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Abstract17

The ion tails of bright comets have long been considered as natural tracers of the18

solar wind near these objects. Studies of comets and their ion tails allow inexpensive mon-19

itoring of key solar wind structures in the inner heliosphere, much of which is otherwise20

only accessible by in situ solar wind spacecraft measurements. Here, we present a novel21

technique to mine the rich archive of amateur, professional and spacecraft observations22

of cometary ion tails. To demonstrate this, we focus on Near-Sun comet C/2011 L4 (Pan-23

STARRS) during Carrington Rotations (CR) 2134 and 2135 and comet C/2013 R1 (Love-24

joy) during CR 2118. We outline the technique’s shortcomings, including its geometric25

limitations, and present a catalogue of radial solar wind velocities derived in the near-26

comet environment and information on the heliospheric conditions inferred from the mea-27

sured solar wind. Complementary measurements, derived from folding ion rays and a28

velocity profile map built from consecutive images, are provided as an alternative means29

of quantifying the solar wind-cometary ionosphere interaction. We find that comets are30

generally good indicators of solar wind structure, but the quality of the results is strongly31

dependent on the observing geometry.32

Plain Language Summary33

Comets, as they move through the inner solar system, can be considered as nat-34

ural laboratories of the solar wind. The solar wind is a continuous stream of fast charged35

particles that carries with it a remnant of the solar magnetic field into the solar system.36

Sourcing images from the internet and astrophotographers, we developed a new technique37

and the software to measure the solar wind speed in the comet’s orbital plane by using38

the ion tails of comets. The ion tail behaves similarly to a transparent windsock and in-39

dicates the direction of the solar wind. This allowed us to create a snapshot map of the40

solar wind variations along a comet’s orbit when it is close to the Sun. We also outline41

the reliability and the limitations of the technique and a catalog of solar wind velocities42

from comets C/2011 L4 (Pan-STARRS) and C/2013 R1 (Lovejoy). We find that with43

the right geometry, comets are good and efficient probes of the solar wind. This cata-44

log of speeds will help us better understand the three-dimensional structure and vari-45

ability of the solar wind.46

1 Introduction47

The cometary ion tail is an induced magnetotail structure, pointing approximately48

along the anti-sunward direction but lagging the true anti-solar direction by a few de-49

grees. This aberration angle arises from a combination of the comet’s orbital velocity50

and the local solar wind velocity, vsw. With a favourable observing geometry, comets with51

a suitably bright ion tail, can contribute towards increasing our understanding of the vari-52

ability in vsw.53

The first hints of the solar wind’s existence came from observations of comets’ ion54

tails (Hoffmeister, 1943; Biermann, 1957). Few spacecraft have been launched specifi-55

cally to probe the solar wind in situ. At the time of writing, Parker solar probe and So-56

lar Orbiter are the two most recent spacecraft to probe the solar wind close to the Sun.57

In situ measurements are limited to predetermined spacecraft trajectories which are con-58

fined to close to the ecliptic plane - Ulysses being the exception by conducting three near59

pole-to-pole heliolatitudinal scans of the solar wind - whilst comets have a range of tra-60

jectories and sample a wide range of helio-longitudes and latitudes (Jones et al., 2018).61

J. Brandt and Chapman (2004) encapsulated the benefit of heliospheric research62

by presenting the following paradigm for non-solar maximum conditions:63
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1. Smooth, fast high latitude solar wind lead to largely featureless ion tails at these64

latitudes, and65

2. Slower and more variable streamer belt flow nearer the solar equator are associ-66

ated with highly dynamical and structured ion tails for comets in this region (Fig-67

ure 1).68

Measurements of comets’ ion tail orientations have long been used to successfully69

constrain the local vsw in studies such as Belton and Brandt (1966); J. C. Brandt (1967);70

Brandt, Roosen, and Harrington (1972); Brandt, Harrington, and Roosen (1973); Jock-71

ers (1981, 1985), and Buffington et al. (2008). These remote observations of the contin-72

uously varying morphology, dynamics, and orientations of a comet’s ion (Type I) tail have73

also yielded extensive information on the large-scale solar wind structure at the comets.74

Ion tail disconnection events (DEs) are considered to be key markers of solar wind75

phenomena. DEs could be due to variation in ion production rates, increase in solar wind76

pressure, or most likely in the majority of cases, magnetic reconnection. Niedner and Brandt77

(1978) associated tail disconnections with crossings of the heliospheric current sheet (HCS).78

However, it should be noted that Delva, Schwingenschuh, Niedner, and Gringauz (1991)79

found a correlation between sector boundaries and ion tail disconnections in only 50%80

of the considered events. They further determined a connection between large tail events81

and density enhancements in the solar wind.82

Encounters with coronal mass ejections (CME) can lead to rapid reconfigurations83

of tail features and their orientations (Jones & Brandt, 2004). Vourlidas et al. (2007) linked84

the first reported observation of an Interplanetary Coronal Mass Ejection (ICME)-ion85

tail interaction where the ICME was also visible, which led to a disconnection of comet86

2P/Encke’s ion tail. Locations of co-rotating interaction regions (CIRs), where fast and87

slow solar wind regions interact, and transitions between different solar wind regimes can88

be accurately identified from kinks in the ion tail, i.e. large and rapid changes in the aber-89

ration angle.90

The source surface, ∼2 to 2.5 R� from the Sun, is the hypothetical boundary be-91

yond which the magnetic field and the plasma flow is assumed to become purely radial.92

Departures from flow radiality can occur within transient interplanetary solar wind phe-93

nomena such as CIRs and ICMEs or when the solar wind encounters a magnetospheric94

obstruction. These interactions cause a deflection of the bulk radial plasma outflow at95

the stream interface or at the ICME’s leading edge and introduce an azimuthal and/or96

meridional (north-south) component (Richardson et al., 1996; Jones, 2002; Owens & Cargill,97

2004).98
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Figure 1. Illustration of comet-solar wind paradigm (Adapted from Brandt and Snow (2000).

Smooth, fast solar wind flow at high solar latitudes lead to largely featureless ion tails. Comets

in the solar equatorial region encounter slower and more variable streamer belt flow which have

been associated with highly dynamical and variable ion tails which can contain both large-scale

and fine structures. Image credit: Courtesy of Gerald Rhemann and NASA/SDO and the AIA,

EVE, and HMI science teams.)

99

100

101

102

103

104

We will introduce our new technique and software that converts cometary ion tail105

images into multi-point multi-latitudinal solar wind speed estimates. A complementary106

software package further offers dynamical feature tracking in consecutive images, which107

is used in the analysis of transient phenomena associated events in the ion tail, and tail108

ray folding periods. Our technique makes use of images that have been extrapolated along109

the line of sight of the observer and mapped onto the comet’s orbital plane.110

2 Data Sources and Instrumentation111

We analyzed the tails of two comets: C/2013 R1 (Lovejoy) during Carrington Ro-112

tations (CR) 2118 and Near-Sun comet C/2011 L4 (Pan-STARRS) during CR 2134 and113

2135. The observing geometry of these two comets highlight the value of this technique114

to determine catalogues of radial solar wind velocities in the near-comet environment.115

They also offer contrasting examples of the limitations we face due to viewing geome-116

try.117
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We used images of C/2013 R1 (Lovejoy), taken both by amateur astronomers us-118

ing consumer-grade equipment, and professional observations using the 2.5-metre Isaac119

Newton Telescope, and images of C/2011 L4 (Pan-STARRS), from the STEREO-B space-120

craft. These data were used to develop the technique and software to extract multiple121

estimates of the local radial solar wind velocity, which we refer to as vswr
. These comets122

were chosen based on their visual brightness, orbit geometry and the extensive online123

collection of amateur and professional images. They strongly demonstrate the useful-124

ness and reliability of this technique.125

2.1 Non-professional images126

The advent of highly sensitive commercial CCD and CMOS sensors, coupled with127

modern telescopes with large fields of view (FOV) has led to the quality of modern comet128

images being often better than that of professional photographs from a few decades ago.129

High quality contributions from a globally distributed network of comet enthusiasts hold130

the potential for near-continuous monitoring of comets.131

Astronomical images acquired by non-professionals were sourced from numerous132

online repositories available via media platforms (e.g. Google, Astrobin, Flickr). Internet-133

sourced images lacked conformity in terms of image format, FOV, image size and cal-134

ibrations. Often, the images were without precise timing or geographic information. This135

is in agreement with observations by Lang and Hogg (2012), who found that only ∼70%136

of the meta-data supplied by amateur astrophotographers was correct.137

2.2 Isaac Newton Telescope / Wide-Field Camera138

The Isaac Newton Telescope (INT) is a 2.5m optical telescope located at the Roque139

de los Muchachos, La Palma, Spain. The facility’s Wide Field Camera (WFC) is a 4 CCD140

mosaic covering a 34 x 34 field of view with a chip gap of ∼ 0.5’. Each CCD pixel cor-141

responds to 0.33” on sky. Author YR along with K. Birkett, used the WFC to observe142

comet C/2013 R1 (Lovejoy) using standard broadband photometric filters Sloan r and143

Harris B (York et al., 2000) from 2014 January 2 to 6.144

2.3 STEREO B145

The Sun Earth Connection Coronal and Heliospheric Investigation (SECCHI) (Howard146

et al., 2008) instrument consisting of 2 coronagraphs (COR1 and COR2) and a pair of147

heliospheric white-light imagers (HI1 and HI2) aboard the STEREO B spacecraft (Kaiser,148

2005) were used to estimate vswr at C/2011 L4 (Pan-STARRS). The HI1 and HI2 im-149

agers provide a 20◦ and 70◦ FOV around the Sun-Earth line along the ecliptic and are150

centered off the solar center by 14◦ and 53◦.7 (Eyles et al., 2009), looking at solar elon-151

gations from ∼3◦ to 23◦.5 (∼12 - 92 R�) and 20◦ to 90◦ (∼ 73 - 318 R�) respectively.152

2.4 CME catalogue153

The CME catalogue used here is generated and maintained at the CDAW Data Cen-154

ter by NASA and The Catholic University of America in cooperation with the Naval Re-155

search Laboratory (Gopalswamy et al., 2009). The catalogue lists all transient ICME events156

from the SOHO LASCO C2 and C3 coronagraphs (Brueckner et al., 1995). The central157

position angle (CPA) can be useful in distinguishing between simultaneously occurring158

ICMEs. This is measured counter-clockwise from solar north in degrees. Once the ICME159

expansion stabilises in the C2 FOV, a sky-plane width is measured, when possible. In-160

frequently, certain ICMEs will exhibit significant acceleration or deceleration, thus re-161

ducing the linear speed to merely a guide of the average ICME speed within the LASCO162

