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Abstract. We consider the statistical properties of solutions
of the stochastic fractional relaxation equation and its frac-
tionally integrated extensions that are models for the Earth’s
energy balance. In these equations, the highest-order deriva-
tive term is fractional, and it models the energy storage
processes that are scaling over a wide range. When driven
stochastically, the system is a fractional Langevin equation
(FLE) that has been considered in the context of random
walks where it yields highly nonstationary behaviour. An im-
portant difference with the usual applications is that we in-
stead consider the stationary solutions of the Weyl fractional
relaxation equations whose domain is —oo to ¢ rather than 0
tor.

An additional key difference is that, unlike the (usual)
FLEs — where the highest-order term is of integer order and
the fractional term represents a scaling damping — in the frac-
tional relaxation equation, the fractional term is of the high-
est order. When its order is less than 1/2 (this is the main
empirically relevant range), the solutions are noises (gener-
alized functions) whose high-frequency limits are fractional
Gaussian noises (fGn). In order to yield physical processes,
they must be smoothed, and this is conveniently done by
considering their integrals. Whereas the basic processes are
(stationary) fractional relaxation noises (fRn), their integrals
are (nonstationary) fractional relaxation motions (fRm) that
generalize both fractional Brownian motion (fBm) as well as
Ornstein—Uhlenbeck processes.

Since these processes are Gaussian, their properties are de-
termined by their second-order statistics; using Fourier and
Laplace techniques, we analytically develop corresponding
power series expansions for fRn and fRm and their fraction-
ally integrated extensions needed to model energy storage

processes. We show extensive analytic and numerical results
on the autocorrelation functions, Haar fluctuations and spec-
tra. We display sample realizations.

Finally, we discuss the predictability of these processes
which — due to long memories — is a past value problem, not
an initial value problem (that is used for example in highly
skillful monthly and seasonal temperature forecasts). We de-
velop an analytic formula for the fRn forecast skills and com-
pare it to fGn skill. The large-scale white noise and fGn lim-
its are attained in a slow power law manner so that when the
temporal resolution of the series is small compared to the re-
laxation time (of the order of a few years on the Earth), fRn
and its extensions can mimic a long memory process with a
range of exponents wider than possible with fGn or fBm. We
discuss the implications for monthly, seasonal, and annual
forecasts of the Earth’s temperature as well as for projecting
the temperature to 2050 and 2100.

1 Introduction

Over the last decades, stochastic approaches have rapidly de-
veloped and have spread throughout the geosciences. From
early beginnings in hydrology and turbulence, stochasticity
has made inroads in many traditionally deterministic areas.
This is notably illustrated by stochastic parameterizations
of numerical weather prediction models, e.g. Buizza et al.
(1999), and the “random” extensions of dynamical systems
theory, e.g. Chekroun et al. (2010).

In parallel, pure stochastic approaches have developed pri-
marily along two distinct lines. One is the classical (integer-
ordered) stochastic differential equation approach based on
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the It6 or Stratonovich calculus that goes back to the 1950s
(see the useful review by Dijkstra, 2013). The other is the
scaling strand that encompasses both linear (monofractal,
Mandelbrot, 1982) and nonlinear (multifractal) models (see
the review by Lovejoy and Schertzer, 2013) that are based
on phenomenological scaling models, notably cascade pro-
cesses. These and other stochastic approaches have played
important roles in nonlinear geoscience.

Up until now, the scaling and differential equation strands
of stochasticity have had surprisingly little overlap. This is
at least partly for technical reasons: integer-ordered stochas-
tic differential equations have exponential Green functions
that are incompatible with wide-range scaling. However, this
shortcoming can — at least in principle — be easily over-
come by introducing at least some derivatives of fractional
order. Once the (typically) ad hoc restriction on integer or-
ders is dropped, the Green functions are based on “gen-
eralized exponentials” that in turn are based on fractional
powers (see the review by Podlubny, 1999). The integer-
ordered stochastic equations that have received the most at-
tention are thus the exceptional, non-scaling special cases.
In physics they correspond to classical Langevin equations;
in geophysics and climate modelling, they correspond to the
linear inverse modelling (LIM) approach that goes back to
Hasselmann (1976) and later elaborated notably by Penland
and Magorian (1993), Penland (1996), Sardeshmukh et al.
(2000), Sardeshmukh and Sura (2009) and Newman (2013).
Although LIM is not the only stochastic approach to climate,
in two recent representative multi-author collections (Palmer
and Williams, 2010; Franzke and O’Kane, 2017), all 32 pa-
pers shared the integer-ordered assumption (a single excep-
tion being Watkins, 2017; see also Watkins et al., 2020).

Under the title “Fractal operators”, West et al. (2003) re-
view and emphasize that, in order to yield scaling behaviours,
it suffices that stochastic differential equations contain frac-
tional derivatives. However, when it is the time derivatives of
stochastic variables that are fractional — fractional Langevin
equations (FLEs) — then the relevant processes are generally
non-Markovian (Jumarie, 1993), so that there is no Fokker—
Planck (FP) equation describing the corresponding probabil-
ities. Even in the relatively few cases where the FLE has been
studied, the fractional terms are generally models of viscous
damping, so that the highest-order terms are still integer-
ordered (an exception is Watkins et al., 2020, who mention
“fractionally integrated FLE” of the type studied here but
without investigating its properties). Integer-ordered terms
have the convenient consequence of regularizing the solu-
tions, so that they are at least root mean square continuous;
in this paper the highest-order derivatives are fractional, so
that when the highest-order terms are < 1/2, the solutions are
“noises”, i.e. generalized functions that must be smoothed in
order to represent physically meaningful quantities.

An additional obstacle is that — as with the simplest scaling
stochastic model, fractional Brownian motion (fBm, Man-
delbrot and Van Ness, 1968) — we expect that the solutions
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will not be semi-martingales and hence that the It6 calculus
used for integer-ordered equations will not be applicable (see
Biagini et al., 2008). This may explain the relative paucity
of mathematical literature on stochastic fractional equations
(see however Karczewska and Lizama, 2009). In statistical
physics, starting with Mainardi and Pironi (1996), Metzler
and Klafter (2000) and Lutz (2001) helped with numerics;
the FLE (and a more general “Generalized Langevin Equa-
tion”, Kou and Sunney Xie, 2004; Watkins et al., 2019) has
received a little more attention as a model for (nonstationary)
particle diffusion (see West et al., 2003, for an introduction,
or Vojta et al., 2019, for a more recent example). These tech-
nical aspects may explain why the statistics of the resulting
processes are not available in the literature.

Technical difficulties may also explain the apparent para-
dox of continuous-time random walks (CTRWSs) and other
approaches to anomalous diffusion that involve fractional
equations. While CTRW probabilities are governed by the
deterministic fractional-ordered generalized fractional diffu-
sion equation (e.g. Hilfer, 2000; Coffey et al., 2012), the
walks themselves are based on specific particle jump mod-
els rather than (stochastic) Langevin equations. Alterna-
tively, a (spatially) fractional-ordered Fokker—Planck equa-
tion may be derived from an integer-ordered but nonlin-
ear Langevin equation for a diffusing particle driven by an
(infinite-variance) Levy motion (Schertzer et al., 2001).

In nonlinear geoscience, it is all too common for math-
ematical models and techniques developed primarily for
mathematical reasons to be subsequently applied to the real
world. This approach — effectively starting with a solution
and then looking for a problem — occasionally succeeds, yet
historically the converse has generally proved more fruit-
ful. The proposal that an understanding of the Earth’s en-
ergy balance requires the fractional energy balance equation
(FEBE, Lovejoy et al., 2021, announced in Lovejoy, 2019a)
is an example of the latter. First, the scaling exponent of
macroweather (monthly, seasonal, interannual) temperature
stochastic variability was determined (Hy ~ —0.085 £ 0.02)
and shown to permit skillful global temperature predictions
(Lovejoy, 2015b; Lovejoy et al., 2015; Del Rio Amador
and Lovejoy, 2019), and then it was extended to regional
temperatures (at 2° x 2° resolution) (Del Rio Amador and
Lovejoy, 2019, 2021a, b). The latter papers showed how
the long-memory high-frequency approximation to the FEBE
can not only make state-of-the-art multi-month temperature
forecasts, but also how the corresponding simulations gener-
ate emergent properties such as realistic El Nifio events.

In parallel, the multidecadal deterministic response to ex-
ternal (anthropogenic, deterministic) forcing was shown to
also obey a scaling law but with a different exponent (Hébert,
2017; Lovejoy et al., 2017; Procyk et al., 2020, 2022; Procyk,
2021), Hp =~ —0.5 £0.2. It was only then realized that the
order i FEBE naturally accounts for both the high- and low-
frequency global temperature exponents with 7 = Hy+1/2
and Hr = —h, with both empirical exponents recovered with
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a FEBE of order & ~ 0.38 +0.03. The realization that the
FEBE fit these basic empirical facts motivated the present re-
search into its statistical properties, including its predictabil-
ity.

In the EBE, energy storage is modelled by a uniform
slab of material, implying that, when perturbed, the temper-
ature exponentially relaxes to a new thermodynamic equilib-
rium. However, as reviewed in Lovejoy and Schertzer (2013),
both conventional global circulation models and observa-
tions show that atmospheric, oceanic and surface (e.g. to-
pographic) structures are spatially scaling. A consequence
is that the temperature relaxes to equilibrium in a power
law manner. This motivated earlier approaches (van Hateren,
2013; Rypdal, 2012; Hébert, 2017; Lovejoy et al., 2017) to
postulate that the climate response function (CRF) itself is
scaling. However, these models require either ad hoc trunca-
tions or imply infinite sensitivity to small perturbations (Ryp-
dal, 2015; Hébert and Lovejoy, 2015).

The FEBE instead situates the scaling in the energy stor-
age processes; this is the physical basis for the phenomeno-
logical derivation of the FEBE proposed in Lovejoy et al.
(2021), and the zeroth-order term guarantees that equilibrium
is reached after long enough times. The scaling of the ba-
sic physical quantities in both time and space motivates the
study of the FEBE and its fractionally integrated extensions
discussed below with temperature treated as a stochastic vari-
able. The FEBE determines the Earth’s global temperature
when the energy storage processes are scaling and modelled
by a fractional time-derivative term. Recently, analysis of the
atmospheric radiation budget has shown that, at least over
some regions, the internal component of the radiative forcing
may itself be scaling: this justifies the consideration of the
extensions to fGn forcing.

The FEBE differs from the classical energy balance equa-
tion (EBE) in several ways. Whereas the EBE is integer-
ordered and describes the deterministic, exponential relax-
ation of the Earth’s temperature to equilibrium, the FEBE is
of fractional order, and because it is both deterministic and
stochastic, it unites all the forcings and responses into a sin-
gle model. Whereas the stochastic part represents the forcing
and response to the unresolved degrees of freedom — the “in-
ternal variability” — and is treated as a zero mean Gaussian
noise, the deterministic part represents the external (e.g. an-
thropogenic) forcing and the forced response modelled by
the total external forcing. Complementary work (Procyk et
al., 2020, 2022; Procyk, 2021) uses the deterministic FEBE
as the basic model for the response to external forcing, but its
Bayesian parameter estimation uses the stochastic FEBE to
characterize the likelihood function of the residuals assumed
to be the responses to stochastic internal forcing and gov-
erned by the same equation. It thus avoids the ad hoc error
models involved in conventional Bayesian parameter estima-
tion. The result is a parsimonious, FEBE projection of the
Earth’s temperature to 2100 that has much lower uncertainty
than the classical global circulation model alternative. This is
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the first time that classical general circulation model climate
projections have been confirmed by an independent, qualita-
tively different, approach.

An important but subtle EBE-FEBE difference is that,
whereas the former is an initial value problem whose ini-
tial condition is the Earth’s temperature at + = 0, the FEBE
is effectively a past value problem whose prediction skill im-
proves with the amount of available past data, and — depend-
ing on the parameters — it can have an enormous memory
(Del Rio Amador and Lovejoy, 2021b). To understand this,
recall that an important aspect of fractional derivatives is that
they are defined as convolutions over various domains. To
date, the main one that has been applied to physical prob-
lems is the Riemann—Liouville (and the related Caputo) frac-
tional derivative specialized to convolutions over the interval
between an initial time = 0 and a later time ¢. With one or
two exceptions, this is the domain considered in Podlubny’s
mathematical monograph on deterministic fractional differ-
ential equations (Podlubny, 1999) as well as in the stochas-
tic fractional physics discussed in West et al. (2003), Her-
rmann (2011), Atanackovic et al. (2014), and most of the pa-
pers in Hilfer (2000) (with the partial exceptions of Schies-
sel et al., 2000, and Nonnenmacher and Metzler, 2000). A
key point of the FEBE is that it is instead based over semi-
infinite domains — here from —oo to ¢ — often called Weyl
fractional derivatives. This is the natural range to consider for
the Earth’s energy balance, and it is needed to obtain statis-
tically stationary responses. Random walk problems involv-
ing fractional equations over the domain O to ¢ can be dealt
with using Laplace transform techniques. In comparison, the
Earth’s temperature balance involves statistically stationary
stochastic forcings that are more conveniently dealt with us-
ing Fourier techniques.

