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Abstract 9 

Pluto, Titan, and Triton make up a unique class of solar system bodies, with icy surfaces 10 

and chemically reducing atmospheres rich in organic photochemistry and haze 11 

formation. Hazes play important roles in these atmospheres, with physical and chemical 12 

processes highly dependent on particle sizes, but the haze size distribution in reducing 13 

atmospheres is currently poorly understood. Here we report observational evidence that 14 

Pluto's haze particles are bimodally distributed, which successfully reproduces the full 15 

phase scattering observations from New Horizons. This result suggests a dimensional 16 

transition in organic haze formation, and indicates that both oxidizing and reducing 17 

atmospheres can produce multi-modal hazes. 18 

Introduction 19 

Hazes are common in the atmospheres of solar system bodies and exoplanets (Seinfeld 20 

& Pandis 2006, Wilquet et al., 2012, Sing et al. 2016, Orton et al. 2016) and they play 21 

an important role in atmospheric composition, dynamics, and radiative transfer. Most 22 

of these processes are highly dependent on the haze particle sizes, which usually follow 23 

bimodal/multimodal distributions in chemically oxidizing atmospheres, as observed in 24 

the atmospheres of Earth and Venus (Seinfeld & Pandis 2006, Yue et al. 2009, Levy et 25 

al. 2013, Wilquet et al., 2009, Wilquet et al., 2012), resulting from multiple atmospheric 26 

processes behind haze formation and evolution (Seinfeld & Pandis 2006, Gao et al. 27 

2014, Lavvas et al. 2010). In contrast, the modality of haze particle distributions in 28 

reducing atmospheres is currently unknown. Previous observations of such hazes were 29 

interpreted using unimodal haze models for simplicity (Rages & Pollack 1992, 30 

Tomasko et al. 2008, Cheng et al. 2017). More physical haze models typically 31 

simplified the haze formation process, generating unimodal hazes as well (Gao et al. 32 

2017, Ohno et al. 2021), though bimodal hazes were also seen in some simulations 33 

(Lavvas et al. 2010). More constraining observations are therefore needed to determine 34 

whether hazes in reducing atmospheres are unimodal or multi-modal. Here we report 35 

observations of a bimodal distribution of haze particles in a chemically reducing 36 

atmosphere after ruling out a number of unimodal distribution hypotheses. We show 37 

that full phase scattering observations of Pluto’s haze from New Horizons constrains 38 

its distribution to be bimodal, which inspires revisits of Titan’s detached haze and the 39 

haze on Triton, as well as the improvement of numerical simulations of organic hazes 40 

in reducing atmospheres.  41 

Pluto’s atmosphere is similar to those of Titan and Triton in terms of composition, with 42 

N2 being the dominant component, percent-level abundances of CH4, and smaller 43 
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amounts of CO (Gladstone et al. 2016, Lellouch et al. 2017, Young et al. 2018). This 44 

composition also resembles that of the Early-Earth atmosphere and therefore has 45 

significance in the context of astrobiology (Catling & Zahnle 2020). The surface 46 

atmospheric pressure of Pluto is similar to that of Triton and equivalent to Titan’s 47 

atmosphere above 400km (Hinson et al. 2017, Young et al. 2018, Gladstone & Young 48 

2019). Therefore, atmospheric processes are expected to be similar in this pressure 49 

region on these celestial bodies. Investigation of physical processes on one of these 50 

worlds thus has significant implications for the others, as well as for chemically 51 

reducing atmospheres in general. 52 

The existence of haze in Pluto’s atmosphere was confirmed by the New Horizons 53 

spacecraft during its flyby in July 2015 (Stern et al. 2015, Gladstone et al. 2016, Cheng 54 

et al. 2017), together with a recent occultation (Person et al. 2021). Originating from 55 

photolysis of CH4, N2, and larger organic molecules in Pluto’s upper atmosphere driven 56 

by solar ultraviolet radiation, haze particles grow through coagulation of smaller 57 

particles as they sediment downwards (Gao et al. 2017, Lavvas et al. 2021), which is 58 

similar to processes in Titan’s upper atmosphere (Lavvas et al. 2013). Due to the 59 

unexpectedly low atmospheric temperature, however, condensation and/or sticking of 60 

gaseous species have considerable impacts (Wong et al. 2017, Luspay-Kuti et al. 2017, 61 

Lavvas et al. 2021), which resemble that in Titan’s lower atmosphere and on Triton 62 

(Anderson & Samuelson 2011, Ohno et al. 2021). The haze also controls Pluto’s energy 63 

budget through radiative heating and cooling of the atmosphere and by altering the 64 

surface color (Zhang et al. 2017, Grundy et al. 2018). Understanding the morphology 65 

of the haze particles, which determines how they interact with condensing/sticking 66 

gases and radiation at visible and infrared wavelengths, and sheds light on haze growth 67 

in reducing atmospheres, is therefore critical. Haze in Pluto’s lower atmosphere 68 

