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We show that the peak velocity of Jupiter’s visible-cloud-level zonal winds near 24�N (planetographic)
increased from 2000 to 2008. This increase was the only change in the zonal velocity from 2000 to 2008
for latitudes between ±70� that was statistically significant and not obviously associated with visible
weather. We present the first automated retrieval of fast (�130 m s�1) zonal velocities at 8�N planetographic
latitude, and show that some previous retrievals incorrectly found slower zonal winds because the eastward
drift of the dark projections (associated with 5-lm hot spots) ‘‘fooled’’ the retrieval algorithms.

We determined the zonal velocity in 2000 from Cassini images from NASA’s Planetary Data System using a
global method similar to previous longitude-shifting correlation methods used by others, and a new local
method based on the longitudinal average of the two-dimensional velocity field. We obtained global veloc-
ities from images acquired in May 2008 with the Wide Field Planetary Camera 2 (WFPC2) on the Hubble
Space Telescope (HST). Longer-term variability of the zonal winds is based on comparisons with published
velocities based on 1979 Voyager 2 and 1995–1998 HST images. Fluctuations in the zonal wind speeds on the
order of 10 m s�1 on timescales ranging from weeks to months were found in the 1979 Voyager 2 and the
1995–1998 HST velocities. In data separated by 10 h, we find that the east–west velocity uncertainty due
to longitudinal fluctuations are nearly 10 m s�1, so velocity fluctuations of 10 m s�1 may occur on timescales
that are even smaller than 10 h. Fluctuations across such a wide range of timescales limit the accuracy of
zonal wind measurements. The concept of an average zonal velocity may be ill-posed, and defining a ‘‘tem-
poral mean’’ zonal velocity as the average of several zonal velocity fields spanning months or years may not
be physically meaningful.

At 8�N, we use our global method to find peak zonal velocities of �110 m s�1 in 2000 and �130 m s�1 in
2008. Zonal velocities from 2000 Cassini data produced by our local and global methods agree everywhere,
except in the vicinity of 8�N. There, the local algorithm shows that the east–west velocity has large variations
in longitude; vast regions exceed �140 m s�1. Our global algorithm, and all of the velocity-extraction algo-
rithms used in previously-published studies, found the east–west drift velocities of the visible dark projec-
tions, rather than the true zonal velocity at the visible-cloud level. Therefore, the apparent increase in zonal
winds between 2000 and 2008 at 8�N is not a true change in zonal velocity.

At 7.3�N, the Galileo probe found zonal velocities of 170 m s�1 at the 3-bar level. If the true zonal velocity at
the visible-cloud level at this latitude is �140 m s�1 rather than �105 m s�1, then the vertical zonal wind
shear is much less than the currently accepted value.

Published by Elsevier Inc.
1. Introduction

One of the most robust features of Jupiter’s weather layer is its
zonal velocity. Here, we define the ‘‘zonal flow’’ to be the axisym-
metric component, or longitudinal average of the east–west com-
ponent of the winds in the visible-cloud deck. The zonal velocity
Inc.
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of Jupiter’s winds is a strong, and oscillatory, function of latitude,
but it also varied significantly in elevation in the one time and
place in which that variation was measured directly (Atkinson
et al., 1998) and also changes weakly in time. Between 1979 and
2000, several published zonal velocities (as functions of latitude)
were extracted from spacecraft images, showing that the zonal
velocity, which has characteristic velocities of order 100 m s�1,
had temporal variability on the order of 10 m s�1 at most latitudes.

Historically, there have been two general ways of measuring
Jupiter’s zonal flow. In one way (the most common), which we re-
fer to here as a global method, the zonal velocity is computed di-
rectly from image or mosaic pairs without having to first find the
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individual two-dimensional velocity vectors that make up the
velocity fields. Rather, the zonal flow is computed by finding longi-
tudinal correlations of the clouds in the region of an image or mo-
saic pair that span a very large range in longitude (often the entire
circumference of the planet) and a very small range in latitude
(Limaye, 1986, 1989; García-Melendo and Sánchez-Lavega, 2001;
Porco et al., 2003).

Global methods typically use computer-automated algorithms
to find the correlations, and because the correlation is done over
a large range in longitude, no information is available about how
the east–west component of the velocity varies in longitude. In
addition, because the correlations are found with respect to dis-
placements in longitude but not latitude, there is no information
available about the magnitude of the north–south components of
the velocity with respect to the east–west components.

A global method for computing a ‘‘zonal flow’’ is guaranteed to
find a single value for the zonal velocity at a given latitude, regard-
less of longitudinal variability. The resulting zonal flow can be mis-
leading. For example, in Neptune’s weather layer, at many latitudes
the variations of the east–west component of the velocity as a
function of longitude are of the same order as the east–west veloc-
ity itself (Smith et al., 1989; Limaye and Sromovsky, 1991; Martin
et al., 2004). A ‘‘zonal flow’’ of Neptune showing a smooth sinusoi-
dal variation in latitude can be extracted with a global method, but
it is not clear how to interpret that flow. In what sense is the dom-
inant atmospheric flow on Neptune zonal? On Jupiter, with the
exception of the flows within compact vortices or near the poles,
the longitudinal variations of the east–west component of the
velocity are much smaller than the characteristic magnitude of
the east–west velocity. In addition, with the exception of the flows
in the compact, intense vortices, the north–south component of the
jovian velocities are much smaller than the east–west components.
Thus, it is clear that it makes sense to say that the jovian atmo-
sphere has a dominant zonal flow and to compute it with a global
method.

However, it is still possible that the extracted ‘‘zonal flow’’ is
misleading, as shown by a second class of methods, which we call
local methods, for computing a zonal flow. In general, unless a pla-
net’s atmospheric flow is exactly axisymmetric, local and global
methods will give different results for the ‘‘zonal flow.’’ In a local
method, the first step is to compute the individual, two-
dimensional velocity vectors that make up the velocity field. The
vectors are computed using correlations or tie points between a
pair of images or mosaics using information that is local to the po-
sition of the velocity vector. The zonal flow is then computed by
averaging the east–west components of the vectors over longitude
and/or time (Ingersoll et al., 1981; Limaye et al., 1982; Li et al.,
2004, 2006)1 In all previously-published studies, the velocity vectors
used to compute the zonal flow with a local method were extracted
with manual feature tracking rather than using an automated corre-
lation method. Asay-Davis et al. (2009) argued that the uncertainty
of a velocity vector computed manually may be greater than the
uncertainty computed with an automated method; the main diffi-
culty of manual methods of velocity extraction is that, over a speci-
fied spatial region, they typically extract 100–1000 times fewer
velocities than does an automated method (cf., compare Figs. 1
and 3 in Shetty and Marcus (2010), and the two panels of Fig. 2 in
Asay-Davis et al. (2009)). Thus, although computing the zonal veloc-
1 Li et al. (2004) call their ‘‘local’’ method a ‘‘feature tracking’’ method, and what we
call a ‘‘global’’ method, they call a ‘‘correlation method’’. We use different terminology
because their ‘‘feature tracking’’ method is slightly different than what we have
defined as a ‘‘local’’ method. Instead of using the velocity vectors from all of their
features, Li et al. select a subset of features in which they exclude many features
based on their shape, their meridional velocity, and/or the temporal variability over
60 h.
ity with a local method is possible using a manual method to extract
the velocity vectors, there are typically an insufficient number of
velocity vectors to compute a statistically meaningful variation in
the velocity field as a function of longitude. On the other hand, a lo-
cal method in which the velocity vectors have been computed with
an automated technique will, as we show below, have sufficient
information to determine the longitudinal variability of the east–
west flows.

Historically, the uncertainties of the published zonal velocities
were based on the temporal fluctuations of the zonal velocities,
although the uncertainties were not always published (Porco
et al., 2003). In general, when several different, independent zonal
velocities were obtained from images or mosaics that spanned a
short interval of time, the reported uncertainties of the zonal veloc-
ities were defined to be the RMS temporal variation of the zonal
velocities (Limaye, 1986, 1989; García-Melendo and Sánchez-
Lavega, 2001). These uncertainties are attributable to both random
errors and the true temporal variations of the zonal flow, including
temporal variations of the east–west flow’s variations in longitude.
Understanding these uncertainties is important if we want to
understand how the jovian zonal velocity has evolved over time.
We cannot claim that a flow has changed in time if we cannot dem-
onstrate that the change is greater than the uncertainty. Moreover,
(Limaye, 1989) has argued that the jovian zonal flow has temporal
variations on the timescales of days, weeks and months that are on
the same order (10 m s�1) as the temporal variations that have
been reported to occur on the decade timescale. Thus, what may
have been reported as changes that occurred over decades may
in fact be changes that occurred over weeks, but were merely sam-
pled over decades. To clarify some of the issues associated with the
temporal changes in zonal flows, we present here two new meth-
ods for computing the uncertainties of the zonal velocities: one for
a global method and one for a local method. Neither method uses
temporal variations.

In Section 2, we summarize the previous analyses of zonal
flows. In Section 3, we present our Hubble Space Telescope (HST)
observations from May 2008 from which we acquired a series of
images covering two full jovian rotations using the Wide Field
Planetary Camera 2 (WFPC2). We also explain our global method
for extracting zonal velocities and their uncertainties. In Section 4,
we compare our zonal velocity extracted from HST 2008 images to
zonal velocities that we extract from earlier observations also
using our global method. We also compare with zonal velocities
computed by others using similar global methods. We examine
changes in the zonal velocity that are greater than the measured
uncertainties. In Section 5 we present the zonal velocity of 2000
and its uncertainties extracted with our local method and examine
the large differences between the locally and globally-extracted
velocities. We examine the relative sensitivities of these methods
to the dark projections, at 8.2�N. In Section 6, we state our conclu-
sions and plans for future work.

2. Summary of previously published zonal velocities

2.1. Wavelength of images and height of the extracted velocities

In this study, we explore temporal variability of Jupiter’s zonal
wind by comparing our extracted zonal velocities with three prior
zonal velocity measurements. Previously, zonal velocities were ex-
tracted by numerous authors from Voyager 1 and 2 images from
1979 (see Section 1), by García-Melendo and Sánchez-Lavega
(2001) from HST images from 1995–1998 and by Porco et al.
(2003) and Li et al. (2006) from Cassini images from 2000. We
use the results of Limaye (1986) for Voyager zonal winds because
these were derived from the largest number of mosaics using an
extraction method similar to our own and those of García-Melendo
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and Sánchez-Lavega (2001) and Porco et al. (2003). We compared
our results with the Cassini velocity measurements of Porco et al.
(2003); this profile was constructed from the same images (though
with slight differences in navigation, see Section 4.6) as we used to
construct our Cassini zonal velocity profile. Table 1 shows the fil-
ters that were used in these images along with the filters of the
HST images from 2008 that we use in our new extraction of the zo-
nal winds reported here.

