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F1G. 3. SECULAR CHANGES IN THE RED SPOT’S LONGITUDE HAVE BEEN REMOVED BY CALCULATING THE LEAST SQUARES DRIFT
OF THE RED SPOT CENTER FOR EACH OF THE FIVE APPARITIONS,
Longitudes are plotted as deviations from the least-square solutions. The heavy line represents the observed oscillation,
while the dashed line is the interpolated curve.

Fic. 3. Positive and negative prints of Jupiter
in blue light, 23 October 1964, 0901 U. T, «. = 19°.
The positive print is a composite of three images.
The negative print was made from a single image.
In preparing the negative prints for this and the
following figure, an attempt was made to repro-
duce the photographic image much as it appears
on the original plate

Reese 1964 Solberg 1969 90H FIHIDIERE A M D IREN
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R. Morales-Juberias et al. / Icarus 1606 (2003) 63—74
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180 240

HST(WFPC2) Jupiter White Ovals Merger Event Images

Pre - Merger 410nm image (14/10/1999)  Post Merger 953 nm image (02/09/2000)

19524108 24H Palomar

Merger Event History at 890 nm
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Fig. 1. Hubble Space Telescope images of Jupiter’s White Oval anticyclones. Upper left: blue-filter image (419-nm) showing the ovals FA, the cyclone cell
1941 1946 1950 1955 1959 1963 1968 1970 and BE (from left to right in the inset). Upper right: red-filter image (953-nm) showing the final oval BA in the inset. The lower image shows the progressive

evolution from three ovals (FA. DE. BC. upper shot). to two (FA. BE. two middle shots) and finally to one single oval (BA, lower shot). This series was taken
[552 H) kEEQEOEED ik with a 890 nm methane band filter.
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SEPTEMBER 1969 A NDREW P. INGERSOLL AND JEFFREY N. CUZZI

Ingersoll and Cuzzi (1969)

© Direct observation
X Prediction (from albedos)

7 : Peek(1958)IZ & B AR
T - RHAAROERERDy (FEI) ICLD2MEM A ERDLL
f=fo+By f:OUA/NSA—4

Scaled velocity U sin |®]
Prograde (SystemId)

Retrograde

50° 40° 30°  20° 10° o* -10°  =-20° -30* -40° -50°

North Latitude @

I16. 1. Comparison of observed zonal velocity and that predicted from the visual albedo gradient, The
observational data are from Peck (1958). Velocity is measured relative to System III, in arbitrary units.
The factor sin|®|, which suppresses data at the equator, arises naturally from the geostrophic approxi-
mation. The sense of the correlation indicates that zones are hotter than belts,

1
(=) -

Varticity gradient U'/3
+

50°  40°  30°  20°  40° 0° —40° -20° -30° -40° -50°
North Latifude

Fic. 2. Comparison of the relative vorticity gradient, —U", and the planetary vorticity gradient,
8= (2k/a) cos®. The second derivative U” was estimated by a three-point finite difference method, using
Peek’s (1958) data. Squares: Peek’s data treated as a point-by-point sampling of the actual flow; circles:

E‘:E 0) 55\'] /:I-E tﬁk %& *E-d— g—c1 E_l- :E) ﬁj\ 75\ B fd: L \ | Peek’s data treated as a set of averages, band by band, of the actual flow. The barotropic stahility eri-

terion states that U7/8>1 is necessary for instability.
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Fi1G. 4, Curvature or second derivative of Jupiter's
zonal velocity profile for the solid curves of Fig. 3.
Voyager 1 is on the left and Voyager 2 is on the right.
The smooth curve on the right of each profile is 3, the
planetary vorticity gradient for thin spherical shells.
The smooth curve to the left of each profile is B sin?x,
derived in the text for deep fluid spheres. The B sin®\
curve is relevant up to a latitude of about 40 to 45°,
where effects of the metallic core become important.
The limiting curve (not shown) for deep flow at higher
latitudes is infinite at the critical latitude and lies to
the right of each profile, Notice that the observed pro-
files rarely cross the left curve, but often cross the
right curve, suggesting that a deep interior flow with
the observed curvature might be marginaliy stable.
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Fic. 3. Nominal atmospheric profile for solar-composition Jupiter. Solid lines show computed
cloud densities; dashed lines are integrated amounts of spectroscopically active compounds in the
gas phase present in a vertical column above any altitude, in cm amagat. The zero of altitude 1s
at the 400°K level. Most of the H ;0 forms ice clouds ; aqueous NH, solution is present only marginally
if supercooling is not assumed.
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FiG. 4—Locus of the value for the theoretical solar flux F_,., in arbitrary
units and the ranges of the cloud locations, obtained through the present
analysis of the methane band data with the TCM. In the case of the EZ and the
NEB, the values for F_ ., show good agreements with F ., provided that the
models have a cloud optical thickness of approximately 5. For the SEB, on the
other hand, none of the F, ., values based on parameter values capable of
reproducing the observed CTLV agrees with that for F ... The improper theo-
retical brightness of the SEB model is likely to originate from the lack of
gaseous absorption within the LCL.
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E. J. REESE

