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Filamentary structures naturally arise from background turbulence in the scrape-off layer (SOL) of plasmas, leading
to significant particle and heat transport that can degrade overall plasma confinement. This enhanced transport can
contribute to unacceptably high heat loads on plasma-facing components. As such, understanding the physics of SOL
plasma filaments is critical for predicting and mitigating their effects in future fusion devices.

On the National Spherical Torus Experiment (NSTX), plasma filaments—commonly referred to as "blobs"—were in-
vestigated using the gas-puff imaging (GPI) diagnostic in the edge and SOL regions. The analysis involved identifying,
segmenting, and tracking the characteristic contours of the blobs in each frame of GPI video sequences. Their evolution
was characterized through shape descriptors, velocity, and angular velocity derived from their contour coordinates.

The results indicate that as the blob area increases, their shapes become more concave and less circular, suggesting
reduced structural stability in larger blobs. This result aligns with previous theoretical results where it was shown
that larger blobs are more susceptible to instabilities1,2. A positive correlation was observed between radial velocity
and radial position, suggesting radially outward acceleration of the filaments, potentially driven by decreasing viscous
drag towards the far SOL. Interestingly, blobs in background SOL turbulence exhibited minimal spinning in contrast
to filaments originating from ELMs, which show substantial rotation during their paths3. Statistical analysis of the
solidity and total curvature shape descriptors, along with their temporal evolution, revealed relatively broad, near-
Gaussian distributions. This suggests that blob morphology is strongly influenced by stochastic turbulent processes in
the surrounding plasma environment.

Blob parameters were also compared with bulk plasma and radial profile measurements. Notable trends were found
between blob rotation and poloidal velocity with collisionality and line-integrated density. These findings contribute to
a deeper understanding of blob dynamics and provide valuable insights for refining SOL turbulence models.

I. INTRODUCTION5

Turbulence in the scrape-off layer (SOL) of tokamak plas-6

mas results in substantial heat and particle losses from the7

confined core plasma. This turbulence is predominantly inter-8

mittent and manifests as discrete filamentary structures with9

elevated density and temperature compared to the background10

plasma. These filaments are aligned along the magnetic field11

lines, with poloidal cross-sections resembling blobs, hence the12

commonly used term blob-filaments, or blobs. Blobs play a13

significant role in radial particle transport, contributing to con-14

finement degradation and increased heat flux to plasma-facing15

components. Such structures have been observed across a16

wide range of magnetic confinement devices, including toka-17

maks (e.g., DIII-D4, NSTX5), stellarators6, and linear plasma18

devices7, as well.19

Previous research has primarily focused on aspects such20

as the relative blob fraction8, blob generation rates9, forma-21

tion mechanisms10, and basic blob characteristics including22

velocity and size11. The temporal and spatial structures of23

blobs have been explored in studies by Zweben11,12. How-24

ever, detailed investigation into the morphological evolution25

of blobs has been limited. Prior work has largely concen-26

trated on changes in blob elongation due to interactions with27

the edge shear layer9, without extending to more comprehen-28

sive shape descriptors such as convexity, roundness, solidity,29

or total curvature.30
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Visual inspection of gas-puff imaging (GPI) videos on the31

NSTX (National Spherical Torus Experiment) tokamak ex-32

hibited interesting morphology evolution of filamentary struc-33

tures. A more complex morphological evolution was seen34

than the typically investigated structure elongation and tilting.35

The conventional analysis techniques typically utilize two-36

dimensional Gaussian or ellipse fits, which are insufficient37

to capture fine details or temporal changes in blob morphol-38

ogy. Understanding the evolution of blob shape could provide39

deeper insights into the driving physics mechanisms behind40

blob evolution and their contribution to radial transport.41

The structure of the paper is as follows. Section II pro-42

vides an overview of the experimental setup, including the43

NSTX tokamak and the gas-puff imaging (GPI) diagnostic.44

Section III outlines the analysis methodology, detailing the45

pre-processing steps, blob structure identification, segmenta-46

tion and tracking procedures, as well as the shape descriptors47

used. Section IV presents the results, including both a detailed48

analysis of a single discharge and a statistical evaluation of49

the complete blob database. The results are discussed in Sec-50

tion V. Finally, Section VI summarizes the key findings of the51

study.52

II. EXPERIMENTAL SETUP53

The results presented in this paper are based on mea-54

surements obtained using the gas-puff imaging (GPI)55

diagnostic13 on the National Spherical Torus Experiment56

(NSTX) tokamak14. A brief overview of these systems is pro-57

vided below, while detailed descriptions can be found in their58
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respective references.59

A. The NSTX tokamak60

NSTX is a medium-sized, low-aspect-ratio spherical toka-61

mak located in Princeton, NJ, USA. It has a major radius of62

R = 0.85 m and a minor radius of a = 0.67 m, resulting in63

an aspect ratio of R/a ≥ 1.26. The maximum toroidal field64

achievable is BT = 0.6 T. Plasma heating is provided by up65

to 5 MW of neutral beam injection (NBI) and 6 MW of high-66

harmonic fast wave (HHFW) heating.
67

B. Gas-puff imaging (GPI)68

Gas-puff imaging utilizes a puff of neutral gas in the SOL69

and edge plasma to enhance the local light emission. Gas neu-70

trals get excited through collisional excitation with the plasma71

electrons and emit light during de-excitation. As filamentary72

structures in the SOL and edge plasma pass through the gas-73

cloud region, they excite the gas neutrals. The emitted light is74

a function of the local electron density and temperature, and75

can be used to investigate their sizes, velocities, and shapes.76

Figure 1 illustrates the gas-puff imaging (GPI) setup on77

the NSTX tokamak. Deuterium gas is introduced through78

a gas manifold (indicated in pink), forming a quasi-two-79

dimensional gas cloud (red) that is observed through a view-80

port (green) along a viewing direction (cyan) nearly parallel81

to the magnetic field lines (yellow). A hypothetical plasma82

filament is depicted in orange. The radial (r) and poloidal (z)83

bi-normal directions are indicated in white.84

The gas cloud is imaged using a fast visible camera (Vision85

Research Phantom v710) through a Dα band-pass interference86

filter. The temporal resolution is 2.5 µs with an exposure time87

of 2.1 µs. The pixel resolution is 64× 80 (radial× poloidal)88

with each pixel covering an area of 3.75 mm×3.75 mm. The89

camera has a dynamic range of 12 bits, and the exposure time90

was selected to prevent saturation. The effective optical reso-91

lution is approximately 10 mm. During the experiments, Deu-92

terium was injected for approximately 50 ms.93

The GPI diagnostic on NSTX does not allow for indepen-94

dent resolution of local plasma parameters, such as electron95

density and temperature, due to the nonlinear dependence of96

the emitted light intensity on both quantities. Nonetheless, the97

measured emission provides valuable spatial and temporal in-98

formation about filamentary structures. When combined with99

independently measured or inferred plasma parameters from100

complementary diagnostics, GPI data can be effectively used101

to investigate correlations between blob position, velocity, and102

morphology. This enables further insight into the underlying103

physical mechanisms governing blob evolution.104

Gas cloud
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FIG. 1. The gas-puff imaging setup on NSTX illustrating the approx-
imate magnetic field direction (yellow), viewing direction (cyan), gas
manifold (pink), and gas cloud location (red). A hypothetical plasma
filament is shown in orange.

Parameter Range
Toroidal field BT 0.33−0.54 T

Plasma current Ip 0.6−1.2 MA
Electron density < ne > 1.3−6.2 ·1020 m−3

Greenwald-fraction ne/nGW 0.19−0.96
Heating Paux 0−6 MW

TABLE I. Plasma parameter ranges for the discharges in the blob
database: toroidal magnetic field (BT), plasma current (Ip), line av-
eraged electron density (< ne >), and total auxiliary heating power
(Psum).

C. Blob database105

To characterize the blob evolution in NSTX plasmas, a106

database was constructed using data from 86 plasma shots in107

which the GPI diagnostic was available. Only shots without108

edge localized mode (ELM) bursts near the time of peak GPI109

signal were included. The shots included low confinement L-110

mode and high confinement H-mode shots in both NBI and111

HHFW heating scenarios. Although GPI was measuring for112

200 ms from the time of the gas injection, the analysis was113

limited to a ±5 ms window around the peak light emission114

where the signal-to-noise ratio was the highest. In cases where115

large transient events, such as edge localized modes (ELMs),116

occurred within this window, the interval was adjusted to ex-117

clude the transient peak. Key plasma parameters of the dis-118

charges included in the database are summarized in Table I.119

As previously noted, the database includes both L-120

mode and H-mode discharges. Significant differences in121

blob dynamics are not expected between these confinement122

regimes15. While the blob generation rate and waiting time123

distribution may vary due to the suppression of edge turbu-124

lence in H-mode plasmas, detailed investigation of these as-125

pects was beyond the scope of this study. Nevertheless, sepa-126

rate results of the analyses for L- and H-mode discharges can127

be found under the supplementary material in the Data Stor-128
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age under Ref. 16 for the curious reader. Detailed discussion129

