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Abstract

From its unique pole-to-pole orbit, the Juno spacecraft discovered cyclones arranged in
polygonal patterns around the poles of Jupiter. In a related modeling study the stability of the
pattern depends on shielding -- a ring of anticyclonic vorticity surrounding each cyclone.
Without shielding the vortices merge. Here we present high-resolution measurements obtained
by tracking clouds in sequences of infrared images. There is vorticity of both signs at 200-km
scales. The standard deviation is 0.32 times the vorticity of a large cyclone, whose relative
vorticity is 0.46 times the planetary vorticity. Shielding exists at large scales, and it has the
magnitude and distance from the vortex center predicted in the model. There is horizontal
divergence of both signs at 200-km scales, with standard deviation 0.64 times the vorticity
standard deviation. We propose that these intense structures are convection and that convection
is the principal energy source for the large vortices.

Significance Statement

Vorticity is the local rate of spin. For large-scale, slowly-varying flows in atmospheres and
oceans, the spin of the planet is greater than that of the flow and is therefore a controlling factor.
The vortices at Jupiter’s poles are particularly interesting because they are arranged in geometric
patterns that endure for years. Such patterns have been seen in laboratory experiments and
theoretical models but never before in a planetary atmosphere. With a 10-fold increase in spatial
resolution, we have discovered a world seething with intense small-scale activity. The interaction
of this world with the large vortices resembles a food chain, with convection bringing energy up
from below. Studying these exotic atmospheric structures helps us understand vortex behavior in
general.
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At Jupiter’s north pole there are eight cyclones that form an octagon, with one cyclone at
each vertex and one additional cyclone in the center ! 2. The centers of the cyclones are at
latitudes of 83 + 1°, which is about 8700 km from the pole. Jupiter’s south pole is the same
except there are only five cyclones that form a pentagon and one at the center, with vertices at
latitudes of —83 * 1°. The polygons and the individual vortices that comprise them have been
stable for four years of observation 4. The observations are taken every 53 days over a 1-2 hour
period at perijove, which is the spacecraft’s closest approach to Jupiter. The peak azimuthal wind
speeds around each vortex range from 70 to 100 m s™!, and the radial distance from the peak to
the vortex center is about 1000 km °. The polygonal patterns rotate slowly, such that the vertices
in the south drift to the west at 0.04 m s™! and those in the north show no consistent drift 3. The
cyclones perform small regular oscillations, but neither the merging nor the disappearance of any
cyclone has occurred®.

There have been only a handful of theoretical studies that specifically address the polar
cyclones on Jupiter and Saturn 7 8 2 1011 Saturn’s polar cyclones are fundamentally different
from Jupiter’s because there is only one at each pole '? 13, Moreover, Saturn has a 160 m s™!
zonal jet located at a latitude of —88.5° circling the south pole 4. Saturn’s north pole has not
been measured. In contrast, there are no zonal jets greater than 10 m s™! circling the poles of
Jupiter 1°. Saturn’s northern hemisphere has a hexagon, which is a meandering zonal jet at 75°
whose six excursions in latitude give it a hexagonal shape 16 17 18 1920 Byt the hexagon has no
closed-streamline structures, i.e., no vortices, and exists by a different mechanism from the polar
cyclones on Jupiter.

In a related modeling paper with some of the same authors, Li207, we created cyclones
that have the observed gross properties - maximum velocity and radius, and arranged the
cyclones into polygonal patterns around the pole to see which ones are stable. This approach
reveals the importance of shielding — a ring of anticyclonic vorticity surrounding each of the
cyclones. Shielding is important in tropical meteorology. It determines whether tropical cyclones
merge, drift apart, or orbit each other 21222324 In Li20 the radius of the anticyclonic ring divided
by the radius of maximum cyclonic velocity must be less than 4.5 in order to get a stable
pattern’. A larger ratio leads to merging and ultimately a single polar cyclone. Anticyclonic
vorticity is present in the models discussed earlier 3°1°!!) but apparently it does not organize into
shields that are strong enough to prevent merging.

In the present paper our measurement objective was to measure the velocity throughout
the north polar region at scales down to ~100 km. From the velocity field we would compute the
vertical component of vorticity and horizontal divergence. One goal was to look for shielding to
see if the theory of Li20 might apply to Jupiter. The other goal was simply to explore the hidden
world of small-scale motions. We found shielding, but we also discovered a world where
horizontal divergence and convergence rivaled the vorticity, and vorticity of both signs rivaled
that of the large-scale cyclones.