F1c. 14. Jupiter in blue light, 21 August 1970, 0203 UT, w; 323°, we 55°, showing the pr
end of the south tropical disturbance approaching the Red Spot. The arrow points to a brig
at latitude 23?8 N which had the shortest rotation period ever recorded on Jupiter.

Reese 1971, NMSUO M &5 HI
9h47mE D BEsFHID BHE

TABLE IV

LATITUDE AND LONGITUDE MEASUREMENTS OF A RaAPIDLY MoviNg WHITE SroT ON SouTH EDGE
ofF NorTH TEMPERATE BELT

Deviation from
1970 Longitude Number of linear least Zenographic
Date (Bystem I} Std. dev. measurements aguares poaition Jatitude

Aug 12.13 377°1 —0°3
19.08 344.5 =0.2
21.09 333.5 +0.2
28.09 295.8 +0.8
30.07 286.4 +0.3

Sep 8.06 239.8 +0.4
12.10 220.1 +0.2
21.07 171.6 +0.5

177
+1.5 +23°5
+0.8 +24.1
0.7
+0.1
—0.0
+1.1
-1.1

TN I TP

Least aquares drift in System [ = —5.162 deg/day

Least squares drift in System II = —12.792 deg/day or —170.65 + 0.45 m/sec
Rotation period = 9h47m2!9 4 14

Mean zenographic latitude = +2378

Mean width = 576 = 6300 km (4 measurements)

Mean length = 625 = 7500 km (39 measurements)




NTBs outbreak in 1975-76 apparition

New Mexico State University Observatory®D 58§58
2DMN)—T 424 ARyt (BHE) (white spot)
Z << DIEHE (dark spot)
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IAUC 3478 (21 May 1980)

JUPITER

New Mexico State University Observatory is tracking a very bright spot in the jet in
Jupiter's North Temperate Current C at 230 latitude. The spot was first seen on plates
taken on May 11 and was measured at longitude 1180.5 (system Il) on a plate taken on
May 15d03h05m UT. Calculations from measurements on three dates yield a velocity of
-130.55 per day relative to system Il. Plates taken in red light show a series of dark spots

trailing the fast-moving bright spot.

360/(870.27-13.55)*24h = 9h46m32s
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Average
(1891-1944)

49m 9.0s
(%7.7s)

53m 16.7s
(+24.3s)

+123.4
(N=6)

1964/65

1970

1975:
Main:
Main:
Main:
Second:
Second:

1980

1990

47m 3s

46m 57s
47m 18s
46m 50s
[48m 47s
[48m 19s
46m 33s
46m 50s

-155(1)

-159 (3)
-144

-164 (1)
77>

-98]*(5)
178 (1)
-165 (2)

49m 18.5s

49m 35s

49m 57s

52m 19s

-25(9)

+81 (2)

NMSUO
NMSUO

BAA
SAF
SL&Qt
SAF
SL&Qt
NMSUO
BAA

Average
(1964-1990)

46m 51.9s
(%=13.95)

-163.4 (N=4)

49m 36.8s
(%19.3s)

-39.6 (N=3)

Average
(overall)

Voyager
Voyager

46m 51.9s
(%£13.95)

47m 15s
46m 19s

-163.4 (N=4)
(x10.7)

-146 (global)
~188 (global)

49m 17.4s
(£17.4s)

-54.2 (N=10) 53m 8.4s
(%£12.6) (+31.1s)

+117.2 (N=T)
(+22.5)

Limaye (7986)
Maxworthy (/984)

For each apparition, the Table gives the observed speed in two forms: P (rotation period, 9 hrs+), All (speed in System 1 in degrees per 30 days). (N is
the number of spots with drifts recorded; see text for total number of spots in outbreak). 1892 values are approximate and not included in averages.

" Intermediate drift rates not included in averages.

tSanchez-Lavega & Quesada (7/988). Their speeds were approximate, =+30°/mth. Their latitude was for D and C current spots: B current spots were at
26.5°N. See text for descriptions of features.

