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A new technique to derive delay models from
systems of partial differential equations, based on
the Mori-Zwanzig (MZ) formalism, is used to derive
a delay-difference equation model for the Atlantic
Multidecadal Oscillation (AMO). The MZ formalism
gives a rewriting of the original system of equations,
which contains a memory term. This memory term
can be related to a delay term in a resulting
delay equation. Here, the technique is applied to an
idealized, but spatially extended, model of the AMO.
The resulting delay-difference model is of a different
type than the delay differential model which has been
used to describe the El Nifio Southern Oscillation. In
addition to this model, which can also be obtained
by integration along characteristics, error terms for
a smoothing approximation of the model have been
derived from the MZ formalism. Our new method
of deriving delay models from spatially extended
models has a large potential to use delay models to
study a range of climate variability phenomena.

1. Introduction

To better understand climate variability and climate
change often conceptual climate models are used. These
models capture the dominant physical processes behind
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Figure 1. The AMO index for the last 160 years. The index is computed as the deviation of the area-weighted average SST over
the North Atlantic. In black, the 12-monthly running mean is shown. Index computed by Enfield et al. [5] using the Kaplan SST
dataset provided by the NOAA/OAR/ESRL PSD, Boulder, CO, USA (https://www.esrl.noaa.gov/psd/).

climate phenomena, allowing for an improved understanding. Delay equation models form one
class of conceptual climate models. These type of models are infinite dimensional, but often
depend on only a few variables and parameters. This means that they can potentially describe
more complex behaviour than ordinary differential equation (ODE) models, while still being
easier to study than multi-dimensional partial differential equation (PDE) models.

Delay models have already been used to describe certain climate phenomena, particularly
for the El Nifio Southern Oscillation (ENSO) and Earth’s energy balance [1]. A new method of
deriving delay equation models has been proposed [2], allowing for a potential extension of the
use of delay models to study other climate phenomena. This method of deriving delay models is
based on the Mori-Zwanzig (MZ) formalism, which allows for the reduction of high-dimensional
systems to reduced-order models [3]. These reduced-order models are simpler to study, while
still describing the physical processes present in the original high-dimensional model. So far the
method in [2] has only been applied to a PDE model of ENSO, for which ad hoc delay models
were already proposed [4]. Here, we apply the MZ formalism to a PDE model of the Atlantic
Multidecadal Oscillation (AMO) to investigate whether this phenomenon can be described by a
delay model as well.

The AMO is a pattern of variability in the North Atlantic sea-surface temperature (SST) with
a dominant period of 50-70 years [5]. In figure 1 an index for the average SST deviations in
the North Atlantic Ocean is shown over the last 160 years. Although the instrumental record is
somewhat limited for identifying the dominant time scale and spatial pattern [6], such variability
has been detected in proxy data [7] and in global climate models [8-11]. In most theories of the
AMO [12] variations in the Atlantic Ocean circulation play a major role. The relevant component
of this circulation is the Atlantic Meridional Overturning Circulation (AMOC) [13,14], which
is basically the zonally averaged volume transport. The Gulf Stream is part of the AMOC,
transporting warm water northwards (and eastwards) which loses heat on its way. At high
northern latitudes, the relatively heavy water sinks and flows southwards at larger depths.

One of the proposed physical mechanisms for the AMO, as described in §3, is based on the
propagation of so-called thermal Rossby waves [15,16]. The role of these waves in the AMO
motivates us to investigate whether its dynamics can be described by a delay model, since the
propagation of waves underlies the delay in the ENSO model studied in [2]. Here, we thus apply
the MZ formalism to a PDE model of the AMO, using a procedure inspired by [2], with the aim
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of deriving a delay model describing the same AMO dynamics. The MZ formalism is general,
can be applied to all types of equations (including nonlinear and non-hyperbolic systems) and
provides a more formal justification for the use of a conceptual delay model in analysing climate
phenomena. This means the method discussed can be applied to other models in which there is a
physical mechanism that could cause delayed effects.

The aim of the following study is twofold: to derive a conceptual model with delay for the
AMO and to demonstrate the utility and accuracy of doing this with the MZ formalism. We start
with a brief description of the MZ formalism in §2, tailored to the problem at hand. Section 3
presents the PDE model of the AMO by Sévellec & Huck [17], which is the starting point for our
study. The application of the MZ formalism to this model is discussed in §4, where the resulting
model with delay is introduced, as well as a model with delay that can be obtained for the simple
PDE system using the method of characteristics (MoC). This leads to a comparison of the delay
models and a discussion of the errors introduced by using the MZ formalism in §5. A summary
and discussion follows in §6.

2. Mori—Zwanzig formalism

The MZ formalism provides a way of reducing a high-dimensional model to a reduced-order,
more tractable system. The formalism is based on the work by Mori [18] and Zwanzig [19]
in statistical mechanics. It has been reformulated to be suitable for constructing reduced-order
models for systems of ODEs [3,20,21]. When studying applications in climate one often has to deal
with PDEs, making the application of the formalism challenging. In this section, we start with a
general overview of the MZ formalism based on [3], followed by a more detailed discussion of
the particulars of applying the formalism to PDEs.

For a vector of state variables ¢(x, t) € R” which are continuously differentiable in t € R and
initial conditions x € R", we consider the system of ODEs defining the dynamics

d
a(b(xl t) = R((b(x/ t))/ ¢(xr O) =X, (21)

where R : R” — R" is the vector-valued function of the specific system with components R;. Now
consider the evolution of an observable u(x, f) := g(¢(x, t)) along a trajectory ¢ :R" x Ry — R".
This observable satisfies the PDE

%u(x, t)=Lu(x,t), u(x,0)=g(x), (2.2)

where L is the Liouville operator (or generator) [22] given by

[Cul(x) =) Ri@)xu(x). (23)

i=1

Note that, for a linear system where R is defined by a matrix A having elements A;;, the Liouville
operator reads [Lu](x) = >}, Z;l=1 Ajjxjdu(x).