(<50km) has significance in this context, as particles in this region are representative 69 

of their final formation stage, which allows investigations of their origin and formation 70 

pathways. 71 

Results 72 

Observations of Pluto’s haze have been obtained by multiple instruments onboard the 73 

New Horizons spacecraft, with wavelength coverage from the ultraviolet (UV) to 74 

infrared (IR). Pluto’s haze possesses a bluish color, which suggests Rayleigh-type 75 

scattering by particles with radii smaller than visible wavelengths. However, the haze 76 

also has strong forward scattering, which is an indication of large particles (Gladstone 77 

et al. 2016). Given these properties, the haze particles are thought to be fractal 78 

aggregates-highly porous and randomly shaped ~μm particles consisting of small 79 

~10nm spherical monomers, similar to those in Titan’s atmosphere (Tomasko et al. 80 

2008). However, the non-negligible backscattering of Pluto’s haze in the observations 81 

is inconsistent with a haze composed purely of fractal aggregates (Cheng et al. 2017). 82 

The backscattering characteristics are similar to those of Triton’s haze, which is thought 83 

to arise from the combination of surface reflection and low-altitude clouds (Rages & 84 

Pollack 1992). Several size distributions (log-normal, bimodal, power-law) together 85 

with surface reflection have been proposed to reproduce Pluto’s haze observations 86 

obtained from different instruments (Gao et al. 2017, Cheng et al. 2017, Kutsop et al. 87 

2021), but degeneracy is significant, as they are separately constrained using 88 

observations from different instruments. The backscattering has especially not been 89 

well investigated, and a combination of full phase observations covering a wide 90 
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wavelength range is necessary. Here, we conduct a joint retrieval using observations 91 

obtained by all instruments onboard New Horizons that observed Pluto’s haze and show 92 

that the backscattering of Pluto’s haze originates from an additional mode in the haze 93 

size distribution. We further conclude that a unimodal distribution of haze cannot 94 

reproduce the observations, and a bimodal distribution of haze is the simplest feasible 95 

solution, which is also the only one among a number of proposed scenarios that can 96 

currently be constrained. 97 

Four New Horizons instruments measured the optical properties of Pluto’s haze. These 98 

observations include (1) UV extinction obtained by the Alice UV spectrograph (Stern 99 

et al. 2008) through solar occultation, (2) scattered light at a single visible wavelength 100 

at high and low phase angles captured by a wide-band camera, the Long Range 101 

Reconnaissance Imager (LORRI, Cheng et al. 2008), (3) forward scattered IR spectra 102 

measured by a spectral imager, the Linear Etalon Imaging Spectral Array (LEISA, 103 

Reuter et al. 2008), and (4) scattered light at four narrow visible and near-IR wavelength 104 

bands at high and low phase angles by a narrow-band camera, the Multispectral Visible 105 

Imaging Camera (MVIC, Reuter et al. 2008). Observations obtained by the MVIC 106 

panchromatic mode are not included due to data coverage and calibration issues 107 

(Methods). Among these currently available observations of Pluto’s haze, we select the 108 

ones with the highest quality and good resolution (>5km), which are summarized in 109 

Table 1 and Figure 1. 110 

We focus on the lower 50km of Pluto’s atmosphere above the surface, which includes 111 

its thin troposphere and an overlying thermal inversion. Haze in this region was 112 

observed by all aforementioned instruments, and therefore its optical properties are the 113 

best constrained. The morphology of haze particles in this region is representative of 114 

the final stage in the shaping of haze particles through microphysical processes in 115 

Pluto’s atmosphere, just before they sediment onto the surface. The pressure level (0.5-116 

1Pa) of this region is comparable to 400-600km altitude in Titan’s atmosphere where 117 

the detached haze layer is imaged (West et al. 2018), and to altitudes of <50km in 118 

Triton’s atmosphere (Tyler et al. 1989). 119 

The observed line-of-sight (LOS) integrated quantities (optical depth and I/F) are first 120 

converted to local optical properties assuming spherical symmetry using the Abel 121 

transform for noisy data (see Methods). We then apply light scattering models and our 122 

retrieving algorithm to these local quantities (Methods). We consider the scattering 123 

effects of fractal aggregates, spherical haze particles, and surface reflection in ten 124 

scenarios (Table A2, Methods), which are chosen based on a balance between the 125 

number of observations and the degree of freedom. The values of the parameters under 126 

each scenario and their uncertainties are obtained using the Markov chain Monte Carlo 127 

