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We present observations of Neptune taken in H-(1.4-1.8 um) and K'-(2.0-2.4um) bands on the nights of
July 3, 2013 and August 20, 2014 from the 10-m W.M. Keck II Telescope using NIRC2 coupled to the
Adaptive Optics (AO) system. We track the positions of ~100 bright atmospheric features over a 4-5 h
window on each night to derive zonal velocities and wind profiles.

Our results deviate from the smooth Voyager zonal wind profile from Sromovsky et al. (1993), often
by 100-200m/s, and often by 3-10 times their estimated uncertainties. Besides what appears to be a
random dispersion, probably due to a mix of unaccounted for measurement errors, eddy motions, vertical
wind shear, and wave-generated features that do not follow the mass flow, there is also a systematic
deviation that is wavelength dependent. The H-band profile is best described with a 73-106 m/s shift
towards the east for a retrograde flow (i.e., a lessening of the retrograding velocities) from the Voyager
profile at the equator. The K’-band profile is consistent with Voyager on both nights.

Comparing H and K’ contribution functions and K'/H intensities suggests equatorial H-band features are,
on average, deeper than K’-band features. The H-band equatorial features also have greater eastward (less
negative) velocities than K’-band features. Differences in zonal wind speed with depth at constant latitude
and time imply vertical wind shear. Assuming the average variations in the zonal wind profiles result
from wind shear over 3-5 scale heights, we predict vertical wind shears between —1.0 and —2.2 m/(s km)
at the equator (increasing with height).

The standard thermal wind equation and meridional thermal profile for Neptune given by Voyager/IRIS
spectra predict wind shear of the wrong sign relative to the observations. We consider two effects that
reconcile this inconsistency. First, we calculate the meridional temperature gradients at pressures out-
side the Voyager/IRIS narrow sensitivity window required to match our predicted wind shears. Second,
we generalize to a thermal wind equation that considers global methane variations and re-derive the
temperature structure needed to match the observed wind shear. If methane is uniformly distributed
or weakly varying, the equator must be 2-15 K cooler than the mid latitudes below 1bar. If methane
is strongly varying, the equator can be 2-3 K warmer than the mid latitudes below 1 bar, qualitatively
consistent with observed temperature contrasts. These findings may imply a stacked-celled circulation
pattern in Neptune’s troposphere and lower stratosphere.

© 2018 Elsevier Inc. All rights reserved.
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1. Introduction

The zonal wind velocities of the giant planets are obtained
by tracking bright cloud features in their atmospheres. Sromovsky
et al. (1993) created a zonal wind profile for Neptune by
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constructing a fit to measurements of position and velocity of dis-
crete cloud features by Limaye and Sromovsky (1991) from Voyager
2 images taken in visible wavelengths. Derived velocities were av-
eraged in latitudinal bins and fit to a fourth-order polynomial to
create a smooth zonal wind profile, also referred to as the canon-
ical profile. This profile revealed Neptune’s atmospheric winds are
extremely strong, despite Neptune receiving minimal solar inso-
lation. Equatorial wind speeds reach up to 400 m/s, some of the
fastest in the solar system.

Cloud tracking studies have shown significant deviations
from Neptune’s canonical wind profile. Limaye and Sromovsky
(1991) saw deviations on the order of 50 m/s, particularly in clouds
around the vicinity of a Great Dark Spot (GDS) and at Northern
latitudes between 25°-30° N. Sromovsky et al. (1993) found dis-
persion in cloud velocities from their constructed canonical pro-
file. Hammel and Lockwood (1997) also saw dispersion of veloc-
ities in narrow latitude strips from 1995 HST maps. Sromovsky
et al. (2001b,c) tracked features in 1996 data and found general
agreement with the canonical profile apart from features close to a
dark spot. These findings suggest Neptune’s clouds are not all pas-
sive tracers for the background winds, but may also be evidence of
wind shear, wave propagation from the presence of vortices, such
as the GDS, or other local phenomena.

Recent fits to the zonal wind profile using near-infrared imag-
ing data show shifts relative to the canonical profile, in addition to
the dispersion of clouds at a given latitude noted by earlier studies.
Fitzpatrick et al. (2014) tracked dozens of bright atmospheric fea-
tures using Keck AO images in the H-band and found that a profile
with a ~180 m/s eastward shift from the canonical profile at the
equator best matched the data. Martin et al. (2012) also observed
many cloud features in the H-band (1.6 pm) that appeared to not
move with the canonical profile, with differences reaching as large
as 500 m/s. Interestingly, Fitzpatrick et al. (2014) also tracked fea-
tures in K’-band (2.2 pm) images and found that the derived profile
was consistent with the Voyager profile. They suggested that the
eastward shift in the H-band profile from the K’-band and Voyager
profiles could be due to temporal changes or a wavelength/depth
effect.

However, the exact mechanisms that drive the dispersion and
profile shifts in the zonal winds of Neptune remain largely un-
resolved. Martin et al. (2012) observed wave-like behavior in the
east-west motions of several cloud features with periods close
to the 7.2 h period of the principal semi-diurnal tides from Tri-
ton. They suggested that future observations look at the effect of
tidal forcing from Triton on the velocities of Neptune’s cloud fea-
tures. Recent Kepler observations did not find signals in photomet-
ric light curves corresponding to the periods of Neptune’s major
moons, disproving this idea (Simon et al., 2016). Fitzpatrick et al.
(2014) used radiative transfer models to determine the approxi-
mate altitudes of clouds and concluded that the differences be-
tween their observed wind profiles in H- and K’-bands were too
large in magnitude and in the opposite direction than what could
be explained by vertical wind shear. Evidence of large north-south
velocities in feature motions may be due to vortices or various
wave mechanisms but the exact cause of zonal wind variability is
unknown.

A major drawback to the studies conducted by Martin et al.
(2012) and Fitzpatrick et al. (2014) is that they either: imaged at
one wavelength, so that differences in wind speed versus atmo-
spheric depth cannot be seen; or performed cloud tracking at two
wavelengths on different nights so that the two cannot be directly
compared. With these issues in mind, we perform analyses simi-
lar to Martin et al. (2012) and Fitzpatrick et al. (2014) to test the
vertical wind shear hypothesis for zonal wind dispersion on Nep-
tune. We first present observations of Neptune taken in the H-(1.4-
1.8um) and K’-(2.0-2.4um) bands on each of the nights of July 3,

2013 and August 20, 2014 and derive zonal wind profiles for each
band by tracking the motions of bright cloud features. We remark
on observed differences between the H- and K'-band profiles in
the equatorial region, leading us to reconsider vertical wind shear
as being important, as we observe differences in speeds for fea-
tures at the same latitudes and time. We then discuss the applica-
bility of the thermal wind equation to model vertical wind shear
in Neptune’s troposphere and lower stratosphere from the equator
to mid-latitudes. Finally, we examine the physical consequences of
vertical wind shear in terms of Neptune’s global circulation.

2. Data
2.1. Observations and data reduction

We observed Neptune’s atmosphere on July 3, 2013 and Au-
gust 20, 2014 UT from the Keck II Telescope on Mauna Kea, Hawaii
at Near-Infrared (NIR) wavelengths. H- (1.4-1.8 pm) and K'- (2.0-
2.4 pm) band images were taken on both nights with the narrow
camera of the NIRC2 instrument coupled to the Adaptive Optics
(AO) system. The detector is a 1024 x 1024 array with a scale of
0.009942 arcsec/pixel in this view (de Pater et al., 2006).

A total of 75 images were taken in each band on July 3, 2013
from 10:48-15:09 (UT); 100 images were taken in each band on
August 20, 2014 from 08:13-13:30 (UT). An integration time of 60
seconds was used for all images. This provides the best compro-
mise of high signal to noise while minimizing feature smearing
and avoiding over-saturating the detector. Moreover, short integra-
tion times allow many images to be taken over the observation
period and ensure the identification of the same features in suc-
cessive images. Images were taken in sets of five and alternated
between the H- and K’-bands, corresponding to a ~15 min separa-
tion between image sets in a single band.

Images were reduced using standard infrared reduction tech-
niques of sky subtraction, flat fielding, and median-value masking
to remove bad pixels. We estimate <1% of the total number of pix-
els are bad, more than half of which are confined to one quadrant
of the detector. Care was taken to image Neptune away from this
quadrant. Each image was corrected for the geometric distortion of
the array using the ‘dewarp’ routines provided by Brian Cameron,’
who estimates residual errors at <0.1 pixels.

We photometrically calibrated images using the Elias standard
stars (Elias et al., 1982) HD162208 on July 3, 2013 and HD1160
on August 20, 2014 and converted them to units of I/F, defined as
(Hammel et al., 1989):

2
Fean 0
©

Here, r is the ratio of Neptune’s to Earth’s heliocentric distance
in AU, mFg is the Sun’s flux density at Earth’s orbit, Fy is Nep-
tune’s observed flux density, and €2 is the solid angle subtended
by a pixel on the detector.

