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ARTICLE INFO ABSTRACT

Microphysical simulations have been performed to constrain the formation and structure of haze in Uranus's
atmosphere. These simulations were coupled to a radiative-transfer code to fit observations performed by the
SINFONI Integral Field Unit Spectrometer on the Very Large Telescope (VLT) and by the Wide Field Camera 3
(WFC3) of the Hubble Space Telescope (HST) in 2014. Our simulations yield an effective radius of ~0.2um for
the haze particles in the tropopause and a density of ~ 2.9 particles per cm®. Our simulations also provide an
estimate for the haze production rate in the stratosphere of between ~3.107'® and 3.10 " '*kgm~2s™", about
100 times smaller than that found in Titan's atmosphere (e.g. Rannou et al., 2004). This range of values is very
similar to that derived by Pollack et al. (1987) from Voyager-2 observations in 1986, suggesting microphysical
timescales greater than the elapsed time between these observations (28 years, or 1/3 of a Uranian year). This
result is in agreement with analyses performed with our microphysical model that show timescales for haze
particles to grow and settle out to be > ~30 years at pressure levels > 0.1 bar. However, these timescales are
too big to explain the observed variations in the haze structure over Uranus's northern hemisphere after 2007
equinox (e.g. de Pater et al., 2015). This indicates that dynamics may be the main factor controlling the spatial
and temporal distribution of the haze over the poles. A meridional stratospheric transport of haze particles with
winds velocities > ~0.025m s~ ! would result in dynamics timescales shorter than 30 years and thus may ex-
plain the observed variations in the haze structure.
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1. Introduction

Voyager-2 observations revealed the presence of hazes in the at-
mosphere of Uranus (Pollack et al., 1987; Rages et al., 1991). As in
Jupiter and Titan's atmospheres, the haze formation is attributed to
photochemical processes that take place in the stratosphere. Methane
dissociation by solar UV and energetic particles leads to a network of
chemical reactions, producing more complex hydrocarbons (Atreya and
Romani, 1985; Moses et al., 2018; Pollack et al., 1987). In the cold
stratosphere of Uranus (Tyler et al., 1986), many of these species
condense, perhaps continuing to be photolytically processed in the solid
state. In addition to condensing ices of acetylene, ethane, and diace-
tylene that were considered by all prior photochemical models (Orton
et al., 2014b; Pollack et al., 1987), Rages et al. (1991) also discussed
condensation of CgH,, while Moses et al. (2005) also discussed

condensation of CzHg, C4H;0, and CgHg. These species have con-
densation levels in the 0.1 to 20-mbar region.

A number of radiative-transfer codes have been used to constrain
the haze properties in Uranus's atmospheres by fitting observations
from ground-based telescopes (or observations from telescopes in orbit
around the earth) (e.g. Irwin et al., 2012b; Irwin et al., 2017; Irwin
et al., 2016; Karkoschka and Tomasko, 2009; Sromovsky et al., 2011;
Sromovsky et al., 2018; Toledo et al., 2018). Although all these analyses
required hazes in their respective models to fit the observations, the
haze properties (vertical distribution or scattering properties) used or
retrieved by the models were very different. For example, [rwin et al.
(2016) analyzed VLT spectra in the H-band (1.4-1.8 um) using a simple
two-cloud model, consisting of a vertically-thin deep cloud near the 2-
bar level, together with a vertically-extended haze; meanwhile
Sromovsky et al. (2011) used a model consisting of three vertically-thin
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clouds in the lower troposphere, together with a vertically-extended
tropospheric haze from 1 0.1 bar, and a vertically-extended strato-
spheric haze from 0.1 0.01 bar. Based on the y 2 results, it was found
that both aerosol models provide good fits to the observations despite
their different vertical distribution. Similar conclusions were found by
Sromovsky et al. (2018), who used several different aerosol models to
fit HST-STIS, Keck-NIRC2, and IRTF-SpeX observations. These different
radiative-transfer analyses show the limitations of determining pre-
cisely the vertical structure of the haze from remote observations alone.
Haze microphysical codes have been used to constrain the haze
formation and structure in different atmospheres (e.g. Cabane et al.,
1992; Cheng et al., 2017; Pollack et al., 1987; Rannou et al., 2004). By
simulating the time evolution of the haze concentration, modelled in
terms of number of particles of different sizes at different altitudes, they
provide vertical profiles of haze density and size distribution as a
function of different input parameters. For instance, Pollack et al.
(1987) analyzed Voyager-2 observations with the microphysical model
of Toon et al. (1980) and radiative-transfer simulations to constrain the
production rate and structure of the haze in Uranus's atmosphere. Al-
though this analysis put strong constraints on the haze structure, a
number of recent observations have revealed seasonal changes in Ur-
anus's atmosphere after the 2007 equinox (e.g. de Pater et al., 2015;
Sromovsky et al., 2018; Toledo et al., 2018). These observations and
analyses pointed to the need of performing new simulations of the
formation and growth of haze in Uranus's atmosphere. In this work we
analyzed observations acquired in 2014 with a microphysical model to
constrain the haze structure in Uranus's atmosphere and also constrain
the haze microphysics timescales. In order to better constrain the haze
parameters, the haze microphysical simulations were coupled to the
NEMESIS radiative-transfer code (Irwin et al., 2008) to model the ob-
servations. We describe the data used in this work, the microphysical
model, and radiative-transfer codes in section 2. In section 3, we pre-
sent our model results, compare them to data, and discuss the impact of
dynamics on the distribution of the haze in Uranus's atmosphere.