(MCMC) approach (Mackay 2003, Foreman-Mackey et al. 2013, Methods). We 128 

parameterize the morphology of fractal aggregates using three quantities, the fractal 129 

dimension (Df), monomer radius (rm) and number of monomers in each aggregate (Nm), 130 

which follow the relationship Nm=(Ra/rm)Df with aggregate effective radius (Ra). The 131 

fractal dimension describes the porosity of the aggregate and relates the change in size 132 

of the aggregate with its change in mass. Aggregates with larger Df are more compact. 133 

In the nominal forward model, we use the complex refractive indices of “tholins”, the 134 

laboratory analogues of Titan’s haze (Khare et al. 1984), for Pluto’s haze, motivated by 135 

similar atmospheric compositions between Pluto and Titan. The higher fraction of CO 136 

and organic ice condensation in Pluto’s atmosphere may influence these optical 137 
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properties (Lavvas et al. 2021, Jovanović et al. 2021, Ohno et al. 2021), but our 138 

sensitivity study shows that differences in refractive indices would not significantly 139 

change the observables, and therefore would not affect our interpretation (Methods). 140 

We compute the optical properties of aggregates by adapting a light scattering model 141 

that was used for Titan’s haze (Tomasko et al. 2008) and well validated (Liu et al. 2019), 142 

and we use Mie theory (Wiscombe 1979) to compute scattering from spherical particles 143 

and monomers (Methods).  144 

As the simplest assumption, a monodispersed population of ~1μm fractal aggregates 145 

consisting of ~20nm monomers can reproduce the UV extinction, visible forward 146 

scattering, and the slope of the IR forward scattering spectra (Figure 1). The aggregate 147 

effective radius is two times larger than those estimated in previous works (Cheng et al. 148 

2017). However, as backscattering is orders of magnitude less intense than forward 149 

scattering for large fractal aggregates (Figures 1 and 2), the monodispersed aggregates 150 

scenario underestimates the observed backscattering by a factor of ~3 (Figure 1b), 151 

which is equivalent to a LOS I/F difference of ~5*10-3 in the visible scattering 152 

configuration in the lower 50km. Moreover, tests of other possible unimodal scenarios 153 

(log-normal, power-law or exponential distribution of two-dimensional aggregates or 154 

spheres) that can be sufficiently constrained by observations suggest that unimodal 155 

distributions of either aggregates or spheres cannot reproduce the scattering intensities 156 

at the observed phase angles in the visible and the forward scattering spectrum in the 157 

IR with the given UV extinction (Methods, Figures A7 and A8). This is an indication 158 

of additional scattering sources. 159 

Surface reflection was proposed as another scattering source (Cheng et al. 2017), as a 160 

combination of surface reflection and low-altitude clouds successfully explains the 161 

large backscattering observed for Triton’s haze (Rages & Pollack 1992). However, 162 

secondary scattering, sunlight first reflected off of the surface and then scattered once 163 

by the haze particles into New Horizons’ instruments, is not sufficient in the case of 164 

Pluto. We conduct a quantitative estimation by adapting the Hapke model (Hapke 1981), 165 

which was used to study Triton’s surface (Hillier et al. 1990 and 1991), to simulate 166 

Pluto’s surface reflection (Methods). An upper limit of <2.5*10-3 is derived for the I/F 167 

contribution from secondary scattering at the observation wavelength and phase angles 168 

when assuming that the incident and emission vectors are in the same specular plane 169 

(Figure A6). Therefore, secondary scattering is not sufficient to bridge the gap between 170 

the observed backscattering and that predicted by the monodispersed aggregates 171 

scenario. 172 

We found that an additional population of small particles scattering in the Rayleigh 173 

regime could explain the large backscattering, as their forward and backward 174 

scatterings are comparable in strength, so that the total backscattering of the haze could 175 

be considerable when small particles are mixed with large aggregates (Figure 2). 176 

Results of the joint retrieval under this scenario show that a combination of large two-177 

dimensional aggregates and small spheres can reproduce all the observations (Figure 178 

1). The two types of haze particles have comparable UV extinctions while the 179 

aggregates dominate the forward scattering and spheres dominate the backscattering at 180 

visible wavelengths (Figure 2). Vertical profiles of the retrieved parameters of the 181 

bimodal distribution are almost constant between 50 and 15km (Figure 3), indicating 182 

that the haze particle morphology does not change in this region. The larger-size 183 

population consists of ~1μm two-dimensional aggregates with ~20nm monomers 184 
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(Figure 3b and 3e), while the smaller-size population consists of ~80nm spheres (Figure 185 

3b). The number density of the aggregates is ~0.3cm-3, within an order of magnitude of 186 

previous estimations (Cheng et al. 2017), while that of the spheres is around ~10cm-3 187 