of these results is not provided there, it is reserved for a future130

publication.131

III. METHODOLOGY132

This section presents the methods used to process GPI133

data, including blob identification, segmentation, tracking,134

and shape descriptor estimation. While each of these tech-135

niques has been applied individually in previous studies -136

such as the pre-processing steps in ELM filament analysis3,17,137

structure identification in fast camera data18, object track-138

ing in traffic analysis19, and shape characterization20 — their139

combined application in the context of fusion plasma research140

is unprecedented. The complete suite of data analysis tools141

developed for this work is openly available in the correspond-142

ing GitHub repository under Ref. 21.143

Multiple blob-tracking algorithms have been developed for144

analyzing GPI data across different fusion devices. Prior145

methods implemented on Alcator C-Mod22, NSTX11, and146

TCV (Tokamak à configuration variable)23 typically relied147

on identifying contours exceeding a fixed intensity threshold,148

with tracking performed using binary overlap, non-overlap149

criteria. On MAST-U, a watershed-based segmentation ap-150

proach was applied to fast-camera imaging data18; however,151

filament tracking was not pursued.152

The method presented in this study offers advantages over153

these approaches by incorporating enhanced watershed seg-154

mentation capable of resolving closely spaced and even touch-155

ing structures. Furthermore, tracking is performed using the156

intersection-over-union (IoU) metric, which provides a ro-157

bust framework for handling filament merging and splitting158

events, and it can resolve tracking of multiple adjacent struc-159

tures more efficiently than the binary overlap-based tracking160

schemes. These aspects of our watershed-based filament iden-161

tification and tracking method represent key advantages of162

the methodology over traditional contour-based tracking al-163

gorithms.164

A. Pre-processing165

The pre-processing steps used in this analysis follow the166

procedures described in detail in Ref.17; therefore, only a brief167

summary is provided here.168

In gas-puff imaging data analysis, the emission from neu-169

tral gas atoms responding to the slowly varying plasma back-170

ground must be suppressed to isolate light emission originat-171

ing from the intermittent fluctuations. This is achieved by ap-172

plying an elliptic infinite impulse response filter with a 1 kHz173

bandwidth. To mitigate edge effects and filter-induced oscil-174

lations at the temporal boundaries, the data is symmetrically175

extended by ±1ms before filtering.176

In GPI diagnostic measurements, the signal can be approx-177

imately modeled as the product of the fluctuating plasma den-178

sity, the spatial distribution of neutral gas atoms in the back-179

ground and the electron density distribution of the background180

plasma. The latter two terms vary slowly in time and can be181

approximated by the low-frequency component of the light182

emission measured by the GPI diagnostic. To suppress this183

background contribution, the original GPI signal is divided by184

the filtered signal. This normalization approach was found to185

be more effective than background subtraction in isolating the186

fluctuating component of interest.187

As a final pre-processing step, a threshold is applied to the188

normalized data: at each time point, pixels with values below189

the threshold are set to zero. The threshold level is defined as190

the mean signal plus one standard deviation over the selected191

time interval.
192

B. Filament identification193

Before characterizing the evolution of SOL filaments, they194

must first be identified and segmented within the GPI video195

frames. This is achieved using the watershed segmentation196

technique24, which is well-suited for separating distinct, over-197

lapping, or adjacent structures.198

The traditional watershed method begins by identifying ob-199

ject contours and computing the distance transform25, which200

assigns each pixel a value based on its distance from the near-201

est background pixel. The peaks in the distance-transformed202

image are treated as local minima in an inverted topographi-203

cal surface — analogous to the lowest points in a landscape204

— where virtual "water sources" are placed. Water is then al-205

lowed to fill these basins until it reaches either a predefined206

threshold or encounters another growing region. In the latter207

case, a boundary or "watershed" is constructed between the208

competing regions, effectively separating the objects. This209

makes the method particularly effective for identifying oc-210

cluded or closely packed structures.211

To adapt this technique for GPI image segmentation, sev-212

eral modifications were implemented, as described in the fol-213

lowing paragraphs.214

To apply the watershed segmentation technique, the image215

must first be separated into object and background pixels. This216

is accomplished using Otsu’s thresholding method26, which217

analyzes the histogram of pixel intensities to identify two218

dominant peaks corresponding to object and background re-219

gions. The optimal threshold is chosen to minimize intra-class220

variance between these two groups. This method is effective221

when the objects are distinguishable from the background and222

exhibit relatively uniform intensity. These conditions are sat-223

isfied in GPI measurements.224

Blobs in scrape-off layer plasmas can be reasonably225

approximated as two-dimensional Gaussian-like structures,226

which resemble the distance-transformed shapes of regular227

objects typically analyzed using watershed segmentation (see,228

for example, Fig. 4 in Ref. 25). Consequently, the dis-229

tance transform step is omitted in the present workflow. In-230

stead, source locations for the watershed algorithm are di-231

rectly assigned to the intensity maxima within the perimeters232

of the preliminarily segmented structures. To prevent over-233

segmentation, a minimum separation of 5 pixels is enforced234
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FIG. 2. Steps of the watershed segmentation process: (a) raw GPI
frame; (b) pre-processed frame after background suppression; (c) bi-
nary frame showing separation of structure and background; (d) fi-
nal segmented structures, with different colors representing distinct
structures.

between source points. Following this, the segmented struc-235

tures are labeled, and their characteristic contour polygons are236

computed. The steps of the watershed segmentation are de-237

picted in Fig. 2.238

These segmentation steps are applied to each frame of the239

GPI video sequence. The resulting data are compiled into a240

database that records the contour polygon of each identified241

structure in every frame. At this stage, however, no temporal242

correspondence is established between structures in consecu-243

tive frames — that is, the structures are not yet tracked over244

time.245

C. Structure tracking246

Once structures are identified and segmented in individual247

frames, they must be tracked to establish temporal continuity,248

i.e., assign consistent labels to the same structure as it evolves249

from the time of its appearance until its disappearance.250

In earlier NSTX GPI studies5,17, tracking was primarily251

performed by evaluating the intersection of contour polygons252

between consecutive frames. However, this approach is prone253

to errors in cases where multiple structures are in close prox-254

imity or overlapping, leading to ambiguous matches.255

To address this limitation, the intersection-over-union (IoU)256

Raw 
frame

Normalize with
1kHz LPF signal

Background
thresholding

Otsu’s
method

Binary
image

Watershed
segmentation

Tracking based
on IoU

Labelling based
on IoU matrix

Filtering based
on blob lifetime

Calculation of
blob parameters

FIG. 3. Flowchart illustrating the watershed-based identification and
segmentation process, followed by the Intersection-over-Union (IoU)
metric–based tracking method.

metric is employed19. IoU is a dimensionless quantity defined257

as the ratio of the area of intersection to the area of union be-258

tween two structures in consecutive frames. This metric is259

computed for all overlapping structure pairs across adjacent260

frames and compiled into a score matrix. While additional261

metrics, such as the pairwise correlation coefficient or nor-262

malized differences of shape descriptors, can be incorporated263

into the score matrix, they were found to introduce noise or264

ambiguity. As a result, the IoU metric alone was selected for265

optimal tracking performance.266

To establish temporal correspondences between structures,267

the score matrix must be converted into a tracking matrix.268

This is commonly achieved using the Hungarian algorithm27,269

which solves the assignment problem by optimizing the over-270

all matching cost. However, in the present analysis, this271

method was found to yield suboptimal results, particularly272

in the context of close-proximity or overlapping filamentary273

structures. Instead, a simpler maximum-score selection ap-274

proach was adopted, which provided more reliable tracking275

outcomes.276

In this method, for each row of the score matrix, the entry277

with the highest IoU score is set to "1" in the tracking matrix,278

while all other entries are set to "0". Unique numerical la-279

bels are then assigned to structures based on these maximum-280

score associations, allowing consistent identification of each281

blob throughout its observation. A flowchart summarizing the282

tracking procedure is shown in Fig. 3.283

D. Shape descriptors284

Shape descriptors provide quantitative metrics to character-285

ize the geometry of structures. Effective shape descriptors are286

invariant to size, translation, and rotation, enabling consistent287

comparison across varying conditions. Different descriptors288

capture distinct aspects of shape and its evolution. A compre-289

hensive discussion of these metrics can be found in Ref. 20.290

Here, a list of key shape descriptors is provided along with a291

brief description.292
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• Convex hull: The smallest convex polygon that fully293

