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ABSTRACT

The Little Red Spot (LRS) in Jupiter’s atmosphere was investigated in unprecedented detail by the New Horizons
spacecraft together with the Hubble Space Telescope (HST) and the Very Large Telescope (VLT). The LRS and the
larger Great Red Spot (GRS) of Jupiter are the largest known atmospheric storms in the solar system. Originally a
white oval, the LRS formed from the mergers of three smaller storms in 1998 and 2000, and became as red as the
GRS between 2005 and 2006. Here we show that circulation and wind speeds in the LRS have increased substantially
since the Voyager and Galileo eras when the oval was white. The maximum tangential velocity of the LRS is now
172 ± 18 m s−1, close to the highest values ever seen in the GRS, which has also evolved both in size and
maximum wind speed. The cloud-top altitudes of the GRS and LRS are similar, both storms extending much higher
in the atmosphere than other Jovian anti-cyclonic systems. The similarities in wind speeds, cloud morphology, and
coloring suggest a common dynamical mechanism explaining the reddening of the two largest anticyclonic systems
on Jupiter. These storms will not be observed again from close range until at least 2016.
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This paper discusses images of Jupiter’s Little Red Spot (LRS)
acquired by the Long Range Reconnaissance Imager (LORRI)
on 2007 February 27, shortly before the time of Jupiter’s
closest approach by the New Horizons spacecraft (Fountain
et al. 2007), which is on its way to a Pluto encounter in 2015 July
(Stern et al. 2007). LORRI is a narrow angle telescope, with a
20.8 cm diameter primary mirror, a focal length of 263 cm, and
a 1024 × 1024 pixel, charge-coupled device detector (Cheng
et al. 2007). LORRI’s panchromatic (350–850 nm) images were
supported by contemporaneous images acquired by the Hubble
Space Telescope (HST) at visible wavelengths and by the ESO
Very Large Telescope (VLT) at mid-infrared (IR) wavelengths.

The LRS, about the size of the Earth, is an anticyclonic
oval (counterclockwise rotation in the southern hemisphere).
The LRS formed from the merger of three smaller anticyclonic
ovals which appeared to form in the late 1930s (Peek 1958)
and which were observed by the Voyager spacecraft in 1979,
along with intervening cyclonic cells that helped to maintain
their separation (Beebe et al. 1989). In 1998, two of the ovals
merged, followed by a merger of the remaining two in 2000
(Sanchez-Lavega et al. 1999 and 2001). In late 2005, the sole
surviving oval became as red as the GRS.

How and why these giant storms form, and why they can
persist for long times—since before 1879 in the case of the
GRS (Peek 1958, Beebe et al. 1989)—remain mysteries. Also
mechanisms for reddening of these storms are much debated,
which may result from upwelling of material from depth (Taylor

et al. 2004, West et al. 2004). Hence the recent formation of
the LRS, which had consumed two other, smaller ovals and
then became red, is of great interest, particularly in comparison
with the GRS. Both the Voyager and the Galileo spacecraft at
Jupiter-mapped wind fields in the GRS and in the largest of
the predecessor ovals, Oval BC, finding that these storms had a
similar dynamical structure (Mitchell et al. 1981; Simon et al.
1998; Vasavada et al. 1998; Simon-Miller et al. 2006).

Cloud-tracked wind measurements using successive image
pairs were made for Oval BC, from Voyager data (from 1979)
and Galileo data (1997 and 2000). The maximum tangential
velocity was found to be a constant 120 ± 5 m s−1, despite
size variations from 1979 to 1997 (Simon-Miller et al. 2002).
After the final merger in 2000, Cassini captured a single image
pair of the still white oval that became the LRS, and maximum
velocities were found to be ∼165 ± 45 m s−1, suggesting a
possible velocity increase (Simon-Miller et al. 2006). After the
LRS first became red, the highest available spatial resolution
HST images (∼75 km pixel−1) were used to infer that the
maximum wind speed had increased to 180 m s−1, but with
large uncertainties of 70 m s−1.

