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a b s t r a c t
We present the dynamics of the String of Pearls (SoPs) feature observed by the Cassini spacecraft’s
Imaging Science Subsystem (ISS) camera between 2007 and 2010. The SoPs was originally discovered
in the 5 lm images captured by Cassini VIMS instrument, where it appeared as a chain of infrared-bright
spots (Momary, T.W., et al. [2006]. The Zoology of Saturn: The Bizarre Features Unveiled by the 5 Micron
Eyes of Cassini/VIMS. AAS/Division for Planetary Sciences Meeting Abstracts 38, 499). Using ISS images of
Saturn, we found a chain of 23–26 dark spots at 33.2°N planetocentric latitude with characteristics that
are consistent with those of SoPs. Our measurements imply that the feature propagated at
2.26 ± 0.02° day1 in longitude (22.27 ± 0.2 m s1, negative values denote westward) during the
observed period that spans three Earth years. Our measurements imply that the SoPs is a chain of
cyclones, which we infer from the motion of clouds on the periphery of the individual pearls. We tracked
the motion of 26 pearls for 6 months in 2008 and noted a few pearls appearing and disappearing, all near
the east–west termini of the SoPs feature. During this period, a few of the pearls, varying between 6 and
10, harbored a small circular cloud at the center, which we call the central peaks. In general, a group of
vortices with the same sign of vorticity tend to merge; however, our measurements did not detect merger
of pearls. The interest in the feature was heightened when the latest planet-encircling storm erupted
from the SoPs on December 5, 2010 (Sayanagi, K.M., Dyudina, U.A., Ewald, S.P., Fischer, G., Ingersoll,
A.P., Kurth, W.S., Muro, G.D., Porco, C.C., West, R.A. [2013]. Icarus 223, 460–478). The storm severely disrupted the region; the SoPs was last seen on December 24, 2010 in the turbulent wake of the storm, and
has not reappeared as of August 2013.
Ó 2013 Elsevier Inc. All rights reserved.