Limaye (1989) and García-Melendo and Sánchez-Lavega
(2001), among others, compared zonal velocities extracted from
images produced with filters at different wavelengths. Limaye
(1989) found some differences between the Voyager zonal veloc-
ities produced from blue filter (480 nm) images vs. those from
violet filter (400 nm) images, though even the largest of these dif-
ferences appear to be of the same order as the temporal fluctua-
tions in the zonal velocity over several tens of rotations. García-
Melendo and Sánchez-Lavega (2001) saw no important difference
between zonal velocities taken at 892, 410 and 953 nm. Zonal
velocities from each of these wavelengths were averaged together
to produce their mean zonal velocity for the period between 1995
and 1998.

Porco et al. (2005) found significant variation in the zonal veloc-
ity of Saturn at different wavelengths (which probe different
depths). On Jupiter, Li et al. (2006) measured vertical wind shear
above the visible-cloud deck by manually tracking features that
appeared only in ultraviolet images. Li et al. (2006) also argued that
they tracked features at 3 bar or deeper (below the main visible-
cloud deck), by tracking (in the CB2 and MT2 filters at 750 and
727 nm, respectively) clouds within the dark projections, which
are relatively cloudless regions in the weather layer and therefore
are windows to the deeper layers. With this selective approach, Li
et al. (2006) confirmed that zonal winds decay with height above
the visible-cloud decks, consistent with Cassini CIRS thermal winds
(Flasar et al., 2004), and also argued that they confirmed that zonal
winds increased with depth near 7�N, consistent with the vertical
wind shear measured by the Galileo Probe at 7.3�N (Atkinson et al.,
1998). Conversely, the analysis of Li et al. (2006) shows that, with
the possible exception of the flows at the dark projections, velocity
extractions with images made with the visible wavelengths used in
this study measure only the zonal velocities in the visible-cloud
deck and do not measure velocities above them. Furthermore,
the analysis implied that a necessary (but not sufficient) condition
to measure velocities below the visible-cloud level using images in
visible wavelengths is that there is a large ‘‘hole’’ in the visible-
cloud deck, such as a hole associated with a dark projection. This
means that, at least at the vast majority of latitudes on Jupiter
where there are no large holes in the cloud deck, it is reasonable
to intercompare zonal velocity profiles taken at different wave-
lengths to look for temporal variability.
Table 1
Wavelengths for the image filters used to produce each of the four zonal velocities
analyzed in this paper. As discussed in Section 3.1, previous researchers have found
that the zonal velocity does not vary significantly over the depths probed by these
wavelengths, suggesting that zonal velocities constructed from images at different
wavelengths can be reasonably compared with one another. Also listed are the
approximate resolution of the original images before deprojection (after deprojection
in the case of Voyager).

Data set Filter wavelengths
(nm)

Sub-observer resolution
(km pixel�1)

HST 2008 673 155
Cassini 2000 750 (CB2) 125
HST 1995–1998 410, 892, 953 140–190
Voyager 2 1979 400 138⁄

⁄ Resolution of map mosaics used.
2.2. Uncertainty quantification in previous work

One of the difficulties in distinguishing real temporal variation
in the mean zonal velocity from errors in the measurements is that
the zonal velocity appears to vary on a variety of timescales from
weeks to decades (and quite probably over shorter and longer
times that have not yet been reliably measured). Because measure-
ments have been taken only sporadically, it is sometimes impossi-
ble to know when a change occurred and how long it took to occur.
Limaye (1986, 1989) performed a particularly detailed analysis of
mosaics covering several hundred jovian rotations from the Voy-
ager 1 and Voyager 2 approaches. At each latitude bin, two mean
zonal velocities were constructed by averaging all of the zonal
velocities at that latitude from each spacecraft. At some latitudes,
Limaye (1989) found differences in the mean zonal velocities of
more than 10 m s�1 over the four month interval between Voyag-
ers 1 and 2. He saw variability of approximately the same magni-
tude within a period of 10–50 jovian rotations (a few weeks). In
fact, fluctuations of more than 7 m s�1 were typically seen between
velocities extracted from consecutive rotations; Limaye speculated
that at least some of this variability was due to real temporal var-
iation in the mean zonal velocity, as opposed to errors in the
extraction method. The zonal velocities of García-Melendo and
Sánchez-Lavega (2001) taken between 1995 and 1998 show
changes at several latitudes on the order of 10–15 m s�1 from
one year to the next. Taken together, these studies suggest that it
is difficult to distinguish between changes that occurred over
months from those that occurred over years, and that both of these
longer-term changes are hard to distinguish from the fluctuations
(whether real or errors) that occur in a single rotation.

Some previous methods for measuring the uncertainties in the
mean zonal velocity have assumed that the variability among a
large number of zonal velocities is due to the errors in the extrac-
tion method and to the random fluctuations in the velocity field
over short timescales. These errors and fluctuations were assumed
to be random or uncorrelated, so that if there were no long-term
changes in the zonal velocity, then at each latitude bin, the average
of N zonal velocities at that latitude would produce a mean zonal
velocity with uncertainties that are smaller than the uncertainty
of an individual zonal velocity and also smaller than the variations
between pairs of zonal velocities by a factor of

ffiffiffiffi
N
p

. In particular,
the Voyager 2 1979 (Limaye, 1986) zonal velocity has uncertainties
that were based on the root-mean-squared (RMS) deviation of the
fluctuations of all zonal velocities from the mean zonal velocity, di-
vided by

ffiffiffiffi
N
p

. The mean zonal velocity �vðhÞ and its RMS deviation
RMS(h) as a function of latitude h were defined:

�vðhÞ � 1
N

X
i

v iðhÞ ð1Þ

RMSðhÞ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
i½v iðhÞ � �vðhÞ�2

N

s
ð2Þ

where the sum is over the available zonal velocities. The mean zonal
velocity and its RMS deviation in Limaye (1986) were constructed in
this manner in each latitude bin from from 142 zonal velocities, and
the uncertainty in the mean zonal velocity was defined to be
RMS=

ffiffiffiffi
N
p

. However, there is a question of whether RMS=
ffiffiffiffi
N
p

is a
meaningful uncertainty for the Voyager zonal velocities. The use
of RMS=

ffiffiffiffi
N
p

as a measure of the uncertainties is only appropriate
if the changes in the ‘‘true’’ mean zonal velocity are small compared
with this measure of the uncertainties. Limaye (1989) and García-
Melendo and Sánchez-Lavega (2001) present evidence of changes
on timescales of months or years in the mean zonal velocity that
are larger than their uncertainties. These temporal changes
contribute substantially to the uncertainty in a time-averaged zonal



La
tit

ud
e 

(p
la

ne
to

gr
ap

hi
c)

Longitude (System III)
050100150200250300350

−60

−40

−20

0

20

40

60

Fig. 1. A color HST mosaic taken with 673 nm (red), 502 nm (green) and 410 nm (blue) filters on May 10, 2008. In some regions (those with dark red color), only images in at
673 nm were available. Only the 673 nm images were used to produce the HST 2008 zonal velocity.
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velocity computed from individual zonal velocities that span
months or years. Such a time-averaged zonal velocity will have an
uncertainty that is much larger that RMS=

ffiffiffiffi
N
p

because of these
changes, so that a more conservative estimate of the magnitude
of uncertainty in the zonal velocities during the Voyager 2 approach
is its RMS deviation RMSVoyager2 (without dividing by

ffiffiffiffi
N
p

). We de-
fine RMSVoyager2 to be the published RMS deviation in Limaye
(1986), which is

ffiffiffiffi
N
p
�

ffiffiffiffiffiffiffiffiffi
142
p

times greater than Limaye’s published
error uncertainty. (Not all zonal velocities are available at all lati-
tudes, so that N varies slightly with latitude.) Similarly, we define
RMSHST95–98 as the temporal RMS of the HST zonal velocities be-
tween 1995 and 1998 as determined by García-Melendo and
Sánchez-Lavega (2001), as they did, without division by

ffiffiffiffi
N
p

.

2 http://pds-atmospheres.nmsu.edu/Jupiter/jupiter.html.
3. Observations and analysis: May 2008 HST and December 2000
Cassini images

3.1. Deprojection and navigation

We used HST images taken with the WFPC2 on UT May 9 and
10, 2008 to construct our zonal velocities (see Appendix A for the
identifiers corresponding to these images). The pixel resolution of
the images at the jovian disk center is �155 km pixel�1. We ac-
quired a majority of the images in this data set with the F673N fil-
ter (673 nm). A similar wavelength had provided the highest
contrast among cloud features in the vicinities of the Great Red
Spot (GRS) and Oval BA (Asay-Davis et al., 2009). Since cloud fea-
tures can only be tracked between images taken at the same wave-
length, we were able to maximize the number of image pairs from
which we could extract velocity measurements by focusing mostly
on a single wavelength. The large number of measurements can be
used to reduce the influence of bad pixels and Poissonian shot
noise on the extracted zonal velocity.

The HST images were navigated and deprojected using the same
methods outlined in Asay-Davis et al. (2009) and Lii et al. (2010).
Images were deprojected onto a regular grid in planetographic lat-
itude and System-III longitude with 0.05� spacing, sub-sampling
the original imaging data at �55–60 km pixel�1 at disk center.
Fig. 1 shows a mosaic of Jupiter at all longitudes and from 70�N
to 70�S latitude constructed from our HST images. Reflectivity data
were divided by the cosine of the emission angle to remove the
first order illumination effect from the maps.

We used 75 Cassini image maps from December 11 to 13, 2000
(see Appendix A for the identifiers corresponding to these images).
These image maps were provided by Ashwin Vasavada, who pro-
cessed these images as described in Porco et al. (2003) and Vasavada
et al. (2006). The Cassini maps, and the description of their process-
ing, are available through the Atmospheres Node of the Planetary
Data System (PDS).2 The deprojection grid has a fixed spacing in
planetocentric latitude and System-III longitude of 0.1� spacing,
corresponding to �110–120 km pixel�1 at the disk center.

3.2. Global method for extracting the zonal velocity

Rather than producing a zonal velocity from mosaics, we work
with deprojected image pairs directly. Our approach has at least
two advantages. First, the time separation between our HST image
pairs varies considerably, from about 9 h to about 11 h. This vari-
ability would make construction of useful mosaics difficult, since
a mosaic pair is assumed to have a fixed time separation. Second,
a mosaic can only make use of one image (or a linear combination
of images) at a given longitude, whereas we extract useful correla-
tion data from all images that cover a given longitude. This redun-
dancy tends to reduce errors due to bad pixels, Poissonian shot
noise, or random navigational offsets (though not systematic nav-
igation errors).