We have mentioned that the FEBE can be derived phe-
nomenologically where the fractional derivative of order h
term represents the energy storage processes (Lovejoy et al.,
2021). In this approach order 4 is an empirically determined
parameter with 4 = 1 corresponding to the classical (expo-
nential) exception. Alternatively, it may derived from a more
fundamental starting point, the classical heat equation — the
same starting point as the classical Budyko—Sellers energy
balance models (Budyko, 1969; Sellers, 1969). Recently it
was shown with the help of Babenko’s operator method that
the special 4 = 1/2 FEBE — the half-ordered energy balance
equation (HEBE) — could be derived analytically from the
classical heat equation (Lovejoy, 2021a, b).

To obtain the HEBE, it is sufficient to follow the Budyko—
Sellers approach but to avoid one of their key approxima-
tions. The Earth’s atmosphere and ocean are driven by lo-
cal imbalances in radiative fluxes. While Budyko-Sellers
models simply redirect this flux away from the Equator, the
HEBE improvement (Lovejoy, 2021a, b) is to instead use the
mathematically correct radiative—conductive surface bound-
ary conditions. When this is done in the classical energy
transport equation, one obtains an important 2 = 1/2 special
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case of the FEBE, the half-order EBE or HEBE. The use of
half-order derivatives in the heat equation is completely clas-
sical and goes back to at least Oldham (1973), Oldham and
Spanier (1972), Babenko (1986), Magin et al. (2004), and
Sierociuk et al. (2013). The extension to & % 1/2 can be ob-
tained using the same mathematical techniques by starting
with the fractional generalization of the classical heat equa-
tion, the fractional heat equation. Further generalizations are
also possible and will be reported elsewhere.

The choice of a Gaussian white noise forcing was made
not so much for its theoretical simplicity as for its physical
realism. Using scaling to divide atmospheric dynamics into
dynamical ranges (Lovejoy, 2013, 2015a, 2019b), the main
ones are weather, macroweather and climate. While the tem-
perature variability in both space and time is generally highly
intermittent (multifractal), there is one exception: the tempo-
ral macroweather regime (starting at the lifetime of plane-
tary structures — roughly 10 d — up until the climate regime at
much longer scales). Macroweather is the regime over which
the FEBE applies, and it has exceptionally low intermittency:
temporal (but not spatial) temperature anomalies are not far
from Gaussian (Lovejoy, 2018). Responses to multifractal or
Levy process FEBE forcings may however be of interest else-
where.

This paper is structured as follows. In Sect. 2 we present
the fractional relaxation equation, forced by a Gaussian
white noise as a natural generalization of classical fractional
Brownian motion, fractional Gaussian noise and Ornstein—
Uhlenbeck processes (Sect. 2.1 and 2.2). When forced by
Gaussian white noises, the solutions define the correspond-
ing fractional relaxation motions (fRm) and fractional re-
laxation noises (fRn). We consider further extensions to the
case where the equation is forced by a scaling noise fGn
(Sect. 2.3, Egs. 21 and 22). This is equivalent to consider-
ing the fractionally integrated fractional relaxation equation
with white noise forcing. In Sect. 2, we first solve the equa-
tions in terms of Green’s functions and then introduce pow-
erful Fourier techniques that yield integral representations of
the second-order statistics, including autocorrelations, struc-
ture functions (Egs. 33 and 35), Haar fluctuations and spectra
(with many details in Appendix A and in Appendix B, we de-
rive the properties of the HEBE special case). In Sect. 3, we
develop both short- and long-time (asymptotic) series expan-
sions for the statistics (Egs. 49 and 51), and we display and
discuss sample fRn and fRm processes. In Sect. 4 we dis-
cuss the problem of prediction — important for macroweather
forecasting — and derive expressions for the optimum predic-
tor (Eq. 63) and its theoretical prediction skill as a function
of forecast lead time (Eq. 68). In Sect. 5 we conclude.

We could note that the paper is somewhat complex due
to the necessity of developing several approaches: Fourier
for the main integral representations (Sect. 2), Laplace for
the asymptotic expansions (Sect. 3), and real space for the
predictability results (Sect. 4).
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2 The fractional relaxation equation
2.1 fRn, fRm, fGn and fBm

In the introduction, we outlined physical arguments that the
Earth’s global energy balance could be well modelled by the
fractional energy balance equation. Taking 7' as the glob-
ally averaged temperature, T as the characteristic timescale
for energy storage/relaxation processes, F as the (stochastic)
forcing (energy flux; power per area), and s as the climate
sensitivity (temperature increase per unit flux of forcing), the
FEBE can be written in Langevin form as

t"(DIT)+T =sF, 1)

where the Riemann—Liouville fractional derivative symbol
4D/ is defined as

1 d

DhrT=—— —
@t C'(1—h)ds

t
f(t—s)*hT(s)ds; O<h<l1, (2

where I' is the standard gamma function. Derivatives of order
v > 1 can be obtained using v = h+m, where m is the integer
part of v, and then applying this formula to the mth ordinary
derivative. The main case studied in applications (e.g. ran-
dom walks) is a = 0, so that Laplace transform techniques
are often used (alternatively, the somewhat different Caputo
fractional derivative is used). However, here we will be in-
terested in @ = —oo: the Weyl fractional derivative _OODZ’,
which is naturally handled by Fourier techniques (Sect. 2.4
and Appendices A and B), and, in this case, this distinction
is unimportant.

Since Eq. (1) is linear, by taking ensemble averages, it can
be decomposed into deterministic and random components
with the former driven by the mean forcing external to system
(F) and the latter by the fluctuating stochastic component
F — (F) representing the internal forcing driving the internal
variability. The deterministic part has been used to project
the Earth’s temperature throughout the 21st century (Procyk
et al., 2020, 2022); in the following we consider the simplest
purely stochastic model in which (F') =0 and F = y, where
y is a Gaussian “delta-correlated” and with unit amplitude
white noise:

() =0; (y()y@w)=2=8u—v). 3)

In Hébert (2017), Lovejoy et al. (2017), and Hébert et
al. (2021), it was argued on the basis of an empirical study
of ocean—atmosphere coupling that 7, & 2 years, while re-
cent work indicates a value somewhat higher, & 5 years (Pro-
cyk et al., 2022). At high frequencies, Lovejoy et al. (2015)
and Del Rio Amador and Lovejoy (2019, 2021a) showed
that the value 7 ~ 0.4 reproduced the Earth’s temperature
at scales < t as well as for macroweather scales (longer
than the weather regime scales of about 10d) but still < 7.
Procyk et al. (2020) also used the FEBE to estimate (the
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global) s =[0.45,0.67]K(Wm~2)~! (90 % confidence in-
terval), and the amplitude of the radiative forcing at monthly
resolution was [0.89; 1.42]Wm~2 (90 % confidence inter-
val).

When 0 < h < 1, Eq. (1) with y () replaced by a determin-
istic forcing is a fractional generalization of the usual (h = 1)
relaxation equation; when 1 < i < 2, it is the “fractional os-
cillation equation”, a generalization of the usual (h = 2) os-
cillation equation (Podlubny, 1999).

To simplify the development, we use the relaxation time
T to nondimensionalize time, i.e. to replace time by 7/t to
obtain the canonical Weyl fractional relaxation equation:

t

(cooDl + ) Un=7: Qult) = / Un(w)dv, @
0

for the nondimensional process Uj. The dimensional so-
lution of Eq. (1) with nondimensional y =sF is simply
T(1) =1t~ Uy(t/7), so that in the nondimensional Eq. (4),
the characteristic transition “relaxation” time between dom-
inance by the high frequency (differential) and the low fre-
quency (U, term) is t = 1. Although we give results for the
full range 0 < h < 2 —i.e. both the “relaxation” and “oscilla-
tion” ranges — for simplicity, we refer to the solution Uy (z)
as “fractional relaxation noise” (fRn) and to Qy(¢) as “frac-
tional relaxation motion” (fRm). Note that fRn is only strictly
anoise when i1 < 1/2.

In dealing with fRn and fRm, we must be careful of vari-
ous small and large ¢ divergences. For example, Eqgs. (1) and
(4) are the fractional Langevin equations corresponding to
generalizations of integer-ordered stochastic diffusion equa-
tions: the classical & =1 case is the Ohrenstein—Uhlenbeck
process. Since y (t) is a “generalized function” — a “noise” —
it does not converge at a mathematical instant in time, and it
is only strictly meaningful under an integral sign. Therefore,
a standard form of Eq. (4) is obtained by integrating both
sides by order # (i.e. by differentiating by —A and assuming
that differentiation and integration of order 7 commute):

Un(t) = — oo D7 "Up + —so Dy

=~ /( t — )" U, (v)dv

h—1
F(h) /(t v)" "y (v)dv, Q)

(see e.g. Karczewska and Lizama, 2009). The white noise
forcing in the above is statistically stationary; the solution
for Uy (¢) is also statistically stationary. It is tempting to ob-
tain an equation for the motion Qj(¢) by integrating Eq. (4)
from —oo to ¢ to obtain the fractional Langevin equation
_Othh On+ 0y = W, where W is the Wiener process (a stan-
dard Brownian motion) satisfying dW = y (¢)dt¢. Unfortu-
nately the Wiener process-integrated —oo to ¢ almost surely
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diverges, and hence we relate O, to Uj, by an integral from
Otot.

In the high-frequency limit, the derivative dominates, and
we obtain the simpler fractional Langevin equation

t

—oDI'Fy=y; Bu(t)= / Fjp(v)dv, (©6)
0

whose solution F}, is the fractional Gaussian noise process
(fGn, not to be confused with the forcing) and whose integral
By, is fractional Brownian motion (fBm). We thus anticipate
that Fj, and By, are the high-frequency limits of fRn and fRm.

2.2 Green’s functions

Although it will turn out that Fourier techniques are very con-
venient for calculating the statistics, there are also advantages
to classical (real-space) approaches, and in any case they are
needed for studying the predictability properties (Sect. 4).
We therefore start with a discussion of Green’s functions that
are the classical tools for solving inhomogeneous linear dif-
ferential equations:

t

Fi(r) = / GUS (¢ — vy (u)dv,
—00
t

Un(r) = / G (¢ — v)y (v)dv, ™

—00

where G(()fgn) and G(()ﬂzn) are Green’s functions for the dif-

ferential operators corresponding respectively to ,oonl and
_OoDh + 1. Note that, due to causality, all Green’s functions
used in this paper vamsh fort < 0.

G(() hn) nd G(() ,  are the usual “impulse” (Dirac) response
Green’s functions (hence the subscript “0”). For the differen-
tial operator E, they satisfy

EGon(t) =58(1). 8)

Integrating this equation, we find an equation for their in-
tegrals G, which are thus “step” (Heaviside, subscript “17)
response Green functions satisfying

t

=Gon, 9

—00

where © is the Heaviside (step) function (=0 fort <0, =1
for t > 0). The inhomogeneous equation

Bf (@) =F(@) (10)
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has a solution in terms of either an impulse or a step Green
function:
t

f@ = / Go.n(t —v)F(v)dv

—00

t

, , dF
=/G1,h(t—v)F (v)dv; F(v):a, D

the equivalence being established by integration by parts with
the conditions F(—o0) =0 and G ;(0) = 0. The use of the
step rather than impulse response is standard in the energy
balance equation literature since it gives direct information
on energy balance and the approach to equilibrium (see e.g.
Lovejoy et al., 2021). The step response for the noise is also
the basic impulse response function for the motion.

For fGn, Green’s functions are simply the kernels of the
fractional integrals

t
_ Al
R = 1 / (1 — 0"y ()dv (12)

obtained by integrating both sides of Eq. (6) by order /. We
conclude that

@om _ "7 en) t" 1 1
on == Gy == —3<h<z. (13
’ I'(h) : Lh+1) 2 2
For fRn, we now recall some classical results useful in
geophysical applications. First, these Green functions are of-
ten equivalently written in terms of Mittag—Leffler functions
(“generalized exponentials™), Eq g.

o n

Gon(®) =" E, n(—t"): Eypg(n)= —— (14
0.4 (1) nn(—1"); Eqp(2) ,;Or(amm (14)
tnh—l
O<h<2

T(nh)’

To lighten the notation in Eq. 14 and in the following, we
suppress the superscripts for fRn and fRm processes. A con-
venient feature of Mittag—Leffler functions is that they can
easily be integrated by any positive order «:

Ga,n(t) =0D;*(Gon(1) =

Gon() =Y (=1
n=1

o] nh
h—1+a hy _ ;a—1 n+1 .
t E —t") =t -1 — >0
hohta (—17) n;( ) T 'Z
=0; t<0
a>0; 0<h<2 (15)

(Podlubny, 1999). As mentioned, the constraint ¢ > 0 is due
to causality, and physical Green functions vanish for nega-
tive arguments. In the following this will simply be assumed.
With a = 1, we obtain the useful formulas

tnh

I'(1+nh)’ (16)

o0
Gian@® =1"Epppi ("), Gy =Yy (="
n=1
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Figure 1. The impulse (a, b) and step response functions (¢, d) for
the fractional relaxation range (a, ¢: 0 <h <1, and red is h =1,
the exponential), the black curves, bottom to top, are for 7 = 1/10,
2/10, ... 9/10 and the fractional oscillation range (b, d: 1 <& < 2,
red is the integer values 7 =1, ¢, d is the exponential, and a, b
h =2), and the sine function, the black curves, bottom to top are
for h =11/10, 12/10, ..., 19/10.

