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Long-lasting, deep effect of Saturn’s Giant Storms
Supplementary Material

A Deep ammonia abundance

Briggs et al. (1989) determined Saturn’s deep NH3 abundance to be 3 x solar N (~ 390 ppm) by

fitting a thermo-chemical equilibrium model to the data (21, 22). With an H,S abundance of

~ 10x solar, they effectively decreased the ammonia abundance in the upper atmosphere to a
near-solar value (~120 ppm). In contrast, we use a fitted constant value 200 ppm for the NHj
abundance throughout the atmosphere, from the deep atmosphere up to the cloud condensation
level; at and above this level NHj follows the saturated vapor curve. We refer to this value
(200 ppm) as the deep ammonia abundance. Note that the acquired VLA data lose sensitivity to

pressure levels greater than 20 bars. So the deep ammonia abundance refers to the concentration

of ammonia above the water cloud level, which is approximately at 20 bars given ~ 10x solar
oxygen abundance. There is no noticeable difference in disk-averaged spectra based upon an
ammonia abundance profile as used by Briggs et al. (1989) (22) or us. In the following, we
compute a grid of disk models using different deep ammonia abundances to show the goodness-
of-fit to the disk-averaged brightness temperature.

Fig. S1 shows the 2 fitting of six radio bands as a function of the deep ammonia abun-
dance. As seen in the figure, the Q, K and U bands are not sensitive to the choice of the deep

ammonia abundance because their weighting functions are in the ammonia cloud layer. The

x? values of the U-band data are slightly greater than 1, signifying a small departure from a
homogenous and adiabatic atmosphere near a few bars. X-band starts to show some sensitivity
such that x? decreases with increasing deep ammonia abundance. The y? is less than one when
the deep ammonia abundance is greater than 150 ppm. The fittings to the C and S bands are

the most illuminating. Their x? values reach minimum (less than 1) when the deep ammonia



abundance is near 200 ppm. We have not attempted to get a formal uncertainty because the cal-
ibration uncertainty is imprecise and the disk-averaged model only serves as a balance model
for the differential fitting, which does not affect the accuracy of the differential inversion. So
we adopt 200 ppm as the deep ammonia abundance for the baseline model. Observations of
Saturn at longer wavelengths or an entry probe are needed to characterize both this number and

its uncertainty more proficiently (50).
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Fig. S 1 x? values of the fitting to the disk-averaged brightness temperatures as a grid of deep
ammonia concentration. The radio bands are ordered from top to bottom with increasing wave-

length. The horizontal axis, indicating the deep ammonia concentration, is common for all
bands.

B Synthetic study of a triangular signal

In the previous section, we described a way to deconvolve the convolved brightness temperature

signal. In this section, we demonstrate the effectiveness of the deconvolution algorithm based on



a known truth, an isolated triangular signal. We first convolve the signal with a Gaussian beam
and then deconvolve it using the deconvolution algorithm. We check whether our algorithm can

successfully recover the original triangular signal. The isolated triangular signal is described
as, ¢(z; d), where
xz|/d, if|x| <d
o d) = {' fd i 26)

0, otherwise

is the general triangular function at x = 0. We choose to test a triangular signal because it
is single-peaked, has a finite width, and is the basic element for the linear segmentation of
a continuous signal. The convolution of a triangular function with a Gaussian beam has an

analytical form, which is:

At )= [ oy G — iy
= (exp(—%) + exp(—%) - 2exp(—%‘2)> \/;_ﬂ'd (27)
+ ((d + x)Erf(CH—x) + (d — x)Erf(d_—x) — 23:Erf(i)) 1
V20 V20 V2o'/ 2d

There are three controlling parameters: the FWHM of the Gaussian beam (s = 2v/21n 20),
the FWHM of the triangular signal (d), and the spatial resolution of the sampling (dx). We fix
s = 0.2355 (¢ = 0.1) and vary d and dx. If the width of the signal is much larger than the width
of the beam, one would expect that the signal can be fully recovered after deconvolution. This
synthetic study is used to determine the ideal combination of sampling and signal width for the
inversion.

