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REPORT

Polar Lightning and Decadal-Scale
Cloud Variability on Jupiter
Kevin H. Baines,1 Amy A. Simon-Miller,2 Glenn S. Orton,1 Harold A. Weaver,3
Allen Lunsford,2 Thomas W. Momary,1 John Spencer,4 Andrew F. Cheng,3
Dennis C. Reuter,2 Donald E. Jennings,2 G. R. Gladstone,5 Jeffrey Moore,6 S. Alan Stern,7
Leslie A. Young,4 Henry Throop,4 Padma Yanamandra-Fisher,1 Brendan M. Fisher,1
Joseph Hora,8 Michael E. Ressler1

Although lightning has been seen on other planets, including Jupiter, polar lightning has been known
only on Earth. Optical observations from the New Horizons spacecraft have identified lightning
at high latitudes above Jupiter up to 80°N and 74°S. Lightning rates and optical powers were similar at
each pole, and the mean optical flux is comparable to that at nonpolar latitudes, which is
consistent with the notion that internal heat is the main driver of convection. Both near-infrared and
ground-based 5-micrometer thermal imagery reveal that cloud cover has thinned substantially since the
2000 Cassini flyby, particularly in the turbulent wake of the Great Red Spot and in the southern half of
the equatorial region, demonstrating that vertical dynamical processes are time-varying on seasonal
scales at mid- and low latitudes on Jupiter.

Although lightning has been well docu-
mented on the gas giants Jupiter and
Saturn at middle and low latitudes (1–13),

it has never been observed in the polar regions.
Here we report images of jovian lightning in both
hemispheres poleward of 60° latitude obtained
with the broadband (0.35- to 0.85-mm bandpass)
NewHorizons LORRI (Long RangeReconnais-
sance Imager) camera (14). On 3 March 2007,
16 observations were made of the planet’s night-
side, eight each of the north and south polar
regions, consisting of 40 s of total exposure time
for each pole. Thirteen lightning strike events
were observed poleward of 60° (planetographic)
latitude: six in the north polar region and seven
in the south polar region (Table 1). The most
poleward strikes were at 80°N and 74°S; three
separate flashes observed were within 0.5° of
80°N.

Five other lightning strikes were seen near
52°N in 15 s of total exposure time during the
three most equatorward observations, which cov-
ered latitudes southward to 45°N. Earlier space-
craft (1–7) had found that the most active
lightning region was at latitudes near 50°N. Mul-
tiple strikes were seen during a 10-s period within
a localized region covering less than 0.7° of

longitude in a field of view greater than 35° of
longitude. Here, one flash event in a 5-s exposure
was followed immediately by at least three spa-
tially separated events in the next 5-s interval
(Fig. 1, top row). This corresponds to an average
flash rate of 0.4/s (or greater) over 10 s and 0.6/s

(or greater) over the single high-activity observa-
tion. These rates are greater than the 0.2/s rate
previously observed during 60-s scanning expo-
sures by Galileo (6, 8).

Polar lightning flashes integrated over our 5-s
exposure times are comparable in brightness to
aurorae or the Io Flux Tube in the north polar
region (Fig. 1) (15). Lightning flashes extend
spatially over many pixels in our images (repre-
sentative lightning flashes are seen in the lower
row of images in Fig. 1); each pixel subtends
about 28 km at the subspacecraft point on Jupiter
(corresponding to 56 km latitudinally at 60°N
latitude on the central meridian). This extent
indicates that lightning emissions propogated
through overlying scattering aerosols or that mul-
tiple flashes extended over a large area (typical-
ly >10,000 km2) during the exposure.

The average optical energies per strike in the
north and south polar regions were nearly iden-
tical, 2.90 × 109 and 2.87 × 109 J for the north
and south polar regions, respectively (Table 1)
(16), despite the large (factor of 5) variability of
lightning strength. These values agree well with
the mean optical energy of strikes found in non-
polar storms: 2.5 ± 1.9 × 109 J (3). The largest
bolts observed were 9.3 × 109 J in the north and
15.7 × 109 J in the south, which is also in agree-
ment with the largest flashes observed in
nonpolar storms by Galileo (6). These largest
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Fig. 1. Representative lightning flashes imaged by LORRI (14). (Top row) Multiple flashes are observed
in consecutive 5-s exposures near 52°N. latitude (planetographic). (Middle) Two north polar flashes
observed simultaneously in a single 5-s exposure. (Bottom row) Flashes in both the north and south polar
regions show substantial spatial extension, which is indicative of diffusive aerosol scattering of upwelling
emission from near the 5-bar water condensation level.
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bolts, located near 66° latitude in both hemi-
spheres, were four to five times themean size and
>18 times the smallest strike energies observed in
the respective polar regions.