To arrive at a reduced-order model for the dynamics governing ¢(x, t), one needs to decide
on the resolved variables z;AS € R™, In our illustration, we take ¢3 as a subset of m components ¢;
for some indices i. We also make a choice for an appropriate projection operator P: C(R", RF) —
C(R™, R¥) onto these variables. Examples of projection operators are the linear projection, setting
all unresolved variables to zero, and the conditional expectation [3]. Let Q=1 — P denote the
complement of P (with I the identity operator). Furthermore, we use the notation [PR;](¢(x, t)) =
Ri([p(x, £),0]) = Ri((x, t)). We consider the choice of setting unresolved variables to zero for
our projection P, such that, for an arbitrary observable g € C(R™, R¥) (with arbitrary k> 1), the
projection P is defined as [Pg](¢(x, 1)) := g([¢?(x, 1), 0]).

Having chosen a set of resolved variables and a projection operator P, the reduced-order model
corresponding to the full system (2.1) is given by the generalized Langevin equation (see Chorin
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et al. [3] for its derivation),

d - b
ﬁdn(x, ) =Ri([¢(x,1),0]) + Fi(x, 1) + JO Ki([¢(x, t — 5),0],5)ds, (24)
where ¢;(x, t) is one of the resolved variables. The functions F; and K; are defined as
Fi(x,) = [e'%°QLI(x) and Ki(%t)=[PLFi]( 1), (2.5)

where % denotes the resolved part of the initial conditions x. The terms on the right-hand side of
the Langevin equation are often referred to as the Markovian term R; (¢(x, 1)), the noise term F;(x, t)
and the memory term, being the integral over Ki(¢(x,t —s),s). For a linear system, this memory
integrand is obtained by applying a memory kernel to the resolved variables, i.e. K((x, t — s),5) =
i), t - s).

The main difficulty in the application of the MZ formalism is calculating the terms F;, which
enter in the noise and the memory terms and which are the solutions of the orthogonal dynamics
equation

%Fi(x, )= QLFi(x, 1), Fi(x,0)=QLx;. (2.6)

In general, it is not known if the system (2.6) is well posed. However, for specific cases it is possible
to find approximate solutions. The possibility and difficulty of finding these solutions strongly
depends on the choice of the resolved variables and projection operator. A suitable choice would
yield an orthogonal dynamics system which can be solved in a more straightforward manner than
the full system. In some cases the choice for the resolved variables and corresponding projection
can be motivated by physical arguments for the specific system. For other models the choice might
not be as straightforward and one cannot be certain that a suitable reduced-order model exists.

When the ODE system studied is linear, i.e. R(¢(x, t)) = A¢(x, ), where A is a constant matrix,
finding a suitable set of resolved variables can be done by looking at the eigenvalues of the
orthogonal dynamics system. When the system (2.1) is linear, the behaviour of the orthogonal
dynamics can be obtained by studying the eigenvalues of Ag = A — PA. A set of resolved variables
is suitable if the eigenvalues of the orthogonal dynamics system show significantly more stability,
i.e. have more negative real parts than the full system. If this is not the case the problem of solving
the full system is transferred to the equally difficult problem of solving the orthogonal dynamics
system.

Up until now, we have not discussed the difficulties arising when the MZ formalism is applied
to a PDE system instead of ODEs. When the system is Hamiltonian some results exist (e.g. [20]);
however, when this is not the case often the system is expanded in a basis of typically orthonormal
functions (e.g. [21,23]) to numerically find a solution. If the aim of applying the MZ formalism is
to obtain a set of reduced-order model equations and not only a numerical result, this method
is not suitable. Another approach, relying on integration along characteristics, has been explored
by Falkena et al. [2] and yielded an exact reduced-order (delay) model for the system studied.
Here, we build on this work to see whether delay-type models can be derived for other systems
of wave equations. In particular, we focus on a PDE model that describes thermal Rossby wave
propagation related to the AMO. This model is introduced in the next section.

3. Atlantic Multidecadal Oscillation

The thermal Rossby wave mechanism, suggested to be responsible for the AMO [15,16], is
summarized in figure 2. When there is a positive temperature anomaly (T’) in the northern-
central part of the basin, the meridional temperature gradient becomes stronger with respect
to the background state. This results in a zonal overturning anomaly with westward surface
flow through thermal wind balance (figure 2a). The negative zonal flow transports the positive
temperature anomaly towards the western boundary, creating a zonal temperature gradient.
Again through thermal wind balance, this now leads to anomalies in the meridional overturning
circulation (figure 2b). This flow transports cold water from near the poles southwards, reducing
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the meridional temperature gradient. This smaller north-south temperature gradient causes a
positive (eastward) zonal flow, after which the same pattern as described above is followed with
a sign change. Hence, the variability associated with the AMO relies on the transport of heat and
the flow response through the thermal wind balance [24].

Low-order ad hoc ODE models of the AMO have been studied by, among others, Broer ef al. [25].
More recently, Sévellec & Huck [17] developed an idealized PDE model of the AMO to which we
apply the MZ formalism. This PDE model roughly captures the thermal Rossby wave mechanism
described before, but with a simplification of the associated wave dynamics. In this section, we
present this model and briefly discuss its derivation. In addition, we investigate the effect of using
a more realistic strictly positive meridional overturning circulation as the background state on the
behaviour of the model introduced in [17].

(@) Model formulation

The AMO model by Sévellec & Huck [17] is a three-layer model describing the evolution of
temperature perturbations in the North Atlantic Ocean. The model describes the temperatures
(T3, i=1,2,3) as a function of longitude (x) and time (t). For convenience, we consider the non-
dimensional version of the model with longitude-scale W (basin width) and time scale Y (a

year).
The scaled model is

0:T1 =a10xT1 4+ b10xT2 + c10xT3 + ks0xxT1,
0t To =a20xT1 + b20xT2 + c20xT3 + ksdxx T2 (3.1)
and 013 = Kks0xx T3,
with boundary conditions
Ti(xIWest = 0) = —Ti(x|gast =1), i=1,2,3. 3.2)

The constants in the model are all positive for physically realistic values and are defined by

N Y O[Tg ,8 2 —

m = <2Hf ( hy(hy +h3)8yT+ fh 1(h2 + h3)0; > u) ,

b= L 18 ha(ha + 21)0,T + Loala(na + 2h3)0, T
W 2Hf YT of ’
Y oarg

1= Wﬁ (—h%ayT + fhlhzaz )
Y arg

@y = oo (hzayT+ 5 fhz(hz + 2h3)0, ) 3.3)
Y

b= (575 (it — )T+ 2ty + 10 + I =),
Y arg

2= 2k ( 139, T + fhz (2h1 + h2)d; )

and Ks =K%.

