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We present five epochs of WFC3 HST Jupiter observations taken between 2009-2016 and extract global
zonal wind profiles for each epoch. Jupiter’s zonal wind field is globally stable throughout these years,
but significant variations in certain latitude regions persist. We find that the largest uncertainties in the
wind field are due to vortices or hot-spots, and show residual maps which identify the strongest vortex
flows. The strongest year-to-year variation in the zonal wind profiles is the 24°N jet peak. Numerous
plume outbreaks have been observed in the Northern Temperate Belt and are associated with decreases
in the zonal velocity and brightness. We show that the 24°N jet peak velocity and brightness decreased
in 2012 and again in late 2016, following outbreaks during these years. Our February 2016 zonal wind
profile was the last highly spatially resolved measurement prior to juno’s first science observations. The
final 2016 data were taken in conjunction with Juno’s perijove 3 pass on 11 December 2016, and show

the zonal wind profile following the plume outbreak at 24°N in October 2016.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

The most striking feature of Jupiter is its banded structure,
home to swaths of bright, colorful clouds and immense vortices.
The observed zonal flow, defined as the longitudinal average of
the east-west winds in the visible cloud deck, is one of the most
fundamental constraints on the circulation of Jupiter’s atmosphere
(Ingersoll et al., 2004). Jupiter’s zonal wind profile (ZWP) has been
a subject of intense study since the Voyager missions. Despite reg-
ular derivations of Jupiter's ZWP over the past 30 years, listed in
Table 1, the winds have remained remarkably stable, with speeds
up to 150 ms~! and with variability on the order of 10 ms~'. In
contrast, the clouds of Neptune have displayed evidence of pecu-
liar dynamics ever since Neptune's ZWP was first derived from
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Voyager 2 data (Limaye and Sromovsky, 1991). In particular, in-
dividual bright cloud features on Neptune can move with veloci-
ties more than 100 ms~! off the Voyager-derived ZWP (Sromovsky
et al., 1993; Martin et al., 2012; Fitzpatrick et al., 2014; Tollefson
et al., 2017). What drives Jupiter’s stable zonal flow, characteriz-
ing the magnitude and timescale of variability (if any) in Jupiter’s
jet peaks, and predicting how the zonal flow changes with depth
remain outstanding questions today.

Three primary methods are used to directly calculate Jupiter’s
ZWP: 1D correlation, 2D correlation, and discrete feature tracking.
In addition, the zonal winds may be indirectly determined by using
the thermal wind relationship (Gierasch et al., 1986; Flasar et al.,
2004; Simon et al., 2015). 1D correlation methods compute the
zonal velocity by calculating longitudinal correlations of the clouds
between sets of image pairs in a mosaic, typically in narrow lati-
tude windows, but along a large range of longitudes. This method
is insensitive to the north-south component of the velocity field,
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Table 1
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Compilation of derived Zonal Wind Profiles for Jupiter. ‘Global’ describes either the 1D or 2D correlation methods, while

‘Local’ describes feature tracking.

Timespan Facility Appx. Sub-observer Method  References
(years) Resolution (km/pixel)
1979 Voyager 1 & 2 ISS 100 Local Ingersoll et al. (1981)
Local Limaye et al. (1982)
Global Limaye (1986)
1995-2000  HST WFPC2 140 Global Garcia-Melendo and Sanchez-Lavega (2001)
2000 Cassini 120 Global Porco et al. (2003)
Local Li et al. (2004)
Local Li et al. (2006)
2007 HST WFPC2 160 Global Cheng et al. (2008)
2008 HST WFPC2 160 Global Asay-Davis et al. (2011)
2011 PVOL/IOPW 380 Global Barrado-Izagirre et al. (2013)
2009-16 HST WFC3 130 Global This work

but meridional velocities are generally small when intense vortices
are absent. The 1D correlation method is favored for its computa-
tional efficiency, and it reduces uncertainties due to bad pixels and
random errors (Asay-Davis et al., 2011).

The 2D correlation method involves computing full horizontal
flow fields, and averaging the east-west components over longi-
tude to obtain the zonal velocity. This method has the advantage
that longitudinal variations in the zonal winds are preserved and
north-south velocities can be measured in high spatial resolution
data. This is particularly important for obtaining accurate zonal
wind measurements of the dark projections (associated with the
5 um hotspots) at 8°N, whose velocities do not move with the true
zonal flow at the visible cloud deck (Ortiz et al., 1998; Arregi et al.,
2006; Garcia-Melendo et al., 2011; Asay-Davis et al., 2011).

Discrete tracking methods determine zonal velocities by track-
ing large-scale features over long periods of time to generate one-
dimensional or two-dimensional velocity fields. These fields are
then averaged over their east-west components to give the mean
zonal wind speed in a particular latitude bin.

‘Global’ correlation methods is an umbrella term to describe
both 1D and 2D correlation methods - each utilize correlations
at all longitudes of Jupiter. In contrast, feature tracking is often
localized to longitude regions containing high-contrast trackable
features. In data at low spatial resolution, including even amateur
data, global methods can be used by combining results from mul-
tiple image pairs (Barrado-Izagirre et al., 2013; Hueso et al., 2017).

Among the past three decades of Jupiter ZWP derivations at
the visible cloud deck, minimal wavelength dependence has been
found (Garcia-Melendo and Sanchez-Lavega, 2001), in contrast to
the case for Saturn (Sanchez-Lavega et al., 2016; Pérez-Hoyos and
Sanchez-Lavega, 2006). Images of Jupiter in the ultraviolet have
been made to determine zonal wind profiles above the visible
cloud deck (Li et al., 2006). Thus, all observations listed in Table 1,
with the exception of Li et al. (2006), probe the same cloud ver-
tical levels and any changes in the ZWP reflect temporal changes
in Jupiter’s atmosphere. Under this assumption, we derive ZWPs
to examine changes in the 2009-2016 period, using data acquired
with the Wide Field Camera 3 (WFC3) on the Hubble Space Tele-
scope (HST). We use the 1D method to derive ZWPs, but also mea-
sure 2D velocity residuals from these mean profiles, preserving in-
formation on small vortex circulation, turbulence, and waves. The
February 2016 ZWP is the last one measured from high spatial res-
olution data prior to Juno’s first science observations at perijove 1
(PJ1), which took place 27 August 2016 (Bolton et al., 2017). We
also present a ZWP taken coincident to perijove 3 (PJ3), which oc-
curred on 11 December 2016.

2. Description of observations

We derive zonal velocities from multiple HST image sets taken
with the WFC3 from 2009 to 2016. The sub-observer pixel resolu-

tion of these images ranged from ~ 130 km/pixel at opposition to
170 km/pixel at the PJ3 perijove distance of 5.85 AU. Table 2 gives
details of each dataset, including filters, number of images used,
and times of each image. We perform analysis on filters at red op-
tical wavelengths to optimize feature contrast. Contrast can be re-
duced at shorter or longer wavelengths, due to Rayleigh scattering
and/or haze reflectivity.