Scales of the Motion

The vertical component of vorticity due the planet’s spin is 2Qcosf and is called f, the
planetary vorticity, where Q is the planetary rotation rate and &1is colatitude. The increase of f
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with northward distance, df/dy = 2Qsinb/a is called B, where a is the radius of the planet. On
Earth it causes cyclones to drift poleward®'**. An important length scale at mid-latitudes is Lg =

(V/B)*/?, where V is a characteristic velocity. It roughly matches the widths of the zonal jets on
Jupiter and Saturn?>29272%, The length scale enters in criteria for zonal jet stability 2%, and it is also
the scale below which the flow is dominated by turbulence and above which it tends toward
alternating zonal jets. With small-scale vortices as an initial condition, the flow evolves through
a state of propagating waves and then tends toward alternating zonal jets*’. However, at the
poles, where 3 tends linearly to zero, a length scale based on minus its gradient y = —df /dy =
2Q)/a* is more appropriate. The length scale is L, = (V/y)Y/3, and for V = 80 m s it is about
10,500 km. L, represents the radius of the circle around the pole inside of which the effect of the
vortices - turbulence -- is greater than the effect of 3 and the jets. Note that L, is the distance
from a specific point -- the pole, and Lg is not. The value of L, is close to the 8700 km size of the
polygons on Jupiter.

The effect of deep winds on surface features is uncertain. The Juno gravity field indicates
that the zonal winds extend from the surface down to the 3000 km level!. This statement only
applies within +25° of the equator, because the gravity wind experiment is not sensitive to
higher latitudes®?. And models of the deep winds show how they might affect the visible features
3334 But when one is varying parameters to fit data about specific features, it is wise to start
simply. The shallow water (SW) equations have only two dependent variables, the horizontal
velocity v and the gravitational potential ¢ associated with the layer thickness, and they are
functions only of the horizontal coordinates and time. A single layer of fluid of thickness / that
floats hydrostatically on a much thicker fluid at rest is known as a 1.5-layer model. For this we
have ¢ = g,.h, where g, is the reduced gravity -- the gravitational acceleration times the
fractional density difference Ap/p between the two layers 222, ¢ obeys the 2D continuity
equation, and minus its horizontal gradient is the acceleration due to pressure. Potential vorticity
(PV) is an important conserved quantity—a constant for each fluid element. For the SW equations
PVis (¢ + f)/¢, where { = (V X v) - k is the relative vorticity -- the curl of the horizontal
velocity.

Rotation is dominant when the Rossby number Ro = V/(fL) is small, where L is a
characteristic length. For a jovian cyclone with ¥'=80 m s™! and L = 1000 km, one finds Ro =
0.23. The ratio {/fis exactly twice this value. The radius of deformation Ly =V¢p/f is the
horizontal length scale over which the vortices interact. Ly is inversely proportional to the sine of
latitude through the 1/f factor, and different assumptions about the vertical stratification put the
average Lq at the poles in the range 350 - 1300 km’. This brackets the 1000-km radius of the
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individual cyclones on Jupiter. If the velocity is fixed, Ro increases as L decreases, and
eventually rotation will not dominate the flow.