The values of the parameters needed to compute these constants are given in table 1.

The derivation of these equations can be found in [17]. Here, we briefly discuss that derivation
and assumptions made to get to the above system of equations (3.1). The derivation starts from
an advection—diffusion equation for temperature, geostrophic balance (a balance between the
horizontal pressure gradients and the Coriolis force), hydrostatic balance (a balance between
the vertical pressure gradient and gravity) and a linear dependence of density on temperature.
The equations for temperature are linearized around a fixed background state comprising zonal
flow it and temperature gradients in the meridional Bﬂ" and vertical 8,T (figure 3). Note that this

65900200 :LLb ¥ 905 "y 01 edsy/jeunol/buo'Buysiiqndiraposiefos



Downloaded from https://royal societypublishing.org/ on 03 January 2022

70° N

10°N

Figure 2. Schematic diagram of the physical mechanism responsible for the AMO with two phases a quarter period apart in (a)
and (b). Figure taken from [24].

Table 1. The values of the parameters in the AMO model by Sévellec & Huck [17].

thickness layer 1 h 600 m

thickness layer 2 h 600 m vertical temperature gradient
thickness layer 3 hs 3300m

total ocean depth H 4500 m 9,7 =— h:‘r(hz (AT — £ AS)
zonal basin size W 4000 km

meridional basin size L 6500 km control parameter C

time scale (year) Y 31536 x 107 s standard ( =1

horizontal diffusivity K 2x10°m?s™!

acceleration of gravity g 9.8ms?

Coriolis parameter f 1045

B effect B 15 x 10~ (ms) ™" meridional temperature gradient
thermal expansion coefficient ar 2 x 074K

haline contraction coefficient o 7 % 10~ psu~ T =3AT— LAS)
meridional temperature difference AT —20K

meridional salinity difference AS —15psu

zonal velocity i 10 2ms™

means that the overturning circulation (v, w) is neglected because of its weakness with respect to
the zonal flow. The linearized temperature equation is then discretized over three layers assuming
no flow through the surface and bottom and no background flow or temperature gradients in the
bottom layer, which results in system (3.1).

As the model assumes geostrophic balance, (3.1) only describes the solution of the interior part
of the basin. The boundary conditions (3.2) are therefore derived by considering an additional
boundary layer at either end of the basin with free-slip conditions at the interface between the
interior flow and the boundary, and zero heat flux assumptions at the outer edges of the boundary
layer (ocean basin walls). The full derivation can be found in the appendix of [17]. Since the
boundary conditions at hand will prove essential for our results, we explain the physics behind
the coupling between the two boundaries. A signal, in the form of a Rossby wave, arriving at the
western boundary of the basin, travels south, along the equator and back up north in the form of
a Kelvin wave. Since the time scale of Kelvin waves is much shorter than that of the Rossby waves
present in the model, this adjustment is assumed to be instantaneous. This leads to the coupling of
the two boundaries and allows for waves to keep propagating through the basin. For the specifics
on the change of sign we refer the reader to the derivation of the boundary conditions in [17].
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Figure 3. A schematic diagram of the three-layer ocean basin considered in the AMO model. The dashed arrows show the
background AMOC, which is taken into account in the background state of the model discussed in §3b.

Table 2. The numerical values of the parameters in equation (3.4). We note that c is a free parameter of ((10~3) and
throughout this article we will use o = 0 to explore the undamped solutions of equation (3.4).

[ 0 by by
0.1479 0.0540 0.4187 0.2423

Using, for example, a no-flux boundary is not valid here, as it would assume geostrophic balance
in the boundary layer and neglect these Kelvin waves, making the model no longer dynamically
accurate or suitable to study the AMO dynamics.

In this paper two additional simplifications to the model (3.1) are made. Firstly, we note that
the only term acting in the third layer is diffusion and the two top layers do not couple into it. As
a result any perturbation in that layer eventually damps out. For this reason, and to simplify the
mathematical treatment of the system, perturbations in the bottom layer are neglected (i.e. T3 = 0).
Secondly, we approximate the diffusion terms by linear damping with damping coefficient «. The
system (3.1) then simplifies to a two-layer system,

0T1 =a10,T1 + b10,Tp — aTq
(3.4)
and 0tTr =ap0xT1 + bp0, Ty — aT5.

This is the AMO model to which we apply the MZ formalism. Also note that this temperature
model explains changes in the overturning circulation as well, via thermal wind balance, the
continuity equation and Sverdrup balance, which is discussed in the electronic supplementary
material. The parameter values used for the numerical results in the remainder of this section and
the coming sections are given in table 2.

Before looking into the application of the MZ formalism to this AMO model, we illustrate its
behaviour by simulating it for « = 0. We use an upwind discretization scheme for the x-derivatives
and a forward Euler scheme in time. Note that this discretization introduces numerical diffusion,
leading to artificial damping effects. The result is shown in figure 4. Note the opposite sign of the
temperature in the two layers, which is due to the baroclinic nature of the waves [26]. The model
shows a combination of two oscillations with different periods. Firstly, there is a long period of
approximately 60 years, which corresponds to a thermal Rossby wave responsible for driving the
AMO. Secondly, there is a higher frequency oscillation with a period of around 5 years.

The occurrence of the shorter period is at first sight surprising as it is not found in more
detailed PDE models. This oscillation does not correspond to a planetary Rossby wave, as one
might expect, since decreasing 8 does not result in a disappearance of these oscillations. It is a
thermal Rossby wave, just as the one responsible for the oscillation associated with the AMO.
The dominant appearance of this thermal Rossby wave in the model is undesired when studying
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Figure 4. Model simulation of the temperature anomaly in the AMO model (equation (3.4)) for an initial positive Gaussian
temperature perturbation in the centre of the basin in the first layer (At = Ax = 0.0005, @ = 0). (a) The initial conditions.
(b) Evolution of model (3.4) at x = 0. (Online version in colour.)

the AMO. A possible improvement of the model, resulting in the damping of this high-frequency
mode, is discussed in the next section.