2.2. Imaging results

Fig. 1 shows calibrated images of Neptune at the beginning and
end of each observing night and in each band. Because there were
problems in the optical alignment of the AO system on the night of
August 20, 2014, we did not achieve expected (diffraction-limited)
resolution. This resulted in limited feature tracking capabilities for
these images. Our viewing is limited to latitudes south of +50° due
to the sub-Earth latitude of —27°.

1 http://www2.keck.hawaii.edu/inst/nirc2/forReDoc/postobserving/dewarp/
nirc2dewarp.pro.
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Fig. 1. Images of Neptune taken in the H-(left columns) and K’'-(right columns) taken on July 3, 2013 (top) and August 20, 2014 (bottom). The first and last images taken of
Neptune on a given night are shown for each band. Images are in units of I/F with a colorbar given on the right of each image set.

Cloud features can be seen in both bands on both nights and
their general characteristics agree with previous observations (e.g.
Sromovsky et al., 2001a; Max et al., 2003; Martin et al., 2012; Fitz-
patrick et al., 2014). The brightest clouds stretch along several con-
stant latitude bands centered at the mid-latitudes. On July 3, 2013,
we see the largest bright feature centered at about 40°N. By August
20, 2014, this feature had disappeared or migrated to the dark side
of the planet. Instead, we see two bright features in the Southern
hemisphere centered at roughly 40°S. In the H-band, we also see
a feature at Neptune’s south pole, seen since the Voyager era (e.g.

Smith et al., 1989; Limaye and Sromovsky, 1991; Luszcz-Cook et al.,
2010; Fitzpatrick et al., 2014; de Pater et al., 2014). No features are
seen immediately south of the equator.

Fig. 2(a) and (c) shows single images of Neptune that have
been produced by combining the set of July 3, 2013 H- and K'-
band images, respectively, using a procedure described in Fry et al.
(2012). The image combination increases the S/N ratio of the im-
ages by employing a pixel brightness averaging method and cor-
recting for feature motions induced by rotation and the canonical
zonal wind profile. We did not make such images for August 20,
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Fig. 2. Images of Neptune in the H-band (top row) and K'-band (bottom row) on July 3, 2013 using the image combination method described in Fry et al. (2012). Figs.
(a) and (c) show the unaltered image while (b) and (d) show an enhanced, high-pass filtered version. Subtle equatorial features and banding can be made out due to the

increased S/N ratio.

2014 due to the poor AO performance. In Fig. 2, (b) and (d) are (a)
and (c) passed through a high-pass filter by subtracting a median-
smoothed image. Banding at the equator can be made out as well
as several subtle features. More features can be identified around
the equator in the H-band compared to the K’-band.

2.3. Image navigation and projection

Accurate navigation and feature tracking requires precise deter-
minations of Neptune’s center in each image. An offset of even one
pixel in the image centering can dramatically alter an image’s pro-
jection and the determination of feature locations. This is seen in
Fig. 4 of Martin et al. (2012), which shows the errors due to a shift
in the center of the disk in a map projection. We derive image
centers by fitting the observed positions of three moons to their
orbits as generated by the Rings Node of NASA’s Planetary Data
System (http://pds-rings.seti.org/) with a x2 minimization routine
using a method developed by Luszcz-Cook et al. (2010) and used
by Fitzpatrick et al. (2014). The error in image center was esti-
mated by the variance in observed orbit to modeled orbit modified
by a factor of the reduced 2. The estimated mean uncertainty of
the center in both the H- and K’-band images on each night is be-
tween 0.1 and 0.2 pixels in x and y coordinates.

The accuracy of this procedure can be judged in Fig. 3. Shown
are the mean images of the aligned image stacks in each band on
July 3, 2013. Each averaged image was passed through a high-pass

filter by subtracting a median-smoothed image. This allows the
individual orbits of Despina, Galatea, and Larissa to be resolved.
Overlain on each image are the Rings Node moon orbits, which
align well with the observed orbits after image alignment and nav-
igation.

Images are then projected onto a rectangular grid and averaged
over the five frames within each image set, with the rotation rate
of the planet removed (about 16.11 h, or 1.86°/5 min). Generally,
the zonal drift rates are smaller (<0.65°/5 min) than the angular
resolution at disk center (~2.4°). Hence, averaging images does not
significantly smear features, but increases the signal-to-noise and
allows fainter features to be distinguished. Averaging sets of data
yielded 15 images in both bands on July 3, 2013 and 20 images in
both bands on August 20, 2014.

3. Atmospheric feature tracking

The velocities of cloud features act as tracers for atmospheric
wind velocities. Fig. 4 is a rectangular projection of Fig. 2(a) and
(c) and shows candidate features identified for tracking. Features
which are bright and morphologically stable over ~1 h are can-
didates for tracking. Moreover, a feature must be distinct in lon-
gitude and latitude to be considered for tracking. In both bands,
trackable features are most common at the mid-latitudes. Near the
equator, both bands are relatively dark, with slightly more track-
able features in H-band compared to K’-band.
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H-band: July 3, 2013 10:48-15:09 (UT)

Fig. 3. Mean averaged, high-pass filtered images of the aligned image stacks taken on July 3, 2013 in the H-(top) and K'-(bottom) bands. The colored dashed lines are the
Ring Nodes orbits of three Neptunian moons (Despina, Galatea, and Larissa) and were used to determine the center of Neptune for navigation purposes. The path of each
moon is seen as faint gray ellipses in these combined image stacks. The NASA orbits overlay the moon positions in the aligned images nicely, suggesting adequate navigation.

The procedure for extracting wind velocities from feature po-
sitions is described in detail in Sromovsky et al. (2012). To sum-
marize, from the projected, averaged images we produce strips of
images in a fixed latitude range stacked in a vertical time series.
An example of this image stack is given in Fig. 5. For each vis-
ible feature, a reference image is chosen and centered around a
target box containing the feature and a region outside it. Target
boxes are placed in all other image strips based on the Voyager
canonical longitudinal drift rates for Neptune and their positions
are adjusted to maximize the cross-correlation between the feature
signals in the reference target box and those in the other images.
The centers of each box are the predicted longitude and latitude of
the feature in each image. Fig. 6 gives an example output of this
method, which plots the predicted centers and correlation for each
time slice of one feature.

Measured longitudes and latitudes vs. time were fit to straight
lines with weighted regressions. Errors in position are given as the
RMS deviation from a straight line. We repeat this procedure for
dozens of features. In Figs. 7 and 8, we plot the longitude posi-
tion of selected tracked features versus time. Plots for all features
can be found in Supplementary Materials 2. While most features,
within their estimated error, follow the drift rates expected by the
canonical profile, many deviate significantly. Differences from the

anticipated drift rate could be real or due to measurement errors
and will be further discussed in later sections. Tables 1-4 in Sup-
plementary Materials 1 summarize all tracked feature information.

4. Results
4.1. Zonal wind profiles
Longitudinal and latitudinal drift rates are transformed into

zonal and meridional velocities by the following equations for
planetocentric latitudes (Sromovsky et al., 2001b):

Vi = ——ea 49 (2)
lon ] R, 3 dt
t tan® 6
pol
R2 (1+ R tan2 g %de
R
Vie= 22 | ——— (3)

2 i
Req \ 1+ g—ii tan2@ | dt
pol

Here, V is the wind speed in m/s, Req and Ry, are the equa-
torial and polar radii of Neptune, equal to 2.4766 x 10’ m and
2.4342 x 107 m respectively (Lindal, 1992). df/dt and d¢/dt are
the derived zonal and meridional drift rates (rad/s). Velocities for
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Planetocentric Latitude

0 30 60 90 120 150 180 210 240 270 300 330
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Fig. 4. Rectangular projections of Fig. 2(a) (H-band; top) and (c) (K'-band; bottom). Red circles are potential trackable features.

LAT= 20.0+ 7.

Fig. 5. Example deprojected image strips at a fixed latitude range (20° + 7.5°N) stacked vertically by time since the initial observation. Each image strip is an average of a set
of five images. Vertical white lines mark 30° increments in longitude. An example target feature of the tracking method is outlined in each box and its center is the result
of maximizing the cross-correlation between image sets.
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for one particular feature (see Fig. 5). Left: the solid lines are the correlation between longitudinal positions and the dashed lines are the correlation between latitudinal
positions. Right: the black dots are the predicted longitude based on maximizing the correlation between image slices. The dash-dot line is a line of best fit through the
black (correlation) points. The selected feature at the initial and end frames is shown in the center.
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Fig. 7. Selected feature tracking results in the H-band from July 3, 2013. Each data point is a feature’s derived longitude since the initial observation. The blue lines are
lines of best fit to the data. The blue shaded region is the 1o error in the fit. The dashed black line is the longitude path the feature would follow according to the
canonical profile. The majority of tracked features follow the canonical profile (left figure), but some deviate significantly (right figure). Plots for all features can be found in
Supplementary Materials 2. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

each feature are then plotted as a function of latitude and fit to
a fourth-order polynomial symmetric about the equator. Neptune
rotates from west to east, in the same direction as Earth, and east-
ward winds are taken to be positive. Thus the equatorial winds
on Neptune are retrograde, blowing opposite to the direction of
the planet’s rotation, unlike Jupiter and Saturn, where equatorial
winds are eastward and prograde. Comparisons to our profiles in
both bands and the canonical profile are shown in Figs. 9 and 10.
Table 1 lists the parameters of each fitted polynomial and their
widths of uncertainty.

