Accepted Manuscript

Time variability of the Enceladus plumes: Orbital periods, decadal
periods, and aperiodic change

Andrew P. Ingersoll, Shawn P. Ewald, Samantha K. Trumbo

PII: S0019-1035(19)30118-6

DOI: https://doi.org/10.1016/j.icarus.2019.06.006
Reference: YICAR 13345

To appear in: Icarus

Received date: 15 February 2019

Revised date: 24 May 2019

Accepted date: 10 June 2019

Please cite this article as: A.P. Ingersoll, S.P. Ewald and S.K. Trumbo, Time variability
of the Enceladus plumes: Orbital periods, decadal periods, and aperiodic change, Icarus,
https://doi.org/10.1016/j.icarus.2019.06.006

This is a PDF file of an unedited manuscript that has been accepted for publication. As
a service to our customers we are providing this early version of the manuscript. The
manuscript will undergo copyediting, typesetting, and review of the resulting proof before
it is published in its final form. Please note that during the production process errors may
be discovered which could affect the content, and all legal disclaimers that apply to the
journal pertain.


https://doi.org/10.1016/j.icarus.2019.06.006
https://doi.org/10.1016/j.icarus.2019.06.006

Time Variability of the Enceladus Plumes: Orbital

Periods, Decadal Periods, and Aperiodic Change

Andrew P. Ingersoll?, Shawn P. Ewald?® Samantha K. Trumbo?

4Planetary Science 150-21

California Institute of Technology
Pasadena, CA 91125, USA
api@gps.caltech.edu, spe@caltech.edu, strumbo@caltech.edu
February 14, 2019; May 23, 2019

Corresponding author: Andrew P. Ingersoll 626-395-6167

Keywords: Enceladus; Saturn satellites; Tides, solid BODY



Abstract

The Enceladus plumes vary on a number of timescales. Tidal stresses as Enceladus revolves in
its eccentric orbit lead to a periodic diurnal variation in the mass and velocity of solid particles in
the plume. Tidal stresses associated with an orbital resonance with Dione lead to a periodic
decadal variation. Aperiodic variations occur on time scales of months, and may be due to ice
buildup and flow of the walls of the fissures that connect the ocean to the surface. We document
these variations using all the relevant data taken by the ISS instrument from 2005 to 2017. Key
questions now include how a 5% peak-to-peak variation in orbital eccentricity, which itself is
only 0.0045, could lead to a 2-fold decadal variation in plume properties. Another question is
how the plumes stay open if ice builds up every month and clogs the vents. Other questions
include why the solid particles exit the vents several times slower than the gas, and why the
speeds vary inversely with the mass of the plumes. The Cassini data are in, but the modeling has

just begun.



1. INTRODUCTION

THE ENCELADUS PLUMES SAMPLE THE GLOBAL OCEAN, AND THEIR TIME
VARIABILITY TELLS US ABOUT THE PHYSICAL CONNECTION BETWEEN THE OCEAN AND
THE SURFACE. THIS PAPER EXPANDS UPON PREVIOUS PAPERS, AND USES DATA FROM
THE IMAGING SCIENCE SUBSYSTEM (ISS) OF THE CASSINI SPACECRAFT. WE STUDY THE
PLUMES' BRIGHTNESS, WHICH IS RELATED TO THE MASS FLUX OF SOLID PARTICLES,
AND THE VERTICAL DISTRIBUTION OF BRIGHTNESS, WHICH IS RELATED TO THE
VELOCITY OF THE PARTICLES. WE STUDY THE DEGREE OF COLLIMATION OF INDIVIDUAL
JETS. WE COMPARE THE PARTICULATE COMPONENT OF THE PLUMES TO THE GASEOUS
COMPONENT, AND WE DISCUSS HOW THEY ARE COUPLED. THE DATA SPAN THE PERIOD
FROM 2005 TO 2017, AND WE USE ALL THE OBSERVATIONS FOR WHICH THERE IS AN
ADEQUATE BACKGROUND WITHOUT SHADOWS, ELECTRONIC NOISE, OR EXCESSIVE
COSMIC RAYS ON THE DETECTOR. THIS LARGE DATA SET ALLOWS US TO SEPARATE
PERIODIC VARIATIONS AT TIDAL FREQUENCIES FROM APERIODIC VARIATIONS INTRINSIC
TO THE VENTS. THE PERIODIC VARIATIONS ARISE FROM ENCELADUS' REVOLUTION
AROUND SATURN, WHICH HAS A PERIOD OF 1.37 DAYS, AND FROM ENCELADUS'
RESONANCE WITH DIONE, WHICH HAS PERIODS OF 3.9 AND 11.1 YEARS. THE APERIODIC
VARIATIONS MAY HAVE A VARIETY OF SOURCES, BUT WE CAN IDENTIFY A TIMESCALE

THAT HINTS AT A SOURCE MECHANISM.

HEDMAN ET AL. (2013) SHOWED THAT THE BRIGHTNESS OF THE PLUME AND THE
LAUNCH VELOCITY VARY PERIODICALLY WITH POSITION IN THE SATELLITE'S
ECCENTRIC ORBIT. THEY SHOWED THAT THE 2005 OBSERVATIONS YIELD BRIGHTNESS
LEVELS THAT ARE ROUGHLY 50% HIGHER THAN LATER OBSERVATIONS. HEDMAN ET
AL. USED DATA FROM THE VISIBLE AND INFRARED MAPPING SPECTROMETER (VIMS) TO
MEASURE BRIGHTNESS. NIMMO ET AL. (2014) FOLLOWED WITH DATA FROM THE ISS,
AND SHOWED THAT THE PLUMES ARE BRIGHTEST NEAR APOCENTER. INGERSOLL AND
EwWALD (2017) HEREINAFTER IE17 ALSO USED ISS DATA AND FOUND A 4-FOLD
VARIATION IN BRIGHTNESS AROUND THE ORBIT WITH A MAXIMUM AT APOCENTER. ALL
OF THESE RESULTS WERE EXPRESSED AS INTEGRALS OVER HORIZONTAL SLABS

EXTENDING OUT TO INFINITY. EACH GROUP HAD ITS OWN METHOD OF BACKGROUND



SUBTRACTION, WHICH IS A CRITICAL PART OF THE ANALYSIS BECAUSE ENCELADUS
AND ITS PLUMES ARE IMBEDDED IN SATURN'S E RING. IE17 CONFIRMED THE SLOWER
LAUNCH SPEED FOR THE PARTICLES AT APOCENTER AND THE FACTOR OF 2 DECREASE
IN OVERALL BRIGHTNESS FROM 2007 TO 2015. THEY NOTED THAT THE ECCENTRICITY
OF THE ORBIT HAD DECREASED BY 5% OF ITS VALUE AS PART OF THE DECREASING
PHASE OF A KNOWN ~11-YEAR TIDAL CYCLE, AND OFFERED THIS AS A POSSIBLE CAUSE
OF THE DECADAL BRIGHTNESS DECREASE. PORCO ET AL. (2018) USED ISS DATA FROM
2006-2017, WHICH THEY FOUND WERE BEST FIT BY A PAIR OF SINUSOIDS WITH PERIODS
OF ~4 YEARS AND ~11 YEARS, IN AGREEMENT WITH KNOWN TIDAL PERIODS. HERE WE
EXAMINE THE PHASE AND FUNCTIONAL FORM RATHER THAN SIMPLY THE PERIODS OF

THE DECADAL SIGNAL, TO TEST THE HYPOTHESIS OF LONG-TERM TIDAL FORCING.

THERE ARE FIVE OBSERVATIONAL SECTIONS IN THE PAPER AND A FINAL
DISCUSSION SECTION. SECTION 2 PRESENTS NEW INFORMATION ABOUT THE ORBITAL
PHASE CURVE. SECTION 3 PRESENTS NEW EVIDENCE THAT PLUME ACTIVITY IS
STRONGLY AFFECTED BY A DECADAL TIDE. A KEY STEP IS TO REMOVE THE DIURNAL
SIGNAL SO AS TO EXAMINE THE DECADAL SIGNAL BY ITSELF. SECTION 4 COMPARES THE
GASEOUS AND SOLID COMPONENTS OF THE PLUMES AND GIVES EVIDENCE THAT THEY
VARY TOGETHER SO AS TO MAINTAIN A CONSTANT GAS TO SOLID RATIO. SECTION 5
GIVES EXAMPLES OF INDIVIDUAL PLUMES TURNING ON AND OFF FROM ONE MONTH TO
THE NEXT. WE HAVE ONLY A HANDFUL OF EXAMPLES BECAUSE DOCUMENTING THIS
KIND OF APERIODIC VARIABILITY REQUIRES PAIRS OF IMAGES WITH NEARLY IDENTICAL
VIEWING GEOMETRY. SECTION 6 CONFIRMS THAT PARTICLE SPEEDS ARE SLOWEST
NEAR APOCENTER, WHEN THE PLUMES ARE BRIGHTEST. SECTION 7 IS A DISCUSSION OF
RESULTS AND UNANSWERED QUESTIONS. WE FEEL THAT EXISTING DATA, USED TO
CONSTRAIN MODELS CURRENTLY UNDER DEVELOPMENT, WILL LEAD TO A MUCH
GREATER UNDERSTANDING OF THE OCEAN-SURFACE INTERACTION. FOR A GENERAL

REVIEW, SEE SPENCER ET AL. (2018).

2. ORBITAL PHASE CURVE



FIGURE 1 SHOWS SLAB DENSITY VS. MEAN ANOMALY FROM 2005-2017. SLAB
DENSITY AT 100 KM IS THE INFERRED PARTICLE MASS PER UNIT THICKNESS (KG KM’I)

IN A HORIZONTAL SLAB 100 KM ABOVE THE SOUTH POLE EXTENDING TO INFINITY IN
ALL HORIZONTAL DIRECTIONS. MEAN ANOMALY (MA) IS TIME FROM PERICENTER
MULTIPLIED BY 360° AND DIVIDED BY THE ORBIT PERIOD. IE17 USED DATA FROM 2005-
2015, BUT THE DATA FROM 2005 WERE SPARSE AND THE 2015 DATA ENDED IN THE
MIDDLE OF THE YEAR. THE MISSION ENDED ON SEPTEMBER 15, 2017, AND DATA FROM
THE LAST TWO YEARS OF THE MISSION ARE IMPORTANT BECAUSE THEY COMPLETE THE
11-YEAR COMPONENT OF THE DECADAL TIDE. THE DATA PROCESSING, INCLUDING
BACKGROUND SUBTRACTION AND PARTICLE SIZE DISTRIBUTION, WAS THE SAME AS

THAT USED IN PRODUCING FIGURE 8 OF [E17. THE PARTICLE SIZE DISTRIBUTION IS AN

ANALYTIC FUNCTION WHOSE MASS DISTRIBUTION FALLS OFF AS R1 AT SMALL RADII

3

AND R AT LARGE RADII WITH A MEDIAN RADIUS OF 3.6 uM. THE ONLY CHANGES

FROM IE17 ARE THE COLORS ASSIGNED TO YEARS 2005-2007 (DATA FROM 2017 ARE
COLORED BLACK) AND TWO YEARS OF ADDITIONAL DATA FROM THE MIDDLE OF 2015

TO THE MIDDLE OF 2017.
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FIGURE 1. SLAB DENSITY VS. MEAN ANOMALY (MA) GROUPED INTO 3-YEAR INTERVALS
(2005-2007,..., 2014-2016, 2017). ALL OBSERVATIONS ON THE SAME DAY HAVE THE SAME
ALPHANUMERIC SYMBOL. OBSERVATIONS IN THE SAME 3-YEAR GROUP HAVE THE SAME
COLOR. EACH DAY, WITH ITS SYMBOL, START/STOP VALUES OF MA, START/STOP
VALUES OF SPACECRAFT LONGITUDE, AND A THINNING FACTOR FOR DAYS WITH MANY
OBSERVATIONS, IS LISTED IN TABLE 1. EACH OBSERVATION ON EACH DAY IS GIVEN IN
TABLE S2 OF THE SUPPLEMENTARY MATERIAL. SOME POINTS THAT WERE USED IN IE17

WERE LATER REJECTED, SO THERE ARE OCCASIONAL GAPS IN THE ALPHANUMERIC



SEQUENCE. REASONS FOR REJECTION ARE GIVEN IN TABLE S3 OF THE SUPPLEMENTARY
MATERIAL. ALSO, THE NUMBERS 0, 3, 5, AND 7 WERE USED TWICE, ONCE FOR DAYS IN

2011-2012 (ORANGE) AND AGAIN FOR DAYS IN 2017 (BLACK).

