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The spherical torus edge region is among the most challenging regimes for plasma turbulence

simulations. Here, we measure the spatial and temporal properties of ion-scale turbulence in the steep

gradient region of H-mode pedestals during edge localized mode-free, MHD quiescent periods in the

National Spherical Torus Experiment. Poloidal correlation lengths are about 10 qi, and decorrelation

times are about 5 a=cs. Next, we introduce a model aggregation technique to identify parametric

dependencies among turbulence quantities and transport-relevant plasma parameters. The parametric

dependencies show the most agreement with transport driven by trapped-electron mode, kinetic

ballooning mode, and microtearing mode turbulence, and the least agreement with ion temperature

gradient turbulence. In addition, the parametric dependencies are consistent with turbulence

regulation by flow shear and the empirical relationship between wider pedestals and larger turbulent

structures. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4803913]

I. INTRODUCTION

Global confinement and first-wall heat load predictions

in ITER and next-step devices depend on accurate models of

the steep pedestal region. The spherical torus (ST)1 edge

region is among the most challenging regimes for plasma

turbulence simulations due to the inherent challenges of

edge simulations and the distinct ST parameter regime with

high b (2l0 p=B2), large q� ðqs=aÞ, strong beam-driven

flow, and strong shaping. Past results from the National

Spherical Torus Experiment (NSTX)2 highlight novel turbu-

lence and transport properties in ST plasmas. For instance,

power balance analysis indicates electron thermal transport

is the dominant loss mechanism, and ion thermal transport is

at or near neoclassical values in NSTX beam-heated H-mode

discharges.3,4 Stabilization or suppression of low-

wavenumber (low-k) turbulence by strong equilibrium E� B
flow shear5 and field line curvature6 are leading explanations

for near neoclassical ion thermal transport in NSTX beam-

heated plasmas. Particle, momentum, and electron thermal

transport remain anomalous and point to a turbulent transport

mechanism. Also, power balance analysis indicates ion ther-

mal transport decreases at higher plasma current, but the

confinement time increase with plasma current in non-

lithiated plasmas is weaker than that observed in conven-

tional tokamaks.3,4,7 The high b regime makes ST plasmas

more susceptible to low-k microtearing modes,8–10 and the

scaling of NSTX confinement time with collisionality is con-

sistent with collisional microtearing modes.11 Finally, recent

turbulence measurements at the top of the H-mode pedestal

during the ELM (edge localized mode) cycle were found to be

consistent with ion-scale turbulence, such as ion temperature

gradient (ITG), trapped electron mode (TEM), or kinetic bal-

looning mode (KBM) turbulence.12

Edge and pedestal model validation motivates efforts to

characterize low-k pedestal turbulence in the challenging ST

parameter regime. Here, we characterize low-k pedestal tur-

bulence quantities (khqi � 1:5; 0:8 < r=a < 0:95) from

beam emission spectroscopy (BES) measurements during

ELM-free, MHD quiescent periods in NSTX H-mode dis-

charges. In addition, we identify parametric dependencies

among turbulence quantities and transport-relevant plasma

parameters using a new model aggregation technique.

Coherence spectra for poloidally adjacent channels exhibit

broadband turbulence up to about 50 kHz. The turbulence pa-

rameters under investigation include poloidal correlation

length, decorrelation time, and poloidal wavenumber.

Poloidal correlation lengths in the pedestal are typically

Lp � 15 cm and Lp=qi � 10, and poloidal wavenumbers are

typically khqi � 0:2. Also, decorrelation times are

sd=ða=csÞ � 5. The dimensionless quantities are similar to

those observed in the core regions of L-mode tokamak dis-

charges13 and consistent with drift-wave turbulence parame-

ters. Next, a model aggregation algorithm identifies

parametric dependencies among turbulence quantities and

transport-relevant plasma parameters. Model aggregation is

an analysis technique that identifies patterns in multi-

dimensional datasets with complex interdependencies.

Model aggregation can (1) identify more scalings than a sin-

gle regression model and (2) produce a distribution of scal-

ing coefficients covering a variety of model constraints.

Observed scalings from model aggregation indicate Lp

increases at higher rne, higher collisionality, and lower rTi.

Using heuristic transport models and turbulence theory, the

observed scalings show the most agreement with transport

driven by trapped-electron mode, kinetic ballooning mode,

and microtearing mode turbulence, and the least agreement
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with ion temperature gradient turbulence. In addition, the

parametric dependencies are consistent with turbulence regu-

lation by flow shear. The measurements and analysis pre-

sented here broadly characterize pedestal turbulence in high-

performance spherical torus plasmas and establish validation

benchmarks for pedestal and edge simulations. Section II

provides an overview of BES measurements including deri-

vation of turbulence quantities from BES measurements and

point spread function (PSF) calculations that model the

physics of BES measurements. Section III presents measure-

ments of pedestal turbulence in ELM-free, MHD quiescent

regimes. Section IV describes the regression and model

aggregation techniques that identify parametric scalings

among turbulence quantities and plasma parameters, and

Sec. V presents the parametric scalings and interpretation.

