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Validation metrics for turbulent plasma transport
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Developing accurate models of plasma dynamics is essential for confident predictive modeling of
current and future fusion devices. In modern computer science and engineering, formal verification
and validation processes are used to assess model accuracy and establish confidence in the
predictive capabilities of a given model. This paper provides an overview of the key guiding
principles and best practices for the development of validation metrics, illustrated using examples
from investigations of turbulent transport in magnetically confined plasmas. Particular emphasis is
given to the importance of uncertainty quantification and its inclusion within the metrics, and the
need for utilizing synthetic diagnostics to enable quantitatively meaningful comparisons between
simulation and experiment. As a starting point, the structure of commonly used global transport
model metrics and their limitations is reviewed. An alternate approach is then presented, which
focuses upon comparisons of predicted local fluxes, fluctuations, and equilibrium gradients against
observation. The utility of metrics based upon these comparisons is demonstrated by applying them
to gyrokinetic predictions of turbulent transport in a variety of discharges performed on the DIII-D
tokamak [J. L. Luxon, Nucl. Fusion 42, 614 (2002)], as part of a multi-year transport model valida-
tion activity. © 2016 Author(s). All article content, except where otherwise noted, is licensed under
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I. INTRODUCTION

All models are wrong, but some are useful.
—George E. P. Box

The concept of model validation, defined as'

The process of determining the degree to which a model
is an accurate representation of the real world from the
perspective of the intended uses of the model

has become an increasingly important part of research and
engineering efforts across many disciplines, as numerical
simulation results play an ever larger role in diverse areas,
such as the design of buildings, aircraft, and automobiles,
weather forecasting and climate modeling, and epidemiol-
ogy. One such discipline is fusion energy research, where de-
velopment of a validated predictive modeling capability is
now commonly identified as a top priority for the US fusion
energy program.”” In the nearest term, such a capability is
desired to maximize the scientific returns from future burn-
ing plasma experiments such as ITER,* while minimizing
the risks of operating in regimes or configurations likely to
damage the extremely expensive device infrastructure. On a
longer timescale, the hope is that a sufficiently accurate pre-
dictive modeling capability can be applied to confidently
design future experimental devices and reactors, reducing
the cost and time to deploy fusion energy as a viable com-
mercial energy source. More broadly, the conceptual models
and computational codes that constitute a predictive model-
ing capability represent the most tangible realization of our
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understanding of the fundamental nonlinear plasma dynam-
ics that govern fusion plasmas. As such, validation studies
which assess the accuracy and fidelity of these models in pre-
dicting (or postdicting in many cases) experimental observa-
tions represent one of the clearest and most direct means of
quantifying our progress in developing a true understanding
of fusion-relevant systems. More importantly, through these
assessments, validation allows us to rigorously identify those
parameter regimes where current models do not provide suf-
ficiently accurate descriptions of reality, and where improve-
ments to the models are needed.

Given the importance of rigorous validation studies in
many fields, it is no surprise that there is now a broad and
well-established literature in the field, ranging from guide-
lines and best practices prescribed by professional soci-
eties' to journal reviews®'" and textbooks,'*'? in addition
to the numerous articles and reports detailing the outcomes
of individual studies. In the area of plasma physics and
fusion energy research, key review articles include those by
Terry et al.'* and Greenwald.'® These articles lay out many
of the key fundamental ideas and concepts for validation
research in the context of magnetic confinement based fusion
energy (MFE) research. A common feature of both these
reviews and the broader literature is the identification of
validation metrics as key components of any serious, robust
validation study. While both the Terry et al. and Greenwald
reviews discuss these metrics in some detail, including
potential mathematical formulations, both also emphasize
the need for further work. This paper aims to build upon
those discussions, by focusing on the practical issues often
encountered in formulating validation metrics for plasma
physics studies. In order to provide a “hands-on” illustration

© Author(s) 2016.
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of these issues, this paper will use the formulation of valida-
tion metrics relevant for turbulent transport in MFE plasmas
as a type of worked example. However, the underlying con-
cepts and challenges are broadly relevant to a wide variety
of different phenomena. The most important of these con-
cepts are the need to incorporate both experimental and
model uncertainties into the validation metrics, as a funda-
mental part of any assessment of model performance, and
using synthetic diagnostics for meaningful model-experi-
ment comparisons.

The remainder of this paper is structured as follows. In
Sec. II, an overview of key validation concepts is presented,
including both formal and “plain English” definitions. In
Sec. III, a brief review of turbulence and transport modeling
in MFE plasmas is presented, including a review of the
widely used global transport validation metrics defined in the
ITER physics basis'® in Sec. III A. Sec. IV then presents an
alternate approach based on local transport metrics, which
builds upon the pioneering work by Ross and co-work-
ers.!”!® Extensions of this approach to local turbulence char-
acteristic validation metrics, including the role of the
synthetic diagnostics, are detailed in Sec. V. In Sec. VI, con-
struction of composite metrics is discussed, along with the
related concept of the primacy hierarchy, while conclusions
and future research directions are presented in Sec. VII.

Il. OVERVIEW OF KEY VALIDATION CONCEPTS

A useful entry point to the study of model validation is
to begin by reviewing and defining the terminology com-
monly used in the literature. In this paper, the definitions
given by Terry ez al."* will be used. As noted above, alterna-
tive definitions and terminology discussions can be found in
professional association guidelines,'” journal reviews,® '
and textbooks.''* A summary of simple “plain English”
descriptions (not definitions) of the key concepts is provided
in Table L.

As a starting point, one must specify what the term
model means in model verification and validation. The
AIAA guidelines define a model as “A representation of a
physical system or process intended to enhance our ability to
understand, predict, or control its behavior.” Because this
definition is so broad, a more practical starting point is to fol-
low Terry et al. and distinguish between a conceptual model
and computational model. A conceptual model is defined as
“The observations, mathematical modeling data, and mathe-
matical (partial differential) equations that describe the
physical system, including initial and boundary conditions,”
while a computational model is “The program or code that

TABLE I. “Plain English” descriptions of common V&V terms.

Term Description

Model The set of equations being tested against experiment
Code The numerical implementation of the model
Verification “Does the code solve the model equations correctly?”

Validation
Validation metric

“Does the model have the right equations?”’
A measure used to quantify the experimental
fidelity of the model
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implements the conceptual model.” The key here is the
separation of the system of equations under consideration,
along with specifications of domain geometry and initial and
boundary conditions, from their specific computational
implementation. Thus, what is often referred as a model in
plasma physics literature corresponds to the conceptual
model, regardless of whether the equations under considera-
tion are obtained directly from fundamental physics relation-
ships such as the Boltzmann equation or Maxwell’s
equations (sometimes termed “first-principles modeling” or
even just “theory”), or incorporate some amount of free
parameters whose values are determined via analytic (e.g.,
moment closures used in gyrofluid theory'®) or empirical
(e.g., confinement scaling laws derived from database regres-
sions'®?°) methods. In this paper, this shorthand of using the
term model to refer to the conceptual model will be used
frequently, while the term code will be used to refer to a par-
ticular computational model. Also implicit throughout this
discussion is that the conceptual model(s) being tested are
sufficiently complex as to require numerical computation to
obtain solutions sufficiently accurate for meaningful quanti-
tative comparison against experiment. In some cases the
numerical implementation may be fairly trivial, but nonethe-
less some level of computation is always needed in valida-
tion studies.

As most every set of physics-based model equations is
based upon some set of simplifying assumptions and mathe-
matical orderings, it is important to understand the limits
these assumptions place on when and where the model is
expected to be valid, or at least useful. Identifying the
domain in parameter or operational space where a model is
expected to perform acceptably is termed model qualifica-
tion, formally defined as the “theoretical specification of the
expected domain of a conceptual model and/or approxima-
tions made in its derivation.”"* Experimentally assessing
whether a given model performs acceptably (as quantified by
validation metrics) over this theoretically specified domain is
one of the most important functions careful model validation
studies provide.

Given the distinction between conceptual and computa-
tional models, the ideas of verification and validation natu-
rally arise. Verification is formally defined as “The process
of determining that a model implementation accurately rep-
resents the developer’s conceptual description of the model
and the solution to the model.” 1t is distinct from validation,
defined as “The process of determining the degree to which a
model is an accurate representation of the real world from
the perspective of the intended uses of the model.” However,
the two are clearly related and often discussed together, lead-
ing to the commonly used acronym “V&V™ to refer to verifi-
cation and validation. Thus, one might describe (but should
not define) verification as asking “Does a code solve the
model equations correctly?” and validation as “Does a model
have the right equations?””'? Although a detailed discussion
of verification is outside the scope of this paper, it is impor-
tant to emphasize that verification encompasses far more
than elimination of coding errors and other software quality
assurance activities (both of which are themselves intensive
efforts). Verification also includes quantification of inherent
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numerical errors due to sources such as discrete spatiotempo-
ral grids, accuracy of time-integration algorithms, and noise
accumulation in Monte Carlo simulations, all of which must
be known to assess whether a given code yields sufficiently
accurate solutions of the model equations for their intended
use. It is also clear that verification must precede validation.
One cannot assess the experimental fidelity of the conceptual
model without first knowing the accuracy of the computa-
tional model it is implemented in, for the specific parameters
or regime being considered. The process of ensuring that the
model equations and computational algorithms are correctly
implemented is known as code verification, while testing
that a particular code result has been correctly calculated to
the desired accuracy is known as solution verification. Note
that one must verify all computational tools used in a valida-
tion study, including synthetic diagnostics (discussed further
in Sec. VA).

Finally comes the concept of validation metrics, defined
by Terry et al. as “A formula for objectively quantifying a
comparison between a simulation result and experimental
data.” Similarly, Oberkampf and Roy define a validation
metric as “A mathematical operator that measures the differ-
ence between a system response quantity (SRQ) obtained
from a simulation result and one obtained from experimental
measurements.” " Thus, validation metrics are the mathe-
matical relationships used to quantify how closely the model
predictions reproduce the experimental observations of inter-
est. As such, they provide the basis for assessing the fidelity
of a given model, and establishing confidence in using that
model predictively. This formal quantification of model
accuracy, as opposed to more subjective assessments of
model fidelity often found in the literature such as “good
agreement,” “qualitatively consistent,” or “clearly differs,” is
what distinguishes validation as an activity distinct from
many earlier model-experiment comparison studies. Indeed,
Oberkampf et al? state that “[t]he specification and use of
validation metrics comprises the most important practice in
validation studies.”

Examination of the broader validation literature indi-
cates a number of characteristics well-designed validation
metrics should incorporate,m’11 which will be discussed in
detail in Sec. IV. In the author’s opinion, the most important
of these characteristics is the incorporation of experimental,
modeling, and computational uncertainties and errors into
the metric’s assessment of model accuracy. Uncertainties
and errors are a fundamental reality of both experiment and
simulation, and without accounting for them no meaningful
assessment of model validity can be made. Without such an
assessment, one cannot build confidence in the predictive
capabilities of a model, undermining the entire goal of a
validation study. As a practical illustration, consider the
common case where one has a set of model predictions with
associated uncertainties yy (x)*oy(x) (e.g., predictions of
energy confinement time in a tokamak as a function of
plasma current) to be compared against a corresponding set
of experimental data yg(x)*=og(x). One can only assess the
level of model accuracy (i.e., the difference between yy(x)
and yg(x)) to a level of precision set by the combination of
uncertainties or and o,. Put another way, without
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knowledge of ), and o, one cannot assess whether differ-
ences (or agreement) between model predictions and experi-
ment are truly meaningful or relevant for building
confidence in the predictive capabilities of the model. The
processes used to quantify experimental and model uncer-
tainties are often referred to in the literature as uncertainty
quantification (UQ). Research into sophisticated UQ meth-
ods, particularly into efficient and robust approaches for
propagating uncertainties in model inputs into uncertainties
in model outputs, is currently a rapidly growing field in its
own right with entire journals dedicated to its study,?' and
some aspects of this work will be touched upon in Sec. IV
and V of this paper.

To illustrate the importance of incorporating uncertain-
ties into validation metrics, consider the progression of met-
ric visualizations discussed in Oberkampf ez al.,” reproduced
here in Fig. 1. At one end of the spectrum lies the purely
qualitative “viewgraph norm” comparison (Fig. 1(a)), which
consists of two figures separately visualizing (presumably
comparable) experimental data and simulation results. While
such an approach may provide useful insights into the gross
performance of the model, most often for experts in the prob-
lem under consideration who have already developed an
intuition for where the model is most likely to perform well
or poorly, it does not provide a quantitative assessment of
model fidelity. Judgments based on such visualizations are
always subjective, and easily influenced by the presentation
(e.g., due to choice of colors used in visualizing the data®).
Moreover, in many cases such as the comparisons of contour
plots as shown in Fig. 1(a), no information is (or can be)
included as to the experimental and model uncertainties,
which prevents one from determining whether any suggested
(dis)agreement is (un)fortuitous. A significantly improved
comparison is shown in Fig. 1(b), which directly visualizes
magnitudes and trends in both the measured and simulated
quantity of interest (the system response) as a function of a
given parameter (the system input). However, without inclu-
sion of uncertainties, the significance of differences between
model and experiment still cannot be assessed. Figs.
1(c)-1(e) address this issue through increasingly comprehen-
sive inclusion of uncertainties in both the input variable and
the measured and predicted system responses. This progres-
sion culminates in Fig. 1(f), which represents a robust quan-
titative comparison between the experiment and simulation.
Note that it transitions from separate plotting of the simu-
lated and measured responses as a function of the input vari-
able to plotting their difference, and that it includes
visualization of the total uncertainty in both the difference of
the predicted and measured SRQ and system input parameter
(here one and two standard deviation contours are visual-
ized). Although Fig. 1(f) contains the same information as
Fig. 1(e), it provides a clearer visualization of both the dis-
crepancy between model and experiment and the statistical
significance of this difference as a function of input parame-
ter, and as such forms the most robust basis for a validation
metric. Developing metrics (and their corresponding visual-
izations) of this form suitable for plasma turbulence model-
ing is the focus of Secs. IV-VI of this paper.
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As the above discussion makes clear, the process of vali-
dation rests upon comparisons of model predictions to exper-
imental data. The astute reader might therefore note a
contradiction between the necessity of experimental data for
validation, and the goal of much fusion-related validation
work, which is to build confidence in models used to predict
future experiments that lie outside the parameter space
spanned by current-day experiments. In the strictest and
most rigorous sense, validating a model for one experimental
condition or regime does not necessarily imply anything
about its predictive capability for regimes where it has not
been validated. Thus, demonstrating a model that works well
in describing current-day experiments does not necessarily
mean that it will perform as well in future burning plasma
experiments such as ITER. This tension is a specific instance
of a general challenge for validation research, namely,
understanding to what degree validation of a model for a
given area of parameter space enables meaningful extrapola-
tion of the model to other parameter regimes.