The half-width half-maximum (HWHM) of a
lightning flash (the distance over which the light-
ning radiance falls to half of its peak value) is a
measure of the depth of the flash. The New Hori-
zons values (a mean of 92 km) are comparable to
those seen in previous investigations (6, 8, 17) in
which flash depths were near the 5- to 8-bar level
of water condensation (18). Thus, the source of

the lightning in our observations was probably
also within the deep water-rich regions of Jupiter.

Previous observations found lightning pre-
dominantly near 14°N and 50°N (planeto-
graphic) and less often at 33°N and 60°N. These
appear to mark the southern edges of westward-
moving jets (2, 4, 6) and are regions with notable
cyclonic shear. Similarly, the three lightning
strikes we saw at the highest latitudes (69° to
71°N, planetographic) coincided with the south-
ern edge of the most northerly westward jet near
72°N discovered by Cassini (19).

These locations are characterized by vigorous
upper-level convective clouds and potentially
large instabilities (6, 20, 21). Lightning generally
appears near the 5- to 6-bar level (6, 8, 17), where
upwelling water can condense, triggering strong
convection and thunderstorms (2, 5, 6). Vertical
transport may be aided by three-dimensional plan-
etary waves, such as have been observed near the
equator (22, 23), and by colliding air masses as in
the turbulent region to the northwest of the Great
Red Spot. Both mechanisms have been observed
to produce rapid formation of optically thick
ammonia condensation clouds (23) and in the
latter case, lightning at depth (24).

In the southern polar region, only half of the
lightning strikes occurred in the cyclonic shear or
maximum westward-moving jet regions. In par-
ticular, the strikes at 60.2°S and 66°S were on the
anticyclonic sides of the two most southerly
eastward jets observed by Cassini (19). The most
polar strikes near 80°N and 74°S were located in
regions of weak winds (<10 m/s) and thus also
may not be consistent with the westward wind
paradigm. The remaining strikes at 68.4°S,
68.9°S, and 71.2°S are consistent with it.

The distribution and power of jovian light-
ning are different from those on Earth (5, 6).
Rather than being concentrated within tens of
degrees of the equator, on Jupiter lightning is
most optically active near 50°N as observed by
every investigating spacecraft (1–7), now includ-
ing New Horizons. The distribution of Jovian
lightning to high latitudes is probably a conse-
quence of the relative strength of internal heat as
compared to solar heating over latitude (2, 5): As
one proceeds poleward, solar heating of the at-
mosphere decreases, allowing the internal heat of
Jupiter to power strong vertical dynamics near
the 5-bar condensation level of water (25, 26).

Before the New Horizons observations, more
and stronger flashes were seen in the northern
hemisphere than in the southern at nonpolar lati-
tudes (5, 6). Voyager 2 saw no southern lightning,
despite an intense observational campaign (5).
Such hemispherical differences may be a conse-
quence of slight differences in solar insolation or
atmospheric stability. In contrast, New Horizons
observed nearly identical rates of lightning strikes
in the polar regions (0.15 strikes/s in the north
versus 0.18 strikes/s in the south). In each case,
about one-fifth of the polar region was viewed at
any one time. The mean optical flash energies of
the individual northern and southern lightning
strikes agree to within 2%. If these average val-
ues are representative of all longitudes, the aver-
age lightning power per areawas about 0.6 × 10−6

and 0.5 × 10−6 W m−2 poleward of 60° latitude
for the south and north polar regions, respective-
ly. These values are comparable to the optical
power measured previously for the nonpolar re-
gions: 0.3 10−6Wm−2 (6) and 0.32 10−6Wm−2 (3).

Thus, over our small sampling of time and
longitude, the lightning frequency and optical

Fig. 2. Global changes in Jupiter’s structure: September 1996 (top left) and December 2000 (lower left)
versus February 2007 (right). (Top row) Near-infrared views of Jupiter from Galileo NIMS in 1996 at 5 mm
(red image) and 1.6 mm (gray image) are compared to similar 2007 New Horizons images. Substantial
differences in cloud cover are seen in the south equatorial region and northwest of the Great Red Spot
(GRS). Similar differences are seen in comparing the 2000 Cassini view (lower left) with the 2007 New
Horizons view (right). Here, three global views are shown: three-color images in reflected sunlight (large
images), 5-mm thermal imagery (red images, bottom row), and 17.9-mm thermal imagery (orange images,
bottom row). The near-natural–color Cassini image is compared to a New Horizons image composed of
1.59-mm (red), 1.90-mm (green), and 1.85-mm (blue) images, emphasizing cloud altitudes and cloud
opacities (28). The near-uniform thick equatorial cloud structure in 2000 is more complex in 2007, with
distinct latitudinal variability in cloud opacity. The increased brightness of the 2007 5-mm images (red
images, bottom row) confirms cloud thinning. Little change is seen in the 19.7-mm images (orange), which
map 200-mbar-level temperatures. Arrows with labels show several latitudes where polar lightning has
been discovered.
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power in the south and north polar regions agree
to within 20%. This similarity suggests that
mechanisms that lead to large mid-latitude
differences in lightning activity are not important
in the polar regions. This view is supported by
the Galileo observation (6) that, averaged over 5°
latitude bins, the greatest number of storms per
unit area is observed in the southern hemisphere
near 55° latitude (planetographic), but for the
broader 45° to 60° latitude region, the northern
and southern hemisphere values are comparable.
Together, the New Horizons and Galileo high-
latitude observations give additional support to
the notion that internal heat drives convection
and dynamics more effectively in sunlit-poor po-
lar and high-latitude regions than in sunlit-rich
equatorial latitudes.