Figs. S3 and S4 show a limiting case in which the width of the signal (orange patch, d = 0.2)
is slightly smaller than the width of beam (blue patch, s = 0.2355). In Fig. S3, the spatial res-
olution of the sampling is 6z = 0.1, which is about half of the FWHM of the beam. The result
shows that the deconvolved signal (red line) is almost identical to the original signal (orange

line). The deconvolution algorithm is also robust to white noise addition. The uncertainty of



the deconvolved signal with 10% white noise is indicated by the error ticks in the figure. In-
creasing the sampling rate (Fig. S4) usually does not lead to a better recovery because that also
increases the degrees of freedom, i.e. the number of frequencies, as well. In fact, increasing the
spatial information results in less information than what is needed to fully determine the spec-
tral amplitudes at the high frequencies. Regularizing the solution using equation (11) damps
out high-frequency modes and is essential to obtain a converged solution for a fine-resolution
sampling. However, if the sampling solution is low, the shape of the source function may not
be adequately sampled. Comparing Fig. S3 and Fig. S4 tells that one can use one-quarter of
the width of the signal as the spatial sampling resolution to approximately recover the original
signal. This improves the spatial resolution of the mapping.

Inspecting the spectral domain (bottom panels of Fig. S3 and S4) illuminates how the de-
convolution is performed. Blue symbols show the spectra of beam-convolved observation with
circles for the real part and crosses for the imaginary part. Red symbols show the spectra of the
deconvolved signal, which are larger in magnitude than the blue symbols at high frequencies,
showing that deconvolution amplifies the magnitude of the high-frequency modes. Without
regularization, the amplification of noise at high-frequencies leads to instability of the decon-
volution.

Figs. S5 and S6 test the situation in which the width of the signal is about half of the width
of the beam. We also test two resolutions, dz = 0.1 and dz = 0.05 respectively. Similar to the
previous studies, 10% white noise is introduced in the synthetic deconvolution study. We see
small amplitude spurious oscillations next to the peak signal. Increasing the spatial sampling
resolution (Fig. S6) does not eliminate the oscillations but rather acts as an interpolated result
from a low-resolution solution. These exercises demonstrate that, for a given beam width,
one can fully recover the signal with a similar width using 1/4 of the beam width as a spatial

sampling resolution. This is the resolution we have used for the deconvolution of all radio band



data.

C Inversion prior parameters and discussion

We have applied a prior standard deviation of 125 ppm for the ammonia concentration anomaly
at every level. If fitting the data requires less than 125 ppm ammonia anomaly, the prior con-
straint does not have an effect. If more than 125 ppm ammonia anomaly is needed, the inversion
algorithm would seek a balance between the goodness-of-fit to the data and satisfying the prior
constraint, which means that magnitude of the fitted ammonia anomaly would be reduced (reg-
ularized) as the cost of sacrificing the goodness-of-fit to the data. For example, our inversion
algorithm does not allow a zero ammonia abundance due to the prior constraint, but it gener-
ally allows ammonia to vary between 50 ~ 350 ppm. If the observed brightness temperature
is too high or too low given the prescribed level of ammonia variability, the fitted ammonia
anomaly would stay within the prescribed range regardless of the data. The potential mismatch
between the data and model is not caused by the measurement accuracy but is due to a simpli-
fied representation of a complex atmosphere of infinite degrees of freedom, such as ignoring the
temperature variability, dividing a continuous atmosphere into a few discrete levels, truncating
the atmosphere at a finite depth, etc.

From the ammonia anomaly map (Fig. 5), we find that the prior constraint is generally
satisfied for storms other than the most recent 2010 storm. This agrees with the prior study re-
porting that the atmosphere is devoid of ammonia vapor possibly down to 5 bars after the 2010
storm (/2). Our prior constraint does not allow such an extreme condition to occur, but the
ammonia anomaly map shows the largest ammonia variability exceeding the prescribed range
of ammonia variability. Fig. S8 shows the comparison between the observed brightness tem-
perature anomalies and the fitted ones based on the ammonia anomaly map in Fig. 5. We have