The next opportunity to obtain a high-resolution wind-field
map of the LRS came with the New Horizons Jupiter encounter
in 2007, which was the last such opportunity until the JUNO
mission arrives in 2016, although JUNO does not plan to obtain
velocity data. To search for changes in the wind field associated
with the color change in the LRS, LORRI obtained a pair of
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(a)

Figure 1. (a) Wind vectors measured from the LORRI frames, plotted on the first time step. The wind vectors have been slightly exaggerated for clarity and diamond
symbols indicate the starting point of the vector. The LRS is the counterclockwise circulating oval to the right of center. An STrD is seen at the top, north of 29◦ S.
Winds to the west are observed near 40◦ S outside the small oval at lower right. (b) Quasi-true-color view of the LRS, generated using a LORRI mosaic in the red and
green channels and an HST 410 nm map in the blue channel. The LRS appears with distinctly redder color than the STrD to the north or the small oval to the southeast.
(c) HST mosaic from 2007 February 26, showing the GRS and LRS regions, with an average zonal wind field overplotted. Color is generated using a 410 nm map
(blue) and 673 nm map (red), with a composite of the two in the green channel. The GRS is at the left near 20◦ S, and the LRS with the STrD to the north is seen at
the right. The STrD is darker than other whitish clouds in its latitude band which overlaps that of the GRS.
(An mpeg animation of this figure is available in the online journal)

2 × 2 image mosaics from a distance of ∼33 Jupiter radii,
separated by a 30 min time interval. LORRI was not used
to measure wind fields in the GRS because of the limited
data volume. The maximum spatial resolution in the LRS was
14.4 km pixel−1, for a single-pixel measurement uncertainty of
8 m s−1. As shown in Figure 1(a), the highest measured wind
speed in the LRS is 172 ± 18 m s−1, consistent with previous
Cassini and HST data (Simon-Miller et al. 2006), but with
significantly smaller error bars, indicating an increased wind
speed relative to Galileo and Voyager data (see Table 1). All
of these wind-field measurements were made with a consistent
methodology, so comparisons are valid.

Just as for the GRS, there is a counterclockwise flow within
the LRS (Figure 1(a)) and a central region (extending about
1◦ in latitude and 1.5◦ in longitude) with brighter clouds,
where the wind speed is below the measurement uncertainty of
∼18 m s−1 (Figure 1(b)). The flow speed is greatest toward
the outer edge of the LRS where the rotation period is ∼35 h.
With a peak velocity of 172 m s−1, the maximum Rossby num-
ber along the major axis is Ro = 0.41 (formulae are shown
in the Appendix). This is higher than that found for Oval BC
from Voyager data (Mitchell et al. 1981), and the corresponding
relative vorticity along the major axis at the maximum veloc-

ity contour has increased by ∼16% and has doubled along the
minor axis (Table 1). A comparable analysis of Galileo ve-
locity vectors for the GRS shows a slightly lower maximum
Rossby number, although the relative vorticity along the semi-
minor axis has increased threefold from Voyager to Galileo; the
GRS also increased in maximum tangential velocity to 170 ±
12 m s−1 and decreased in longitudinal extent (Simon
et al. 1998; Simon-Miller et al. 2002; Sada et al. 1996).

The LRS exhibits much lower Rossby numbers along its
northern and southern sides than near the more sharply curved
eastern and western ends, indicating essentially geostrophic flow
(an approximate balance between Coriolis force and pressure
gradient) except near these ends. The overall roundness of the
flow, which bears upon dynamical balance, is measured by the
eccentricity. The Rossby numbers shown in Table 1 are close
to the maximum values attained in the flows and indicate the
greatest deviations from geostrophic balance. This dynamical
structure in the LRS after the color change was also found
both in the precursor Oval BC and in the GRS (Mitchell et al.
1981). Although the overall dynamical structure was maintained
before and after the color change, the circulation around the
maximum velocity contour (line integral of tangential velocity),
which measures the strength of a vortex, increased significantly
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(b)