1. Introduction
Early discoveries of the Cassini mission to Saturn included a
chain of 5 lm-bright spots at 34° north planetocentric latitude.
The feature was ﬁrst noted by Momary et al. (2006) in images acquired by Cassini Visible and Infrared Mapping Spectrometer
(VIMS) instrument, and has since been called Saturn’s String of
Pearls (SoPs). Observing Saturn in the 5 lm wavelength reveals
the planet’s thermal emission pattern. Each of the pearls is bright
at 5 lm, which is interpreted as thermal emission from warmer,
deeper levels; thus, the 5 lm bright spots in SoPs are believed to
be a train of cloud-free regions. Baines et al. (2005) and Baines
et al. (2013, in preparation) estimate that the thermal emission
pattern is representative of the cloud structure at the depth of several bars.
Choi et al. (2009) used VIMS images acquired in 2006 to measure that the SoPs typically have about 20 infrared-bright ‘‘pearls’’
centered at 34°N ± 2° planetocentric latitude. Each of the pearls
⇑ Corresponding author.
E-mail address: kunio.sayanagi@hamptonu.edu (K.M. Sayanagi).
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had a size slightly greater than 1000 km. The pearls are separated
by 4° in longitude. The entire feature drifted westward at
20 m s1 in the System III reference frame deﬁned as
X ¼ 1:638  104 s1 (rotation period of 10h39m22.4s, Seidelmann
et al. (2007)). An upcoming paper by Baines et al. (2013, in preparation) will update and reﬁne the measurements of Choi et al.
(2009). Choi et al. (2009) proposed that the pearls form half of a
vortex street, i.e., the infrared-bright spots are cyclones and the
dark regions in between harbor anticyclones. If SoPs is indeed a
vortex street, the conﬁguration would explain the stability of SoPs;
however, Choi et al.’s (2009) infrared measurements did not reveal
the vorticity of the pearls. Sayanagi et al.’s (2010) saturnian atmospheric dynamic simulations showed that a chain of anticyclonic
vortices can emerge at the latitude of the SoPs through shear instabilities in the zonal jets, and predicted the pearls to be anticyclonic
vortices. Aurnou et al.’s (2008) internal circulation model also
showed that deep plumes can produce a surface thermal pattern
reminiscent of the SoPs.
The discovery of the SoPs in the 5 lm thermal emission patterns
motivated us to search for them in the wavelengths of reﬂected
sunlight. The ISS images offer higher spatial and temporal
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resolution, and also sense higher altitudes than in the VIMS 5 lm
band. If the SoPs is indeed thermal emissions escaping through
holes in the cloud deck, those holes should manifest as dark spots
under reﬂected sunlight. When the SoPs feature was ﬁrst discovered in 2004 during Saturn’s northern hemisphere winter, its
latitude was obscured by the ring shadows and not observable
using Cassini’s Imaging Science Subsystem (ISS) cameras. The
region emerged from the ring shadows in early 2007. Between
2007 and 2010, ISS images of Saturn’s northern mid-latitude show
the SoPs. We present the results of our analysis of the SoPs in these
images below.
The rest of our report is organized as follows. Section 2
describes the ISS image sets and the processing applied to them
in our study. Section 3 presents our measurements of the SoPs.
Section 4 discusses the implications of our results.
2. ISS image sets
We analyze images captured between July 2007 and July 2010.
All images used for this study were acquired by Cassini ISS’s Wide
Angle Camera (WAC), and have image scale of between 40 and
70 km per pixel. We primarily used images acquired with CB2 ﬁlter
because they captured the greatest contrast in the cloud morphology. The CB2 ﬁlter is centered on a near-infrared continuum band
at 752 nm and sensitive to sunlight scattered at the top of tropospheric clouds. As the SoPs is a low-contrast feature, it was usefully
discernible only in the CB2 images, and it was a challenge to detect
the feature at all in images captured using any of the other ﬁlters,
as discussed in Section 3.2.
We follow the standard image calibration and processing procedure previously used by others to process ISS images of Saturn
(e.g., Porco et al. (2005), Vasavada et al. (2006), and Del Genio
et al. (2007)). We use the camera geometric model and the
photometric calibration software CISSCAL version 3.4 described
by Porco et al. (2004) and released on April 9, 2006. The photometric ﬂattening, mapping and mosaicing procedures are the same as
in Sayanagi et al. (2013). Image navigation and map projection
used the equatorial and polar radii of 60,268 km and 54,364 km,
respectively (Lindal et al., 1985). We use the planetocentric
latitude throughout our analysis.
3. Analysis
3.1. Identiﬁcation of SoPs in ISS images, and its cloud morphology
We illustrate the morphological context of the SoPs region in
Fig. 1. The ﬁgure presents latitude–longitude mapped CB2 mosaic
of the region captured on March 29, 2008. Between 140° and
230° longitude, the mosaic shows a train of dark spots centered
at 33.2°N latitude. In all ISS images that covered the latitude zone
with sufﬁcient contrast, we consistently found between 23 and 26
dark spots over a 96.6 ± 3.5° span of longitude. The spots are quasiregularly spaced every 4.0 ± 0.9° in longitude (3400 ± 770 km). The
dark color in CB2 suggests that these spots have less cloud than the
surrounding region. Although the outline of the dark pearls can
sometimes be hard to determine, the radius of each of the dark
regions is between 0.5° and 1.0° in longitude (between 400 and
850 km), which is substantially smaller than the estimated deformation radius at the latitude, 2000–2500 km (Read et al., 2009).
These characteristics are consistent with the VIMS analysis of the
SoPs by Choi et al. (2009); thus we conclude that the dark spots
captured in the ISS CB2 images are the SoPs. We have not found
images of the SoPs simultaneously captured by VIMS and ISS.
In the CB2 images, each of the pearls in the SoPs appears as a
dark region surrounded by a brighter rim. The dark interior of each
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pearl has very few features. Some pearls have a small bright cloud
approximately centered to the pearl – we identify this feature as
the central peak (CP). In Fig. 1’s lower-most panel, three of the
pearls harbor CPs at longitudes 152°, 156°, and 169°, indicated
by yellow arrows. As their bright contrast suggests, the CP is an
optically thick cloud. As will be presented later, even though CPs
are small features that extend no more than 0.6° in diameter, they
persist for months. The bright rim of each pearl contains trackable
features that we exploited to measure the vorticity of the pearls,
also to be presented later. Between some of the pearls, we found
a bright amorphous cloud without a well-deﬁned outline – in
Fig. 1 bottom panel, these clouds can be seen at longitudes 146°,
154°, 160°, 176°, 178.5°, and 183°, indicated by green arrows.
The centers of these bright clouds are roughly around 34°N, i.e.,
they are offset to the north of the dark pearls by 0.8° in latitude
(500–600 km). We suspect that these amorphous clouds are the
other half of a vortex street, but we are unable to determine their
vorticity. The appearance of the SoPs is generally similar in the red,
green and blue ﬁlters when those images show enough contrast, to
be further discussed in Section 3.2.
During Voyager 1 and 2 ﬂybys in 1980–81, many cloud activities were noted around the latitude of SoPs. Smith et al. (1982)
and Sromovsky et al. (1983) noted a dark anticyclonic vortex that
they called ‘‘Brown Spot-1’’ or BS-1 at 37°N; a vortex with a similar
morphology was present in 2008, and can be seen at 173° longitude and 37.6°N latitude in Fig. 1. Hunt et al. (1982) noted convective outbursts at 35°N (note that, even though Hunt et al. state that
they used planetocentric latitudes, the latitudes of features and the
zonal wind proﬁle they discuss are consistent with planetographic
latitudes of those discussed in Sromovsky et al. (1983), Godfrey
and Moore (1986), and Sánchez-Lavega et al. (2000)); we found
no cumulus activity in the region between 25 and 45°N between
July 2007 and December 2010, until the eruption of the giant planet-encircling storm on December 5, 2010. The giant storm’s morphology and evolution have been documented by Sánchez-Lavega
et al. (2011, 2012), Fischer et al. (2011), and Sayanagi et al.
(2013); the outbursts noted by Hunt et al. (1982) had length scales
that are two orders of magnitude smaller than the 2010 storm.
Ingersoll et al. (1984) noted a ‘‘6’’-shaped, ‘‘knot’’-like cloud feature
at 40°N – we found no feature that ﬁts this description. Godfrey
et al. (1983) analyzed a chain of vortices that appeared to be a
Kàrmàn vortex street at 34°N. Godfrey et al. measured the vortex
diameters of 1785 ± 90 km and the spacing between the cyclonic
vortices to be 4980 ± 180 km. While the vortex diameters are close
to those of the pearls (for which we measured radii between 400
and 800 km), the vortex spacing is greater than that of the pearls,
3400 ± 770 km. Also, unlike the vortex street noted by Godfrey
et al., the SoPs feature does not appear to be caused by an obstacle
in the westward zonal ﬂow in the region.
3.2. Observation with multiple ISS ﬁlters
Fig. 2 presents the morphology of the SoPs region in different
ﬁlters. Two series of images were captured on April 17 and 23,
2008, using different combinations of ﬁlters – Fig. 2 panels a–e
show the map-projected images captured on April 17, and f–k
show those from April 23. The ﬁlters used in these sequences
are, in order of decreasing wavelength, CB3 (939 nm continuum),
MT3 (890 nm strong methane absorption band), CB2 (757 nm continuum), MT2 (728 nm methane absorption band), RED (648 nm
broadband), GRN (567 nm broadband), BL1 (460 nm broadband),
and VIO (420 nm broadband). The MT3 ﬁlter and to a lesser extent
MT2 are sensitive only to high clouds. CB2 and CB3 are sensitive to
clouds at all levels. RED, GRN, BL1, and VIO are sensitive to cloud
coloring agents. The shorter wavelengths are also sensitive to high
clouds and hazes. In Fig. 2, the header of each panel identiﬁes the
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Fig. 1. Full-longitude mosaic of the SoPs region on March 29, 2008 in latitude–longitude projection. The 23 dark spots that are aligned at 33.2°N latitude are the SoPs. The top
three panels show different longitudinal sections. The bottom panel expands the SoPs region. The yellow arrows indicate the pearls with central peak cloud at the middle. The
green arrows indicate the amorphous clouds that reside between some of the pearls as discussed in the main text. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)