With this, we see that G((Sn) and Ggf’(h}n) are simply the first
terms in the power series expansions of the corresponding
fRn and fRm Green functions. The solution to Eq. (4) with
the white noise forcing y (¢) is therefore

t

Uoun(t) = f Goalt — )y (v)dv, (17)

—00

where for this “pure” fRn process, we have added the sub-
script “0” for reasons discussed below. We note that, at the
origin, for 0 < h < 1, Gg j, is singular, whereas G j, is regu-
lar, so that it may be advantageous to use the latter (step) re-
sponse function (for example in the numerical simulations in
Sect. 4). These Green function responses are shown in Fig. 1.
When 0 < i < 1, the step response is monotonic; in an en-
ergy balance model, this would correspond to relaxation to
equilibrium. When 1 < h < 2, we see that there are overshoot
and oscillations around the long-term value; it is therefore
(presumably) outside the physical range of an equilibrium
process.

In order to understand the relaxation process — i.e. the ap-
proach to the asymptotic value 1 in Fig. 1 for the step re-
sponse G, — we need the asymptotic expansion

o0 _1 n
G p(t) = Zoﬁto‘_l_"h; r>1. (18)
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For o =0, 1 we obtain the special cases corresponding to
impulse and step responses:

00 t—l—nh
G =) (=" ,
0.1(1) n;( s
00 tfnh
G = ' 1, 19
0] ,;)( i (19)

(O<h<1,1<h<2; note that the n =0 terms are 0 and
1 for Go,, and G, respectively) (Podlubny, 1999), i.e. the
asymptotic expansions are power laws in " rather than r”.
According to this, the asymptotic approach to the step func-
tion response (bottom row in Fig. 1) is a slow, power law
process. In the FEBE, this implies for example that the classi-
cal CO; doubling experiment would yield a power law rather
than exponential approach to a new thermodynamic equilib-
rium. Comparing this to the EBE, i.e. the special case h = 1,
we have

Goit)=e""; Gii(t)=1—e"", (20)

so that when h = 1, the asymptotic step response is instead
approached exponentially quickly. We see that when i =1,
the process is a classical Ornstein—Uhlenbeck process, so that
fRn can be considered a generalization of the latter. There
are also analytic formulae for fRn when 4 = 1/2 (the HEBE)
is discussed in Appendix B, notably involving logarithmic
corrections.

2.3 The a-order fractionally integrated fRn and fRm
processes

Before proceeding to discuss the statistics of fRn and fRm
processes, it is useful to make a generalization to the frac-
tionally integrated processes:

Ush = —0oD;*Up . (21)

Uy is the “a-order-integrated, fractional £ relaxation
noise”. Combined with Green’s function relation Gg 5 =
—0oD; %Gy (Eq. 15; recall that Go () =0 for ¢ < 0), we
find that Uy and G, are respectively the fractionally in-
tegrated relaxation noises and Green’s functions of the frac-
tionally integrated fractional relaxation equation:

(700D;x+h + 7ooD;a)Ua,h =Y,
(cooDf M + oo DY) G = 8(1). (22)

If the highest-order derivative is constrained to be an integer
(i.e. +h = 1 or 2), then the equation is a standard fractional
Langevin equation; for example, U could be for the velocity
of a particle with fractional damping and white noise forcing,
although even here, the initial conditions are usually taken to
be at t = 0 and not t = —oo. Equivalently, U, j is the solu-
tion of the relaxation equation but with an fGn forcing:

(oo D + 1) Ugp = oo Dy = Fo(1); 0<a <1/2 (23)
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(the Weyl fractional derivatives commute). F,, is the «-order
fGn process, and the restriction @ < 1/2 is needed to ensure
low-frequency convergence (see below).

In the Earth’s radiative balance, such fractionally inte-
grated fRn processes arise in two physically interesting situ-
ations. The first is where the forcing itself has a long mem-
ory — e.g. it is an fGn process. Whereas the memory in a
pure fRn process is purely from the high-frequency storage
term, in this case, the forcing (the overall radiative imbal-
ance) also contributes to the memory, and this has important
consequences for the predictability (Sect. 4). Although the
solutions Uy, are mathematically the same whether from
the fractional relaxation equation with fGn forcing (Eq. 23)
or the fractionally integrated fractional relaxation equation
with white noise forcing (Eq. 22), only the former is directly
relevant for the Earth’s energy balance. This is because the
energy balance involves the response from both stochastic
(internal) and deterministic (external) forcing. For the latter,
it is important that, following a step function forcing, at long
times, the system will approach a new state of thermody-
namic equilibrium. This implies that the term in the equation
that dominates at low frequencies — the lowest-order term —
is of order zero, so that if F in Eq. (1) is a step function, the
new equilibrium temperature (anomaly) is 7 = s F.

The second situation where fractionally integrated fRn
processes arise is for the energy storage (even in the purely
white noise forcing case). The storage process is the differ-
ence between the forcing and the response:

Sa,h - FO{ - Ua,h’ (24)
so that
Sah = 00D Uah = Up—ash. (25)

Even when the forcing is pure white noise (¢ = 0), the stor-
age is an h-ordered fractionally integrated process: Sp , =
U, p; this corresponds to the storage following an impulse
forcing. The storage following a step forcing is obtained by
integration order 1: Uj4p p. Similarly, Green’s function for
the fRn storage following an impulse forcing is G, and,
following a step forcing, G145, (Fig. 2). Since it turns out
that most of the pure fRn (¢ = 0) results are readily general-
ized to 0 < @ < 1/2, many fractionally integrated results are
given below.

2.4 Statistics

In the above, we discussed fGn, fRn and their order 1 in-
tegrals fBm, fRm as well as fractional generalizations, pre-
senting a classical (real-space) approach stressing the links
with fGn and fBm. We now turn to their statistics. Ug,; (¢)
is a mean zero stationary Gaussian process (i.e. (U (¢)) =
0, where “(.)” indicates ensemble or statistical averaging);
therefore, its statistics are determined completely by its auto-
correlation function Ry 5 (¢), which is only a function of the

Nonlin. Processes Geophys., 29, 93-121, 2022
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Granp (a)

05 10 15 20 25 30

Figure 2. The storage Green functions for the fractional relaxation
equation (o = 0): (a) impulse response (G ;); (b) step response
(G14h,n)-Blackisforh =1/10,2/10, ... 10/10 and red for 11/10,
12/10, ... 19/10 (to identify the curves; use the fact that at large
t, they are in order of increasing & — bottom to top). For small ¢,
Gpp x 2h=1 (Eq. 15), so that for 2 < 1/2, the impulse response
is singular at the origin. For large ¢, G, j, =1 (Eq. 18), so that
for h < 1, the total impulse response storage decreases following
the impulse; for # = 1 (the EBE), it tends to unity, and for 2z > 1, it
diverges.

lag z:
Ra i (1) = (Ug, i (t + 0) Ug, (V)

_ / Gt +0)Gen(v)dv. (26)
0

The far-right equality follows from U, p = Gg p*xy and
(y(y@))=8@—1t) (“* indicates “convolution”). The
process can only be normalized by Ry ,(0) when there is no
small-scale divergence, i.e. when

o0
R (0) =(U§’h)=/Ga,h(v)2dv <o0; a+h>1/2. (27)
0

When « + h < 1/2, this diverges; in order to be normalized,
the process must be averaged at a finite resolution (below).

Although it is possible to follow Mandelbrot and Van Ness
(1968) and derive many statistical properties in real space, a
Fourier approach is not only more streamlined, but is also
more powerful. The reason for the simplicity of the Fourier
approach is that the Fourier transform (FT, indicated by the
tilde) of the Weyl fractional derivative is symbolically

. FT
(la))h <~ _OOD,h (28)
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(e.g. Podlubny, 1999). This is simply the extension of the
usual rule for the FT of integer-ordered derivatives. There-
fore, since U, and Gg ., are respectively solutions and
Green’s functions of the fractionally integrated fractional re-
laxation equation (Eq. 22), we have

() 4+ (i0)*) U = 7
(Iil; (7ooD;¥+h + 7ooD[a)Uoz,h =Y,

() 4+ ((0)*) G = 1

S (LoD 4 oo DF) G = 5, (29)

so that
~ Y
U, =

= G 1 G
~ 1
G =— 0 1,

)= G+ Gy C ST
0<h<?2. 30)

We see that in the limit 2 — 0, Uy, ¢ is an a-order fGn process
(see e.g. Eq. 23).

Now we can use the fact that the white noise y has a flat
spectrum:

(7(@)7 (@) = (0 + [T (@)) = 278 (@ + o)
Sy =51 -1, 31)

The modulus (vertical bars) intervenes since for any real
function f(#) we have f(w)= f*(—w), where the super-
script “*” indicates a complex conjugate.

Application of Eq. (31) leads to

Ra,h(t)=% / ¢ Ey(w)dw,
Ey(@) = (|Uan(@)|)
1
o1+ (—iw)) (A + Gw)h)

(32)

i.e. the spectrum Ey is the FT of the correlation function
Ry ;(t) (the Wiener—Khinchin theorem). Applying this to
Uq.1, we obtain

R (t)_ifoo cos(wt)dw
T ] e+ ) (1 (i)

(33)

This shows that Ry () = Ry, n(—t), so that below, we only
consider t > 0.

Since R, ,(0) diverges for o +h < 1/2, we consider the
integral Qg ; of the process (the “motion”) from which we
can easily compute the average. The corresponding variance
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Ve 18

t

Vo) = (Qan (), Qan(1) Z/Ua,h(v)dv- (34)

0

In terms of ﬁa,h(a)),

1 r 1— ~
Ve (0= — f %%m(lva,h(w>lz)dw

1 70 (1 - cos ) do
B )2 (1 + () (1 + (=iw)h)’

a<1/2, O0<h<?2. 35)

We see that at low frequencies, when o > 1/2, the integral
diverges for all . Also note that a series expansion for V,, j (¢)
in ¢ will only have even-ordered integer power terms.

Comparing Eqgs. (33) and (35), we see that R and V are
linked by the simple relation

1d2V, (¢
Rop(t) = 2 LD

36
2 de? (36)

Therefore, by integrating Eq. (26) (twice), we can express
Ve,n in terms of G p:

Van(t) = /(Ga+1,h(l +v) = Gor1.4(v)*dv
0

t

+ / Gar1 4(0) v, 37)
0

This can be verified by differentiation and using

dGut1,n

=G .
dr ok

The basic behaviour can be understood in the Fourier do-
main. First, putting r =0 in Eq. (32) (i.e. “Parseval’s theo-
rem”), we have

o]

1
Ran(0) = > f Ey()dw

—00

_ L ]0 dw
S ) e+ (o)) (1 + (—ie)h)

(38)

so that when o +h < 1/2, R diverges at high frequencies
(small ¢), and hence to represent a physical process (here,
the Earth’s temperature), the process must be averaged over
a finite-resolution 7. When o +h > 1/2, R(0) is finite and
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can therefore be used to obtain a normalized autocorrelation
function (Eq. 27).

From Eq. (32), we may also easily obtain the asymptotic
high- and low-frequency behaviours of the energy spectrum:

Ey(w)
w=2@+) 4 0 (=203, o> 1,

x w2 —2cos (%)u)h_z" + 0", w<«l. (39)

2.5 Finite-resolution processes

When o + h < 1/2, the process does not converge at any in-
stant ¢: it is a noise, a generalized function. To represent the
Earth’s temperature, it must therefore be averaged at a finite-
resolution t:

Qun (1) — Qu,n(t — 1) .

