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Abstract Near-infrared spectral maps of Saturn’s north polar vortex obtained at high spatial resolution
provided by Cassini/Visual Infrared Mapping Spectrometer (VIMS) reveal localized ammonia clouds
composed of unusually large particles exceeding 13 μm in radius, the largest cloud particles documented
during the Cassini mission. Taken under near-optimum direct polar lighting and viewing conditions within a
month of the summer solstice, these small (~200 km in breadth) discrete clouds are located within the eye of
the polar vortex, which otherwise is unusually clear of observable aerosols in reflected sunlight, with total
2μm opacity <0.04 versus >1.0 elsewhere on Saturn. The dichotomy of large-particle condensate cloud
features—indicative of convective upwelling—within a large (~ 2000-km diameter) nearly aerosol-free
region of downwelling characteristic of the core of a polar vortex reveals surprising polar dynamics on Saturn.

Plain Language Summary Saturn’s north pole was imaged with unprecedented clarity in over 200
colors during the Grand Finale phase of the Cassini mission, revealing surprising details on the structures of
hazes and clouds. A cyclonic vortex caps the pole, extending out about 20° (20,000 km) in latitude, the largest
cyclone known in the solar system. As a cyclone, this is a region of subsidence, where air descends downward.
Such air, descending into warmer depths, should be relatively clear of condensate clouds of ammonia—one
of the major condensables in Saturn’s visible atmosphere—especially in the eye of the polar vortex right at the
pole. The newmulticolored near-infrared images obtained by the Visual Infrared Mapping Spectrometer reveal
that indeed the polar eye is remarkably devoid of aerosols, having less than 3% of the aerosol content seen
anywhere else on Saturn. But surprisingly, ammonia clouds at the edge of the eye—but still within it—are
found to be remarkably thick, composed of the largest ammonia ice particles ever seen on Saturn,
characteristic of powerful upwelling, not downwelling (subsidence). This conundrum of convection-style
clouds forming in a strongly downwelling region is a shocking mystery left by Cassini in its waning days.

1. Introduction

Saturn’s polar regions are organized in a zonal flow around a vortex centered on each pole (Antuñano et al.,
2015, 2018; Baines et al., 2009; Dyudina et al., 2009; Sánchez-Lavega et al., 2006; Sayanagi et al., 2017), in
contrast to Jupiter’s polygonal pattern of large cyclones centered at ~83–86° latitude surrounding a similarly
sized near-pole-centered cyclone (Adriani et al., 2018; Orton et al., 2017). Within the north polar region of
Saturn, the prograde zonal wind pattern follows that of a classical vortex, with winds steadily increasing
poleward from<20m/s at 80.5°N planetocentric (pc, hereafter) to an ~135m/smaximum near 88.3°N, thence
sharply decreasing to ≤30 m/s at ~89.7°N (Antuñano et al., 2015, 2018; Baines et al., 2009; Sayanagi et al.,
2017) and finally to zero at the pole (Sayanagi et al., 2017). The south pole exhibits a similar classical vortex
structure (e.g., Dyudina et al., 2009; Sánchez-Lavega et al., 2006). There, the spatial thermal structure at
middle-infrared wavelengths at ~3,000-km spatial resolution shows a warm polar region with a compact
hot spot within 3° of the pole (Orton & Yanamandra-Fisher, 2005), which conforms with a ~2000-km compact
visibly dark spot (Sánchez-Lavega et al., 2002; Vasavada et al., 2006). This thermally bright spot was confirmed
by Cassini/Composite Infrared Spectrometer (CIRS), which also discovered a similar structure within the north
polar stratosphere and upper troposphere at altitudes above ~ 600 mbar (Fletcher et al., 2008). Both thermal
observations are consistent with classical cyclonic polar vortices with strong polar subsidence in their cores
(for the south, ~1 m/s; Sánchez-Lavega et al., 2006).
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Previous Cassini/VIMS (Visual Infrared Mapping Spectrometer; Brown et al., 2004) imagery of north polar
clouds and their motions (Baines et al., 2009) were taken under nighttime winter conditions. Without the
information available from sunlit spectroscopy in the 1–4.1-μm region—regularly proven key to quantita-
tively evaluating Saturn’s storms and clouds from VIMS (e.g., Sromovsky et al., 2013, 2016, 2018)—little infor-
mation is discernible on the vertical and microphysical structure of these polar cloud features. Here we use
the most detailed close-up near-infrared spectral images of the north polar region yet obtained, acquired
under nearly the most direct sunlit conditions possible as occurred within 4 weeks of the summer solstice,
to characterize these discrete cloud features as well as their background haze/cloud structures, including
the visually dark, 5-μm thermally bright core of the pole-centered vortex.