THE CONVERSION FROM BRIGHTNESS TO COLUMN DENSITY (MASS/AREA) AT A
GIVEN SCATTERING ANGLE AND WAVELENGTH DEPENDS ON THE PARTICLE SIZE
DISTRIBUTION AND DENSITY. INGERSOLL AND EWALD (2011) HEREINAFTER IE11
SOLVED FOR THE PARTICLE SIZE DISTRIBUTION USING OBSERVATIONS AT VERY LOW
SCATTERING ANGLES (2-6°) ASSUMING THE PARTICLES WERE SPHERES OF SOLID WATER

ICE. IN FIGURE 1 THE CIRCLE WITH A DOT AT THE CENTER AT MA = 50° 1S FROM IE11

AND WAS TAKEN DURING SOLAR ECLIPSE AT A SCATTERING ANGLE OF 2.38°. THE FACT
THAT IT AGREES WITH THE E OBSERVATIONS, TAKEN ONLY 7 MONTHS LATER AT
SCATTERING ANGLES > 15°, IS A GOOD TEST OF THE PARTICLE SIZE DISTRIBUTION. GUO
ET AL. (2016) SHOWED THAT LOW-DENSITY AGGREGATES COULD FIT THE ECLIPSE
OBSERVATIONS NEARLY AS WELL AS SOLID SPHERES AND COULD HAVE UP TO 7 TIMES

LESS PARTICLE MASS IN THE PLUMES.

EACH POINT IN FIGURE 1 REPRESENTS A UNIQUE IMAGE. IT IS CONSTRUCTED

FROM A SINGLE ROW OF PIXELS PERPENDICULAR TO THE PROJECTED SPIN AXIS 100 KM

ABOVE THE SOUTH POLE. THE * 10 KG KM-1 SCATTER OF POINTS AROUND THE SMOOTH

CURVES THAT COME FROM DIFFERENT IMAGES ON THE SAME DAY IS A GOOD ESTIMATE
OF MEASUREMENT PRECISION. THIS IS BECAUSE THE PROCESSING OF EACH IMAGE IS
INDEPENDENT OF THAT FOR ALL THE OTHER IMAGES. OTHER TYPES OF SCATTER, E.G.,

FROM DIFFERENT DAYS AND DIFFERENT YEARS, COME FROM INTRINSIC TEMPORAL

VARIABILITY. SINCE THE UNCERTAINTY IN KG KM_1 IS ROUGHLY INDEPENDENT OF THE

SIGNAL AMPLITUDE, THE SIGNAL TO NOISE RATIO (SNR) IS DECIDEDLY BETTER WHEN
THE SIGNAL IS LARGER. THE LARGEST SLAB DENSITY IS AT MA = 200° (JUST AFTER

APOCENTER), AND THE SMALLEST IS AT MA = 320° (JUST BEFORE PERICENTER), WITH A

FACTOR OF 10 BETWEEN THEM.



SEVERAL THINGS STAND OUT IN FIGURE 1. FIRST, EXCEPT FOR A
MULTIPLICATIVE FACTOR THAT DEPENDS ON THE YEAR, THE CURVES HAVE
APPROXIMATELY THE SAME SHAPE. SECOND, THE MULTIPLICATIVE FACTOR VARIES
FROM YEAR TO YEAR. FOR EXAMPLE, THE PURPLE POINTS (2005-2008) AND THE LIGHT
BLUE POINTS (2008-2010) ARE THE HIGHEST, AND THE RED POINTS (2014-2016) ARE THE
LOWEST, WITH THE LIGHT BLUE POINTS ABOUT TWICE AS HIGH AS THE RED POINTS.
THESE RELATIONS ARE MORE OBVIOUS NEAR MA = 200° WHERE THE SNR IS LARGE,
AND ARE LESS OBVIOUS AT MA = 300°-360° WHERE THE SNR IS SMALL. THIRD, AFTER A
DECADE OF FALLING BRIGHTNESS IN 2006-2014, THERE IS A RECOVERY TOWARD THE
END, SINCE THE BLACK POINTS (2017) ARE HIGHER THAN THE RED POINTS (2014-2016)
OVER MOST OF THE RANGE, L.E., FROM 100° < MA < 300°. FOURTH, THERE IS A

SECONDARY MAXIMUM IN SLAB DENSITY WITH TWO PEAKS, ONE AT MA = 36° AND THE

OTHER AT MA = 51°.
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FIGURE 2. SLAB DENSITY AT 100 KM SHOWING THE SECONDARY MAXIMUM WITH PEAKS
AT MA 36° AND 51°. THIS IS THE SAME DATA WITH THE SAME COLOR CODING AND
ALPHANUMERIC IDENTIFIERS AS IN FIGURE 1. THE POINTS ON THIS FIGURE ARE L, M, W,
X, 2, AND F. WITH THE EXCEPTION OF E, (O,and G, WHICH ARE OFF SCALE AT THE TOP
(INDICATED BY ARROWS), AND THE FS, THE POINTS ARE TIGHTLY BUNCHED AND TRACE
OUT A SINGLE CURVE OF SLAB DENSITY VS. MA. POINTS E, (O,and G ARE HIGH BECAUSE
THEY WERE TAKEN NEAR THE PEAK OF THE 11-YEAR TIDAL CYCLE, AND THE FPOINTS

ARE LOW BECAUSE THEY WERE TAKEN NEAR A LOW POINT IN THE 11-YEAR TIDAL
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CYCLE. THESE POINTS DO NOT STAND OUT AS MUCH IN LATER FIGURES, WHERE THEY

ARE GROUPED WITH POINTS AT THE SAME PHASE OF THE TIDAL CYCLE.

FIGURE 2 SHOWS THE SECONDARY MAXIMUM IN GREATER DETAIL THAN IN
FIGURE 1. THE SECONDARY MAXIMUM SPANS THE RANGE FROM MA = 25° TO MA = 60°,
WHICH IS AHEAD OF THE PRIMARY MAXIMUM AT MEAN ANOMALY =~ 200°. IT IS PRESENT
IN THE DATA OF HEDMAN ET AL. (2013), BUT HELFENSTEIN AND PORCO (2015) WERE
THE FIRST TO POINT IT OUT IN A PUBLICATION.. FIGURE 2 SHOWS THAT THE SECONDARY
MAXIMUM REALLY HAS TWO PEAKS, ONE AT MA = 36° AND THE OTHER AT MA = 51°.
THE SECONDARY MAXIMUM DOES NOT APPEAR IN THE MODEL OF HURFORD ET AL.
(2007), WHICH HAS TIGER STRIPES OPENING AND CLOSING IN PHASE WITH THE ORBITAL
CYCLE. HELFENSTEIN AND PORCO (2015) SUGGEST THAT THE SECONDARY MAXIMUM
MAY BE DUE TO CROSS-CUTTING FRACTURES THAT OPEN AND CLOSE AT DIFFERENT
TIMES THAN THE TIGER STRIPES. THEY FURTHER SUGGEST THAT ADDITIONAL
MODELING WORK IS NEEDED TO FULLY UNDERSTAND THE SIMULTANEOUS TIDAL
DILATION OF TIGER STRIPES AND CROSS-CUTTING FRACTURES. WE DO NOT DISAGREE
WITH HELFENSTEIN AND PORCO, BUT WE FEEL THAT OTHER PROCESSES, DISCUSSED IN

SECTION 7, MIGHT ALSO CONTRIBUTE TO THE SECONDARY MAXIMUM.

TABLE 1. LISTING OF DAYS ON WHICH OBSERVATIONS WERE TAKEN. MOST DAYS HAVE
MORE THAN ONE OBSERVATION. THE SYMBOLS ARE THOSE USED IN THE FIGURES. EAST
LONGITUDE MAY BE POSITIVE OR NEGATIVE. ON SOME DAYS IT WAS NECESSARY TO
APPLY A THINNING FACTOR N, WHICH INDICATES THAT ONLY 1/N OF THE
OBSERVATIONS ARE SHOWN IN THE FIGURES. A THINNING FACTOR OF 1 INDICATES

THAT ALL THE OBSERVATIONS ARE SHOWN.

Day Symbol MA MA ELlon Elon Thin
start stop start stop
2005 FEB 17 A 338 341 120 118 1
2005 NOV 27 B 130 137 116 100 1
2006 JAN 18 C 100 166 -96 -167 1
2006 MAY 03 D 262 264 47 45 1



2006 SEP 15
2007 APR 24
2007 SEP 30
2008 DEC 26
2009 MAR 21
2009 OCT 13
2009 NOV 01
2009 NOV 02
2009 DEC 25
2010 JAN 26
2010 MAR 01
2010 MAR 02
2010 APR 26
2010 MAY 17
2010 OCT 16
2010 DEC 20
2011 JAN 30
2011 0CT 01
2011 OCT 19
2011 NOV 05
2011 NOV 06
2012 MAR 27
2012 MAY 01
2012 SEP 03
2012 SEP 24
2012 OCT 17
2012 DEC 09
2012 DEC 23
2013 JAN 18
2013 FEB 25
2013 APR 02
2013 JUN 12
2013 JUN 24
2015 MAY 10
2015 MAY 31
2015JUL 08
2015JUL 29
2015 OCT 14
2015 OCT 15
2015 OCT 28
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2015 OCT 29
2015 DEC 07
2015 DEC 08
2016 JAN 02
2016 JAN 14
2016 SEP 25
2016 DEC 06
2017 JAN 25
2017 JAN 26
2017 FEB 08
2017 FEB 09
2017 MAR 09
2017 MAR 31
2017 APR 27
2017 APR 28
2017 MAY 29
2017 MAY 30
2017 JUN 11
2017 JUN 12
2017 JUN 18
2017JUL 14
2017 AUG 02
2017 AUG 28

3. DECADAL TIDE

FIGURE 3 SHOWS THE TEMPLATE THAT WE USE TO REMOVE THE MA SIGNAL IN
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ORDER TO STUDY THE LONGER TIMESCALE VARIATIONS. BASED ON FIGURE 1, WE

ASSUME THAT THE DISTRIBUTION OF POINTS FROM ONE DAY TO THE NEXT REMAINS

THE SAME EXCEPT FOR A MULTIPLICATIVE CONSTANT. THIS IS AN EMPIRICAL

12

PARAMETERIZATION OF THE DIURNAL CYCLE; IT HAS NO THEORETICAL BASIS. DIVIDING

BY THE TEMPLATE GIVES THE VALUE OF THE CONSTANT, WHICH IDEALLY VARIES WITH

THE DECADAL CYCLE BUT NOT WITH THE DIURNAL CYCLE. IN CREATING THE

TEMPLATE, WE MAINLY USED POINTS FROM DAYS 2 AND 7, WHICH ARE FROM 2017.

TAKING THE AVERAGE OVER ALL YEARS HAS PROBLEMS BECAUSE THE EARLY

OBSERVATIONS ARE SPARSE AND COVER ONLY A SMALL RANGE OF MA. IN CONTRAST,
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WITH A SMALL AMOUNT OF INTERPOLATION, DAYS 2 AND 7 COVER AN ENTIRE ORBITAL

CYCLE. THE UNITS OF THE TEMPLATE ARE THE SAME AS THOSE IN FIGURE 1.

100 km
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FIGURE 3. SLAB DENSITY VS. MEAN ANOMALY WITH THE TEMPLATE SUPERPOSED ON

THE DATA OF FIGURE 1. THE TEMPLATE IS CONSTRUCTED MOSTLY FROM DATA ON

DAYS 2 AND 7, WHICH ARE FROM JUNE 12, 2017 AND AUGUST 28, 2017 RESPECTIVELY.

INTERPOLATION WAS USED BETWEEN MA = 260° AND MA = 360°, AND WAS CHOSEN AS

A COMPROMISE BETWEEN DAYS N AND DAYS ®, WHICH ARE FROM DECEMBER 25, 2009

AND JULY 29, 2015, RESPECTIVELY (TABLE 1).
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FIGURE 4. RATIO OF SLAB DENSITY OF THE POINTS IN FIGURE 1 TO THE SLAB DENSITY
OF THE TEMPLATE, PLOTTED AGAINST MA. THE ALPHANUMERIC SYMBOLS AND THE
COLORS ARE THE SAME AS THOSE IN FIGURE 1. SINCE THE TEMPLATE IS DERIVED

MOSTLY FROM DAYS 2 AND 7, THOSE DAYS APPEAR NEAR UNITY ACROSS THE GRAPH.