Finally, Sec. VI gives a summary.

II. BEAM EMISSION SPECTROSCOPY OVERVIEW

The BES system on NSTX14,15 measures Da emission

(n ¼ 3 ! 2; k0 ¼ 656:1 nm) from deuterium heating

beams16 to study ion gyroscale fluctuations associated with

low-k turbulence and instabilities. The beam velocity indu-

ces a Doppler shift in beam emission, and optical filters iso-

late beam Da emission from thermal Da emission. The

intersection of optical sightlines and the neutral beam vol-

ume provides spatial localization, but a rigorous assessment

of spatial and k-space properties requires point spread func-

tion calculations.17 BES measurements are sensitive to

plasma density fluctuations with dIDa=IDa ¼ C ðdn=nÞ where

C ¼ CðENB; n; Te; ZeffÞ � 1=2; IDa is the beam Da emission

intensity, and n is the plasma density.16

The NSTX BES system includes two optical assemblies

centered at R¼ 130 and 140 cm (r=a � 0:45 and 0.85). The

channel layout provides core-to-scrape-off layer radial cover-

age and four discrete poloidal arrays.14,15 Figure 1 shows fiber

bundle images for the R¼ 140 cm optical assembly. BES

measurements on NSTX are sensitive to fluctuations with

k?qs � 1:5 where qs � 0:5� 1:5 cm is the ion sound gyrora-

dius (Te; Ti � 0:3� 1:0). The optical views are aligned to typ-

ical NSTX pitch angles to optimize cross-field spatial

resolution. New generation photodetectors and frequency-

compensating, wideband preamplifiers provide photon-noise

limited measurements at frequencies up to 400 kHz with re-

frigerant (non-cryogenic) cooling at �20 �C.14,15,18 The data

acquisition system samples at 2 MHz, and digital anti-alias fil-

ters suppress high frequency thermal noise. The wideband, low

noise detection system can also measure high frequency

Alfv�en and energetic particle modes up to about 800 kHz.19

Figure 2 shows example BES measurements at two ra-

dial locations. BES signals show a sharp response at neutral

beam injection (NBI) steps as expected, and BES auto-

power spectra can exceed photodetector dark noise power

spectra by 2–3 orders of magnitude. Notably, the emission

d.c. amplitude in the core (R¼ 129 cm) exceeds edge emis-

sion (R¼ 142 cm) in Figure 2(f), but the edge emission

shows higher amplitude turbulence at frequencies up to

100 kHz (Figure 2(g)). The larger signal-to-noise ratio at

R¼ 142 cm and partially obscured signal changes at NBI

steps is consistent with ðdne=neÞedge > ðdne=neÞcore.

The BES channel layout provides multi-point measure-

ments for assessing the spatial and temporal properties of

turbulence. Poloidally separated channels in the poloidal

array at R¼ 140 cm (Figure 1) provide measurements of the

poloidal correlation length Lp, decorrelation time sd, and

poloidal wavenumber kh in the edge/pedestal region

(r=a � 0:80� 0:95). Figure 3 shows an example of turbu-

lence quantities derived from poloidally separated measure-

ments. Up to about 40 kHz, coherence decreases with

poloidal separation and cross-phase increases with poloidal

FIG. 1. NSTX cross section showing BES channels in the R¼ 140 cm poloi-

dal array. Contour labels are normalized poloidal flux.

FIG. 2. BES auto-power spectrograms for measurements at (a) R¼ 129 cm

and (b) 142 cm; (c) low frequency odd-n magnetic fluctuations; (d) thermal

Da emission measurements; (e) neutron measurements; (f) BES time-series

data with NBI power (green line); and (g) BES auto-power spectra at 534 ms

with photodetector dark noise spectrum.
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separation as expected in Figures 3(a) and 3(b). The coher-

ence exceeds the statistical noise floor and cross-phases are

well-resolved. Similarly, auto-power spectra show BES sig-

nals exceed dark noise and photon noise levels up to about

40 kHz in Figure 3(c). Filtered data (8–50 kHz) in Figure

3(d) show the poloidal motion of turbulence structures from

the reference channel to the maximum poloidal separation,

Dz ¼ 6 cm. Turbulence quantities such as correlation length

are calculated from time-lag auto- and cross-correlation

functions in Figure 3(e). 15–40 ms data windows are seg-

mented into 30–150 bins with 512–2048 time points per bin.

Coherence, cross-phase, and power spectra and time-lag cor-

relation functions in Figure 3 are bin-averaged quantities.

The cross-correlation envelope (calculated using the Hilbert

transform) at zero time-lag decreases with channel separa-

tion, and the poloidal correlation length Lp is the correspond-

ing 1/e length as shown in Figure 3(f). The time-lag of the

peak cross-correlation envelope increases with channel sepa-

ration as expected, and the linear relationship gives the eddy

poloidal group velocity vg as shown in Figure 3(h). The peak

cross-correlation envelope decreases with time-lag, and the

decorrelation time sd is the corresponding 1/e time-lag as

shown in Figure 3(g). Note that the decorrelation time calcu-

lation does not require transforming to the plasma frame;

transforming to a frame moving in the plasma direction

would slide data points in Figure 3(g) down the curve in a

manner that preserves the decorrelation time. In essence, the

poloidally separated measurements function as a fixed mea-

surement in the plasma rest frame. The poloidal wavenumber

kh is derived from the eddy size inferred from the eddy ve-

locity and time-lag between auto-correlation anti-nodes as

shown in Figure 3(e).