encloses the structure, used as a reference for several294

derived metrics.295

• Convexity: Defined as the ratio of the perimeter of the296

convex hull to the perimeter of the actual structure.297

• Roundness: Calculated as the ratio of the structure’s298

area to the square of its convex hull perimeter, normal-299

ized such that a perfect circle yields a roundness of one.300

• Solidity: The ratio of the structure’s area to the area of301

its convex hull.302

• Total curvature: The average curvature computed303

across all vertices of the polygon, based on the angles304

formed by neighboring vertex triplets along the perime-305

ter.306

These shape descriptors are computed for the characteris-307

tic contour polygons of each identified and tracked blob for308

each time point of their observation across all shots in the blob309

database.310

Shape descriptors may be influenced by measurement noise311

if the signal-to-noise ratio (SNR) is insufficient. These de-312

scriptors are derived from the contours of the identified struc-313

tures, which are determined based on the measured light in-314

tensity. At low light levels, this intensity is inherently noisy315

due to photon statistics. However, in GPI diagnostic measure-316

ments analyzed in this study—focused around the peak emis-317

sion levels—the SNR typically ranges between 100 and 200.318

At these levels, significant distortion of the structure shapes319

due to noise is not expected.320

The dynamic range of the camera can also influence the ac-321

curacy of the results, particularly if the light intensity is poorly322

resolved or if saturation occurs. In this study, a 12-bit camera323

was used, providing sufficient resolution to accurately capture324

the intensity variations necessary for analyzing blob filament325

shapes. Additionally, the camera exposure time was chosen to326

avoid saturation while maintaining the peak detected intensity327

close to the maximum allowable range for optimal dynamic328

range.329

E. Additional estimated parameters330

In addition to shape descriptors, further blob parameters331

were derived from the characterizing polygon and the fitted332

ellipse. The area of each blob was calculated using the sur-333

veyor’s (or shoelace) formula applied to the polygon’s vertex334

coordinates28. Similarly, the polygon’s perimeter was com-335

puted from these coordinates and was subsequently used in336

the evaluation of several shape descriptors.337

Each identified structure was characterized by fitting an el-338

lipse to its polygonal boundary. The fitted ellipse provided339

key geometric parameters, including the lengths of the semi-340

major and semi-minor axes, the centroid, and the orientation341

angle of the major axis relative to the horizontal. The angular342

velocity of the structures was determined from the temporal343

derivative of this orientation angle. Elongation was computed344

based on the projected lengths of the ellipse axes onto the ra-345

dial and poloidal directions.346

The position of each structure can be estimated using mul-347

tiple methods. One approach calculates the centroid by aver-348

aging the coordinates of the polygon’s vertices. Alternatively,349

the center of the fitted ellipse can be used. A third method350

applies the center-of-gravity (COG) formula, averaging the351

pixel coordinates within the polygon weighted by pixel in-352

tensity (analogous to mass in the COG formula). All three353

position estimates were computed for each structure, and the354

resulting trends and correlations were found to be nearly iden-355

tical. For consistency, the fitted ellipse center is used to define356

position throughout this paper. The velocity of the structures357

is derived from the temporal derivative of this position.358

IV. RESULTS359

A. Evolution of blob shape in an H-mode plasma360

The structure identification algorithm was initially applied361

to a single GPI measurement from an H-mode plasma dis-362

charge, #141319. An example sequence of identified struc-363

tures is shown in Fig. 4. Structures intersecting the edges of364

the measurement frame were excluded from the analysis to365

avoid boundary artifacts. The figure demonstrates that mul-366

tiple blobs propagate within the observation region and un-367

dergo shape evolution as they propagate radially outward and368

poloidally downward, consistent with motion in the ion dia-369

magnetic drift direction.370

The results of the shape descriptor analysis for the example371

shot (#141319) are presented in Fig. 5. To illustrate the track-372

ing performance of the algorithm, the radial and poloidal posi-373

tions of the tracked blobs are also included. A selected subset374

of shape descriptors is shown, namely: area, orientation angle,375

roundness, and total curvature. To eliminate structures arising376

from noise or insufficient tracking, only those observed for a377

minimum duration of 25 µs (equivalent to 10 frames) were378

included in the analysis.379

Figures 5(a) and (b) display the temporal evolution of380

the radial and poloidal positions, respectively. These plots381

demonstrate that, for most structures, the tracking algorithm382

achieves smooth and consistent blob tracking. Notably, the383

algorithm successfully tracks multiple structures simultane-384

ously, as observed around t = 0.5440 s and t = 0.5467 s.385

Figure 5(c) shows the evolution of blob area over time.386

Most tracked structures exhibit areas in the range of approx-387

imately 50 - 200 mm2. No clear trend is observed in the de-388

picted time range.389

Figure 5(d) presents the evolution of the angle of the blob’s390

major semi-axis obtained from ellipse fitting. No clear char-391

acteristic trend of the orientation is seen in this result.392

Figure 5(e) presents the temporal evolution of the blob’s393

roundness. In some cases, an increase in roundness is ob-394

served at the onset of the blob’s trajectory, followed by a395

decrease towards the end of the observation period. How-396

ever, the opposite behavior is also visible in certain instances,397
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FIG. 4. Example of identified and tracked blobs in shot #141319. For
each structure, the characteristic contour (different colors), the cor-
responding fitted ellipse (black), and the major semi-axis (magenta)
are shown. Different colors indicate distinct tracked blobs. Struc-
tures that intersect the edges of the observation frame are excluded
from the analysis. These tracked blobs were not filtered for their
observation time. The red curve in each sub-plot represents the sep-
aratrix calculated by the automatic equilibrium reconstruction tool,
EFIT (Equilibrium Fitting), for the discharge.

for example, at t = 0.5477 s, indicating that the evolution of398

roundness is not uniform across all tracked structures. As399

shown in Fig. 5(f), no systematic or consistent trend is ob-400

served in the total curvature throughout the displayed time in-401

terval either.402

While the preliminary assessment of GPI video sequences403

revealed notable blob shape evolution, the analysis of a single404

time series does not provide conclusive evidence of character-405

istic behavior. To gain a more comprehensive understanding,406

a statistical evaluation of the shape descriptors across the en-407

tire database is necessary. This broader analysis is presented408

in Section IV B.409

B. Statistical analysis of filament parameters410

Following the inconclusive findings from the single H-411

mode shot analyzed in Section IV A, a statistical analysis was412

conducted on the full blob database. After filtering out dis-413

charges containing edge-localized modes (ELMs) around the414

peak intensity of GPI measurements, 86 shots remained in the415

dataset. In total, 11075 blobs were identified, segmented, and416

tracked, each persisting in the field of view for a minimum417

duration of 25 µs.418

1. Filament parameter histograms419

As a first step, the distributions of shape descriptors and fil-420

ament parameters are analyzed. Figure 6 presents histograms421

of these parameters (previously shown in Fig. 5) along with422

their corresponding numerical time derivatives. In Fig. 6, fila-423

ment parameters are evaluated on a frame-by-frame basis for424

each identified blob, without any temporal averaging. Conse-425

quently, rapid variations in filament parameters between con-426

secutive frames are preserved in the analysis rather than being427

smoothed out.428

Fig. 6(a) and (b) show the histograms of the blob area and429

its temporal change, respectively. The area distribution is pos-430

itively skewed, with a peak at approximately 12 cm2. The dis-431

tribution of the area change (i.e., numerical derivative of the432

area) is slightly negatively skewed, indicating that blobs tend433

to shrink over time. However, the skewness of -0.1 suggests434

that this shrinking trend is relatively weak.435

Fig. 6(c) and (d) display the angle and angular velocity dis-436

tributions. In this context, the angular velocity refers to the437

spinning of the blob about its own axis, defined as the tem-438

poral rate of change of its tilt angle. This is distinct from439

the term blob rotation, which typically denotes the combined440

poloidal and toroidal motion around the torus. The angle dis-441

tribution peaks at 1.36 rad (approximately 78 degrees), indi-442

cating a preferential alignment close to the poloidal direction.443

The angular velocity is approximately normally distributed444

with a mean near 0 rad/s, implying no systematic spinning445

for blobs. The (tilt) angle of blobs was previously studied by446

Zweben et al in Ref.11. Fig. 6(f) therein depicts the tilt angle447

vs radius for Ohmic and H-mode plasmas. Significant rotation448

is not observed for Ohmic plasmas from R = Rsep − 2 cm to449

R = Rsep + 6 cm; however, spinning was found for H-mode450

blobs at the level of ω ≈ 545rad/s (calculated from the ap-451

proximate tilt of 10, 8 cm radial distance and 500 m/s radial452

velocity). This study, however, only considered 7 H-mode453

discharges with 820 identified blobs. Those relatively low454

statistics therein could have contributed to their different re-455

sults; however, further investigation is needed to uncover this456

difference, that is outside the scope of this current paper.457

Fig. 6(e) and (f) present the distribution of the round-458

ness parameter and its temporal derivative. The distribution459

of roundness peaks at 0.82, although values as low as 0.25460

are observed, indicating significant deviation from a circular461

shape (roundness equals 1 for a perfect circle). The deriva-462

tive of the roundness is slightly positively skewed (skewness463

= 0.232) indicating that blobs tend to evolve into shapes with464

higher roundness. The distribution deviates from Gaussian,465

indicated by a kurtosis of 3.8 (compared to 1 for a Gaussian466

distribution).467

Fig.6(g) and (h) show the distributions of the total curva-468

ture and its temporal derivative. The distribution of the total469
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curvature is peaked at κ = 0.98. The curvature has an upper470

limit of one corresponding to the pixel size, suggesting that471

the characteristic contour of the identified structure is created472

from mostly right-angled corners. Consequently, this estimate473

is not reflective of the actual shape of the structures but is a474

result of the pixelated measurement. Smoothing the contours475

was attempted with fourth-order splines; however, the result476

introduced artifacts. Further analysis of the total curvature477

was outside the scope of this paper.478

2. Pearson matrix479

To investigate interdependencies among the estimated blob480

parameters, zero-lag Pearson correlation coefficients were481

computed for all parameter pairs. The calculations were per-482

formed without temporal averaging; instead, data arrays were483

constructed for each estimated parameter across all identified484

blobs and discharges, and correlations were evaluated directly485

on these datasets.486

Correlations falling below a significance threshold were ex-487

cluded from the matrix (white squares). This threshold was488

calculated by following these steps:489

• Generating as many random number pairs as the num-490

ber of data points that are correlated.491

• Calculating the Pearson correlation coefficient between492

the random number pairs.493

• Repeating these steps 10000 times and calculating the494

mean and variance of the correlation coefficients.495

• Setting the threshold to the mean Pearson correlation496

coefficient plus two sigma.497

Following these steps for the 11075 blobs and the result-498

ing 221895 data points, the correlation threshold was set to499

0.43%.500

After calculating the pair-wise correlation coefficients, the501

result is stored in the so-called Pearson matrix. The matrix is502

comprising 11×11 key parameters, and is shown in Fig. 7.503

Based on these results, eight notable and non-trivial param-504

eter dependencies with relatively high correlation coefficients505

were identified. These parameter pairs are further analyzed in506

Section IV B 3.507
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3. Parameter dependence: two-dimensional distributions508