(Figure 3d). Although the number densities differ by two orders of magnitude, the total 188 

masses of these two populations are almost the same (Figure 3f). The mass of the 189 

aggregates is slightly greater, but within a factor of 2. 190 

Our retrieved size distribution of Pluto’s haze stemming from consideration of all 191 

observations from the UV to the IR resolves the degeneracy between previous 192 

interpretations (Gao et al. 2017, Cheng et al. 2017, Kutsop et al. 2021), and provides 193 

observational evidence of bimodally distributed haze particles in chemically reducing 194 

atmospheres, which indicates multi-mode haze formation processes therein. The 195 

population of larger particles is likely the result of dimensional change during haze 196 

particle coagulation, as sizes and dimensions of these two haze particle populations 197 

agree well with models of Titan’s haze at ~500km (~0.5Pa) where a transition from 198 

spheres to aggregates is artificially introduced (Lavvas et al. 2010). Although the exact 199 

physical condition that triggers the dimensional transition is unknown, the resulting 200 

unimodal distribution of two-dimensional aggregates in Titan’s lower atmosphere 201 

(<200km), simulated with microphysical formation processes, have scattering 202 

properties that agree well with observations. The fact that dimension transition has now 203 

been inferred on two separate worlds at similar pressures gives clues to the possible 204 

physical processes involved in dimension transition.  205 

In the numerical simulations of Titan’s haze (Lavvas et al. 2010), the modeled haze at 206 

the dimensional transition region (~0.5Pa) follows a bimodal distribution similar to that 207 

retrieved here for Pluto, including ~1μm two-dimensional aggregates and small spheres 208 

with radii on the order of tens of nanometers. The spherical particles are transported 209 

from higher altitudes, where all particles follow a unimodal distribution. When these 210 

particles sediment to the transition pressure level, they begin coagulating into two-211 

dimensional fractal aggregates. The cross sections of the aggregates are much larger 212 

than equivalent-mass spheres, so the number density of the larger-size population 213 

increases rapidly through coagulation once the dimensional change initiates, which 214 

results in a loss of medium size particles. The aggregates stop growing at ~1μm due to 215 

Coulomb repulsion. In the case of Titan, the smaller-size population continues 216 

coagulating with large ~1μm aggregates below the dimension transition region, 217 

ultimately being subsumed into the large fractal aggregates population. In contrast, the 218 

atmosphere of Pluto is much thinner with a surface pressure of ~1Pa. As such, the haze 219 

particles reach Pluto’s surface in the middle of dimensional transition and the bimodal 220 

distribution is maintained. Moreover, the sharp decrease of the atmospheric temperature 221 

from ~100 to 40K in the lower 15km (Hinson et al. 2017) could slow down or freeze 222 

the process of coagulation and may introduce another dimensional change with rapid 223 

condensation of gaseous species (Lavvas et al. 2021) and possibly the collapse of 224 

porous fractal aggregates, which is suggested by the significant increase of fractal 225 

dimension of the larger-size aggregate population below 15km altitude (Figure 3a). 226 

The similarity of our results to those of Titan’s detached haze at ~500km motivates a 227 

revisit of observations thereof to better understand dimension transition in haze 228 

formation. Images taken with the Imaging Science Subsystem (ISS) onboard the 229 

Cassini spacecraft would provide fruitful observations over a number of viewing 230 

configurations and different seasons (West et al. 2018). Backscattering observations of 231 
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the detached haze layer would contain information about a second population of small 232 

spheres. Reanalysis of observations of Triton’s haze is also crucial in light of our results. 233 

Two types of spherical particles, hazes and clouds, were proposed at different latitudes 234 

to explain the observed scattering obtained by Voyager 2 wide-angle camera, together 235 

with surface reflection (Rages & Pollack 1992). Haze particles are assumed to be 236 

spheres, but fractal aggregates are more likely given the formation mechanism (Ohno 237 

et al. 2021, Lavvas et al. 2021). Moreover, the observed large backscattering may be 238 

due to a second population of small particles, which could contribute orders of 239 

magnitude more to the observed I/F than the secondary scattering of surface reflected 240 

light. 241 

The discovery of the small-spheres haze particle population has significance in 242 

improving our understanding of the radiative processes in Pluto’s atmosphere, and 243 

therefore Pluto’s energy budget. Pluto’s unexpectedly low atmospheric temperature 244 

was well explained by efficient radiation by ~1μm haze particles and effective collision 245 

between these particles and gas molecules (Zhang et al. 2017). Solar energy absorbed 246 

by gases is transferred to haze particles rapidly through collision and radiated away 247 

from Pluto, which is proposed as the dominant energy pathway in Pluto’s atmosphere. 248 