2007(SEBIEELIERI), 2012 (2 —X > K), 2016 (BE%), 2020




Figure 24. Chart of the NTBs jetstream outbreak, plotted in System I longitude. x, white oval; @,
longitude system moving at —5.0°/day relative to System 1.

IAUC 4991, 1990 April

Tabe, Goto Optical, Tokyo, telexes that observations of
the bright spot at latitude +24 deg (cf. IAUC 4967) by I.
Miyazaki, K. Horikawa, T. Akutsu, M. Sato, and K.
Yamamoto during Feb. 10-22 indicate a very short
rotation period of 9h46m55s +/- 2s, corresponding to a
wind speed of -150 m/s relative to System Ill. On Mar.
4,565 UT, T. Sata, Science University of Tokyo, using
the 1.88-m reflector of Okayama Astrophysical
Observatory (+ CCD camera at 890 nm, the methane
absorption band), found this to be the brightest spot on
the planet's disk, indicating a high altitude.

1989-90 Apprition
Rogers (1992)

NTBs OB:EMERADOFY 7 bF+— b
Longitude chart of rapidly moving NTBs spots,

HBo#AIE,

3 5 9 H® NEBn~NNTB 0% 7.

NTBs jetstream (Current D)
] Bright w. oval (also see no.3)
2 Bright w. oval (p. end of disturbance)
NTBs jetstream (Current C)

D.s.

D.s.

Bright w. oval (=no.2)

Bright w. oval

D.s.

D.s.

Bright w. oval

D.s.

W. bay NTBs
D.s. (f. end of disturbance)

24.0
24.0
235
(23.5)
24.0
24.0
(23.5)
24.0

42

hprFeb 20)
41
10
?-.1 (Mar 12)
300
310
322
353
360
17
30
38

48
71

-169
-160

(-68)
-26
(-21)
-12
-36
-38
-22
-27
-12
-12
-39

Feb 10—Mar 4
Feb 17—Mar 20 (Apr 6)

Mar 9—Mar 20
Mar 6—Mar 27
Mar 5—Mar 18
Mar 5—Mar 14
Mar 5—Mar 21 (27)
Mar 5—Mar 21
Feb 24—Mar 28
Feb 20—Mar 10
Mar 10—Mar 28
Mar 4—Mar 28
Mar 7—Mar 28

6,5(12)
11,4(21)

7.0(11)
10,0(10)
7.2(9)
4.2(6)
7.0(8)
6.2(8)
6.6(16)
4,6(13)
6.1(7)
2.8(11)
8.0(9)

Nores:

caleulated on the assumption that these longitudes were 2° too high due to phase effect.
For NTBs jetstream features, latitudes were measured by Miyazaki from his own photographs.

*For NTropC features in 1988/89, which did not appear until after opposition, longitudes are for 1989 Feb 25, and the quoted drift between anparitions 1s
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Figure 1. Chart of NTBs jet peak speed over recent
decades.

19:48 UT 2016 Oct. 19, 3.8 microns North up 17:50 UT
Dr Glenn Orton (NASA-IRTF, Hawaii)

Figure 2. Discovery images of the NTB plumes, 2016
Oct.19 (from SpeX on the IRTF at 3.8 um, sensitive to
gas absorption).
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Sanchez-Lavega 2008 Nature 451, 437

a 2007 25 March HST

b 2007 27 March 10PW
c 2007 5 April  IOPW
d 2007 5 April IRTF

f 20071 May HST

plume A 23.4 =04 169.2 = 0.5m/s
plume B 23.1 0.1 164.3 £ 1.7 m/s

20 30

Planetographic latitude (degrees)
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Figure 3 | Models of the plume onset and disturbance development.

a, b, Wet convective three-dimensional model of the plumes. a, Thermal
profiles used to run the simulations and the cloud top level reached by the
convective cell assuming a deep water content of 3 times solar abundance
and 95% of relative humidity above the condensation level. P, pressure; T,
temperature. The continuous line corresponds to the Cassini CIRS thermal
profile at the NTB location', the dashed line to the Voyager IRIS thermal
profile” and the dotted line to a synthetic profile with less static stability
from 500 to 200 mbar required for the storms to reach the 60 mbar level. The
inset shows the wet adiabat extension deep in the atmosphere. b, Convective

cell resulting from the model able to fit the observed cloud tops of the plumes
and the domain of simulation. ¢, The plume brightness distribution (inset)
results from a two-dimensional model of a round cloud placed in the peak of
the jet and evolving as it interacts with the meridional shear of the zonal
wind'” with a spatial resolution of 5 km over a 10,000 * 5,000 km area. The
map (main panel) shows the distribution of Ertel’s potential vorticity (PV;
greyscale) at 650 mbar after 30 days for a simulation where the jet extends
vertically downwards with constant value from the upper cloud layer at
altitude ~0.6 bar down to at least 5-7 bar (the location of the water clouds
and the plume source). Inset and map are at the same scale.
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Figure 2. Drift rate in System | longitude of the features pertaining to the
NTBD, tracked between 10 October and 4 November 2016. The plumes A,
C, and D are identified by red dots. Plume B is the blue dot: it disappeared
or merged with plume C. The dark dots indicate features forming the
NTBD westward of the plumes. The lines identify the tracking of the

features. Data from JunoCam images are for 11-14 October.