FIGURE 4 SHOWS THE SLAB DENSITY OF EACH POINT IN FIGURE 1 DIVIDED BY

THE SLAB DENSITY OF THE TEMPLATE, PLOTTED AGAINST MA. IF THE SHAPE OF THE

14
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DIURNAL CURVE WERE EXACTLY CONSTANT AND IF THE MULTIPLICATIVE CONSTANT
WERE CHANGING ON DECADAL TIMESCALES, THE POINTS WOULD FORM A STACK OF
HORIZONTAL LAYERS VARYING CONTINUOUSLY WITH TIME. THE 3-YEAR COLOR BANDS
WOULD TURN THE STACK INTO LAYERS OF FINITE THICKNESS. THE HORIZONTAL
LAYERING IS MOST PRONOUNCED IN THE RANGE MA = 120-240°. THERE THE SNR IS
HIGHEST BECAUSE MEASURED SLAB DENSITY (THE SIGNAL) IS LARGE AND THE
UNCERTAINTY OF THE MEASUREMENT (THE NOISE) IS ROUGHLY INDEPENDENT OF SLAB
DENSITY. ONE SEES THAT (SLAB DENSITY)/TEMPLATE FOR THE LIGHT BLUE POINTS AND
THE RED POINTS ARE ABOUT 1.5 AND (.75 RESPECTIVELY, CONFIRMING THE FACTOR OF
2 RATIO OF LIGHT BLUE TO RED SHOWN IN FIGURE 1. AS SHOWN IN FIGURE 1, SLAB
DENSITY IS SMALLEST AROUND MA = 320°, AND THERE THE SPREAD OF THE POINTS IN
FIGURE 4 1S GREATEST. IF WE HAD CHOSEN HIGHER VALUES FOR THE INTERPOLATED
PORTION OF THE TEMPLATE (MA = 260° TO MA = 360°), THE ® POINTS WOULD BE MUCH
LESS THAN ONE, AND IF WE HAD CHOSEN THE INTERPOLATED PORTION MUCH LOWER,
THE N POINTS WOULD SHOOT OFF TO UNREALISTICALLY HIGH VALUES. THE FITTING
WAS DONE BY EYE. A WEIGHTED AVERAGE WOULD SEEM MORE RIGOROUS, BUT
CHOOSING THE WEIGHTS AND WHICH POINTS TO FOCUS ON WOULD MAKE IT EQUALLY
SUBJECTIVE. THE POINTS IN FIGURE 4 ARE RATIOS, AND RATIOS ARE PARTICULARLY
SENSITIVE TO NOISE BECAUSE THE DENOMINATOR CAN APPROACH ZERO WHEN THE

UNCERTAINTY IS LARGE.

FIGURE 5 TESTS THE HYPOTHESIS THAT THERE IS A LINEAR RELATIONSHIP
BETWEEN (SLAB DENSITY)/TEMPLATE AND ORBITAL ECCENTRICITY. THE X-AXIS IS AR,
THE SATURN-ENCELADUS DISTANCE AT APOCENTER MINUS THAT AT PERICENTER. FOR
A KEPLERIAN ELLIPSE, AR = 2AE, WHERE A IS THE SEMI-MAJOR AXIS AND EIS THE
ECCENTRICITY, RESPECTIVELY. THE Y-AXIS GIVES THE ALPHANUMERIC CHARACTERS,
WHICH ARE OBTAINED FROM FIGURE 4 BY AVERAGING ALL THE (SLAB
DENSITY)/TEMPLATE MEASUREMENTS IN EACH DAY INTO A SINGLE NUMBER FOR THAT

DAY. THE STRAIGHT LINE IS Y = M*X + B, AND IT IS A LEAST-SQUARES FIT TO THE DATA,

1

WITH M = 0.006527 KM " AND B =-13.62.



16

2.5 T T T T I T T T

20 ]

Slab Density / Template

2250 2300 2350
A r [km]

FIGURE 5. LEAST SQUARES FIT TO THE DATA OF FIGURE 3 AND 4. EACH POINT IS ONE
DAY'S WORTH OF OBSERVATIONS PROCESSED TO REMOVE THE DEPENDENCE ON MA
AND REVEAL THE DECADAL TIMESCALE VARIABILITY. THE COLORS AND SYMBOLS ARE
THE SAME AS IN FIGURE 1. THE Y AXIS IN THE MEASURED SLAB DENSITY FROM FIGURE
1 DIVIDED BY THE TEMPLATE IN FIGURE 3. THE X AXIS IS THE APOCENTER MINUS
PERICENTER DISTANCE, WHOSE DOMINANT PERIODS OF VARIATION ARE 11.1 YEARS

AND 3.9 YEARS ACCORDING TO VIENNE AND DURIEZ (1991).
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FIGURE 6. AS IN FIGURE 4 BUT THE RATIO (SLAB DENSITY)/TEMPLATE IS PLOTTED

AGAINST TIME. THE EVEN YEARS BEGIN ON THE LARGE TICK MARKS; THE ODD YEARS

ARE IN BETWEEN. LEFT AXIS: ALPHANUMERIC SYMBOLS AND THE COLORS ARE THE

SAME AS THOSE IN FIGURES 4 AND 5. VERTICAL LINES SHOW THE EXTREMES FOR DAYS

WHERE INDIVIDUAL IMAGES ON THAT DAY HAVE BEEN AVERAGED TOGETHER. RIGHT

AXIS: DIFFERENCE AR BETWEEN THE MAXIMUM AND MINIMUM DISTANCE FROM

ENCELADUS TO SATURN CALCULATED USING NAIF/SPICE. EACH POINT IN THE CLOUD

OF POINTS IS A SINGLE ORBIT, AND THERE ARE THOUSANDS OF ORBITS. THE SPREAD OF
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THE POINTS IS DUE TO DAILY INTERACTIONS WITH THE OTHER SATELLITES. THE MULTI-
YEAR VARIATIONS ARE DUE TO A RESONANCE BETWEEN ENCELADUS AND DIONE AND
HAVE DOMINANT PERIODS OF 11.1 YEARS AND 3.9 YEARS. THE RIGHT AXIS AND THE
CLOUD OF POINTS HAVE BEEN SCALED TO HAVE THE SAME AMPLITUDE VARIATIONS AS
THE LEFT AXIS, AND HAVE BEEN SHIFTED VERTICALLY TO ALIGN THE VARIATIONS
HORIZONTALLY ON THE FIGURE. THE VALUES OF THESE ADJUSTMENTS WERE CHOSEN
FROM THE LINEAR LEAST SQUARES FIT ILLUSTRATED IN FIGURE 5. THESE ADJUSTMENTS
AFFECT RELATIVE AMPLITUDES BUT NOT THE SHAPE OR PHASING OF THE CURVES. THE
FIVE CIRCLES ARE THE UVIS OBSERVATIONS WITH THEIR OWN SCALING FACTOR. THEY

ARE DISCUSSED IN SECTION 4 IN CONNECTION WITH FIGURE 7.

FIGURE 6 SHOWS THE TWO VARIABLES OF FIGURE 5 PLOTTED AGAINST TIME
FROM 2005-2017. THE VERTICAL SCALE ON THE LEFT IS SLAB DENSITY DIVIDED BY
TEMPLATE, AND THE ALPHANUMERIC CHARACTERS ARE PLOTTED ON THIS SCALE. THE
VERTICAL SCALE ON THE RIGHT IS AR, AND THE CLOUDS OF DOTS ARE PLOTTED ON
THIS SCALE. THE ZERO OFFSET, WHICH IS THE VALUE OF AR WHERE THE SLAB DENSITY
Y IS 0, IS AT AR = -B/M = 2087 KM. THE SCALE FACTOR, WHICH IS THE AR UNIT ON THE
RIGHT THAT IS EQUIVALENT TO 1 UNIT ON THE LEFT,
IS 1/M = 153.2 KM. THE NUMBERS B AND M COME FROM THE LEAST SQUARES FIT IN
FIGURE 5.

THE HYPOTHESIS BEING TESTED IS THAT THE ALPHANUMERIC CHARACTERS AND
THE CLOUD OF DOTS ARE RELATED. THE SHAPES OF THE TWO CURVES ARE WHAT
MATTER, SINCE THEY ARE UNAFFECTED BY THE SCALING FACTOR ADJUSTMENT AND
ZERO OFFSET. FIGURE 6 RESEMBLES FIGURE 17 OF IE17, WHO PROPOSED THAT THE
DECREASE OF SLAB DENSITY OVER MUCH OF THE PERIOD FROM 2005 TO 2015 WAS
RELATED TO THE DECLINING PHASE OF THE 11.1-YEAR CYCLE OF ECCENTRICITY.
HOWEVER FIGURE 17 OF IE17 PLOTS THE ALPHANUMERIC POINTS ACCORDING TO THEIR

AR VALUES INSTEAD OF THEIR SLAB DENSITY VALUES.

THE 12-YEAR INTERVAL IS NOT LONG ENOUGH TO ESTABLISH THAT AN 11.1-

YEAR CYCLE IS PRESENT IN THE (SLAB DENSITY)/TEMPLATE VARIABLE OF FIGURE 6.
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BUT CELESTIAL MECHANICS TELLS US THAT IT IS PRESENT IN THE AR VARIABLE, SO WE
CAN ASK, IF THE CYCLE WERE PRESENT IN BOTH VARIABLES, DO THEIR PHASES MATCH?
FIGURE 6 SUGGESTS THAT THEY DO. BOTH THE (SLAB DENSITY)/TEMPLATE POINTS AND
THE AR CLOUD OF POINTS HAVE A PEAK IN 2007-2009 AND A TROUGH ONE HALF CYCLE
LATER IN 2013-2015. THERE IS ALSO A RAPID RISE NEAR 2006 AND A RISE IN 2017, A
FULL CYCLE LATER. THE 3.9-YEAR CYCLE IS HARDER TO SEE. THE F POINT IN 2007.51S A
TROUGH BETWEEN THE HIGHER E AND G POINTS, AND IT COINCIDES WITH A PROMINENT
TROUGH IN THE AR CLOUD. THERE ARE NO DATA IN THE PROMINENT TROUGH AT YEAR
2014, BUT THE TRENDS ON EITHER SIDE POINT DOWN TOWARD THE CENTER. THERE IS A
SMALL TROUGH IN YEAR 2011.5, SINCE IMAGES ON ORBITS V, X, Y, Z AND O (JANUARY
30,2011 TO NOVEMBER 6, 2011) ARE LOWER THAN THOSE ON ORBITS 3, 5, 7, oo AND J3
(MARCH 27, 2012 TO OCTOBER 17, 2012). THAT TROUGH COINCIDES WITH A TROUGH IN
THE AR DATA, WHICH SUGGESTS A POSITIVE PHASE RELATION. THUS ALTHOUGH THERE
ARE GAPS IN THE COVERAGE, THE DATA STRONGLY SUGGEST THAT THE QUANTITIES
PLOTTED ON THE LEFT AND RIGHT AXES ARE RELATED. THIS FIGURE COMPLEMENTS
THE WORK OF PORCO ET AL. (2018), WHO EXAMINED THE PLUME SIGNAL IN THE

FREQUENCY DOMAIN WITHOUT REGARD TO THE PHASE OF THE SIGNAL.