(b) Background overturning circulation

The AMO model by Sévellec & Huck [17] described in the previous section does not contain an
overturning circulation in the background state, as the background meridional (v) and vertical
(w) velocities are neglected. This means that in the model the overturning circulation, which can
be inferred from the temperature evolution (details are given in the electronic supplementary
material), can become negative. To prevent this from happening in the model, we consider an
extended background state which retains meridional v and vertical w flow (figure 3, dashed
arrows). With this different background state an extended two-layer temperature model for AMO
can be derived following the same steps as in [17]. The details of this derivation can be found in
the electronic supplementary material. The resulting system for temperature in the two upper
layers is

Ty =a10xT1 + 010x T2 — (B1 + )11 — ﬂsz} (35)
and 0Ty = ap0xT1 + bpdxTr — (B3 + )T, '
where

B _ 2 _ 4 _ B_ 2 _
-y (254 2a), pp=-v— d g=Y-(LZi+ Za). .
B <fv+h1w) B2 hlw and Bs <fv+h2w> (3.6)

The difference from (3.4) is that there are additional linear terms in both equations. Note that not
all the additional terms have a damping effect, as some of the ;-terms can be negative.

A model simulation for 5 =0.5 x 1072ms~! and @ = —0.17 x 10" ®ms~! is shown in figure 5,
where the values are chosen for plotting purposes within a realistic range. Note that, if
—2w/h12>> Bv/f, we have that Bi3 become strongly negative, leading to possible unstable
solutions or at least amplifying effects within the solution. The result of adding the background
overturning circulation is a damping of the high-frequency oscillation, as can be seen in figure 5.
This short period oscillation is absorbed by the background overturning circulation while the
long period oscillation persists. The amplitude of the oscillation corresponding to the AMO is
not noticeably affected by the damping. This can be due to the presence of an amplifying effect
of the background overturning in some parts of the equations, as mentioned previously. For
simplicity, we apply the MZ formalism to the AMO model as given in equation (3.4) instead
of the extended model discussed here. The application of the MZ formalism to this extended
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Figure5. Simulations of the temperature in the two layers without (solid red T, dashed blue 7;) and with (solid black Tf, dashed
cyan Tf) a background overturning circulation (8, = 3 = 1.156 x 1073, B, =17.148 x 103, & = 0). (Online version in
colour.)

model can be found in the electronic supplementary material. This derivation follows the exact
same steps as discussed in the following sections. We note that the results are similar to those
discussed in the following, but for the extended model additional factors that lead to the decay of
the high-frequency mode emerge. This is discussed in more detail at the end of §4c.

4. Reduction to a delay model

The aim of applying the MZ formalism to the AMO model described in §3 is to arrive at a
projected model describing the same dynamics as the full model and analyse the effect of memory
in that system, with the potential of deriving a delay model for the phenomenon. A similar
procedure has been applied to a model of the ENSO by Falkena et al. [2]. A difference is that for
the AMO no previously proposed delay model is known. Therefore, it is not immediately clear
how to choose a projection, nor how to deal with solving the subsequent orthogonal dynamics
equation (2.6). Preferably, we arrive at an equation for the temperature at one location in space, to
remove the explicit dependency on x in the system, but it is not clear from the outset whether or
not this is feasible.

The way in which we proceed is to first convert the system of PDEs (3.4) into a set of ODEs
by discretization. To this high-dimensional system of ODEs, the MZ formalism is then applied.
This procedure is described in the following sections. After deciding on the discretization to use,
possible (sets of) resolved variables are explored, followed by a discussion of the different terms
in the Langevin equation (2.4).

(a) Discretization

The first step is to find a stable discretization of the AMO model in equation (3.4). A grid of (N +
1)-points in space with distance dx = % is used. Because all parameters in the model are positive
we know that all waves travel westwards. Therefore, we use an upwind scheme to discretize the
model. The discretized equations are

b
8T = SL(rrl 7y 4 ZL (i ot
dx dx 4.1
ar 1 bz 1
and Tl = a(T?* -TH+ a(T;H —Ty) — aT},
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Figure 6. The eigenvalues of the discretized AMO model (« = 0.001) (a) for different N and (b) different sets of resolved
variables. Note that not all eigenvalues are shown (e.g. only one of the two eigenvalues for the projection onto 77 and T3,
the second one is more negative). (a) Full model for N = 200 (blue, circles) and N = 400 (yellow, squares). (b) Full model for
N =400 (blue, circles) and using a projection onto either T1° (yellow, squares) or both T1° and T{’ (green, diamond). (Online
version in colour.)

forn=0,...,N (such that Tff ~ T;(k/N)), with boundary conditions
W=-1), TY=-T0. (4.2)

By the circular nature of the boundary conditions this is a 2N-dimensional system (there
is no need to solve the dynamical equations for discretization points N). Letting N — oo
recovers the PDE model exactly. This system (4.1) can be written as a matrix equation for
T=(19,19,... N1 1N,

T =MT. (4.3)

The construction of M is straightforward from system (4.1).

The stability of the solution of this discretized system of ODEs is verified by computing the
eigenvalues of the matrix M. These are shown in figure 6a for N =200 (blue circles) and N =400
(yellow squares). For each N two sets of eigenvalues are visible, with the spacing between the
imaginary part of the eigenvalues in either set equal to the corresponding wave frequency. For
increasing N both curves of eigenvalues approach a line with real part —«, where the eigenvalues
of the continuous system are. Since all eigenvalues are negative for every N the discretization is
stable. In the following sections, we go into the application of the MZ formalism to this system
of ODEs.