Although the tension between validation and extrapola-
tion has not been explicitly discussed much within the fusion
community to date, the implicit approach taken to resolving
it has been to focus on understanding the relevant underlying
physical processes in great detail, rather than investing heav-
ily in empirical models calibrated to current experiments.
This approach is based upon the idea that while the absolute
values of many plasma quantities (such as plasma volume,
density, temperature, etc.) will be different in future experi-
ments from current ones, many of the fundamental physical
processes governing the dynamics of those future plasmas
will be the same. Thus the focus of much current work is on
developing models of these processes built upon physical
understanding, and eliminating free parameters and depend-
encies determined by calibration of the models to current
experiments. This approach is mostly clearly seen in the
widespread use of various dimensionless parameters (such as
the ion-electron mass ratio m,;/m, and ratio of plasma thermal

input

(c) Including
Experimental FIG. 1. Illustration of validation met-
Uncertainty rics of increasing quality and utility.

Reprinted ~ with  permission  from
Oberkampf et al., App. Mech. Rev. 57,
345 (2004). Copyright 2004 ASME
Publishing.’
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to magnetic pressure 8 = 2uynT /B?) to characterize plasma
regimes, and formulation of model behavior in terms of scal-
ings with these dimensionless parameters. When combined
with application of dimensional analysis and scale invariance
techniques to the model equations, understanding gained
from the study of current-day experiments can be extrapo-
lated to future devices with increased confidence, in a man-
ner analogous to how wind tunnel experiments are used in
the design of aircraft and automobiles. This approach has
been employed with great success to advance our under-
standing of transport physics by combining data from multi-
ple experimental devices with different physical parameters
(size, density, temperature, etc.) but matched dimensionless
parameters.”> %> In this context, basic plasma physics and
smaller-scale experiments focused on specific plasma dy-
namics play a key role in MFE plasma model validation, by
enabling access to parameter regimes significantly different
than those obtainable in large high-power fusion experi-
ments. Such experiments also often allow use of diagnostic
approaches and measurement techniques not available on
larger devices, enabling testing of predictions of phenomena
which cannot otherwise be measured easily, if at all. While
the physics-based approach to model extrapolation offers
many advantages, it is important to keep in mind its key li-
mitation, which is that it presumes that no significant new
physics or dynamics arise in future devices that are not cap-
tured in the model equations. Thus, while confidence in
extrapolation to future regimes can be increased through bet-
ter physical understanding, there is no substitute for actual
experimental data for truly validating a model in the parame-
ter regime of interest.

lll. BASICS OF TURBULENCE AND TRANSPORT
MODELING IN MAGNETICALLY CONFINED FUSION
PLASMAS

One of the greatest challenges for plasma theory is devel-
oping an accurate understanding of plasma confinement: the
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physics which relates the equilibrium density » and tempera-
ture T of magnetically confined plasmas to externally applied
fueling and heating sources. Since plasma confinement in
most MFE devices is believed to be determined by plasma
turbulence, building, validating, and qualifying models of
this turbulence is essential for establishing an accurate predic-
tive capability for designing and optimizing future MFE devi-
ces. Given the importance of this topic to predicting future
performance, as well as the extensive active research efforts
in MFE plasma turbulence measurements, simulation, and
validation, we have chosen to use it as the example problem
for this tutorial. In this section, we briefly review the funda-
mental physics of plasma confinement and approaches taken
to modeling it, to inform the development of turbulent
transport validation metrics in Secs. IV and V. This discus-
sion is intended to provide a complete and concise introduc-
tion to turbulent transport in magnetically confined plasmas
for those who are not already expert in the area. Those who
are experts can likely skip ahead to Sec. III A for a discussion
of global transport metrics or Sec. IV for discussion of local
turbulence metrics.

There are a number of different approaches taken to
quantifying and understanding confinement in MFE-relevant
plasmas discussed in the literature, including the transport
and confinement chapters of the original'® and updated®’
ITER physics basis reports, which form the basis of the dis-
cussion here. The most basic measure of plasma confinement
is the energy confinement time 7, which is equal to the ratio
of the volume-integrated stored energy of the plasma
W, = [dV3nT to the injected power P;,. Since the total
fusion power produced in a given experiment is proportional
to the square of the stored energy, models which describe the
dependence of 1z on various global system parameters such
as toroidal magnetic field and total plasma current provide a
compact way of roughly predicting the net power production
(and thus performance) expected for a given device configu-
ration and heating scenario. A variety of empirical and ana-
Iytic scaling laws for 15 have been derived, which are often
used as measures of performance in current experiments. For
instance, the Hgo and Hog(y,») measures are the ratios of the
energy confinement time in a given plasma to the empirical
ITER89P'® or IPB98(y,2)20 scaling laws for t; which have
been extensively used in the design of ITER target scenar-
i0s.?® Each of these measures provides a basis for assessing
the level of confinement achieved in a given experiment
relative to what is required for a given ITER operational sce-
nario, and a significant fraction of current experimental work
is focused on demonstrating plasmas which can maintain
these normalized confinement levels in different operational
scenarios (such as non-inductive steady-state operation,®’
edge localized mode (ELM)*® suppression via application of
resonant magnetic perturbations,”® or operation in the pres-
ence of “ITER-like” metal walls®®).

While the energy confinement time provides a useful
global measure of plasma confinement, it is not sufficient for
accurate predictions of many important aspects of reactor
performance such as plasma stability, because it does not
contain information about the spatial variations or dynamics
of the equilibrium density and temperature profiles. In a
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toroidally axisymmetric plasma (to which we will restrict
our attention from here onwards), and absent large-scale
(i.e., device-size) instabilities such as sawteeth or tearing
modes, these profiles are approximately constant on closed
magnetic flux surfaces, essentially as a consequence of the
plasma equilibrium satisfying the force balance equation J
x B = VP which implies that B - VP = 0. However, as will
be seen below, small deviations and fluctuations about this
equilibrium result in particle, energy, and momentum fluxes
which transport the plasma across flux surfaces, limiting the
level of confinement achieved. Describing the relationship
between the dynamics of these kinetic profiles (i.e., the equi-
librium density, temperature, and rotation profiles) and their
associated sources and sinks is the goal of transport model-
ing, and the equations used to describe this relationship are
called the transport equations. These equations are generally
formulated as a set of one-dimensional (1D) fluid balance
equations of the form>'

dn) 1d(V'T))
G v dx TS o
daw) 1d(V' Q; dQy,,
<d[j> = W (dx J) + Hj d)tC + Sint,j + Samxja (2)
d(<R2>er > ”ij) 1d(V' Y T)
- ot T O
J

for each species (ions or electrons) j. Here, the brackets
denote an average over magnetic flux surface, W; = (3/2)
n;T; is the energy of species j, Qy,,(x) is a common toroidal
rotation frequency of all species, S, ; corresponds to the par-
ticle source and sink terms, S, to auxiliary (external) heat-
ing and fueling systems such as neutral beams or various
wave-based systems such as ion or electron cyclotron reso-
nance heating, S;,, to internal heating and cooling processes
such as ionization, recombination, radiation, and collisional
energy exchange, and 7 to auxiliary momentum sources.
The quantities I';, Q;, and II; correspond to the magnetic
flux-surface-averaged radial fluxes of particle, energy, and
toroidal angular momentum, respectively. There are a variety
of possible choices for radial coordinate x, each of which
provides a unique label for a given closed magnetic flux sur-
face. Two of the most common choices are the square root of
normalized toroidal magnetic flux p,,, = v/ Yror (X)/ 1or(@) OF
the normalized poloidal magnetic flux ¥y = {yy — (0)}/
{¥(a) — y(0)}, where y,,, and s are the unnormalized toroi-
dal and poloidal magnetic fluxes J"E dA passing through
the a surface labeled by x, respectively, and « is the label of
the last closed flux surface (LCFS).

Given these equations, and specifications of the vacuum
toroidal magnetic field, assorted initial and boundary condi-
tions, and auxiliary sources, one can then predict the evolu-
tion (or steady-state profiles) of the plasma equilibrium
density, temperature, rotation, and current, for a given model
of the plasma fluxes I';, Q;, and I1;. The level of plasma con-
finement obviously depends directly upon these fluxes—the
larger the fluxes (in particular, the energy flux Q), the faster
the energy leaves the system, and thus the poorer the
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confinement. The irreducible minimum for these fluxes is
determined by collisional diffusion, the details of which can
be derived via use of generalized Chapman—Enskog theory
in analogy to neutral fluids; this approach is detailed in the
classic review paper by Braginskii.**> The key difference
from neutral fluid collisional transport is that in a well-
magnetized plasma, the typical diffusive step-size for cross-
field (i.e., radial) transport is given the gyroradius p = vy /Q,
of the species in question (where vy = \/kgT/m and Q.
= ¢B/mc are the thermal velocity and cyclotron frequency,
respectively) rather than the mean free path 4, = vr [Veoll
(where v, is a collisional scattering rate), leading to radial
energy fluxes of the form Q = —nydT /dx, with y scaling as
0> Veo. In toroidal plasmas, additional complications arise
due to the 1/R,,,; dependence of the toroidal magnetic field
(where R, is the major radius) that leads to trapped par-
ticles and larger values of y. Collisional transport in this case
is described by neoclassical theory.**** The practical impli-
cation for toroidal MFE devices is that while this neoclassi-
cal transport is often an order of magnitude larger than
collisional processes in cylindrical geometry, it is still suffi-
ciently small that if it were the only process acting, the
needed confinement for net energy gain could be obtained in
relatively small devices.

Unfortunately, many tokamaks (as well as other MFE
devices) observe thermal confinement levels approxi-
mately 10-100 times worse than what is expected from
neoclassical transport theory. In most of these devices,
this difference is now commonly ascribed to the presence
of “microturbulence”—small scale (i.e., correlation
lengths much less than the plasma minor radius), small ampli-
tude (71/ny < 1 where 7 is the density fluctuation and ng the
equilibrium density) fluctuations driven by the inherent cross-
field gradients of the equilibrium plasma density, tempera-
ture, and rotation.**>° These fluctuations nonlinearly couple
and exhibit collective behavior which manifests as cross-field
fluxes of the form Q,,» = (3/2)(p ¥,) (where p=nT, p is the
pressure fluctuation, and v, the radial velocity fluctuation),
which act to reduce the driving equilibrium gradient(s) and
thereby limit confinement achieved. Given the number of
potential free energy sources—the cross-field gradients of
density, temperature, and toroidal rotation of multiple ions as
well as electrons—it is perhaps not surprising that a corre-
spondingly wide array of instabilities driven by these
gradients has been identified. These instabilities are often
classified by their dominant driving mechanism. In current
tokamak plasmas, the dominant instabilities are generally
observed to be the ion temperature gradient (ITG) mode
which operates on ion gyroradius p; scales and the corre-
sponding electron temperature gradient (ETG) mode which
operates on electron gyroradius p,. scales, as well as the
trapped electron mode (TEM) driven by both the electron
density and temperature gradients, and which spans the ion
and electron gyroradius scales (where it smoothly transitions
to the ETG mode). Beyond these modes, both resistive and
kinetic ballooning modes may be unstable (most often in the
near-edge and pedestal regions close to the LCFS of the
plasma), while microtearing modes may be unstable at suffi-
ciently high normalized plasma pressure 8 = 2uynT/B? and
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collisionality. In many (if not all experiments), multiple insta-
bilities are simultaneously present, operative, and nonlinearly
coupling with each other throughout the plasma. Thus, in
order to carry out accurate predictive transport modeling, we
must develop microturbulence models which can correctly
describe the dependence of the cross-field turbulent particle,
energy, and momentum fluxes on various driving gradients
and parameters as the mix of instabilities present changes.
Additional information on the physics of these instabilities
can be found in a variety of review articles and textbooks on
the subject, such as those by Horton®> and Weiland.*®

Because these instabilities generally have small ampli-
tudes, characteristic cross-field correlation lengths on the
order of 1-10 p; or smaller, much smaller than the plasma
minor radius a, and characteristic frequencies small relative
to the ion cyclotron frequency, they are most accurately
described via the coupled gyrokinetic-Maxwell equa-
tions.>"*” In their most common form, these equations
describe the self-consistent gyromotion-averaged dynamics
of small fluctuations f (X, 7, 7) in the ion and electron distri-
bution functions and their associated electromagnetic fields,
for a specified set of equilibrium electric and magnetic fields
and equilibrium kinetic distribution functions fy(X,7,1)
which include the radially varying equilibrium density, tem-
perature, and rotation profiles that drive the turbulence. This
model is often referred to as the “9f” formulation since it is
based upon the assumption that Jf = f /fo is a small parame-
ter on the same order as p/L, where p is the gyroradius of the
species in question, and L a characteristic equilibrium scale
length such as the major radius R,,,;, minor radius a, or an
equilibrium gradient scale length. A kinetic rather than fluid
approach is generally required for accurate description of
microturbulence in order to correctly capture important
velocity-space dynamics such as particle trapping and
Landau damping which play significant roles in determining
mode growth rates. However, sophisticated generalized fluid
equations have been developed which can approximately
capture the dominant gyroaveraging and velocity-space
effects through combinations of higher-order moments and
closure formulations.*®* The most sophisticated of these
gyrofluid models can accurately reproduce many characteris-
tics of the full gyrokinetic model (including electromagnetic,
geometric shaping, and collisional effects) at significantly
reduced computational cost.*®

Another important aspect of these equations is that in their
conventional “Jf” formulation (and corresponding gyrofluid
reductions), they can be derived as part of a formal expansion
theory in p* = p,/a, starting from the Fokker—Planck equa-
tion. This hierarchy can be summarized as requiring (in the
limit of small rotation) that:

1. to order unity, each equilibrium guiding-center distribu-
tion is a time-stationary Maxwellian with constant density
and temperature on a given magnetic flux surface,

2. to lst-order in p* fast, small-scale fluctuations in the
distribution function are described via the gyrokinetic
equations, while slowly varying, large-scale distribution
function fluctuations and corrections are described by the
drift-kinetic equation,
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3. to 2nd-order in p* the equilibrium profiles slowly evolve
due to the fluxes arising from the turbulent and neoclassi-
cal processes, as well as internal and external sources, as
described by the transport equations Egs. (1)—(3).

From the perspective of validation, the greatest advant-
age of this approach is that it provides a rigorous definition
of the conceptual model to be validated against experiment,
which provides clarity in formulating the desired compari-
sons. The primary drawback is that the idealized physical sit-
uation this ordering describes—the slow evolution of
equilibrium profiles on perfectly nested axisymmetric flux
surfaces due only to neoclassical and small-amplitude fluctu-
ations—is in practice almost never realized experimentally.
For example, large-amplitude fluctuations near the LCES,
non-axisymmetric equilibria arising from both internal (e.g.,
sawteeth®’ and tearing modes*®) and external (e.g., error
fields*” and resonant magnetic perturbations®”) processes,”®
and rapidly varying external heating sources operated in
feedback to maintain plasma performance" all lead to viola-
tions of the formal ordering outlined above in different
regions of the plasma. However, in many cases, these viola-
tions are weak, or localized to certain regions of the plasma,
and the underlying physical picture embodied in this model
is believed to represent a useful practical paradigm for
understanding and predicting plasma confinement.