T

U(X,h,‘[(t) =

(40)

Applying Egs. (34) and (40), we obtain the “resolution t”
autocorrelation:

Ro,n,c (At) = <Uot,h,‘[(t)UOl,h.r(t — Al))
=1 ((Qah (1) = Qui(t — 1))
(Qan(t = A1) = Qan(t — At — 1))

=172 (Vah (At = T) + Vo (At + 1) r=r
— 2Ve,n(AD))
Ronr(0) =T Vo (7).
41)

Alternatively, measuring time in units of the resolution A =
At/t,

Rant (A7) = (Uap,e () Uq p,z (t — AT))

1
= 7722 (Ve (G = D)+ Ve (4 D7)

—2va,h(u)>, A1 (42)

R4 n.r can be conveniently written in terms of centred finite
differences:

Ry (AT) = %A%Va,hw) ~ %V;{,,(Ao,
f+1/2)— ft—1/2)

T

Arf(t) =

(43)

The finite-difference formula is valid for Ar > 7. For finite t,
it allows us to obtain the correlation behaviour by replacing
the second difference with a second derivative, an approxi-
mation that is very good except when At is close to 7. Taking
the limit ¢ — 0 in Eq. (43), we obtain the second derivative
formula Eq. (36).
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3 Application to fBm, fGn, fRm, and fRn
3.1 fBm and fGn

The above derivations were for noises and motions derived
from differential operators whose impulse and step Green
functions had convergent Vy 5 (¢). Before applying them to
fRn and fRm, we illustrate this by applying them first to fBm
and fGn.

The fBm results are obtained by using the fGn step Green
function (Eq. 13) in Eq. (35) with & = 0 to obtain

VB (1) = 4V, 0(t)

B <2sin(7rh)r‘(—l —2h)) 21,
- ;

L, L (44)
- = < —.
2= 72

The standard normalization and parametrization are

x 172
N, =K;, =
h="h <251n(7rh)F(—1 —2h)>

- 172
- <_200s(nH)F(—2H)> :

1
H=h+§; 0<H<I1. 45)
This normalization turns out to be convenient not only for
fBm, but also for fRm, so that for the normalized process,

VB gy = 2 2 0<H <1, (46)
where we have introduced the standard fBm parameter H =
h+1/2, so that

(ABg (A = AdT,
ABy(At) = By (1) — By (t — Ar) | (47)

and hence H is the fluctuation exponent for fBm. Note that
fBm is usually defined as the Gaussian process with Vi given
by Eq. (46), i.e. with this normalization (e.g. Biagini et al.,
2008).

We can now calculate the correlation function relevant for
the fGn statistics. With the above normalization,
1)2h+1

R(fGn)()\‘ ) 2h 1(()\‘_’_ )2h+1+()\‘

1 1

_2)\2”“), A>1l,——<h<—,

2 2

(fGn) 0) =21,
RgG;” (A7) ~ h(2h + 1) (ar) !

=HQH-1D)0)* 7D, i1, (48)

the bottom approximations are valid for large-scale ratios X.
We note the difference in sign for H > 1/2 (“persistence”)
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and for H < 1/2 (“anti-persistence”). When H =1/2, the
noise corresponds to standard Brownian motion, and it is un-
correlated.

3.2 fRm and fRn
321 Ry n(®)

Since fRm and fRn are Gaussian, their properties are de-
termined by their second-order statistics, by V, ,(¢f) and
Ry 1 (t). These statistics are second order in G4, (f) and can
most easily be determined using the Fourier representation of
Gy n(t) (Sect. 2.4, Appendices A and B). The development
is challenging because unlike the G, ;(f) functions that are
entirely expressed in series of fractional powers of ¢, V()
and Ry 5 (¢) involve mixed fractional and integer power ex-
pansions; the details are given in the Appendices, and here
we summarize the main results.

First, for the noises, we have

00
Ry n (1) = ZD"F(] —hn— 20[)t_1+h”+2°l
n=2
00

>

FJm)
j=T,0dd
cosn(%—}-a)
hsm(”zh)sin(i(j—Za))’
sin(””h +am) sin(M)

7T sin (”zh)

D, = (-1)"

(49)

At small ¢, the lowest-order terms dominate, and the normal-
ized autocorrelations are thus

(h+a)(142(h + a))~ 120+

+ O(t—1+3h+205)
TKtK]l, O<(h+a)<1/2,
IT(1 = 2(h +a))|sin(r(h + 2a))

7 Fi
. t—l+2(h+0() + O(t—1+3h+20l)’

R0 =

R0 =1

tL1, 12<(h+a)<3/2,
2
t
RIS (1) = 14— Fy 4 071 #2040
’ 2F]
t<l1, 32<(h4+a)<2 (50)

(note that F3 < 0 for 3/2 < h+« < 2; see Appendix A). We
see that at small 7, the behaviour of the normalized autocor-
relations depends essentially on the sum /4 4 «; in particular,
when h + o < 1/2, the process is effectively an fGn process
with an effective fluctuation exponent H = —1/2+ (h + ).
This is to be expected since « + & is the highest-order term
in the fractionally integrated fractional relaxation equation
(Eq. 22).
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322 Vyu(t)

Integrating twice

t v

Vo (1) =2 / / Reo)du | do

0 0

we obtain

o0
Van(t) = ZZD"F(_l —hn — 2a)t1+hn+2a

n=2
+2 Z ;
j=T.odd T(j+2)
O<h<2, 0<a<l/2. 51)

When 0 <o +h < 1/2, the leading (n =2) term for Vy
is 1120t (¢ fo}fn ), so that the fBm coefficient can be
used for normalization using Ry 5 - (0) = 772 Ve.n(t). When
h + o > 1/2, this normalization becomes negative, so that it
cannot be used; however, in this case, Ry ,(0) = F; and may
be used for normalization instead. For an analytic expression,
convergence properties including numerical results and mod-
ified expansions converge more rapidly; see Appendix A and,
for the special case h = 1/2, Appendix B.

For convenience, the leading terms of the normalized V, j,
are

(norm)(t) 1+2(h+0t) + 0(t1+3h+20t)+ 0(Z2),
O<h+a)<1/2, (52)
2I' (=1 —=2(h i h+2
Vogfl}?rm) (t) = t2 . ( ( +7Ta1):? sin(w (h + 2a))

. t1+2(/’£+l¥) _|_ 0(t1+3h+20t)’
1/2 < (h +a) <3/2,

t 0 (12h+a)+1
1 2 + O( ),

3/2 < (h+a) < 2.

Vaff’;rm) =1+

3.2.3 Asymptotic expansions

For multidecadal global climate projections, the relaxation
time has been estimated at ~ 5 years (Procyk et al., 2020,
2022), so that we are interested in the long-time behaviour
(exploited for example in Hébert et al., 2021). For this,
asymptotic expansions are needed: in Appendix A we show

o0
Rap(t)= — Y D_yI(1+nh—2e)2 =10
n=0

+ Pon (1), t>1, (53)

where Py j 4+(t) =0 for h <1, while for 1 <h <2 it has
exponentially damped oscillations (see Fig. 3d and Ap-
pendix A).

https://doi.org/10.5194/npg-29-93-2022

(a) (b)

4 -2 2 4

-2 Log,t
-4

o

S

[y 6

o

)

' ' ' '
o o BN [

Log;oR

- 10

Figure 3. The normalized correlation functions Ry j for fRn cor-
responding to the V{ ;, function in Fig. 4: 0 <h < 1/2 (a), 1/2 <
h<1(),1<h<3/2(c),and 3/2 <h <2 (d). In each plot, the
curves correspond to A increasing from bottom to top in units of
1/10 starting from 1/20 (a) to 39/20 (d). For i < 1/2, the resolu-
tion is important since Ry j, ; diverges at small . In (a), Rq p ¢ is
shown with T = 107; they were normalized to the value at reso-
lution T = 10_5, and for & > 1/2, the curves are normalized with

F3_1/2. In all cases, the large ¢ slope is —1 — h.

For pure fRn processes, a useful formula is

1 4 cot (%) tan (* Zh)faﬂh)
2T (—nh)

> 1, (54

Ron(t) =Y (1)

n=1

+ Pop,+ (1),

or, more generally,

I'(l —2a)sin(ra) 2a-1

Ra,h(t) =
T
/
B cos (77') fRa—(+h)
cos(”—h —ma)T (2o —h) '
t>1, 0<h<2 O<a<l/2. (55)

We see that when o # 0, Dy > 0, so that, as expected, the
leading behaviour has no 4 dependence: it is only due to the
long-range correlations in the forcing; we obtain the fGn re-
sult: &~ r2*~ 1 For pure fRn processes this reduces to

1
Ron(t) = — F(_h)t_l_h

(note that I'(—h) <Ofor0 < h < 1).
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Figure 4. The normalized V{y ;, functions for the various ranges of
h for fRm. The plots from (a) to (d) are for the ranges 0 < h <
1/2,1/2<h <1,1<h <3/2,and 3/2 < h < 2. Within each plot,
the lines are for 4 increasing in units of 1/10 starting at a value
1/20 above the plot minimum; overall, / increases in units of 1/10
starting at values 1/20 (a) to 39/20 (d) (e.g. for a, the lines are
for h =1/20, 3/10, 5/20, 7/20, and 9/20). For all & the large ¢
behaviour is linear (slope = 1, although note the oscillations for the
lower right-hand plot (d) for 3/2 < h < 2). For small ¢, the slopes
are 1+2h (0O<h <1/2)and2 (1/2 <h <?2).

Integrating R, » twice and doubling, we obtain

2I'(—1 — 2a) sin(r o) (420

Van(t) = - +do,nt + ba,h
1+ cos(mrh) — sin(rh) cot(mw (h — 2))
r2-—(h—2a))
D | (56)

(the full expansion is given in Appendix A; see Fig. 4 for
plots). The constants of integration ay,, and by are not de-
termined since the expansion is not valid at t = 0; they can
be determined numerically if needed. However, in the limit
o — 0 (the pure fRn case), the leading term is exactly ¢ (cor-
responding to ordinary Brownian motion), so that an extra
ap, is not needed (Appendix A). When « > 0, the far-left
(fGn) term from the forcing dominates; at large enough ¢,
Van(t) ?H with H = a4 1/2, and the corresponding mo-
tion is an fBm.

Using the above results, we see that there are three limiting
fRn/fRm cases that yield fGn/fBm processes:

1
Rao(t) = ZRng“)(z), O<a<1/2, h=0,

Ron(t) = ROV (1), O<a<l1/2, t3>1,
Ron() =RV,  O0<a+h<1/2, 1<1. (57)
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3.3 Haar fluctuations

A useful statistical characterization of the processes is by the
statistics of their Haar fluctuations over an interval Az. For an
interval At, Haar fluctuations (based on Haar wavelets) are
the differences between the averages of the first and second
halves of an interval. For a process U, the Haar fluctuation is

t
2
AU (At)Haar = A U)dv
t—At)2
1—A1)2

Zt f U(v)dv. (58)

t—At

In terms of the process at resolution At/2 (i.e. averaged at
this scale), Ua;/2(2):

2
AU (At)Haar = E(Um/z(t) —Upipp(t — At/2)) . (59
Therefore,
2\ 2
<AU(AI)]2-Iaar> = (E) 4V (At/2) = V(Ap)), (60)

where V() is the variance of the integral of U over an inter-
val ¢ (Eq. 34).

Using Eq. (60), we can determine the behaviour of
the root mean square (rms) Haar fluctuations; terms like
V.n(t) oc % contribute oc #5/2~! to the rms Haar fluctuation
<AUa,h (At)%laar>]/2 (the exception is when £ = 2, which con-
tributes nothing). Applying this equation to fGn parameter #,
we obtain (AFy (AHZ..) "> oc AtH with H =h —1/2.

Using the results above for V4 j,, we therefore obtain the
leading exponents:

H=h+a—1)2,
H=1,

1
H=0a——,
2

O<h+a<3/2
, Ark1
32<h4+a<?2 61)

Ar> 1.

Figure 5 shows that the theory agrees well with the numerics.

For the range of &, / discussed here (0 <o < 1/2,0<h <
2), H spans the range —1/2 (white noise) to 1. In compari-
son, fGn processes have H covering the range —1 < H <0
and fBm processes have 0 < H < 1; therefore, depending on
whether the process is observed at timescales below or above
the relaxation timescale (Ar = 1), fractionally integrated fRn
processes can mimic fGn or fBm processes. If we consider
the integrals — the motions — the value of H is increased by
1 (although for Haar fluctuations, it cannot exceed H = 1).
Overall, from an empirical viewpoint, if over some range of
scales (that may only be a factor of 100 or less), it may be
quite hard to distinguish the various models, especially since
the transition from low- to high-frequency scaling may be
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Figure 5. The rms Haar fluctuation plots for the pure (o =0)
fRn process forO0 <h < 1/2(a), 1/2<h <1(b),1 <h <3/2(c),
and 3/2 < h < 2 (d). The individual curves correspond to those of
Figs. 3 and 4. The small At slopes follow the theoretical values
h—1/2up to h =3/2 (slope = 1); for larger A, the small ¢ slopes
all equal 1. Also, at large ¢ due to dominant V & ¢ terms, in all cases
we obtain slopes 12

very slow (see especially Appendix B for the 7 = 1/2 case).
Recent work shows that the maximum likelihood method
may be the optimum parameter estimation technique (Pro-
cyk, 2021).