We collected data from four different WFC3 programs. The
2009 dataset was the first global mapping effort with WFC3 after
it was installed in Hubble’s final servicing mission. At opposition,
Jupiter easily fits within a WFC3 2K subarray. Subarrays greatly in-
crease duty cycle efficiency for WFC3 observations, because the in-
strument buffer can only hold two full frame (4K x 4K) expo-
sures. But instrument modes were limited in WFC3’s first observ-
ing cycle, so the only way to read out subarrays was to use quad
filters (Wong et al., 2010). To increase HST scheduling flexibility,
the 2009 observations imaged two hemispheres separately, one on
18-19 September, and the other on 22-23 September (Table 2).
Fig. 1 shows a combined map of the two hemispheres, with the
derived zonal wind profile overlaid (discussed in the following
section).

The 2012 dataset (Fig. 2) was proposed as an attempt to mea-
sure a photometric dimming from the shadow of Venus, during a
solar transit event as seen from Jupiter. The transit signal itself
was never observed, due to the much greater contribution from
horizontal inhomogeneity in Jupiter’s lightcurve (Karalidi et al.,
2015). The choice of a medium bandwidth filter (F763M) to image
Jupiter’s bright disk necessitated the shortest WFC3/UVIS integra-
tion time (0.48 s).!

Datasets from 2015 and early 2016 are part of the Outer Planet
Atmospheres Legacy (OPAL) program (Simon et al., 2015). This pro-
gram observes each of the giant planets at an annual cadence,
for long-duration time-domain studies of storm activity, wind field
variability, and changes in aerosol distributions and spectral prop-
erties. The program, which began in 2014, has led to discoveries
of a new dark vortex on Neptune (Wong et al.,, 2016), rare wave
phenomena on Jupiter (Simon et al., 2015), and new insights into
variable cloud features on Uranus (Wong et al., 2015b; Irwin et al.,
2017). The 2015 and 2016 global maps and zonal wind profiles are
shown in Figs. 3 and 4 respectively.

The December 2016 dataset is part of the Wide Field Coverage
for Juno (WF(J) program. This program is synchronized with peri-

T In short exposures, the WFC3/UVIS shutter introduces an expected variability
of about 2% in exposure time (Hilbert, 2009), which should have dwarfed the pre-
dicted 0.01% signal (Pasachoff et al., 2013) from the Venus transit. However, the ob-
served lightcurve seemed to be stable against shutter non-repeatability to within 1
part per thousand. This result raises the possibility that the Hilbert (2009) shutter
repeatability analysis may have been limited by lower signal-to-noise ratio, com-
pared to the very high signal-to-noise ratio of the Karalidi et al. (2015) Jupiter
lightcurve, which integrated the flux over the full planetary disk.
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Table 2
The epochs and filters used to derive Jupiter's ZWP in this study.
Data set Filter Date UT Times
Epoch: 2009.72 FQ643N  09-18 13:13:10 13:16:15 13:31:45 13:55:42 13:58:47
PI: I. de Pater 14:49:40 14:52:45 15:08:13 15:32:07 15:35:12
Proposal ID: 11559 22:49:13 22:52:18 23:01:37 23:04:42 23:32:17
23:35:22
09-19  02:01:02  02:04:07 02:13:26  02:16:31 02:43:36
02:46:41

09-22 11:31:52 11:34:57 11:50:25 12:14:20 12:17:25
13:07:45 13:10:50 13:26:18 13:50:14 13:53:19
14:43:39  14:46:44  15:02:12 15:26:08 15:29:13
21:07:12 21:10:17 21:19:36 21:22:41 21:50:17

21:53:22
09-23  00:18:58 00:22:03  00:31:22  00:34:27  01:02:03
01:05:08
Epoch: 2012.72 F763M 09-19 23:43:20  23:50:39  23:57:58
PI: G. Schneider 09-20 00:05:17 00:23:28 01:19:04 01:26:23 01:33:42
Proposal ID: 13067 01:41:01 01:59:12 02:54:47 03:02:06 03:09:25

03:16:44  03:34:55  04:30:29  04:37:48 04:45:07
04:52:26  05:10:37  06:06:13  06:13:32  06:20:51
06:39:07  06:46:26  07:41:57 07:49:16 07:56:35
09:17:40 09:24:59 09:32:18 10:53:24 11:00:43
11:08:02 12:29:08 12:36:27 12:43:46  14:04:51
14:12:10 14:19:29 14:27:21 15:40:35 15:47:54
15:55:13 16:02:32 17:16:19 17:23:38 17:30:57
17:38:16 17:57:00 18:52:02 18:59:21 19:06:40
19:13:59 19:32:43  20:27:46  20:35:05  20:42:24
20:49:43  21:07:54

Epoch: 2015.05 F631N 01-19 02:16:48  02:56:55  03:52:18  04:32:25  05:27:49
PI: A. Simon 06:07:56 07:03:19 07:43:26 08:38:49 09:18:56
Proposal ID: 13937 10:14:19 10:54:26 11:49:50 12:29:57 15:00:50

15:41:02 16:36:21 17:16:33 18:11:51 18:52:03
19:47:22 20:27:34  21:22:56  22:03:08  22:58:22

23:38:34
Epoch: 2016.11 F631N 02-09  09:41:57 10:07:03 11:17:21 11:42:27 12:53:20
PI: A. Simon 13:18:26 14:28:43 14:53:49  16:04:07 16:29:13
Proposal ID: 14334 17:39:32 18:04:38 19:14:56 19:40:02 20:50:21

21:15:32 22:25:45  22:50:56
02-10  00:01:08  00:26:19  01:36:32  02:01:43  03:11:21
03:36:32  04:46:45  05:11:56

Epoch: 2016.95" F631N 12-11 08:01:08  08:24:51 10:50:45 11:35:55 12:26:07
PI: M.H. Wong 13:11:17 14:01:29 14:46:39 15:36:51 16:22:04
Proposal ID: 14661 18:47:00 21:02:21 21:57:44 22:43:03 23:33:07

12-12 00:18:26  01:11:57 02:52:12 04:42:53  06:29:57
07:53:12 09:05:55
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Fig. 1. A global map of Jupiter created by combining frames in the 2009 dataset. Overplotted is the derived ZWP (yellow); thin, white vertical lines are 50 ms~' increments
in the zonal wind velocity, with the longest line representing 0 ms~'. Hemispheres A and B (labeled at top) were observed about 4 days apart, with the intention of
increasing HST scheduling flexibility (see Section 4.2 and Tables 3 and 4). Subsequent datasets (Figs. 2-5) continuously imaged over full Jupiter rotations, rather than
imaging hemispheres separately. (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. 2. As Fig. 1. For one analysis (Section 4.2), the data were divided into two hemispheres (marked with horizontal white lines) to determine whether using hemispherical
or global imaging influenced the retrieved zonal wind profile.
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Fig. 3. As Fig. 1 except for 2015.
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Fig. 4. As Fig. 1 except for 2016.11 (OPAL).