ﬁlter used in capturing the image. CB3, MT3 and BL1 ﬁlters were
used in both imaging sequences; we present images from both sequences to illustrate the variability, which is caused by both temporal change in the morphology and changes in the viewing
geometry.
In CB3 (Fig. 2 panels a and f), the presence of the pearls can be
deciphered through the bright clouds that outline the pearls; however, unless the locations of the pearls are known from CB2 images,
detecting SoPs in CB3 ﬁlter is nearly impossible. In MT3 (panels b
and g) and MT2 (panel d), the latitude to the south of the SoPs
exhibits a dark band between 30 and 32°N that engirdles the entire
longitudes with brighter surrounding latitudes. The pearls do not
appear to affect the morphology of the haze, except that the CPs
can be seen in MT2 (but not in MT3). The pearls are most easily

detected in CB2 ﬁlter (panel c) as previously described. In RED (panel h) and GRN (panel i), the morphology is generally similar to
CB2, except that a bright haze masks the latitudes north of
31.5°N, and reduces the visibility of SoPs. In BL1 (panels e and j),
the band of haze north of 31.5°N that also affects RED and GRN appears brighter, and obscures SoPs in most images. In VIO (panel k),
only the haze is visible. This dataset should enable radiative transfer modeling to determine the altitudes of these layers of clouds
and hazes; however, it is beyond the scope of the current study.
3.3. Group speed of the SoPs
In this section, we measure the long-term collective motion, or
the group speed, of the SoPs. To measure the group speed of SoPs,
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Fig. 2. Latitude–longitude projected maps of the SoPs region seen in different ﬁlters. The panels in the left column are captured on April 17, 2008 and the ones in the right are
on April 23, 2008. The Cassini ISS Filter IDs are noted in the header of each panel. The morphology is described in Section 3.2 of the text.

we analyzed the longitudinal motions of the eastern and western
termini of the SoPs feature in 8 of the image sequences that captured the eastern and/or western termini of the SoPs between
May 24, 2007 and July 24 of 2008. A dataset that covers the entire
longitudinal span of SoPs on November 22, 2009 exists; however,
we did not include those images in calculating the group speed
because its low contrast made it difﬁcult to detect the SoPs termini.
The best-ﬁt speeds for the eastern and western termini are
2.267° s1 and 2.252° s1, respectively (negative values signify
westward motions). We present the average of these two quantities as the group speed, 2.26 ± 0.02° day1 (22.27 ± 0.2 m s1),
where we used the speeds of eastern and western termini as lower

and upper limits, respectively. The System III longitude of the SoPs
center hsops can be described by the following function of Julian day
tJulian

hsops ðtJulian Þ ¼ 2:26ðt Julian  2; 455; 000Þ  818:9:

ð1Þ

Fig. 3 illustrates the quality of our result; the ﬁgure extrapolates
the SoPs longitude ﬁt to demonstrate that the 2.26° day1 group
speed describes the remaining time span covered in our data set.
As Fig. 3 demonstrates, the long-term motion and variability in
the longitudinal domain width of the SoPs motion can be accommodated with ±0.02° day1 (±0.2 m s1) around the best-ﬁt. We
extrapolate the motion of the SoPs backward in time, and ﬁnd that
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Fig. 3. Motions of the SoPs. The horizontal lines denote the observational coverage
at a given time. Pluses (+) denote the longitudes of individual pearls. The dark shade
represents the best-ﬁt motion of the SoPs, 2.26° day1 (22.27 m s1), and the
accompanying half-shade denotes its 1-percent uncertainty envelope. The September 2006 data is VIMS data as documented by Choi et al. (2009).

its longitude range agrees with that recorded by Choi et al. (2009)
on September 11, 2006, using VIMS data. Note that Sayanagi et al.
(2013) presented the SoPs group speed as 2.28 ± 0.02° day1
(22.42 ± 0.2 m s1);
here,
we
reﬁne
the
value
to
2.26 ± 0.02° day1 (22.27 ± 0.2 m s1).

3.4. Temporal evolution
We now present the drift speed of individual pearls. In principle, the drift speed is a separate quantity from the group speed,
as the constituent pearls may form at one end of the SoPs, drift
through the longitudinal span of the SoPs feature at a speed different from the group speed, and dissipate at the other end. The distinction between drift speed and group speed here is analogous to
that between the phase velocity and the group velocity of a wave
packet; however, we do not use the term phase speed here because
the pearls have vortex-like morphologies, and we avoid the use of
terminology that may suggest that the SoPs is a wave-like
phenomenon.
The March 29, 2008 mosaic presented in Fig. 1 is part of an
imaging sequence in which Saturn was monitored for approximately three saturnian rotations for 31.5 h. As will be shown
later, the motion of individual pearls can be inferred for a much
longer duration by identifying common pearls in different image
sets through their morphologies; however, we ﬁrst present the
analysis of the March 29, 2008 image set because it offered the
longest duration to unambiguously track the individual pearls