Additional insight into the nature of convec-
tion and vertical dynamics on Jupiter is provided
by New Horizons global images. These show
that vertical dynamics is variable on decadal
scales at low and middle latitudes when com-
pared to similar imagery obtained in September
1996 by the Galileo Orbiter and in December
2000 by Cassini-Huygens. The Linear Etalon In-
frared Spectral Imager (LEISA) (27) on New
Horizons obtained a high–spatial-resolution near-
infrared global-scale map of Jupiter, timed to
provide nearly the same observational and light-
ing geometry of the Great Red Spot as in the best
Galileo near-infrared and Cassini visual imagery
(Fig. 2) (28).

Distinct differences in cloud cover are seen
when directly comparing 1.6-mm images ob-
tained by the Near-Infrared Mapping Spectrom-
eter (NIMS) onGalileo in 1996 (23) and the 2007
New Horizons images. This pseudo-continuum
wavelength accentuates views of tropospheric

clouds found near the 0.5- to 2-bar level. In the
2007 image, these clouds are notably scarcer than
in the 1996 image in both the south equatorial
region and in the “turbulent wake” region
northwest of the Great Red Spot. In 5-mm ther-
mal imagery, the 2007 ground-based images
show increased flux, similarly due to the thinning
of tropospheric clouds, which allows Jupiter’s
5-mm thermal emissions, generated at depth
near the 8-bar level, to readily escape out of the
atmosphere.

Similar differences in cloud cover are seen
between the 2000 Cassini images and the 2007
New Horizons images. The equatorial region is
uniformally cloudy in the 2000 Cassini three-color
image, whereas the three-color Cassini image
shows few clouds in the southern half of this
region. Again, the turbulent wake region to the
northwest and west of the Great Red Spot is
remarkably quiescent in the 2007 image, in stark
contrast to the turbulent region of swirling clouds
seen in the 2000 image by Cassini and observed
consistently for more than 20 years by Voyager,
Galileo, and Cassini-Huygens (1, 19, 23, 29).
This region has been observed to produce the
largest spectroscopically identifiable ammonia
clouds on Jupiter (23), indicative of powerful
vertical transport delivering relatively large
quantities of ammonia gas to the upper atmo-
sphere. There, large-particle thick clouds are
produced on a time scale of a day or less. Yet
the 2007 LEISA images show this area almost
clear of clouds. Spectroscopic searches for am-
monia in this region, such as were successfully
conducted with the Galileo NIMS instrument
(23), show no spectroscopic evidence of ammo-
nia clouds, although such clouds were seen in
other regions by LEISA (30). The latitudinal

region to the west was also clear of thick con-
vective clouds, out to the western limb.

The 5-mm ground-based observations of
Jupiter, taken contemporaneously with the Cas-
sini and New Horizons images (Fig. 2, bottom
row), confirm the changes in cloud cover. In
contrast, the 17.9-mm images of Jupiter, which
are indicative of temperatures near the 200-mbar
level just below the tropopause, shows few
changes between 2000 and 2007.

Thus, the changes seen in 2007 are indicative
of changes restricted to tropospheric depths un-
derneath the 200-mbar level. The observed
regional changes in mid- and low-latitude cloud
properties suggest changes in vertical dynamics
and transport, including convection, between ~ 400
mbar and perhaps several bars. The cause of such
changes in vertical dynamics is unclear, but they
may be due to variations in atmospheric stability
at depth, perhaps due to variations in water con-
tent and/or the emission of internal heat. Because
the primary driver of Jupiter’s global circulation
at depth is Jupiter’s own internal heat, we suspect
that the atypically quiescent view of Jupiter ob-
served by New Horizons and ground-based
observations in early 2007 will be relatively
short-lived as the planet reverts to its typically
dynamic state.
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Jupiter’s Nightside Airglow and Aurora
G. Randall Gladstone,1* S. Alan Stern,2 David C. Slater,1 Maarten Versteeg,1 Michael W. Davis,1