As might be expected, there are very few (if any) ana-
lytic solutions to the gyrokinetic-Maxwell equations useful
for quantitative predictions of turbulent transport, and so
numerical solution (i.e., a code implementing the model) is
required. The most accurate solutions are obtained through
nonlinear, initial value simulations of either the gyrokinetic-
Maxwell equations or their fluid variants, analogous to direct
numerical simulation (DNS) of neutral fluid turbulence.
A variety of such codes have been developed, which can
generally be divided between those taking a continuum
approach®®>® and those that use particle-in-cell meth-
0ds.””%% As in neutral fluid DNS, both approaches initialize
the simulation with some very small amplitude fluctuations,
which first grow exponentially at the linear growth rate(s) of
the instabilities being considered (the “linear” phase), and
then saturate at a finite amplitude set by the balance of these
linear drives and nonlinear couplings between different
wavenumbers (the “saturated” phase). The statistics of vari-
ous quantities (such as mean energy flux or fluctuation
power) from this saturated phase are then used for transport
modeling predictions,®>** as well as comparisons with other
models and experiments in V&V studies. Implicit in this
approach is the assumption that the saturated phase repre-
sents a “statistical steady-state” from which well-converged
estimates of the quantities of interest can be made, and that
the results are independent of the initial conditions.
Appropriate calculation of these statistics and their related
uncertainties is discussed further in Secs. IV and V. Here, it
is important only to emphasize that for virtually any V&V
effort, it is only comparisons of these converged, initial-
condition independent quantities that are meaningful. Claims
based upon small averaging windows (or sample sizes) and
early simulation times have no physical value or relevance,
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regardless of the computational cost required to obtain those
results. Specifically for validation of plasma turbulence mod-
els, the appropriate comparison is between predictions of
assorted statistical quantities derived from simulation and
experimental data, and not specific time traces or “snapshot”
visualizations (i.e., viewgraph norm comparisons).

Since these nonlinear gyrokinetic simulations can
require 10* processor-hours or more (even 107 and beyond in
some cases®®®) to calculate the statistics at a single location
in the plasma, reduced models of the turbulence have been
developed which can make predictions on the processor-
minute or less timescale, to facilitate practical transport mod-
eling with feasible resource requirements. The general
approach of most such models is to decompose the turbulent
fluxes into two components along the lines of (using the ion
energy flux Q; as an example) Q; = (3/2)Re(} ;. p; lrk)
= (3/2)Re 3 RV (|5, 4|*) where the angular brackets denote
averaging over both magnetic flux surfaces and fast turbulent
timescales, and the sum is a sum over wavenumbers k. In these
models, the wavenumber-dependent ion pressure response
function R’;’ =pi; /0, is generally calculated via direct solu-
tion of linearized (gyro)fluid equations. It is then convolved
with a second model for the fluctuation spectral intensity
(|6,4)*) which may come from calibration of the model
against experimental data,%® analytic theory arguments,*®’%7!
or fits to databases of nonlinear simulations.*®’*”* The under-
lying physical motivation for this approach is that unlike
many neutral fluid turbulence systems, in the core region of
MFE-relevant core plasmas, the fluctuations saturate at small
amplitude and retain many of the linear wave characteristics
of the underlying instabilities. As discussed above, this
assumption of small amplitude levels often breaks down
toward the LCFS, limiting the region of plasma to which these
models can be appropriately applied. Obviously such
“quasilinear” approaches contain many more approximations
than the DNS approach, and as such effectively constitute sep-
arate conceptual models than the DNS approach. Nonetheless,
they also often provide sufficient experimental fidelity at such
greatly reduced computational cost as to currently be the only
practical models for predictive and interpretive transport mod-
eling. Finally, one should note that both approaches implicitly
assume that there is a single, unique nonlinear solution for the
specified input parameters. While to the author’s knowledge
there are no known counterexamples that disprove this
assumption for numerical converged simulations of gyrofluid
or gyrokinetic simulations, the possibility of multiple physical
solutions cannot be formally ruled out.

More extensive discussions of the underlying physics of
the various microturbulence-relevant instabilities are avail-
able in a wide variety of review articles and textbooks such
as Refs. 35 and 36, and further details on their dynamics can
be found therein. For the purposes of this paper, we need to
consider only one particular defining feature of their dynam-
ics—a hypersensitivity to the primary driving gradient. In
many cases (most notably the ITG and ETG modes), there is
a critical value of the driving gradient that must be exceeded
for the mode to become unstable. Moreover, once this gradi-
ent is exceeded, the turbulent fluxes are observed to increase
superlinearly, whereas the neoclassical collisional fluxes
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scale linearly with driving gradients (Fig. 2). This phenom-
enon is often referred to as transport stiffness in the literature
(see, e.g., Refs. 74-78), and has two important implications.
Experimentally, stiff transport means that once the critical
gradient has been exceeded, it becomes increasingly hard to
increase the core pressure by increased heating (hence the
term stiff). From a modeling standpoint, first note that most
microturbulence models predict the turbulent fluxes and fluc-
tuation levels for a given (i.e., input) set of local parameters
and gradients. The inherent stiffness of the turbulence mag-
nifies any uncertainty in the driving gradient(s) into larger
uncertainties in the predicted quantities, which must be
included in any comparison against measured values of the
predicted quantities. Confronting this property of the turbu-
lence is therefore essential for any useful turbulent transport
validation metric, and is discussed in detail in Sec. IV B.
Note that since experimental determinations of these gra-
dients are obtained from derivatives of profile measurements,
the gradients can have non-negligible uncertainties even if
the profile measurements themselves have small
uncertainties.

A. Historical transport modeling metrics

Historically, the first widely utilized validation metrics
in MFE transport and turbulence modeling were the six
“figures of merit” detailed in the ITER physics basis,'® listed
in Table II. Most of these metrics are focused only upon core
confinement, often defined as the region inside of some
boundary radius pgc (=0.9 in the ITER physics basis analy-
sis). Of these six metrics, the most commonly used are met-
ric 1, the ratio of predicted to measured incremental stored
energy W;,. (Fig. 3), and metric 6, the normalized mean off-
set and root-mean-square (RMS) error between individual
predicted and measured profiles.

These metrics have several appealing features.
Foremost, they all have fairly simple mathematical forms
corresponding to basic statistical measures (e.g., means and
standard deviations). They are therefore easily accessible to
a broad audience, particularly non-experts. The value of such

criticals
. 1
gradient:

flux

neoclassical flux

gradient

FIG. 2. Schematic illustration of transport stiffness, showing the scaling of
the total energy flux (—) as a function of driving gradient. Once the critical
gradient (— — —) for a given microturbulence instability is exceeded, the tur-
bulent flux (red line) rapidly increases and quickly exceeds the neoclassical
flux (blue line) to become the dominant component of the total flux.
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TABLE II. ITER physics basis figures of merit for evaluating transport mod-
els. Adapted with permission from ITER Physics Basis Expert Groups on
Confinement and Transport and Confinement Modelling and Database and
ITER ll’(tlysics Basis Editors, Nucl. Fusion 39, 2175 (1999). Copyright 1999
TAEA.
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simplicity and accessibility should not be underestimated,
particularly for communicating the results of validation stud-
ies to management and decision-makers that may be
removed from details of day-to-day research. These metrics
also focus on quantifying the ability of transport models to
accurately predict the key global measures of reactor per-
formance, such as stored energy and <ﬁ2> & Qfusion, Which
are the bottom-line quantities such modeling is intended to
predict. However, the metrics also have several drawbacks.
First, only figure of merit 4, which to the author’s knowledge
has not been widely used in published MFE transport model-
ing validation studies, incorporates any estimate of experi-
mental or model uncertainties. Previous studies using other
figures of merit implicitly address this issue by assessing
model performance using databases of experimental dis-
charges (including those assembled by the ITER Topical
Physics Activity Transport and Confinement working
group’?), and looking at ensemble statistics of the metrics
(illustrated in Fig. 4), but this approach is not a completely

satisfying  substitute for explicitly confronting the
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FIG. 3. Schematic illustration of the fraction of plasma pressure which con-
tributes to the incremental stored energy W;,., using the pgc = 0.9 boundary
condition of Ref. 16.



060901-9

C. Holland

Wedland Mul- GLF23
mods

F&WPLIFSJEIZ‘PLCDW ALW ALWB Culham

PapEy Im- TI1SET
Model

0.5
- BHGELM
0.4+ BHSELM
E 5 - OL-Mode
E 0.3}
g | (
§ 0.2+ |
2
0.1 | I
| i

Phys. Plasmas 23, 060901 (2016)

o Welland Muli- GLF23
mode

(b)

IFS/PPPL IFSPPPLCDBM RLW RLWSB Culham Mixed- T11/SET
no ExB Ex8 shear

Model

FIG. 4. Calculations of ensemble-averaged (a) incremental stored energy ratio (Figure of Merit 1) and (b) STD error (Figure of Merit 6a) in predicted 7; pro-
files for a variety of transport models and confinement scenarios. Reprinted with permission from ITER Physics Basis Expert Groups on Confinement and
Transport and Confinement Modelling and Database and ITER Physics Basis Editors, Nucl. Fusion 39, 2175 (1999). Copyright 1999 IAEA.'®

uncertainties in the measurements of each discharge mod-
eled. Second, because all of these metrics are global (in that
they average over the entire simulation domain), one cannot
easily determine where (or why) the model disagrees with
the experiment. Namely, from these metrics alone one could
not discriminate between a case where the model had only a
significant error in a small fraction of the domain, or was off
by a uniform amount everywhere. Finally, and most impor-
tantly for MFE transport modeling where the implicit
assumption is that validation against current experiments
will enable more confident extrapolation to the prediction of
future regimes, there is no clear connection to the underlying
turbulence physics which is presumably determining the
confinement. Thus, it is hard to determine whether model
performance (particularly good performance) is due to a suf-
ficient underlying understanding and encapsulation of the
relevant physics, or is simply (un)fortuitous. Addressing
these issues requires local turbulence-focused (rather than
global transport and confinement) metrics.

IV. BUILDING ROBUST LOCAL TURBULENT
TRANSPORT VALIDATION METRICS

In order to go beyond the global transport metrics
discussed in Sec. III A, we must construct metrics that will
allow us to systematically quantify and compare the experi-
mental fidelity of different turbulence models at multiple
radial locations in multiple tokamak discharges. Building
upon the discussions of Secs. II and III, and drawing from
experience gained by the community in performing gyroki-
netic validation exercises over roughly the last decade, we
can identify a set of criteria that these metrics should meet,
beyond those outlined in Sec. II;

1. The metrics should utilize simple mathematical formulas to
make the results as transparent as possible to non-experts.
The initial set of metrics should be easily extensible to
incorporate comparisons of additional quantities.

. Calculation of the metrics should be practical for use with
nonlinear gyrokinetic simulations, which can individually
require 1000 or more core-hours to obtain converged
results.

. The fundamental challenge for validating plasma micro-
turbulence models—the interplay between stiff model

2.

responses and experimental uncertainties in equilibrium
profiles and gradients—is explicitly incorporated into the
metric design.

In order to address these issues, the plasma microturbu-
lence community has begun to converge on a common
approach of using local sensitivity plots for presenting verifi-
cation®*®! and validation'”'® results. In this approach, one
identifies a single input parameter (often the driving gradient
of the dominant microinstability), and performs a discrete set
of simulations in which this parameter is systematically var-
ied about the experimental value, holding all other model
inputs fixed. A typical example is shown in Fig. 5(a), where
results from (effectively) three different models of ITG dom-
inant transport are compared against an independent power
balance flux calculation as a function of the normalized ion
temperature gradient R/Ly; = —(R/T;)dT;/dx, also known
as the normalized inverse ion temperature gradient scale
length. Here we have used the major radius R to normalize
the ion temperature scale length since we are most often con-
cerned with the curvature-driven ITG instability in tokamak
plasmas. As R serves to parameterize the strength of the
toroidal curvature and corresponding drift velocity, R/Ly; is
the dimensionless control parameter that appears in analytic
calculations of the mode growth rate, rather than simply
dT;/dx or 1/Ly;. Other common normalization choices
include the plasma minor radius a and density scale length
L, (particularly for the slab ITG instability). It is important
to note that this discussion implicitly assumes a local model
of the turbulence, in which the local turbulence properties
(including cross-field fluxes) depend only upon the local gra-
dients and other plasma parameters. A full discussion of
local versus nonlocal turbulence models is beyond the scope
of this paper; we focus on the local approach here since it is
widely used in both turbulence and transport modeling, and
note that the conceptual approach to validation described in
this paper can be readily adapted to nonlocal turbulence and
transport modeling.

This sensitivity plot approach was first published as a
means of plasma microturbulence validation studies in a pair
of seminal papers by Ross and co-workers,'”'® and then
utilized in a number of subsequent studies.®®**** Many
other validation studies have assessed the sensitivity of
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inputs but not explicitly presented the results in the form
shown in Fig. 5. For the purposes of this paper, we note that
this approach meets all of the desired criteria for a validation
metric except for explicit inclusion of experimental and
modeling uncertainties. In fact, there are three specific sets
of uncertainties that must be quantified and incorporated into
the metric:

1. The uncertainty in the power balance flux calculation (or
more generally the measured system response quantity in
the language of Oberkampf et al.*'*1%).

2. The uncertainty in the measurement of the local normal-
ized driving gradient (the system input quantity).

3. And the uncertainty in the simulation predictions of the
flux (the predicted system response quantity).

Quantifying the uncertainty in each of the quantities is a
challenging process that requires careful consideration, and
is discussed further below in Secs. IV A-IV C.

As will be discussed further in Sec. IV A, direct measure-
ments of core tokamak cross-field fluxes are virtually non-
existent, and what are commonly termed the “experimental
fluxes” are in fact the results of power balance calculations
performed independently of the turbulence modeling. An im-
portant implication of this lack of direct flux measurements is
that the comparison between power balance and turbulence
model fluxes presented in Fig. 5(a) cannot rigorously be inter-
preted as a validation of the turbulence model, since it
involves the comparison of two computational model outputs
rather than a computational model to experiment. However,
one can interpret Fig. 5(a) as a validation of a joint power bal-
ance and turbulence model calculation. In this view, the joint
model calculation yields the prediction of a local inverse gra-
dient scale length R/L3™ (or whichever other input quantity
was varied) at which the separate power balance and turbu-
lence models fluxes are equal to each other, which can be
compared with the corresponding measured gradient scale
length R/L7?". To the extent one has confidence in the power
balance analysis, such a comparison becomes primarily (but
never entirely) an assessment of turbulence model fidelity.
This interpretation of the local sensitivity plot approach is
used to formulate a quantitative metric based upon the differ-
ence of R/L™ and R/L7!" in Sec. IVE. In order to remove
the dependence upon the power balance analysis, sensitivity
plots comparing predictions for directly measured turbulence
characteristics can also be made, such as is shown in Fig.
5(b). These calculations and their associated challenges are
discussed in Sec. V. Finally, we note that a key advantage of

the local approach and local simulations is that they allow
one to decouple variations in the local value of dT;/dx from
variations in T; itself, and thus one can isolate the impact of
variations in the relevant control parameter R/L; while hold-
ing T; and its associated dimensionless quantities that appear
in the gyrokinetic equations such as T;/T, fixed. Therefore, in
the discussions that follow which focus upon the local
approach, variations in d7;/dx are implicitly assumed to be
performed at fixed 7;, and we will treat discussions of varia-
tions or uncertainties in the local value of dT;/dx as equiva-
lent to those in R /Ly; unless otherwise noted.