jove passes of the NASA Juno mission. Juno made its third perijove All images in a given data set were navigated and deprojected
(PJ3) pass on 11 December 2016. For subsequent perijove passes, using the same methods outlined in Lii et al. (2010). The for-
the WFCJ program will either acquire global map pairs to derive mal navigational uncertainty for each frame is < 0.10° at the sub-
the wind field at the time of perijove, or it will obtain only a ~ 50- observer point. Images were deprojected onto a regular grid in

min observation covering the longitudes of the Juno sub-spacecraft planetographic latitude and System-III longitude with 0.05° spac-
track. Our global map from the WF] program is shown in Fig. 5 ing. Reflectivity data were corrected for limb-darkening by dividing
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Fig. 5. As Fig. 1 except for 2016.95 (Juno PJ3).

by a factor of uk, where p is the cosine of the emission angle and
k ranged from 0.80-0.90 depending on the filter used. For a Lam-
bertian surface, k = 1.0. The accuracy of the limb-darkening cor-
rection is generally unimportant for our results since we are only
interested in correlations in brightness and not exact photometric
values - see Supplementary Material for more discussion on the
limb-darkening technique.

We also reference results from Cassini maps obtained on 11 to
13 December 2000 during the Jupiter flyby (Porco et al., 2003; Li
et al., 2004; Asay-Davis et al., 2011), and from HST/WFPC2 maps
from 2008 (Asay-Davis et al.,, 2011). The HST/WFPC2 maps gen-
erally have larger uncertainties in the navigation and zonal wind
profiles than the WFC3 maps for several reasons: 1) The WFPC2
pixel scale is slightly larger than the WFC3 pixel scale; 2) Jupiter’s
full disk did not fit entirely on the PC1 detector resulting in larger
navigation uncertainty; 3) the distortion solution may be better for
WEC3.

3. Methods
3.1. 1D correlation method for zonal velocity extraction

Our 1D correlation method for zonal velocity extraction is iden-
tical to the global method described in Asay-Davis et al. (2011). In
summary, maps are sliced into latitude strips, and correlations are
derived between pairs of strips as a function of horizontal shift. A
given horizontal shift, divided by the time separation of the map
strips, is the velocity. Correlations are determined for every point
where there is a pair of time-separated maps covering a given lon-
gitude. The velocity that maximizes the total correlation is the de-
rived zonal velocity for that latitude bin. This method has advan-
tages over local techniques, where velocities are extracted by track-
ing features frame-to-frame. Mainly, correlations are computed for
all overlapping longitudes in all image pairs. While longitudinal ve-
locity variations are smeared away with the 1D method, the overall
error due to random navigation errors and bad pixels is reduced.
It is also important to note that there is not necessarily a direct
correspondence between the observed cloud motions and the true
zonal flow. Features may be driven by a number of mechanisms,
including wave phenomena, shear, or local turbulence. Moreover,
photometric centers may vary over time due to changes in cloud
morphologies. Such processes will affect the uncertainty of our
extracted zonal wind profiles. Regardless, we make the assump-
tion that there is a strong correlation between the observed cloud
motions and extracted zonal velocities, and show that our mean,
global uncertainties are around 5-6 ms~1.

Specifically, we are interested in computing the correlation be-
tween a reference image I;(6, v) and an image advected by velocity
v to a time in common with the reference, called I,’((Q, v), where
6 is the planetographic latitude. The velocity that maximizes the
correlation function over a sum of all such image pairs in a lati-
tude bin is the derived zonal velocity at the latitude centered in
the bin. The correlation function to be maximized used here and
by Asay-Davis et al. (2011) is:

R(O,v) =

0+A0

2 X

(I.I}) 6'=6—-A8

(1) = N (1)

)= N 7)) - Mol

The function above is dependent on the mean and variance of
an image, and the cross-correlation of the unshifted image I, with
the shifted image I;. These are defined below:

(1)

U 1 !
(leli) 0, v) = New PN ACRAIACR ) )
1
() (0. v) = New > 10, b1) 3)
1
()6, v) = N PR ACH N (4)

These quantities sum over N;j y, which is the number of overlap-
ping pixels between image the pair of images I; and I, at a given 6
and v.

To compute the above correlations, we first crop each individ-
ual map to + 40° longitude of the central meridian and + 72° lat-
itude to limit effects near the limb. We then mask out the Great
Red Spot and Oval BA in images where these features are present.
Large vortices do not move with the background flow on Jupiter,
and have internal velocities that would interfere with our accurate
measurement of zonal velocities. This chosen masking is, admit-
tedly, arbitrary. Future implementations may improve on this by
first calculating all the residuals from the unmasked data with AC-
CIV (see Section 3.2), then using the data themselves to flag signif-
icant non-zonal flows, and finally re-running the analysis with all
areas masked out where the residuals are flagged for exceeding a
set threshold. This process would be more time-consuming, but it
should reduce the global mean uncertainty.
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We also limit our computations to pairs of images that are
taken within 5-15 h of each other, corresponding to 0.5-1.5 Jupiter
rotations. If the time difference between images is too short, the
correlation given in (1) will be large for the sampled velocities
since the displacements in the advected image will remain close to
the reference image. Too long a time offset and correlations will be
small at all sampled velocities, as inherent morphological changes
arise and displacements from non-zonal velocities grow. Correla-
tions are computed for velocities within + 50 ms~! in 0.5 ms~!
intervals of a reference zonal wind profile, taken from Cassini maps
published in Porco et al. (2003). Finally, we compute (1) by sum-
ming over all latitudes within & Af of the given latitude 6. For
our zonal velocities, A@ = 0.25° which amounts to summing over
11 rows of pixels, five on either side of the given latitude. Sum-
ming over multiple latitudes eliminates correlations produced by
spurious and prominent structures at any single latitude, produc-
ing a ‘smooth’ zonal wind profile. This latitude-summing procedure
and reference zonal wind profile are identical to that used in Asay-
Davis et al. (2011).

3.2. Uncertainties

Uncertainties in some previous works have made use of tempo-
ral fluctuations (Limaye, 1986; 1989; Garcia-Melendo and Sanchez-
Lavega, 2001). Specifically, when multiple zonal wind profiles can
be derived from data taken close in time, the RMS temporal vari-
ation among the profiles was taken as the estimate of the uncer-
tainty in the mean profile. RMS differences between profiles con-
tain differences due to both random errors as well as systematic
errors, including temporal evolution on the timescale of the sep-
aration between individual profiles. But since a major motivation
for determining uncertainties is to be able to quantify real tempo-
ral change, it would be beneficial to define uncertainties that are
independent of temporal variation.