A significant, large spread in the individual derived zonal veloc-
ities is observed at constant latitudes on both nights. This is most
prominent at the equator and mid-latitudes in both bands, with
differences in feature velocities reaching as high as 500-600 m/s.
Moreover, there is a pronounced difference between the derived
H and K' zonal wind profiles near the equator. At the equator
on July 3, 2013, the deviation in the H-band wind speeds com-
pared to those derived by the Voyager fit is 73 +16 m/s. The dif-
ference between the H- and K’-bands on this night at the equator
is 90+45 m/s. This shift persists in the August 20, 2014 observa-
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Fig. 8. As Fig. 5 except for the K’-band. The red lines are lines of best fit to the data. The red shaded region is the 1o error in the fit. The dashed black line is the longitude
path the feature would follow according to the canonical profile. The majority of tracked features follow the canonical profile (left figure), but some deviate significantly
(right figure). (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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to those derived by the Voyager fit by 73 +16m/s. The K’-band velocities agree well with the Voyager profile. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

tions. There is a 93 +29 m/s deviation between the H-band and
canonical profile and a 141463 m/s difference between the H-
and K’-bands on this night. There is no significant difference be-
tween the K’-band and Voyager profile on either night. The differ-
ence between the H-band and Voyager profiles qualitatively agree
with Fitzpatrick et al. (2014), although their H-band velocities are
best described by a profile shifted toward positive velocities by

1804+ 50 m/s. The dispersion of our new results falls within the
wide range seen in previous publications. Spreads in feature veloc-
ity were first seen in measurements of the motions of small clouds
in Voyager 2 data, particularly around the GDS and Dark Spot 2
(Smith et al.,, 1989; Limaye and Sromovsky, 1991). Martin et al.
(2012) found large spreads in zonal velocities at constant latitudes
in Keck AO H-band observations. Comparatively, at the southern
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Table 1

Parameters in the fits to tracked zonal wind velocities. The fits are 4th-order
polynomials given by: V = a+ b6? 4 c6* (top half). For comparison, profiles gen-
erated from 4th-order Legendre polynomial fits given by: V =a+b(3u? —1)/2 +
c(35u* —30)/8 where u = sin6, are also shown (bottom half). The equatorial ve-
locities derived from the Legendre polynomials are all well within the 2-sigma un-
certainty given by the generic polynomial fits.

Poly. profile a (m/s) b c

Voyager -398 + 12 1.88E-1 + 1.40E-2 —1.20E-5 £ 3.00E-6
H-band 2013 —-325 £ 16 1.58E-1 + 2.20E-2 —1.21E-5 + 4.67E-6
K’-band 2013  —415 + 42 235E-1 + 534E-2  —2.23E-5 + 114E-5
H-band 2014 -292 + 29  145E-1 + 491E-2 —118E-5 + 1.11E-5
K'-band 2014  -433 £+ 56  2.40E-1 + 7.88E-2  -2.73E-5 + 1.90E-5
Leg. profile a b c

H-band 2013 -159 462 37

K'-band 2013  -134 601 -127

H-band 2014 -95 359 76

K'-band 2014 147 474 13

low- and mid-latitudes, the Voyager data show much less disper-
sion from the canonical profile than the results of Martin et al.
(2012). Fitzpatrick et al. (2014) also observed significant deviation
in H-band features at the equator and southern-mid latitudes com-
pared to the Voyager profile, with differences reaching as high as
~500 m/s.

Spurious data affect the fit. Such data could be due to a num-
ber of factors including features near the edge of Neptune’s cir-
cumference becoming smeared from projection, changes in cloud
morphology, limb-brightening, navigation errors, and errors in the
position extraction procedure. Several features also move in oscilla-
tory patterns (as in Martin et al., 2012) and limited tracking times
may not capture a feature’s full period of motion. Similar effects
were seen on Uranus due to inertial oscillations (Sromovsky and
Fry, 2005). Figs. 9 and 10 show the individual feature velocities and
their 1o errors alongside the zonal wind profiles. Each feature’s
plot symbol is proportional to its tracking time. Features tracked
over the entire observing period generally have smaller errors than

those tracked in only a few images and tend to lie closer to their
band’s zonal wind profile. Thus, the spread in feature velocities at
a fixed latitude is partially a result of their limited tracking time
and measurement errors. Figs. 11 and 12 show features which have
velocity errors less than 30 m/s and were tracked in at least 10 im-
ages (~2.5 h). These features are usually bright and morphologi-
cally stable and are likely to follow the zonal flow. Spreads in fea-
ture velocities up to ~200m/s at constant latitudes are still seen
on both nights and both bands, although this is far less than the
spread of 500-600m/s seen with the full set of tracked features.
This suggests that large, bright features are less dispersed from
the derived zonal profile. It is also true that such features are less
susceptible to tracking errors, which might also account for much
of their reduced dispersion. This is consistent with Martin et al.
(2012), who also found that the brightest features usually agreed
with the canonical profile. However, we still find that the H- and
K’-bands zonal wind profiles still differ by more than 1o at the
equator. The H-band and canonical profiles also differ by 2o at the
equator.

The meridional wind velocities for each tracked feature are
plotted in Figs. 13 and 14. Globally, the latitudinal velocities are
consistent with zero. But, a few features have latitudinal velocities
as large as 100-200m/s. The zonal velocity of these features tend
to significantly deviate from the canonical profile, suggesting they
are driven by mechanisms that produce motion in both directions,
such as vortices or wave mechanisms. This behavior was found by
Sromovsky et al. (2001a, 2001b, 2001c¢) in HST observations, where
several features near the same longitude as a dark spot, but widely
scattered in latitude, were accurately measured (within 10-20 m/s)
to have meridional wind speeds around 100 m/s, and zonal winds
that deviated from the canonical profile by over 200 m/s, while the
vast majority of their tracked clouds had insignificant meridional
motions and very small deviations from the canonical profile. How-
ever, our features with this behavior also have large errors and are
not tracked for very long. As previously mentioned, the centers and
velocities of features that are faint, ephemeral, or close to the limb,
are difficult to constrain.
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Fig. 12. Same as Fig. 12 but only including features tracked in at least 10 images and with errors <30 m/s.

4.2. Trends in feature depth and velocity

The derived H and K’ profiles give a crude 3D look into Nep-
tune’s upper atmosphere since these bands probe different alti-
tudes. We hypothesize that the equatorial shift in the H-band pro-
file is due to deep features. Our data are spectrally limited so ac-
curate cloud top pressures cannot be determined. However, the K’-
to-H I/F ratio indicates whether features are deeper or shallower
relative to one-another: the deeper a cloud is in the atmosphere,
the greater the expected H-band intensity relative to the K’-band
intensity. We compute the maximum allowed K’-to-H I/F ratio for
each 2013 H-band feature and compare this to their latitude and

zonal velocity (see Table 5 in Supplementary Materials 1). Uncer-
tainties are estimated as 20% of I/F, from the uncertainty in the
photometry. Fig. 15 plots the maximum K'-to-H I/F ratio vs. lati-
tude of each H-band feature. We find equatorial features (4 20°)
have smaller K’/H intensities than those at mid-latitudes, suggest-
ing they are deeper. This is consistent with Fitzpatrick et al. (2014),
who found that clouds at equatorial latitudes are uniformly deeper
(~0.5 bar) than those at northern mid-latitudes (~0.1 bar). Nu-
merous authors also find northern features at the highest altitudes
(Sromovsky et al., 2001b; Gibbard et al., 2003; Luszcz-Cook, 2012;
de Pater et al., 2014), generally in the stratosphere at the ~10 mbar
level, although exact pressures vary due to spectral limitations,
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Fig. 13. Meridional velocities of tracked features on July 3, 2013 with the H-band in blue on the left and the K’-band in red on the right. Circle size is proportional to tracked
time with the shortest and longest times in the bottom left corners. The black dashed line marks zero and visually shows that the velocities are not too different from zero.
(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. 14. As Fig. 13 except for August 20, 2014.

instrument sensitivity at different altitudes, and model assump-
tions. Luszcz-Cook et al. (2010) compared observed and modeled
K’/H and K’[J intensities to determine upper altitudes for south po-
lar features and found that a K’/H ratio of 10% gave a minimum
cloud top pressure of 0.4 bar. Features seen in H but not K’ may
also be deep, with pressures greater than 1bar. A notable example
of this is the south polar feature, observed in H-band but not in
K’, located at 1.6 bar (de Pater et al., 2014). We tracked 29 and 20
H-band features in our 2013 and 2014 observations, respectively,

that were equatorward of 20° N/S, but only 10 (in 2013) and 11 (in
2014) K’-band features in this same region. Taken altogether, we ar-
gue that the H-band zonal wind profile represents features which
are, on average, deeper than those given in the K’-band profile at
low latitudes.