2. Observations, haze microphysics and radiative transfer
2.1. Observations

We analyzed observations of Uranus in the H-band (1.4-1.8 um)
performed by the SINFONI Integral Field Unit Spectrometer on the Very
Large Telescope (VLT) on 31 October and 11 November 2014 (Irwin
et al., 2016). These observations used adaptive optics to achieve a
spatial resolution of about 0.1”, returning 64 x 64-pixel spectral cubes,
and a spectral resolution AA of 0.0005 um. Data reduction was carried
out with the ESO VLT SINFONI pipeline and additional photometric
corrections as described by Irwin et al. (2016) were also included. The
reduced data were then averaged with a triangular-shaped instrument
function with Full Width Half Maximum (FWHM) = 0.002 um, re-
sulting in a final spectral resolution of R ~775. It was found in previous
analyses of Uranus that this spectral resolution provides the best com-
promise between modelling computational speed, signal-to-noise (SNR)
ratio and accurate representation of the methane absorption features
(Irwin et al., 2012a).

To better constrain the haze microphysics parameters we also ana-
lyzed observations made with the Wide Field Camera 3 (WFC3) of the
Hubble Space Telescope (HST) as part of of the Hubble 2020: Outer
Planet Atmospheres Legacy program, OPAL. These observations were
made in seven spectral channels, detailed in Table 1, on 8 and 9 No-
vember 2014 (Wong et al., 2015). The HST/WFC3 photometric errors
were computed taking into account: 1) the uncertainty of the photo-
metric calibration of the WFC3 instrument (Dressel, 2012); 2) the un-
certainty in the correction for fringing in narrowband filter images at
wavelengths longer than ~675nm (Wong, 2010); and the uncertainty
in the solar spectrum (Colina et al., 1996). We added an additional
3.1% uncertainty for quad filters (filters with a ‘Q’ in their names in
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Table 1
HST/WFCS3 filters used in our study.

Name A(nm) FWHM (nm) Photometric error (%)
F467M 467 21.5 5.1
F547M 547 70.9 5.1
FQ619M 619 6.1 6.0
F658M 658 2.8 5.1
FQ727M 727 6.5 6.5
F845M 845 87.6 5.1
FQ924N 924 8.9 6.5

Table 1), because the major photometric calibration update for WFC3 in
2016 did not include new flatfields or zeropoints for these filters (Ryan
Jr et al., 2016).

2.2. Microphysics

A haze microphysical model developed originally for Titan (Cabane
et al., 1992; Rannou et al., 2004) was used in this study to simulate the
formation and evolution of haze in Uranus's atmosphere. This one-di-
mensional Eulerian model solves the aerosol continuity equation sub-
ject to eddy diffusion, settling and coagulation, to evaluate the time
evolution of the haze number density, C(r,2), described in terms of the
particle radius, r, and altitude, z. Since the model we employ is well
documented already (Cabane et al., 1992; Toon et al., 1988; Toon et al.,
1980) we shall give only a brief description. The aerosol continuity
equation is given by

6C (r,2) 5C(r,z)] 4 [5C(r,z)
transport

at = Q(Z) + [ t ot ]collection ®

The first term of the right side of the equation, Q(z), represents the
production of particles (number of particles per unit volume and time)
due to photochemical reactions in Uranuss stratosphere. This produc-
tion is parameterized assuming a Gaussian function whose vertical
variation is given by

2
Q@) = Q) exp (—M)

2Az? 2)

where z is the altitude, and z, and Az are adjustable parameters that
characterize the haze production region in Uranus's atmosphere
(Pollack et al., 1987). In order to cover the region where the products of
CH, dissociation are expected to condense, the parameter z, was set to
the altitude corresponding to the 0.1-mbar level and a value of Az to
40 km. This choice of parameters defines a production region comprised
between the 0.01 and 1-mbar levels. Although our haze production rate
parametrization is simplistic (a more complete treatment would need to
include separate condensation rates for the various hydrocarbon ices),
in section 3.3 we will show that 2, does not have a major impact on the
retrievals for p(zo) < 118 mbar. The term Q(2,) is given by

_ M, 1
Qo) = (4/3)morg 2w Az 3

where M, is the vertically-integrated production rate (kgm 25~ 1), ro is
the initial model radius that represents the smallest size (set to
0.0012 ym) and p is the density of the material making up the particles.
We tested different initial model radii and we found that this minimum
size does not have a major effect on the simulations. The main reason is
that the haze particles with such small radii grow in size very quickly
due to coagulation. Based on the properties of hydrocarbon ices a value
of 0.7 gcm ™3 was used for p (Pollack et al., 1987). The parameter M,
determines the amount of haze particles produced in the high atmo-
sphere and its range of values for Uranus was estimated in our simu-
lations. The second term of the right side of Eq. (1) represents the rate
of change of the concentration of particles (for a given size) due to
vertical transport. This rate is given by



D. Toledo, et al.

Eddy diffusion coefficient (cm 2sec™! )

10" 102 10° 104
1074 T

Temperature |

10-3 3

Pressure (bar)

10" : : :
40 60 80 100 120 140

Temperature (K)

Fig. 1. Variation of temperature and eddy diffusion coefficient with height in
Uranus's atmosphere.