FOV. Combining the date and time of ICME eruption, its linear plane-of-sky speed, width163

and CPA with the heliocentric distance of our comet and the angle with the solar north164
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pole, we can constrain a list of ICME candidates likely to encounter the comet for a given165

date.166

3 Technique167

An ion tail is always generally oriented in the anti-sunward direction; however it168

always lags the true anti-solar direction by a few degrees, opposing the direction of the169

comets motion. It is well established that solar wind conditions control and maintain the170

appearance of the ion tail and that the tail axis is a composite vector of the vsw vector171

and the comet’s orbital motion. An extended ion tail records a time history of solar wind172

changes over several hours.173

Remote observations of the ion tail are a potentially invaluable resource to probe174

the high spatial variations of solar wind structures across a wide range of heliospheric175

latitudes and distances and over long timescales. We have developed a novel system of176

extracting valid local vswr
estimates, as well as characterising local parameters for tran-177

sient interplanetary events near comets, allowing us to use comets as solar wind mon-178

itors within the inner heliosphere. To demonstrate this technique, we investigate ama-179

teur images of bright comets with a small geocentric distance and good observing geom-180

etry from Earth. By employing vswr
measurements from amateur and professionally ac-181

quired images, we demonstrate that comet observations can provide reliable estimates182

of the ambient local vsw at the comet and can lead to the identification of the local pa-183

rameters of coronal mass ejections (CMEs), the locations of heliospheric current sheet184

(HCS) crossings, as well as the locations of co-rotating interaction regions (CIRs) dur-185

ing periods of quiescent solar activity.186

When the projected observing geometry is good, i.e. when the angle between the187

Sun, target and the observer (S-T-O angle) is close to 90◦, and that the observer is well188

outside the comets orbital plane, i.e. at a “large enough” orbit plane angle, we can con-189

strain the vsw (Figure 2). The ideal geometry for comet observations from Earth would190

occur when the S-T-O angle and orbit plane angle are both near 90◦.191

The dynamical variations of and plasma density distribution along the tail are con-192

trolled by the mass-loading process. Ever-changing, extensive features in the tail such193

as condensation knots and kinks generally indicate the flow state of the solar wind, whether194

the comet is surrounded by quiescent fast solar wind or traversing a more variable so-195

lar wind flow. Kinks in the tail are often clues that the comet may be moving from one196

solar wind regime to another.197
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Figure 2. The orbit plane angle is the angle (purple) between the line of sight from the ob-

server to the comet and the comet’s orbital plane. The Sun-Target-Observer (S-T-O) angle is

given in red. Image credit: Gerald Rhemann (Comet C/2020 F3 (NEOWISE)); SDO (Sun);

NASA Apollo (Earth).

198

199

200

201

3.1 Deriving Solar Wind Velocities202

The ion tail orientation can be exploited to pin down an approximation of the lo-203

cal radial flow of the solar wind (SW). The aberration angle, ε, is defined as the angle204

between two vectors: the composite vector of the comet’s heliocentric orbital motion vec-205

tor and the solar wind velocity vector, and the prolonged radius vector from the sun, i.e.206

the radial flow of the solar wind [Figure 3a].207
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Figure 3. Comet C/2004 Q2 mapped in (a) celestial coordinates and (b) cometocentric coor-

dinates. The orbit (red), the extended solar radial vector (black) and the aberration angle (red

angle) are labeled in (a). In (b), the image has been transformed so as to keep the sun-comet

line fixed with the predicted comet nucleus location as the origin. The horizontal sun-comet line

(black) in the second image is the extended radial vector from the sun. The comet’s orbit is the

red vertical line. The horizontal red lines are extended solar radial vectors originating from where

the comet’s nucleus would have been at that time. These radial vector cross-sections of the ion

tail provide an indication of the distance travelled by each plasma bundle from the comet’s orbit

to the ion tail.

208

209

210

211

212

213

214

215

216

Figure 3 illustrates the slight difference between the two techniques of determin-217

ing the solar wind velocities, using a non-study comet as an example. The first technique218

uses the aberration angle to determine the solar wind velocity. The second technique is219

the technique we will present in this paper. The orientation of the ion tail arises from220

the combination of the comet’s orbital velocity and the local solar wind velocity (Hoffmeister,221

1943; Biermann, 1957). The composite vector equation is given by:222

T = V − U (1)
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T is the apparent axial vector of the ion tail, V is the solar wind velocity vector223

and U is the comet’s orbital velocity vector. In the top image, it is possible to measure224

the aberration angle of the ion tail on the plane of the sky. By projecting these vectors225

onto the comet’s orbital plane, as described in Konopleva and Rozenbush (1974), an ex-226

pression for the aberration angle can be defined. The V vector can in principle be re-227

solved into its radial (Vr) and tangential (Vφ) components. However, this is challenging228

as a larger tangential component cannot always be uniquely separated from a radial so-229

lar wind speed change. Rearranging the equation for Vr, we obtain:230

Vr =
U sin γ − Vφ cos i

tan ε
+ U cos γ (2)

γ is defined as the angle between the extended radial vector of the comet and the231

vector of the comet’s orbital velocity, i is the inclination of the comet’s orbital plane to232

the solar equator and ε is the aberration angle.233

In our technique, the images are instead extrapolated along the line-of-sight of the234

observer and mapped onto the comet’s orbital plane; the solar wind flow is assumed to235

be purely radial. Once the image is mapped onto the comet’s orbit a simplified geom-236

etry of the system can be extracted. The aberration angle ε can thus be simplified to the237

equation below, where U⊥ is the perpendicular component of the comet’s velocity to the238

prolonged radius vector and Vr is the radial solar wind velocity. The radial component239

of the orbital velocity, and the non-radial components of the solar wind are both assumed240

to be negligible here.241

tan ε =
U⊥
Vr

(3)

The bottom image in Figure 3 encapsulates the adopted sampling method. With242

cometocentric distances calculated for the image, multiple cuts, shown in red, are taken243

parallel to the radial vector with set time steps. Solar wind velocities are then calculated244

from these known quantities. Since each image is projected onto the comet’s orbital plane,245

the best framework to estimate the local solar wind radial velocity, which we now refer246

to as vswr
for the demonstration of our technique. All the previous considerations (U ,247

i and γ) are factored in within the projection mapping. We also computed Vr using the248

simplified equation for the aberration angle. They both produced solar wind velocities249

within the same range, with some erroneous values produced for very small aberration250

angles, for instances where the ion tail lies close to the extended radial vector. Even un-251

der excellent geometrical conditions, without mapping the image onto the comet’s or-252

bital plane, precisely measuring the aberration angle can be difficult as the comet’s or-253

bital velocity is generally an order of magnitude smaller than the solar wind velocity (J. C. Brandt254

& Heise, 1970).255

3.2 Developing the Software256

The pointing, field of view, plate scale and orientation of comet images are essen-257

tial in order to derive estimates of the solar wind conditions in a comet’s vicinity. These258

are frequently unknown for amateur observations. Using Astrometry.net source code V0.50259

(Lang et al., 2010) has greatly simplified the acquisition of this information, by return-260

ing the requisite information almost instantaneously. This robust astronomical image261

solver computes the equatorial celestial coordinates of each pixel in the original comet262

images. Hogg and Lang (2008) reported the success rate of Astrometry.net to be >99.9263

% for contemporary near-ultraviolet and visual imaging survey data, with no false pos-264

itives.265
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Each comet’s ephemeris was downloaded from JPL Horizons (Giorgini et al., 1996)266

in the geocentric equatorial and heliocentric ecliptic coordinate systems (epoch J2000.0).267

The heliocentric coordinates of the observer’s orbit (for this study, the geocenter or STEREO268

spacecraft) are also downloaded.269

The ground-based observations used here were obtained from locations all around270

the globe. It is not always obvious which time zones were used when the images are made271

available in online repositories. Moreover, the timing metadata, when provided, was not272

always accurate nor precise. As an accurate astrometric solution was obtained for the273

images, an approximate observing time was independently deduced from the comets or-274

bit; this helped to identify and correct erroneous times. We estimate the percentage of275

successful solves through this procedure to be >95% after processing over 500 images.276

Once a time and date of observation for the image has been estimated, each image was277

converted from celestial coordinates to heliocentric ecliptic longitudes and latitudes, and278

then to heliocentric ecliptic Cartesian coordinates, as described below.279

From the ascending node and inclination of the comet’s orbital plane (Figure 4),280

we define the normal of the comet’s orbital plane, O. The image and orbit coordinates281

are converted to ecliptic Cartesian coordinates. The magnitude of the vector to each pixel282

from Earth, l, is computed from the position of Earth at the time of image exposure and283

the normal to the comet’s orbital plane (Equation 4). Each pixel vector is translated to284

a new frame of reference using the Sun as origin and accounting for light-travel time.285

l =
O.E

O.P
(4)

l is the scalar length of the vector of each pixel in the image from Earth. The mag-286

nitudes of O and P are unknown, so a unit vector is assumed for both. P is the unit vec-287

tor to each image pixel from Earth and E is the vector from the Sun to the Earth.288

The final section of the software computes the vector product of the perihelion vec-289

tor and the vector perpendicular to the comet’s orbital plane to define the x and z axes290

of a new coordinate system based on the comet’s orbital plane. Every object in the pre-291

vious system is mapped with respect to the comet’s plane. The multiple transformations292

are needed as the comet’s orbital plane provides the best framework for estimating vsw.293

Each individual image is plotted with its comet’s “nucleus” defined as the origin294

of the frame of reference and the comet’s orbit is rotated so that the Sun is always to295

the left of the image, and the Sun-nucleus line is horizontal. Note that the optocenter296

(optical center) is not necessarily the true location of the nucleus. The brightness of the297

coma and only having access to post-processed images online often make it impossible298

to resolve the comet’s nucleus via direct imaging of the comet from Earth. The radius299

vector from the Sun to the ‘nucleus’ is extended across the image and defines the x-axis.300

The z-axis is defined as the normal to the comet’s orbital plane.301
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Figure 4. Schematic of the longitude of ascending node and inclination required to calculate

the normal to the comet’s orbital plane. The plane of reference is the ecliptic.