Fig. 15 plots the zonal velocity difference from the derived K'-
profile vs. latitude for each 2013 H-band features. The difference
between the H- and K’-band profiles (from Fig. 9) is overplotted.
Positive values indicate velocities eastward (less negative) relative
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Fig. 16. Normalized H-band (solid orange line) and K-band (green dashed line) contribution functions for three different model atmospheres, illustrating the range of depths
from which the H- and K'-reflectivity may arise. In all three cases, gas opacity is contributed by collision-induced absorption of H, with H,, He, and CHy4; and by CHy4
absorption. Details of the atmosphere models may be found in Luszcz-Cook et al. (2016). The three models differ only in the assumed distribution of aerosols: all three
models include a vertically thin cloud at 3 bar with a 1.6-micron optical depth of 0.5. In model (a), the atmosphere is clear aside from this 3-bar cloud. In model (b), there
is an additional haze (scale height equal to that of the gas) between 1bar and 1 mbar, with total 1.6-micron optical depth of 0.5. Model (c) includes the 3-bar cloud and an
additional vertically thin cloud at 0.1 bar, also with a 1.6 micron optical depth of 0.5. Single scattering albedo and asymmetry factors are 0.75 and 0.7, respectively, for all
aerosol particles. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

to the K'-profile. The largest deviations from the K’ profile are
around the equator, where features have low K'/H intensities and
are probably deep. The deviations in zonal velocity of features at
the southern midlatitudes lie closer to zero and are mostly within
the uncertainty of the K’ profile fit. This is consistent with our hy-
pothesis: the shift in H-band profile may be driven by a handful of
deep features around the equator.

Previous studies have also shown that the brightest H-band fea-
tures are typically at greater depths (pressures) than the brightest
K’-band features (Gibbard et al., 2003; Luszcz-Cook, 2012; de Pater
et al,, 2014). This is consistent with our expectations from radia-

tive transfer modeling. Fig. 16 shows the contribution functions for
each filter in three different atmospheric models, illustrating the
range of depths from which the H- and K'- reflectivity may arise.
In all three cases, the gas opacity is dominated by H, collision-
induced absorption and CH4 absorption. All models include a ver-
tically thin cloud at 3bar with a 1.6 pm optical depth of 0.5;
models (b) and (c) contain additional aerosols in the upper tro-
posphere/stratosphere, as described in the figure caption. For the
purposes of our models in the following sections, we assume that
the H-band features are located at 1-2 bar, while K’-band features
are located between 10-100 mbar.
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5. Interpreting differences in the H and K’ zonal wind profiles

The major caveat to current and past zonal wind profiles is that
they are merely best fits to the data. These fits do not pick up any
fine scale structure in the zonal winds. Moreover, the profiles rep-
resent features driven by a number of possible mechanisms, in-
cluding shear, wave phenomena, or other local dynamics. Disper-
sion is partly due to faint, ephemeral features, whose exact cen-
ters and velocities may be difficult to pinpoint. Thus, explaining all
variations in zonal velocity from these profiles is difficult, if not
impossible, to do.

We also note that our following models assume that the de-
rived zonal flow is set at a constant pressure level. However,
tracked features are not necessarily at the same altitude. For in-
stance, northern mid-latitude features appear at the highest al-
titudes on Neptune (Sromovsky et al, 2001b; Gibbard et al.,
2003; Luszcz-Cook, 2012; Fitzpatrick et al., 2014; de Pater et al,,
2014). Irwin et al. (2016) analyzed VLT/SINFONI H-band obser-
vations made in 2013 and found bright, deep seated clouds
(P> 1 bar) in the southern mid-latitudes and ‘intermediate’ clouds
(300 <P <400 mbar) in the near-equatorial region. Moreover, fea-
tures at constant latitudes may have different altitudes. de Pater
et al. (2014) saw NIR clouds in the southern midlatitudes at two
levels: in the stratosphere from 0.02-0.03 bar and at altitudes be-
low 0.3 bar (P> 0.3 bar). Luszcz-Cook (2012) observed similar alti-
tude variations in Keck OSIRIS data.

With these limitations in mind, we only attempt to explain the
mean ~100 m/s eastward offset in the equatorial region in the H
profile from the canonical and K profiles. This difference seems
real (greater than 2¢) and persistent, seen in 2009 (Fitzpatrick
et al, 2014) and now in both our 2013 and 2014 observations.
Fry and Sromovsky (2004) also show that H-band wind results
from 202 cloud measurements taken in 2003 and 2004 images
also fall below the canonical profile at low latitudes. Based on the
K’/H intensity trends and previous NIR studies, we interpret the
H-band profile in the equatorial region as the “average” zonal ve-
locity of features which are mostly: (1) deep (greater than 1 bar),
and (2) have velocities shifted ~+100 m/s from the K’-profile. Like-
wise, we interpret the K’-band profile in the equatorial region as
the “average” zonal velocity of features which are mostly: (1) lo-
cated in stratosphere (around ~10 mbar), and (2) have velocities
shifted ~—100 m/s from the H-profile. Differences in the zonal
winds with depth at constant latitude and time is evidence of ver-
tical wind shear in Neptune’s troposphere and stratosphere. Our
derived profiles suggest a wind shear around —100m/s over sev-
eral scale heights at the equator (increasing with height).

The Voyager results of Sromovsky et al. (1993) also provide ev-
idence of vertical wind shear. Fig. 15 shows that three major long-
lived cloud features, including the GDS, Scooter, and the Second
Dark Spot, all move in the same direction as the canonical profile,
but with reduced speed. If these major features are more deeply
rooted than the small clouds on which the canonical profile is
based, and there is spectral evidence that this is true for Scooter,
then it would appear that this is another example of the magni-
tude of wind speeds increasing (becoming more westward) with
altitude. Based on Voyager 2/IRIS temperature retrievals alone, this
produces the wrong sign of vertical wind shear in the thermal
wind equation, as explained below.

5.1. Modeling vertical wind shear at the equator with the thermal
wind equation

In this section, we will examine the plausibility of vertical wind
shear modeled with the thermal wind equation as an explanation
for the observations. The largest and most meaningful differences
(i.e. smallest uncertainty) between the H- and K’-band zonal wind

Table 2
List of variables and their values (if constant) used in the thermal wind equa-
tion.

Variable Description Value
Q Rotation rate of Neptune (rad/s) 1.09E-4
g Gravitational acceleration (m/s?) 1115
To Neptune’s equatorial radius (m) 2.4766E7
19.1 below 500 mbar
H Scale height (km) 51.8 above 500 mbar
T Temperature (K)
u Zonal velocity (m/s)
6 Latitude (rad)
z Radial distance into atmosphere (m)

profiles occur at the equator. In the following text, we discuss the
applicability of the thermal wind equation to Neptune and how it
may be extended to the equator under certain conditions, despite
the Coriolis force vanishing there. Using plausible depths for the
H- and K’-band profiles, discussed in the previous section, we then
show that integrating the thermal wind equation does not repro-
duce the predicted vertical wind shear at the equator. Finally, we
discuss the importance of methane variability in modeling the ver-
tical wind shear and how it can reconcile the inconsistency be-
tween the observed wind shear and the thermal wind equation.
We stress that these results are speculative since they rely on as-
sumptions about the symmetric structure of the zonal wind and
temperature fields as well as the exact pressures of H- and K’-band
features.

The standard thermal wind equation is:
fosine%z—%g—;, (4)
where fy =2 is the Coriolis parameter at the North Pole, rather
than the local Coriolis parameter. We define: rg as the radius of the
planet, T as the temperature, dT/06 as the latitudinal-temperature
gradient as constant pressure P, g as the gravity in the t direction,
and u is the zonal (longitudinal) velocity (see Table 2 for values for
Neptune).