THERE ARE SEVERAL WAYS THE (SLAB DENSITY)/TEMPLATE POINTS AND THE AR
POINTS COULD FAIL TO OVERLAP, EVEN IF THEY WERE RELATED. FIRST, VARIABLES
OTHER THAN ECCENTRICITY MIGHT ALSO BE AFFECTING THE SLAB DENSITY. THE
TEMPLATE WE USED WAS CONSTRUCTED FROM 2017 OBSERVATIONS, AND IT DOES A
GOOD JOB OF FITTING THE DATA STARTING WITH I, J, AND K IN LATE 2009 AND
EXTENDING THROUGH 2017. IN CONTRAST, POINTS A-H, WHICH COVER THE YEARS 2005-
2008, SEEM ANOMALOUSLY HIGH ACCORDING TO FIGURES 5 AND 6, ALTHOUGH THEY
HAVE THE SAME DOUBLE-PEAKED SHAPE AS THE CLOUD OF AR POINTS. THESE
"ERRANT" DATA COULD BE EXPLAINED IF THE PLUMES WERE INTRINSICALLY BRIGHTER
DURING 2005-2008 FOR REASONS UNRELATED TO ECCENTRICITY. SECOND, OUR
TEMPLATIZED PARAMETERIZATION OF THE DIURNAL CYCLE MAY BE TOO SIMPLE. FOR

INSTANCE, THE RED CURVES AND THE BLACK CURVES CROSS AT MA = 305° AND

SEPARATE AGAIN AT MA = 70°, DESPITE BEING OBVIOUSLY SEPARATE FROM 70-330°.
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THIS CROSSING IS MOST OBVIOUS IN FIGURES 1 AND 3. THE CROSSING OCCURS WHERE
THE SIGNAL IS LOW. BUT THE CROSSING IS NOT THE RESULT OF RANDOM NOISE, AND IT
CANNOT BE MADE TO DISAPPEAR SIMPLY BY ADJUSTING THE TEMPLATE IN THAT
INTERVAL. THE CROSSING COULD INDICATE A CHANGE IN THE SHAPE OF THE DIURNAL
CYCLE, BEING RELATIVELY BRIGHTER FROM MA = 305° TO 70° IN THE EARLY (RED)
YEARS COMPARED WITH THE LATER (BLACK) YEARS. THIRD, VARIABILITY OF
INDIVIDUAL PLUMES, WHICH WE DOCUMENT IN SECTION 5, COULD BE CONTRIBUTING
TO VARIABILITY OF SLAB BRIGHTNESS, ESPECIALLY WHEN THE LATTER IS SMALL, AS IT
IS FROM MA = 305° TO 70°. AN EXAMPLE IS THE P, Q, AND R POINTS. THEY STAND OUT
SHARPLY IN FIGURE 6 AT THE START OF YEAR 2010, BUT THEY STRADDLE MA = 360°
AND THUS THEIR AMPLITUDE IS SMALL AND THEY ARE SENSITIVE TO INDIVIDUAL

PLUME VARIATIONS.

IE17 WERE CAUTIOUS IN CLAIMING A RELATION BETWEEN THE DECADAL
CHANGE IN PLUME DENSITY AND THE DECADAL CHANGE IN ORBITAL ECCENTRICITY.
THEY MENTIONED SEASONAL CHANGE FROM SUMMER TO WINTER IN THE SOUTH, BUT
THE RADIATIVE EFFECT SEEMED TOO SMALL. ALSO, THE TROUGHS IN THE YEARS 2007.5
AND 2011.5 INDICATE A PERIOD THAT IS CONSIDERABLY SHORTER THAN THE 30-YEAR
ANNUAL CYCLE. IE17 MENTIONED STOCHASTIC VARIABILITY, BUT THE PROBABILITY OF
ALL THE PLUMES DECLINING TOGETHER SEEMED IMPROBABLE. THE DECADAL CHANGE
HYPOTHESIS HAS ITS OWN PROBLEMS. THE MEAN ECCENTRICITY IS ONLY 0.5%, AND IT
IS CHANGING BY ONLY £2.5% OF ITSELF. NEVERTHELESS, WITH THE 2015-2017 DATA WE
ARE INCLINED TO BELIEVE THE RELATION, BUT WE STILL DO NOT UNDERSTAND IT.
PERHAPS THIS IS A CASE OF SELF-ORGANIZED CRITICALITY, WHERE THE CONDUITS
FROM THE OCEAN TO THE SURFACE HAVE ADJUSTED THEMSELVES SO THEY BARELY
STAY OPEN FOR A GIVEN ECCENTRICITY. THEN THE +2.5% DECADAL CHANGE IN
ECCENTRICITY HAS A LARGE (FACTOR OF 2) EFFECT. AS WE SAID IN IE17, WE NEED A

QUANTITATIVE THEORY, BUT THAT BELONGS IN ANOTHER PAPER.

4. GAS VS. SOLID PARTICLES IN THE PLUMES
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PLUME BRIGHTNESS IN FIGURE 1 IS AN INDICATOR OF SOLID PARTICLES IN THE
PLUME. HANSEN ET AL. (2011) USED OCCULTATIONS OF STARS BY THE ULTRAVIOLET
SPECTROMETER (UVIS) TO MEASURE THE AMOUNT OF WATER VAPOR IN THE PLUME.
USING THEIR ESTIMATE, IE11 PUT THE ICE/VAPOR MASS RATIO IN THE RANGE 0.3-0.70.
GAO ET AL. (2016) NOTED THAT IF THE PARTICLES WERE LOW-DENSITY AGGREGATES,
THE ICE/VAPOR RATIO COULD BE AS MUCH AS 7 TIMES LOWER. THE ION AND NEUTRAL
MASS SPECTROMETER (INMS) INSTRUMENT ALSO MEASURES THE AMOUNT OF VAPOR
IN THE PLUME. DONG ET AL. (2015) USED INMS DATA FROM TEOLIS ET AL. (2010). THEY
COMBINED THESE WITH NANOGRAIN DATA FROM THE CASSINI PLASMA SPECTROMETER
(CAPS) AND MICROGRAIN DATA FROM THE RADIO AND PLASMA WAVE SPECTROMETER
(RPWS) TO INFER A TOTAL GRAIN MASS DENSITY EQUAL TO ~20% OF THE VAPOR. DONG
ET AL. (2015) ALSO ASSUMED THE PARTICLES WERE SOLID WATER ICE. HEDMAN ET AL.
(2018) USED A SINGLE SOLAR OCCULTATION OBSERVED SIMULTANEOUSLY BY VIMS
AND UVIS TO INFER THE DUST-TO-GAS RATIO DIRECTLY (DUST = ICE IN THIS CONTEXT),
AND FOUND VALUES OF ~1 FOR SOME TIGER STRIPES AND VALUES ~(0.1 FOR OTHERS.
HANSEN ET AL. (2017) COMPARED FIVE OCCULTATIONS OBSERVED BY THE UVIS AND
CONCLUDED THAT THE BULK WATER VAPOR EMANATING FROM ENCELADUS CHANGED
VERY LITTLE WITH ORBITAL POSITION - NO MORE THAN *+15%. THIS CONTRASTS WITH
THE 4-FOLD VARIATION OF THE ICE PARTICLES REPORTED BY IE17 AND NIMMO ET AL.
(2014).

PORCO ET AL. (2014) IDENTIFIED 100 JETS BY TRIANGULATION IN ISS IMAGES
TAKEN FROM A VARIETY OF LONGITUDES OVER A 6.5-YEAR PERIOD. THEY STATED THAT
ONE THIRD OF THE JETS CYCLED ON AND OFF DURING THAT PERIOD, BUT THEY DID NOT
CONSTRAIN THE TIMESCALE FURTHER, E.G., BY SHOWING IMAGES OF INDIVIDUAL JETS
APPEARING AND DISAPPEARING. SPITALE ET AL. (2015) ARGUED THAT MUCH OF THE
JET-LIKE ACTIVITY COULD BE EXPLAINED BY OPTICAL ILLUSIONS ARISING WHEN THE
CURTAINS OF DUST EMANATING FROM THE TIGER STRIPES ARE VIEWED EDGE-ON.
NEVERTHELESS, TEOLIS ET AL. (2017) USED THE LOCATIONS AND DIRECTIONS OF THE
100 JETS IDENTIFIED BY PORCO ET AL. (2014) TO CONSTRAIN THE HALF-DOZEN PEAKS IN
THREE INMS TIME SERIES FROM LOW-ALTITUDE FLYBYS. THEY CONCLUDE THAT THE

CO2 GAS IN INDIVIDUAL JETS VARIES BY FACTORS UP TO 10 AND THE OVERALL VAPOR
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PLUME SOURCE RATE EXHIBITS STOCHASTIC TIME VARIABILITY BY UP TO A FACTOR OF
~5 BETWEEN OBSERVATIONS. YEOH ET AL. (2017) LOOKED AT A DIFFERENT SET OF
INMS DATA, FOCUSED ON H20 VAPOR, AND THEY FOUND A FACTOR OF 2 VARIABILITY.
THEY FIND THAT NARROW VAPOR JETS PRODUCE BETTER FITS TO THE OBSERVATIONS,
SUGGESTING HIGH MACH NUMBERS (> 5) AT THE VENTS. THEY FIND THAT THE
DISTRIBUTED SOURCES ALONG THE TIGER STRIPES ARE LIKELY DOMINANT WHILE THE

JETS PROVIDE A LESSER CONTRIBUTION.

THE LARGE VARIATIONS WITH ORBITAL POSITION (FACTORS UP TO 10) SEEN IN
INMS DATA WOULD APPEAR TO BE INCONSISTENT WITH THE SMALL (£15%) VARIATION
SEEN IN UVIS DATA. HOWEVER DURING AN ORBITAL PASS, UVIS IS CONTINUOUSLY
INTEGRATING ALONG THE RAY PATH TO THE STAR, WHEREAS THE INMS IS ONLY
SAMPLING THE IMMEDIATE ENVIRONMENT OF THE SPACECRAFT. AT THE END OF THE
ORBITAL PASS, UVIS HAS SAMPLED ALL THE ABSORBERS ON A 2D SURFACE ABOVE THE
SOUTH POLE, WHEREAS INMS HAS ONLY SAMPLED ALONG A LINE THROUGH THE
PLUME. YEOH ET AL. (2017) MAKE THE SAME POINT. WITH DIFFERENT PATHS THROUGH
THE PLUME AT DIFFERENT VALUES OF MA, IT IS POSSIBLE TO MISTAKE UNEVEN

SAMPLING FOR STOCHASTIC VARIABILITY.

THE 11-YEAR TIDAL CYCLE ADDS A DIMENSION OTHER THAN MA AND
STOCHASTIC VARIABILITY TO THE SAMPLE SPACE. BUT WITH ~3000 IMAGING
OBSERVATIONS ON A TOTAL OF 64 DAYS (TABLE 1), WHICH ARE SPREAD OVER THE
PERIOD FROM 2005-2017, IT IS POSSIBLE TO SEPARATE THE SOURCES OF VARIABILITY.
HERE WE ADDRESS THE APPARENT DISAGREEMENT BETWEEN THE 4-FOLD DIURNAL
VARIATION IN SLAB DENSITY SEEN BY ISS (IE17 AND THIS PAPER) AND THE +15%

VARIATION IN VAPOR FLUX SEEN BY UVIS (HANSEN ET AL., 2017).

THE DISAGREEMENT CONCERNS THE DIURNAL VARIABILITY - VARIATIONS WITH
RESPECT TO MA OR LACK THEREOF. SINCE THE OBSERVATIONS ARE SPREAD OVER 12
YEARS, IT IS FIRST NECESSARY TO REMOVE THE DECADAL VARIABILITY SHOWN IN
FIGURES 5 AND 6. FIGURE 7 SHOWS SLAB DENSITY AS IN FIGURE 1 WITH FIVE CIRCLES

REPRESENTING THE UVIS OBSERVATIONS. TO REMOVE THE DECADAL VARIABILITY,
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BOTH DATA SETS WERE "ADJUSTED" BY DIVIDING BY THE FUNCTION Y = M*X + B THAT
FITS (SLAB DENSITY)/TEMPLATE AS A FUNCTION OF AR (FIGURE 5). DIVIDING BY THIS
FUNCTION ASSUMES THAT THE UVIS OBSERVATIONS OF THE VAPOR EXHIBIT THE SAME
DECADAL VARIABILITY AS THE ISS OBSERVATIONS OF SLAB DENSITY. THE
ADJUSTMENT ALLOWS US TO LOOK AT THE DIURNAL VARIABILITY BY ITSELF, WITHOUT
THE MODULATION DUE TO DECADAL VARIABILITY. TABLE 2 GIVES THE DATES OF THE
UVIS OCCULTATIONS, THE VALUES OF MA, THE UVIS MASS FLUX, THE VALUE OF AR,

AND THE SCALED MASS FLUX.

FIGURE 7 SHOWS THAT THE ADJUSTMENT MAKES THE SLAB DENSITY DATA MORE
COMPACT, E.G., THE A, B, C, D, ®, E AND G POINTS ARE CLOSER TO THE CLUSTER OF
POINTS FROM LATER YEARS. FOUR OUT OF FIVE OF THE UVIS POINTS FALL WITHIN THE
CLUSTER OF SLAB DENSITY POINTS. THE ONE "ERRANT" UVIS POINT, AT MA =117°,1S
FROM 2005 AND IT FITS IN WITH THE "ERRANT" SLAB DENSITY POINTS C, ®, AND E,
WHICH ARE ALSO FROM THE EARLY YEARS. NOTICE THAT THERE ARE TWO C POINTS,
ONE AT MA = 100° AND THE OTHER AT MA = 166°. THUS ALL FIVE OF THE UVIS POINTS
ARE VARYING WITH SLAB DENSITY IN ABOUT THE SAME PROPORTIONS. THE BLACK

LINE IS THE TEMPLATE, WHICH IS USED IN FIGURES 4-6 BUT NOT IN THIS FIGURE.