A. Quantifying uncertainties in power balance fluxes

The most common assessments in plasma microturbu-
lence validation studies are comparisons of the predicted mag-
netic flux-surface averaged particle, energy, and momentum
fluxes to what are often referred to as the experimental values.
However, this label is incorrect, as in the core of MFE-relevant
plasmas, such fluxes are never directly measured—there is no
diagnostic capable of measuring these quantities that could sur-
vive at or access the multi-keV core plasma temperatures.
Instead, the turbulence model predictions are compared with
independent power balance calculations, which first calculate
internal S;,,(x) and auxiliary source Sg,,(x) terms, and then
calculate fluxes from the transport equations, e.g.,

d
- W), o)

1
Ors (X) = VJ d3x/ 4 (Sint + Saux F

0
where V(x) is the plasma volume enclosed within the flux
surface labeled by x and V'(x) = dV /dx is the surface area of
that flux surface. The dW/dt terms on the right-hand side
related to the temporal evolution of the kinetic quantities are
often small relative to the internal and auxiliary source terms
and so are frequently neglected in the calculation of Qpp.
Verification and validation of the various codes and models
used in these power balance calculations are challenging
exercises in their own right, and it is essential to always bear
in mind that the lack of direct measurements of local fluxes
is a significant constraint on the validation of these tools.
However, through combinations of extensive verification
exercises,”” global cross-checks (e.g., comparisons of pre-
dicted and measured neutron production rates to constrain
fast ion densities injected by neutral beams’®® or hard
X-ray emissions associated with interactions between fast
electrons and lower hybrid, electron cyclotron, and ion cy-
clotron waves”*'°") and comparisons with both measured
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changes in equilibrium profiles''% and core fluctua-
tions,'*”"'%® quantitative confidence in these models to a fairly
high level has been established for many operating conditions
of interest. Nonetheless, power balance analyses are still sub-
ject to significant aleatory (i.e., statistical) and systematic
uncertainties.

One can identify two main sources of uncertainties in
power balance calculations. The first is the inherent statisti-
cal uncertainty due to uncertainties in the magnetic and
kinetic equilibrium profiles input to the power balance analy-
sis. For instance, both the ion and electron energy transport
equations (as defined for each species by Eq. (2)) have an in-
ternal source term related to collisional inter-species energy
transfer Sg%’h = n¢(Tije — Tei)/Tei» Where t,; is the electron-
ion collision time. Obviously, any uncertainties in the plasma
density or temperatures will translate directly into an uncer-
tainty in this exchange term, and its corresponding contribu-
tions to the energy fluxes. In dense, highly coupled plasmas
(such as is expected for ITER or a future fusion reactor), this
exchange term can be a dominant component in the total
power balance analysis of the individual ion and electron
energy channels. Therefore, if there is a large uncertainty in
this term, it can be impossible to determine the relative
amounts of power transported through the ion and electron
channels with confidence, even though the total energy flow
is well known since the ion and electron exchange terms
exactly cancel when Eq. (2) is summed over all species. If
this ratio of ion to electron energy fluxes cannot be deter-
mined with confidence, it is unlikely that comparisons with
turbulence models (which make specific predictions of this
ratio based upon the mixture of underlying instabilities) will
be of significant validation utility.

In order to formally determine these power balance
uncertainties, one must first construct probability distribution
functions (PDFs) for the various magnetic and kinetic pro-
files, and then propagate these PDFs through the power
balance model to yield PDFs of source and flux profiles. In
practice, what is commonly done is to create an ensemble of
equilibrium profiles, from which an ensemble of power
balance calculations can be made, the statistics of which are
used to calculate the (mean) source terms and their uncer-
tainties (generally quantified as the standard deviation of the
ensemble). Obviously the key to obtaining meaningful
results through this method lies in appropriate construction
of the profile ensembles. For most experimental MFE situa-
tions, there are two (non-exclusive) approaches to generating
these ensembles. First, recognizing that the equilibrium pro-
files to be used are almost always parameterized fits (usually
via various splines or polynomials) to experimental point
measurements, one can transform the uncertainties in the
measured data points into uncertainties in the fits. This prop-
agation can be achieved in principle through the computa-
tional fitting routines themselves, or more commonly by a
Monte Carlo approach in which ensembles of data points are
generated by randomly varying each point in proportion to
the quoted uncertainty, and then generating corresponding
ensembles of fits. Measurement of different kinetic profiles
requires use of different diagnostic techniques,'®"''* such
as Thomson scattering, reflectometry, electron cyclotron
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emission (ECE), charge exchange recombination (CER), X-
ray crystal spectroscopy (XCIS), and motional Stark effect
polarimetry (MSE). Each such technique has its own chal-
lenges and uncertainties that must be understood and incor-
porated for this uncertainty quantification approach to be
meaningful. An example of this approach can be seen in
White ef al.''" in which a 100-element ensemble of profiles
“sets” was propagated through the ONETWO power balance
code''? to generate a corresponding ensemble of power bal-
ance fluxes and thermal diffusivities.

In the second approach, the temporal variation of the
measurements is used to generate the ensemble. The full
experimental time-averaging window is broken up into a
series of subwindows (whose length is often set by the sam-
pling rate of the slowest relevant profile diagnostic), and
profile fits to the measurements in each subwindow are gen-
erated to create an ensemble of time slices. An example of
this approach is shown in Fig. 6, where a 11-element profile
fit ensemble is generated by decomposing temperature
profile point data from a typical DIII-D'®!' L-mode dis-
charge''*!"* collected over 220 ms into eleven 20ms sub-
windows, and fitting the profile point data in each
subwindow (Fig. 6(a)) via splines. The ONETWO code is
then used to calculate a power balance analysis for each sub-
window, and the statistics of this temporal ensemble is uti-
lized to calculate the uncertainty in the fluxes (Fig. 6(b)).
Here, a 95% confidence interval is calculated via

o5 = (0.025,N) (5)

where * is Student’s f-statistic, oy, is the standard devia-
tion of the ensemble of R/L; profiles derived from the fits to
the experimental data, and N the number of elements in the
ensemble (N =11 here). For the case shown in Fig. 6, note
that although there is quite small statistical uncertainty in the
mean temperature profiles, the variations are still large
enough that the power balance 95% confidence intervals cor-
respond to an approximately 10% uncertainty in the energy
fluxes at larger radii (p;,, > 0.5). One could also apply this
approach to comparable time windows from multiple
“repeat” discharges which hold equilibrium parameters and
profiles constant across each discharge.

In addition to these inherent statistical uncertainties, one
must also consider potential systematic uncertainties and
errors in the power balance analysis. To illustrate the chal-
lenges in quantifying these uncertainties and errors more con-
cretely, consider the various individual source and sink terms
of the electron energy transport equation in the same DIII-D
discharge, illustrated in Fig. 7. The net electron heating
source (and thus energy flux) is composed of four terms:
direct heating of the electrons by collisions with injected fast
neutral deuterium beams, resistive Ohmic heating, collision
energy exchange with the plasma thermal ion populations,
and radiation. The calculation of these individual terms will
only be as good as the individual models and assumptions
used. In these calculations, propagation of the ensemble of
profiles shown in Fig. 6 enables calculation of the
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corresponding statistical uncertainties of each term, denoted
by the shaded bands. However, potential systematic errors in
the calculations could arise from a variety of sources, such
as:

1. Choice of fast beam ion slowing down and equilibration
model.

I eIeCtrlon enelrgy sources
S, (10° W/em®)

beam heating

ohmic heating

ion-electron

collisional exchange
DIII-D 128913 1500 ms
1 1

0.0 0.2 0.4 0.6 0.8
Por

FIG. 7. Illustration of various components of total electron energy source
term S, and their uncertainties, for the ensemble of fits and corresponding
power balance analysis shown in Fig. 6.

1.0

. Anomalous fast ion transport, most often due to Alfvén
eigenmodes, which would broaden the beam heating
profile.''?

. The availability and quality of measured, calibrated radia-
tion profiles to be used as inputs.

. Correct reconstruction of the current profile in the
magnetic equilibrium calculation.

. Choice of resistivity model and code used (i.e.,
Chang—Hinton analytic theory,116 NCLASS, ' NEO,118
etc.).

. Uncertainties or errors in the effective charge Z,f
=>",¢*n:/ > qini (and resulting uncertainties or errors
in t,;) which impact both the Ohmic heating calculation
and collisional exchange term.

. Systematic errors or biases in the profiles fits due to
choice of fitting form or algorithm (discussed further in
Sec. IV B).

Similar issues arise in the calculation of other source
terms of other profiles; particularly important are charge-
exchange and prompt fast ion losses in the calculation of ion
thermal and momentum sources, and edge neutral penetra-
tion and ionization in determining the total particle flux. As
with most systematic errors, one can only try to minimize
these errors through judicious choice of appropriate models
and experimental design, and maintain awareness of them in
interpreting results.

B. Quantifying the uncertainty in the local driving
gradient

Equally important to quantifying the uncertainty in the
power balance calculations is quantifying the uncertainty in
the driving gradient (or other model input parameter under
consideration) a particular local sensitivity analysis is focus-
ing upon. Knowledge of this uncertainty is essential regard-
less of whether one is approaching the problem in terms of
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predicting fluxes and fluctuations, in which case the gradient
uncertainty translates into the dominant turbulence model
input uncertainty, or as a joint power balance-turbulence
model prediction of the local gradients, whose sensitivity is
obviously limited by the uncertainty in the measured local
gradient. For most MFE experiments and conditions, the key
challenge for quantifying this uncertainty arises from the
fact that the equilibrium kinetic profiles used in turbulence
and transport modeling are generally smoothly varying fits to
assorted point measurements, as discussed in Sec. IV A.
These fits are made not just for convenience of analysis, but
also reflect an underlying assumption (embodied in the
gyrokinetic formulation described above in Sec. III) that the
equilibrium profiles vary slowly (relative to turbulent fluctu-
ations) spatially as well as temporally.

Fig. 8 shows R/Ly; calculated from both the ensemble of
spline fits and direct finite difference of the CER point meas-
urements shown in Fig. 6(a). The horizontal error bars on the
point values of R/Ly; equal the radial separation of the chan-
nels used in the finite differencing calculation. One can im-
mediately see that while spline fit R/Ly; profile captures the
bulk trend of the point measurements, it by design does not
capture the rapid radial variation and scatter of the point
measurements. At the same time, one can see that the 95%
confidence interval of the spline fits is both much smaller
than the variations of the point measurements, and itself has
non-negligible radial variations arising from the locations of
the spline knots. Thus, neither approach is fully satisfactory
for quantifying the uncertainty in either the local gradients or
inverse gradient scale lengths. In practice, to the extent these
uncertainties are considered in transport and modeling analy-
sis, the fit ensemble approach is more commonly used, most
frequently simply using the standard deviation of the ensem-
ble to estimate the uncertainty.

Obviously, this issue is one that could benefit from fur-
ther study and work toward a common, community-accepted
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FIG. 8. Calculation of R/Ly; from data and fits shown in Fig. 6(a). The cal-
culation of R/Ly; from direct finite differencing of the measurements is plot-
ted as (x), with associated horizontal bars indicating the separation of CER
channels differenced to obtain that point. Calculations of R/Ly; from indi-
vidual member profile fits are plotted as (red dashed line), and the ensemble
mean as (red line). The shaded region bounded by solid lines denotes the
95% confidence interval on the ensemble mean R/Ly;. Additional bounded
shaded regions indicate the uncertainty intervals associated with &}7 > =
19% (blue dashed line) and 85 = 43% (gray dashed line).
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approach to quantifying these crucial uncertainties. If the
current ensemble statistics approach is not deemed sufficient,
one might consider utilizing a uniform fractional uncertainty
in the gradients based on the radially averaged ratio of the
95% confidence interval to the mean spline R/Ly;

5avg95 _ lr dr &5_ (6)
Y Ry

or a RMS fractional difference between the point measure-
ments and spline R/Ly; profile fits

RMS __
5LTi =\l

1 Ja dr R/L‘TI‘L:[“ B R/L];lt (7)
fit
@Jo R/Ly;

Both of these suggested measures are based upon the idea of
using radial averaging to smooth out the fast variations of
R/L7; and its associated confidence interval due to either the
spline knot locations or inherent scatter of the point measure-
ments, at the cost of sacrificing information about physically
meaningful radial variations in the uncertainty of the local
R/Ly; value. The results of applying Eqgs. (6) and (7) to the
data shown in Fig. 8 yield values of o} =19% and
(512%5 = 43%; these results are also illustrated by additional
shaded regions in Fig. 8. Alternatively, a more modest radial
smoothing could be utilized, although this would require
identification of some objective method for selecting the
smoothing function and width. More generally, it would be
desirable to increase utilization of more sophisticated fitting
and uncertainty quantification techniques that have been
developed in other communities. One promising technique in
this vein is Gaussian process regression (GPR),!"? which
takes a Bayesian approach to determining the probability dis-
tribution function of the profile and its gradient. Chilenski
et al.'** have recently applied this technique to modeling of
impurity transport in the Alcator C-mod tokamak, and adap-
tation of the approach to other studies appears tractable.
Certainly further study of GPR, and more detailed assess-
ments of its potential benefits and costs relative to traditional
MEE profile-fitting algorithms, is warranted. It should also
be noted that for some profiles, multiple independent diag-
nostics are often combined (such as Thomson scattering and
electron cyclotron emission for measurements of 7, profiles)
to increase confidence in the final fit. In such cases, the use
of integrated data assessment (IDA) techniques'?'™'?* can
enable significantly improved estimates of profile and gradi-
ent uncertainties. Finally, in some experiments, it is possible
to use small “jogs” or scans of the plasma through the diag-
nostic viewing locations to obtain more smoothly varying
profile (and thus gradient) measurements;'*> similar results
for diagnostics such as ECE can be obtained through small
variations in toroidal field strength.'?°

C. Quantifying the uncertainty in the simulation
predictions

The third group of uncertainties that we must quantify is
the simulation output uncertainties. For nonlinear initial-value
simulations, one source of such uncertainty arises from the
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time-averaging of the simulation results, which as described
above is necessary for any meaningful V&V study. To see
how one should address and quantify these particular uncer-
tainties, consider the time trace of the magnetic flux-surface
averaged ion energy flux Q; from a nonlinear gyrokinetic sim-
ulation of a DIII-D discharge shown in Fig. 9(a). Q; is output
every At = la/c; (where ¢y = \/kgT,/m; is the ion sound
speed), and the thick bar indicates the mean value of Q; =
1.26 W/cm? averaged over the time window of 200a/
¢s <t <600a/cs. Note that the averaging does not begin
until after the initial transients have damped away and the
early linear physics (exponential growth) phase has ended.
Although there is no easy formal rule for defining when this
linear phase ends and the nonlinear phase of physical interest
begins, the practical rule of thumb to use is that any quoted
results should be insensitive to the choice of averaging
window endpoints. More broadly, any nonlinear initial value
simulations used in V&V studies should be run for sufficiently
long times that the uncertainty associated with the time-
averaging is subdominant relative to all of the other sources of
input and output uncertainty, since it is (relatively speaking)
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FIG. 9. (a) Time trace of Q; from gyrokinetic simulation of a DIII-D dis-
charge. The thick line (—) indicates the average value over the window
200a/c; <t < 600a/cy, and the thin lines (red line) indicate mean values
of sequential 50 a/c; subaveraging windows. Adapted from Phys. Plasmas
18, 056113 (2011). Copyright 2011 AIP Publishing LLC. (b) Contour plot
of mean Q; values averaged over the window fyqy <t < tyar + Lavg, for ar-
bitrary values of #y,, and t,,,. The average value is seen to be insensitive to
the choice of specific averaging window when ., > 150a/c; and
tavg > 100 a/cy, indicated by (— —-).
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one of the most straightforward to minimize. Toward this end,
average values of Q; for all possible choices of averaging win-
dow, parameterized in terms of starting time #y,,, and averag-
ing window size f,,,, are shown in Fig. 9(b). So long as the
initial transient linear phase (1 < 150 a/c) is not included, and
a sufficiently long averaging window (f4, > 100a/c;) is uti-
lized, the exact values of the time-averaged ion energy flux
are insensitive to the choices made.