However, compared to the ~1μm aggregates, smaller particles with radii on the order 249 

of tens of nanometers have shorter radiative relaxation timescales but much longer 250 

collisional heat-transfer timescales with gases. Compared to ~1μm aggregates, the ratio 251 

of these two timescales for ~80nm particles differ by 2-3 orders of magnitude, which 252 

leads to the radiation timescale being smaller than the collision timescale. In other 253 

words, the radiative cooling of smaller particles can be so efficient that the heat-transfer 254 

between the particles and gases through collision is not sufficient to keep their 255 

temperatures the same. This could result in the small particles being cooler than the 256 

ambient atmosphere. The larger-size particles are still the key medium transferring heat 257 

between gases and particles, but the dominant factor of radiative cooling needs 258 

reevaluation. The more efficient radiative cooling of smaller particles may result in 259 

another peak and/or a steeper slope in the mid-infrared emission spectrum of Pluto than 260 

previously predicted (Zhang et al. 2017), which can be further investigated by future 261 

missions, e.g., through the Mid-Infrared Instrument on the James Webb Space 262 

Telescope (Glasse et al. 2015). 263 

Discussion 264 

Condensation of gaseous species onto haze particles may influence their evolution in 265 

the atmosphere and their interactions with visible and infrared radiation. In the lowest 266 

50km of Pluto’s atmosphere, where the pressure varies between 0.1-1Pa, haze particles 267 

are expected to contain an organic ice component, similar to the predictions for Triton’s 268 

atmosphere (Lavvas et al. 2021). In contrast, Titan’s atmospheric temperature is higher 269 

than 150K at the same pressure level, which would inhibit gas condensation. Therefore, 270 

the hazes in Pluto’s and Triton’s atmosphere may have larger scattering and less 271 

absorption than “tholins”. However, such gas condensation processes could not 272 

simultaneously reproduce the large forward and backward scattering with the given UV 273 

extinction observed at Pluto. With the inclusion of gas condensation, numerical 274 

simulations show that fitting the UV extinction results in an underestimation of both 275 

the forward and backward scattering I/Fs at visible wavelengths by a factor of 2-3 276 

(Lavvas et al. 2021). Another scattering source is still necessary. To test the influence 277 

of organic ice, we conducted a sensitivity study of two-dimensional aggregates with 278 
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different optical properties (Methods). This represents an upper limit for the extent to 279 

which ice condensation or other organic composition can influence the observables. 280 

The result shows that the difference in scattering intensity at the wavelengths and phase 281 

angles considered here due to the different refractive indices is negligible. The observed 282 

quantities, especially the phase functions of fractal aggregates, are not sensitive to the 283 

difference in optical constants between organic ice and “tholins”. A second component 284 

of small spheres is still required to explain the observed backscattering of Pluto’s haze. 285 

Thus, the influence of gas condensation is not large enough to alter our inferred pathway 286 

of haze formation. 287 

As Pluto’s atmosphere is in sublimation/deposition equilibrium with surface N2 ice 288 

(Gladstone et al. 2016, Young et al. 2018), its surface pressure is expected to vary 289 

significantly over seasons (Bertrand et al. 2018, Johnson et al. 2021). Small changes of 290 

the atmospheric temperature (e.g., a few K), driven by the eccentric orbit (e~0.25), can 291 

result in orders of magnitude differences in surface pressure. Numerical simulations 292 

show that Pluto could have a minimum surface pressure between 10-3-0.3Pa on its 293 

current orbit near aphelion (Johnson et al. 2021), which is large enough to maintain 294 

CH4 photochemistry and therefore haze formation (Young et al. 2018). However, the 295 

dimensional transition region of Pluto’s haze (0.5-1Pa) will move downward and finally 296 

disappear when Pluto moves farther from the Sun, which may result in a significant 297 

difference in the size of haze particles depositing onto Pluto’s surface over seasons. 298 

Also, the CH4/CO ratio could become smaller when the atmospheric temperature 299 

decreases, so the CO content is expected to be larger in Pluto’s haze when Pluto moves 300 

away from perihelion. Thus, while understanding the morphology of haze particles and 301 

its influence on Pluto’s system is important, the current interpretation is only 302 

representative of New Horizons’ flyby in 2015. As Pluto’s atmosphere evolves, so will 303 

the haze distribution and composition, allowing future observations and missions to 304 

capture different stages of organic haze evolution near Pluto’s surface. 305 

  306 
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Display items 307 

Table 1. Summary of Pluto’s haze observations. 308 

Instrument 
Wavelength 

(μm) 
Altitude Range 

(km) 

Phase Angle 

(degree) 
Reference 

Alice 0.185 0-300 Extinction Young et al. (2018) 

LORRI 0.608 

0-100 19.5 

Cheng et al. (2017) 
0-50 67.3 

0-75 148.3 

0-200 169.0 

LEISA 1.235-2.435 0-299 169.0 Grundy et al. (2018) 

MVIC 

0.624 

0.492 

0.861 

0.883 

0-50 

18.2 

38.8 

169.4 

This work 

  309 
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310 

Figure 1. Comparison of different model haze scenarios to observations of Pluto’s 311 

haze. Haze observations obtained by instruments onboard New Horizons (shaded areas) 312 

are compared to best-fit model results for monodispersed fractal aggregates constrained 313 

using all observations (dashed lines with crosses), monodispersed fractal aggregates 314 

constrained using all observations except for the backscattering LORRI and MVIC data 315 