(b) Projection

When applying the MZ formalism the first step is to choose the resolved variables and
corresponding projection. As discussed in §2, this is an essential choice determining the final
expressions in the Langevin equation (2.4). From the modelling perspective, the aim is to find a
system of equations for the temperature at one location in order to remove the x-dependency of
the system. With this in mind there are three possible choices for the resolved variables: T1, T»,
and both. Note that because all waves travel in the same direction without loss of energy it does
not matter on which location in space the temperatures are projected. For convenience, we choose
to project onto the western boundary (1 = 0), but note that the result for any other location is the
same. The most straightforward way to project onto one of those sets of resolved variables is to
use the linear projection P that sets all unresolved variables to zero. Its complement Q thus sets
the resolved variables to zero since the system considered is linear. The corresponding orthogonal
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dynamics equation (2.6) can be written as a matrix equation

BtTQ = MQTQ, (4.4)

where %Q = (T%Q, T%Q, ., i\IQ_ 1, TQIQ_ 1) represents the unresolved variables. The matrix Mg is the

same as the matrix for the full system M, but with the rows and columns corresponding to the
resolved variable(s) removed.

To assess the quality of the three possible projections, we study the eigenvalues of the
corresponding orthogonal dynamics systems. A sufficient decay of the eigenvalues of the
orthogonal dynamics system indicates that the corresponding resolved variables and projections
are suitable as discussed in §2. In figure 6b, the eigenvalues of the full system and projected
systems are shown for two different projections on boundary variables. When one projects onto
only T? the eigenvalues are quite similar to those of the original system. Similar results are found
for projection onto only Tg .

If both T? and Tg are taken as the resolved variables the result is noticeably better. The
orthogonal dynamics system has only two eigenvalues, which become increasingly negative with
increasing N. Therefore, this projection onto both T1 and T3 at the boundary x = 0 is chosen, where
we note once again that the choice of the specific location is arbitrary. In the following section
we focus on the derivation of the noise and memory term in the MZ formalism (2.5). Here, we
briefly discuss the Markovian terms. They are given by the projection of the right-hand side of
the equations for T(l) and Tg (equation (4.1) for n =0),

a by

a1 0 bi 4 0 0 0 0 0
P[a(Tl _T1)+a(T2 _Tz)_aTl] :_aTl - dez —aTy ws)
and pl o2t — 10y 4 P2t _ g0y _gpo] o _m2q0_b2q0 qo .
dx 1 1 dx 2 2 2 dx 1 dx 2 2

This simply is the right-hand side dependence of equation (4.1) on the resolved variables, as a
linear projection is used.

(<) Noise and memory terms

To compute the noise and memory term, we focus on the orthogonal dynamics system (4.4). For
the chosen resolved variables T(l) and T(z) with the linear projection the matrix reads

1 by 1 by
Ta ¢ S dx dx dx
2 b om b
dx dx dx dx
a by
Cdx S dx
a by u
Mg = dx dx . (4.6)
. al bl
dx dx
) by
dx dx
a b1
Cdx T dx
a by
-= -5 -

Note that this matrix is block upper diagonal with all blocks on the diagonal being the same.
To solve the orthogonal dynamics system, we have to find the eigenvalues and (generalized)
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eigenvectors of this matrix M. As discussed in §4b, there are only two eigenvalues

A =—a — 4.7)

a/

with

1
Iy = > <a1 + by + a% + b% — 2a1by + 4asby ) ’ (4.8)

each of multiplicity N — 1. Note that [+ yield the characteristics of the original PDE system (3.4).
The corresponding generalized eigenvectors fori=1,...,N — 1 are

B dr\!
u;_<i> 0,...,0,ws,1,0,...,0), (4.9)

where the non-zero values are located on the coordinates corresponding to location i. Here,

1
wWi=o— (a1 —by £ /a? + b3 —2a1by + 4112b1) . (4.10)
2

Having computed the eigenvalues and eigenvectors we can write down the solutions TQ of the
orthogonal dynamics equation (e.g. [27]). Here, we only note that TQ is a linear combination of
the eigenvectors, meaning it is relatively straightforward to identify the solution at one location.
The full expressions are given in the electronic supplementary material, together with the use of
initial conditions to determine the constants involved.

Now that we have the solution to the orthogonal dynamics equation we can write down the
noise terms and subsequently compute the memory terms of the discretized AMO system (4.1).
The noise terms are defined by

Fro(t) = 7T1Q(t)+ TzQ()
4.11)

and Fro(t) = *Tlg(t) + TzQ( ).

Note that only the terms of the solution TQ which contain the eigenvectors 3} contribute to the
noise term, as all other eigenvectors have zeros in the direction of T%Q and T%Q. The resulting
expressions, following the solution of equation (4.4), are

N-1 i—1
o t At
(4.12)
N-1 i—1
_ A t At
and Fr()=N ; ((a2w+ +b)e"t'cl + (aw- +b)e c )(i -1
where
i (l+ )il T1(0) — w_T)(0)
=\ R —
dx W4 — W—
. ‘ ' (4.13)
i— 1 1
" G (b OO
dx Wi — W

depend on the initial conditions of the unresolved variables.
To compute the memory terms (as defined in (2.5)), we first look at the effect of applying the
operator PL to each of the initial conditions. This is sufficient for computation of the memory
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terms because the noise terms (4.12) are linear in the initial conditions. We find

PL(T}0), T3(0),..., Ti(0), T5(0), ..., TN 1(0), TN 1(0))

i i b i i i
=[SO = THO) + G50~ Th0) - aT{0)

. . by ) .
%(T’lﬂ(O) —Ti(0) + d%(Té“(O) — T5(0)) — aTL(0), .. )

_ 0 200y P00y _ 270 _ 22
_<o,...,o, del(O) dez(O), del(O) deQ(O)). (4.14)

We see that only terms that initially depend on T{V ~1(0)and Té\] ~1(0) are non-zero after application
of PL. Combining this result with the noise term (4.12) and replacing dx by %, the memory
integrand (2.5) becomes

Krg(T90), T30, ) = N ™ (CNN=2 e N (A1, TO(0) + B1, TH(0)
+ (NN 2 TN (4 _T9(0) + By TE(0))),
s (4.15)
[N~
Kag(T9(0), 90D, H =N (5 & (NN 2 4N (42, T90) + B2, T5(0))
+ (NN 2 N A, TO(0) + BZJQ(O))),
with
_ (mwy +by)(=a1 + w_ay) _ —(mw- +by)(=a1 + wiay)
Ay = ;A= ’
Wy —w— Wy —w_
(a1wy + b1)(—b1 + w_bo) —(mw— + b1)(—b1 + w4 by)
B1+ = ’ Bl— = ’
Wy —w— Wy —wW— (4 16)
_ (mwy +by)(—a1 +w-_a) _ —(aw- +by)(—a1 + wia)
A2+ - s AZ— =
W4 —w-— Wy —w—
and By, — (w4 + bo)(=by + wsz), By — —(aw— + by)(=by + w+b2)_
Wy —w— Wy —w—

Now all components of the Langevin equation (2.4), being the Markovian terms (4.5), the noise
terms (4.12) and the memory integrands (4.15), are known. Thus we can write down the result of
applying the MZ formalism to the discretized AMO system (4.1)

#TY = —aNTY — byNT) — T?