Following the calculation of the Pearson matrix, the pair-509

wise dependencies between blob parameters were further ex-510

amined by evaluating their two-dimensional probability distri-511

butions. The resulting distributions are presented in Figure 8.512
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Figure 8(a) shows the joint distribution of blob area and513

convexity. A significant negative correlation is observed, in-514

dicating that larger filaments tend to exhibit more concave515

shapes. One speculative explanation for this behavior is that516

larger blobs may be more susceptible to instabilities1,2, which517

could result in increasingly concave morphologies and even-518

tual breakup into smaller, more convex structures. A similar519

trend is evident in Fig. 8(b), where radial size is plotted against520

convexity. A strong negative correlation is found here, as well.521

Figure 8(c) displays the correlation between elongation and522

roundness. A significant positive correlation is observed be-523

tween these parameters. However, since elongation is pre-524

dominantly negative and roundness is a positive-definite quan-525

tity, this result indicates that greater absolute elongation cor-526

responds to a reduction in roundness. Although elongation527

is derived from the fitted ellipse parameters, and roundness528

is calculated directly from the polygonal contour, their rela-529

tionship is likely driven by their shared geometric foundation.530

For instance, a perfect circle exhibits zero elongation and a531

roundness of one. Conversely, elongated structures, partic-532

ularly those with strong (poloidal) elongation, tend to have533

reduced roundness, which is clearly reflected in the data.534

Figure 8(d) presents the relationship between radial posi-535

tion and radial velocity. A positive correlation is observed536

indicating radially outwards acceleration. This finding is con-537

sistent with the observations reported in Fig. 5(c),(d) and Fig.538

8(d) in Ref. 11, where outward radial acceleration of blobs539

was identified. One possible qualitative explanation of the540

acceleration is that blobs experience drag due to the back-541

ground plasma density, which decreases radially outward in542

the SOL29. This decreasing background drag could allow543

blobs to accelerate more freely as they move outward. This544

result is consistent with the observations on Alcator C-Mod,545

where the radial velocity of blobs was also found to be in-546

creasing radially outwards in different plasma regimes30.547

The radial acceleration could be influenced by the shape548

or size change of the filaments, as well. Calculating the ra-549

dial velocity contribution from the radial size change revealed550

a maximum 10% contribution to the overall radial velocity,551

which is insignificant in the scope of this study.552

Figures 8(e) and (f) illustrate the dependence of the radial553

velocity on the minor and major semi-axes of the fitted el-554

lipses, respectively. Both relationships exhibit significant neg-555

ative correlation, indicating that blobs with larger semi-axes556

tend to propagate more slowly in the radial direction. This557

result resonates with the findings of Zweben et al in Ref. 11558

where similar trends were found between the radial velocity559

and the poloidal size of blobs (see Fig. 8(c) and (d) therein).560

The underlying cause of this correlation requires further in-561

vestigation, which lies beyond the scope of this manuscript.562

Interestingly, despite these correlations, blob area itself does563

not show a significant correlation with radial velocity, as in-564

dicated by the Pearson matrix. A similar trend was found by565

Birkenmeier et al in Ref.31 where the blob’s radial velocity566

scaled inversely to the radial size of the blobs, indicative of567

the sheath-connected blob regime. In lower single null TCV568

discharges reported by Tsui et al in Ref. 32, the normalized569

radial velocity, v̂, scaled as v̂ ∼ â1/2 with the normalized blob570

size â consistent with resistive-ballooning conditions. In our571

results on NSTX, the blob regimes in the discharges were not572

assessed individually, but based on the overall negative trend573

between the radial velocity and the blob sizes, it can be sus-574

pected that either the sheath-connected or the resistive X-point575

regime dominated the discharges.576
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In lower single-null discharges on TCV, Tsui et al.32 re-577