2. Materials and Methods

The Cassini mission’s Grand Finale phase provided an unprecedented opportunity to observe Saturn’s well-lit
north polar region from near-nadir viewing distances 3 times closer than previously achieved. During the first
Grand Finale pass on 26 April 2017—4 weeks prior to the optimum most direct lighting conditions provided
by the northern summer solstice on 24 May 2017—VIMS acquired a pair of spectral images of the pole equa-
torward to about 87°N latitude (Figures 1 and 2), revealing details with spatial sampling as small as 35 km per
pixel versus 112 km/pixel for the best previous VIMS observations (Baines et al., 2009). In the first observation,
Cassini/VIMS acquired nearly direct, pole-centered views from 0.110 ×106 km above the cloud tops, achieving
55 km/pixel spatial sampling that spanned ~3,500 × 3,500 km2 in its 64 × 64-pixel spectral cube, covering all
longitudes poleward of 87.8°N (Figures 1e and 1f). This observation was obtained during a 5.6-min stare
within the Imaging Science Subsystem prime scanning observation HIRESWACS001. For more efficient data
collection, a per-pixel integration time of 60 ms was used vs the 80–120 ms typical for VIMS cloud imagery.

A second closer stare image cube was acquired 44 min later, providing a nadir VIMS sampling of ~35 km per
pixel. As shown in Figure 2, due to the significantly lower altitude (0.069 × 106 versus 0.11 × 106 km), the pole
was observed more obliquely, despite the slightly more northerly subspacecraft latitude (64.1°N versus
62.0°N for the first observation). The associated foreshortening provided an ~45-km effective pixel size at
the pole. This oblique close-up view limits longitudinal coverage to a 150–180° arc from the pole out to
88.7°N, decreasing to 90° and 60° of longitudinal coverage out to 88°N and 87°N, respectively.

As observed in solar-reflective imagery (Figure 1f, showing a latitude grid superimposed on a polar projected
2.73-μm pseudo-continuum image), the dark eye of the polar vortex is centered at the pole and extends out-
ward for about 1,000 km (~1° of latitude) in all directions, forming a circular dark cap at solar-reflected wave-
lengths. Depending on wavelength, the darkest portion of the polar dark cap is surrounded by one to three
progressively brighter concentric rings from the edge of the darker core of the eye near 89°N out to 88°N. In
particular, a slight brightening in a ring around the outer ~ 300 km of the dark cap from about 89°N to 88.7°N
is apparent at both 2.01 and at 2.73 μm (Figures 1a, 1b, and 1f), largely consistent with a similar ring observed
by Cassini/ISS in 2009–2014 (Antuñano et al., 2018; Figure 1 MT2 images).

Embedded within this ring, discrete bright clouds are observed in pseudo-continuum images at 2.73 μm
(Figure 1b), and 1.29 and 4.09 μm (Figures 2a and 2d). However, these discrete features are not observed
in the 2.01-μm hydrogen absorption image (Figure 1a), indicating that localized clouds are deeper than over-
lying hazes there.

Due to its superior spatial resolution, we chose to analyze several discrete features observed in the second
observation, depicted in Figure 2 (circled locations in panels a–g). These included two distinctively reflective
cloud features, each less than ~200 km across (locations 1 and 2) and, for comparison, a typical background
zonal-scale cloud structure (location 3). We also modeled the least reflective location of the dark eye, within
~100 km of the pole (location 4).