without any possibility of aliasing. Fig. 4a shows three brightness-scans as a function of eastward longitude along the 33.2°N
latitude line for three images that capture overlapping longitude
ranges. The second and third scans are 10.5 and 31.5 h after the
ﬁrst. The pearls are evident in the brightness scans as a semi-periodic dip in the brightness. In Fig. 4a, the westward drift motion of
the SoPs is apparent through visual inspection.
To determine the collective drift speed of the pearls, we calculated the correlation between these brightness scans as we shifted
them in the east–west directions, and present the results in Fig. 4b.
We found that the correlation value is maximized when we shifted
the images at 2.16° day1 (21.3 m s1) between ﬁrst and second
images, 2.33° day1 (23.0 m s1) between second and third, and
2.26° day1 (23.21 m s1) between ﬁrst and third. From the
average and scatter of these measurements, we calculate the drift
speed to be 2.28 ± 0.12° (22.5 ± 1.2 m s1), which is indistinguishable from the group speed.
We also analyzed the motion of individual pearls using image
sets captured between January and June of 2008, when ISS imaged
the northern hemisphere of Saturn about once a month from a
favorable observation geometry. Fig. 5 presents a sequence of
CB2 mosaics of the SoPs region, in which the mosaics are shifted
at the 2.26° day1 group speed of the SoPs so that the features
are aligned between the frames. We then visually identiﬁed the
common pearls imaged in the frames, and connected them with
lines; Fig. 5 shows the 161 motion tracks that we analyzed. The
most useful morphological features in identifying individual pearls
are the CPs. When a CP was present within a pearl, it tended to last
throughout the 6-month period covered in this analysis and greatly
helped with identifying the individual pearls in this sequence of
mosaics. Fig. 5 demonstrates that, although small, CPs of the pearls
are long lived. Of the 26 pearls we tracked between January and
June 2008, 5 harbored a CP that lasted throughout that period,
indicated by yellow connecting lines. It is possible that visually
searching for common pearls between image sets may have misidentiﬁed some of the pearls; however, we note that the number
of pearls without CPs stay constant between those with CPs, which
gives conﬁdence to our tracking.
Our analysis reveals several pearls appearing and disappearing. In Fig. 5, when a pearl appears or disappears, we denote
the event with a dotted line. During the 6-month period, we detected 4 new pearls appearing, and 2 pearls disappearing. The
appearance and disappearance of those pearls happened near
the western and eastern termini of the SoPs feature. The appearances and disappearances seem to be gradual events. The disappearances do not seem to occur through mergers of pearls;
instead, the pearls seem to gradually fade away. The pearls also
gradually fade-in when they appear. The pearls have cyclonic
vorticity as will be shown in the next section; however, a formation of a pearl does not exhibit any morphological characteristics
of classical cyclogenesis through baroclinic instability (e.g.,
Peltier et al. (1990), Polavarapu and Peltier (1990)). During the
6-month period, the SoPs feature occupied a longitudinal span
of 96.6 ± 3.5°, and the mean spacing between the pearls was
4.0° in longitude (3400 km) with a standard deviation of 0.9°
(700 km). The maximum and minimum spacing during this
period were 7.0° and 2.0°, respectively.
Between January and June 2008, in the reference frame of the
SoPs group speed 2.26° day1 (22.27 m s1), the motion of individual pearls ﬂuctuated in time such that the 161 motion tracks
had the mean of 0.053° day1, standard deviation of 0.065° day1,
maximum of 0.150° day1, and minimum of 0.235° day1. The
linear-ﬁt drift speeds of 23 pearls that persisted during the time
frame had a mean of 0.050° day1, standard deviation of
0.019° day1, minimum of 0.073° day1, and maximum of
0.00° day1. Thus, from this measurement, we estimate the
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Fig. 4. (a) The brightness as a function of longitude across the SoPs at 33.2° latitude. The three lines correspond to the three images; second and third lines are 10.5 and 31.5 h
after the ﬁrst. The vertical axis is hours after the ﬁrst image (the amplitudes of the brightness scans are normalized to the axis). The brightness scans are drawn in the System
III reference frame, showing the westward drift of the SoPs. (b) The correlation between the brightness scans as functions of east–west shift speed. Solid line is correlation
between ﬁrst and second scans in Panel (a), dotted is between second and third, and dashed is between ﬁrst and third.

collective drift speed of SoPs feature in the System III reference
frame to be 2.31 ± 0.019° day1 (22.77 ± 0.19 m s1). Above
measurement thus reveals a small difference between the group
and drift speeds of the SoPs feature; i.e., the feature may be slightly
dispersive. If the SoPs feature was dispersive as suggested, a pearl
would form at the eastern terminus of SoPs, tracerse through the
96°-wide SoPs feature over 2000 days, and dissipate at the western terminus. However, as we have shown, pearls appear and disappear at both termini of SoPs. Rather than concluding that SoPs is
dispersive, we suspect the small difference between the group
speed and the drift speed is caused by ﬂuctuation in the longitudinal span occupied by SoPs due to the appearances and disappearances of pearls near the termini.
3.5. Vorticity
The three images used in constructing Fig. 4 also allow us to
track individual cloud features in and around the pearls to determine their vorticity. Fig. 6 shows the three consecutive images
overlaid in different colors; in the ﬁgure, the yellow and green
images are 10.5 h and 31.5 h after the red image, respectively.
The maps are drawn in the reference frame of the 2.28° day1