To estimate the precision of our derived zonal wind profiles, we
use correlation uncertainties, as defined in Asay-Davis et al. (2011).
The error estimation involves first advecting individual maps to
a common time point, using the derived zonal wind profile from
the 1D method. If the derived profile were perfectly accurate, then
these advected maps would all be identical. In reality, the advected
maps differ, due to a combination of effects: scale differences be-
tween discrete features and jet widths, temporal evolution of cloud
tracers, random and periodic longitudinal departures from zonal
flow, meridional flow, temporal variation on short timescales, ver-
tical wind shear, noise in image data, navigation errors in map-
ping the data, and astrometric distortion of the images. The com-
bined effect of these error terms can then be estimated by mea-
suring the displacements between the individual advected maps.
We measure displacements using Correlation Image Velocimetry,
or CIV (Fincham and Spedding, 1997; Fincham and Delerce, 2000).
Displacements are then converted to velocities by dividing by the
interval between advected maps. The specific implementation of
CIV employed was the ACCIV code, described in Asay-Davis et al.
(2011), which includes a statistical filter for rejecting outliers in the
velocity field.2

The velocity vectors found by correlating advected maps are
residuals from the mean flow. We combine and smooth velocity
residual vectors from all map pairs to create residual maps. These
maps constrain the velocity uncertainty. We define zonal wind pro-
file uncertainty at a given latitude as the RMS average of the veloc-
ity residuals at that latitude. Residual maps also reveal dynamical
features such as vortices, turbulence, and waves. Correlations can-
not be accurately measured at the edges of the maps, which we

2 ACCIV is available online at https://github.com/xylar/acciv.

arbitrarily restricted to latitudes closer than 72° from the equator
to limit the effects of viewing geometry distortion and loss of con-
trast due to greater slant path through Jupiter’s hazes.

Uncertainties in the zonal wind profiles are shown as thin yel-
low lines in Figs. 1-5. Tabular text files containing each zonal wind
profile from this paper (with uncertainties) are available in the on-
line article Supplementary Material. The supplementary files also
list the number of 2D correlations found at each latitude as part
of the uncertainty estimate; very few 2D correlations were found
at latitudes north of 69.1°N or south of 69.1°S. Velocity residu-
als are shown in Fig. 6 for the 2016.11 data set. Residual plots
for the other data sets are available in the online Supplementary
Materials Figs. S1-S4. The middle panel of each subfigure shows
north-south velocity residuals, while the lower panel shows east-
west residuals. The top panel shows all residuals overlaid on the
global albedo map, with the zonal wind profile shown for compar-
ison at top right. We identify two sources of error that may con-
tribute to the residuals. First is navigational uncertainties, which
we estimate as around 0.10° per frame. The second is errors that
arise from the correlation calculation. This source of uncertainty
is partitioned into: the dynamics of discrete features, like vortices,
that drift with respect to the zonal flow; variations in velocity with
longitude; variations in velocity with latitude, including deviations
within the 11 pixel window as well as North-South velocities; and
the effects of limb-darkening. It is harder to determine the magni-
tude of each of these sources. Fig. 6 shows compact dipoles (pairs
of red/blue or orange/blue velocity residuals) which are character-
istic of vortices. The presence of these velocity signatures at a par-
ticular latitude will increase the standard deviation of velocities at
that latitude, so vortices affect the zonal wind uncertainties. For
example, a series of cyclonic vortex signatures between 50°-60°S
(labeled “Cyclone Alley” in Fig. 6) produces locally high zonal wind
uncertainties, as discussed in Section 5.2.

High-Level Science Products (HLSP) are also available at the
MAST archive hosted by Space Telescope Science Institute. Cali-
brated global maps associated with the OPAL program are available
at the OPAL HLSP page.’ Calibrated global maps and zonal wind
profiles associated with the WFC] program, synchronized with Juno
perijove passes, will be available at the WFC] HLSP page.* All zonal
wind profiles at the WFC] HLSP page will be derived using the pro-
cedures described here, and global maps will be constructed as de-
scribed in Simon et al. (2015).

4. Results

In the following section we plot our derived zonal wind profiles
and compare differences between pairs of profiles. We define the
uncertainty in the zonal velocity difference between two profiles
at a particular latitude as:

RMStota1 = /RMS? + RMS? (5)

RMS; and RMS, are the correlation velocity uncertainties de-
fined in the previous section. Differences greater than RMSyy, are
significant. Comparisons between a number of derived ZWPs are
presented in Figs. 7-8. For each comparison, two ZWPs are plotted
against each other on the left (blue and green curves in the online
version of this article), with differences between them shown on
the right as a black curve, bounded by the uncertainty envelope in
red. Fig. 7 compares zonal wind profiles at multiple epochs, while
Figs. 8 and 9 are used to evaluate the effects of differences in our
methodology (see below).

3 The OPAL archive page at MAST has the DOI 10.17909/T9G593, and can be ac-
cessed at http://archive.stsci.edu/prepds/opal/.

4 The WEC] archive page at MAST can be accessed at http://archive.stsci.edu/
prepds/wfcj/.
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Fig. 6. Residual non-zonal velocities are used to calculate uncertainties, but they also highlight dynamical features. Top panel: All velocity residuals are overlaid on the
2016.11 albedo map from Fig. 4. The GRS and Oval BA were masked out of the 2D correlation retrieval, so their areas are blank. The smaller anticyclone Oval Z, as well as a
cyclone known as the STB Ghost are clearly visible in the residual maps. A band near 55°S is marked by strong velocity residuals; we mark this as “Cyclone Alley.” Residuals
are also very high near 9°N, where an equatorially-trapped Rossby wave produces a series of 5-pm hot spots and plumes. Middle panel: Meridional velocity residuals are
shown on their own. Vortices indicated in the top panel show up here as east-west dipoles. Bottom panel: Zonal velocity residuals are shown on their own. Vortices indicated
in the top panel show up here as north-south dipoles. A periodic pattern of alternating residuals is seen between the equator and 20°S, with zonal wavenumber 1 (red and
blue dotted lines are overplotted as guides to the eye). Residual maps for the other epochs are available in the Supplemental Materials. Similar phenomena are seen on these
maps. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

4.1. Temporal change

Fig. 7 shows comparisons of the 2016.11 mean ZWP to the
mean ZWP’s for each other data set (here,'mean’ is the average
zonal wind speed over all longitudes and frames, in contrast to
the other two sets below). The most significant differences in the
jet peak speeds occur around 24°N, 8°N, 6°S, 26°S, and 50°S. The
zonal wind differences and uncertainties, averaged over & 65°, are
shown in Table 3. We also include the 2008 ZWP from HST/WFPC2
data (Asay-Davis et al.,, 2011) for comparison. On a global basis,
the zonal winds are constant ((A) < (o)), but the few significant
changes are highly interesting. We define (o) as the globally av-
eraged uncertainty between two epochs, equal to the latitudinal-
average RMSyy, and (A) as the globally averaged difference in the
zonal winds in two epochs.