Measured backlit fiber images are about 3 cm at the cen-

ter of the neutral beam, and optical modeling indicates fiber

images are 3.75 cm across at full-width half-max (FWHM,

50% of peak intensity). Accurate spatial and k-space charac-

terization of BES measurements require PSF calculations17

that convolve optical system properties with image distortion

from neutral beam profiles, magnetic field geometry, and

atomic excited state lifetimes.20 Recent full-physics PSF cal-

culations indicate image distortion at all locations is gener-

ally mild with FWHM image sizes in the range 3.6–3.9 cm.15

In the low density edge region at R � 140� 143 cm, atomic

excited state lifetimes are the dominant contribution to radial

image distortion. In the core at R � 133 cm, magnetic field

misalignment is the dominant contribution to image distor-

tion (radial and poloidal). Accordingly, the measurements

are sensitive to fluctuations with k � 2:5 cm�1 and kqs � 1:5.

PSF corrections are not applied to measurements below

because the mild image distortion in the edge region is ra-

dial, not poloidal.15

III. PEDESTAL TURBULENCE MEASUREMENTS IN
ELM-FREE, MHD QUIESCENT H-MODE PLASMAS

ELM-free and MHD quiescent periods in NSTX

H-mode discharges were identified and data from four or five

poloidally separated BES channels at R¼ 140 cm (Figure 1)

were analyzed to study low-k pedestal turbulence with

khqi � 0:2 and 0:8 < r=a < 0:95. Characteristic discharges

and times of interest are listed in Table I. BES measurements

provided poloidal correlation length, poloidal wavenumber,

and decorrelation time (Figures 3(e)–3(g) in the pedestal

region. BES signals were frequency filtered to isolate

8–50 kHz components, the typical frequency range for

observed broadband turbulence. The 8 kHz lower limit

ensures low frequency beam oscillations (f � 5 kHz) do not

FIG. 3. (a) Coherence and (b) cross-phase spectra among four channels in the BES R¼ 140 cm poloidal array during an ELM-free, MHD quiescent period; (c)

auto-power spectra and photon and dark noise for reference channel; (d) filtered data (8–50 kHz) used for calculations in ((e)-(h)) with reference channel in

black; (e) time lag auto- and cross-correlation functions and envelopes; (f) correlation (envelope) at zero time lag vs channel separation; (g) peak correlation vs

time lag; (h) time lag at peak correlation vs channel separation.

TABLE I. Characteristic discharges and times of interest for analysis.

Discharge Time of interest

141125 925–950 ms

141131 700–725 ms

141147 730–750 ms

141255 740–760 ms
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contaminate turbulence signals, though power spectra

(Figure 3(c)) show no evidence of beam oscillations.

Discharges with BT0 ¼ 4:5 kG; Ip ¼ 700�900 kA, and lower

single-null geometry were screened for ELM-free, MHD

quiescent periods that persisted at least 200 ms. Plasma pa-

rameters slowly evolved during ELM-free, MHD quiescent

periods, so long time windows were partitioned into shorter

windows. In total, 129 times of interest with 15–45 ms dura-

tion were identified from 29 discharges. Turbulence quanti-

ties and plasma parameters were averaged over each time

window. Figure 4 shows plasma profiles and distributions of

turbulence quantities in the database. Mutli-point Thomson

scattering provides electron density and temperature (ne and

Te) measurements,21 and charge exchange spectroscopy pro-

vides ion temperature and toroidal velocity measurements (Ti

and Vt).
22 Radial electric field (Er) profiles are inferred from

carbon density, temperature, and toroidal velocity. The poloi-

dal velocity contribution to Er is neglected because past

results suggest the poloidal velocity contribution is small even

in the pedestal.23 BES measurements in the steep gradient

region show poloidal correlation lengths are Lp � 10�20 cm,

poloidal wavenumbers are kh � 0:1�0:2 cm�1, and decorre-

lation times are sd � 10�20 ls.

Table II lists 10th and 90th percentile ranges for turbu-

lence quantities and plasma parameters in the database.