I:m:l = _i(¢settling + <?Sdiﬂ:usion)
at transport az (4)
where @geniing and Paigusion are the sedimentation and eddy-diffusion
fluxes, respectively. The sedimentation flux is calculated from the set-
tling velocities (Cabane et al., 1992), while the eddy-diffusion flux is
computed by

C(r,z>]

el
Pairusion = _Kpaa( o

5
where p, is the atmospheric density and K is the eddy-diffusion coef-
ficient. In this work we have used the following expression to compute
the eddy-diffusion profile in the atmosphere

K@) = K (i)—o.s

kT (6)

This expression assumes that the eddy-diffusion coefficient K(p) is
proportional to the amplitude of breaking waves (K(p) = «n(p)~%®).
Therefore, the only free parameter required to compute the eddy-dif-
fusion coefficient at differentaltitudes is Ky, whose value is estimated
from K at a given reference pressure level. Fig. 1 shows the temperature
and eddy-diffusion coefficient profiles used in this work. The tem-
perature profile is based on the ‘F1’ profile computed by Sromovsky
et al. (2011), and K profile was computed using Eq. (6); K, was derived
from the value of K at the 4 — 2 X 10~ >-bar level given in Fouchet
et al. (2003) (~1 x 10*cm? ™). Compared to the other giant planets,
Uranus's atmosphere seems to be particularly sluggish (K is about 10
times bigger for Neptune's atmosphere). The last term of the right side
of Eq. (1) represents the change of concentration of the particles with a
given size due to collection (coagulation and coalescence). This term
can be expressed as

[ac(r,z)] _ [aC(r,z>] ~ [acmz)]
ot collection ot source o sink (7)

The two terms on the right side of the equation represent the
creation and loss rates of particles of a given size r; the creation of
particles of size r by collection of particles of smaller sizes; the loss rate
of particles of size r by collection with particles of any size. For the haze
microphysics, the gravitational collision-coalescence processes can be
neglected and the collection kernel K, required to compute both rates
(see Cabane et al., 1992), accounts only for coagulation. This coefficient
is computed for spherical particles using classical assumptions (Fuchs,
1964). For modelling the coagulation rate in a given radius bin, we

Icarus 333 (2019) 1-11

need to specify the sticking coefficient (Pollack et al., 1987), whose
value for two particles of radius r; and r, is given by

—q’hh )

S =X (kT(r1 1) @)

where T is the temperature, k is the Boltzmann's constant and q is the
haze charge-per-unit-radius parameter (expressed in electrons per mi-
crometre of radius). The sticking coefficient represents the probability
that two haze particles will stick together. Since no reliable information
concerning the charge of Uranus's haze particles is available, this
parameter, g, was also derived in our simulations. For a set of values of
Mo, q and K, the code computes the vertical distribution of the number
density and size distribution of the haze particles by simulating the
processes of eddy diffusion, coagulation and settling. How fast these
different processes interact depend on My, q andKy, and their respective
timescales will be discussed in section 3.3.

2.3. Radiative transfer

The NEMESIS correlated-k radiative-transfer and retrieval code
(Irwin et al., 2008) was used to simulate the scattering and absorption
of gases and aerosols in Uranus's atmosphere. The same atmospheric
model as described in Irwin et al. (2018) and Irwin et al. (2017) was
used to model the spectra. The temperature profile was based on the
‘F1’ profile computed by Sromovsky et al. (2011), which assumes an
He:H, ratio of 0.131, a mole fraction of neon of 0.004% and a tropo-
spheric CH4 mole fraction of 4% atnon-polar latitudes. The methane
absorption in the H-band was computed using the ‘WKMC-80K’ line
database (Campargue et al., 2012), while for HST observations, for
which WKMC-80K is not appropriate, we used the methane absorption
coefficients of Karkoschka and Tomasko (2010). The methane line data
and band data were converted to k-distribution look-up tables. The VLT
observations were smoothed assuming a triangular-shaped instrument
function with full width half maximum = 0.002 ym, while for the HST
observations we used filter-averaged k-tables. Collision-induced ab-
sorption by H,-H, and Hy-He was computed using the coefficients of
Borysow et al. (2000), Borysow et al. (1989) and Zheng and Borysow
(1995), and an equilibrium ortho/para-H, fraction was assumed at all
altitudes and locations. Absorption by H,~CH, and CH4,~CH, collision-
induced was also computed (Borysow and Frommhold, 1987).

3. Analysis procedure and results
3.1. Analysis procedure

To determine the haze parameters described in section 2.2, we
coupled the microphysics haze simulations with the NEMESIS radiative-
transfer code. For a given latitude, we fitted VLT and HST observations
with NEMESIS using a cloud model comprising a thick tropospheric
cloud and a haze layer whose size distribution and density profiles were
computed with the microphysical model for a set of values ofM, q and
K,. At each altitude, the haze size distribution computed by the mi-
crophysical model is fitted to a log-normal size distribution as illu-
strated in Fig. 2. The haze and cloud-scattering parameters required for
the radiative-transfer simulations (single-scattering albedo, phase
function, and extinction cross section) were computed at all wave-
lengths using Mie theory, where we fitted (as a part of the NEMESIS
inversion) the refractive index spectrum of the haze particles. Similar to
previous analyses (see Irwin et al., 2018; Toledo et al., 2018), the ef-
fective radius of the tropospheric cloud particles was fixed to 1 um and
their vertical distribution was characterised by the total opacity (free
parameter), the fractional scale height (defined as the ratio of the scale
height of the aerosol density to the scale height of the bulk atmosphere,
and whose value is fixed to 0.01), and the cloud altitude (fixed to the 2-
bar pressure level). However, as will be shown in section 3.2, the choice