obtained a good fit for the S and C band brightness temperature anomalies. General features



exhibited in X and U bands are captured, with the largest one being the positive brightness tem-
perature anomaly at 44 °N. This anomaly exists in X, U, K, and Q-bands and is captured by
the fits to these four bands. From the fits, the dip in brightness temperature at 43 °N exists in
both U and X-bands. However, we only see a dip in the brightness temperature in the U-band
data. There can be two possibilities. First, the latitude span of the gap (43 °N) is right at the
spatial resolution of the U-band data but smaller than the spatial resolution of the X-band data.
Second, the gap occupies an extremely small vertical layer (less than one bar pressure) that is
only sensed by the U-band weighting function but not the X-band. Given that the weighting
functions of the U-band and X-band are close (Fig. 1), we deem this possibility unlikely. The
poorest fitting occurs at the K-band (still within a few K differences), whose weighting function
is in the ammonia cloud. Therefore, the K-band data would be dominated by temperature varia-
tions rather than ammonia vapor. However, the major findings and conclusions of this work are
not sensitive to the temperature or ammonia concentration inferred at the K-band because we

drew our conclusion based on the ammonia anomalies between 2 ~ 20 bars.
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Fig. S 2 Spectral domain of the brightness temperatures at each band. (Blue) Fourier amplitudes
of the observed (i.e., beam-convolved) brightness temperature; (red) Fourier amplitudes of the
pointwise brightness temperature. The real part is displayed in circles and the imaginary part is
in crosses. L refers to the diameter of Saturn’s disk.
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Fig. S 3 Top panel: Pointwise signal (orange line) and convolved observation (blue dots) in the
physical domain. Red line with error ticks is the deconvolved signal. Green line shows the re-
convolved observation using the deconvolved signal. Bottom panel: Circles show the real part
of the Fourier amplitude in the spectral domain. Crosses show the imaginary part of the Fourier
amplitude in the spectral domain. Blue colors are for the convolved observation and red colors
are for the deconvolved signal. The Fourier coefficients are normalized such that the amplitude
of the zero frequency mode equals the integral of the signal over the physical domain. The
FWHMs of the Gaussian beam and the signals and the resolution of the sampling are printed
and illustrated in the top panel.
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Fig. S 4 Similar to Fig. S3 but the sampling resolution is doubled.
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Fig. S 5 Similar to Fig. S3 but the width of the signal is halved.
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Fig. S 6 Similar to Fig. S3 but with half-width signal and double-resolution sampling.
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Fig. S 8 Blue lines with error ticks: observed brightness temperature anomalies of each band.
Orange lines: fitted brightness temperature anomaly based on the ammonia anomaly reported
in Fig. 5.



Table S1. Disk-averaged brightness temperature of Saturn (K)

Band Frequ. v (GHz)

Av (GHz)

Mean wavelength (cm)

Brightness Ty

Brightness T

Tcmb

Brightness T

S band
C band
X band

U band

K band

Q band

2.123
4.100
8.470
9.510
10.500
11.300
12.490
13.490
14.490
15.512
16.490
20.000
23.980
43.700

0.25
0.25
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
4.0
4.0
7.8

14.130
7.317
3.540
3.150
2.860
2.650
2.400
2.220
2.070
1.930
1.820
1.500
1.250
0.686

203.50
168.50
145.605
143.545
142.085
139.985
138.555
135.880
136.065
136.340
132.405
126.885
121.424
132.489

37.700
16.850
15.205
13.150
12.265
12.175
9.005
10.475
10.900
11.010
7.370
11.850
14.563
14.638

2.67
2.63
2.53
2.50
2.48
2.46
2.44
2.41
2.39
2.37
2.35
2.27
2.19
1.81

231.3£7
182.4£5.5
158.3£4.7
154.8+4.6
152.7£4.5
150.6£4.5
147.0£4.4
145.3+£4.4
145.7+£4.4
146.1+£4.4
139.7+£4.2
137.1£6.9
133.3£6.7
144.1+£7.2

NOTE—Ty = To + Th{ptp) + Tems, with (up) = 0.667, and Tems the cosmic background radiation.
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