Figure 1. (Continued)

Table 1
Wind Fields in the GRS and the LRS

Maximum Semi-major Semi-minor
tangential axisa, axisa, Rossby Relative vorticityb, Relative vorticityc, Circulationd

velocity (m s−1) a (×106 m) b (×106 m) Eccentricity numberb along a (×10−5 s−1) along b (×10−5 s−1) (×108 m2 s−1)

GRS
Voyager, 1979 110 ± 12 10.5 4.85 .887 .40 5.4 0.5 59.8
Galileo, 2000 170 ± 12 8.17 5.83 .700 .30 4.1 1.5 75.3

LRS/Oval BC
Voyager, 1979 120 ± 5 4.89 2.93 .801 .36 6.8 1.5 29.9
Galileo, 1997 120 ± 20 3.80 2.92 .640 .28 5.3 2.4 25.4
New Horizons, 2007 172 ± 18 3.93 2.92 .669 .41 7.9 3.2 37.2

Notes.
a Dimensions of the maximum velocity contour.
b Calculated at the maximum velocity contour, along the semi-major axis.
c Calculated at the maximum velocity contour, along the semi-minor axis.
d Calculated on the maximum velocity contour.

for the LRS versus the white Oval BC. The circulation in
the GRS also increased between the Voyager and Galileo eras
(Table 1).

For both the GRS and LRS, the relative vorticity along the
major axis is much higher than the ambient zonal wind shear of
∼10−5 s−1 (Mitchell et al. 1981 and Figure 1(c)), an indication
of the strength of these storms. The background winds, derived

by tracking small cloud features with HST data from 2007
February 26, show that westward jets north of each storm’s
center are deflected to the north. The zonal winds were obtained
from 10 h separated HST image pairs. Uncertainties range from
∼3 to 11 m s−1 depending on the latitude and the number of
features that could be tracked within a 0.5 deg latitude bin. For
the GRS, small eddies occasionally appear on the westward
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(c)

Figure 1. (Continued)

jet, approach from the east, and are pulled into the interior,
possibly adding to the unknown energetics (Beebe et al. 1989;
Mitchell et al. 1981). This has not been directly observed
for the LRS, although the morphologies of clouds around its
edges indicate interaction with its surroundings. In most regions
surrounding the LRS, wind speeds are below 30 m s−1, too
low to be measured accurately from the LORRI image mosaic
pairs. However, anticyclonic flow is suggested in the small oval
southeast of the LRS, near 215◦ W, 40◦ S (Figure 1(a)), and in
the small cloud core near 229◦ W, 31◦ S.

Similar to the GRS (Beebe et al. 1989; Simon-Miller et al.
2002; Vincent et al. 2000), the LRS extends vertically into
the stratosphere, as indicated by its brightness in methane gas
absorption wavelengths and darkness at ultraviolet wavelengths.
Figure 2 shows that the LRS extends to higher altitudes than the
smaller anticyclone at 40◦ S, as indicated by the absence of
the smaller storm at 0.26 µm and its fainter appearance in the
0.89 µm maps.

Just north of the LRS at the time of the New Horizons Jupiter
encounter, there was a South Tropical Disturbance (STrD), a
portion of which is seen in Figure 1(a). This STrD formed in
late 2006 (Rogers 2007) and is comparable in size to the GRS
(Figure 1(c)). The observed wind fields within the observed por-
tion of the STrD (Figure 1(a)) are consistent with anticyclonic
flow. This flow is notably less organized than within the LRS,
with maximum speeds on the order of 50 m s−1. Figure 1(b)
shows that colors within the STrD are similar to those within
the small oval southeast of the LRS, indicating similar tropo-
spheric clouds and haze color.