D. Toledo, et al.

1 bar
2.5 mbar

1072 | | ]
=
®
g A' |i\
o) 107 10°.
—
5 At Radius, pm
» 10
)
j -
o

100 ,,,,,,,,,,,,,,,,

0.1
Mean radius,

um

Fig. 2. (a) Haze mean-radius profile computed by fitting at each altitude the
size distribution given by the microphysical model to a log-normal size dis-
tribution. (b) The blue and red bars represent the relative number of particles in
each radius bin computed with microphysical model and the dashed lines
correspond to the distribution obtained by fitting the profiles. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

of the cloud altitude and structure does not have a major impact on the
haze retrievals. For each instrument wavelength range, the spectrum of
the imaginary refractive index was retrieved at two wavelengths (the
values at all other wavelengths were computed by a linear interpola-
tion), and the real part of the refractive index at 1.4 ym was set to a
reference value of 1.4 (see Irwin et al., 2018; Irwin et al., 2017); the real
part of the refractive index at all other wavelengths was calculated
using the Kramers-Kronig relation (see Sheik-Bahae, 2005).

The free parameters in our analysis are, therefore, the haze para-
meters My, q and K, the tropospheric cloud total opacity, and the
imaginary refractive index of both aerosol layers. Fig. 3a—b shows, as an
example, a number of haze size distribution and density profiles com-
puted for different values of My. These simulations show that an in-
crease in the stratosphere haze production results in a greater number
density and mean particle radius at all the atmospheric levels. This
points out that even if we cannot detect the haze particles at high al-
titudes due to their small size, the haze production rate can be derived

*Kg m~? sec™!
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from the light reflected by the haze at lower levels where the particles
are bigger in radius. This can also be observed in Fig. 3c-d that shows
the cumulative scattering optical depth (z) at 1.4 yum computed for the
size distribution and density profiles illustrated in Fig. 3a-b, and si-
mulations of VLT data at 5°S (Fig. 3d). The red line in Fig. 3d shows a fit
using the haze profiles computed for My = 9.10 °kgm ™25~ (red
dashed lines in Fig. 3a-b), while the black, red and purple lines are
simulations using the same free parameters as for the red case, but for
different haze production rates. The grey, shaded line represents the
VLT observations with errors. Our model indicates that an increase in
the haze production results in a greater scattering optical depth
(Fig. 3c) and hence, a higher reflectance (Fig. 3d). Note that: a) we can
derive My due to the variations in the haze scattering optical depth with
the haze production; b) the vertical profiles of haze number density and
mean radius can be constrained using the microphysical model; ¢) VLT
wavelengths with strong methane absorption are more sensitive to
variations in the haze production rate since most of the light is reflected
at the upper levels of the atmosphere. Therefore, these results show that
by analysing our observations with both haze-production and radiative-
transfer models we can constrain the microphysical parameters and
hence, the haze structure (vertical profiles of density and size) in Ur-
anus's atmosphere.

3.2. Results

In order to speed up the simulations, the retrieval procedure makes
use of a pre-computed set of look-up tables of the haze density and size
distribution for a number of combinations of My, q and K,. For each
haze density and size profile, we fitted the VLT and HST observations at
latitudes between 5°S and 20°N with the NEMESIS code. Therefore, for
each My — ¢ — K, combination, we retrieved the imaginary refractive
index of the tropospheric cloud and the haze, and the tropospheric
cloud opacity as described in the previous section. Fig. 4 shows an
analysis performed at ~5°S. This latitude was selected to compare our
retrievals with those given in Pollack et al. (1987). The upper panel
shows examples of VLT and HST images of Uranus and indicates the
pixels (red dots) selected for the analysis. The lower panel shows con-
tours of Xred2 in the My — g parameter space carried out at the selected
pixels and using the K profile illustrated in Fig. 1. The lower panel of
Fig. 4 also shows the o, 20 and 3o significance levels of X,edz (white
lines), and the range of M, determined by Pollack et al. (1987) from
Voyager-2 observations at similar latitudes (purple line). A similar
contour plot was made for the coefficient K,. However, we found that
for the K, range of values expected for Uranus's atmosphere, this

1073 p== —— - 10°
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Fig. 3. (a)-(b) Vertical profiles of haze mean-radius and number density computed with the microphysical model using different values of the production rate. (c)
Scattering optical depth at 1.46 um computed for the haze size and number density profiles shown in (a)-(b), and a haze refractive index of n = 1.4 + 0.0001i. (d)
Comparison between NEMESIS simulations and VLT observations at 5°S. The thick grey solid line represents VLT observations at 5°S. The VLT spectrum was fitted

using the cloud model discussed in section 3 for a haze production rate and electric charge of 9 x 10~ **kgm~2s

~2571 and 10 electrons per um radius, respectively (red

dotted line). The black, blue and purple dotted lines are VLT simulations when only the haze profiles are changed. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. (Upper) Very Large Telescope (VLT) and Hubble Space Telescope (HST)
images at 1.558 and 0.924 um made on 31 October and 9 November 2014,
respectively. (Lower) Contours of x?,,, in the My — q parameter space for the
fits performed at 5°S (red dots of VLT and HST images). The red purple line
represents the range of M, values estimated by Pollack et al. (1987) from
Voyager-2 observations. The white crosses in the upper panel indicate the pixels
analyzed in Fig. 6. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

parameter does not have a significant effect on the haze profiles. In the
next subsection, the effect of a possible increase in K in the troposphere
on the retrievals will be discussed. Since variations in the temperature
may change the sticking coefficient or the settling velocities, we also
performed these simulations using the global average temperature
structure derived from Spitzer IRS observations (Orton et al., 2014a).
We found that both temperature profiles provide similar results.