Although the standard thermal wind equation is used in many
planetary atmospheric applications and is derived in many texts,
c.f,, (Pedlosky, 1987), it is limited in its use due to the divergence
of the Coriolis force near the equator. Marcus et al. (2018) derive
an equatorial thermal wind equation (EQTWE) which provides a
relationship between the vertical wind shear and the horizontal
temperature gradients that is valid at and near the equator:

2
R ) 5)
r roT 00

A similar result was noted as Eq. (8.2.2) in Andrews et al.
(1987). This equation is derived by assuming dT/d0 =0 and taking
L’Hospital’s rule of the standard thermal wind equation in the limit
as 6 — 0. One problem with using L’Hospital’s rule in this fashion
is that it creates a singularity at the equator if dT/06 # 0 there. The
EQTWE derived by Marcus et al. (2018) does not require mirror-
symmetric flow and does not produce this singularity.

It is seen by inspection that integrating both (4) and (5) up-
ward will not reproduce the observed H and K’-band equatorial
differences. As the zonal winds become more negative (westward)
with altitude (H-band to K’-band), du/dr <0. This implies that the
meridional temperature gradient and its second derivative at the
equator to mid latitudes must be positive. However, this is incon-
sistent with derived temperature profiles of Neptune’s troposphere
from Voyager/IRIS spectra in Fig. 17, which show that the equator
and poles are warm and the mid-latitude are cool and 92T/0602 <0
at the equator. (Fletcher et al., 2014).

In the next two sections, we discuss two reasons that could
reconcile the inconsistency between the derived zonal wind pro-
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its sensitivity range (70-800 mbar). The latter figure is a temperature profile extrapolated from Voyager/IRIS results by the application of the smooth relaxation to an a priori

profile. In this case, the uncertainty is substantial.

files and temperature profile. First, we discuss whether the as-
sumed temperature profile is correct. Second, we examine the im-
pact non-ideal gas behavior has on the thermal wind equation. In
particular, we focus on the latter (our preferred) explanation in the
subsequent discussion.

5.1.1. Temperature profile incorrect?

Our temperature data come from inbound Voyager/IRIS maps,
which are only sensitive to the 70-800 mbar range (Conrath et al,,
1991; Fletcher et al., 2014). Temperatures above and below these
pressures are smooth relaxations to an a priori profile based on the
mean stratospheric temperature and the profile from Moses et al.
(2005). So, while average global temperatures are known through-
out the upper atmosphere, the meridional trends are more un-
certain outside 70-800 mbar. This can be seen in the data itself.
In Fig. 18, we plot sample inbound temperature data with error
bars inside and outside the 70-800 mbar range. At pressures out-
side this range, the uncertainties become larger, approaching the
temperature difference between the equator and mid-latitudes. We
cannot confidently infer whether the equator is warmer or colder

than the mid-latitudes outside 70-800 mbar from the current data
alone.

We now explore whether meridional variations in temperature
outside the well-constrained 70-800 mbar pressure range could
cause wind shear consistent with the difference between our H
and K’ observations. We break this calculation into two steps.

First, we calculate the wind shear du/dr between the depth of
the K’-band profile down to 1bar. We do this by using the tem-
perature profile given by the Voyager/IRIS spectra (Fig. 17) to de-
termine the expected zonal wind profile at 1bar assuming the K'-
profile is at a set pressure level. Since the depth of the K’ features
are not precisely constrained, we test a range of pressures from 10
to 100 mbar. The value du/dr is the difference in the zonal winds
between the extrapolated profile at 1bar and the H-band, which
we also set to a variety of pressures between 1.0-2.4 bar, 2.4 bar
being the location of a commonly assumed optically thick bottom
cloud (Irwin et al., 2011). Altitude changes are calculated assum-
ing hydrostatic equilibrium with a scale height of 19.1km in the
troposphere and lower stratosphere, a value obtained from de Pa-
ter et al. (2014). Voyager/IRIS derived meridional temperatures are
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Table 3

Examples of the errors in the temperature fit to that derived from Voyager/IRIS
spectra as a function of pressure and fit degree N. The I'-norm is the sum of the
absolute difference between the observed and modeled data and the [>-norm is
the sum of the squares of these differences.

Pressure (bar) N ['-norm [2-norm
0.1 2 16.6724 14.4143
0.1 4 11.3805 8.1870

0.1 6 10.8843 7.0204

0.1 8 14.1867 10.2813
0.01 2 41.0348 81.8547
0.01 4 26.0158 39.5551
0.01 6 25.6478 37.7382
0.01 8 28.2277 39.3755

sampled every 5° latitude, which is too sparse to reliably numer-
ically differentiate. To circumvent this issue, we fit a symmetric
profile to the temperature data:

N
T(6) =) ancos(nd) (6)
n=0

One problem with this assumption is evidence of seasonal vari-
ations in Neptune’s atmospheric brightness that could cause differ-
ences in hemispheric temperatures (Sromovsky et al., 2003; Ham-
mel and Lockwood, 2007). Fletcher et al. (2014) and de Pater et al.
(2014) estimate random uncertainty in the Voyager/IRIS temper-
atures to be 1-2 K in the troposphere, increasing to 2-4 K in
the mid-stratosphere. The temperature difference predicted from
Voyager/IRIS between hemispheres at constant latitude is close to
or within this error, so our chosen temperature profile is consis-
tent with meridional symmetry. We now evaluate the derivative of
(6) divided by sin:

1 9T 1 U .
S99 = "5nd > " naysin(nd) (7)
n=1
N
= nay[sin(nf)/sin6] (8)
n=1

It can be shown that the ratio of sines in the summation is:

2[cos((n —1)08) + cos((n—3)8) +---
+ cos(30) +cos(f)] : n even

2[cos((n—1)0) +cos((n—3)0) +---
+ cos(48) +cos(20) +1/2] : n odd

sin(nf)/sinf =

We substitute the above expression and Egs. (6) and (7) into Eq.
(4) to obtain a numeric thermal wind equation.

One problem with this formulation is that the coefficient ay
with the highest order will contribute the most to the derivative at
lower latitudes. To mitigate this effect, we must fit the temperature
to as low an order as possible while maintaining a reasonable fit.
Table 3 compares various errors of the fit to the observed temper-
ature data as a function of pressure and fitting degree. We choose
to use N =4 which is the lowest order that provides a reasonable
fit to the temperature data.

Second, we solve for the meridional temperature structure
needed to reproduce the vertical wind shear between the 1bar
zonal wind profile (calculated in the first step) and that at the
pressure of the H-band profile. This is done by integrating (4) and
(5) and solving for T(6, P). We choose 1bar as the upper limit
to the constructed temperature profiles for two reasons: (1) from
de Pater et al. (2014), the equatorial H-band features not seen in K’
must be below 1bar; (2) if we placed our limit at the edge of the
Voyager/IRIS range, unphysical discontinuities in the temperature
structure would arise. Placing the limit at 1bar allows reasonable

‘smoothing’ in the temperature structure between 800 mbar and
1 bar.

Away from the equator, we solve for the meridional tempera-
ture structure with the standard thermal wind equation where we
integrate this equation with respect to a reference latitude 0, at a
particular pressure P:

o du(8’,P) g 1
! i I _ S
2Q . sinf —g— a9’ = rofiT(G,P)dT’ 9)
and then solve for T(6, P):
TO.P)\  29Qr (¢ ., du®.P)
10g< TP) ) = /00 sin@ Td@ . (10)

Here, To(P) is the temperature at 6,. The extrapolated zonal
wind profile at 1 bar from the K’-band profile can be fit to a fourth-
order polynomial in degrees latitude, as was done with the H- and
K’-band profiles. So, the total vertical wind shear can be written
as:?

U byt pr 02+ py -0 (1)
ar

Note that 6 is converted from degrees to radians for the pur-
poses of integration. Furthermore, this procedure assumes du/dr is
constant with pressure (although still a function of latitude) so the
resultant temperature structure will represent an ‘average’ profile.
Do, D1, and p, do not depend on latitude (though they depend on
the pressure the K’-band is placed). Eq. (9) becomes:

T(0,P) 2Qrg /9 ., du(@’.P) , .,
=-— sinf’ ————~df 12
g(mm) g dr (12)
6
= % / sin@’(po + P16’ + p26'*)d6’ (13)
0o

The integral on the right-hand side of can be solved analyti-
cally via repeated integration-by-parts. The final solution, written
for brevity, is:

T(,P) 2Qr0

lo =- to+Dp1-ti+pa-t 14

g(To(P)> g (Po-to+p1-t1+p2-t2) (14)
2Q

T(G,P)=T0(P)~e><p[ rO(PO'fo+P1~f1+p2~t2)i| (15)

where:

to = —cosf

t; = 20sin6 — (8% — 2) cosf

t, = 46 (0% — 6) sinf — (0% — 12602 + 24) cos 6

At and near the equator, we use the EQTWE to solve for the
thermal profile. Assuming the same model for the vertical wind
shear (35), the EQTWE becomes a second-order differential equa-
tion in 6:

T =c-p(O)T, (16)