Although Fig. 9(b) suggests that the time-averaging
uncertainty in the mean value of Q; is “small” for appropri-
ately chosen averaging windows, a more rigorous and impar-
tial means of quantifying this uncertainty is needed. To date,
there has not been a widely adopted common approach to
this question within the MFE turbulence community. One
possible approach is illustrated by the series of thin horizon-
tal lines plotted in Fig. 9(a), which mirrors standard experi-
mental signal processing techniques. In this approach, the
full averaging window is first decomposed into a series of
sequential subwindows, each of which is chosen to be long
enough to average over fast variations, such that the mean
values of Q; calculated for each subwindow can be taken to
form an ensemble of uncorrelated, independent estimates of
the “true” mean value of Q;. The uncertainty in this “true”
mean value is then taken to be the standard deviation of the

mean gy = \/Zjvzl (Qij — 0,)*/N? (where Q;, is the mean
value of Q; in the j-th subwindow, and Q_,» ensemble mean
value), calculated from the ensemble of subwindow means.
For the particular Q; timeseries shown in Fig. 9(a), applying
this approach to a full averaging window of 200a/c; <t <
600a/c; with 50a/c; subwindows yields a mean Q; of
1.26 W/cm? with ¢, = 0.03 W/cm?. While there have been
some efforts to formalize this approach,'?’ there remains a
significant opportunity and need to develop more rigorous
algorithms for identifying appropriate time-averaging win-
dows and their corresponding uncertainties. Future studies in
this direction should look to draw upon the experiences and
expertise of other communities which routinely utilize initial
value nonlinear fluid turbulence simulations.

In applying this subwindowing technique, one should
note that it assumes that the simulation saturates about a con-
stant mean value that is large relative to amplitude of the fluc-
tuations about that mean level. Such a result is often obtained
for cases when the plasma is robustly unstable. However, for
cases near marginal stability (R/Ly; ~ R/Lri ), gyrokinetic
simulation outputs are often observed to exhibit slow secular
dynamics and significantly skewed fluctuations about mean
values. For such cases, there is no commonly accepted meth-
odology in the MFE community known to the author of cal-
culating a well-justified mean value (in terms of choosing an
averaging window) or associated uncertainty. Given the inter-
est in improving predictions of ITER and reactor plasmas
which are expected to lie in such a near-marginal regime over
much of the plasma volume, it is clear that more work is
needed to define appropriate analysis and uncertainty quanti-
fication methods for such cases.

Beyond these finite time-averaging uncertainties, there
will be additional uncertainties in the model outputs due to
uncertainties in any model inputs other than the control
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variable under consideration. In the context of the discussion
thus far, these would be uncertainties in any model inputs
other than R/Ly;. In particular, uncertainties in other key
instability-drive gradients such as the electron temperature
(R/Lr,) and density (R/L,), as well as the equilibrium ExB
shearing rate Yz (which in general suppresses the turbu-
lence'*®'?%) and key dimensionless parameters such as mag-
netic safety factor ¢, magnetic shear s = (x/q)dq/dx, and
impurity fraction (sometimes expressed in terms of Z4) can
yield significant uncertainties in model outputs. These uncer-
tainties exist for both nonlinear initial value turbulence simu-
lations as well as purely deterministic reduced turbulent
transport models. Figure 10 shows values of Q; predicted by
GYRO simulations of an ITG-dominant DIII-D L-mode dis-
charge for the nominal “base case” parameters, along with
+25% variations in R/Lyi, R/Lre, R/L,, and g, all of
which are within experimental uncertainties. One can see
that the model exhibits a nonlinear response to changes in
these parameters as well as in R/Ly; (i.e., a +25% variation
in any input does not necessarily yield a uniform = X%
change in Q;), which significantly complicates formulation
of a simple statistical uncertainty estimate. Moreover, each
such variation requires its own execution of the model,
which quickly becomes prohibitively expensive on currently
available computing platforms for nonlinear gyrokinetic sim-
ulations. In addition, “cross-terms” and couplings between
different parameters are possible (due to, e.g., a mix of
strong ITG and TEM instabilities being simultaneously pres-
ent in the simulation) that may not be well captured by vary-
ing each input individually. Given these challenges, there is
currently no widely used practical and robust model for esti-
mating such uncertainties for gyrokinetic simulations, and to
the author’s knowledge no significant exploration of poten-
tial methods for use with computationally cheap reduced
models has been undertaken. As such, it represents one of
the ripest areas for more research and collaboration between
the MFE community and broader computer science, applied
math, and UQ communities. Whether next-generation exas-
cale computing platforms can be profitably engaged to pro-
ductively address this challenge remains to be seen.
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FIG. 10. Illustration of sensitivity of GYRO predictions of Q; to £25%
changes in R/Lz;, Rir,, Rpy, and yg,p.
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Finally, we note that one could also potentially classify
numerical errors due to effects such as finite grid resolution,
boundary conditions, domain size, source and sink terms, or
the accuracy of the time-integration scheme as a third source
of contributions to model output uncertainties. However,
since these are more properly viewed as (hopefully known
and minimized when feasible) systematic errors rather than
uncertainties, we do not consider them further. In cases
where sufficient computational resources are not available to
minimize these errors, it is important to include them in the
formulation of the validation metrics.

D. Example: Quantifying local gyrokinetic
performance in DIlI-D L-mode discharges

In order to illustrate the practical application of the local
sensitivity plot analysis combined with uncertainty quantifica-
tion to a “real-world” validation problem, we consider in this
section an assessment of gyrokinetic predictions of ion and
electron energy fluxes at different radii in a set of seven
DIII-D neutral beam heated L-mode discharges. Experimental
details of these discharges can be found in Refs. 111, 114,
130, and 131, and key global experimental parameters are
summarized in Table III. Each of these discharges was per-
formed as part of a coordinated transport model validation
effort by the DIII-D experimental team, with particular atten-
tion paid to obtaining comprehensive, well-converged profile
and fluctuation measurements in repeatable conditions.

For each case, the experimental data are averaged over at
least 200 ms during which the plasma is slowly evolving, and
uncertainties in experimental profiles, gradients, and power
balance calculations estimated by ensemble calculations gener-
ated from subdivision of the full averaging window into 20 ms
subwindows. Uncertainties in R /Ly; are calculated using o77',
defined above in Eq. (7). The power balance analysis was per-
formed with the ONETWO code,''* using the Callen analytic
model'** to calculate neutral beam sources and TORAY-GA
code'* to calculate electron cyclotron heating sources. The
gyrokinetic simulations are performed using the GYRO
code,54 and all simulations were averaged for over 250 a/c;.
However, we utilize a constant 10% fractional uncertainty for
all GYRO flux predictions as a conservative estimate of the fi-
nite time-averaging statistical uncertainty. Since we have no
tractable way of fully quantifying uncertainties in the GYRO
outputs due to uncertainties in inputs other than R/Ly;, we
leave these uncertainties as unspecified “known unknowns.”

All simulations were performed with resolutions and
algorithms similar to those reported in Refs. 111, 114, 130,
and 131, but using a common version of the GYRO source
code.'** Time integration was performed with a 4th-order
Runge—Kutta scheme that treats fast parallel electron dynam-
ics implicitly and other terms explicitly. The integration
timestep 2 was less than or equal to 0.01 a/c; in all cases,
such that estimates of the numerical integration error are less
than 0.1%. Each simulation used a standard 128-point veloc-
ity space discretization (eight energy points, eight pitch
angles, and two signs of parallel velocity), and physical sim-
ulation domains of approximately 100 p, across in both the
radial and binormal dimensions, where p, = ¢;/Q.;, with
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TABLE III. Global parameters for DIII-D transport model validation discharges. The plotting symbol column indicates the plotting symbol to be used for that

discharge in Figs. 11-14 and 19-21.

Discharge number ~ Avg. window (ms) B (T) I,(MA) 7, 10"m™>)  Pyp (MW)  Prcy (MW) Plotting symbol Reference
128913 1400-1600 2.05 1.05 2.3 2.6 0 @ (filled circle) 114
136674 1300-1500 2.05 1.15 32 2.6 0 A (brown triangle) 130
136693 1300-1500 2.05 0.7 4.1 5.2 0 V (red inverted triangle) 130
138038 1400-1650 2.05 1.0 2.3 2.6 2.2 <« (blue left pointing triangle) 111
138040 1400-1650 2.05 1.0 2.3 2.6 0 » (blue right pointing triangle) 111
142351 1400-1600 2.1 0.98 2.3 2.6 0 @ (green thombus) 131
142371 1800-2000 2.1 0.98 2.3 2.6 32 B (green square) 131

additional 10 p, wide buffer regions on at either end of the
radial domain. The radial grid resolution was approximately
0.5 p, for simulations at p,,,. ~ 0.25 and 0.5, and 0.3 p, for
those simulations at p,,,- >~ 0.75, and all cases use 16 toroidal
modes with separation An chosen such that binormal wave-
numbers span the range 0 <k,p; < 1, where k, = nq/min-
Since these simulations consider only long-wavelength p-
scale dynamics for which k,p, = 60k,p; < 1, the electrons
are treated with a simpler drift-kinetic model (which assumes
ki p, = 0) rather than a full gyrokinetic description. The sim-
ulations include finite perpendicular (but not parallel) mag-
netic fluctuations and two dynamic ion species (deuterium
and carbon), and use a generalized Miller representation'>”
to describe shaped geometry.

In Fig. 11(a), a comparison of the GYRO prediction of
the ion energy flux Q; with the ONETWO power balance
calculation at p,,. = 0.75 in the most well-studied of the
discharges considered (as seen in Refs. 113, 114, 131, and
136-139) is plotted as a function of R/Ly; including all of
the uncertainties described above. One can clearly see that
the difference between the GYRO prediction of Q; and corre-
sponding ONETWO calculation at the nominal experimental
gradient, or alternatively the difference of the predicted
flux-matching gradient (i.e., the value of R/Ly; for which
QFYRO — QONETWOY and the experimental gradient clearly lie
outside the net model and experimental uncertainties. The
question then arises as to whether this result is unique to this
particular location and discharge, or robust across multiple
radii and plasmas. To answer this question, we begin by
recasting the local sensitivity plot shown in Fig. 11(a) into a
comparison of fractional differences and uncertainties,
shown in Fig. 11(b). Thus, instead of plotting the power bal-
ance and gyrokinetic flux predictions in W/cm? as a function
of R/Ly;, we plot the fraction difference of the ion energy
fluxes Ag, = (QFF0 — QPNETWO) JQONETWO a5 a function of
the fractional change in input value of d7T;/dx = VT,
Ay, = (VTOYRO — TP /VT{™". The uncertainty in A7,
is simply the fractional uncertainty 5]ZTM’,S

measurement of R/Ly;, and the uncertainty in Ay, is calcu-

lated as \/ (GONETWO JQONETWOY2 | (GGYRO | 0GYROY ince
the propagation of profile uncertainties through ONETWO
represented by ¢?VETWO s completely independent of the
time-averaging uncertainty aiGYRO. Recasting Fig. 11(a) in
this form is analogous to the final step in the validation met-
ric progression of Oberkampf et al. shown in Fig. 1(f), and

in the experimental

also yields a simple physical interpretation. If the curve of
Ag, vs. Apr, passes within its uncertainties through the origin
(highlighted by the bold star symbol in Fig. 11(b)), then one
can legitimately claim that the model prediction is consistent
with the experimental observations, given the known uncer-
tainties. Conversely, if the distance between the Ay, curve
and the origin is always larger than the uncertainties, one has
demonstrated a statistically significant difference between
the model prediction and experimental measurements.
Recasting the local sensitivity plot in terms of fractional
differences has a second practical benefit, which is that it
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FIG. 11. Scaling of GYRO predictions (@) of Q; vs R/Lz; at p,,,=0.75 in
DIII-D discharge 128913, in both (a) physical units and (b) fractional differ-
ences. The broken lines indicate where AQ; and AL;;=0 and the joint
experimental-power balance results are plotted as (red asterisk).
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facilitates direct comparisons of multiple conditions (e.g.,
different radii and/or discharges) that have different experi-
mental and simulation values. This utility is shown in Fig.
12, which plots the fractional ion and electron energy flux
differences for all seven discharges listed in Table III at
Pior=0.25, 0.5, and 0.75. From these plots, we can immedi-
ately draw two conclusions. First, we see that for all seven
discharges there is a systematic underprediction of Q; and Q,
at p,,,=0.75 (or equivalently an overprediction of the flux-
matching gradient) which is larger than the experimental and
model uncertainties. Second, for all seven discharges, the
model predictions are significantly more consistent with the
power balance ion and electron energy fluxes at both
Pror=20.25 and 0.5. We can therefore conclude that this par-
ticular model (ion-scale microturbulence predicted with the
GYRO code) cannot simultaneously match the experimental
gradients and power balance fluxes (within uncertainties) in
NBI-heated DIII-D L-mode discharges at p,,, = 0.75, but can
(at least in some cases) at p,,,=0.25 and 0.5. To make these
conclusions more quantitative requires formulation of an
explicit validation metric, which is the subject of Sec. IV E.
There are other possible choices for normalization of the
simulation inputs and outputs beyond the experimental or
power balance calculations, and the most useful choice will
be case-dependent. For example, while the choice of normal-
izing quantities to the power balance and experimental levels
works well here for Q; and R/Ly;, such a choice is not appro-
priate or possible when the experimental level is very small
relative to the expected range of simulation inputs or outputs.
A typical example here would be predictions of momentum
transport in a case for which there was no meaningful auxil-
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relative to theoretical scalings (e.g., gyroBohm scaling
I = n;Tivip**) or some combination of experimental and
model uncertainties.