N-1
+Ne Z ((a1w+ +b1) e’u\”cﬂr + (qw— + bl)e’l-Ntci_>
i=1

pi-1

i—1)!

Fat=9N"2 iy 1 N2 oL N(t5) 0 0
+ [ M e (NN 2e N 41, T8 + B 100
+ (l_N)N—2 e—lfN(t—S) (Al—T{l)(s) —+ Bl_Tg(S)))dS/
4.17)
T = —aNT — bNT) — aTY
N-1 , N
+Ne Y (s + ba) e Nel 4 (@ + by) e N )
i=1

i—1)!

Lat=9N2 iy N—2 I, N(t—s) 0 0
+ JO N m e ((l+N) e 't (A2+ Tl (S) + B2+T2 (S))

+ (l_N)N_2 e l-N(t=s) (AZ—T(l)(S) + BZ,Tg(s))>dS.
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This system depends on the discretization or, more precisely, on the number of points N.
Ideally, we would like to find the equations for the continuous model. The limiting behaviour as
N — oo, 0r 1/N =€ — 0, of the different terms is studied in the electronic supplementary material.
The equations obtained after taking this limit can be written as

dT
ET; =—mT1(t) — 1 To(t) + A1ty e T (t — T+) + Bty e (xr+T2(t — T+)
+ AT e T Ti(t— 1) + Biot_ e T Tt — -) + efar(t) + O(?)
(4.18)
dT;
and ed—f =—aT1(t) — by To(t) + App e “F Tyt — 74) + Bopry e @ To(t — 74)
+Ar_1_e Ty (i’ —T_ ) +By_1_e %" Ty (t ) + efea(t) + 0(62)
where
fa() = —aTi(t) + A1yt e gey (T1) + Biits e 7 gey (T2)
+A1_t_e g (Th) + Bi_1—e " gc_(T), (4.19)
feo(t) = —aTo(t) + Apy vy €7 gey (T1) + Bor 4 € T ey (T2) .
+ Ay T e_{”’gg_ (T1) + By _t_ e—ar,ge_ (Tz),
for

2
gex(T) = %i (((li +a)? - %li) T(t—ta) +2(le + )T (t—ta) + T (t - zi)> , (4.20)

with 74 =1/ and T" and T” the derivatives of T. Note that we have dropped the superscript
0 in the notation, as the system found is valid at every location throughout the basin through a
simple coordinate transformation. In (4.18), the first two terms (without delay) in the equations for
Ty, are the Markovian terms, while the terms including a delay result from the memory term. In
(4.19), the a-term comes from the Markovian part, while the terms including g+ can be attributed
to the memory term. This is the final result of the application of the MZ formalism to the AMO
model (3.4) as an expansion in terms of order €. Letting € — 0 a set of delay-difference equations
is found, giving the exact reduced model of the AMO.

When applying the MZ formalism to the extended AMO model as derived in §3b, the leading-
order terms change slightly. The e™“™ terms change to e~ @+ with 1. the additional first-order
term of the eigenvalues of the orthogonal dynamics system for the extended AMO model. This
leads to additional damping of the high-frequency modes as li_ is positive, i.e. reducing the effect
of the terms with a short delay time 7. On the other hand, ILis negative, weakening the damping
of the low-frequency mode (and making it weakly unstable for o =0). This corresponds to the
observed weakening of the high-frequency modes as discussed in §3b.

(d) Delay model derived via wave characteristics

The MZ formalism is in principle applicable also when the coefficients 4; and b; are space
dependent. However, in that case it may not be possible to derive explicit expressions for delays
and coefficients in (4.18). For spatially constant coefficients a; and b; and equal damping o in
all components, we may also derive the leading orders of (4.18) by integration along wave
characteristics. This approach is similar to that taken in [2] and we refer to it as the MoC. The
damped free-wave solutions of the two-layer system,

0tT1 =a10xT1 + b10;Tr — aTq
(4.21)
and 0tTo =ar0,T1 + bpoy Ty — Ty,
can be split into the decoupled equations

#Ty —148,T+ +aTL =0, (4.22)
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Table 3. Parameters used in numerical computations of (4.28). Note that these are approximated from equation (4.23) using
the values in table 2.

/ e I_ T4+ T_

0.3527 0.0375 2.83 26.65

along the wave characteristics, where the characteristic speeds and delays

1
Iy = 5 [ul +by £ \/(ul + b2)? — 4arby + 4a2b1] ;o TE=, (4.23)

are the same as for the MZ formalism in (4.8). The new variables T are related back to the original
variables through the transformation Tp,

1 —ap a — I_

~ a l+ al

- T, _— 4 Iy =1 Ly —1-

T=Tp|. |, whereTp= a2 a2 , Ty = . (4.24)
T_ 1 1 a2 Iy —ap

L -1 -1

The damped wave equations (4.22) have the general solutions
Ta(t,x) =TL(t 4 x14)e 0, (4.25)

where the arbitrary profiles T} are constrained by the boundary conditions T (t,0) = —T(t, 1).
These boundary conditions enforce the delay-difference equations for T%,

T9(t) = —e = TY(t — 70), (4.26)

after shifting t+ by 7+ and multiplying both sides by e ™™ in the boundary conditions.
Transforming TO(t) back using the transformation lel gives the coupled delay equations

T(t)=e "™ C1T(t — 14) + e = CoT(t — 7_) (4.27)

(dropping the superscript 0 of T for ease of notation) with

Io—a (4 —a)(- —ay) a4y —a)(- —m)
Iy =1 Iy —1- Iy =1 Iy —1
Cp = + ax(l+ ) and Co— + az(l+ )
a2 B Iy —m a Iy —m

I — I — I — I —

The above is valid at every location in the basin according to the general solution form (4.25), as
discussed in §4c. The MZ derived system in equation (4.18) for € = 0 can be rewritten to the above
system.