2 We use fourth-order polynomial fits in latitude to the vertical wind shear, in-
stead of Legendre polynomials in sinf for two reasons. First, while the solution to
Laplace’s equation on a sphere are expressed in terms of Legendre polynomials in
sin€ (and are used to fit the zonal wind profile for Uranus in Sromovsky et al,
2009), this is only especially necessary close to the poles, whereas we are doing a
local expansion near the equator. Second, we feel it best to use fourth-order fits in
latitude since this is the most common fit in the literature to the zonal wind pro-
files for Neptune. In the Appendix, we show an example demonstrating that using
a Legendre expansion does not change the qualitative interpretation of the temper-
ature profile from the equator to mid-latitudes.
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where p(8) = pg + p10% + p,0* and c = —fyrg/g. Letting T to be
symmetric about the equator:

T=Y ayf™. (17)
n=0
Then:
T =" a,(2n)(2n — 1)0"2 (18)
n=1

Change the limits on (18):

T = a2 (20 +2) (20 + 1O, (19)
n=0

Plug these expansions into (16):

> @2 (n+2)(2n+ 162 = - p(6) Y a6 (20)
n=0 n=0

D (@an42(20+2)(2n + 1) — azac- p(6))0** = 0 (21)
n=0

The above implies that the relation within the parentheses
equals zero for all powers of 6. The only complication is that p(8)
also include powers of 8. The recurrence relation for the constants
are below:

a = agc '2p0 (22)
az = azcigl (23)
Qg = 4y Cégz (24)
Qony2 = d2n ¢ (25)

2n+2)2n+1)

ap is the equatorial temperature. As an example, set ay = 80 K
and plug in relevant values of the constants for Neptune. Then (4)
becomes:

T =80+ 28.76%2 — 13.46* — 0.165 + . .. (26)

To summarize, we have calculated the thermal structure below
1bar by solving both the standard and equatorial thermal wind
equations. The latter is valid at and near the equator while the for-
mer is valid away from it. Assuming an equatorial temperature of
80 K, we find that the difference between the modeled tempera-
tures resulting from these two models is 0.5 K at +20° and 0.2 K at
+15°. The reason the temperature solution given in (15) is almost
equal to the solution given by (26) near the equator is that (15) is
symmetric about the equator (to, t;, and t;, are all even functions).
Thus, in the limit as 6 goes to 0, the solutions appear similar near
the equator due to L’'Hdéspital’s rule.

Fig. 19 shows a contour plot of a temperature profile in Nep-
tune’s troposphere that matches the observed H- and K’-band wind
profiles through the thermal wind equation. The Voyager/IRIS tem-
perature retrievals are plotted for pressures less than 800 mbar.
The temperature solution required to match the observed equato-
rial vertical wind shear is shown for pressures greater than 1 bar.
We choose the reference latitude 6 to be the equator and Ty(P)
to be the mean global temperature (given by the smooth relax-
ation to the a priori) at P. In this example, we assumed the K’-band
profile corresponds to 10 mbar and the H-band profile represents
the 1.3 bar layer. This solution predicts 10-15 K temperature differ-
ences between the equator and mid-latitudes below 1 bar. In cases

where the H- and K’-band features are further apart in altitude, we
predict amplitudes of around 5-10 K at P> 1 bar. Requiring these
large temperature contrasts has an effect on the IRIS flux and will
worsen the quality of the spectral fits. This can be avoided if the
H-band profile is moved further outside the IRIS sensitivity win-
dow, say P> 2 bar. In this case, the quality of the spectral fit is un-
affected, but this may result in unrealistic depths for H-band fea-
tures.

The predicted temperature profile is largely a function of the
expected wind shear. Fig. 19 represents an altitude change over 4
scale heights. In cases where the H- and K’-band features are fur-
ther apart, the temperature contrasts are decreased. If the zonal
winds change more rapidly with increasing altitude, larger merid-
ional temperature gradients are needed to match the predicted
vertical wind shear. If vertical wind shear is not uniform through-
out the atmosphere, then the amplitude of temperature variability
will change. For instance, if du/dr changes more rapidly below 1 bar
than above it, then there is a larger total integral of dT/d6 between
the H-band and 1 bar. This would decrease the latitudinal gradient
needed to produce the expected vertical wind shear and could re-
sult in temperature contrasts more compatible with expected IRIS
spectral fits.

5.1.2. Revisiting the thermal wind equation

The standard thermal wind equation is derived from the vortic-
ity equation in part by assuming the ideal gas law for a single-
component gas: P = pRT. This involves replacing the horizontal
gradient of the density with the horizontal temperature gradient.
Therefore in a multi-component atmosphere, the thermal wind
equation is not correct because the atmosphere’s density gradient
is due to spatial variations in temperature and in the composition.
The later no longer makes the gas constant ‘constant’ spatially, but
turns it into a function of the densities of the components. Gener-
ally, in the Earth’s atmosphere, the correction to the thermal wind
equation is not large because the molar mass of water (the most
significant contributor to density variations in the atmosphere) is
small compared to the atmosphere’s mean molar mass. However
the mean molar mass of the atmosphere of Neptune (and the other
giant gas planets) is small compared to the molar mass of gases
such as methane that cause spatial density variations. If this effect
is large enough to produce significant variations in the meridional
density, the thermal wind Eq. (4) will be altered. We define the vir-
tual temperature T, as the temperature at which a dry atmosphere
has the same density and total pressure as an atmosphere with an
additional component (Sun et al., 1991):

1-€¢ ¢q

1-¢€
m)rw(u _ q)T 27)

Here, q = pc/py is the mass mixing ratio between the extra
constituent and dry air and € = m¢/my is the ratio of the molar
mass of methane to the molar mass of dry air. For Neptune with
methane as the main trace gas, m¢/my~6.96 and the virtual tem-
perature is:

T, = (1 - 0.856q)T (28)

Contrast this with Earth, where water vapor is the main con-
densible; m¢/m;~0.622 and the virtual temperature is:

T, = (1 + 0.608¢)T (29)

The atomic mass of methane is larger than that of dry air on
Neptune, while the atomic mass of water vapor is smaller than dry
air on Earth. Thus, the virtual temperature will be smaller than the
actual temperature on Neptune, while the virtual temperature is
larger on Earth. An equator enhanced in methane (and with larger
q) compared to mid-latitudes will, therefore, have a cold virtual
temperature relative to the mid-latitudes. If the density gradient

Tv:<1+
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Fig. 19. An example of the derived temperature profiles below 1bar needed to produce the expected zonal wind differences between the H-and K'-bands. At a given
pressure, the temperature at the equator was set to the mean global temperature. This is superimposed with the Voyager/IRIS temperature retrievals above 800 mbar.
The region between 800 mbar to 1bar region is left blank (without a temperature solution) to emphasize that a smooth transition between the solution profile and the
Voyager/IRIS profile is needed to avoid unphysical boundaries. For this example, the H-band profile was set at 1.3bar and the K'-band profile at 10 mbar. In all tested
solutions, the required difference between the equatorial and mid-latitude temperatures falls between 5-15 K.

induced by methane abundance variations is large enough, it may
explain the sign of Neptune’s apparent vertical wind shear.

Sun et al. (1991) use the concept of virtual temperature to de-
rive a more general thermal wind equation. We similarly generalize
Eq. (4) by using virtual temperature:

du g 0T,
I = 1Ty 90 |ng G0
Defining C = (1 — €) /€, Sun et al. (1991) show that:
ou  godT g C 9q
192 = %790 "1 1+Cq00 S

Eq. (31) is identical to Eq. (7) of Sun et al. (1991), which we
refer to as the thermal and compositional wind equation. Their
study investigated the effect of horizontal variations in molar mass
on vertical wind shear in Neptune and Uranus. They found that
methane depletion at high latitudes compared to low latitudes
produced vertical wind shear with opposite sign to vertical wind
shear produced by thermal gradients. If the gradient in molar mass
is large enough to overcome the thermal term, the zonal wind
speed will become more negative with increasing altitude, consis-
tent with our observations.

Similar to the previous section, we ask what temperature gradi-
ent is needed below 1bar if molar mass gradients also contribute
to the vertical wind shear. Karkoschka and Tomasko (2011) found
evidence of methane depletion between 1.2 and 3.3 bar at the mid-
latitudes in data acquired by the Hubble STIS spectrograph. They
derived a methane molar mixing ratio of 0.04 (0.28 mass mixing
ratio) at the equator and a ~3 x depletion at mid-latitudes. Luszcz-
Cook et al. (2013) found brightness variations in spatially resolved
millimeter maps of Neptune, suggestive of meridional opacity vari-
ations. Their models were consistent with methane from 1-4bar
depleted by 2 x at mid-latitudes and by 8 x at the poles com-
pared to nominal values at the equator (0.044 molar mixing ratio).