(dotted lines with squares), and a bimodal distribution of haze particles constrained 316 

using all observations (solid lines). Error bars show the 1-σ uncertainties of the bimodal 317 

distribution scenario. (a) UV extinction coefficient at 0.185μm measured by the Alice 318 

spectrograph during solar occultation ingress (indigo) and egress (light red), taken from 319 

Young et al. (2018). (b) Local scattering intensity at 0.608μm derived from LORRI 320 

images at four phase angles of 19.5° (pink), 67.3° (light green), 148.3° (dark red), and 321 

169.0° (dark blue), processed using data from Cheng et al. (2017). (c) Local scattering 322 



10 

 

intensity spectrum as a function of altitude derived from LEISA observations at a phase 323 

angle of 169.0°, processed using data from Grundy et al. (2018). (d) Local scattering 324 

intensity at the 0.624, 0.492, 0.861, 0.883μm (from top to bottom) wavelength bands 325 

derived using MVIC images at three phase angles of 18.2° (red), 38.8° (grey), and 169.4° 326 

(brown). 327 

  328 
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329 

Figure 2. Contributions of fractal aggregates and spheres to UV extinction and 330 

scattering intensity in the visible. (a) Observations obtained by the Alice spectrograph 331 

during ingress (indigo) and egress (red) of solar occultation are denoted as error bars 332 

and compared to the contributions from aggregates (blue) and spheres (orange). (b) 333 

Observations obtained by LORRI are denoted as black error bars and compared to the 334 

contributions from aggregates (blue shaded areas) and spheres (orange shaded areas). 335 

The solid black lines are the total contributions of aggregates and spheres, which are 336 

also the sum of the shaded areas. The colored dashed lines represent the ratio of 337 

contribution from each component. 338 

  339 
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340 

Figure 3. Retrieved profiles of haze parameters. Under the scenario of the bimodal 341 

distribution, we retrieve the best-fit vertical profiles for the (a) aggregate fractal 342 

dimension, (b) monomer/sphere radius, (c) number of monomers in each aggregate, and 343 

(d) haze particle number density, with which we derive profiles of the (e) aggregate 344 

effective radius, and (f) mass density assuming a material density of 1g/cm-3. The best 345 

fit profiles are shown in the solid curves, while the 1-σ uncertainties of their posterior 346 

distribution functions are shown as shaded areas, with blue representing the aggregates 347 

population and orange representing the spheres population.  348 

  349 



13 

 

Acknowledgements 350 

We thank William M. Grundy for sharing the LEISA data, Michael L. Wong and Xue 351 

Feng for improving figure representations, and Yan Wu for comments. P.G. is 352 

supported by NASA Hubble Fellowship grant HST-HF2-51456.001-A awarded by the 353 

Space Telescope Science Institute, which is operated by the Association of Universities 354 

for Research in Astronomy, Inc., for NASA, under contract NAS5-26555. X.Z. is 355 

supported by NASA Solar System Workings Grant 80NSSC19K0791. 356 

Author contributions 357 

S.F. conducted the data analysis, performed the calculations, and wrote the manuscript. 358 

S.F., P.G., X.Z., and Y.L.Y. conceived and designed the research. P.G. and D.J.A. 359 

provided the microphysical model. P.G. and C.L. provided the aggregate scattering 360 

model. N.W.K. and C.J.B. contributed to the analysis of MVIC data. J.Y. contributed 361 

to interpreting and presenting the retrieval results. L.A.Y. and A.F.C provided insights 362 

into interpreting New Horizons observations. All authors contributed to the manuscript 363 

writing. 364 

References 365 

Anderson, C. M., & Samuelson, R. E. Titan’s aerosol and stratospheric ice opacities 366 

between 18 and 500 μm: Vertical and spectral characteristics from Cassini CIRS. Icarus, 367 

212, 762-778 (2011). doi: 10.1016/j.icarus.2011.01.024 368 

Bertrand, T., et al. The nitrogen cycles on Pluto over seasonal and astronomical 369 

timescales. Icarus, 309, 277-296 (2018). doi: 10.1016/j.icarus.2018.03.012 370 

Catling, D. C., & Zahnle, K. J. The Archean atmosphere. Science Advances, 6, 371 

eaax1420 (2020). doi: 10.1126/sciadv.aax1420 372 

Cheng, A. F., et al. Long-Range Reconnaissance Imager on New Horizons. Space 373 

Science Reviews, 140, 189-215 (2008). doi: 10.1007/s11214-007-9271-6 374 

Cheng, A. F., et al. Haze in Pluto's atmosphere. Icarus, 290, 112-133 (2017). doi: 375 