We crop each image to within ±40� longitude of the central
meridian to avoid correlating parts of the image where cloud fea-
tures are obscured by haze. Correlations are performed between
all overlapping image pairs separated by approximately one jovian
rotation. At each planetographic latitude h, we search a range of
possible velocities v(h) that is within ±50 m s�1 of the most recent
published zonal velocity of Porco et al. (2003). For the image pair
consisting of the jth and kth images in the data set (Ij, Ik), at each
latitude and for each possible velocity v, we compute:

D/j;kðvÞ � vDtj;k
d/
dx

ð3Þ

dx
d/
¼ RE cos hffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� e2 sin2 h
p ð4Þ

e2 ¼ R2
E � R2

P

R2
E

ð5Þ

where D/j,k is the shift in longitude corresponding to a given v for
the image pair, Dtj,k is the time separating the pair of images, RE

and RP are Jupiter’s equatorial and polar radii (71,492 km and
66,854 km, respectively, the IAU standard 1-bar radii from
Seidelmann et al. (2007)), and e is the eccentricity. Eqs. (4) and
(5) are Eqs. (19) and (2) from Ch. 3 of Pearson (1990). Correlations
are made between an image Ij and a shifted image I0k, where the sec-
ond image has been shifted in longitude by D/j,k(v), so that

I0kðh;/Þ � Ikðh;/þ D/j;kðvÞÞ ð6Þ

http://pds-atmospheres.nmsu.edu/Jupiter/jupiter.html
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Values of I0k are found by cubic interpolation in the longitude direc-
tion of Ik. We define the cross correlation of the unshifted image Ij

with the shifted image I0k as

hIjI
0
kiðh; vÞ �

1
Nj;k

XNj;k

i¼1

Ijðh;/iÞI0kðh;/iÞ ð7Þ

where Nj,k is the number of overlapping pixels between the images
for a given h and v, and where /i is the longitude of the ith pixel. The
mean and variance of an image can be defined in a manner consis-
tent with (7) as

hIjiðh; vÞ �
1

Nj;k

XNj;k

i¼1

Ijðh;/iÞ ð8Þ

hI2
j iðh; vÞ �

1
Nj;k

XNj;k

i¼1

I2
j ðh;/iÞ ð9Þ

For each latitude theta, we determine the zonal velocity v that max-
imizes our correlation function,

Rðh;vÞ ¼
X
ðIj ;IkÞ

XhþDh

h0¼h�Dh

IjI
0
k

� �
� Nj;khIji I0k

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

I2
j

D E
� Nj;khIji2

� �
I02k
D E

� Nj;k I0k
� �2

� �r
2
664

3
775 ð10Þ

where each bracketed quantity is evaluated at ðh0;vÞ, where the
first sum is over all overlapping image pairs (Ij, Ik) and where the
second sum is over all latitudes within ±Dh of the given latitude
h. For our HST 2008 zonal velocity, Dh = 0.25�, and for our
Cassini 2000 zonal velocity, Dh = 0.5�, meaning that correlations
were found over five rows of pixels on either side of the latitude
of interest in both cases (11 rows in total). Correlating more
than one row of pixels at a time (i.e., having Dh > 0) tends to
remove spurious correlations caused by coherent structures.
We found that Dh equal to five rows of pixels was sufficient
to remove the worst spurious features without smoothing robust
peaks (as a function of latitude) in the zonal velocity. The lati-
tude spacing of a zonal velocity was the same as that of the
images (i.e., there is a value of the zonal velocity to correspond
to each row of pixels). This means that zonal velocity values
that are adjacent in latitude were produced using many of the
same image pixels.

The definition of the correlation function in (10) was taken
from the laboratory correlation technique Correlation Image
Velocimetry (CIV) (Fincham and Spedding, 1997; Fincham and
Delerce, 2000). The normalization factors in the denominator re-
move changes in overall contrast between images, while subtrac-
tion of the second term in the numerator removes variations in
overall brightness between images. García-Melendo and
Sánchez-Lavega (2001) used a correlation function that was the
cross correlation of the image pairs without the normalization
factors, and with the average brightness removed using a high-
pass filter method (García-Melendo et al., 2000). Limaye (1986,
1989) found correlations by minimizing the least cumulative
absolute difference between mosaics at a given latitude and
summed over longitude. Limaye (1986) tested several definitions
of the correlation function and found that there were negligible
changes in the resulting zonal velocities for different correlation
functions. We tested several alternative definitions of R (with
and without normalization) including the cumulative absolute
difference and found that R as defined in Eq. (10) peaked the
most sharply with longitude offset. However, we did not see
any appreciable difference in the resulting zonal velocity. There-
fore, we feel confident that the choice of correlation technique is
not contributing to the differences between the zonal velocities
that we compare in this work.
3.3. Method for computing uncertainties with the global method

Our HST 2008 image data set contains only two jovian rotations.
Therefore, we were able to construct only one zonal velocity as a
function of latitude from these images. Our Cassini 2000 zonal
velocity was constructed from images from four jovian rotations,
so that each latitude bin is the average of three independent zonal
velocities separated by 10 h. In neither case did we have enough
independent zonal velocities to obtain meaningful statistics to
determine the RMS deviation around a mean zonal velocity. In-
stead, for these two zonal velocities we made use of the correlation
velocity uncertainty defined in Asay-Davis et al. (2009). A major
advantage of the correlation velocity uncertainty is that it empiri-
cally derives uncertainties from the image and velocity field data
themselves.

To determine the correlation velocity uncertainty, first, we used
the newly extracted zonal velocity v(h) to advect the pixels of each
image to a common time (usually about halfway between the ear-
liest and latest images). Unlike in Asay-Davis et al. (2009), we did
not need to solve a 2D advection equation. Because the velocity
was constant along each path and because the path was 1D, the
advection could be accomplished using a simple shift in longitude.
Since the longitudinal shift did not, in general, correspond to an
integer number of pixels, we used cubic interpolation to construct
the advected images from the originals. Second, we applied CIV,
the laboratory velocity measurement technique mentioned in Sec-
tion 3.2, to all overlapping pairs of the advected images. Although
CIV was designed to find velocities, at a basic level it is a software
for finding correlations among patterns of pixels; we used CIV to
find displacements (rather than velocities) of cloud features be-
tween the advected images. The local correlation velocity uncer-
tainty is the displacement between the advected cloud features
divided by the true time separation for that pair of features, the
time interval between the original, unadvected images. The uncer-
tainty in the zonal velocity at a given latitude is the RMS value of
all local correlation velocity uncertainties within a given range of
that latitude (for all longitudes). We choose to use the same range
of latitudes Dh as appears in the correlation function in Section 3.2
(i.e., ±0.25� for the HST data, ±0.5� for the Cassini data).

Applying CIV to the full set of images proved to be time con-
suming. Computing a total of �30,000,000 correlations between
a subset of approximately 50% of the Cassini images took more
than a month on a four processor desktop computer. To save com-
putational time, we processed only 10% of the HST image pairs,
producing �1,200,000 correlations, which were used to compute
the correlation uncertainty. (Although the software attempted to
correlate a similar number of features in the Cassini and HST cases,
the HST images contained visibly more noise than the Cassini
images, resulting in far more spurious correlations between HST
images. These spurious correlations were removed automatically
by the CIV software using well established techniques (Fincham
and Delerce, 2000).) The image pairs were chosen at random so
as not to favor any range of longitudes. The resulting HST and
Cassini uncertainties are quite similar: the RMS value of the
correlation velocity uncertainty over all latitudes is 11.2 m s�1 for
the HST data and 11.4 m s�1 for the Cassini data. The similarity
suggests that we have taken a large enough sample of the HST
images to get meaningful statistics.

3.4. Navigation errors

Limaye (1989) discussed in detail the navigational differences
between the Voyager 1 and Voyager 2 mosaics that led to a latitu-
dinal shift of approximately 0.5� between the mean zonal veloci-
ties extracted from these data. Limaye shifted each Voyager 1
zonal velocity north or south a (possibly non-integer) number of
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mosaic pixels. (The mosaic pixels were apparently not equally
spaced in latitude, so that the offset was not a constant latitude.)
He used a correlation method to find the pixel shift that maximized
the correlation between each Voyager 1 zonal velocity and the
Voyager 2 mean zonal velocity. The relative latitude offset is as-
sumed to be a relative navigation error between the Voyager 1 mo-
saic and the Voyager 2 mean. Relative navigation errors as large as
�0.4� latitude (about four pixels) were detected in this way. The
average navigation error was �0.15� latitude.

Visual comparison of our HST 2008 zonal velocity with both our
Cassini 2000 zonal velocity and the HST 1995–1998 zonal velocity
of García-Melendo and Sánchez-Lavega (2001) showed relative
navigation errors between these image data sets that were similar
to those between Voyager 1 and Voyager 2. It was visually appar-
ent that these zonal velocities differed not only by latitudinal shifts
but also by velocity offsets corresponding to a difference in rotat-
ing frame (i.e., a deviation from System-III rotation rate). (Note that
a change in rotating frame corresponds to a velocity offset that var-
ies with latitude, and is maximum at the equator.) To correct for
the relative navigation errors, we assumed that our HST 2008 zonal
velocity was correctly navigated and apply offsets to the other zo-
nal velocities to match this ‘‘reference’’ zonal velocity.

We used a multidimensional minimization technique to find
simultaneously the latitudinal offset and the velocity offset that
produced the best match with the reference zonal velocity. The
resulting offsets are catalogued in Table 2. Since the pixels in the
HST 1995–1998 mosaics were equally spaced in planetographic
latitude, we applied a constant offset in planetographic latitude
to the HST 1995–1998 zonal velocity. Similarly, since the pixels
of the Cassini 2000 images were at equally spaced intervals in pla-
netocentric latitude, the Cassini 2000 zonal velocity was shifted by
a constant planetocentric latitude. Because the Cassini 2000
images of the northern hemisphere had been navigated separately
from those of the southern hemisphere, we computed latitudinal
and velocity offsets separately for each hemisphere.

The latitudinal offsets in Table 2 for the HST and the Cassini zo-
nal velocities are on the order of one pixel or smaller, suggesting
that navigation methods may have uncertainties on the order of
one pixel. The larger offset between the Voyager 2 and all other zo-
nal velocities may be due to navigational errors or may result from
true changes in the zonal velocity. In either case, a comparison of
the shifted Voyager 2 zonal velocity gives the most conservative
estimate of where changes greater than the uncertainties have oc-
curred. The velocity offset values are negligible in the case of the
Cassini 2000 data and small compared with the RMS fluctuations
in the case of the Voyager 2 data, but significant in the case
Table 2
Offsets in latitude and velocity applied to each zonal velocity in order to best match
our HST 2008 zonal velocity, used as a reference. The velocity offsets are the values at
the equator, where the value is maximum. The velocity offsets at other latitudes are
modulated to correspond to the same rotating frame (i.e., the same offset in longitude
per second). Latitude offsets for the Cassini zonal velocities are planetocentric
because the pixels in the Cassini images were equally spaced in planetocentric
coordinates. All other latitude offsets are planetographic. The last column gives the
RMS value of the velocity over all latitudes. RMS values for HST 2008 and Cassini
zonal velocities were found using CIV as described in Section 3.3. RMS values for the
HST 1995–1998 and Voyager zonal velocities were found by taking the RMS value of
the published RMS value at each latitude.