Observations

Figure 1. Infrared image of the northern hemisphere as seen by JIRAM 2. The circle at 80° latitude
is about 12,000 km from the pole. The radiances have been corrected for nadir viewing, with bright
yellow signifying greater radiance and dark red signifying lesser radiance. Because of these
corrections and the non-linearity of the Planck function, one can only say that the average
brightness temperature is somewhere in the range 215-220 K. The figures shown in this paper
cover the central cyclone and the two cyclones at 135° and 315° east longitude, respectively. The
two dark features at 120-150° east, whose filaments spiral toward their centers in a clockwise
direction, are anticyclones.
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Figure 1 shows the octagon of cyclones surrounding the north pole and describes the
region covered by our vorticity and divergence maps. The maps show features in the clouds at
scales down to ~100 km, which is much less than the 1000-km radius where the azimuthal
velocity is greatest. The measurement requires tracking clouds in a pair of images separated in
time to get velocity, and then taking closed line integrals to get vorticity and divergence. The
maps are derived from infrared images taken by the Jupiter Infrared Auroral Mapper (JIRAM) on
February 2, 2017°°. The JIRAM M filter tracks the clouds at 4.5-5.0 um wavelength. A
brightness anomaly indicates a hole in the upper cloud, allowing radiation from warmer, deeper
levels to escape. Details of image processing are in the Methods section and in the
Supplementary Information (SI).
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Figure 2. Vorticity (top row) and divergence (bottom row) derived from two determinations of the
wind field using separate data (left and right), termed n0103 and n0204. The long dimension of
each rectangle is ~20,000 km, and the smallest features are ~100 km in diameter. Each
determination is derived from a series, each of which consists of 12 adjacent images laid side by
side. The seams between the 12 images are visible as faint vertical lines. The white spaces are
regions where the image entropy>® was below a threshold needed for reliable cloud-tracked wind
analysis. They cover 1.8% and 2.1% of the pixels in the left and right maps, respectively. For
further information, see the Methods section

Figure 2 shows vorticity and divergence maps for two determinations of the wind field. A
series of 12 images was started every 8 minutes to cover the same region at the north pole of
Jupiter. The spacecraft was approaching Jupiter, and the image resolution changed from 22
km/pixel in the middle of the first series to 14 km/pixel in the middle of the fourth series, 24
minutes later. The two maps on the left were made by measuring cloud displacements between
the first and third series, which are 16 minutes apart, and the two maps on the right were made
from the second and fourth series, which are also 16 minutes apart. The left and right maps are
separated in time by only 8 minutes, but they use entirely different images. The persistence and
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movement of features, even those ~100 km in size, shows that the high-contrast, small-scale
features are not measurement noise.

The small features move counterclockwise around the large cyclones and clockwise
around the two anticyclones. This motion is visible when one blinks the left and right vorticity
maps back and forth, as one can do with fig s polar vortex blink in the SI. Even at the fastest
speed, 80 m s!, the displacement over 8 minutes is only 38 km, which is ~2 times the resolution
of the instrument. Notice that the central cyclone and the two cyclones at lower left and upper
right almost disappear in the divergence maps, but the cyclones at upper left and lower right do
not. The latter two cyclones are at 90° and 270°E in Figure 1. Their distinguishing characteristic
is a lack of small-scale features, which are needed for accurate feature tracking. We used image
entropy (Shannon entropy)*® to confirm this visual impression, and chose an entropy threshold
that covered up most but not all of the suspicious pixels in the divergence maps. Those pixels
were not used either in the divergence or the vorticity data processing. The original images
without the covering and histograms of the entropy are fig s2 entropy _masks removed in the SI.

Figure 3 shows histograms of the points in Figure 2 and the percentages in each color bin.
The standard deviations of vorticity and divergence are 5.1 and 3.25 x 10 s°!, respectively, but
they have longer tails relative to the center than a normal distribution. The long tail of positive
vorticity comes mostly from the central cyclone and extends out at least halfway to the planetary
vorticity value /= 2Q =35 x 10 s!. The long tail of negative vorticity comes mostly from the
two anticyclones to the right of the central cyclone, but there are many smaller features with both
positive and negative vorticity. The mean vorticity and mean divergence are 0.02 and 0.23, both
in units of 10 s”!, respectively. Thus the mean values are much less than the standard deviations.
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Figure 3. Histograms of vorticity (left) and divergence (right) for the maps shown in Figure 2. The
vorticity and divergence scales are the same, and the colors are the same as those used in Figure
2. The number above each color bin is the percentage of pixels in that bin.

