out /P in for Uranus is significantly
reater than 1.0 and thus that Uranus is not in thermal equilibrium
MNRAS 540, 1719–1729 (2025) 
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ith the Sun. Hence, Uranus appears to be much less of an outlier
ompared with the other planets than previously thought, although
he Uranian value of P out /P in is still significantly smaller than for
he other three giant planets, for which values of P out /P in ∼ 2 are
enerally accepted. 
Our findings of a significant source of internal heat for Uranus are
ore in line with the expectations of radiati ve–convecti ve modelling

tudies. Marley & McKay ( 1999 ) find an internal heat flow less
han P int = 0 . 06 W m 

−2 results in model Uranus tropospheres
hat are significantly cooler than those observed by the Voyager
adio-occultation experiment (Lindal et al. 1987 ). Assuming P out =
 . 693 ± 0 . 013 W m 

−2 , the value of P out /P in = 1 . 06 determined by
earl et al. ( 1990 ) gives P int = 0 . 04 W m 

−2 , which would appear
o be too small. Ho we ver, using our ne w v alue of P out /P in = 1 . 15
ives P int = 0 . 10 W m 

−2 , which is more consistent with Marley &
cKay ( 1999 ). More recently, Markham & Stevenson ( 2021 ) look

t how condensation effects may have affected the thermal evolution
f Uranus and Neptune. Such effects can inhibit convection, but
he apparent absence of an internal source of heat in Uranus defied
xplanation in their study. Most recently, Milcareck et al. ( 2024 )
ave performed radiati ve–convecti ve modelling of the stratospheres
f Uranus and Neptune using the holistic aerosol model of Irwin et al.
 2022 ). Although this paper does not make estimates of internal heat
o w, the v alue of the Bond Albedo deri v ed for Uranus of 0.35 is v ery
imilar to what we have determined here of 0 . 349 ± 0 . 016, adding
onfidence to our estimate. 

We find that Uranus is furthest from thermal equilibrium near the
orthern summer equinox period, a period which has just passed
equinox was in 2007), which may help to explain the increased
torm cloud activity seen in Uranus’s atmosphere near this time. It
ay be that increased solar heating at other times helps to stabilize the

tmosphere by heating the upper levels and suppressing convection
rom the interior. This may thus help explain why Uranus appeared
o be so quiescent and dormant during the Voyager 2 flyby in 1986.
f this interpretation is correct, then it is likely that the planet’s
torm activity will now decrease as the incident solar flux increases
nd the upper levels of Uranus’s atmosphere become warmer. In
ddition, as Uranus now starts to mo v e closer to the Sun and the
nsolation starts to increase again, the Lowell Observatory data of
ockwood ( 2019 ) would suggest that Uranus should become slightly
ark er heading tow ards the next equinox in 2049 than it was in 2007.
ontinued observations are essential to confirm whether Uranus’s

easonal albedo cycle really is asymmetric. 
In addition to the seasonal cycles considered here, there is also a

mall variation in Uranus’s albedo detected in the Lowell Observatory
ata of Lockwood ( 2019 ) on the time-scale of the solar cycle
i.e. ∼11 yr; Aplin & Harrison 2017 ). There are two mechanisms
uggested to account for this solar modulation: nucleation on to ions
r electrons created by galactic cosmic rays (GCR), or UV-induced
erosol colour changes, which are also suggested to affect the albedo
f Neptune (e.g. Aplin & Harrison 2016 ; Roman et al. 2022 ). Given
hat a slower seasonal variation of albedo is seen in the Lowell
bservatory data (Lockwood 2019 ) that may be related to Uranus’s
istance from the Sun, this suggests that the second explanation may
e more likely in this case. Ho we v er, such solar-c ycle variations are
oo rapid and too small to affect our orbital-mean estimates here. 

Finally, our estimate for P out /P in is critically dependent on the
ssumed value of the outgoing thermal flux, which we have assumed
o be P out = 0 . 693 ± 0 . 013 W m 

−2 (Pearl et al. 1990 ) and to not
 ary with season. If, ho we ver, there has been a miscalibration of this
alue, or if the outgoing thermally emitted flux varies during the
ranian year then this will affect the flux ratio, as indeed would any
NRAS 540, 1719–1729 (2025) 
nmodelled seasonal variations in the phase integral q ∗, which we
ave here assumed to have a constant value of q ∗ = 1 . 36 ± 0 . 03. 