3. Analysis Approach
3.1. Investigated Vertical Structure

Following Sromovsky et al. (2018), we utilize spectral parameters of absorbing gases presented there and
assume a four-layer stack of physically thin sheet clouds. Each physically thin (< 15 mbar thick) cloud has
a uniform number-density-per bar and opacity-per-bar within it. At the top of the model is an optically
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Figure 1. VIMS near-infrared images of the north polar vortex eye and environs at three diagnostic colors, together with RGB color composite. Image at 2.01 μm
sensitive to H2 absorption characterizes relative altitudes of highest aerosol layers (a); 2.73-μm image reveals relative integrated cloud opacities above approxi-
mately the ~1-bar level (b); 5.1-μm thermal emission image reveals integrated 5-μm cloud opacities above approximately the ~ 5 bar level, with dark features
observed in silhouette against Saturn’s background thermal glow revealing thick deep clouds (c). Polar-projected versions of panels b and c with superimposed
latitude/longitude grids (planetocentric latitude, System III longitude) are shown in panels f and e, respectively, wherein cloud features are essentially rotated
clockwise ~45° relative to their appearance in panels b and c. (d) Color composite (red: 5.1; green: 2.73; blue: 2.01 μm) exhibits a variety of distinctive colors, with
reddish areas revealing Saturn’s thermal glow through a relatively aerosol-free atmosphere, green showing thick 5-μm-blocking, relatively deep clouds located
below a relatively aerosol-free sky above the ~200 mbar level, and black revealing relatively cloud-free skies above the ~ 600-mbar level with deeper 5-μm-blocking
clouds below the sunlight penetration level. Near-nadir polar views extracted from VIMS spectral image cube CM_1871885031 acquired on 26 April 2017 (DOY
2017-116) 06:55:22–07:01:00 UTC from a mean altitude of 0.110 × 106 km above the cloud tops, 70° phase angle, mean subspacecraft latitude/longitude of
62.0°N/86.0°W and an effective pixel scale of ~55 km/pixel. VIMS = Visual Infrared Mapping Spectrometer.
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thin, 1-mbar-thick stratospheric haze, which we assume to be composed of isotropic scatterers with an
opacity varying as the inverse 3.5 power of wavelength. Over our spectral range, this parameterization
yields a wavelength dependence that closely mimics that of a sphere of index 1.4 and radius 0.15 μm, a
commonly chosen stratospheric particle size (e.g., Sanz-Requena et al., 2018). We fit the layer’s 2-μm
opacity (τSTRAT) and pressure (pSTRAT, bar). The next 13-mbar-thick layer is of unknown composition,
perhaps diphosphine, which we characterize as a conservative Mie scatterer (imaginary index of zero)

Figure 2. Images and spectra of analyzed cloud structures. Images taken at 1.29- and 4.09-μm pseudo-continuum wavelengths (panels a and d, respectively) show
relatively strong solar reflectivity in discrete cloud features over a broad spectral range, but darken considerably at 3.07 μm (panel b), a wavelength sensitive to
absorption by ammonia/ammonium-sulfide ice (cf. Sromovsky et al., 2013, Figure 10). Three-color composite (panel e; red: 4.09, green: 3.07, and blue: 1.29 μm)
emphasizes the 3.07-μm absorption of the discrete clouds (purplish tint indicating lack of green) and the relative darkness of the eye of the polar vortex at all three
wavelengths indicative of relatively low aerosol opacities, as confirmed by the region’s relatively large 5.05-μm thermal emission (panel c). The entire image exhibits
spatial structure unobserved in reflected wavelengths, indicative of deep spatially varying cloud structures underneath solar-reflecting cloud levels, perhaps due
to NH4SH and/or lofted H2O clouds. Three-color composite (panel f; red: 5.05, green: 3.07, and blue: 1.29 μm) emphasizes thermal glow emanating from the eye
(red tint) and the thermal-emission blocking nature of discrete cloud features (blue tint). Near-infrared spectra of four circled locations (panels A-F) analyzed here are
shown (panel g). Off-nadir views and spectra extracted from the VIMS near-infrared spectral image cube CM_1871887651 acquired on 26 April 2017 (DOY 2017-116)
07:39:22–07:44:40 UTC from 0.069 × 106 km above the cloud tops, 53° phase angle, subspacecraft latitude/longitude of 64.1°N/77.3°W and an effective pixel
scale of ~34.5 km/VIMS pixel. VIMS = Visual Infrared Mapping Spectrometer.