Dimensionless turbulence quantities satisfy Lp=qi � 10;
khqi � 0:2, and sd=ða=csÞ � 5. Poloidal correlation lengths

in Table II for low-field NSTX plasmas are generally longer

than previously reported correlation lengths in high-field

tokamak plasmas,13 but dimensionless parameters like Lp=qi

and sd=ða=csÞ are similar. The quantity khLp � 2 can be

understood in terms of Gaussian distributions in real-space

and k-space. For example, a spatial distribution

expð�ðx� x0Þ2=Dx2Þ produces a k-space distribution

expð�ðk � k0Þ2=Dk2Þ with DxDk ¼ 2. With khLp � 2 and

Dx � Lp, it is easy to show kh=Dk � 1, which represents a

Gaussian distribution with similar width and shift. Also, in

Table II, the equilibrium toroidal flow shear generally

exceeds the turbulence decorrelation rate (rVt > s�1
d ), a

puzzling result. However, E� B shear rates are

xE�B � 50�200 kHz, so xE�B � s�1
d as expected. xE�B val-

ues are not tabulated in Table II because inferred values are

susceptible to large errors associated with second derivatives

of pressure profiles. Plasma parameters in Table II generally

show 50%–300% variation except for inverse aspect ratio �,
elongation j, lower triangularity dl; q�s , and q�i . The lack of

variation in �, j, and dl is likely due to screening for ELM-

free, MHD-quiescent H-mode discharges. In the following

sections, we untangle parametric dependencies among ped-

estal turbulence quantities and plasma parameters in Table

II, but �, j, dl; q�s , and q�i are omitted from analysis due to

lack of variation. Note that the nonlocal edge parameters

such as pedestal width, height, and separatrix separation

(DRped, nped, and dsep
r , respectively) are included in the data-

base due to their possible impact on pedestal turbulence.

Finally, radial correlation lengths (Lr) from the BES radial

array (Figure 1) are not tabulated in Table II because prelim-

inary analysis indicates Lr in the steep gradient region is less

than the BES image spot size, so the analysis only provides

an upper bound with Lr � 3 cm. However, the upper bound

on Lr provides a lower bound for eddy anisotropy,

Lp=Lr � 3. For comparison, pedestal turbulence measure-

ments in DIII-D tokamak plasmas showed smaller anisotropy

with Lp=Lr � 1:2�1:5.40

IV. REGRESSION ANALYSIS AND MODEL
AGGREGATION

With a database of measured turbulence quantities and

plasma parameters in hand, we now identify parametric

dependencies using a stepwise multivariate linear regression

(SMLR) algorithm and model aggregation. Let yi denote tur-

bulence quantities such as correlation length, and let xk;i

denote plasma parameters such as density gradient (i indexes

database entry and k indexes plasma parameter). The SMLR

algorithm finds models in the form

FIG. 4. ((a)-(d)) Profile measurements from the database and BES measurement location (grey box), (e) inferred Er profiles from charge exchange measure-

ments (neglecting poloidal rotation), (f) distributions of poloidal correlation lengths, (g) decorrelation times, and (h) poloidal wavenumbers in the database.
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ŷi � �y

ry
¼
X

k

ak
xk;i � �xk

rk
; (1)

where r are standard deviations for yi and xk;i, and ŷi are tur-

bulence quantities predicted by the model. The ak coeffi-

cients are the linear scaling coefficients when other plasma

parameters in the model are fixed; parameters absent from

the model are unconstrained. Also, the ak coefficients are

dimensionless and directly comparable due to the normaliza-

tion in Eq. (1). The SMLR algorithm minimizes the model’s

squared sum of errors, SSE �
P

i ðŷi � yiÞ2, by adding or

removing xk parameters such that the inferred significance of

each ak value exceeds 95%.24 More technically, the inferred

significance of each ak value exceeds 95% when the proba-

bility of the null hypothesis (H0 : ak ¼ 0) is less than 5%

according to the t-statistic associated with ak.24

The SMLR algorithm searches the high dimensional

xk-space for regression models at SSE local minima. Many

SSE local minima can exist, so the SMLR algorithm can

identify numerous regression models by starting from differ-

ent initial states. A single regression model provides a lim-

ited set of ak scaling coefficients that are applicable only

when other parameters in the model are fixed. In addition,

selecting the “best” regression model from candidate models

can be highly subjective due to numerous statistical metrics

and problematic due to potential parameter preferences.

Previous turbulence scaling results scanned a single dimen-

sionless parameter, such as q�, while holding other transport-

relevant parameters fixed.13,25 Here, we introduce and imple-

ment a model aggregation technique to identify parametric

dependencies among turbulence quantities and transport-

relevant plasma parameters. The combination of SMLR and

model aggregation is an exploratory technique to identify

patterns in multi-dimensional datasets with complex interde-

pendencies. Other exploratory data techniques include maxi-

mal information-based nonparametric exploration,26 distance

correlation,27 and hierarchical clustering.28 Model aggrega-

tion can be considered a “model of models” or a type of

meta-analysis. Model aggregation produces ak distributions

from models identified by the SMLR algorithm. To illustrate

the advantage of model aggregation, consider the six regres-

sion models for Lp=qs in Table III. The individual models in

Table III provide parametric scalings for three or four plasma

parameters with other parameters unconstrained. In aggre-

gate, the models provide multiple values of ak coefficients

for all plasma parameters under a variety of constraints. The

emergence of consistent scalings from multiple models with

a variety of constraints boosts confidence in the scalings. In

summary, model aggregation provides (1) ak scaling coeffi-

cients for more plasma parameters than a single model and

(2) a distribution of ak coefficients covering a variety of

constraints.