Figure 4 shows the azimuthal mean v of the azimuthal velocity around the north central
cyclone as a function of radius » out to 6000 km. Also shown are the mean vorticity ¢, the mean
potential ¢, and the mean potential vorticity PV. The curves are derived by a linear least squares
fit to 5 smooth functions. Therefore they filter out the intense 100-km scale motions without
affecting the description of motions on the scale of the cyclones and the region between them.
The profile of ©(r) agrees with earlier estimates®?, including the fact that the profile at » > 2000
km falls off faster than 1/r, implying negative vorticity in that region. See Methods for details on
the fitting process.
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The profile of azimuthal velocity vs. radius yields a lower bound on the mean radius of
deformation Lq =V'$/f. The potential ¢ in Figure 4 is computed from an integral and is therefore
uncertain by an additive constant. However, ¢ = g:h is proportional to the thickness, and the
thickness cannot be negative. The figure is computed with ¢ = 0 at the vortex center. The largest
¢ is 69,349 m?/s? at r = 4075 km, and it cannot be smaller there without ¢ becoming negative at
the center. This gives La =V$/f = 749 km as the lower bound for the radius of deformation,
which is in the middle of estimates obtained from lower latitudes  taking into account the
variation of f/'with latitude. We caution, however, that L is a fixed atmospheric parameter only
for quasi-geostrophic (QG, or small Rossby number) motion, and Jupiter’s polar cyclones are not
fully QG, since {/f ~ 0.46. In the shallow water equations, L4 describes the stratification far
from any strong vortices and large pressure gradients.

Azimuthal velocity (m/s) vs radius r (km) Vorticity ¢ (0.001 1/s) vs radius r (km)
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Figure 4. Mean azimuthal velocity and vorticity (top row) and mean gravitational potential
and potential vorticity (bottom row). The fitted curve for velocity (blue) is almost covered
by the data points (black). Potential vorticity is scaled by the planetary vorticity at the pole
divided by the r = 4075 km peak value of ¢, assuming it is equal to L3 f? with L; = 1000 km.
The variations of PV are not due to £, which decreases by only 0.35% from the pole to r =
6000 km.

To have stable polygons, Li20 requires an anticyclonic ring - shielding - around each
cyclone 7. The distance from the center of each vortex to the annulus of minimum PV has to fall
between ~2 and 4.5 times the radius of maximum azimuthal velocity, which is ~1000 km. Recall
that the vertices of the polygons average 8700 km from the pole. Figure 4 shows a broad annulus
of negative vorticity at 1600 < » < 6000 km with a minimum of -1.83 x 10 s! at r = 4591 km.



249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294

This is more than 5% of the planetary vorticity f at the pole but of opposite sign. The scaled PV
has a local minimum of 0.948 at » = 4184 km. This minimum is 2 or 3 times deeper than that
required by the model. The location of these minima agrees well with the model’s ratio of 4.5 for
the minimum PV radius to the 1000-km radius of maximum velocity. All of this suggests that
large-scale shielding exists on Jupiter and is operating despite the small-scale activity.

Convection

A major scientific result of this paper is the large magnitude of vorticity and divergence
with both positive and negative sign at ~200 km scales. These properties point to convection, but
not the type of convection observed at lower latitudes. Severe thunderstorms on Earth have
diameters of 30-40 km*7*8, A hurricane is ~20 times larger *°. But the atmospheric scale height
on Jupiter is 5 times larger than on Earth, 40 km vs 8 km. So if the ratio of horizontal to vertical
dimensions is the same on the two planets, then jovian thunderstorms should have diameters of
150-200 km. This roughly matches the intense small-scale structures reported in this paper.

Divergence and convergence also point to convection. Horizontal divergence requires
vertical convergence and therefore vertical winds, which are defining elements of convection. If
a rising parcel conserves PV, then when it spreads out at the top of the atmosphere its { + f
must decrease along with its 4. Since f'is a large positive quantity when the Rossby number is
small, and does not change as the parcel rises, the parcel’s { must decrease by a large fractional
amount. In other words, rising parcels become anticyclones when they spread out at the top #°.
The opposite is also true: Upper-level convergence, which would accompany sinking parcels,
would lead to cyclonic vorticity at the top of the downwelling plume. The former describes
convection in Earth’s atmosphere, where moist plumes rising from Earth’s boundary layer
occupy ~1% of the area and slow sinking occupies the rest *°. The latter describes convection in
Earth’s oceans, where cold sinking plumes break out of the mixed layer at the top of the ocean
and sink *!. Lacking a solid surface below the clouds, Jupiter’s atmosphere might have both
intense updrafts and intense downdrafts,, which is consistent with equal amounts of divergence
of both signs. In other words, Jupiter’s atmosphere might be behaving partly like an ocean *,

The ratio of divergence to vorticity at 150-300 scales also points to convection. In units
of 107 s7!, the vorticity standard deviations are 5.1, both for images n0103 and n0204. The
corresponding divergence standard deviations are 3.4 and 3.1. The smaller values associated with
n0204 are probably due to the 20% better resolution of n0204 compared to n0103. For the large-
scale, slowly-varying cyclones compared to the planetary rotation (small Rossby number), one
expects small values for the ratio of divergence to vorticity, in any case no larger than {/f, which
is ~0.46. This upper bound is based on terms in the vorticity equation. Intense, short-lived
convection like a terrestrial thunderstorm can have large convergence at the bottom and large
divergence at the top. Apparently the small structures that we see in Figures 2 and 3 are
intermediate between rotation-dominated and convection-dominated storms.