302

303

The ion tail center at any position lagging the comet’s orbit is set as the point where304

the extended radial vector intersects the ion tail. Assuming that the solar wind is always305

flowing radially, the center of the tail downstream of any position along the orbit that306

the nucleus has already passed, provides the vswr
when the comet was at that orbit lo-307

cation. Rather than regarding the ion tail as a continuous flow of material, for the ben-308

efit of simplification of the necessary coding, we instead consider the tail as a set of nu-309

merous discrete plasma “packets” flowing radially away from the Sun at the local vsw.310

By taking multiple cross-sections across the ion tail along the radial anti-sunward direc-311

tion, we extract multiple velocities across the image along the extended radial vector from312

the Sun.313

We could not automate identification of the ion tail center due to the low relative314

surface brightness of the tail with respect to the surrounding sky background. An in-315

teractive colour stretching function with a Graphical User Interface (GUI) was incorpo-316

rated into the software. The user can define and store a new colour palette for each im-317

age to accentuate features of interest. The user then selects the area intersecting the ex-318

tended radial vector and the ion tail (where the red radial vector overlaps the ion tail319

in Figure 3), from which a tail center and an uncertainty of ±1/6 of the ion tail coin-320

cident with the radial vector were determined. Measurements of the tail center were gen-321

erally taken from 1×106 km onwards, as the edges of the ion tail closest to the nucleus322

merge with light from the coma and dust tail, making the various components difficult323

to separate. The local vswr
is estimated from the distance travelled by the plasma packet,324

from the position where it left the comets orbit to the ion tail center, divided by the time325

difference between the comet’s current position in the image and its position when the326

plasma packet left the vicinity of the comet ‘nucleus’.327

3.2.1 Tracking Fast Moving Sub-structures328

An alternative method of quantifying the vsw is to visually track dominant features329

in consecutive images. These include identifiable kinks, condensation knots or discon-330

nections. Flow vector maps (hereafter vector maps) are not new in the study of cometary331

features (e.g. Rauer and Jockers (1990); Yagi et al. (2015)). The criteria employed for332

the collection of amateur data for this purpose is that the images had to be observed dur-333
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ing the same observing night, regardless of location, and with an adequate time sepa-334

ration in between to ensure that we are looking at the same evolving structure and to335

compensate slightly for errors in the image time.336

3.2.2 Tracking of Tail Rays337

Tail rays, or tail streamers when within the main ion tail, form much of the fine-338

scale structure of the ion tail. Typical tail ray lengths are on the order of ∼106 km (Minami339

& White, 1986) with radii ∼ 2000 to 4000 km (J. Brandt & Chapman, 2004). Consec-340

utive photographic evidence of tail rays folding around the main tail axis suggests that341

the ionised plasma can be considered as magnetic tracers of the Heliospheric Magnetic342

Field (HMF) as it drapes around the comets nucleus (Moore, 1991; Watanabe, 1991).343

To study the motion of features, we overlaid consecutive images and measured the344

radial velocity shear across the tail ray as it folded. We assumed a simple model of sym-345

metrical pairs of folding rays acting as tracers of the mass-loaded draped HMF and that346

measurements of the rays’ angular closing rates can reliably constrain the velocity of the347

mass-loaded solar wind. If multiple rays were visible in consecutive images, we derived348

an acceleration of the vsw near the comet head. We expect that as the tail rays curve349

and lengthen, as they merge with existing plasma along the main tail axis, measurements350

taken near the nucleus will yield slower velocities than further down the tail streamer.351

This technique is limited to the region close to the nucleus, ∼1×105 - 1×106 km and re-352

quires an adequate spatial and temporal resolution.353

In contrast to previous studies, we did not calculate the angular closing rates of354

the tail rays. Schlosser (1967) reported 120-170 kms−1 for comet C/1908 R1 (Morehouse).355

Watanabe (1991) measured the mass-loaded solar wind and reported 20% lower veloc-356

ity for comet 23P/Brorsen-Metcalf than vsw derived by radio scintillation. Moore (1991)357

developed a fairly similar technique to ours but did not project the images onto the plane358

of the sky at the comet. The tail rays were then measured as they folded about the main359

tail axis, though no attempts were made at producing a vsw. It can be argued that Moore’s360

approach is safer, since we do not know of any evidence showing that the tail rays are361

constrained to the comet’s orbital plane.362

3.2.3 Uncertainties363

The vector map technique suffered from imprecise astrometric mapping. Due to364

large optocenters, times derived via our software will be slightly limited in precision. The365

relatively high velocities of the bulk solar wind and the large FOVs of most images drowned366

out the timing uncertainty. For the vector maps and tail ray methods, when two con-367

secutive images are considered from different observers, and for small FOVs, this effect368

becomes considerable as the timing uncertainty will be compounded and cannot be know-369

ingly accounted for. The feature-tracking velocities are calculated from ∆r/∆t, where370

∆r is the distance that the feature has travelled between subsequent images and ∆t is371

the time difference between the two. The error is given by:372

σfeature
|vfeature|

=

√(σr
r

)2

+
(σt
t

)2

(5)

For the feature tracking, the features were composed of a series of expanding amor-373

phous blobs of varying shapes and sizes and their location is measured by a single po-374

sition estimated as the features center. The error is assumed to be the distance error of375

the projected pixel vector. The same process was adopted for the tail rays. The error376

on ∆t is given by:377

σt =
√
σ2
t1 + σ2

t2 (6)
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The distance error between feature motions in consecutive images can be simpli-378

fied to the equation below, where σx and σy are the pixel distance errors:379

σr =
√
σ2

∆x + σ2
∆y (7)

where380

σ2
∆x/y = σ2

x/y1 + σ2
x/y2 (8)

Vector map analysis was performed on both comet whereas the folding tail rays method-381

ology was only applied to C/2013 R1 for both the amateur and INT observations. A full382

treatment of the uncertainties is available in the online supporting information.383

3.2.4 Orbit Plane Angle & Non-Radial Flows384

The orbit plane angle, an important consideration in the comet-Sun-Earth geom-385

etry, is the angle between the line of sight from the observer (at Earth) to the comet,386

and the latter’s orbital plane (Figure 2). A non-zero value indicates that the observer387

is viewing from a position that is not in the comet’s orbital plane. The ideal geometry388

is when the orbit plane angle is near 90◦ and the observer is sufficiently far from the comet’s389

orbital plane. Deviations from the ideal geometry will result in an over/under-estimation390

of the ion tail’s true location, which will be dependent solely on the magnitude of the391

angle and whether the observer is leading or lagging the comet’s motion.392

The orbit plane angle is equal to zero every 6 months, as the Earth crosses the comets393

orbital plane. When the orbit plane angle nears zero, images taken during this period394

become stretched excessively when mapped onto the comet’s orbital plane. The projec-395

tion mapping technique is a strong function of the orbit plane angle and the distance be-396

tween the observer and the comet. Extreme scenarios when the observer is far from the397

comet and the orbit plane angle is low, the pixel vector extrapolation breaks down and398

results in extremely lengthy vectors stretching out in all directions. Thus, any radial es-399

timates derived from these images would be unreliable and unrealistic. However, we can400

sometimes resolve the images by zooming in on where the comet’s orbit and the Sun-401

comet line intersect. Figure 5 clearly shows that the mapping technique can sometimes402

still provide usable results even under these geometric conditions. Images taken during403

this time period will be recording deviations of the comet along the z-direction, i.e. out404

of the comet’s orbital plane. This provides the opportunity to measure the deviation an-405

gle of the comet’s ion tail from its orbital plane due to the non-radial flow of the solar406

wind. Only a small proportion of images can be used for this as demonstrated in sec-407

tion 4.1.1.408
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Figure 5. An example of extreme image distortion at low orbit plane angles: A mapped

image of comet C/2001 Q4 NEAT taken on 2004 April 18, shortly before the orbit plane an-

gle reached ∼0◦ on 2004 April 20. The horizontal line at y=0 is the extended Sun-comet line.

The black curved line is the comet’s orbit in this reference frame. The image on the right is a

close-up of the coma and shows a very faint ion tail in blue close to the radial vector and the sky

background in purple. Image credit: Loke Kun Tan

409

410

411

412

413

414

3.2.5 Mercator Map415

The heliocentric coordinates of each notional plasma packet that reached the comet416

of interest can be ballistically traced back to its assumed origin at the solar wind source417

surface. Its cometocentric coordinates are first converted back into heliographic spher-418

ical coordinates (Carrington rotation system). Using the mean sidereal Carrington ro-419

tation rate of the sun, we map the plasma back to its source longitudes for possible slow420

(400 kms−1) and fast (800 kms−1) approximate speeds at which it left the solar wind421

source surface. We assumed typical slow and fast vsw without knowing the true values,422

and that they remain at this same speed on their path from the Sun to the comet.423
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C/2001 Q4 : CR 2016
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Figure 6. An example of a Mercator map of the solar wind source surface for Carrington

rotation 2016, showing the computed source locations of solar wind packets that reached comet

C/2001 Q4 (NEAT). Estimates assuming slow wind (400 kms−1) are in blue and fast solar wind

(800 kms−1) sources are in red (800 kms−1). See text for further details.

424

425

426

427

Figure 6 shows the sources for the notional slow and fast solar wind. Only the first428

date and time for a range of plasma packets are plotted for each day. Data points within429

the black circle represent the first date sampled for this Carrington rotation and the last430

data points are enclosed by a black square.431

The black solid line is the approximate position of the neutral line on the solar wind432

source surface as calculated by the Wilcox Solar Observatory research team (Schatten433

et al., 1969; Altschuler & Newkirk, 1969; Hoeksema et al., 1991). This is a reasonable434

first-order proxy for the heliospheric current sheet’s location. We traced back our mea-435

surements to the 2.5 R� radial solution from the Wilcox observatory.436

3.3 Integration of SOLARSOFT437

High-quality difference images of comet C/2011 L4 (Pan-STARRS) highlighted fainter438

substructures in the ion tail than our current methodology and were used to produce higher439

resolution vswr from the images. The Solarsoft package (http://sohowww.nascom.nasa440

.gov/solarsoft/), recommended for the data reduction and analysis of the suite of so-441

lar instruments available, was integrated to work seamlessly with our software, with both442

level 1 and 2 (L1 and L2) data from the STEREO Heliospheric Imagers and level 0.5 and443

level 1 (L0.5 and L1) data from the SOHO LASCO coronagraphs. SOHO L1 data in-444

corporates corrections to photometric calibrations, vignetting, geometric distortion ef-445

fects and suppressing stray light (Morrill et al., 2006). STEREO L0 data are the raw,446
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uncalibrated data and L1 contain flat-fielding, alignment and shutterless corrections to447

the L0 data. L2 data includes the removal of the dust component of the corona – the448