ported that the normalized radial velocity scales with the578

square root of the normalized blob size, consistent with pre-579

dictions for the resistive-ballooning regime. In the present580

NSTX analysis, individual blob regimes were not explicitly581

identified; however, the observed overall negative correlation582

between radial velocity and blob size suggests that blob dy-583

namics in these discharges may be governed by either the584

sheath-connected or resistive X-point regime, both of which585

predict reduced radial velocities for larger structures.586

In Figure 8(f), the negative correlation between the two587

quantities is not immediately apparent. When the correla-588

tion analysis is restricted to events with radial velocities in589

the range of [0, 1 km/s] and major semi-axes between [1 cm,590

2 cm], a positive correlation results. However, a substantial591

number of events fall outside this peak region, contributing592

disproportionately to the overall trend and ultimately shifting593

the global correlation to a negative value.594

Figure 8(g) presents the relationship between the area dif-595

ference and the roundness difference parameters. A signifi-596

cant negative correlation is observed, implying that a decrease597

in blob area over time is typically accompanied by an increase598

in roundness, and vice versa. This result aligns with the ear-599

lier observation in Fig. 8(a), where convexity was negatively600

correlated with blob area.601

Figure 8(h) displays the correlation between radial position602

and the major semi-axis of the fitted ellipse. A significant603

negative correlation is evident, suggesting that blobs located604

further radially outward in the SOL tend to exhibit smaller605

major semi-axes.606

In addition to the parameter pairs with significant correla-607

tions, it is worth noting that some parameter pairs unexpect-608

edly show no significant correlation. For example, previous609

studies reported a linear dependence between radial and an-610

gular velocities for ELM filaments3,17; however, no such re-611

lationship is observed for the SOL blobs. Furthermore, the612

expected angular velocity of the blobs is below the resolution613

of the analysis, indicating the possible absence of a coherent614

driving mechanism, such as the one present in ELM dynamics.615

In contrast to this, finite blob spin and a positive dependence616

and a scaling law between the radial velocity and blob rota-617

tion were reported from DIII-D by Molesworth et al in Ref.618

33. Further investigation is needed to uncover the reason why619

we have not seen such behavior. D’Ippolito et al developed an620

analytical theory describing blob stability in relation to their621

internal rotation34. In the present analysis, no significant cor-622

relation was identified between blob spin and the convexity623

or solidity shape descriptors (quantifying the stability of their624

shape). Consequently, the experimental results reported here625

do not provide validation for the theoretical predictions.626

Surprisingly, shape descriptors such as convexity, solidity,627

and roundness do not show significant correlation with the ra-628

dial position. This suggests that blob shapes do not evolve629

in consistently or characteristically as they propagate radially630

outward through the SOL.631

V. DISCUSSION632

In this section, the results are discussed and, where appli-633

cable, related to existing physical models. Section V A exam-634

ines the relationships between plasma and blob parameters,635

focusing on the identified correlations and observed trends.636

Section V C outlines the assumptions inherent in the analysis637

method and discusses the limitations of the implemented algo-638

rithms and their application. Finally, Section V D presents an639

outlook for future research directions and potential improve-640

ments to the methodology.641

A. Dependence between blob and plasma parameters642

Several methods were employed to investigate the relation-643

ships between blob properties and plasma parameters. In addi-644

tion to traditional Pearson correlation coefficient analysis, we645

computed the mutual information metric35 and the predictive646

power score36 metrics, as well. These were evaluated between647

plasma parameters, characteristic of the 10 ms time window648

associated with blob analysis, and time-averaged blob param-649

eters. The computations were carried out for three cases: shot-650

averaged, blob-averaged, and unaveraged blob data. Surpris-651

ingly, these metrics did not provide any conclusive insights.652

For completeness, these results are shown in the Appendix at653

Section VII.654

Despite the inconclusive metric-based analysis, examina-655

tion of parameter trends revealed notable associations be-656

tween certain plasma parameters and blob characteristics.657

From the database, every blob-plasma parameter-pair trend658

was evaluated and the non-trivial ones having high coef-659

ficients of determination were chosen for further analysis.660

These results are presented in Fig. 9. Each subplot includes661

a linear regression along with its confidence interval, and the662

coefficient of determination (R2) is indicated for each fit, as663

well. While the R2 values remain relatively low, peaking at664

0.65 for the trend between sound speed and blob tilt, these665

linear fits serve to highlight general trends rather than estab-666

lish definitive quantitative relationships.667

Figure 9(a) illustrates the relationship between the edge668

electron density and the minor semi-axis of the fitted ellipse669

characterizing the blob shape. A positive trend is observed, in-670

dicating that larger blobs are associated with higher edge den-671

sities. This observation is consistent with findings reported by672

Zweben in Ref. 11, where an increase in edge density corre-673

sponded to an increase in blob size. Similar trends were ob-674

served by Carralero et al in Ref. 37 where an investigation675

of collisionality revealed that filament sizes increased with676

higher collisionality, corresponding to elevated edge densities.677

Figure 9(b) shows a positive trend between the line-678

integrated electron density and the tilt angle of the blob. Prior679

studies on the EAST tokamak have demonstrated that higher680

line-integrated electron densities are associated with increased681

blob lifetimes38. Based on this finding, the observed increase682

in tilt could be attributed to the blob remaining longer in the683

edge shear layer in higher-density plasmas, thus experiencing684

greater tilting. However, due to the limited spatial measure-685
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FIG. 9. Trends between selected plasma parameters during gas puff imaging (GPI) injection and the corresponding average blob parameters.
Each subplot displays the Pearson correlation coefficient quantifying the linear relationship between the variables. The orange line indicates
the best-fit linear regression, with the shaded region representing the 1σ confidence interval. (a) Line integrated electron density, ne,LID, vs the
minor semi-axis of the fitted ellipse, bellipse; (b) ne,LID vs the angle of the blob, θblob, with respect to horizontal; (c) the ion sound speed at the
steepest electron pressure gradient, cs,max∇p, vs θblob; (d) the electron pressure at the steepest electron pressure gradient, pe,max∇p, vs θblob;
(e) Electron temperature pedestal width, ∆Te,ped, vs the poloidal velocity vpol; (f) Electron-ion collisionality at the steepest electron pressure
gradient, νei,∇pe,max , vs vpol; (g) The electron density at the steepest electron pressure gradient, ne,∇pe,max , vs vpol; (h) ne,LID vs the angular
velocity of the blobs ωblob; (i) νei,∇pe,max vs ωblob.

ment frame of the GPI diagnostic, direct lifetime measure-686

ments were not feasible; therefore, only speculative conclu-687

sions can be drawn regarding the causality of this trend.688

Figure 9(c) presents a clear positive trend between the689

sound speed and the blob tilt angle. The sound speed was690

calculated from the electron temperature at the location of691

the maximum electron pressure gradient in the pedestal. One692

possible interpretation is that elevated electron temperatures,693

if accompanied by strong pressure gradients, may generate694

stronger sheared flows, leading to increased blob tilt. How-695

ever, no statistically significant correlation was found between696

the absolute electron pressure and its gradient, suggesting that697

this mechanism cannot be conclusively verified. Notably, this698

parameter pair exhibits the highest coefficient of determina-699

tion in this analysis, although an exact linear relationship re-700

mains unclear.701

Figure 9(d) shows a positive trend between the blob tilt an-702

gle and the local electron pressure near the pressure gradient703

maximum. A previous study by Myra et al39 has linked the704

strength of the pedestal pressure gradient to enhanced edge705

shear flows, which can induce blob tilt. In contrast, the present706

result suggests a potential direct influence of the local electron707

pressure on the tilt, a connection that has not been reported in708

earlier literature. As with the previous case, no significant709

correlation was found between the pressure gradient and the710

electron temperature, limiting the ability to confirm a shear-711

driven mechanism solely based on pressure.712

Figure 9(e) shows the relationship between the width of the713

electron temperature pedestal and the poloidal velocity of the714

blob. The results indicate that blobs exhibit higher absolute715

poloidal velocities in plasmas with broader pedestals. A po-716

tential explanation is that narrower pedestals are typically as-717

sociated with stronger edge shear layers, which may act to718

decelerate blobs. However, this interpretation remains spec-719

ulative and warrants further investigation, ideally through de-720

tailed edge and scrape-off layer filament modeling.721

Figure 9(f) shows a strong positive dependence between the722

poloidal velocity and the plasma collisionality (negative trend723

for the absolute poloidal velocity). Myra et al investigated the724

effects of collisionality on the radial blob velocity in an ana-725

lytical model and found a positive dependence40; however, the726

poloidal velocity was not investigated. One speculative expla-727

nation for the observation could be that neoclassical viscos-728

ity increases with plasma collisionality, leading to increased729

damping of the blob dynamics, eventually leading to lower730

absolute poloidal velocities. N. Bisai has previously investi-731
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gated the effects of neoclassical viscosity on blob rotation in732

Ref.41 but not its effect on the blob’s poloidal velocity. It is733

noteworthy that while in our measurements the blob velocity734

was estimated in the SOL, the plasma collisionality was es-735

timated at the position of the largest pressure gradient in the736

pedestal. In order to get a better estimate of the plasma colli-737

sionality in the SOL, the SOL measurement capabilities would738

need to be enhanced, which was unavailable at the time of the739

experiments.740

Figure 9(g) shows the trend between the electron density at741

the location of the maximum pedestal pressure gradient and742

the poloidal velocity of the blob. Although a direct link be-743

tween these parameters has not been explicitly explored in744

prior studies, some related observations can provide context.745

For example, Zweben et al reported in Ref. 8 that discharges746

with a higher fraction of blob coverage, i.e., a larger rela-747

tive number of blobs in the GPI field of view, tend to ex-748

hibit lower edge electron densities and higher poloidal veloc-749

ities. Additionally, Ref. 11 noted a relationship between blob750

velocity and relative density fluctuation amplitudes, though751

it did not explicitly analyze the impact of pedestal density.752

Following similar reasoning as in the interpretation of Fig.753

9(e), it is plausible that higher pedestal densities correspond754

to steeper pressure gradients, which may in turn impede blob755

motion through increased damping or shear. However, con-756

firming this hypothesis would require dedicated simulations757

of blob dynamics in the SOL, which lie beyond the scope of758

the present study.759

Figure 9(h) illustrates the relationship between the line-760

integrated electron density and the angular velocity of the761

blobs. A clear positive trend is observed, supported by a rel-762

atively strong Pearson correlation coefficient of ρcorr = 0.65.763

This behavior may be interpreted in terms of increased col-764

lisionality, which is directly proportional to electron density765

in collisional plasma regimes. Higher collisionality can influ-766

ence the internal dynamics of blobs, including their rotation,767

as discussed further below.768

Figure 9(i) presents the dependence of blob angular veloc-769

ity on pedestal collisionality. A positive trend is again ob-770

served, though the data exhibit considerable scatter, and no771

definitive functional relationship can be identified. Theoret-772

ical work by Myra et al in Ref. 42 examined blob vorticity773

within the framework of a Krook collision model but did not774

derive a direct dependence between vorticity and collisional-775

ity. More recently, Bisai investigated the effect of neoclassical776

viscosity on blob rotation and found that increased viscosity777

suppresses blob spin41. Our findings are qualitatively consis-778

tent with this result: in collisional regimes, plasma viscosity779

increases with collisionality, leading to enhanced damping of780

blob vorticity. Consequently, in lower collisionality plasmas,781

where viscous damping is weaker, blobs can sustain higher782

angular velocities. This trend underscores the potential impor-783

tance of collisional viscosity in regulating filament rotation.784

B. Analysis of blob regimes785

Filaments in the scrape-off layer can behave differently786

based on the blob regimes they are in. The two region model787

defines the different blob regimes based on whether they are788

connected or disconnected from the divertor region40. In the789

sheath-connected regime (CS), filaments are connected to the790

divertor plate, and the parallel current is driven by the mid-791

plane curvature which is limited by the sheath resistivity. In792

the ideal-interchange regime (CI), the mid-plane curvature793

drive is balanced by perpendicular ion polarization currents794

enhanced by the X-point geometry. In the disconnected resis-795

tive X point regime, parallel currents are limited by divertor796

plasma resistivity. Finally, in the resistive ballooning regime797

(RB), the mid-plane drive is balanced by inertia at the mid-798

plane.799

These regimes can be identified based on Λ, the dimension-800

less collisionality parameter, and Θ, the dimensionless blob801

size parameter. Θ is defined by δ̂ 5/2 where δ̂ = δb/δ∗. Here,802

δb =
√

A/π is the characteristic blob size where A is the803

blob’s area. The normalizing factor, δ∗, is the characteristic804

blob scale defined by δ∗ = ρs

(
L2
||

ρSR

)1/5

where L|| is the paral-805

lel connection length, ρs is the sound Larmor radius, and R is806

the major radius. The parallel connection length is estimated807

from the mid-plane magnetic pitch angle and the geometri-808

cal distance between the mid-plane to the lower X-point and809

from there to the outer strike point. The rest of the parame-810

ters are estimated from the SOL plasma parameters from the811

equilibrium reconstruction and Thomson-scattering (TS) pro-812

file measurements.813

Λ is defined as
νeiL||
Ωeρs

where νei is the electron-ion colli-814

sion frequency, and Ωe is the electron gyro-frequency. An-815

other parameter used for defining the blob regimes is the X-816

point magnetic fanning parameter, εx. The exact calculation817

for this can be found in Ref. 40. Here, we use an approxi-818

mate value of εx = 0.1 calculated by Scotti et al in Ref. 43819

for NSTX. The dimensionless parameters were calculated for820

each plasma discharge for averaged blob parameters and equi-821

librium reconstructions and TS measurements taken within822

the time range of the blob average. The results of the cal-823

culation are shown in Figure 10.824
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FIG. 10. Blob regime diagram for the four blob regimes of Resistive
Ballooning (RB), Resistive X-point (RX), sheath-connected (CS) and
ideal interchange (CI) regimes. The boundary between regions CS
and CI was estimated from Θ = 1/εx ≈ 10. Theta is the dimension-
less blob size calculated from the average blob size in each plasma
discharge. Λ is the dimensionless collisionality parameter calcu-
lated for each discharge from the equilibrium reconstruction and the
Thomson-scattering measurement.