drift speed we measured in between these particular images
through the zonal correlation analysis in Section 3.4. Seventeen
pearls are captured in three images; of the 17, 12 pearls exhibit
unambiguous cyclonic circulation. Fig. 6 focuses on 8 of the pearls
to convey the motion of the clouds; features that are stationary in
this reference frame appear white or gray, and those in motion separate into red–yellow–green in time. Around each of the pearls,
cloud color separate into red–yellow–green in counterclockwise
order, thus demonstrating that the pearls have cyclonic vorticity.
The three color-separated images of Fig. 6 make up the three
frames of Supplemental Movie 1, in which cyclonic motions
around the pearls are evident.
To calculate the vorticity of the pearls, we treat each of the
pearls as circular vortices with 600 ± 200 km radius. Between the
ﬁrst and third images, the clouds at the outer rim of the pearls circulate by 45–80° around the center of the pearls, i.e., angular rotation rate x of between 0.7  105 s1 and 1.2  105 s1 and the
relative wind speed within the pearls v av of between 3 m s1 and
10 m s1. The vorticity of the pearls fav can be estimated as
fav ¼ 2x = (2 ± 0.5)  105 s1, which is about twice as large as
the local zonal mean vorticity, fzonal ¼ 1  105 s1 , as will be
further discussed in Section 3.6.
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Fig. 5. Temporal evolution of the SoPs between January and June 2008. Latitude-longitude mosaics of the SoPs regions are lined up in a reference frame that propagates at the
SoPs drift speed of 2.26° day1. Each mosaic covers latitudes between 30° and 40°, and a 150°-span of longitude centered on the SoPs. The individual pearls are visually
identiﬁed between the frames and connected with a solid line. When a pearl appears or disappears, the change is noted with a dotted line. Yellow and red lines indicate pearls
with and without central peak, respectively. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 6. Three images of the SoPs are overlayed in red, yellow and green color channels. The red channel is the SoPs portion shown in Fig. 1, and yellow and green channels are
10.5 and 31.5 h after the ﬁrst frame, respectively. The three frames are drawn in the reference frame of the SoPs drift. The vorticity can be seen in small clouds surrounding the
pearls that shift their colors from red–yellow–green in counterclockwise order. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the
web version of this article.)

Since it appears that all of the pearls have cyclonic vorticity, the
vorticity structure between the pearls becomes an interesting
issue. Vortices with the same sign of vorticity tend to merge.

Unless an anticyclonic vortex is present between each pair of
pearls, the SoPs is a dynamically unstable structure. Although we
were unable to measure the vorticity of the aforementioned
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amorphous clouds between the pearls, we suspect that they are the
anticyclonic counterparts to the cyclonic pearls.
3.6. Zonal wind proﬁle
In order to study the dynamical context for the SoPs motion, we
measured the zonal-mean zonal wind speeds. We adopt an automatic feature tracker developed at JPL for this purpose to perform
automated Correlation Imaging Velocimetry (CIV) wind measurements. The feature tracker we employ, TRACKER3, was previously
used by Salyk et al. (2006) to measure eddy momentum ﬂux on
Jupiter and by Sayanagi et al. (2013) to measure the wind ﬁeld inside a large anticyclonic vortex. For our wind measurements, we
used 10 images (5 image pairs) captured on May 6, 2008 with
approximately 10.5 h separation between the image pairs. We
used a correlation window size of 7°  1° in longitude  latitude
(i.e., 70  10 pixels in the map-projected space), and we calculate
tie-point matches on a 0.5°  0.5° grid. The correlation tie-points
produced using a rectangular correlation window enhances our
sensitivity to the zonal wind component at the expense of not
resolving the eddies (i.e., deviations from the zonal mean). CIV
methods have been successfully used to analyze the eddy magnitudes and the eddy momentum ﬂux hu0 v 0 i (Salyk et al., 2006; Del
Genio et al., 2007; Del Genio and Barbara, 2012); however, they require an extensive error analysis to characterize the contribution of
spurious tie-point matches, which is beyond the scope of our study
here.
Our measurement returned 73,910 wind vectors. Their distribution is presented in Fig. 7b to demonstrate the quality of our results. Our wind measurements show that the zonal mean wind
proﬁle in Saturn’s northern mid-latitudes did not change signiﬁcantly between the Voyager ﬂybys in 1980–1981 (Sánchez-Lavega
et al., 2000) and our measurement on May 7, 2008. Our measurements in Fig. 7a show that the zonal wind between 20°N and
30°N (in the northern ﬂank of the equatorial jet) is much faster
in May 2007 than during the Voyager ﬂybys – this acceleration
was also shown by García-Melendo et al. (2011).
We note that although the cloud-tracking wind measurement of
the May 7, 2008 data presented here employs the same data
analyzed by Sayanagi et al. (2013), we employ a different method.
Sayanagi et al. (2013) employed a 1-dimensional zonal correlation
method to measure the zonal wind proﬁle, while we employ a
2-dimensional correlation imaging velocimetry method here. Our
measurements using these two methods are in good agreement,
demonstrating a high-conﬁdence in our results.
Fig. 7a shows that the SoPs, centered at 33.2°N, is located
slightly to the south of a westward peak in the zonal wind proﬁle.
The zonal wind speed at 33.2°N is 12.6 m s1, and the westward
wind speed peaks at 17.2 m s1 at 33.8°N latitude; thus the
22.27 ± 0.2 m s1 group speed of the SoPs is slightly faster than
the background zonal wind speed. Fig. 7b shows that the vorticity
of the pearls measured in Section 3.5 is approximately twice as
large as the zonal mean vorticity at the latitude, 0.97  105 s1.
The curvature of the zonal mean wind (Fig. 7d) shows that its value
crosses b numerous times between 20 and 70°N latitudes, which
constitute violations of the barotropic stability criterion. The criterion states that a barotropic wind proﬁle is stable when
2
2
b  d u=dy does not change sign (Pedlosky, 1987).
3.7. Last sighting of SoPs
The SoPs feature was last seen in two images captured on
December 23 and 24, 2010, in the turbulent wake region of the
2010–2011 Great Storm. As reported by Sayanagi et al. (2013)
and Baines et al. (2013, in preparation), the giant storm erupted
on December 5, 2010 at a longitude predicted to be occupied by
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SoPs. Fig. 8 presents the last view of the SoPs; the December 23
and 24 images are temporally separated by 34 h (3 saturnian rotations), and cover adjacent longitudinal regions. In Fig. 8, the locations of the pearls are indicated by red arrows; however, the
pearls do not exhibit much brightness contrasts because the viewing geometry of the region was not optimal. We thus applied a
10°  10° (longitude  latitude) high-pass spatial ﬁlter to highlight
small features, displayed in Fig. 8b. In the December 23 view, a few
of the pearls are decipherable along with their CPs. In the December 24 image, a chain of highly deformed dark spots can be seen,
also indicated by the arrows; we interpret these deformed spots
as the pearls being sheared in the turbulent wake of the storm.
In both December 23 and 24 images, the spacing of the dark spots
is about 4° in longitude, consistent with earlier SoPs observations.
On December 24, the storm’s head was found at 62.5° longitude,
and the SoPs was predicted to occupy longitudes between 38°
and 135° longitude. Thus, the feature was expected to extend to
the west of the storm’s head; however, we detected no hint of
pearls to the west of the head. The VIMS instrument last detected
the SoPs feature on September 5, 2010 (Baines et al., 2013, in preparation), in which disruptions in the alignment of pearls were
noted. ISS captured images of overlapping regions simultaneously.
However, we did not use the September 5 image set in our analysis
because the images offered extremely low contrast, and very few
cloud features were resolved due to the illumination geometry
and spacecraft distance.