Ground-based mid-IR images taken to support the LORRI
observations show similarities between the vertical structure and

dynamics of the GRS and LRS (Figure 2). These observations
were acquired using the VISIR camera/spectrometer (LaGage
et al. 2004) at the VLT UT-3 telescope (Melipal) on 2007
February 28. The thermal images which included the LRS
covered most of Jupiter’s southern hemisphere, enabling the
assignment of latitudes, longitudes, and emission angles to
each pixel. In order to combine the information from the
images at different wavelengths, the images were re-formatted
as cylindrical maps with consistent longitude and latitude
grids. Observations were made with standard rapid-frequency
chopping against the sky 15 arcsec to Jupiter’s south and
nodding further south for another chopped image pair in order to
characterize accurately and subtract telluric sky emission from
Jupiter’s much fainter emission. Although the VLT images were
taken 1 day later than the LORRI images in Figure 1(a), no large-
scale changes in structure or dynamics are expected based upon
previous observations of Jupiter’s atmosphere.

Temperatures were derived from images taken in narrow-
band filters with central wavelengths of 13.04, 17.65, 18.72,
and 19.50 µm which are sensitive to thermal emission from
a portion of the spectrum dominated by collision-induced H2
absorption (e.g., Flasar et al. 2004). Because H2 is well mixed
in Jupiter’s atmosphere, variations of the upwelling radiance can
be used to determine variations of the atmospheric temperatures
between 100 and 400 mbar total pressure. Temperatures were
retrieved by simultaneously fitting the radiances in all the filters
cited above, obtaining estimates of the relative variation of
T (p) across the LRS and its surroundings. The reference Jovian
atmosphere profiles were from Galileo Probe data (smoothed
to remove wave signatures), and the radiance of the images
was adjusted for consistency with the results of the Cassini
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Figure 2. A multi-wavelength comparison of the LRS (top) and GRS (bottom). Images are not to scale, and all wavelengths are listed in microns. The 0.26, 0.41 and
0.89 µm images are from HST, acquired on 2007 February 26. The 8.59 and 10.77 µm images were acquired on 2007 February 28 (LRS) and March 1 (GRS) at
the VLT. The 0.26 µm filter is sensitive to stratosphere haze, 0.41 µm to troposphere clouds and haze color, 0.89 µm to upper troposphere cloud and haze opacity,
8.59 µm to troposphere cloud opacity and temperature, and 10.77 µm to troposphere temperature and ammonia gas. The black arrow marks a small oval southeast of
the LRS. The southern portion of the GRS is brighter at 8.59 and 10.77 µm.

Composite Infrared Spectrometer (CIRS) at Jupiter (Flasar
et al. 2004). The estimated error of temperature retrieval from
the radiative transfer modeling is about 2.2 K at 500 mbar and
2.9 K at 100 mbar in each ∼1◦ × 1◦ spatial resolution element.
An equilibrium ortho/para hydrogen ratio was assumed. An
adaptation of the Oxford-based Nemesis optimal estimation
retrieval algorithm (Parrish 2004) was used in these retrievals.
Gases included in the reference model (Kunde et al. 2004;
Parrish 2004; Wong et al. 2004) were hydrogen, helium,
methane, CH3D, ammonia, ethane, and acetylene. Similarly
filtered radiances at 8.59 µm were used to assess the opacity
of a 600 mbar to 1 bar cloud and account for its influence on
upwelling radiances at the longer wavelengths.

The temperatures derived from these thermal images show
that the LRS (Figure 3) has a cold central region, roughly
coincident with the visible edges of the oval at all levels of the
upper troposphere between 200 and 400 mbar. This is similar to
the GRS (Simon-Miller et al. 2002), and both giant anticyclones
also have collars along their peripheries which are warmer
than the surrounding atmosphere. The GRS has evidence for
inhomogeneous distributions of ammonia and clouds near 300–
600 mbar (Figure 2). Similar to the GRS, the cold interior
temperatures seen in Figure 3 clearly identify the LRS as an
anticyclone, with its coolest region roughly coincident with
the location of the visible cloud oval. The thermal images
also clearly identify the small oval at 40◦ S (marked by an
arrow in Figure 2) as a lower-temperature anticyclone. The
thermal images also confirm the anticyclonic nature of the
STrD just north of the LRS. The temperatures are consistent
with an interpretation that gas is upwelling in both the LRS
and the nearby small oval which expands and cools as it rises,
similar to the GRS (Simon-Miller et al. 2002). This gas subsides
everywhere exterior to the boundary, warming the atmosphere.