Figure 10 shows the boundaries of the four blob regimes825

along with the dimensionless blob size and dimensionless col-826

lisionality data pairs for each discharge. The figure displays827

that all of the blob observations fall within the sheath-limited828

blob regime. To compare blob dynamics and morphology829

between the different blob regimes, the blob database would830

need to be extended with further discharges which is outside831

the scope of this paper.832

To investigate how blobs are influenced by dimension-833

less collisionality and parallel connection lengths, their trends834

were investigated with linear regression. The calculation re-835

sulted relatively low R2 values between them. Therefore, only836

the ones, which were higher than R2 > 0.2, were plotted. In837

Ref. 40, connection between the dimensionless blob velocity838

and the dimensionless collisionality was investigated numer-839

ically and theoretically; therefore, the trends between them840

were plotted here, as well. The results are shown in Figure841
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FIG. 11. Trends between dimensionless and blob parameters. (a)
Parallel connection length (L||) vs blob angle (θblob); (b) L|| vs an-
gular velocity (ωblob); (c) L|| vs roundness; (d) L|| vs solidity; (e) L||
vs dimensionless velocity (v̂); (f) dimensionless collisionality (Λ) vs
dimensionless velocity.

Fig. 11 (a) displays the trend between the connection length843

and the blob angle. Significant negative trend is seen between844

these two parameters fortified by the relatively high -0.62 cor-845

relation coefficient. The coefficient of determination is 0.39846

which is higher than for the rest of the parameter pairs but847

does not indicate a clear linear relationship between the pa-848

rameters.849

The negative trend can be speculatively explained by geo-850

metrical effects. The two-dimensional plane of the quasi-2D851

GPI gas cloud’s angle with respect to the line-of-sight is in-852

dependent of the magnetic configuration. Shorter connection853

lengths are a result of higher magnetic field pitch angles which854

make the blob angle with respect to the gas cloud distorted.855

The lower the connection length, the higher the poloidal field856

is resulting in a higher pitch angle at the measurement loca-857

tion. Should a blob enter the observation area with a finite858

angle, its apparent angle will be higher due to the distortion.859

This argument does not explain the large range of observed860

angles, though, and would only work in a narrow range of861

angles.862
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Fig. 11 (b) shows the trend between the parallel connection863

length and the spin (angular velocity) of the blob. Significant864

negative correlation, ρ = −0.51 is found between these pa-865

rameters, however, the negative trend is not as apparent as in866

(a) due to a large scatter in the data. The coefficient of deter-867

mination is also low at R2 = 0.26 meaning that no clear linear868

relationship exists between these two parameters.869

Positive trends are seen between the parallel connection870

length and the roundness and solidity shape descriptors in Fig.871

11 (c) and (d). Similar correlation coefficients and coefficients872

of determination are found between them. The latter coef-873

ficients are low meaning that no clear linear relationship is874

found between them. The high correlation coefficient how-875

ever indicates, that plasmas with higher connection lengths876

exhibit rounder and more solid blobs.877

Fig. 11 (e) and (f) display the trends between the paral-878

lel connection length, the dimensionless collisionality and the879

dimensionless blob velocity. The dimensionless blob veloc-880

ity is calculated from v̂ = vrad/v∗ where v∗ = cs(
a∗
R )1/2 and881

a∗ =
ρ

4/5
S L2/5

||
R1/5 Positive trend is seen between the parallel con-882

nection length and v̂, and the dimensionless collisionality and883

v̂, as well. Even though the correlation coefficients are rela-884

tively low, the positive trend aligns well with the blob theory885

presented by Myra et al in Ref. 40. The coefficient of determi-886

nation is close to zero indicating the lack of linear relationship887

between the parameters.888

C. Assumptions and limitations of the analysis889

Several assumptions and limitations underlie the method-890

ologies employed in this study. These pertain to the diagnos-891

tic constraints of the GPI system, the resolution of Thomson892

scattering measurements, and the performance of the image893

segmentation and structure tracking algorithms. This section894

outlines these considerations to contextualize the results and895

guide future improvements.896

1. Limitations of the GPI diagnostic897

The GPI diagnostic operates by measuring light emission898

resulting from the interaction between the neutral gas and the899

plasma. In the analysis, the neutral gas cloud is assumed to be900

quasi-two-dimensional. However, due to the ∼22° half-cone901

angle of the gas injection, the gas cloud develops consider-902

able depth by the time it reaches the separatrix. This volumet-903

ric spread can degrade the effective spatial resolution, espe-904

cially if the line-of-sight of the diagnostic is not well-aligned905

with the magnetic field lines. Although the NSTX GPI’s LOS906

is approximately aligned with the magnetic field, variations907

in magnetic configuration between discharges can introduce908

misalignment, leading to degradation in spatial resolution.909

It is important to note that the injected gas puff imposes lim-910

itations on the radial observation range of filaments. Closer to911

the core plasma, the neutral density is significantly attenuated912

due to increased ionization and collisional excitation in the913

higher-density region, which reduces the available neutrals for914

light emission. As a result, blob detection within more than915

a few centimeters away from the separatrix is constrained by916

a low signal-to-noise ratio. Outside the confined region, in917

the far SOL, the neutral density remains high near the gas in-918

jection manifold; however, the background plasma density is919

low, leading to weak background emission. Despite this, fila-920

ments with locally elevated density and temperature can still921

excite the neutrals sufficiently, enabling their detection even922

in the far SOL.923

2. Limitations of the blob database924

The blob database was compiled from 86 discharges from925

the 2010 NSTX experimental campaign, encompassing both926

low- and high-confinement (L-mode and H-mode) plasma927

regimes. The plasma regimes affect certain dynamics of blobs928

as it was shown in previous studies2,15. Blob dynamics are in-929

fluenced by the local SOL conditions, particularly the electron930

temperature, which determines whether filaments evolve in931

the sheath-limited or conduction-limited transport regime44.932

In the present study, the dependence of blob dynamics933

and morphology on the overall confinement regime or lo-934

cal transport regime was not explicitly analyzed. Instead,935

the focus was on characterizing the general morphological936

and dynamical features of blobs in a regime-agnostic man-937

ner. It’s noteworthy to mention that a preliminary compar-938

ison of blob properties in L-mode and H-mode plasmas in-939

dicated no substantial differences in parameter distributions,940

correlations, or observed trends. A detailed analysis of these941

regime-dependent effects is beyond the scope of this work but942

is planned for future investigation.943

3. Limitations of Thomson scattering profile fits944

The dependency analysis between blob and plasma param-945

eters in Section IV B 3 relies on Thomson scattering measure-946

ments to extract pedestal density and temperature profiles. In947

spherical tokamaks, this presents a challenge: pedestal widths948

are typically narrow (on the order of 1–2 cm), while the spa-949

tial resolution of the TS system is limited. As a result, accu-950

rate fitting of the pedestal gradients is constrained, introduc-951

ing uncertainty in the extracted plasma parameters. Planned952

upgrades to the NSTX-U TS system, including improved dig-953

itizers and enhanced spatial resolution, will allow for more954

precise characterization of pedestal structures in future exper-955

iments.956

4. Image segmentation and tracking algorithm performance957

The blob characterization relies on a complex multi-stage958

image processing pipeline (Fig. 3). This method relies on sev-959

eral assumptions as follows.960
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• Background normalization: the raw GPI image frames961