The contour lines of 4> shown in Fig. 4 indicate that the best
solutions are found for M, values of between 3.10~'® and 3.10*° kg
m~2s7 !, and g smaller than ~ 20 electrons per um radius (assuming a
significance level of 20 for X,edz). We also observe that this range of
optimal M, values is very similar to that found by Pollack et al. (1987)
from Voyager-2 observations at similar latitudes. The average and 1-
standard deviation of the haze profiles (size distribution and density)
derived for these haze parameters range values are given in Fig. 5. In
order to facilitate the use of these profiles for future work, we have
fitted each profile with two different functions whose parameters are
indicated in Fig. 5. We tested our derived haze profiles at different
pixels localized approximately at the same latitude. These pixels are
indicated with white crosses in the VLT image shown in the upper panel
of Fig. 4. The values of y,.q4> for those pixels are illustrated in the upper
panel of Fig. 6. These ¥,.q> values represent the differences between the
observations and the simulations when using the retrieved aerosol
properties at our reference point (see Fig. 4) at all other pixels along the
latitude line. Although .4 is larger for the pixels that are further away
from the pixel of the analysis of Fig. 4 (red dot), these results show that
our aerosol retrievals fit the observations at these other locations rea-
sonably well. This indicates a haze production rate practically constant
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along the same latitudinal circle.

The results of Fig. 4 indicate that, although the solar illumination at
the top of the atmosphere at these latitudes has changed significantly
between the Voyager-2 and VLT observations (this variation is shown in
Fig. 7), the haze structure has not varied significantly. However, since
the haze is a photochemical product, it would be expected that its
production rate should vary with the solar illumination at the top of the
atmosphere as illustrated in Fig. 7. In addition, these changes in the
production rate would result in changes in the albedo of the planet at
some specific wavelengths (for instance at 1.7 ym) as illustrated in
Fig. 3. The lower panel of Fig. 6 shows the variation of the intensity
with the haze production rate at four different wavelengths. We observe
that, while the observations at 1.56 um are not sensitive to changes in
the production rate, the intensity ratios at 1.46, 1.64 and 1.7 ym in-
crease with the production of haze. This is because at strong methane-
absorbing wavelengths (e.g. at 1.46, 1.64 and 1.7 um) only the high
troposphere or stratosphere is sampled and hence, these observations
are sensitive only to light reflected from upper-level hazes. However, at
weak methane-absorbing wavelengths (e.g. at 1.56 um) most of the
light is reflected by the main cloud deck as a result of its larger opacity.
In other words, the haze parameters are retrieved at wavelengths for
which the tropospheric cloud deck properties do not have a significant
impact on the observations. Therefore, any spatial or temporal variation
in the production rate should result in variations in the albedo of the
planet at these strong methane-absorbing wavelengths. The analysis
illustrated in Fig. 4 shows that the haze vertical profiles (density and
size distribution) in 2014 do not reveal a noticeable variation in the
haze production rate with respect to Voyager-2 observations. This may
suggest that the haze microphysics timescales are greater than the time
lag between the Voyager-2 and VLT observations (since the solar illu-
mination at the top of the atmosphere at these latitudes has changed).
Another possibility to explain the results given in Fig. 4 is that the main
factor controlling the haze distribution is dynamics. Indeed, if the
timescales for dynamics are shorter than those for microphysics, then
any variations in the haze structure due to variations in the production
rate will be much smaller than those due to the transport of particles by
dynamics, which in turn could maintain a homogenous distribution of
the haze. In the next subsection the timescales of the different processes
involved in Eq. (1) and dynamics are studied.

3.3. Timescale analysis

We performed a haze microphysics timescale analysis to study how
variations in the haze production might affect the haze vertical struc-
ture. Fig. 8 shows the timescales for haze to grow and fall to different
altitudes in the atmosphere for a given production rate of 3.10 ™ '° kg
m~2s~ ! and different values of z, (parameter to define the haze pro-
duction region in Eq. (2)). The eddy profile illustrated in Fig. 1 was used
in these simulations. The model was started at time t = 0 with no haze
in the atmosphere, and the blue curve represents the steady profile,
obtained for t = 160 years. The rest of the curves represent the haze
profiles obtained after 10, 30, 60, 90 and 120 years (in all the cases
starting with no haze at t = 0). For example, for zo=2z(p = 0.12 mbar)
variations in the haze production rate result in haze concentration
variations near the 0.01-bar level 10 years after such a change in the
production rate, or at altitudes near the tropopause up to 30 years later.
Although the timescales are shorter at higher levels in the atmosphere,
note that the contribution of these layers to the total haze opacity is
very small compared to that of layers at pressure levels > 0.01 bar. This
can be observed in Fig. 9 that shows the variation with pressure of the
scattering optical depth at 1.46 um (upper panel) and the haze micro-
physics timescale (lower panel) for a haze production rate of
My=3.10"""kgm™?s~ ! and the different 2, values used in Fig. 8. For
2zo=2(p = 0.12mbar), z(p = 1.18 mbar) and z(p = 11.8 mbar) the cu-
mulative optical depth is very similar for p > 0.05 bar. Although var-
iations in the optical depth are found at higher levels, as a result of the
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diance given for a haze production rate of 3.10"**kgm 251,