F corona (Koutchmy & Lamy, 1985) – and is therefore ideal for use. The HI-1 frames449

are usually 30 minutes worth of exposures, stacked with 40 minute cadences. The error450

on the observing time is thus taken to be ± 15 mins.451

3.4 Data Rejection452

The primary reasons for rejecting images were as follows:453

• Image was of poor quality, e.g. star trails, saturated image or incorrect astromet-454

ric solutions455

• Ion tail was too faint to resolve or its edges are poorly defined against the sky back-456

ground457

• The image FOV was too large to resolve ion tail458

• In certain instances, the first vswr measurement was discarded. The proximity of459

the ion tail to the coma made determining the tail center unreliable460

• Inaccurate image mapping due to ∼ 0◦ orbit plane angle461

4 Results462

4.1 C/2013 R1 (Lovejoy)463

The brightness of comet C/2013 R1 (Lovejoy), discovered on 2013 September 7,464

peaked in brightness at mv about +4.5 around perihelion (T = 2013 December 22), where465

its solar elongation was 51◦. Its visual magnitude remained between +4 and +6 during466

most of the observations, according to Yoshida Seiichi’s lightcurve of amateur observa-467

tions (http://www.aerith.net/index.html).468

Only observations ± 2 weeks around its perihelion were analysed (Ramanjooloo &469

Jones, 2021b). The set of amateur images were mapped onto the comet’s orbital plane470

with the y-axis defined as the direction to the comet’s perihelion (Figure 7). The comet’s471

orbital plane was inclined by 64◦.0. Amateur images of C/2013 R1 from this period al-472

lowed us to probe the inner solar system to intermediate heliographic latitudes from 34◦.0473

to 54◦.0. We obtained 109 vswr
estimates from 36 fully processed images out of 123 am-474

ateur images with a detectable ion tail. 7 solar wind estimates did not pass the rejec-475

tion process and 43 of the remainder are measurements of a sinuous and variable ion tail476

that were too challenging to interpret with sufficient confidence. The amateur images477

amassed for this time period were supplemented by our own observations undertaken at478

the Isaac Newton Telescope in January 2014, presenting a unique opportunity to vali-479

date the quality of amateur images using high quality observations from an established480

scientific observing facility. The comet was at high heliographic latitudes during the INT481

observations (∼60◦).482
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Figure 7. Data coverage for C/2013 R1 (Lovejoy). Only the amateur images have been

mapped. The Sun is at the origin of the coordinates, and the Y-axis is defined as the direction to

perihelion. Earliest image is to the right, increasing chronologically towards the left.

483

484

485

INT observations were undertaken from 2014 January 02 to 07, when the comet486

was at a heliocentric distance of ∼0.85 AU and 1.15 AU from Earth. C/2013 R1 was a487

morning target, limiting observations to 40-60 minutes. A full list of observations and488

why they were rejected can be found in author YR’s thesis (Ramanjooloo, 2015). Each489

image consists of 4 CCD frames. The images were post-processed through a coaddition,490

dust subtraction and contrast enhancement pipeline. The result was a set of 11 images491

showing intricate details of the ion tail’s fine structure and the region close to the nu-492

cleus. A total of 28 radial velocity estimates were extracted. 19 of these were measured493

from a dynamic and variable ion tail.494

The brightening sky during twilight proved to be a major noise source. For the last495

few images taken during each night, the signal-to-noise ratio (SNR) was too low to re-496

solve the ion tail. By subtracting the sky contribution from the r filter images, we were497

able to extract difference images with multiple tail rays and an ion tail fanning out, even498

in the twilight images. Where feasible, the images were stitched together to create larger499

mosaics of the coma and ion tail (Figure 8). Multiple pointings were required to image500

the entire tail. It is important to note that in the time taken for the exposure, image read501

out and telescope slew, there was a small angular and positional error between the sec-502

tions of the ion tail observed due to time elapsed. If the total time between two consec-503

utive images was 2-3 minutes, this was enough time for the tail dynamics to have also504

evolved slightly, such that a mosaic of the two images will not be entirely concurrent snap-505

shot. A list of the observations undertaken is given in the online supporting information.506
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Figure 8. A coadded Harris B filter image of C/2013 R1 (a) and a dust-subtracted difference

image (b) from a pair of coadded Harris B and Sloan r images. The comet’s orbit is the straight

line overlaid in the images. Observations were undertaken by K. Birkett and Y. Ramanjooloo on

2014 January 07.

507

508

509

510

Coadded images were constructed from B and r images taken close to each other511

in time and reduced using usual flatfielding techniques to minimise motion blur. Due to512

short exposure times and the limited number of images in a group, the end results were513

insensitive to large motion blurs. Figure 8a shows the original coadded CCD images and514

Figure 8b shows the image following dust continuum subtraction (Wilson et al., 1998).515

To account for the different pixel locations of the nucleus, each coadded image in a set516

of difference images was warped using the astrometric parameters of the reference im-517

age before mapping onto the comet’s orbital plane (Figure 9).518
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Figure 9. Stacked, dust subtracted mosaic image of C/2013 R1 in celestial equatorial co-

ordinates (a), with the comet’s orbit in black, and mapped onto the comet’s orbital plane (b)

depicting a turbulent ion tail with condensation knots and multiple orientation changes. The red

diagonal line is the comet’s orbit and the red line is the Sun-comet line.

519

520

521

522

The difference images were chosen for all analysis techniques as they depicted the523

fine structures more clearly than the calibrated or stacked images. A coadded and dust-524

subtracted composite image of the nucleus and one of the ion tail, were projected with525

different observing times onto the comet’s orbital plane to create a mosaic stitching im-526

age, with the ion tail extending greater than 1◦. Different observing times were used to527

account for the angular and radial motion of the ion tail with respect to the nucleus be-528

tween exposures. Assuming a solar wind outflow of 400 kms−1, the plasma packets in529

the ion tail would have covered 3.6 x 105 km radially. The timing error for each image530

is assumed to be half of a minute. For the stacked images, the middle image is taken as531

the observing time so as to retain the correct astrometric parameters associated with that532

observing time. For the difference images, the WCS coordinates from each stacked B fil-533

ter image is used and the relevant r images were distorted till they matched the astro-534

metric coordinates of the stacked B image. The distorted r images were subtracted from535

the B image to remove the dust contribution.536

CR2144537

From the Mercator map for CR2144 (Figure 10), there is a reasonable expectation538

for an observed heliospheric current sheet crossing in mid-December, between 2012 De-539

cember 12 and 2012 December 13. The observer’s projected position onto comet C/2013540

R1’s orbital plane remained low for the first two weeks of December 2013, only rising to541

∼ 20◦ by late December. The orbit plane angle gradually improved, though it remained542

fairly low, peaking at ∼ 30◦ at the end of the observing period in January 2014. The early543

set of images, taken in CR 2144, will yield apparent velocities uncharacteristic of the so-544
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lar wind due to the low orbit plane angle. The orbit plane angle is < 10◦ for the first545

half of CR 2144 and between 10◦ and 17◦ for the second half from 2013 December 13546

to 2013 December 17. We further expect the comet to be immersed in a fast solar wind547

region from the 2013 December 26 to 2014 January 09. Thereafter, the comet should ex-548

perience slower slow wind speeds as it approached the neutral line.549
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Figure 10. Mercator map for CR 2144 showing expected sources on the solar wind source

surface of the solar plasma packets seen to interact with the comet, assuming a fixed velocity for

the bimodal solar wind outflow.

550

551

552

The time span from 2013 December 09 to 2013 December 17 were observed at low553

orbit plane angles, producing vswr
estimates in the range of 50-200 km s−1. The dust554

tail and ion tail completely overlapped for most of this period, thus our measurements555

in Figure 11 are ineffective indicators of the vswr . Estimates derived from turbulent ion556

tail images are highlighted in purple with two DEs identified in the images.557
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Figure 11. Solar wind velocities from amateur observations of C/2013 R1 during CR 2144.558

Figure 12 is one of the best examples of the highly dynamic variations of C/2013559

R1’s ion tail, with multiple kinks and a disconnection event. The ion tail’s orientation560

varied numerous times and curved back towards the radial vector generally indicating561

an acceleration of the lagging end of the ion tail. The orbit plane angle remained just562

below 10◦ during this time, thus obfuscating the determination of a realistic radial ve-563

locity. The structures visible before the near-90◦ bend in the ion tail direction at ∼5.5564

x 106 km, seemed to be entrained almost radially when compared with an image by the565

same observer half an hour later. Simulations generated by the ENLIL 3-D time-dependent566

heliospheric model (e.g. (Jian et al., 2015) and references therein) predicted low solar567

wind velocities ∼250 kms−1 at the comet with a small latitudinal component (Figure568

13). The non-radial component included a reversal of the velocity vector acting upon the569

comet, thus explaining the arced tail in Figure 12.570
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Figure 12. C/2013 R1 captured by Mrozek and Skorupa on 2013 December 09 03:36 UT,

showing a tail disconnection (labelled “Feature”) and turbulent ion tail. The image has been

mapped onto the comets orbital plane in a cometocentric reference frame. Sunward direction is

to the left.

571

572

573

574
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Figure 13. ENLIL MHD simulation for 08/12/2013 at 15:42 UT (CR 2144) at a heliospheric

latitude of 34◦. The comet was predicted to encounter slow solar wind radial velocities and a

non-radial component in the solar wind. The Earth and the comet are shown as the white and

magenta dots respectively. The radial solar wind velocity component is shown on the left, longi-

tudinal to the top right and latitudinal to the bottom right.

575

576

577

578

579

No velocities were extracted during the expected HCS crossing, as the tail at that580

time was oriented to actually lead the comet’s motion, for which no meaningful radial581

solar wind speed could be derived. This unusual orientation was presumably due to a582

significant non-radial component to the local solar wind. The first image, taken by Rhe-583

mann on 2013 December 12 (Figure 14a), showed wave-like ripples down the tail and an584

asymmetrical collection of tail rays. A subsequent image by Rhemann a day later (Fig-585

ure 14b) showed an equally dynamic tail, with a large condensation knot in the middle586

with a sharp angular change. This tail behaviour is reminiscent of DEs observed in other587

comets. The tail was leading the comet motion in both images. ENLIL predicted the comet588

would encounter opposite HMF polarities ahead of a CIR between 2013 December 14589

06:00 UT and December 16 00:00 UT.590
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Figure 14. a) Image by G. Rhemann on December 12 04:14 UT with a sharp angular change

near the nucleus and asymmetrical tail rays. The two images are of different scale. b) A conden-

sation knot is located close to the nucleus, at approximately one-fifth the ion tail length, with a

sinuous ion tail. This observation was by G. Rhemann, on December 13 03:41 UT. The image

was edited to highlight the faint structures in the ion tail.