Both the GRS and the LRS show enhanced emission along
with southern portions of their collars (Figures 2 and 3 for the
LRS). Historical data indicate that this is a recurring feature for
the GRS (Simon-Miller et al. 2002), although not for the LRS
precursor ovals. Voyager and Cassini observations of the GRS,
showing the enhanced southern temperatures, were interpreted
as evidence of a north-to-south tilt to the storm (the visible cloud
deck is at a lower altitude in the south) or a spiral-shaped flow
(Simon-Miller et al. 2002). The similar dynamical structures of
the GRS and LRS argue that the enhanced southern temperature
for the LRS also reflects a tilt or spiral form.

However, an alternative interpretation is that the warming
along the southern edge of the LRS may be temporary and

could be the result of downwelling forced by an interaction
between the LRS and the STrD which is just to the north.
Figure 3 shows a prominent warm region south of the LRS,
with a size and temperature contrast to the ambient at least
comparable to those of the LRS. Although there is no clear
expression of this thermal feature in visible cloud morphology,
evidence of cyclonic flow is seen in Figure 1(a), where the wind
vectors point systematically to the west near 40◦ S, at speeds
similar to those within the LRS. If indeed there is significant
interaction between the STrD, the LRS, and the warm cyclonic
region to the south, this interacting complex would dwarf the
GRS.

A complication is that the GRS images in Figure 2 at 8.59
and 10.77 µm, which are sensitive not only to temperatures
but also to ∼600 mbar cloud opacity and 300 mbar ammonia
gas absorption, respectively, show evidence for inhomogeneous
distributions of those quantities. Specifically, there are patchy
brightness enhancements in the southern portion of the GRS at
8.59 and at 10.77 µm, although similar enhancements are not
evident within the LRS. In addition, as can be seen in the 8.59
and 10.77 µm LRS images in Figure 2, as well as the thermal
maps of Figure 3, there is a warm ring extending completely
around the LRS, separating it from the cold STrD. The thermal
observations support the suggestion of an interaction between
the LRS and the STrD, in which case the warm cyclonic
region to the south is a distinct phenomenon from the warmer
southern collar seen at the GRS. The latter may be a durable
structural feature (Simon-Miller et al. 2002), which may also
help to explain the southern brightness enhancements at 8.59 and
10.77 µm within the GRS. The existing axially symmetric
models of these anticyclonic vortices do not address these
complications.

The 2007 New Horizons observations demonstrate convinc-
ingly that the maximum wind speeds and circulation in the LRS
are dramatically increased over those seen in 1997, when the
oval was white. With a north-to-south tilt and/or spiral form, the
increased circulation would imply an increased vertical trans-
port, which may be associated with the color change. However,
the increase from Voyager to Galileo in the circulation of the
GRS, which also has a north–south tilt and/or spiral form, was
not accompanied by a color change. Perhaps in the case of
the GRS, which was already red, the rate of vertical transport
was already sufficiently large that a further increase would not
change the color; whereas the LRS may have crossed a threshold
where the increased vertical transport led to a color change. The
precise temporal relationship between the LRS color change
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(a) (b)
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Figure 3. (a) Visible image from New Horizons. Temperature maps on constant pressure surfaces at 400 mbar (b), 300 mbar (c), and 200 mbar (d) from inversion of
images of Jupiter’s thermal radiances taken through ∼1 µm wide filters centered at 13.04, 17.65, 18.72, and 19.50 µm which are primarily sensitive to temperatures
in the 200–400 mbar pressure range, unlike the mid-IR images shown in Figure 2. The spatial resolution is equivalent to 1.5◦ in longitude and 1.8◦ in latitude. The
LRS and small oval are cold anticyclones, as is the STrD. A warm, cyclonic region is seen south of the LRS.