Luszcz-Cook et al. (2016) also find methane variations consistent
with Karkoschka and Tomasko (2011). We assume methane is the
major source of molar mass variations and that these variations
are confined to altitudes below 1 bar but do not otherwise depend
on the pressure. We also assume the variation is hemispherically
symmetric in order to extend the general thermal wind equation
to the equator. Our model reflects the findings of Karkoschka and
Tomasko (2011) and is similar to their Fig. 8: methane is enriched
at the equator, smoothly decreasing to 45°S and remaining con-
stant out to the poles. The model for the methane mass mixing
ratio is expressed below:3

q(0) = {qocos(49) +q;: |0] <45

q1—qo : |0] > 45

Fig. 20 plots our methane model assuming x 2 and x4 depletion
at the mid-latitudes to poles assuming an equator with a molar
mixing ratio of 0.04. Fig. 21 plots the virtual temperature assum-
ing this model for the methane mixing ratio. The molecular mass
variation due to methane will change the thermal contribution to
the observed vertical wind shear. The new equation to solve is:

. ,0u g aT g C 0q
ZQSIHQW——W@P—EWE P, (32)
where we integrate this equation to solve for T(6, P):

g 1 3 o . Jdu@,Py g C dq1,,,
%/WdT =20 [ sing'| L2 4 B om0
(33)

3 Among many functions we could choose to represent the methane gradient, we
picked cos (46) since its derivative is zero at 45°. This produces a smooth transition
in the methane abundance from low-latitudes and high-latitudes, where methane
abundance is constant as in Karkoschka and Tomasko (2011).
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Fig. 20. Plot of our methane model, given by Eqs. (22) and (23).
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Fig. 21. As Fig. 17, except plotting the virtual temperature below 1bar, assuming x2 depletion in methane at mid-latitudes and the poles. The virtual temperature is given
by Eq. (28) and demonstrates the impact of methane gradients. A cold virtual temperature at the equator is produced, which is consistent with the expected sign of vertical
wind shear.

50

Like before, we assume the vertical wind shear and molar mass
term can be fit to fourth-degree polynomials:

T(6,P) _729r0/9. Jdu@@.P) g C dq1.,
l°g<To<P>)‘ e S T du g C 04 _ o 62sp, 00 (35)
(34) or r01+Cq80_p0 P P2
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Fig. 22. As Fig. 19, but considering meridional methane variations in the thermal wind equation. (a) Methane abundance depleted by 2 x at mid-latitudes and poles (molar
mixing ratio 0.02) compared to the equator (molar mixing ratio 0.04). (b) Methane abundance depleted by 4 x at mid-latitudes and poles (molar mixing ratio 0.01) compared
to the equator and (molar mixing ratio 0.04). (c) and (d) show how the derived meridional temperatures deviate from the equatorial temperature along isobars, between
1-3bar. (c) corresponds to (a) and (d) to (b). The low methane depletion (2 x) case predicts an equator 2-3 K cooler than the mid-latitudes. Higher depletion (4 x) yields
an equator 2-3 K warmer than the mid-latitudes. These examples highlight how the meridional methane distribution affects the temperature gradient. In both cases, the

H-band profile was set at 1.3 bar and the K'-band profile at 10 mbar.

Integrate as before to solve for the temperature profile below
1bar. The derived temperature profile taking methane variations
into account is shown in Fig. 22. Our examples illustrate how im-
portant the meridional methane distribution is on the derived tem-
perature solutions. In the first case, where methane is depleted by
2 x at mid-latitudes and poles compared to the equator, we ob-
tain an equator 2-3 K colder than the mid-latitudes. In the sec-
ond case, where methane is depleted by 4 x at the mid-latitudes
compared to the equator and poles, we obtain an equator 2-3 K
warmer than the mid-latitudes. This is qualitatively consistent with
the warmer equatorial temperatures observed at P <1 bar by Voy-
ager/IRIS (e.g. Conrath et al., 1998) and ground-based observations
(Fletcher et al., 2014).

An important caveat to this analysis is that it assumes methane
does not condense. Ices are 1000-fold denser than gases and the
ideal gas law is no longer applicable. Our model occurs in the
heart of methane’s condensation region so these results should be
viewed with caution. Nonetheless, the above work demonstrates
the necessity of including compositional gradients in models of
Neptune’s winds. Future models will need to consider all phases of
methane and other heavy species deeper down to accurately cal-
culate Neptune’s density profile.

In summary, the meridional temperature structure needed to
replicate Neptune’s equatorial zonal wind shear depends heavily
on the gaseous methane distribution below 1 bar. If methane abun-
dance is globally uniform or weakly varying, then a cold equator
relative to the mid-latitudes is needed to explain the vertical wind
shear. If methane abundance changes greatly, then a warm equator
is permitted.

Thermal infrared spectra from Cassini/CIRS observations have
been used to derive temperature fields for the stratosphere and
troposphere of Jupiter and Saturn and allow us to compare our

derived temperatures for Neptune's troposphere. Below ~100-
700 mbar, both planets have a cool equator with peak meridional
contrasts ~2-10 K (see Fig. 2 of Simon-Miller et al., 2006 and
Fig. 2 of Fletcher et al., 2010). Zonal wind speeds of Jupiter's deep
troposphere were extracted from the Doppler Wind Experiment
at 6°N and show an increase in the velocity with depth below
1bar (Atkinson et al., 1998). This is consistent with a positive lat-
itudinal temperature gradient (i.e. cool equator) since the wind
shear is negative. Numerical simulations of off-equatorial jets in
Jupiter’s and Saturn’s upper atmosphere reproduce similar results
(Fig. 1 of Liu and Schneider, 2015). However, wind shear near 5-
micron hotspots is likely to be complex, because dynamics are af-
fected by a planetary-scale wave in addition to zonal-mean gra-
dients (Showman and Dowling, 2000). Neptune’s measured tropo-
spheric temperatures are the opposite to that described on Jupiter
and Saturn (i.e., a warm equator instead), but this work could hint
at a cool ‘Jupiter-like’ equator at depths >1 bar provided a flat-
ter methane distribution. More precise constraints on Neptune’s
methane profile and extent of zonal flow are needed to determine
if Neptune’s temperature field is similar to the other jovian plan-
ets. Considering the energetics of flow in future models will also
be important for relating Neptune’s zonal winds, temperature field,
and composition.

5.2. Global circulation

Multi-wavelength observations have been crucial for determin-
ing Neptune’s global circulation pattern. de Pater et al. (2014) ana-
lyzed near-infrared cloud activity, temperature patterns, ortho/para
H, ratios, and measurements of mid-infrared and radio temper-
ature brightness to construct a hemispherically symmetric circu-
lation pattern where air rises above the mid-latitudes and sinks
at the equator and poles. Their single-layer circulation is broadly
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Fig. 23. Schematic of our proposed circulation model between 10 mbar and 3 bar from the equator to mid-latitudes. The colored bands and arrows indicate the direction of
circulation, blue indicating cool, rising air, and red warm, sinking air. Each cell forms a closed loop, continuing outside the range shown in the figure. The depth of circulation
below 1bar is unknown. The yellow band highlights the range of Voyager/IRIS sensitivity. The equatorial clouds seen in the H-band but not the K’'-band are indicated as
a gray circle. The mid-latitude region of methane depletion and weak brightening from Karkoschka and Tomasko (2011) and Butler et al. (2012) is represented by a gray
rectangle. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

extended, ranging from the stratosphere down to ~40 bar, and
could explain most, though not all, observations at wavelengths
spanning a range from the visible to 6 cm. If methane abundances
are uniform or weakly varying, our data are indicative of a more
complicated circulation between the equator and mid-latitudes.
Below 1bar, an equator colder than the mid-latitudes is needed
to produce the predicted vertical wind shear. This scenario is con-
sistent with air rising and cooling as it adiabatically expands at
the equator while air subsides and warms due to adiabatic com-
pression at the mid-latitudes. Such a circulation pattern is con-
sistent with data that do not agree with the single-cell circula-
tion in de Pater et al. (2014). Butler et al. (2012) constructed 1-
cm radio maps of Neptune from data obtained with the Expanded
Very Large Array (EVLA) and found weak brightness enhancements
at the southern mid-latitudes, as well as strong enhancements
over the pole and equator. Karkoschka and Tomasko (2011) found
evidence of methane depletion between 1.2 and 3.3bar at mid-
latitudes in data acquired by the Hubble STIS spectrograph. Regions
of low methane abundance and opacity indicate downwelling. Con-
versely, high abundances and opacities suggest upwelling. More-
over, methane-rich air will cool and condense as it rises at the
equator. This may explain the presence of deep-seated H-band fea-
tures. An example two-celled model that is consistent with these
observations is given in Fig. 23. This modifies the model given by
de Pater et al. (2014) below 1bar to an unknown depth. A three-
cell circulation pattern has been proposed for Uranus to explain
polar methane depletion and cloud activity at the mid-latitudes
(Sromovsky et al., 2014). Stacked circulation cells above and below

the clouds of Saturn may explain spatial distributions of chemical
tracers measured by Cassini/VIMS (Fletcher et al., 2011). Neptune’s
atmosphere may be similarly complex.