10.1029/2018GL078168Geophysical Research Letters

BAINES ET AL. 5870



with a real refractive index of 1.82 and a broad gamma size distribution (variance of 0.1) to smooth phase
function structure. We fit the pressure (p1, bar), 2-μm opacity (τ1), and particle size (r1, μm). The next, pre-
sumed ammonia ice layer is 10 mbar thick; its scattering properties are calculated using Mie scattering,
again fitting its pressure (p2, bar), 2-μm opacity (τ2), and particle size (r2, μm), also assuming a variance of
0.1. The bottom layer, which mainly controls the thermal emission flux, is assumed to be a NH4SH layer com-
posed of spherical particles with a radius, r3, of 2 μm and gamma variance of 0.1, and is so optically dense
that only its cloud top pressure (p3t, bar) needs to be fitted. The cloud’s opacity is assumed to increase at a
uniform rate of 500 per bar down to 5 bar. In summary, nine haze/cloud parameters are simultaneously
fitted in our analysis.

We used Lindal et al. (1985) to define the temperature structure down to 1.3 bar and extrapolated to
deeper levels using a dry adiabat assuming a He/H2 mixing ratio of 0.0638 (Sromovsky et al., 2016). We
assumed a methane volume mixing ratio (VMR) of 4.7 × 10�3, and a CH3D VMR of 3 × 10�7, both from
Fletcher, Orton, Teanby, Irwin, and Bjoraker (2009). We parameterized the vertical profile of phosphine
(PH3), the most spectroscopically important inhomogeneous gas, using a uniform deep mixing ratio up
to a pressure breakpoint Pb, above which we assumed a decrease with pressure according to a PH3-to-
ambient-gas scale height ratio, PH3scr. Because we found a high correlation between spectral effects of
Pb and PH3scr, only two of our three parameters could be well constrained. We chose a PH3scr of 0.20
and fit Pb and the PH3 deep mixing ratio. Arsine (AsH3) influences the 5-μm region and is assumed to be
uniformly mixed with a fitted VMR. For NH3, we adopted a deep-atmosphere VMR of 4 × 10�4 (Briggs &
Sackett, 1989; de Pater & Massie, 1985; Sromovsky et al., 2016). We used a breakpoint pressure (PX, at
4 bar) above which altitude a model-determined value, VMRX, was used upward to the NH3 condensation
pressure, above which it followed the saturated value. Altogether, four gas abundance parameters are con-
strained in our analysis.

3.2. Spectral Fitting Technique

We used our proven radiative transfer software (e.g., Sromovsky et al., 2013, 2016, 2017, 2018; Sromovsky &
Fry, 2010a, 2010b) incorporating the Levenberg-Marquardt parameter-fitting technique (Press et al., 1992)
previously employed to analyze Saturn’s vertically inhomogenous structure. In calculating χ2 we used a crude
estimate for the combined effects of measurement noise, calibration errors, and modeling errors, consisting
of an I/F offset uncertainty of 0.004 and a 10% fractional I/F error. This is partly justified by our best fits achiev-
ing reduced (χ2/N) values close to unity, whereN is the degrees of freedom (number of analyzed points minus
one minus the number of fitted parameters—13 here, composed of the nine haze/cloud and four gas para-
meters described in section 4.1). The overall uncertainty is certainly greater than our formal estimates, due to
remaining uncertainties in calibration and other assumptions.

4. Results
4.1. Spectral Fits

We analyzed points depicted by dots in Figures 3a–3d, rejecting spectral regions with large numbers of
negative values. Excellent fits to the spectra were obtained for all four locations (Figure 3). For the bright
clouds where reflectivities were relatively high in the deep absorption bands (spectra in panels a and b
and locations 1 and 2 in panels e and f, Figure 3), 176 points were analyzed, while 171 and 112 points were
used, respectively, for the darker background cloud and the dark center of the eye (spectra in panels c and d
and locations 3 and 4 in panels e and f, Figure 3). For the brightest and cloudiest locations (1–3), reduced χ2/N
of 1.06–1.36 were obtained, while a value of 0.64 was found for the dark central eye, all quite
satisfactory fits.