Data set Latitude
offset

Velocity offset
(m s�1)

RMS velocity
(m s�1)

HST 2008 0 0 11.2
Cassini 2000 (this paper) 0.12 (N) �0.03 (N) 11.4

0.02 (S) 0.54 (S)
Cassini 2000 (Porco et al., 2003) 0.32 (N) 1.5 (N) N/A

0.36 (S) 2.7 (S)
HST 1995–1998 �0.14 �7.2 8.0
Voyager 2 0.43 �2.5 6.4
of the HST 1995–1998 data. For comparison, the difference be-
tween the equatorial velocity in Systems II and III is �3.7 m s�1.
Although the System-III period has been revised by several
researchers (Higgins et al., 2007; Russell et al., 2001), these
changes are too small to be noticed in our analysis.
4. Results using the global method

4.1. Comparison of HST 2008 and Cassini 2000 zonal velocities

Fig. 2a shows a plot of our HST 2008 and Cassini 2000 zonal
velocities; the difference between these zonal velocities, along
with the uncertainty in the difference are shown in panel b. The
uncertainty in the difference at a given latitude is the composite

uncertainty defined as RMSC �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðRMSCassini2000Þ2 þ ðRMSHST2008Þ2

q
.

The uncertainties RMSCassini2000 and RMSHST2008 are the RMS values
of the correlation velocity uncertainties, as defined in Section 3.3, of
the Cassini 2000 and HST 2008 zonal velocities, respectively. Dif-
ferences greater than the uncertainty can be seen at eight different
latitudes: 33.5�N, 31.1�N, 23.7�N, 8.2�N, 26.9�S, 29.9�S, 37.2�S and
47.8�S.

Local weather phenomena such as divergent motion from con-
vective plumes, waves and vortices can cause errors in the zonal
velocity measurements (García-Melendo and Sánchez-Lavega,
2001). It is partly for this reason that many previous studies have
taken a time average of several zonal velocity measurements
(Limaye, 1986, 1989; García-Melendo and Sánchez-Lavega, 2001;
Porco et al., 2003). When constructing our Cassini 2000 zonal
velocity, we used images from four jovian rotations, effectively
allowing us to average three zonal velocities together. This reduced
the likelihood that transient weather phenomena (with evolution-
ary timescales of less than four jovian days) would affect the zonal
velocity. Our HST 2008 zonal velocity was more sensitive to short-
timescale weather phenomena because it was constructed from
data from only two jovian rotations. Weather that changes on long-
er timescales will have affected both data sets. One possibly reli-
able method for ferreting out spurious changes between the
Cassini 2000 and HST 2008 zonal velocities would be to use an
automated or manual cloud tracking method to find local motions
near the latitude of interest at all longitudes, and use the resulting
velocity field to detect weather phenomena. Unfortunately, this
method is generally time consuming. Instead, we opted for a pos-
sibly less reliable but much faster method: we examined the cloud
patterns in the mosaics directly, looking for signs of dominant vor-
tex, wave or divergent motions at the latitudes of interest.

Fig. 3 shows close-up views of six regions from Fig. 1 covering
all eight locations where changes in the zonal velocity may have
occurred. Although it is not always correct to associate cloud pat-
terns with streamlines of the flow, the wavy distortions in the
clouds near 31�N in Fig. 3a suggest that there are significant
north–south velocities at many longitudes along this latitudinal
band, and that the possible change at this latitude is spurious.
These wavy distortions extend north as far as 33.5�N, so we con-
sider changes at this latitude also to be spurious. Fig. 3b shows
no local weather features that would affect the zonal velocity mea-
surement, so we conclude that the change at 23.7�N is real. Indeed,
a change in the zonal velocity at this latitude, associated with the
eruption of two convective plumes in March 2007, had been ob-
served by Sánchez-Lavega et al. (2008) and Barrado-Izagirre et al.
(2009), as we discuss in Section 4.5. Fig. 3c has a small, high con-
trast convective plume at 100�W, which could correspond to
diverging fluid motion. Even given its high contrast, the plume’s
small size probably means it contributes negligibly to the zonal
velocity at this latitude. Of greater concern are the dark projections
at 8.2�N and their effects on the extracted velocities near them.
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Fig. 2. (a) Our zonal velocity from HST images from May 10, 2008 and from Cassini images from December 11 to 13, 2000. The zonal velocities indicate a significant increase
in the peak speeds of the zonal velocities near �33�N, �31.5�N, �23.7�N and �8�N latitude. Changes of more questionable significance can be seen at �26.5�S and �37.5�S
latitude. (b) The difference between our HST our Cassini zonal velocities from (a). Also shown is the composite uncertainty of the two zonal velocities

�RMSC � �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðRMSHST2008Þ2 þ ðRMSCassini2000Þ2

q
, where RMSHST2008 and RMSCassini2000 are computed as in Section 3.3. Statistically significant changes occur only where the

black curve lies outside the bounds of the shaded curves. Velocity increases at �33�N, �31.5�N, �23.7�N and �8�N latitude are all greater than the uncertainties, but the
changes at �33�N and �31.5�N are likely to be spurious and due to waviness in the clouds. Changes at �26.5�S and �37.5�S latitude are only slightly larger than the
uncertainties, and may or may not be significant. The change in velocity at �8�N is likely due to the fact that velocity-extraction algorithm used with the 2000 Cassini
mistakenly found the drift velocities of the dark projections at that latitude, rather than the mean zonal velocity. See Section 5.
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These features are thought to correspond to Rossby wave peaks
and/or tied to elevations beneath the visible-cloud deck that move
at speeds that differ from the zonal velocity of the visible-cloud
deck. We defer the discussion of changes of the zonal velocity near
8�N to Section 5. Fig. 3d and e shows several vortices that may have
introduced spurious changes at 26.9�S, 29.9�S and 37.2�S. Several
patches that may correspond to cyclonic vortices occur near
47.8�S; two of these are faintly visible in Fig. 3f near 150–170�W
and 60–90�W. A large number of small vortices are visible
throughout this region. Both types of features could be interfering
with the zonal velocity measurement, and hence we conclude that
the change at 47.8�S may not be real. In either case, Fig. 2 shows
that this change is only marginally greater than the uncertainties.

4.2. Comparison of HST 2008 and HST 1995–1998 zonal velocities

Most of the possible changes between 1995 and 2008 are sim-
ilar to those between 2000 and 2008 (i.e., we see few differences
between the HST 1995–1998 mean zonal velocity and the Cassini
2000 zonal velocity). Fig. 4a shows our HST 2008 zonal velocity
and the HST 1995–1998 mean zonal velocity of García-Melendo
and Sánchez-Lavega (2001), along with the difference and associ-
ated uncertainties (defined as in the previous section) between
the zonal velocities in panel b. Statistically significant changes
can be seen at seven latitudes: 31.1�N, 23.7�N, 7.7�N, 9.6�S,
18.2�S, 26.2�S and 54.1�S. (There are also several other locations
where the magnitude of the possible changes are essentially equal
to the uncertainties.) Five of these seven locations correspond to
changes analyzed in the previous section; the remaining two
changes at 9.6�S and 18.2�S most likely occurred between 1995
and 2000. The same analysis of the previous section applies to
the five possible changes from after 2000: The change at 23.7�N
is probably real; we defer the discussion about the changes at
7.7�N to Section 5. The change at 31.1�N is probably spurious
(influenced by north–south fluid motion), as are the changes at
26.2�S and 54.1�S (due to vortex motion). Fig. 4 suggests that either
there are remaining navigation errors between the HST 2008 and
HST 1995–1998 zonal velocities in the southern hemisphere or
that the locations of the east and west jets changed by as much
as 1� latitude over the course of 10–13 years.

After García-Melendo and Sánchez-Lavega (2001) published
their results, improved geometric distortion corrections were made
available for WFPC2 (Anderson et al., 2003; Kozhurina-Platais et al.,
2003). However, the improvement (on the order of 0.4 pixels for the
WFPC2/PC1 detector) corresponds to an error of only about 0.1–0.2�
latitude near disk center, increasing as 1/cos(h) along the central
meridian longitude (e.g., 0.25–0.3� latitude at 50�N). Additional
errors may be associated with the variation in the distortion correc-
tion with wavelength, but it is unclear that the accumulation of
errors in the distortion solution of individual frames could lead to
the observed error of 1� at low latitudes.

4.3. Comparison of HST 2008 and Voyager 2 1979 zonal velocities

In this section, we compare our HST 2008 zonal velocity with
the Voyager 2 mean zonal velocity of Limaye (1986). We do not
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Fig. 3. Six parts of the HST mosaic in Fig. 1. The six regions are centered around the latitudes (a) �31.5�N, (b) �23.7�N, (c) �8�N, (d) �19�S, (e) �26.5�S and (f) �37.5�S, where
Fig. 2 shows the largest changes in the zonal velocity between 2000 and 2008. (a) The wavy cloud patterns may correspond to significant north–south fluid motion,
suggesting that velocities detected by our global method at 31.5�N and 33�N may not be real. (d)–(f) High contrast clouds associate with vortex features and turbulence near
19�S, 26.5�S and 37.5�S latitude may ‘‘confuse’’ the correlation algorithm, artificially modifying the measured zonal velocity. (b) and (c) Wave patterns, vortex features, dark
projections and turbulence are not apparent at�23.7�N, suggesting that the correlation method is picking up the zonal fluid motion and that the changes in the zonal winds at
these latitudes are real. The small convective plume near 100�W in (c) is probably too small to influence the zonal velocity measurement.
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use the Voyager 1 mean zonal velocity published in Limaye (1989)
because several factors make the latter Voyager zonal velocity less
appealing for comparison than the former (fewer constituent zonal
velocities used to compute the mean, the known latitudinal mis-
navigation and the use of images taken at multiple wavelengths).
Fig. 5 shows �15 different locations where statistically significant
changes are seen between 1979 and 2008. The locations of several
jets have changed by as much as 1.5� latitude, and the peak veloc-
ities of several jets have changed by �10–15 m s�1. The most sig-
nificant possible changes are at 48.5�N, 7.8�N and 47.7�S. A
comparison between Fig. 5 and the two panels in Fig. 4 suggests
that the changes at 48.5�N and 47.7�S occurred between 1979
and 1998, while comparison with Fig. 2 suggests that the change
at 7.8�N must have happened between 2000 and 2008 (but see
Section 5).

4.4. Summary of significant changes between 1979 and 2008

Fig. 6a shows the difference between our HST 2008 zonal veloc-
ity and the other three zonal velocities—our Cassini 2000 zonal
velocity (blue), the HST 1995–1998 zonal velocity (red) of
García-Melendo and Sánchez-Lavega (2001) and the Voyager 2
1979 zonal velocity (black) of Limaye (1986). These three curves
are the same as the black curves in Figs. 2b, 4b and 5b, respectively.
Fig. 6b presents the same data in a slightly different fashion: The
three curves show the change in the zonal velocity over three time
periods – between 2000 and 2008 (blue), between 1995–1998 and
2000 (red), and between 1979 and 1995–1998 (black). Fig. 6 helps
to synthesize the results of the previous three sections.