Although the large divergence suggests convection, the small-scale features in Figs. 2 do
not look like the lightning storms at lower latitudes, and both are obvious candidates for
convection. The imaging system on Galileo was able to pinpoint the sources of lightning by
following the clouds from day to night **3 over a 2-3 hour period. The storms range from 200 to
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1600 km in size, are separated by 10* km in distance, and flash many times per minute. The
storms occur overwhelmingly in the belts, which are the cyclonic bands as defined by the
alternating eastward and westward jet streams. This seems to contradict evidence for upwelling
in the anticyclonic zones*. The preference for belts could be due to thinning of the stably
stratified upper layers, which brings moisture-laden air up to its lifting condensation level 4>
Upwelling in the belts at cloud base and downwelling just below the tropopause is a real
possibility and an active area of study*’#%

Discussion

What to do next? On the observation side, we will pursue the brightness power spectrum
vs. spatial scale and the covariances of vorticity, divergence, and infrared brightness. The latter
has a resolution of ~16 km, and the derived divergence and vorticity have a resolution of ~100
km. Low brightness is an indicator of high clouds, which could be a sign either of upward
velocity or upward displacement. That effort is a separate paper and has been submitted®. We
will study Jupiter’s white ovals, which also have been observed by JIRAM 3!, On the theory side,
one should revisit the polar vortex models that are forced by small-scale convection 8101,
Although lacking a beta effect, there are models that produce large scale vortices from small-
scale convection in rapidly-rotating fluids %3, and that too should be pursued.

Methods

Table S1 in the SI gives the archival filenames and our working names for the 48 images
that were used in the analysis. The images are adjacent rectangular strips with 12 images per
series, and there are 4 series named n01 to n04, each of which records roughly the same place on
the planet 8 minutes after the one before. The size of each resolution element varies smoothly
from ~22 km/ pixel in the middle of n01 to ~14 km/pixel in the middle of n04. The first step in
the processing is to determine the precise location on the planet of each resolution element in
every image. This is done with NAIF/SPICE data from the spacecraft>* and precise geometric
calibration of the JIRAM instrument 3°. The second step is to map the brightness patterns onto a
grided reference plane tangent to the planet at the pole. That data is filename data _s3_mapped
brightness as part of the Supplementary Information (SI).

The third step is to measure cloud displacements in the reference plane using the
Tracker3 software from JPL. The software automatically searches for the best correlation of
brightness patterns between two images. This is done between images in series n01 and n03 and
between images in series n02 and n04. Velocity is the displacement in km divided by the time
interval, which is always close to 16 minutes but depends on which image in each series was
used. Correlation is done within a square box in the reference plane. After experimenting we
settled on 15 km/pixel in the reference plane and a 15 x 15 pixel correlation box for the Tracker3
software. In other words, we use a square 225 km on a side to define a feature. Therefore the
resolution of the wind measurement is £112.5 km. We oversample it by a factor of 2.5 to obtain
wind vectors on a 45 x 45 km grid. That data set is filename data_s4 velocity vectors in the SI.
Finally, we determine vorticity and divergence at every grid point by integrating around the 8

10
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surrounding points using Stokes’s theorem and Gauss’s law, respectively. Those data are
filename data_s5 figure 2 data in the SI.

The error in the velocity estimate 6y depends crucially on the granularity of the scene at
the scale of the resolution element 5, which on average is about 18 km. Except for no features at
all, for which there is no estimate, the worst case is a single cloud feature of size < 3, for which
the variance 02 = 28%/At?, where At is the 16-minute time step and the factor of 2 arises because
we are subtracting position in two images. Then o, = 2"28/At, about 26.5 m/s. However if the
velocity measurement is the average of N statistically independent estimates of velocity, the
variance is 28%/At*/N. The best case is when N is the number of resolution elements in the
correlation box, which is L on a side such that N = (L/8)?. Then oy = 2"26/At/NV? = 2128%/L/At,
which is 2.1 m/s for L = 225 km.