4.2. Quantitative Results

Best fit modeling results are illustrated in Figure 4 and are tabulated with parameter uncertainties in Table 1.
Two locations—the dark polar eye and the bright clouds near its edge—stand out as remarkably different
from typical Saturn regions, as here represented by the background cloud (location 3 in Figure 3e; third col-
umn, Table 1). The dark eye (location 4, Figure 3; fifth column, Table 1), is unusually clear, with no aerosols
needed in the 0.5-bar NH3 condensation region. As well, both haze layers above the NH3 condensation region
have exceptionally low best fit opacities, with τSTRAT = 0.001—with zero residing within the modeling

10.1029/2018GL078168Geophysical Research Letters

BAINES ET AL. 5871



uncertainty—and τ1 = 0.03, representing a factor of 16 reduction in integrated aerosol content above
~ 0.3 bar compared with τSTRAT = 0.005 and τ1 = 0.488 for the best fit background cloud (location 3).
Indeed, including the ammonia layer τ2 = 0.6 for the background cloud, the total best fit opacity above the
~ 2.5-bar NH4SH cloud for the vortex eye is 0.031, less than 3% of the 1.093 opacity of the background cloud.

In contrast, the bright cloud observed near the edge of the dark vortex eye (location 2 of Figure 3e; column 4,
Table 1) has a NH3 condensation layer opacity, τ2, over 4 times greater than the background cloud (2.9 versus
0.6). As well, τ2 is over twice that of the bright cloud outside of the eye (location 1, Figure 3e and second
column, Table 1), that is, 2.9 versus 1.3. Moreover, the NH3-cloud particle size, r2, of 13.9 ± 0.7 μm is ~ 8.5
and ~ 2.5 times the size of those in the background cloud (location 3) and in the nearby bright cloud
(location 1), respectively.

The most striking result for the PH3 VMR is the large 28 × 10�6 value found
in the bright eye cloud, more than 5 times that of the 5.2 × 10�6 back-
ground cloud and 1.8 times greater than the 15.4 × 10�6 value of location
1. For both bright clouds, their relatively large VMR may be indicative of
upwelling of disequilibrium PH3 from depth. The dark eye, with a best fit
VMR of 14.1 × 10�6, exhibits a value significantly larger than the back-
ground cloud as well, but its breakpoint, Pb, is much deeper, 3.05 versus
0.39 bar. This produces a more depleted PH3 content above the 2-bar level,
consistent with downwelling in the upper troposphere.

Due to the decreased sensitivity of the spectra and corresponding much
larger error bars for AsH3 and NH3, results are significantly weaker. For
AsH3, error bars range from 15% to 50%, enabling the average best fit
value of the four locations, 2.07 × 10�9, to lie within the error bars of all

Figure 3. Spectral fits of four spectra (a–d; dots denoting fitted points) from associated locations shown in panels e–g.
VIMS = Visual Infrared Mapping Spectrometer.

Figure 4. Summary of results. The vertical structures for the best fit solutions
of the four different locations depicted in Figures 2 and 3 are shown.
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regions except for that of the dark central eye, which ranges over 2.32–3.22 × 10�9, that is, within 13% of this
average value. We do not attribute any meaningful new information toward understanding the relative
vertical dynamics of these cloud features from these results.

Although largely uncertain due to modeling uncertainties, there appears to be more NH3 in the upper 4 bars
within the eye than elsewhere. We note that if the 4-bar breakpoint is moved upward there, then a likely solu-
tion could have enhanced NH3 in the 3- to 4-bar region but nominal or even depleted NH3 in the 2- to 3-bar
region, not then inconsistent with downwelling down to the ~ 3-bar level.

5. Conclusions

The north polar region poleward of 87°N exhibits extremes in Saturn’s aerosol/cloud morphologies, with a
nearly clear, aerosol-free circular region centered at the pole out to 88.7°N latitude, near the edge of which
are discrete clouds comprised of the largest particles yet detected on Saturn. Indeed, at 13.9 μm in nominal
radius, the particles detected in these clouds are nominally more than 6 times larger in diameter and >230
larger in volume than the nominal 2.25-μm radius particles found in the Great Storm of 2010–2011
(Sromovsky et al., 2013), the largest Saturn particles previously found. For the center of the dark vortex
eye, the small aerosol content of just 0.031 in 2-μm opacity is reminiscent of the large depletion of aerosols
observed in the aftermath of the Great Storm of 2010–2011 (Sromovsky et al., 2016) as a result of the down-
welling of dry air from above (Li & Ingersoll, 2015). Similarly, the lack of aerosols at Saturn’s north pole can also

Table 1
North Polar Spectral Model Parameters and Results

Parameter, unit
Bright cloud

outside eye (1)
Background cloud
outside eye (3)