Lol o Lol

Planetographic Latitude (degrees)

'

T I T I T I T I T l T 'I T l T
50 75 100 125 150 175 200
Zonal Velocity (m/s)

Figure 4. Meridional profile of the NTBs jet stream as measured using HST
images on 9-10 February 2016 about 7-8 months before the outbreak
(black curve with wind error measurement indicated [Hueso et al, 2017b]).
The velocity and location of the NTBD disturbance features are shown as
dots: green for the plumes (A, C, and D), blue dots for long-term tracked
features (dark and white spots, tracking for 5-10 days), and circles for all
kind of features (tracking on Pic-du-Midi images for about 50 h using two
methods). The NTBD data correspond to the period 11 October to 11
November 2016. The horizontal orange lines mark the limits of the
pre-outbreak band that was bright in UV but dark in methane absorption
at 890 nm (Figure S1). The horizontal purple lines mark the limits of the
reddish band that formed when the NTBD activity ceased (Figure S5).

Sanchez-Lavega (2017)
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1970A 1970/8/12.13  +23.8 170.65 9h47m2.9s = 1.4  Reese 1971
1975A 1975/9/9 +23.2 170.61 9h46m54.4s = 0.2 NMSUO 1977
19758B 1975/9/19 +23.6 167.64 9h47m2.1s =2.0 NMSUO 1977
1980A 1980/5/15 +23 (-13.55deg/day Il) 9h46m32.68s IAUC3478
1990A 1990/2/10 +23.7 169 Rogers 1992
19908 1990/2/17 +23.7 160 Rogers 1992

2007A 2007/3/25 +23.4 169.2 = 0.5 Sanchez-Lavega 2008
2007B 2007/3/27 +23.1 164.3 = 1.7 Sanchez-Lavega 2008
2016A 2016/10/11 +22.4 = 0.7 1573 1.1 Sanchez-Lavega 2017
2016B+C 2016/10/11 +22.2 = 0.8 198.6 = 2.0 Sanchez-Lavega 2017
2016D 2016/10/11 +23.0 £ 1.0 176.4 = 1.3 Sanchez-Lavega 2017
2020A +23.1 = 0.3

2020B
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Saturn’s 2010 Giant North Tropical Storm evolution - December 21™-December 30", 2010
images sent fo author, or from SAF/ALPO Japan, compilediscaledveprocessed on 2011/01/10 by Marc Delcroix, Société Astronomigque de France jdelcoix murc@fres )
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Figure 1. The motion of the GWS$ and other o i R
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Figure 10.a: Evolution of Saturn's growing Great White Spot in 2010-11 from amateur images in scale (left) ,
maps made from the amateur images (center) and images by Cassini spacecraft (right).
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Planetographic Latitude

2011-03-07

2011-03-17

First Orbital Latitude Velocity | Affected Ambient Planetary
detection | longitude | Planetographic (ms™) latitude band vorticity (s~ | vorticity (s™')
(Planetocentric) !
GWS 1876 | 18769 | 170° 8°£3°N_(6.5°) 396 ~0°—20°N 4x10° 4.6x10° 2011-04-23
GWS 1903 | 1903.5 130° 36°+2°N (30.6°) 19 ~30° = 45°N -7x10° 1.8x107
GWS 1933 | 1933.7 134° 2°+3°N (1.6° 400 ~-5°—20°N 2.0x107 1.1x107
GWS 1960 | 1960.25 | 106° 58°N + 1° (52.5°) 4 48°N  —  60°N | 107 2.8x10™
[78°N]*
GWS 1990 | 1990.9 121° 12°N £ 1° (9.8°) 365.0 15°S — 25°N -4x10°7 6x107
[5°N £2°Tf (4.1°) [402.0)% [2.0x10°+
GWS 2010 | 2010.93 | 16° I8°N (32.4°) -27.8 25°N — 48°N 3x10° 1.9x10™
[41°N + 1°]* (35.2°)
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