WEFC3 provides an improvement in velocity measurement pre-
cision compared to WFPC2. Diagonal elements of Table 3 give the
uncertainties of each individual ZWP. Average uncertainties mea-
sured with WFC3 (years 2009-2016) are considerably lower than
the 11 ms~! reported in Asay-Davis et al. (2011) for 2008, based
on WFPC2 data. Several instrument-related differences between
WFPC2 and WFC3 can be linked to the improvement. WFC3 pro-
vides a detector format that allows the full disk of Jupiter to be
imaged in every frame, leading to better navigation accuracy than
WEFPC2, where the high-resolution PC1 chip was too small to cap-
ture the full disk. There may be a small improvement due to an-
gular resolution, since the 0.039" pixel size of WFC3 is a 15%
improvement over the 0.046"" WFPC2 pixel size (McMaster et al.,
2008). A significant improvement can be seen between uncertain-
ties in 2009 (7.6 ms~!), compared to uncertainties at the later
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Fig. 8. As Fig. 7 except comparing Hemispheres A and B in the 2009 and 2012 epochs.

Table 3

Year-to-year comparisons of the mean ZWPs. (o) is the average uncertainty, equal to the latitudinal-average RMSyy, if the comparison is between two different years
(values off the main diagonal). Along the diagonal, the reported (o) is the average uncertainty for that year (equal to RMS;). Similarly, (A) is the average difference

between two years. The units are ms—'.

Year 2016.95 2016.11 2015 2012 2009 2008

2016.95 (o) =57 (A) =3.6 (A) =36 (A) =32 (A) =41 (A) =59
(o)=176 (o) =76 (o) =82 (o) =9.5 (o) =127

2016.11 (o) =49 (A)y=23 (A)=33 (A)y=29 (A)=5.1
(o) =7.0 (o)=76 (o) =9.1 (o) =123

2015 (o) =5.0 (A)y =32 (A)=29 (A) =49
(o)=77 (o) =92 (o)=123

2012 (0)=5.8 (A)y =35 (A)=5.1
(o) =9.7 (o) =127

2009 (0)=176 (A) =44
(o) =13.6

2008 (o) =112

2012, 2015, and 2016.11 epochs (5-6 ms~1). All of these epochs had
comparable spatial resolution. This improvement in uncertainties is
partially due to improved knowledge of WFC3’s geometric distor-
tion, which is corrected to a precision of about 0.001” (Kozhurina-
Platais, 2014). The 2009 data were acquired using the quad filter
FQ643N, which (unlike the full-frame filters used in 2012-2016)
never received updates to its distortion corrections.

Fig. 7 compares the resulting ZWPs for each epoch. We find sig-
nificant temporal variability near latitudes of 24°N, 8°N, 6°S, 26°S,
and 50°S. Many of these variable regions correspond to non-zonal
flow, such as regions with large vortices and the 5-um hot spots.
While we mask out the Great Red Spot, global waves emitting from
this vortex still affect the flow. This is reasonable, since the activity
of vortices and the dark projections varies with longitude, and we
expect these signatures to appear in the ZWP derivations.

The latitude with the greatest uncertainties (widest part of the
red envelope) falls in the region of the 8°N 5-um hot spots. Zonal
velocities are notoriously difficult to obtain in this area since the
hot spots do not move with the local flow (Ortiz et al., 1998;
Garcia-Melendo et al., 2011; Asay-Davis et al., 2011; Choi et al.,
2013). Asay-Davis et al. (2011) manually tracked this area and
found large RMS deviations. This is suggestive of wave activity
or changes in the cloud optical depth, indicative of vertical wind
shear. Results from global method analyses are difficult to inter-
pret due to these local variations. The large velocity residuals here
are marked “Equatorial Rossby Wave” in Fig. 6.

4.2. Effect of restricted longitude range

The 2009 observations were taken with two hemispheres ob-
served about 4 days apart, in an attempt to increase HST schedul-
ing flexibility. To investigate whether this observation design af-
fected the resulting ZWP, we performed an analysis of the 2012
data in a similar fashion, constructing two different ZWPs from
separated hemispheres. The two hemispheres for 2009 are shown
in Fig. 1, and for 2012, horizontal bars in Fig. 2 show the longitude
ranges used for each separate hemisphere analysis.

Fig. 8a compares differences in the zonal winds between hemi-
spheres A and B in 2009, and Fig. 8b compares the two 2012
hemisphere profiles. Very few significant differences (black curves
protruding from red envelopes) are seen at either epoch. In the
2012 dataset, there is a significant difference in the location of the
“kink” in the cyclonic shear zone near 15°S, and at both epochs,
there are differences in the peak of the strongest westward jet at
20°S (see also Section 5.3).

Table 4 summarizes the latitude-averaged results from the two-
hemisphere analyses. As with Table 3, the diagonal of the ta-
ble gives mean correlation uncertainties (o) for each individual
ZWP measurement. Uncertainties from all WFC3 analyses, whether
global or single-hemisphere, all fall in the 5-6 ms~! range. Dif-
ferences between 2009A/2009B profiles, and between 2012A/2012B
profiles are in the 3 ms~! range, just like the differences between
global profiles in 2009, 2012, 2015, and 2016 (Table 3). These re-
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Fig. 9. As Fig. 7 except comparing the interleaved 2012 sets.

Table 4
As Table 3, except comparing the 2009 and 2012 averaged ZWPs with those derived from the individual hemispheres A and B (defined in Fig. 1 and 2).
Year 2012 2012A 2012B 2009 2009A 2009B
2012 (0) =58 (A)y=1.9 (A)y =17 (A) =35
(o) =84 (o) =77 () =9.7
2012A (o) =6.1 (A) =31
(o) =8.0
2012B (o) =5.0
2009 () =76 (A)=15 (A)=15
(o) =94 (o) =93
2009A (6) =54 (A)=2.9
(o) =76
2009B (o) =5.1

sults suggest that a ZWP derived from data covering a single hemi-
sphere may be just as accurate as results from data with full global
coverage. Surprisingly, Table 4 suggests that precision is also not
decreased by using hemispherical rather than global data: (o)20128
< {0 )2012g10bal < {0)20124, and {(0')2009g10bal IS greater than either
(0)2009a OF (0 )20098. The comparison between these hemispherical

and global uncertainties gives some insight into the length scale
of longitudinally variable flow; the variation is most likely domi-
nated by length scales significantly shorter than a hemisphere. In-
deed, studies of the OPAL 2015 and 2016 data focused on longitu-
dinal variation (Johnson et al., 2017) identified longitudinal varia-
tion with horizontal scales of around 50°, based on wind profiles
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Table 5
As Table 3, except comparing the 2012 averaged ZWP with each
individual interleaved set (i1,i2,i3).