System (4.27) is a delay-difference system. In order to explore solutions of the delay-difference
system, we convert (4.27) to a system of delay differential equations (DDEs) by regularizing it
with a small time derivative ed'f”/ dt,

e% =-T(t)+e ™ C1T(t— 1) + e = CT(t — 7_), (4.28)

with € < 1. The choice of € is related to the discretization of the original PDE system (4.21) through
€ =1/N, where N is the number of discretization steps using an ‘upwind’ scheme (discretizing in
the direction of the wave). Table 3 shows the approximate resulting wave speeds and delays when
using the parameter values in table 2 for our numerical solutions and spectral analysis, which are
discussed in the next section.
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5. Analysis of delay models

In this section, we analyse the solutions of the delay-difference models derived via the MZ
formalism (4.18) and the MoC (4.28). We start with a discussion of the asymptotic spectrum and
a spectral analysis of the MoC model (4.28). Next, we discuss the error terms as computed using
the MZ formalism, followed by a comparison of the MZ delay model, the MoC delay model and
the numerical PDE solution from which the MZ model is derived.

(a) Asymptotic spectrum of delay models

We observe that the delays occurring in the MoC system are of different magnitude: t; < 7_,
where 7 is of order O(1) in the time scale of (4.28). For hierarchical large delays, Yanchuk and
co-workers [28,29] provide a simple approximation of the spectrum for (4.28), which captures the
range of possible curvatures of the curves along which the eigenvalues shown in figure 6 align.
Any eigenvalue A of (4.28) satisfies

det [—eu — [+ Cpe~@thm 4 cze—w“)f—] -0, (.1)

with € « 1, 74 = O(1) and 7; <« 7_. Hence, the term e~ @+ is negligibly small unless a7_ and
Re At_ are of order 1 or less. If we assume that this is the case, we may introduce o_ =o//7_
(which is of order 1 or less) and look for eigenvalues A of the form A =y /7y +iw/e (called the
pseudo-continuous spectrum in [28]). Then (y + «_)ty /7— and €y /7_ are small. Dropping these
terms and introducing the phases ¢+ = w74 /e and z= e~ (yHa)+o- simplifies (5.1) to

det [—ia)l —I14Ce% + sz] —0. (5.2)

Equation (5.2) is in our case a quadratic equation in the complex number z, giving two roots, each
depending on w and ¢, which one may express as z+(w, ¢4). From this root pair, one may derive
the damping depending on the frequency, y+(w, ¢;+) = —a— + logz4+(w, ¢+ ), and, in the original
scaling for eigenvalue 2,

Rei=—a+ tylogzi(elma, ¢y ).

This relation determines the curves along which the eigenvalues align for positive small € and
74 K 7—. The phase ¢, is treated here as an independent parameter. It is very sensitive with
respect to small changes of 7, (since ¢ = w7, /€) such that the location of the eigenvalue curves
will vary strongly depending on 7y or € within the range given by ¢ €[0,27]. Ruschel &
Yanchuk’s [29] analysis shows in general that for hierarchically large delays the spectrum ‘fills
an area’ of the complex plane under small parameter variations.

(b) Spectral analysis of trajectories

For the spectral analysis of the MoC delay model (4.28) (with « =0), we compute the trajectories
of T1 and T. To compute the history needed for the difference equation, the PDE system (4.21) is
solved numerically for an initial profile of the basin using an upwind discretization scheme for 7_
years. We take a Gaussian initial distribution profile (same as figure 4a). The DDE system (4.28) is
then evolved for a further 200 time steps. Figure 7 shows the results.

A spectral analysis is performed on the resulting trajectories to identify the most prominent
oscillation periods. A dominant signal of a 27_ year cycle is obtained, along with a smaller signal
for a 27 year cycle. These two most prominent signals correspond to period doubling of the
two delay values which arises naturally from the boundary conditions. There is a smaller peak
corresponding to a cycle of approximately %r_ years. The signals corresponding to 27_ (53.07)
and %1_ (17.77) year cycles align with the literature regarding possible cycle lengths of the AMO
[7,9]. The signal corresponding to the 2z, year cycle is much less pronounced in the surface
temperature than in the subsurface temperature.
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Figure 7. Numerical results for (4.28) with parameters from table 3and o = 0. (a) Trajectory for 200 years. (b) Power spectral
density. (Online version in colour.)

Table 4. Sensitivity analysis on basin length (W, km) and effect on dominant cycles (years) for o« = 0.

latitude w 2T i 2ty

10°N 6540 87.15 29.05 9.27
____________________________________________ R
____________________________________________ e
......................................... ol e e mas
____________________________________________ 3
____________________________________________ o e we e
____________________________________________ o e s e

The length of the cycles will naturally be dependent upon the basin size chosen. Here, we use
a zonal basin size of 4000 km, which corresponds to the width of the basin at 52° N. The basin
was defined in [17] to have latitudinal boundaries of 10° N and 70° N. The zonal basin width
for a longitudinal extent of 60° varies between these latitudes. We have, therefore, performed a
sensitivity analysis on the basin width for a selection of latitudes and computed the resulting
dominant cycle lengths. The results of this are listed in table 4. The range of cycle lengths,
particularly those associated with 27_ and %r_, generally agree with the range of those identified
in observational products. Measurements of SST have shown oscillations with a period between
50 and 70 years [30,31], while an analysis of subsurface temperature identifies a 20-30 year
oscillation [32]. The first period of 50-70 years corresponds to 27—, while the shorter period of
20-30 years roughly matches %L, with the best correspondence found for latitudes around 40° N.