E. Using flux-matching gradients to construct
validation metrics

While the normalized local sensitivity plots shown in
Fig. 12 provide a useful means of illustrating a model’s fidel-
ity for a single experimental condition, they rapidly become
cluttered when multiple conditions are plotted. In particular,
while one can clearly see in Fig. 12(c) that none of the simu-
lations at p,,,=0.75 simultaneously match the fluxes and
R/Ly;, there is enough scatter in the results at p,,,=0.25
(Fig. 12(a)) and 0.5 (Fig. 12(b)) that it is not easy to deter-
mine how robust the model (dis)agreements are at those
radii. Moreover, in order to better quantify how a model’s
performance varies with radius, or as a function of global
parameters such as the auxiliary heating mix, plasma current,
density, etc. it is desirable to condense the local sensitivity
plot to a more compact and quantitative measure of model
fidelity. Since the goal of the turbulent transport models
discussed here is the prediction of the equilibrium kinetic
profiles and gradients, the natural reduction of the local
sensitivity plot is the difference between the measured exper-
imental gradient and predicted flux-matching gradient, i.e.,
the gradient for which the model prediction of the associated
flux matches the power balance result. In the spirit of utiliz-
ing normalizations that allow comparisons across multiple
experimental conditions, we define a flux-matching frac-
tional gradient error metric

. . Err, = Arr|a - 8
iary torque source 7, = Zi 7;. In this case, a power Lt LTi1Ag=0 ®)
balan(.:e analysis would predict Ilpg o deTinj _.O, aqd with an associated uncertainty
experimentally one often observes small rotation gradients in
these plasmas, particularly relative to their uncertainty. > >
, . " Ok, = \/Oay, T Oy g, ~0° ©)
In such cases, one might choose to normalize quantities i L; 0; 180
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FIG. 12. Plots of (a)—(c) AQ; and (d)—(f) AQ, vs. AL; at (a) and (d) p,,,=0.25, (b) and (e) 0.5, and (c) and (f) 0.75 for all seven discharges listed in Table III.
The broken lines indicate where AQ; and AL;; =0 and the origin is indicated by (red asterisk).
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Although the choice of requiring a match between the turbu-
lent and power balance ion energy fluxes is natural (since Q;
is the relevant flux in the ion temperature transport equation
(Eq. (2)), and we are considering ion-scale simulations of
ITG turbulence), it is only one several possible choices.
Equally viable would be the electron energy flux, total energy
flux, particle or momentum flux, or even fluctuation ampli-
tudes or other characteristics (discussed further in Sec. V),
depending upon the specific goals of the validation exercise.
Once the fractional gradient error is defined, one can
define error metrics for any other comparison quantity such
as Q. based upon the difference between the power balance
or experimental measurements and the model predictions of
that quantity at the flux matching gradient. Thus we would
define a fractional error metric for Q, as

Eg, = Ag.|a, - (10)

For this metric, we define the error only as
OEo, = O-AQelAQ =0’ (11)

i.e., the uncertainty in Az, is not included.

The relationship between E;r, and Eg, is illustrated in
Fig. 13, and the results of calculating these metrics for the
simulation data shown in Fig. 12 are plotted in Fig. 14. In
addition to the individual error metrics, the uncertainty-
weighted average over all seven discharges (i.e., using
weights W; = 1/ aiz) is also plotted vs. radius for both E;r,
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FIG. 13. (a) AQ; and (b) AQ, vs. ALy; for p,,,=0.75 in discharge 128913,
illustrating the connection between E;r,, Ep,, AQ;, AQ,, and ALr;. The bro-
ken lines indicate where AQ,, and AL7; =0 and the origin is indicated by
(red asterisk).
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FIG. 14. (a) E; 7, and (b) Eg, Vs p,,, for all seven discharges listed in Table
III. The uncertainty-weighted ensemble mean values at each radius are plot-
ted as pink asterisk.

and Ep, in Fig. 14. Confirming the visual impressions of
model fidelity from Fig. 12, we see that at both p,,,.=0.25
and 0.5 both the mean E;r, and almost all individual cases
have values of E;r, smaller than the associated uncertainty,
while every case at p,,,.=0.75 predicts a positive value of
E;r, (i.e., overpredicts the local value of R/Ly;) that is larger
than the associated uncertainty.

Even more interesting are the results for Eg,, which
exhibit a fair amount of scatter. If we consider only the
ensemble-averaged value at each radius, we see that at
Pior=0.25 and 0.75, the mean value of Ey, is slightly nega-
tive but with an absolute value larger than the associated
uncertainty, corresponding to a statically robust residual
underprediction of O, even when Q; has been matched. On
the other hand, Q, is on average overpredicted at p,,,.=0.5.
However, in all cases we see clear individual outliers with
significantly different values than the ensemble mean. The
question here naturally arises as to whether these discrepan-
cies lie within the full range of variability and undetermined
uncertainty in model predictions related to uncertainties in
inputs other than R/Ly;. The natural quantity to focus on for
0, would be R/Ly,, in order to determine how much uncer-
tainty there is in the level of Q, driven by the ITG modes
themselves, as well as any other ion-scale modes such as
TEMs which might be present but subdominant. To address
this question, one would extend the validation methodology
discussed so far to calculation of a local sensitivity map in
which both R/Ly; and R/Ly, are varied, from which a flux-
matching fractional gradient error vector E. = (Err,, Ert,)
could be calculated by determining the simultaneous values
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of R/Ly; and R/Ly, which when input into the microturbu-
lence model yield predictions of Q; and Q. that simultane-
ously match the power balance Q; and Q, results. While the
computational resources needed to perform such an analysis
using long-wavelength gyrokinetic simulations (to say,
nothing of multiscale simulations which incorporate
electron-scale ETG dynamics that likely contribute to Q, in
many cases® 31497146y over many conditions or discharges
remain prohibitive for current-day computing platforms,
such approaches will likely be feasible on next-generation
exascale platforms. Moreover, such an approach, or even
further generalizations to include matching of particle and
momentum fluxes via additional variations of density and
rotation gradients, is readily feasible now for most reduced
turbulent transport models with fairly modest computing
resources, and should be pursued further.

F. Alternative metric formulations

While the structure of the E; 7, and Ep, metrics proposed
above have a clear physical interpretation and are consistent
with some recommendations in the literature,'®! other
choices are possible and have been pursued. In particular,
normalizing the model-experiment differences in terms of
uncertainties rather than mean experimental values is an
equally viable choice, e.g.,

(VTlmodel _ VTZ-”[”)

g expt
VT

alt
LT’. -

‘ . (12)
AQi=0

The primary advantages of this approach are a further compac-
tification of the metric, from (value)* (uncertainty) to simply
(value), which facilitates an clear means of assessing whether
the model and experiment are consistent within uncertainties
(i.e., is the metric greater or smaller than some order-unity
threshold value'*”-'*®). On the other hand, by using such a for-
mulation one cannot discriminate between cases that achieve
small metric values (“good agreement’”) due to small differen-
ces between the model and experimental predictions or large
uncertainties in the experimental and/or simulation data.

More complex metrics have also been proposed in and
utilized in a variety of studies. For instance, drawing upon a
widely used climate validation metric,"* Terry et al.'*
assess the fidelity of ITG correlation lengths predicted by
different models using the data published in Rhodes er al.'*°
These approaches quantify agreement between model and
experiment using the correlation coefficient between the pre-
dicted (x) and measured (y) values of a particular observable
obtained at N distinct points

1 & B
52 =X =)
R=—"=! (13)
0,0y
and RMS deviation
LN —%  yi—y]°
E=,|& rx—y_ﬂ. (14)
-1 L X y

Phys. Plasmas 23, 060901 (2016)

Here x and y are the mean values of x and y, and o, and g,
their standard deviations. As another example, Ricci
et al."*""'*® define an uncertainty-normalized distance metric

15)

for validations studies of the GBS Braginskii fluid code'>’

using data from the TORPEX experiment.”> A bounded
error metric of the form

1+ tanh[(d — do)/ /]

R
2

(16)

for each observable is then defined, such the R =0 denotes
perfect agreement and 1 complete disagreement. The quanti-
ties dy and A are free parameters chosen to quantify the
threshold level for agreement (d,) and sharpness of transition
from agreement to disagreement (1), with dy ~ 1.4 corre-
sponding to the case of the distance between simulation and
experiment being comparable with their uncertainties. For
their studies, they found that the conclusions drawn were
fairly insensitive to the specific choice of d, and 4, so long as
they were in the ranges of 1<dy<2 and 0.1<A1<1.
Whether this property would hold for other studies remains
to be seen. One particular advantage of this bounded metric
formulation is that it lends itself well to incorporation into
composite metrics,14 which are discussed in Sec. VI.

V. VALIDATION METRICS FOR PREDICTIONS
OF TURBULENT FLUCTUATIONS

In order to fully validate a turbulent transport
model, one must assess the fidelity of the predicted turbulent
fluctuations themselves as well as the cross-field fluxes.
Comparisons of predicted and measured fluctuations serve
two specific, complementary purposes. First and foremost,
such comparisons provide a more stringent means of testing
our understanding of the fundamental underlying physics of
plasma transport, which is needed for confident extrapolation
to future regimes. More specifically, by assessing the ability
of a given model to accurately predict a wide variety of
measured fluctuation characteristics (such as amplitudes,
spectra, correlation lengths, etc.) and their scalings with
plasma parameters in conjunction with the cross-field fluxes,
we can determine whether or not the models are predicting
(in)correct flux-gradient relationships because they have
(in)correct models of the underlying turbulence dynamics. In
doing so, these fluctuation comparisons also provide a means
of addressing the myriad potential systematic uncertainties
of the power balance analyses discussed in Sec. IV A.

A. Using synthetic diagnostics to enable quantitative
code-experiment comparisons

In order to carry out these comparisons of predicted and
measured plasma fluctuation characteristics, one must invari-
ably use synthetic diagnostics as part of the comparison.
Synthetic diagnostics are computational algorithms used to
transform the quantities output by a simulation into
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experimentally measured quantities to enable meaningful
quantitative comparisons.'>®> While there is a wide array of
diagnostic techniques used to measure plasma fluctuations,
in virtually every case the quantity measured by the diagnos-
tic differs in some way from the “native” variables of the
various turbulence models. For instance, a synthetic
Langmuir probe'® would translate the electron density, tem-
perature, and plasma potential fluctuations predicted by a
simulation into the measured ion saturation current and float-
ing potential fluctuations, while a synthetic gas puff imaging
diagnostic'>* would calculate predicted light emission fluctu-
ations based upon the underlying density and temperature
fluctuations and plasma ion and neutral species. In many
cases, the synthetic diagnostic algorithm itself can be a
sophisticated computational model requiring its own verifi-
cation and validation, possibly even including the use dedi-
cated experimental devices.

For the family of discharges considered in Sec. IV D,
both beam emission spectroscopy (BES)'>® and correlation
electron cyclotron emission (CECE) radiometry''® measure-
ments at multiple locations were obtained as part of the
experiments. Obtaining measurements from these diagnos-
tics was prioritized in the design of the experiments because
they provide spatially localized measurements of the long-
wavelength p;-scale fluctuations described by the GYRO
simulations utilized in Sec. IV D. Both diagnostics work by
integrating plasma radiation emitted from small but finite
spatial volumes, the intensity of which is then related back to
instantaneous local density or electron temperature values.
To model each diagnostic, a point-spread function (PSF) is
convolved with the relevant simulation outputs to account
for the finite integration volume of the diagnostic, as
described in Ref. 114. Denoting the diagnostic-specific struc-
ture of the PSF as Ypgr(R,Z), synthetic electron density or
temperature time traces are generated as

JdR dz 'ﬁPSF 5XGyR0

| [araz s

5Xsyn = y (17)

where 0X can refer to either the normalized electron density
fluctuation don, =71, /n,y or temperature fluctuation
oT, = Te/Tgo. Typical PSFs for both BES and CECE are
visualized in Fig. 15. For the BES system, calculation of the
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PSF is made by a separate code developed by the BES diag-
nostic group;'>® for the CECE system the PSF is a Gaussian
in both R and Z with widths provided by the CECE diagnostic
group. In both cases the toroidal extent of the experimental
integration volume is significantly smaller than the typical to-
roidal correlation lengths of the turbulence, which is approxi-
mated in the synthetic diagnostic as a perfect toroidal
localization (i.e., Y psr does not depend upon toroidal angle).
In Fig. 16, typical lab-frame time traces and frequency spec-
tra of the synthetic fluctuations are plotted against those from
corresponding unfiltered signals which are simply recorded at
the nominal diagnostic channel location (i.e., 0Xuufinerea
(R,Z,t) = 6Xyro(R,Z,1)). One can immediately see that as
would be expected for PSFs with spatial dimensions compa-
rable to the turbulent eddy size, there is significant attenua-
tion of fluctuation power at all frequencies in the synthetic
spectra, relative to the unfiltered case. However, the exact
frequency dependence of this attenuation depends upon the
specific shape of the PSF. For instance, the synthetic CECE
spectra shown in Fig. 16(d) is more heavily attenuated at
higher frequencies. This particular dependence arises from
the poloidally extended but radially narrow PSF of the CECE
diagnostic (Fig. 15(b)), which preferentially attenuates higher
poloidal wavenumbers and thus higher frequencies due to the
strong Doppler shift driven by the finite rotation of the
plasma. In contrast, the BES PSF is more widely elongated
radially, which leads to non-negligible attenuation of higher
radial wavenumbers for all poloidal wavenumbers and fre-
quencies (Fig. 16(b)).

B. Frequency-spectra based fluctuation analysis
and comparisons

Once the synthetic time series 6X,, has been generated,
they can be analyzed in the same way as the experimental
time series, with any differences primarily arising due to
elimination of experimental noise sources (such as back-
ground photon shot noise and electronic noise in the case of
BES and CECE) that are not present in the synthetic data.
Note that both diagnostics are comprised of multiple chan-
nels measuring fluctuations at distinct spatial locations, such
that the synthetic diagnostic algorithm generates a set of
time series corresponding to the different spatial channels of
the diagnostic being modeled. For turbulence modeling, the
most common analysis and quantities of comparison are

e 10.060
0.040 FIG. 15. Visualization of 50% con-
tours of (a) BES and (b) CECE PSF
functions overlaid on corresponding
on, and 0T, fluctuations from a GYRO
0.0 simulation. Nominal viewing locations

of individual BES and CECE channels

0.020

-0.020 are shown as (). Reprinted with per-
mission from J. Phys: Conf. Ser. 125,
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FIG. 16. Time-traces of unfiltered (—)
and synthetic (red line) (a) BES and (c)
CECE signals. Corresponding (b) BES
and (d) CECE frequency spectra illus-
trate the attenuation of each synthetic

signal relative to the unfiltered case,
with a frequency dependence arising
from the interplay of PSF shape and
Doppler shifts. (b) and (d) adapted
with permission from Phys. Plasmas
16, 052301 (2009). Copyright 2009
AIP Publishing LLC.'*
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correlation functions and power spectra, which are often
integrated over some frequency or wavenumber range to
yield a fluctuation intensity or RMS amplitude. In many
cases cross-spectra from neighboring diagnostic channels are
utilized rather than single-channel auto-spectra when analyz-
ing the experimental data to suppress uncorrelated noise
sources; the synthetic analysis should follow the experimen-
tal analyses in these cases. The calculation of auto- and
cross-spectra, along with related quantities such as coherence
and cross-phase, as well as more complex measures such as
bispectra, are standard signal processing techniques which
are well-described in a variety of textbooks (e.g., Refs. 158
and 159), to which the interested reader is referred to for fur-
ther details. For the purposes of this discussion, we note only
that there are standard procedures for estimating the uncer-
tainties in these spectral quantities based upon the length and
number of averaging windows used, which should be calcu-
lated and included in any validation analysis. However, as
with the time-averaging uncertainties of the simulation flux
predictions described in Sec. IV C, the dominant uncertainty
in predictions of fluctuation quantities is likely to arise from
uncertainties in the model inputs, rather than the time-
averaging uncertainty.