The major changes between 1979 and 1995–1998 have been
discussed in detail in García-Melendo and Sánchez-Lavega
(2001), and are summarized here for comparison with the other
time periods. Changes can be seen in strength of many zonal jets,
most notably those at �49�N and �24�N, which weakened by
�30 m s�1, and the jet near 48�S, which strengthened by
�25 m s�1. The broad velocity minimum near the equator de-
creased in speed by �20 m s�1, while the eastward jet at 7�S
strengthened by approximately the same amount (as observed
by Vasavada et al. (1998), using images Galileo from November
1996). All jets poleward of 45�N and 45�S appear to have moved to-
ward the equator by between 0.5� and 2� latitude during this time
period. García-Melendo and Sánchez-Lavega (2001) attributed this
trend to navigational errors; the fact that errors of this nature, and
of this magnitude were not seen when comparing the other zonal
velocities suggests either that the changes are real or that the er-
rors lie predominantly in the navigation of the Voyager mosaics.

During the much shorter time interval between 1995–1998 and
2000, we see a few noteworthy possible changes as well. Two
sharp spikes in our Cassini 2000 zonal velocity at 30�S and 37�S
are probably spurious artifacts resulting from vortex motion in
these regions; these sharp peaks were not seen in either the HST
1995–1998 or the HST 2008 zonal velocities. Long-lived, real
changes of as much as 37 m s�1 appear to have occurred in the
shearing region between 7�S and 20�S over these 2–5 years.
García-Melendo and Sánchez-Lavega (2001) observed changes in
the velocity in this region during the period between 1995 and
1998 that they averaged, so that it is difficult to say how much
of the change occurred before 1998 and how much (if any) oc-
curred after that year.

Although the differences in the zonal velocities indicate eight
possible changes over the time period between 2000 and 2008, vi-
sual inspection of the mosaics suggests that six of these may be spu-
rious. The remaining two changes, an �18 m s�1 velocity increase
near 24�N, and a�34 m s�1 increase near 8�N, show no obvious signs
of influence from local weather, though the Rossby waves may play a
role in the observations at 8�N (see Section 5). Fig. 7a shows a
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Fig. 4. (a) Our zonal velocity from HST images taken on May 10, 2008 and the zonal velocity of García-Melendo and Sánchez-Lavega (2001) from HST images taken between
1995 and 1998. The velocities indicate a significant increase in the peak zonal wind speed of three zonal jets, located at �31.5�N, �23.7�N, �8�N, �26.5�S and �37.5�S
latitude. (b) The difference between our HST zonal velocity and the HST zonal velocity of García-Melendo and Sánchez-Lavega (2001) from (a). Also shown is the composite

uncertainty �RMSC � �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðRMSHST2008Þ2 þ ðRMSHST95�98Þ2

q
of the two zonal velocities. The velocity changes between 1995–1998 and 2008 at �23.7�N and �8�N latitude are

statistically significant, whereas those near 31.5�N, 26.5�S and 37.5�S may be artifacts caused by waves and vortices at those latitudes. We believe that the velocity at �8�N
measured by García-Melendo and Sánchez-Lavega (2001) is likely to be incorrect due to spurious velocity correlations that come from the eastward drift of the dark
projections at that latitude. See Section 5.
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close-up view of all four zonal velocities (along with uncertainties)
in the region near 24�N. The figure shows that the velocity at the peak
decreased by�30 m s�1 between 1979 and 1995–1998, but then re-
gained much of its former strength between 2000 and 2008. Fig. 7b
shows a similar plot of the region near 8�N. The peak in the eastward
jet at this location is �20 m s�1 stronger in 2008 than in any of the
previous observations.

4.5. Observations near 24�N

Previous analyses of Jupiter’s second strongest eastward jet, at
24�N, have identified this region as prone to zonal velocity
changes. However, the timing and magnitude of the changes and
the maximum zonal velocities in this jet are controversial.
Maxworthy (1984) found a maximum velocity of �180 m s�1 in
1979, �20 m s�1 faster than Limaye (1986). It is unclear if this
difference represents a real change (or variability) in the zonal
velocity during the Voyager fly-bys or if the difference arises from
the very different velocity-extraction methods that were used.
Simon (1999) agreed with the previously noted decrease in maxi-
mum jet speed between 1979 and 1995, but found that the jet
increased back to a maximum speed of 179 m s�1 in 1998. Using
the same HST data, García-Melendo et al. (2000) and García-
Melendo and Sánchez-Lavega (2001) instead found no change in
the jet’s maximum velocity between 1995 and 1998.

The 11 m s�1 increase in the maximum speed of the 24�N jet be-
tween 2000 and 2008 (Fig. 2) was not monotonic in time. Sánchez-
Lavega et al. (2008) reported higher velocities of 160 m s�1 on 25
March 2007, coincident with the eruption of two highly energetic
plumes at 23�N. Within about two months, the peak jet speed de-
creased to about 147 m s�1, very close to the 2008 speed we report
here. Both Simon (1999) and García-Melendo et al. (2000) reported
a relationship between cloud patterns (morphology, color, and
brightness) in the North Temperate Belt near this jet, although
the direction of causality in this relationship is unconstrained by
the data. The 2007 decrease in jet speed following the plume erup-
tions (Sánchez-Lavega et al., 2008) suggests an additional relation-
ship between jet speed and release of internal heat. However, since
the plumes traveled slightly faster than 160 m s�1, it is not clear
how they could have caused a decrease in the jet speed to
147 m s�1. Understanding the physics relating the observations of
jet speed, cloud patterns, and plume eruptions would advance
our knowledge of Jupiter’s internal heat release and of the remark-
able stability of its zonal winds, but much higher temporal sam-
pling of the zonal velocity field is needed to constrain the
dynamics. Unfortunately, the need for high-resolution images to
measure zonal winds requires the use of highly over-subscribed
facilities such as the Hubble Space Telescope, making it unlikely
that these mysteries will be solved in the near future.

Barrado-Izagirre et al. (2009) characterized the Fourier spec-
trum of the longitudinal spatial variability of cloud brightness at
several wavelengths in the vicinity of 24�N. They also computed
zonal velocities in this region with a manual cloud feature tracking
method using images that, in most cases, covered �125� longitude.
Their zonal velocity measurements show an �25 m s�1 increase in
the speed of the westward jet at 17�N planetographic (15�N
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Fig. 5. (a) Zonal velocities from our HST images taken on May 10, 2008 and the Voyager 2 zonal velocity of Limaye (1986) from March 1979. We believe that the velocity at
�8�N measured by Limaye (1986) is likely to be incorrect due to spurious velocity correlations that come from the eastward drift of the dark projections at that latitude. See
Section 5. (b) The difference between our HST zonal velocity and the Voyager 2 zonal velocity of Limaye (1986). Also shown is the composite uncertainty
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planetocentric) latitude from �15–25 m s�1 in March–June 2007 to
�50 m s�1 in July 2008. The peak velocity near 17�N from our May
2008 zonal velocity is �27 m s�1, consistent with the March–June
2007 measurements of Barrado-Izagirre et al. (2009), but not
showing the increased speed they observed in July 2008. The dif-
ferences may result from the incomplete longitudinal coverage in
many of the zonal velocity measurements of Barrado-Izagirre
et al. (2009), or from differences between our automated and their
manual feature tracking methods. By matching their spectra and
zonal velocities with those from EPIC simulations, Barrado-Izagirre
et al. (2009) conclude that kinetic energy from the plume eruptions
at 23�N was redistributed to the anticyclonic (equatorward) side of
the eastward jet at this latitude, eventually producing a stronger
westward zonal jet at 14�N. Given that we do not observe this
change in the westward zonal velocity, our zonal velocity from
May 2008 would appear to be inconsistent with their conclusion.

4.6. Method validation using Cassini images December 2000

To validate our global-velocity-extraction method, we com-
pared our Cassini 2000 zonal velocity obtained via our global
method with the Cassini 2000 zonal velocity produced by Porco
et al. (2003). Both zonal velocities were produced from the same
Cassini images (but with slightly different navigation and depro-
jection; Vasavada, A., personal communication). To compensate
for some of the relative navigational differences, we shifted the
Porco et al. (2003) zonal velocity relative to ours using the method
described in Section 3.4. In the northern hemisphere, we found a
best-fit planetocentric latitude offset of 0.32� and a velocity offset
(at the equator) of 1.5 m s�1; in the southern hemisphere, the
best-fit planetocentric latitude offset was 0.36� and the velocity
offset was 2.7 m s�1. Fig. 8a shows a comparison of our Cassini
2000 zonal velocity with the zonal velocity of Porco et al. (2003);
panel b shows the difference between the two zonal velocities
along with RMSCassini2000 derived for our zonal velocity by the
method of Section 3.3. The difference in the two zonal velocities
is significantly less than RMSCassini2000 at all latitudes, and the
RMS difference over all latitudes is 2.6 m s�1. Our method seems
to produce a reliable zonal velocity. (Porco et al. (2003) did not pro-
vide an uncertainty for their zonal velocity, so we used only our
RMSCassini2000 when comparing the zonal velocities.)

The largest differences between the two globally-extracted Cas-
sini zonal flows from 2000 are near 37�N and 30�S latitude. Fig. 9
shows image-strips of these regions, which both display substan-
tial vortex activity. This activity may account for the differences
in the zonal velocities.

5. Observations near 8�N

5.1. Concerns about the velocities of the dark projections

Our Cassini 2000 global-extraction of the zonal velocities near
8�N agrees with previously-published studies; the peak eastward
flow is 108.8 m s�1, consistent with the range of previously pub-
lished values (for 1979–2000) that are between 103 and
114 m s�1 (Fig. 7b). However, the eastward drift speeds of the dark
projections (which are associated with the 5 lm hot spots) near
8�N have also been measured, and they are between 97 and
116 m s�1 (Allison, 1990; Ortiz et al., 1998; Arregi et al., 2006). Be-
cause the dark projections are the highest contrast features near
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Fig. 6. (a) The difference between our HST 2008 zonal velocity and our Cassini 2000 zonal velocity (blue), the 1995-1998 HST zonal velocity of García-Melendo and Sánchez-
Lavega (2001) (red), and the Voyager 2 zonal velocity of Limaye (1986) from 1979 (black). At three latitudes, �31.5�N, �8�N and �26�S, we see noticeable changes in our HST
2008 zonal velocity where there was little variation in the three zonal velocities spanning 1979–2000. Analysis of the cloud features in Fig. 3 suggest that the northernmost
and southernmost of these apparent changes are probably spurious. We believe that the �30 m s�1 ‘‘increase’’ in the velocity of the eastward zonal peak near 8�N in 2008 is
due to the fact that the 2008 measurement is of the actual zonal velocity at this latitude, whereas the other measurements were all ‘‘fooled’’ into finding the eastward drift
velocities of the dark projections at this latitude. This figure also shows that the eastward jet near 24�N increased in velocity by �20 m s�1 between 2000 and 2008, returning
to the strength it had in 1979. (b) The difference between our HST 2008 zonal velocity and our Cassini 2000 zonal velocity (blue), between our Cassini 2000 and the HST zonal
velocity of García-Melendo and Sánchez-Lavega (2001) from 1995–1998 (red), and between the HST 1995–1998 zonal velocity and the Voyager 2 zonal velocity of Limaye
(1986) from 1979 (black). As discussed in Section 4.4, changes in the zonal velocity can be seen at a variety of locations during these three periods of time. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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8�N at visible wavelengths used to compute zonal velocities, it is
plausible that our global method, as well previous methods of zo-
nal velocity extraction, are fooled into finding the drift rates of the
dark projections rather than the true zonal velocity at these
latitudes.3