591

592

593

594

595

Images taken by Jäger and Rhemann on 2013 December 14 exhibited a very ex-596

tensive ion tail with a large aberration angle, extending into a wide, faintly connected597

set of ion cloud packets. The plasma packets, constituting the ion tail are expected to598

have departed from the approximate location of the comet’s ionised coma around 2013599

December 12 at ∼ 04:00 UT. There is a large kink evident at the point where the ion600

tail width dramatically increases, suggesting a large HMF orientation change had occurred601

upstream of the comet. We are likely viewing the ion tail edge-on in the thin section prior602

to rotation of the ion tail. Large non-radial components are predicted at the time of ob-603

servation, though this cannot explain the existing ion tail configuration, considering that604

a low predicted vswr of ∼250 kms−1 would be insufficient to propagate throughout a 1.2×107
605

km tail in time.606

ENLIL simulations suggested the comet would encounter the leading edge of a CIR607

on 2013 December 16. The trend is present in our measurements, though velocities on608

December 16 and 17 are underestimated by ∼ 200 kms−1 with respect to ENLIL. The609

discrepancy throughout this CR is most likely the result of projection effects and the ion610

tail curving away from the radial direction. This larger perceived aberration would pro-611

duce much lower apparent solar wind velocities with this technique.612

A collection of ICMEs, travelling in the general direction of the comet, and their613

SATs (Shock Arrival Times) for the periods mentioned previously are shown in Figure614

15 and Table 1.The comet’s mean position angle was 343◦ and the position angle of the615

solar rotation axis was 13◦.616
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Figure 15. ICME candidates and their potential interaction with C/2013 R1 and their SATs

at the comet. The speed of each ICME is based on its plane-of-sky velocity in coronagraph im-

ages. A constant velocity is assumed for each ICME propagation. These interactions may have

triggered the unexplained disturbances observed in the comet’s ion tail. Interactions (labelled as

Int 1 to 4) marked above are the approximate times at which the images were taken and not the

beginning of the interaction of the ion tail with disturbed solar wind medium. Each coloured line

corresponds to a different ICME.

617

618

619

620

621

622

623

Table 1. The date and time of identified possible ICME interactions at comet are given below

using the linear speed of observed ICMEs and the central position angle (CPA), its direction of

travel, and the angular width, the approximate expected region of interaction. The speed, direc-

tion and angular width is expected to vary as the ICME interacts with its surrounding solar wind

medium. We identify the possible interactions for each ICME in the last column.

624

625

626

627

628

Date Time Linear speed CPA Angular width Interaction
(kms−1) (◦) (◦)

2013-12-02 07:48 252 352 56 1
2013-12-02 11:48 326 353 83 1
2013-12-03 23:48 300 331 16 1
2013-12-05 00:00 541 293 91 1
2013-12-05 01:48 208 315 82 2 or 3
2013-12-07 23:12 412 295 116 2 or 3
2013-12-12 03:36 1002 214 276 4
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CR2145629

vswr derived from both the amateur and INT observations are shown in Figure 16.630

Estimates from turbulent ion tail images are represented as purple dots for amateur im-631

ages and orange for INT. The range of velocities derived from amateur images is nearly632

equivalent to the INT images for the period where they both overlap. This fortuitous633

overlap of observations demonstrates how far consumer technology has come and its ben-634

efits to interplanetary heliospheric research.635

The data in Figures 16 and 17 suggest that the comet initially encountered slowly636

decreasing solar wind velocities. This is supported by ENLIL up to 2013 December 25,637

though predicted velocities at the comet are ∼100 kms−1 lower. From ENLIL, the comet638

was expected to encounter flows of opposite magnetic polarity on December 24 and a CIR639

with large non-radial flow components on December 25. A high contrast enhanced im-640

age on December 24 confirmed a HCS crossing within this time frame.641

Figure 16. Radial solar wind velocities for CR 2145 derived from amateur (blue) and INT

(black) observations. Transient physical structures in the ion tail such as kinks, density enhance-

ments or DEs are marked in purple and orange for amateur and INT observations respectively.

642

643

644
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Figure 17. Mercator map for CR 2145. Only sources interacting with the comet in the am-

ateur images have been mapped back to the solar wind source surface. Sources for the INT

observations will fall between 2014 January 02 to 2014 January 07.

645

646

647

Direct observational evidence of kinks and a DE contradicted the smooth, fast so-648

lar wind outflow predicted at the comet between 2013 December 26 and 28. The comet649

must have either encountered a slow moving disturbed solar wind, conveniently explain-650

ing the decreasing vswr
, or the high latitudinal MHD solution is incorrect for this run.651

The sharp increase in velocity on December 29 likely marked the end of the disturbed652

solar wind outflow with velocities at the end matching expected fast solar wind veloc-653

ities. The ENLIL fast solar wind region did not show any velocity gradients.654

Observations by Rhemann and Jäger on 2014 January 03 caught the onset of an655

ICME-related turbulent event, with what seemed like small-scale ion tail variations. These656

propagated and produced a disconnection event observed 8 hours later in an image by657

D. Peach. The long, sinuous, disconnected tail was measured travelling radially at ∼450658

kms−1. This was coincident with the INT run where we observed a much closer region659

of the ion tail. The discrepancy between concurrent results on 2014 January 03 is due660

to solar wind measurements extracted from the disconnected ion tail over 1×107 km ver-661

sus measurements taken from a newly formed ion tail over 1×106 km. The comet expe-662

rienced a decrease in vswr
corresponding to a rarefaction region lagging a CIR in the ENLIL663

model. The velocity samples from both INT and the amateur images are lower than pre-664

dicted values by ∼200 kms−1 again. The MHD predicted longitudinal velocity compo-665

nent at the comet is ∼20-30 kms−1.666

Images from 2014 January 06 showed a DE related knot moving at ∼40 kms−1, along667

and across the tail, and accelerating to ∼150 kms−1, as measured from knot movement668

between images. The condensation knot had a vswr of ∼700 kms−1. There are no CIRs669

or DEs expected that match our observations, thus this event was likely ICME related.670

Turbulence in the ion tail persisted until January 07. INT images showed varying tail671
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orientations and a large trackable kink evolving into a DE 0.25 days later (Figure 18).672

The comet was not expected to have encountered a polarity reversal in the HMF.673

Figure 18. a) Mosaic of stacked, difference image with 5 x Harris B (1 x 10s and 4 x 90s ex-

posures) and 4 x Sloan r images (90s), showing DE at ∼1.3×106 km and kink at ∼3×106 km. b)

Amateur image captured by Peach showing the same DE and kink 5.5 hours later, at ∼4.7×106

km and ∼7.2×106 km respectively.

674

675

676

677

The ENLIL model shows good agreement for SW velocities on 2014 January 09.678

For January 10, SW velocities ranged between 250 and 450 kms−1 and were within the679

predicted 250 kms−1. There’s a slight turbulence and a kink in the ion tail accounting680

for the range in the velocities reported. There is a small non-radial component to the681

solar wind on the 2014 January 13 but this does not account for the large discrepancy682

in the radial velocity of 150-200 kms−1 between the observed and the predicted lower683

values.684

A list of potential ICME interaction candidates and their expected arrival times685

at the comet’s location is given in Figure 19 and Table 2. Assuming that the fast ICMEs686

will slow down upon interaction with the solar wind and conversely for slow ICMEs, the687

unexplained ionic turbulences described for CR 2145 could be explained by interactions688

with ICMEs.689
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Figure 19. ICME candidates and their potential SATs at comet C/2013 R1. Interactions

(labelled as Int 1 to 6) marked above are the approximate times at which the images were taken

and not the beginning of the interaction of the ion tail with disturbed solar wind medium. See

figure 15 for more details.

690

691

692

693

Table 2. The date and time of identified possible ICME interactions at comet are given below.

See Table 1 for more details.

694

695

Date Time Linear speed CPA Angular width Interaction
(kms−1) (◦) (◦)

2013-12-23 08:12 1409 308 94 1, 2, 3 (maybe)
2013-12-23 21:48 303 312 55 2 and 3 if sped up by fast SW
2013-12-28 04:48 337 355 57 4
2013-12-29 00:12 210 305 85 5 , 6
2014-01-01 08:00 465 291 185 5 , 6

4.1.1 Alternative methods of measuring solar wind velocities696

Low orbit plane angle - non radial flow697

Several observations during CR 2145 were obtained at low orbit plane angles (Ramanjooloo698

& Jones, 2021c), allowing estimates of the non-radial velocity components (Figure 20).699

The ion tail overlapped the extended Sun-comet radial vector. Non-radial velocities of700

∼45 kms−1 were derived from four images with noticeable deviation from the comet’s701

orbital plane.702
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Figure 20. Non-radial velocity components of C/2013 R1’s ion tail. These scenarios arise

when the observer’s latitudinal angular separation from the comet is small.

703

704

Vector Maps705

Figure 21. Velocities of two identified features taken from a sequence of images for comet

C/2013 R1. Uncertainties were not included as uncertainties for the first feature was ±vswr .

706

707
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Non-radial velocity measurements [Figure 21] were obtained from sequences of im-708

ages. The velocity profile was observed to increase downtail of the optocenter as expected709

of an accelerating ion tail to the local radial solar wind velocity. The first four measure-710

ments correspond to two samples from the tracking of a DE and two samples for a large711

kink in the ion tail. A pair of very slow-moving kinks was tracked, far from the nucleus712

on 2013 December 14. Measurements were likely impacted by human error due to the713

large features. A kink was observed to evolve into a slow-moving disconnected tail, with714

near zero acceleration on 2014 January 06. Bulk radial velocities ranged from 500 to 650715

kms−1. INT observations allowed tracking of a DE knot at short cometocentric distances716

∼5×105 km. The knot accelerated from 40 kms−1 to 140 kms−1 within minutes. The717

initial velocities are in the same range as reported by Yagi et al. (2015) - 20 and 25 kms−1
718

along the tail and 3.8 and 2.2 kms−1 across the tail.719

Tracking an expanding amorphous cloud proved to be challenging in the absence720

of information on its expansion rate, direction and center. Tracking an approximate knot721

center was found to be heuristically better than tracking the features edges. Measure-722

ments are therefore subjective and slight variations in the feature center can translate723

to significant changes in the velocity. The feature was observed on 2014 January 06 at724

∼1×106 km from the nucleus. We measured a mostly linear acceleration of the plasma725

packet down the tail. The trending radial velocity along the tail was ∼60 kms−1 ± 60726

kms−1 and non-radial velocity of 10 kms−1 ± 54 kms−1 across the tail.727

4.1.2 Tail rays728

Figure 22. Measured samples of folding tail rays for comet C/2013 R1 are taken in sets of 3.