THE UVIS DID NOT SAMPLE THE LARGEST VALUES OF SLAB DENSITY, FROM MA
=117° TO 220°, AND IT DID NOT SAMPLE THE SMALLEST VALUES, FROM 236° TO 98°, BUT
FIGURE 7 SUGGESTS THAT THE UVIS MASS FLUX VARIES WITH MA BY THE SAME
FACTOR AS SLAB DENSITY. IN OTHER WORDS, THE PARTICLES AND THE VAPOR COULD
BE VARYING TOGETHER, MAINTAINING THE SAME SOLID TO VAPOR RATIO
THROUGHOUT THE ORBIT ON A DIURNAL TIMESCALE. CO-VARIATION ALSO APPEARS IN
FIGURE 6, WHICH IS THE OPPOSITE OF FIGURE 7 BECAUSE IT FOCUSES ON THE DECADAL
VARIABILITY. IN FIGURE 6, THE DIURNAL VARIABILITY WAS REMOVED BY DIVIDING
BOTH DATA SETS BY THE TEMPLATE INTRODUCED IN FIGURE 3. THE UVIS POINTS WERE
MULTIPLIED BY THE SAME 1.0 S/KM SCALE FACTOR AS IN FIGURE 7. FIGURE 6 SHOWS
THAT THE FIVE UVIS CIRCLES TRACK THE AR CLOUD FAIRLY WELL, INCLUDING THE

TROUGH AT YEAR 2007.5 AND THE PEAKS ON EITHER SIDE OF IT. THERE IS EVEN A HINT
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OF A TROUGH IN UVIS THAT COMES CLOSE TO MATCHING THE TROUGH IN AR AT YEAR
2014. THE CLOUD OF AR POINTS IS OUR BEST SUMMARY OF THE DECADAL CYCLE OF
SLAB DENSITY, AND FIGURE 6 SUGGESTS THAT IT ALSO A GOOD SUMMARY OF THE
DECADAL CYCLE OF UVIS. IN OTHER WORDS, BOTH FIGURE 6 AND FIGURE 7 IMPLY

THAT THE VAPOR AND SOLID PARTICLES ARE VARYING TOGETHER.
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FIGURE 7. COMPARISON OF SLAB DENSITY IN KG/KM (ALPHANUMERIC SYMBOLS) WITH
UVIS VAPOR FLUX IN KG/S (COLORED CIRCLES). BOTH DATA SETS ARE COLORED
ACCORDING TO THE 3-YEAR GROUPINGS DEFINED IN FIGURE 1. BOTH DATA SETS HAVE
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HAD THE DECADAL VARIATION REMOVED BY DIVIDING BY THE LEAST SQUARES FIT OF
THE (SLAB DENSITY)/TEMPLATE RATIO TO AR. THE FIVE UVIS POINTS HAVE BEEN
MULTIPLIED BY A SCALE FACTOR EQUAL TO 1.0 S/KM. THIS MULTIPLICATION DOES NOT
CHANGE THE RELATIVE HEIGHTS AND POSITIONS OF THE UVIS POINTS, BUT IT ALLOWS
THEM TO FIT ON THE SAME AMPLITUDE SCALE. AS DISCUSSED IN THE TEXT, ALL FIVE OF
THE UVIS POINTS FALL AMONG THE SLAB DENSITY POINTS FROM THE SAME YEARS,
SUGGESTING THAT THE PARTICLES AND THE VAPOR ARE VARYING TOGETHER DURING

THE DIURNAL CYCLE.

DATE MA UVIS AR UVIS
DEGREE KG/S KM KG/S, SCALED

2005 JUL 14 117 240 2223 269.8

2007 OCT 24 236 210 2280 166.5

2010 MAY 18 98 180 2310 123.5

2011 OCT 19 220 220 2235 227.3

2016 MAR 11 250 250 2230 267.3

TABLE 2. UVIS STELLAR OCCULTATION RESULTS SCALED TO REMOVE THE DECADAL
CYCLE. THE THIRD COLUMN GIVES THE VAPOR MASS FLUX IN KG/S REPORTED IN TABLE
2 OF HANSEN ET AL. (2017). THE FOURTH COLUMN IS AR, THE APOCENTER MINUS
PERICENTER DISTANCE OF THE ORBIT ON THE DATE OF OBSERVATION. THE FIFTH
COLUMN IS THE FOURTH COLUMN DIVIDED BY THE LINEAR LEAST SQUARES FUNCTION
Y = M*X + B THAT FITS THE (SLAB DENSITY)/TEMPLATE DATA AS A FUNCTION OF AR
(FIGURE 5). THIS FUNCTION BEST REMOVES THE EFFECT OF THE DECADAL TIDE FROM

THE SLAB DENSITY DATA IN FIGURE 1.

4. APERIODIC VARIABILITY OF INDIVIDUAL PLUMES

INGERSOLL AND PANKINE (2010) HEREINAFTER IP10 ESTIMATED THAT

CONDENSATION ON THE WALLS OF THE CRACKS COULD SEAL THEM OFF IN A YEAR,
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ASSUMING CONDENSATION IS SUPPLYING THE 5.8 + 1.9 GW OF RADIATIVE HEAT
EMANATED FROM THE TIGER STRIPES AS OBSERVED BY SPENCER ET AL. (2006) AND
ABRAMOV AND SPENCER (2009). THE TIMESCALE IS PROPORTIONAL TO CRACK WIDTH,
WHICH NAKAJIMA AND INGERSOLL (2016) HEREINAFTER NI16 GIVE AS 0.05-0.075 M IN
ORDER TO MATCH THE ~10:1 RATIO OF RADIATED HEAT TO LATENT HEAT CARRIED
WITH THE VAPOR. WIDER CRACKS WOULD GIVE A LOWER RATIO, BECAUSE MORE MASS
WOULD ESCAPE AS VAPOR EVEN THOUGH THE AMOUNT CONDENSING ON THE WALLS
WOULD NOT CHANGE. BASED ON THEIR ESTIMATE OF CRACK WIDTH, NI16 CONCLUDE
THAT BUILDUP OF ICE COULD SEAL THE CRACKS OFF IN A FEW MONTHS, BUT THEY DID

NOT DISCUSS HOW THE OVERALL VENT ACTIVITY IS MAINTAINED.

IN THIS SECTION WE SHOW SEQUENCES OF IMAGES WITH INDIVIDUAL PLUMES
TURNING ON AND OFF. WE ESTIMATE THE CHARACTERISTIC TIMESCALE OF THESE
CHANGES, AND WE FIND ONE PLUME THAT HAD A 3% EFFECT ON THE OVERALL SLAB
DENSITY. THESE CHANGES ARE DIFFERENT FROM THE PERIODIC CHANGES ASSOCIATED
WITH THE TIDES, L.E., THE 1.37 DAY ORBITAL CYCLE AND THE DECADAL TIMESCALE
CHANGES ASSOCIATED THE DIONE RESONANCE. THE APERIODIC CHANGES ARE A THIRD
TYPE OF VARIATION, POSSIBLY ASSOCIATED WITH THE BUILDUP OF ICE ON THE WALLS

OF THE VENTS, ALTHOUGH WE DO NOT UNDERSTAND WHAT KEEPS THE VENTS OPEN.

IN ORDER TO SEARCH FOR VARIABILITY OF INDIVIDUAL JETS WITHIN THE PLUME,
WE EXAMINED A LARGE SET OF 2,405 IMAGES, WHICH WERE TREATED IN INGERSOLL AND
EWALD (2017) AND SPAN THE YEARS 2005 — 2015. WE PAID PARTICULAR ATTENTION TO
THE HIGH-RESOLUTION IMAGES WITHIN THIS SET, IN WHICH MULTIPLE DISTINCT,
COLLIMATED JETS WERE VISIBLE. IN ORDER TO COMPARE THE JETS VISIBLE IN DIFFERENT
IMAGES AND AT DIFFERENT VIEWING GEOMETRIES, WE DEVELOPED A ROUTINE THAT
ALLOWED US TO IDENTIFY THE VISIBLE JETS IN A PARTICULAR IMAGE AND PROJECT LINE
SEGMENTS WHERE THE SAME JETS SHOULD BE LOCATED IN OTHER IMAGES. WE UTILIZED
THE CATALOG OF ~100 JETS FROM PORCO ET AL. (2014), WHICH INCLUDES JET LATITUDES,
LONGITUDES, AZIMUTH ANGLES, AND ZENITH ANGLES, THEREBY EFFECTIVELY DEFINING
EACH JET in three dimensions within Enceladus’ reference frame. In order to calculate the

predicted location and orientation of any given jet in a given image, we used the spacecraft
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navigation and pointing data for that image, taken from the corresponding SPICE system kernel
files. Using this knowledge of the spacecraft’s position and orientation relative to Enceladus, we
then project the three-dimensional jets into the two-dimensional plane of the image. To perform
these calculations, we utilized standard NAIF/SPICE library routines developed for working with
spacecraft geometries.

Once we had used this tool to identify cataloged jets in a certain image, we could then project line
segments representative of these jets of interest at their expected locations within other images.
Each jet was held to a length of 50 km and projected at the pixel scale of the image in question.
The above method automatically accounts for the effects of foreshortening on the projected jet

segments.
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FIGURE 8. EXAMPLE OF JETS TURNING ON AND OFF. THE FIGURE WAS CONSTRUCTED
FROM TWO IMAGES, LEFT AND RIGHT, TAKEN 20 DAYS APART AT NEARLY THE SAME
VIEWING GEOMETRY. THE IMAGES ARE REPEATED IN THE BOTTOM ROW WITH
DIFFERENT GRAPHICS. PANELS (A) AND (C) ARE IMAGE N1669801210_1, WHICH WAS
TAKEN ON NOVEMBER 30, 2010 AT A SUB-SPACECRAFT LONGITUDE OF 63° AND MA =
61°. PANELS (B) AND (D) ARE IMAGE N1671582609_1, WHICH WAS TAKEN ON DECEMBER
20, 2010 AT A SUB-SPACECRAFT LONGITUDE OF 49° AND MA = 71°. IN THE TOP ROW
(PANELS A AND B) THE ARROWS INDICATE THE EXPECTED LOCATIONS OF INDIVIDUAL
JETS FROM TABLE 2 OF PORCO ET AL. (2014). IN THE BOTTOM ROW (PANELS C AND D)
THE SAME JETS ARE SHOWN AS 50-KM COLORED LINES PROJECTED ONTO THE IMAGE
PLANE USING THE COORDINATES AND TILTS FROM TABLE 2 OF PORCO ET AL. (2014).
THE SUN IS BELOW THE HORIZON, WHICH IS INDICATED BY THE RED CURVE. THE
FOREGROUND IS ILLUMINATED BY LIGHT FROM SATURN. TIGER STRIPES IN THE
FOREGROUND EMIT CURTAINS WHOSE BASES ARE IN SHADOW, GIVING THE
APPEARANCE OF MULTIPLE DARK HORIZONS. THIS ALLOWS US TO DIFFERENTIATE
BETWEEN SUPERPOSED SOURCES EMANATING FROM DIFFERENT TIGER STRIPES. THE JET
ID NUMBERS IN PORCO ET AL. (2014) AND THE COLORS IN THE FIGURE ARE: 1 (RED), 2
(CYAN), 5 (BLUE), 34 (PURPLE), 35 (GREEN), AND 36 (YELLOW). THE GREEN AND PURPLE
JETS APPEAR TO HAVE TURNED OFF IN THE 20 DAYS BETWEEN THE LEFT AND THE RIGHT
IMAGES, AND THE CYAN JET APPEARS TO HAVE WEAKENED. AN UNIDENTIFIED JET
WHOSE BASE IS NEAR THE LEFT EDGE CAN BE SEEM SLANTING UPWARD TO THE RIGHT
IN THE DECEMBER 20 IMAGE. THIS JET WAS MISTAKENLY IDENTIFIED AS JET 12 OF
CAIRO IN FIGURE 4 OF PORCO ET AL. (2014). HOWEVER, WE SEE HERE FROM THE

SHADOW GEOMETRY THAT THE JET ACTUALLY ORIGINATES ON DAMASCUS NEAR -80°

LATITUDE AND 313° WEST LONGITUDE.