Year 2012 2012i1 2012i2 2012i3
2012 (0)=58 (A)=05 (A)=05 (A)=05
(o) =8.1 (o) =8.1 (o) =82
2012i1 (0)=56 (A)=09 (A)=038
(0)=8.0 (o) =81
2012i2 (0)=56 (A)=0.8
(o) =8.1
2012i3 (0) =538

based on data spanning only 30° of longitude, even shorter than
our hemispherical (180°) tests.

4.3. Effect of sampling cadence

Enough individual frames were obtained in 2012 to compare
the ‘mean’ retrieval to retrievals based on interleaved subsets of
the data. The interleaved subsets were obtained by taking every
third frame from the 2012 data set, resulting in timing differences
on the order of 10 min (see Table 2). Each subset had 20 frames,
roughly comparable to the number of frames used in the 2015 and
2016 analyses. These interleaved 2012 subsets span the same lon-
gitudinal and temporal range, allowing effects on the ZWP due to
instrumental or navigational errors to be isolated.

Fig. 9 compares the mean 2012 profile to each interleaved set.
The zonal wind differences are small, < 5 ms~! over the full lati-
tude range, and < 1 ms~! in the globally-averaged sense (Table 5).
Due to very similar longitudinal and temporal coverage of these
three interleaved datasets, differences in the ZWPs should be due
only to random errors from sources such as navigation uncertainty
or detector distortion. Values of mean ZWP differences (A) <
1 ms~! imply that such random errors are very small compared
to other uncertainty terms.

Comparisons between the full retrievals, single-hemisphere re-
trievals, and interleaved 2012 subset retrievals suggest that the
dominant error in ZWP measurements is longitudinal variability.
Because the 2012 interleaved data sets span the same range of lon-
gitudes, they are not sensitive to this source of error, and their dif-
ferences are smaller than 1 ms~! on average. But the length scale
of this longitudinal variability must be shorter than 180°, because
there is no significant increase in (o) between the 2012 hemi-
spherical and global ZWPs.

Some constraints can also be placed on temporal variation. Dif-
ferences and uncertainties between 2012A and 2012B retrievals,
which were observed within the same 24-h span, are very simi-
lar in magnitude to the differences in 2009A and 2009B retrievals,
which were taken about 4 days apart. If temporal variability on
the scale of 100 h were significant, then the 2009 and 2012 dual-
hemisphere results should show some significant differences, per-
haps including significantly higher uncertainties or differences in
the 2009A/2009B case.

The mean correlation uncertainty is higher for the full 2009
profile ((o') = 7.63 ms~1) than for the full 2012 profile (5.79 ms~1!).
However, (o) is in the range of 5-6 ms~! for all the single-
hemisphere cases. If the difference between the 2009 and 2012
(o) values is entirely due to real physical effects, then it suggests a
timescale of variation that is on the order of a few days, but long
enough to go undetected in the 2012 data spanning only a cou-
ple of Jupiter rotations. A caveat to this finding is that there was a
potentially significant difference in how the mean 2009 and 2012
profiles were constructed. For 2012, we constructed a mean profile
based on global data. For 2009, this approach was impossible be-
cause correlations are unreliable over a time span of 4 days, so we
averaged the ZWPs from the A and B hemispheres.

5. Discussion
5.1. Periodogram analysis

We added the WFC3 ZWPs to the set of WFPC2 and Voyager
profiles analyzed in Simon-Miller and Gierasch (2010), updating
the Lomb-Scargle periodogram analysis (Fig. 10). The combined
dataset allows a much finer temporal resolution in short (< 8 year)
periods. The current analysis combines prior ZWPs derived using a
discrete feature tracking (local) method, with the WFC3 ZWPs de-
rived using the 1D correlation (global) method. After more WFC3
zonal wind profiles are measured in the future, there will be suf-
ficient data to determine whether combining data based on differ-
ent retrieval methods affects the results. However, where the false
alarm probability is low, several latitudes show signs of periodic
variation, similar to those in Simon-Miller and Gierasch (2010):

Within a few degrees of the equator, variation is suggested with
a period of 6.7 years, and possibly at the longest period of 13.8
years. Similar signals were evident in the analyses of Simon-Miller
and Gierasch (2010) and Simon-Miller et al. (2007), though with
lower confidence; the data used in Simon-Miller et al. (2007) did
not have enough temporal coverage to accurately constrain peri-
ods. The long-period equatorial variability is intriguingly close to
the 11.9-year seasonal period. Because of the nature of the Lomb-
Scargle periodogram retrieval, the long period signals have under-
estimated false alarm probabilities, as there are not yet enough
datasets to demonstrate repeatability at the longest timescale.
However, the 6.7-year period could correspond to the first over-
tone of the seasonal frequency. As shown in Fig. 8 of Simon-Miller
and Gierasch (2010), there is some indication that tropospheric
mesoscale wave features could be tied to the seasonal cycle, and if
so, similar changes might be expected in the tropospheric winds.

Peaks also appear at 5 years at 18°N and 7°S, as Simon-Miller
and Gierasch (2010). Stratospheric temperatures derived from in-
frared observations show a strong low-latitude periodicity at about
4.5 years, known as the Quasi-Quadrennial Oscillation (QQO),
which should produce observable signals in the tropospheric zonal
wind speeds if resulting temperature anomalies propagate down to
the cloud tops (e.g. Leovy et al., 1991; Simon-Miller et al., 2007).
However, the only periodogram peaks near this period are tightly
focused in latitude at 18°N and 7°S, and could be tied to other fea-
tures, such as the wave pattern at 7°S. The analogous equatorial
oscillation in the Earths atmosphere, the Quasi-Biennial Oscillation
(QBO), varies from 20 to 26 months, and sometimes fails to fully
form at lower altitudes, or pauses. In other words, the Earths QBO
is not exactly periodic and does not always fully propagate, so it
is possible that the approximately 7-year wind variability seen at
Jupiter’s equator is also related to this cycle. The best option for
distinguishing between these possibilities is the expansion of the
regular WFC3 zonal wind time series, which should more accu-
rately determine whether a seasonal signal or equatorial oscillation
is present or not; these can be much more tightly constrained with
this combined dataset, compared with prior analyses.

There is no significant periodicity at the latitude of 24°N, where
the highest-magnitude wind speed changes are found. This point is
discussed further in Section 5.3.