Another potential problem at 8�N is that the peak zonal velocity
found there with our globally-extraction method using the HST
2008 images is �131.2 m s�1. Thus, if our 2000 and 2008 zonal
velocities are correct, then the velocity peak at 8�N increased by
22 m s�1 between 2000 and 2008, which is larger than any other
change in the zonal velocity between 2000 and 2008. (The second
largest change was at 31.1�N, but was likely spurious as discussed
in Section 4.1.) Such a large increase in zonal velocity should be
viewed with caution, and may suggest that either the 2000 or
2008 (or both) velocity measurements near 8�N were incorrect. It
3 There are high-contrast vortex streets at other latitudes, and the vortices drift
east and west with respect to the ambient zonal flows, so why do not the velocity-
extraction algorithms get fooled at these latitudes as well? It appears that sometimes
they do. However, the vortices drift independently of each other and do not cover a
wide range of longitudes, so that when their east–west velocities are averaged in
longitude and/or time, the spurious velocities of the vortices average to zero with
respect to the local zonal velocity. In contrast, all of the clouds patterns of the 8–10
dark projections drift at nearly the same speed with respect to their local zonal flow,
so their spurious effects do not average to zero as they do in a row of independently
drifting vortices.
would be useful to know if the eastward drift speed of the dark
projections in 2008 was also �131 m s�1, which might explain
the increase in our ‘‘extracted’’ (but possibly incorrect) zonal veloc-
ity. Arregi et al. (2006) catalogued drift rates of the dark projec-
tions between 1882 and 2001, showing that they always lie in
the range of 97–114 m s�1, making a drift rate of over 130 m s�1

very unlikely. Unfortunately, no drift rate measurements have
been made since 2001, so we cannot be certain (but see
Section 5.3).

5.2. Zonal velocities extracted by the local method

The velocities and cloud patterns in the region around 8�N have
large variations in longitude. By extracting two-dimensional veloc-
ity vectors from the Voyager data with manual methods, Ingersoll
et al. (1981) and Limaye et al. (1982) found an unusually large RMS
deviation of the zonal velocity measurements of �20 m s�1 in this
region. Unlike previously-published automated methods that were
used to compute zonal velocities, these manually extracted veloc-
ity vectors were able to capture the longitudinal variability of the
zonal velocity. This variability may be due to waves (see next sec-
tion), or due to longitudinally varying cloud opacities that allow us
to observe deeper into the atmosphere. With longitudinally vary-
ing cloud opacity, vertical wind shear could account for the mea-
sured longitudinal variation in the extracted velocities. Li et al.
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Fig. 7. (a) The four zonal velocities near 24�N: Our HST 2008 zonal velocity (blue circles), our Cassini 2000 zonal velocity (red squares), the HST zonal velocity of García-
Melendo and Sánchez-Lavega (2001) from between 1995 and 1998 (black triangles), and the Voyager 1 zonal velocity of Limaye (1986) from 1979 (magenta diamonds). The
velocity magnitude of the eastward jet in 2008 is �15 m s�1 greater than in both 2000 and 1995–1998, but �10 m s�1 less than in 1979. The error bars shown in the plot are
RMSHST2008, RMSCassini2000, RMSHST95�98 and RMSVoyager2 as defined in the text. The error bars indicate that the changes between 1995–2000 and 2008 are greater than the
uncertainties. (b) The four zonal velocities and RMS uncertainties near 8�N plotted as in (a). The velocity magnitude of the eastward jet in 2008 is �30 m s�1 greater than seen
in the three earlier zonal velocities. The error bars indicate that the change between 1979–2000 and 2008 is greater than the uncertainty but is misleading if the velocity-
extraction algorithms are being ‘‘fooled’’ by the drift velocities of the dark projections. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 8. (a) Our zonal velocities from Cassini images taken on December 11–13, 2000 and the zonal velocity of Porco et al. (2003) from Cassini images from the same dates. The
zonal velocities are similar at most locations. (b) The difference between our Cassini zonal velocity and the Cassini zonal velocity of Porco et al. (2003). Also shown is
RMSCassini2000 as a function of planetographic latitude. All differences are smaller than the RMS uncertainties.

1226 X.S. Asay-Davis et al. / Icarus 211 (2011) 1215–1232



La
tit

ud
e 

(p
la

ne
to

gr
ap

hi
c)

100120140160180200220240260
30
35
40

Longitude (System III)
100120140160180200220240260

−35
−30
−25

(b)

(a)

Fig. 9. Two parts of a Cassini mosaic taken at 750 nm (CB2 filter) on December 11, 2000. The two regions are centered around the locations of maximum difference between
our Cassini 2000 zonal velocity an the Cassini zonal velocity of Porco et al. (2003) at (a) �37�N and (b) �30�S latitude (see Fig. 8). Both regions contain vortical features with
high contrast clouds that probably dominated the comparisons made by our correlation method, leading to small errors in the zonal velocity.
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(2006) and Atkinson et al. (1998) both argued that there is a large
vertical zonal wind shear at 8�N. Li et al. (2006) based their argu-
ments on velocities extracted from Cassini images taken at several
wavelengths and by peering through the ‘‘holes’’ in the visible-
cloud deck provided by the dark projections. Atkinson et al.
(1998) measured the zonal velocity near the 3-bar height from
Doppler velocity measurements with the Galileo probe. This com-
bination of vertical zonal wind shear and longitudinally varying
cloud opacity could account for the longitudinal variability in the
extracted zonal velocity vectors at this latitude.

To untangle these issues we developed a local method for
extracting the zonal velocity that allows us to better understand
the longitudinal variability of the zonal velocity. By applying
Advection Corrected Correlation Image Velocimetry (ACCIV), the
automated velocity extraction technique described in Asay-Davis
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Fig. 10. (a) The Cassini 2000 zonal velocity extracted with the local correlation technique f
The zonal velocities agree at most latitudes but show a few marked differences, notably
RMS uncertainties. The uncertainties show unusually large variability in the jet at 8�N as
lies close to the left RMS uncertainty curve in the region near 8�N indicates that the globa
these latitudes. Fig. 11 shows that the smallest speeds are well correlated with the dark
et al. (2009), to the same Cassini 2000 images that we used to com-
pute our globally-extracted Cassini 2000 zonal velocity, we have
derived the two-dimensional velocity map of the full planet be-
tween ±60�. The longitudinally-averaged, east–west component
of this velocity map is defined to be our locally-extracted zonal
flow and is shown in Fig. 10a. The difference between the locally-
and globally-derived zonal velocities using the Cassini 2000 data is
shown in Fig. 10b. The difference is small at most latitudes, but
there is a large difference near 8�N. (The other big differences are
near 31.1�N, which we have discussed in Sections 4.1 and 4.2 as
a region of waviness in the visible clouds and 29.9�S, where vortex
motion probably are responsible for the spurious spike in the
velocity.) Fig. 10b shows that the difference between the locally-
and globally-extracted zonal velocities at this latitude is approxi-
mately the same as the RMS value of the correlation uncertainty.
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rom Section 5.2 and extracted with the global correlation technique from Section 3.2.
at 8�N. (b) The difference between the two zonal velocities from (a) along with the
well as in the shear region between 7�S and 20�S. The fact that the difference curve

l correlation technique is systematically finding the smallest magnitude velocities at
cloud features of the dark projections.
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Fig. 11. (a) A map showing the spatial variability of the east–west component of the velocity based on Cassini 2000 images taken at visible wavelengths. The information in
the map was derived from the two-dimensional velocity field that we extracted from the images using ACCIV (Asay-Davis et al., 2009) for latitudes between 60�N and 60�S and
for all longitudes. Near 8�N the east–west component of the velocity varies from �100 to 150 m s�1 as a function of longitude. (b) A mosaic made from Cassini images
showing the same region as (a). Visual comparison shows that the regions of lowest velocity in (a) (darker shades of orange) are usually well correlated with the location of
the seven dark projections, which are the dark features centered at longitudes 13�, 72�, 94�, 133�, 225�, 275�, and 320�. Although the regions inside the dark projections are
nearly free of visible clouds, with ACCIV we have extracted �100,000 two-dimensional velocity vectors within the dark projections. Not much information can be inferred
about those velocity vectors, it is not clear what heights in the atmosphere those velocities correspond to, or if the velocities are associated with the internal dynamics of the
dark projection or the ambient zonal flow. Those velocity vectors trace local dynamics related to the dark projections, rather than the drift velocity of the dark projections.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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The two coincide because both of these quantities primarily mea-
sure the longitudinal variation in the east–west velocity. The longi-
tudinal variation of the magnitude of the east–west component of
the velocity near 8�N is illustrated by the color-map in Fig. 11a.
Comparison between this panel and Fig. 11b shows that six of
the seven dark projections are located at longitudes where the
east–west velocity has its lowest values, �100 m s�1.

Fig. 12 illustrates another new way to see that the east–west com-
ponents of the two-dimensional velocities extracted from the
images in visible wavelengths depend on whether they are inside
or outside of the dark projections. The figure not only compares
the zonal velocities extracted with the local method and with the
global method but also shows the average east–west components
(as functions of latitude) of the two-dimensional velocity vectors
within each of the seven dark projections. Note that one of the dark
projection (at longitude 225�) has fluid with in it that has velocities
with east–west components that are faster than the locally-ex-
tracted velocity (which at each latitude bin is the average of the
east–west component of the two-dimensional velocity field aver-
aged over all longitudes, except for the parts of the velocity field that
lie within any one of the seven dark projections). Note that the aver-
age of the east–west component of the two-dimensional velocity
vectors within a dark projection is not the speed at which the dark
projection drifts to the east, so visible clouds trace local and zonal
motions but do not trace the propagation of equatorially trapped
Rossby waves.

Ideally, we would apply the same ACCIV velocity-extraction
method to the HST images from May 2008 in order to create a
velocity map near 8�N similar to Fig. 11. Based upon our findings
when we applied ACCIV to regions on these images near GRS and
Red Oval, the signal to noise ratio of these images is too low to ap-
ply ACCIV in a reliable way. However, because the local-velocity-
extraction method and the global-velocity-extraction method
when applied to the Cassini 2000 images yield nearly the same zo-
nal velocities (with the exception of 29.9�S, which is likely spurious
due to vortices and 8�N due to dark projections), and because the
vector fields that are used to compute the locally-extracted zonal
velocity (with the exceptions of 29.9�S and 8�N) do not show much
longitudinal variation, we believe that longitudinal variation of
cloud opacity (except at 8�N) does not lead to spurious results.
4 Velocity measurements in the regions of dark projections (Hueso and Sánchez-
Lavega, 1998; Vasavada et al., 1998) tracked features around and exterior to the dark
projections rather than within them.
5.3. Analysis of the flow at 8�N

From the discussion in the previous section and from Figs. 10–
12, we conclude that our global-extraction method using the Cas-
sini 2000 images taken at visible wavelengths did not find the
mean zonal velocity at the level of the visible clouds at 8�N.
Fig. 11a shows that the east–west component of the velocity near
8�N has significant variations in longitude and that large regions of
the flow near that latitude have east–west velocity components of
order 140 m s�1.