4. Summary and discussion
From the comparison between the dark spots found in the ISS
images presented here and the VIMS images previously analyzed
by Choi et al. (2009), we conclude that the train of dark spots found
at 33.2°N planetocentric latitude is the String of Pearls feature. In
the CB2 band (757 nm continuum), we consistently found 23–26
pearls, and each pearl had a radius between 400–800 km. Our measurements revealed that the feature’s characteristics remained
remarkably constant during the observed period between 2007
and 2010. Its longitudinal width stayed at 96.6 ± 3.5°. Over a 6month period in 2008, we detected formation and disappearance
of 4 and 2 pearls, respectively, all happening near the eastern
and western termini of the SoPs feature; the ﬂuctuation in the SoPs
longitudinal width change is caused predominantly by the appearance and disappearance of pearls at the termini. Its group speed
varied
less
than
1-percent
at
2.26 ± 0.02° day1
1
(22.27 ± 0.2 m s ). Its drift speed is indistinguishable from the
group speed, and the feature does not appear to be dispersive.
We also resolved the vorticity of the pearls, and determined that
the SoPs is a chain of cyclonic vortices (Fig. 6 and Supplementary
Movie 1). We show that the wind speed within individual pearls
reaches 10 m s1 and relative vorticity of 2  105 s1. From
these, we estimate that the circulation around a pearl has Rossby
number of Ro  0:1, i.e., the ﬂow is in geostrophic balance.
Through the cloud morphology, we believe that SoPs likely is a
vortex street, i.e., there is an anticyclonic vortex in each space between the cyclonic pearls; otherwise, we expect the pearls to
merge, as vortices of like vorticity attract (Kundu and Cohen,
2002). A vortex street, in which anticyclonic and cyclonic vortices
are staggeredly placed, is known to be a stable conﬁguration.
Baines et al. (2011) proposed that SoPs is a von Kàrmàn vortex
street, caused by an obstacle in the westward zonal ﬂow. A classical von Kàrmàn street is stable when the ratio between the lateral
spacing (the latitudinal offset between the cyclonic and anticyclonic street if applied to SoPs) and the longitudinal vortex spacing
is 0.28 (Kàrmàn, 1921). The lateral offset for SoPs was 500–600 km
while the spacing of the pearls was 3400 ± 700 km; thus the lateral

178

K.M. Sayanagi et al. / Icarus 229 (2014) 170–180

Fig. 7. Zonal wind measurements of Saturn’s northern hemisphere on May 7, 2008. Panel (a) shows the zonal mean wind speed in solid, and gray shade corresponds to the
zonal standard deviation around the mean. Dotted line is the proﬁle measured by Sánchez-Lavega et al. (2000) using Voyager data in 1980–1981. The (+) symbol marks the
latitude and group speed of SoPs. Panel (b) shows the two-dimensional histogram of the cloud tracking measurements that produced the zonal mean shown in (a). The bin
size of 0.5 m s1  0.5° latitude was used, and the darkest shade corresponds to 20 measurements in the bin. The panel contains a total of 73,910 tracking tie points. (c) Zonal
 =dy (solid = our measurement, dashed = Sánchez-Lavega et al. (2000)) compared to the Coriolis parameter (planetary vorticity) f (red). The (+) symbol
mean vorticity du
2
 =dy2 and b (red). (For interpretation of the references to color in this
marks the latitude and vorticity of SoPs as discussed in Section 3.4. (d) Zonal mean wind curvatures d u
ﬁgure legend, the reader is referred to the web version of this article.)

to-longitudinal ratio was between 0.12 and 0.22. The upper bound
of 0.22 is not far off from 0.28; however, a von Kàrmàn vortex
street is necessarily dispersive. SoPs resides in a westward zonal
ﬂow; thus, if it was an obstacle-generated von Kàrmàn vortex
street, the pearls should form downstream of a purported obstacle
at the eastern terminus of the feature. The pearls would then be
advected westward until they are dissipated. However, as our measurements demonstrated, there is no evidence that SoPs is dispersive. Moreover, we found pearls forming at both eastern and
western termini of the SoPs feature; thus, our measurements
indicate that the feature is not an obstacle-generated von Kàrmàn
vortex street.
An obstacle in the ﬂow is not the only way to form a vortex
street. For example, Flierl et al. (1987) demonstrated that a vortex
street can form through barotropic instabilities using a barotropic
quasigeostrophic model. Using a shallow-water model, Poulin and
Flierl (2005) demonstrated that such vortex streets can form when
ageostrophic effects are included, and through instabilities in retrograde ﬂows as is the case in the SoPs region. In the context of