FIGURES 8 AND 9 SHOW IMAGES TAKEN 20 DAYS APART AND 42 DAYS APART,
RESPECTIVELY. THEY BOTH SHOW ABOUT 10 DISTINCT JETS OR CENTERS OF ACTIVITY,

AND ALMOST HALF OF THEM APPEAR TO HAVE
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CHANGED. FIGURE 8 DETAILS THE DISAPPEARANCE OF TWO DISTINCTLY COLLIMATED
JETS, 34 AND 35 FROM PORCO ET AL. (2014) TABLE 2. SEVERAL JETS ARE CONSISTENT
ACROSS THE TWO IMAGES. FIGURE 9 SHOWS A COMPLEMENTARY EXAMPLE, IN WHICH
JET 10 FROM THE PORCO ET AL. (2014) CATALOG TURNS ON OVER A SIMILAR
TIMESCALE. AGAIN, MULTIPLE JETS appear consistent across both images of Figure 9, but this
single jet appears to vary independently. In principle, the apparent presence or absence of jets
can be influenced by the particular viewing geometry of an image. However, the viewing
geometries of the images considered here are quite similar (<25° rotation) and multiple jets
remain visible at consistent orientations between the images in each pair. These similarities,
combined with the fact that our routine accounts for differences in the apparent tilt and
foreshortening of individual jets due to the image geometries, suggest that viewing geometry
effects are likely not the cause of the individual jet variability we observe. INTERESTINGLY,
THE MEAN ANOMALY OF ENCELADUS IS NEARLY THE SAME ACROSS ALL OF THESE
OBSERVATIONS, SUGGESTING THAT THE MECHANISM THAT CONTROLS THIS
VARIABILITY IS INDEPENDENT OF THAT WHICH CONTROLS THE OVERALL PLUME

BRIGHTNESS ON DIURNAL TIMESCALES.
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FIGURE 9. AN EXAMPLE OF A JET TURNING ON. THE LAYOUT IS AS IN FIGURE 8, EXCEPT
THE FIRST MEMBER OF THE PAIR, IN PANELS (A) AND (C), IS THE LAST MEMBER OF THE
PAIR IN FIGURE 8. THE SECOND MEMBER OF THE PAIR, IN PANELS (B) AND (D) IS IMAGE
N1675142316_1, WHICH WAS TAKEN ON JANUARY 31 2011 AT

A SUB-SPACECRAFT LONGITUDE OF 72° AND MA = 79°. THUS, THE IMAGES WERE TAKEN
42 DAYS APART. THE JET ID NUMBERS IN PORCO ET AL. (2014) AND THE COLORS IN THE
FIGURE ARE: 1 (RED), 2 (CYAN), AND 10 (BLUE). IN THE TIMESPAN BETWEEN THE TWO
IMAGES, THE BLUE JET HAS TURNED ON WITH A HIGHLY COLLIMATED APPEARANCE. IN

CONTRAST, THE RED JET HAS SPREAD OUT AND BECOME LESS COLLIMATED.

THE ~MONTH-LONG TIMESCALE IS COMPATIBLE WITH WHAT IP10 AND NI16
ESTIMATED FOR CRACKS SEALING THEMSELVES OFF, ALTHOUGH IT DOES NOT PROVE
THAT THEIR MECHANISM - ICE BUILDUP ON THE WALLS - IS CAUSING THE VARIABILITY.
A SECONDARY OBSERVATION FROM FIGURE 9 MAY PROVIDE A CLUE—WHILE THE
NEWLY APPEARED JET (BLUE) IS HIGHLY COLLIMATED, AN OLDER WEAKENED JET (RED)
APPEARS TO HAVE SPREAD OUT AND LOST ITS COLLIMATION. A TENDENCY OF NEW
JETS TO BE HIGHLY COLLIMATED MIGHT TELL US SOMETHING ABOUT HOW THE JETS RE-
ESTABLISH THEMSELVES, THEREBY COMPLETING THEIR LIFE CYCLES. YEOH ET AL.
(2017) FIND THAT THE HIGHLY COLLIMATED JETS ARISE FROM DEEP UNDERGROUND
SOURCES WITH LARGE VARIATIONS IN CHANNEL WIDTH. THE LARGE VARIATIONS (AS
OPPOSED TO FAIRLY STRAIGHT CHANNELS) ALLOW THE GAS TO EXPAND TO HIGH MACH

NUMBERS AT THE VENT. EVOLUTION OF THE JETS IS UNDOUBTEDLY TIED TO
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EVOLUTION OF THE CHANNELS. FIGURES 8 AND 9 ARE TELLING US ABOUT EVOLUTION
OF BOTH KINDS. FOR FURTHER RESULTS AND DISCUSSION, SEE GOLDSTEIN ET AL.
(2018).

Many of the 2,405 images were taken too far from Enceladus to reliably distinguish
individual jets, and only a few exist at high spatial resolution and similar viewing geometries.
However, within the observations we found suitable to compare (which number less than 15 across

varying degrees of suitability), we see evidence for discrete, aperiodic variability in all of them.
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FIGURE 10. SLAB DENSITY AT 100 KM ALTITUDE VS. MA ON JUNE 18, 2017, AUGUST 2,

2017, AND AUGUST 28, 2017. EACH DAY PRODUCED A STREAM OF OBSERVATIONS

LASTING MORE THAN HALF A DAY AND COVERING AT LEAST 117 DEGREES OF

LONGITUDE (TABLE 1). THE IMAGE PROCESSING TECHNIQUES AND THE ASSUMED

PARTICLE SIZE DISTRIBUTION WERE THE SAME FOR THE ENTIRE DATA SET. THE

SMOOTHNESS OF THE CURVES IS EVIDENCE THAT THE MEASUREMENT PRECISION IS

MUCH SMALLER THAN THE DIFFERENCE BETWEEN THE THREE JETS. THE FIVE HEAVY

CIRCLES IDENTIFY THE IMAGES SHOWN IN FIGURE 11. THE THREE IN A VERTICAL LINE
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AT MA = 233° ARE FROM THE BOTTOM ROW OF FIGURE 11. THE CIRCLES AT MA =216°
AND 259° HAVE THE SAME -80° SUB-SPACECRAFT LONGITUDE AS THE MIDDLE CIRCLE

AT MA =233° AND ARE FROM THE TOP ROW OF FIGURE 11. TABLE 3 GIVES FURTHER

INFORMATION ABOUT THESE FIVE IMAGES.

THE RELATIVE STRENGTH OF THE DISCRETE JETS AS OPPOSED TO THE CURTAINS
DISTRIBUTED ALONG THE TIGER STRIPES (SPITALE ET AL., 2015) IS A SEPARATE ISSUE.
YEOH ET AL. (2017) FIND THAT THE MODEL THAT HAS ONLY TIGER STRIPES PROVIDES A
GOOD FIT TO THE UVIS DATA, AND THEY CONCLUDE THAT THE JETS ARE A LESSER
SOURCE OF PLUME VAPOR. FIGURES 10 AND 11 ADDRESS THIS ISSUE FOR THE ICE
PARTICLES IN THE PLUME. FIGURE 10 SHOWS PLUME BRIGHTNESS VS. MA FOR THREE
DAYS IN 2017 - JUNE 18, AUGUST 2, AND AUGUST 28. EACH DAY COVERED THE RANGE

FROM MA = 150° TO MA = 300°, WHICH MEANS THEY COVERED THE PLUME MAXIMUM

AROUND MA = 200°. THE FIGURE SHOWS THAT THE INFERRED SLAB DENSITY WAS 10%
GREATER IN THE MIDDLE OF THE SEQUENCE - ON AUGUST 2 - THAN IT WAS AT THE
BEGINNING OR THE END. WHETHER THIS WAS DUE TO A JET THAT TURNED ON AND OFF
IS NOT CLEAR FROM THE FIGURE. ON THE OTHER HAND, THE CENTER COLUMN OF
FIGURE 11 SHOWS A HIGHLY COLLIMATED JET THAT WAS PRESENT ON AUGUST 2 BUT
NOT ON JUNE 18 OR AUGUST 28. BY COMPARING SLAB DENSITY INTEGRATED TO * o IN
THE HORIZONTAL DIRECTION TO THE PORTION OF THE INTEGRAL THAT ONLY INCLUDES
THE JET, WE ESTIMATE THAT THE JET WAS CONTRIBUTING 3% TO THE SLAB DENSITY AT
100 KM. THE LEFT AND RIGHT COLUMNS OF FIGURE 11 SHOW THAT THE JET WAS NOT
PRESENT ON JUNE 16 AND AUGUST 28 IN IMAGES TAKEN AT THE SAME MA OR IN
IMAGES TAKEN AT THE SAME SUB-SPACECRAFT LONGITUDE. REGARDLESS OF THE ROLE
OF THE JET, THE IMPORTANT RESULT FROM FIGURE 10 IS THAT THE SLAB DENSITY,
WHICH SAMPLES ALL THE PARTICLES IN THE PLUME AT A GIVEN ALTITUDE, ROSE AND

FELL BY 10% DURING THIS 71-DAY INTERVAL.

2017 JUN 16 (day 3)

2017 AUG 2 (day 6)

2017 AUG 28 (day 7)

Image number

N1876468904 1

N1880373431_1

N1882621525 1

MA

259

233.175

216

s/c lon (same across)

-79.957

-79.929

-80.124




Image number

N1876461704_1

(same above)

N1882625653_1

MA (same across)

233.212

233.175

232.690

s/clon

-60

-79.929

-92

TABLE 3. PROPERTIES OF THE IMAGES IN FIGURE 11. THE TABLE AND THE FIGURE ARE

ARRANGED AS 3X2 MOSAICS, AND THE RELATIVE LOCATIONS OF THE IMAGES ARE THE
SAME.
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FIGURE 11. ISOLATED JET THAT APPEARED ON AUGUST 2, 2017 (CENTER) BUT WAS
ABSENT ON JUNE 18, 2017 (LEFT) AND AUGUST 28, 2017 (RIGHT). THE CENTER IS IMAGE
N1880373431_1, AND IT IS REPEATED TOP AND BOTTOM. THE TOP ROW OF IMAGES HAVE
THE SAME SUB-SPACECRAFT LONGITUDE. THE BOTTOM ROW OF IMAGES HAVE THE
SAME MA. THE JET ORIGINATES TO THE LEFT OF THE TERMINATOR, ON THE SUNLIT
SIDE, AND IS TILTED TO THE LEFT AT HIGHER ALTITUDES (CENTER COLUMN). BY ITSELF,
THIS JET CONTRIBUTES ABOUT 3% TO THE SLAB DENSITY AT 100 KM. THE CONTRAST
STRETCH IS THE SAME FOR ALL IMAGES AND WAS CHOSEN TO BRING OUT DETAILS OF
THE JET, WHICH CAUSED SATURATION AT THE BASE OF THE JET. THE ORIGINAL IMAGES
WERE NOT SATURATED. THE JET REMAINED VISIBLE FOR 1/3 OF A DAY AND 117° OF
SPACECRAFT LONGITUDE, SO IT WAS NOT A CURTAIN SEEN EDGE-ON LIKE THOSE SEEN
BY SPITALE ET AL. (2015). IMAGE NUMBERS, MAS, AND SUB-SPACECRAFT LONGITUDES

OF THE IMAGES ARE GIVEN IN TABLE 3.

5. PARTICLE VELOCITY

THE FALLOFF OF PLUME BRIGHTNESS WITH ALTITUDE, FIRST NOTED BY HEDMAN

ET AL. (2013), IS AN INVERSE MEASURE OF PARTICLE VELOCITY NEAR THE VENT. PORCO

1

ET AL. (2006) REPORTED A MEAN VELOCITY OF 60 M S, WHICH IS ONLY 25% OF THE

THERMAL VELOCITY OF THE VAPOR AND/OR THE ESCAPE VELOCITY OF ENCELADUS. TO
EXPLAIN THE LOW VELOCITIES, SCHMIDT ET AL. (2008) OFFERED A MODEL IN WHICH
THE PARTICLES ARE COLLIDING WITH THE WALLS EVERY 0.1 M AND DON'T HAVE TIME
TO ACCELERATE TO THE SPEED OF THE GAS BEFORE THEY ESCAPE. HEDMAN ET AL.
(2013) REPORT THAT THE BRIGHTNESS FALLOFF WITH ALTITUDE IS GREATEST AT
APOCENTER, MEANING THAT THE VELOCITY AT THE VENT IS LOWEST THERE. IN
CONTRAST, NIMMO ET AL. (2014) SAY THERE IS NO SYSTEMATIC VARIATION IN SCALE

HEIGHT EITHER WITH PLUME BRIGHTNESS OR WITH ENCELADUS' ORBITAL POSITION.
IE17 REPORT THAT THE BRIGHTNESS ROUGHLY FOLLOWS A Z % POWER LAW IN THE

ALTITUDE RANGE 50-200 KM, WHERE Z IS ALTITUDE ABOVE THE SOUTH POLE. THEY
FIND ON AVERAGE THAT o ~ 1/3, BUT NEAR APOCENTER o IS LARGER, UP TO 1/2, IN

QUALITATIVE AGREEMENT WITH HEDMAN ET AL. (2013) BUT NOT WITH NIMMO ET AL.
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(2014). IE17 USE THREE POSSIBLE VELOCITY DISTRIBUTIONS TO FIT THE DATA -

EXPONENTIAL, GAUSSIAN, AND LORENTZIAN. THEY FIND MEDIAN VELOCITIES AT THE

VENT OF 143-150 M s‘1 IN ALL CASES.