Li et al. (2006) argued that the dark projections act as win-
dows in the visible clouds and allow the CB2 and MT2 filters to
pick up high-speed (typically, �150 m s�1) velocity vectors at ele-
vations beneath the visible clouds. Our ACCIV velocity-extraction
method with images in visible wavelengths is able to find corre-
lations between image pairs of clouds (and thereby extract veloc-
ities) within the relatively cloud-free dark projections (cf.,
Fig. 13). However, Figs. 12 and 13 show that the velocities that
we extracted from within the dark projections are generally
(i.e., six out of seven cases) slower than the velocities that we
found outside the dark projections, and those velocities are al-
ways very much smaller than the high-speed velocities (140–
175 m s�1) found by Li et al. (2006). Note that with our auto-
mated method we have found �100,000 velocity vectors within
the dark projections, whereas Li et al., who used a manual meth-
od to find correlations, report only 15 velocity vectors within the
dark projection that they examined (at 225 longitude) and
approximately one-third of those vectors had velocities less than
115 m s�1. It is possible that the high-speed velocities that Li
et al. report come from a deep (>3 bar) layer of fast zonal flow,
but, based on Figs. 11–13, we believe an equally plausible expla-
nation is that: (1) all or most of the velocity vectors that we have
extracted from the visible-wavelength images outside the dark
projections are at the visible-cloud level; (2) the zonal flow at
8�N has a peak eastward velocity of 122–140 m s�1; and (3) the
velocity vectors we obtain within the dark projections are at vis-
ible-cloud level or deeper, but they are associated with the com-
plex fluid dynamics and cloud patterns within the dark
projections rather than the zonal velocity either at the visible-
cloud level or at the 3-bar level.4 Because we do not thoroughly
understand the dynamics of the dark projections (or their precise
relationship to the 5 lm hot spots) and in particular how the winds
within them are structured or whether their clouds are passive
tracers, we believe that we should simply exclude their contribu-
tion (as we have done in the dashed curve in Fig. 12) from the
averaging used to compute the zonal flow at visible-cloud level
(or at a deeper level).

The fact that both Porco et al. (2003) and we found peak veloc-
ities at 8�N, of �111 m s�1 using global velocity-extraction meth-
ods on the Cassini 2000 images, means that these methods are
not finding the average zonal velocity at the visible-cloud level,
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latitude) of the two-dimensional velocity vectors within each of the seven dark
projections (associated with the 5 lm hot spots). For each of the red curves and for
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projections are very different, despite the fact all seven dark projections have nearly
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going velocity (142.3 m s�1) is for the dark projection at 220� longitude and is the
same dark Projection that was used in the study by Li et al. (2006) who found 15
velocity vectors within the dark projection, with the biggest velocity vector having
an east–west component of 175 m s�1. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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nor are they finding the characteristic east–west velocity compo-
nents outside the dark projections. Thus, it appears that these glo-
bal methods, as well as all previous studies using visible images
from 2000 or earlier (which all found peak velocities of �103–
114 m s�1 near 8�N) failed to find the zonal velocity, and instead
found the drift velocity of the dark projections (which therefore
cannot be passively moving at the visible-cloud level east–west
velocities).
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extracted velocity vectors (i.e., 1/16 in each dimension). The magnitudes of the largest v
eastward velocity of 100 m s�1 from all vectors, so that the velocities are in a frame app
The one exception where it appears that a global-velocity-
extraction method using images taken at visible wavelengths does
not find drift the velocity of the dark projections is our global-
velocity extraction using the 2008 HST images. That analysis found
a peak velocity of 131.2 m s�1, and it is difficult to believe that that
was the drift velocity of the dark projections in 2008. Unfortu-
nately we do not know their drift speed in 2008 (nor do we have
a 2D east–west velocity field for 2008), but we can put bounds
on the drift speeds of the dark projections in 2008 if they move
at the phase speed of a Rossby wave, as suggested by Allison
(1990), Ortiz et al. (1998), Arregi et al. (2006). The only parameters
that affect the speed of a Rossby wave and that can change in time
are: its azimuthal wavenumber (i.e., the number of dark projec-
tions), the vertical stratification (parameterized as the equivalent
height by Allison (1990)), the velocity of the underlying zonal flow
to which the Rossby wave is attached, and the Rossby wave’s
meridional wavenumber. Ortiz et al. (1998) and others have ar-
gued that the meridional wavenumber must be unity in order to
have the Rossby wave have a large amplitude near 8�N. The num-
ber of dark projections has either remained the same or has de-
creased by one between 2000 and 2008 (see Figs. 3c and 11b –
we suggest that there are six dark projections in 2008, but the
imagery is not definitive; it is generally agreed that there were se-
ven in 2000), but the phase speed of a Rossby wave decreases with
a decreasing number of dark projections (azimuthal wavenumber).
The number of dark projections would have had to increase from 7
to 26 between 2000 and 2008 for the speed of the Rossby wave and
of the dark projections to have increased from 108.8 to
131.2 m s�1. Or, if the number of dark projections had stayed the
same (i.e., 7) between 2000 and 2008, the equivalent vertical depth
of the layer containing the wave (as defined by Allison (1990))
would have had to have changed from 0.9 km (Ortiz et al., 1998)
to a very shallow 210 m between 2000 and 2008 to obtain a similar
increase in the Rossby wave phase speed. Such a large change in
equivalent depth would have had many other observational conse-
quences. Of course, if the velocity of the underlying zonal flow to
which the Rossby wave is attached increased by 22 m s�1, it would
cause an increase in the Rossby wave speed from 109 to 131 m s�1,
but we consider that explanation not to be very likely.

A more plausible explanation is that the eastward drift speed of
the dark projections in 2008 was still between 97 and 116 m s�1

and that our global-velocity-extraction algorithm applied to the
HST 2008 data found an average (over most longitudes, including
the regions of the dark projections which generally have anoma-
lously small east–west velocity fields within them) of the zonal
System III)
120125130

projections shown in Fig. 11b. For clarity, we have shown only one out of every 256
ectors (along the top of the figure) are approximately 100 m s�1. We subtracted an
roximately translating with the dark projection.
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velocity near 8�N. This is plausible because a comparison of Fig. 3c
and Fig. 11b shows that the dark projections’ features have lower
contrast in the HST 2008 images than they do in the Cassini 2000
images, and therefore the dark projections have less effect on the
velocity extraction technique when applied to the HST 2008
images. Thus, we conclude that our best estimates for the zonal
flow near 8�N are the local measurements in 2000 (Fig. 10a) and
the global measurements in 2008 (Fig. 2), which both show peak
velocities of �127 m s�1, in contrast to the dark projection drift
speeds of 97–116 m s�1. However, it should be kept in mind that
Fig. 11a shows that there is a great deal of longitudinal variation
at this latitude and that the regions within the dark projections
have a much slower east–west velocity. Therefore, a more repre-
sentative estimate of the zonal peak velocity near 8�N might be
as high as 140 m s�1.
6. Conclusions and future work

6.1. Physics of the zonal flows

As in earlier studies of the zonal flows of Jupiter at the visible-
cloud level, we have found that Jupiter’s zonal flows are robust. In
particular, in most cases the maxima of the eastward- and west-
ward-going jet streams moved by less than ±1� latitude (but more
than the observational uncertainty) between 1979 and 2008. The
caveat to this observation is that there appear to be relative navi-
gational errors in latitude among the different data sets that were
used in this study — see the next subsection.

All of the previous studies of the zonal velocity near 8�, as well
as our velocity-extraction from the Cassini 2000 images with the
global method, appear to be erroneous because they find the east-
ward drift speed (�100 m s�1) of the dark projections rather than
the true zonal velocity.

Local velocity-extraction methods using ACCIV on the Cassini
2000 images in visible wavelengths indicate that the zonal velocity
has a large longitudinal variability due to the dark projections but
that the average zonal velocity is �130 m s�1. Therefore, we dis-
agree with the conclusions of Vasavada et al. (1998) and Li et al.
(2006) that the dark projections (or 5 lm hot spots) move at the
same speed at their local zonal flow. The dark projections drift
eastward slower than their ambient visible-cloud-level zonal
velocity. A zonal velocity of �130 m s�1 agrees (within observa-
tional uncertainties) with our globally-extracted zonal velocity
from the HST 2008 images (which were not strongly affected by
the dark projections because their cloud features had less contrast
in 2008 than they had previously).

All studies of the jovian zonal flows have shown a double-
pronged equatorial zonal wind that was characterized by strong
eastward-going jets at ±7�, but the jets are asymmetric with the
northern jet much weaker than the southern. If the previous re-
sults at 7�N are discounted due to the errors from the dark projec-
tions and if the zonal velocity at 7�N in those studies is replaced
either by our globally-extracted velocity using the HST 2008 data
or our locally-extracted velocity using the Cassini 2000 data, then
the two jets become nearly symmetric about the equator (cf.,
Figs. 4a and 5a).

The zonal flow at the 3-bar height and 7.3�N was measured by
the Galileo probe to be �170 m s�1. If the zonal wind velocity at
that latitude and at the visible-cloud level is �130 m s�1 and there-
fore larger than previously reported, then the vertical zonal wind
shear will be smaller than the currently accepted value. In addition,
we find that the east–west flow velocity at visible-cloud level, near
7�N, and at longitudes between the dark projections is �140 m s�1.
If this latter velocity is used as the characteristic zonal velocity at
visible-cloud level near 7�N, then the vertical zonal wind shear
between the visible-cloud level and the 3-bar is less than half
the currently accepted value.