Models identified by the SMLR algorithm are screened

for multicollinearity and residual normality to ensure statisti-

cal properties indicative of valid regression models.

Multicollinearity is the linear dependence among regression

variables (xk), and excessive multicollinearity inflates the

uncertainty of ak coefficients.24 Non-normal residual distri-

butions violate the mathematical framework of regression

analysis. Table IV summarizes the models identified by the

TABLE II. Database quantities.

Parameter Rangea Parameter Rangea

Turbulence quantities

Lp (cm) 9.5–19 kh Lp 1.2–2.8

Lp=qi 7.6–18 sd (ls) 8.6–28

Lp=qs 9.0–21 sd x�pi
c 4.6–37

kh ðcm�1Þ 0.07–0.25 sd x�pe
c 2.8–22

kh qi 0.07–0.31 sd x�ne
c 1.1–8.6

kh qs 0.06–0.25 sd=ða=csÞ 2.6–7.6

Plasma parameters

ne (1013=cm3) 1.7–2.6 q�s ðqs=rÞ 0.017–0.021

rne ð1013=cm4Þ 0.56–0.90 q�i ðqi=rÞ 0.021–0.026

1=Lne ðcm�1Þb 0.28–0.44 dsep
r (cm)f �0.78–�0.52

Te (keV) 0.11–0.19 q 5.9–9.7

rTe (keV/cm) 0.061–0.094 ŝ 2.5–5.5

1=LTe ðcm�1Þb 0.47–0.64 � 0.56–0.63

Ti (keV) 0.33–0.50 j 2.4–2.5

rTi (keV/cm) 0.03–0.15 dl 0.61–0.73

1=LTi ðcm�1Þb 0.07–0.34 �ee (106/s) 0.43–0.80

Vt (km/s) 37–68 ��e ð�ee qR=vth;eÞ 0.51–1.5

rVt (106/s) 0.33–1.7 �ii (103/s) 1.5–3.5

Er (V/cm) 9.7–100 ��i ð�ii qR=vth;iÞ 0.070–0.21

nped (1013=cm3)e 5.9–8.1 bd 3.0%–5.3%

DRped (cm)e 15–22 be
d 0.69%–1.6%

bp
d 7.6%–14%

a10th–90th percentile range.
b1=LX � rX=X.
cx�ne � khTejrnej=eneB and x�p � khjrpj=eneB.
db � 2l0 ðpe þ piÞ=B2; be � 2l0 pe=B2, and bp � 2l0 ðpe þ piÞ=B2

p.
ePedestal height nped and width DRped from electron density profile piece-

wise fits to linear and tanh functions with continuous first derivative.
fOutboard radial distance to second separatrix; dsep

r < 0 for lower single null

configuration.

TABLE III. ak and cross-correlation (Cjk) coefficients for a subset of Lp=qs

models. Parentheses around Cjk values indicate the xj- xk parameter pair is

prohibited in models due to large cross-correlation.

ak coefficients

Model R2 rne Te Ti 1=LTi rVt �e nped

0.63 0.28 … �0.20 �0.29 … 0.31 …

0.63 0.34 … … … �0.37 0.30 …

0.61 0.46 �0.21 … … �0.38 … …

0.60 … … … … �0.47 0.38 0.24

0.60 … … �0.22 �0.35 … 0.40 0.15

0.55 … �0.24 … … �0.55 … 0.36

Cjk values

Parameter rne Te Ti 1=LTi rVt �e nped

nped (0.74) �0.12 �0.04 �0.14 0.07 0.38 (1.0)

�e 0.59 (�0.83) �0.48 �0.20 �0.35 (1.0)

rVt �0.33 0.27 (0.62) (0.63) (1.0)

1=LTi �0.38 0.08 0.28 (1.0)

Ti �0.32 0.44 (1.0)

Te �0.26 (1.0)

rne (1.0)
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SMLR algorithm and lists several statistical quantities that

characterize multicollinearity and residual normality. The

SMLR algorithm was initialized with about 6000 parameter

combinations, and the algorithm returned 12–50 unique

models for each turbulence quantity. An example SMLR cal-

culation for khqs starts with Vt and �e in the initial state.

Next, the algorithm adds Te=Ti, then rne, then rVt, then be,

and then removes Te=Ti and rne. As the algorithm con-

verges on a final model, R2 values (coefficient of determina-

tion, or goodness of fit; R2 �
P
ðŷi � �yÞ2=

P
ðyi � �yÞ2)

increases from 0.59 to 0.67. R2 values in Table IV indicate

the models generally captured 30%–70% of the variation in

the turbulence quantities. Also, about 100–150 initial states

converged on redundant final models for each turbulence

quantity. For example, the initial states {Ti, rTi}, {rne, Ti},

and {ne, Ti} converged on the same final model {ne, rne, Ti,

rTi} for Lp, but the initial state {ne, rTi} converged on a

different final model. Finally, the quantities sd x�ne; sd x�pe,

and sd x�pi are absent from Table IV because the SMLR algo-

rithm failed to identify models for those quantities. The re-

mainder of this section describes the statistical tests for

multicollinearity and residual normality, and Sec. V

describes the parametric scalings that emerge from model

aggregation.