variation in 2, note that the total opacity at those levels is negligible
(smaller than 10™%). The intersections between the black solid line of
Fig. 9a and the rest of curves, indicated as L1 and L2, show the pressure
levels at which the cumulative optical depth is 5.10~* (for smaller

values of this optical depth our observations are not sensitive to the
haze). Therefore, these results show that with the exception of zo=2
(p = 118 mbar), possible variations in 2, are not expected to change
notably our estimations. Note that the simulations for z,=2
(p = 118 mbar) represent an extreme case for the production of haze
since the products of CH,4 dissociation are expected to condense at
much higher altitudes. Similar conclusions are found for the haze
timescales showed in Fig. 9b, where we observe that for p > p(L1) the
timescales for 2zy=2(p = 0.12mbar), z(p =1.18mbar) and =z
(p = 11.8 mbar) are very similar.
These results show that the timescales for aerosols to grow and fall
are > 30years at pressure levels > 0.1 bar in Uranus's atmosphere.
That is to say, even if the haze production has changed since Voyager-2
observations, these changes in the production rate will not be observed
in the haze structure several years later due to the small haze optical
depth at the pressure levels where the haze initially condenses. This can
be observed in Fig. 10a that shows the pressure levels at which the haze
optical depth z; are 0.001 and 0.005 for different haze production rates.
These pressure levels clearly show that all wavelengths probe levels
much deeper than p(zo) (the haze production region). We tested this
also by increasing linearly the production rate with time for a period of
30 years. We started with the steady haze profiles given for a produc-
tion rate of 3.10 " **kgm 25~ !, and then we increased the production

rate linearly with the time as follows:

M, (t = 30 years) — M, (t = 0)
30 X 365 X 24 x 3600

My(t) = My(t=0) + ©)

where My(t = 0)=3.10"®kgm ™25~ and M(t = 30 years) is the
production rate after 30years. We run the model for a period of
30years (simulating the elapsed time between Voyager and VLT ob-
servations) for different final values of My(t = 30 years):

AM,y = My (t = 30 years) — My (t = 0) = 0.2M, (t = 0)
AM, = M, (t = 30 years) — My (t = 0) = 0.4M, (t = 0)

AM,y = M, (t = 30 years) — My (t = 0) = 0.6M, (t = 0)
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Fig. 7. Variation of the 30-day average solar insolation at the top of the atmosphere of Uranus with time.
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Fig. 8. Haze profile computed with our haze microphysical model for different
time scales using a haze production rate of 3.10""*kgm~2s~! and different
altitude levels 2, to characterize the haze production region (see Eq. (2)): 2o=2
(p = 0.12mbar), 2zo=2z(p = 1.18 mbar), 2zo=2z(p = 11.8mbar) and 2,=2
(p = 118 mbar). The haze density is equal to zero for t = 0 and the blue line is
the steady profile, obtained for t = 160 years. The rest of curves represent the
profiles obtained for different time scales. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

AMO = M, (t = 30years) - M()(t = 0) = 1.2M, (t = 0)

Subsequently, we computed from these haze profiles (number
density and size distribution) the scattering optical depth for a constant
refractive index of n = 1.4 + 0.0001i. These results are illustrated in
Fig. 10b. We observe that changes in the production rate during this
time period results in only small variations in the scattering optical
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Fig. 9. Variation of scattering optical depth at 1.46 um (upper panel) and haze
microphysics timescale (lower panel) with pressure for a haze production rate
M,=3.10"""kgm 25", and the different values of zo showed in Fig. 8. The
optical depth was computed for a haze refractive index of n = 1.4 + 0.0001i.

depth. This is due to the large haze microphysics timescales. For in-
stance, at the 1-bar level variations in M, of 20, 40, 60 and 120% results
in variations of the optical depth of ~2.107%, 4.10™%,5.107%,1.1073.



D. Toledo, et al.

G-—-6---0 My=4.10 1':) kg m~2 sec™? a)
&- —&- —0 M;=3.10 l'i kg m~2 sec™?
XX M;=2.10"1 kg m 2 sec!

N
o
'

Pressure (bar)
B
o
£
o
g
t &
2
§$
O]
6 o
s

100F
1.5 1.6 1.7
) Wavelength - pm
10° T T T T
b)
—— AMy=0
— —AMUZOZMU
-
® 1k —AMO:04M0 ]
< 10 ——— AMy=0.6M,
g — AMy=1.2M,
0
g
Ay
100F

10* 10°% 102 107
Cumulative optical depth (1.46 pm)

Fig. 10. (Upper) Pressure level at which the haze cumulative optical depth z; is
0.001 (blue lines) and 0.005 (red lines) for different haze production rates:
M, = 210715, 3.107'° and 4.10 ®kgm 25~ !. (Lower) Scattering optical
depth at 1.46 um computed for different AM, and for a constant refractive
index of n = 1.4 + 0.0001i. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

If we take into the account the fact that our observations are sensitive
only to haze optical depths bigger than 5.10~* (see levels L1 and L2 of
Fig. 9), then we conclude that to observe significant change in the haze
structure during these 30 years it is necessary to vary M, by at least
100%.