Typical synthetic and experimental BES spectra are
shown in Fig. 17, from which quantitative comparisons can
be formulated in terms of different moments of the power
spectrum density S(f). The most commonly used comparison
is the total fluctuation power contained within some fre-
quency band, often expressed in terms of RMS fluctuation
amplitudes 06Xz, defined as

finax
2
0Xpys = J df S(f). (13)
Integration over a finite frequency band, rather than the
entire spectrum, is often used to remove components of the

measured or calculated spectrum that are not related to
the turbulence. In the example shown in Fig. 17, the
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experimental BES measurements below 40kHz are domi-
nated by fluctuations in the neutral beam voltage rather than
the microturbulence of interest, and so would be excluded
from a comparison with the simulated fluctuations. In cases
where rotation or the presence of large coherent modes leads
to a clear relationship between frequency and mean wave-
number, comparisons of different frequency bands can be
used as an effective proxy for comparisons of different
wavenumbers.

Although comparisons of fluctuation amplitudes are the
clearest zeroth-order test of consistency between simulated
and measured turbulence properties, determining that the
fundamental characteristics of the turbulence are being cap-
tured accurately by a given model also requires comparisons

8
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FIG. 17. Comparison of synthetic and measured BES spectra at p,,, =0.75
in DIII-D discharge 128913, using data from a GYRO simulation with
AQ; = 0. Dashed lines (- - -) indicate mean frequency f (Eq. (20)) and spec-
tral width Wy (Eq. (21)) calculated for each spectrum over the range
40kHz <f<400kHz. The dark gray shaded region spanning 0 to 40kHz
indicates the portion of the measured spectrum dominated by non-
turbulence fluctuations, and thus should not be included in comparisons with
the turbulence model. Adapted with permission from Phys. Plasmas 16,
052301 (2009). Copyright 2009 AIP Publishing LLC."™*
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of the spatiotemporal structures of the turbulence, as well as
of the couplings and cross-phases between different fields.
The most obvious means of comparison would be the
frequency-integrated difference between predicted and meas-
ured spectra

finax
Rox — J A [San(f) — Ser (F)] (19)

perhaps normalized to the experimental value of Xz,
However, this formulation is sensitive to uncertainties in
rotation and resulting Doppler shifts (described further
below), and moreover loses much of the information about
the shape of the spectrum that is of interest. Therefore, addi-
tional comparisons of quantities such as higher moments of
the frequency spectra than simply the integrated power (or
differences in S(f)) are more desirable. For instance, one
could compare not just the RMS fluctuation levels but also
the mean frequency

_ 1 .fmux
P | s 0)
aXI%MS finin
and spectral width
max . 2
W=sa| @G-S ey
RMS  fnin

of the measured and simulated spectra, as illustrated in Fig.
17. Alternatively, one could transform the frequency spectra
into correlation functions via

C(r) = %Re J df S(f)e 2 (22)
5XRMS min
and formulate comparisons in terms of different quantities
derived from C(t). The most common of these is the decor-
relation time, generally obtained by fitting an exponential or
Gaussian function to the envelope of C(t), which can be cal-
culated using the Hilbert transform. Other measures such as
spectral indices «, obtained by fitting portions of the spec-
trum as S(f) o< f~* can be calculated and compared as well.
In addition to the single-field (e.g., electron density or
temperature) comparisons, comparisons of correlations
between different fluctuation fields have proved to be of sig-
nificant utility when possible. Physically, the turbulent cross-
field fluxes depend upon the correlation of density, velocity,
and temperature fluctuations with radial velocity fluctua-
tions, and as such can be represented spectrally in terms of
coherency y(f), cross-phase ©(f), and the autospectra of the
individual fluctuation fields as follows (using the normalized
electron particle flux I' = (ondv,) as a specific example):

L (f) = Re{(on" (F)ov:()) },
=2()6n()) (60 (H)F) P cos ©(F),  (23)

|(3n (£)ov, (1))
V on(H)P) 130 ()P)

)(f) = , (24)
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Re{ (o (£)o0, ()} } 2

O(f) = tan- <1m{<5n*(f)5ur(f)>}> |
Therefore, testing the specific predictions of the coherency
and cross-phase against measurements is greatly desirable
for assessing whether the specific nonlinear dynamics of the
turbulence that determine the cross-field fluxes are being
accurately captured in the simulation. Unfortunately, meas-
urements of correlations between fluctuations fields and
radial velocity fluctuations (either the generally dominant
ExB component or the magnetic flutter component
va = v)|0B,) are very rarely available on closed flux surfaces
in high-power tokamaks due to the lack of diagnostic techni-
ques available for measuring either component of v,; they
can sometimes be obtained in the plasma edge and scrape-
off layer regions via Langmuir probes. However, more
broadly gyrokinetic theory predicts unique phase relation-
ships between any two fields for each instability of interest
(ITG, TEM, ETG, etc.). Therefore, comparisons of the meas-
ured and predicted cross-phase of any two fluctuations (such
as n, and T,) provide at minimum a test of whether the mix
of underlying instabilities predicted by the simulation is
consistent with observations. Such comparisons have been
documented in some validation studies,m’138 which found
that not only did nonlinear gyrokinetic simulations quantita-
tively predict the cross-phases and their variations with
heating power, but also these results were close to the predic-
tions of cross-phases from linear stability calculations. These
results provide support for the quasilinear transport modeling
approach described above in Sec. III, which describes the
transport in terms of a variety of small-amplitude fluctua-
tions that retain many of the linear dispersion and phasing
properties.

One practical challenge for many of these frequency
spectra-based comparisons is that they can be highly sensitive
to uncertainties in the toroidal rotation of the plasma, which
translates into uncertainties in the Doppler shift that often
dominates the lab-frame spectra. For example, the spectra
shown in Fig. 17 are taken from the discharge documented in
Refs. 113 and 114, which has an approximately 10% uncer-
tainty in the toroidal rotation velocity V., which in this dis-
charge dominates the local E x B velocity that determines the
Doppler shift between the plasma and lab reference frames.
The lab-frame frequency can be expressed as

flab :f})lasma + 162# :fplasma +fDopplera (26)
where f,,/45mq 18 the plasma-frame frequency of the fluctuation
in question. Considering simply the k,p;=0.3 fluctuation
(where the wavenumber spectrum peaks in the simulation),
and estimating f,,smq as the linear mode frequency f;;, calcu-
lated from a linear gyrokinetic simulation, which is consistent
with comparisons of linear and nonlinear calculations shown
in Refs. 114 and 138, we find f;,=12.7kHz and
Jpoppier=191kHz. Thus even a 10% uncertainty in Vg
yields a uncertainty in fp,,pi- comparable with f;,. Given
this sensitivity of the predicted spectra to the Doppler shift,
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significant values of which are common for high-power toka-
mak plasma conditions, the uncertainties in fp,p.- must be
carefully considered before strong conclusions can be derived
from comparisons of these frequency-based quantities with
experiment.

C. Fluctuation Comparisons Based on Spatial
Correlation Properties

Beyond the frequency-based model-experiment compari-
sons described above, comparisons which utilize the local
spatial correlation and wavenumber properties of the turbu-
lence can provide extremely useful tests of the predicted non-
linear dynamics of the system. At a high level, this point can
be understood by noting that the gyrokinetic-Maxwell equa-
tions are more naturally expressed in terms of couplings
between different spatial wavenumbers than frequencies, and
so wavenumber-based comparisons can more directly connect
to the underlying theory. More specifically, although one can
often draw connections between the poloidal wavenumber
and lab-frame frequency via the Doppler shift and linear dis-
persion properties of the turbulence in question, much of the
important nonlinear dynamics involves couplings of different
radial wavenumbers which in general cannot be easily
mapped back to frequency space. In particular, one of the pri-
mary saturation mechanisms for ion-scale turbulence is now
known to be nonlinear energy transfer from unstable to stable
modes mediated by radially sheared axisymmetric ExB
flows in the plasma. These flows can be both part of the equi-
librium plasma (as a bulk rotation of the plasma), or nonli-
nearly generated by the turbulence itself, in which case they
are often referred to as “zonal flows” reflecting their axisym-
metric character. A full review of the details of these flows,
their generation, and back-reaction on the turbulence is
beyond the scope of this paper; the interested reader is refer-
eed to the extensive literature on the topic for more informa-
tion (see, e.g., Ref. 160). The key point for this discussion is
that in wavenumber space, one can express this shearing pro-
cess in the nonlinear term of the gyrokinetic equation as
(using a simple Cartesian representation for clarity)
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Thus, the radially sheared axisymmetric shear flow V3,
transfers energy between fluctuations with different values
of radial wavenumber £, but same poloidal (k,) and toroidal
(k) wavenumbers. Through this and other nonlinear proc-
esses, energy is transferred from linearly unstable modes
(generally with small k,) to stable modes at a variety of
different wawenumbers,m*163 saturating the turbulence and
generally resulting in a wavenumber spectrum broad in both
k. and k,. Therefore, if we want to test whether a given
model is accurately capturing the nonlinear dynamics of the
turbulence at an even deeper level than the frequency-based
comparisons above allow, we should first examine the fidel-
ity of the model in capturing this wavenumber spectrum.

By analogy to the frequency-based comparisons, these
wavenumber comparisons can be formulated in terms of
comparing mean wavenumbers and spectral widths in each
spatial dimension. Alternatively, the wavenumber spectrum
can be Fourier-transformed into a correlation function, and
comparisons formulated in terms of mean wavenumber and
correlation length, obtained analogously to the correlation
time via a fit to the envelope of the correlation function. An
example of such a comparison is shown in Fig. 18, taken
from Shafer er al.'® These results illustrate the strong
impact the BES PSF can have on the results, which is not
surprising since the spatial extent of the PSF is comparable
with the size of the turbulent eddies, as shown in Fig. 15. In
Fig. 18 the wavenumber spectra obtained from the unfiltered
gyrokinetic results are compared against measured wave-
number spectrum from which the k-space representation of
the PSF has been deconvolved, as well as comparisons of the
synthetic spectrum to the unfiltered measured spectrum.
Their differences can be quantified in terms of wavenumber
peaks and widths, as shown in Table IV. Most notable is the
clear overprediction of mean &, at p,,, = 0.75, corresponding
to the simulation eddies being more “titled” in configuration
space than what is observed.
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LLC.
0 © 0.0 0 ...Jo.o
-2 -1 1 2 2




060901-24 C. Holland

TABLE IV. Radial and poloidal wavenumber peaks and widths calculated
for the spectra shown in Figs. 18(a) and 18(b). Adapted with permission
from Phys. Plasmas 19, 032504 (2012). Copyright 2012 AIP Publishing
LLC.164

k, width kg width k, peak ko peak

(cm’l) (cm") (cm’l) (cm")
Raw BES (r/a =0.5) 1.3 1.4 -0.1 1.3
Syn. GYRO (r/a=0.5) 1.6 1.2 0.2 1.0
Raw BES (r/a =0.75) 2.0 1.5 -0.5 1.3
Syn. GYRO (r/a=0.75) 2.2 1.5 0.1 0.9

D. Fluctuation sensitivity plots and validation metrics

Once a particular fluctuation characteristic has been
chosen and quantified for comparison, it is straightforward to
generate local sensitivity plots and error metrics for this
quantity analogous to those for the turbulent fluxes discussed
in Sec. IV. In all of the discharges considered, BES and
CECE data are available at p,,.= 0.5 and 0.75. Using these
data, the same fractional difference approach as described
Sec. IVE is applied to the RMS normalized electron density
and temperature fluctuation amplitudes to generate the
results shown in Fig. 19. Similar plots for other quantities
discussed above could also be readily generated, but the use
of RMS fluctuation amplitude comparisons is sufficient for
the illustrative goals of this paper. Comparing the results
shown in Fig. 19 with Fig. 12, one can draw the qualitative
conclusion that the predicted fluctuation levels exhibit simi-
lar levels of agreement with the measured levels as did the
predicted turbulent fluxes and power balance calculations,
namely, broad consistency between simulation and experi-
ment at p,,=0.5, and systematic underprediction of the
experimental observations at p,,, = 0.75.

Quantitative fractional error metrics for the fluctuations
can be defined analogously to the fractional error metric for
0. (Eq. (10)) Eg, as
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Eéng = Aénf

g,07 (28)

Esr, = Agr, Ag =00 (29)

with errors defined equivalently to og, (Eq. (11)). These
error metrics are plotted in Fig. 20, along with their
uncertainty-weighted average values. Significant scatter is
seen in the results for both fields and both radii. Focusing on
the ensemble-averaged values, we see in Fig. 20(a) that the
predicted flux-matching density fluctuations at both radii
match the measured values within the uncertainty, albeit just
barely with, e.g., Es,, only slightly smaller than og,, . This
result supports the straightforward expectation from the
underlying gyrokinetic model of a close correlation between
the amplitude of the p;-scale density fluctuations measured
by BES and the ion temperature and velocity fluctuations at
those scales that set ;. Therefore, by matching the power
balance and turbulent values of Q;, one would expect the pre-
dicted p;-scale fluctuations to match the measured values.
On the other hand, and somewhat surprisingly, we see that
(on average) the predicted p;-scale T, fluctuations match
experimental levels at p,,,.= 0.5, but are larger than experi-
ment levels at p,,,=0.75 when the simulations match the
power balance Q; values, even though the power balance Q,
is overpredicted by the gyrokinetic model at p,,=0.5
and (modestly) underpredicted at p,,,=0.75 (as shown in
Fig. 14). Assuming that the electron thermal transport is also
dominated by p;-scale fluctuations, one would generally
expect the electron energy flux and temperature fluctuation
error metrics Ep, and Esr, to exhibit similar trends with
radius.

How to resolve these findings with simple theoretical
expectations remains an open question. One possibility
would be to investigate whether a more sophisticated syn-
thetic CECE diagnostic, such as the one presented in Gorler
et al.,"*® which utilizes the perpendicular electron tempera-

ture fluctuation T, = [d*v(ma? /2 —1)f, that more

FIG. 19. Local sensitivity plots for (a)

and (b) Ay, and (c) and (d) Asz, at (a)

and (¢) p;,,=0.5 and (b) and (d) 0.75
calculated from same simulations as
utilized in Fig. 12. The broken lines
indicate where As,,,, Asr,, and ALy =0
and the origin is indicated by (red
asterisk).
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closely corresponds to the actual CECE measurement than
the total fluctuation T, = [d*v(m,v*/2 — 1)f, used in the
GYRO analysis, changes these findings significantly.
Similarly, one could investigate more sophisticated synthetic
BES algorithms that incorporate the impact of ion density
fluctuations on the atomic physics of the collisional radiation
processes used to calculate the predicted emission levels, or
the neglect of parallel localization in both synthetic diagnos-
tics employed here. And as with the discussion of the find-
ings for Eg, in Sec. IVE, a second natural avenue to pursue
(if tractable) would be to transition from varying only R /Ly;
to match Q; to simultaneous variations of R/Lr; and R/Lr, to
simultaneously match Q; and Q,. Calculating E;,, and Esr,
for these simulations and contrasting them to the results
presented in Fig. 14 and 20 would provide insight into
whether it is meaningful to consider the turbulence in these
discharges as dominated by a single instability with a single
strong control parameter, or whether they in fact must be
considered a tightly coupled mix of different instabilities
(e.g., ITG and TEM) with multiple, equally important drives
in determining the transport and turbulence in each channel
and field. A third, even more computationally expensive
avenue of approach would be to investigate the impact of
multiscale simulations which self-consistently incorporate
pe.~-scale ETG fluctuations into these p,-scale simula-
tions.®>68140-146 Other research avenues are possible as
well. However, for the goals of this paper, it should be clear
how utilizing a variety of local validation metrics for multi-
ple predicted quantities can be employed to test model fidel-
ity and our physical understanding at a level not possible by
earlier global metrics.