Two strategies are employed to screen for excessive

multicollinearity in regression models. First, plasma parame-

ter pairs with large cross-correlation are prohibited from

models. The cross-correlation for parameters xk and xj is

Cjk �
P

iðxik � �xkÞðxij � �xjÞ=rkrj. Cth is specified in the

SMLR algorithm, and parameter pairs with jCjkj > Cth are

prohibited from models. The example in Table III lists Cjk

values for all parameter pairs, and parameter pairs with

jCjkj > 0:6 are denoted by parentheses and prohibited from

models. The SMLR algorithm was run with Cth ¼ 0:5� 0:8
to verify results are consistent across a range of correlation

thresholds. Table IV summarizes all models identified by the

SMLR algorithm. The Cth limits in Table IV correspond to

0.6 for correlation length and wavenumber models and 0.8

for decorrelation time models, and the associated scalings

and models are consistent with other Cth values. Next, multi-

collinearity among three or more xk parameters is assessed

using the variance inflation factor VIFk for each xk parameter

in a model (VIFk � 1=ð1� R2
kÞ where R2

k is the squared mul-

tiple correlation that quantifies the variation in xk captured

by variation in other xj6¼k). Models with VIFk > 10 can be

susceptible to large uncertainties in ak parameters.24 Table

IV lists the range of maxðVIFkÞ values for models identified

by the SMLR algorithm. Correlation length and wavenumber

models exhibited maxðVIFkÞ < 4, and decorrelation time

models exhibited maxðVIFkÞ < 7. Accordingly, maxðjCjkj
and maxðVIFkÞ values in Table IV are sufficiently low and

indicate multicollinearity is not excessive.

Residual normality includes the independent and normal

distribution of residuals (ri � ŷi � yi) and the absence of re-

sidual outliers. Non-normal residual distributions violate the

mathematical framework of regression analysis. To assess

residual normality, residuals are screened for outliers and the

skewness and kurtosis of residual distributions are calcu-

lated. Studentized residuals, rs
i � ri=

ffiffiffiffiffiffiffiffiffiffiffiffiffi
varðriÞ

p
, follow a t-

distribution, and models with maxðjrs
i j=t95Þ > 1, where t95 is

the 95% significance level for the t-distribution, may contain

outliers that distort the regression model. Correlation length,

wavenumber, and decorrelation time models in Table IV ex-

hibit maxðjrs
i j=t95Þ < 1, so model distortion by outliers is

unlikely. Skewness Sk � Eðri � �rÞ3=r3
r and excess kurtosis

Kt � Eðri � �rÞ4=r4
r � 3 were calculated to assess the shape

of the residual distribution. Table IV lists jSkj=rSk and

jKtj=rKt where rSk is the standard deviation of skewness for

a random sample from a normal distribution and rKt is the

standard deviation of kurtosis for a similar sample.

jSkj=rSk 	 2 and jKtj=rKt 	 2 are consistent with normal

distributions within the 95% significance level, but values

exceeding 2 are not consistent within the 95% significance

level. Table IV indicates all models exhibit normal residual

distributions within 2r limits.

V. PARAMETRIC SCALINGS OF PEDESTAL
TURBULENCE

In Sec. IV, a search algorithm identified empirical

regression models among turbulence quantities and

transport-relevant plasma parameters, and the models were

screened for proper statistical characteristics. Now, we iden-

tify parametric scalings that emerge from model aggregation.

Figure 5 shows examples of a distributions for parametric

dependencies from model aggregation. a > 0 ða < 0Þ indi-

cates the turbulence quantity increases (decreases) at higher

parameter values. For example, Figure 5(a) shows rne scal-

ings that appear in 24 Lp=qs models. The a coefficients clus-

ter around a � 0:3 despite different constraints and

TABLE IV. 10th� 90th percentiles for statistical characteristics of regression models.

Correlation length Wavenumber Decorrelation time

Figure of merit Quantity Lp Lp=qi Lp=qs kh khqi khqs sd sd=ða=csÞ

# models 46 28 40 50 50 46 44 12

R2 0.51–0.58 0.59–0.67 0.57–0.67 0.55–0.64 0.59–0.68 0.59–0.67 0.31–0.47 0.33–0.42

maxðjCjkjÞ 0.32–0.56 0.41–0.58 0.39–0.58 0.34–0.48 0.35–0.49 0.39–0.50 0.42–0.59 0.41–0.59

maxðVIFkÞ 1.1–2.7 1.4–3.6 1.3–3.3 1.2–2.2 1.2–3.1 1.3–3.4 1.4–2.4 1.5–6.9

maxðjrs
i j=t95Þ 0.80–0.97 0.76–0.96 0.78–0.95 0.72–0.85 0.70–0.91 0.70–0.85 0.79–0.94 0.78–0.90

jSkj=rSk 0.07–1.0 0.07–0.89 0.09–1.1 0.77–1.9 0.69–2.0 0.58–1.8 1.2–2.0 1.2–1.9

jKtj=rKt 0.83–1.9 1.0–2.0 1.2–2.0 0.10–1.0 0.08–1.5 0.10–1.1 1.1–2.0 0.7–1.8
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parameter combinations in each model. Collectively, the a
coefficients indicate Lp=qs increases at higher rne for a vari-

ety of model scenarios. Note that it would be feasible to

weigh a distributions according to each model’s goodness of

fit, R2. However, Table IV shows narrow R2 ranges for each

turbulence quantity, so no weighting scheme is applied in

this analysis.