3.4 Sample processes

It is instructive to view some samples of fRn and fRm pro-
cesses (here we consider only o = 0). For simulations, both
the small- and large-scale divergences must be considered.
Starting with the approximate methods developed by Man-
delbrot and Wallis (1969), it took some time for exact fBm
and fGn simulation techniques to be developed (Hipel and
McLeod, 1994; Palma, 2007). Fortunately, for fRm and fRn,
the low-frequency situation is easier since the long-time
memory is much smaller than for fBm and fGn. Therefore, as
long as we are careful to always simulate series a few times
longer than the relaxation time and then to throw away the
earliest 2/3 or 3/4 of the simulation, the remainder will have
accurate statistics. With this procedure to take care of low-
frequency issues, we can therefore use the solution for fRn
in the form of a convolution and use standard numerical con-
volution algorithms.

We must nevertheless be careful about the high frequen-
cies since the impulse response Green functions G j are sin-
gular for 2 < 1. In order to avoid singularities, simulations
of fRn are best made by first simulating the motions Qg j, us-
ing Qo o G1,p*y and obtaining the resolution T fRn, using
Uop(t) =(Qont+7)— Qo.1n(t))/t. Numerically, this al-
lows us to use the smoother (nonsingular) G j in the convo-
lution rather than the singular Gy ;. The simulations shown
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in Figs. 6-9 follow this procedure, and the Haar fluctuation
statistics were analysed, verifying the statistical accuracy of
the simulations.

In order to clearly display the behaviours, recall that when
t > 1, we showed that all the fRn converge to Gaussian white
noises and the fRm to Brownian motions (albeit in a slow
power law manner). At the other extreme, for t < 1, we ob-
tain the fGn and fBm limits (when 0 < & < 1/2) and their
generalizations for 1/2 < h < 2.

Figure 6 shows three simulations, each of length 2!° pix-
els, with each pixel corresponding to a temporal resolution
of T = 2710 g0 that the unit (relaxation) scale is 210 elemen-
tary pixels. Each simulation uses the same random seed, but
they have /’s increasing from 2 = 1/10 (top set) toh = 5/10
(bottom set). The fRm on the right is from the running sum
of the fRn on the left. Each series has been rescaled, so that
the range (maximum—minimum) is the same for each. Start-
ing at the top line of each group, we show 2'0 points of the
original series degraded by a factor of 2°. The second line
shows a blow-up by a factor of 8 of the part of the upper
line to the right of the dashed vertical line. The line below
is a further blow-up by a factor of 8 until the bottom line
shows a 1/512 part of the full simulation but at full resolu-
tion. The unit scale indicating the transition from small to
large is shown by the horizontal red line in the middle-right
figure. At the top (degraded by a factor of 2%), the unit (re-
laxation) scale is 2 pixels, so that the top line degraded view
of the simulation is nearly a white noise (left) or (ordinary)
Brownian motion (right). In contrast, the bottom series is ex-
actly of length unity, so that it is close to the fGn limit with
the standard exponent H = i + 1/2. Moving from bottom to
top in Fig. 6, one effectively transitions from fGn to fRn (left
column) and from fBm to fRm (right column).

If we take the empirical relaxation scale for the global
temperature to be 27 months (= 10 years, Lovejoy et al.,
2017) and we use monthly-resolution temperature anomaly
data, then the nondimensional resolution is 277, correspond-
ing to the second series from the top (which is thus 210
months & 80 years long). Since 7 ~ 0.38 +0.03 (Procyk et
al., 2022), the second series from the top in the bottom set
is the most realistic, and we can make out the low-frequency
undulations that are mostly present at scales 1/8 of the series
(or less).

Figure 7 shows realizations constructed from the same ran-
dom seed but for the extended range 1/2 <h < 2 (i.e. be-
yond fGn). Over this range, the top (large-scale, degraded-
resolution) series are close to white noises (left) and Brow-
nian motions (right). For the bottom series, there is no
equivalent fGn or fBm process and the curves become
smoother, although the rescaling may hide this somewhat
(see for example the & = 13/20 set, the blow-up of the far-
right 1/8 of the second series from the top shown in the third
line). For 1 < h < 2, also note the oscillations with frequency
2m/sin(rr/ h) (Eqs. 53 and A3): this is the fractional oscilla-
tion range.
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Figure 6. fRn and fRm simulations (left and right columns respec-
tively) for h =1/10, 3/10, and 5/10 (top to bottom sets, all with
a =0), i.e. the exponent range that overlaps with fGn and fBm.
There are three simulations, each of length 219 pixels, and each uses
the same random seed with the unit scale equal to 210 pixels (i.e. a
resolution of T = 27]0). The entire simulation therefore covers the
range of scale 1/1024 to 512 units. The fRm on the right is from the
running sum of the fRn on the left. Starting at the top line of each
set, we show 210 points of the original series degraded in resolution
by a factor 2°. Since the length is r = 2% units long, each pixel has
resolution T = 1/2. The second line of each set takes the segment
of the upper line lying to the right of the dashed vertical line, 1/8 of
its length. It therefore spans t =0 to ¢t = 22/8 = 20, but resolution
was taken as T =274, and hence it is still 210 pixels long. Since
each pixel has a resolution of 24, the unit scale is 2* pixels long:
this is shown in red in the second series from the top (middle set).
The process of taking 1/8 and blowing up by a factor of 8 continues
to the third line (length t = 23 resolution 7 = 277), unit scale = 27
pixels (shown by the red arrows in the third series), until the bottom
series which spans the range t = 0to t = 1, and resolution t = 210
with unit scale 210 pixels (the whole series displayed). Each series
was rescaled in the vertical so that its range between maximum and
minimum was the same. The unit relaxation scales indicated by the
red arrows mark the transition from small to large scales. Since the
top series in each set has a unit scale of 2 (degraded), it is nearly a
white noise (a, ¢, €) or (ordinary) Brownian motion (b, d, f). In con-
trast, the bottom series is exactly of length r = 1, so that it is close
to the fGn and fBm limits (left and right) with the standard expo-
nent H = h+1/2. As indicated in the text, the second series from
the top in the bottom set is most realistic for monthly temperature
anomalies.

S d P

Figure 8 shows simulations similar to Fig. 5a (fRn on the
left, fRm on the right), except that instead of making a large
simulation and then degrading and zooming, all the simu-
lations were of equal length (2'0 points), but the relaxation
scale was changed from 2!3 pixels (bottom) to 2!, 2% and 1
pixel (top). Again, the top is white noise (left) and Brownian
motion (right), and the bottom is (nearly) fGn (left) and fBm
(right); Fig. 9 shows the extensions to 1/2 < h < 2.
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Figure 7. The same as Fig. 6 but for 2 =7/10, 13/10 and 19/10
(top to bottom). Over this range, the top (large-scale, degraded-
resolution) series is close to a white noise (a, ¢, €) and Brownian
motion (b, d, f). For the bottom series, there is no equivalent fGn or
fBm process and the curves become smoother, although the rescal-
ing may hide this somewhat (see for example the middle # = 13/20
set, the blow-up of the far-right 1/8 of the second series from the
top shown in the third line). Also note for the bottom two sets with
1 < h < 2 the oscillations that have frequency 2/ sin(sr/ h): this is
the fractional oscillation range.

4 Prediction

The initial value for Weyl fractional differential equations
is effectively at r = —oo, so that for fRn, it is not di-
rectly relevant at finite times (although the ensemble mean
is assumed = 0; for fRm, the initial condition Q4 4(0) =01is
important). The prediction problem is thus to use past data
(say, for t < 0) in order to make the most skillful predic-
tion for t > 0. We are therefore dealing with a past value
rather than usual initial value problem. The emphasis on
past values is particularly appropriate since in the fGn limit,
the memory is so large that values of the series in the dis-
tant past are important. Indeed, prediction of fGn with a fi-
nite length of past data involves placing strong (mathemati-
cally singular) weight on the most ancient data available (see
Gripenberg and Norros, 1996; Del Rio Amador and Love-
joy, 2019, 2021a, b). This is quite different from standard
stochastic predictions that are based on short-memory (ex-
ponential) auto-regressive or moving-average-type processes
that are not much different from initial value problems.

To deal with the small-scale divergences when 0 </ +
a < 1/2, it is necessary to predict the finite-resolution fRn:
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Figure 8. This set of simulations is similar to Fig. 6 ((a, c, e) fRn,
(b, d, f) fRm) except that instead of making a large simulation
and then degrading and zooming, all the simulations were of equal
length (210 points) but resolutions T = 2-15 2=10 =5 4nd 1 (bot-
tom to top). The simulations therefore spanned the ranges of scale
2715 16275,2710 (6 1,275 10 25, and 1 to 219, and the same ran-
dom seed was used in each so that we can see how the structures
slowly change when the relaxation scale changes. The bottom fRn,
h =5/10 set is the closest to that observed for the Earth’s temper-
ature, and since the relaxation scale is of the order of a few years,
the second series from the top of this set (with 1 pixel = 1 month) is
close to that of monthly global temperature anomaly series. In that
case the relaxation scale would be 32 months and the entire series
would be 210/12 ~ 85 years long. The top series (of total length
210 relaxation times) is (nearly) a white noise (a, ¢, €) and Brown-
ian motion (b, d, f), and the bottom is (nearly) an fGn (a, c, e) and
fBm (b, d, f). The total range of scales covered here (210 X 215) is
larger than in Fig. 5a and allows one to more clearly distinguish the
high- and low-frequency regimes.
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Figure 9. The same as Fig. 8 but for larger / values; see also Fig. 7.
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Now define the predictor for # > 0 (indicated by a circum-
flex):
1 0
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To show that it is indeed the optimal predictor, consider
the predictor error E; (¢):
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Equation (64) shows that the error depends only on y (v) for
v > 0, whereas the predictor (Eq. 63) only depends on y (v)
for v < 0, and hence they are orthogonal:

(Ec()Uqp. (1)) =0. (65)

This is a sufficient condition for U/a,;(t) to be the minimum
square predictor, which is the optimal predictor for station-
ary Gaussian processes (e.g. Papoulis, 1965). The prediction
error variance is

(E(0)?)

11—t

e / (Graan(t —v) — Graan(t — 7 — v))’dv
0

t

+ / Graan(t —v)2dv | (66)

t—T
or, with a change in variables,

(Ec()?) =17V (2)

_f{ / (Gl+a,h(u+r>—Gm,h(v))zdv}, (67)
t

where we have used <U§’h’r) = r‘zVa,h (t) (the uncondi-
tional variance).

There are numerous skill indicators, but the most popular
and easy-to-interpret definition of forecast skill is the mini-
mum square skill score or MSSS (S, see Del Rio Amador
and Lovejoy, 2021a, for a discussion of this and other indi-
cators). For this, we obtain
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Figure 10. The prediction skill (S;) for pure fGn processes for fore-
cast horizons up to A = 10 steps (10 times the resolution). This plot
is nondimensional, and it is valid for time steps of any duration.
From bottom to top, the curves correspond to & = 1/20, 3/10, ...
9/20 (red, top, close to the empirical £).

we obtain the fGn result:

S — §n(00) —&p(A)

k= ——————71
Sh(oo)‘l‘m
A—1

£h0) = / (04 D" —v"2dv 69)
0

(Lovejoy et al., 2015), where X is the forecast horizon (lead
time) measured in the number of time steps in the future (due
to the fGn scaling, it is independent of the resolution 7). The
MSSS gives the fraction of the variance explained by the op-
timum predictor; when skill = 1, the forecast is perfect.

To survey the implications, let us start by showing the
independent results for fGn, shown in Fig. 10, which is a
variant on a plot published in Lovejoy et al. (2015). We see
that when h =~ 1/2 (H =~ 1), the skill is very high; indeed,
in the limit 2 — 1/2, we have perfect skill for fGn forecasts
(this would of course require an infinite amount of past data
to attain).

Now consider the fRn skill: we will start by considering
the pure (¢ = 0) fRn case where the memory comes com-
pletely from the (high-frequency) storage, anticipating that
the fGn forced case (« # 0) obtains its memory and skill
from both storage and forcing. In comparison with fGn, fRn
has an extra parameter, the resolution of the data, t. Figure 11
shows curves corresponding to Fig. 10 for fRn with forecast
horizon integer multiples (1) of t, i.e. for times t = At in
the future but with separate curves, one for each of five t
values increasing from 10™* to 10 by factors of 10. When
T is small, the results should be close to those of fGn, i.e.
with potentially high skill, and in all cases, the skill is ex-
pected to vanish quite rapidly for v > 1 since in this limit,
fRn becomes an (unpredictable) white noise (although there
are scaling corrections to this).
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Figure 11. Panels (a, ¢, ) show the skill (S;) of pure (¢ = 0) fRn
forecasts (as in Fig. 10 for fGn) for fRn skill with &2 = 1/20, 5/20,
and 9/20 (top to bottom sets); X is the forecast horizon, the number
of steps of resolution t forecast into the future. Panels (b, d, f) show
the ratio (r) of the fRn to the corresponding fGn skill. Here the result
depends on t; each curve is for different values increasing from
1074 (top, black) to 10 (bottom, purple) and increasing by a factor
of 10 (the red set in the bottom plots with t = 1072, h =9 /20 are
closest to the empirical values).