FIGURE 12 SHOWS DLOGS/DLOGZ, WHERE S IS SLAB DENSITY AND Z IS ALTITUDE.
THE SECONDARY MAXIMUM, WHICH OCCURS IN THE RANGE MA = 25-60°, HAS THE
LEAST NEGATIVE VALUES OF DLOGS/DLOGZ (SMALLEST VALUE OF ALPHA), INDICATING
THAT THE PARTICLES ARE LAUNCHED WITH A HIGHER VELOCITY THERE THAN IN OTHER
PARTS OF THE ORBIT. CONVERSELY, THE POINTS NEAR MA = 140° HAVE THE MOST
NEGATIVE VALUES OF DLOGS/DLOGZ (LARGEST VALUE OF ALPHA), INDICATING THAT
THE PARTICLES ARE LAUNCHED WITH A LOWER VELOCITY THERE THAN IN THE REST OF
THE ORBIT. THIS FIGURE REINFORCES THE CONCLUSION NOTED BY HEDMAN AND IE17,
THAT THE LAUNCH VELOCITY IS LOW WHEN THE MASS FLUX IS HIGH, BUT IT SHIFTS THE
MA OF MINIMUM WIND SPEED SLIGHTLY EARLIER, FROM MA = 180° TO MA = 140°. THE
DIFFERENCE BETWEEN THE BLACK (2017) POINTS AND THE LIGHT BLUE, ORANGE AND
RED (2009-2015) POINTS FROM MA = 150-230°.1S REAL, AND SHOWS UP NO MATTER HOW
WE PROCESS THE DATA. WE HAVE NO DEFINITE EXPLANATION FOR THIS FEATURE, BUT
WE SUSPECT IT REPRESENTS A REAL INCREASE IN LAUNCH VELOCITY FROM THE YEARS
2009-2015 TO THE YEAR 2017. WITH ONLY THESE DATA, IT IS DIFFICULT TO SAY
WHETHER THIS THIS INCREASE IN LAUNCH VELOCITY IS RELATED TO THE 3.9- AND 11.1-

YEARS CYCLES OR NOT.
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FIGURE 12. EXPONENT -0 IN THE RELATION S o« Z™* WHERE S IS SLAB DENSITY AND Z IS

ALTITUDE. THE ALPHANUMERIC SYMBOLS AND THE COLORS ARE THE SAME AS IN
FIGURE 1. EACH CHARACTER ON THE GRAPH REPRESENTS A SINGLE IMAGE, WITH
MEASUREMENTS AT Z = 50, 70, 100, 140, AND 200 KM. THESE FIVE MEASUREMENTS
WERE FITTED TO A STRAIGHT LINE IN LOGS VS. LOG Z SPACE. THE SLOPE OF THE LINE
DETERMINES THE HEIGHT OF THAT DAY'S POINT ON THE GRAPH. HIGHER ON THE GRAPH
(LESS NEGATIVE VALUES OF -0.) MEANS A HIGHER LAUNCH SPEED. FOR EACH DAY THE

STATISTICAL UNCERTAINTY OF THE SLOPE WAS CALCULATED BY ASSUMING EACH
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MEASUREMENT OF LOG S IS INDEPENDENT OF THE OTHER FOUR, AND THE UNDERLYING
RELATION IS A STRAIGHT LINE. THE STANDARD DEVIATION FOR EACH POINT OF FIGURE
12 1S SHOWN IN FIGURE S1 IN THE SUPPLEMENTARY MATERIAL AND FOLLOWS SECTION
14.2 OF PRESS ET AL. (1986). TYPICALLY, THE STANDARD DEVIATION OF THE SLOPE IS
ABOUT 0.05 EXCEPT FOR THE RED ® AND Vv POINTS, WHICH HAVE LOW SNR AS
DISCUSSED FOLLOWING FIGURE 1 AND THEREFORE HAVE A LARGE UNCERTAINTY.

FIGURE 12 SHOWS ALL OBSERVATIONS FROM 2005 TO 2017.

6. DISCUSSION

WE HAVE SHOWN THAT THE 5% PEAK-TO-PEAK EXCURSION IN ORBITAL
ECCENTRICITY IS ASSOCIATED WITH A 2-FOLD EXCURSION IN PLUME BRIGHTNESS. THE
EXCURSION IN ECCENTRICITY IS ASSOCIATED WITH THE RESONANCE WITH DIONE AND
MANIFESTS ITSELF AS TWO SUPERPOSED OSCILLATIONS WITH PERIODS OF 3.9 AND 11.1
YEARS. THE QUESTION ARISES, WHY SHOULD SUCH A RELATIVELY SMALL FORCING
LEAD TO A RELATIVELY LARGE RESPONSE? HAS THE SYSTEM ARRANGED ITSELF INTO A
SELF-ORGANIZED CRITICAL STATE? ALSO, WHY SHOULD THE 3.9 AND 11.1 YEAR
OSCILLATIONS MANIFEST THEMSELVES AS A SINGLE MULTIPLICATIVE FACTOR

CONTROLLING THE AMPLITUDE OF THE DIURNAL CYCLE?

WE HAVE SHOWN THAT THE DIURNAL SWINGS (COINCIDING WITH THE ORBIT
PERIOD) OF THE VAPOR PLUME MEASURED BY UVIS ARE MORE THAN A FACTOR OF 2,
AND THEY MATCH UP WITH THE DIURNAL SWINGS OF THE PARTICLE PLUME MEASURED
BY ISS. THE DECADAL SWINGS ALSO MATCH UP. BUT THE TWO COMPONENTS OF THE
PLUME HAVE DIFFERENT AVERAGE SPEEDS, BY A FACTOR OF 5 OR MORE. THIS SEEMS
INCONSISTENT WITH THE ARGUMENT OF YEOH ET AL. (2015) THAT THE PARTICLES
SHOULD REMAIN COUPLED TO THE VAPOR AT THE VENTS. ARE PARTICLE COLLISIONS
WITH THE WALLS EVERY 10 CM THE ANSWER, AS SCHMIDT ET AL. (2008) HAVE
ARGUED? ARE TORTUOUS CRACKS AND FREQUENT COLLISIONS COMPATIBLE WITH THE
HIGH SPEED (MACH NUMBER > 5) OF THE GAS, AS INFERRED BY YEOH ET AL. (2017)? OR
ARE THE PARTICLES FORMING WHERE THE GAS IS RAPIDLY EXPANDING, LEAVING THE

PARTICLES BEHIND?
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WE HAVE SHOWN THAT INDIVIDUAL PLUMES ARE VARYING FROM MONTH TO
MONTH, WHICH ROUGHLY MATCHES THE TIME SCALE OF THE VENTS PLUGGING
THEMSELVES WITH ICE, AS PROPOSED BY IP10. BUT HOW DO THE VENTS TURN
THEMSELVES ON AGAIN? OR ARE NEW JETS CONSTANTLY ARISING? IS IT POSSIBLE THAT
THE ICE FLOWS OUTWARD WHEN THE VENTS ARE PRESSED SHUT, THEREBY

MAINTAINING A CONSTANT WIDTH WHEN THEY ARE OPEN?

WE HAVE SHOWN THAT THE PARTICLE VELOCITY IS LEAST AT POINTS IN THE
ORBIT WHERE THE PARTICLE MASS FLUX IS GREATEST. WHAT FEATURE OF THE
UNDERGROUND PLUMBING IS CAUSING THIS TO HAPPEN, AND IS IT CONSISTENT WITH
PARTICLE COLLISIONS WITH THE WALLS AND LATERAL FLOW OF THE ICE? THERE IS
EVIDENCE THAT PARTICLE LAUNCH VELOCITY IS VARYING FROM YEAR, AT LEAST IN
THE RANGE AROUND MA = 180°. WHY WOULD THIS HAPPEN, AND COULD IT BE

RELATED TO THE 3.9- AND 11.1-YEAR CYCLES?

ONE COULD INVENT MORE QUESTIONS, BUT ONE CANNOT GATHER MORE CASSINI
DATA. MANY OF THESE QUESTIONS COULD BE ANSWERED BY THEORETICAL MODELING.
WE ARE ATTRACTED TO THE IDEA OF KITE AND RUBIN (2016), THAT THE ~ 5.8 GW OF
RADIATED POWER IS FROM TURBULENT DISSIPATION ASSOCIATED WITH THE DAILY
FLUSHING AND REFILLING OF THE CRACKS. THEY SHOW THAT THE HEAT GENERATED
AND THE MECHANICAL DISRUPTION COULD STAVE OFF FREEZING. HOWEVER, KITE AND
RUBIN DID NOT PURSUE THE FULL IMPLICATIONS OF THEIR MODEL - THE POSSIBILITY
THAT THE LIQUID-VAPOR INTERFACE COULD RISE TO THE SURFACE AT SOME POINT
DURING THE DIURNAL CYCLE. THIS WOULD SIGNIFICANTLY AFFECT THE PHASE CURVE
OF PLUME ACTIVITY, AND IT OPENS UP THE POSSIBILITY OF TWO-WAY EXCHANGE
BETWEEN THE SURFACE AND THE OCEAN. SUCH EXCHANGE COULD INCREASE THE
HABITABILITY OF ENCELADUS AS PARKINSON ET AL. (2008) HAVE SUGGESTED. LIQUID
WATER FLOWING UP AND DOWN COULD ACCOUNT FOR THE SECONDARY MAXIMUM,
SINCE WATER IS SQUEEZED TOWARD THE SURFACE WHEN THE CRACKS ARE CLOSING,
LEADING TO A HIGH EVAPORATION RATE AND A PEAK IN THE MASS FLUX. LIQUID

WATER WOULD DEVELOP A THIN ICY CRUST IN A FEW MINUTES WHEN EXPOSED TO
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VACUUM. USING CASSINI VIMS DATA, GOGUEN ET AL. (2013) INFER A TEMPERATURE OF
197 £ 20 K ACROSS A FISSURE 9 M WIDE, BUT THEY POINT OUT THAT SUCH
TEMPERATURES CANNOT PERSIST FOR MORE THAN A FEW DAYS. LIQUID WATER MIGHT

PERSIST UNDER AN ICY CRUST, BUT THE DETAILS HAVE NOT BEEN WORKED OUT.

THE MAIN PEAK IN THE MASS FLUX OCCURS WHEN THE CRACKS ARE OPEN AND
THE EVAPORATING AREA IS LARGEST. TO THE BEST OF OUR KNOWLEDGE, INGERSOLL
AND NAKAJIMA (2016) ARE THE ONLY GROUP BESIDES KITE AND RUBIN WHO HAVE
TRIED TO MODEL THE FLOW OF THE LIQUID. THESE MODELS PRESUPPOSE THERE ARE
LIQUID-FILLED CRACKS EXTENDING THROUGH THE ICE TO THE OCEAN. OTHER
CONFIGURATIONS ARE POSSIBLE, AND MORE MODELS ARE NEEDED. WE ARE CONFIDENT
THAT THE MODELS, CONSTRAINED BY CASSINI DATA, WILL TELL US ABOUT THE OCEAN

AND ITS CONNECTION TO THE MOON'S SURFACE.

ACKNOWLEDGEMENTS

THIS RESEARCH WAS SUPPORTED BY THE NATIONAL AERONAUTICS AND SPACE

ADMINISTRATION THROUGH THE CASSINI PROJECT OFFICE AND THROUGH THE CASSINI

DATA ANALYSIS PROGRAM GRANT NUMBER NNX15AHOS8G.