(c) Comparison of delay models

We start this section with an evaluation of the theoretical error terms f.; for i=1,2
(equation (4.19)) as computed via the MZ formalism. An example of the evolution of these terms
has been plotted in figure 8a. Also shown is the decrease in their maximum amplitude with
increasing N (decreasing €), which corresponds to the effect expected from increasing the number
of steps in a discretized PDE. Thus the theoretical error of the delay system derived using the MZ
formalism (4.18) indicates that the delay model exhibits an error similar to that of the discretized
PDE. In figure 8b the spectral density of f.; for i=1,2 is shown. We find a peak at a frequency
of 0.53 year~!, which emerges owing to second derivatives in the computation of f,;. The small
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Figure 8. The error terms .y, f,, as computed using the MZ formalism with parameters from table 3and = 0. (a) The change
of amplitude of the terms with N is shown together with an example of the error terms for N = 2000. (b) The spectrum of f;
and £,. (Online version in colour.)
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Figure 9. (a) The real part of the eigenfunctions of the PDE and (b) the errors of the discretized PDE (plotted for e = },), MoC
and MZ model as calculated using the eigenfunctions (with @ = 0). (Online version in colour.)

low-frequency peaks correspond to those of the exact delay model, as shown in figure 7b, as there
is a delayed contribution from the temperature itself (and its first derivative) to the error term as
well.

Next, we compare the performance of the two DDE models derived via the MZ projection
(§4a—c) and the MoC (§4d) with the exact and discretized PDE models. We do this through the
calculation of the eigenfunctions of the respective models. Figure 92 shows the real part of the
eigenfunctions for each component of the exact PDE calculated using the Chebfun open-source
software [33]. We also compute the eigenfunctions for each approximation to the exact PDE:
discretized PDE, delay via MoC, and delay via MZ. We scale all the eigenfunctions such that
V1(x =0) =1. In order to compare the relative approximations, we calculate the error with respect
to the eigenfunctions satisfying the PDE boundary conditions (3.2)

error; :=|Vi(x=0) + Vi(x=1)| forie {disc PDE, MoC, MZ)}. (5.3)

As the approximate systems approach the exact PDE, the eigenfunctions of the respective
models are expected to converge and therefore satisfy the PDE boundary conditions. We then
would expect (5.3) to approach zero as N (¢) is increased (decreased) if the models are good
approximations of the exact PDE. We calculate (5.3) for a range of N and € values and plot the
respective errors in figure 9b. It can be seen that decreasing the € term in the delay equations has
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the same effect on the approximation to the exact PDE as increasing N in the discretization. In
other words, the error introduced through the € term in the ‘smoothing” approximation of delay-
difference equations is proportional to the error introduced by discretization methods of wave
equation PDEs (e o< 1/N).

6. Summary, discussion and conclusion

A delay model for the AMO has been derived from a three-layer model by Sévellec & Huck
[17] using the MZ formalism. This formalism gives a rewriting of a system of ODEs [3] which
contains a Markovian, a noise and a memory term. The advantage of this delay model, over,
for example, mode decomposition, is that it precisely shows the propagating wave nature of the
AMO, through the (inverse) travel times .+, hence providing more support for the thermal Rossby
wave mechanism proposed in [16]. In a similar way to the ENSO delayed oscillator model [4,34],
this model can also be used to study the effects of background state, non-stationary forcing, noise
and possibly state-dependent delay versions on the behaviour of the AMO [35,36].

The derived model for the AMO is a first-order delay-difference model, in contrast to the
delay differential model for ENSO [2]. This means that the current state is fully determined by
past states. This type of model can exhibit an increasing switching frequency between states [37],
making it physically unrealistic. Hence, an e%-term was added to prevent this behaviour and
allow for better numerical treatment. We were able to derive an error term for this approximation
using the MZ formalism, and relate this error to the upwind discretization scheme used in
solving the original PDE model. For the non-damped version of the AMO model (« =0), the MZ
formalism is not strictly necessary for deriving a delay model, although it is more general and
can be extended to other types of models. The MoC yields the same delay-difference equation, as
shown in §5d. We showed that the way in which the smoothing approximation € %-term is added
affects the size of the error of the delay model. Furthermore, the error introduced through the
smoothing eg—term is proportional to that introduced by discretization methods, as discussed
in §5c.

The PDE model of the AMO by Sévellec & Huck [17], the starting point for deriving the
delay model, does not contain a background overturning circulation. This results in a high-
frequency model oscillation which is undesired to study the AMO. As discussed in §3b,
adding the meridional overturning circulation to the background state of the model results in
a damping of this high-frequency oscillation. This also becomes clear when studying the delay
model corresponding to this extended AMO model, which has been derived in the electronic
supplementary material. It shows a weakening of the delayed effect of the high-frequency mode
(short delay time), while the low-frequency mode (long delay time) is enhanced by the extended
background state.

The method of deriving delay equations as applied to a PDE model of the AMO (and also
to a PDE model of ENSO [2]) can be generalized. It is expected that any diagonalizable linear
system of wave equations can be rewritten in the form of a delay-difference system, given
sufficient coupling that allows for the transfer of a signal between either different variables
or boundaries. Integration along characteristics would yield the dominant terms, but the MZ
formalism additionally gives error terms to a smoothing approximation for solving the delay-
difference system. The necessity of the diagonalizability remains to be investigated. For non-
diagonalizable systems, it is not yet clear whether a similar result would hold as the computations
become more involved.

For nonlinear models the method applied here to the AMO model has to be generalized.
Although the MZ formalism is general and does not rely on the linearity of the system, the
difficulty lies in solving the orthogonal dynamics equation, as noted extensively in the literature
[3,21,23]. For linear models, the pseudo-orthogonal dynamics approximation can be used to arrive
at the final result [38]. For nonlinear models, this approximation cannot be used without first
showing its accuracy. In [2] it was shown to result in a significant error for the nonlinear ENSO
model studied. A better approximation for nonlinear models first needs to be proposed before
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the method described here can be accurately generalized. This step is necessary for a reliable and
accurate application of the MZ formalism to nonlinear models of climate phenomena.

Many PDE models used to describe climate phenomena contain some type of wave dynamics.
We have shown in this study that projecting a system of wave equations onto one location yields
a delay model. This would imply that more climate variability phenomena could be described by
a delay equation when there is a physical mechanism that suggests memory effects. Once better
methods of approximation of the orthogonal dynamics are available, it may be possible to derive
accurate nonlinear delay models of climate phenomena, thus clarifying dynamical mechanisms
and allowing for further analysis.
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