studying Saturn’s Northern Hexagon (Godfrey, 1988), numerical
and laboratory experiments show that barotropic instabilities can
lead to a vortex street which lead to a Hexagon-like polygonal
structure (Morales-Juberías et al., 2011; Barbosa Aguiar et al.,
2010). Sayanagi et al.’s (2010) saturnian atmospheric dynamics
simulations also showed that a chain of anticyclones (but not
cyclones) form near the latitude of SoPs through barotropic instabilities. However, these scenarios alone are unable to explain the
constant width of the SoPs feature, since there is no reason to believe that an unstable condition can be maintained over a limited,
constant range of longitudes. In addition, even though we found
formations of a few pearls, the formation process does not seem
to exhibit morphologies characteristic of cyclogenesis through
instabilities (e.g., Peltier et al. (1990), and Polavarapu and Peltier
2
2
(1990)). Nevertheless, we note that b  d u=dy changes sign
around the center of SoPs feature, 33.2°N latitude (Fig. 7d), indicating a violation of barotropic stability criterion. Read et al. (2009)
show that the region has a relatively homogenized potential
vorticity. In a region of homogenized potential vorticity, the
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that may explain the morphology of SoPs; however, like the instability scenarios, it also requires unknown additional mechanisms
to explain a constant longitudinal width of the feature.
An additional piece of the puzzle is the giant convective storm
that erupted from the SoPs on December 5, 2010, which analysis
has been presented by Sayanagi et al. (2013). Although we claim
no causal connection between the SoPs and the new giant storm
of 2010–2011, it is notable that the initial longitude of the storm’s
convective core was in the center of the SoPs. Last ISS detection of
the SoPs occurred on December 24, 2010, and, as of August 2013,
the SoPs has not re-appeared.

Acknowledgments
We thank the two anonymous reviewers for their extremely
constructive comments. Our work was supported by the Cassini–
Huygens mission, a cooperative project of NASA, ESA, ASI, managed
by JPL a division of the California Institute of Technology, under a
contract with NASA.

Appendix A. Supplementary material
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.icarus.2013.
10.032.

References

Fig. 8. The view of the SoPs region on December 23–24, 2010, as it is being engulfed
by the great storm of 2010–2011 that erupted earlier on December 5. The December
24 view is 34 h later, and covers a different longitude region to the west of, the
December 23 image. The arrows indicate the locations of the pearls. The December
23 image shows a region further away from the storm core, and the pearls appear
relatively intact; however, in the December 24 image, the pearls are in the wake of
the storm, and highly deformed. Panel (a) is brightness maps, and Panel (b) is highpass ﬁltered to emphasize features smaller than 10°  10° in longitude  latitude.

Charney–Stern stability criterion (Charney and Stern, 1962) can be
more easily violated (e.g., Sayanagi and Showman (2007)). The criterion states that a ﬂow is stable when the gradient of potential
vorticity does not change sign; however, whether the zonal wind
proﬁle of the SoPs region violates this criterion is unclear. A nonlinear Rossby wave similar to Jupiter’s 5 lm hotspots (Showman and
Ingersoll, 1998; Showman and Dowling, 2000) is another scenario

Aurnou, J., Heimpel, M., Allen, L., King, E., Wicht, J., 2008. Convective heat transfer
and the pattern of thermal emission on the gas giants. Geophys. J. Int. 173, 793–
801.
Baines, K., et al., October 2011. Saturn’s Enigmatic ’’String of Pearls’’ and Northern
Storm of 2010–2011: Manifestations of a Common Dynamical Mechanism? In:
EPSC-DPS Joint Meeting, p. 1658.
Baines, K.H. et al., 2005. The atmospheres of Saturn and Titan in the near-infrared
ﬁrst results of Cassini/VIMS. Earth Moon Planets 96, 119–147.
Baines, K.H., et al., 2013. The Evolution of Saturn’s String of Pearls over Five Years as
Revealed by Cassini/VIMS. Icarus, in preparation.
Barbosa Aguiar, A.C., Read, P.L., Wordsworth, R.D., Salter, T., Hiro Yamazaki, Y., 2010.
A laboratory model of Saturn’s North Polar Hexagon. Icarus 206, 755–763.
Charney, J.G., Stern, M.E., 1962. On the stability of internal Baroclinic jets in a
rotating atmosphere. J. Atmos. Sci. 19, 159–172.
Choi, D.S., Showman, A.P., Brown, R.H., 2009. Cloud features and zonal wind
measurements of Saturn’s atmosphere as observed by Cassini/VIMS. J. Geophys.
Res. 114, E4007.
Del Genio, A.D., Barbara, J.M., 2012. Constraints on Saturn’s tropospheric general
circulation from Cassini ISS images. Icarus 219, 689–700.
Del Genio, A.D., Barbara, J.M., Ferrier, J., Ingersoll, A.P., West, R.A., Vasavada, A.R.,
Spitale, J., Porco, C.C., 2007. Saturn eddy momentum ﬂuxes and convection:
First estimates from Cassini images. Icarus 189, 479–492.
Fischer, G. et al., 2011. A giant thunderstorm on Saturn. Nature 475, 75–77.
Flierl, G.R., Malanotte-Rizzoli, P., Zabusky, N.J., 1987. Nonlinear waves and coherent
vortex structures in Barotropic b-plane jets. J. Phys. Oceanogr. 17, 1408–1438.
García-Melendo, E., Pérez-Hoyos, S., Sánchez-Lavega, A., Hueso, R., 2011. Saturn’s
zonal wind proﬁle in 2004–2009 from Cassini ISS images and its long-term
variability. Icarus 215, 62–74.
Godfrey, D.A., 1988. A hexagonal feature around Saturn’s North Pole. Icarus 76, 335–
356.
Godfrey, D.A., Moore, V., 1986. The saturnian ribbon feature – A baroclinically
unstable model. Icarus 68, 313–343.
Godfrey, D., Hunt, G.E., Suomi, V.E., 1983. Some dynamical properties of vortex
streets in Saturn’s atmosphere from analyses of Voyager images. Geophys. Res.
Lett. 10, 865–868.
Hunt, G.E., Godfrey, D., Muller, J.-P., Barrey, R.F.T., 1982. Dynamical features in the
northern hemisphere of Saturn from Voyager 1 images. Nature 297, 132–134.
Ingersoll, A.P., Beebe, R.F., Conrath, B.F., Hunt, G.E., 1984. Structure and dynamics of
Saturn’s atmosphere. In: Gehrels, T., Matthews, M.S. (Eds.), Saturn. Univ. of
Arizona Press, Tucson, pp. 195–238.
Kàrmàn, T.V., 1921. Über laminare und turbulente Reibung. Z. angew. Math. Mech.
1, 233–252.
Kundu, P.K., Cohen, I.M., 2002. Fluid Mechanics, second ed. Academic Press, San
Diego, CA.
Lindal, G.F., Sweetnam, D.N., Eshleman, V.R., 1985. The atmosphere of Saturn – An
analysis of the Voyager radio occultation measurements. Astron. J. 90, 1136–
1146.