To better understand the fGn limit, it is helpful to plot the
ratio of the fRn-to-fGn skill (Fig. 11, right column). We see
even with quite small values T = 10™* (top, black curves)
that some skill has already been lost. Figure 12 shows this
more clearly: it shows 1-time-step and 10-time-step skill ra-
tios. To put this into perspective, it is helpful to compare
this using some of the parameters relevant to macroweather
forecasting. According to Lovejoy et al. (2015) and Del Rio
Amador and Lovejoy (2019), the relevant empirical Haar ex-
ponent is & —0.1 for the global temperature, so that & =
1/2 —0.1 ~ 0.4. Although direct empirical estimates of the
relaxation time are difficult since the responses to anthro-
pogenic forcing begin to dominate over the internal vari-
ability after ~ 10 years, Procyk et al. (2022) have used the
deterministic response to estimate a global relaxation time
of ~ 5 years (work in progress using maximum likelihood
estimates shows that at scales of hundreds of kilometres,
it is quite variable, ranging from months to decades; Pro-
cyk, 2021). For monthly-resolution forecasts, the nondimen-
sional resolution is T &~ 1/100. With these values, we see (red
curves) that we may have lost ~ 30 % of the fGn skill for
1-month forecasts and & 85 % for 10-month forecasts. Com-
paring this with Fig. 10, we see that this implies about 60 %
and 10 % skill (see also the red curve in Fig. 11, bottom set).
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Figure 12. The ratio of (¢ =0) fRn skill to fGn skill (a: 1-step
horizon, b: 10-step forecast horizon) as a function of resolution ©
for h increasing from (at left) bottom to top (h = 1/20, 2/20, 3/20
... 9/20); the h =9/20 curve (close to the empirical value) is the
curve that starts at the upper left of each plot.
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Figure 13. The 1-step (a) and 10-step (b) pure (o« = 0) fRn fore-
cast skill as a function of % for various resolutions (t) ranging from
r=10"% (black, left of each set) through t = 103 (brown) 102
(red), 0.1 (blue), 1 (orange), and 10 (purple). In the right set T =1
(orange), 10 (purple) lines are nearly on top of the S =0 line.
Again, red (t = 1072) is the more empirically relevant value for
monthly data. Recall that the regime 4 < 1/2 (to the left of the ver-
tical dashed lines) corresponds to the overlap with f{Gn.

Going beyond the 0 < k& < 1/2 region that overlaps fGn,
Figs. 12 and 13 clearly show that the skill continues to in-
crease with 1. We already saw (Fig. 4) that the range 1/2 <
h < 3/2 has rms Haar fluctuations that for A7 <0 mimic
fBm, and these do indeed have higher skill, approaching
unity for A near 1 corresponding to a Haar exponent ~ 1/2,
i.e. close to an fBm with H =1/2, i.e. a regular Brown-
ian motion. Recall that for Brownian motion, the increments
are unpredictable but the process itself is predictable (persis-
tence). In Fig. 12, we show the skill for various /’s as a func-
tion of resolution t. Figure 14 shows that for 1 < 3/2, the
skill decreases rapidly for T > 1. Figure 15 in the fractional
oscillation equation regime shows that the skill oscillates.

We may now consider the skill of the fGn-forced process
(o #0) in Fig. 16. For small 7, short lags, A (the upper left),
the contours are fairly linear along lines of constant & + o,
so that, as expected, the predictability is essentially that of
an fGn process but with an effective exponent / + «. At the
opposite extreme, (large 7, /) the lines are fairly horizontal,
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Figure 14. One-step pure (o« = 0) fRn prediction skills as a function
of resolution for As increasing from 1/20 (bottom) to 29/20 (top)
every 1/10. Note the rapid transition to low skill (white noise) for
T > 1. The curve for 4 = 9/20 is shown in red.
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Figure 15. Same as Fig. 14 except for 4 = 37/20 and 39/20 show-
ing the 1-step skill (black) and 10-step skill (dashed). The right-
hand dashed and right-hand solid lines are for & =39/20: they
clearly show that the skill oscillates in this fractional oscillation
equation regime. The corresponding left lines are for & = 37/20.

indicating that the skill from the storage (i.e. from #) is neg-
ligible and that all the memory (and hence skill) comes from
the forcing fGn, exponent «. The in-between resolutions and
lags generally have in-between slopes. As expected, the skill
from the storage drops off quickly for resolutions &> t. For
h > 1, there is some waviness in the contours due to the os-
cillatory nature of the Green functions.
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Figure 16. Contour plots of the forecast skill, with / along the hori-
zontal axis and « along the vertical axis. The plots are for increasing
nondimensional resolutions: T = 0.001, 0.01, 0.1, 1, and 10 (top to
bottom), with forecasts for lags A = 1, 3, and 10 (left to right) and
with contour levels (legend) varying from nearly no skill (0.03) to
nearly full skill (0.98).
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5 Conclusions

Ever since Budyko (1969) and Sellers (1969), the energy bal-
ance between the Earth and outer space has been modelled by
the energy balance equation (EBE) based on the continuum
heat equation; see North and Kim (2017) for a recent review
and see Ziegler and Rehfeld (2020) for a recent regional ap-
plication. It is most commonly used as a model for the glob-
ally averaged temperature, where it is usually derived by ap-
plying Newton’s law of cooling applied to a uniform slab of
material, a “box”. The resulting EBE is a first-order relax-
ation equation describing the exponential relaxation of the
temperature to a new equilibrium after it has been perturbed
by an external forcing. Its first-order (2 = 1) derivative term
accounts for energy storage.

The resulting model relaxes to equilibrium much too
quickly, so that to increase realism, it is usual to intro-
duce a few interacting slabs (representing for example the
atmosphere and ocean mixed layer; the Intergovernmental
Panel on Climate Change recommends two such compo-
nents; IPCC, 2013). However, it turns out that these i =
1 box models do not use the correct surface radiative—
conductive boundary conditions. If one assumes heat trans-
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port by the classical heat equation and radiative—conductive
boundary conditions are used instead, one instead obtains the
half-order EBE, the HEBE with & = 1/2 (Lovejoy, 2021a,
b), which is already close to the global empirical value (h =
0.38 £ 0.03, Procyk et al., 2022; Del Rio Amador and Love-
joy, 2019; see also Lovejoy et al., 2015). However, this model
is only valid in the macroweather regime — for timescales of
weeks and longer and, due to the spatial scaling in the at-
mosphere, the fractional heat equation (FHE) may be a more
appropriate model than the classical one. The use of the FHE
can be justified by recognizing that a realistic energy trans-
port model involves a continuous hierarchy of mechanisms.
The extension to the FHE leads directly to a fractional relax-
ation equation that generalizes the EBE: the fractional energy
balance equation (Lovejoy, 2021a, b) (FEBE). The FEBE can
also be derived phenomenologically by assuming that energy
storage processes are scaling (Lovejoy, 2019; Lovejoy et al.,
2021).

When forced by a Gaussian white noise, the FEBE is also
a generalization of fractional Gaussian noise (fGn), and its
integral (fractional relaxation motion, fRm) generalizes frac-
tional Brownian motion (fBm). More classically, it general-
izes the Orenstein—Uhlenbeck process that corresponds to the
h =1 special case (i.e. the standard EBE with white noise
forcing). Over the parameter range 0 < i < 1/2, the high-
frequency FEBE limit (fGn) has been used as the basis of
monthly and seasonal temperature forecasts (Lovejoy et al.,
2015; Del Rio Amador and Lovejoy, 2019, 2021a, b); at 1-
month lead times, these macroweather forecasts are similar
in skill to conventional numerical models, whereas for bi-
monthly, seasonal and annual forecasts, they are more skill-
ful (Del Rio Amador and Lovejoy, 2021a). For multidecadal
timescales the low-frequency limit has been used as the ba-
sis of climate projections through to the year 2100 (Hébert,
2017; Lovejoy et al., 2017; Hébert et al., 2021), and more
recently, the full FEBE has been used directly (Procyk et al.,
2020, 2022; Procyk, 2021).

It was the success of predictions and projections with dif-
ferent exponents but the same theoretically derived empirical
underlying FEBE % & 0.4 that, over recent years, motivated
the development of the FEBE (announced in Lovejoy, 2019)
and the work reported here. The statistical characterizations,
correlations, structure functions, Haar fluctuations and spec-
tra as well as the predictability properties are important for
these and other FEBE applications and are derived in this pa-
per.

While the deterministic fractional relaxation equation is
classical, various technical difficulties arise when it is gen-
eralized to the stochastic case: in the physics literature, it is
a fractional Langevin equation (FLE) that has almost exclu-
sively been considered a model of diffusion of particles start-
ing at an origin. This requires # = 0 initial conditions that im-
ply that the solutions are strongly nonstationary. In compar-
ison, the Earth’s temperature fluctuations that are associated
with its internal variability are statistically stationary. This
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can easily be modelled with initial conditions at t = —o0, i.e.
by using Weyl fractional derivatives. In addition, in the usual
FLE, the highest-order derivative is an integer, so that sample
processes are rms differentiable of order at least 1 (Watkins
et al., 2020, have called the FEBE a “Fractionally Integrated
FLE”). In the FEBE and the fractionally integrated exten-
sions, the highest-order derivative is readily of order < 1/2,
so that sample processes are generalized functions (“noises”)
and must be smoothed/averaged for physical applications.

Although EBEs were originally developed to understand
the deterministic temperature response to external forcing,
the temperature also responds to stochastic “internal” forc-
ing. While the Earth’s system variability is generally highly
non-Gaussian (multifractal, Lovejoy, 2018), the temporal
macroweather regime modelled here is the quasi-Gaussian
exception. This paper therefore explores the statistics of the
temperature response when it is stochastically forced by
Gaussian processes, both by white noise (¢ =0) and by a
(long-memory) fractional Gaussian noise (fGn) process. The
white noise special case — “pure fRn and fRm” —is the « =0
special case; the fGn-forced case extends the parameter range
to 0 < a < 1/2. According to work in progress using satellite
and reanalysis radiances, both cases appear to be empirically
relevant for modelling the Earth’s energy balance.

A key novelty is therefore to consider the fractional relax-
ation equation (a FLE) forced by white and scaling noises
starting from ¢t = —oo, equivalent to Weyl’s “fractionally
integrated fractional relaxation equation”. In addition, the
highest-order terms in standard FLEs are integer-ordered: the
fractional terms represent damping and are of lower order,
guaranteeing that solutions are regular functions. However,
the FEBE’s highest-order term is fractional, and over the
main empirically significant parameter range (o +h < 1/2)
the processes are noises (generalized functions): in order to
represent physical processes, they must be averaged. This is
conveniently handled by introducing their integrals or “mo-
tions”. We proceeded to derive their fundamental statistical
properties, including series expansions about the origin and
infinity. These expansions are nontrivial since they mix frac-
tional and integer-ordered terms (Appendix A). Since the
FEBE is used as the basis for macroweather predictions,
the theoretical predictability skill is important in applications
and was also derived.

With these stationary Gaussian forcings, the solutions are
a new stationary process — fRn (o = 0) and its extensions
to fractionally integrated fRn processes (« > 0). Over the
range 0 <a +h < 1/2, we show that the small-scale limit
is an fGn, and its integral — fRm — has stationary increments
and generalizes fBm. Although at long enough times the fRn
(o = 0) tends to a Gaussian white noise and fRm to a stan-
dard Brownian motion, this long time convergence is typi-
cally very slow (when « > 0, the long time behaviours are
fGn and fBm processes, parameter o).

Much of the effort was in deducing the asymptotic small-
and large-scale behaviours of the autocorrelation functions
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that determine the statistics and in verifying these with ex-
tensive numerical simulations. An interesting exception was
the 7 = 1/2 special case, which for fGn corresponds to an
exactly 1/f noise. Here, we give the exact mathematical
expressions for the full correlation functions, showing that
they had logarithmic dependencies at both small and large
scales. The resulting HEBE has an exceptionally slow transi-
tion from small to large scales (a factor of a million or more
is needed), and empirically it is quite close to the global tem-
perature series over scales of months, decades and possibly
longer.

Beyond improved monthly and seasonal temperature fore-
casts and multidecadal projections, the stochastic FEBE
opens up several paths for future research. One of the more
promising is to apply these techniques to the spatial FEBE
and generalize it in various directions. This is a follow-up
on the special value & = 1/2 that is very close to that found
empirically and that can be analytically deduced from the
classical Budyko—Sellers energy transport equation by im-
proving the mathematical treatment of the radiative bound-
ary conditions (Lovejoy, 2021a, b). In the latter case, one ob-
tains a partial fractional differential equation for the horizon-
tal space—time variability of temperature anomalies over the
Earth’s surface, allowing regional forecasts and projections.
This has already allowed improved regional projections (Pro-
cyk, 2021) and promises better monthly and seasonal fore-
casts.