5.2. Non-zonal features in the velocity residual maps

The 1D correlation method determines the average zonal flow
in Jupiter’s atmosphere. This method provides no direct informa-
tion about flows different of this background. The residuals in
Fig. 6 indicate compact dipoles in north-south and east-west veloc-
ities where vortices are present in the 2016.11 data. Residual maps
for the other epochs (Supplemental Materials) show similar vortex
signatures.
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Fig. 10. Left: Time series of low-latitude zonal winds from WFC3 (2009-2016), combined with zonal winds measured from Voyager (not shown) and HST/WFPC2 data
(Simon-Miller and Gierasch, 2010), with speeds corresponding to color values. Right: Corresponding Lomb-Scargle periodogram. False alarm probabilities of 20%, 15% and 10%
are shown as vertical ticks on the color bar. The periodogram color bars span over the derived period mid-points, and correspond to periods of 4.2, 4.5, 4.8. 5.2, 5.6, 6.1, 6.7,
7.5, 8.5, 9.7, 11.4 and 13.8 yrs. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

A chain of such features, marked “Cyclone Alley” in Fig. 6, re-
sults in locally high mean zonal wind uncertainties near 55°S.
These locally high uncertainties produce noticeable protrusions in
the red envelopes in Figs. 7-9 near 55°S. Cyclone Alley in our
velocity residual maps coincides with where the Galileo imag-
ing experiment found the highest density of lightning strikes per
unit area (Little et al., 1999; 52.5°S planetocentric latitude in their
Table 2 is equivalent to 56.1°S planetographic latitude in our fig-
ures). Cyclones can be bordered by turbulent regions around their
main bodies (resulting in ‘frilly’ looking structures). Levin et al.
(1983) concluded that water cloud particles are the most likely
medium for Jupiter’s lightning generation, based on estimates of
electrical conductivity for the different jovian cloud materials, as
well as mass loading values that are consistent with values in more
recent work by Wong et al. (2015a). Thus, evidence of cyclones and
lightning near 55°S suggests that the vortices could vertically ex-
tend to pressures associated with the water cloud layer between
5-8 bar (Weidenschilling and Lewis, 1973; Wong et al., 2008; Bjo-
raker et al., 2015).

The large, turbulent, convectively active region to the north-
west of the GRS (the “GRS wake”) displays a consistent signature
in the velocity residuals, at all epochs. The residual wind blows
to the northwest in the northern section of the GRS wake, and to
the southeast in the southern section, and thus corresponds to di-
vergent flow at the cloud top level. Although divergent flow has
been known to characterize individual convective supercells in this
region, which themselves generate both cyclonic and anticyclonic
eddies (Gierasch et al., 2000), our residual maps indicate that the
entire region is characterized by large-scale divergence.

A persistent feature in the ZWPs at the same latitude as the
GRS wake (within the SEB) is a “kink” in the meridional wind shear

in the 10°-15°S range. It might seem plausible that the kink may
be associated with the GRS wake, since its velocity residual is so
large. The 2009 and 2012 two-hemisphere analyses test this hy-
pothesis, since at each epoch, the GRS wake was present in only
one of the hemispheres. Indeed, for 2012, significant differences
(15-18 ms~!) are present around the kink (Fig. 8). The kink is
much weaker (smaller changes in meridional shear) in the hemi-
sphere that does contain the GRS wake.

For 2009, a significant difference is not seen, consistent with
the absence of a turbulent GRS wake at that time; convective activ-
ity had stopped and the SEB was quiescent and whitening (Fletcher
et al., 2011). Conversely in 2008, the wind speed in the kink was
particularly slow, and convective activity was present at most lon-
gitudes at this time (see Fig. 1 of Asay-Davis et al. (2011)). There
seems to be a correlation between large-scale convective activity
and slower zonal wind speeds near 10-15°S. One caveat is that
gaps in the temporal sampling of our 2009 dataset degraded the
sensitivity to velocities near 270°W, just to the west of the GRS
(Supplemental Fig. S1, Velocity Residuals for 2009).

An additional velocity feature is present at these latitudes for
the 2016.11 data, but not for any other epoch. This feature con-
sists of a diagonal streak of eastward velocity residuals (Fig. 6)
that corresponds to a thin, zone-like linear cloud feature in the
albedo map (Fig. 4). Longitudinally, the velocity residual feature
and the albedo feature both alternate in sign, with one complete
cycle around the planet (zonal wavenumber 1), possibly an exam-
ple of the GRS and its turbulent wake reflecting large-scale waves
back toward the equator (Simon-Miller et al., 2012). When similar
albedo features are present (2009 and 2016.95 epochs), they main-
tain a simlar slope in latitude/longitude, yet the velocity residual
features appear to be aligned strictly east-west. This may be an ef-
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fect of the much coarser resolution of velocity residual maps com-
pared to albedo maps. The planetary-scale linear albedo feature
may be at a different altitude than the surrounding clouds, but
the feature is much weaker in CH4-band (889-nm) images than in
the deep-sensing red wavelengths used in this study. The nature
of this feature, and its corresponding velocity residuals, remains
elusive.

Velocity fields derived from HST/WFC3 observations will pro-
vide valuable comparisons with a wide range of observations taken
by the NASA Juno spacecraft, as well as other supporting observa-
tions from the ground. In particular, JunoCam will measure winds
in some polar images with time separations on the order of an
hour, which could be directly cross-validated with our wind pro-
files if the data extend to latitudes lower than 70°. Infrared global
imaging sequences at 4.8 pm acquired by Juno’s JIRAM instrument
can be used to measure the wind field with potential sensitiv-
ity to deeper tracers,” potentially revealing vertical wind shear in
combination with data from HST. Repeated spacecraft passes over
Jupiter at different longitudes will enable MWR, the Microwave Ra-
diometer (Janssen et al., 2017), to sample deep composition in and
out of discrete features such as the Great Red Spot and 5-pm hot
spots. Horizontal wind fields from HST observations will comple-
ment the inferences on vertical motions derived from these MWR
measurements. Ground-based stratospheric temperatures retrieved
during the mission can be used to derive stratospheric winds via
the thermal wind equation (Fletcher et al., 2016), using contempo-
raneous wind profiles as a lower boundary condition rather than
wind fields measured over a decade before. Both the wind pro-
files and the optical maps themselves are also useful for compari-
son with spectrally-resolved microwave maps to be obtained dur-
ing the Juno mission. These maps measure variability in NH3 con-
centration, a tracer of vertical motion (de Pater et al., 2016).