10.1016/j.icarus.2017.02.024 376 

Foreman-Mackey, D., Hogg, D. W., Lang, D., & Goodman, J. emcee: The MCMC 377 

Hammer. Publications of the Astronomical Society of the Pacific, 125, 306 (2013). doi: 378 

10.1086/670067 379 

Gao, P., et al. Constraints on the microphysics of Pluto's photochemical haze from New 380 

Horizons observations. Icarus, 287, 116-123 (2017). doi: 10.1016/j.icarus.2016.09.030 381 

Gladstone, G. R., et al. The atmosphere of Pluto as observed by New Horizons. Science, 382 

351, aad8866 (2016). doi: 10.1126/science.aad8866 383 

Gladstone, G. R., & Young, L. A. New Horizons Observations of the Atmosphere of 384 

Pluto. Annual Review of Earth and Planetary Sciences, 47, 119-140 (2019). doi: 385 

10.1146/annurev-earth-053018-060128 386 



14 

 

Glasse, A. et al. The Mid-Infrared Instrument for the James Webb Space Telescope, IX: 387 

predicted sensitivity. Publications of the Astronomical Society of the Pacific, 127, 686–388 

695 (2015). doi: 10.1086/682259 389 

Grundy, W. M., et al. Pluto's haze as a surface material. Icarus, 314, 232-245 (2018). 390 

doi: 10.1016/j.icarus.2018.05.019 391 

Hapke, B. Bidirectional reflectance spectroscopy: 1. Theory. Journal of Geophysical 392 

Research, 86, 4571-4586 (1981). doi: 10.1029/JB086iB04p03039 393 

Hillier, J., et al. Voyager Disk-Integrated Photometry of Triton. Science, 250, 419-421 394 

(1990). doi: 10.1126/science.250.4979.419 395 

Hillier, J., Helfenstein, P., Verbiscer, A., & Veverka, J. Voyager photometry of Triton: 396 

Haze and surface photometric properties. Journal of Geophysical Research, 96, 19203-397 

19209 (1991). doi: 10.1029/91JA01736 398 

Hinson, D. P., et al. Radio occultation measurements of Pluto’s neutral atmosphere with 399 

New Horizons. Icarus, 290, 96-111 (2017). doi: 10.1016/j.icarus.2017.02.031 400 

Johnson, P. E., et al. Modeling Pluto’s minimum pressure: Implications for haze 401 

production. Icarus, 356, 114070 (2021). doi: 10.1016/j.icarus.2020.114070 402 

Jovanović, L. et al. Optical constants of Pluto aerosol analogues from UV to near-IR. 403 

Icarus, 362, 114398.  (2021). doi: 10.1016/j.icarus.2021.114398 404 

Khare, B. N., et al.Optical constants of organic tholins produced in a simulated Titanian 405 

atmosphere: from soft x-ray to microwave frequencies.  Icarus, 60, 127-137 (1984). doi: 406 

10.1016/0019-1035(84)90142-8 407 

Kutsop, et al. Pluto’s Haze Abundance and Size from Limb Scatter Observations by 408 

MVIC. Planetary Science Journal, 2, 91 (2021). doi: 10.3847/PSJ/abdcaf 409 

Lavvas, P., Yelle, R. V., & Griffith, C. A. Titan’s vertical aerosol structure at the 410 

Huygens landing site: Constraints on particle size, density, charge, and refractive index. 411 

Icarus, 210, 832-842 (2010). doi: 10.1016/j.icarus.2010.07.025 412 

Lavvas, P., et al. Aerosol growth in Titan’s ionosphere. Proceedings of the National 413 

Academy of Science, 110, 2729-2734 (2013). doi: 10.1073/pnas.1217059110 414 

Lavvas, P., et al. A major ice component in Pluto’s haze. Nature Astronomy, (2021). 415 

doi: 10.1038/s41550-020-01270-3 416 

Liu, C., Xu, X., Yin, Y., Schnaiter, M., & Yung, Y. L. Black carbon aggregates: an 417 

optical property database. Journal of Quantitative Spectroscopy and Radiative Transfer, 418 

222-223, 170-179 (2019). doi: 10.1016/j.jqsrt.2018.10.021 419 

Luspay-Kuti, A., et al. Photochemistry on Pluto – I. Hydrocarbons and aerosols. 420 

Monthly Notices of the Royal Astronomical Society, 472, 104-117 (2017). doi: 421 

10.1093/mnras/stx1362 422 

Lellouch, E. et al. Detection of CO and HCN in Pluto's atmosphere with ALMA. Icarus, 423 

286, 289-307 (2017). doi: 10.1016/j.icarus.2016.10.013 424 



15 

 

Levy, M. E., et al. Measurements of submicron aerosols in Houston, Texas during the 425 