While the FEBE has already demonstrated its ability to
project future climates, these improvements will allow for the
modelling of the nonlinear albedo-temperature feedbacks
needed for modelling of transitions between different past
climates. Finally, FEBE-based projections have shown that,
in spite of improved computer power and algorithms, con-
ventional GCM approaches may be suffering from diminish-
ing returns; the GCMs in the latest IPCC assessment (ARG,
2021) are even more uncertain: a range of 2-5.5 K/CO; dou-
bling (90 % confidence) those in the previous assessment
(ARS, 2013, 1.5-4.5 K per doubling) while also being some-
what warmer. The FEBE had the somewhat lower but much
less uncertain range 1.6-2.4 K/CO; doubling (90 % confi-
dence). Conventional GCM approaches attempt to explicitly
model as many degrees of freedom as possible, and by the
year 2030 they are expected to have kilometric-scale (“‘cloud-
resolving”) resolutions that will model structures that live for
only 15 min and then average them over decades. The FEBE
(with regional and other future extensions) is, in contrast, a
high-level stochastic model that accounts for the collective
interactions of huge numbers of degrees of freedom (Love-
joy, 2019). It is thus a promising candidate for a new genera-
tion of climate models.
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Appendix A: The small- and large-scale fRn and fRm
statistics

Al R, ;(t) as a Laplace transform

In Sect. 2.4, we derived general statistical formulae for the
autocorrelation functions of motions and noises defined in
terms of Green’s functions of fractional operators. Since the
processes are Gaussian, autocorrelations fully determine the
statistics. While the autocorrelations of fBm and fGn are
well known, those for fRm and fRn are new and are not
so easy to deal with since they involve quadratic integrals
of Mittag—Leffler functions. In this Appendix, we derive the
basic power law expansions as well as large ¢ (asymptotic)
expansions, and we numerically investigate their accuracy.

It is simplest to start with the Fourier expression for the
autocorrelation function for the unit white noise forcing
(Eq. 33). First convert the inverse Fourier transform (Eq. 66)
into a Laplace transform. For this, consider the integral over
the contour C in the complex plane:

eZl

1
I -
c(t) 27 / 7% (—7) (1 +Zh) (1 +(_Z)h)

dz. (A1)

Take C to be the closed contour obtained by integrating
along the imaginary axis (this part gives Ry (¢), Eq. 33)
and closing the contour along an (infinite) semicircle over
the second and third quadrants. When 0 < & < 1, there are
no poles in these quadrants, but we must integrate around
a branch cut on the negative real axis. When 1 < h <2, we
must take into account two new branch cuts and two new
poles in the negative real half-plane. In a polar representa-
tion z = re'?, the additional branch cuts are along the rays
z=re™/" > 1, circling around the poles at z = e*7/%,
The additional branch cuts give no net contribution, but the
residues of the poles do make a contribution (P, ; # 0 be-
low). We can express both cases with the formula

R (1) 1I /O'o e *dx

= — —1m n n
a.h T x2aewm(1+xh)(1 +xheznh)
0

t>0

+ Po.n+(1); 0<a<1/2. (A2)

“Im” indicates the imaginary part and

Pa,h,;t(t):o’ 0<h<1’

i h )
Pop+(1) = _reospSin(£F A o) + 5 +tsm(%)),
- hsin(%)

l<h<2,  (A3)

While the integral term is monotonic, the P, ; term oscillates
with frequency w = 2 /sin(z/ h). Py, accounts for the os-
cillations visible in Figs. 3, 4, and 7, although since when
1 <h <2, cos(/h) <1, they decay exponentially. When

https://doi.org/10.5194/npg-29-93-2022



S. Lovejoy: Fractional relaxation noises, motions and the fractional energy balance equation 113

h > 1, this pole contribution dominates R, ;(¢) for a wide
range of ¢ values around 7 = 1, although as we see below,
eventually at large ¢, power law terms come to the fore.

Comments

a. When =0, h=1,
Ornstein—Uhlenbeck autocorrelation: Ry 1(f) =

and we obtain the classical
1 et

b. In the case h =0, the process reduces to an fGn pro-
cess: Ry o(t) =t~ 12T (1 — 2a) sin(rrar) /(47). There
is an extra factor of 4 that comes from the small /4 limit
—eoDl +1 2.

A2 Asymptotic expansions

An advantage of writing Ry »(¢) as a Laplace transform is
that we can use Watson’s lemma to obtain an asymptotic
expansion (e.g. Bender and Orszag, 1978). The idea is that
an expansion of Eq. (A2) around x =0 can be Laplace-
transformed term by term to yield an asymptotic expansion
for large 7.

The expansion of the integrand around x = 0 can be ob-
tained from a binomial expansion (see also Eq. A10):

1
y2epina (1 +xh) (1 +xhei”h)

*IJTOK

elnh Z( 1) l(n+l)nh ) 72a+nh’ x < 1. (A4)
This leads to
I 1
——1m n -
T x2aewm(1+xh)(1+xhehtn)
00
P Z D_nxnh—Za’ (AS)

— %)nh + om) — cos(
27 sin (”Zh)

sin (’”Th + o) sin ((”_é)”h)
nh)

o (—1)"“ cos ((n +om)

=(-D"

7'[811’1(

(note that D_,, is used in the expansion here; D,, is used be-
low).

Therefore, taking the term-by-term Laplace transform and
using Watson’s lemma,

o0
Ron(t) = — ZD—nF(l 1 nh — 2g) 2~ (4nh)

n=0

+ Pups(); t>>1 0O<a<1/2). (A6)

We have included the exponentially decaying residue Py, +

that contributes when 1 < h < 2. Note that although I' di-
verges for all negative integer arguments, using the identity
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I'(d+hn —2a)sin((nh —2a)7) = -/ T Qo — nh), we see
that the product sin((nh — 2a)7 )" (2ee — nh) is finite.
The first terms are explicitly

Run(t) = I'(l —2a)sin(ra) 201

T

cos(”h)

B cos(M — o)l e — h)
r>1. (A7)

We see that when o # 0, Dy > 0, so that, as expected, the
leading behaviour has no 4 dependence: it is only due to
the long-range correlations in the forcing. We obtain the
fGn result 2¢~1, However, for the pure fRn case, « =0 and
Do =0, so that we obtain

H‘COt( )tan(%h)t—(l—s—nh)
2T (—nh)

+ Pon+(1), 1> 1; (A8)

i.e. the leading behaviour is t =!I Note that the leading
n = 1 coefficient reduces to —1/I'(—h) and that for 0 < i <
1,T'(—h) <O0.

For the motions (fRm), we need the expansion of
Va.n(2); this can be obtained by integrating Ry j, twice (using
Eq. 36):

[2af(l+h) +...

Ron(t) =) (=1)"
n=1

o0
Vo () = gt + boy =2 D_yT(=1+nh —2a)

n=0
. t20t+1—nh + 2Pa,h,—([);
t>10<a<1/2, (A9)

where P, ,_ is from the poles when 1 </ < 2. Since the
asymptotic expansion is not valid for r =0, we used the
indefinite integrals of R, j, and hence there is a linear
ag ht + by term from the constants of integration. How-
ever, when « > 0, the leading term is the r22+1 term from
the fGn forcing, and in the pure fRn case (¢ = 0), we can take
limg_o(—2DoI" (—1—20)t>**1) = ¢ s0 that the leading term
n = 0 already gives the correct fRm behaviour: V,, () ~ t,
so that ap , = 0 (bg » can be determined numerically).

A3 Power series expansions about the origin

For many applications, one is interested in the behaviour of
Ry 1 (¢) for scales of months, which is typically less than the
relaxation time, i.e. # < 1. It is therefore important to under-
stand the small 7 behaviour. We again consider the Laplace
integral for the 0 < & < 1 case. In this case, we can divide the
range of integration in Eq. (A2) into two parts for 0 < x < 1
and x > 1. For the former, we use the expansion in Eq. (A4)
and, for the latter,
1
x2aeirm(1 +xh)(1 +xheir:h)

—ina

_ e Z( l)n-H( —i(n—lmh _

emh

Dx~27 x> 1. (A10)
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We can now integrate each term separately using

1

/ef’”x”hfz"‘dx = i (_l)ji.l 1
= (hn =20+ jHI(j)

0

/e—xtx—(nh-i-Zoz)dx — Enh+20[ (t)
1

= 14+hn+2a

T SinGenh + 27 a)T (hn + 2a)

B (AL1)
S n+20=)TG)

where Eg(1) = | looe_’” x~Pdx is the exponential integral.

Adding the two integrals and summing over n, we obtain

o0
Ran() =Y Dy (1 — hn — 2a)r 2
n=2

.t
+ZFJ'T].),

j=1

(A12)

F 1 I e—iom i tnnh
J_Emeinh ( Z( (n—l—a)

n=—oo

n j—2a
- Z b (n+a)>] h

n=—oo

(we have interchanged the order of summations and used D,
from Eq. A5 with n > 0).

The series for the coefficient F; can now be summed an-
alytically. Although the sum is a special case of the Lip-
chitz summation and Poisson summation formulae, the eas-
iest method is to use the Sommerfeld—Watson transforma-
tion (e.g. Mathews and Walker, 1973) that converts an infi-
nite sum into a contour integral that is then deformed. The
Sommerfeld—Watson transformation states that for an ana-
lytic function f(z) that goes to zero at least as fast as |z|_1,

Z (=D f(n) = _”Zsmmk

n=—0oo

(A13)

where z; is the location of the poles of f(z) and Ry is the
residue of the corresponding pole. In the above, take

eiznh
)= . Al4
(@) ta) (Al4)
There is a single pole at z; = —a, and the residue is R] =
e~tamh; therefore,
mh Z ( 1)n inmh _neinh(lfa) (Als)
W=t (nta) sina
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The second sum needed in F; can be obtained using &4 =0
in the above, so that, overall,

1 e—ian eizrh(l—a) -1
Fi=-—Im| — T -
hm eimh _ 1 sina

1
~ hsin(z(j —2a)/h)
_ e—in(h/2+a)
e—inh/2

o—imi i (h/2+a)
+Tm oimh/2 _

(A16)

If j is even, then the term in the square bracket is pure real,
hence F; vanishes. Otherwise

cosn(’% +a)
hsin (%) sin (%(j - 2a))

Note that F| > Oforh+a > 1/2(withO <o < 1/2,0<h <
2), whereas for 1 + o < 1/2 it is quite complicated (see be-
low).

Fj=-— , J=odd. (A17)

Comments

1. These and the following formulae are for ¢ > 0; in ad-
dition, only the even integer-ordered terms are non-zero
(the sum over odd j).

2. Each integer term of the expansion F; is itself obtained
as an infinite sum, so that the overall result for Ry 5 (¢) is
effectively a doubly infinite sum. This procedure swaps
the order of the summation and apparently explains the
fact that, while the expansions were derived for the case
0 < h < 1, the final expansion is valid for 0 <o < 1/2
and the full range 0 < & < 2: numerically, it accurately
reproduces the oscillations when # > 1.

3. The fGn correlation function is given by the single n =
2 term:
R (1) = DI (1 —2m)1 =142

ST g gy ten,

(A18)

It is also proportional to the correlatlon function of the
fGn-forced & = 0; fRn process: R (t) =4Ry=pn0(1).

4. When O<a+h<1/2, R is divergent at the ori-
gin; this leading term I['(—1—2(h+a))sin(w(h +
o))t~ 1+2(+9) s is only dependent on h 4+« corre-
sponding to an fGn with parameter 7 + «. When 1/2 <
h+ o < 2, it is still the leading fractional term, but the
constant F|; dominates at small ¢.

5. The F; terms diverge when (j —2a)/h is an integer.
For example, if @ = 0, the overall sum over all j thus
diverges for all rational 4. For irrational £, the conver-
gence properties are not easy to establish, although due
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to the I functions, these series apparently converge for
all ¢ > 0, but the convergence is rather slow.

Figure Al shows some numerical results for o =
0 showing the convergence of the 10th-order frac-
tional 10th-order integer power approximation (fpax =
Jmax = 10). Since the leading (fGn) term diverges for
small 7, when & < 1/2, it is more useful to consider the
convergence of the difference with respect to the fGn
term, i.e. R(fGn) (t) — Ro.n,q(t), where the approxima-
tion Ro)h)a(t) is from the sum from n = 3 to 10 and odd
Jj <9. Figure Al shows the logarithm of the ratio of
the approximation with respect to the true value: r =
logj| 1= (R ™™ (0) = Ro.n.a () / (RY" (1) = Ro.n (1))
(to avoid exact rationals, 10™" was added to the & val-
ues). From the figure we see that the approximation is
satisfactory except for small /. In the next section we
return to this.