 C O N C L U S I O N S  

n this study we used the modified ‘holistic’ aerosol model of Irwin
t al. ( 2022 ), James et al. ( 2023 ), and Irwin et al. ( 2024 ) to compute
 new estimate of the bolometric Bond albedo of Uranus in the
arly 2000s. Then, using a seasonal model of Uranus based on Irwin
t al. ( 2024 ), we have calculated how this albedo varies with season
nd make a new estimate of the orbitally averaged mean solar flux
bsorbed by Uranus, comparing this with the assumed outgoing
hermal flux of 0 . 693 ± 0 . 013 W m 

−2 , determined from Voyager-
/IRIS observations by Pearl et al. ( 1990 ). We arrive at the following
onclusions. 

(i) Averaging from 0.2 to 100 μm, and using a fixed phase
ntegral value of q ∗ = 1 . 36 at all seasons we find an orbital-average
olometric Bond albedo of A 

∗ = 0 . 349 ± 0 . 016, noting that this
aries significantly during the year from 0.335 to 0.363. 

(ii) Combining these computed reflectivity curves with solar flux
nd projected area orbital variations, and averaging from 0.2 to 100
m we find the total mean solar power absorbed by Uranus to be
 . 604 ± 0 . 027 W m 

−2 , varying during the year from 0.558 to 0.674 W
 

−2 . 
(iii) Assuming the orbital mean outgoing thermal flux of 0 . 693 ±

 . 013 W m 

−2 from Voyager-2/IRIS (Pearl et al. 1990 ), we find,
veraging from 0.2 to 100 μm, that P out /P in = 1 . 15 ± 0 . 06, varying
uring the year from 1.03 to 1.24. 
(iv) If we instead use the empirical geometric albedo curve

erived from the observed asymmetric Str ̈omgren- y seasonal curve
f Lockwood ( 2019 ) and extrapolate to 0.2–100 μm we find values of
 

∗ = 0 . 345 ± 0 . 016, P in = 0 . 607 ± 0 . 027 W m 

−2 , and P out /P in =
 . 14 ± 0 . 06, which are well within the error limits of our formal
alculation. Hence, we conclude that the observed asymmetry in the
bserved Str ̈omgren- y seasonal curve does not significantly affect
ranus’s heat balance. 
(v) Finally, if we instead average over the Voyager/IRIS-

adiometer responsivity function (Hanel et al. 1981 ), we find val-
es of A IRIS = 0 . 338 ± 0 . 015, P in = 0 . 614 ± 0 . 027 W m 

−2 , and
 out /P in = 1 . 13 ± 0 . 06. These are just within the error limits of our
.2–100 μm calculations and show that assuming A IRIS = A 

∗, as was
one by Pearl et al. ( 1990 ), is a reasonable approximation. 

While we have used our simulations to greatly impro v e the
stimated values of A 

∗ and P in for Uranus, our estimate of P out /P in 

s critically dependent on the assumed value of the outgoing thermal
ux P out = 0 . 693 ± 0 . 013 W m 

−2 (Pearl et al. 1990 ). We have
ssumed this value to be correct and have also assumed that it does
ot vary with time. If, however, there has been a miscalibration of this
alue, or if, in fact, the outgoing thermally emitted flux varies with
eason, then this will affect the flux ratio. We thus recommend that
he value of the outgoing thermal flux from Uranus’s atmosphere
e restudied, perhaps using more recent ground-based and JWST
bservations. In the meantime, assuming P out = 0 . 693 ± 0 . 013 W
 

−2 we conclude that although Uranus is not in thermal equilibrium
ith the incident solar flux, P out /P in is still significantly less than

or the other three giant planets, for which values of P out /P in ∼ 2
re generally accepted. We also note that the high eccentricity
f Uranus’s orbit leads to significant change in the incident solar
ux, which if correlated with the production of dark photochemical
aze products may help to explain the asymmetry in Uranus’s
easonal albedo cycle observed in Lowell Observatory observations
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Lockwood 2019 ). To explore this further, the next step in this
roject will be to analyse Hubble visible wavelength data from 1994 
hrough 2025 to gain a clearer understanding of how Uranus’s re-
ectivity changes at other wavelengths while the planet mo v ed from

ust before the northern spring equinox towards northern summer 
olstice. 
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