On the other hand, if methane abundances vary significantly,
a warm equator can still reproduce our observed vertical wind
shear. Such a temperature profile would be consistent with both:
(1) the single-cell circulation model suggested by de Pater et al.
(2014), and (2) direct measurements of the temperature field. Al-
though the (de Pater et al., 2014) model explained a broad range
of observations, observed variations in methane abundance are not
explained by this circulation model. It is likely that an elaborate
circulation model is needed to explain all known observations of
Neptune’s upper atmosphere. Neptune’s circulation pattern may
contain finer latitudinal and vertical structure than we can deter-
mine from currently available data.

6. Conclusions

We tracked the longitude-latitude positions of dozens of bright
features in Neptune’s atmosphere from Keck AO images on July 3,
2013 and August 20, 2014 in the H- and K’-bands. From their posi-
tions and length of time tracked, we derived zonal and meridional
velocities and constructed zonal wind profiles for each band and
night.

Our main conclusions are:

(1) The motions of many individually tracked cloud features are
significantly different than the zonal wind speeds predicted by the
canonical profile from Sromovsky et al. (1993). This dispersion is
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most prominent from the equator to mid-latitudes, reaching as
high as 500-600m/s, and is seen on both nights. A few features
have meridional velocities as large as 100-200 m/s. These features
also tend to have the largest zonal velocity deviations from the
canonical profile, suggesting they are driven by mechanisms like
vortices or wave phenomena as these produce motion in both di-
rections. Generally, features with the largest velocity variations (in
both directions) have large RMS errors and are tracked for a short
time. These features are usually ephemeral, faint, or near the plan-
etary limb, meaning their centers are hard to constrain. Velocity
variations also persist in low-error, long-tracked features, although
the magnitude of variability is muted.

(2) There are significant differences in the zonal wind profiles
between the H-band and K’-band on both nights. This is most
prominent at the equator, where the H profile is best described
by a profile shifted eastward by 90+45m/s on July 3, 2013 and
1414+ 63 m/s on August 20, 2014. There is little difference between
the K’-band zonal wind profiles and the canonical profile. 2013
H band features have smaller Kp/H I/F ratios at the equator than
the mid-latitudes. The exquisite quality of our July 3, 2013 images
reveal numerous equatorial features in the H-band that are not
present in K’-band. This suggests those features are located below
1bar. Taken all together, this is consistent with the idea that the
mean eastward velocity shifts in the H profile are driven by deep-
seated features. Differences in velocity with depth are evidence of
vertical wind shear.

(3) If the shift in the H profile is real and indicative of verti-
cal wind shear, we predict shears between —1.0 and —2.2 m/(s km)
at the equator, assuming H and K’ features typically differ in al-
titude by 3-5 scale heights. Previous studies have dismissed ver-
tical wind shear as an explanation for the variability between
the H-band and canonical profile, claiming that thermal winds
would decay (be less negative) with increasing altitude and pro-
duce the opposite of what is observed. However, this analysis re-
lied on Voyager/IRIS temperature retrievals that are only sensitive
between 70-800 mbar, outside the pressures we expect the H-
band to see at the equator. Using a formulation that extends the
thermal wind equation to the equator (Marcus et al., 2018), we
derived the meridional temperature profiles that are needed be-
low 1bar to match our predicted vertical wind shear. Neglecting
density effects due to variation in methane concentration, we find
that the equator must be colder than the midlatitudes by 5-15 K
to explain the observations, although this range can be lowered if
wind shear is not uniform throughout the atmosphere. This is sim-
ilar to tropospheric temperature profiles derived from mid-infrared
observations and numerical simulations of Jupiter’ and Saturn’s at-
mosphere. Colder temperatures at the equator are consistent with
upwelling and are not consistent with the (de Pater et al., 2014)
single-layer model’s equatorial downwelling.

(4) We used the generalized thermal-compositional wind equa-
tion (Sun et al., 1991) to account for density variations that re-
sult from latitudinally fluctuating methane abundances. We used
this equation to re-derive the temperature structure below 1 bar
needed to match expected methane variations and vertical wind
shear. If methane is weakly-depleted at the mid-latitudes (2 x de-
pletion), an equator 2-3 K colder than the mid-latitudes is con-
sistent with our inferred wind shear. This could be explained
by adiabatic cooling and methane enrichment at the equator
due to upwelling, but it is inconsistent with the de Pater et al.
(2014) single-layer circulation with equatorial downwelling. If
methane is strongly depleted at mid-latitudes (4 x depletion),
an equator 2-3 K warmer than the mid-latitudes is consistent
with our inferred wind shear. Equatorial warming combined with
methane enrichment is not consistent with either the single-layer
de Pater et al. (2014) model, or the double-layer model in Fig. 23.
It is, however, consistent with observed measurements of Nep-

tune’s temperature field. We emphasize the importance of includ-
ing these density variations future models, as condensation regions
or phase changes result in large density changes.

(5) Our results suggest a global circulation pattern more com-
plicated than the single-celled, vertically broad model described by
de Pater et al. (2014). Stacked circulation cells may explain ob-
served methane variations and our derived temperature profiles.
However, we cannot reconcile all observations of Neptune’s upper
atmosphere with this model. Latitudinally and vertically complex
circulation cells may be needed to explain the dynamics of Nep-
tune’s atmosphere.

Multi-wavelength observations of Neptune are required to fully
understand the degree of vertical wind shear and true circulation
pattern in the troposphere. Cloud tracking with spectral informa-
tion would verify whether features with different speeds are in fact
at different depths. Radio wavelengths are sensitive to H,S varia-
tions in Neptune’s atmosphere below 1 bar. Longitudinally-resolved
radio maps of Jupiter have recently been produced with the up-
graded VLA (de Pater et al., 2016). Similar maps of Neptune’s deep
atmosphere would trace variations in the H,S abundance and de-
termine regions of sinking (low H,S) and rising (high H,S) air. This
would provide a check for the stacked-celled circulation hypothe-
sis.
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Appendix A

In this appendix, we show an alternate model for the verti-
cal wind shear: du/dr used in Section 5.1.1, Eq. (35). We assume
that the vertical shear can be expanded in even 4th-order Legen-
dre polynomials:

au 1 1
3y =Po+ P15 31 = 1)+ pag (350" - 3002 +3), (36)
where © =sinf. Legendre polynomials may be preferred to the
4th-order polynomials used in Section 5.1.1 since the former are
solutions to Laplace’s equation on the sphere and are valid expan-
sions at the poles. Now solve for the temperature profile:

T©O.P)\ 29 (. ,du@®.P)
10g<T0(P))__ < f951n9 Td@ (37)

0

. _ZQT'O
g

+ p2%(35M4 —30u? +3))d9’ (38)

0
/ Siﬂ9/<Po+P1%(3/L2—1)
6,

0


https://doi.org/10.13039/100000001

338 J. Tollefson et al./Icarus 311 (2018) 317-339

The integral on the right-hand side of can be solved analyti-
cally via repeated integration-by-parts. The final solution, written
for brevity, is:

T(O,P) 2Qrg
lo = - to+p1-t+pa-t 39
g( TO(P)) 2 (Po-to+p1-t1+p2-tz) (39)
281,
T(6,P) =T0(P)-eXD|:— % (po-to+p1-ti +p2',t2)i| (40)
where:
to = —cos6
t; = %(cos(39) —5cos6)
t = 31@(—21 cos(50) + 55 cos(36) — 114 cos )

As before, this result be easily extended to the equator. In
the following table, we compare the latitudes of the local maxi-
mal/minimal temperatures using this model and the model given
in Section 5.1.1; we assume, for sake of example, an equatorial
temperature of 80 K.

Section 5.1.1 model  Appendix model

0°-80.0 K 0°-80 K
38.3°-85.9 K 33.5°-84.4 K
78.2°-722 K 70.5°-76.0 K

The qualitative analysis is the same between these models -
the equator is colder than the mid-latitudes. The peak mid-latitude
temperatures differ by 1.5 K. While the model in Section 5.1.1 has
a more extreme temperature change and is probably less accurate
at high-latitudes, we do not consider this region in our analysis of
Neptune’s tropospheric temperature profiles since the zonal wind
profile is wildly uncertain there - very few features are tracked
in this region. Thus, the model presented in Section 5.1.1 is good
enough as a base analysis - future work may explore better meth-
ods to model vertical wind shear on Neptune. We point out that
analogous calculations can be used in the model presented in
Section 5.1.2.

Supplementary material

Supplementary material associated with this article can be
found, in the online version, at 10.1016/j.icarus.2018.04.009.
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