6. For « +h > 1/2, when t =0, the only nonzero term
is from the constant F1: Ry ,(0) = Fi. This gives the
normalization constant. Comparing with Eq. (27), we
therefore have

)
Ry,n(0) = / G (u)*du = F
0
cosn(% —I—a)
~ hsin () sin (F(1—20))’

0<a<1/2,
1/2<h <2.

a+h>1/2, (A19)

Similarly, when o +h > 3/2, for the quadratic the
squared 1ntegra1 of G/ w18 finite, and it gives the co-

efficient of the 2 term, so that

[ ooy B
/Ga’h(s) ds = NE)
0
cos (5 (h +2a))
2hsm( h)sin(%(3—2a))7
h4+a> ; (A20)

7. The expression for V, ,(f) can be obtained by integrat-
ing twice (Eq. 36).

8. In the special cases h = 1/m, with m a positive integer,
F; is independent of j, and the integer-powered series
can be summed, yielding a result proportional to coshz.
However, this large ¢ divergence is cancelled out by the
fractional term, and the result is finite (this partial can-
cellation is discussed in the next subsection). The spe-
cial important case 4 = 1/2 is dealt with in Appendix B.
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h=2/10
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h=6/10 h=8/10-18/10

Figure Al. This shows the logarithm of the relative error in
the Ré}}?‘lo) (t) approximation (i.e. with 10 fractional terms and
10 integer-ordered terms) with respect to the deviation from
the fGn R (1) r = log |1 — (RIS (1) - R“O ) /(RIS (1) —
Ro,h(t))|. The lines are for h =2/10,4/10, ..., 16/10, 18/10 (ex-
cluding the exponential case & = 1), from left to right (note that
convergence is only for irrational %, and therefore an extra 104
was added to each £). For the low & values the convergence is par-
ticularly slow.

A4 A convenient approximation

The expansion for Ry j, is the sum of a fractional-ordered and
an integer-ordered series. Partial sums appear to converge
(Fig. A1), albeit slowly. For simplicity, we consider the case
of primary interest, a pure fRn process (¢ = 0). Examination
of partial sums shows that the integer-ordered and fractional-
ordered terms tend to cancel, the difficulty being due to
the coefficient of the integer-ordered terms j ~ hn + 2« that
comes from the exponential integral and that can be large
when j & hn + 2. This suggests an alternative way of ex-
pressing the series:

(=n/~!

ROh(r)—ZDEnh(rHZc r()t :

C._ii
T S+ )’

where D,, is given by Eq. (A5) and the n sums start at n =2
since D1 = 0. C; can be expressed as

(A21)

—ihw

o ie (it _ i
€=~ g (e Jo(~ 111+ 7)
ihmw 1 3ihm —ihmw l

+<I>(e ,1,1+h)+e d><e ,1,1+h)), (A22)
where & is the Hurwitz—Lerch phi function ®(z,s,a) =

)
Z "(n+a)”S.
n=0
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We can also expand the exponential integral:
—1+hn )

R
sin(nnh)F(hn)+jZ::l (,m_j)r(j)tf . (A23)

En@)=m

For the jmax and nmax partial sums, we have

Nmax

R(()’Znawjmax) @) = Z D, I"'(1— nh)t—1+hn
n=2
jmax j—1
=D i
+ ) Flme ot
2 0

Nmax D
n

F; =C;+ A24
J>Nmax J Z_: hn — J ( )
n=2
Now define the (jmax, #max) approximation by
(Mmax+1, jmax) (max jmax)
R )+ R (1)
Rouhsnmameax (t) = 0. o . (AZS)

2

This has the effect of adding half the next-highest n term and
is more accurate; overall, jmax and npax may now be taken
to be much smaller than in the previous approximation. For
example, putting nmax = 2, jmax = 1, we get with the partial
sum

D
Ropo1(t) =R @) 4 731“(1 —3m) " L Ry (A26)

where
F=c+- 2 4 D
T o T T 26— 1)
sin(rh) sin(swh)(1 4+ 2cos(Th))
h = , 3=— . (A27)

T T

To understand the behaviour, Fig. A2 shows the behaviour
of the coefficient of the 113" term %F(l — 3h), the con-
stant term F and the coefficient of the next integer (linear in
t) term

Dy n Ds
2h—2 2Bh—-2)

=0+

Up until the end of the fGn region (h = 1/2), the r~!+3" and
F1 terms have opposite signs and tend to cancel. In addi-
tion, we see that for t &< 1 and & < 1, they dominate over
the (omitted) linear term. Figure A3 shows that the Ro ;2.1
approximation is surprisingly good for & <1 and is still
not so bad for 1 < h < 2. This approximation is thus use-
ful for monthly-resolution macroweather temperature fields
that have relaxation times of years or longer and where A
is mostly over the range 0 < h < 1/2 but over some tropi-
cal ocean regions can increase to as much as i ~ 1.2 (Del
Rio Amador and Lovejoy, 2021a). Figure A3 shows that the
(2, 1) approximation is reasonably accurate for t ~< 1, es-
pecially for & < 1.

Nonlin. Processes Geophys., 29, 93-121, 2022

coeff

2

l |

Figure A2. The solid line is the constant term Fi, the long dashes
are the coefficients %F(l —3h) of the fractional power, and the
short dashes are the coefficients of the linear term: Fr = Cs +
2,?%2 + %. We can see that the contribution of the linear term
(used in the Ry j, 2 2(¢) approximation) for 2 < 1 and ¢ < 1 is fairly
small, whereas for 1 < h < 2, itis larger and the Ry j, 2 2(¢) approx-
imation is significantly better than the Ry j 2 1(¢) approximation
(see Fig. A3).

h=18/10
h=12/10
. 3
h=2/10
h=4/10 \
h=6/10
h=8/10

Figure A3. This shows the logarithm of the relative error in
the (2,1) approximation with respect to the deviation from
the fGn Ry, (1) (r =logjo|1 — (RIS (1) — Ry p.2,1(1)) / (RIC™ (1) —
Ro,h(t))|). For h <1, t <0 is of the order ~ 30%, whereas for
h > 1, it of the order 100 %. The h =1 (exponential) curve is not
shown, although when ¢ < 0, the error is of order 60 %.

Appendix B: The & = 1/2 special case

When o =0, h =1/2, and the high-frequency fGn limit is
an exact “1/f noise” (spectrum w~'); it has both high- and
low-frequency divergences. The high-frequency divergence
can be tamed by averaging, but not the low-frequency di-
vergence, so that fGn is only defined for & < 1/2. However,
for fRn, the low frequencies are convergent over the whole
range 0 < h < 2, and for &~ = 1/2 we find that the correla-
tion function has a logarithmic dependence at both small and
large scales. This is associated with particularly slow tran-
sitions from high- to low-frequency behaviours. The critical
value h = 1/2 corresponds to the HEBE (Lovejoy, 2021a, b),
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where it was shown that the value 2 = 1/2 could be derived
analytically from the classical Budyko—Sellers energy bal-
ance equation. Therefore, Ry 1/2(f) and Vi, 1/2(f) character-
ize the statistics of the temperature response of the classical
heat equation response to an fGn-order « forcing.

It is possible to obtain exact analytic expressions for
Ry,1/2(t), Vu,1/2(¢t) and the Haar fluctuations; we develop
these in this Appendix; for some early results, see Mainardi
and Pironi (1996).

The starting point is the Laplace expression (Eq. A2) with
h=1/2:

o0

Ry n(t) = — “1meio / e Mdx
T T 21+ x12)(1+ix1/%)
0

o—iT/A Gim/Ay1)2

em/4
<1+x1/2 1+x 1+x

) e Mdx. (Bl

We require the following Laplace transforms:

e °]

efxt
Ly(t) = /—xz"‘(l +x1/2)dt
0

| 3
_ ei,,zlna (F(l — 20{)F(2(¥, _t) —il <§ —2Cl>

i)

e ¢]

e—xt
Ly(t) = /mdt=etr(l—2a)F(2a,t),
0

[e e}

Xty 1/2 (3 1

0

where we have introduced the incomplete gamma function:
['(a,2) = fzoou“_le_”du (with a branch cut in the complex
plane from —oo to 0). The general result is thus

1
R, 12(0) = Z(Sinﬂa(lfl(t) + La(r) — L3(1))

+cosma(—L(t) + La(t) + L3(2))). (B3)

Figure B1 shows plots Ry 1/2(¢) over 8 orders of mag-
nitude in ¢, indicating the generally very slow convergence
to the asymptotic behaviour (shown as straight lines on the
right).

Figure B1 also shows the singular small # behaviour of the
pure fRn case (@ = 0). In this limit both L and L, are sin-
gular — they both yield logarithmic small-scale divergences.
Pure fRn is of special interest and yields the somewhat sim-
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LogioRa1r2

Figure B1. R, 1 /2 for « increasing from O (pure fRn) to 8/10 in
steps of 1/10 (on the right: bottom to top). The « = 0 curve has a
logarithmic divergence at small ¢ (far left). Recall from the section
that at large ¢, R, 172 ~ +=3/2 and that for a > 0, Ry120% 2o,
for « =0, 1/5, and 2/5 the theoretical asymptotes of the leading
terms are indicated for reference.

pler result:

(e_’erfi\/; — e’erfc\/;)

Ro12() =

1 . —t s
— —('Ei(=t)+ e "Ei (1)),
21

Ei(z) = —/e_“i—u, erfi(z) = —i(erf(iz)),

—Z

erf(z) = % / e ds. (B4)
0

We can use these results to obtain small and large ¢ expan-
sions:

2yg + 1 +2logt 2Vt ot
Ro,12(0) = — <m—g>+ﬁ—§

2
342y +m +2logt 2
4
+0@?), 1«1, (BS)
1 _ 1 _ 15 _ _
RO,]/Z(I)ZﬁI 3/2—;l‘ 2+mt 7/2+0(l 4),

> 1,

where yg is Euler’s constant = 0.57... (the asymptotic for-

mula can be obtained as a special case of Eq. A8 in Ap-

pendix A, but not the logarithmic small-scale divergence).
To obtain the corresponding results for V1,2, use

t v

Vo,1/2(1) 22/ /Ro’l/z(u)du dv .

0 0
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The exact V1,2 is

2, 2, 52

22
V0,1/2(t) - G3,4 I:t 2’ 2’ 0’

5/2 ]
t
+ %(Shi(z) — Chi(t)) + (e "erfi (V1) — e'erf(V/1))

-1 t 1+1¢)logt
+r( vE )—4‘/—+ﬁ+1+@, (B6)
T T T T

where G 4 is the MeijrG function, Chi is the Coshlntegral
function and Shi is the SinhIntegral function. The expansions
are

t*logt 191 — 156y — 787 16 s

Vo,172(8) = —

1447 157
3
t logt 3/
-——— or*?), 1«1, B7
T T +0@7"), 1K (B7)
2 2logt 4 1
T+2YE o8t _ % L p

\% )=t
0,12(t) =1t + - NG 7

2
— S 134 00™, 1> 1.
T

‘We can also work out the variance of the Haar fluctuations:

(AUZ 1 2(AD )
_ Ar?log At 6n + 12yE —log 16 +96010g 2
T 4x 2407
512(v/2=2) A2 At 30
— +0r?), Ar<1, (B8
Taa0Um + 3 + O( ) < (B8)
<AU(%1/2(AI)Haar>
3242 3At 2log At
YO L L . L e
JT T
At 1.

Figure B2 shows numerical results for « =0 and h =
1/2. The transition between small and large ¢ behaviour is
extremely slow; the nine orders of magnitude depicted in
the figure are barely enough. The extreme low (R;,2)!/?
(dashed) asymptotes on the left to a O slope (a square root
logarithmic limit, Eq. B8) and to a —3/4 slope on the right.
The rms Haar fluctuation (black) changes slope from H =0
to —1/2 (left to right). Figure B2 also shows the logarith-
mic derivative of the rms Haar (black) compared to a regres-
sion estimate over 2 orders of magnitude in scale (dashed;
a factor of 10 smaller and 10 larger than the indicated scale
was used; this represents a possibly empirically accessible
range). This figure underlines the gradualness of the transi-
tion from H =0 to H = —1/2. If empirical data were avail-
able only over a factor of 100 in scale, depending on where
this scale was with respect to the relaxation timescale (unity
in the plot), the rms Haar fluctuations could have any slope
in the range 0 to —1/2, with only small deviations.

Nonlin. Processes Geophys., 29, 93-121, 2022

? Log,et 4

Log ,,<AUg1/ (AD)*>"?

Figure B2. The logarithmic derivative of the rms Haar fluctuations
of Ug,1/2 (solid) in Fig. B1 compared to a regression estimate over
2 orders of magnitude in scale (dashed; factors of 10 smaller and 10
larger than the indicated scale were used). This plot underlines the
gradualness of the transition from slopes 0 to —0.5 corresponding to
apparent H =0to H = —1/2 scaling. Over a range of 100 or so in
scale there is approximate scaling but with exponents that depend on
the range of scales covered by the data. If data were available only
over a factor of 100 in scale, the rms Haar fluctuations could have
any slope in the fGn range 0 to —1/2, with only small deviations.
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