Kurt D. Retherford,1 Leslie A. Young,3 Andrew J. Steffl,3 Henry Throop,3 Joel Wm. Parker,3

Harold A. Weaver,4 Andrew F. Cheng,2 Glenn S. Orton,5 John T. Clarke,6 Jonathan D. Nichols6

Observations of Jupiter’s nightside airglow (nightglow) and aurora obtained during the flyby of the
New Horizons spacecraft show an unexpected lack of ultraviolet nightglow emissions, in contrast to
the case during the Voyager flybys in 1979. The flux and average energy of precipitating electrons
generally decrease with increasing local time across the nightside, consistent with a possible
source region along the dusk flank of Jupiter’s magnetosphere. Visible emissions associated with
the interaction of Jupiter and its satellite Io extend to a surprisingly high altitude, indicating
localized low-energy electron precipitation. These results indicate that the interaction between
Jupiter’s upper atmosphere and near-space environment is variable and poorly understood;
extensive observations of the day side are no guide to what goes on at night.

Jovian dayside airglow and aurora have been
extensively observed from Earth orbit since
their initial detection during the Voyager

flybys in 1979 (1–8). On 3 March 2007 be-
tween 06:28 and 09:58 universal time (UT) (about
3 days after closest approach on 28 February
at 05:43 UT) during the flyby of Jupiter, the
New Horizons spacecraft made several high
phase-angle observations of nightside airglow
(nightglow) and auroral emissions. Because the
night side has not been well observed, long-
standing questions remain, including the nature of
Jupiter’s 121.6-nm (Lya) nightglow (for example,
is it similar to the tropical arcs of Earth?), how the
nightside auroras are different from those on the

day side, and what the smallest structures in satel-
lite footprint auroras are andwhat governs their size.

Jupiter’s nightside hydrogen Lya airglowwas
seen by Voyager 2 in 1979. Data from its ultra-
violet (UV) spectrometer showed substantial non-
auroral emissions well past the terminator, which
were interpreted to result from low-latitude particle
precipitation (1, 2). Low-latitude particle precipi-
tation was also suggested as a way to maintain
Jupiter’s large exospheric temperature (9) and to
account for low-latitude x-ray emission (10). In
contrast, several nightside east-west scans by the
Alice UV spectrograph on New Horizons (11, 12)
indicate that the Lya nightglow is faint, and there
was no evidence of emission from high solar zenith
angle regions on the night side that are far from the
auroral regions (Fig. 1). Instead, the emissions are
well fit by scattered solar Lya radiation from the
bright limb (13). This finding implies that no sub-
stantial low-latitude particle precipitation is current-
ly occurring and suggests that either the Voyager
results were spurious or Jupiter has changed
between the two epochs (the Voyager flybys

were during solar maximum, whereas the New
Horizons flyby occurred during solar minimum).

Observations of Jupiter’s night side also pro-
vide a way to search for the presence of tropical
arcs, which at Earth are bands of emission on
either side of the magnetic equator resulting from
the recombination of ions and are useful tracers
of ionospheric dynamics (14, 15). The Lya day-
glow of Jupiter is known fromVoyager Ultraviolet
Spectrometer results to have a bulge of brightness
that follows the magnetic dip equator (16). A pos-
sible explanation for the Lya bulge is extra scat-
tering of solar Lya radiation from a hot hydrogen
population resulting from H3

+ recombination on
either side of the magnetic equator; that is, the
bulge might resolve into tropical arcs if seen at
higher spatial resolution (17). Although no large-
scale Lya nightglow was seen by New Horizons,
there are indications of excess brightening near the
terminator, especially in regionswhere tropical arcs
might be expected (such as near the end points of
the low-latitudemagnetic field line traces in Fig. 1).

Most of Jupiter’s UV aurora results from col-
lisions of energetic magnetospheric electrons with
atmospheric hydrogen, leading to emissions at
wavelengths from 80 to 165 nm. However, the
more energetic electrons penetrate deeper into the
atmosphere, where the resulting shorter-wavelength
UVauroral emissions can be partially absorbed by
atmospheric methane. The color ratio is defined as
the ratio of the integrated auroral brightness from
155.7 to 161.9 nm over that from 123.0 to 130.0 nm
(18, 19) and is used as a proxy for the mean en-
ergy of auroral electrons. A larger color ratio results
from preferential absorption of shorter-wavelength
UV photons by hydrocarbons (primarily CH4)
overlying a deeper layer of auroral emissions. Data
from the Space Telescope Imaging Spectrograph
(STIS) on the Hubble Space Telescope (HST)
(20) and the Ultraviolet Imaging Spectrograph on
Cassini (21) show that typical color ratios were 1.5
to 6.0 and that the largest ratios (and presumably

1Southwest Research Institute, San Antonio, TX 78238, USA.
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west Research Institute, Boulder, CO 80302, USA. 4The Johns
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