Heuristic turbulent transport models provide general

relationships between transport quantities (like diffusivity D
and thermal conductivity v) and turbulence quantities (like

Lp, kh, and sd). In addition, turbulence theories specify rela-

tionships between plasma parameters and turbulent parame-

ters like linear growth rate c, D, and v. When combined,

transport and turbulence models can specify relationships

between turbulence quantities and plasma parameters. For

example, the random walk model for isotropic turbulence

gives D / L2
p. If Lp regression models indicate

Lp / rne ða > 0Þ, then the observed scaling is consistent

with turbulent transport driven by TEM turbulence because

rne is a drive mechanism for TEM turbulence.29,30

The random walk model for turbulent transport gives

D; v � L2
r=sd where Lr is the radial correlation length.31,32

Turbulent eddies are anisotropic with Lr < Lp, but we gener-

ally expect eddy dimensions to scale proportionately with

Lr / Lp. Therefore, the random walk model indicates turbu-

lent transport increases at larger Lp and smaller sd .

The quasi-linear model gives D; v � ðc=k2
?Þmax c where k?

is the characteristic perpendicular wavenumber and c is

the linear growth rate.32 For stationary turbulence

(k? � L�1
p and c � s�1

d ), the quasi-linear model is consist-

ent with the random walk model with D; v � L2
p=sd .

Finally, nonlinear turbulent transport expressions take the

form D; v /
P

kh
khj~/ðkhÞj2 where ~/ is the potential pertur-

bation and fluctuation cross-phases are ignored. Turbulent

spectra typically follow power laws like j~/ðkhÞj2 � k�d
h with

d � 2 � 4, so nonlinear turbulent transport models are con-

sistent with random walk and quasi-linear models that give

D; v � 1=k2
h � L2

p. Collectively, heuristic models indicate

turbulent transport increases at larger Lp, smaller kh, and

smaller sd.

Figure 6 shows parametric scalings for Lp, kh, and sd

quantities that emerge from model aggregation. Each data

point shows the median value and 10th and 90th percentile

values for the a distribution like the distributions in Figure 5.

The numbers below the plasma parameters indicate the num-

ber of models that include the parameter. Notably, plasma

parameters that appear for both Lp and kh are opposite in

sign as expected because L � k�1 for broadband turbulence.

Also, note that scalings are consistent for different normal-

izations (e.g., Lp, Lp=qi, and Lp=qs). Finally, the analysis

excludes �, j, dl; q�s , and q�i scalings due to small variation

in Table II, as previously mentioned, but the analysis

includes other plasma parameters in Table II. Note that not

all plasma parameters emerge as good predictor variables.

For example, rne and rTi appear in many Lp models, but q
and ŝ do not appear. The absence of a particular plasma pa-

rameter in Figure 6 suggests the parameter is a poor predictor

for the turbulence quantity.

We first consider ITG turbulence. ITG turbulence is

driven by rTi, and ITG-driven transport is enhanced at

smaller �, Ti, and rne according to nonlinear gyrofluid simu-

lations.33 In Figure 6, the rTi; rne, and ��i scalings for Lp

and kh are inconsistent with ITG-driven transport. However,

Ti scalings for Lp and kh are consistent with ITG-driven

transport. Disagreement between rTi; rne, and � scalings

and ITG turbulence theories suggests the observed scalings

are inconsistent with ITG-driven transport.

Trapped-electron mode (TEM) turbulence is driven by

rne and rTe (or 1=LTe), and TEM-driven transport is

enhanced at larger Te and smaller � and Ti according to linear

and nonlinear gyrokinetic simulations.29,30 However, colli-

sions can destabilize dissipative TEM (DTEM) turbulence.

FIG. 6. Parametric scalings from model aggregation for (a) poloidal correla-

tion length, (b) poloidal wave number, and (c) decorrelation time in the

H-mode pedestal during ELM-free, MHD quiescent periods. Numbers below

plasma parameters indicate the number of models that include the plasma

parameter.

FIG. 5. Example parametric scalings and a distributions from model aggre-

gation: (a) rne scalings for Lp=qs and (b)rTi scalings for Lp.
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In Figure 6, the rne scalings for Lp and kh are consistent

with TEM-driven transport, as are the Te and Ti scalings for

kh. However, the 1=LTe scalings for sd are inconsistent with

TEM-driven transport. �e scalings appeared in few regres-

sion models and exhibited the same sign as ��i scalings.