Measurements are taken from two consecutive images. The red and black dots are positions taken

folding ion tail rays above the Sun-comet line in images 1 and 2 respectively. Blue and purple

dots are measured positions below the Sun-comet line from images 1 and 2 respectively. Each set

of measurements are connected by a line to represent that they are from the same folding ray.

We can thus track the evolution of the tail ray between images.

729

730

731

732

733

734
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We define top and bottom tail rays as tail rays located above and below the Sun-735

comet line respectively (Figure 22). The comet exhibited multiple top tail rays close to736

each other making it difficult to delineate the tail rays positions along the extended ra-737

dial vector. The bottom tail ray was extensive (∼3×106 km) and folded quickly about738

the main tail axis, producing velocities close to the slow vsw. The top tail rays appeared739

curved. Aside from a few outliers, the vsw increased with both time (Figure 23a) and740

cometocentric distance (Figure 23b) or remained near-constant. These outliers, mostly741

in the top tail rays, were measured from curved tail rays indicating a disturbed solar wind742

flow interfering with the expected evolution of tail rays. The viewing geometry likely com-743

pounded this effect. From 2014 January 03 to 07, the folding ion tail rays were evident744

in the close-up INT images. However, the brightness stretching tool were inefficient at745

separating the tail rays for reliable measurement. The results shown here should be treated746

with caution.747
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Figure 23. vsw with respect to time (a) and radial distance (b) from nucleus. The first (blue),

second (purple) and third dot (red) represent the three measurements taken in each set. First is

closest to the nucleus and third is furthest along the folding ion ray. As expected, we mostly see

an increase in velocity away from the comet.

748

749

750

751

4.1.3 Conclusion752

vswr
measurements near the nucleus were consistently higher than velocities fur-753

ther down the tail contrary to theoretical expectations. We would expect the solar wind754

to become mass-loaded through the cometary pick-up ion process as it approaches the755

comet’s nucleus. The mass-loaded solar wind would then accelerate down the tail un-756

til it reaches the surrounding solar wind velocity. A distinct curvature to the ion tail was757
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present in most of the mapped images, with the degree of curvature lessening with de-758

creasing cometocentric distance. This unique morphology when mapped is the primary759

reason for the range of measured velocities. The INT observations were all taken within760

1.5×106 km of the nucleus, with moving features identified and tracked as close as 5×105
761

km. During our analysis of the amateur images, the dust tail and ion tail overlapped due762

to the observing geometry although this was mostly not a hindrance during data extrac-763

tion. All the velocities derived for this comet were taken when the orbit plane angle was764

∼ 20◦. Contrary to previous comets, the ENLIL MHD visualisations offered little insight765

into the chaotic episodic flows observed at the comet. These sudden deviations from the766

fast vsw can only be explained by ICME interactions since no HCS crossing or slow winds767

were expected. We report excellent agreement between the solar wind velocities derived768

from amateur images and a professional grade observatory for both the regular solar wind769

flow and transient features in the ion tail. This suggests that amateur observations af-770

flicted by inclement weather and subjected to likely worse seeing conditions are as re-771

liable.772

4.2 C/2011 L4 (Pan-STARRS)773

Discovered on 2011 June 6 (Wainscoat et al., 2011), the first apparition of C/2011774

L4 (Combi et al., 2014) was well observed both from Earth and STEREO B, with a brief775

observation by STEREO A. C/2011 L4’s most striking feature was an extensive striated776

dust tail. The object reached its 0.30 AU perihelion on 2013 March 10. All dates in this777

section refer to the year 2013.778

4.2.1 Ground based observations779

Only 3 samples could be extracted from 1 image out of 41 fully processed images780

post-perihelion, as most images did not have an observable ion tail. The ion tail, when781

observed, was extensive, straight and very close to the radial vector and lacked any fea-782

tures usually associated with a turbulent solar wind flow. Velocities, measured along the783

tail, ranged from 1100 to 1400 kms−1. No distinct cause of the extreme high velocities784

could be identified. Amateur images of C/2011 L4 were seldom exposed for long enough785

to image the ion tail. The comet’s extensive and bright dust tail overlapped with the ion786

tails orientation, further complicating the latter’s study. The other images in our cat-787

alogue were unusable as the Earth traversed the comet’s orbit in late May 2013; our tech-788

nique failed due to the low orbit plane angle.789

4.2.2 STEREO B790

A total of 742 vswr
estimates were extracted from 190 difference images (Ramanjooloo791

& Jones, 2021a). 7 images were rejected due to the ion tail’s proximity to the dust tail792

or image defects, which would have rendered the analysis unreliable. C/2011 L4 showed793

no evidence of folding ion tail rays. There were a number of turbulent periods. This comet794

was an ideal target for the velocity vector map, as the ion tail was very dynamic, lead-795

ing a wide and very bright, well-structured dust tail. The ion tail lagged behind what796

we interpret to be the comet’s neutral atom tail (Fulle et al., 2007). We note that Raouafi,797

Lisse, Stenborg, Jones, and Schmidt (2015) in fact interpret the northernmost tail to be798

the ion tail, with the second, highly structured and dynamic tail studied by that team799

being dust. The lack of any changes in the northernmost tail are strong indications that800

it was instead a neutral atom tail. Difference images revealed an aberrant, sinuous ion801

tail that extended over a large extent of the observations with multiple plasma blobs and802

DEs as the comet left the STEREO HI-1B FOV. The results oscillated about conven-803

tional slow solar wind velocities. The variations seen in the later measurements corre-804

sponded to large orientation changes and increase in turbulent dynamicity in the ion tail.805
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On March 13, the comet appeared to have two ion tails, one stemming from the expected806

location, the other jutting out from one of the top dust striae.807

Figure 24. (a) Orbit geometry of the multiple vantage points in Helicoentric Earth Ecliptic

(HEE) coordinates from which C/2011 L4 (Pan-STARRS) was observed at the comet’s perihe-

lion. (b) Image adapted from the JPL small-body database showing the comet’s orbit on the day

of its perihelion (March 10, 2013). (c) Difference image of C/2011 L4 from STEREO B on March

13, 2013, 3 days after perihelion. We label the uniform iron (Fe) tail, the variable ion tail and the

striated dust tail which made this a unique comet.

808

809

810

811

812

813

Our period of analysis started shortly after perihelion, and extended from March814

10.673 UT to 16.478 UT, when the comet was moving from southward (blue) to north-815

ward of the ecliptic plane (red) (Figure 24b). Although this geometry was disadvanta-816

geous for ground-based ion tail observations, STEREO B was well positioned on the far817

side of the Sun from Earth (Figure 24a). An image captured by STEREO B 3 days af-818

ter perihelion shows a uniform iron (Fe) tail, a striated dust tail with a dynamic and vari-819
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able ion tail in between (Figure 24c). The orbit plane angle for STEREO B remained820

stable (figure 25b) and large enough to produce reliable solar wind estimates; that of Earth821

(25a) clearly shows the poorer observing geometry.822

Figure 25. Orbit plane angle of comet C/2011 L4 from (a) Earth and (b) STEREO B.823

Assuming a bimodal distribution of vswr
of 400 and 800 kms−1 (Figure 26), we can824

estimate the approximate origins of the solar wind plasma at its source surface. The pre-825

dicted sources on the Mercator map corroborate the vswr estimates we derive from comet826

C/2011 L4 as we expected to mostly encounter a turbulent, streamer belt flow of the slow827

solar wind. According to the Mercator map, the comet encountered the HCS between828

March 14 and 15. STEREO-B images provided continuous monitoring of the comet cross-829

ing the HCS and the resultant DE. The tail likely detached around 2013 March 15 00:00830

UT, followed by an outflow of multiple distinct condensation knots over several hours.831

A large change in the tail orientation change occurred between 12:09 and 16:09 UT. A832

data gap occurred around 2013 March 15 00:00 UT.833
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Figure 26. Mercator map for CR 2134. The comet was expected to experience slow vsw as it

sampled solar wind from sources closer to the neutral line.

834

835
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Figure 27. Post-perihelion solar wind velocities for C/2011 L4, based on observations with

STEREO HI-1B. Heliocentric range sampled in AU: ∼0.302 AU to ∼0.349 AU. Error bars are

given in red however most are smaller than the blue dots.

836

837

838

The comet’s outbound trajectory sampled solar wind between heliocentric distance839

(rH) ∼68 R� (∼0.316 AU) and ∼87 R� (∼0.405 AU). The velocities match well with840

the ENLIL predictions. The MHD model predicted a velocity drop from ∼400 to 250841

kms−1, a steady slow solar wind of ∼250 kms−1 up to March 14, when it would encounter842

a moderately fast solar wind. This would correspond to a speed hump of 450 – 550 kms−1
843

starting March 14 ∼12:00 UT and lasting for two days. The velocity peak would occur844

at approximately 2013 March 15 21:00 UT, when we registered a decreasing solar wind845

flow. The start of the enhanced vsw region matched well with our data, though the en-846

suing period indicated that the comet would have traversed the fast solar wind region847

by March 15 18:00 UT. It should be noted that this region was associated with notably848

large longitudinal and latitudinal non-radial velocity components (∼ 20kms−1 for both).849

The expected velocity peak also agreed well with our results (Figure 27). The deviation850

from the MHD model occurred during the previously described continuous condensation851

knots at the predicted HCS crossing. It is far more likely that this turbulent period is852

associated with an ICME-on-ICME interaction from the last two ICMEs reported in Ta-853

ble 3 and Figure 28. In addition, the ICMEs could simply have decelerated, e.g. Grison854

et al. (2018), to the ambient slow vsw of ∼250 kms−1. The possible merging of the two855

ICMEs would have resulted in a complex ICME-solar wind outflow at the comet, which856

may have compressed the fast solar wind ahead.857
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Table 3. The date and time of identified possible ICME interactions at comet are given below.

See Table 1 for more details. The comet is between position angles 95◦ to 55◦.

858

859

Date Time (UT) Linear Speed (kms−1) CPA (◦) Angular Width (◦)

2013 March 11 13:48 241 93 116
2013 March 12 10:36 1024 74 196
2013 March 12 23:48 481 1 112
2013 March 13 00:24 523 124 127

Figure 28. ICME candidates and their potential SATs at comet C/2011 L4. The start and

end of the STEREO B observations are marked as red dotted lines. These interactions may have

triggered the dynamically variable ion tail structures observed during this period. Each coloured

line corresponds to a different ICME. The overlap between the first two ICME paths suggest they

may have interacted with each other, slowed down and could have interacted further with ICME

3 and 4.