5.3. Year-to-year differences

Fig. 11 plots our calculated year-to-year differences of Jupiter’s
equatorial jet peaks, including Cassini (Porco et al., 2003) and HST
WFPC2 data (Asay-Davis et al., 2011). The long-term trend con-
firms that the jet peaks are stable (although they may vary signif-
icantly year-to-year). The most activity is seen at Jupiter’s strong

5 See https://photojournal.jpl.nasa.gov/catalog/PIA21036.

eastward jet at 24°N. This jet has been intensely studied over sev-
eral decades and with a variety of instruments, including: the Voy-
ager era (Maxworthy, 1984), ground based CCD and HST/WFPC2
images (Garcia-Melendo et al., 2000) and most recently, from Juno-
Cam and ground-based observations (Sanchez-Lavega et al., 2017).
However, predicting the amplitude and period of variations in this
jet peak has remained elusive to date. Fig. 12 plots the ZWP around
the Northern Temperate Belt (NTB) jet peak for each epoch. The
biggest decreases in jet speed follow eruptions of massive convec-
tive outbreaks, which result in a decrease from about 160 ms~!
to 147 ms~! (Sanchez-Lavega et al., 2008). The jet peak also ap-
peared to widen and slow by 50 ms~! between the Voyager era
and the period 1994-1997, which may be a result of 1990 distur-
bance in the NTB (Garcia-Melendo et al., 2000). These outbreaks
imply significant vertical wind shear between the visible cloud
deck and deeper levels, with sporadic coupling of the layers driven
by convective release of internal heat. Three such drops in the
jet speed are shown in the top panel of Fig. 11: in 2007 after a
well-documented convective outbreak in the North Temperate Belt
(NTB), in 2012, and at the end of 2016. The 2012 speed drop fol-
lowed another such outbreak that was very poorly imaged because
it happened near solar conjunction (Rogers and Adamoli, 2012).
The roughly 5-year interval between these events suggested a third
possible event in 2017, but an outbreak was observed slightly ear-
lier in October 2016 in infrared imaging by the NASA IRTF, shown
in Fig. 13 and available for view at http://junoirtf.space.swri.edu
(Rogers, 2016). The 2016.95 ZWP, acquired roughly two months af-
ter the onset of this latest outbreak, show another dramatic drop
in jet speed, from 160 ms~! to 144 ms~!. The difference in the lat-
itude of the NTB jet peaks in 2008 and 2016.11 are also modestly
significant based on estimates of the uncertainty in the navigation
procedure (o ~ 0.10° per frame).

The dissipation of NTB outbreaks is also associated with albedo
changes in this region. The top panel of Fig. 11 shows the I/F con-
trast between the jet peak and the region directly to the north.
There is a correlation between this contrast and the zonal ve-
locity, with the 2012 jet speed drop correlated with a darkening
of the NTB near 28°N. The darkening is also apparent comparing
Fig. 2 to e.g.,, Fig. 1. This pattern is consistent with neutral, pre-
plume conditions where the region is bright (seen from Voyager),
followed by a chaotic disturbance and rapid darkening during and
shortly after plume eruption observed via ground-based telescopes
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Fig. 12. Zoomed in ZWPs highlighting the changes in the NTB jet peak speed over the past decade. 2008-2012 data are shown in black lines and 2015-2016 data with red
lines. The points from the 2007 plume outbreak come from Sanchez-Lavega et al. (2008). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 13. Left: Image corrected for limb darkening shows area used to calculate the
I/F contrast in Fig. 11; the red region is centered around 28.3°N and the blue around
23.5°N. Right: Near-infrared image of the NTB plume outbreak on 19 Oct 2016,
taken with SpeX (Rayner et al,, 2003) at the NASA IRTF. Plumes are indicated with
arrows. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

and HST (Sanchez-Lavega et al., 1991; 2008; 2017). Barrado-Izagirre
et al. (2009) also monitored the brightness distribution as the
2007 NTB disturbance developed, verifying changes in the slope
of the brightness power spectra as well as an increase in dark
cloud patches post-plume that may be consistent with Rossby

wave dispersion. However, the I/F contrast following the October
2016 plume outbreak only modestly decreased, suggesting that the
response to the outbreak is more rapid in the velocity field than
in the cloud albedo. An unprecedented high cadence of microwave
observations, with Juno’s Microwave Radiometer (Janssen et al.,
2017) and ground-based VLA data (de Pater et al., 2016), will help
determine whether there are also sub-cloud changes in volatile
concentrations before and after the 2016 outbreak.

The South Temperate Belt (STB) also exhibits significant ZWP
variations between some epochs. Fig. 14 plots the STB ZWP for
each epoch. The variation in this region consists mainly in the
presence or absence of a sub-peak at 29°S, and we find that it
appears to correlate with the presence of a dark STB segment at
29-32°S. The 29°S sub-peak was present in 2008, 2009, and 2012
(hemisphere A), where such a STB segment was present, and not
in 2012 (hemisphere B) nor 2016, where the STB segment was
absent. In 2015, the 29°S sub-peak was not visible in the global
ZWP, despite the presence of a short STB segment 19° long just
west of oval BA; however, the map of residuals (see Supplemen-
tal Materials Figs. S3, velocity residuals for 2015) shows a strong
eastward anomaly at 29°S precisely alongside this segment (and
indeed, rapid circulation around the segment). These results con-
firm the report of Rogers et al. (2013), who likewise inferred that
the 29°S sub-peak was conspicuous only in sectors containing a
dark STB segment, from both HST and ground-based data in 2009
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Fig. 14. As Fig. 12 but zoomed over the STB.
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and 2012. Methods which do not smear the longitudinal velocity
should be considered when determining the true flow in the STB
region.

6. Conclusion

We present five epochs of WFC3 HST Jupiter observations and
zonal wind analysis from 2009-2016. We used the 1D correlation
method for velocity extraction (Asay-Davis et al., 2011). The de-
rived 2016 zonal wind fields are the most timely for comparison
to NASA Juno observations in late 2016 (PJ1 and PJ3).

We find that the zonal winds are globally stable on Jupiter
throughout these epochs with some exceptions. The largest uncer-
tainty in the wind field is found to be when vortices or hot spots
are present. These phenomena do not follow the background flow,
and thus increase the uncertainty of the extracted zonal velocity.
This agrees with analysis from Asay-Davis et al. (2011). Vortices
with the strongest deviations from the mean flow can be identi-
fied in our residual maps (Fig. 6) as paired N/S or E/W velocities.
Future studies of Jupiter's zonal winds may construct similar maps
to identify vortex features, including global Rossby waves resulting
from vortex dynamics.

By deriving zonal winds from subsets of data—interleaved or
covering only single hemispheres rather than all longitudes—we
are able to isolate longitudinal variability as the dominant source
of uncertainty in zonal wind retrievals. WFC3's slightly finer pixel
scale and larger field of view, compared to WFPC2, result in a
roughly factor of two reduction (from 10 ms~! to 5-6 ms~!) in un-
certainty over our previous HST-based wind profile calculated with
the same methods from Asay-Davis et al. (2011).

We also find variations in the 24°N jet peak velocity from
2009-2012. Specifically, the 2012 jet peak velocity is about
10 ms~! slower than the 2009 and 2015 velocities. A 2012 plume
outbreak, while not directly observed, is consistent with global
changes to the albedo in the NTB. Brightness and velocity varia-
tions pre- and post-plume outbreak were also seen during other
plume outbreaks on Jupiter (Sanchez-Lavega et al., 1991; 2008). A
recent plume outbreak was observed in late 2016 with IRTF. Con-
tinued monitoring of the NTB with Juno’s Microwave Radiometer,
ground-based telescopes, and amateur observations will be crucial
for understanding the workings of these highly energetic storms,
and their role in coupling the visible cloud deck with deeper at-
mospheric layers.
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