In order to further study the different processes that control the
evolution of the haze structure, the time rates of the different processes
involved in Eq. (1) have been calculated. The timescale of sedimenta-
tion, try, represents the time required for haze particles to fall a dis-
tance H (in this work we have used a value of 30 km for H that is the
pressure scale height). Therefore, the sedimentation timescale is given
by

H
ban = —

Vall (10)
where vy is the fall velocity whose value depends on the size and
density of the particles, the temperature and the number density of the
atmosphere. The timescale for eddy diffusion, tgg, represents the time
required for haze particles to be mixed over a distance H and it is given
by

H2
far = an
where K is given by Eq. (6). Comparing both timescales we can in-

vestigate how effectively eddy diffusion can suspend haze particles of a
given size r at different altitudes. The other two processes involved in
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Eq. (1) are the coagulation and production rates. The coagulation
timescale, tcoqg is defined as the time required to reduce the total
number of haze particles n by 50% (Toon et al., 1992). Then

1
2nkK, 12)

tcoag =

where K, is the collection kernel. As pointed in Toon et al. (1992), the
main problem of using Eq. (12) is that the haze number density n is not
easy to constrain from observations. To address this problem, Toon
et al. (1992) made use of the mass production time, t;qs, which is
defined for a given size r and mass production M, as

4rr3nHp
3M, (13)

bnass =

If we start the model at time ¢t = 0 with no haze in the atmosphere,
then at each time iteration At the haze concentration n, increases and
hence,

teoag (= 0) > teoqg (t = AL) > teoag (t = 2:At) > ... > legeg (t = i-At)

tass (E = 0) < bpass ( = AL) < bpass (E = 2-At) < A€ < by (E = I-AL)

The steady state is achieved at the moment for which both time
scales are similar and the haze concentration n is practically constant
with time. This time constant, defined as t.qn,, represents time need to
achieve a balance between the production of particles of a given size
and the loss due to coagulation. Note that if t.oq, and tpe are equated,
then the number density of haze particles can be derived. In order to
compare these different processes, Fig. 11 shows the timescales tz, tays
and t.qn as a function of altitude and for different radii. The time
constants were computed for a haze production rate of
3.10""®kgm™?s~ ! and an electric charge of q = 0. Fig. 12 shows the
same as Fig. 11 but for an electric charge of q = 10 electrons per ym
radius. In both figures tqy was computed for two different K profiles;
the profile illustrated in Fig. 1 and the same profile but multiplied by a
factor of 5 (the timescale derived from this profile is indicated as tg*).
The left-hand panels of both figures indicate that haze particles with
radii r = 0.0015 ym are limited in number by coagulation after 7 days
of mass production. For this size the particles remain at the same alti-
tude (tgy and tg are much larger than t.4,) and undergo changes due
only to coagulation. As the haze particles grow in size by coagulation,
particle removal due to sedimentation takes place, limiting the number
of particles of a given size. For instance, the middle panels show that at
pressure levels above 1.10 2 bar, the times for particles with radii of
0.1 um to fall a distance H is much smaller than ¢4, We also observe
that the timescales t;,; and t., are very similar at the 0.009-bar level
for Fig. 11, and at the 0.016-bar level for Fig. 12. These levels establish,
for each case, the altitudes for which particles with radii of 0.1 ym are
transported by sedimentation a distance H in about the time it takes for
the mass production to make them. For this particle size the eddy dif-
fusion does not have a major influence over the particles since t;r and
tai* are much larger than ty and t.q,. For particles with radii of about
0.3 um or larger, the sedimentation timescale is much smaller than t.gy,
and tgy (see right-hand panels of Fig. 11 and Fig. 12). This indicates
that these particles are very likely to be found at pressures > 1 bar.

In none of the cases analyzed was the eddy diffusion found to have a
major effect on the haze structure (even when the profile illustrated in
Fig. 1 is multiplied by a factor of 5). This explains the results of Fig. 4
where we found that the eddy diffusion has a little effect on the re-
trievals. We also used the stratospheric eddy-diffusion profile given in
Orton et al. (2014b) and similar results were found. Furthermore, a
possible increase in the eddy-diffusion near the tropopause (instead of
the decrease illustrated in Fig. 1) would not change our results as long
as K values are smaller than ~10,000 cm?s™!. Fig. 13 shows the fall
velocity as a function of altitude for different particle sizes. These fall
velocities can be regarded as the vertical wind velocities required to
suspend haze particles of a given size at different altitudes. For
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example, the results illustrated in Fig. 11 and Fig. 12 have shown that
particles with radii of 0.3 um or larger are more likely to be found at
pressure levels larger than 1 bar. However, Fig. 13 shows that a vertical
wind of ~1.10"*ms~ ' or ~8.10 *ms~' would be able to suspend
these particles at pressure levels above such level. Though these results
indicate that the haze particles may easily respond to vertical dyna-
mical motions in upwelling regions (due to the small magnitude of
these velocities), annual average estimations show vertical winds in
Uranus atmosphere much smaller than those given in Fig. 13 (Conrath
et al., 1990). These results point out the need to estimate the vertical
winds during the year to fully study whether this vertical haze transport
is possible for some time periods.
Post-2007 equinox observations have revealed a number of seasonal
changes in the Uranus haze structure over the north pole (de Pater