41

REFERENCES

ABRAMOV, O., & SPENCER, J. R. (2009). ENDOGENIC HEAT FROM ENCELADUS’ SOUTH
POLAR FRACTURES: NEW OBSERVATIONS, AND MODELS OF CONDUCTIVE
SURFACE HEATING. ICARUS, 1941), 189-196.
HTTPS://DOI.ORG/10.1016/7.1CARUS.2008.07.016

DONG, Y., HILL, T. W., & YE, S.-Y. (2015). CHARACTERISTICS OF ICE GRAINS IN THE
ENCELADUS PLUME FROM CASSINI OBSERVATIONS. JOURNAL OF GEOPHYSICAL
RESEARCH-SPACE PHYSICS, 12002), 915-937.
HTTPS://DOI.ORG/10.1002/2014JA020288

GAO, P., KOPPARLA, P., ZHANG, X., & INGERSOLL, A. P. (2016). AGGREGATE PARTICLES
IN THE PLUMES OF ENCELADUS. ICARUS, 264, 227-238.
HTTPS://DOI.ORG/10.1016/J.ICARUS.2015.09.030

GOLDSTEIN, D. B., HEDMAN, M., MANGA, M., PERRY, M., SPITALE, J., (2018).
ENCELADUS PLUME DYNAMICS: FROM SURFACE TO SPACE. IN: SCHENK, P.,
CLARK, R. N., HOWETT, C. J. A., VERBISCER, A. J., WAITE, J. H. (EDS.),
ENCELADUS AND THE ICY MOONS OF SATURN. UNIVERSITY OF ARIZONA PRESS,
TUCSON, PP. 175-194. ISBN 9780816537075.

HANSEN, C.J., SHEMANSKY, D. E., ESPOSITO, L. W., STEWART, A. I. F., LEWIS, B.R.,
COLWELL, J. E., ET AL. (2011). THE COMPOSITION AND STRUCTURE OF THE
ENCELADUS PLUME. GEOPHYSICAL RESEARCH LETTERS, 38, L11202.
HTTPS://DOI.ORG/10.1029/2011GL047415

HANSEN, C. J., EsposIiTO, L. W., AYE, K.-M., COLWELL, J. E., HENDRIX, A. R.,
PORTYANKINA, G., & SHEMANSKY, D. (2017). INVESTIGATION OF DIURNAL
VARIABILITY OF WATER VAPOR IN ENCELADUS’ PLUME BY THE CASSINI
ULTRAVIOLET IMAGING SPECTROGRAPH. GEOPHYSICAL RESEARCH LETTERS,
44(2), 672-677. HTTPS://DOL.ORG/10.1002/2016GL071853

HEDMAN, M. M., GOSMEYER, C. M., NICHOLSON, P. D., SOTIN, C., BROWN, R. H., CLARK,
R. N., ET AL. (2013). AN OBSERVED CORRELATION BETWEEN PLUME ACTIVITY
AND TIDAL STRESSES ON ENCELADUS. NATURE, 50(7461), 182-184.
HTTPS://DOI.ORG/10.1038/NATURE12371



42

HEDMAN, M. M., DHINGRA, D., NICHOLSON, P. D., HANSEN, C. J., PORTYANKINA, G., YE,
S., & DONG, Y. (2018). SPATIAL VARIATIONS IN THE DUST-TO-GAS RATIO OF
ENCELADUS’ PLUME. ICARUS, 305, 123-138.
HTTPS://DOI.ORG/10.1016/7.1CARUS.2018.01.006

HELFENSTEIN, P., & PORCO, C. C. (2015). ENCELADUS’ GEYSERS: RELATION TO
GEOLOGICAL FEATURES. ASTRONOMICAL JOURNAL, 150(3), 96.
HTTPS://DOI1.ORG/10.1088/0004-6256/150/3/96

HURFORD, T. A., HELFENSTEIN, P., HOPPA, G. V., GREENBERG, R., & BILLS, B. G. (2007).
ERUPTIONS ARISING FROM TIDALLY CONTROLLED PERIODIC OPENINGS OF RIFTS
ON ENCELADUS. NATURE, 44/7142), 292-294,
HTTPS://DOI.ORG/10.1038/NATUREO5821

INGERSOLL, A. P., & EWALD, S. P. (2011). TOTAL PARTICULATE MASS IN ENCELADUS
PLUMES AND MASS OF SATURN’S E RING INFERRED FROM CASSINI ISS IMAGES.
ICARUS, 216(2), 492-506. HTTPS://DOI.ORG/10.1016/1.1ICARUS.2011.09.018

INGERSOLL, A. P., & EWALD, S. P. (2017). DECADAL TIMESCALE VARIABILITY OF THE
ENCELADUS PLUMES INFERRED FROM CASSINI IMAGES. ICARUS, 282, 260-275.
HTTPS://DOI.ORG/10.1016/J.1ICARUS.2016.09.018

INGERSOLL, A. P., & NAKAJIMA, M. (2016). CONTROLLED BOILING ON ENCELADUS. 2.
MODEL OF THE LIQUID-FILLED CRACKS. ICARUS, 272, 319-326.
HTTPS://DOI.ORG/10.1016/1.1CARUS.2015.12.040

INGERSOLL, A. P., & PANKINE, A. A. (2010). SUBSURFACE HEAT TRANSFER ON
ENCELADUS: CONDITIONS UNDER WHICH MELTING OCCURS. ICARUS, 206(2), 594—
607. HTTPS://DO1.ORG/10.1016/3.1CARUS.2009.09.015

KITE, E. S., & RUBIN, A. M. (2016). SUSTAINED ERUPTIONS ON ENCELADUS EXPLAINED
BY TURBULENT DISSIPATION IN TIGER STRIPES. PROCEEDINGS OF THE NATIONAL
ACADEMY OF SCIENCES OF THE UNITED STATES OF AMERICA, 113(15), 3972—
3975. HTTPS://DOI1.ORG/10.1073/PNAS. 1520507113

NAKAJIMA, M., & INGERSOLL, A. P. (2016). CONTROLLED BOILING ON ENCELADUS. 1.
MODEL OF THE VAPOR-DRIVEN JETS. ICARUS, 272, 309-318.
HTTPS://DOI.ORG/10.1016/1.1CARUS.2016.02.027



43

NiMMo, F., PORCO, C., & MITCHELL, C. (2014). TIDALLY MODULATED ERUPTIONS ON
ENCELADUS: CASSINI ISS OBSERVATIONS AND MODELS. ASTRONOMICAL
JOURNAL, 148(3), 46. HTTPS://DOI1.ORG/10.1088/0004-6256/148/3/46

PARKINSON, C. D., LIANG, M.-C., YUNG, Y. L., & KIRSCHIVNK, J. L. (2008).
HABITABILITY OF ENCELADUS: PLANETARY CONDITIONS FOR LIFE. ORIGINS OF
LIFE AND EVOLUTION OF BIOSPHERES, 38(4), 355-369.
HTTPS://DOI.ORG/10.1007/511084-008-9135-4

PoRrco, C., DININO, D., & NIMMO, F. (2014). HOW THE GEYSERS, TIDAL STRESSES, AND
THERMAL EMISSION ACROSS THE SOUTH POLAR TERRAIN OF ENCELADUS ARE
RELATED. ASTRONOMICAL JOURNAL, 148(3), 45. HTTPS://DOI.ORG/10.1088/0004-
6256/148/3/45

PORCO, C., MITCHELL, C., NIMMO, F., & TISCARENO, M. (2018). ENCELADUS’ PLUME
TEMPORAL VARIABILITY FROM ANALYSIS OF CASSINI ISS IMAGES. LUNAR AND
PLANETARY ScI. CONF. 2018, 2083.

PoORrcCoO, C. C., HELFENSTEIN, P., THOMAS, P. C., INGERSOLL, A. P., WISDOM, J., WEST, R.,
ET AL. (2006). CASSINI OBSERVES THE ACTIVE SOUTH POLE OF ENCELADUS.
SCIENCE, 311(5766), 1393-1401. HTTPS://DOI1.ORG/10.1126/SCIENCE.1123013

PRESS, W. H., FLANNERY, B. P., TEUKOLSKY, S. A., VETTERLING, W. T\, (1986).
NUMERICAL RECIPES. CAMBRIDGE UNIVERSITY PRESS, CAMBRIDGE, UK. ISBN 0
521 30811 G.

SCHMIDT, J., BRILLIANTOV, N., SPAHN, F., & KEMPF, S. (2008). SLOW DUST IN
ENCELADUS’ PLUME FROM CONDENSATION AND WALL COLLISIONS IN TIGER
STRIPE FRACTURES. NATURE, 451(7179), 685-688.
HTTPS://DOI.ORG/10.1038/NATURE06491

SPENCER, J. R., PEARL, J. C., SEGURA, M., FLASAR, F. M., MAMOUTKINE, A., ROMANI, P.,
ET AL. (2006). CASSINI ENCOUNTERS ENCELADUS: BACKGROUND AND THE
DISCOVERY OF A SOUTH POLAR HOT SPOT. SCIENCE, 311(5766), 1401-1405.
HTTPS://DOI.ORG/10.1126/SCIENCE.1121661

SPENCER, J. R., NIMMO, F., INGERSOLL, A. P., HURFORD, T. A., KITE, E. S., RHODEN, A.
R., SCHMIDT, J., HOWETT, C. J. A., (2018). PLUME ORIGINS AND PLUMBING: FROM

OCEAN TO SURFACE. IN: SCHENK, P., CLARK, R. N., HOWETT, C. J. A., VERBISCER,



44

A.J., WAITE, J. H. (EDS.), ENCELADUS AND THE ICY MOONS OF SATURN.
UNIVERSITY OF ARIZONA PRESS, TUCSON, PP. 163-174. ISBN 9780816537075.

SPITALE, J. N., HURFORD, T. A., RHODEN, A. R., BERKSON, E. E., & PLATTS, S. S. (2015).
CURTAIN ERUPTIONS FROM ENCELADUS’ SOUTH-POLAR TERRAIN. NATURE,
521(7550), 57-U368. HTTPS://DO1.ORG/10.1038/NATURE 14368

TEOLIS, B. D., PERRY, M. E., MAGEE, B. A., WESTLAKE, J., & WAITE, J. H. (2010).
DETECTION AND MEASUREMENT OF ICE GRAINS AND GAS DISTRIBUTION IN THE
ENCELADUS PLUME BY CASSINI’S ION NEUTRAL MASS SPECTROMETER. JOURNAL
OF GEOPHYSICAL RESEARCH-SPACE PHYSICS, 115, A09222.
HTTPS://DOI.ORG/10.1029/2009JA015192

TEOLIS, B. D., PERRY, M. E., HANSEN, C. J., WAITE, J. H., PORCO, C. C., SPENCER, J. R., &
HoweTT, C. J. A. (2017). ENCELADUS PLUME STRUCTURE AND TIME
VARIABILITY: COMPARISON OF CASSINI OBSERVATIONS. ASTROBIOLOGY, 1/9),
926-940. HTTPS://DOI.ORG/10.1089/AST.2017.1647

VIENNE, A., & DURIEZ, L. (1991). A GENERAL-THEORY OF MOTION FOR THE 8 MAJOR
SATELLITES OF SATURN .2. SHORT-PERIOD PERTURBATIONS. ASTRONOMY &
ASTROPHYSICS, 246(2), 619-633.

YEOH, S. K., CHAPMAN, T. A., GOLDSTEIN, D. B., VARGHESE, P. L., & TRAFTON, L. M.
(2015). ON UNDERSTANDING THE PHYSICS OF THE ENCELADUS SOUTH POLAR
PLUME VIA NUMERICAL SIMULATION. ICARUS, 253, 205-222.
HTTPS://DOI1.ORG/10.1016/J.ICARUS.2015.02.020

YEOH, S. K., LI, Z., GOLDSTEIN, D. B., VARGHESE, P. L., LEVIN, D. A., & TRAFTON, L. M.
(2017). CONSTRAINING THE ENCELADUS PLUME USING NUMERICAL SIMULATION
AND CASSINI DATA. ICARUS, 281, 357-378.
HTTPS://DO1.ORG/10.1016/J.1ICARUS.2016.08.028



Hig

hlights

The particle plume varies by a factor of ten as part of the diurnal cycle

The particle plume varies as a mixture of 3.9- and 11.1-year cycles in eccentricity
The particle and vapor plumes may be varying together with constant mass ratio
Individual particle jets have lifetimes as short as several months

The particle launch velocity has varied on a timescale of several years
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