2009 SHARP field campaign. Journal of Geophysical Research: Atmospheres, 118, 1-426 

17 (2013). doi: 10.1002/jgrd.50785 427 

Mackay, D. J. C. Information Theory, Inference and Learning Algorithms. (Cambridge 428 

University Press, 2003). 429 

Ohno, K., Zhang, X., Tazaki, R., & Okuzumi S. Haze Formation on Triton. The 430 

Astrophysical Journal, 912, 37-60 (2021). doi: 1538-4357/abee82 431 

Orton, G. S., et al. The first close‐up images of Jupiter's polar regions: Results from the 432 

Juno mission JunoCam instrument. Geophysical Research Letters, 44, 4599-4606, 433 

(2016). doi:10.1002/2016GL072443 434 

Person, M. J., et al. Haze in Pluto’s atmosphere: Results from SOFIA and ground-based 435 

observations of the 2015 June 29 Pluto occultation. Icarus, 356, 113572, (2021). doi: 436 

10.1016/j.icarus.2019.113572 437 

Rages, K., & Pollack, J. B. Voyager imaging of Triton's clouds and hazes. Icarus, 99, 438 

289-301 (1992). doi: 10.1016/0019-1035(92)90147-Y 439 

Reuter, D. C., et al. Ralph: A Visible/Infrared Imager for the New Horizons 440 

Pluto/Kuiper Belt Mission. Space Science Reviews, 140, 129-154 (2008). doi: 441 

10.1007/s11214-008-9375-7 442 

Seinfeld, J. H., & Pandis, S. N. Atmospheric Chemistry and Physics: from Air Pollution 443 

to Climate Change – 2nd ed. (John Wiley & Sons, Inc., 2006). 444 

Sing, D. K., et al., A continuum from clear to cloudy hot-Jupiter exoplanets without 445 

primordial water depletion. Nature, 529, 59-62 (2016). doi: 10.1038/nature16068 446 

Stern, S. A., et al. ALICE: The Ultraviolet Imaging Spectrograph Aboard the New 447 

Horizons Pluto–Kuiper Belt Mission. Space Science Reviews, 140, 155-187 (2008). doi: 448 

10.1007/s11214-008-9407-3 449 

Stern, S. A., et al. The Pluto system: Initial results from its exploration by New 450 

Horizons. Science, 350, aad1815 (2015). doi: 10.1126/science.aad1815 451 

Tomasko, M. G., et al. A model of Titan's aerosols based on measurements made inside 452 

the atmosphere. Planetary and Space Science, 56, 669-707 (2008). doi: 453 

10.1016/j.pss.2007.11.019 454 

Tyler, G. L., et al. Voyager Radio Science Observations of Neptune and Triton. Science, 455 

246, 1466-1473 (1989). doi: 10.1126/science.246.4936.1466 456 

West, R. A., et al. The seasonal cycle of Titan's detached haze. Nature Astronomy, 2, 457 

495-500 (2018). doi: 10.1038/s41550-018-0434-z 458 

Wilquet, V. et al. Preliminary characterization of the upper haze by SPICAV/SOIR 459 

solar occultation in UV to mid‐IR onboard Venus Express. Journal of Geophysical 460 

Research, 114, E00B42 (2009). doi: 10.1029/2008JE003186 461 



16 

 

Wilquet, V., et al. Optical extinction due to aerosols in the upper haze of Venus: Four 462 

years of SOIR/VEX observations from 2006 to 2010. Icarus, 217, 875-881 (2012). doi: 463 

10.1016/j.icarus.2011.11.002 464 

Wiscombe, W. J. Mie Scattering Calculations: Advances in Technique and Fast, 465 

Vector-speed Computer Codes. NCAR Technical Note, (1979). doi: 10.5065/D6ZP4414 466 

Wong, M. L., et al. The photochemistry of Pluto's atmosphere as illuminated by New 467 

Horizons. Icarus, 287, 110-115 (2017). doi: 10.1016/j.icarus.2016.09.028 468 

Young, L. A., et al. Icarus, 300, 174-199 (2018). Structure and composition of Pluto's 469 

atmosphere from the New Horizons solar ultraviolet occultation. doi: 470 

10.1016/j.icarus.2017.09.006 471 

Yue, D., et al. Characteristics of aerosol size distributions and new particle formation 472 

in the summer in Beijing. Journal of Geophysical Research, 114, D00G12 (2009). doi: 473 

10.1029/2008JD010894 474 

Zhang, X., Strobel, D. F., & Imanaka, H. Haze heats Pluto’s atmosphere yet explains 475 

its cold temperature. Nature, 551, 352-355 (2017). doi: 10.1038/nature24465 476 



Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

Methodssubmitted.pdf

https://assets.researchsquare.com/files/rs-588999/v1/d5db46c4aa05db09dcc13051.pdf