860

861

862

863

864

865

The density enhancements ∼1×107 km from comet head, observed at March 12 22:09866

UT, coincided well with the expected arrival of a fast ICME, observed at the comet at867

March 12 10:36 UT (Table 3), at the comet. A double dynamically responsive tail with868

fairly similar initial propagation direction, was observed emerging in close proximity to869

the extensive dust tail. The two tails appear to cross over at ∼1.3-1.4×107 km, followed870

by a DE. The morphology of the bottom tail is that of a dust stria, which may have un-871

dergone a clumping of dust grains. It is unclear whether the second density enhancement872

is dust or plasma. The CORHEL MHD predicted two polarity reversals at the comet on873

2013 March 12 ∼09:00 UT and 2013 March 13 ∼15:40 UT (Figure 29). There are no tail874

DE identified due to large data gaps and image processing defects during the first pe-875

riod. The second polarity reversal is expected around March 13 18:00 UT, matching well876

with the observed formation of a DE at 18:49 UT in the STEREO A images (not included877

in this analysis due to the poor observing geometry). The disconnected tail also coin-878
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cided with the edge of the merged ICME around the same time. The second highest max-879

ima in the velocity distribution on 2013 March 13 ∼18:00 UT are velocities from the dis-880

connected tail.881

It remains unclear as to why the ion tail underwent a large orientation change at882

March 15 13:29 UT, at a cometocentric distance of ∼6×106 km. This would have been883

initiated slightly earlier at the comet’s head. A very faint solar wind plasma cloud can884

be seen in the larger STEREO HI-1B FOV possibly arriving at the comet at 06:09 UT,885

whilst the comet was already displaying turbulent ion tail flow. It is evident that the comet886

traversed a disturbed medium, which likely corresponds to the merged ICMEs. The link887

between the two is tenuous, though it is the only obvious solar wind phenomenon that888

could account for the atypical ion tail behaviour.889

Figure 29. Polarity map for the CORHEL MHD model for CR2134 predicting two DEs

connected to sector boundary crossings. The comet’s source track is plotted in black, and the

sub-Earth position is shown with a blue dot. Map courtesey of O. Price.

890

891

892

4.2.3 Flow Vector Maps: Non-radial velocity893

Prominent features in the disturbed ion tail maintained their radial motion with894

no spurious off-radial motions. Most features were hence tracked at a cadence of 80 mins.895

Each feature tracked between consecutive images is represented with the same colour and896

connected with a line. We then group these features per time period for as long as we897

could track these short-lived features. These are labelled as sets 1 to 7 (Figure 30a). At898

certain points, for example on 2013 March 13 00:29 UT to 03:29 UT, the comet appeared899

to have two ion tails (feature set 2). Both were measured in the vector maps, although900

only the northernmost tail, the real ion tail, was included in the radial velocity inves-901

tigation.902

It is difficult to make sense of these velocities, though they mostly show solar wind903

velocities centered about reasonable values of ∼300 kms−1. Feature set 3 followed the904

acceleration of a kink and a potential disconnected ion tail as it accelerated to ambient905

vsw. The root cause of this disconnection was not identified. Set 4 corresponds to the906

HCS tail disconnection. The corresponding tail feature slowed down initially, forming907

a kinked tail. Once disconnected, the tail section rapidly accelerated to 240 kms−1, close908

to the MHD predicted vsw, followed by a decrease in acceleration. A radial velocity in-909

terpretation of this image produced a vswr
of ∼400 kms−1, further reinforcing the view910

that tracking DEs produces slightly erroneous solar wind velocities. This is because the911

disconnected tail would appear to momentarily not respond to the radial solar wind flow.912

Feature set 5 was taken from a particularly complex difference image, which had been913

linked to a period of ICME-ICME interaction with the ion tail. The differing trend be-914
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tween different sections of the ion tail is further evidence of a complex non-radial flow915

at the comet. Small velocity variations could be due to human error. This dataset fills916

in the velocity data gap in Figure 27, though there is a clear mismatch between the two917

techniques. The last 5 features can be separated into two groups. The first (feature set918

6) was measured from the second half of the poorly processed difference images and tracked919

the formation of a newly formed turbulent ion tail. This new tail segment corresponds920

to the large orientation change, also linked to an interaction with the ICME-ICME dis-921

turbed medium. The final feature, set 7, correlates well with the radial velocity technique,922

supporting our hypothesis that the comet will have traversed the coronal hole more quickly923

than predicted by the ENLIL model.924

Figure 30. Solar wind velocities derived from consecutive difference images showing the evo-

lution of distinct features in the ion tail. (a) shows each tracked feature linked together to show

the velocity variations. (b) shows the large uncertainties for each estimate .

925

926

927
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4.2.4 Discussion928

Overall, C/2011 L4 proved to be an interesting probe of the turbulent streamer belt929

region of the solar wind usually seen at low heliolatitudes (Figure 31), as solar cycle 24930

approached its maximum.931

Figure 31. A polar plot of solar wind velocities from C/2011 L4, showing the heliographic

latitudes of the measurements (the solar north pole being vertical in this view, and the equator

horizontal). The circles represent isovelocity contours for a fixed vswr at increments of 200 kms−1

from 0◦ to +90◦.

932

933

934

935

The measured solar wind velocities for comet C/2001 L4 are within expected val-936

ues for the slow solar wind. They correlated well with the predicted ENLIL MHD-derived937

velocities. The STEREO B image archive consisted of numerous images taken at a fixed938

cadence over several days, allowing the near-continuous monitoring of the comet’s be-939

haviour near the Sun. The spacecraft data yielded a greater number of data points for940

the vswr
than the amateur observations, as the ion tail extended over greater distances941

than was typical for amateur images. The velocities were tightly correlated with lower942

velocity uncertainties over longer cometocentric distances. C/2011 L4 was a near-Sun943

comet that probed regions of the solar wind close to the Sun which had been heretofore944

difficult to sample.945

5 Discussion946

5.1 Solar Wind velocity comparison947

There are few published large scale studies of the solar wind based on comets’ ion948

tails. J. C. Brandt and Heise (1970) undertook a statistical analysis of comet ion tail ori-949

entations, which suggested mean radial velocities of 450 ± 11 kms−1 with a tangential950

component of 8.4 ± 1.3 kms−1. They further proposed a revision of their previously quoted951

lower bound of the vswr from 150 to 225 kms−1, which is in accordance with our esti-952

mates and in situ values.953
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The data scatter of vswr
from spacecraft images was quite well constrained due to954

the high-quality of consistent observing and data reduction procedures as well as the lack955

of an atmosphere influencing the image quality. Spacecraft in situ sampling remains the956

best and most accurate method of providing detailed information on the solar wind. The957

remote sensing techniques used in our software provide an alternative inexpensive crowd-958

sourced solution to increase our spatial and temporal sampling of solar wind velocities959

and transient phenomena in the inner heliosphere.960

The close agreement between our results and the ENLIL MHD model demonstrate961

the potential to devolve the dynamical ion tail aberration into a series of velocities as962

long as we adhere to a strict set of imaging standards and conformity. To account for963

vsw discrepancies with the CCMC ENLIL model predictions we attempted to identify964

a cause of transient disturbances in the solar wind flow. Sizonenko (2007) pointed out965

similar discrepancies between their solar wind velocities derived from comet observations966

and those measured by space-based instruments. They linked these to the low accuracy967

of cometary observations and to differing solar wind conditions experienced by Earth and968

the comet, although they had no clear cause. It is unclear how much of an effect the ob-969

serving geometry contributed towards these discrepancies. Sizonenko (2007) reported that970

there may be an unaccounted force which could have affected their observed velocities.971

A more in-depth study assessing the data quality of spaceborne observations against972

ground-based amateur images would be useful to further validate this technique. This973

would require a sufficiently large temporal overlap between the two vantage points. This974

is difficult to achieve as the solar-observing spacecraft will image comets at low solar elon-975

gation when they are at their most difficult to observe from Earth.976

Tracking the radial evolution of folding tail rays using the mapped images is a the-977

oretically sound concept. Accurately pinpointing the radial locations of the tail rays re-978

quires a smaller scale contrast between the tail rays and the image FOV than is avail-979

able with amateur images. A series of images taken with an hourly cadence, or better,980

and small FOV is highly recommended for this technique.981

5.1.1 Low orbit plane angle982

It is notable that there is a systematic overestimation or underestimation of the983

vsw. This is likely due to the orbit plane angle and the observing geometry. At low an-984

gles, the projection mapping breaks down as the pixel vectors are stretched to near-infinity985

when the orbit plane angle approaches zero.986

In the JPL Horizons data, positive values of the orbit plane angle indicate that the987

observer is above the comet’s orbital plane along the positive z-axis in the inertial ref-988

erence frame. Our orbit plane angle plots only show the absolute value, as it is assumed989

that the observer’s location above or below the comet’s orbital plane is irrelevant. In an990

idealised scenario for a straight ion tail with no complications, the geometry reduces to991

the three-dimensional position of the observer with respect to the comet and the extended992

Sun-comet radial vector. Assuming the anti-sunward solar wind flow at the comet is purely993

radial, the ion tail will be constrained to the plane of the comet’s orbit. When the ob-994

server is ahead of the comet, with the Sun-comet line between the observer and the ion995

tail, the projected uncertainty will always be underestimated, regardless of the observer’s996

z-position with respect to the comet’s orbital plane. Vice versa, when the observer is lag-997

ging the comet’s motion such that the ion tail flows between the observer and the Sun-998

comet vector, the projected ion tail will appear to have a smaller aberration angle. In999

a realistic situation, factoring in a curving ion tail from radial speed variations and non-1000

radial plasma flows, the orbit plane angle becomes an important criterion in the distorted1001

projection.1002
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Unless this angle is near 90◦, there will always be an element of over- or under-estimation.1003