Consistent with the analyses of Limaye (1986, 1989) and
García-Melendo and Sánchez-Lavega (2001), we find long-term
fluctuations in the magnitudes of the zonal velocities that are of
order 10–20 m s�1. García-Melendo and Sánchez-Lavega (2001)
found variations of this magnitude in their zonal velocities cover-
ing the time period between 1995 and 1998, and the zonal veloc-
ities presented in Section 4 show variations on this scale during
all time periods we examined: 1979 to 1995–1998, 1995–1998
to 2000, and 2000 to 2008. If the correlation uncertainty of the
zonal velocity represents real fluctuations, rather than observa-
tional errors, then the zonal fluctuations could be due to temporal
fluctuations that occur on timescales less than 10 h, indicating
that there are fluctuations of order 10 m s�1 on scales ranging
from hours to years. However, it is also possible that the correla-
tion uncertainty of the zonal velocity is not due to temporal fluc-
tuations, but rather due to fluctuations of the zonal velocity as a
function of longitude, or departures of the direction of the zonal
velocity at some longitudes from the east–west direction. Deter-
mining the source of the correlation is possible by examining
the extracted velocity fields as in Asay-Davis et al. (2009), rather
than an extracted zonal velocity, but is beyond the scope of the
present study and part of our future work. If, as suggested by
the correlation uncertainty of 11 m s�1, there are spatial fluctua-
tions of the zonal velocity of order 10%, or temporal fluctuations
during a 10-h period of order 10%, there may be serious conse-
quences for previous studies that have assumed that there are
no fluctuations in the zonal flow. Studies of the mergers and
interactions of jovian vortices are not likely to be affected. How-
ever, our own study of vortex/zone interactions (Shetty and
Marcus, 2010) had to be modified after we realized that the zonal
flow had fluctuations of 10%. Other calculations, such as those
that compute the transfer of angular momentum between the
Great Red Spot and its surrounding zonal flow, may also require
serious modification (Salyk et al., 2006). The velocity fluctuations
pose both interesting challenges and benchmarks for those who
model Jupiter’s zonal flows.

Although there is no obvious natural velocity in Jupiter’s weath-
er layer that would imprint the value of 10–11 m s�1 on the fluctu-
ations, we can easily translate between velocity scales and length
scales. Jupiter’s zonal flows have characteristic peak shears
r ’ 10�5 s�1 (Shetty and Marcus, 2010). In a shear flow, cross-
stream spatial fluctuations of length scale k produce velocity fluc-
tuations of order rk, so velocity fluctuations of 11 m s�1 are readily
produced by spatial fluctuations of order 1000 km, which is of or-
der the Rossby deformation radius. Thus, small vortices or waves
could produce fluctuations of order 10–11 m s�1. Most theoretical
models of Jupiter’s zonal flows fall into two categories: self-
organization, via turbulent inverse energy cascade of the small-
scale flows in a shallow layer system; or the large scale response
of vertical motions in a convectively forced deep-layer system
(Sayanagi et al., 2008; Vasavada et al., 2005). In the former, fluctu-
ations would be expected on the scale of the deformation radius
via inverse cascades. In the latter, one might expect the imprint
of the deformation radius on the large scale flow because the
deformation radius is a function of the vertical stratification. In
any case, we have shown that there are correlation fluctuations
and changes in the jovian zonal velocity of �10 m s�1 on temporal
scales ranging from hours to decades, while the latitudinal
locations of the velocity extrema of the zonal jets remain fixed.
Therefore, a test of the accuracy of future theoretical or computa-
tional studies of the Jupiter’s zonal flows, especially those that use
global circulation models, is that they reproduce these fluctuations
while maintaining the constancy of the latitudinal locations of the
zonal velocity extrema.
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6.2. Velocity extraction methodology

We showed that velocities extracted from images taken with
different visible wavelengths (but at different times) produce sim-
ilar zonal velocities, supporting the conclusions of others that the
velocities all come from the same visible-cloud level. This result
for Jupiter appears to be in contrast to the results for Saturn (Porco
et al., 2005). Jovian horizontal velocities might also be extracted
from tracers at deeper levels within the dark projections at 8�N.
However, regardless of what elevation those velocities come from,
velocities extracted from regions within the dark projections will
contaminate the computation of mean zonal flow because those
velocities are likely to be indicative of the dynamics of the dark
projections themselves.

Comparing velocity changes (either over time or among differ-
ent research groups) requires better image navigation than is being
currently done. In particular, we have claimed that in most cases
the maxima of the eastward- and westward-going jet streams
moved by less than ±1� latitude (but more than the observational
uncertainty) between 1979 and 2008. However, the caveat to this
observation is that there appear to be relative navigational errors
in latitude among the different data sets that were used in our
study. Without making corrections for navigational errors, the
velocity peaks among the different data sets are misaligned by
up to �0.5� latitude. We believe that a significant portion of the
misalignment of velocity peaks is due to navigational errors rather
than a real shift in latitude of the winds, because a single north–
south shift between each data sets improves the alignment of all
of 29 of the velocity peaks (spanning ±70� latitude), rather than
just making a single peak align.

We have shown that our local method for computing zonal
velocities, in which the two-dimensional velocity field is found
(with ACCIV) prior to averaging its east–west component over lon-
gitude, does not get ‘‘fooled’’ into finding the drift rates of the dark
projections instead of the actual zonal velocity. The local method
also provides a direct measure of the longitudinal fluctuations of
the velocity and a determination of how large the meridional
velocity components are compared to the east–west components.
Ideally, we would apply the local method to all of our images.
However, the signal to noise ratio of HST/WFPC2 2008 images
may be too low to allow for the production of reliable velocity
maps; this was our finding when we applied ACCIV to the regions
of these images near GRS and Red Oval. In addition, it is very time
consuming to compute velocities that cover large portions of the
planet. The Cassini 2000 velocity map between ±60� and over all
longitudes, part of which we used to compute the local-velocity
extraction in Section 5.2, took more than a month to compute on
a four processor desktop computer. The high computational cost
and sensitivity to noise, together with the fact that the resulting
mean zonal velocity (see Fig. 10a) is smoother in latitude more
than the global correlation result, suggest that full velocity maps
are not yet ready to replace global-velocity-extracting methods.
When possible, it seems preferable to compare mean zonal veloc-
ities produced by both techniques. In this way, regions of agree-
ment and low longitudinal variability can be distinguished from
more suspect regions of disagreement and/or high longitudinal
variability. When it is not possible to compute a reliable 2D veloc-
ity map (as with our May 2008 HST images), it is important that
the results of global correlation methods be viewed with caution,
and that efforts be made to identify, and perhaps mask out, mete-
orological phenomena (waves, vortices, etc.) that can lead to spuri-
ous mean velocity measurements.

The mean zonal velocities and their uncertainties reported here
for 1979 and for 1995–1998 were determined by other authors.
Those zonal velocities were computed from the unweighted
arithmetic averages of N samples taken at nearby, but different,
times; the uncertainties were found by computing the RMS differ-
ences among the zonal velocities. Limaye (1986, 1989) reported
the uncertainties of the zonal velocity based on the RMS values
of the differences divided by

ffiffiffiffi
N
p

, consistent with the assumption
that the differences among the zonal velocities were random. If
on the other hand, as the data suggest, there are variations of the
zonal flow that are coherent over timescales that are of the order
of the window of time in which the samples are collected, the
RMS values themselves are more meaningful measures of the
uncertainties. In our calculations of the uncertainties of the zonal
velocities in 2000 and in 2008, each uncertainty was computed
from a single zonal velocity extracted from a pair of images that
span �10 h. Our uncertainties were based on the RMS value of
the correlation uncertainty over a large subset of all of the correla-
tions in an image pair. For both the 2000 and 2008 zonal velocities,
we found an uncertainty of �11 m s�1. It is curious that the uncer-
tainties based on our correlation analyses over 10-h periods are
approximately the same as the magnitude of the fluctuations that
Limaye (1986, 1989) and García-Melendo and Sánchez-Lavega
(2001) found over weeks, months, years, and decades. We argue
that the uncertainty that we found based on correlations is not
due to observational errors and represents real fluctuations of
the velocity. One reason for our argument is that the Cassini
2000 data set that we used in determining the zonal velocity in
2000 was the same data set that we used to computed the velocity
fields of the Great Red Spot and Oval BA. For those velocity fields
we found that the RMS correlation uncertainties were 7 m s�1

and 6.5 m s�1, respectively (Asay-Davis et al., 2009), suggesting
that the observational errors are less than or equal to 6.5 m s�1,
which in turn suggests that the zonal velocity correlation uncer-
tainty of 11 m s�1 is due at least in part to real fluctuations.

Our global-velocity-extraction method using the HST 2008 data
appears to have worked near 8�N and not been ‘‘fooled’’ into find-
ing the eastward drift speeds of the dark projections. However, to
confirm this result it would be useful to determine the drift speed
values in 2008 directly from archived and amateur images. In addi-
tion, because amateur images taken as this article goes to press
(late 2010) show very low contrast between dark projections and
their surroundings, it would be useful to obtain current HST images
pairs so that the zonal velocity could be computed by both the lo-
cal- and global-extraction methods without any contamination
from the dark projections.
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Appendix A. Image identifiers

The image identifiers for the images used to produce the HST
2008 zonal velocity were: ua0n0101m, ua0n0102m, ua0nb103m,
ua0nb104m, ua0na101m, ua0na105m, ua0n0201m, ua0n0202m,
ua0nb203m, ua0nb206m, ua0nb207m, ua0n0301m, ua0n0302m,
ua0nb303m, ua0nb304m, ua0nc301m, ua0nc302m, ua0n0501m,
ua0n0502m, ua0nb503m, ua0nb504m, ua0na501m, ua0na505m,
ua0n0701m, ua0n0702m, ua0nb703m, ua0nb704m, ua0na701m,
ua0na705m, ua0n0901m, ua0n0902m, ua0nb901m, ua0nb902m,
ua0nc901m, ua0nc902m, ua0n1001m, ua0n1002m, ua0na001m,
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ua0na005m, ua0nb003m, ua0nb004m, ua0n1101m, ua0n1102m,
ua0nd103m, ua0nd104m, ua0nc101m and ua0nc105m.

The image identifiers for the Cassini-2000 zonal velocity were:
n1355233441.1, n1355233845.1, n1355237227.1, n1355237631.1,
n1355241013.1, n1355241417.1, n1355245203.1, n1355248585.1,
n1355248989.1, n1355252371.1, n1355252775.1, n1355256157.1,
n1355256561.1, n1355259943.1, n1355260347.1, n1355263729.1,
n1355264133.1, n1355267515.1, n1355267919.1, n1355271301.1,
n1355271705.1, n1355275087.1, n1355275491.1, n1355278873.1,
n1355279277.1, n1355282659.1, n1355283063.1, n1355286445.1,
n1355286849.1, n1355290231.1, n1355290635.1, n1355294017.1,
n1355294421.1, n1355297803.1, n1355298207.1, n1355301589.1,
n1355301993.1, n1355305375.1, n1355305779.1, n1355309161.1,
n1355309565.1, n1355312947.1, n1355313351.1, n1355316733.1,
n1355317137.1, n1355320519.1, n1355320923.1, n1355324305.1,
n1355324709.1, n1355328091.1, n1355328495.1, n1355331877.1,
n1355332281.1, n1355335663.1, n1355336067.1, n1355339449.1,
n1355339853.1, n1355343235.1, n1355343639.1, n1355347105.1,
n1355347598.1, n1355350891.1, n1355351384.3, n1355354677.1,
n1355355143.1, n1355358463.1, n1355358929.1, n1355362211.1,
n1355362570.1, n1355365978.1, n1355366357.1, n1355369821.1,
n1355370295.1, n1355373607.1 and n1355374081.1.
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