VI. USING COMPOSITE METRICS FOR ASSESSING
OVERALL MODEL FIDELITY

While the various individual metrics described above
provide extremely useful and detailed insight into how well
a specific aspect of turbulence dynamics and transport is cap-
tured by a model, it is also desirable to formulate composite
metrics which integrate the information contained in the
individual metrics into assessments overall model fidelity.
These composite metrics should be used to complement the
insights gained from the individual metrics, and reports of
validation activities should include tables and figures docu-
menting both the single metric results as well as composite
metric results. In general, these composite metrics will take
the form of weighted sums

M = Z WiR; (30)

where W; is the weight of the i-th comparison included and
R; the value representing the level of model-experiment
agreement found for that comparison. As discussed below,
R; will generally be a function of the various individual met-
rics such as Epr,, but need not be exactly equal to them or
even a linear function of them. Beyond formulating R;, a
second challenge lies in deciding how to weight different
individual metrics, e.g., should more weight be given to tests
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of fluctuations than fluxes, or the comparisons with smallest
uncertainties?

In formulating R;, the first challenge is to ensure that
individual metrics are combined in such as way as to avoid
cancellations which would yield overly favorable assess-
ments of total model fidelity. Thus, direct linear sums of
signed metrics such as E.,,, = Err, + Ep, should not be
used, to avoid a case where combining, e.g., E;r, ~ 1 and
Ep, ~ —1 yields a composite metric value E,,,,, ~ 0, which
would suggest very close model-experiment agreement
based on two individual metrics indicating significant mode-
l-experiment disagreement. Terry et al. recommend utilizing
normalized goodness ratings B; for R;, where B; is bounded
and varies from O (no agreement) to 1 (perfect agreement).
Such a bounding can be achieved through a number of differ-
ent means, the tanh function being a common one (as seen in
formulation of the R in Eq. (16) by Ricci er al."*”'*%). For
the local flux-matching metrics defined in this paper, using
Err, as an example, a simple approach would be to define

BT’. =1- tanh(|ELT,.|), 31
or by analogy to a suggestion from Greenwald'”

BT,- =1- tanh(|ELT,.| + |GELT,- |), 32)

if we desired to incorporate the uncertainty into the goodness
rating. Alternatively one could use

Br, = 1 — tanh(|E.z, /o, |), (33)

where o =2 would be a natural choice by analogy to chi-
squared statistics. A transition parameter A analogous to that
of Eq. (16) could also be included, although one would need
to carefully assess its impact on the interpretation of the
results.

Terry et al. recommend using several criteria in choos-
ing how to weight the goodness measure associated with
each metric. The most important of these is what they term
the primacy hierarchy. The primacy hierarchy is a way of
ranking different quantities based upon the number of exper-
imental measurements it integrates. For instance, in edge
turbulence studies using Langmuir probes, at the lowest
(most “fundamental”) level of the primacy hierarchy would
be measurements of equilibrium electrostatic potential and
electron density and temperature profiles, as well as their
fluctuations. At the next level of the primacy hierarchy
would be equilibrium profile gradients (derived from the
measured profiles one level below) as well as auto- and
cross-correlations of fluctuation measurements, including
cross-field fluxes based calculated using correlations of den-
sity or temperature and electric field fluctuations (derived
from finite differencing the measured potential fluctuations).
And at the highest level of the primacy hierarchy would be
calculations of particle and thermal diffusivities that com-
bined the fluxes with equilibrium profile gradients. The
higher a quantity is in the primacy hierarchy, the lower a
weight it is given. In addition to weighting by the level in the
primacy hierarchy, Terry et al. also recommend including
weighting factors accounting for the sensitivity of the



060901-26 C. Holland

1.5

1.0
0.5
0.0

-0.5
-1.0F -
-1.5 t f
1.0 —ESTe

0.5
[0 110 ) PSS

-0.5

-1.0

-1 5 (b) | | | |
0.0 0.2 0.4 0.6 0.8 1.0

Por

FIG. 20. Dependence of (a) Es,, and (b) Esr, on p,,, for all seven discharges
listed in Table III. The uncertainty-weighted ensemble mean values are plot-
ted as (pink asterisk).

comparison and whether it repeats similar measures (to en-
courage testing of many different quantities, rather than
many tests of effectively the same quantity in slightly differ-
ent conditions). An application of this methodology can be
found in the studies of Ricci ez al.,'*”"'*%1%% where composite
metrics of the form

Z R:H,S;
ST

are used. Here R; is the measure of agreement for a single
comparison as defined in Eq. (16), H; is a weighting for place
in the primacy hierarchy, and S; the sensitivity weight. The
hierarchy weight H; is defined as H; = 1/h;, where h; is the
level of the comparison in the primacy hierarchy. An inter-
esting refinement of the initial primacy hierarchy proposal
used in Ref. 148 is the definition of separate hierarchies for
the experimental data, simulation data, and comparisons,
depending on the number of assumptions or integrations
required for each case. The sensitivity weight S; is defined as

Z Ae,-j + Z ASU

o

J
D legl+> syl |
J J

(34)

S; =exp 35)

where e;; and s;; are the j-th instance of the experimental
and simulation values, respectively, of the i-th comparison
quantity; Ae;; and As;; are their associated uncertainties.
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Through the use of such a weighting, one is able to account
for experimental simulation uncertainties in a composite
metric while still using formulations R; that do not explicitly
reference these uncertainties.

Following these works, the values of several different
composite metrics calculated for the DIII-D modeling results
presented in Secs. IVE (Fig. 14) and V D (Fig. 20) are given
in Table V and plotted in Fig. 21. At each radius, a single
composite metric value is calculated from the four individual
metrics E; = {Er1,,Eg,, Esn,, Esr,} calculated and all seven
discharges considered. Using the definition of B;; =
1 —tanh(|E;;|) from Eq. (31), three composite metrics of
increasing complexity are formulated

My="110 (36)

) (37)

My=""0 (38)

The quantity H; is a primacy hierarchy weight; we use a
value of H; =1 for E;,, and E;r,, and H;=0.5 for E;r, and
Ep,. Since each og, represents the uncertainty in a frac-
tional error metric £;;, they are all treated equivalently in a
simple sensitivity weighting S; = exp(—og,). At p,,, =0.5
and 0.75, N =4 is used, corresponding to the four individ-
ual metrics in E; discussed in Secs. IV and V. However,
since there are no fluctuation measurements available at
Pior=0.25, we use N=2 there, corresponding to
E; = {E.r,,Ep,}. Alternatively one could set either B;; or
S, equal to zero for Ej,, and Esr, at this location, reflecting
this absence relative to the other radii. Examining the
results, one can see that each formulation gives a very sim-
ilar answer, namely, the highest values at p,,,=0.25 and
0.5 (M >0.7), and lower values at p,,,=0.75 (M <0.63).
Thus, these composite metrics provide a compact repre-
sentation of the trends consistently identified in earlier
sections—that the experimental fidelity of the code is
significantly lower at p,,,=0.75 than 0.25 and 0.5 in the
modeled neutral beam heated DIII-D L-mode discharges,
and that this trend is robust regardless of whether one

TABLE V. Values of composite metrics M, M1, and M,.

Pror M, M, M,
0.25 0.75 0.75 0.74
0.5 0.70 0.70 0.70
0.75 0.60 0.63 0.63
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FIG. 21. Comparison of composite metrics M, (gray bar), M, (red bar), and
M, (blue bar), calculated using Eqs. (36)—(38) and fractional error metrics
shown in Figs. 14 and 20. The numerical values of each metric can be found
in Table V.

considers predictions of just gradients and fluxes, or
includes comparisons with measured fluctuation levels as
well. However, these particular composite metric formula-
tions are only intended to be illustrative, and the results
can be sensitive to the specific mathematical formulations
used. Future validation studies should more thoroughly
investigate other formulations motivated by the particular
physics and intended wuses of the models under
consideration.

VIl. CONCLUSIONS AND FUTURE DIRECTIONS

Validated predictive models of plasma dynamics will
play an increasingly important role for fusion research, both
to ensure that planned future devices such as ITER can be
operated safely and efficiently, and to help identify new and
innovative configurations and operating scenarios that accel-
erate the realization of fusion as an economically viable
commercial energy source. Validation is essential not only
for building confidence in these predictions, but also for
identifying parameter regimes where current models do not
perform acceptably and improvements are needed. Building
upon a number of previous reviews of validation best prac-
tices,"™*15 this paper illustrates some of the practical vali-
dation challenges for MFE validation research through the
development of validation metrics suitable for testing of
turbulent transport models. In order to go beyond earlier
global transport metrics, these new metrics utilize the local
sensitivity plots developed by the community for both verifi-
cation®® and validation'”'® to quantify model—experiment
agreement in terms of fractional flux-matching gradient
errors, and associated residual discrepancies in other quanti-
ties such as fluctuation amplitudes. This choice of compari-
son quantities and metric formulation follows directly from
the intended end use of the transport models—predicting
equilibrium profiles and gradients in MFE plasmas as a func-
tion of magnetic configuration and auxiliary applied heating,
fueling, and torque. Since the cross-field fluxes associated
with these sources are never directly measured in the core of
high-temperature MFE plasmas, simultaneous comparisons
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of predicted and measured fluctuation characteristics
(through the use of synthetic diagnostics) in conjunction
with comparisons with independent power balance flux
calculations is identified as a key component for rigorous
validation of plasma microturbulence models. Equally
important is the explicit incorporation of uncertainties in
measured profiles and fluctuation levels, power balance anal-
yses, simulation outputs, and synthetic diagnostics into these
validation metrics. The challenges in quantifying each of
these uncertainties are discussed in detail in Secs. IV and V.
Sec. VI discusses challenges and recommendations for com-
bining the many individual validation metrics developed in
Secs. IV and V into composite metrics that provided an inte-
grated overall assessment of model fidelity, including formu-
lation of bounded measures of agreement and use of primacy
hierarchies as a means of weighting different comparisons.
The key result found for the example experimental cases and
code considered is that the code fidelity is significantly lower
at p,,,-=0.75 than 0.25 and 0.5 in the modeled neutral beam
heated DIII-D L-mode discharges, and that this trend is
robust regardless of whether one considers predictions of
just gradients and fluxes, or includes comparisons with meas-
ured fluctuation levels as well. These trends and results are
common across each metric (E;r,, Eg,, Esn, and Esr,) con-
sidered, and identify a need to improve model performance
in this region for this class of plasmas.

Many of the challenges illustrated in this paper require
further study and attention. Perhaps most important is to de-
velop more rigorous and extensive methods for UQ appropri-
ate for MFE plasmas. To do so, the MFE community should
draw from the extensive current, on-going work on this topic
by researchers in many other fields. Advances in UQ are
needed on both the experimental and modeling sides, to
better quantify and characterize the uncertainties in the equi-
librium profiles and gradients, and then efficiently propagate
these uncertainties through both power balance and turbulent
transport models. On the experimental side, using techniques
such as Gaussian process regression''*'?° or integrated data
assessment'>''?* should be investigated more widely. For
simulations, propagation of uncertainties requires a transition
from single, deterministic simulations at a given point to
ensembles of calculations as the default workflow. Such en-
semble calculations are possible for conventional ion-scale
gyrokinetic and gyrofluid simulations, but require large
numbers of processor-hours to complete. As such, only a
modest number of such ensemble calculations are practically
feasible on current high performance computing (HPC) plat-
forms on useful timescales. However, for robust validation
across the full parameter space of interest for fusion, one
must perform many such ensemble calculations, more than
would currently be tractable. It is to be hoped that the next
generation of exascale computing platforms currently being
developed supports the workflows needed to perform larger
numbers of such ensemble calculations. On the other hand,
many-realization ensemble simulations of the reduced trans-
port models commonly used in current predictive and inter-
pretive transport modeling workflows are already viable on
currently available HPC platforms. Since these models exe-
cute fairly quickly (on the core-minute or less timescale),
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reduced-model ensemble calculations offer an enormous op-
portunity to begin studying how to optimally propagate
uncertainties in an MFE-relevant and specific context. For
instance, techniques such as polynomial chaos expan-
sions'®*'%7 should be investigated as means of more effi-
ciently propagating uncertainties through plasma turbulence
models than brute-force Monte Carlo simulation.

Finally, while the metrics that have been discussed in
this paper are appropriate for testing predictions of continu-
ously varying quantities, binary classification tests are also
quite common and important in a variety of settings. In the
context of MFE plasmas, these tests arise most frequently in
tests of predicted global mode stability made by ideal or
resistive magnetohydrodynamic (MHD) calculations. In
these cases, the test is whether or not the plasma exhibits a
specific behavior (e.g., onset of a specific global mode or
disruption'®®1%%) at the time or condition predicted by a
given model. In MFE studies, such tests are generally plotted
in terms of parameter space visualizations which indicate the
predicted regions of (in)stability, combined with data points
indicating where the measurements of whether the plasma is
observed to be (un)stable. Although such plots are widely
utilized in the fusion community and provide an analogous
function to the local sensitivity plot approach describe here,
formal validation metrics explicitly quantifying the fidelity
of these models in predicting the onset of the dynamics in
question have not been widely utilized to date. Drawing
from the broad literature on binary outcome validation met-
rics in other fields such as medical research and machine
learning, a number of different metric formulations could be
pursued within the MFE community. At the simplest level,
one could simply quantify model performance in terms of
fraction correct (i.e., for N experimental measurements or
conditions, how many are correctly predicted to be (un)sta-
ble?). More sophisticated widely used binary classification
metrics incorporate information about relative amounts of
true and false positive and negative predictions (such as the
Fi-score' %) or are derived from receiver—operator character-
istic (ROC) plots.'”""'”* However, while specific metrics to
test this aspect of MHD theory have not been widely applied,
many other aspects of MHD instability predictions, particu-
lar of mode structure and growth rate, have been tested
extensively in a variety of machines. Examples include tests
of mode growth rate,”3 174 and resistive wall mode,173 neo-
classical tearing mode,'” and Alfvén eigenmode struc-
ture.'’®'%" The same advances in data analysis, computing,
and workflows required for improved validation of plasma
microturbulence models be invaluable for improving our
understanding of these equally important macroscopic
phenomena.
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