are normalized using a 1 kHz low-pass filter. This as-962

sumes that the background gas evolves on timescales963

much slower than 1 ms, while blobs evolve much faster.964

This assumption holds in both L-mode and H-mode965

regimes; however, during edge localized mode events,966

the background can be perturbed on sub-ms timescales.967

To mitigate this, time windows containing ELMs were968

excluded from the analysis.969

• Thresholding techniques: two approaches, intensity970

thresholding and Otsu’s method, are used to separate971

blobs from the background. Both methods rely on the972

assumption that blob emission is significantly more in-973

tense than the background. This is valid only dur-974

ing peak emission periods when the neutral cloud is975

most dense. The analysis is restricted to these periods,976

thereby justifying this assumption.977

• Watershed segmentation: structure identification is per-978

formed using the watershed algorithm, which assumes979

each blob has a single local intensity maximum with980

a monotonically decreasing intensity profile. This as-981

sumption is generally valid due to the approximately982

Gaussian nature of blob density distributions. However,983

occasional blob merging or splitting (which occurs in984

about 5% of the frames with blobs in the GPI videos)985

may result in over- or under-segmentation. Given its986

low frequency, this limitation is not expected to signifi-987

cantly impact statistical results.988

• Tracking via intersection over union: blobs are tracked989

between frames by calculating the IoU, assuming spa-990

tial overlap between consecutive observations. Given991

the 2.5 µs frame rate of the GPI diagnostic and the rela-992

tively slow dynamics of blob motion, this is a reason-993

able assumption. However, if structure identification994

fails in a single frame, the blob may be erroneously split995

into two distinct entities in the tracking phase. This lim-996

itation has a negligible impact on averaged parameter997

statistics but constrains analysis of properties such as998

blob lifetime, birth-rate, or interaction dynamics. These999

analyses are deferred to future work.1000

5. Temporal Resolution Mismatch in Parameter Correlation1001

Correlations between plasma parameters and blob proper-1002

ties are constrained by the temporal mismatch between diag-1003

nostics. Plasma parameters are typically measured at 16 ms1004

intervals using TS on NSTX, whereas blob parameters are de-1005

rived from GPI data sampled at 2.5 µs. In this study, it is1006

assumed that the plasma profiles remain stationary over the1007

∼10 ms time window used for blob analysis. This assump-1008

tion is valid within selected time intervals representing steady-1009

state plasma conditions. However, the lack of higher time res-1010

olution TS data limits the precision of the correlation analysis.1011

Future studies incorporating faster TS systems will be essen-1012

tial to resolve this limitation.1013

D. Outlook for future research1014

This study analyzed legacy NSTX data from 2010, a period1015

during which the gas puff imaging (GPI) diagnostic operated1016

at optimal performance and the plasma conditions were ideal1017

for blob observation. With NSTX-U scheduled to resume op-1018

eration in 2026, future experiments will offer new opportu-1019

nities to expand the blob database using higher-performance1020

discharges. In parallel, diagnostic capabilities are expected to1021

significantly improve. Notably, the Thomson scattering sys-1022

tem will offer enhanced temporal and spatial resolution, en-1023

abling more precise measurements of the electron density and1024

temperature pedestal profiles. This improvement will support1025

more accurate profile fitting and facilitate higher-fidelity anal-1026

ysis of the dependencies between blob dynamics and edge1027

plasma parameters.1028

Estimating blob shape parameters from GPI data remains1029

a challenge due to the finite extent of the neutral gas cloud1030

and the complex three-dimensional geometry formed by the1031

relative orientations of the gas cloud, magnetic field lines,1032

and diagnostic line-of-sight. One promising avenue is the de-1033

velopment of a reduced synthetic GPI diagnostic model cou-1034

pled with the computation of a local fluctuation-response ma-1035

trix. Inverting this matrix and applying it to experimental data1036

could allow reconstruction of the local electron density fluc-1037

tuations, thus providing more accurate estimates of filament1038

shape and structure45. On Alcator C-Mod, the DEGAS 21039

Monte Carlo neutral transport code was employed to develop a1040

synthetic GPI diagnostic46, with the resulting simulations sub-1041

sequently used to validate the XGC gyrokinetic full-f code47.1042

For NSTX, the feasibility of applying DEGAS 2 to generate a1043

fast and accurate synthetic GPI diagnostic remains to be eval-1044

uated. In addition, a realistic observation module will need1045

to be incorporated into the synthetic diagnostic framework to1046

model the specific optical characteristics of the NSTX GPI1047

system.1048

Since the implementation of the watershed-based segmen-1049

tation algorithm used in this work, significant progress has1050

been made in the field of image segmentation. For instance,1051

region-based convolutional neural networks (Mask R-CNNs)1052

have shown promising results in segmenting structures in GPI1053

images48. While these deep learning models require substan-1054

tial supervised training and computational resources, their ap-1055

plication to filament detection in future NSTX-U data could be1056

explored to assess their robustness and accuracy compared to1057

traditional methods. The application of such advanced meth-1058

ods was beyond the scope of this work, but remains a com-1059

pelling direction for future research.1060

Some of the trends observed in this study, particularly1061

those concerning blob velocity and shape dependence on edge1062

plasma parameters, cannot yet be fully explained by existing1063

theoretical models. To gain a deeper understanding, compre-1064

hensive numerical simulations of scrape-off layer turbulence1065

in relevant plasma regimes will be essential. Such simula-1066

tions could be performed using advanced gyro-kinetic codes,1067

such as GKEYLL49 or XGC47, which can resolve filamentary1068

dynamics in realistic spherical tokamak geometries. GENE-1069

X is also a strong candidate for SOL turbulence simulation1070
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studies, as it is capable of modeling plasmas with realistic X-1071

point geometries50. Recent developments, including the im-1072

plementation of a spectral representation of velocity space,1073

have resulted in substantial computational speed-ups51, fur-1074

ther enhancing its suitability for large-scale edge and SOL1075

turbulence investigations. Fluid codes such as GBS52,53 and1076

SOLT54 were also compared to GPI measurements before and1077

could be used again to gain understanding of the results pre-1078

sented here.1079

VI. SUMMARY1080

Filamentary structures in the scrape-off layer of tokamak1081

plasmas are a major source of intermittent heat and particle1082

transport, thereby degrading overall plasma confinement. Un-1083

derstanding the dynamics of these filaments is critical for the1084

success of future fusion reactors such as ITER.1085

To analyze blobs, a novel image analysis workflow was de-1086

veloped based on an enhanced watershed segmentation algo-1087

rithm. This method enables robust identification, segmen-1088

tation, and tracking of filaments in gas-puff imaging data.1089

Tracked structures were further analyzed using geometric1090

shape descriptors, including convexity, roundness, solidity,1091

and total curvature.1092

A comprehensive database was compiled from 86 dis-1093

charges, yielding 11075 individual identified blobs. Statisti-1094

cal analysis of their shape descriptors revealed that filament1095

area follows a positively skewed distribution, while the time1096

derivative of the area approximates a Gaussian distribution.1097

Filament alignment angles peaked at 78 degrees, indicating a1098

predominantly poloidal orientation. The distribution of angu-1099

lar velocities was centered around zero, contrasting results of1100

ELM filament analysis, where significant spinning was found1101

in previous research. Roundness of blobs peaked near 0.821102

but exhibited substantial variability, reaching values as low as1103

0.25. This is a result of the elongation of blobs in the poloidal1104

direction. The time derivatives of roundness and curvature ex-1105

hibited distributions with a peak at zero, indicating that blobs1106

do not change their shape characteristically during their time1107

evolution.1108

Two-dimensional joint distribution analyses between blob1109

parameters uncovered several significant dependencies. A1110

strong negative correlation between area and convexity in-1111

dicated that larger filaments tend to assume more concave1112

and potentially unstable shapes. Consistent with behavior ob-1113

served in edge localized mode (ELM) filaments, a positive1114

correlation between filament radial position and radial ve-1115

locity was found, potentially due to decreasing background1116

plasma density, which reduces the retaining force on larger1117

blobs. No clear dependency was observed between angular1118

velocity and other shape parameters.1119

To further explore the physics of blob dynamics, cross-1120

analysis was performed between blob properties and back-1121

ground plasma parameters. While metrics such as cross-1122

correlation, mutual information, and predictive power score1123

did not uncover previously unseen relationships, trend analy-1124

sis revealed interesting dependencies. Notably, a near-linear1125

relationship was observed between line-integrated electron1126

density and blob angular velocity, and between sound speed1127

and blob tilt angle, as well.1128

Future work will build on these findings using new data1129

from the upcoming NSTX-U campaigns. Development of1130

a synthetic GPI diagnostic is also planned to investigate the1131

impact of 3D observational geometry on apparent filament1132

shape. Finally, future work will include systematic compar-1133

isons of experimental observations with first-principles sim-1134

ulations, including gyrokinetic codes such as GKEYLL and1135

XGC, as well as fluid turbulence models such as GBS and1136

SOLT, in order to obtain deeper physical insight into filament1137

dynamics.1138
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Appendices1154

VII. METRICS CALCULATED BETWEEN BLOB AND1155

PLASMA PARAMETERS1156

During the analysis, three different metrics were calculated1157

to uncover the relationship between plasma and blob param-1158

eters: correlation coefficient, predictive power score and mu-1159

tual information. The results of this calculation were incon-1160

clusive and no new physics could be uncovered based on1161

them. However, they are shown for the potential interest of1162

the reader.1163

Fig. 12 shows the Pearson correlation coefficients calcu-1164

lated between the shot-averaged blob parameters and the es-1165

timated profile parameters and with the blob-blob and the1166

plasma-plasma coefficients. Relatively high correlation can1167

be seen between all of the parameters which is a result of the1168
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FIG. 12. Correlation coefficients calculated between shot averaged
blob parameters and plasma profile parameters. Blob-blob (red
square) and plasma-plasma (magenta square) parameter correlations
are also shown.