et al., 2015; Sromovsky et al., 2018). Although it can be argued that

101°

these variations could be the result of an increase in the photochemical
product with the solar cycle, our calculations indicate that these
changes occur too quickly to be explained by microphysical processes,
and hence they must be due to other factors such as dynamics. Previous
works have discussed a possible stratospheric meridional circulation,
similar to a Hadley cell, with winds that may transport haze particles
from upwelling regions to the North pole. In Fig. 13 we have seen that
the haze particles may respond easily to these vertical dynamical mo-
tions as a result of the small magnitude of the fall velocities (for the
pressure levels studied in this work). These haze particles (lifted by the
vertical winds) may be transported by the stratospheric circulation to
downwelling regions (North pole). This mechanism is similar to that
observed in Titan where the haze is redistributed by the planetary-scale
circulation; the haze particles are lifted in the summer hemisphere by

ascending stratospheric winds, and then they are transported to the
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Fig. 13. Variation of fall velocity with altitude for haze particles with radii of
0.0015, 0.1, 0.3 and 0.5 um.

winter hemisphere where they sink (Rannou et al., 2004). If these
seasonal changes in the Uranus haze structure over the north pole are
due to this possible meridional circulation, then the timescales for
stratospheric meridional transport should be smaller than those given
for microphysics (or in terms of velocities that the stratospheric mer-
idional winds are faster than the haze settling velocities). The timescale
for a haze particle to be transported a distance equal to the radius of
Uranus (R) can be estimated using the following expression

R
t=—
%4

14
where V is the meridional wind. From Eq. (4) and the timescales shown
in Fig. 8, we can compute for each altitude the equivalent wind velocity
(V") that represents the wind velocity for which the timescale for haze
meridional transport equals the microphysics timescale. If the mer-
idional wind velocity is larger than the equivalent wind velocity, then
the haze spatial distribution and its temporal evolution are mainly
dominated by dynamics. Fig. 14 shows the haze microphysics time-
scales and the equivalent wind velocities as a function of the pressure,
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Fig. 14. Variation of haze microphysics timescale with pressure for a haze
production rate of 3.10"**kgm~2?s~ ! and 2, = 2(p = 0.12 mbar) (black solid
line), 2o = z(p = 1.18 mbar) (black dotted line) and 2o=z(p = 11.8 mbar)
(black dashed line), and the equivalent wind velocity V* (red line). (For in-
terpretation of the references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)
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where we observe that if the meridional wind velocities are larger than
~0.025ms~ ! then dynamics is the main factor controlling the haze
distribution in the atmosphere. Thus, these results suggest that the
short-term observed seasonal variations in the haze distribution are
likely due to the transport of haze particles by dynamics and with wind
velocities that should be greater than ~0.025m s~ !. This velocity is a
first approximation based on the timescale analyses.

4. Conclusions

We have used a microphysical model to simulate the haze formation
and evolution in Uranus's atmosphere. These simulations were coupled
with the NEMESIS radiative-transfer code to model infrared data from
VLT/SINFONI and visible data from HST/Wide Field Camera 3, both
acquired in 2014. The main goal of combining both models was to
constrain the microphysical parameters to study the nature of Uranus's
haze. Our simulations show that: 1) the eddy-diffusion coefficient K has
a little impact on the haze distribution in the atmosphere for the ex-
pected range of values of this parameter (the same conclusions were
reported in Pollack et al., 1987); 2) the haze electric charge parameter q
is not well constrained with our observations, although our simulations
show it must be smaller than 20 electrons per um radius; 3) the haze
production rate in the stratosphere is found to be between ~3.107 6
and 3.10 " kgm ?s~ 1.

The M, range derived in this work is very similar to that found by
Pollack et al. (1987) from Voyager-2 observations at similar latitudes.
This result indicates that the elapsed time between the Voyager-2 ob-
servations in 1986 and the VLT/HST observations in 2014 is smaller
than the timescales for haze particles to grow and fall. The analyses in
section 3.3 have shown that these haze microphysics timescales are >
30 years for pressure levels > 0.1 bar. This indicates that any changes
in the haze production rate resulting from variations in the solar illu-
mination at the top of the atmosphere cannot affect the haze structure
below the level of 0.1 bar of pressure on time scales < 30 years. These
results put key constraints on the observed seasonal changes in the haze
structure after the 2007 equinox over the northern hemisphere (de
Pater et al., 2015; Sromovsky et al., 2018). The observed short time
scales for these changes suggest that we cannot explain them as being
due to variations in the haze mass production due to increasing solar
illumination at the north pole. Indeed, we have seen that the response
of the haze to changes in its production rate is much too sluggish to
explain these post equinox changes. Thus, dynamics may play a key role
here by transporting haze particles from different regions of the planet.
The magnitude of this meridional transport should be greater than the
equivalent wind velocities given in Fig. 14 (~0.025ms™!). This
transport of haze particles requires also vertical wind velocities greater
than annual average estimations given in Conrath et al. (1990) whose
values are much smaller (by several orders of magnitude) than those
given in Fig. 13. To further address this point, however, GCM models
capable of simulating the transport of haze are required. These simu-
lations, compared or coupled with haze microphysics, will determine
how efficient dynamics is in distributing the haze in the atmosphere.
These simulations may also explain the formation of the methane polar
hole observed in 2014 (Toledo et al., 2018) since our timescale analyses
suggest that its formation might be due to dynamics.
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