Collectively, the � scalings are consistent with DTEM turbu-

lence, not collisionless TEM turbulence. Agreement between

rne, Te, and Ti scalings and TEM theories suggests the

observed scalings are partially consistent with TEM-driven

transport.

KBM turbulence is driven by pressure gradients and

exhibits a critical be value for onset according to linear gyro-

fluid and gyrokinetic simulations.34,35 The be scalings for Lp

and kh in Figure 6 are consistent with enhanced KBM-driven

transport at higher be, but the gradients rne; rTi, and 1=LTe

scalings give mixed agreement with regard to KBM-driven

transport. The partial agreement indicates KBM turbulence

can be considered a candidate mechanism for the observed

pedestal turbulence.

Microtearing (MT) mode turbulence is driven by rTe,

and MT-driven transport is enhanced at higher �e and be

according to linear and nonlinear gyrokinetics.35,36 be scal-

ings for Lp and kh in Figure 6 are consistent with enhanced

MT-driven transport at higher be. Again, �e scalings

appeared in a few regression models and exhibited the same

sign as ��i scalings. Collectively, the � scalings are consistent

with enhanced MT-driven transport at higher �. Finally, the

1=LTe scalings for sd are inconsistent with enhanced MT-

driven transport at higher 1=LTe. Like KBM, MT turbulence

can be considered a candidate mechanism for the observed

turbulence based upon �e and be scalings despite inconsis-

tency with 1=LTe scalings. Note that MT simulations for the

NSTX core region indicate BES measurements would be

insensitive to MT turbulence,35,36 but pedestal simulations

give a more complex picture. For instance, pedestal simula-

tions point to turbulence with mixed parity or hybrid mode

structures,37 and MT turbulence in the pedestal exhibits less

sensitivity to collisions.

Next, we consider flow shear regulation of turbu-

lence.38,39 The rVt scalings for Lp and kh are consistent with

turbulence reduction by equilibrium flow shear. E� B flow

shear scalings are not available due to challenges with sec-

ond derivatives of profile quantities, but the scalings do indi-

cate sd decreases at higher Er. The observed Er scaling is

consistent with E� B flow shear decorrelation of turbulence

because higher Er will increase the Er gradient throughout

the pedestal, as shown in Figure 4. Therefore, the observed

Er scalings for sd are consistent with turbulence decorrela-

tion by E� B flow shear. Also, the ��i scalings in Figure 6

point to enhanced turbulent transport at higher ��i , consistent

with reduced zonal flow activity at higher �.

Finally, the observed scalings in Figure 6 show Lp

increases at larger pedestal height (nped) and kh decreases at

larger nped and pedestal width (DRped). The scalings are con-

sistent with the link between wider, taller pedestals and

larger turbulent structures recently reported for tokamak

edge turbulence measurements.40

To recap, heuristic transport models, turbulence theo-

ries, and the observed scalings in Figure 6 can provide

insight into pedestal turbulence mechanisms. The observed

scalings show the most consistency with TEM, KBM, and

MT-driven transport, but the scalings are least consistent

with ITG-driven transport. The rVt and Er scalings are con-

sistent with turbulence reduction by flow shear, and the �
scalings are consistent with zonal flow regulation of turbu-

lence. Also, the scalings are consistent with the link between

wider, taller pedestals and larger turbulent structures. The

scalings in Figure 6 do not implicate a single turbulence

mechanism, but rather suggest that multiple instabilities may

be active in the strongly sheared, high pressure gradient ped-

estal region. The scalings are akin to parameter scans in tur-

bulence simulations, so future comparisons to pedestal

turbulence simulations and corresponding scans will help

unravel the various instabilities and interactions that impact

pedestal structure.

VI. SUMMARY

Confinement projections for ITER and next-step devices

benefit from accurate pedestal models, and the ST parameter

regime provides an opportunity to enhance confidence in

pedestal models. Measurements of low-k turbulence in the

steep gradient region of the NSTX H-mode pedestal during

ELM-free, MHD quiescent periods reveal broadband turbu-

lence with frequencies up to about 50 kHz. Dimensionless

turbulence quantities are consistent with drift-wave turbu-

lence parameters with Lp=qi � 10; khqi � 0:2, and

sd=ða=csÞ � 5. We introduced a model aggregation tech-

nique to identify parametric dependencies among turbulence

quantities and transport-relevant plasma parameters. Model

aggregation is an exploratory technique to identify patterns

in multi-dimensional datasets with complex interdependen-

cies. The observed scalings indicate Lp increases and kh

decreases with higher rne and ��i and with smaller rTi. The

observed scalings show the most agreement with transport

driven by trapped-electron mode, kinetic ballooning mode,

and microtearing mode turbulence, and the least agreement

with ion temperature gradient turbulence. In addition, the

scalings are consistent with turbulence regulation by flow

shear and consistent with the observed link between wider,

taller pedestals and larger turbulent structures. The observed

scalings identified by model aggregation are like parameter

scans in turbulence simulations, so model validation and

comparison to simulations can be straightforward in future

work.
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