low statistics due to the low temporal resolution of the pro-1169

file diagnostics. Correlation analysis of blob-averaged and un-1170

averaged data were also attempted. Blob-average means that1171

for every identified blob, the estimated parameters were aver-1172

aged resulting in a number of data points equal to the number1173

of identified blobs. Unaveraged means that data at each time-1174

point of each identified blob was considered as separate. To1175

calculate the correlation coefficients between these extended1176

number of data-points and the plasma profile parameters, the1177

latter had to be interpolated with the nearest neighbor method.1178

This analysis, however, did not reveal further insights into the1179

physics of blobs.1180

Fig. 13 shows the mutual information (MI) calculation be-1181

tween the blob and plasma parameters. This metric is sym-1182

metric similar to the correlation coefficient. Mutual informa-1183

tion quantifies the amount of information obtainable from one1184

random variable about another random variable35. Similar MI1185

values are observed between all blob-plasma parameter pairs1186

in the range of 0.2 - 0.5. This analysis did not reveal a clear1187

connection between the blob and the plasma parameters. High1188

mutual information values can only be seen between plasma-1189

plasma parameter MI values where the parameters are a func-1190

tion of each other.1191

Fig. 14 shows the predictive power score (PPS between1192

the shot-averaged estimated blob parameters and the plasma1193

parameters. Note, that this metric is not symmetric unlike the1194
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I. SCOPE6

This preliminary draft manuscript provides an overview of the comparison between L and H-7

mode filamentary dynamics and serves as supplementary material for the publication titled "Evo-8

lution of intermittent filaments in the scrape-off layer of NSTX". This material is stored along9

with the data used in that publication and is presented without detailed discussion, references or10

data availability which is deferred to a future publication.11

II. FILAMENT PARAMETERS IN L-MODE AND H-MODE REGIMES12

In this supplementary material, the analyses of L-mode and H-mode discharges were separated13

to show the difference between these regimes to the curious reader.14

There are 20 L-mode and 58 H-mode discharges in the 86 shot database. In the case of the15

missing 8 discharges, the confinement regime of the plasma in the analyzed time-range could not16

be identified neither as L- nor H-mode.17

A. Parameter histograms18

Figure 1 shows the estimated blob parameter’s distributions for the L-mode and the H-mode19

plasmas in the database.20

It is visible that in some cases, especially in the case of the filament angle, the distributions21

differ. The differences are quantified by the first four moments of the distributions and are sum-22

marized in Table I.23
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FIG. 1. Parameter histograms for the L-mode (blue) and H-mode (orange) discharges. (a), (b) area and

its difference; (c), (d) angle and its time derivative; (e), (f) roundness and its time derivative; (g), (h) total

curvature and its time derivative.

B. Pearson matrix24

In this section, the Pearson matrices are shown separately for the L-mode and the H-mode25

plasmas. Figure 2 shows the Pearson correlation coefficients for L-mode plasmas.26
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average σ skewness kurtosis

L-mode H-mode L-mode H-mode L-mode H-mode L-mode H-mode

Area [cm2] 14.018 16.254 7.603 9.186 1.423 1.630 3.448 4.791

∆Area [cm2/sample] -0.136 -0.231 4.201 4.377 0.024 -0.173 12.093 17.503

Angle [rad] 1.531 1.354 0.573 0.426 -0.038 0.578 0.305 2.277

ω [krad/s] -1.446 -0.569 114.145 91.459 -0.013 0.018 8.934 14.317

Roundness [a.u.] 0.741 0.718 0.134 0.142 -0.672 -0.528 0.125 -0.331

∆Roundness [a.u.] 1.244 -1.460 85.939 80.074 0.308 0.191 3.758 3.924

Curvature [a.u.] 0.983 0.981 0.016 0.017 -3.742 -3.696 21.985 21.924

∆Curvature [a.u.] -0.087 -0.126 15.858 15.087 -0.006 -0.043 22.453 27.821

TABLE I. Filament distribution moments for L-mode and H-mode plasmas
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FIG. 2. Pearson correlation coefficients for L-mode plasma filament parameters.

Figure 3 presents the correlation coefficients for H-mode plasmas.27

To quantify the different between the two matrices above, the difference between the H-mode28

and the L-mode results was calculated. The results are shown in Figure 4. A positive value shows29

higher correlation for H-mode plasma, while negative value shows higher correlation for L-mode30
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FIG. 3. Pearson correlation coefficients for H-mode plasma filament parameters.

Area ΔA
rea

Majo
r se

mi-ax
is

Mino
r se

mi-ax
is

Conv
exi

ty

Elon
gat

ion

R po
s

Roun
dne

ss

ΔR
oun

dne
ss

d rad v rad

Area
ΔArea

Major semi-axis
Minor semi-axis

Convexity
Elongation

Rpos

Roundness
ΔRoundness

drad
vrad

0.0 -0.1 -0.4 -0.2 0.1 0.0 -0.1 0.0 -0.0 0.0 0.0

-0.1 0.0 -0.1 -0.1 0.1 -0.0 0.0 0.0 -0.0 -0.1 -0.0

-0.4 -0.1 0.0 0.3 0.2 0.1 0.1 -0.0 0.0 0.0 -0.3

-0.2 -0.1 0.3 0.0 0.1 -0.0 0.1 0.2 0.0 -0.0 -0.2

0.1 0.1 0.2 0.1 0.0 -0.0 -0.0 -0.0 -0.0 0.0 -0.0

0.0 -0.0 0.1 -0.0 -0.0 0.0 0.1 0.1 0.0 -0.0 0.0

-0.1 0.0 0.1 0.1 -0.0 0.1 0.0 0.1 0.0 -0.0 0.0

0.0 0.0 -0.0 0.2 -0.0 0.1 0.1 0.0 -0.0 0.1 0.0

-0.0 -0.0 0.0 0.0 -0.0 0.0 0.0 -0.0 0.0 0.0 -0.0

0.0 -0.1 0.0 -0.0 0.0 -0.0 -0.0 0.1 0.0 0.0 0.0

0.0 -0.0 -0.3 -0.2 -0.0 0.0 0.0 0.0 -0.0 0.0 0.0

FIG. 4. Difference between the H-mode and the L-mode correlation coefficients. Positive number means

the H-mode, negative number means the L-mode coefficients are higher.

plasmas.31

There are slight differences visible between L and H-mode plasma blob behavior, especially32

between their fitted ellipse sizes and the radial velocity.33
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C. Two-dimensional distributions34

The two-dimensional distributions were plotted each for the L-mode and for the H-mode35

plasma cases in Fig. 5 and Fig. 6, respectively. Similar behavior is seen between the two plasma36

regimes.37

A quantitative assessment of the similarities can be given by calculating the numerical differ-38

ences between the probability values. The result of the calculation is depicted in Fig. 7.39

The largest differences are found between the convexity vs area, radial position vs radial veloc-40

ity and Radial position vs major semi-axes.41

D. Dependence between blob and plasma parameters42

The plasma parameters characteristic to the blob observation times were compared to the blob43

parameters by plotting them as a function of each other. The results are plotted in Fig. 8. The44

L-mode results are plotted in blue while the H-mode results are shown in orange.45

It is visible that there are differences between the two regimes. These are caused mainly by46

the different electron density and electron pressure ranges L-mode and H-mode shots have. The47

trends are very similar and the signs of slopes of the fitted lines remain the same for all of the48

trends. Further investigation of the differences are deferred to a future publication.49
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FIG. 5. Two-dimensional probability distributions of selected filament parameters for L-mode plasmas. (a)

Area vs. convexity; (b) Radial size vs. convexity; (c) Elongation vs. roundness; (d) Radial position vs.

radial velocity; (e) Major semi-axis vs. radial velocity; (f) Minor semi-axis vs. radial velocity; (g) Area

ratio vs. roundness difference; (h) Radial position vs. major semi-axis.
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FIG. 6. Two-dimensional probability distributions of selected filament parameters for H-mode plasmas. (a)

Area vs. convexity; (b) Radial size vs. convexity; (c) Elongation vs. roundness; (d) Radial position vs.

radial velocity; (e) Major semi-axis vs. radial velocity; (f) Minor semi-axis vs. radial velocity; (g) Area

ratio vs. roundness difference; (h) Radial position vs. major semi-axis.
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FIG. 7. Differences of the two-dimensional probability distributions between L-mode and H-mode plasmas.

Positive value means the H-mode distribution has a higher probability. (a) Area vs. convexity; (b) Radial

size vs. convexity; (c) Elongation vs. roundness; (d) Radial position vs. radial velocity; (e) Major semi-axis

vs. radial velocity; (f) Minor semi-axis vs. radial velocity; (g) Area ratio vs. roundness difference; (h)

Radial position vs. major semi-axis.
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FIG. 8. Trends between selected plasma parameters during gas puff imaging (GPI) injection and the cor-

responding average blob parameters. Each subplot displays the Pearson correlation coefficient quantifying

the linear relationship between the variables. The orange line indicates the best-fit linear regression, with

the shaded region representing the 1σ confidence interval. (a) Line integrated electron density, ne,LID, vs

the minor semi-axis of the fitted ellipse, bellipse; (b) ne,LID vs the angle of the blob, θblob, with respect to

horizontal; (c) the ion sound speed at the steepest electron pressure gradient, cs,max∇p, vs θblob; (d) the elec-

tron pressure at the steepest electron pressure gradient, pe,max∇p, vs θblob; (e) Electron temperature pedestal

width, ∆Te,ped, vs the poloidal velocity vpol; (f) Electron-ion collisionality at the steepest electron pressure

gradient, νei,∇pe,max , vs vpol; (g) The electron density at the steepest electron pressure gradient, ne,∇pe,max , vs

vpol; (h) ne,LID vs the angular velocity of the blobs ωblob; (i) νei,∇pe,max vs ωblob.
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