A quantitative measure of granularity is image entropy H 3¢. We define it for each 15 x 15
correlation box from the histogram of brightness values in the box:

H = —Y prlog,(px) (1

The input data are 32-bit numbers, but we only have 225 pixels. We divide the range from the
brightest to the darkest pixel into 256 grey levels, and we count the number of times that each
grey level appears in the image. That number divided by 225 is px, the frequency of occurrence
of grey level k normalized so that ), p, = 1. The sum is over the 256 grey levels. If the
brightness corresponding to a particular grey level k1 does not occur in the image, then p;, = 0.
At least 31 of the pi‘s must be zero. If all 225 pixels have brightness corresponding to grey level
k2, then pi> = 1 and all the other pi‘s = 0, resulting in H = 0. If the brightness levels of all the 225
pixels are different, then H = log>(225) = 7.81. This is the maximum entropy for this problem.
Low entropy is bad for feature tracking, and we experimented to find a value that eliminated the
most suspicious data, like the large pixel-to-pixel variations in the upper left and lower right
corners of the divergence maps. We manually verified that the feature-tracking software was
failing in those regions.

The data of Figure 4 consist of ~26,000 measured velocity vectors on the 45 x 45 km grid
for radius r from the vortex center < 6010 km. Taking the azimuthal component of each vector,
and knowing its r, we did two separate least squares fits, in both cases for the five a, coefficients
in Eq. (2), to get analytic expressions for d¢(r)/dr and V(r), respectively.

—2 - _

or
For a good fit, the parameter ro must be close to the radius of the velocity maximum. It was
chosen to be 1060 km for d¢/dr and 1200 km for V. We analytically integrated the expression

for cyclostrophic balance starting from ¢ = 0 atr =0 to get ¢(r) in Figure 4, and we analytically
differentiated the expression for velocity to get ¢(r). See the SI for details.
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Figures

Figure 1

Infrared image of the northern hemisphere as seen by JIRAM 2. The circle at 80° latitude is about 12,000
km from the pole. The radiances have been corrected for nadir viewing, with bright yellow signifying
greater radiance and dark red signifying lesser radiance. Because of these corrections and the non-
linearity of the Planck function, one can only say that the average brightness temperature is somewhere




in the range 215-220 K. The figures shown in this paper cover the central cyclone and the two cyclones at
135° and 315° east longitude, respectively. The two dark features at 120-150° east, whose filaments spiral
toward their centers in a clockwise direction, are anticyclones.
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Figure 2

Vorticity (top row) and divergence (bottom row) derived from two determinations of the wind field using
separate data (left and right), termed n0103 and n0204. The long dimension of each rectangle is ~20,000
km, and the smallest features are ~100 km in diameter. Each determination is derived from a series, each
of which consists of 12 adjacent images laid side by side. The seams between the 12 images are visible
as faint vertical lines. The white spaces are regions where the image entropy36 was below a threshold
needed for reliable cloud-tracked wind analysis. They cover 1.8% and 2.1% of the pixels in the left and
right maps, respectively. For further information, see the Methods section
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Figure 3



Histograms of vorticity (left) and divergence (right) for the maps shown in Figure 2. The vorticity and
divergence scales are the same, and the colors are the same as those used in Figure 2. The number above
each color bin is the percentage of pixels in that bin.
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Figure 4

Mean azimuthal velocity and vorticity (top row) and mean gravitational potential and potential vorticity
(bottom row). The fitted curve for velocity (blue) is almost covered by the data points (black). Please see
manuscript .pdf for full caption.

Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

e Supplementarylnformation40221.pdf
» figs1polarvortexblink.pdf

o figs2entropymasksremoved.pdf


https://assets.researchsquare.com/files/rs-388198/v1/e244c194f0c61ddb3a4dfae5.pdf
https://assets.researchsquare.com/files/rs-388198/v1/4556a6b674bd8e75934b46a6.pdf
https://assets.researchsquare.com/files/rs-388198/v1/8111329559e8588088538797.pdf