and the increase in circulation remains unclear, because of the
long time intervals between spacecraft observations of high-
resolution wind fields. Both the temperature and velocity struc-
tures of the LRS remain similar to those of the GRS, although
the LRS at the time of the New Horizons Jupiter encounter may
have been influenced by the nearby STrD. However, the GRS
has steadily become rounder and decreased in longitudinal ex-
tent since Voyager (Beebe et al. 1989; Simon-Miller et al. 2002).
The decrease in size partly compensated for an increase in max-
imum wind speed, so the circulation in the GRS underwent a
relatively minor increase from Voyager to Galileo, compared
to the later increase observed for the LRS. It is not clear that
the GRS will remain indefinitely as the largest and strongest
storm on Jupiter in terms of circulation. It also remains unclear
whether the evolution of the GRS and LRS is an aspect of cli-
mate cycling on Jupiter, whereby these storms may disappear
in the future (Marcus 2004), and why large, long-lived anticy-
clones are more prevalent in the southern hemisphere than in the
north. Further work is indicated in modeling these giant anticy-
clones in order to provide consistency with these New Horizons
images, together with historical observations in the visible and
the advent of simultaneous constraints provided by mid-IR ob-
servations with spatial resolutions of 2000 km or better.
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APPENDIX

DETERMINING ECCENTRICITY, RELATIVE VORTICITY,
AND ROSSBY NUMBER

The ellipse eccentricity, ε, is defined as

ε = (1 − (b/a)2)1/2,

where a is the semi-major axis, and b is the semi-minor axis.
For all vorticity and Rossby number calculations, we follow

the derivations of Mitchell et al. (1981). This Mitchell et al.
model is used to obtain more accurate and reliable estimates of
flow quantities such as vorticity from observational data which
are subject to limitations of sampling and measurement error.
The time spans over which comparisons are made in Table 1
are much longer than dynamical or thermal timescales, so it is
reasonable to use this model to make flow measurements. Thus,
the relative vorticity, ζ , is defined as

ζ = vT a/(b2η3) + η dvT /da,

where vT is the tangential velocity, and η is defined by

η = [(cos2 θ + (a/b)4 sin2 θ )/(cos2 θ + (a/b)2 sin2 θ )]1/2,
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where θ is the angle of the velocity point measured from
east (along the semi-major axis) through north. Therefore, for
θ = 0◦, η = 1, and for θ = 90◦, η = a/b. For all Rossby number
calculations in Table 1, θ = 0◦ was used.

Finally, the maximum Rossby number, Ro, is calculated using
the following formula:

Ro = v∗
T a/(b2η3f ),

where f is the Coriolis parameter at each storm’s central
latitude, i.e., 13.5 × 10−5 s−1 for the GRS and 19.2 ×
10−5 s−1 for the LRS.

The measured tangential wind speeds versus semi-major axis
a are fitted to an analytic function of the form

vT (a) = Kϕ(y)Φ(αy) − B

y = β(a − a0)

ϕ(y) = 1√
2π

exp

(
−y2

2

)

Φ(αy) =
∫ αy

−∞
ϕ(t) dt

with five constants. This form replaces the polynomial form (8)
of Mitchell et al. (1981), as it is better suited to describing highly
skewed velocity distributions which peak near the outer edges
of the ovals. In the first equation, the three constants are K (an
overall scaling factor), B (a constant bias), and α which controls
the skewness. The second equation has another two constants,
β which is inversely related to the width of the peak, and a0
which dominates the location of the peak. The function φ(y) is
the standard normal distribution, and Φ(αy) is the cumulative
normal distribution evaluated at αy. Here a is as in Equation (8)

of Mitchell et al. the semi-major axis is in units of 106 m and
vT is likewise the tangential wind velocity in m s−1.

The analytic function fit to the wind speed observations in
the oval is used to evaluate the flow quantities’ vorticity, Rossby
number, and circulation. This procedure is robust against the
observational errors in individual wind speed measurements.
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