For non-radial tails, it is evident that the three-dimensional location of the observer with1004

relation to the comet’s tail will be a contributing factor towards the disparity between1005

the measured and observed values. To truly test this technique, spacecraft observations1006

with high temporal resolution of a comets ion tail with a near 90◦ orbit plane angle would1007

help to remove geometrical perspective effects.1008

5.1.2 Amateur versus Professional Observations1009

Spacecraft data are consistently recorded with the same equipment and manner with1010

little external influence on the way the data is processed and saved. Equally, sources of1011

noise for the spacecraft instruments, commissioned by professional scientists, will be bet-1012

ter constrained and more consistently removed from the data. Amateur observers are1013

much less coordinated in this respect. They are limited by the consumer technology avail-1014

able and their individual budgets. This leads to a wide array of telescopes, detector types1015

and FOVs being used to monitor the target, often without the use of any filters. There1016

is no method of ensuring the equipment set up and data reduction are performed in a1017

consistent manner. Though most amateur images of comets are likely to be calibrated,1018

they will not be subjected to the same scientific rigour as observatory processing pipelines1019

or spacecraft observations and may not have obtained all the necessary calibration frames.1020

Furthermore, there tends to be an observational bias in the ion tail images gathered by1021

amateur observers. Most of these images were acquired by volunteer astrophotographers1022

and thus will publish their most aestheticically-pleasing and dynamic ion tail images. The1023

timescales for the observations also differ. Spacecraft observations have delivered a high1024

cadence of observations from the same instrument over a short period of time. Amateur1025

astronomers tend to observe in short bursts over long periods of time. Inclement weather1026

can often stymie consecutive observations leading to large data gaps in our resulting plots.1027

Optical observations are prone to distortions. Astrometry.net calculates a Simple Imag-1028

ing Polynomial (SIP) to represent image distortion (Shupe et al., 2005) of order 2, which1029

is applied when mapping the photographs into their equatorial coordinates. Consider-1030

ing the maximum FOV astronomical images are a few degrees apart, with the comet of-1031

ten covering a subsection of that, the optical distortion should not cause a large discrep-1032

ancy in the orbital plane mapping.1033

Knowing the accuracy of the image time is paramount to the success of our soft-1034

ware. The unknown timing information played a larger role than had been initially an-1035

ticipated in determining accurate vsw estimates. The range of possible times for opto-1036

centers covering a large pixel area can lead to incorrect image projection. In such instances,1037

the ion tail will appear closer or further from the solar radial vector leading to over/under-1038

estimations of the solar wind velocities. This is a likely strong source of the data scat-1039

ter in our results. Whilst the amateur community is getting better at reporting this in-1040

formation, our professional-amateur collaboration would benefit immensely by organ-1041

ising mass requests of images and being specific about the information required includ-1042

ing standardised metadata.1043

5.1.3 Turbulent events / Non-radial flows1044

Transient interplanetary events were partially responsible for deviations from the1045

modelled solar wind velocities. Large radial velocities exceeding 1000 kms−1, peaking1046

at ∼1650 kms−1, were recorded. Velocity vector maps of turbulent ionic features in con-1047

secutive images suggested that it was possible to at least constrain the velocity and ex-1048

pansion of the interaction region between ICMEs and the comet’s ion tail. By compar-1049

ing our image catalogue, our velocity estimates, MHD SW velocities and the CME cat-1050

alogues, we can identify the list of likely transient phenomena. Some disturbances in the1051

ion tail can often look like ICME-related turbulent events, appearing as a kink or a dou-1052
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ble ion tail, in certain instances. These could be due to the perspective viewing of a fast1053

ion tail packet catching up with an earlier, slower moving condensation cloud.1054

6 Conclusions1055

We have demonstrated a new technique to extract vsw estimates, as well as char-1056

acterising general local parameters for transient interplanetary events near comets, al-1057

lowing us to use comets as solar wind monitors throughout the inner heliosphere. The1058

techniques demonstrated here rely heavily on high production rate comets that were close1059

enough to the Sun to form a bright, observable ion tail. Nonetheless, the frequency of1060

bright comets is significant enough to create a catalogue of solar wind velocities in the1061

inner heliosphere. The big picture was to build a comprehensive view of the large scale1062

and small scale variations throughout the inner heliosphere over past solar cycles.1063

Uncertainties in the solar wind velocities may arise from a number of identified and1064

quantified error sources, chief amongst which are non-radial components of vsw. Map-1065

ping the images onto the comet’s orbital plane provides a good estimate of vswr
but the1066

inherent uncertainties always need to be borne in mind. To summarise our caveats:1067

1. The core technique is the determination of multi-point, multi-latitudinal radial mass-1068

loaded vsw at the comet1069

2. Ground-based observations are at the mercy of the elements and there isnt much1070

that amateur astrophotographers can do to minimise this effect on data quality.1071

3. It is unclear which amateur images have been calibrated and treated with due sci-1072

entific rigour. This will only get better by improving collaborations between pro-1073

fessional and amateur observers, and informing the amateur community of best1074

practices for scientific analysis, inlcuding accurate and precise recording of the times1075

at which images were obtained.1076

4. Our technique seems to be impeded by a recurring curving ion tail. It remains to1077

be determined whether this is a characteristic of all comets or whether the tech-1078

nique will incorrectly underestimate solar wind velocities far from the nucleus and1079

overestimate values close to the comet head.1080

5. infer general solar wind variations with solar cycle.1081

6. detection of transient events such as HCS crossings, CIR and ICME interactions1082

Our results of the global structure of the solar wind were mostly limited to the equa-1083

torial plane, which showed large spikes in vswr . They do not always match the extrap-1084

olated near-Earth data or ENLIL MHD model perfectly. However, the close correlation1085

during quiescent solar wind periods and the identified transient solar wind phenomena1086

for most of the non-corresponding periods clearly show that the technique holds poten-1087

tial to diminish our knowledge gap of the solar wind variation in the inner heliosphere,1088

as a complementary dataset to MHD models. The large error bars for the vswr estimates1089

arise either due to poor image quality, the plasma tail sampling technique or wide and1090

diffuse plasma tails.1091

The results of this work do not entirely support our original hypothesis that am-1092

ateur images of comets can be used as a reliable source for remote investigation of the1093

solar wind. Though they can provide a rough indication of the bulk plasma flow veloc-1094

ity, though at times this is marred by the numerous heliospheric phenomena causing tur-1095

bulence in the cometary ion tail. The observing geometry is an unexpectedly large fac-1096

tor in controlling the quality of the results. When applied to professional spaceborne ob-1097

servations, the technique yields comparable estimates of the vsw. In stark contrast, the1098

spacecraft data yielded a mostly smooth variation for the solar wind velocities. A high1099

orbit plane angle of near 90◦ is considered to be the optimal observing scenario to pro-1100

duce high-quality, reliable estimates of the vsw. In conclusion, vsw estimates derived for1101
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amateur images are useful hints as to the solar wind behaviour as long as they are strictly1102

considered under the caveats discussed previously.1103

6.1 Future work1104

The software and technique presented here is being been adapted to an online web1105

service. Once fully operational, amateur observers will be able to contribute images for1106

analysis. If successful, it could be beneficial to coordinate a select group of skilled am-1107

ateur astrophotographers dispersed globally and equip them with a red and blue broad-1108

band filter at a minimum and ideally also with narrowband filters. Interesting to pur-1109

sue would be to characterise the solar wind-geometrical dependency with a three dimen-1110

sional triangulation of the plasma tail. This is achievable by comparing simultaneous ob-1111

servations of the ion tail from different vantage points. A similar study was done by Thompson1112

(2009). They could only apply their technique to the dust tail as there were no stereo-1113

scopic observation of the ion tail until C/2011 W3 (Lovejoy) was observed. The tech-1114

nique could not be translated to the ion tail due to the complexity of the ion tails non-1115

radial motion and the observers geometrical perspective. Another avenue worth inves-1116

tigating would be to identify the causal factor for the arcing nature of the ion tail. Sim-1117

ply determining whether the decreasing velocity trend downtail is a physical manifes-1118

tation of the interaction between the mass-loaded solar wind and the charged dust tail,1119

or whether it is an artefact of this technique, would be very informative.1120
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& Aptekar, G. (2014, apr). WATER PRODUCTION IN COMETS1198

C/2011 L4 (PanSTARRS) AND C/2012 F6 (LEMMON) FROM OBSER-1199

VATIONS WITH SOHO /SWAN. The Astronomical Journal , 147 (6),1200

126. Retrieved from http://ssd.jpl.nasa.gov/horizons.cgi.https://1201

iopscience.iop.org/article/10.1088/0004-6256/147/6/126 doi:1202

10.1088/0004-6256/147/6/1261203

Delva, M., Schwingenschuh, K., Niedner, M. B., & Gringauz, K. I. (1991). Comet1204

Halley remote plasma tail observations and in situ solar wind properties:1205

VEGA- 1 2 IMF/plasma observations and ground-based optical observations1206

from 1 December 1985 to 1 May 1986. Planetary and Space Science, 39 (5),1207

–47–



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

manuscript submitted to JGR-Space Physics

697–708. doi: 10.1016/0032-0633(91)90063-G1208

Eyles, C. J., Harrison, R. A., Davis, C. J., Waltham, N. R., Shaughnessy, B. M.,1209

Mapson-Menard, H. C. A., . . . Rochus, P. (2009, feb). The Heliospheric1210

Imagers Onboard the STEREO Mission. Solar Physics, 254 (2), 387–445. Re-1211

trieved from https://ui.adsabs.harvard.edu/abs/2009SoPh..254..387E/1212

abstracthttp://link.springer.com/10.1007/s11207-008-9299-0 doi:1213

10.1007/s11207-008-9299-01214

Fulle, M., Leblanc, F., Harrison, R. A., Davis, C. J., Eyles, C. J., Halain, J. P., . . .1215

Scarmato, T. (2007, may). Discovery of the Atomic Iron Tail of Comet MC-1216

Naught Using the Heliospheric Imager on STEREO. The Astrophysical Jour-1217

nal , 661 (1), L93–L96. Retrieved from https://ui.adsabs.harvard.edu/abs/1218

2007ApJ...661L..93F/abstracthttps://iopscience.iop.org/article/1219

10.1086/518719 doi: 10.1086/5187191220

Giorgini, J. D., Yeomans, D. K., Chamberlin, A. B., Chodas, P. W., Jacobson,1221

R. A., Keesey, M. S., . . . Wimberly, R. N. (1996, sep). JPL’s On-Line Solar1222

System Data Service. American Astronomical Society , 28 (25.04), 1158. Re-1223

trieved from https://ui.adsabs.harvard.edu/abs/1996DPS....28.2504G/1224

abstract1225

Gopalswamy, N., Yashiro, S., Michalek, G., Stenborg, G., Vourlidas, A., Freeland, S.,1226

& Howard, R. (2009, apr). The SOHO/LASCO CME Catalog. Earth, Moon,1227

and Planets, 104 (1-4), 295–313. doi: 10.1007/s11038-008-9282-71228
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