180

K.M. Sayanagi et al. / Icarus 229 (2014) 170–180

Momary, T.W., et al., 2006. The Zoology of Saturn: The Bizarre Features Unveiled by
the 5 Micron Eyes of Cassini/VIMS. AAS/Division for Planetary Sciences Meeting
Abstracts 38, 499.
Morales-Juberías, R. et al., 2011. Emergence of polar-jet polygons from jet
instabilities in a Saturn model. Icarus 211 (2), 1284–1293.
Pedlosky, J., 1987. Geophysical Fluid Dynamics. Springer, New York.
Peltier, W.R., Moore, G.W.K., Polavarapu, S., 1990. Cyclogenesis and frontogenesis.
Tellus Ser. A 42, 3–15.
Polavarapu, S.M., Peltier, W.R., 1990. The structure and nonlinear evolution of
synoptic scale cyclones: Life cycle simulations with a cloud-scale model. J.
Atmos. Sci. 47, 2645–2673.
Porco, C.C. et al., 2004. Cassini imaging science: Instrument characteristics and
anticipated scientiﬁc investigations at Saturn. Space Sci. Rev. 115, 363–497.
Porco, C.C. et al., 2005. Cassini imaging science: Initial results on Saturn’s
atmosphere. Science 307, 1243–1247.
Poulin, F.J., Flierl, G.R., 2005. The inﬂuence of topography on the stability of jets. J.
Phys. Oceanogr. 35, 811–825.
Read, P.L., Conrath, B.J., Fletcher, L.N., Gierasch, P.J., Simon-Miller, A.A., Zuchowski,
L.C., 2009. Mapping potential vorticity dynamics on Saturn: Zonal mean
circulation from Cassini and Voyager data. Planet. Space Sci. 57, 1682–1698.
Salyk, C., Ingersoll, A.P., Lorre, J., Vasavada, A., Del Genio, A.D., 2006. Interaction
between eddies and mean ﬂow in Jupiter’s atmosphere: Analysis of Cassini
imaging data. Icarus 185, 430–442.
Sánchez-Lavega, A., Rojas, J.F., Sada, P.V., 2000. Saturn’s zonal winds at cloud level.
Icarus 147, 405–420.
Sánchez-Lavega, A., del Rio-Gaztelurrutia, T., Delcroix, M., Legarreta, J.J., GomezForrellad, J.M., Hueso, R., Garcia-Melendo, E., Perez-Hoyos, S., BarradoNavascues, D., Lillo, J., Iopw-Pvol, I.O.P.W.T., 2012. Ground-based observations

of the long-term evolution and death of Saturn’s 2010 great white spot. Icarus
220
(2),
561–576,
<http://www.sciencedirect.com/science/article/pii/
S0019103512002151>.
Sánchez-Lavega, A. et al., 2011. Deep winds beneath Saturn’s upper clouds from a
seasonal long-lived planetary-scale storm. Nature 475, 71–74.
Sayanagi, K.M., Morales-Juberías, R., Ingersoll, A.P., 2010. Saturn’s Northern
hemisphere ribbon: Simulations and comparison with the meandering gulf
stream. J. Atmos. Sci. 67, 2658–2678.
Sayanagi, K.M., Dyudina, U.A., Ewald, S.P., Fischer, G., Ingersoll, A.P., Kurth, W.S.,
Muro, G.D., Porco, C.C., West, R.A., 2013. Dynamics of Saturn’s great storm of
2010–2011 from Cassini ISS and RPWS. Icarus 223, 460–478.
Sayanagi, K.M., Showman, A.P., 2007. Effects of a large convective storm on Saturn’s
equatorial jet. Icarus 187, 520–539.
Seidelmann, P.K. et al., 2007. Report of the IAU/IAG Working Group on cartographic
coordinates and rotational elements: 2006. Celest. Mech. Dynam. Astron. 98,
155–180.
Showman, A.P., Dowling, T.E., 2000. Nonlinear simulations of Jupiter’s 5-micron hot
spots. Science 289, 1737–1740.
Showman, A.P., Ingersoll, A.P., 1998. Interpretation of Galileo probe data and
implications for Jupiter’s dry downdrafts. Icarus 132, 205–220.
Smith, B.A. et al., 1982. A new look at the Saturn system – The Voyager 2 images.
Science 215, 504–537.
Sromovsky, L.A., Revercomb, H.E., Krauss, R.J., Suomi, V.E., 1983. Voyager 2
observations of Saturn’s northern mid-latitude cloud features – Morphology,
motions, and evolution. J. Geophys. Res. 88, 8650–8666.
Vasavada, A.R. et al., 2006. Cassini imaging of Saturn: Southern hemisphere winds
and vortices. J. Geophys. Res. (Planets) 111, E05004.