Bright cloud
inside eye (2)

Dark region
inside eye (4)

pSTRAT, bar 0:029þ0:018
�0:012 0:016þ0:090

�0:011 0:039þ0:027
�0:019

0.020

τSTRAT 0:008þ0:003
�0:002 0:005þ0:003

�0:002 0:006þ0:003
�0:002 0:001þ0:001

�0:000

p1, bar 0:263þ0:012
�0:012 0:219þ0:017

�0:016 0:237þ0:043
�0:039 0:323þ0:059

�0:115

τ1 0:636þ0:045
�0:044 0:488þ0:058

�0:054 0:093þ0:023
�0:019 0:030þ0:022

�0:013

r1,μm 0:533þ0:051
�0:047 0:492þ0:045

�0:041 0:296þ0:063
�0:051 0:260þ0:086

�0:062

p2, bar 0:457þ0:020
�0:019 0:512þ0:070

�0:063 0:594þ0:030
�0:029

τ2 1:3þ0:2
�0:2 0:6þ0:2

�0:2 2:9þ0:5
�0:5

r2,μm 5:651þ0:793
�0:715 1:627þ0:527

�0:391 13:870þ0:679
�0:680

p3t, bar 2:094þ0:130
�0:127 3:062þ0:046

�0:047 1:979þ0:205
�0:198 2:702þ0:000

�0:000

p3, bar 5 5 5
dτ3/dp, 1/bar 500 500 500
r3, μm 2.00 2.00 2.00
NH3 VMRX × 105

1:950þ1:620
�0:890 5:920þ4:580

�2:670 1:120þ1:010
�0:536 14:500þ2:100

�1:900

PH3 pb, bar 0:359þ0:057
�0:049 0:389þ0:151

�0:109 0:619þ0:177
�0:138 3:050þ0:140

�0:150

PH3 VMR × 106
15:4þ4:7

�3:8 5:2þ0:4
�0:4 27:9þ18:9

�14:3 14:1þ2:2
�1:9

PH3 scr 0.200 0.200 0.200 0.200
AsH3 VMR × 109

1:46þ0:67
�0:48 2:32þ0:54

�0:46 1:74þ0:85
�0:60 2:74þ0:48

�0:42

X2 198.39 168.09 222.31 63.84
X2/N 1.22 1.06 1.36 0.64

Note. The parenthetical numbers in column headings refer to locations identified in Figures 2 and 3. The assumed deep
ammoniamixing ratio is 4 × 10�4. NH3 VMRX is themixing ratio between the breakpoint pressure PX (fixed at 5 bars), and
the condensation pressure for VMRX. PH3 scr is the ratio of the PH3 scale height to the ambient gas scale height, above
the PH3 pressure breakpoint pb. Fitted parameters are given with uncertainties; others are fixed or calculated.
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be attributed to subsidence, consistent with Cassini/CIRS thermal imagery and the classical cyclonic nature of
the vortex windfield (e.g., Antuñano et al., 2015, 2018; Baines et al., 2009; Fletcher et al., 2008). Such subsi-
dence is also consistent with the remarkably deep PH3 breakpoint there, which then, through the relative
PH3/gas scale height, PH3scr, of 0.2 leads to a severely depleted phosphine content in the upper two bars,
qualitatively consistent with the polar PH3 depletion reported at lower pressure (< 600mbar) by Fletcher et al.
(2008) and Fletcher, Orton, Teanby, and Irwin (2009).

The dichotomy of large-particle condensate cloud features—indicative of convective upwelling—within a
large (~2,000-km diameter) nearly aerosol-free region of downwelling characteristic of the central core of a
polar vortex is perplexing. One possible mechanism might be localized convection brought on by the inter-
action of NH3 moist air with the relatively large gradients in temperature at the pole revealed by Cassini/CIRS
maps (e.g., Fletcher et al., 2008). At the edge of the dark eye, as wisps of ammonia-laden air prevalent in the
cloudy region outside of the eye move meridionally toward the pole within the polar cyclonic vortex, they
may be locally encountering strong variations in the 3-D temperature field, which induces convection and
condensation locally in both spatial and vertical dimensions. In any case, the large-particle clouds reveal
unexpected polar dynamics on Saturn.
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